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ABSTRACT

Most genes are present in two copies in diploid cells, one of maternal and one of paternal 
origin. Usually, both copies share the same fate regarding their ac�vity with both being 

either ac�ve or silent. Excep�ons to this rule are genes regulated by genomic imprin�ng, 
where one gene copy is expressed and the other remains silent depending on the parent it was 
inherited from. The two copies are equal in their DNA sequence but carry dis�nct epigene�c 
modifica�ons, an “imprint”, and can therefore be dis�nguished. Genomic imprin�ng has 
independently evolved in mammals and in flowering plants, both of which share the placental 
habit, where the offspring develops within the mother and depends on her resources. 

In mammals, many imprinted genes are clustered in groups and controlled by an imprin�ng 
control region (ICR) that is differen�ally marked according to its parental origin. The first 
iden�fied plant ICR, the MEDEA-ICR, func�ons differently from mammalian ICRs. To understand 
how genomic imprin�ng is regulated at the MEDEA locus, we executed gene�c and biochemical 
screens to iden�fy novel imprin�ng regulators. Gene�cally, we iden�fied two lethal muta�ons 
affec�ng MEDEA reporter gene expression.

Moreover, genomic imprin�ng in plants was thought to be restricted to the endosperm, a 
nutri�ve �ssue similar in func�on to the mammalian placenta. Although genomic imprin�ng is 
most prominent in the placenta in mammals, it exists as well in the embryo and other �ssues. 
By analyzing hybrid embryos, we could describe genes regulated by genomic imprin�ng in the 
embryo of the model plant Arabidopsis thaliana. Furthermore, we found that an epigene�c 
silencing complex, Polycomb Repressive Complex 2 (PRC2), is involved in maintaining the 
imprinted expression pa�ern at some loci. However, imprinted expression in the embryo 
requires erasure and rese�ng of the imprin�ng marks between the genera�ons. Interes�ngly, 
the embryonically imprinted genes are expressed from both alleles in the seedling, sugges�ng 
that the imprint is erased during late embryogenesis or early seedling development.

The aim of this thesis was to elucidate regula�on and lineage-specificity of genomic imprin�ng 
in Arabidopsis. We uncovered novel mutants involved in MEDEA reporter gene expression and 
seed viability, and confirmed the presence of genomic imprin�ng in plant embryos.
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ZUSAMMENFASSUNG

Fast jedes Gen exis�ert in zwei Kopien in diploiden Zellen, einer mü�erlichen und einer 
väterlichen, und normalerweise sind beide Kopien entweder ak�v oder inak�v. Eine 

Ausnahme bilden Gene, die durch genomische Prägung reguliert sind, wobei eine Kopie ak�v und 
die andere inak�v ist, und zwar je nachdem von welchem Elternteil die Genkopie geerbt wurde. 
Die Gene unterscheiden sich nicht in ihrer Sequenz, sind aber „geprägt“ durch epigene�sche 
Markierungen. Genomische Prägung entstand sowohl in Säugern als auch in Pflanzen. Beide 
Gruppen haben eine ähnliche Fortpflanzungstrategie, wobei sich die Nachkommen innerhalb 
der Mu�er und aufgrund ihrer Ressourcen entwickeln.

In Säugern befinden sich geprägte Gene in Gruppen und werden durch ein Steuerelement 
kontrolliert, das auf dem mü�erlichen und dem väterlichen Chromosom unterschiedlich markiert 
ist. Das einzig bis anhin iden�fizierte Steuerelement in Pflanzen scheint anders zu funk�onieren. 
Wir haben durch gene�sche Experimente Mutanten iden�fiziert, die einen Reporter eines 
geprägten Genes nicht rich�g ak�vieren und keine lebensfähigen Samen bilden können.

Obwohl in Säugern genomische Prägung in der Plazenta, im Embryo und in anderen Geweben 
vorkommt, dachte man in Pflanzen bis jetzt, dass genomische Prägung nur im Endosperm, der 
pflanzlichen „Plazenta“, exis�ert. Wir iden�fizierten „geprägte“ Gene auch in Embryonen der 
Modellpflanze Arabidopsis thaliana. Einige der „geprägten“ Gene im Embryo werden durch 
einen repressiven epigene�schen Komplex (PRC2) reguliert. Interessanterweise, sind die Gene 
im Arabidopsis Keimling nicht mehr geprägt, was darauf schliessen lässt, dass die „Prägung“ spät 
in der Embryonalentwicklung oder früh in der Keimlingsentwicklung gelöscht wird. 

Das Ziel dieser Disserta�on war, mehr über das „wie“ und das „wo“ von genomischer Prägung in 
Pflanzen herauszufinden. Zum einen fanden wir Muta�onen, die die Regulierung von geprägten 
Genen und die Samenentwicklung beeinflussen, und zum anderen zeigten wir, dass genomische 
Prägung auch im Pflanzenembryo vorkommt.
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Genomic Imprinting in Arabidopsis thaliana - How & Where?

Genomic imprinting is an epigenetic phenomenon and leads to monoallelic gene expression that is 

dependent on its parent-of-origin. Usually, the maternal and the paternal allele of  a given gene share the same 

fate in a specific tissue, meaning that they are either both expressed or both silent. Important exceptions to this 

rule are genes regulated by genomic imprinting, where only one, or preferentially one, allele is expressed and the 

other remains silent or weakly expressed. The two alleles do not differ in their sequence but rather carry parent-

specific, epigenetic imprints that allow the cell to distinguish the two alleles even if  they are in the same nucleus 

(Reik and Walter, 2001; Bartolomei and Ferguson-Smith, 2011; Ferguson-Smith, 2011; Barlow, 2011; Raissig 

et al., 2011). Genomic imprinting independently evolved in mammals and flowering plants (angiosperms). In 

mammals, genomic imprinting occurs mainly in the placenta, but also in the embryo, and even in adult tissues like 

the brain (Reik and Walter, 2001; Bartolomei and Ferguson-Smith, 2011; Ferguson-Smith, 2011; Barlow, 2011). 

Yet, in flowering plants, genes regulated by genomic imprinting seem to be largely restricted to the endosperm, 

a nutritive tissue similar to the mammalian placenta (Raissig et al., 2011). Regulation of  genomic imprinting 

in mammals relies on imprinting control regions (ICRs) that are differentially marked in the germ line and 

control whole gene clusters through epigenetic processes including DNA methylation, posttranslational histone 

modification and specific, monoallelic expression of  long non-coding RNAs (ncRNAs, see below; Barlow, 2011; 

Bartolomei and Ferguson-Smith, 2011; Ferguson-Smith, 2011). In angiosperms, imprinted genes are not organized 

in gene clusters but are rather singletons, and allele-specific expression is regulated by DNA methylation and the 

Polycomb Repressive Complex 2 (PRC2; see later, Raissig et al. 2011). Thus far, only one plant ICR has been 

identified, the MEDEA (MEA)-ICR, that functions independently of  DNA methylation (see later; Wöhrmann et 

al., 2012).

The main research questions addressed in this thesis are how and where genomic imprinting occurs in 

the model organism Arabidopsis thaliana:

- How is genomic imprinting of  MEA controlled at the MEA-ICR, which functions independently of  DNA 

methylation? 

- What are the trans-acting factors activating or repressing MEA expression by allele-specific binding to the 

MEA-ICR?

- Is genomic imprinting really restricted to the endosperm in Arabidopsis? 

- Do we find genes regulated by genomic imprinting also in the Arabidopsis embryo? 

Part 1 of  this thesis describes the identification of  the MEA-ICR by a former PhD student (Wöhrmann 

et al., 2012; Chapter 1.1), the attempts to find trans-acting regulators controlling the MEA-ICR (Chapter 1.2) and 

SNP ratio mapping (SRM), a method that we developed to map gametophytic or homozygous-lethal mutations 

by next-generation sequencing (Lindner et al., 2012; Chapter 1.3). Part 2 first presents a novel method facilitating 

the isolation of  early-stage embryos from Arabidopsis seeds and allowing the study of  embryonic tissue in detail 

(Raissig et al., in press, Chapter 2.1). Second, we present the assessment of  parental contribution to the early 

embryonic transcriptome and its regulation (Autran et al., 2011; Chapter 2.2) that suggested the presence of  

monoallelic, parent-of-origin-dependent gene expression in the Arabidopsis embryo. In addition, we discuss a recent 

report (Nodine and Bartel, 2012) that challenged the maternal dominance in the early embryonic transcriptome 

described by our group. Lastly, we present the first confirmation of  genes regulated by genomic imprinting in the 

Arabidopsis embryo and show that this epigenetic phenomenon is not a unique feature of  the endosperm (Raissig 
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et al., in preparation; Chapter 2.3). 

Throughout this thesis published work is inserted as layouted by the journals (if  no copyright issues 

exist and/or permissions to reprint articles have been granted) and is preceded by a short note indicating my 

contribution to the work. Supplemental information to all publications can be found in the Appendix. Every 

chapter – even if  it is not published (yet) - is written in the form of  a publication including introduction, material 

and methods, results and discussion and is followed by the referred literature for each chapter. Therefore, references 

might be cited more than once.
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GENOMIC IMPRINTING IN MAMMALS

INTRODUCTION
CHAPTER 1
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A historical perspective on the discovery of  genomic imprinting – from chromosomes to genes

Chromosomal imprinting was the first form of  “imprinting” described in the literature. A zygote of  the 

dipteran sciarid fly inherits one maternal X chromosome and two paternal X chromosomes. In female embryos, 

one of  the two paternal X chromosomes is eliminated, whereas in males both paternal X chromosomes are lost. 

Specific removal of  X chromosome(s) that are always of  paternal origin suggested that the paternal chromosomes 

must retain a memory of  their parental origin, a so-called “imprint”. Crouse (1960) realized that a heterochromatic 

region on the X chromosome is essential for “marking” the parental origin of  the chromosome and for the 

specific removal of  the paternal chromosome(s) (Crouse, 1960). Similarly, in mealy bugs, the entire paternal set 

of  chromosomes is compacted into heterochromatin and remains silent throughout development (Brown and 

Nur, 1964). In mammals, dosage-compensation of  X-linked genes between males (one X) and females (two X) is 

regulated by X chromosome inactivation (XCI), a form of  chromosomal imprinting (reviewed in Lee, 2011). XCI 

is either imprinted or random regarding the silencing of  the maternal or the paternal X chromosome, depending 

on the organism or the tissue. Imprinted X chromosome inactivation occurs in female marsupials (Cooper et al., 

1971; Sharman, 1971) and in the extra-embryonic lineage of  mice, where always the paternally inherited X-

chromosome gets inactivated (Takagi and Sasaki, 1975). The X-inactivation center (Xic) initiates inactivation by 

producing the non-coding Xist transcript, which silences the chromosome in cis by recruiting Polycomb Repressive 

Complex2 (PRC2), an epigenetic silencer, and by coating the inactive chromosome (Lee, 2011). 

In 1970, reciprocal crosses of  maize varieties with differently colored kernels led to the discovery that 

also single gene activity can depend on the parent-of-origin. If  the maize R1 gene, which regulates anthocyanin 

synthesis in the seed, is inherited maternally the kernels are fully colored, whereas only a mottled coloring is 

observed when the R1 gene is inherited paternally (Kermicle, 1970). After the pioneering work of  the maize 

geneticist Kermicle (1970), a series of  experimental evidence in the 1980s led to the assumption that the parental 

genomes are not equivalent in mouse: First, gynogenotes and androgenotes created by nuclear transfer experiments 

in mouse oocytes, where either two maternal or two paternal pronuclei were transferred to enucleated egg cells, 

respectively, failed to complete development (Barton et al., 1984; McGrath & Solter, 1984; Surani et al., 1984). 

Then, Cattanach and Kirk (1985) found that some uniparental disomies in mouse develop normally, whereas others 

abort embryo development or have other parent-of-origin-specific defects (Cattanach and Kirk, 1985). Therefore, 

it was concluded that not the entire genome is subject to parental effects but that rather single chromosomes or 

chromosomal regions harbor imprinted loci. In fact, the assumption that absence or overexpression of  imprinted 

genes underlies the developmental failure of  andro- and gynogenotes was largely shown to be true by combining 

nuclei of  two different oocytes that had mutations in two different imprinted loci. Such bimaternal offspring had 

a normal imprinted gene dosage and was viable (Kono et al., 2004; Kawahara et al., 2007). 

Igf2r (insulin-like growth factor type 2 receptor gene) was the first endogenous imprinted gene identified 

in mammals, in the scope of  determining which gene was responsible for the lethality of  mice that maternally 

inherited a deleted segment of  chromosome 17, the Hairpin-tail deletion (Barlow et al., 1991; Johnson, 1974). 

Thereafter, the non-coding mouse gene H19 was shown to be imprinted by tracking the polymorphic transcript 

in hybrid mice (Bartolomei et al., 1991), and Igf2 (Insulin-like growth factor 2) was found to be imprinted in a 

gene targeting approach, where mice inheriting the deleted gene paternally were phenotypically like homozygous 

null mice for the Igf2 gene, whereas the maternally inherited deletion had no effect at all (DeChiara et al., 1991). 

Imprinted expression of  Igf2 was confirmed by showing absence of  the Igf2 gene product in mouse embryos with 

a maternal uniparental disomy of  distal chromosome 7, suggesting paternal expression only (Ferguson-Smith 

et al., 1991). Nowadays, approximately 100 imprinted genes have been identified in mammals, most of  which 

reside in gene clusters, are regulated within the cluster, and mostly contain a non-coding RNA (ncRNA) and both 

maternally expressed and paternally expressed genes (MEGs and PEGs). For a complete list, see http://igc.otago.
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ac.nz/home.html or http://www.mousebook.org/. 

Evolution of  genomic imprinting – a parental tug-of-war

Genomic imprinting evolved independently in mammals and in flowering plants (angiosperms). Both 

organisms share a common reproductive strategy, the placental habit, where the embryo develops within the 

reproductive apparatus of  the mother and depends on her nutrients (Figure I1). Maternal support of  embryo 

development depends on the formation of  an extra-embryonic, nutrient-transferring tissue – the placenta in 

mammals and the endosperm in plants. Subsequently, parental investment towards embryogenesis is extremely 

unbalanced and, in fact, solely depends on the mother. Therefore, an intragenomic parental conflict over resource 

allocation to the developing offspring was proposed to explain the evolution of  genomic imprinting in both, 

mammals and flowering plants (Haig and Westoby, 1989; Moore and Haig, 1991). It predicts that genes restricting 

growth have evolved to be under maternal control to guarantee equal distribution of  maternal resources to all 

present and future offspring. In contrast, the paternal genes intend to maximize nutrient transfer and embryonic 

growth to enhance offspring fitness, since it is not at the father’s expense and because he sires only a subset of  

all offspring of  a polyandric mother. Although several other theories were formulated to explain the evolution 

of  genomic imprinting, there is quite some evidence supporting the intragenomic parental conflict theory: First, 

many imprinted genes in both, mammals and plants, are predominantly expressed in the mammalian placenta 

and the plant endosperm (Frost & Moore, 2010; Jullien & Berger, 2009; Raissig et al., 2011; Reik & Walter, 

2001). 

Second, functional studies on knock-out mice and mutant plants revealed a role of  imprinted genes in 

regulating growth of  the embryo and the extra-embryonic placenta or endosperm in a parent-of-origin-dependent 

manner. The reciprocally imprinted mammalian genes Igf2 and Igf2r provide a remarkable example illustrating 

the parental conflict during early development: While mutant mice with a disrupted Igf2 gene, which is normally 

paternally expressed, show placental and fetal growth restriction phenotypes, knock-out mice with a disrupted 

maternal Igf2r, display the opposite phenotype (Lau et al., 1994; Ludwig et al., 1996; Constância et al., 2002; 

Reik et al., 2003; Tycko and Morison, 2002; Angiolini et al., 2006; Frost and Moore, 2010). Remarkably, specific 

knock-out of  placental Igf2 (P0) results in an underdeveloped placental but normal fetal development almost 

until term (Constância et al., 2002), suggesting that IGF-2 is involved in regulating two aspects of  fetal growth, 

namely the supply potential (by acting in the placenta) and the supply demand (by acting in the fetus). The tug-

of-war between the parental genomes in supplying fetal growth is further illustrated by knock-out mice in several 

additional imprinted genes, including the mutants in the maternally expressed genes Phlda2, Grb10 and Cdkn1c 

of  the Kcnq1 imprinting cluster that all display placental overgrowth and sometimes fetal overgrowth phenotypes 

(Angiolini et al., 2006, Frost & Moore, 2010). In plants, the MEDEA (MEA) gene is maternally expressed in the 

endosperm and, if  disrupted, leads to embryo overgrowth and, therefore, fits the prediction that maternally 

expressed genes are involved in restricting growth also in plants (Grossniklaus et al., 1998). 

Third, no evidence exists for imprinting in egg-laying or oviparous mammals, the monotremes, like the 

platypus or the echidna (Suzuki et al., 2007; Edwards et al., 2008), but some of  the imprinted domains like the Igf2-

H19 and the Igf2r clusters are imprinted in marsupials, already having a yolk sac and/or a placenta (Renfree et al., 

2009; Smits et al., 2008). In addition, imprinted XCI is restricted to marsupials and to the placenta of  eutherian 

mammals (Cooper et al., 1971; Sharman, 1971; Takagi and Sasaki, 1975). Lastly, imprinting is generally thought 

to be absent from egg-laying animal classes like reptiles, amphibians or fish (Reik et al., 2003). 

Other driving forces and theories were proposed to explain the evolution of  genomic imprinting and 

some of  them are supported by experimental evidence and, therefore, require to be mentioned: The meiotic 

recombination theory proposes a mechanistic link between meiotic pairing of  chromosomes and genomic 



23Genomic Imprin�ng in Mammals

imprinting. Reciprocally imprinted domains might 

aid in the recognition process between homologous 

chromosomes and could prevent pairing with non-

homologous chromosomes (de Villena et al., 2000). This 

theory is supported empirically by the observation that 

imprinted loci of  human chromosomes show sex-specific 

recombination frequencies (Pàldi et al, 1995; Robinson & 

Lalande, 1995), and that imprinted regions in the human 

genome are recombination hotspots (Lercher and Hurst, 

2003; Sandovici et al., 2006). In contrast, imprinting 

might have evolved as a side-effect of  silencing foreign 

DNA elements, namely transposable elements (TEs), since 

mammalian ICRs share DNA-sequence features that are 

normally attributed to TEs and, in addition, many TEs 

can be found up- or downstream of  plant imprinted 

genes (Gehring et al., 2009; Kinoshita et al., 2004; Wolff  

et al., 2011). Thus, regulation of  imprinted expression 

could be considered as an “extension of  host defense” 

(Barlow, 1993). Other theories like the ovarian time bomb 

theory, which suggests that imprinting evolved to prevent 

parthenogenesis (Varmuza and Mann, 1994), and the 

maternal-offspring co-adaptation theory (Wolf  and Hager, 

2006), predicting that genes acting at the interface between 

mother and offspring have evolved to be under maternal 

control, are discussed in other chapters of  this thesis.

In summary, the parental-conflict theory presents 

the best and most widely accepted theory for the convergent 

evolution of  imprinting in flowering plants and mammals, 

since other theories fail to explain certain inconsistencies. 

For example, some TEs in the vicinity of  plant imprinted 

genes are dispensable for imprinting, like the helitron 

upstream and the differentially methylated direct repeats 

downstream of  MEA (Spillane et al., 2004). And, although 

there is evidence for the meiotic recombination theory, 

this is generally applicable to all sexual organisms and not 

restricted to plants and mammals, and thus not explaining 

the specific emergence of  imprinting in those two groups 

only. 

Biological function of  imprinted genes in mammals – growth, development, and behavior

Imprinted genes in mammals have been implicated in placental and embryonic growth control, in the 

development of  particular lineages, in normal brain function, and even in postnatal effects, such as energy 

homeostasis and behavior. 

As mentioned before, many imprinted genes are expressed in the placenta and/or the embryo and are 

A

B

MAMMALS

FLOWERING PLANTS

Figure I1. “Placental habit” as the common mode 
of reproduc�on between mammals and flowering 
plants. Placental reproduc�on or the “placental 
habit” is an outstanding example of convergent 
evolu�on between mammals (A) and flowering 
plants (B). The next genera�on develops within 
the mother and is solely dependent on maternal 
resources provided through the mammalian placenta 
or the plant endosperm, whereas the father has no 
cost during embryogenesis. Thus the mother has 
to restrict embryo growth to equally distribute her 
resources to all her (present and future) offspring. 
The father, however, has an interest in promo�ng 
growth of the embryo as he has no costs, and is 
likely not gene�cally related to all offspring of a 
polyandric mother. As a consequence, maternally 
expressed genes have evolved to restrict growth 
(like Igf2r or MEDEA), whereas paternally expressed 
genes have evolved to promote growth (like Igf2). 
This evolu�onary tug-of-war is called the parental 
conflict or kinship theory. Source of (modified) 
human embryo drawing: Wikimedia Commons 
(h�p://commons.wikimedia.org).
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directly involved in regulating nutrient transfer to the developing embryo by modulating placental size, transport 

activity, or nutrient demand in the embryo (Tycko and Morison, 2002; Angiolini et al., 2006; Reik et al., 2003; 

Frost and Moore, 2010). Apart from the severe effects of  misexpressed Igf2 and Igf2r on placental and fetal growth 

described above, many other imprinted genes influence prenatal growth or placental differentiation like several 

maternally expressed genes - imprinted in the trophoblast only – of  the imprinted gene cluster Kcnq1 on mouse 

chromosome 7. For example, a mutation in maternally expressed Ascl2 (aka. Mash2), which is implicated in the 

differentiation of  the placenta, is embryonic lethal (Guillemot et al., 1995). In addition, maternally expressed 

Cdkn1c is a growth repressor and mutations in this gene lead to neonatal lethality in the mouse and can cause the 

Beckwith-Wiedemann Syndrome (BWS) in humans (Choufani et al., 2010; Yan et al., 1997; see below). Phlda2 

is another maternally expressed growth inhibitor and abolition of  its expression leads to placental hyperplasia, 

whereas doubling its dose by disrupting imprinted expression results in placental and fetal growth retardation 

(Frank et al., 2002; Tunster et al., 2010). Just recently, the role of  Phlda2 in growth control was directly linked to 

glycogen storage and nutrient transfer from placenta to fetus (Tunster et al., 2010).

Although genomic imprinting is particularly prevalent during prenatal growth and development of  

placenta and fetus, it has also a strong implication after birth. In the brain, the imprinted gene Gsα is maternally 

expressed in the hypothalamus and controls energy expenditure. Mice with a brain-specific deletion of  the 

maternally inherited allele of  Gsα are glucose-intolerant, insulin-resistant and obese (Chen et al., 2009). Even 

more striking, mothers that are mutant in two strongly paternally expressed genes in the brain, Peg1 and Peg3, show 

reduced maternal care, suggesting postnatal grand-paternal influence on maternal offspring care (Lefebvre et al., 

1998; Li et al., 1999). In addition, the expression of  many imprinted transcripts in the brain is consistent with 

the neurodevelopmental effects of  some human disorders, like the behavioral and neurodevelopmental disorders 

Prader-Willi Syndrome (PWS) and Angelman Syndrome (AS). Both complex but distinct disease syndromes 

are associated with the human chromosomal region 15q11q13 (Buiting, 2010). While AS can be caused by a 

mutation in the maternally expressed gene UBE3A in the brain, the situation is less clear for PWS (Buiting, 2010). 

Yet, a deficiency concerning the paternally expressed SNORD116 small nucleolar RNA (snoRNA) gene can cause 

PWS, but other genes might add to the syndrome (Buiting, 2010). However, both syndromes are mostly caused 

by uniparental disomies or chromosomal deletions in the 15q11q13 region (Bartolomei & Ferguson-Smith, 2011; 

Buiting, 2010).

In contrast to AS and PWS, imprinted genes affecting placental or fetal growth underlie the imprinted 

growth disorders BWS and Silver-Russell Syndrome (SRS; Bartolomei & Ferguson-Smith, 2011; Choufani et al., 

2010; Eggermann, 2010). BWS, an overgrowth disorder including an increased risk of  childhood tumors can 

be caused by a mutation in cyclin-dependent kinase inhibitor 1C (CDKN1C), a maternally expressed imprinted 

cell cycle regulator. Alternatively, epimutations like hypermethylation of  the maternally unmethylated ICR or a 

paternal uniparental disomy for chromosome 11 can underlie BWS, leading to biallelic expression and, therefore, 

to a double dose of  IGF2 (Choufani et al., 2010). In contrast, the main phenotype of  SRS is intra-uterine growth 

restriction and is often associated with hypomethylation of  the paternal ICR, which results in a reduction of  IGF2 

transcription (Eggermann, 2010). 

Taken together, genomic imprinting plays an important role in growth, development, and behavior 

throughout the life cycle of  mammals, although there are probably not many more than a 100 imprinted genes 

in the mammalian genome. Apparently, balancing fetal growth and postnatal behavior via parent-of-origin-

dependent monoallelic gene expression is important enough to risk potentially lethal or harmful consequences 

due to haploinsufficiency.
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Regulation of  genomic imprinting in mammals – a tale of  gene clusters, ICRs, and ncRNAs

Imprinted genes in mammals usually reside in gene clusters that are regulated by a single imprinting 

control region (ICR), which was identified by targeted deletion of  differentially methylated regions (DMRs; Lin 
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Figure I2. Regula�on of imprinted 
gene clusters in mammals. 
Differen�al DNA methyla�on of 
ICRs, either paternal methyla�on 
(A) or maternal methyla�on (B and 
C), regulate imprinted gene clusters 
by different means. (A) Igf2-H19 
imprinted gene cluster: CTCF, a zinc-
finger insulator protein, binds only 
to the unmethylated maternal ICR, 
whereby it prevents the interac�on of 
enhancers with the two protein-coding 
genes Igf2 and Ins in cis. However, the 
enhancer interacts with the maternal 
H19 allele, ac�va�ng its expression. 
On the paternal chromosome, binding 
of CTCF to the ICR is prevented by 
DNA methyla�on, and the enhancers 
are able to interact with and ac�vate 
the paternally expressed genes 
Igf2 and Ins. (B) Igf2r imprinted 
gene cluster: The unmethylated 
paternal ICR acts as a promoter to 
express the ncRNA Airn, which itself 
represses the paternal alleles in cis by 
an�sense transcrip�on, interac�on 
with chroma�n, and recrui�ng the 
H3K9 histone methyltransferase 
G9a to Slc22a3. On the maternal 
chromosome the ICR is methylated 
and cannot drive expression of Airn. 
Hence, the maternal alleles of Igf2r, 
Slc22a2 and Slc22a3 are expressed. 
(C) Kcnq1 imprinted gene cluster: 
The unmethylated paternal ICR acts 
as a promoter to express the ncRNA 
Kcnq1ot1, which itself represses the 
paternal alleles in cis by interac�on 
with chroma�n and recrui�ng 
G9a and PRC2. On the maternal 
chromosome, the methylated ICR 
prevents expression of the ncRNA 
Kcnq1ot1 and the maternal alleles are 
expressed. The clusters are not drawn 
to scale. mat: maternal chromosome; 
pat: paternal chromosome.
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et al., 2003; Smilinich et al., 1999; Sutcliffe et al., 1994; Thorvaldsen et al., 1998; Williamson et al., 2006; 

Wutz et al., 1997). ICRs are marked by DNA methylation in a sex-specific manner in the primordial germ cells 

(PGCs), where the chromosomes are in distinct and separated compartments. During PGC development, the 

whole genome undergoes demethylation that is followed by a sex-specific remethylation of  the ICRs by the de 

novo DNA methyltransferase DNMT3A and its cofactor DNMT3L (Bourc’his et al., 2001; Kaneda et al., 2004; 

Reik, 2007). How exactly the epigenetic machinery recognizes ICRs is still unclear. Either specific spacing of  

CpG islands within the ICR, specific histone modifications at ICRs or parent-specific transcription over ICRs 

could guide DNA methyltransferases to the ICR (Chotalia et al., 2009; Ciccone et al., 2009; Glass et al., 2009; 

Ooi et al., 2007). After setting the imprints in the germline, they have to be maintained after fertilization and 

during the subsequent embryonic divisions. Especially in the zygote, when the gametes’ genomes are rapidly and 

extensively reprogrammed and DNA methylation and chromatin modifications are erased and reset to acquire 

a pluripotent state, the imprints must escape resetting (Morgan et al., 2005). Paternally inherited chromatin is 

actively demethylated, likely via hydroxymethylcytosine intermediates (Iqbal et al., 2011; Wossidlo et al., 2011), 

followed by passive demethylation of  both parental genomes during cleavage and replication in the absence of  

DNMT1o, the oocyte-specific form of  the maintainance DNA methyltransferase DNMT1. DNMT1o is excluded 

from the nucleus except at the 8-cell embryo stage, where nuclear localization of  DNMT1o might be responsible 

for maintaining the imprints (Howell et al., 2001). However, mutant studies implicated also the somatic form of  

DNMT1, DNMT1s, in maintaining imprints during embryogenesis (Li et al., 1993). Furthermore, additional 

trans-acting factors like DPPA3 or ZFP57 seem to be involved in the maintenance and/or protection of  the 

epigenetic modification(s) at ICRs during global reprogramming (Li et al., 2008; Nakamura et al., 2007). DPPA3 

(or Stella) is a DNA-binding protein and is highly abundant in oocytes and enters both pronuclei after fertilization 

(Nakamura et al., 2007). Maternal deletion of  the gene causes embryonic lethality and loss of  DNA methylation 

at some imprinted genes, suggesting that DPPA3 specifically protects DMRs or even ICRs from demethylation 

(Nakamura et al., 2007). Moreover, a mutation in the KRAB zinc finger gene Zfp57, a transcriptional repressor, 

is lethal and causes aberrant DNA methylation and expression of  a number of  imprinted loci (Li et al., 2008). 

Interestingly, zygotic expression of  Zfp57 could partially rescue the lack of  DNA methylation at the Snrpn ICR, 

which is usually set in the oocyte and henceforth protected by maternal ZFP57, and reestablishes proper DNA 

methylation patterns during embryonic development (Li et al., 2008). This indicates that the Snrpn ICR harbored 

a primary imprinting mark, which is distinct from DNA methylation and is sufficient to direct de novo DNA 

methylation at the maternal Snrpn ICR after fertilization (Li et al., 2008). Generally, it could be hypothesized that 

unique epigenetic modifications distinct from DNA methylation might guide the gametic establishment and the 

embryonic maintenance of  differentially methylated ICRs during reproductive development.

The differentially methylated ICRs are key to mammalian imprinting regulation. ICRs can be paternally 

or maternally methylated and either function as insulator elements, regulate enhancer-promoter interactions, or 

act as promoters of  ncRNAs, which themselves can repress protein-coding genes in cis (Figure I2). The ICR of  

the H19-Igf2 locus functions as an insulator element and regulates the interaction of  DNA regulatory elements in 

cis. A zinc-finger insulator protein, CTCF, binds exclusively to the unmethylated maternal ICR (Bell & Felsenfeld, 

2000; Hark et al., 2000; Szabó et al., 2000). Binding of  CTCF prevents the interaction of  an enhancer with the 

maternal Igf2 allele, therefore preventing its expression but allowing, through enhancer interaction, maternal 

expression of  the ncRNA H19 (Engel et al., 2004; Murrell et al., 2004). On the paternal chromosome, CTCF 

cannot bind to the methylated ICR, which allows the interaction of  the enhancer with the paternal Igf2 allele to 

drive its expression (Figure I2A). In contrast, the maternally methylated ICRs of  the Igf2r cluster and the Kcnq1 

cluster regulate imprinting by preventing expression of  a repressive ncRNA from the maternal chromosome 

(Figure I2B and I2C). At the Igf2r cluster, the unmethylated ICR on the paternal chromosome acts as a promoter 
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for a long ncRNA, Airn, which is transcribed in antisense direction to the Igf2r gene (Wutz et al., 1997; Lyle et al., 

2000). The antisense transcription overlaps the promoter of  Igf2r, which is required for its paternal repression in 

cis (Sleutels et al., 2002), but two genes downstream of  Igf2r are also repressed, although the antisense transcription 

of  Airn is in the opposite direction of  those two genes (Figure I2B). Recent evidence suggests that the ncRNA 

interacts in cis with the promoter of  one of  those genes and recruits a repressive histone modification machinery 

specifically to the paternal chromosome (Figure I2B; Nagano et al., 2008). At the Kcnq1 cluster, the paternally 

unmethylated ICR promotes expression of  the ncRNA Kcnq1ot1, which represses 11 genes in cis (Mancini-Dinardo 

et al., 2006). Kcnq1ot1 interacts with chromatin and recruits the Histone 3 Lysine 9 (H3K9)- and Histone 3 Lysine 

27 (H3K27)-specific histone methyltransferase activities G9a and PRC2, respectively (Figure I2C). Silencing of  

the 11 paternal genes in cis is correlated with enriched H3K9me3 and H3K27me3 levels at the Kcnq1 cluster in 

the placenta (Lewis et al., 2004; Pandey et al., 2008; Redrup et al., 2009; Terranova et al., 2008; Umlauf  et al., 

2004).

Remarkably, some imprinted gene clusters are dynamically controlled in the course of  development. 

The imprinted gene Dlk1 in mice is exclusively expressed paternally during embryogenesis but is biallelically 

expressed in the neurogenic niche shortly after birth, therefore dramatically increasing its dosage (Ferrón et 

al., 2011). Both parental alleles are required for the maintenance of  the neural stem cell pool and, thus, the 

generation of  new neurons. The lineage-specific loss of  imprinting correlates with the methylation of  the usually 

unmethylated maternal ICR at this locus (Ferron et al., 2011). This suggests that modulating gene dosage in 

different developmental contexts can be achieved by dynamic epigenetic regulation of  imprinted genes.

Taken together, differentially methylated ICRs in imprinted gene clusters in mammals adopt multiple 

roles depending on their methylation status: unmethylated ICRs can act as (i) cis repressors of  protein coding 

genes in the form of  an insulator, and (ii) as cis activators of  ncRNAs. The ncRNAs repress protein-coding genes 

in cis, either by physically coating the locus and preventing transcription, as it is the case for X chromosome 

inactivation (Lee, 2011), or by recruiting repressive epigenetic machineries, or a combination of  both (Pandey et 

al., 2008, Redrup et al., 2009, Terranova et al., 2008).
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Seed Development W
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Genomic imprinting results in monoallelic gene expression in a parent-of-origin–dependent manner. It is achieved by the

differential epigenetic marking of parental alleles. Over the past decade, studies in the model systems Arabidopsis thaliana

and maize (Zea mays) have shown a strong correlation between silent or active states with epigenetic marks, such as DNA

methylation and histone modifications, but the nature of the primary imprint has not been clearly established for all

imprinted genes. Phenotypes and expression patterns of imprinted genes have fueled the perception that genomic

imprinting is specific to the endosperm, a seed tissue that does not contribute to the next generation. However, several lines

of evidence suggest a potential role for imprinting in the embryo, raising questions as to how imprints are erased and reset

from one generation to the next. Imprinting regulation in flowering plants shows striking similarities, but also some

important differences, compared with the mechanisms of imprinting described in mammals. For example, some imprinted

genes are involved in seed growth and viability in plants, which is similar in mammals, where imprinted gene regulation is

essential for embryonic development. However, it seems to be more flexible in plants, as imprinting requirements can be

bypassed to allow the development of clonal offspring in apomicts.

INTRODUCTION

The diploid phase of the life cycle is dominant in the majority of

multicellular organisms. As a result, deleterious recessive muta-

tions are masked during the diploid phase (Otto and Goldstein,

1992), implying an equally important role of both parental alleles.

While this statement is true for most genes in the genome,

imprinted genes represent an exception because only one pa-

rental allele is expressed while the other remains silent. Several

theories have been proposed to explain the evolution of this

epigenetic phenomenon, which is found in organisms as evolu-

tionarily divergent as mammals and flowering plants (reviewed in

Haig and Westoby, 1989; Hurst and McVean, 1998; Baroux et al.,

2002; Gutierrez-Marcos et al., 2003; Wilkins and Haig, 2003; Feil

and Berger, 2007; Moore and Mills, 2008). Because genomic

imprinting often results in parent-of-origin–specific effects on the

growth of the embryo and extra-embryonic tissues in mammals

and plants, the parental conflict theory provides one of the most

widely accepted explanations.

Both mammals and flowering plants use a common repro-

ductive strategy (i.e., they share a placental habit). The embryo is

embedded and nourished by sexually derived, extra-embryonic

tissues: the placenta in mammals and the endosperm in plants.

The mammalian placenta and embryo are derived from the same

fertilization event and embryonic cells partition early into an inner

cell mass, which forms the embryo, and the trophectoderm,

which will participate in the formation of the placenta. By con-

trast, the plant embryo and endosperm derive from two distinct

fertilization events involving two female gametes, the egg and the

central cell, and two sperm cells. The central cell is homodiploid

and thus contributes two maternal genomes to the triploid

endosperm, whereas only one genome is of paternal origin.

This genetic peculiarity is of importance for seed formation and

considerably complicates the interpretation of parent-of-origin–

specific effects during seed development (reviewed in Birchler,

1993; Spillane et al., 2002; Dilkes and Comai, 2004; von

Wangenheim and Peterson, 2004).

Genomic imprinting is conveyed by an epigenetic, parent-of-

origin–specific mark (the imprint), which leads to the differential

expression of the parental alleles. In mammals, where genomic

imprinting is best understood, the imprint is set during gameto-

genesis, interpreted and maintained during development, and

erased and reset in the germ line for the next generation.

Genomic imprinting seems to irreversibly set the epigenetic

state of certain parental alleles during gametogenesis in animals.

As a result, it prevents normal development of gyno- and

androgenotes, which carry two maternal or paternal genomes,

respectively. Genomic imprinting in plants shares some common

principles of regulation with animals and shows some versatility.

For instance, it is modulated by parental genomic dosage

(Erilova et al., 2009; Tiwari et al., 2010) and might be abrogated

in successful hybridization events (Josefsson et al., 2006; Walia

et al., 2009), reminiscent of the disruption of genomic imprinting

at some loci in interspecific crosses of rodents in the genus

Peromyscus (Vrana et al., 1998). Lastly, apomixis, the asexual

reproduction through seeds without paternal contribution, likely

requires a bypass of genomic imprinting at least in some species

(Koltunow and Grossniklaus, 2003; Grossniklaus, 2009).

1 Address correspondence to grossnik@botinst.uzh.ch.
W Online version contains Web-only data.
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GENOMIC IMPRINTING AND THE INTRAGENOMIC

PARENTAL CONFLICT THEORY

Reciprocal crosses of maize (Zea mays) varieties with differently

colored kernels led to the discovery of gene-specific imprinting.

In 1970, Kermicle demonstrated that full kernel pigmentation

depends on maternal inheritance of theR1 gene, which regulates

anthocyanin biosynthesis in the endosperm. By contrast, a

mottled pigmentation results when R1 is inherited paternally

(Kermicle, 1970). Through a series of elegant genetic experi-

ments, Kermicle could show that this difference in phenotype is

due neither to cytoplasmic inheritance nor to a dosage effect in

the endosperm but depends solely on the parental origin of R1.

The implication of this work was not widely recognized at the

time. However, over a decade later, the importance of genomic

imprinting was highlighted by nuclear transfer assays in mouse

oocytes, showing that both parental genomes are required for

normal development of the embryo and, thus, for successful

reproduction. Embryonic development cannot be completed if

an enucleated egg cell receives either two female (gynogenote,

2m:0p) or two male pronuclei (androgenote, 0m:2p) (Barton et al.,

1984; McGrath and Solter, 1984; Surani et al., 1984). Because

uniparental disomies of some chromosomes develop normally

while some maternal duplications cannot rescue the corre-

sponding paternal deficiencies and vice versa, Cattanach and

Kirk (1985) concluded that the entire genome is not subject to

parental effects but that imprinted loci reside in specific chro-

mosomal regions. This suggests that the two parental genomes

are not equivalent and one genome of each parent is required to

complete development, with abnormal expression of imprinted

genes underlying the incomplete development of andro- and

gynogenotes. Effects of stored components in the cytoplasm of

the egg or dosage effects can be excluded, since cytoplasm and

parental dosage, except for that of imprinted genes, is the same

in both cases.

In placental mammals, mutations in many imprinted genes

cause placenta and embryo growth defects in a parent-of-origin–

specific manner (DeChiara et al., 1991; Lau et al., 1994; Tycko

and Morison, 2002). Similarly in flowering plants, mutations in the

imprinted Arabidopsis Polycomb group genes MEDEA (MEA)

and FERTILISATION-INDEPENDENT SEED2 (FIS2) induce pro-

liferation defects during seed development (Grossniklaus et al.,

1998; Kinoshita et al., 1999; Kiyosue et al., 1999; Vielle-Calzada

et al., 1999; Luo et al., 2000; Ingouff et al., 2005b). These defects

are consistent with a role of genomic imprinting in a parental

conflict over resource allocation from mother to offspring. In

mammals and seed plants, postfertilization nutrient provision is

at the cost of the mother only, a situation that reduces the

resources available for future offspring. Thus, in polygamous

organisms with a placental habit, maternally expressed genes

are expected to favor parsimonious distribution of nutrients and

to antagonize paternally expressed growth factors. In this sce-

nario, growth-restricting genes evolved to be under maternal

control, whereas growth-promoting genes are expected to be

under paternal control (Haig and Westoby, 1989; Haig and

Graham, 1991; Moore and Haig, 1991).

In maize, deletions of specific chromosomal arms reduce

kernel size and viability when inherited paternally. These defects

cannot be rescued with a higher, maternal dosage of the missing

chromosomal arm (reviewed in Kermicle and Alleman, 1990).

Thus, genes located on the deleted chromosomal arm may only

be expressed from one parent and cannot be rescued by

inheriting a compensating dose from the other parent. In addi-

tion, increasing the dosage of one parent in Arabidopsis thaliana

affects endosperm growth and, consequently, seed size. Normal

endosperm development requires a maternal:paternal genome

ratio of 2:1 (2m:1p) in many species (Lin, 1984). In some

Arabidopsis accessions, however, deviations of this ratio are

tolerated, and crosses between different ploidies can produce

viable seeds. Consistent with the predictions made from the

parental conflict theory, a cross between a tetraploid mother and

diploid father (4n 3 2n) produces small seeds, whereas the

reciprocal cross (2n 3 4n) produces larger seeds (Scott et al.,

1998). However, these parent-of-origin effects in seeds derived

from interploidy crosses are more complex to interpret than the

nuclear transfer experiments in mice. Although imprinting of

growth regulators likely contribute to the phenotypes, these

experiments do not allow precise differentiation from other

effects, such as the dosage of cytoplasmically inherited products

(Birchler, 1993; Dilkes and Comai, 2004; von Wangenheim and

Peterson, 2004) and the role of surrounding maternal tissues

(Garcia et al., 2005; Dilkes et al., 2008). The effects on seed size

thus likely result from an interplay between cytoplasmic effects,

dosage effects, and genomic imprinting.

Alternative theories have been proposed to explain the evo-

lution of genomic imprinting and are reviewed elsewhere (Garnier

et al., 2008; Moore and Mills, 2008). One of these proposes that

genomic imprinting evolved to prevent parthenogenesis, ex-

plaining why gynogenotes and androgenotes fail to complete

development (Barton et al., 1984; McGrath and Solter, 1984;

Surani et al., 1984; Solter, 1988; Varmuza and Mann, 1994).

Consistent with this theory, screens for autonomous endosperm

development in Arabidopsis revealed, among others, two im-

printed genes, namely, MEA and FIS2 (Chaudhury et al., 1997;

Kiyosue et al., 1999). However, this phenotype is also observed

in mutants affecting nonimprinted Polycomb group genes, and

mutation or downregulation of these does not seem to be re-

sponsible for parthenogenesis in apomictic Hieracium (Rodrigues

et al., 2008).

It was also hypothesized that genomic imprinting evolved as a

consequence of repressing foreign DNA, namely, transposable

elements (TEs) (Barlow, 1993). In Arabidopsis, methylated pro-

moter regions of MEA and FWA coincide with TEs (Lippman

et al., 2004; Spillane et al., 2004; Gehring et al., 2006; Kinoshita

et al., 2007), but the presence of TEs is not necessarily causally

related to imprinted expression. While the SINE-related se-

quence in the FWA control region seems to control imprinted

FWA expression (Kinoshita et al., 2007), the helitron in the MEA

promoter is dispensable for imprinting (Spillane et al., 2004), as

are the direct repeats downstream of MEA, despite being differ-

entially methylated in the endosperm (Spillane et al., 2004;

Gehring et al., 2006). The finding that TEs are hypomethylated

in the genome of Arabidopsis endosperm compared with that of

the embryo (Gehring et al., 2009; Hsieh et al., 2009) indicates a

potential involvement of TE-related sequences in regulating

imprinted loci.

Genomic Imprinting and Seed Development 17
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GENOMIC IMPRINTING AND THE INTRAGENOMIC

PARENTAL CONFLICT THEORY
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mottled pigmentation results when R1 is inherited paternally

(Kermicle, 1970). Through a series of elegant genetic experi-

ments, Kermicle could show that this difference in phenotype is

due neither to cytoplasmic inheritance nor to a dosage effect in

the endosperm but depends solely on the parental origin of R1.

The implication of this work was not widely recognized at the

time. However, over a decade later, the importance of genomic

imprinting was highlighted by nuclear transfer assays in mouse

oocytes, showing that both parental genomes are required for

normal development of the embryo and, thus, for successful

reproduction. Embryonic development cannot be completed if

an enucleated egg cell receives either two female (gynogenote,

2m:0p) or two male pronuclei (androgenote, 0m:2p) (Barton et al.,

1984; McGrath and Solter, 1984; Surani et al., 1984). Because

uniparental disomies of some chromosomes develop normally

while some maternal duplications cannot rescue the corre-

sponding paternal deficiencies and vice versa, Cattanach and

Kirk (1985) concluded that the entire genome is not subject to

parental effects but that imprinted loci reside in specific chro-

mosomal regions. This suggests that the two parental genomes

are not equivalent and one genome of each parent is required to

complete development, with abnormal expression of imprinted

genes underlying the incomplete development of andro- and

gynogenotes. Effects of stored components in the cytoplasm of

the egg or dosage effects can be excluded, since cytoplasm and

parental dosage, except for that of imprinted genes, is the same

in both cases.

In placental mammals, mutations in many imprinted genes

cause placenta and embryo growth defects in a parent-of-origin–

specific manner (DeChiara et al., 1991; Lau et al., 1994; Tycko

and Morison, 2002). Similarly in flowering plants, mutations in the

imprinted Arabidopsis Polycomb group genes MEDEA (MEA)

and FERTILISATION-INDEPENDENT SEED2 (FIS2) induce pro-

liferation defects during seed development (Grossniklaus et al.,

1998; Kinoshita et al., 1999; Kiyosue et al., 1999; Vielle-Calzada

et al., 1999; Luo et al., 2000; Ingouff et al., 2005b). These defects

are consistent with a role of genomic imprinting in a parental

conflict over resource allocation from mother to offspring. In

mammals and seed plants, postfertilization nutrient provision is

at the cost of the mother only, a situation that reduces the

resources available for future offspring. Thus, in polygamous

organisms with a placental habit, maternally expressed genes

are expected to favor parsimonious distribution of nutrients and

to antagonize paternally expressed growth factors. In this sce-

nario, growth-restricting genes evolved to be under maternal

control, whereas growth-promoting genes are expected to be

under paternal control (Haig and Westoby, 1989; Haig and

Graham, 1991; Moore and Haig, 1991).

In maize, deletions of specific chromosomal arms reduce

kernel size and viability when inherited paternally. These defects

cannot be rescued with a higher, maternal dosage of the missing

chromosomal arm (reviewed in Kermicle and Alleman, 1990).

Thus, genes located on the deleted chromosomal arm may only

be expressed from one parent and cannot be rescued by

inheriting a compensating dose from the other parent. In addi-

tion, increasing the dosage of one parent in Arabidopsis thaliana

affects endosperm growth and, consequently, seed size. Normal

endosperm development requires a maternal:paternal genome

ratio of 2:1 (2m:1p) in many species (Lin, 1984). In some

Arabidopsis accessions, however, deviations of this ratio are

tolerated, and crosses between different ploidies can produce

viable seeds. Consistent with the predictions made from the

parental conflict theory, a cross between a tetraploid mother and

diploid father (4n 3 2n) produces small seeds, whereas the

reciprocal cross (2n 3 4n) produces larger seeds (Scott et al.,

1998). However, these parent-of-origin effects in seeds derived

from interploidy crosses are more complex to interpret than the

nuclear transfer experiments in mice. Although imprinting of

growth regulators likely contribute to the phenotypes, these

experiments do not allow precise differentiation from other

effects, such as the dosage of cytoplasmically inherited products

(Birchler, 1993; Dilkes and Comai, 2004; von Wangenheim and

Peterson, 2004) and the role of surrounding maternal tissues

(Garcia et al., 2005; Dilkes et al., 2008). The effects on seed size

thus likely result from an interplay between cytoplasmic effects,

dosage effects, and genomic imprinting.

Alternative theories have been proposed to explain the evo-

lution of genomic imprinting and are reviewed elsewhere (Garnier

et al., 2008; Moore and Mills, 2008). One of these proposes that

genomic imprinting evolved to prevent parthenogenesis, ex-

plaining why gynogenotes and androgenotes fail to complete

development (Barton et al., 1984; McGrath and Solter, 1984;

Surani et al., 1984; Solter, 1988; Varmuza and Mann, 1994).

Consistent with this theory, screens for autonomous endosperm

development in Arabidopsis revealed, among others, two im-

printed genes, namely, MEA and FIS2 (Chaudhury et al., 1997;

Kiyosue et al., 1999). However, this phenotype is also observed

in mutants affecting nonimprinted Polycomb group genes, and

mutation or downregulation of these does not seem to be re-

sponsible for parthenogenesis in apomictic Hieracium (Rodrigues

et al., 2008).

It was also hypothesized that genomic imprinting evolved as a

consequence of repressing foreign DNA, namely, transposable

elements (TEs) (Barlow, 1993). In Arabidopsis, methylated pro-

moter regions of MEA and FWA coincide with TEs (Lippman

et al., 2004; Spillane et al., 2004; Gehring et al., 2006; Kinoshita

et al., 2007), but the presence of TEs is not necessarily causally

related to imprinted expression. While the SINE-related se-

quence in the FWA control region seems to control imprinted

FWA expression (Kinoshita et al., 2007), the helitron in the MEA

promoter is dispensable for imprinting (Spillane et al., 2004), as

are the direct repeats downstream of MEA, despite being differ-

entially methylated in the endosperm (Spillane et al., 2004;

Gehring et al., 2006). The finding that TEs are hypomethylated

in the genome of Arabidopsis endosperm compared with that of

the embryo (Gehring et al., 2009; Hsieh et al., 2009) indicates a

potential involvement of TE-related sequences in regulating

imprinted loci.
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DEFINING IMPRINTED LOCI: MEETING THE STANDARDS

Imprinting is defined by the differential expression of parental

alleles in the same nucleus. Typically, mammalian imprinted

genes have been identified using allele-specific measurements

in somatic cells of either transcript levels, DNA methylation,

reporter gene activity, or mutant analyses following reciprocal

crosses. Imprinted and potentially imprinted genes in flowering

plants have been identified using similar approaches (Table 1).

Most of the imprinted and potentially imprinted genes have been

qualified as imprinted based on differential levels of parental

transcripts and/or detection of a reporter gene when inherited

through one parent but not the other. Imprinting (de novo

monoallelic expression after fertilization) but also cytoplasmic

inheritance of maternal or paternal transcripts can explain these

observations (Grossniklaus et al., 1998; Vielle-Calzada et al.,

2000; Bayer et al., 2009). Thus, an analysis of steady state levels

of parental transcripts is only sufficient to demonstrate imprinting

if the candidate gene is not expressed prior to fertilization in the

gametes, as is the case for the Arabidopsis genes PHERES1

(PHE1) and FORMIN HOMOLOG5 (FH5) and, in the embryo, for

the maize gene Maternally expressed in embryo1 (Mee1) (Köhler

et al., 2005; Fitz Gerald et al., 2009; Jahnke and Scholten, 2009;

Wuest et al., 2010). Alternatively, parent-of-origin–specific ex-

pression that increases after fertilization provides evidence for

genomic imprinting in addition to parental transcripts potentially

inherited from the gametes, whose abundance cannot increase.

However, such analyses require quantitative methods and, im-

portantly, proper internal standards that are stably expressed

during development in the fertilization products only. This is

because carpel cell number is stable during silique development

and growth solely depends on cell expansion (Vivian-Smith and

Koltunow, 1999). In addition, integument cells proliferate only

early in seed development, whereas later on, cell elongation

accounts for integument growth (Garcia et al., 2005). Thus,

internal standards expressed in all cells of the developing silique

do not allow a precise quantitation of mRNA levels. Reliable

quantitation requires either standards that are expressed in the

fertilization products only or experiments using isolated tissues,

the latter being technically demanding at early stages. Thus,

monoallelic de novo transcription of candidate imprinted loci is

best demonstrated by (1) nascent transcript detection using RNA

in situ hybridization, as shown for the imprinted MEA gene in the

endosperm (Vielle-Calzada et al., 1999), (2) absence of expression

prior to fertilization (Köhler et al., 2005; Fitz Gerald et al., 2009;

Jahnke and Scholten, 2009; Wuest et al., 2010), or (3) nuclear run-

off transcription assays, which are not possible at early stages due

to the limited material available. To remain consistent with previ-

ous literature, we discuss both imprinted and potentially imprinted

genes (i.e., for which monoallelic expression has not been dem-

onstrated unambiguously) in the following sections.

Furthermore, defining the primary imprint remains a challeng-

ing task that requires epigenetic profiling of the candidate loci in

isolated male and female gametes, as first performed in maize for

Fie1 and Fie2 (Gutiérrez-Marcos et al., 2006). To date, a func-

tional verification showing that the identified mark is indeed nec-

essary for imprinted expression has only been performed for the

FWA locus in Arabidopsis (Kinoshita et al., 2007). Importantly,

defining the epigenetic profile several days after pollination (DAP)

is not sufficient because epigenetic marks can be highly dynamic

(Gutiérrez-Marcos et al., 2006; Jahnke and Scholten, 2009) and

the marks maintaining imprinting may be different from the

primary imprint(s). Although challenging, recent progress in

isolating plant gametes and zygotes (Dresselhaus et al., 1999;

Engel et al., 2003; Gutiérrez-Marcos et al., 2006; Ning et al.,

2006; Hermon et al., 2007; Wuest et al., 2010) should allow a

better characterization of the differential epigenetic states of

imprinted alleles.

MOLECULAR AND CELLULAR FUNCTIONS OF IMPRINTED

GENES DURING SEED DEVELOPMENT

To date, 11 genes inArabidopsis and 11 genes in maize have been

reported as imprinted or potentially imprinted (Table 1). They have

been identified on the basis of parent-of-origin–specific effects on

seed development (Kermicle, 1970; Grossniklaus et al., 1998;

Kinoshita et al., 1999; Vielle-Calzada et al., 1999; Luo et al., 2000),

differential transcript levels in interploidy or interaccession

crosses (Chaudhuri and Messing, 1994; Lund et al., 1995a,

1995b; Gutiérrez-Marcos et al., 2004; Tiwari et al., 2008; Jahnke

and Scholten, 2009), or differential DNA methylation levels be-

tween embryo and endosperm (Gehring et al., 2009). The latter is

not an imprinting criterium per se but may strongly favor the

identification of imprinted genes expressed in the endosperm. This

study led to the identification of 50 candidate imprinted loci (Gehring

et al., 2009), but future investigations are needed to establish

whether or not they are indeed regulated by genomic imprinting.

Imprinted genes encode a wide range of molecular functions,

ranging from the regulation of pigmentation, protein storage,

transcriptional regulation, chromatin modification, and cytoskel-

etal function to mRNA regulation (Table 1). For instance, five

recently described potentially imprinted genes, for which only

transcripts from one parental allele were detected in the endo-

sperm (Gehring et al., 2009), encode transcription factors of the

homeodomain and MYB class (Table 1). The function of these

genes is currently unknown, and future studies will show whether

they have parent-of-origin–specific roles during endosperm

development. Because most imprinted loci were identified re-

cently, little is known about their role during development, except

for four genes in Arabidopsis. Mutations in either of the two

Polycomb group genesMEA and FIS2 confer maternal effects on

seed development, displaying proliferation defects in the endo-

sperm with and without fertilization (Chaudhury et al., 1997;

Grossniklaus and Vielle-Calzada, 1998; Grossniklaus et al.,

1998; Kiyosue et al., 1999; Ingouff et al., 2005b). The seeds

containing embryo and endosperm derived from mutant gam-

etes eventually abort. Their development is delayed such that

embryos derived from mutant eggs only reach the late heart or

sometimes torpedo stage, while their wild-type siblings com-

plete embryogenesis (Chaudhury et al., 1997; Grossniklaus et al.,

1998; Kiyosue et al., 1999; Ingouff et al., 2005b). When compar-

ing wild-type and mutant embryos at the same developmental

stage, however, the mutant embryos show overproliferation,

leading to the formation of several extra cell layers (Grossniklaus

et al., 1998). Similarly, mutants in theArabidopsis genes FH5 and
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Table 1. Imprinted Genes in Arabidopsis and Maize

Gene

Function

De Novo

Transcription

Parent-of-Origin–Specific Effect for Reference

Encoded

Protein

Cellular

Function

mRNA

Levels

Reporter

Activity

Epigenetic

Mark

Mutant

Phenotype

For Parent-of-Origin–

Specific Expression

Arabidopsis

MEA PcG complex

protein

Cell proliferation

(embryo, endosperm)

Yes Yes Yes H3K27me3,

DNA-me

Seed abortion Kinoshita et al. (1999);

Vielle-Calzada et al. (1999)

FWA HD-ZIP transcription

factor

Flowering time

regulationa

n.d. Yes n.d. DNA-me No phenotype Kinoshita et al. (2004);

Jullien et al. (2006a)

PHE1 MADS box

transcription factor

Not known Yesb Yes Yes H3K27me3,

DNA-me

No phenotype Köhler et al. (2003, 2005);

Makarevich et al. (2008)

FIS2 PcG complex

protein

Cell Proliferation

(embryo, endosperm)

n.d. Yes Yes DNA-mec Seed abortion Jullien et al. (2006a, 2008);

Luo et al. (2000)

MPC Poly(A) binding

C-terminal domain

Not known n.d. Yes Yes DNA-mec Small seeds,

abnormal embryo

Tiwari et al. (2008)

HDG9 HD-ZIP transcription

factor

Not known n.d. Yes n.d. DNA-me Not known Gehring et al. (2009)

HDG8 HD-ZIP transcription

factor

Not known n.d. Yes n.d. DNA-me Not known Gehring et al. (2009)

HDG3 HD-ZIP transcription

factor

Not known n.d. Yes n.d. DNA-me Not known Gehring et al. (2009)

MYB3R2 MYB transcription

factor

Not known n.d. Yes n.d. DNA-me Not known Gehring et al. (2009)

AT5G62110 Homeodomain-like

protein

Not known n.d. Yes n.d. DNA-me Not known Gehring et al. (2009)

FH5 Formin homolog Morphogenesis,

cellularization

(endosperm)

Yesd Yes Yes H3K27me3c Endosperm

defectsc

Ingouff et al. (2005a);

Fitz Gerald et al. (2009)

Maize (locus-specific imprinted genes)

Fie1 Homolog of AthFIE Not known Yesb Yes n.d. DNA-me,

H3K27me3,

H3/H4-Ac

Not known Danilevskaya et al. (2003);

Gutiérrez-Marcos et al. (2006);

Hermon et al. (2007);

Haun and Springer (2008)

Fie2 Homolog of AthFIE Not known n.d. Yes n.d. DNA-me Not known Danilevskaya et al. (2003);

Gutiérrez-Marcos et al. (2006);

Hermon et al. (2007)

Nrp1 Putative transcription

factor

Not known Yesb Yes n.d. DNA-me,

H3K27me3,

H3/H4-Ac

Not known Guo et al. (2003);

Haun and Springer (2008)

Peg1 Not known Not known n.d. Yes n.d. Not known Not known Gutierrez-Marcos et al. (2003)

Meg1 Small Cys-rich

polypeptide

Nutrient transfer? Yesb Yes Yes DNA-me Not known Gutiérrez-Marcos et al. (2004)

Mez1 Homolog of MEA Not known n.d. Yes n.d. DNA-me,

H3K27me3,

H3/H4-Ac

Not known Haun et al. (2007);

Haun and Springer (2008)

Mee1 Unknown protein Not known Yese Yes n.d. DNA-me Not known Jahnke and Scholten (2009)

Maize (allele-specific imprinted genes)

a-Tubulin Tubulin homolog Cytoskeleton n.d. Yes n.d. DNA-me Not known Lund et al. (1995b)

Zein Zein protein Storage n.d. Yes n.d. DNA-me Not known Lund et al. (1995a)

R gene Myc-like transcription

factor

Anthocyanin

pigmentation

n.d. n.d. n.d. Not known Not known Kermicle (1970);

Ludwig et al. (1989)

Dzr-1 Not known Zein regulation

(posttranscriptional)

n.d. Yes n.d. Not known Not known Chaudhuri & Messing (1994)

The table displays the imprinted and potentially imprinted genes discovered in plants to date. Molecular and cellular functions and investigated parent-

of-origin–specific effects, such as de novo gene expression after fertilization, steady state mRNA levels, and imprinted reporter gene expression are

listed if known. In addition, phenotypes of the associated mutants and the associated epigenetic marks are specified. Genes in regular font are

paternally expressed, whereas genes in boldface are maternally active. n.d., not determined.
aOverexpression phenotype; function in seed development unknown.
bExpression after fertilization only.
cEpigenetic mark/phenotype shown but not specifically in a parent-of-origin–specific manner.
dExpression after fertilization only as no expression was detected in the central cell (Wuest et al., 2010).
eDe novo expression in the embryo.
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Table 1. Imprinted Genes in Arabidopsis and Maize

Gene

Function

De Novo

Transcription

Parent-of-Origin–Specific Effect for Reference

Encoded

Protein

Cellular

Function

mRNA

Levels

Reporter

Activity

Epigenetic

Mark

Mutant

Phenotype

For Parent-of-Origin–

Specific Expression

Arabidopsis

MEA PcG complex

protein

Cell proliferation

(embryo, endosperm)

Yes Yes Yes H3K27me3,

DNA-me

Seed abortion Kinoshita et al. (1999);

Vielle-Calzada et al. (1999)

FWA HD-ZIP transcription

factor

Flowering time

regulationa

n.d. Yes n.d. DNA-me No phenotype Kinoshita et al. (2004);

Jullien et al. (2006a)

PHE1 MADS box

transcription factor

Not known Yesb Yes Yes H3K27me3,

DNA-me

No phenotype Köhler et al. (2003, 2005);

Makarevich et al. (2008)

FIS2 PcG complex

protein

Cell Proliferation

(embryo, endosperm)

n.d. Yes Yes DNA-mec Seed abortion Jullien et al. (2006a, 2008);

Luo et al. (2000)

MPC Poly(A) binding

C-terminal domain

Not known n.d. Yes Yes DNA-mec Small seeds,

abnormal embryo

Tiwari et al. (2008)

HDG9 HD-ZIP transcription

factor

Not known n.d. Yes n.d. DNA-me Not known Gehring et al. (2009)

HDG8 HD-ZIP transcription

factor

Not known n.d. Yes n.d. DNA-me Not known Gehring et al. (2009)

HDG3 HD-ZIP transcription

factor

Not known n.d. Yes n.d. DNA-me Not known Gehring et al. (2009)

MYB3R2 MYB transcription

factor

Not known n.d. Yes n.d. DNA-me Not known Gehring et al. (2009)

AT5G62110 Homeodomain-like

protein

Not known n.d. Yes n.d. DNA-me Not known Gehring et al. (2009)

FH5 Formin homolog Morphogenesis,

cellularization

(endosperm)

Yesd Yes Yes H3K27me3c Endosperm

defectsc

Ingouff et al. (2005a);

Fitz Gerald et al. (2009)

Maize (locus-specific imprinted genes)

Fie1 Homolog of AthFIE Not known Yesb Yes n.d. DNA-me,

H3K27me3,

H3/H4-Ac

Not known Danilevskaya et al. (2003);

Gutiérrez-Marcos et al. (2006);

Hermon et al. (2007);

Haun and Springer (2008)

Fie2 Homolog of AthFIE Not known n.d. Yes n.d. DNA-me Not known Danilevskaya et al. (2003);

Gutiérrez-Marcos et al. (2006);

Hermon et al. (2007)

Nrp1 Putative transcription

factor

Not known Yesb Yes n.d. DNA-me,

H3K27me3,

H3/H4-Ac

Not known Guo et al. (2003);

Haun and Springer (2008)

Peg1 Not known Not known n.d. Yes n.d. Not known Not known Gutierrez-Marcos et al. (2003)

Meg1 Small Cys-rich

polypeptide

Nutrient transfer? Yesb Yes Yes DNA-me Not known Gutiérrez-Marcos et al. (2004)

Mez1 Homolog of MEA Not known n.d. Yes n.d. DNA-me,

H3K27me3,

H3/H4-Ac

Not known Haun et al. (2007);

Haun and Springer (2008)

Mee1 Unknown protein Not known Yese Yes n.d. DNA-me Not known Jahnke and Scholten (2009)

Maize (allele-specific imprinted genes)

a-Tubulin Tubulin homolog Cytoskeleton n.d. Yes n.d. DNA-me Not known Lund et al. (1995b)

Zein Zein protein Storage n.d. Yes n.d. DNA-me Not known Lund et al. (1995a)

R gene Myc-like transcription

factor

Anthocyanin

pigmentation

n.d. n.d. n.d. Not known Not known Kermicle (1970);

Ludwig et al. (1989)

Dzr-1 Not known Zein regulation

(posttranscriptional)

n.d. Yes n.d. Not known Not known Chaudhuri & Messing (1994)

The table displays the imprinted and potentially imprinted genes discovered in plants to date. Molecular and cellular functions and investigated parent-

of-origin–specific effects, such as de novo gene expression after fertilization, steady state mRNA levels, and imprinted reporter gene expression are

listed if known. In addition, phenotypes of the associated mutants and the associated epigenetic marks are specified. Genes in regular font are

paternally expressed, whereas genes in boldface are maternally active. n.d., not determined.
aOverexpression phenotype; function in seed development unknown.
bExpression after fertilization only.
cEpigenetic mark/phenotype shown but not specifically in a parent-of-origin–specific manner.
dExpression after fertilization only as no expression was detected in the central cell (Wuest et al., 2010).
eDe novo expression in the embryo.
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MATERNALLY EXPRESSED PAB C-TERMINAL (MPC) display

defects in endosperm development. However, they have distinct

molecular functions in cytoskeleton and mRNA biology, respec-

tively (Ingouff et al., 2005a; Tiwari et al., 2008; Fitz Gerald et al.,

2009). Furthermore, Maternally expressed gene1 (Meg1), an

imprinted gene in maize, is specifically expressed in the transfer

cells (Gutiérrez-Marcos et al., 2004; Table 1). These cells are

involved in nutrient transfer from the maternal tissues to the seed,

suggesting a nutrition-related function of Meg1, a proposal that

awaits demonstration. Altogether, the known or predicted func-

tions of imprinted or potentially imprinted genes indicate a role in

endosperm growth and nutrient transfer to the seed, consistent

with the proposed role of genomic imprinting in mediating

parent-of-origin–specific effects on resource allocation.

In contrast with the endosperm, very little is known about the

role of imprinted genes during embryo development, although

embryonic phenotypes were originally described for mutants of

the fis class and inMPCRNA interference lines (Ohad et al., 1996;

Chaudhury et al., 1997; Grossniklaus et al., 1998; Tiwari et al.,

2008). For instance, embryos lacking maternal MEA function

overproliferate (Grossniklaus et al., 1998; Luo et al., 2000), a

phenotype similar to the embryo overgrowth resulting from, for

example, a mutation in the mouse imprinted gene Insulin-like

growth factor type 2 receptor (Barlow et al., 1991; Lau et al.,

1994). MEA is expressed in the egg cell and/or early embryo, as

shown by RNA in situ hybridization (Vielle-Calzada et al., 1999;

Spillane et al., 2007), reporter gene analyses (Luo et al., 2000;

Spillane et al., 2004, 2007; Figure 1A), and RT-PCR on isolated

embryos (Figure 1B). Whether the embryonic expression of MEA

is imprinted remains a matter of debate. On the one hand,

qualitative RT-PCR using a natural polymorphism between the

Landsberg erecta and the RLD accession for allele-specific

detection of the parental MEA transcripts argues for biallelic

expression at 4 to 8 DAP (Kinoshita et al., 1999; Gehring et al.,

2006; Erilova et al., 2009). On the other hand, paternal MEA

transcripts were not detected in RT-PCR experiments at 2.3

DAP (Vielle-Calzada et al., 1999) nor in a time-course experiment

of developing seeds using a quantitative real-time RT-PCR assay

based on a polymorphism between the mea-2 and the wild-type

allele of the same accession (Baroux et al., 2006; Figure 1C).

Possibly, the discrepancies between these studies reflect the

different accessions used because it is known that hybridization

events can interfere with genomic imprinting (Josefsson et al.,

2006; Walia et al., 2009).

A role for genomic imprinting, or at least for imprinted genes, in

embryogenesis has often been dismissed (Gehring et al., 2004;

Jahnke and Scholten, 2009; Jullien and Berger, 2009). The

embryonic phenotype and expression pattern of MEA indicates

yet unknown roles for MEA, possibly in controlling growth

regulators in the embryo. Similarly, functional studies will shed

more light on the embryonic role of PHE1, which is expressed

and regulated by the Polycomb Repressive Complex 2 contain-

ing MEA and other FIS class proteins (FIS-PRC2) in both embryo

and endosperm (Köhler et al., 2003, 2005) and the Mee1 gene in

maize, which also shows imprinted expression in the embryo

(Jahnke and Scholten, 2009).

In conclusion, the best characterized imprinted or potentially

imprinted plant genes share a role in endosperm development or

are at least preferentially expressed in this tissue. When mutated,

some of these genes show endosperm growth abnormalities

consistent with a proposed role of genomic imprinting in parental

conflicts over resource allocation. Nevertheless, additional stud-

ies are required to address the function of imprinted genes in the

endosperm and, particularly, in the embryo.

REGULATION OF GENOMIC IMPRINTING: WHAT DO WE

KNOW; WHERE DO WE GO?

Regulation of genomic imprinting in mammals is complex, and

several epigenetic mechanisms involving DNA methylation, his-

tone modifications, and noncoding RNAs are recruited to define

Figure 1. Expression of MEA in the Arabidopsis Embryo.

(A) Expression of a MEA:GUS reporter gene expressing b-glucuronidase (GUS) under the control of a 3.8-kb promoter (Spillane et al., 2004) in an

isolated 16-cell stage embryo. GUS stainings were performed as described by Baroux et al. (2006), except for using only 0.1 mM potassium

hexacyanoferrate (II) and 0.1 mM potassium hexacyanoferrate (III) and incubating for 4 d at 378C. As the half-life of GUS in early embryos is <10 h

(R. Baskar and U. Grossniklaus, unpublished data), GUS expression of this stage indicates de novo expression.

(B) RT-PCR on isolated embryos amplifying MEA (34 cycles), as well as ACTIN1 and ACTIN11 (28 cycles each) as controls. Embryos were isolated in a

buffer containing 1.6 units/mL RNase Out (Invitrogen) and 1 mM DTT. An inverted microscope was used to find the right stage and a glass capillary to

collect the embryos. Conditions for RT-PCR and the primers detecting MEA, ACTIN1, and ACTIN11 are described by Baroux et al. (2006). Images of

isolated embryos and corresponding RNA profiles are shown in Supplemental Figure 1 online.

(C) Allele-specific quantitative PCR for MEA on siliques at different time points: before fertilization (BF) and 1 to 4 DAP. No paternal transcript can be

detected, suggesting imprinted expression in both embryo and endosperm (Baroux et al., 2006).
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the silent versus active state of parental alleles (reviewed in

Ideraabdullah et al., 2008; Koerner and Barlow, 2010). Imprinting

control elements (ICEs) are cis-regulatory sequences necessary

and sufficient to confer imprinted expression. ICEs can function

as promoters, enhancers, locus control regions, or insulator

elements that control clusters of imprinted genes in a parent-of-

origin–specific manner. ICEs are themselves subjected to epi-

genetic modifications and are usually differentially methylated

(Barlow and Bartolomei, 2007). Our understanding of imprinting

regulation in plants is much less profound than in animals. For

instance, little is known about potential plant ICEs. Nevertheless,

imprinting regulation in plants shows some parallels to the

regulation of genomic imprinting in mammals. Over the last few

years, variations of a predominant model have been developed

to describe imprinting regulation in the Arabidopsis endosperm,

which largely relies on the specific demethylation of maternal

alleles in the central cell. However, we argue that additional

models must be developed to take into account data from maize

and to describe imprinting regulation in the embryo.

DNAMethylation: Establishing or Interpreting the Imprint?

Parental alleles of imprinted genes must be marked by a primary

imprint inherited from the gametes and interpreted in the fertil-

ization products. In principle, the imprint can be on the active or

the silent allele, or both alleles can carry distinct marks. Identi-

fying the imprint remains challenging, and nothing is known

about the epigenetic status of imprinted loci in the gametes,

except for a few loci in maize (Gutiérrez-Marcos et al., 2006;

Jahnke and Scholten, 2009). Instead, genetic approaches in

Arabidopsis have elucidated the control of imprinted expression,

suggesting a fundamental role for DNA demethylation and FIS-

PRC2 in imprinting regulation.

The maintenance DNA-methyltransferase METHYLTRANS-

FERASE1 (MET1) and the DNA-glycosylase DEMETER (DME)

act antagonistically to achieve monoallelic gene expression of

MEA, FWA, FIS2, and MPC in Arabidopsis (Choi et al., 2002;

Kinoshita et al., 2004; Gehring et al., 2006; Jullien et al., 2006a;

Tiwari et al., 2008). The current model proposes that DNA

methylation is actively removed by the action of DME (Choi

et al., 2002; Gehring et al., 2006). This demethylation might be

reinforced by passive loss in the central cell due to MET1 down-

regulation by RETINOBLASTOMA RELATED (RBR) and its inter-

actor MULTICOPY SUPPRESSOR OF IRA1 (MSI1) (Johnston

et al., 2008; Jullien et al., 2008). Consequently, gamete-specific

demethylation activates the maternal alleles, leading to mono-

allelic expression of MEA, FWA, FIS2, and MPC after fertilization

(Figure 2A). When FWA, FIS2, and MPC are inherited from a

hypomethylated met1 mutant father, their paternal alleles are

expressed in the endosperm (Luo et al., 2000; Kinoshita et al.,

2004; Tiwari et al., 2008), while a paternalMEA allele remains silent

(Gehring et al., 2006; Jullien et al., 2006a). Thus, hypomethylation

is sufficient to trigger biallelic expression of FWA, FIS2, and MPC

but not of MEA. This suggests that default methylation by MET1

and specific demethylation of the maternal alleles in the central

cell by DME is required and sufficient for imprinting regulation at

these loci except for MEA whose regulation is more complex. In

fact, specific MEA reporter genes show imprinted expression

independent of DME and MET1 activity (H. Wöhrmann and U.

Grossniklaus, unpublished data), suggesting that additional, yet un-

known, factors may be involved in imprinting regulation (Figure 2B).

Recent findings also implicate DNA methylation in the regula-

tion of PHE1, a MADS box gene that is preferentially expressed

from the paternal allele (Köhler et al., 2005) and plays a role in

seed development (Köhler et al., 2003; Josefsson et al., 2006). A

differentially methylated region has been identified outside the 39
end of the PHE1 coding region, and PHE1 expression is reduced

in met1 mutant plants. Furthermore, a PHE1 reporter gene is not

expressed when inherited from a father deficient for DOMAINS

REARRANGED METHYLASE1 (DRM1) and DRM2 (Makarevich

et al., 2008), which encode de novo DNA methyltransferases

(Cao and Jacobsen, 2002). Unlike other imprinted genes in

plants, the hypermethylated allele is expressed, and DNA meth-

ylation seems to be involved in a mechanism leading to the

activation of the paternal PHE1 allele.

In maize, most of the candidate imprinted loci are differentially

methylated in the endosperm, suggesting that DNA methylation

plays a role in regulating imprinted gene expression in this

species as well (Figure 2C, Table 1, and references therein).

However, this asymmetry in DNA methylation may not be

established prior to fertilization for all alleles. Indeed, Fie2 is

hypomethylated in both female gametes and the sperm, yet

becomes transiently hypermethylated on the paternal alleles in

the endosperm only. By contrast, Fie1 is hypomethylated in the

central cell but methylated in the egg and sperm cells. After

fertilization, the paternal allele is specifically demethylated in the

endosperm not correlating with its silent state (Gutiérrez-Marcos

et al., 2006; Hermon et al., 2007). Similarly, DNA methylation at

the Mee1 locus is highly dynamic. Mee1 shows imprinted ex-

pression in the embryo where the maternal allele is activated at 3

DAP, while it is already expressed prior to fertilization in the

central cell and subsequently in the endosperm (Jahnke and

Scholten, 2009). Maternal expression correlates with a hypo-

methylated state ofMee1 in both fertilization products (Figure 2D).

However, while the paternal methylation state was inherited from

the sperm, the maternal state was not, with both female gametes

showing hypermethylation. In the endosperm, the maternal

alleles are demethylated after fertilization. In the embryo, they

undergo demethylation in the zygote while initially remaining

transcriptionally silent and then are remethylated during embryo-

genesis. These observations suggest that DNA methylation is not

the primary imprint in these cases; rather, it may reinforce the

transcriptionally active versus silent states. Differential DNA

methylation presumably is established downstream of other

gender-specific epigenetic marks, which remain to be discov-

ered. Furthermore, these experiments clearly illustrate that DNA

methylation is highly dynamic and not always correlated with

expression. Due to its dynamics, it is not possible to infer the DNA

methylation state in the gametes based on analyses performed

at later stages of seed development.

Histone Modifications: Establishing and

Maintaining Imprints?

The model that MET1 and DME antagonistically regulate

genomic imprinting in plants was first developed for MEA (Choi
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the silent versus active state of parental alleles (reviewed in

Ideraabdullah et al., 2008; Koerner and Barlow, 2010). Imprinting

control elements (ICEs) are cis-regulatory sequences necessary

and sufficient to confer imprinted expression. ICEs can function

as promoters, enhancers, locus control regions, or insulator

elements that control clusters of imprinted genes in a parent-of-

origin–specific manner. ICEs are themselves subjected to epi-

genetic modifications and are usually differentially methylated

(Barlow and Bartolomei, 2007). Our understanding of imprinting

regulation in plants is much less profound than in animals. For

instance, little is known about potential plant ICEs. Nevertheless,

imprinting regulation in plants shows some parallels to the

regulation of genomic imprinting in mammals. Over the last few

years, variations of a predominant model have been developed

to describe imprinting regulation in the Arabidopsis endosperm,

which largely relies on the specific demethylation of maternal

alleles in the central cell. However, we argue that additional

models must be developed to take into account data from maize

and to describe imprinting regulation in the embryo.

DNAMethylation: Establishing or Interpreting the Imprint?

Parental alleles of imprinted genes must be marked by a primary

imprint inherited from the gametes and interpreted in the fertil-

ization products. In principle, the imprint can be on the active or

the silent allele, or both alleles can carry distinct marks. Identi-

fying the imprint remains challenging, and nothing is known

about the epigenetic status of imprinted loci in the gametes,

except for a few loci in maize (Gutiérrez-Marcos et al., 2006;

Jahnke and Scholten, 2009). Instead, genetic approaches in

Arabidopsis have elucidated the control of imprinted expression,

suggesting a fundamental role for DNA demethylation and FIS-

PRC2 in imprinting regulation.

The maintenance DNA-methyltransferase METHYLTRANS-

FERASE1 (MET1) and the DNA-glycosylase DEMETER (DME)

act antagonistically to achieve monoallelic gene expression of

MEA, FWA, FIS2, and MPC in Arabidopsis (Choi et al., 2002;

Kinoshita et al., 2004; Gehring et al., 2006; Jullien et al., 2006a;

Tiwari et al., 2008). The current model proposes that DNA

methylation is actively removed by the action of DME (Choi

et al., 2002; Gehring et al., 2006). This demethylation might be

reinforced by passive loss in the central cell due to MET1 down-

regulation by RETINOBLASTOMA RELATED (RBR) and its inter-

actor MULTICOPY SUPPRESSOR OF IRA1 (MSI1) (Johnston

et al., 2008; Jullien et al., 2008). Consequently, gamete-specific

demethylation activates the maternal alleles, leading to mono-

allelic expression of MEA, FWA, FIS2, and MPC after fertilization

(Figure 2A). When FWA, FIS2, and MPC are inherited from a

hypomethylated met1 mutant father, their paternal alleles are

expressed in the endosperm (Luo et al., 2000; Kinoshita et al.,

2004; Tiwari et al., 2008), while a paternalMEA allele remains silent

(Gehring et al., 2006; Jullien et al., 2006a). Thus, hypomethylation

is sufficient to trigger biallelic expression of FWA, FIS2, and MPC

but not of MEA. This suggests that default methylation by MET1

and specific demethylation of the maternal alleles in the central

cell by DME is required and sufficient for imprinting regulation at

these loci except for MEA whose regulation is more complex. In

fact, specific MEA reporter genes show imprinted expression

independent of DME and MET1 activity (H. Wöhrmann and U.

Grossniklaus, unpublished data), suggesting that additional, yet un-

known, factors may be involved in imprinting regulation (Figure 2B).

Recent findings also implicate DNA methylation in the regula-

tion of PHE1, a MADS box gene that is preferentially expressed

from the paternal allele (Köhler et al., 2005) and plays a role in

seed development (Köhler et al., 2003; Josefsson et al., 2006). A

differentially methylated region has been identified outside the 39
end of the PHE1 coding region, and PHE1 expression is reduced

in met1 mutant plants. Furthermore, a PHE1 reporter gene is not

expressed when inherited from a father deficient for DOMAINS

REARRANGED METHYLASE1 (DRM1) and DRM2 (Makarevich

et al., 2008), which encode de novo DNA methyltransferases

(Cao and Jacobsen, 2002). Unlike other imprinted genes in

plants, the hypermethylated allele is expressed, and DNA meth-

ylation seems to be involved in a mechanism leading to the

activation of the paternal PHE1 allele.

In maize, most of the candidate imprinted loci are differentially

methylated in the endosperm, suggesting that DNA methylation

plays a role in regulating imprinted gene expression in this

species as well (Figure 2C, Table 1, and references therein).

However, this asymmetry in DNA methylation may not be

established prior to fertilization for all alleles. Indeed, Fie2 is

hypomethylated in both female gametes and the sperm, yet

becomes transiently hypermethylated on the paternal alleles in

the endosperm only. By contrast, Fie1 is hypomethylated in the

central cell but methylated in the egg and sperm cells. After

fertilization, the paternal allele is specifically demethylated in the

endosperm not correlating with its silent state (Gutiérrez-Marcos

et al., 2006; Hermon et al., 2007). Similarly, DNA methylation at

the Mee1 locus is highly dynamic. Mee1 shows imprinted ex-

pression in the embryo where the maternal allele is activated at 3

DAP, while it is already expressed prior to fertilization in the

central cell and subsequently in the endosperm (Jahnke and

Scholten, 2009). Maternal expression correlates with a hypo-

methylated state ofMee1 in both fertilization products (Figure 2D).

However, while the paternal methylation state was inherited from

the sperm, the maternal state was not, with both female gametes

showing hypermethylation. In the endosperm, the maternal

alleles are demethylated after fertilization. In the embryo, they

undergo demethylation in the zygote while initially remaining

transcriptionally silent and then are remethylated during embryo-

genesis. These observations suggest that DNA methylation is not

the primary imprint in these cases; rather, it may reinforce the

transcriptionally active versus silent states. Differential DNA

methylation presumably is established downstream of other

gender-specific epigenetic marks, which remain to be discov-

ered. Furthermore, these experiments clearly illustrate that DNA

methylation is highly dynamic and not always correlated with

expression. Due to its dynamics, it is not possible to infer the DNA

methylation state in the gametes based on analyses performed

at later stages of seed development.

Histone Modifications: Establishing and

Maintaining Imprints?

The model that MET1 and DME antagonistically regulate

genomic imprinting in plants was first developed for MEA (Choi
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et al., 2002) but turned out to be more complex, since the

paternal MEA allele is not derepressed if inherited from a met1

mutant father (Gehring et al., 2006; Jullien et al., 2006a). Thus, a

different or additional epigenetic pathway must be involved to

silence the paternal allele. FIS-PRC2 itself evidently maintains

paternal alleles in a silent state since H3K27 methylation marks,

which are dependent on PRC2 function, were found 59 and 39 of

the MEA gene in siliques 7 DAP and leafs (Gehring et al., 2006;

Jullien et al., 2006a). Importantly, seeds inheriting maternal fie or

mea mutations show biparental MEA expression (Baroux et al.,

2006; Gehring et al., 2006; Jullien et al., 2006b). Similarly, the FIS-

PRC2 complex may be involved in maintaining differential ex-

pression at FH5 after fertilization (Fitz Gerald et al., 2009).

However, since nothing is known about the dynamics of H3K27

methylation in the gametes nor during early seed development, the

exact role of H3K27 methylation in imprinting remains elusive.

The FIS-PRC2 complex clearly plays a role in establishing the

imprinted state of PHE1. FIS-PRC2 activity in the female gam-

etes represses the PHE1 maternal allele. The repressed state of

the maternal allele is maintained after fertilization, while the

paternal allele somehow escapes silencing by FIS-PRC2 in the

fertilization products (Köhler et al., 2005). How the FIS-PRC2

distinguishes the two parental alleles after fertilization is not

known. Parental alleles might be differentially marked by

Figure 2. Imprinting Regulation of Maternally Expressed Genes in

Arabidopsis and Maize.

(A) Imprinting control at the FWA and FIS2 locus. In the central cell (CC),

MET1 is thought to be repressed by RBR and MSI1, which should result

in a passive reduction of DNA methylation. DME removes DNA methyl-

ation marks in the CC. In the egg cell (EC), DME is not expressed and the

locus remains silent. In the sperm cells, MET1 methylates and silences

the imprinted gene. After fertilization, the maternal alleles are expressed

in the endosperm but not in the embryo.

(B) Imprinting control at the MEA locus. In the CC, DME specifically

removes the DNA methylation marks. In the EC and potentially in the CC

as well (see text), an unknown imprinting factor renders the maternal

MEA allele active. For simplicity, the autorepression of the maternal MEA

allele is not shown. In the sperm cells, the paternal MEA locus remains

methylated and silent through the action of MET1. After fertilization, the

silencing of the paternal MEA allele is reinforced by the action of the FIS-

PRC2 complex via H3K27 methylation in the endosperm. It remains

unclear how MEA expression is controlled in the embryo. The maternal

MEA allele is expressed, while the paternal MEA allele is not detected in

some accessions, while it is in others.

(C) Imprinting control of Mez1 and Fie1 in maize. The genetic factors

controlling imprinted gene expression in maize are not known, but the

associated epigenetic marks for active and silent chromatin are well

described. In the CC, the DNA methylation marks are removed, but the

maternal alleles remain silent. For Mez1, epigenetic marks and expres-

sion patterns are not known in gametes but might follow the same model.

In the egg cell and the sperm cells, the loci remain methylated and silent.

In the endosperm, the active maternal allele is marked by H3 and H4

acetylation and H3K4 methylation. The silent allele is repressed by DNA

methylation and H3K27 methylation. Both, Mez1 and Fie1 are not

expressed in the embryo.

(D) Imprinting control at the Mee1 locus. The maternal Mee1 allele is

active in the endosperm and the embryo. DNA methylation is probably

removed after fertilization only, althoughMee1 is weakly expressed in the

CC. How exactly the maternal alleles are activated is not known. CC,

central cell; EC, egg cell.
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additional histone modifications, as proposed in maize (see

below), or by differential DNA methylation (see above) and thus

may be distinguishable for the FIS-PRC2 after fertilization.

Additional histone marks might be involved in distinguishing

the parental alleles of imprinted genes in maize in addition to

differential methylation (Haun and Springer, 2008). Chromatin

immunoprecipitation with antibodies against specific histone

modifications followed by allele-specific RT-PCR has been used

to test the abundance of specific histone marks at the Mez1,

Fie1, and Nrp1 loci in maize. As expected, H3K27 di- and tri-

methylation, both repressive marks (Peterson and Laniel, 2004),

are enriched at all three paternally silent alleles. On the other

hand, acetylation of H3 and H4 and dimethylation of H3K4,

marks associated with active chromatin (Peterson and Laniel,

2004), are enriched on the active maternal alleles (Figure 2C). The

presence of these antagonistic histone marks is specific to the

endosperm, since no such enrichment was observed in leaf

tissue. Future technical advances might make it possible to

investigate the epigenetic profiles of these loci in the gametes

to determine whether these marks were established prior to

fertilization or correspond to maintenance marks that act

downstream of the primary imprint. Whether these chromatin

modifications also mark the active and silent alleles at imprinted

loci in Arabidopsis is yet to be determined.

VERSATILE PLANT IMPRINTING: HOW FLEXIBLE IS

IMPRINTING REGULATION IN PLANTS?

A consequence of genomic imprinting is the strict requirement

of both parental alleles for the normal development and physi-

ology in mammals. This is best exemplified by human disorders

caused by mutations at imprinted loci (Butler, 2009) but also by

developmental abnormalities following cloning by somatic nu-

clear transfer (Niemann et al., 2008). By contrast, certain species

of flowering plants produce maternal embryos in the absence of

a paternal contribution (apomixis), suggesting a bypass of ge-

nomic imprinting requirements in the embryo and sometimes

also in the endosperm (Grossniklaus, 2001; Koltunow and

Grossniklaus, 2003). This may be achieved by the absence of

functional components regulating maternal silencing, such as

the FIS-PRC2 complex, or silencing in sperm cells. Evidence for

both has been suggested in the apomictic genus Hieracium

(Tucker et al., 2003; Rodrigues et al., 2010). However, other

epigenetic and reversible alterations may operate in nonobligate

apomicts able to reproduce both sexually and asexually.

Genomic imprinting may also act as a barrier against inter-

specific hybridization (Bushell et al., 2003; Gutierrez-Marcos

et al., 2003) by creating an imbalance in the relative dosage of

maternal and paternal growth regulators (Dilkes and Comai,

2004). Consistent with this hypothesis, maternal PHE1 was

derepressed in nonviable hybrid seeds resulting from an in-

terspecific cross of two species in the genus Arabidopsis

(Josefsson et al., 2006). Interestingly, increasing the chromo-

somal dosage of the maternal Arabidopsis parent improves

hybrid seed viability, possibly by restoring the appropriate bal-

ance of maternal repressors of PHE1 and other FIS-PRC2

targets. Similarly, the level of imprinted MEA expression regu-

lates endosperm responses linked to altered parental dosage by

reducing maternal MEA expression in response to increased

paternal dosage (Erilova et al., 2009). Additional quantitative

measurements of imprinting regulators and targets in seeds with

different parental ploidies showed alterations of both the relative

levels and imprinting states of some, but not all, imprinted genes.

However, no simple model of parental dosage-dependent reg-

ulation of imprinted loci could be drawn from these measure-

ments (Jullien and Berger, 2010; Tiwari et al., 2010). This

indicates that more complex mechanisms of imprinting regula-

tion are involved, possibly reflected by the dynamic changes in

epigenetic marks observed at imprinted loci in maize.

CONCLUSIONS AND PERSPECTIVES

Genomic imprinting has a major impact on seed development,

both by influencing seed growth and viability. The developmental

phenotypes of mutants affecting certain imprinted genes in

plants are consistent with predictions made by the parental

conflict theory, but other theories might also explain the evolution

of genomic imprinting, which may have arisen due to distinct

selective pressures at different loci. Either alone or in combina-

tion, both DNA methylation as well as histone modifications

conferred by the FIS-PRC2 complex are involved in imprinting

regulation (Choi et al., 2002; Gehring et al., 2006; Jullien et al.,

2006a, 2006b). Importantly, DNA methylation is not sufficient to

establish imprinted gene expression at all loci described to date.

For instance, it is not clear how paternal expression of HDG3 is

achieved, as it is maternally hypomethylated in the endosperm

(Gehring et al., 2009). Similarly, DNA methylation does not

always correspond to the expression state at imprinted loci in

maize, and alleles that show differential methylation in the

fertilization products but not in the gametes (Gutiérrez-Marcos

et al., 2006; Jahnke and Scholten, 2009) must carry yet unknown

primary epigenetic marks. The distinction of primary from sec-

ondary marks will be a focus of future research. Furthermore, the

complexities of imprinting regulation clearly indicate the exis-

tence of additional, yet unknown, factors required for imprinted

expression. For instance, the potential involvement of non-

codingRNAs, which play an important role in imprinting regulation

in mammals (Koerner and Barlow, 2010), has not been rigorously

investigated.

Further complexity is added by the fact thatMee1 (Jahnke and

Scholten, 2009), PHE1 (Köhler et al., 2005), and MEA (Vielle-

Calzada et al., 1999; Baroux et al., 2006; Spillane et al., 2007;

Figure 1) show imprinted or potentially imprinted expression in

the embryo. It is not clear how differential activity of parental

alleles at these loci is established. While DME-mediated de-

methylation in the central cell plays a central role for imprinted

expression in the endosperm, DME is not expressed in the egg

cell (Choi et al., 2002). Unlike in the endosperm, where erasure

and resetting mechanisms for imprints are not required because

it does not contribute to the next generation, such mechanisms

must exist for genes with imprinted expression in the plant

embryo. Resetting mechanisms ensure that the epigenetic state

of the parental alleles is not inherited from one generation to the

next. The gender-specific resetting of imprints occurs in the

germ line during gametogenesis in mammals (Reik, 2007; Lees-

Murdock and Walsh, 2008), but nothing is known about this

Genomic Imprinting and Seed Development 23



41Genomic Imprin�ng in Flowering Plants

additional histone modifications, as proposed in maize (see

below), or by differential DNA methylation (see above) and thus

may be distinguishable for the FIS-PRC2 after fertilization.

Additional histone marks might be involved in distinguishing

the parental alleles of imprinted genes in maize in addition to

differential methylation (Haun and Springer, 2008). Chromatin

immunoprecipitation with antibodies against specific histone

modifications followed by allele-specific RT-PCR has been used

to test the abundance of specific histone marks at the Mez1,

Fie1, and Nrp1 loci in maize. As expected, H3K27 di- and tri-

methylation, both repressive marks (Peterson and Laniel, 2004),

are enriched at all three paternally silent alleles. On the other

hand, acetylation of H3 and H4 and dimethylation of H3K4,

marks associated with active chromatin (Peterson and Laniel,

2004), are enriched on the active maternal alleles (Figure 2C). The

presence of these antagonistic histone marks is specific to the

endosperm, since no such enrichment was observed in leaf

tissue. Future technical advances might make it possible to

investigate the epigenetic profiles of these loci in the gametes

to determine whether these marks were established prior to

fertilization or correspond to maintenance marks that act

downstream of the primary imprint. Whether these chromatin

modifications also mark the active and silent alleles at imprinted

loci in Arabidopsis is yet to be determined.

VERSATILE PLANT IMPRINTING: HOW FLEXIBLE IS

IMPRINTING REGULATION IN PLANTS?

A consequence of genomic imprinting is the strict requirement

of both parental alleles for the normal development and physi-

ology in mammals. This is best exemplified by human disorders

caused by mutations at imprinted loci (Butler, 2009) but also by

developmental abnormalities following cloning by somatic nu-

clear transfer (Niemann et al., 2008). By contrast, certain species

of flowering plants produce maternal embryos in the absence of

a paternal contribution (apomixis), suggesting a bypass of ge-

nomic imprinting requirements in the embryo and sometimes

also in the endosperm (Grossniklaus, 2001; Koltunow and

Grossniklaus, 2003). This may be achieved by the absence of

functional components regulating maternal silencing, such as

the FIS-PRC2 complex, or silencing in sperm cells. Evidence for

both has been suggested in the apomictic genus Hieracium

(Tucker et al., 2003; Rodrigues et al., 2010). However, other

epigenetic and reversible alterations may operate in nonobligate

apomicts able to reproduce both sexually and asexually.

Genomic imprinting may also act as a barrier against inter-

specific hybridization (Bushell et al., 2003; Gutierrez-Marcos

et al., 2003) by creating an imbalance in the relative dosage of

maternal and paternal growth regulators (Dilkes and Comai,

2004). Consistent with this hypothesis, maternal PHE1 was

derepressed in nonviable hybrid seeds resulting from an in-

terspecific cross of two species in the genus Arabidopsis

(Josefsson et al., 2006). Interestingly, increasing the chromo-

somal dosage of the maternal Arabidopsis parent improves

hybrid seed viability, possibly by restoring the appropriate bal-

ance of maternal repressors of PHE1 and other FIS-PRC2

targets. Similarly, the level of imprinted MEA expression regu-

lates endosperm responses linked to altered parental dosage by

reducing maternal MEA expression in response to increased

paternal dosage (Erilova et al., 2009). Additional quantitative

measurements of imprinting regulators and targets in seeds with

different parental ploidies showed alterations of both the relative

levels and imprinting states of some, but not all, imprinted genes.

However, no simple model of parental dosage-dependent reg-

ulation of imprinted loci could be drawn from these measure-

ments (Jullien and Berger, 2010; Tiwari et al., 2010). This

indicates that more complex mechanisms of imprinting regula-

tion are involved, possibly reflected by the dynamic changes in

epigenetic marks observed at imprinted loci in maize.

CONCLUSIONS AND PERSPECTIVES

Genomic imprinting has a major impact on seed development,

both by influencing seed growth and viability. The developmental

phenotypes of mutants affecting certain imprinted genes in

plants are consistent with predictions made by the parental

conflict theory, but other theories might also explain the evolution

of genomic imprinting, which may have arisen due to distinct

selective pressures at different loci. Either alone or in combina-

tion, both DNA methylation as well as histone modifications

conferred by the FIS-PRC2 complex are involved in imprinting

regulation (Choi et al., 2002; Gehring et al., 2006; Jullien et al.,

2006a, 2006b). Importantly, DNA methylation is not sufficient to

establish imprinted gene expression at all loci described to date.

For instance, it is not clear how paternal expression of HDG3 is

achieved, as it is maternally hypomethylated in the endosperm

(Gehring et al., 2009). Similarly, DNA methylation does not

always correspond to the expression state at imprinted loci in

maize, and alleles that show differential methylation in the

fertilization products but not in the gametes (Gutiérrez-Marcos

et al., 2006; Jahnke and Scholten, 2009) must carry yet unknown

primary epigenetic marks. The distinction of primary from sec-

ondary marks will be a focus of future research. Furthermore, the

complexities of imprinting regulation clearly indicate the exis-

tence of additional, yet unknown, factors required for imprinted

expression. For instance, the potential involvement of non-

codingRNAs, which play an important role in imprinting regulation

in mammals (Koerner and Barlow, 2010), has not been rigorously

investigated.

Further complexity is added by the fact thatMee1 (Jahnke and

Scholten, 2009), PHE1 (Köhler et al., 2005), and MEA (Vielle-

Calzada et al., 1999; Baroux et al., 2006; Spillane et al., 2007;

Figure 1) show imprinted or potentially imprinted expression in

the embryo. It is not clear how differential activity of parental

alleles at these loci is established. While DME-mediated de-

methylation in the central cell plays a central role for imprinted

expression in the endosperm, DME is not expressed in the egg

cell (Choi et al., 2002). Unlike in the endosperm, where erasure

and resetting mechanisms for imprints are not required because

it does not contribute to the next generation, such mechanisms

must exist for genes with imprinted expression in the plant

embryo. Resetting mechanisms ensure that the epigenetic state

of the parental alleles is not inherited from one generation to the

next. The gender-specific resetting of imprints occurs in the

germ line during gametogenesis in mammals (Reik, 2007; Lees-

Murdock and Walsh, 2008), but nothing is known about this
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process in plants. Although maternal Mee1 alleles get remeth-

ylated during embryogenesis such that both alleles are equally

methylated (Jahnke and Scholten, 2009), this does not constitute

such a resetting mechanism because it does not lead to a

gender-specific distinction of the alleles. Because plants do not

have a segregated germ line, the setting of a gender-specific

primary imprint can occur only after the lineages for male and

female reproductive organs have been separated.

The fact that genomic imprinting in plants is rather versatile

and the requirement for a paternal and maternal genome can be

bypassed under certain circumstances is important. One fasci-

nating aspect of plant reproduction is the ability of some species

to propagate asexually through seeds. Maybe relaxed imprinting

requirements were an essential preadaptation for the evolution of

apomixis in these taxa. Therefore, apomixis research might

benefit from an improved understanding of imprinting regulation

and its function in seed development. New technologies allowing

the molecular investigation of gametes and improved genome-

wide approaches will uncover more imprinted genes and will

certainly produce more detailed genome-wide epigenetic maps

that add to our understanding of the role and the regulation of

genomic imprinting in flowering plants.
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Haun, W.J., Laoueillé-Duprat, S., O’connell, M.J., Spillane, C.,

Grossniklaus, U., Phillips, A.R., Kaeppler, S.M., and Springer,

N.M. (2007). Genomic imprinting, methylation and molecular evolution

of maize Enhancer of zeste (Mez) homologs. Plant J. 49: 325–337.

Haun, W.J., and Springer, N.M. (2008). Maternal and paternal alleles

exhibit differential histone methylation and acetylation at maize

imprinted genes. Plant J. 56: 903–912.

Hermon, P., Srilunchang, K.O., Zou, J., Dresselhaus, T., and

Danilevskaya, O.N. (2007). Activation of the imprinted Polycomb

group Fie1 gene in maize endosperm requires demethylation of the

maternal allele. Plant Mol. Biol. 64: 387–395.

Hsieh, T.-F., Ibarra, C.A., Silva, P., Zemach, A., Eshed-Williams, L.,

Fischer, R.L., and Zilberman, D. (2009). Genome-wide demethyla-

tion of Arabidopsis endosperm. Science 324: 1451–1454.

Hurst, L.D., and McVean, G.T. (1998). Do we understand the evolution

of genomic imprinting? Curr. Opin. Genet. Dev. 8: 701–708.

Ideraabdullah, F.Y., Vigneau, S., and Bartolomei, M.S. (2008). Ge-

nomic imprinting mechanisms in mammals. Mutat. Res. 647: 77–85.
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E., Perez, P., and Dickinson, H.G. (2006). Epigenetic asymmetry of

imprinted genes in plant gametes. Nat. Genet. 38: 876–878.

Gutierrez-Marcos, J.F., Pennington, P.D., Costa, L.M., and Dickinson,

H.G. (2003). Imprinting in the endosperm: a possible role in preventing

wide hybridization. Philos. Trans. R. Soc. Lond. B Biol. Sci. 358: 1105–

1111.

Haig, D., and Graham, C. (1991). Genomic imprinting and the strange

case of the insulin-like growth factor II receptor. Cell 64: 1045–1046.

Haig, D., and Westoby, M. (1989). Parent-specific gene expression and

the triploid endosperm. Am. Nat. 134: 147–155.
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Köhler, C., Page, D.R., Gagliardini, V., and Grossniklaus, U. (2005).

The Arabidopsis thaliana MEDEA Polycomb group protein controls

expression of PHERES1 by parental imprinting. Nat. Genet. 37: 28–30.

Koltunow, A.M., and Grossniklaus, U. (2003). Apomixis: A develop-

mental perspective. Annu. Rev. Plant Biol. 54: 547–574.

Lau, M.M., Stewart, C.E., Liu, Z., Bhatt, H., Rotwein, P., and Stewart,

C.L. (1994). Loss of the imprinted IGF2/cation-independent mannose

6-phosphate receptor results in fetal overgrowth and perinatal lethal-

ity. Genes Dev. 8: 2953–2963.

Lees-Murdock, D.J., and Walsh, C.P. (2008). DNA methylation re-

programming in the germ line. Adv. Exp. Med. Biol. 626: 1–15.

Lin, B.-Y. (1984). Ploidy barrier to endosperm development in maize.

Genetics 107: 103–115.

Lippman, Z., et al. (2004). Role of transposable elements in hetero-

chromatin and epigenetic control. Nature 430: 471–476.

Ludwig, S.R., Habera, L.F., Dellaporta, S.L., and Wessler, S.R.

(1989). Lc, a member of the maize R gene family responsible for

Genomic Imprinting and Seed Development 25

tissue-specific anthocyanin production, encodes a protein similar to

transcriptional activators and contains the myc-homology region.

Proc. Natl. Acad. Sci. 86: 7092–7096.

Lund, G., Ciceri, P., and Viotti, A. (1995a). Maternal-specific demeth-

ylation and expression of specific alleles of zein genes in the endo-

sperm of Zea mays L. Plant J. 8: 571–581.

Lund, G., Messing, J., and Viotti, A. (1995b). Endosperm-specific

demethylation and activation of specific alleles of alpha-tubulin genes

of Zea mays L. Mol. Gen. Genet. 246: 716–722.

Luo, M., Bilodeau, P., Dennis, E.S., Peacock, W.J., and Chaudhury,

A. (2000). Expression and parent-of-origin effects for FIS2, MEA, and

FIE in the endosperm and embryo of developing Arabidopsis seeds.

Proc. Natl. Acad. Sci. USA 97: 10637–10642.

Makarevich, G., Villar, C.B.R., Erilova, A., and Köhler, C. (2008).
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RECENT PROGRESS IN THE RESEARCH FIELD OF GENOMIC IMPRINTING IN 

PLANTS

Since the review was published in 2011, there was quite some advancement in the field and I 

would like to add a few points. In general, genome-wide profiling studies and a few single gene studies 

expanded the list of  imprinted genes tremendously, and novel insights into the function and regulation 

of  imprinted genes have been gained. 

Genomics approaches to identify novel imprinted genes

In 2011, a number of  research groups performed genome-wide, allele-specific transcriptome 

profiling studies of  hybrid seeds in Arabidopsis, maize, and rice to identify genes that are preferentially 

expressed from one parental allele (Gehring et al., 2011; Hsieh et al., 2011; Luo et al., 2011; McKeown 

et al., 2011; Pignatta & Gehring, 2012; Waters et al., 2011; Wolff  et al., 2011; Zhang et al., 2011). 

The total number of  imprinted genes increased from around 20 (Raissig et al., 2011) to over 300 

potentially imprinted plant genes (Gehring et al., 2011; Hsieh et al., 2011; Luo et al., 2011; McKeown 

et al., 2011; Waters et al., 2011; Wolff  et al., 2011; Zhang et al., 2011). However, comparison of  the 

identified candidate MEGs and PEGs revealed little overlap even within one species (Köhler et al., 

2012; Pignatta and Gehring, 2012; McKeown et al., 2011). The small reproducibility between different 

datasets could partly be due to intrinsic, biological features: First, the different studies analyzed different 

developmental stages and transiently imprinted genes would, therefore, be identified in one dataset 

but not another. Second, the analysis of  different accessions will uncover accession-specific imprinting 

of  genes, which can explain some of  the variability between the datasets. In fact, accession-specific 

imprinting was described in one of  those recent studies, where some genes are monoallelically expressed 

if  inherited from one accession but biallelically contributed in the reciprocal cross (Wolff  et al., 2011). 

In addition, technical aspects like sequencing depth, accurate mapping of  reads (Degner et al., 2009), 

quality of  available SNP databases, and the purity of  the analyzed seed tissue are likely a major source 

of  inconsistency. Wolff  and colleagues (2011) analyzed whole seeds and endosperm-specific genes were 

filtered in silico using available transcriptome datasets of  seed tissues (Wolff  et al., 2011). Obviously, this 

approach prevents the identification of  any genes that are biallelically expressed in sporophytic tissue but 

imprinted in the fertilization products. Other studies dissected endosperm, embryo, and seed coat but 

analyzed only late developmental stages, where dissection is applicable (Gehring et al., 2011; Hsieh et 

al., 2011). Furthermore, manual dissection of  seed tissue does not guarantee samples free of  sporophytic 

contamination. Lastly, and probably most important, are statistical aspects of  filtering the allele-specific 

transcriptome for potentially imprinted genes. Actually, the requirement to call a gene parentally biased 

differed tremendously between the studies and ranged from 90% of  all reads that have to derive from 

one parent (Waters et al., 2011), over 5 times more reads from one parent (Zhang et al., 2011), to simply 

assessing deviations from the expected 2:1 ratio in the endosperm (Gehring et al., 2011). Interestingly, 

when the two Arabidopsis datasets that analyzed the same accession and almost the same seed stage were 

filtered with the same strategy, the overlap increased substantially (Gehring et al., 2011). Similarly in 
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maize, only 50 maize imprinted genes were in common between the 100 and 179 called imprinted 

genes (Waters et al., 2011; Zhang et al., 2011). 48 of  the remaining 129 of  the Zhang et al. (2011) 

dataset had too few reads in the data of  Waters and colleagues (2011) to analyze imprinted expression. 

15 additional genes would have been called imprinted in the dataset of  Waters and colleagues (2011) if  

the filtering requirement had been relaxed (Pignatta & Gehring, 2012). This suggests that a large part of  

the difference between the datasets is owed to different statistical pipelines to call imprinted genes, and 

to different sequencing depths.

Importantly, there are only three novel genes that are imprinted in all three species analyzed, 

in addition to the previously identified Polycomb group genes (Raissig et al., 2011), and, notably, all are 

PEGs: YUCCA10, a flavin monooxygenase (AT1G48910, Os12g08780.1, GRMZM2G091819), VARIANT 

IN METHYLATION5 (VIM5, AT1G57800, Os04g22240.1, AC191534.3) and ARID-BRIGHT, a DNA 

binding domain protein (AT4G11400, Os10g30944, GRMZM2G000404; Jiang & Köhler, 2012; Pignatta 

& Gehring, 2012). This suggests that the imprinted status of  the three conserved PEGs conferred a 

selective advantage, and imprinting was maintained even after diversification of  monocots and dicots.

Genomics approaches to identify parent-of-origin-dependent allelic expression are also being 

applied in mammals (Wang et al., 2008; Babak et al., 2008; Gregg et al., 2010). In 2010, an exciting 

paper described 1300 candidate imprinted loci in the brain of  mouse embryos, therefore increasing the 

number of  imprinted genes in mouse by an order of  magnitude (Gregg et al., 2010), and the research 

community was puzzled how so many imprinted candidates could have been missed. However, a recent 

study reanalyzed the e15 brain dataset published by Gregg et al. (2010) and included their own dataset 

(e17.5 brain, Deveale et al., 2012). Although similar numbers of  candidate imprinted genes were called, 

the overlap between the two studies was minor. Even more surprisingly, analysis of  a dataset that derived 

from a “mock” reciprocal cross produced nearly as many candidate imprinted genes although there 

should be none (Deveale et al., 2012). When they applied the false discovery rate (FDR) estimated 

from the mock reciprocal cross and reanalyzed their “real” reciprocal dataset, they ended up with 

42 novel candidates instead of  >1000 (Deveale et al., 2012). This study demonstrates how important 

empirical determination of  FDRs is when using next-generation genomic approaches to determine the 

allele-specific origin of  transcripts. In addition, in-depth analysis and substantial validation of  imprinted 

candidates using alternative methods is indispensable.

Different approaches to identify novel imprinted genes

Two independent studies identified novel imprinted genes by different genetic approaches: Shirzadi 

and colleagues (2011) performed genome-wide transcript profiling of  seeds with a normal embryo but 

an endosperm without paternal contribution, caused by paternally inheriting the cyclin dependent kinase a;1 

(cdka;1) mutation (Nowack et al., 2006). Profiling of  seeds without paternal contribution identified 600 

genes that are downregulated if  no paternal genome is inherited in the endosperm (Shirzadi et al., 2011). 

Type-I MADS-box transcription factors were significantly overrepresented and the authors showed in 

a series of  experiments that AGAMOUS-LIKE36 (AGL36) is only maternally expressed (Shirzadi et al., 

2011). Imprinted expression of  AGL36, that is dispensable for normal seed development, is regulated 

by DME, MET1 and PRC2, as revealed by mutant crosses and allele-specific analyses (Shirzadi et al., 
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2011). Furthermore, Bratzel and colleagues (2012) showed that AtBMI1C, one of  three PRC1 BM1 

homologues in Arabidopsis, is imprinted in the endosperm but shows biallelic expression in the stamen, 

the male reproductive organ (Bratzel et al., 2012). Its imprinted expression is regulated by differential 

DNA methylation and the 24nt small interfering RNA (siRNA) pathway since a maternal dicer-like3 (dcl3) 

mutation and a paternal met1 mutation derepressed the paternal allele (Bratzel et al., 2012). Interestingly, 

PRC2 seems to be required for vegetative silencing of  AtBMI1C but not for its imprinted expression in 

the endosperm (Bratzel et al., 2012).

Novel regulators of  imprinted expression in plants

Recent studies add new regulatory players that aid in controlling imprinted expression in plants. 

First of  all, two of  the above mentioned systematic genome-wide hybrid seed transcriptome studies 

revealed a number of  imprinted, long ncRNAs in maize and rice (Luo et al., 2011, Zhang et al., 2011).  

Interestingly, four of  the identified maternally imprinted ncRNAs in maize are transcribed from within 

four PEGs (Zhang et al., 2011), indicating a similar mode of  regulation as in mammals (Santoro and 

Barlow, 2011). Long ncRNAs have the ability to recruit histone-modifying complexes like PRC2 to 

potentially silence genes in cis (Beisel and Paro, 2011). The mammalian imprinted ncRNAs Kncq1ot1 and 

Airn are both expressed paternally and recruit histone methyltransferase complexes to silence paternal 

genes in cis (Nagano et al., 2008; Pandey et al., 2008). Also in Arabidopsis, the long ncRNA COLDAIR 

recruits PRC2 to induce the vernalization-dependent silencing of  FLOWERING LOCUS C (FLC), a 

floral repressor, via deposition of  H3K27me3 marks (Heo and Sung, 2010). This suggests that long 

ncRNAs might have a similar role in regulating genomic imprinting in flowering plants as they have in 

mammals.

In addition, a screen, similar to the one we performed (Chapter 1.2), for activators of  expression 

of  the imprinted reporter FWA::GFP identified STRUCTURE SPECIFIC RECOGNITION PROTEIN1 

(SSRP1), a histone chaperone component, to be required for DNA demethylation in the central cell 

and, thus, for activation of  many parentally imprinted genes (Ikeda et al., 2011). If  an ssrp1 mutation is 

maternally inherited, then DNA methylation is removed less efficiently from the maternal FWA allele. 

This suggests that maternal SSRP1 is required for active DNA demethylation at the 5’ SINE-related 

repeats of  FWA and the activation of  its maternal allele, although this might be achieved indirectly 

(Ikeda et al., 2011). 

In a yeast two-hybrid screen, Rea and colleagues identified Histone 1 (H1) as a DME-interacting 

protein and confirmed the interaction by an in vitro pull-down assay (Rea et al., 2012). Mutant analysis 

of  h1 plants revealed that the maternal H1 allele, but not the paternal allele, is required for DME-

mediated regulation of  MEA, FWA and FIS2 imprinting (Rea et al., 2012). Plants mutant for H1 show 

an increase in DNA methylation in the promoter of  the maternal allele of  MEA and FWA (Rea et al., 

2012). This suggests that H1 might play a role in targeting DME to maternal alleles of  imprinted genes, 

but the exact mechanism of  the specific targeting and functional significance remains elusive, since H1 

is likely ubiquitously distributed in the genome.

Lastly, a very recent report sequenced the methylome and small RNAs of  three haploid cell types 

from developing or mature pollen: the sperm cells, the vegetative companion cell and their precursor, 
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the postmeiotic microspore. Among other aspects, they found that TEs are targeted by DME and 

REPRESSOR OF SILENCING1 (ROS1) for demethylation in the vegetative nucleus, including TEs 

flanking MEGs (Calarco et al., 2012). In sperm cells, CG methylation is maintained and, in addition, 24nt 

siRNAs accumulate specifically at transposons flanking the MEGs and might be involved in reinforcing 

the silent status of  the paternal MEG alleles (Calarco et al., 2012) by RNA-dependent DNA methylation 

(Matzke et al., 2009). The concept of  sacrificing genome integrity in companion cells by demethylation 

and transposon reactivation was proposed several times and for several different tissues: Downregulation 

of  MET1 during female gametogenesis (Jullien et al., 2008) and activation of  DME specifically in the 

central cell (Choi et al., 2002) demethylates the genome of  the central cell and, subsequently, the genome 

of  the endosperm globally (Gehring et al., 2009; Hsieh et al., 2009; Ibarra et al., 2012). This likely 

activates TEs, which then activate the Polymerase IV (PolIV)/PolV-dependent 24nt siRNA machinery, 

explaining the accumulation of  a huge maternal population of  24nt siRNA in the endosperm (Mosher 

et al., 2009). It is speculated that those 24nt siRNA, if  mobile, potentially enforce transposon silencing 

in the egg cell and, subsequently, the embryo by directing non-CG methylation (Bourc’his and Voinnet, 

2010). Similarly in pollen, the accessory vegetative cell activates TEs through the downregulation of  

DECREASED DNA METHYLATION1 (DDM1, Slotkin et al., 2009) and expression of  DME (Ibarra et 

al., 2012; Schoft et al., 2011). As a consequence, the vegetative cell produces an abundance of  siRNAs 

that could potentially enforce transposon silencing in the sperm cells (Slotkin et al., 2009, Ibarra et al., 

2012). Therefore, sacrificing genome integrity in tissue that does not contribute to the next generation 

might enforce genome integrity via protective and mobile siRNAs in the egg cell, the sperm cells, and the 

embryo (Bourc’his & Voinnet, 2010; Ibarra et al., 2012). Furthermore, it might be aiding in imprinting 

regulation by reinforcing silencing of  TEs close to paternal alleles of  MEGs (Calarco et al., 2012). 

The maize imprinted gene Meg1 is involved in nutrient transfer

A recent study in maize highlights the role of  the maize imprinted gene Maternally expressed gene1 

(Meg1, Gutiérrez-Marcos et al., 2004) in nutrient transfer from mother to offspring. Meg1 is necessary 

and sufficient for the differentiation of  nutrient transfer cells located at the mother-offspring interface 

in the maize seed (Costa et al., 2012). In addition, Meg1 regulates nutrient translocation in the seed and 

dosage regulation of  Meg1 by genomic imprinting is critical to balance nutrient distribution (Costa et 

al., 2012). However, unlike predicted by the parental conflict theory (Haig and Westoby, 1989), Meg1 is 

a maternal gene that rather promotes than restricts nutrient transfer to the offspring. Thus, evolution 

of  imprinted expression at the Meg1 locus might be an example of  coadaptive evolution of  mother and 

offspring, which predicts that traits important for the mother-offspring interface have been evolved to be 

under maternal control (Wolf  and Hager, 2006). 
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NOTE All material and methods are described within the chapters or the appendices of this thesis. 
All chapters are wri�en in the form of a publica�on, containing introduc�on, material and 
methods, results, discussion and references. Therefore, I put here an index of all material 
and methods used during the thesis. I have not used the methods in grey font personally 
but they were rather applied by co-authors.
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PART 1
ABSTRACT

Prior to this thesis, Wöhrmann and colleagues iden�fied the minimal promoter element that 
is sufficient to confer imprinted and �ssue-specific MEA expression and postulated that 

novel, yet unknown imprin�ng regulators bind to the MEA-ICR (see Chapter 1.1; Wöhrmann 
et al., 2012). To uncover novel regulators, maternal ac�vators and/or paternal repressors, we 
applied a biochemical and a forward gene�c screen. We tried to iden�fy MEA-ICR-binding 
proteins biochemically by performing an electrophore�c mobility shi� assay (EMSA, see Chapter 
1.2). In addi�on, plants carrying the MEA-ICR reporter gene, 250pMEA::GUS, were chemically 
mutagenized using ethane methyl sulfonate (EMS) and screened for ectopic GUS or loss of GUS 
expression (see Chapter 1.2). Finally, to map candidate muta�ons regula�ng imprinted MEA 
expression, which are likely gametophy�c-lethal or homozygous-lethal, by next-genera�on 
sequencing, we developed SNP Ra�o Mapping (SRM). SRM is based on the dis�nct segrega�on 
ra�o between linked an unlinked SNPs in the F1 genera�on of the 2nd backcross (see Chapter 1.3; 
Lindner*, Raissig* et al. 2012).

Importantly, each subchapter is built like a publica�on (even if it is not published or submi�ed 
like Chapter 1.2) containing introduc�on, material and methods, results, discussion and separate 
references.
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Identification of a DNA methylation-
independent imprinting control region
at the Arabidopsis MEDEA locus

Heike J.P. Wöhrmann,1 Valeria Gagliardini,1 Michael T. Raissig,1 Wendelin Wehrle,1 Julia Arand,2
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1Institute of Plant Biology and Zürich-Basel Plant Science Center, University of Zürich, CH-8008 Zürich, Switzerland;
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Genomic imprinting is exclusive to mammals and seed plants and refers to parent-of-origin-dependent, differential
transcription. As previously shown in mammals, studies in Arabidopsis have implicated DNA methylation as an
important hallmark of imprinting. The current model suggests that maternally expressed imprinted genes, such as
MEDEA (MEA), are activated by the DNA glycosylase DEMETER (DME), which removes DNA methylation
established by the DNA methyltransferase MET1. We report the systematic functional dissection of the MEA
cis-regulatory region, resulting in the identification of a 200-bp fragment that is necessary and sufficient to
mediate MEA activation and imprinted expression, thus containing the imprinting control region (ICR).
Notably, imprinted MEA expression mediated by this ICR is independent of DME and MET1, consistent with the
lack of any significant DNAmethylation in this region. This is the first example of an ICR without differential DNA
methylation, suggesting that factors other than DME and MET1 are required for imprinting at the MEA locus.

[Keywords: Arabidopsis; DEMETER; DNA methylation; genomic imprinting; MEDEA; imprinting control region]

Supplemental material is available for this article.
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Genomic imprinting is a form of epigenetic gene regula-
tion, which leads to the differential expression of an allele
according to its parent of origin. Its discovery dates back
to 1970, when Kermicle (1970) described the maternal
effect of the R gene, which controls maize kernel color-
ation. Later, an analogous phenomenon was identified
in mice when pronuclear transplantation experiments
revealed that both maternal and paternal genomes were
required to achieve normal development (McGrath and
Solter 1984; Surani et al. 1984). Imprinted genes encode
for diverse proteins that function in growth and cellular
proliferation, typically in extraembryonic tissues involved
in nourishing the newly developing organism; i.e., the
placenta in mammals and the endosperm in plants
(Grossniklaus 2005; Feil and Berger 2007). The endo-
sperm results from double fertilization in angiosperms:
While one sperm cell fertilizes the egg cell, giving rise to
the embryo, the second sperm cell fuses with the central
cell, leading to the development of the endosperm

(Maheshwari 1950). Genomic imprinting in mammals
and seed plants evolved independently, but likely in
response to similar selective pressures that maintain a
fine balance between competing interests of the mater-
nal and paternal genomes in resource allocation (Haig
and Westoby 1989; Moore and Reik 1996; Messing and
Grossniklaus 1999).
Although some imprinted plant genes are also expressed

in the embryo, most show preferential expression in the
triploid endosperm, and some of them are essential for seed
development (for review, see Raissig et al. 2011). MEDEA
(MEA) and FERTILIZATION-INDEPENDENT SEED2
(FIS2) are maternally expressed genes encoding evolution-
ary conservedPolycomb group (PcG) proteins (Grossniklaus
et al. 1998; Luo et al. 1999). Plant PcG proteins form
several variants of multiprotein complexes that maintain
a silenced state of gene expression over many cell divisions
through histone modifications (Pien and Grossniklaus
2007). The MEA–FIE (FERTILIZATION-INDEPENDENT
ENDOSPERM) complex, which regulates cell proliferation
in the endosperm and embryo, contains the PcG proteins
MEA, FIS2, FIE, andMULTICOPY SUPPRESSOROF IRA 1
(MSI1) (Ohad et al. 1999; Luo et al. 2000; Spillane et al.
2000; Köhler et al. 2003a). Mutations in any of these FIS
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Genomic imprinting is exclusive to mammals and seed plants and refers to parent-of-origin-dependent, differential
transcription. As previously shown in mammals, studies in Arabidopsis have implicated DNA methylation as an
important hallmark of imprinting. The current model suggests that maternally expressed imprinted genes, such as
MEDEA (MEA), are activated by the DNA glycosylase DEMETER (DME), which removes DNA methylation
established by the DNA methyltransferase MET1. We report the systematic functional dissection of the MEA
cis-regulatory region, resulting in the identification of a 200-bp fragment that is necessary and sufficient to
mediate MEA activation and imprinted expression, thus containing the imprinting control region (ICR).
Notably, imprinted MEA expression mediated by this ICR is independent of DME and MET1, consistent with the
lack of any significant DNAmethylation in this region. This is the first example of an ICR without differential DNA
methylation, suggesting that factors other than DME and MET1 are required for imprinting at the MEA locus.
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required to achieve normal development (McGrath and
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and seed plants evolved independently, but likely in
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fine balance between competing interests of the mater-
nal and paternal genomes in resource allocation (Haig
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development (for review, see Raissig et al. 2011). MEDEA
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ary conservedPolycomb group (PcG) proteins (Grossniklaus
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several variants of multiprotein complexes that maintain
a silenced state of gene expression over many cell divisions
through histone modifications (Pien and Grossniklaus
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ENDOSPERM) complex, which regulates cell proliferation
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shown to confer imprinted expression (Spillane et al. 2004),
contains the previously unidentified gene At1g02570. It
was recently annotated based on expressed sequence tags
found in transcription profiling studies and encodes a pro-
tein of unknown function (Schmid et al. 2003; Castelli et al.
2004). As it resides between regions implicated in MEA
regulation, we analyzed expression of At1g02570 by
RT–PCR before and after fertilization. We found no
expression during early seed development when MEA is
expressed (Supplemental Fig. S1), suggesting that this
gene does not share regulatory cis-elements with MEA.
Using the previously described 4.8pMEATGUS re-

porter construct, which comprises 3.8 kb of upstream
and 1 kb of coding region of theMEA gene (Spillane et al.
2004), successive 59 deletions were introduced, leading to
fragment lengths ranging from 1330 bp to 150 bp ofMEA
cis-regulatory sequence. We constructed transcriptional
fusions to the Escherichia coli uidA gene (pMEATGUS),
encoding b-glucuronidase (GUS), and to MEA genomic
DNA (pMEATMEA) for expression and functional analyses,
respectively (Fig. 1B). Several independent primary trans-

formants for each transgene were recovered and scored
for MEA-like expression (Supplemental Tables S1, S2).
Only transgenic lines containing a single copy of the
insertion, as determined by Southern blot analysis, were
chosen for experiments investigating MEA imprinting
regulation (data not shown).
We studied maternal GUS expression from before

fertilization until 4 d after pollination (DAP), correspond-
ing to the globular stage of embryo development (Fig. 1C;
Supplemental Fig. S2A,C,D). The plant line harboring the
4.8pMEATGUS transgene was used as a reference, its
GUS-staining pattern reflectingMEA expression (Supple-
mental Fig. S2A). pMEATGUS transgenes with 1330 bp
to 250 bp of MEA cis-regulatory sequences resulted in
GUS-staining patterns that were indistinguishable from
the MEA-like reference pattern: GUS activity was first
detected in gynoecia before fertilization, with the entire
embryo sac displaying a strong blue staining. After
fertilization, GUS activity was found in the embryo, in
the free nuclei in the peripheral endosperm, and at the
chalazal cyst region of the endosperm. At 4 DAP, weak

Figure 1. MEA promoter dissection. (A) The MEA locus contains two helitron transposons, AtREP2 and AtREP1, 59 of the
translational start site and a tandem repeat region, termed MEA-ISR, 39of the gene. At1g02570 resides in the formerly designated
MEA promoter (see also Supplemental Fig. S1). Numbers are relative to the translational start site. (Gray boxes) Genes; (yellow boxes)
transposons and repeats; (arrowheads) 182-bp direct repeats; (lollipops) sites of DNA methylation as reported (Xiao et al. 2003; Gehring
et al. 2006); (stars) hypomethylation of maternal MEA endosperm alleles at 7–9 d after pollination (DAP). (B) The 4.8pMEATMEA
transgene contains 3.8 kb of MEA upstream sequence fused to MEA cDNA and was shown to complement the mea-induced seed
abortion phenotype (Makarevich et al. 2006). The 4.8pMEATGUS transgene was previously described (Spillane et al. 2004) and contains
3.8 kb of MEA upstream sequence plus 1 kb of MEA coding region. The other transgenes consist of 1330-bp to 150-bp MEA promoter
sequence fused to MEA genomic DNA (pMEATMEA) or the bacterial uidA reporter gene (pMEATGUS). In the D1330pMEATGUS
transgene, the region between the �200-bp and �150-bpMEA upstream sequence is deleted. Plus signs [+] indicate positively tested for
rescue, staining, or imprinting; minus signs [�] indicate negatively tested for rescue, staining, or imprinting; the plus sign in parenthesis
[(+)] indicates deviation fromMEA-like GUS staining; and empty fields indicate that the corresponding promoter fusion was not tested.
(C,D) Expression of a 250pMEATGUS transgene (C) and a 200pMEATGUS transgene (D). The transgenes were reciprocally crossed to
Ler wild-type plants. Maternal GUS activity is detected with both transgenes before fertilization (BF) and 2 DAP. No paternal GUS
activity is detected. For detailed GUS expression analysis, see Supplemental Figure S2. Bar, 50 mm.
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class genes (mea, fie, fis2, andmsi1) lead to maternal-effect
seed abortion (for review, see Grossniklaus et al. 2001),
which, in the case of MEA and FIS2, is due to their
maternal-specific expression (Kinoshita et al. 1999; Vielle-
Calzada et al. 1999; Jullien et al. 2006b). To date, PHERES1
(PHE1), which is directly regulated by MEA, represents the
only well-studied paternally expressed imprinted gene in
plants (Köhler et al. 2003b, 2005). WhileMEA and FIS2 are
required for normal seed development (Grossniklaus et al.
1998; Luo et al. 1999), and PHE1 plays a role in seed
abortion in hybrids (Josefsson et al. 2006), two other
maternally expressed genes that were reported to be
imprinted, FLOWERING WAGENINGEN (FWA) and
AGAMOUS-LIKE 36 (AGL36), are not essential for seed
development (Kinoshita et al. 2004; Shirzadi et al. 2011).
Recently, several studies using allele-specific RNA pro-
filing of the seed transcriptome describe many novel
candidate imprinted genes in Arabidopsis (Gehring et al.
2011; Hsieh et al. 2011; Wolff et al. 2011), rice (Luo et al.
2011), and maize (Waters et al. 2011; Zhang et al. 2011).
Yet, little is known concerning their role during seed
development or their allele-specific regulation.
In contrast, the molecular mechanism underlying the

maternal monoallelic expression ofMEA, FIS2, and FWA,
which results from genomic imprinting (for review, see
Grossniklaus 2005), has been studied in some detail.
Imprinting of all three loci results from a combination
of maternal allele activation and paternal allele silencing.
DNA and histone methylation function as epigenetic
marks to distinguish maternal and paternal alleles, with
DNAmethylation playing a critical role in the regulation
of all three loci (Vielle-Calzada et al. 1999; Luo et al. 2000;
Kinoshita et al. 2004; Jullien et al. 2006b). The current
model for imprinting control of FIS2 and FWA involves
repressive DNA methylation of both parental alleles by
the maintenance DNA methyltransferase MET1 through-
out vegetative development. The silencing of the paternal
MEA allele, however, depends on repressive histone H3
Lys 27 methylation (H3K27me) mediated by a vegeta-
tively acting PcG complex (Jullien et al. 2006a). During
male gametogenesis, paternal allele silencing is main-
tained by MET1 for FIS2 and FWA but by the PcG protein
FIE at the paternal MEA allele, since in MET1-deficient
pollen, the paternalMEA allele is not derepressed (Gehring
et al. 2006; Jullien et al. 2006a,b). In contrast, during
female gametogenesis, the DNA glycosylase DEMETER
(DME) removes maternal DNA methylation at all three
loci, which results in expression of the maternal allele in
the central cell and, subsequently, during seed develop-
ment (Choi et al. 2002; Kinoshita et al. 2004; Gehring
et al. 2006; Jullien et al. 2006b). This demethylation
process also involves a histone chaperone, illustrating
the interplay of DNA methylation and chromatin level
regulation (Ikeda et al. 2011).
In addition to the shared regulation of imprinting at the

FIS2 and FWA loci, additional mechanisms appear to
operate at the MEA locus: MEA is expressed in both the
embryo and endosperm, and paternal MEA allele expres-
sion has not been detected during early seed develop-
ment, suggesting that it is imprinted in both fertilization

products at these stages, at least in some accessions (Vielle-
Calzada et al. 1999; Luo et al. 2000; Spillane et al. 2007;
Raissig et al. 2011). Thus, it is currently unknown how the
maternal MEA allele is activated in the embryo in the
absence of DME activity, which is thought to be restricted
to the central cell (Choi et al. 2002). Nevertheless, maternal
MEA allele activation in the central cell by DME has been
themain focus of imprinting regulation inArabidopsis, and
possible DME target regions at the MEA locus have been
identified: The AtREP2 helitron, CG sites 3 kb and 500 bp
upstreamof theMEA coding region, and theMEA-intergenic
subtelomeric repeat (ISR) (Cao and Jacobsen 2002) down-
stream from the MEA coding region were shown to be
methylated (Xiao et al. 2003). Indeed, DME establishes
allele-specific hypomethylation of the maternalMEA allele
at the �500-bp region and the MEA-ISR, suggesting that
these regions controlMEA-imprinted expression via their
methylation status (Gehring et al. 2006). However, Arabi-
dopsis accessions lacking theMEA-ISR remain imprinted at
the MEA locus (Spillane et al. 2004), and the methylation
status of the�500-bp region is not only controlled by DME,
but varies depending on the accession; i.e., this region is
unmethylated in the Landsberg erecta (Ler) accession,
despite MEA being imprinted in Ler (Spillane et al. 2004;
Gehring et al. 2006; Schoft et al. 2011). Taken together, this
challenges DME as the regulator of imprintedMEA expres-
sion and raises the question of the actual cis-regulatory
element forMEA imprinting.
Here we report on aminimal 200-base-pair (bp) fragment

from theMEA cis-regulatory region that faithfully recapit-
ulatesMEA-like expression and functionally complements
the mea mutation. Hence, it contains all of the necessary
elements for transcriptional activation and imprinting
control. We show that activation by DME is not mediated
by this 200-bp fragment, thereby uncoupling maternal
activation by DME from the imprinting control region
(ICR). Genetic analysis of seed abortion indicated that
DME and MET1 are only indirectly involved in MEA
imprinting regulation.Maternally, dme-induced seed abor-
tion could not be rescued by a functional MEA transgene;
paternally, rescue of mea-induced seed abortion by met1
mutant pollen was not linked to a functional paternal
MEA allele. As suggested previously (Gehring et al. 2006),
allele-specific expression analysis showed that paternal
MEA silencing is independent of MET1, consistent with
the lack of significant methylation in the MEA-ICR. We
propose a new model of MEA imprinting, in which DME
andMET1 affect higher-order chromatin structure through
targeting of transposon-related sequences but are not di-
rectly involved in the regulation ofMEA imprinting.

Results

Cis-activating regions and ICRs reside in the 200-bp
MEA promoter

In order to identify the minimal cis-regulatory region for
imprinted MEA expression, we undertook a systematic
deletion analysis of the MEA cis-regulatory sequences
(Fig. 1A). The �4-kbMEA upstream sequence, which was

Wöhrmann et al.
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shown to confer imprinted expression (Spillane et al. 2004),
contains the previously unidentified gene At1g02570. It
was recently annotated based on expressed sequence tags
found in transcription profiling studies and encodes a pro-
tein of unknown function (Schmid et al. 2003; Castelli et al.
2004). As it resides between regions implicated in MEA
regulation, we analyzed expression of At1g02570 by
RT–PCR before and after fertilization. We found no
expression during early seed development when MEA is
expressed (Supplemental Fig. S1), suggesting that this
gene does not share regulatory cis-elements with MEA.
Using the previously described 4.8pMEATGUS re-

porter construct, which comprises 3.8 kb of upstream
and 1 kb of coding region of theMEA gene (Spillane et al.
2004), successive 59 deletions were introduced, leading to
fragment lengths ranging from 1330 bp to 150 bp ofMEA
cis-regulatory sequence. We constructed transcriptional
fusions to the Escherichia coli uidA gene (pMEATGUS),
encoding b-glucuronidase (GUS), and to MEA genomic
DNA (pMEATMEA) for expression and functional analyses,
respectively (Fig. 1B). Several independent primary trans-

formants for each transgene were recovered and scored
for MEA-like expression (Supplemental Tables S1, S2).
Only transgenic lines containing a single copy of the
insertion, as determined by Southern blot analysis, were
chosen for experiments investigating MEA imprinting
regulation (data not shown).
We studied maternal GUS expression from before

fertilization until 4 d after pollination (DAP), correspond-
ing to the globular stage of embryo development (Fig. 1C;
Supplemental Fig. S2A,C,D). The plant line harboring the
4.8pMEATGUS transgene was used as a reference, its
GUS-staining pattern reflectingMEA expression (Supple-
mental Fig. S2A). pMEATGUS transgenes with 1330 bp
to 250 bp of MEA cis-regulatory sequences resulted in
GUS-staining patterns that were indistinguishable from
the MEA-like reference pattern: GUS activity was first
detected in gynoecia before fertilization, with the entire
embryo sac displaying a strong blue staining. After
fertilization, GUS activity was found in the embryo, in
the free nuclei in the peripheral endosperm, and at the
chalazal cyst region of the endosperm. At 4 DAP, weak

Figure 1. MEA promoter dissection. (A) The MEA locus contains two helitron transposons, AtREP2 and AtREP1, 59 of the
translational start site and a tandem repeat region, termed MEA-ISR, 39of the gene. At1g02570 resides in the formerly designated
MEA promoter (see also Supplemental Fig. S1). Numbers are relative to the translational start site. (Gray boxes) Genes; (yellow boxes)
transposons and repeats; (arrowheads) 182-bp direct repeats; (lollipops) sites of DNA methylation as reported (Xiao et al. 2003; Gehring
et al. 2006); (stars) hypomethylation of maternal MEA endosperm alleles at 7–9 d after pollination (DAP). (B) The 4.8pMEATMEA
transgene contains 3.8 kb of MEA upstream sequence fused to MEA cDNA and was shown to complement the mea-induced seed
abortion phenotype (Makarevich et al. 2006). The 4.8pMEATGUS transgene was previously described (Spillane et al. 2004) and contains
3.8 kb of MEA upstream sequence plus 1 kb of MEA coding region. The other transgenes consist of 1330-bp to 150-bp MEA promoter
sequence fused to MEA genomic DNA (pMEATMEA) or the bacterial uidA reporter gene (pMEATGUS). In the D1330pMEATGUS
transgene, the region between the �200-bp and �150-bpMEA upstream sequence is deleted. Plus signs [+] indicate positively tested for
rescue, staining, or imprinting; minus signs [�] indicate negatively tested for rescue, staining, or imprinting; the plus sign in parenthesis
[(+)] indicates deviation fromMEA-like GUS staining; and empty fields indicate that the corresponding promoter fusion was not tested.
(C,D) Expression of a 250pMEATGUS transgene (C) and a 200pMEATGUS transgene (D). The transgenes were reciprocally crossed to
Ler wild-type plants. Maternal GUS activity is detected with both transgenes before fertilization (BF) and 2 DAP. No paternal GUS
activity is detected. For detailed GUS expression analysis, see Supplemental Figure S2. Bar, 50 mm.
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class genes (mea, fie, fis2, andmsi1) lead to maternal-effect
seed abortion (for review, see Grossniklaus et al. 2001),
which, in the case of MEA and FIS2, is due to their
maternal-specific expression (Kinoshita et al. 1999; Vielle-
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(PHE1), which is directly regulated by MEA, represents the
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maternally expressed genes that were reported to be
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AGAMOUS-LIKE 36 (AGL36), are not essential for seed
development (Kinoshita et al. 2004; Shirzadi et al. 2011).
Recently, several studies using allele-specific RNA pro-
filing of the seed transcriptome describe many novel
candidate imprinted genes in Arabidopsis (Gehring et al.
2011; Hsieh et al. 2011; Wolff et al. 2011), rice (Luo et al.
2011), and maize (Waters et al. 2011; Zhang et al. 2011).
Yet, little is known concerning their role during seed
development or their allele-specific regulation.
In contrast, the molecular mechanism underlying the

maternal monoallelic expression ofMEA, FIS2, and FWA,
which results from genomic imprinting (for review, see
Grossniklaus 2005), has been studied in some detail.
Imprinting of all three loci results from a combination
of maternal allele activation and paternal allele silencing.
DNA and histone methylation function as epigenetic
marks to distinguish maternal and paternal alleles, with
DNAmethylation playing a critical role in the regulation
of all three loci (Vielle-Calzada et al. 1999; Luo et al. 2000;
Kinoshita et al. 2004; Jullien et al. 2006b). The current
model for imprinting control of FIS2 and FWA involves
repressive DNA methylation of both parental alleles by
the maintenance DNA methyltransferase MET1 through-
out vegetative development. The silencing of the paternal
MEA allele, however, depends on repressive histone H3
Lys 27 methylation (H3K27me) mediated by a vegeta-
tively acting PcG complex (Jullien et al. 2006a). During
male gametogenesis, paternal allele silencing is main-
tained by MET1 for FIS2 and FWA but by the PcG protein
FIE at the paternal MEA allele, since in MET1-deficient
pollen, the paternalMEA allele is not derepressed (Gehring
et al. 2006; Jullien et al. 2006a,b). In contrast, during
female gametogenesis, the DNA glycosylase DEMETER
(DME) removes maternal DNA methylation at all three
loci, which results in expression of the maternal allele in
the central cell and, subsequently, during seed develop-
ment (Choi et al. 2002; Kinoshita et al. 2004; Gehring
et al. 2006; Jullien et al. 2006b). This demethylation
process also involves a histone chaperone, illustrating
the interplay of DNA methylation and chromatin level
regulation (Ikeda et al. 2011).
In addition to the shared regulation of imprinting at the

FIS2 and FWA loci, additional mechanisms appear to
operate at the MEA locus: MEA is expressed in both the
embryo and endosperm, and paternal MEA allele expres-
sion has not been detected during early seed develop-
ment, suggesting that it is imprinted in both fertilization

products at these stages, at least in some accessions (Vielle-
Calzada et al. 1999; Luo et al. 2000; Spillane et al. 2007;
Raissig et al. 2011). Thus, it is currently unknown how the
maternal MEA allele is activated in the embryo in the
absence of DME activity, which is thought to be restricted
to the central cell (Choi et al. 2002). Nevertheless, maternal
MEA allele activation in the central cell by DME has been
themain focus of imprinting regulation inArabidopsis, and
possible DME target regions at the MEA locus have been
identified: The AtREP2 helitron, CG sites 3 kb and 500 bp
upstreamof theMEA coding region, and theMEA-intergenic
subtelomeric repeat (ISR) (Cao and Jacobsen 2002) down-
stream from the MEA coding region were shown to be
methylated (Xiao et al. 2003). Indeed, DME establishes
allele-specific hypomethylation of the maternalMEA allele
at the �500-bp region and the MEA-ISR, suggesting that
these regions controlMEA-imprinted expression via their
methylation status (Gehring et al. 2006). However, Arabi-
dopsis accessions lacking theMEA-ISR remain imprinted at
the MEA locus (Spillane et al. 2004), and the methylation
status of the�500-bp region is not only controlled by DME,
but varies depending on the accession; i.e., this region is
unmethylated in the Landsberg erecta (Ler) accession,
despite MEA being imprinted in Ler (Spillane et al. 2004;
Gehring et al. 2006; Schoft et al. 2011). Taken together, this
challenges DME as the regulator of imprintedMEA expres-
sion and raises the question of the actual cis-regulatory
element forMEA imprinting.
Here we report on aminimal 200-base-pair (bp) fragment

from theMEA cis-regulatory region that faithfully recapit-
ulatesMEA-like expression and functionally complements
the mea mutation. Hence, it contains all of the necessary
elements for transcriptional activation and imprinting
control. We show that activation by DME is not mediated
by this 200-bp fragment, thereby uncoupling maternal
activation by DME from the imprinting control region
(ICR). Genetic analysis of seed abortion indicated that
DME and MET1 are only indirectly involved in MEA
imprinting regulation.Maternally, dme-induced seed abor-
tion could not be rescued by a functional MEA transgene;
paternally, rescue of mea-induced seed abortion by met1
mutant pollen was not linked to a functional paternal
MEA allele. As suggested previously (Gehring et al. 2006),
allele-specific expression analysis showed that paternal
MEA silencing is independent of MET1, consistent with
the lack of significant methylation in the MEA-ICR. We
propose a new model of MEA imprinting, in which DME
andMET1 affect higher-order chromatin structure through
targeting of transposon-related sequences but are not di-
rectly involved in the regulation ofMEA imprinting.

Results

Cis-activating regions and ICRs reside in the 200-bp
MEA promoter

In order to identify the minimal cis-regulatory region for
imprinted MEA expression, we undertook a systematic
deletion analysis of the MEA cis-regulatory sequences
(Fig. 1A). The �4-kbMEA upstream sequence, which was
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do share common motifs, such as GT1-binding sites and
DOF-binding elements, possibly reflecting conserved
regulatory mechanisms.

The MEA-ICR mediates activation of maternal MEA
expression independent of DME

Allele-specific demethylation of the maternalMEA allele
by DME in the central cell was proposed to selectively
activate the maternal MEA allele, whereas the paternal
MEA allele remains silenced (Gehring et al. 2006). How-
ever, the 250pMEATGUS transgenes are maternally
active and paternally silent even though they lack the
�500-bp region targeted by DME-dependent demethyla-
tion. To elucidate the impact of DME onMEA-imprinted
expression, we analyzed the maternal activity of two
pMEATGUS transgenes in the dme-4 mutant back-
ground (Guitton et al. 2004). We crossed plants homozy-
gous for a single locus of either the 4.8pMEATGUS or
250pMEATGUS transgene to dme-4/DME plants and
analyzed the progeny for maternal GUS activity. All F1
plants are hemizygous for the pMEATGUS transgene,
and half of them are dme-4/DME or DME/DME, respec-
tively. F1 plants segregating the dme-4 mutation were
emasculated and analyzed for their GUS-staining pattern
before fertilization.
In DME wild-type plants hemizygous for either

250pMEATGUS or 4.8pMEATGUS, we observed 50%
and 47% GUS staining in unfertilized ovules, respec-
tively, consistent with Mendelian inheritance of the
pMEATGUS transgenes by one-half of the female game-
tophytes (Fig. 2A,B). In plants hemizygous for the pMEAT
GUS transgene and heterozygous dme-4/DME, one-fourth
of the ovules are predicted to inherit both the wild-type
DME allele and the pMEATGUS transgene, whereas one-
fourth will inherit the mutant dme-4 allele along with
the pMEATGUS transgene. If DME is a direct activator
of maternal MEA allele expression, we would expect to
see only 25%GUS-staining ovules in dme-4/DME plants.
Indeed, we found a significant reduction (P = 0.0003) from
47% to 34% GUS-staining ovules in dme-4/DME plants
with the 4.8pMEATGUS transgene (Fig. 2A,B), suggesting
that the 4.8pMEATGUS transgene was partly subject
to DME-dependent repression. In plants hemizygous for
250pMEATGUS and dme-4/DME, we obtained 46%
GUS-staining ovules (Fig. 2A,B). This is not significantly
different (P = 0.9667) from the 50% GUS staining found

in the DME wild-type background, suggesting that all
of the ovules inheriting the dme-4 mutation expressed
250pMEATGUS.
Thus, DME activation of maternal transgene expres-

sion before fertilization is dependent on the MEA pro-
moter length, which is likely due to the presence of the
AtREP2 helitron 4 kb upstream ofMEA. This is supported
by a previous study, which demonstrated that 4.2pMEAT
GUS and 4.2pMEATGFP transgenes containing 450 bp of
AtREP2 are only active when a maternal wild-type DME
copy is provided (Choi et al. 2002). Our 4.8pMEATGUS
transgene, containing 3.8 kb of MEA upstream sequence
with only 100 bp of AtREP2, is partially dependent on
DME activation, whereas maternal activation of the
250pMEATGUS transgene is completely independent of
DME function. As the 250pMEATGUS transgene shows
exclusive maternal expression, we conclude that DME
is not required for imprinting control beyond the native
genomic context; i.e., DME is not targeted to the MEA-
ICR for activation of maternal MEA expression.

The MEA-ICR mediates paternal transgene silencing
by maternal MEA

The MEA promoter analysis revealed the existence of a
MEA-ICR in the 200-bp fragment. Subsequently, we could
show that maternalMEA allele activation by DME is not
targeted to the MEA-ICR on the maternal allele. There-
fore, we sought to test whether the previously suggested
mechanism for paternal MEA allele silencing, involving
DNA and histone methylation (Gehring et al. 2006;
Jullien et al. 2006a,b), is mediated by the MEA-ICR.
The MEA–FIE complex represses the MEA paternal

allele via deposition of repressive H3K27 dimethylation
(H3K27me2), which has been found in a region close to
the MEA transcriptional start site (Gehring et al. 2006).
We asked whether the MEA-ICR still responds to re-
pression by the MEA–FIE complex. Therefore, we ana-
lyzed GUS expression in reciprocal crosses of plants
homozygous for the 250pMEATGUS transgene and homo-
zygous for mea-1. Pollination of female plants homo-
zygous for the 250pMEATGUS transgene with mea-1
mutant pollen (Fig. 3A,B) resulted in the same maternal
GUS-staining pattern as in females pollinated with wild-
type pollen (Supplemental Fig. S2C). Although the
250pMEATGUS transgene is imprinted and paternally
not expressed after fertilization of a wild-type ovule

Figure 2. Maternal MEA activation by DME. (A)
Percentage of ovules expressing the 250pMEATGUS
and 4.8pMEATGUS reporter transgenes in DME/DME
and dme-4/DME plants before fertilization. At least
four independent DME/DME and four independent
dme-4/DME segregants were analyzed for each trans-
gene. Error bars indicate SEM. (n) Total number of
ovules analyzed for each genotype; (p) level of signifi-
cance relative to the difference between the two segre-
gants (t-test). (B) Maternal pMEATGUS expression of
unfertilized ovules in dme-4/DME mutant background.
Bar, 50 mm.
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GUS activity was detected in globular stage embryos and
at the chalazal pole in the endosperm. Therefore, the
minimum element necessary to confer MEA-like expres-
sion resides in the 250-bp MEA upstream sequence.
Reducing the fragment length further to only 200 bp

of the upstream sequence resulted in a slightly different
GUS-staining pattern, which extended into the sur-
rounding sporophytic endothelium (Fig. 1D; Supplemen-
tal Fig. S2F,G). The altered expression observed with the
200pMEATGUS indicates that a sporophytic repressor-
binding site is located between �250 and �200 bp. We ob-
served no GUS activity in plants with the 150pMEATGUS
transgene and therefore proposed that the 50-bp fragment,
which extends from �200 bp to �150 bp, is required for
cis-activation ofMEA expression. Indeed, deletion of this
50 bp in the context of the 1330pMEATGUS transgene
resulted in a loss of expression in all independent primary
transformants analyzed (Fig. 1B; Supplemental Table S1).
The 50-bp fragment alone did not result in any detectable
expression when fused to a min35STGUS transgene (data
not shown), indicating that this fragment is necessary but
not sufficient for cis-activation ofMEA.
To test for potential loss of imprinting of the reporter

transgenes, we reciprocally crossed plants containing the
different pMEATGUS transgenes and looked for possible
paternal pMEATGUS expression. All reporter transgenes
showing MEA-like expression were active only when
inherited from the mother (Fig. 1C,D; Supplemental Fig.
S2A,C,D,F,G), whereas paternally inherited transgenes
were silent (Fig. 1C,D; Supplemental Fig. S2B,E,H). Thus,
a cis-regulatory fragment as short as 200 bp is able to
confer imprinted expression to a GUS reporter gene,
suggesting the presence of an ICR within this fragment.

The 200-bp fragment mediates functional MEA
expression rescuing seed abortion

In order to functionally test the pMEA fragments, we
investigated seed abortion in mea/MEA plants trans-
formed with pMEATMEA transgenes. Heterozygous
mea/MEA mutant plants show 50% seed abortion, and
all seeds carrying a maternally inherited mea mutation
abort irrespective of the paternal contribution (Grossniklaus
et al. 1998).We scored seed abortion in transgenicmea/MEA
plants to look for complementation of the mea-induced
50% seed abortion phenotype. In all primary transfor-
mants except the ones carrying the 150pMEATMEA
transgene, we found rescue of themeamutant phenotype
illustrated by reduced seed abortion frequencies (Supple-
mental Table S2). Thus, the 200-bp cis-regulatory frag-
ment is necessary and sufficient for functional expression
of pMEATMEA transgenes, recapitulating the results
with the pMEATGUS transgenes at the functional level.
Taken together, our systematic analysis has uncovered

a 200-bp minimal fragment of the MEA cis-regulatory
region that contains the elements necessary and suffi-
cient for transcriptional activation and imprinting control.
An additional element between �250 bp and �200 bp is
needed to repress sporophytic expression in the ovule.
Thus, we used the 250pMEATGUS transgene, reflecting

MEA-like expression, to investigate MEA imprinting
control in combination with allele-specific expression
analyses of the endogenous MEA locus.

MEA-ICR sequence elements are found upstream of
or downstream from other potentially imprinted loci

We investigated whether sequence elements from the
MEA-ICR were also present at other potentially imprinted
loci. To this aim, we performed a WU-BLAST analysis
(http://www.arabidopsis.org/wublast/index2.jsp) of the en-
tire 250pMEA promoter sequence and of the promoter
sequence required for properMEA-like expression (100-bp
element between �250 and �150 from the MEA start
codon) against 3 kb of upstream and downstream se-
quences of all TAIR10 loci (http://www.arabidopsis.org/
wublast/index2.jsp). We then compared the output (684
loci) with all potentially imprinted genes that were
recently reported (Gehring et al. 2011; Hsieh et al. 2011;
McKeown et al. 2011; Wolff et al. 2011). Interestingly, we
found that 15 of these recently published imprinted
candidate genes do have conserved sequences upstream
of or downstream from the respective gene, suggesting
that some MEA-ICR sequence elements might be con-
served between genes regulated by genomic imprinting
(see Supplemental Table S3). A permutation test using
1000 randomized gene samples (n = 684) showed that
the probability of finding >14 of the recently described
imprinted candidate genes by chance is only P = 0.051.
In addition, we performed a motif analysis of theMEA-

ICR and the putative regulatory sequences of the six
imprinted candidate genes with the highest similarity
scores (i.e., the smallest P-values) using the PLACE data-
base (Higo et al. 1999). Interestingly, we found that GT1-
binding sites and DOF-binding elements, both of which
are abundant in the MEA-ICR (nine and five sites, re-
spectively), were also present in the putative regulatory
sequences of all six imprinted candidate genes analyzed
(Supplemental Table S4). Surprisingly, a pollen-associated
binding element, which we speculate might be involved
in recruiting repressors to the paternal allele in the male
gametophyte, was also found in all of these sequences. An
overview of the identified motifs, including other expected
cis-regulatory elements such as TATABOX5, GATABOX,
and a poly-A signal box, is shown in Supplemental Table
S4. However, none of these six candidate imprinted genes
was analyzed for regulation by MET1 or DME, such that
we have no information on their dependence on DNA
methylation. Expression of three of the candidates was an-
alyzed in a fiemutant background (At3g19160, At2g18880,
and At4g29650) (Wolff et al. 2011), but disruption of PRC2
(Polycomb-repressive complex 2) had no effect on their
expression.
Taken together, these bioinformatic analyses showed

that some sequence elements of the MEA-ICR are con-
served in putative regulatory sequences of other imprinted
loci. Yet these motifs constitute only a small part of the
conserved region, as most of the similarity is based on the
high A+T content of the MEA-ICR (70%). Nevertheless,
the imprinted candidate genes with the highest similarity
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do share common motifs, such as GT1-binding sites and
DOF-binding elements, possibly reflecting conserved
regulatory mechanisms.

The MEA-ICR mediates activation of maternal MEA
expression independent of DME

Allele-specific demethylation of the maternalMEA allele
by DME in the central cell was proposed to selectively
activate the maternal MEA allele, whereas the paternal
MEA allele remains silenced (Gehring et al. 2006). How-
ever, the 250pMEATGUS transgenes are maternally
active and paternally silent even though they lack the
�500-bp region targeted by DME-dependent demethyla-
tion. To elucidate the impact of DME onMEA-imprinted
expression, we analyzed the maternal activity of two
pMEATGUS transgenes in the dme-4 mutant back-
ground (Guitton et al. 2004). We crossed plants homozy-
gous for a single locus of either the 4.8pMEATGUS or
250pMEATGUS transgene to dme-4/DME plants and
analyzed the progeny for maternal GUS activity. All F1
plants are hemizygous for the pMEATGUS transgene,
and half of them are dme-4/DME or DME/DME, respec-
tively. F1 plants segregating the dme-4 mutation were
emasculated and analyzed for their GUS-staining pattern
before fertilization.
In DME wild-type plants hemizygous for either

250pMEATGUS or 4.8pMEATGUS, we observed 50%
and 47% GUS staining in unfertilized ovules, respec-
tively, consistent with Mendelian inheritance of the
pMEATGUS transgenes by one-half of the female game-
tophytes (Fig. 2A,B). In plants hemizygous for the pMEAT
GUS transgene and heterozygous dme-4/DME, one-fourth
of the ovules are predicted to inherit both the wild-type
DME allele and the pMEATGUS transgene, whereas one-
fourth will inherit the mutant dme-4 allele along with
the pMEATGUS transgene. If DME is a direct activator
of maternal MEA allele expression, we would expect to
see only 25%GUS-staining ovules in dme-4/DME plants.
Indeed, we found a significant reduction (P = 0.0003) from
47% to 34% GUS-staining ovules in dme-4/DME plants
with the 4.8pMEATGUS transgene (Fig. 2A,B), suggesting
that the 4.8pMEATGUS transgene was partly subject
to DME-dependent repression. In plants hemizygous for
250pMEATGUS and dme-4/DME, we obtained 46%
GUS-staining ovules (Fig. 2A,B). This is not significantly
different (P = 0.9667) from the 50% GUS staining found

in the DME wild-type background, suggesting that all
of the ovules inheriting the dme-4 mutation expressed
250pMEATGUS.
Thus, DME activation of maternal transgene expres-

sion before fertilization is dependent on the MEA pro-
moter length, which is likely due to the presence of the
AtREP2 helitron 4 kb upstream ofMEA. This is supported
by a previous study, which demonstrated that 4.2pMEAT
GUS and 4.2pMEATGFP transgenes containing 450 bp of
AtREP2 are only active when a maternal wild-type DME
copy is provided (Choi et al. 2002). Our 4.8pMEATGUS
transgene, containing 3.8 kb of MEA upstream sequence
with only 100 bp of AtREP2, is partially dependent on
DME activation, whereas maternal activation of the
250pMEATGUS transgene is completely independent of
DME function. As the 250pMEATGUS transgene shows
exclusive maternal expression, we conclude that DME
is not required for imprinting control beyond the native
genomic context; i.e., DME is not targeted to the MEA-
ICR for activation of maternal MEA expression.

The MEA-ICR mediates paternal transgene silencing
by maternal MEA

The MEA promoter analysis revealed the existence of a
MEA-ICR in the 200-bp fragment. Subsequently, we could
show that maternalMEA allele activation by DME is not
targeted to the MEA-ICR on the maternal allele. There-
fore, we sought to test whether the previously suggested
mechanism for paternal MEA allele silencing, involving
DNA and histone methylation (Gehring et al. 2006;
Jullien et al. 2006a,b), is mediated by the MEA-ICR.
The MEA–FIE complex represses the MEA paternal

allele via deposition of repressive H3K27 dimethylation
(H3K27me2), which has been found in a region close to
the MEA transcriptional start site (Gehring et al. 2006).
We asked whether the MEA-ICR still responds to re-
pression by the MEA–FIE complex. Therefore, we ana-
lyzed GUS expression in reciprocal crosses of plants
homozygous for the 250pMEATGUS transgene and homo-
zygous for mea-1. Pollination of female plants homo-
zygous for the 250pMEATGUS transgene with mea-1
mutant pollen (Fig. 3A,B) resulted in the same maternal
GUS-staining pattern as in females pollinated with wild-
type pollen (Supplemental Fig. S2C). Although the
250pMEATGUS transgene is imprinted and paternally
not expressed after fertilization of a wild-type ovule

Figure 2. Maternal MEA activation by DME. (A)
Percentage of ovules expressing the 250pMEATGUS
and 4.8pMEATGUS reporter transgenes in DME/DME
and dme-4/DME plants before fertilization. At least
four independent DME/DME and four independent
dme-4/DME segregants were analyzed for each trans-
gene. Error bars indicate SEM. (n) Total number of
ovules analyzed for each genotype; (p) level of signifi-
cance relative to the difference between the two segre-
gants (t-test). (B) Maternal pMEATGUS expression of
unfertilized ovules in dme-4/DME mutant background.
Bar, 50 mm.
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GUS activity was detected in globular stage embryos and
at the chalazal pole in the endosperm. Therefore, the
minimum element necessary to confer MEA-like expres-
sion resides in the 250-bp MEA upstream sequence.
Reducing the fragment length further to only 200 bp

of the upstream sequence resulted in a slightly different
GUS-staining pattern, which extended into the sur-
rounding sporophytic endothelium (Fig. 1D; Supplemen-
tal Fig. S2F,G). The altered expression observed with the
200pMEATGUS indicates that a sporophytic repressor-
binding site is located between �250 and �200 bp. We ob-
served no GUS activity in plants with the 150pMEATGUS
transgene and therefore proposed that the 50-bp fragment,
which extends from �200 bp to �150 bp, is required for
cis-activation ofMEA expression. Indeed, deletion of this
50 bp in the context of the 1330pMEATGUS transgene
resulted in a loss of expression in all independent primary
transformants analyzed (Fig. 1B; Supplemental Table S1).
The 50-bp fragment alone did not result in any detectable
expression when fused to a min35STGUS transgene (data
not shown), indicating that this fragment is necessary but
not sufficient for cis-activation ofMEA.
To test for potential loss of imprinting of the reporter

transgenes, we reciprocally crossed plants containing the
different pMEATGUS transgenes and looked for possible
paternal pMEATGUS expression. All reporter transgenes
showing MEA-like expression were active only when
inherited from the mother (Fig. 1C,D; Supplemental Fig.
S2A,C,D,F,G), whereas paternally inherited transgenes
were silent (Fig. 1C,D; Supplemental Fig. S2B,E,H). Thus,
a cis-regulatory fragment as short as 200 bp is able to
confer imprinted expression to a GUS reporter gene,
suggesting the presence of an ICR within this fragment.

The 200-bp fragment mediates functional MEA
expression rescuing seed abortion

In order to functionally test the pMEA fragments, we
investigated seed abortion in mea/MEA plants trans-
formed with pMEATMEA transgenes. Heterozygous
mea/MEA mutant plants show 50% seed abortion, and
all seeds carrying a maternally inherited mea mutation
abort irrespective of the paternal contribution (Grossniklaus
et al. 1998).We scored seed abortion in transgenicmea/MEA
plants to look for complementation of the mea-induced
50% seed abortion phenotype. In all primary transfor-
mants except the ones carrying the 150pMEATMEA
transgene, we found rescue of themeamutant phenotype
illustrated by reduced seed abortion frequencies (Supple-
mental Table S2). Thus, the 200-bp cis-regulatory frag-
ment is necessary and sufficient for functional expression
of pMEATMEA transgenes, recapitulating the results
with the pMEATGUS transgenes at the functional level.
Taken together, our systematic analysis has uncovered

a 200-bp minimal fragment of the MEA cis-regulatory
region that contains the elements necessary and suffi-
cient for transcriptional activation and imprinting control.
An additional element between �250 bp and �200 bp is
needed to repress sporophytic expression in the ovule.
Thus, we used the 250pMEATGUS transgene, reflecting

MEA-like expression, to investigate MEA imprinting
control in combination with allele-specific expression
analyses of the endogenous MEA locus.

MEA-ICR sequence elements are found upstream of
or downstream from other potentially imprinted loci

We investigated whether sequence elements from the
MEA-ICR were also present at other potentially imprinted
loci. To this aim, we performed a WU-BLAST analysis
(http://www.arabidopsis.org/wublast/index2.jsp) of the en-
tire 250pMEA promoter sequence and of the promoter
sequence required for properMEA-like expression (100-bp
element between �250 and �150 from the MEA start
codon) against 3 kb of upstream and downstream se-
quences of all TAIR10 loci (http://www.arabidopsis.org/
wublast/index2.jsp). We then compared the output (684
loci) with all potentially imprinted genes that were
recently reported (Gehring et al. 2011; Hsieh et al. 2011;
McKeown et al. 2011; Wolff et al. 2011). Interestingly, we
found that 15 of these recently published imprinted
candidate genes do have conserved sequences upstream
of or downstream from the respective gene, suggesting
that some MEA-ICR sequence elements might be con-
served between genes regulated by genomic imprinting
(see Supplemental Table S3). A permutation test using
1000 randomized gene samples (n = 684) showed that
the probability of finding >14 of the recently described
imprinted candidate genes by chance is only P = 0.051.
In addition, we performed a motif analysis of theMEA-

ICR and the putative regulatory sequences of the six
imprinted candidate genes with the highest similarity
scores (i.e., the smallest P-values) using the PLACE data-
base (Higo et al. 1999). Interestingly, we found that GT1-
binding sites and DOF-binding elements, both of which
are abundant in the MEA-ICR (nine and five sites, re-
spectively), were also present in the putative regulatory
sequences of all six imprinted candidate genes analyzed
(Supplemental Table S4). Surprisingly, a pollen-associated
binding element, which we speculate might be involved
in recruiting repressors to the paternal allele in the male
gametophyte, was also found in all of these sequences. An
overview of the identified motifs, including other expected
cis-regulatory elements such as TATABOX5, GATABOX,
and a poly-A signal box, is shown in Supplemental Table
S4. However, none of these six candidate imprinted genes
was analyzed for regulation by MET1 or DME, such that
we have no information on their dependence on DNA
methylation. Expression of three of the candidates was an-
alyzed in a fiemutant background (At3g19160, At2g18880,
and At4g29650) (Wolff et al. 2011), but disruption of PRC2
(Polycomb-repressive complex 2) had no effect on their
expression.
Taken together, these bioinformatic analyses showed

that some sequence elements of the MEA-ICR are con-
served in putative regulatory sequences of other imprinted
loci. Yet these motifs constitute only a small part of the
conserved region, as most of the similarity is based on the
high A+T content of the MEA-ICR (70%). Nevertheless,
the imprinted candidate genes with the highest similarity
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GUS activity (Fig. 3C,D). Thus, a lack of MET1 activity
during female or male gametogenesis has no effect on
imprinted expression of the 250pMEATGUS transgene.

Silencing of the endogenous paternal MEA allele
is controlled by maternal MEA

TheMEA-ICR in the paternally inherited 250pMEATGUS
transgene responds to repression by maternal MEA but
not by MET1. In order to correlate the control of paternal
transgene silencing with the control of endogenous pa-
ternal MEA allele silencing, we quantified MEA allele-
specific transcripts in mea mutants and combinations of
mea mutants with met1-3 mutants.
We first investigated the role of maternal MEA on

paternal MEA allele silencing during early seed develop-
ment. Therefore, we reciprocally crossed MEA wild-type
plants withmea homozygous plants and quantifiedMEA
allele-specific transcripts from 1–4 DAP (Fig. 4). Maternal
transcripts in reciprocal crosses of MEA/MEA and mea/
mea plants accumulated to their highest level before
fertilization and decreased afterward (Fig. 4B). No pater-
nal transcripts were detectable in a maternal MEA wild-
type background, whereas in a maternal mea mutant
background, paternal MEA allele silencing was released

already at 1 DAP (Fig. 4C). Derepression of the paternal
MEA allele continued until 4 DAP and resulted in more
or less constant levels of paternal MEA transcripts. Re-
markably, the level of derepressed paternal MEA tran-
scripts in maternal mea/mea mutants represented only
19.5% (0.1563 of 0.8008) of the amount of maternalMEA
transcripts in the maternal wild-type background (Fig.
4B,C; Supplemental Table S5). However, maternal tran-
scription is no longer autorepressed and highly up-regu-
lated in mea/mea mutant plants (Baroux et al. 2006),
so the paternal MEA transcripts represented only 1.8%
(0.1563 of 8.6833) of the amount of maternal mea
transcripts in mea/mea plants (Supplemental Table S5).
Thus, derepression of the paternalMEA allele in a mater-
nalmeamutant background does not result in equivalent
expression levels of the two parental alleles. The low
level of derepressed paternal MEA expression indicates
weak paternal MEA promoter activity, which might
explain why paternal 250pMEATGUS expression is only
detected 3–4 DAP (Fig. 3A,B). Taken together, we ob-
served derepression of a paternally inherited 250pMEAT
GUS transgene and derepression of the endogenous pater-
nal MEA allele in maternal mea mutants. This suggests
that the MEA-ICR is the target of the MEA–FIE complex
at the endogenous MEA locus.

Figure 4. Quantification of MEA allele-specific transcription levels. (A) Allele-specific RT–PCR on RNA extracted from hand-
pollinated siliques at 1–4 DAP. Reciprocal crosses were made between MEA/MEA (MEA) and mea-2/mea-2 (mea) plants, and between
MEA/MEA; met1-3/MET (MEA; met1-3) and mea plants. The RT–PCR products shown are the end products after 40 cycles and show
qualitatively whether there is maternal and/or paternal MEA expression but are unsuitable to infer quantitative differences. The
paternal (#) and maternal ($) RT–PCR products are indicated. Actin 11 (Act11) was used as loading control. (B,C) Quantification of
maternal (B) and paternal (C) transcripts by RT-qPCR. Transcript levels were normalized to Act11. No significant differences in
transcript levels were found between crosses with and without met1-3 (braces below the X-axis indicate pairwise t-tests). Note the
different scales for maternal and paternal transcripts. Error bars indicate SEM of three biological replicates.
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(Supplemental Fig. S2E), we found paternal GUS expres-
sion starting from 3 DAP in maternal mea-1 mutant
plants (Fig. 3A,B). The number of seeds expressing pater-
nal 250pMEATGUS in the endosperm increased during
development and peaked 4 DAP, with 31% of the seeds
showing paternal 250pMEATGUS expression. Dere-
pression during 3–4 DAP of the paternally inherited
250pMEATGUS transgene in maternalmeamutant seeds
suggests that the MEA-ICR mediates the repressive
function of the MEA–FIE complex.

MET1 is not involved in paternal transgene silencing

We found that the maternal MEA protein is required
for repression of the paternal 250pMEATGUS transgene
3–4 DAP, which is transmitted by the pollen in a tran-
scriptionally silent state (Gehring et al. 2006). As the
paternalMEA allele provided bymet1 pollen showed no
expression in wild-type endosperm 7 DAP, it was con-
cluded that the methylation status of the paternal
MEA allele is irrelevant for its transcriptional state
(Gehring et al. 2006). However, derepression of the pa-
ternal MEA allele in a met1 mutant background might
only be visible during early seed development, when the
MEA–FIE complex is not yet functionally targeting the
MEA locus.

We tested the impact of MET1 loss of function during
male and female gametogenesis on the expression of the
250pMEATGUS transgene. In contrast to previous stud-
ies that did not distinguish between indirect effects of
met1-3 due to global DNA hypomethylation (Saze et al.
2003; Mathieu et al. 2007) and direct effects of met1-3
due to MEA hypomethylation, we isolated met1-3/MET
plants from a segregating population of wild-type plants
pollinated with met1-3/MET pollen. In these plants,
MET1 activity is missing only in the gametophytes, and
thus pre-existing epigenetic misregulation by hypometh-
ylation of genes other than MEA can be excluded. We
used only met1-3/MET plants that showed full methyla-
tion at the 180-bp centromeric repeat (Martinez-Zapater
et al. 1986) as an indication for wild-type methylation
levels in those plants. We crossed wild-type pollen to
females heterozygous for met1-3 and hemizygous for
250pMEATGUS and investigated maternal GUS activity
(Fig. 3C,D). We observed GUS staining in almost all
prefertilization ovules and developing seeds after fertil-
ization inheriting the reporter construct (maximum 50%)
as in wild-type females (Supplemental Fig. S2C). In con-
trast, when we used pollen from plants heterozygous for
met1-3 and hemizygous for the 250pMEATGUS trans-
gene to fertilize wild-type females, we found no (1 DAP)
or only very few (2, 3, and 4 DAP) seeds with paternal

Figure 3. Expression analysis of 250pMEATGUS in mea-1 and met1-3 mutants. (A) Percentage of seeds expressing 250pMEATGUS
from before fertilization (BF) until 4 DAP. Reciprocal crosses were made between plants homozygous for 250pMEATGUS and mea-1/
mea-1 (mea) plants. Error bars indicate SEM of two biological replicates. (n) Total number of seeds. (B) Maternal 250pMEATGUS
expression was detected throughout seed development (top row), and weak paternal 250pMEATGUS expression was first detected after
3 DAP (bottom row). (C) Percentage of seeds expressing 250pMEATGUS from before fertilization (BF) until 4 DAP. Reciprocal crosses
were made between met1-3/MET plants hemizygous for 250pMEATGUS (met; 250pMEATGUS) and Ler wild-type plants (WT). Error
bars indicate SEM of two biological replicates. (n) Total number of seeds. (D) Maternal 250pMEATGUS expression was detected
throughout seed development (top row), and no paternal 250pMEATGUS expression was detected (bottom row).
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GUS activity (Fig. 3C,D). Thus, a lack of MET1 activity
during female or male gametogenesis has no effect on
imprinted expression of the 250pMEATGUS transgene.

Silencing of the endogenous paternal MEA allele
is controlled by maternal MEA

TheMEA-ICR in the paternally inherited 250pMEATGUS
transgene responds to repression by maternal MEA but
not by MET1. In order to correlate the control of paternal
transgene silencing with the control of endogenous pa-
ternal MEA allele silencing, we quantified MEA allele-
specific transcripts in mea mutants and combinations of
mea mutants with met1-3 mutants.
We first investigated the role of maternal MEA on

paternal MEA allele silencing during early seed develop-
ment. Therefore, we reciprocally crossed MEA wild-type
plants withmea homozygous plants and quantifiedMEA
allele-specific transcripts from 1–4 DAP (Fig. 4). Maternal
transcripts in reciprocal crosses of MEA/MEA and mea/
mea plants accumulated to their highest level before
fertilization and decreased afterward (Fig. 4B). No pater-
nal transcripts were detectable in a maternal MEA wild-
type background, whereas in a maternal mea mutant
background, paternal MEA allele silencing was released

already at 1 DAP (Fig. 4C). Derepression of the paternal
MEA allele continued until 4 DAP and resulted in more
or less constant levels of paternal MEA transcripts. Re-
markably, the level of derepressed paternal MEA tran-
scripts in maternal mea/mea mutants represented only
19.5% (0.1563 of 0.8008) of the amount of maternalMEA
transcripts in the maternal wild-type background (Fig.
4B,C; Supplemental Table S5). However, maternal tran-
scription is no longer autorepressed and highly up-regu-
lated in mea/mea mutant plants (Baroux et al. 2006),
so the paternal MEA transcripts represented only 1.8%
(0.1563 of 8.6833) of the amount of maternal mea
transcripts in mea/mea plants (Supplemental Table S5).
Thus, derepression of the paternalMEA allele in a mater-
nalmeamutant background does not result in equivalent
expression levels of the two parental alleles. The low
level of derepressed paternal MEA expression indicates
weak paternal MEA promoter activity, which might
explain why paternal 250pMEATGUS expression is only
detected 3–4 DAP (Fig. 3A,B). Taken together, we ob-
served derepression of a paternally inherited 250pMEAT
GUS transgene and derepression of the endogenous pater-
nal MEA allele in maternal mea mutants. This suggests
that the MEA-ICR is the target of the MEA–FIE complex
at the endogenous MEA locus.

Figure 4. Quantification of MEA allele-specific transcription levels. (A) Allele-specific RT–PCR on RNA extracted from hand-
pollinated siliques at 1–4 DAP. Reciprocal crosses were made between MEA/MEA (MEA) and mea-2/mea-2 (mea) plants, and between
MEA/MEA; met1-3/MET (MEA; met1-3) and mea plants. The RT–PCR products shown are the end products after 40 cycles and show
qualitatively whether there is maternal and/or paternal MEA expression but are unsuitable to infer quantitative differences. The
paternal (#) and maternal ($) RT–PCR products are indicated. Actin 11 (Act11) was used as loading control. (B,C) Quantification of
maternal (B) and paternal (C) transcripts by RT-qPCR. Transcript levels were normalized to Act11. No significant differences in
transcript levels were found between crosses with and without met1-3 (braces below the X-axis indicate pairwise t-tests). Note the
different scales for maternal and paternal transcripts. Error bars indicate SEM of three biological replicates.
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(Supplemental Fig. S2E), we found paternal GUS expres-
sion starting from 3 DAP in maternal mea-1 mutant
plants (Fig. 3A,B). The number of seeds expressing pater-
nal 250pMEATGUS in the endosperm increased during
development and peaked 4 DAP, with 31% of the seeds
showing paternal 250pMEATGUS expression. Dere-
pression during 3–4 DAP of the paternally inherited
250pMEATGUS transgene in maternalmeamutant seeds
suggests that the MEA-ICR mediates the repressive
function of the MEA–FIE complex.

MET1 is not involved in paternal transgene silencing

We found that the maternal MEA protein is required
for repression of the paternal 250pMEATGUS transgene
3–4 DAP, which is transmitted by the pollen in a tran-
scriptionally silent state (Gehring et al. 2006). As the
paternalMEA allele provided bymet1 pollen showed no
expression in wild-type endosperm 7 DAP, it was con-
cluded that the methylation status of the paternal
MEA allele is irrelevant for its transcriptional state
(Gehring et al. 2006). However, derepression of the pa-
ternal MEA allele in a met1 mutant background might
only be visible during early seed development, when the
MEA–FIE complex is not yet functionally targeting the
MEA locus.

We tested the impact of MET1 loss of function during
male and female gametogenesis on the expression of the
250pMEATGUS transgene. In contrast to previous stud-
ies that did not distinguish between indirect effects of
met1-3 due to global DNA hypomethylation (Saze et al.
2003; Mathieu et al. 2007) and direct effects of met1-3
due to MEA hypomethylation, we isolated met1-3/MET
plants from a segregating population of wild-type plants
pollinated with met1-3/MET pollen. In these plants,
MET1 activity is missing only in the gametophytes, and
thus pre-existing epigenetic misregulation by hypometh-
ylation of genes other than MEA can be excluded. We
used only met1-3/MET plants that showed full methyla-
tion at the 180-bp centromeric repeat (Martinez-Zapater
et al. 1986) as an indication for wild-type methylation
levels in those plants. We crossed wild-type pollen to
females heterozygous for met1-3 and hemizygous for
250pMEATGUS and investigated maternal GUS activity
(Fig. 3C,D). We observed GUS staining in almost all
prefertilization ovules and developing seeds after fertil-
ization inheriting the reporter construct (maximum 50%)
as in wild-type females (Supplemental Fig. S2C). In con-
trast, when we used pollen from plants heterozygous for
met1-3 and hemizygous for the 250pMEATGUS trans-
gene to fertilize wild-type females, we found no (1 DAP)
or only very few (2, 3, and 4 DAP) seeds with paternal

Figure 3. Expression analysis of 250pMEATGUS in mea-1 and met1-3 mutants. (A) Percentage of seeds expressing 250pMEATGUS
from before fertilization (BF) until 4 DAP. Reciprocal crosses were made between plants homozygous for 250pMEATGUS and mea-1/
mea-1 (mea) plants. Error bars indicate SEM of two biological replicates. (n) Total number of seeds. (B) Maternal 250pMEATGUS
expression was detected throughout seed development (top row), and weak paternal 250pMEATGUS expression was first detected after
3 DAP (bottom row). (C) Percentage of seeds expressing 250pMEATGUS from before fertilization (BF) until 4 DAP. Reciprocal crosses
were made between met1-3/MET plants hemizygous for 250pMEATGUS (met; 250pMEATGUS) and Ler wild-type plants (WT). Error
bars indicate SEM of two biological replicates. (n) Total number of seeds. (D) Maternal 250pMEATGUS expression was detected
throughout seed development (top row), and no paternal 250pMEATGUS expression was detected (bottom row).
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also indicating that the primary germline imprint is not a
DNA methylation mark. In addition, several of the poten-
tially imprinted genes recently identified by transcriptome
profiling are unaffected by mutations in one or even all of
the known imprinting factors (i.e., DME, MET1, and FIE)
(Hsieh et al. 2011; Wolff et al. 2011), suggesting additional,
yet-undiscovered imprinting regulators.
MEA is an imprinted gene that is not controlled by

differential DNA methylation at the ICR. A related situa-
tion may occur in the mouse Prader-Willi/Angelman

region showing a complex imprinting control involving
several cis-acting elements, one of which is not differen-
tially methylated but is required to establish parental
imprints at other sites (Kaufman et al. 2009). Moreover, it
was recently shown that in macaques, some ICRs that
acquire a germline DNAmethylation imprint in mice are
not methylated in the germline and acquire a differential
methylation mark only post-fertilization (A Ferguson-
Smith, pers. comm.). Thus, primary imprints that do not
involve germline DNA methylation appear to exist in

Figure 5. Promoter methylation ofMEA and FWA. (A,E) Percentage of cytosine methylation at CG, CNG, and CNN sites in theMEA
promoter (A) and the FWA promoter (E). DNAwas isolated from central cells, sperm cells, and two-cell stage embryos; bisulfite-treated;
sequenced; and analyzed. Numbers in brackets indicate the number of sites present in the investigated promoter region. (B–D,F–H)
Percentage of cytosine methylation at each position is indicated with a red (CG), black (CNG), or green (CNN) bar. Unmethylated
cytosines are shown below the 0% line. Numbers are relative to the translational start site and indicate the investigated promoter
region.
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Since a lack of maternal MEA–FIE PcG activity only
leads to very weak derepression of the endogenous
paternal MEA allele, we wondered whether DNA meth-
ylation might be involved in keeping it largely silenced.
Thus, we asked again whether MET1 has any residual
role in paternal MEA allele silencing and crossed mea/
mea mother plants with either wild-type or met1-3
mutant pollen and analyzed allele-specific MEA expres-
sion levels (Fig. 4A,C). In mea/mea mutant mothers, the
paternal MEA allele was derepressed when transmitted
by both wild-type and met1-3 pollen, with no significant
change in the level of derepression (Fig. 4C). This shows
that MEA, presumably as part of the maternal MEA–FIE
complex, represses the paternal MEA allele independent
of its methylation status maintained by MET1 during
male gametogenesis. Thus, even after removal of both
known repressing factors, the maternal MEA–FIE com-
plex and MET1, the paternalMEA allele is still expressed
at extremely low levels compared with the maternal
MEA allele; in other words, it is still imprinted. Further-
more, we detected no paternal MEA transcripts in the
reciprocal cross when mea homozygous mutant pollen
was crossed to met1-3 heterozygous females. We con-
clude that paternalMET1 duringmale gametogenesis and
maternal MET1 during early seed development are not
required for MEA paternal silencing and thus play no
significant role in imprinting at the MEA locus.

The MEA-ICR is unmethylated

Our comparative analysis of MEA transgene and endo-
gene regulation revealed that the MEA-ICR is not tar-
geted by DME and MET1. Thus, contrary to what was
previously suggested (Gehring et al. 2006; Jullien et al.
2006a), MEA imprinting regulation is not primarily con-
trolled by differential DNA methylation. Therefore, we
speculated that there is either no DNA methylation at
all at the MEA-ICR or no differential DNA methylation
between active and silent MEA alleles.
We analyzed MEA promoter methylation in isolated

central cells and sperm cells as well as in isolated two-cell
stage embryos where the maternalMEA allele is expressed
(Vielle-Calzada et al. 1999; Spillane et al. 2007). In parallel,
we monitored FWA promoter methylation, which exhibits
imprinting control through a differentially methylated
SINE-related element in its promoter (Kinoshita et al.
2004, 2007). In sperm cells, we found high levels of FWA
promoter methylation in the CG context, consistent with
previously reported methylation levels in pollen (Fig.
5E,G; Kinoshita et al. 2004). Surprisingly, we found only
a small reduction of CGmethylation in the central cell at
the FWA locus, suggesting that DNAmethylation is fully
removed after fertilization only (Fig. 5E,F). Contrary to
this, we detected almost no methylation in the 250-bp
MEA promoter from sperm cells and central cells in any
sequence context (Fig. 5A–C). In addition, we analyzed
methylation in two-cell stage embryos early after fertil-
ization. We detected high methylation levels of FWA in
the CG contexts in the embryo (Fig. 5E,H), consistent
with MET1-dependent silencing of parental FWA alleles.

However, we found no methylation in the 250-bp MEA
promoter in the embryo, where the maternal MEA allele
is expressed (Fig. 5A,D).
In summary, MET1-dependent FWA silencing in sperm

cells, central cells, and the embryo correlates with DNA
methylation in the SINE-related repeat region of its
promoter. However, the MEA-ICR in the 250-bp MEA
promoter carries no DNA methylation in any reproduc-
tive cell. This confirms our finding that DME is not
targeted to the MEA-ICR for maternal MEA allele acti-
vation and that MET1 is not involved in paternal MEA
allele silencing. Thus, MEA is regulated differently from
FIE and FWA, and presently unknown factors, together
with the MEA–FIE complex, must be responsible for the
imprinted expression of MEA.

Discussion

The MEA-ICR maps to a 200-bp region and displays
no differential DNA methylation

In plants, the primary DNA sequences responsible for
genomic imprinting remained elusive. Studies involving
transgenes to identify the cis-determinants for imprinted
expression in Arabidopsis and maize indicated that plants
ICRs are located close to the imprinted loci (Luo et al. 2000;
Kinoshita et al. 2004; Gehring et al. 2006; Gutierrez-
Marcos et al. 2006; Makarevich et al. 2008). We identified
the 200-bp upstream region adjacent to the MEA trans-
lational start site as the minimal sequence necessary to
confer cis-activation and imprinted expression of a GUS
transgene. The proximity of the MEA-ICR and the MEA
locus is in contrast to mammalian ICRs, which can be
located >100 kb distal from the imprinted loci (Ferguson-
Smith and Surani 2001).
Mammalian ICRs are typically a few kilobases in

length and exhibit parental allele-specific DNA methyl-
ation (Bartolomei 2009). However, the MEA-ICR maps
to a 200-bp fragment and is essentially unmethylated,
excluding DNA methylation as the epigenetic mark
distinguishing maternal and paternalMEA alleles. This is
in contrast to the cis-elements involved in imprinting at
the FWA and PHE1 loci. Maternal-specific expression of
FWA in the endosperm is due to differential methylation
of a SINE-related element located in the FWA promoter
(Kinoshita et al. 2007). Yet our analysis of DNA methyl-
ation in gametes shows that differential methylation at
FWA is only established after fertilization. This suggests
that the primary germline imprint at the FWA locus is not
the DNA methylation mark itself. Imprinting of PHE1
results in preferential paternal expression in the endo-
sperm and correlates with differential methylation of
tandemly repeated motifs located 3 kb downstream from
the PHE1 gene (Makarevich et al. 2008). Furthermore,
differential DNA methylation between the parental al-
leles has been described for the maize imprinted genes
ZmFie1 and ZmFie2 (Gutierrez-Marcos et al. 2006). In-
terestingly, ZmFie2 is unmethylated in both central cells
and sperm cells prior to fertilization, and the differential
methylation pattern is only established after fertilization,
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also indicating that the primary germline imprint is not a
DNA methylation mark. In addition, several of the poten-
tially imprinted genes recently identified by transcriptome
profiling are unaffected by mutations in one or even all of
the known imprinting factors (i.e., DME, MET1, and FIE)
(Hsieh et al. 2011; Wolff et al. 2011), suggesting additional,
yet-undiscovered imprinting regulators.
MEA is an imprinted gene that is not controlled by

differential DNA methylation at the ICR. A related situa-
tion may occur in the mouse Prader-Willi/Angelman

region showing a complex imprinting control involving
several cis-acting elements, one of which is not differen-
tially methylated but is required to establish parental
imprints at other sites (Kaufman et al. 2009). Moreover, it
was recently shown that in macaques, some ICRs that
acquire a germline DNAmethylation imprint in mice are
not methylated in the germline and acquire a differential
methylation mark only post-fertilization (A Ferguson-
Smith, pers. comm.). Thus, primary imprints that do not
involve germline DNA methylation appear to exist in

Figure 5. Promoter methylation ofMEA and FWA. (A,E) Percentage of cytosine methylation at CG, CNG, and CNN sites in theMEA
promoter (A) and the FWA promoter (E). DNAwas isolated from central cells, sperm cells, and two-cell stage embryos; bisulfite-treated;
sequenced; and analyzed. Numbers in brackets indicate the number of sites present in the investigated promoter region. (B–D,F–H)
Percentage of cytosine methylation at each position is indicated with a red (CG), black (CNG), or green (CNN) bar. Unmethylated
cytosines are shown below the 0% line. Numbers are relative to the translational start site and indicate the investigated promoter
region.
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Since a lack of maternal MEA–FIE PcG activity only
leads to very weak derepression of the endogenous
paternal MEA allele, we wondered whether DNA meth-
ylation might be involved in keeping it largely silenced.
Thus, we asked again whether MET1 has any residual
role in paternal MEA allele silencing and crossed mea/
mea mother plants with either wild-type or met1-3
mutant pollen and analyzed allele-specific MEA expres-
sion levels (Fig. 4A,C). In mea/mea mutant mothers, the
paternal MEA allele was derepressed when transmitted
by both wild-type and met1-3 pollen, with no significant
change in the level of derepression (Fig. 4C). This shows
that MEA, presumably as part of the maternal MEA–FIE
complex, represses the paternal MEA allele independent
of its methylation status maintained by MET1 during
male gametogenesis. Thus, even after removal of both
known repressing factors, the maternal MEA–FIE com-
plex and MET1, the paternalMEA allele is still expressed
at extremely low levels compared with the maternal
MEA allele; in other words, it is still imprinted. Further-
more, we detected no paternal MEA transcripts in the
reciprocal cross when mea homozygous mutant pollen
was crossed to met1-3 heterozygous females. We con-
clude that paternalMET1 duringmale gametogenesis and
maternal MET1 during early seed development are not
required for MEA paternal silencing and thus play no
significant role in imprinting at the MEA locus.

The MEA-ICR is unmethylated

Our comparative analysis of MEA transgene and endo-
gene regulation revealed that the MEA-ICR is not tar-
geted by DME and MET1. Thus, contrary to what was
previously suggested (Gehring et al. 2006; Jullien et al.
2006a), MEA imprinting regulation is not primarily con-
trolled by differential DNA methylation. Therefore, we
speculated that there is either no DNA methylation at
all at the MEA-ICR or no differential DNA methylation
between active and silent MEA alleles.
We analyzed MEA promoter methylation in isolated

central cells and sperm cells as well as in isolated two-cell
stage embryos where the maternalMEA allele is expressed
(Vielle-Calzada et al. 1999; Spillane et al. 2007). In parallel,
we monitored FWA promoter methylation, which exhibits
imprinting control through a differentially methylated
SINE-related element in its promoter (Kinoshita et al.
2004, 2007). In sperm cells, we found high levels of FWA
promoter methylation in the CG context, consistent with
previously reported methylation levels in pollen (Fig.
5E,G; Kinoshita et al. 2004). Surprisingly, we found only
a small reduction of CGmethylation in the central cell at
the FWA locus, suggesting that DNAmethylation is fully
removed after fertilization only (Fig. 5E,F). Contrary to
this, we detected almost no methylation in the 250-bp
MEA promoter from sperm cells and central cells in any
sequence context (Fig. 5A–C). In addition, we analyzed
methylation in two-cell stage embryos early after fertil-
ization. We detected high methylation levels of FWA in
the CG contexts in the embryo (Fig. 5E,H), consistent
with MET1-dependent silencing of parental FWA alleles.

However, we found no methylation in the 250-bp MEA
promoter in the embryo, where the maternal MEA allele
is expressed (Fig. 5A,D).
In summary, MET1-dependent FWA silencing in sperm

cells, central cells, and the embryo correlates with DNA
methylation in the SINE-related repeat region of its
promoter. However, the MEA-ICR in the 250-bp MEA
promoter carries no DNA methylation in any reproduc-
tive cell. This confirms our finding that DME is not
targeted to the MEA-ICR for maternal MEA allele acti-
vation and that MET1 is not involved in paternal MEA
allele silencing. Thus, MEA is regulated differently from
FIE and FWA, and presently unknown factors, together
with the MEA–FIE complex, must be responsible for the
imprinted expression of MEA.

Discussion

The MEA-ICR maps to a 200-bp region and displays
no differential DNA methylation

In plants, the primary DNA sequences responsible for
genomic imprinting remained elusive. Studies involving
transgenes to identify the cis-determinants for imprinted
expression in Arabidopsis and maize indicated that plants
ICRs are located close to the imprinted loci (Luo et al. 2000;
Kinoshita et al. 2004; Gehring et al. 2006; Gutierrez-
Marcos et al. 2006; Makarevich et al. 2008). We identified
the 200-bp upstream region adjacent to the MEA trans-
lational start site as the minimal sequence necessary to
confer cis-activation and imprinted expression of a GUS
transgene. The proximity of the MEA-ICR and the MEA
locus is in contrast to mammalian ICRs, which can be
located >100 kb distal from the imprinted loci (Ferguson-
Smith and Surani 2001).
Mammalian ICRs are typically a few kilobases in

length and exhibit parental allele-specific DNA methyl-
ation (Bartolomei 2009). However, the MEA-ICR maps
to a 200-bp fragment and is essentially unmethylated,
excluding DNA methylation as the epigenetic mark
distinguishing maternal and paternalMEA alleles. This is
in contrast to the cis-elements involved in imprinting at
the FWA and PHE1 loci. Maternal-specific expression of
FWA in the endosperm is due to differential methylation
of a SINE-related element located in the FWA promoter
(Kinoshita et al. 2007). Yet our analysis of DNA methyl-
ation in gametes shows that differential methylation at
FWA is only established after fertilization. This suggests
that the primary germline imprint at the FWA locus is not
the DNA methylation mark itself. Imprinting of PHE1
results in preferential paternal expression in the endo-
sperm and correlates with differential methylation of
tandemly repeated motifs located 3 kb downstream from
the PHE1 gene (Makarevich et al. 2008). Furthermore,
differential DNA methylation between the parental al-
leles has been described for the maize imprinted genes
ZmFie1 and ZmFie2 (Gutierrez-Marcos et al. 2006). In-
terestingly, ZmFie2 is unmethylated in both central cells
and sperm cells prior to fertilization, and the differential
methylation pattern is only established after fertilization,
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In mammals, chromosome conformation capture ex-
periments revealed that chromosome looping is involved
in imprinting control (Lopes et al. 2003; Kurukuti et al.
2006; Yoon et al. 2007; Engel et al. 2008). More specifi-
cally, interactions of differentially methylated regions
(DMRs) at the mouse H19/Igf2 locus were shown to
partition maternal and paternal chromatin into distinct
loops, generating an epigenetic switch to control allele-
specific expression (Murrell et al. 2004). Our findings
raise the possibility that MEA imprinting control might
depend on a similar mechanism involving higher-order
chromatin structure controlled by DME and MET1.
This hypothesis is consistent with recent reports that

DME is involved in genome-wide demethylation of the
maternal genome in the endosperm, especially of trans-
posons and repeat elements (Gehring et al. 2009; Hsieh
et al. 2009). Intriguingly, all characterized imprinted genes
in plants are hypomethylated on the maternal allele re-
gardless of which allele is expressed. This suggests that
DME-dependent demethylation in the endosperm is not
specifically targeting imprinted genes, but rather is a nearly
universal process that reshapes DNA methylation of the
entire maternal genome in the endosperm.

The imprinting factors required for paternal MEA
silencing remain unknown

Two epigenetic silencing marks were found at specific
sites of the MEA locus: DNA methylation and histone
H3K27 di- and trimethylation (H3K27me) (Xiao et al.
2003; Gehring et al. 2006; Jullien et al. 2006a). We report
that lack of MET1 during male gametogenesis does not
derepress the paternal MEA allele 1–4 DAP. This com-
plements previous studies with met1 mutant pollen that
showed no paternal MEA allele expression 7–9 DAP
(Gehring et al. 2006).
Whereas DNA methylation is irrelevant for paternal

MEA allele silencing, PcG-mediated histone methylation
is necessary for paternal MEA allele silencing (Gehring
et al. 2006; Jullien et al. 2006a).MaternalMEA is involved
in deposition of repressive H3K27me at the paternalMEA
allele close to the translational start site (Gehring et al.
2006). We found derepression of a paternally inherited
250pMEATGUS transgene in the maternal mea mutant
background, suggesting that the MEA-ICR in the 250-bp
MEA promoter is targeted by the maternal MEA–FIE
complex. However, it is unclear how the MEA–FIE com-
plex gains access to the silent chromatin loop of the
paternal allele to maintain silencing after fertilization.
Possibly, the repressive machinery, including theMEA–FIE
complex and other proposed repressors, has access to cis-
regulatory elements in repressive chromatin loops,whereas
the activating machinery is efficiently prevented from
binding to theMEA-ICR.
We found derepression of the paternalMEA allele in the

maternalmeamutant background already at 1 DAP. This
contradicts recent findings of delayed paternal derepres-
sion, which were explained by the need for passive loss of
repressive H3K27me on the paternal MEA allele (Jullien
et al. 2006a). Surprisingly, derepressed paternal MEA

transcripts in maternalmeamutant plants represent only
14% of maternal MEA transcripts in maternal wild-type
plants. This resembles the observed residual transcrip-
tional activity of the silent maternal PHE1 allele (Köhler
et al. 2005). Similarly, in mice, paternal alleles of several
imprinted genes in the IC2-imprinted domain are not
completely silent (Lewis et al. 2004). Even though the
silent paternal MEA allele is derepressed in mea mutant
plants, parental transcript levels are clearly not equiva-
lent and still show parent-of-origin-dependent differences.
Assuming equivalent parental expression levels in the
background of compromised imprinting, the main com-
ponents involved in paternalMEA allele silencing remain
to be identified because the paternal MEA allele is still
imprinted when MET1 and the MEA–FIE complex are
missing. As theMEA-ICR confers paternalMEA silencing
beyond the native genomic context, loop formation is not
sufficient to explain paternal MEA silencing. Thus, an-
other unknown repressor binding to the MEA-ICR, along
with the proposed PcG complex (Jullien et al. 2006a), may
be required for paternal MEA repression (Fig. 6).
In summary, our promoter dissection identified the

MEA-ICR in the 200-bp MEA upstream sequence. The
MEA-ICR carries no significant methylation in sperm
cells, central cells, and two-cell stage embryos, which to
our knowledge is the first example of an ICR without
differential DNA methylation. DME, the key factor
necessary for specific activation of maternally expressed
imprinted genes in Arabidopsis, is dispensable for acti-
vation of maternal MEA allele transcription. Instead,
DME and MET1 may be involved in the regulation of
a higher-order chromatin structure at the MEA locus,
thereby only indirectly controlling the specific marking
and activation of the maternal MEA allele by unknown
factors. However, a repressive chromatin structure at the
paternal MEA locus alone cannot explain paternal MEA
silencing, which is mediated through theMEA-ICR beyond
the native genomic context by still unknown MEA
imprinting factors.

Material and methods

Plant material

The Ler accession was used as the wild type. The mutant alleles
used were mea-1, mea-2 (Ler) (Grossniklaus et al. 1998), dme-4
(C24) (Guitton et al. 2004), and met1-3 (Col) (Saze et al. 2003).
The 4.8pMEATGUS transgenic line was described before (Spillane
et al. 2004). The dme-4 (C24) and themet1-3 (Col-0) mutants were
introgressed into the Ler background by crossing them at least five
times as pollen parents. For genotyping assays, methylation status
evaluation, and growth conditions, see the Supplemental Material.

Generation of pMEATMEA and pMEATGUS constructs

All pMEATMEA constructs were cloned into pCAMBIA3300
containing the corresponding MEA promoter sequence and
the entire MEA ORF amplified from genomic Ler DNA. All
pMEATGUS constructs contain the corresponding MEA pro-
moter sequence amplified from genomic Ler DNA and were
cloned in-frame to the GUS reporter gene in pCAMBIA 1381Z.
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both plants and mammals. Future studies will show
whether common regulatory mechanism indeed exist
between nonmethylated ICRs in mammals and plants.

Imprinting control at the MEA-ICR is independent
of DME and MET1

Maternal allele expression of MEA and other maternally
expressed imprinted genes depends on the removal of
MET1-dependent DNA methylation (Choi et al. 2002;
Kinoshita et al. 2004; Jullien et al. 2006b). Consistent
with the lack of significant DNA methylation at the
MEA-ICR, the imprinted 250pMEATGUS transgene is
maternally activated independent of DME, suggesting
that DME is only required in the endogenous context,
probably targeting a region different from the MEA-ICR.
Although involved in imprinting, DNA methylation in
flowering plants primarily silences transposons and re-
peat elements (Henderson and Jacobsen 2007). Thus, a
590-bp AtREP2 transposon element that is located �4 kb
upstream of theMEA start codon represents a likely DME
target. Indeed, the previously described 4.2pMEATGUS
transgene containing 450 bp of the AtREP2 is fully
dependent on DME for activation (Choi et al. 2002),

whereas the 4.8pMEATGUS transgene containing 3.8 kb
of MEA upstream sequence with 100 bp of the AtREP2 is
only partially dependent on DME (this study). Therefore,
we hypothesize that DME is only indirectly involved in
the activation of endogenous maternal MEA transcrip-
tion by demethylation of the AtREP2.
Based on our results, we propose a new model of MEA

imprinting regulation (Fig. 6). The methylated AtREP2
would interact with an unidentified region of the MEA
locus to establish a silent higher-order chromatin struc-
ture; e.g., a repressive chromatin loop. This prevents the
MEA promoter from being accessed by an unknown
transcriptional activator binding the MEA-ICR. Demeth-
ylation of AtREP2 by DME in the central cell resolves
the repressive chromatin loop and allows the transcrip-
tional activator to access the MEA-ICR. The repressive
chromatin loop is not resolved in the male gametophyte,
where DME is not expressed, resulting in exclusive
maternal MEA allele expression. Since the paternal MEA
allele is not fully activated if both known repressing
activities, MET1 and the MEA–FIE complex, are removed,
additional paternal repressors involved in imprinting con-
trol have to be postulated, possibly including a PcG com-
plex with a histone methyltransferase other than MEA.

Figure 6. Model of MEA imprinting control through a higher-order chromatin structure. Methylation at AtREP2 is maintained by
MET1 in central cells and sperm cells. AtREP2 might interact with another region, thereby forming a repressive chromatin loop
preventing theMEA locus from being accessed by a transcriptional activator (A). Specific expression of DME in the central cell removes
methylation and resolves the repressive chromatin loop. This allows the transcriptional activator (A) to access the MEA-ICR. As
a consequence, in the endosperm, the two maternal MEA alleles (MEAm) are expressed. Paternal MEA allele (MEAp) silencing is
maintained by a proposed PcG complex containing FIE during male gametogenesis (Jullien et al. 2006a). After fertilization, MEAp is
repressed partially by the maternal MEA–FIE complex and another paternal repressor (R). Since parental alleles in the endosperm are
differentially targeted by trans-acting factors, they must have been marked in the germline, as illustrated by the purple and blue color of
the maternal and paternal allele, respectively. The nature of this mark is unknown. The model explicitly showsMEAm activation in the
central cell for imprinted expression in the endosperm; however, the same model is proposed for the egg cell and embryo. (Lollipops)
DNA methylation; (dashed line) autorepressed MEAm transcription.
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In mammals, chromosome conformation capture ex-
periments revealed that chromosome looping is involved
in imprinting control (Lopes et al. 2003; Kurukuti et al.
2006; Yoon et al. 2007; Engel et al. 2008). More specifi-
cally, interactions of differentially methylated regions
(DMRs) at the mouse H19/Igf2 locus were shown to
partition maternal and paternal chromatin into distinct
loops, generating an epigenetic switch to control allele-
specific expression (Murrell et al. 2004). Our findings
raise the possibility that MEA imprinting control might
depend on a similar mechanism involving higher-order
chromatin structure controlled by DME and MET1.
This hypothesis is consistent with recent reports that

DME is involved in genome-wide demethylation of the
maternal genome in the endosperm, especially of trans-
posons and repeat elements (Gehring et al. 2009; Hsieh
et al. 2009). Intriguingly, all characterized imprinted genes
in plants are hypomethylated on the maternal allele re-
gardless of which allele is expressed. This suggests that
DME-dependent demethylation in the endosperm is not
specifically targeting imprinted genes, but rather is a nearly
universal process that reshapes DNA methylation of the
entire maternal genome in the endosperm.

The imprinting factors required for paternal MEA
silencing remain unknown

Two epigenetic silencing marks were found at specific
sites of the MEA locus: DNA methylation and histone
H3K27 di- and trimethylation (H3K27me) (Xiao et al.
2003; Gehring et al. 2006; Jullien et al. 2006a). We report
that lack of MET1 during male gametogenesis does not
derepress the paternal MEA allele 1–4 DAP. This com-
plements previous studies with met1 mutant pollen that
showed no paternal MEA allele expression 7–9 DAP
(Gehring et al. 2006).
Whereas DNA methylation is irrelevant for paternal

MEA allele silencing, PcG-mediated histone methylation
is necessary for paternal MEA allele silencing (Gehring
et al. 2006; Jullien et al. 2006a).MaternalMEA is involved
in deposition of repressive H3K27me at the paternalMEA
allele close to the translational start site (Gehring et al.
2006). We found derepression of a paternally inherited
250pMEATGUS transgene in the maternal mea mutant
background, suggesting that the MEA-ICR in the 250-bp
MEA promoter is targeted by the maternal MEA–FIE
complex. However, it is unclear how the MEA–FIE com-
plex gains access to the silent chromatin loop of the
paternal allele to maintain silencing after fertilization.
Possibly, the repressive machinery, including theMEA–FIE
complex and other proposed repressors, has access to cis-
regulatory elements in repressive chromatin loops,whereas
the activating machinery is efficiently prevented from
binding to theMEA-ICR.
We found derepression of the paternalMEA allele in the

maternalmeamutant background already at 1 DAP. This
contradicts recent findings of delayed paternal derepres-
sion, which were explained by the need for passive loss of
repressive H3K27me on the paternal MEA allele (Jullien
et al. 2006a). Surprisingly, derepressed paternal MEA

transcripts in maternalmeamutant plants represent only
14% of maternal MEA transcripts in maternal wild-type
plants. This resembles the observed residual transcrip-
tional activity of the silent maternal PHE1 allele (Köhler
et al. 2005). Similarly, in mice, paternal alleles of several
imprinted genes in the IC2-imprinted domain are not
completely silent (Lewis et al. 2004). Even though the
silent paternal MEA allele is derepressed in mea mutant
plants, parental transcript levels are clearly not equiva-
lent and still show parent-of-origin-dependent differences.
Assuming equivalent parental expression levels in the
background of compromised imprinting, the main com-
ponents involved in paternalMEA allele silencing remain
to be identified because the paternal MEA allele is still
imprinted when MET1 and the MEA–FIE complex are
missing. As theMEA-ICR confers paternalMEA silencing
beyond the native genomic context, loop formation is not
sufficient to explain paternal MEA silencing. Thus, an-
other unknown repressor binding to the MEA-ICR, along
with the proposed PcG complex (Jullien et al. 2006a), may
be required for paternal MEA repression (Fig. 6).
In summary, our promoter dissection identified the

MEA-ICR in the 200-bp MEA upstream sequence. The
MEA-ICR carries no significant methylation in sperm
cells, central cells, and two-cell stage embryos, which to
our knowledge is the first example of an ICR without
differential DNA methylation. DME, the key factor
necessary for specific activation of maternally expressed
imprinted genes in Arabidopsis, is dispensable for acti-
vation of maternal MEA allele transcription. Instead,
DME and MET1 may be involved in the regulation of
a higher-order chromatin structure at the MEA locus,
thereby only indirectly controlling the specific marking
and activation of the maternal MEA allele by unknown
factors. However, a repressive chromatin structure at the
paternal MEA locus alone cannot explain paternal MEA
silencing, which is mediated through theMEA-ICR beyond
the native genomic context by still unknown MEA
imprinting factors.

Material and methods

Plant material

The Ler accession was used as the wild type. The mutant alleles
used were mea-1, mea-2 (Ler) (Grossniklaus et al. 1998), dme-4
(C24) (Guitton et al. 2004), and met1-3 (Col) (Saze et al. 2003).
The 4.8pMEATGUS transgenic line was described before (Spillane
et al. 2004). The dme-4 (C24) and themet1-3 (Col-0) mutants were
introgressed into the Ler background by crossing them at least five
times as pollen parents. For genotyping assays, methylation status
evaluation, and growth conditions, see the Supplemental Material.

Generation of pMEATMEA and pMEATGUS constructs

All pMEATMEA constructs were cloned into pCAMBIA3300
containing the corresponding MEA promoter sequence and
the entire MEA ORF amplified from genomic Ler DNA. All
pMEATGUS constructs contain the corresponding MEA pro-
moter sequence amplified from genomic Ler DNA and were
cloned in-frame to the GUS reporter gene in pCAMBIA 1381Z.
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both plants and mammals. Future studies will show
whether common regulatory mechanism indeed exist
between nonmethylated ICRs in mammals and plants.

Imprinting control at the MEA-ICR is independent
of DME and MET1

Maternal allele expression of MEA and other maternally
expressed imprinted genes depends on the removal of
MET1-dependent DNA methylation (Choi et al. 2002;
Kinoshita et al. 2004; Jullien et al. 2006b). Consistent
with the lack of significant DNA methylation at the
MEA-ICR, the imprinted 250pMEATGUS transgene is
maternally activated independent of DME, suggesting
that DME is only required in the endogenous context,
probably targeting a region different from the MEA-ICR.
Although involved in imprinting, DNA methylation in
flowering plants primarily silences transposons and re-
peat elements (Henderson and Jacobsen 2007). Thus, a
590-bp AtREP2 transposon element that is located �4 kb
upstream of theMEA start codon represents a likely DME
target. Indeed, the previously described 4.2pMEATGUS
transgene containing 450 bp of the AtREP2 is fully
dependent on DME for activation (Choi et al. 2002),

whereas the 4.8pMEATGUS transgene containing 3.8 kb
of MEA upstream sequence with 100 bp of the AtREP2 is
only partially dependent on DME (this study). Therefore,
we hypothesize that DME is only indirectly involved in
the activation of endogenous maternal MEA transcrip-
tion by demethylation of the AtREP2.
Based on our results, we propose a new model of MEA

imprinting regulation (Fig. 6). The methylated AtREP2
would interact with an unidentified region of the MEA
locus to establish a silent higher-order chromatin struc-
ture; e.g., a repressive chromatin loop. This prevents the
MEA promoter from being accessed by an unknown
transcriptional activator binding the MEA-ICR. Demeth-
ylation of AtREP2 by DME in the central cell resolves
the repressive chromatin loop and allows the transcrip-
tional activator to access the MEA-ICR. The repressive
chromatin loop is not resolved in the male gametophyte,
where DME is not expressed, resulting in exclusive
maternal MEA allele expression. Since the paternal MEA
allele is not fully activated if both known repressing
activities, MET1 and the MEA–FIE complex, are removed,
additional paternal repressors involved in imprinting con-
trol have to be postulated, possibly including a PcG com-
plex with a histone methyltransferase other than MEA.

Figure 6. Model of MEA imprinting control through a higher-order chromatin structure. Methylation at AtREP2 is maintained by
MET1 in central cells and sperm cells. AtREP2 might interact with another region, thereby forming a repressive chromatin loop
preventing theMEA locus from being accessed by a transcriptional activator (A). Specific expression of DME in the central cell removes
methylation and resolves the repressive chromatin loop. This allows the transcriptional activator (A) to access the MEA-ICR. As
a consequence, in the endosperm, the two maternal MEA alleles (MEAm) are expressed. Paternal MEA allele (MEAp) silencing is
maintained by a proposed PcG complex containing FIE during male gametogenesis (Jullien et al. 2006a). After fertilization, MEAp is
repressed partially by the maternal MEA–FIE complex and another paternal repressor (R). Since parental alleles in the endosperm are
differentially targeted by trans-acting factors, they must have been marked in the germline, as illustrated by the purple and blue color of
the maternal and paternal allele, respectively. The nature of this mark is unknown. The model explicitly showsMEAm activation in the
central cell for imprinted expression in the endosperm; however, the same model is proposed for the egg cell and embryo. (Lollipops)
DNA methylation; (dashed line) autorepressed MEAm transcription.
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Promoter deletions were done using different primer pairs
amplifying differently sized amplicons and were subsequently
cloned in the above-mentioned vectors. For a detailed cloning
procedure, see the Supplemental Material.

Microscopy and GUS staining

Histochemical analysis of GUS reporter gene expression was
essentially done as described in Baroux et al. 2006. Microscopic
inspection was carried out under differential contrast (DIC)
optics using a Leica DMR microscope (Leica Microsystems). A
detailed description can be found in the Supplemental Material.

RT–PCR analyses

Reverse transcription was performed as previously published
(Baroux et al. 2006) on 20 gynoecia before fertilization or on
10–15 siliques at 1–4 DAP, depending on the stage indicated in
the corresponding figure. In all experiments, transcript levels
were normalized to the level ofACTIN11 (Huang et al. 1997). For
detailed protocol and primers used, see Supplemental Material.

Bisulfite DNA sequencing of isolated reproductive cells

Central cells were isolated using laser capture microscopy,
sperm cells were isolated using a Percoll density gradient
(M Schauer and U Grossniklaus, unpubl.), and embryos were
isolated as previously described (Autran et al. 2011). DNA
isolation and bisulfite conversion were essentially performed as
described in the Epigenetics Protocols Database ‘‘Bisulphite
sequencing of small DNA/cell samples’’ (PROT35; http://
www.epigenome-noe.net/research tools/protocols.php). Sub-
sequently, regions of interest (250-bp MEA promoter and SINE-
related tandem repeat in the FWA promoter) were amplified.
Purified bisulfite PCR products were cloned into the pGEM-T
vector (Promega) and several independent clones were sequenced
(for sperm cell and embryo sample), or purified PCR products
were directly sequenced with the 454 sequencer according to the
standard protocol (central cell samples).
All sequences were analyzed with the BiQ Analyzer software

(Bock et al. 2005) for quality control and removal of identical
clones in a standardized manner. For amore detailed description,
see the Supplemental Material.
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Promoter deletions were done using different primer pairs
amplifying differently sized amplicons and were subsequently
cloned in the above-mentioned vectors. For a detailed cloning
procedure, see the Supplemental Material.

Microscopy and GUS staining

Histochemical analysis of GUS reporter gene expression was
essentially done as described in Baroux et al. 2006. Microscopic
inspection was carried out under differential contrast (DIC)
optics using a Leica DMR microscope (Leica Microsystems). A
detailed description can be found in the Supplemental Material.

RT–PCR analyses

Reverse transcription was performed as previously published
(Baroux et al. 2006) on 20 gynoecia before fertilization or on
10–15 siliques at 1–4 DAP, depending on the stage indicated in
the corresponding figure. In all experiments, transcript levels
were normalized to the level ofACTIN11 (Huang et al. 1997). For
detailed protocol and primers used, see Supplemental Material.

Bisulfite DNA sequencing of isolated reproductive cells

Central cells were isolated using laser capture microscopy,
sperm cells were isolated using a Percoll density gradient
(M Schauer and U Grossniklaus, unpubl.), and embryos were
isolated as previously described (Autran et al. 2011). DNA
isolation and bisulfite conversion were essentially performed as
described in the Epigenetics Protocols Database ‘‘Bisulphite
sequencing of small DNA/cell samples’’ (PROT35; http://
www.epigenome-noe.net/research tools/protocols.php). Sub-
sequently, regions of interest (250-bp MEA promoter and SINE-
related tandem repeat in the FWA promoter) were amplified.
Purified bisulfite PCR products were cloned into the pGEM-T
vector (Promega) and several independent clones were sequenced
(for sperm cell and embryo sample), or purified PCR products
were directly sequenced with the 454 sequencer according to the
standard protocol (central cell samples).
All sequences were analyzed with the BiQ Analyzer software

(Bock et al. 2005) for quality control and removal of identical
clones in a standardized manner. For amore detailed description,
see the Supplemental Material.
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(University of Zürich) for seeds, O. Mittelsten Scheid for the
180-bp repeat probe, M. Schauer for sharing the sperm isolation
protocol, K. Kritsas for help with the permutation test, and
B. Müller, S. Kessler, and S. Pien for critical comments on the
manuscript. This work was supported by the University of
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INTRODUCTION

To uncover novel regulators of  imprinted MEA expression in Arabidopsis thaliana, we conducted two 

different screens: First, we tried to identify and isolate proteins binding to the 250 base pair (bp) minimal promoter 

element (MEA-ICR) or parts of  it biochemically by applying an electrophoretic mobility shift assay (EMSA). 

Second, a mutagenesis of  plants carrying the MEA-ICR reporter gene 250pMEA::GUS (Wöhrmann et al., 2012; 

Chapter 1.1) and a forward genetic screen were implemented to find factors regulating imprinted MEA reporter 

gene expression genetically.

EMSA or band shift assays can be applied to show protein-DNA, protein-RNA, or even protein-

protein interactions. The technology is based on the different electrophoretic running time of  a free probe (i.e. 

a labeled oligonucleotide) compared to the oligonucleotide bound to a protein, since travelling time through a 

gel is determined by size and charge. Therefore, the oligonucleotide bound to a protein creates a “band shift” 

upon polyacrylamide gel electrophoresis (PAGE; Garner and Revzin, 1981). Usually, this technique is used to 

demonstrate an interaction between a DNA element, usually an enhancer or a promoter element, with an isolated 

DNA-binding protein. Here, we tried to apply this method to screen a nuclear protein extract of  broccoli (Brassica 

oleracea var. italica) using radioactively labeled oligonucleotides containing the full MEA-ICR or parts of  it. We used 

B. oleracea var. italica to isolate proteins, because broccoli consists of  unopened flower buds, which is the required 

developmental stage where maternal MEA gets activated and starts to be expressed (Grossniklaus et al., 1998). We 

could not find a positive and specific interaction; therefore, we could not test whether it is possible to cut out the 

band shift (including the interacting protein) and analyze the interacting partner by mass spectrometry.

To genetically identify factors controlling imprinted MEA expression we conducted a forward genetic 

screen, which is a powerful approach to uncover novel genes and their functions in genetic model organisms like 

Arabidopsis thaliana. We mutagenized plants homozygous for the minimal MEA-ICR reporter gene (250pMEA::

GUS) using the chemical mutagen ethane methyl sulfonate (EMS). To identify novel maternal activator mutants, 

we screened for absence of  maternal reporter expression in the seed and, in a second step, scored for a seed 

abortion phenotype to reduce false positives (Figure 1-2-2). To uncover paternal repressor candidates, we crossed 

individuals of  the first generation after mutagenesis (M1) as fathers to wild-type mothers and examined the 

resulting F1 seed for ectopic paternal reporter expression (Figure 1-2-2). We screened approximately 2500 M1 

plants after two independent rounds of  EMS mutagenesis and found and confirmed (in the F1 of  the 2nd backcross 

(BC2)) two maternal activator candidates and two paternal repressor candidates. SRM was applied to identify 

the causative SNP of  the maternal activator candidates but we were not able to pinpoint the causative mutation 

due to the genetic background of  the 250pMEA::GUS line: wild-type segregants of  a heterozygous and gamma-

ray irradiated demeter (dme-4)/DME population were used for transformation with the  250pMEA::GUS construct 

(see below). We identified almost a hundred times more SNPs than expected, making the identification of  the 

causative SNP by SRM impossible. Currently, we are crossing the mutation out to Col-0 to create a near isogenic 

line (NIL) including only a small fragment of  the original ecotype that contains the causative mutation.
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MATERIAL AND METHODS

EMSA:

Preparation of  nuclear proteins:

Young flower buds from B. oleracea var. italica were collected 

(6 g) and homogenized, and nuclei were extracted following a 

published method that is capable of  isolating transcriptionally 

active nuclei (Folta and Kaufman, 2006).

To break up nuclei and produce the crude nuclear 

protein extract used for EMSA, we centrifuged 100 µl of  

storage buffer and nuclei suspension for 15 min at 1000g and 

4°C, and resuspended the nuclei in the appropriate binding 

buffer. To break up the nuclei, we sonicated the samples 5 min 

with 30 sec pulses and 30 sec pause at the highest intensity. 

This resulted in a protein concentration of  ~10 µg/µl, and 

sonication was as efficient as nuclear breakdown by adding 

Urea to the nuclei suspension (Figure 1-2-1). Sonication 

was followed by a centrifugation step (10min at 1000g and 

4°C). and binding assays were performed with the resulting 

supernatant and a total of  20 µg to 80 µg of  crude protein 

per reaction.

Labeling the oligonucleotide probe

We assayed five different oligonucleotides: (i) the full length MEA-ICR of  250bp, and (ii) 50bp oligomers 

covering -250 to -200 bp, -200 to -150 bp, -225 to -175 bp, and -175 to -125 bp of  the start codon. The 50bp 

oligomers were ordered as single stranded nucleotides but in complementary pairs. The full length MEA-ICR 

was amplified from wild-type genomic DNA in a standard PCR reaction (36 cycles of  94°C for 15 sec, 52°C for 

20 sec, and 72°C for 30 sec; followed by 72°C for 5min; we used homemade Taq DNA Polymerase and PCR 

buffer and a final concentration of  2mM MgCl2, 0.2mM dNTPs and 0.4mM Primer) using priMR1 and priMR2 

(see Appendix A2) and purified by Phenol/Chloroform precipitation. For each binding assay 100 fmol of  labeled 

probes are recommended. We 5’ radiolabeled 2 pmol of  probe (30ng for single-stranded 50 bp mer; 300 ng for 

double-stranded 250 bp mer) in 20 µl total volume by using T4 polynucleotide kinase (PNK, 20 units/reaction, 

New England Biolabs), [γ-32P] ATP (2pmol, Hartmann Analytic), 1x T4 PNK buffer for 30min at 37°C (Maniatis 

et al., 1982). Then complementary single-stranded 50bp-mer oligonucleotides were mixed and all labeling 

reactions were incubated for 20 min at 65°C to stop the reaction. To allow the complementary oligonucleotides 

to anneal, the reactions were incubated at room temperature (RT) until cooling down.

Binding assay and PAGE

The radiolabeled probes (100fmol) were mixed with 2 µg bovine serum albumine (BSA), crude nuclear 

protein extract (20 to 80 µg, in an increasing manner) in 1x binding buffer (see Table 1-2-1, Binding Buffer B 

seemed to work best). To test binding specificity, a 100x excess of  unlabelled probe was added to one additional 

sample containing the highest amount of  protein sequestering a specifically bound protein. Furthermore, all 

reactions were done with or without 2 µg Poly(deoxyinosinic-deoxycytidylic) acid (Poly(dI-dC), Sigma Aldrich), a 

synthetic oligonucleotide sequestering unspecific DNA binding proteins. All binding reactions were incubated for 

33
 µ

g

40
 µ

g

80
 µ

g

Figure 1-2-1. SDS-PAGE of broccoli nuclear extract 
proteins. Urea and sonica�on-based extrac�on of 
crude nuclear extracts were compared. Isolated 
broccoli nuclei were centrifuged and resuspended 
either in Urea-buffer and incubated at 65°C for 5min 
or directly in binding buffer and sonicated for 5 min. 
Different amounts of BSA were loaded as control. 
SDS-PAGE was run at 20mA for 1h and Coomassie 
stained for 15min.
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30 min at RT, then loaded on a native polyacrylamide (PA, 6%, 0.5x TBE) gel and run for ~3-4h at 8-10V/cm in 

0.5x TBE-buffer. Finally the PA gel was dried at 75°C for 1-2h and exposed over night using an X-ray fi lm (Fuji 

Film) and developed the next day.

FORWARD GENETIC SCREEN

Plant material and growth conditions

The minimal MEA-ICR reporter gene (250pMEA::GUS) used for mutagenesis is published and described 

in detail (Wöhrmann et al., 2012). The line is in a gamma-ray irradiated C24 background of  a wild-type segregant 

originating from a dme-4/DME population (Guitton et al., 2004), and we renamed this genetic background 

Fukushima (FUK, see below). The parental line used for backcrosses was the unmutagenized homozygous 

250pMEA::GUS line (HW 166.8 = MR 70). If  required, the line was genotyped for the presence of  the reporter 

construct in a standard PCR reaction using priMR9 and priMR10 to amplify the 730bp wild-type band and 

priMR9 and priMR11 to amplify the ~450bp mutant band (usually in a 3-primer-in-1-reaction, since the assay 

is robust; all primers used in this chapter are listed in the Appendix A2). Landsberg erecta (Ler) was used to cross 

the mutants out to create a mapping population. To screen for paternal repressor candidates, we used male-

sterile delayed-dehiscence2-2 (dde2-2, Col-0) mutant plants as mothers (von Malek et al., 2002). In the beginning 

we used an independent gene trap line (GT 27; dde2-3) in the Ler background that was generated by exploiting 

the Ac/Ds gene trap transposon tagging system (Sundaresan et al., 1995) within the EXOTIC consortium of  

the Fifth Framework program of  the EU. Yet, we found ectopic GUS staining at the micropylar end of  the seed 

in this line, which was independent of  the paternal genotype and, therefore, might be due to the GUS gene in 

the gene trap construct (see below). Subsequently we used the original dde2-2 line in Col-0 (von Malek et al., 

2002) or emasculated FUK plants (wild-type segregants of  dme-4/DME) to confi rm transgene derepression in the 

paternal repressor candidates. For crosses, plants were emasculated and pollinated 2 days later to synchronize 

seed development and increase crossing effi ciency. All plants were grown in a greenhouse chamber with 16h light 

at ~20°C and 8h darkness at ~18°C with an average of  60% humidity.

EMS mutagenesis

The differences between the mutagenesis of  batch #1 and of  batch #2 are listed in Table 1-2-2. In 

general, a batch of  seeds (35’000-50’000 = 0.7-1.0 g) was hydrated in the dark for 4 days at 4°C, then re-dried for 

24h at 22°C. The seeds were then immersed in a 0.2% EMS solution (20mM) for ~8h. After thorough washing, 

Table 1-2-1. Binding buff ers tested and used in this study.

1: Mania� s; 2: Urao et al. 1993; 3: own buff er; 4: Huang et al. 2004; 5: Sturm et al. 1987
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the seeds were directly put on 

soil using the “salt-n-pepper” 

principle: A fraction of  the 

mutagenized seeds (amount 

depending on the number of  

trays that should be planted) 

was resuspended in 50 ml 

water and filled in a 50 ml 

Falcon tube with holes in the 

lid and dispersed. We prepared 

20-30 trays, germinated the 

plants and removed all but two 

clearly distinguishable plants 

per pot using forceps. At the 

rosette stage we put some trays 

(important: dry soil!) in a dark 

4°C room to allow phasing of  

the screen, such that not all 

plants flower simultaneously 

but successively. We counted 

white sectors on M1 

individuals and found that 1% 

of  the plants showed a white 

sector, indicating successful 

mutagenesis (Jürgens et al., 

1991).

Screening strategy, GUS 

staining and fertility 

phenotyping

The chimeric primary 

stem was removed and a single 

lateral branch per M1 plant 

was screened. We figured that 

we rather screen more M1 

individuals than more sectors 

per M1 individual. The 

application of  the screen in 

the M1 generation is possible, 

since regulation of  imprinted 

MEA expression happens in the haploid gametophyte, where  mutations have an immediate effect. To identify 

maternal activator candidates, we removed one silique at 1-2 days after pollination (DAP, batch #1) or at 0.5-1 DAP 

(batch #2, more consistent staining), cut it open with insulin-needles (longitudinal cuts or stem and stigma cuts), 

and immersed it in 4mM GUS staining solution (4 mM 5-bromo,4-chloro,3-indolyl-D-glucuronide (Biosynth-

M0: 250pMEA::GUS M1: mutagenized 250pMEA::GUS

Wild type: no GUS-positive seeds

wild-type mother
(no GUS)

M1 pollen donor
(250pMEA::GUS)

F1 seeds

Wild type: full seed set

mutant: few GUS-positive seedsmutant: seed abortion phenotype

EMS
!

GUS

seed
set

1. Cross

X

1.

2. GUS2.

Wild type: 100% GUS-positive seeds

matA patR

mutant: less GUS-positive seeds

Figure 1-2-2. Screening scheme. Plants homozygous for the 250pMEA::GUS reporter 
gene were mutagenized with 0.2% EMS. To screen for maternal ac�vator mutants 
(matA, le�, pink panel) we harvested and stained young M1 siliques and screened 
for a reduced number of GUS posi�ve seeds. Then, we analyzed the seed set of 
all primary candidates showing aberrant GUS staining and focused on those that 
addi�onally displayed a seed abor�on phenotype. To screen for paternal repressor 
mutants (patR, right, blue panel) we crossed M1 pollen to wild-type mothers, 
harvested and GUS-stained the resul�ng siliques and F1 seeds 2 DAP, and searched 
for ectopic expression of the usually silent paternal reporter gene.
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AG), 10 mM EDTA, 0.1% Triton X-100, 2.0 mM potassium ferrocyanide, 2.0 mM potassium ferricyanide, 50 

mM phosphate buffer pH 7.2). After vacuum-infi ltration for 5-15 min, we stained the samples for 48h at 37°C in 

96-well, fl at-bottom plastic plates. To stop the staining reaction, we removed the GUS staining solution and added 

75% Ethanol to the siliques overnight to fi x and clear the tissue. We then screened the siliques for reduced number 

of  GUS-positive seeds, either after dissection and under the microscope (batch #1) or directly in the 96-well, fl at 

bottom plate using the binoculars (batch #2). In batch #2, we screened all plants showing fewer GUS-positive 

seeds for a fertility phenotype by opening siliques, and assessed whether we fi nd seeds arrested at the ovule stage 

(before or just at fertilization), at seed stages after fertilization, or full seed set and thus full fertility.

To identify paternal repressors (only batch #1) we crossed pollen of  one sector of  an M1 individual to 

male sterile mothers (dde2-3; GT27). F1 seeds were harvested 2 DAP and GUS stained as above. Seeds were 

dissected in clearing solution (8:2:1 chloralhydrate:glycerol:water) and analyzed using bright-fi eld microscopy 

for ectopic, paternal MEA-like GUS expression in the fertilization products (i.e. endosperm and embryo). The 

screening scheme is taken together in Figure 1-2-2.

Histological analysis

To analyze the stage of  embryo abortion in the mutant candidates we dissected seeds of  heterozygous 

mutant individuals, separated aborted and plump seeds on a slide, and cleared them in modifi ed Hoyer’s solution 

(70% w/v chloralhydrate, 4% w/v glycerol, 5% w/v gum arabic). We then examined the stage and the patterning 

phenotype of  mutant and wild-type seeds by differential interference contrast (DIC) microscopy (Leica DMR).

Table 1-2-2. Comparison of the mutagenesis #1 and the mutagenesis #2.
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RESULTS

No Specific Band Shift Was Identified when Using EMSA

First of  all, we tested different binding buffers, published or own buffers (Table 1-2-1), and found that 

binding buffer B (BB B) produced most band shifts with two differently assayed probes (225-175; 250bp MEA-

ICR; Figure 1-2-3A). In a second step, we assayed all 50bp-mer oligonucleotides in a proper EMSA set-up with 

increasing protein concentration and an extra assay with 100x excess of  cold, unlabeled competitor probe. 

Interestingly, we found band shifts for 

256-200, 225-175 and 200-150, but 

no band shift was observed when using 

the 175-125 probe (Figure 1-2-3B). Yet, 

only the band shifts of  225-175 and 

the band shifts of  200-150 seemed to 

be due to a protein specifically binding 

to the probe, since the cold competitor 

was able to sequester most of  the bound 

protein (Figure 1-2-3B), suggesting that 

potential regulatory proteins bind to 

the DNA sequence between -225bp 

and – 150bp of  the start codon. This 

is in accordance with the work of  

Wöhrmann and colleagues, who found 

that the 50bp between -200bp and -

150bp upstream of  the start codon is 

required but not sufficient for MEA 

250 bp
MEA-ICR

225-175

buffer B
0 20 40 80 80

B B B B E E E E E
A A
+

* *

* *
* *

*
*

*

* * * *

- + - + - +
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---- +

-
B B C C D D
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BSA

A

B
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Figure 1-2-3. Band shi� assay of radio-
labeled fragments of the MEA-ICR with 
crude nuclear extracts from broccoli. (A) To 
test different binding buffers (see Table 1-
2-1), EMSA was performed using either the 
full-length 250bp MEA-ICR probe (lower le� 
panel, right panel) or the 225-175 probe. In 
the le� panels the amount of added protein 
extract was constant and only buffer and 
addi�on of BSA varied as indicated on top of 
the panels. In the right panel added amount 
of protein was increased along the gel and 
cold compe�tor was added as indicated, as 
well as the binding buffer used. (B) EMSA 
of the four different oligonucleo�des 
covering the regions of the MEA-ICR that 
are shown to be required for proper MEA 
expression. The oligonucleo�de assayed, 
the amount of protein and the addi�on of 
cold compe�tor probe is indicated on top 
of each panel. Binding buffer B was used 
for all assays. (C) EMSA of the full-length 
250bp MEA-ICR probe with or without 
the synthe�c polymer poly(dI-dC). The 
amount of protein, the addi�on of the cold 
compe�tor probe, and the addi�on of the 
synthe�c polymer poly(dI-dC) is indicated 
on top of each panel. Asterisks (*) indicate 
band shi�s; arrows indicate the posi�on of 
free, unbound probe. 
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expression (Wöhrmann et al., 2012).

However, when working with crude protein extracts it is absolutely indispensable to add the synthetic 

polymer poly(dI-dC), an alternating copolymer used as a DNA substrate, to the binding assays to prevent or 

reduce unspecifi c interactions of  proteins with the labeled probe. By doing so, we found that all band shifts 

disappeared (Figure 1-2-3C), indicating that it was rather unspecifi c DNA binding proteins that stuck to the 

radiolabeled probes. We, therefore, were not able to consistently produce specifi c band shifts and abandoned this 

approach.

Identifi cation of  Two Maternal Activator Candidates in the Maternal Activator Screen 

We screened a total of  2496 plants in two rounds after two independent EMS mutageneses. In the fi rst 

batch (batch #1) we identifi ed 18 candidates out of  889 screened M1 plants (~2%, Table 1-2-3 and Appendix 

A4.1). 14 candidates showed wild-type GUS staining (all seeds stained) in the M2 generation and were discarded, 

whereas two candidates (1-10V, 6-3V) did not show the expected phenotype after backcrossing, suggesting that 

the mutation is not transmittable via the pollen. Of  the two remaining candidates, one showed an unexpectedly 

strong hybrid vigor growth habitus phenotype after backcrossing and was not followed up (3-19H), whereas 

the other one showed a clear reduction in GUS staining frequency (1-17H = matA1, Figure 1-2-4A) in the M2 

generation. Any mutant candidate not activating the endogenous MEA gene should display reduced fertility since 

heterozygous mutant mea plants show a seed abortion frequency of  50%, and mutant seeds arrest at the heart stage 

(Grossniklaus et al., 1998). Yet, when assessing the seed set of  matA1, we found that the seeds abort at the ovule 

stage just after fertilization or before fertilization (infertile ovules, Figure 1-2-4B). The endogenous MEA gene and 

the MEA::GUS reporter are expressed in the mature female gametophyte and early seed only (Grossniklaus et al., 

1998, Wöhrmann et al., 2012). A mutant candidate that shows infertile ovules likely aborts female gametophyte 

development before MEA::GUS is expressed and is, therefore, likely a false positive. To test this hypothesis we cleared 

unfertilized ovules 3 days after emasculation and found that mutant ovules abort at the megaspore mother cell or 

the functional megaspore stage much before MEA::GUS expression (Figure 1-2-4C). In conclusion, we did not fi nd 

promising maternal activator candidates in the fi rst batch. We clearly underestimated the frequency of  female 

gametophyte development arrest after EMS mutagenesis and, consequently, the occurrence of  many false positives 

in this loss-of-function screen.

To reduce the retrieval 

of  false positive candidates, 

we adjusted the screening 

strategy for the second batch 

(batch #2): We fi rst screened, 

as before, for a reduced GUS 

staining frequency in young 

seeds and then assessed the 

seed set of  all previously 

identifi ed mutant candidates 

in a second step (see Figure 1-

2-2). We screened 1603 plants 

and identifi ed a total of  240 

primary mutant candidates 

displaying an aberrant GUS 

staining phenotype (15%, 

Table 1-2-3. Summary of iden� fi ed maternal ac� vator and paternal repressor candi-
dates. For a detailed list, see Appendix A4.
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Table 1-2-3 and Appendix A4.3-

A4.7). By assessing the seed 

set we could exclude 75% of  

all primary mutant candidates 

that showed either infertile 

ovules only, or a combination 

of  infertile ovules and aborted 

seeds after fertilization. Of  

the remaining 59 candidates, 

40 showed aborted seeds as 

we would expect for a mutant 

candidate that does not activate 

MEA, and 19 showed a wild-type 

seed set, including 2 candidates 

that showed ectopic MEA::GUS 

expression in the sporophyte. 

We decided to rescreen all 

40 candidates showing seed 

abortion, and all 17 candidates 

showing aberrant GUS staining 

frequencies but full fertility. We 

hypothesized that any candidate 

showing aborted seeds might be 

involved in the establishment 

of  MEA activation whereas any 

fully fertile candidate might be 

rather maintaining the active 

state of  MEA after fertilization. 

We rescreened all candidates either directly in the F1 of  the first backcross (BC1) or, if  the backcross was not 

available, in the M2 generation. We discarded all candidates, which now showed a normal, wild-type GUS 

staining pattern (n=33), which showed infertile ovules instead of  aborted seeds, or full seed set (n=24), and which 

displayed an unlinked GUS-staining and fertility phenotype (n=45, see Appendix A4.5 and A4.6). Rescreening 

resulted in three promising candidates displaying seed abortion and reduced GUS staining: maternal activator 15 

(matA15), matA18 and matA25 (Appendix A4.5 and A4.6). Unfortunately, we found in the BC2 population of  

matA15 (n=144) that the GUS phenotype and the fertility phenotype are not linked and, therefore, discarded this 

candidate. Interestingly, we could not recover a single candidate that showed a reduced GUS staining frequency 

in the seed but full fertility, suggesting that there is no maintaining activator among the population screened.

In the end, we identified two transmittable mutant candidates, which showed a reduction in reporter gene 

activation accompanied by late seed abortion: matA18 and matA25. 

MatA18 and MatA25 Display Reduced Reporter Expression and Seed Abortion

The two identified maternal activator candidates, matA18 and matA25, showed a similar phenotype in 

terms of  MEA::GUS reporter expression and fertility. We saw a clear reduction of  GUS positive seeds in both 

mutants (Figure 1-2-5A and 1-2-5C). In addition to the absolute reduction of  reporter expression, we found 

A
MR 118.3 - mutant

mutant 
ovule 

wild-type 
ovule 

CCEC/
SyC

FM/
MMC

MR 118.3 - mutant

MR 118.4 - wild type

B

C

Figure 1-2-4. Phenotype of Maternal Ac�vator 1 (matA1). (A) GUS staining 
phenotype of a mutant (le� panel, MR118.3) and a wild-type individual (right panel, 
MR118.4) in the M2 genera�on. GUS staining intensity and frequency are clearly 
reduced in the mutant individuals. (B) matA1 mutant individuals display a reduced 
seed set and infer�le ovules (black arrowheads). (C) Clearing of mutant and wild-
type ovules shows that the female gametophyte aborts during its development, 
namely at the megaspore mother cell (MMC) or func�onal megaspore (FM) stage. 
Wild-type ovules clearly display a fused central cell nucleus (CC) and an egg cell (EC) 
or synergid cell (SyC) nucleus. Black scale bar = 50 µm; white scale bar = 1 mm.
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seeds that displayed a differential staining pattern, where a fraction of  the seeds clearly and consistently showed 

weaker reporter expression than in a wild-type silique (Figure 1-2-5A and 1-2-5C). Although this is rather diffi cult 

to quantify, we tried to do so in three mutant individuals compared to three wild-type individuals in the BC5 of  

matA18: We found that ~85% of  all seeds in mutant siliques still expressed the GUS reporter (n=314), but that 84 

of  the 267 GUS positive seeds clearly expressed the GUS reporter at much weaker levels than wild-type seeds in 

the same silique (31%). Thus, a complete loss of  GUS expression in 15% of  the seeds and an additional 31% of  

seeds expressing the reporter at much weaker levels in heterozygous mutants, suggested either a polygenic mutant, 

a developmental timing effect, or a dosage effect. Yet, the mutation was readily transmitted to the next generation 

with male transmission frequencies of  51% (n=338) and 44% (n=322) for matA18 and matA25, respectively 

(Appendix A4.8 and A4.9). The female transmission effi ciency was only assessed for matA18 and was 73% 

(n=96, Appendix A4.8 and A4.9). The high transmission frequency of  both mutations suggests that the mutant 

is likely not of  polygenic origin or that the disrupted genes must be closely linked. In addition, the GUS staining 
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D

wild-type segregant

wild-type segregant

mutant segregant

mutant segregant

MR 255.22 (BC2)

MR 255.22 (BC2)

MR 255.26 (BC2)
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Figure 1-2-5. Phenotype of the maternal ac� vator candidates, matA18 and matA25. (A) and (C) GUS phenotype 
of matA18 (A) and of matA25 (C). Whereas in the wild-type individuals (MR255.26; MR260.9) all seeds express the 
GUS reporter, the mutant individuals of matA18 (MR255.22) and matA25 (MR 260.10) display a reduc� on of reporter 
expression, both in frequency and intensity. (B) and (D) Fer� lity phenotype of matA18 (B) and of matA25 (D). Wild-type 
individuals (MR255.26; MR260.9) are fully fer� le and show a full seed set with nicely developing embryos. Mutant 
individuals (MR255.22; MR 260.10) show plump and aborted seeds in both maternal ac� vator mutants. The mutant 
seeds abort around the globular embryo stage and the embryo shows abnormal cell division planes and ectopic cell 
divisions. Scale bar = 50 µm.
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pattern of  the other maternal activator candidate, matA25, was very similar although we did not quantify it. The 

probability to disrupt twice the same combination of  genes by chance is close to impossible, especially in a small 

screening population of  only 2500 M1 plants. Therefore, the differential staining phenotype likely arises due to a 

dosage effect of  the mutation or is impaired in developmental timing.

As mentioned before, we expected that non-activation of  MEA should result in mea-like fertility defects. 

In fact, we found that both mutants abort seed development around globular stage (Figure 1-2-5B and 1-2-5D). 

Interestingly, embryo patterning and cell division was impaired in both mutants. Microscopic analysis of  cleared 

seeds revealed wrong and chaotic embryonic cell division planes, including ectopic cell divisions in the suspensor 

and tumor-like outgrowth in the embryo proper (Figure 1-2-5B and 1-2-5D). In addition, we quantified the 

seed abortion frequency and found that 22.9% ± 2.4% of  the seeds in matA18 abort and that 22.4% ± 6.4% of  

the seeds in mat25 abort. A seed abortion frequency of  approximately 25% suggests a recessive nature of  the 

observed embryo lethality, which is rather unexpected. Yet, the mutant seeds abort much earlier than mea-mutant 

seeds (globular vs. late heart stage) suggesting that not only MEA is affected in our mutant candidates and that the 

seed abortion might be due to an epistatic effect. In contrast, the observed seed abortion frequency of  25% could 

also be due to the dosage-dependent activation of  MEA::GUS and probably of  the endogenous MEA leading to 

abortion of  the fraction of  the seeds, which are below a certain threshold of  MEA expression or, in which the 

activation of  MEA is outside of  the required developmental time frame. Lastly, we observed a small fraction of  

infertile ovules in mutant siliques, especially in matA25 (4.9%), which is either due to the causative mutation and, 

again, dependent on a dosage effect of  impaired MEA activation or due to additional EMS mutations or the 

genetic background. In fact, we did not observe infertile ovules in all mutant individuals (~40%, n=67) hinting 

rather at an unlinked background mutation. 

In summary, we identified two maternal activator candidates, matA18 and matA25. Both candidates 

show a reduction in MEA::GUS reporter expression in the seed, both quantitative and qualitative, and a quarter 

of  the seeds abort in heterozygous mutants, suggesting an embryo-lethal mutant effect on seed development or a 

dosage-dependent effect. We aimed at mapping the mutations using our recently developed SRM approach (see 

Chapter 1.3; Lindner et al., 2012).

Mapping of  MatA18 and MatA25 by SRM Reveals a Highly Variable Genetic Background

SRM is based on the distinct segregation ratio of  the causative (and linked) SNP from that of  unlinked 

SNPs: After backcrossing twice to the non-mutagenized parent, any unlinked, EMS-induced SNP is diluted and, 

thus, segregates 1:3 in a pool of  individuals. By selecting only mutant individuals in the BC2, the causative SNP 

is enriched such that it segregates 1:1 in a pool of  mutant BC2 individuals (see Chapter 1.3; Lindner et al., 2012). 

Hence, we phenotyped a BC2 population of  matA18 and matA25 (n=222 and n=215, respectively), extracted 

DNA of  all mutant individuals and pooled the genomic DNA of  49 mutant matA18 individuals and 69 mutant 

matA25 individuals after DNA extraction in an equimolar fashion. At the same time we isolated DNA from 

the unmutagenized parental line for resequencing (250pMEA::GUS, FUK, dme4/DME wild-type segregant) to 

distinguish EMS-induced SNPs and polymorphisms due to the genetic background. 

For resequencing of  the parental and unmutagenized 250pMEA::GUS line, we prepared three independent 

samples: We sequenced twice a pool of  three individuals (250MEA-1 and 250MEA-2) and we sequenced once 

a single individual (250MEA-3). Not surprisingly, we called many SNPs when mapping the reads to the Col-

0 reference genome. Yet, depending on the parental sample we found different numbers of  SNPs: In the two 

samples where we pooled 3 individuals, we found 349’350 SNPs and 151’283 SNPs in 250MEA-1 and 250MEA-

2, respectively (Table 1-2-4). In addition, many of  the SNPs were heterozygous, which was very unexpected in 

a theoretically clean and inbred ecotype. Furthermore, in the sample, which consisted of  a single individual 
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only (250MEA-3), but was sequenced together with the pooled 250MEA-2, we called only two thirds of  the 

SNPs (n= 99’567) when compared to the 250MEA-2 sample (n=151’283, Table 1-2-4). This suggests, that the 

individuals differ between each other, which again was not expected in an inbred parental line. Nevertheless, 

we then mapped all 250MEA samples against a Col-0 reference genome that was corrected in silico for C24 

polymorphisms by incorporation of  the mapped and annotated C24 SNPs of  the 1001 genome project (C24_

1001; www.1001genomes.org). Here, we found less SNPs, but still 192’478, 77’037, and 49’893 in 250MEA-1, 

250MEA-2 and 250MEA-3, respectively, suggesting that the accession used in this study dramatically differs from 

the published C24 accession (Table 1-2-4). Lastly, we incorporated all newly identifi ed SNPs of  the resequencing 

runs into the Col-0 reference genome to create the 250pMEA::GUS reference genome in silico and to map the 

reads of  the mutant candidates against the new and adapted reference genome (C24_FGCZ_v1). To control the 

quality of  our newly created 250pMEA::GUS reference genome, we again mapped the 250MEA-1 sample against 

it: Regardless, we still found many SNPs (n= 57’819), especially many heterozygous SNPs (n= 26’232) when 

we used the corrected 250pMEA::GUS reference genome (C24_FGCZ_v1) and whether we incorporated small 

INDELS (-3bp until +10bp; C24_FGCZ_v2) or not (Table 1-2-4). 

Table 1-2-4. Overview table of called SNPs of the parental and the mutant lines mapped against diff erent reference 
genomes. 250MEA_1 and 250MEA_2 are two independently pooled (n=3), unmutagenized parental line samples 
(250pMEA::GUS). 250MEA_3 corresponds to a single individual of the unmutagenized parental line (250pMEA::GUS). 
matA18 and matA25 are the two mutant lines. Col-0 corresponds to the fully annotated and published reference 
genome (TAIR10, www.arabidopsis.org), C24 (1001) is the Col-0 genome with the incorporated SNPs of C24 as published 
on www.1001genomes.org, C24_FGCZ_v1 is the Col-0 genome with the incorporated SNPs that were called from the 
resequencing run of the parental line, and C24_FGCZ_v2 is C24_FGCZ_v1 plus all iden� fi ed INDELs incorporated. 
Shown in the table are the called SNPs in total, the homozygous and the heterozygous SNPs and the called INDELs of 
-3bp to +10bp. n.d. not done. Numbers in italic are approximate.
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Nevertheless, we sequenced and mapped the mutant candidate matA18 to the corrected 250pMEA::

GUS reference genome (C24_FGCZ_v1) and identified more than 106’000 homozygous SNPs and over 32’000 

heterozygous SNPs (see Table 1-2-4). In fact, we expected a small number of  EMS-induced, heterozygous SNPs 

in the mutagenized line plus many homozygous, ecotype-specific SNPs that should be masked when mapping 

against a corrected reference genome on the basis of  the resequenced and unmutagenized parental line. At the 

same time of  sequencing matA18, we sequenced and mapped a different EMS-induced mutant candidate gene, 

turan (tun), in Col-0 using SRM (see Chapter 1.3; Lindner et al., 2012). We found 521 homozygous SNPs (likely 

lab-strain variation polymorphisms) and 1816 heterozygous SNPs, which are likely induced by the applied EMS 

mutagenesis (see Chapter 1.3; Lindner et al., 2012). The conservatively estimated mutation frequency per locus 

per diploid cell and per dose is 3.7 ± 0.5 * 10-6 per 10mM EMS (Koornneef  et al., 1982). Since we use ~20-30mM 

EMS per mutagenesis, we would expect ~1000 to 1500 EMS induced SNPs in a mutant line, a number that is 

consistent with what we observed when mapping tun by SRM. Yet, for matA18, we observed a very high number 

of  polymorphisms: After mapping the matA18 reads against the corrected C24_FGCZ_v1, we found 20 times 

more heterozygous SNPs than in the tun mutant. In addition, there were inconsistencies when comparing the 

three independent samples of  the resequenced parental line.

Therefore, we investigated the origin of  our line and its genetic background. We found that the original  

line designated as C24, which we used to transform the 250pMEA::GUS reporter, was a wild-type segregant of  

a dme-4/DME population (Guitton et al., 2004). The dme-4 mutation was isolated from a forward genetic screen 

after gamma-ray irradiation, a procedure known to induce many large and small INDELs and point mutations 

(Wu et al., 2005). In addition, all mutant lines were backcrossed only four times (Guitton et al., 2004), which is not 

sufficient to remove all unlinked SNPs, explaining some of  the segregating heterozygous SNPs in the sequenced 

lines. Given that gamma-ray irradiation causes much fewer lesion than EMS however, we do not understand 

where the larger number of  SNPs stems from. Lastly, wild-type segregants of  epigenetic mutants may have an 

altered epigenetic landscape that might be maintained even after the mutant allele was segregated away. Thus, 

working with wild-type segregants of  an epigenetic mutant like dme-4, when studying a process like genomic 

imprinting that is epigenetically regulated in angiosperms and mammals, bears some intrinsic difficulties and 

should be omitted. Due the highly distinct genetic background of  the C24 strain used in this study compared 

to the published C24, we decided to rename this ecotype: The time of  the discovery that we are working in a 

heterogenous genetic background, which was previously gamma-ray irradiated, coincided with the meltdown 

of  the nuclear reactor in Fukushima, Japan, in spring 2010 and, therefore, prompted us to call the background 

henceforth FUKUSHIMA (FUK). 

As a last and rather desperate approach, we tried to simultaneously sequence and map both maternal 

activator lines, matA18 and matA25, to the fully annotated, high quality reference genome Col-0 (TAIR 10). This 

parallel approach would allow to subtract common variants and could result in a list of  unique, EMS-induced 

SNPs per mutant candidate if  the genetic background is homogenous (Zuryn et al., 2010). We identified 351’609 

SNPs that are common to both mutant candidates, but still identified 80’441 unique SNPs (61’214 homozygous 

SNPs and 19’227 heterozygous SNPs) in matA18 and 55’681 unique SNPs (40’093 homozygous SNPs and 15’588 

heterozygous SNPs) in matA25. The identification of  almost 20’000 unique heterozygous SNPs in matA18 and 

more than 15’000 unique heterozygous SNPs in matA25 are an order of  magnitude more than we expected from 

the literature (Koorneeff  et al., 1982) and from what we found when applying SRM on the mutants of  Lindner 

and colleagues (see Chapter 1.3; Lindner et al., 2012; Lindner, Grossniklaus, unpublished). Furthermore, the 

presence of  approximately 60’000 and 40’000 unique homozygous SNPs further indicated that the parental 

line was far from being inbred and being genetically homogenous. In addition the mean read coverage of  the 

heterozygous SNPs is only 31x and 19x for matA18 and matA25, respectively, making SRM, which required a 
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minimal coverage of  50x, very difficult. The low coverage is likely caused by the high degree of  polymorphisms 

between reads and reference genome, reducing mapping efficiency and, thus, coverage. All together, there are 

still many polymorphisms segregating in the genetic background of  the FUK accession, making the mapping of  

our mutant candidates by SRM impossible. We do not know whether the variable genetic background of  our line 

is due to the gamma-ray irradiation, the insufficient rounds of  backcrosses after irradiation, the fact that we deal 

with a wild-type segregant of  an epigenetic mutant, or a combination of  all. 

Finally, we decided to backcross the two maternal activator lines at least five times to Col-0 to create near-

isogenic lines (NILs). Five backcrosses should statistically lead to 96.875% pure Col-0 sequence and 3.125% of  

residual FUK sequence at and around the causative SNP. We just obtained the F1 seeds of  the 5th backcross and 

could confirm the phenotype in all generations suggesting that the mutant phenotype is due to an EMS-induced 

mutation and not due to a combinatorial, polygenic effect of  the FUK background. We aim to resequence the 

maternal activator NILs to quickly pinpoint the region of  the mutation.

Taken together, we were not able to map the maternal activator candidates, matA18 and matA25, by 

SRM. The genetic background of  the mutagenized 250pMEA::GUS line was affected by a prior gamma-ray 

irradiation and subsequently not sufficiently backcrossed, creating segregating SNPs and strong differences on 

the genome level between different individuals of  the same population. In addition, the line was transformed into 

a wild-type segregant of  a dme-4 mutant population, a mutation known to affect the epigenetic landscape and, 

thus, potentially genomic imprinting in plants even after being segregated away. Naturally, we stopped the screen 

at that point and only continued to create the NILs and, eventually, would like to try mapping these promising 

candidates again.

Identification of  Two Paternal Repressor Candidates, PatR2 and PatR9

To screen for paternal repressor candidates we crossed M1 pollen to male-sterile mother plants supposedly 

not carrying any GUS reporter genes and analyzed the F1 seeds for derepressed reporter expression (Figure 1-2-

2). Usually, the 250pMEA::GUS line is paternally silent throughout seed development (Wöhrmann et al., 2012). 

If  we disrupt any paternal repressor acting in the male gametophyte before fertilization we expect to observe 

ectopic, paternal 250pMEA::GUS expression in the endosperm or the embryo. 

We performed the paternal repressor screen by screening batch #1 only and identified 17 primary 

candidates. We followed up on the three candidates that derepress the paternally silent reporter gene the most: 

paternal repressor 2 (patR2 = 2-20H), patR8 (8-13V), and patR9 (9-8H, Appendix A4.2). We crossed the M1 

generation to dde2-3 (Ler) male-sterile mother plants and found an additional ectopic staining at the micropylar 

end, which was independent on the paternal genotype (Figure 1-2-6C). Thus, we decided to assess the derepression 

phenotype in the following generations on different mother plants, such as emasculated wild-type FUK segregants 

of  a dme-4/DME population or dde2-2 (Col-0) mother plants that do not show any additional GUS signals. In 

the BC1 generation we found derepressed GUS expression in 30-50% of  the resulting seeds in all three paternal 

repressor candidates (Appendix A4.2). In contrast to patR2 and patR9, where the paternal derepression of  

the usually silent 250pMEA::GUS line was easy to score and clearly visible (Figure 1-2-6A and 1-2-6B), this was 

not case for patR8: The derepressed GUS reporter was expressed at too low levels for consistent scoring and, 

therefore, we did not follow up the patR8 candidate any further. Although the paternal GUS signal of  patR2 

and patR9 was clear and easily visible, the frequency of  mutant individuals per population, the proportion of  

stained seeds per silique, and the intensity of  derepression were varying a lot between the generations (Appendix 

A4.2). To test whether different lines used as mothers have an effect on imprinted expression of  the 250pMEA::

GUS reporter gene, we crossed non-mutagenized 250pMEA::GUS reporter line pollen to different mother plants, 

including Col-0, dde2-2 (Col-0), FUK (wild-type segregants of  dme-4/DME a.k.a. C24), and C24 (NASC, a newly 
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ordered C24 line from the NASC stock center). As expected, we hardly found any GUS signal when the reporter 

was crossed to Col-0 and dde2-2 (Col-0), suggesting that the reporter remains imprinted in those genetic contexts 

(Figure 1-2-6D). Yet, when we crossed the non-mutagenized reporter line to FUK wild-type segregants we found 

expression of  the reporter line (~16%), which we did not fi nd when using stock-center-derived C24 mother plants 

(Figure 1-2-6D). This suggests that either the genetic (due to heavy gamma-ray irradiation) or the epigenetic 

landscape (due to the former presence of  the dme-4 mutation) of  the FUK wild-type segregants is altered and 

infl uences the expression of  the 250pMEA::GUS reporter. Likely, the paternal derepression phenotype of  patR2 

and patR9 relies solely on the genetic or epigenetic background of  the original line. We might not have pulled out 

original, monogenic candidates, but rather combinatorial, polygenic traits in the FUK background. Therefore, 

we decided not to continue with the paternal repressor candidates. Especially in the light of  the sequencing results 

(see above) with thousands of  SNPs that sometimes even segregate between siblings, we did not trust anymore our 

paternal repressor candidates and decided to abandon the paternal repressor screen. If, at all, we either propose 

to start the screen all over again, or to cross out the paternal repressors to Col-0 plants to create NILs as we did 

for the maternal activator candidates.

Figure 1-2-6. Phenotype of the paternal repressor candidates, patR2 and patR9. (A) and (B) If the seed inherited a 
wild-type genome from the pollen (le�  panel) no reporter expression can be detected, but when a mutant paternal 
genome was inherited, a MEA-like GUS signal is clearly visible in both paternal repressor candidates, patR2 (A) and 
patR9 (B). (C) The micropylar GUS signal of dde2-3 is visible independently of the paternal genotype. If inheri� ng 
pollen devoid of any GUS reporter gene (Ler), the micropyle is stained. The staining likely derives from the gene 
trap construct that disrupts the DDE2 gene in Ler (GT27). (D) Paternal 250pMEA::GUS expression in diff erent 
maternal backgrounds. Whereas the reporter is clearly imprinted and silent in Col-0 and dde2-2 (Col-0) mothers, the 
reporter is expressed in 15% of all seeds in C24 (FUK) mothers but in less than 5% of all seeds in C24 (NASC stock 
center ecotype). The genotype of the cross is indicated above or below each panel; sample size is indicated where 
appropriate (n=); scale bar = 50 µm.
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DISCUSSION

To identify novel regulators of  imprinted MEA expression we attempted (i) a biochemical screen (EMSA) 

and (ii) a forward genetic screen: The biochemical screen was quickly abandoned, since there are too many 

uncontrollable aspects to this assay. We worked with crude nuclear extracts, surely having a high abundance of  

DNA-binding proteins that might mask a specific interaction. Yet, fractionation or other enrichment techniques 

of  the crude extract might have helped to enhance specific interactions. Furthermore, we used crude nuclear 

extracts of  B. oleracea var. italica and not of  Arabidopsis, which itself  might be suboptimal. First, we cannot predict 

whether a potential regulatory protein of  B. oleracea var. italica would indeed bind to the Arabidopsis cis elements. 

Second, we do not know whether MEA is imprinted in B. oleracea var. italica, and third, if  it is imprinted, it might 

not be controlled by the same regulators in trans and/or the same elements in cis. In addition, EMSA is a very 

sensitive assay, which produces rather variable results depending on the binding buffers used, the amount of  the 

synthetic polymer poly(dI-dC) added, and the way the proteins are isolated, fractionated or enriched. Lastly, we 

could not estimate whether isolation of  a specific interaction was possible and sufficient, in terms of  amount and 

specificity for mass spectrometry analysis. We thus decided to focus on the genetic approach and abandon the 

biochemical screen.

The forward genetic screen for novel regulators of  imprinted MEA expression yielded in two maternal 

activator candidates, matA18 and matA25, both of  which display reduced reporter expression in the seed and 

abort seeds at the globular stage. We tried to map the causative mutation using SRM, a method relying on whole-

genome resequencing and the distinct segregation ratio of  linked and unlinked SNPs in a pool of  BC2 mutant 

individuals. However, we identified way too many SNPs, homozygous and heterozygous, to map the loci using 

SRM. In addition, the resequencing of  the parental line, which was done to create a decent reference genome of  

our parental background, revealed inconsistencies between different samples of  the same line, many INDELS, 

and, strangely, a huge population of  segregating, heterozygous SNPs that should not be present in an inbred 

and unmutagenized parental line. We discovered that the original C24 line used for transformation with the 

250pMEA::GUS reporter construct was a wild-type segregant of  a mutant dme-4/DME population. In addition to 

potential hazardous effects on studying imprinting regulation in a wild-type segregant of  an epigenetic mutant, 

the dme-4 mutation was identified in a screen following mutagenesis by gamma-ray irradiation. Lastly, the mutants 

were crossed back only four times, an insufficient number to remove all background polymorphisms. 

Nevertheless, even if  the history of  this line explains some of  the identified variability and polymorphism, 

a single mutagenesis event cannot account for more the 100’000 SNPs, in particular after gamma-ray irradiation 

, which causes fewer lesions than EMS. A further possibility is that the mutant candidates are impaired in DNA 

repair mechanisms and display a MUTATOR-like behavior (Lisch, 2002). Yet, if  this would be the case, we 

would (i) find much less SNPs in the parental line and (ii) observe accumulating mutant phenotypes over time and 

generations after inbreeding. However, in this background, we were not able to map the mutation. In addition, we 

could not know whether the identified maternal activator candidates are really based on the disruption of  a single 

gene by EMS mutagenesis or whether they are rather dependent on the FUK background. Crossing out matA18 

and matA25 to Col-0 at least showed that the mutation is transmittable at relatively high rates, indicating that 

indeed a single locus is responsible for the phenotype. In future, we will try to map and clone the genes in the F1 

of  the 5th backcross to Col-0, likely by whole genome resequencing to quickly pinpoint the polymorphic region 

and then identify the causative SNP by various filtering strategies (see below).

The two identified paternal repressor candidates, patR2 and patR9, consistently derepress the paternal 

250pMEA::GUS reporter gene when crossed as fathers. Yet, the frequency, the intensity and the transmission of  

the mutant allele varied tremendously between different generations of  the same paternal repressor candidate. 
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Furthermore, the imprinted status of  the 250pMEA::GUS reporter line was partly lost when crossed to FUK wild-

type mother plants, suggesting that some processes do not function properly in the FUK accession. Regarding 

the unexplainable accumulation of  polymorphisms in the FUK accession, together with the inconsistencies 

concerning reporter gene derepression between generations and the loss of  the imprinted status of  the 250pMEA::

GUS reporter on FUK wild-type mother plants, we attributed the phenotype of  the paternal repressor candidates 

rather to its FUK background than to a monogenic, EMS-induced mutation.

Nonetheless, we identified many additional maternal activator candidates that bear some potential to be 

interesting and that we did not follow up in the scope of  this thesis. For instance in the group of  maternal activator 

candidates showing both, seed abortion and infertile ovules, we probably wrongly declared some candidates as false 

positives. The infertile ovules could arise from secondary mutations not linked to the mutant effect on 250pMEA::

GUS reporter expression and could be segregated away. In addition, there might be false negative candidates that 

show infertile ovules only. We did not clear the ovules and assess the stage of  abortion and, therefore, we can 

speculate that we would find candidates with mature, aborted ovules, or very young seeds just after fertilization. 

Lastly, there are four additional candidates that showed interesting phenotypes, but were not followed up: First, 

we identified two mutant candidates that lost tissue specificity of  the 250pMEA::GUS reporter and showed strong 

staining in the seed coat (10-13H and 15-4V, Appendix A4.7). In these two candidates, either a sporophytic 

repressor was mutated, which is rather unlikely, since in the M1 generation all mutations are heterozygous and, 

therefore, recessive traits would not be noticed, or we mutated a cis element in the reporter construct. Second, 

there were two additional maternal activator candidates confirmed in the M2 generation. Both showed reduced 

GUS staining frequency in the seed, but candidate 24-7V has a full seed set indicating that a factor involved in 

maintaining expression of  MEA or the reporter gene itself  could be affected, whereas candidate 24-13V shows 

aborted seeds and infertile ovules like matA25 (Appendix A4.5 and A4.6). Both candidates were confirmed only 

in the M2 generation, but the BC1 generation is available.

Although speculating about the possible function of  the maternal activator genes is of  no avail yet, we 

would like to stress the presence of  five DNA BINDING WITH ONE FINGER (DOF)-binding sites within 

the MEA-ICR (Chapter 1.1; Wöhrmann et al., 2012). DOFs are DNA-binding proteins containing a C2C2-

type Zinc-finger-like motif  and there are 37 putative DOF transcription factors in the Arabidopsis genome that 

regulate diverse biological processes like defense or seed germination (Yanagisawa, 2002 and references therein). 

Of  course DNA-binding transcription factors like DOFs could activate MEA by binding to the MEA-ICR and 

are, therefore, eligible candidates. Nevertheless, we are not even close to map the maternal activator candidates, 

making the presence of  the DOF binding sites our only hint towards the functional nature of  the maternal 

activator but remains purely speculative.

In conclusion, we tried to identify novel regulators of  imprinted MEA expression biochemically and 

genetically. EMSA bears too many intrinsic problems, such as unspecific binding or binding buffer composition, 

and we quickly abandoned this approach. Yet, if  protein extracts of  slightly higher quality (eg. fractionated) and 

if  the right tissue and stage are used, and smaller and more specific DNA elements probed, this method might 

proof  useful in future. The forward genetic screen produced promising mutant candidates. Unfortunately, we 

did not realize the problems with the genetic background of  the 250pMEA::GUS line early enough, and found 

a tremendous excess of  polymorphisms. This made mapping by SRM impossible. Currently, we prepare NIL 

populations of  two maternal activator candidates in order to attempt mapping of  the causative genes again.
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FUTURE DIRECTIONS

With the availability of  matA18 and matA25 as NILs in a Col-0 background, the mapping of  the two 

mutant alleles should be tried again. We propose to resequence the NIL genome at relatively low coverage to 

make it affordable, map it to the Col-0 reference genome and identify the region with many SNPs. In the region 

around the causative SNP, there should be thousands of  heterozygous SNPs that derive from the remaining FUK 

background due to a low chance of  recombination events close to the causative SNP. However, with the SNP 

list at hand, it is possible to sort the SNPs for exonic, non-synonymous SNPs in first place, and in a second step, 

sort the SNPs for the usual G/C to A/T transition induced by EMS (Sega, 1984). This would reduce the list of  

candidate SNPs tremendously (see Chapter 1.3; Lindner et al., 2012). In addition, all causative mutations identified 

by Lindner and colleagues produced a premature stop codon (Lindner, Grossniklaus, unpublished). Therefore, 

filtering for stop codons might be a further benefit. Finally, the best candidates could be found according to the 

predicted function and when taking available gene expression data into account. 

In addition to a pure genetic approach, a molecular Yeast-1-Hybrid screen would be a further possibility 

to find proteins that interact with the MEA-ICR. Obviously, a bait construct that is not self-activating and that 

has  a few repeats of  the MEA-ICR upstream of  a selection gene is indispensible and needs to be cloned. In 

addition, a decent screening library needs to be produced. We propose to use either whole inflorescences, young 

flower buds, or even the apetela1 (ap1) cauliflower (cal) double mutants carrying an inducible AP1 rescue construct  

(Wellmer et al., 2006). ap1 cal double mutant plants arrest (temporarily) flower formation and overproliferate 

inflorescence-like meristems (Wellmer et al., 2006). Upon induction of  AP1, these plants simultaneously produce 

massive amounts of  floral buds, the stage where MEA activation takes place (Wellmer et al., 2006; Grossniklaus 

et al., 1998). Therefore, using this system would facilitate the collection and generation of  the required tissue at 

the required stage. In fact, this system would not only be suitable to produce a Y1H screening library, but also to 

extract proteins for any further EMSA attempts.

Lastly, the identification of  the key sequence within the MEA-ICR is of  great interest and would facilitate 

the construction of  a bait construct for Y1H assays and potentially simplify further biochemical attempts to find 

interacting partners by applying EMSA. A linker scanning mutagenesis technique (McKnight and Kingsbury, 

1982), where specific sequences within the MEA-ICR are replaced by different sequences of  the same length, was 

initiated in our laboratory. This approach will hopefully pinpoint the (short) imprinting control element (ICE) 

within the MEA-ICR.
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forward gene�c screens aimed at iden�fying (i) regulators of imprinted MEA expression 

(see Chapter 1.2), and (ii) addi�onal members of the FERONIA (FER) signaling pathway 
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not able to map the maternal ac�vator candidates, likely due to the FUK background 

(Chapter 1.2). We published the successful mapping of TURAN (TUN), a puta�ve UDP-

glycosyltransferase superfamily protein involved in pollen tube recep�on. Therefore, HL 

is men�oned first in the author list. Supplemental informa�on to this publica�on can be 

found in Appendix A5.



97SNP Ra�o Mapping

NOTE

SNP-Ratio Mapping (SRM): Identifying Lethal Alleles
and Mutations in Complex Genetic Backgrounds

by Next-Generation Sequencing
Heike Lindner,*,1 Michael T. Raissig,*,1 Christian Sailer,* Hiroko Shimosato-Asano,*,2 Rémy Bruggmann,†,‡

and Ueli Grossniklaus*,3

*Institute of Plant Biology and Zürich-Basel Plant Science Center, University of Zürich, CH-8008 Zürich, Switzerland, †Functional
Genomics Center Zürich of the Eidgenössische Technische Hochschule and University of Zürich, CH-8057 Zürich, Switzerland, and

‡Interfacultary Bioinformatics Support, Department of Biology, University of Bern, CH-3012 Bern, Switzerland

ABSTRACTWe present a generally applicable method allowing rapid identification of causal alleles in mutagenized genomes by next-
generation sequencing. Currently used approaches rely on recovering homozygotes or extensive backcrossing. In contrast, SNP-ratio
mapping allows rapid cloning of lethal and/or poorly transmitted mutations and second-site modifiers, which are often in complex
genetic/transgenic backgrounds.

FORWARD genetic screens are powerful in uncovering
novel gene functions in genetic model organisms. While

some mutant screens can be quick to perform, the identifi-
cation of the causative mutation by map-based cloning is
extremely labor-intensive. Large F2 mapping populations
of .1000 mutant individuals are required (Lukowitz et al.
2000; Jander et al. 2002) to fine-map a chromosomal region
harboring a causative mutation. This number of mutant in-
dividuals can be difficult to obtain, especially when working
with phenotypic traits that (i) are difficult to score, (ii) are
weakly transmitted, or (iii) are in organisms that are hard to
propagate. The recent development of next-generation se-
quencing (NGS) platforms has made sequencing of whole
genomes quick and affordable. One application of NGS is to
replace map-based cloning by the sequencing of mutagenized
genomes to quickly identify causative mutations, a method
successfully applied in many model organisms (Sarin et al.
2008; Smith et al. 2008; Srivatsan et al. 2008; Blumenstiel
et al. 2009; Irvine et al. 2009; Schneeberger et al. 2009;

Zuryn et al. 2010; Austin et al. 2011). However, current
methods depend on identifying homozygous mutant indi-
viduals in an F2 mapping population after outcrossing
(Schneeberger et al. 2009; Austin et al. 2011) or require
several rounds of backcrossing (Zuryn et al. 2010), a time-
consuming requirement not easily met in organisms with
long generation times.

Here, we describe a generally applicable method, SNP-
ratio mapping (SRM), which allows the rapid identification
of lethal and/or poorly transmitted mutations and second-
site modifiers by NGS. It is based on the distinct segregation
ratio of the causative (and linked) single-nucleotide poly-
morphism(s) (SNPs) from that of unlinked SNPs. SRM
allows the mapping of lethal mutations after only two
rounds of backcrossing via NGS. After backcrossing twice
to the non-mutagenized parent, any unlinked SNP created
by ethyl methanesulfonate (EMS) mutagenesis segregates
1:3 in a pool of individuals. By selecting only mutant individuals
in the F1 generation of the second backcross (BC2), the causa-
tive SNP is enriched and segregates 1:1 in a pool of mutant BC2
individuals (Figure 1). Thus, calculating the SNP/non-SNP seg-
regation ratio allows the quick identification of the causative
mutation. The method is applicable to any model organism and
mutagen causing mostly point mutations or small indels. SRM
is the method of choice when working with (i) lethal mutations,
(ii) hard-to-score phenotypes, (iii) mutations with low trans-
mission, and (iv) second-site modifiers in complex genetic/
transgenic backgrounds. Here, we demonstrate the power of
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SRM by cloning a gametophyte lethal mutation in Arabidop-
sis thaliana, for which the recovery of homozygotes is not
possible.

As proof of principle, we aimed to map the gene affected
in a pollen-tube reception mutant obtained from a forward
genetic screen using EMS-treated seeds of A. thaliana (Col-0
accession, Supporting Information, File S1). The turan-1
(tun-1) mutant disrupts cell–cell communication between
male and female gametophytes, which is indispensable for
fertilization. In flowering plants, the gametes are produced
by the haploid, multicellular gametophytes. The male game-
tophyte (pollen tube) delivers two sperm cells to the female
gametophyte (embryo sac), harboring two female gametes.
Fertilization of the egg and central cell forms the embryo
and the endosperm, respectively. In heterozygous tun-1
mutants, 12% (n = 1318 ovules) of the embryo sacs remain
unfertilized, compared to only 1.5% (n = 1389 ovules) in
the wild-type control. In tun-1 mutants, the pollen tube fails
to stop growing inside the female gametophyte and does not
rupture to release the sperm cells, which leads to a pollen-
tube overgrowth phenotype revealed by aniline-blue stain-
ing of callose in the pollen tube’s cell wall (Figure 2 and File
S1). Due to impaired fertilization and an additional effect of
the mutant in the pollen, the transmission of the mutation is
highly reduced, and homozygous individuals cannot be re-
covered. Thus, recently published methods for mutant allele
identification by NGS (Schneeberger et al. 2009; Austin
et al. 2011) are not applicable to mapping this gametophyte
lethal mutation.

To identify the TUN gene by SRM, heterozygous mutants
were crossed back twice to the wild-type Col-0 parent. By
selecting only mutant individuals in the F1 generation of the
BC2, the causative SNP is enriched and segregates 1:1 in
a pool of mutant BC2 individuals, whereas any unlinked
SNP segregates 1:3 (Figure 1). We simulated a binomial
distribution for a 1:1 and a 1:3 segregation to determine
the optimal sample size and calculated that a 50-fold se-
quence coverage of the Arabidopsis genome was sufficient
to distinguish a SNP segregating 1:1 from a SNP segregating
1:3 (P , 0.05, Table S1). Genomic DNA from 53 F1 individ-
uals of the BC2 generation that displayed the mutant phe-
notype was pooled for sequencing (File S1). A sequencing
library was prepared (File S1) and sequenced on the SOLiD
4 platform, as this method provides an incomparable se-
quencing accuracy optimal for SNP detection. Reads were
mapped to the A. thaliana genome assembly and SNPs were
called and analyzed (File S1).

We identified 2337 SNPs, of which 521 were homozy-
gous and 1816 were heterozygous with an average sequence
coverage of 57 reads (Table S2 and Table S3). The homo-
zygous SNPs were likely due to discrepancies between our
lab strain of Col-0 and the published sequence. The homo-
zygous SNPs were discarded, since all relevant SNPs should
only be heterozygous (Figure 1). Before plotting the SNP/
non-SNP ratios of the heterozygous SNPs, we filtered any
SNPs that showed very low or high coverage. Low-coverage

SNPs could exhibit a misleading ratio due to small sample
size, while very high coverage (.2· average coverage) SNPs
often mapped to repetitive and/or transposable element
sequences, where mapping quality is usually poor (Figure
S1). Thus, we filtered out the lowest (, 19·) and the high-
est (. 103·) 10% quantiles, leaving 80% of the original
data set. The SNP/non-SNP ratio of the remaining 1468
heterozygous SNPs was calculated and plotted against their
chromosomal position (Figure 3). Any unlinked SNP should
have a SNP/non-SNP ratio of � 0.25, whereas a causative
SNP is expected to segregate 1:1, i.e., producing a SNP/non-
SNP ratio of 0.5. Furthermore, the SNPs surrounding the
causative mutation should have segregation ratios . 0.25
since they have been coselected and thus cosegregate due to
genetic linkage. Using this method, the causative SNP can be
easily identified on the basis of the criteria that it must have
a segregation ratio of � 0.5, while the flanking, noncausa-
tive SNPs should cosegregate and display a ratio between
0.25 and 0.5, depending on the genetic/physical distance.
The closer the flanking SNPs are, the higher this ratio will
be. On the segregation ratio plot, this results in a rounded,
rather flat curve, which can be visually identified without
further statistical analyses (Figure 3A, red shading). Non-
causative SNPs with a segregation ratio of 0.5 are likely to
be surrounded by SNPs with low segregation ratios, leading
to sharp drops in the SNP/non-SNP ratios of nearby SNPs
(Figure 3). In our analysis of the tun-1 mutant, the only
rounded peak was present in the upper arm of chromosome
I (Figure 3A, red shading).

Although the causative SNP could easily be identified in our
experiment, we did not want to rely on a visual identification
of the rounded peak. Thus, we developed a statistical test
based on the expected recombination rate of neighboring
SNPs as a function of the genetic distance between the SNPs.
For each SNP following the 1:1 binomial distribution (n =
118, coverage $ 50), we calculated the expected pattern of
cosegregation with the two neighboring SNPs on each side
by using the expected recombination rate according to the
mean genetic distance of 1 cM/357,042 bp (File S1 and File
S2). Using a x2 goodness-of-fit test, 108 of 118 1:1 class
SNPs did not lie in a linkage group (5 neighboring SNPs)
that fit the expected pattern of cosegregation and therefore
were discarded. Of the 10 remaining candidate SNPs, 8 re-
side in recombination-deficient centromeric regions. This is
probably due to intrinsic problems in mapping reads to the
highly repetitive centromeric sequences, leading to a high SNP
density with unusual segregation ratios. Moreover, these eight
linkage groups encompass 0.013 cM or less (Table S4), and
the probability that 5 random SNPs lie in such close prox-
imity is P = 1.4 · 1028 (Poisson distribution, l = 0.071,
k = 5). Thus, any 5 SNPs that are in such close vicinity are
likely of artificial nature due to mapping errors and should
not be considered. In contrast, the linkage groups of the two
remaining noncentromeric SNPs cover a genetic distance of
4.7 cM (ratio = 0.49) and 6.8 cM (ratio = 0.44), respec-
tively. Both SNPs lie in the rounded peak that we visually

1382 H. Lindner et al.
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Figure 1 SRM scheme. An EMS-treated mutant (red plant) harboring several EMS-induced SNPs throughout the genome is backcrossed to an
unmutagenized wild-type parent (green plant) of the same accession. The first backcross eliminates half of the SNPs. The F1 generation is phenotyped,
and a single mutant individual (red plant, BC1) is backcrossed. The F1 of the second backcross (BC2) is phenotyped, and genomic DNA of 25–50 mutant
individuals is extracted and pooled. The causative SNP (red circle) is present in every mutant individual in a heterozygous state and thus segregates 1:1 in
a pool of mutant individuals. Unlinked SNPs (green square) are not selected and thus segregate 1:3. After SOLiD sequencing, SNP calling, and SNP/non-
SNP ratio calculation, the two different segregation ratios can be distinguished.

Note 1383

SRM by cloning a gametophyte lethal mutation in Arabidop-
sis thaliana, for which the recovery of homozygotes is not
possible.

As proof of principle, we aimed to map the gene affected
in a pollen-tube reception mutant obtained from a forward
genetic screen using EMS-treated seeds of A. thaliana (Col-0
accession, Supporting Information, File S1). The turan-1
(tun-1) mutant disrupts cell–cell communication between
male and female gametophytes, which is indispensable for
fertilization. In flowering plants, the gametes are produced
by the haploid, multicellular gametophytes. The male game-
tophyte (pollen tube) delivers two sperm cells to the female
gametophyte (embryo sac), harboring two female gametes.
Fertilization of the egg and central cell forms the embryo
and the endosperm, respectively. In heterozygous tun-1
mutants, 12% (n = 1318 ovules) of the embryo sacs remain
unfertilized, compared to only 1.5% (n = 1389 ovules) in
the wild-type control. In tun-1 mutants, the pollen tube fails
to stop growing inside the female gametophyte and does not
rupture to release the sperm cells, which leads to a pollen-
tube overgrowth phenotype revealed by aniline-blue stain-
ing of callose in the pollen tube’s cell wall (Figure 2 and File
S1). Due to impaired fertilization and an additional effect of
the mutant in the pollen, the transmission of the mutation is
highly reduced, and homozygous individuals cannot be re-
covered. Thus, recently published methods for mutant allele
identification by NGS (Schneeberger et al. 2009; Austin
et al. 2011) are not applicable to mapping this gametophyte
lethal mutation.

To identify the TUN gene by SRM, heterozygous mutants
were crossed back twice to the wild-type Col-0 parent. By
selecting only mutant individuals in the F1 generation of the
BC2, the causative SNP is enriched and segregates 1:1 in
a pool of mutant BC2 individuals, whereas any unlinked
SNP segregates 1:3 (Figure 1). We simulated a binomial
distribution for a 1:1 and a 1:3 segregation to determine
the optimal sample size and calculated that a 50-fold se-
quence coverage of the Arabidopsis genome was sufficient
to distinguish a SNP segregating 1:1 from a SNP segregating
1:3 (P , 0.05, Table S1). Genomic DNA from 53 F1 individ-
uals of the BC2 generation that displayed the mutant phe-
notype was pooled for sequencing (File S1). A sequencing
library was prepared (File S1) and sequenced on the SOLiD
4 platform, as this method provides an incomparable se-
quencing accuracy optimal for SNP detection. Reads were
mapped to the A. thaliana genome assembly and SNPs were
called and analyzed (File S1).

We identified 2337 SNPs, of which 521 were homozy-
gous and 1816 were heterozygous with an average sequence
coverage of 57 reads (Table S2 and Table S3). The homo-
zygous SNPs were likely due to discrepancies between our
lab strain of Col-0 and the published sequence. The homo-
zygous SNPs were discarded, since all relevant SNPs should
only be heterozygous (Figure 1). Before plotting the SNP/
non-SNP ratios of the heterozygous SNPs, we filtered any
SNPs that showed very low or high coverage. Low-coverage

SNPs could exhibit a misleading ratio due to small sample
size, while very high coverage (.2· average coverage) SNPs
often mapped to repetitive and/or transposable element
sequences, where mapping quality is usually poor (Figure
S1). Thus, we filtered out the lowest (, 19·) and the high-
est (. 103·) 10% quantiles, leaving 80% of the original
data set. The SNP/non-SNP ratio of the remaining 1468
heterozygous SNPs was calculated and plotted against their
chromosomal position (Figure 3). Any unlinked SNP should
have a SNP/non-SNP ratio of � 0.25, whereas a causative
SNP is expected to segregate 1:1, i.e., producing a SNP/non-
SNP ratio of 0.5. Furthermore, the SNPs surrounding the
causative mutation should have segregation ratios . 0.25
since they have been coselected and thus cosegregate due to
genetic linkage. Using this method, the causative SNP can be
easily identified on the basis of the criteria that it must have
a segregation ratio of � 0.5, while the flanking, noncausa-
tive SNPs should cosegregate and display a ratio between
0.25 and 0.5, depending on the genetic/physical distance.
The closer the flanking SNPs are, the higher this ratio will
be. On the segregation ratio plot, this results in a rounded,
rather flat curve, which can be visually identified without
further statistical analyses (Figure 3A, red shading). Non-
causative SNPs with a segregation ratio of 0.5 are likely to
be surrounded by SNPs with low segregation ratios, leading
to sharp drops in the SNP/non-SNP ratios of nearby SNPs
(Figure 3). In our analysis of the tun-1 mutant, the only
rounded peak was present in the upper arm of chromosome
I (Figure 3A, red shading).

Although the causative SNP could easily be identified in our
experiment, we did not want to rely on a visual identification
of the rounded peak. Thus, we developed a statistical test
based on the expected recombination rate of neighboring
SNPs as a function of the genetic distance between the SNPs.
For each SNP following the 1:1 binomial distribution (n =
118, coverage $ 50), we calculated the expected pattern of
cosegregation with the two neighboring SNPs on each side
by using the expected recombination rate according to the
mean genetic distance of 1 cM/357,042 bp (File S1 and File
S2). Using a x2 goodness-of-fit test, 108 of 118 1:1 class
SNPs did not lie in a linkage group (5 neighboring SNPs)
that fit the expected pattern of cosegregation and therefore
were discarded. Of the 10 remaining candidate SNPs, 8 re-
side in recombination-deficient centromeric regions. This is
probably due to intrinsic problems in mapping reads to the
highly repetitive centromeric sequences, leading to a high SNP
density with unusual segregation ratios. Moreover, these eight
linkage groups encompass 0.013 cM or less (Table S4), and
the probability that 5 random SNPs lie in such close prox-
imity is P = 1.4 · 1028 (Poisson distribution, l = 0.071,
k = 5). Thus, any 5 SNPs that are in such close vicinity are
likely of artificial nature due to mapping errors and should
not be considered. In contrast, the linkage groups of the two
remaining noncentromeric SNPs cover a genetic distance of
4.7 cM (ratio = 0.49) and 6.8 cM (ratio = 0.44), respec-
tively. Both SNPs lie in the rounded peak that we visually
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identified on the upper arm of chromosome I and are neigh-
bors (Figure 3, red shading).

Of the two visually and statistically identified 1:1 class
SNPs, the SNP with a ratio of 0.44 was intronic whereas the
SNP with a segregation ratio of 0.49 (the closest to 0.5 in the
whole data set) (Figure 3A, arrow) was a nonsynonymous
GC-to-AT nucleotide change, which is characteristic of most
EMS-induced SNPs (Sega 1984). This nucleotide change
produces a stop codon in the sixth exon of gene At1g16570,
a putative UDP-glycosyltransferase superfamily protein. To
demonstrate that the causative SNP was identified, the
At1g16570 gene was amplified from each of the 53 DNA
samples that had been pooled for sequencing (File S1). The
PCR products were digested with nucleases cleaving single-
base-pair mismatches in heteroduplex DNA (Till et al. 2004).
Using this method, 52 samples were shown to have a SNP at
the indicated position, while one sample was not cut (Figure
S2). The progeny of this plant showed no phenotype, indi-
cating that it was a sampling mistake due to wrong pheno-
typing in the BC2 generation. Finally, T-DNA insertion lines
disrupting the identified gene At1g16570 were tested for a
pollen-tube reception phenotype. The line SAIL_400_A01
(tun-2), which has an insertion in the fourth exon of
At1g16570, displays the same pollen-tube overgrowth phe-
notype as the EMS allele tun-1 (Figure 2C), indicating that
the correct gene has been identified by SRM.

In this example, no further analyses were required to
identify the causative SNP. However, if genome coverage or
mapping quality of the reads is lower than expected, the
application of several filtering strategies could narrow down
the list of potential candidate SNPs. First, selecting for
exonic SNPs (nonsynonymous, synonymous) removes most
of the detected SNPs (Table S2). Second, prioritizing char-
acteristic EMS-induced SNPs (Sega 1984) should unambig-
uously identify the causative SNP in most cases. If not, then
the rare cases where the mutation affects a regulatory region
that is not exonic or an atypical EMS-induced nucleotide
change have to be considered.

Interestingly, we also observed SNP ratios . 0.5. Since
this should not be possible considering our genetic back-
crossing strategy (Figure 1), we performed a detailed anal-
ysis of all SNPs on chromosome I with ratios . 0.5. All such
SNPs display a low coverage (low-sample-size effect) or are
covered by reads with low mapping quality (Figure S1). This
indicates that such high ratios might be mapping artifacts in

repetitive and/or transposable element regions. In addition,
any SNPs found in and around the centromere display un-
usual segregation ratios (Figure 3, gray shading), probably
representing an intrinsic problem in mapping sequence
reads to highly repetitive centromeric regions.

On the whole, labor-intensive, map-based cloning has
been replaced by cloning via NGS in recent years. Until now,
this worked only (i) with homozygous viable mutants using
the SHOREmap or similar strategies (Schneeberger et al.
2009; Austin et al. 2011) after outcrossing or (ii) for organ-
isms with a short generation time and an easy-to-score phe-
notype, where multiple required backcrosses still save time
(Zuryn et al. 2010). In contrast, SRM enables the mapping
of zygotic or even gametophytic lethal mutations after only
two rounds of backcrossing. SRM is generally applicable, but
the identification of heterozygous mutant individuals may
require progeny tests, e.g., scoring for the presence of
aborted seeds or defective embryos among the progeny. This
might involve some adaptations of the crossing scheme
shown in Figure 1, including a combination of inter se
crosses and backcrosses if selfing is not possible. In outcross-
ing species, individual males could first be crossed to siblings
to identify the heterozygotes in a progeny test, as well as to
wild-type females to generate the backcrossed progeny used
for SRM. In fact, SRM could also be used for the cloning of
the causative genes on the basis of homozygous mutants in
F2 populations: the expected SNP ratios would be different
(1.0 vs. 0.5), but the approach would still benefit from the
small number of individuals required.

SRM is especially advantageous for (i) lethal mutations,
(ii) organisms with a long generation time, (iii) hard-to-
score phenotypes, and (iv) mutations with low transmission
because only a small number of individuals are needed.
Importantly, SRM is the method of choice for second-site
modifier screens, in which a mutant with a certain pheno-
type is mutagenized a second time to identify novel mutant
alleles that enhance or suppress this phenotype. Again,
classical mapping or the SHOREmap strategy (Schneeberger
et al. 2009; Austin et al. 2011), which rely on outcrossing
and an F2 mapping population, require the original mutation
to be present in at least two genetic backgrounds. This is
possible only when another allele is available in a different
accession or by outcrossing the mutation five to six times to
another accession. This procedure is time-consuming and
has the disadvantage that, due to a lack of recombination

Figure 2 Aniline-blue staining of callose in pollen tubes 2
days after pollination. The arrow indicates the place of
pollen-tube arrest. (A) Fertilized wild-type ovule. (B) Ovule
harboring a tun-1 embryo sac with defective pollen-tube
reception. The pollen tube continues its growth and does
not rupture to release the sperm cells. (C) Pollen-tube
overgrowth phenotype in tun-2, an independent T-DNA
line disrupting the At1g16570 gene.
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events close to the mutation, additional enhancer/suppressor
mutations in the vicinity of the original mutation cannot be
mapped. Furthermore, second-site modifier screens are often
performed in complex, tailor-made backgrounds involving sev-
eral mutants and/or transgenes (Page and Grossniklaus 2002).
It is very hard to generate the identical genetic/transgenic

constitution in two distinct accessions. By using SRM, the
enhancer/suppressor mutant has to be backcrossed only to
the original mutant background, no matter how complex it is.

Finally, SRM can be applied to any genetic system. In fact,
we expect that SRM can also be applied in organisms without
a well-annotated genome. As mentioned above, plotting the

Figure 3 SNP/non-SNP ratio plots. The SNP/non-SNP ratio of all heterozygous SNPs is calculated and plotted against the chromosomal position of the
heterozygous SNPs. The red dashed line marks the SNP/non-SNP ratio at 0.5, where the causative SNP should be; the green dashed line marks the SNP/
non-SNP ratio at 0.25, where all other SNPs should locate. The red shading marks the genetically linked and selected region on chromosome I with the
causative SNP in At1g16570 (arrow). The gray shading marks the centromeric regions with a high SNP density, likely due to a poor mapping quality in
these regions. (A–E) Chromosome I, II, III, IV, and V, respectively.

Note 1385

identified on the upper arm of chromosome I and are neigh-
bors (Figure 3, red shading).

Of the two visually and statistically identified 1:1 class
SNPs, the SNP with a ratio of 0.44 was intronic whereas the
SNP with a segregation ratio of 0.49 (the closest to 0.5 in the
whole data set) (Figure 3A, arrow) was a nonsynonymous
GC-to-AT nucleotide change, which is characteristic of most
EMS-induced SNPs (Sega 1984). This nucleotide change
produces a stop codon in the sixth exon of gene At1g16570,
a putative UDP-glycosyltransferase superfamily protein. To
demonstrate that the causative SNP was identified, the
At1g16570 gene was amplified from each of the 53 DNA
samples that had been pooled for sequencing (File S1). The
PCR products were digested with nucleases cleaving single-
base-pair mismatches in heteroduplex DNA (Till et al. 2004).
Using this method, 52 samples were shown to have a SNP at
the indicated position, while one sample was not cut (Figure
S2). The progeny of this plant showed no phenotype, indi-
cating that it was a sampling mistake due to wrong pheno-
typing in the BC2 generation. Finally, T-DNA insertion lines
disrupting the identified gene At1g16570 were tested for a
pollen-tube reception phenotype. The line SAIL_400_A01
(tun-2), which has an insertion in the fourth exon of
At1g16570, displays the same pollen-tube overgrowth phe-
notype as the EMS allele tun-1 (Figure 2C), indicating that
the correct gene has been identified by SRM.

In this example, no further analyses were required to
identify the causative SNP. However, if genome coverage or
mapping quality of the reads is lower than expected, the
application of several filtering strategies could narrow down
the list of potential candidate SNPs. First, selecting for
exonic SNPs (nonsynonymous, synonymous) removes most
of the detected SNPs (Table S2). Second, prioritizing char-
acteristic EMS-induced SNPs (Sega 1984) should unambig-
uously identify the causative SNP in most cases. If not, then
the rare cases where the mutation affects a regulatory region
that is not exonic or an atypical EMS-induced nucleotide
change have to be considered.

Interestingly, we also observed SNP ratios . 0.5. Since
this should not be possible considering our genetic back-
crossing strategy (Figure 1), we performed a detailed anal-
ysis of all SNPs on chromosome I with ratios . 0.5. All such
SNPs display a low coverage (low-sample-size effect) or are
covered by reads with low mapping quality (Figure S1). This
indicates that such high ratios might be mapping artifacts in

repetitive and/or transposable element regions. In addition,
any SNPs found in and around the centromere display un-
usual segregation ratios (Figure 3, gray shading), probably
representing an intrinsic problem in mapping sequence
reads to highly repetitive centromeric regions.

On the whole, labor-intensive, map-based cloning has
been replaced by cloning via NGS in recent years. Until now,
this worked only (i) with homozygous viable mutants using
the SHOREmap or similar strategies (Schneeberger et al.
2009; Austin et al. 2011) after outcrossing or (ii) for organ-
isms with a short generation time and an easy-to-score phe-
notype, where multiple required backcrosses still save time
(Zuryn et al. 2010). In contrast, SRM enables the mapping
of zygotic or even gametophytic lethal mutations after only
two rounds of backcrossing. SRM is generally applicable, but
the identification of heterozygous mutant individuals may
require progeny tests, e.g., scoring for the presence of
aborted seeds or defective embryos among the progeny. This
might involve some adaptations of the crossing scheme
shown in Figure 1, including a combination of inter se
crosses and backcrosses if selfing is not possible. In outcross-
ing species, individual males could first be crossed to siblings
to identify the heterozygotes in a progeny test, as well as to
wild-type females to generate the backcrossed progeny used
for SRM. In fact, SRM could also be used for the cloning of
the causative genes on the basis of homozygous mutants in
F2 populations: the expected SNP ratios would be different
(1.0 vs. 0.5), but the approach would still benefit from the
small number of individuals required.

SRM is especially advantageous for (i) lethal mutations,
(ii) organisms with a long generation time, (iii) hard-to-
score phenotypes, and (iv) mutations with low transmission
because only a small number of individuals are needed.
Importantly, SRM is the method of choice for second-site
modifier screens, in which a mutant with a certain pheno-
type is mutagenized a second time to identify novel mutant
alleles that enhance or suppress this phenotype. Again,
classical mapping or the SHOREmap strategy (Schneeberger
et al. 2009; Austin et al. 2011), which rely on outcrossing
and an F2 mapping population, require the original mutation
to be present in at least two genetic backgrounds. This is
possible only when another allele is available in a different
accession or by outcrossing the mutation five to six times to
another accession. This procedure is time-consuming and
has the disadvantage that, due to a lack of recombination

Figure 2 Aniline-blue staining of callose in pollen tubes 2
days after pollination. The arrow indicates the place of
pollen-tube arrest. (A) Fertilized wild-type ovule. (B) Ovule
harboring a tun-1 embryo sac with defective pollen-tube
reception. The pollen tube continues its growth and does
not rupture to release the sperm cells. (C) Pollen-tube
overgrowth phenotype in tun-2, an independent T-DNA
line disrupting the At1g16570 gene.
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SNP/non-SNP ratio over the chromosomal positions and
visually identifying flat curves indicating a region under
selection can be statistically tested (File S1 and File S2) and
used to identify the causative SNP. This is also possible with
partly assembled and poorly annotated genomes.

In conclusion, we successfully identified a gene disrupted
in a gametophyte lethal mutant in A. thaliana by SRM. The
need for relatively few individuals and only two rounds of
backcrosses, which are needed in any case to purify the
genetic background after mutagenesis, make this a very ver-
satile and useful method for any genetic organism.
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PART 2
ABSTRACT

To study parental effects in young Arabidopsis embryos, we first developed a method allowing 
efficient and rapid isola�on of early-stage embryos from Arabidopsis thaliana seeds (Chapter 

2.1; Raissig et al., in press). This method enabled the isola�on of young hybrid embryos to 
produce an allele-specific embryonic transcriptome. The analysis of parental contribu�on to the 
young embryonic transcriptome revealed a strong bias towards maternal-specific transcripts, 
suppor�ng gene�c data that suggested maternal control of paternal gene ac�vity in early 
embryogenesis (Autran et al., 2011, Chapter 2.2.1). The gene�c data was produced by our lab 
during the master thesis of Michael T. Raissig and by Daphné Autran and Daniel Grimanelli at 
the IRD in Montpellier, France. In contrast, a recent publica�on in Nature reports equal parental 
contribu�on during early embryogenesis in Arabidopsis and suggests that the maternal bias 
reported by Autran and colleagues (2011) results from maternal sporophy�c contamina�on and 
that the observed bias is not genuine (Nodine and Bartel, 2012). The obvious discrepancy between 
the two ar�cles is discussed in Chapter 2.2.2. However, both ar�cles independently report genes 
that show parent-of-origin-dependent monoallelic expression in early Arabidopsis embryos. We 
analyzed the dataset of Autran and colleagues (2011), called 80 poten�ally imprinted genes 
and confirmed 12 genes to be likely regulated by genomic imprin�ng in the embryo (Chapter 
2.3; Raissig et al., in prepara�on). Monoallelic gene expression in the Arabidopsis embryo is 
partly regulated by PRC2 and the imprint is erased during late embryogenesis or early vegeta�ve 
development (Chapter 2.3).

Importantly, each subchapter is built like a publica�on (even if it is not published or submi�ed 
yet, like Chapter 2.3) containing introduc�on, material and methods, results, discussion and 
separate references.
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EFFICIENT AND RAPID ISOLATION OF EARLY-STAGE 
EMBRYOS FROM ARABIDOPSIS THALIANA SEEDS
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NOTE All of CHAPTER 2.1 is in press in the Journal of Visualized Experiments (JoVE). Contribu�ng 
authors are Michael T. Raissig, Valeria Gagliardini, Johan Jaenisch, Ueli Grossniklaus and 
Célia Baroux.
MTR as first author and CB as communica�ng author developed the method together 
and VG helped to improve it and added to its transferability between different users and 
labs. JJ established the fluorescence in situ hybridiza�on (FISH) protocol on whole-mount 
embryos. Since the method is not yet printed we put the accepted manuscript version in 
this thesis.
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SHORT ABSTRACT:

We report an efficient and simple method to isolate embryos at early stages of  development from Arabidopsis thaliana 

seeds. Up to 40 embryos can be isolated in 1h to 4h, depending on the downstream application. The procedure is 

suitable for transcriptome, DNA-methylation, reporter gene expression, immunostaining and fluorescence in-situ 

hybridization analyses.

LONG ABSTRACT: 

In flowering plants, the embryo develops within a nourishing tissue – the endosperm – surrounded by the maternal 

seed integuments (or seed coat). As a consequence, the isolation of  plant embryos at early stages (1-cell to globular 

stage) is technically challenging due to their relative inaccessibility. Efficient manual dissection at early stages is 

strongly impaired by the small size of  young Arabidopsis seeds and the adhesiveness of  the embryo to the surrounding 

tissues. Here, we describe a method that allows the efficient isolation of  young Arabidopsis embryos, yielding up 

to 40 embryos in 1h to 4h, depending on the downstream application. Embryos are released into isolation buffer 

by slightly crushing 250-750 seeds with a plastic pestle in an Eppendorf  tube. A glass microcapillary attached to 

either a standard laboratory pipette (via a rubber tube) or a hydraulically controlled microinjector is used to collect 

embryos from droplets placed on a multi-well slide on an inverted light microscope. The technical skills required 

are simple and easily transferable, and the basic setup does not require costly equipment. Collected embryos are 

suitable for a variety of  downstream applications such as RT-PCR, RNA sequencing, DNA methylation analyses, 

fluorescence in-situ hybridization (FISH), immunostaining, and reporter gene assays.
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INTRODUCTION

The embryo of  flowering plants is surrounded by the endosperm, a nutritive tissue derived from a second 

fertilization event. Both embryo and endosperm are surrounded by several cell layers of  the seed coat. Collectively 

these tissues form a seed, which develop inside the fruit. Thus, tissue- and cell-specific analyses of  Arabidopsis 

embryos are strongly impaired due their inaccessibility. Nevertheless, embryos at the late-globular or later stages 

are relatively well amenable to manual dissection by using fine tungsten needles under the stereomicroscope, or 

by applying slight pressure on the seed using forceps to extract them. Such techniques were successfully used for 

transcriptome or epigenome profiling analyses such as microarray hybridization, bisulfite sequencing, or RNA 

sequencing  (eg. Gehring et al., 2009; Gehring et al., 2011; Müller & Sheen, 2008). In contrast, studies of  embryos 

at the zygote to early globular stage remain technically challenging. To date, only a few studies have reported 

transcriptome analyses on young embryos using either laser-capture microdissection (LCM) of  embryonic tissues 

from fixed seed sections (Harada-Goldberg Laboratories, GSE12404) or manual extraction of  individual embryos 

from within seeds using fine tools (Xiang et al., 2011). However, LCM equipment is not commonly available and 

manual embryo extraction at early stages is time consuming and requiring excellent dissection skills that are 

not easily transferable. In addition to genome-wide analyses, in situ gene expression analyses are also difficult 

to perform on young, whole-mount embryos of  Arabidopsis. To some extent, young embryos can be released 

on microscope slides by gentle pressure on the seeds and used for reporter gene assays or protein detection by 

immunostaining (for example see Baroux et al., 2007; Nawy et al., 2010). This technique, however, does not allow 

high-throughput embryo isolation, thus hindering quantitative analyses.

Therefore, we developed an efficient and rapid protocol for early embryo isolation from Arabidopsis seeds 

that is simple to set up, easily transferable, and suitable for a variety of  downstream applications. The basic 

principle is to gently crush seeds – dissected from young siliques in an Eppendorf  tube using a plastic pestle in 

an appropriate isolation buffer. The seed extract is placed in droplets on a multi-well slide and is screened for 

the presence of  released embryos at the desired stage using an inverted microscope. Embryos are collected using 

a glass microcapillary attached to a microinjector or a standard laboratory pipette. For molecular applications, 

embryos are washed twice by repeated release into drops of  new isolation buffer before transferring them to the 

destination buffer in a minimal volume. For cytological applications (reporter assays, immunostaining, FISH), 

washing steps can be omitted.

The method offers several advantages: (i) it yields 25-40 embryos in ca 45 min for cytological applications 

or in 3-4h for molecular applications (including the washing steps), (ii) it allows isolation of  specific embryonic 

stages, (iii) it is easily transferable to other persons and laboratories due to its simple setup, (iv) it requires 

affordable equipment for the basic setup which is amenable to upgrades, and (v) it was successfully used for 

various downstream applications such as RNA sequencing (Autran et al., 2011), gene-specific DNA-methylation 

analysis (Wöhrmann et al., 2012), reporter assays (Raissig et al., 2011; and Raissig et al., in prep.), and FISH (J. 

Jaenisch, U. Grossniklaus, C. Baroux unpublished, see Figure 2-1-5) 
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PROCEDURE

The procedure is summarized in the flowchart shown in Figure 2-1-1. The microcapillaries and the 

instrumental setup are shown in Figure 2-1-2 and Figure 2-1-3, and typical steps of  embryo isolation are shown 

in Figure 2-1-4.

1.) Material and buffer preparation

1.1) Silicon coating of  glass microcapillaries: Place the 

microcapillaries in a 15mL Falcon tube with ~5mL of  

Sigmacote (Sigma) and invert several times. Remove 

the solution, place the falcon tube containing the 

capillaries in an aluminum foil and bake them for 3 

hours at 60°C. Store at room temperature. 

1.2) Obtain ~50-100 µm-diameter microcapillary tips: 

Pull 1mm-diameter glass capillaries either manually 

over a Bunsen burner or by using a commercial puller 

(vertical filament puller or micropipet puller); use a 

diamond-tip pen or blade to cut the tip of  the pulled 

capillary to create the desired opening. Select the best-

shaped capillaries under a stereo microscope. The 

opening should be 50-100 µm (Figure 2-1-2). 

1.3) Slide preparation: 

1.3.1. Siliconize clean slides by covering all the wells 

with Sigmacote (ca 1mL/ slide) for 5 min, remove. Bake 

3 hrs in aluminium foil. Store at room temperature.

1.3.2. Wash the multi-well glass microscopic slides for 

10 min in 10% SDS, 2x 2 min in nuclease-free water (autoclaved DEPC-ddH20), 2 min in 70% ethanol, 2 min in 

100% ethanol, air-dry. All steps are done in autoclaved Coplin jars. Slides can be re-used multiple times providing 

thorough cleaning between each usage.

1.3.3. Just prior to embryo isolation spread ca. 0.5µL of  10mg/mL bovine serum albumine (BSA) with a pipette 

over the whole surface of  each well and air-dry. 

1.4) Microscope and capillary setup: 

1.4.1. Use an inverted microscope with a 10x and 20x 

magnification objective. Optimize the light contrast 

(embryos are quite transparent). 

1.4.2. Place a micromanipulator to hold the glass 

capillary beside the microscope. The glass capillary is 

connected to a microinjector (Figure 2-1-3A) or to a 

Set up embryo isola�on machine

Prepare isola�on buffer

- Collect seeds into 20 µl isola�on buffer
- Gently crush seeds to release embryos

Dilute the seed extract 
(500ul total volume)

Place 40 µl drops on a 10-well printed slide

Filter seed extract through 30µm mesh

- Screen the droplets for embryos
- Remove surrounding debris with a needle

- Collect the embryo in the capillary

Release the collected embryos...

Molecular applica�ons Cytological applica�ons

...in staining, moun�ng or 
embedding medium

...in 1st wash drop

Recollect the embryos

Recollect the embryos

Release in 2nd wash drop

Release in extrac�on buffer

- Siliconize, pull  & cut capillaries
- Clean & coat mul�well slides1

MATERIAL
PREPARATION

2
SEED
DISSECTION

3
EMBRYO
ISOLATION

Figure 2-1-1: Flow chart of the embryo isola�on procedure. 
The protocol is divided in three parts: 1 – Material 
prepara�on; 2 – Seed dissec�on; 3 – Embryo isola�on

0.0mm

1.0mm

2.0mm

BA 0.0mm

1.0mm

2.0mm

Figure 2-1-2: Microcapillary �ps. A. High-quality 
microcapillary �ps with a smooth opening of around 100 µm. 
B. Low-quality microcapillary �ps with wider opening and 
irregular contour (those �ps are acceptable for cytological 
applica�ons only). Scale bar: 2 mm.
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regular P-200 pipette via a rubber tube (Figure 2-1-3B, 

see Discussion for a detailed description of  this setup).

1.4.3. Place the capillary above the microscope slide (ca 

70°, Figure 2-1-3) and adjust the position to have the 

opening in the fi eld of  view. 

1.5) Buffers: 

Table 1 lists the isolation and destination buffers 

depending on the downstream applications.

1.5.1. Prepare ~1mL isolation buffer per sample freshly 

before use and keep it on ice. 

1.5.2. Prepare the destination buffer in a 0.5mL 

Eppendorf  low-binding tube on ice (molecular 

applications) or on a microscope slide (cytological 

applications) in a humid chamber. 

2.) Seed dissection and embryo extraction

2.1) Synchronisation of  seed development: 

Emasculate fl owers and keep them 2 days in the growth 

chamber while avoiding contact of  the exposed pistils 

with other fl owers, then pollinate them (e.g. Rea et al., 

2011). Test the stage of  development under your growth 

conditions by microscopic investigation of  cleared seeds. 

With our growth conditions (16h light at 21°C, 8h dark 

at 18°C and 70% humidity) seeds collected 2.5 days after 

pollination (DAP) yielded mainly 2-4 cell embryos and 

seeds collected 3.5 – 4 DAP yielded globular embryos.

2.2) Seed dissection and rupture 

2.2.1. Remove the seeds from 15 siliques (~2.5 DAP) under a stereomicroscope with forceps and insulin needles.

2.2.2. Immerse the seeds in 20µL isolation buffer in a 2mL round-bottom Eppendorf  tube placed on ice.

2.2.3. Gently crush the seeds with a plastic pestle (pre-cleaned with 10% SDS, rinsed with DEPC-ddH20 and 

washed with 70% Ethanol) to release the embryos until the seed extract is cloudy (ca 30 sec). The force to apply 

is to be determined by every user upon trial.

2.2.4. Rinse the pestle with 300 µL of  isolation buffer to wash the pestle and dilute the sample.

2.2.5. Spin-down the extract at 5g for 5 sec. Gently resuspend the pelleted extract by pipetting up-and-down 2-3x 

A

B

Micromanipulator

Micromanipulator
Silicone
tube

Microscope

Glass capillary Glass capillary

Mul�well slide

Glass capillary

Microscope

Microinjector
Eppendorf Cell Tram

Pipe�man P-200

Mul�well slide

Glass 
capillary10µl pipe�e

�p

Figure 2-1-3: Set up of the embryo isola� on microscope. A. 
and B. Screening is performed on microscope slides under 
an inverted microscope. Embryos are collected using a glass 
microcapillary fi xed on a micromanipulator to precisely 
control its posi� on (see also Figure 4) and connected to 
either a microinjector (A) or standard laboratory pipe� e 
(B). A. The glass microcapillary is linked to a hydraulically 
controlled microinjector (eg. Eppendorf Cell Tram Vario) 
for a precise control during embryo collec� on B. The glass 
microcapillary is a� ached to a standard P-200 pipe� e 
via a rubber fl ex tube. Embryo collec� on and release is 
controlled by turning the calibra� on wheel of the pipe� e. 
Cut-end pipe� e � ps are used as connectors and the 
junc� ons are sealed with parafi lm. The microcapillary 
is fi xed on the micromanipulator via polystyrene blocks, 
Falcon tubes and tape.
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using a Pipetman P-200.

2.2.6. Filter the extract with a 30µm nylon mesh (mounted on tube adaptors, e.g. from Partec Celltricks). Rinse 

the mesh with an additional 200µL isolation buffer.  

3.) Embryo isolation

3.1) Slide preparation

3.1.1. Place a clean, BSA-coated and siliconized multi-well slide on the stage of  the inverted microscope, resuspend 

the filtered seed extract by pipetting gently up and down and pipette 2 droplets of  40-50 µL seed extract into 1 or 

2 wells. Screening only 1 or 2 drops at a time prevents evaporation of  the sample.

3.1.2. Place 50 µL of  fresh isolation buffer (1st wash drop) in a well of  a different slide prepared as before. Keep 

this slide in a covered, humid chamber to prevent evaporation.

3.2) Screen, clean, collect.

3.2.1. Screen the droplets of  seed extract for embryos at the desired stage with the 10x magnification objective. If  

necessary, confirm the stage with the 20x magnification. The embryos usually sink to the bottom of  the slide.

3.2.2. Manually remove debris around the embryo with a tungsten needle, an insulin needle or similar 

equipment.

3.2.3. Move the glass capillary near the embryo using the micromanipulator, take up the embryo with as little 

solution as possible 

3.2.4. Collect several embryos (e.g. all of  one droplet) and release them in the 1st wash drop (molecular application) 

or in destination buffer (cytological applications). Each collecting round should be kept within 5-10min and 

embryos should be collected in a minimal volume (<1-5µL).

Figure 2-1-4: Embryo isola�on 
process. A. A 2-4 cell embryo 
(arrow) was iden�fied in 
the seed extract (screening 
droplet) and is surrounded by 
debris (seed coat fragments). 
B. The surrounding debris was 
removed manually using a 
needle. C. The glass capillary 
was moved right beside the 
embryo (arrow). D. The embryo 
was collected and is now 
within the capillary (arrow). 
E. Several embryos in the last 
drop following washes. Scale = 
50 µm.

2-4cell embryo 
in seed extract

2-4cell embryo a�er
manual removal of debris

2-4cell embryo 
before collec�on

2-4cell embryo 
a�er collec�on

A B C D

2-4cell embryos 
in 2nd wash drop

globular embryos 
in 2nd wash drop

E
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3.2.5. Repeat the screening and collection until the desired amount of  embryos is gathered in the 1st wash drop 

(centrally, if  possible, to facilitate recollection). 

3.2.6. Recollect all embryos at once from the wash drop (if  debris are carried over, remove them with a needle 

before recollection). 

3.2.7. Release the embryos into a 2nd wash drop of  50 µL. Repeat 3.2.6.

3.2.8. Release the embryos in the destination buffer. The transfer should involve only a contact, and not immersion, 

of  the capillary tip.

3.2.9. Replace the microcapillary for the next sample.
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REPRESENTATIVE RESULTS

Our embryo isolation procedure (Figure 2-1-1) allows isolation of  up to 40 embryos in 4 hours if  washes 

are performed, e.g. for molecular applications, or in less than an hour if  washes are omitted, e.g. for cytological 

applications. Figure 2-1-2 displays high and low quality microcapillary tips and Figure 2-1-3 shows the setup of  

the embryo isolation machine. Figure 2-1-4 displays the process of  embryo isolation on the inverted microscope.

We successfully applied our procedure for various applications published in several recent articles. The 

method was originally developed to analyze the parental contribution to the early embryonic transcriptome. 

Hybrid embryos generated through crosses between two different Arabidopsis accessions (Landsberg erecta (Ler) and 

Columbia (Col-0)) were isolated at the 2-4 cell stage. Total RNA was extracted, cDNA libraries were produced 

using linear amplification and sequenced on a SOLiD platform. The allele-specific transcriptomes were generated 

based on SNP analysis (Autran et al., 2011). To control our embryonic cDNA libraries prior to sequencing we 

amplified embryo-specific transcripts, WUSCHEL-HOMEOBOX 2, 8 and 9 (WOX2, WOX8, WOX9) and ACTIN 

11 (Breuninger et al., 2008; Köhler et al., 2005; Figure 2-1-5A). 

Additionally, this method was used to isolate young embryos to analyze the embryonic DNA-methylation 

patterns at specific loci in the genome. Embryos were isolated and washed in 1x TE-buffer. Small-scale bisulfite 

sequencing was performed as described (Wöhrmann et al., 2012). 

 Similarly, embryo isolation has proved very useful in reporter gene assays with low embryonic expression, 

and where the maternal seed coat confounds detection or is masked by reporter expression in tissues surrounding 

the embryo (endosperm, seed coat). Embryos carrying the reporter transgene are stained (ß-glucuronidase; 

GUS) or directly analyzed (Green or Red Florescent 

Protein; GFP, RFP) following isolation. An example 

is given in Figure 2-1-5B for embryos expressing a 

GUS reporter gene under the control of  the MEDEA 

promoter (pMEA; Raissig et al., 2011). The relatively 

ease with which many embryos can be isolated also 

allows for quantitative analyses (e.g. number of  

embryos stained in different genetic backgrounds, 

Raissig, Grossniklaus et al. in preparation).

 Finally, we successfully applied Fluorescent In 

Situ Hybridization (FISH) and immunostaining 

techniques to study the nuclear architecture in 

isolated embryos embedded in acrylamide pads on 

slides. An example of  FISH using probes against 

the centromere repeats and nucleolar organizing 

regions is shown in Figure 2-1-5C.

Figure 2-1-5: Downstream applica�ons of embryo isola�on. A. 
Gene expression analyses: PCR amplifica�on of WOX9, WOX2, 
WOX8 and ACTIN11 on cDNA libraries from 2-4 cell embryos 
washed 1x �mes (1st lane) and on genomic DNA (2nd lane). 
B. Reporter assay: An 8-cell embryo isolated from plants 
carrying a pMEA::GUS construct was stained on a slide in a 
standard GUS staining solu�on (reproduced from Raissig et al., 
2011 a�er permission from The Plant Cell, ASPB copyright). C. 
Fluorescent In-Situ Hybridiza�on (FISH): an 8-cell embryo was 
hybridized with probes against centromeric repeats (red), and 
45S rDNA repeats (green) before indirect immunodetec�on. 
The dual-color FISH images were overlaid with the DAPI 
counterstaining and DIC images (DM6000B epifluorescence 
microscope, Leica, Germany)
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DISCUSSION

We developed an embryo isolation protocol that is rapid, effective, and can be easily transferred to other 

laboratories. 

The equipment described here consists of  an inverted microscope, a micromanipulator, glass 

microcapillaries, a vertical filament puller and a microinjector (Figure 2-1-3A). The setup is similar to the one 

described for single animal cell isolation for transcriptomics analyses (Morris et al., 2011). We also successfully 

worked with a more basic setup where glass microcapillaries were manually stretched over a flame (and cut with 

a diamond-blade) and operated via a standard laboratory pipette (Pipetman P-200) instead of  a microinjector 

(Figure 2-1-3B). In that case the microcapillary was attached to the pipette via a rubber tube. 10 µL filtertips 

were used to make the junctions, which were wrapped with parafilm to make them air-tight. The capillary - held 

by the pipette tip - was fixed on the micromanipulator arm using polystyrene blocks and tape (Figure 2-1-3B). 

This basic setup proved to be efficient and reliable (Autran et al., 2011). Nevertheless, one of  the main difficulties 

was the maintening of  air-tight junctions between the microcapillary and the pipette, especially when changing 

the capillary. Verifying and adjusting the pressure in the capillary – to ensure a fine-tuned embryo collection 

in a minimal volume - can be time-consuming using this basic setup. The improved setup with a hydraulically 

controlled micromanipulator and a vertical filament puller is a considerable improvement and saves time.

The skills required for the successful application of  this method are easily transferable. Five users in 

our laboratory successfully learnt the method in a relatively short time. Some simplifications of  the protocol are 

possible depending on the user’s ease in manipulation. For instance, it is possible to skip the steps 2.2.5 and 2.2.6 

while dissecting only 5 siliques (instead of  15) and cleaning the embryo surroundings thoroughly from debris 

with a tungsten needle (this procedure was applied in Autran et al., 2011). Synchronisation of  seed development 

through emasculation and delayed pollination is also facultative but recommended to increase the number of  

embryos at the same developmental stage, particularly at early stages. In addition, embryo isolation can be 

expedited if  washing steps are omitted, e.g. for cytological applications. Furthermore, slide siliconization (step 

1.3.2) is not necessary for users working quickly, such that embryos which stick to the glass surface over time is 

not a problem.

Whether filtering or manual cleaning is applied, it is extremely important to avoid carry-over of  tissue 

debris that creates potential contamination for downstream RNA or DNA applications. This issue was raised 

recently following two transcriptome profiling studies on isolated Arabidopsis embryos with different outcome 

(Autran et al., 2011; Nodine and Bartel, 2012). While we described a strong maternal dominance at early stages 

(88% sequencing reads were of  maternal origin; Autran et al., 2011), the latest study report on equal parental 

contribution (Nodine and Bartel, 2012). In fact, the two studies differ in their experimental setup including 

the mode of  embryo isolation for transcriptome analyses. By contrast to the bulk embryo extraction protocol 

described here, the authors of  the latest study dissected the embryos manually from within individual seeds, a 

lengthy procedure requiring excellent dissection skills. This procedure apparently required 2 or more washes 

to avoid carry-over of  maternal information in the embryo transcriptome. Contaminant cells may be expected 

in manual extraction given the small size and relative inaccessibility of  the embryos to dissection needles. By 

contrast, our procedure allows (i) the dilution of  the isolated embryos and surrounding debris in a large volume 

(500 µL) before embryo collection, (ii) the visual selection of  embryos devoid of  adhesive, contaminant tissues 

and (iii) the dilution of  possible RNA contaminants -issued from ruptured cells- through washing. While it is 

possible to consider only one wash if  the embryos were visually very clean and collected in less than 5µL (Autran 

et al., 2011), a second wash step is recommended, especially for first time users that may collect the embryos in 

several rounds (i.e. with additive volume).  Embryos should be collected with as little solution as possible, allowing 
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maximal dilution of  potential contaminants in every washing drop. Each collecting round should be kept short 

(within 5-10min) to allow maximum recovery upon release in the wash drop (prolonged stay in the capillary tends 

to reduce the recovery rate). Furthermore, the transfer of  the collected embryos into the extraction medium 

(following the wash steps) should only involve a contact with the opening of  the microcapillary tip and not 

immersion of  the tip, as this might as well transfer debris sticking on the microcapillary wall above the opening. 

Finally, the capillary should be changed between each new seed extract”

Our protocol allows for several downstream applications by simply using an appropriate isolation buffer 

that preserve molecular integrity of  RNA, DNA, chromatin, enzyme or fluorescent reporter. We successfully 

isolated embryos in RNA-protective isolation buffer for RNA extraction and transcriptomics analyses (Autran 

et al., 2011), 1x TE-buffer for DNA methylation analyses (Wöhrmann et al., 2012), 100mM Phosphate buffered 

saline (PBS) for FISH and immunostaining (Jaenisch, Grossniklaus and Baroux, unpublished, Figure 2-1-5C), and 

staining solution without substrate for GUS reporter assays (Jefferson et al., 1987; Figure 2-1-5B). The application 

most sensitive to isolation conditions/embryo quality is certainly RNA extraction and amplification. The quantity 

of  extracted RNA from isolated embryos was rather low. From ca. 30 embryos at the 2-4 cell stage (thus 60-120 

cells in total) we estimated an amount of  ca 1ng of  total RNA based on both Agilent 2100 Bioanalyzer (Agilent 

Technologies) and QUBiT (Invitrogen) measurements. Following RNA extraction, RNA quality was verified on 

an Agilent RNA 6000 Pico Chip (Agilent Technologies). However, the low amount of  RNA extracted is not 

always sufficient to produce a reliable profile. Thus, further tests must be done on the amplified material (cDNA) 

(e.g. PCR detecting low-expressed, embryo-specific genes and/or a Bioanalyzer profile). 

Finally, the ability to isolate embryos by visual criteria in our protocol is a great asset. Embryos from the 

same silique (Arabidopsis fruit) do not develop synchronously. Thus, working on whole silique extracts (e.g. for RT-

PCR analyses or quantitative reporter assays) does not allow a perfect correlation with a given developmental 

stage. Isolating embryos at a specific developmental stage solves this problem. In addition, a similar problem 

presents when working with heterozygous mutants where siliques contain different embryo genotypes. Isolating 

embryos based on visual criteria to distinguish e.g. wild-type from mutant embryo phenotypes allows correlating 

downstream analyses with the genotype. We have done this successfully to analyze DNA methylation at specific 

loci in different genotypes (Schmidt, Raissig, Grossniklaus et al, in preparation).
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NOTE All of CHAPTER 2.2.1 is published as Autran D*, Baroux C*, Raissig MT, et al. (2011) Cell 

145: 707 – 719.

*these authors contributed equally to this work

MTR contributed to this work as follows: During MTR’s master thesis en�tled “Maternal 

Control of Paternal Genome Ac�va�on” (2007) he analyzed the ac�va�on and expression 

dynamics of paternal reporter lines, either in wild-type mother plants (Figure 3) or in 

mother plants mutant for CAF1 nucleosome assembly complex subunits, which are 

involved in the ac�va�on of paternal reporter genes (Figure 7). At the beginning of his PhD 

thesis, MTR isolated hybrid embryonic samples (wild type and mutant), extracted RNA 

and amplified cDNA libraries for RNA sequencing and allele-specific transcriptome analysis 

together with CB (Figure 1, 2, 4D-G). Finally, he aided in wri�ng and edi�ng the present 

manuscript and changed all figures according the style of Cell. Supplemental informa�on 

to this publica�on can be found in Appendix A6.

In CHAPTER 2.2.2 a recent and controversial publica�on repor�ng equal parental 

contribu�on during early embryogenesis in Arabidopsis (Nodine M and Bartel DP (2012) 

Nature 482: 94-97) is discussed and possible technical and biological aspects causing the 

discrepancy between the two reports are presented.
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SUMMARY

Defining the contributions and interactions of paternal
andmaternalgenomesduringembryodevelopment is
critical to understand the fundamental processes
involved in hybrid vigor, hybrid sterility, and reproduc-
tive isolation. To determine the parental contributions
and their regulation during Arabidopsis embryo-
genesis, we combined deep-sequencing-based RNA
profiling and genetic analyses. At the 2–4 cell stage
there is a strong, genome-wide dominance of ma-
ternal transcripts, although transcripts are contrib-
uted by both parental genomes. At the globular stage
the relative paternal contribution is higher, largely due
to a gradual activation of the paternal genome. We
identified two antagonistic maternal pathways that
control these parental contributions. Paternal alleles
are initially downregulated by the chromatin siRNA
pathway, linked to DNA and histone methylation,
whereas transcriptional activation requires maternal
activity of the histone chaperone complex CAF1. Our
results define maternal epigenetic pathways control-
ling theparental contributions inplant embryos,which
are distinct from those regulating genomic imprinting.

INTRODUCTION

In most animal species, the zygote is transcriptionally quiescent,

and early embryogenesis is governed by maternal products

stored in the oocyte prior to fertilization (Andéol, 1994). Depend-

ing on the species, zygotic genome activation (ZGA) takes place

after one to several cell divisions. ZGA is a gradual process that

relies on large-scale chromatin reprogramming leading to an

increasing number of zygotically expressed genes (Tadros and

Lipshitz, 2009). Maternal transcripts and proteins inherited

from the gametes are progressively degraded, and biparental zy-

gotic transcripts gradually take over the control of development.

As a result, parental contributions to the embryonic transcrip-

tome dynamically change during early development, with an

initial maternal control that is of variable duration (1 to 15 cell

cycles) (Baroux et al., 2008; Tadros and Lipshitz, 2009). Strik-

ingly, such a maternal influence occurs in animals as evolution-

arily divergent as insects, amphibians, and mammals. Under-

standing the parental contributions and the regulation of

zygotic genome expression during early embryogenesis is

a key question in developmental and evolutionary biology.

In flowering plants, the knowledge about the regulation and

dynamics of parental contributions during early embryogenesis

remains fragmented, despite its importance in understanding

hybrid vigor, hybrid viability, parent-of-origin-dependent inter-

ploidy, and nonself pollination (xenia) effects determined by

interactions of parental genomes after fertilization (Bushell

et al., 2003; Jahnke et al., 2010; Meyer and Scholten, 2007; Pah-

lavani and Abolhasani, 2006). In flowering plants, double fertiliza-

tion produces the zygote, which develops into the embryo

(Movie S1 available online), and the endosperm, an embryo-

nurturing tissue. Both fertilization products develop within

maternal integuments, forming the seed. Genetic studies have

shown that seed development is under maternal influence

(Chaudhury and Berger, 2001), but the composite nature of the

seed makes determining the origin of maternal effects complex.

Recently, downregulation of RNA Polymerase II (PolII) in the

mature Arabidopsis egg cell revealed that the embryo developed

to the preglobular stage in absence of significant de novo tran-

scription (Pillot et al., 2010b). Thus, de novo transcription of

parental genomes is not an absolute requirement for early

embryogenesis, but the timing, dynamics, and mechanisms of

zygotic genome activation have yet to be elucidated. Reporter

and profiling studies onwhole seeds fromArabidopsis andmaize

have identified several transcripts with a dominant maternal

representation at early stages, whereas paternal transcripts

were detected only later (Baroux et al., 2001; Grimanelli et al.,

Cell 145, 707–719, May 27, 2011 ª2011 Elsevier Inc. 707
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2005; Vielle-Calzada et al., 2000). In contrast, a biparental

expression in the zygote and early embryo was shown for certain

other genes (Aw et al., 2010; Meyer and Scholten, 2007; Ron-

ceret et al., 2005, 2008; Scholten et al., 2002; Weijers et al.,

2001). Furthermore, near-saturation mutagenesis screens iden-

tified a plethora of mutations affecting embryo development at

or before the globular stage. The majority of these segregate

as zygotic recessive traits, indicating biparental contributions

to early embryogenesis (Tzafrir et al., 2004). Thus, to date there

is no clear understanding of the relative parental contributions

to plant embryogenesis nor are the mechanisms regulating the

respective contributions known.

We performed allele-specific profiling of the embryonic tran-

scriptome and quantified relative transcript contributions of the

paternal and maternal genomes in Arabidopsis embryos. We

demonstrate a strong,genome-widedominanceofmaternal tran-

scripts at early stages, althoughmany transcripts are biparentally

represented. This finding reconciles the observation made by

several laboratories of both maternal and zygotic effects during

early embryogenesis. Using reporter and profiling analyses, we

found an increasing contribution of paternal products as embryo

development proceeds,with kinetics differing on a gene-by-gene

basis. We identified two maternal epigenetic pathways, involving

the chromatin siRNA pathway and the histone chaperone

complexCAF1,whichact antagonistically to regulate thepaternal

contribution. Importantly, we show that these pathways are

distinct from those regulating genomic imprinting.

RESULTS

Analysis of Parental Contributions in Isolated
Arabidopsis Embryos
To unambiguously define the parental contributions in the early

embryo, we profiled the transcriptome of early-stage embryos

in an allele-specific manner. We dissected 2–4 cell and globular

stage embryos (Figure 1A) derived from a cross between the

polymorphic Landsberg erecta (Ler) and Columbia (Col) acces-

sions. The embryonic transcriptome was sequenced using

a SOLiD v3 platform (Figure 1; see Table S1). Reads covering

single-nucleotide polymorphisms (SNPs) (Borevitz et al., 2007)

were extracted and are referred to hereafter as informative reads

with respect to parental origin. Informative reads were used to

quantify parental contributions both globally (Figure 1A), and

for each gene individually. Genes were considered biparentally

expressed at a given stage whenever both parental alleles

were identified in the corresponding transcriptome. The classifi-

cation of genes for which only a single allelic variant was de-

tected was more ambiguous. Transcripts might be detected

from only one parent because of uniparental expression or

because of low sampling rates, which is of particular concern

for genes expressed at low levels. To circumvent this difficulty,

we made a probabilistic model describing the distribution of

genes according to the proportion of maternal transcripts, q,

Figure 1. Parental Contributions to the Arabidopsis Early Embryo

Transcriptome

(A) Distribution of maternal versus paternal reads covering the embryonic

transcriptome of isolated embryos. Embryos were derived from a cross

between polymorphic parents. Informative SOLiD reads (Table S1) mapping to

known SNPs were assigned to the maternal (Ler) or paternal (Col) parent.

(B) Informative reads identified 3973 and 3078 genes in the 2–4 cell and

globular transcriptomes, respectively. The graph shows a likelihood-based

gene distribution according to the proportion of maternal transcripts, q. q = 1

and q = 0 represent genes contributed only maternally or paternally, respec-

tively. Genes with 0 < q < 1 are contributed biparentally. y axis: proportion of

genes (log scale) ; x axis:q values along 1% quantiles. The full-colored circles

indicate extreme quantiles (0 % q < 0.01 and 0.99 < q % 1).

(C) Composite diagram representation of the gene distribution as drawn in

(B) according to q intervals as labeled. Related to Figure S1, Table S1, and

Table S2.

708 Cell 145, 707–719, May 27, 2011 ª2011 Elsevier Inc.
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which was adjusted to best-fit the observations (Experimental

Procedures). From this likelihood-based distribution, we esti-

mated the frequency of genes fitting the biparental class (0 <

q < 1, both parental alleles were detected), the paternal class

(q = 0, only the paternal alleles were detected), or the maternal

class (q = 1, only the maternal alleles were detected). In addition,

each gene could be assigned a probability of falling within each

class (Table S2). This integrated approach allowed a quantitative

and qualitative analysis of parental contributions to the embry-

onic transcriptome.

The Transcriptome of 2–4 Cell Embryos Is Maternally
Dominant despite Significant Contributions from Both
Parental Genomes
Strikingly, at the 2–4 cell embryo stage 88.4% of the informative

reads (n = 135,142) were of maternal origin (Figure 1A). This was

confirmed in an independent biological replicate (Figure S1). The

informative reads represented 3973 loci located throughout the

genome. The gene distribution drawn for q quantiles showed

a strong bias toward maternal overrepresentation (Figure 1B)

with 85% of the genes described by q > 0.75 (Figure 1C; Table

S1). Transcripts of the biparental class (0 < q < 1; 68.2% of the

identified genes) contributed strongly to this maternal domi-

nance with 54.7% genes described by 0.75 < q < 1, i.e., maternal

overrepresentation (Figure 1C and Table S1). Furthermore, our

analysis revealed 30.2% transcripts of the maternal class

(q = 1) against only 1.6% transcripts of the paternal class

(q = 0) at the 2–4 cell stage. Thus, in Arabidopsis both parental

genomes contribute to the early embryonic transcriptome but

overall it is clearly dominated by maternal transcripts.

The Paternal Contribution Is Higher at the Globular
StageConcomitantwith aGradual Activation of Paternal
Alleles
To determine how parental transcript contributions change

during embryogenesis, we extended our allele-specific profiling

to embryos at the globular stage. Although maternal dominance

was maintained, the paternal contribution increased, as shown

by 35.9% paternal reads versus 11.6% at the 2–4 cell stage (Fig-

ure 1A and Table S1). These informative reads identified 3078

loci, for which the q distribution remained skewed toward

maternal overrepresentation, although to a lesser extent than

at the 2–4 cell stage (Figure 1B). The maternal class (q = 1) rep-

resented 13.8% of the genes (versus 30.2% at the 2–4 cell

stage), and the paternal class (q = 0) increased marginally to

2.3% (versus 1.6% at the 2–4 cell stage) (Table S1). Concomi-

tantly, the biparental class increased, now comprising 83.9%

of genes, with 34.5% showing maternal overrepresentation

(0.75 < q < 1) (versus 54.7% at the 2–4 cell stage) (Figure 1C).

Importantly, the globular stage transcriptome shared 2417

genes (78.5%) with that of the 2–4 cell stage, representing

95% of the reads (Figure 2A). We analyzed the changes of

parental contributions among these shared genes by quantifying

class transitions (Figure 2B). For instance a transition from the

maternal class to the biparental or paternal class indicates de

novo activation of the paternal allele and represents 21.5%

(515) of the genes (Figure 2C). De novo activation of the maternal

allele was less prominent with only 0.8% genes, mostly because

few paternally expressed genes were identified at the 2–4 cell

stage. This analysis identified loci with a decay of one parental

transcript, with 2.5% and 9.7% showing loss of their maternal

or paternal transcripts, respectively (Figure 2C). However, most

quantitative changes occurred in the biparentally expressed

class (54.4%, 1315 genes) where the majority showed a marked

increase in the relative paternal contribution (778 genes, Fig-

ure 2D). This could result from decay of maternal RNAs, de

novo transcription of paternal alleles, or a combination of both.

To refine the timing of activation of paternal alleles, we moni-

tored paternal activity of six marker lines expressing a reporter

gene under diverse promoters active during early embryogen-

esis. The lines reflect genes with diverse cellular functions (Table

S3) and showed either early, intermediate, or late paternal

activity, respectively (e.g., RPS5A, CYCB1;1, and ET1041), but

did not appear in our allele-specific transcriptome due to the

absence of a referenced SNP in their sequence. Themarker lines

clearly showed distinct expression depending on whether they

were maternally or paternally inherited (Figure 3A and Fig-

ure S2A). We scored the number of F1 embryos showing

paternal marker expression at the same developmental stage

and in a wild-type maternal background (three to seven biolog-

ical replicates each, Table S4). For all markers the proportion

of stained embryos increased with developmental progression

(Figure 3B and Figure S2B). Consistent with our RNA profiling

results, paternal expression of the markers displayed gene-

specific activation timing (developmental stage at which the first

expression was detected) and kinetics (incremental increase in

the fraction of progeny showing expression). For instance, in

a Lermaternal background the paternal ET1041marker showed

only 4% stained embryos at the 2–4 cell stage, whereas the

RPS5A andGRP23markers showed 58%and 67%, respectively

(Figure 3B). In contrast, maternally transmitted markers showed

consistent expression in essentially all embryos, even at earliest

stages (Figures S2A and S2C).

Taken together with the transcriptome study, these findings

strongly suggest that paternally inherited alleles—even those

that are detectable at a very early stage—are activated gradually

after fertilization. This is consistent with the previous observa-

tions made for individual genes in Arabidopsis, and reconciles

earlier, apparently conflicting reports. Whether maternal loci

follow similar or different activation kinetics cannot be easily

resolved because of the potential importance of maternal carry-

over. Nevertheless, our observations are reminiscent of the

gradual, de novo, expression of zygotic genes reported in

animals (Tadros and Lipshitz, 2009).

Maternal KRYPTONITE Activity Controls Paternal
Contribution in the Early Embryo
In our marker analyses we observed that expression was influ-

enced by the maternal genotype (i.e., the accession) (Fig-

ure S2B). This indicated a maternal control of paternal expres-

sion as suggested previously (Ngo et al., 2007). The gradual

increase in paternal allele expression might reflect the progres-

sive release of a silencing mechanism. In Arabidopsis, silent

chromatin is enriched in histone H3 dimethylated at lysine 9

(H3K9me2), a modification principally deposited by the SUVH4

histone methyltransferase KRYPTONITE (KYP) (Jackson et al.,
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2005; Vielle-Calzada et al., 2000). In contrast, a biparental

expression in the zygote and early embryo was shown for certain

other genes (Aw et al., 2010; Meyer and Scholten, 2007; Ron-

ceret et al., 2005, 2008; Scholten et al., 2002; Weijers et al.,

2001). Furthermore, near-saturation mutagenesis screens iden-

tified a plethora of mutations affecting embryo development at

or before the globular stage. The majority of these segregate

as zygotic recessive traits, indicating biparental contributions

to early embryogenesis (Tzafrir et al., 2004). Thus, to date there

is no clear understanding of the relative parental contributions

to plant embryogenesis nor are the mechanisms regulating the

respective contributions known.

We performed allele-specific profiling of the embryonic tran-

scriptome and quantified relative transcript contributions of the

paternal and maternal genomes in Arabidopsis embryos. We

demonstrate a strong,genome-widedominanceofmaternal tran-

scripts at early stages, althoughmany transcripts are biparentally

represented. This finding reconciles the observation made by

several laboratories of both maternal and zygotic effects during

early embryogenesis. Using reporter and profiling analyses, we

found an increasing contribution of paternal products as embryo

development proceeds,with kinetics differing on a gene-by-gene

basis. We identified two maternal epigenetic pathways, involving

the chromatin siRNA pathway and the histone chaperone

complexCAF1,whichact antagonistically to regulate thepaternal

contribution. Importantly, we show that these pathways are

distinct from those regulating genomic imprinting.

RESULTS

Analysis of Parental Contributions in Isolated
Arabidopsis Embryos
To unambiguously define the parental contributions in the early

embryo, we profiled the transcriptome of early-stage embryos

in an allele-specific manner. We dissected 2–4 cell and globular

stage embryos (Figure 1A) derived from a cross between the

polymorphic Landsberg erecta (Ler) and Columbia (Col) acces-

sions. The embryonic transcriptome was sequenced using

a SOLiD v3 platform (Figure 1; see Table S1). Reads covering

single-nucleotide polymorphisms (SNPs) (Borevitz et al., 2007)

were extracted and are referred to hereafter as informative reads

with respect to parental origin. Informative reads were used to

quantify parental contributions both globally (Figure 1A), and

for each gene individually. Genes were considered biparentally

expressed at a given stage whenever both parental alleles

were identified in the corresponding transcriptome. The classifi-

cation of genes for which only a single allelic variant was de-

tected was more ambiguous. Transcripts might be detected

from only one parent because of uniparental expression or

because of low sampling rates, which is of particular concern

for genes expressed at low levels. To circumvent this difficulty,

we made a probabilistic model describing the distribution of

genes according to the proportion of maternal transcripts, q,

Figure 1. Parental Contributions to the Arabidopsis Early Embryo

Transcriptome

(A) Distribution of maternal versus paternal reads covering the embryonic

transcriptome of isolated embryos. Embryos were derived from a cross

between polymorphic parents. Informative SOLiD reads (Table S1) mapping to

known SNPs were assigned to the maternal (Ler) or paternal (Col) parent.

(B) Informative reads identified 3973 and 3078 genes in the 2–4 cell and

globular transcriptomes, respectively. The graph shows a likelihood-based

gene distribution according to the proportion of maternal transcripts, q. q = 1

and q = 0 represent genes contributed only maternally or paternally, respec-

tively. Genes with 0 < q < 1 are contributed biparentally. y axis: proportion of

genes (log scale) ; x axis:q values along 1% quantiles. The full-colored circles

indicate extreme quantiles (0 % q < 0.01 and 0.99 < q % 1).

(C) Composite diagram representation of the gene distribution as drawn in

(B) according to q intervals as labeled. Related to Figure S1, Table S1, and

Table S2.
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2002). To investigate the possibility that maternal KYP regulates

the activity of paternal alleles, we quantified reporter gene

expression in seeds resulting from a cross between a maternal

kyp mutant and wild-type pollen carrying the marker. For all

reporters tested, lack of maternal KYP activity significantly

increased the proportion of embryos showing early paternal

reporter activity (before the 16-cell embryo stage) (Figures 4A

and 4B, Figure S2A, and Table S4). We confirmed the maternal

effect of the kyp mutation on the endogenous AGP18 locus by

allele-specific RT-PCR (Figure 4C). These data strongly suggest

a role for maternal KYP activity in repressing the transcription of

paternal alleles during early embryogenesis.

To investigate the maternal effect of the kyp mutation at the

genome-wide level, we performed allele-specific profiling of

2–4 cell embryos dissected from crosses between maternal

kyp (Ler) and paternal wild-type (Col) parents (Table S1).

Embryos inheriting maternal kyp (kypm/KYPp) showed a strong

increase in the proportion of paternal reads (35.9% versus

11.6% in 2–4 cell stage wild-type embryos) (Figure 4D and repli-

cate Figure S1) resulting in a similar paternal contribution as in

Figure 2. Dynamic Changes of Parental

Contributions during Embryo Development

(A) Venn diagrams showing the number of genes

identified by informative reads and shared

between 2–4 cell and globular embryo tran-

scriptomes. Global coverage for specific genes is

indicated in brackets. Common genes are covered

by the majority of reads (90%–95%).

(B) The transition tables describe the changes for

common genes in the parental class (P, B, M, see

legend) that occurred during development (2–4

cell/globular transition).

(C) Subsets of class transitions illustrate dynamic

changes in allele representation as indicated

(activation/de novo expression and decreased

expression/decay of one parental allele) during

developmental progression. Note that ‘‘decay’’

may correspond to a decrease in SNP coverage

falling below detection threshold rather than an

absolute loss of transcript. The % are the sum of

the % genes in (B) falling into the gray transitions.

(D) A vast majority of common genes (54.4%) is

biparentally represented at both stages. The

proportion of maternal transcripts (q) was calcu-

lated for 1125 common genes sequenced on both

alleles and plotted as indicated (left). The inter-

pretation of relative changes toward higher

paternal or maternal representation is shown

(right). The inset shows the number of genes with

changes in q values > 10% (dashed lines). A total

of 245 genes showed no or <10% change. Related

to Table S1 and Table S2.

wild-type embryos at the globular stage

(36.1%; Figure 1A). Informative reads in

kypm/KYPp embryos identified 3125

genes (Table S1) for which the q distribu-

tion was shifted toward a higher paternal

representation compared to wild-type

embryos at the 2–4 cell stage (Figure 4E).

Notably, the proportion of the paternal class increased markedly

(10.3% at q = 0, versus 1.6% in wild-type 2–4 cell embryos, Fig-

ure 4F) whereas the proportion of genes in the maternal class

diminished (Figure 4F). In addition, genes in the biparental class

(0 < q < 1) showed a higher paternal contribution compared to

wild-type embryos at the 2–4 cell stage (shifted distribution Fig-

ure 4E; less maternally dominant genes Figure 4F). Thus, the

maternal kyp mutation affected a large number of genes

throughout the genome, resulting in a higher paternal contribu-

tion to the early embryonic transcriptome.

Importantly, 2461 of these 3125 genes were common to the

wild-type transcriptome of embryos at the same stage and

were covered by 94.6% of the informative reads (Figure S3B).

This suggests that the maternal kyp mutation does not drasti-

cally alter the 2–4 cell stage embryonic transcriptome, but

instead modifies the relative parental contributions of genes

normally expressed at this stage. Interestingly, the maternal

kyp mutation induced class transitions similar to those induced

by developmental progression (Figures S3C–S3E compared to

Figures 2B–2D). The changes in the relative contribution of
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biparental class geneswere highly correlated (Figure 4G), except

for a subgroup (158 genes) showing a higher increase of the

paternal contribution in kypm/KYPp 2–4 cell embryos as com-

pared to wild-type globular embryos (Figure 4G). The analysis

also identified genes showing again or a lossof oneparental tran-

script (Figure S3D).We conservatively estimate that thematernal

kypmutation induces an increased paternal andmaternal contri-

bution for 1307 and 117 genes, respectively (Figure S3F).

Taken together these results strongly suggest that maternal

KYP activity downregulates early transcription of many paternal,

and some maternal, alleles of loci throughout the genome. This

maternal control may be progressively released during embryo-

genesis, leading to the gradual activation of the paternal genome.

The Chromatin siRNA Pathway Maternally Controls
the Paternal Contribution to the Early Embryo
Because KYP-dependent H3K9me2 in Arabidopsis is linked

to non-CG DNA methylation, we verified the effects of muta-

tions in DOMAIN REARRANGED METHYLTRANSFERASE2

(DRM2) and CHROMOMETHYLASE3 (CMT3), two genes that

control non-CG methylation (Feng et al., 2010). Similar to kyp,

both mutations inherited maternally resulted in precocious

activation of the paternally inherited markers (Figure 5A and

Figures S4A and S4B). By contrast, maternal mutations in

either METHYLTRANSFERASE1 (MET1) or DECREASED DNA

METHYLATION1 (DDM1), involved in the maintenance of CG

DNA methylation (Feng et al., 2010), had no consistent effect

(Figure S4C). Thus, non-CG but not CG DNA methylation partic-

ipates in the transcriptional repression of paternal marker genes.

In Arabidopsis, DNA and histone methylation can be mediated

by small-interfering RNAs (siRNAs) via the chromatin siRNA

pathway, also known as the RNA-directed DNA methylation

(RdDM) pathway (Brodersen and Voinnet, 2006). To determine

whether the RdDM pathway plays a role in the maternal repres-

sion of paternal alleles, we tested mutations in the following

RdDM components: NRPD1a (PolIV), NRPD1b (PolV/NRPE1),

DCL3, RDR2, and AGO4 (Table S3). When inherited maternally,

all these mutations allowed an earlier and stronger detection

of paternally transmitted markers (Figure 5A). By contrast,

the dcl2-1 mutant, which affects a distinct siRNA-dependent

Figure 3. Gradual Activation of Paternal Markers during Early Embryo Development

(A) Representative panel showing differential expression of the marker tested (Table S3 and Table S4), here MET333 reporting AGP18 expression, when

transmitted maternally (left) or paternally (right), as monitored by histochemical detection of GUS (blue substrate).

(B) Expression of the paternal markers was scored as the proportion of embryos showing GUS staining at a given developmental stage in a wild-type maternal

background. Two-tailed Fisher’s exact tests were used to assess differences between two consecutive developmental classes: *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001. Error bars represent standard error between independent biological replicates.

Related to Figure S2, Table S3, and Table S4.
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2002). To investigate the possibility that maternal KYP regulates

the activity of paternal alleles, we quantified reporter gene

expression in seeds resulting from a cross between a maternal

kyp mutant and wild-type pollen carrying the marker. For all

reporters tested, lack of maternal KYP activity significantly

increased the proportion of embryos showing early paternal

reporter activity (before the 16-cell embryo stage) (Figures 4A

and 4B, Figure S2A, and Table S4). We confirmed the maternal

effect of the kyp mutation on the endogenous AGP18 locus by

allele-specific RT-PCR (Figure 4C). These data strongly suggest

a role for maternal KYP activity in repressing the transcription of

paternal alleles during early embryogenesis.

To investigate the maternal effect of the kyp mutation at the

genome-wide level, we performed allele-specific profiling of

2–4 cell embryos dissected from crosses between maternal

kyp (Ler) and paternal wild-type (Col) parents (Table S1).

Embryos inheriting maternal kyp (kypm/KYPp) showed a strong

increase in the proportion of paternal reads (35.9% versus

11.6% in 2–4 cell stage wild-type embryos) (Figure 4D and repli-

cate Figure S1) resulting in a similar paternal contribution as in

Figure 2. Dynamic Changes of Parental

Contributions during Embryo Development

(A) Venn diagrams showing the number of genes

identified by informative reads and shared

between 2–4 cell and globular embryo tran-

scriptomes. Global coverage for specific genes is

indicated in brackets. Common genes are covered

by the majority of reads (90%–95%).

(B) The transition tables describe the changes for

common genes in the parental class (P, B, M, see

legend) that occurred during development (2–4

cell/globular transition).

(C) Subsets of class transitions illustrate dynamic

changes in allele representation as indicated

(activation/de novo expression and decreased

expression/decay of one parental allele) during

developmental progression. Note that ‘‘decay’’

may correspond to a decrease in SNP coverage

falling below detection threshold rather than an

absolute loss of transcript. The % are the sum of

the % genes in (B) falling into the gray transitions.

(D) A vast majority of common genes (54.4%) is

biparentally represented at both stages. The

proportion of maternal transcripts (q) was calcu-

lated for 1125 common genes sequenced on both

alleles and plotted as indicated (left). The inter-

pretation of relative changes toward higher

paternal or maternal representation is shown

(right). The inset shows the number of genes with

changes in q values > 10% (dashed lines). A total

of 245 genes showed no or <10% change. Related

to Table S1 and Table S2.

wild-type embryos at the globular stage

(36.1%; Figure 1A). Informative reads in

kypm/KYPp embryos identified 3125

genes (Table S1) for which the q distribu-

tion was shifted toward a higher paternal

representation compared to wild-type

embryos at the 2–4 cell stage (Figure 4E).

Notably, the proportion of the paternal class increased markedly

(10.3% at q = 0, versus 1.6% in wild-type 2–4 cell embryos, Fig-

ure 4F) whereas the proportion of genes in the maternal class

diminished (Figure 4F). In addition, genes in the biparental class

(0 < q < 1) showed a higher paternal contribution compared to

wild-type embryos at the 2–4 cell stage (shifted distribution Fig-

ure 4E; less maternally dominant genes Figure 4F). Thus, the

maternal kyp mutation affected a large number of genes

throughout the genome, resulting in a higher paternal contribu-

tion to the early embryonic transcriptome.

Importantly, 2461 of these 3125 genes were common to the

wild-type transcriptome of embryos at the same stage and

were covered by 94.6% of the informative reads (Figure S3B).

This suggests that the maternal kyp mutation does not drasti-

cally alter the 2–4 cell stage embryonic transcriptome, but

instead modifies the relative parental contributions of genes

normally expressed at this stage. Interestingly, the maternal

kyp mutation induced class transitions similar to those induced

by developmental progression (Figures S3C–S3E compared to

Figures 2B–2D). The changes in the relative contribution of
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Figure 4. Maternal KYP Activity Controls Parental Contributions to the Early Embryo

(A) Histochemical staining for GUS activity from a paternally inherited embryomarker (MET333), showing the typical stained and unstained seeds as scored in the

graphs in (B).

(B) Expression of paternal markers, in wild-type Ler or kyp-2maternal backgrounds scored as described in Figure 3. See also Figure S3A, Table S3, and Table S4.

(C) Allele-specific RT-PCR of endogenous gene AGP18 paternal transcripts in siliques harvested 1–5 days after pollination (dap) inheriting a maternal kyp

mutation, as compared to the wild-type. Selective amplification of the paternal allele (p, top), amplification of maternal and paternal alleles (m + p, middle), control

amplification of paternally expressed PHE1 mRNA (bottom).

(D–G) Allele-specific transcriptome profiling in isolated 2–4 cells embryos inheriting amaternal kyp-2mutation compared to 2–4 cell wild-type embryos. Data and

legends are as in Figure 1.
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silencing pathway (Brodersen and Voinnet, 2006), did not alter

the activation kinetics of the paternal reporters (Figure 5A).

Importantly, paternal inheritance of mutant KYP, CMT3, or

NRPD1b components showed no effect on paternal marker

expression (Figure S4D), confirming a specific maternal role for

the RdDM pathway in paternal marker regulation.

Several lines of evidence indicate that derepression of the

paternal reporters was not linked to their transgenic nature. First,

we confirmed precocious detection of paternal transcripts for

the endogenous AGP18 locus in embryos inheriting a maternal

kyp mutation using allele-specific RT-PCR (Figure 4C). Second,

several transgenic reporters under the control of transposon

enhancers active in pollen (Slotkin et al., 2009) remained pater-

nally undetectable in embryos inheriting a maternal cmt3 muta-

tion (Figure S4E), whereas ectopic maternal activation of the

same reporters was reported in cmt3 embryo sacs (Pillot et al.,

2010a). Consistently, the profiling confirmed that the kyp muta-

tion did not massively derepress transposons and repeats in

the embryo (Table S1). Together with the genome-wide analysis

of over 3000 endogenous loci in kypm/KYPp embryos, these

results indicate that the maternally inherited components of the

RdDM pathway are involved in controlling the genome-wide

transcriptional dynamics of paternally inherited alleles.

Consistent with the proposed global role for the RdDM

pathway in transcriptional control in early embryos, we observed

that nrpd1a1b mutant zygotes showed an abnormally high level

of active PolII in their nucleus (Figure 5B). This was associated

with abnormal deposition of the repressive H3K9me2 marks

(Figure S5). The epigenetic and transcriptional states of zygotic

nuclei in this RdDM mutant is thus in stark contrast to wild-

type zygotes, which have a relatively quiescent transcriptional

state (Pillot et al., 2010b).

Surprisingly, despite their effect on gene expression, RdDM

mutants have not been reported to cause embryo lethality.

However, this does not exclude subtle defects and, indeed,

transient patterning defects were observed in embryos lacking

maternal CMT3 activity (Pillot et al., 2010b). Similarly, early kyp

embryos showed abnormal division planes in the embryo and

suspensor cells, suggesting a role in early embryonic patterning

(Figure S6).

Ovules Are Enriched in 24 nt siRNAs Targeting
Gene-Coding Sequences
Our results suggest a novel role for the RdDM pathway in the

regulation of genic regions, as this pathway had previously

been associated mostly with transposon and repeat silencing.

To verify the presence of maternal small RNAs targeting

protein-coding regions, we profiled a library of small RNAs

generated from manually dissected mature ovules before fertil-

ization.We reasoned that if this were amaintenancemechanism,

the siRNAs had to be produced before fertilization. Our analysis

revealed a large fraction of siRNAs targeting genic regions

(comprising protein-coding sequences [CDS] and 500 bp of

putative 50 regulatory regions of genes) in ovules as compared
to whole inflorescence (Lu et al., 2005) (Figures 6A and 6B).

This increase was not due to 21 nucleotide (nt) sRNAs (repre-

sented mainly by DCL1-dependent miRNAs and siRNAs) but

was associated with the 24 nt fraction, whose biogenesis is

dependent on PolIV, RDR2, and DCL3 (Brodersen and Voinnet,

2006). Overrepresentation of 24 nt siRNAs derived from CDS in

ovules was correlated with the transcriptional control of indi-

vidual loci mediated by maternal KYP activity in the embryo:

genes showing a transition from maternal expression in the

wild-type to biallelic or paternal expression in kypm/KYPp

embryos (kyp-responsive genes; Figure 6C) showed significantly

more matching siRNAs than genes that remained maternally ex-

pressed in kypm/KYPp embryos (kyp-unresponsive; Figure 6C).

This finding is consistent with a role of the 24 nt siRNAs in regu-

lating paternally inherited alleles.

Maternal CAF-1 and Histone H3 Turnover Regulate
Transcriptional Activation of Paternal Alleles
Mutant analyses showed that lack of maternal RdDM compo-

nents induced the precocious transcriptional activation of

paternal alleles. It is unknown whether paternal alleles are in

a state permissive to transcription or whether additional epige-

netic reprogramming events are necessary for their activation.

In the course of our genetic screen for mutants affecting paternal

reporter expression, we identified MULTIPLE SUPPRESSOR

OF IRA1 (MSI1) (Hennig et al., 2003) to be necessary for their

expression. In embryos inheriting a maternal msi1 mutation,

the activation of paternal reporter genes was markedly delayed

(Figures 7A and 7B and Figure S7A) compared to wild-type

embryos. Reduction of paternal transcript levels inmsi1mutants

was confirmed by RT-PCR for the endogenous GRP23 locus

(Figure 7C).

MSI1 participates in several protein complexes including the

CAF1 complex, a component of chromatin organization ensuring

mitotic stability (Ono et al., 2006). CAF1 is formed by FASCIATA1

(FAS1), FAS2, and MSI1, and functions as an H3/H4-specific

chaperone facilitating nucleosome assembly during replication

(Hennig et al., 2005; Kaya et al., 2001). Consistently, maternal

loss of another subunit of the CAF1 complex, FAS2, showed

a similar effect as msi1 (Figure 7A and Figure S7B). MSI1 is

also a subunit of the MEA-FIE Polycomb group (PcG) complex

active in seeds (Köhler et al., 2003), but a mutation affecting

(D) Distribution of maternal versus paternal reads as in Figure 1A.

(E) q distribution as in Figure 1B. A total of 3125 genes were identified by informative reads in mutant embryos.

(F) Composite diagram representation of the gene distribution in (E) as in Figure 1C.

(G) Scatter plot distribution of 811 biparental-class genes commonly detected in wild-type 2–4 cell embryos, globular embryos, and 2–4 cell kypm/KYPp embryos.

The difference in maternal contribution between stages (qglobular� q2–4 cell) or genotype (q2–4 cell WT� q 2–4 cell kyp/KYP) is plotted on the x and y axis, respectively. q

values were calculated for each transcript as follows: maternal reads/maternal + paternal reads. Differences >0mean a higher paternal contribution compared to

wild-type 2-4 cell embryos. Blue frame: genes with a correlated increased paternal contribution in both globular and kypm/KYPp 2–4 cell embryos. Two groups of

genes are delineated according to their relative maternal contribution (q) in kypm/KYPp embryos as indicated (red, blue). Linear regressions: (i), y = 0.47x + 0.54 ;

R2 = 0.17; (158 genes); and (ii), y = 0.41x + 0.02 ; R2 = 0.20 (653 genes).

Related to Figure S1, Figures S3B–S3F, Table S1, and Table S2.
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Figure 4. Maternal KYP Activity Controls Parental Contributions to the Early Embryo

(A) Histochemical staining for GUS activity from a paternally inherited embryomarker (MET333), showing the typical stained and unstained seeds as scored in the

graphs in (B).

(B) Expression of paternal markers, in wild-type Ler or kyp-2maternal backgrounds scored as described in Figure 3. See also Figure S3A, Table S3, and Table S4.

(C) Allele-specific RT-PCR of endogenous gene AGP18 paternal transcripts in siliques harvested 1–5 days after pollination (dap) inheriting a maternal kyp

mutation, as compared to the wild-type. Selective amplification of the paternal allele (p, top), amplification of maternal and paternal alleles (m + p, middle), control

amplification of paternally expressed PHE1 mRNA (bottom).

(D–G) Allele-specific transcriptome profiling in isolated 2–4 cells embryos inheriting amaternal kyp-2mutation compared to 2–4 cell wild-type embryos. Data and

legends are as in Figure 1.
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the MEDEA (MEA) subunit had no effect on paternal expression

at the globular stage (Figure S7C). These results strongly

suggest that the CAF1 complex is maternally required to activate

transcription of the paternal genome, likely via histone turnover.

CAF1 may regulate the incorporation of specific histone variants

controlling transcriptional activity in plants, as it is the case

in animals. For example, in the animal germ line H3.3 variants

are incorporated at actively transcribed loci (Ooi et al., 2006).

Figure 5. A Functional RdDM Pathway Is

Required for Maternal Control of Paternal

Embryo Markers and Maintenance of Tran-

scriptional Quiescence in the Zygote

(A) Expression of paternal markers in embryos,

scored as in Figure 3 and Figure 4, in maternal

mutant backgrounds lacking activity of RdDM

components as indicated. See also Figure S4,

Figure S6, Table S3, Table S4, and Table S5.

(B) Immunolocalization of the active form of RNA

polymerase II (H5) in PolIV/PolV mutant zygotes

(nrpd1a1b) compared to the wild-type (WT). DNA

was counterstained with DAPI. See also Figure S5.

A similar role may be proposed in plants,

because we observed that maternal

mutations affecting the H3.3 variants

HTR4 and HTR5 (Okada et al., 2005)

significantly delayed the activation of

paternal markers in the embryo (Fig-

ure S7D). These results indicate a role

for CAF1 and H3/H3.3 turnover in the

transcriptional activation of paternal—

and possibly maternal—alleles after

fertilization.

DISCUSSION

We provided a genome-wide view of the

parental contributions to early embryo-

genesis in Arabidopsis. At early stages,

the maternal transcriptome clearly pre-

dominates: although 68% of the genes

are biparentally expressed, their maternal

transcripts are overrepresented. Further,

>30% of the genes show an exclusively

maternal contribution. During the transi-

tion from the 2–4 cell to the globular stage

the paternal contribution increases. We

showed that these parental contributions

are maternally controlled by two antago-

nistic regulatory pathways regulating the

onset of paternal and, at least partially,

maternal zygotic transcription. Maternal

dominance at early stages results from

downregulation of paternal alleles at

loci throughout the genome via the chro-

matin siRNA pathway, linked to RNA-

directed DNA and histone methylation.

In addition, transcriptional activation of

paternal alleles involves histone exchange, possibly via the

replacement of H3.3 variants, for which rapid turnover is

observed after fertilization (Ingouff et al., 2010). Release of

silencing might also involve passive DNA-demethylation during

mitoses or the activity of DNA- or histone-demethylases.

Although additional investigations are required to refine the

mechanistic role of these events in the control of the zygotic

genome, our results suggest that flowering plants evolved
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Figure 6. Ovules Are Enriched in Small RNAs Targeting Genic Regions

(A) Deep sequencing of small RNA (sRNAs) from mature ovules reveals increased targeting to genic regions (comprising protein coding sequences (CDS) and

putative 50-regulatory regions 500 bp upstream of ATG) as compared to sRNAs from inflorescence (pie charts). Size distribution of CDS-targeted sRNAs showed

an increase in the 24 nt fraction in ovules as compared to inflorescence sRNA libraries (histogram).

(B) Comparative mapping of sRNA distribution in inflorescence (upper line) and ovules (lower line) libraries, exemplified by chromosome 1 (top), with a 400 kb

zoom (middle), and 40 kb zoom (bottom). Boxes represent protein coding units (genes). CDS-specific 24 nt sRNAwere distributed between + and� strands in the

proportion of 63(+):37(�) in the ovule library.
(C) Average number of 24 nt siRNA per locus for maternal- and biparental-class genes showing no significant changes (kyp-unresponsive genes) or reduced q

values (increased paternal contribution) in kypm/KYPp embryos compared towild-type (kyp-responsive genes). t test p values (table and graph, *p < 0.01) refers to

differences in siRNA mean number between groups.
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the MEDEA (MEA) subunit had no effect on paternal expression

at the globular stage (Figure S7C). These results strongly

suggest that the CAF1 complex is maternally required to activate

transcription of the paternal genome, likely via histone turnover.

CAF1 may regulate the incorporation of specific histone variants

controlling transcriptional activity in plants, as it is the case

in animals. For example, in the animal germ line H3.3 variants

are incorporated at actively transcribed loci (Ooi et al., 2006).
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Embryo Markers and Maintenance of Tran-

scriptional Quiescence in the Zygote

(A) Expression of paternal markers in embryos,

scored as in Figure 3 and Figure 4, in maternal

mutant backgrounds lacking activity of RdDM

components as indicated. See also Figure S4,

Figure S6, Table S3, Table S4, and Table S5.

(B) Immunolocalization of the active form of RNA

polymerase II (H5) in PolIV/PolV mutant zygotes

(nrpd1a1b) compared to the wild-type (WT). DNA

was counterstained with DAPI. See also Figure S5.

A similar role may be proposed in plants,

because we observed that maternal

mutations affecting the H3.3 variants

HTR4 and HTR5 (Okada et al., 2005)

significantly delayed the activation of

paternal markers in the embryo (Fig-

ure S7D). These results indicate a role

for CAF1 and H3/H3.3 turnover in the

transcriptional activation of paternal—

and possibly maternal—alleles after

fertilization.

DISCUSSION

We provided a genome-wide view of the

parental contributions to early embryo-

genesis in Arabidopsis. At early stages,

the maternal transcriptome clearly pre-

dominates: although 68% of the genes

are biparentally expressed, their maternal

transcripts are overrepresented. Further,

>30% of the genes show an exclusively

maternal contribution. During the transi-

tion from the 2–4 cell to the globular stage

the paternal contribution increases. We

showed that these parental contributions

are maternally controlled by two antago-

nistic regulatory pathways regulating the

onset of paternal and, at least partially,

maternal zygotic transcription. Maternal

dominance at early stages results from

downregulation of paternal alleles at

loci throughout the genome via the chro-

matin siRNA pathway, linked to RNA-

directed DNA and histone methylation.

In addition, transcriptional activation of

paternal alleles involves histone exchange, possibly via the

replacement of H3.3 variants, for which rapid turnover is

observed after fertilization (Ingouff et al., 2010). Release of

silencing might also involve passive DNA-demethylation during

mitoses or the activity of DNA- or histone-demethylases.

Although additional investigations are required to refine the

mechanistic role of these events in the control of the zygotic

genome, our results suggest that flowering plants evolved
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strategies to regulate early embryogenesis that are similar to

those described in animals (Baroux et al., 2008; Tadros and

Lipshitz, 2009).

Maternal Effect and Zygotic Functions during Early
Embryogenesis
The relative contribution and dynamic changes of parental tran-

scripts we observed in early Arabidopsis embryos may result

from a combination of de novo transcription postfertilization and

transcripts carried over from the egg or sperm, although their

respective abundance is unknown. 1331 and 621 genes with

respective maternal and paternal contributions (of 3399 and

1482 represented on the ATH1 microarray) were consistently de-

tected as present in egg- or sperm-specific microarray experi-

ments (Borges et al., 2008; Wuest et al., 2010). Although these

overlaps between pre- and postfertilization transcriptomes indi-

cate a carryover from egg and sperm cells, potentially influencing

early embryo development (Bayer et al., 2009; Pillot et al., 2010b),

the expression status of these genes in the early embryo remains

unknown.Formany loci, storedanddenovoexpressed transcripts

likely coexist during early embryogenesis (Tadros and Lipshitz,

2009), as it was shown by chromosomal deletions in Drosophila

(DeRenzis et al., 2007).Whenever exactly these genesmay be ex-

pressed, the vast majority of transcripts are derived from the

maternal genome, providing extensive maternal control over early

development, explaining the existence of numerous maternal

effectgenes (reviewed inBarouxetal., 2008).However, it is equally

clear that there is a paternal contribution to early embryogenesis

from many loci, sometimes exclusively, consistent with paternal

effect and zygotic genes acting early after fertilization (Bayer

Figure 7. The Maternal CAF1 Nucleosome Assembly Complex Controls Paternal Gene Activation

(A) Paternal marker expression in msi1 or fas2 maternally mutant embryos compared to wild-type.

(B) Paternal marker expression scored as in Figure 3, Figure 4, and Figure 5, in msi1 or fas2 maternal background. See also Figure S7, Table S3, Table S4, and

Table S5.

(C) Allele-specific RT-PCR shows reduced endogenous GRP23 paternal transcript levels in siliques collected 2–5 dap inheriting a maternalmsi1-2mutation, as

compared to the wild-type. Selective amplification of the paternal allele (p), or of both maternal and paternal alleles (m + p), control amplification of paternally

expressed PHE1.
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etal., 2009,MeyerandScholten,2007;Ronceretetal., 2005,2008;

Scholten et al., 2002; Tzafrir et al., 2004; Weijers et al., 2001).

Epigenetic Pathways Controlling Parental Contributions
Are Distinct from Those Regulating Genomic Imprinting
In plants and mammals, certain genes are regulated by genomic

imprinting and are expressed monoallelically only from one

parental allele (reviewed inRaissiget al., 2011).Onecould imagine

that for maternally expressed, imprinted loci, the RdDM pathway

repressing paternal alleles stays in place throughout develop-

ment, thus leading to monoallelic maternal expression. However,

the maternal regulatory pathways we uncovered complement—

and act beyond—the regulation of genes by genomic imprinting:

neither KYP nor CMT3 regulates the imprinted FIS2 locus (Jullien

et al., 2006b). Conversely, we determined that dcl3, a mutation

affecting the RdDM pathway, does not alter paternal silencing of

the imprinted MEA gene, nor do mutations affecting the CAF1

subunit FAS2 (Table S5). Instead, the MEA-FIE PcG complex

maintains silencing of the paternalMEA allele via H3K27 methyl-

ation (Baroux et al., 2006; Jullien et al., 2006a). This complex is

not required for global repressionof thepaternal genomebecause

a mutation affecting the MSI1 PcG subunit did not show preco-

cious activation of paternal markers, but instead had a delaying

effect. Thus, the maternal mechanisms controlling the timing of

paternal genomeactivationdescribedhere aredistinct from those

regulating genomic imprinting. Furthermore, although parental

contributions were described in the late endosperm (Hsieh

et al., 2011), their regulation at early stages still needs to be

elucidated at a genome-wide level. Possibly, different transcrip-

tional controls are in place because the endosperm is actively

transcribed soon after fertilization (Aw et al., 2010; Pillot et al.,

2010b), owing to its differential targeting by a global DNA

demethylase pathway that may counteracts the RdDM pathway

(Gehring et al., 2009; Hsieh et al., 2009).

The RdDM Pathway Plays a Role in Early Seed
Development
We have shown that maternal mutations affecting the PolIV

subunit NRPD1a de-repressed the activity of paternal markers

and modified the transcriptional status of the zygotic genome.

Thus, we propose that PolIV-dependent 24 nt maternal siRNAs

epigenetically control the transcriptional status of paternal, and

possibly also maternal, loci throughout the genome. Whether

an epigenetic dimorphism establishes differential susceptibility

of the parental alleles to siRNA-based regulation is a challenging

question that remains to be addressed. Maternal siRNAs were

recently detected at later stages of seed development in the

endosperm (Mosher et al., 2009), and thus our findings extend

their role to early stages of embryogenesis, particularly in regu-

lating protein-coding sequences. The endosperm and its pro-

genitor, the central cell, or alternatively maternal sporophytic

tissue (Olmedo-Monfil et al., 2010) have recently been proposed

as a potential source of mobile maternal siRNAs driving silencing

in the egg cell and the embryo (reviewed, e.g., in Bourc’his and

Voinnet, 2010; Feng et al., 2010), an attractive hypothesis await-

ing confirmation.

Perturbation of the maternal RdDM pathway leads to transient

patterning defects as reported for embryos lacking maternal

CMT3 (Pillot et al., 2010b) or, as described here, KYP activity.

Thus, the pathway seems to fine-tune the expression of early

patterning genes. Alternatively, phenotypic aberrations might

be revealed in embryos inheriting a divergent paternal genome

distinct from the maternal background, which provides the

epigenetic control on zygotic genome expression. Further

studies are awaited to determine if RdDM mutants might repre-

sent sensitized backgrounds to hybridization and how these

maternal pathways affect out-breeding species. Maternal

siRNAs, particularly those targeting transposable elements,

have been proposed to act in heterosis and inter-specific hybrid-

ization (Chen, 2010; Martienssen, 2010). Twenty-four nucleotide

siRNAs targeting coding regions are also downregulated in

hybrid offspring (Groszmann et al., 2011). Our data suggest

that siRNA-based mechanisms also target protein-coding

sequences of the early embryonic genome, to control chro-

matin-based parental interactions during the epigenetic reprog-

ramming that occurs after fertilization.

EXPERIMENTAL PROCEDURES

Plant Material

Arabidopsis thaliana accessions Columbia-0 (Col), Landsberg erecta (Ler),

C24, WS or Nossen (No) were used as wild-type controls according to the

mutant’s background. The marker lines and mutants are listed in Table S3

and genotyping assays are described in Extended Experimental Procedures.

Embryonic cDNA Libraries, Sequencing, and Allele-Specific

Transcriptome Analysis

The full method is described in Extended Experimental Procedures. In brief,

embryos were released from the seeds by gentle pressure and isolated under

an inverted microscope using a microcapillary. Total RNA was extracted using

the PicoPure RNA Isolation Kit (Arcturus) and 300–700 pg was amplified in

a linear fashion using theWT-Ovation Pico RNA Amplification System (NuGEN

Technologies). After second strand cDNA synthesis and library preparation, 50

bases sequence reads were generated by SOLiD v3 (Applied Biosystems) and

aligned to the Arabidopsis Col genome (TAIR8.0). Unique reads mapping full

length in the exome were sorted for the presence of Ler annotated polymor-

phisms (Borevitz et al., 2007).

Theanalysisofparental contributionswasperformedusinga likelihood-based

model fitting best the observed distribution of maternal and paternal reads per

transcripts. A detailed explanation is provided in Extended Experimental

Procedures.

Marker Gene Analysis

The activity of paternal markers following crosses to wild-type or mutant

females was assayed by histochemical staining of the uidA reporter gene

product (the GUS enzyme) as described in Extended Experimental

Procedures. The number of GUS-positive progeny was scored for each devel-

opmental stage and differenceswere assessed using two-tailed Fisher’s exact

test. For allele-specific RT-PCR, LNA-modified primers targeting a SNP from

one parental transcript were used. Details on the reactions and primer

sequences are provided in Extended Experimental Procedures.

Profiling of Small RNAs in Ovules

In brief, total RNA was extracted from dissected mature ovules (Peiffer et al.,

2008) and a small RNA library was prepared and sequenced using Illumina

Genome Analyzer. After filtering, reads were mapped against Arabidopsis

Col reference sequence (TAIR 8) and compared to inflorescence small RNA

reads (Lu et al., 2005), analyzed using the same procedure. Mapping, occur-

rence information, normalization, and graphical displays were computed using

R. Genic regions and repeat target analysis was done using TAIR 8 genome

release and ftp://ftpmips.helmholtz-muenchen.de/plants/cress/.
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strategies to regulate early embryogenesis that are similar to

those described in animals (Baroux et al., 2008; Tadros and

Lipshitz, 2009).

Maternal Effect and Zygotic Functions during Early
Embryogenesis
The relative contribution and dynamic changes of parental tran-

scripts we observed in early Arabidopsis embryos may result

from a combination of de novo transcription postfertilization and

transcripts carried over from the egg or sperm, although their

respective abundance is unknown. 1331 and 621 genes with

respective maternal and paternal contributions (of 3399 and

1482 represented on the ATH1 microarray) were consistently de-

tected as present in egg- or sperm-specific microarray experi-

ments (Borges et al., 2008; Wuest et al., 2010). Although these

overlaps between pre- and postfertilization transcriptomes indi-

cate a carryover from egg and sperm cells, potentially influencing

early embryo development (Bayer et al., 2009; Pillot et al., 2010b),

the expression status of these genes in the early embryo remains

unknown.Formany loci, storedanddenovoexpressed transcripts

likely coexist during early embryogenesis (Tadros and Lipshitz,

2009), as it was shown by chromosomal deletions in Drosophila

(DeRenzis et al., 2007).Whenever exactly these genesmay be ex-

pressed, the vast majority of transcripts are derived from the

maternal genome, providing extensive maternal control over early

development, explaining the existence of numerous maternal

effectgenes (reviewed inBarouxetal., 2008).However, it is equally

clear that there is a paternal contribution to early embryogenesis

from many loci, sometimes exclusively, consistent with paternal

effect and zygotic genes acting early after fertilization (Bayer

Figure 7. The Maternal CAF1 Nucleosome Assembly Complex Controls Paternal Gene Activation

(A) Paternal marker expression in msi1 or fas2 maternally mutant embryos compared to wild-type.

(B) Paternal marker expression scored as in Figure 3, Figure 4, and Figure 5, in msi1 or fas2 maternal background. See also Figure S7, Table S3, Table S4, and

Table S5.

(C) Allele-specific RT-PCR shows reduced endogenous GRP23 paternal transcript levels in siliques collected 2–5 dap inheriting a maternalmsi1-2mutation, as

compared to the wild-type. Selective amplification of the paternal allele (p), or of both maternal and paternal alleles (m + p), control amplification of paternally

expressed PHE1.
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Whole-Mount Immunolocalization

Immunodetection was performed essentially as described (Pillot et al., 2010b),

using antibodies from Abcam: anti-H3K9me2 (#ab1220) and anti-phosphoS2

RNA PolII [H5] (#ab24758) specific to the active form of PolII (Palancade and

Bensaude, 2003). Images were captured on a laser scanning confocal micro-

scope (Leica SP2) and maximum-intensity projections of selected optical

sections generated. Details are provided in ExtendedExperimental Procedures.

ACCESSION NUMBERS

Data from embryo SOLiD profiling are accessible under GEO accession

number GSE24198. Data from ovule small RNA profiling are accessible under

GEO accession number GSE28627. Sequence data from this article can be

found in theArabidopsisGenome Initiative orGenBank/EMBLdatabases under

the following accession numbers: At5g13960 (KRYPTONITE), At5g14620

(DRM2), At5g15380 (DRM1), At1g69770 (CMT3), At5g49160 (MET1),

At5g66750 (DDM1), At4g11130 (RDR2), At3g43920 (DCL3), At3g03300

(DCL2), At2g27040 (AGO4), At1g63020 (NRPD1A/POLIVA), At2g40030

(NRPD1b/NRPE1/POLV), At5g58230 (MSI1), At5g64630 (FAS1), At5g64630

(FAS2), At1g02580 (MEDEA), At4g40030 (HTR4), At4g40040 (HTR5),

At4g37450 (AGP18), At4g02060 (PROLIFERA), At4g37490 (CYCB1;1),

At3g11940 (RPS5a), At2g241500 (LACHESIS), At1g10270 (GRP23).
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Supplemental Information includes Extended Experimental Procedures, seven

figures, five tables, and one movie and can be found with this article online at
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sections generated. Details are provided in ExtendedExperimental Procedures.

ACCESSION NUMBERS

Data from embryo SOLiD profiling are accessible under GEO accession

number GSE24198. Data from ovule small RNA profiling are accessible under

GEO accession number GSE28627. Sequence data from this article can be

found in theArabidopsisGenome Initiative orGenBank/EMBLdatabases under

the following accession numbers: At5g13960 (KRYPTONITE), At5g14620

(DRM2), At5g15380 (DRM1), At1g69770 (CMT3), At5g49160 (MET1),

At5g66750 (DDM1), At4g11130 (RDR2), At3g43920 (DCL3), At3g03300

(DCL2), At2g27040 (AGO4), At1g63020 (NRPD1A/POLIVA), At2g40030

(NRPD1b/NRPE1/POLV), At5g58230 (MSI1), At5g64630 (FAS1), At5g64630

(FAS2), At1g02580 (MEDEA), At4g40030 (HTR4), At4g40040 (HTR5),

At4g37450 (AGP18), At4g02060 (PROLIFERA), At4g37490 (CYCB1;1),

At3g11940 (RPS5a), At2g241500 (LACHESIS), At1g10270 (GRP23).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven

figures, five tables, and one movie and can be found with this article online at

doi:10.1016/j.cell.2011.04.014.

ACKNOWLEDGMENTS

We thank the Arabidopsis Stock Centers (NASC/ABRC), J. Carrington, R.

Gross-Hardt, R. Martienssen, F. Meins, T. Lagrange, J. Paszowski, and E. Ri-

chards for seeds; C. Michaud, N. Duran-Figueroa, and V. Olmedo-Monfil for

technical support; T. Nawy for advice on embryo microdissection; S.

Schreiber, L. Bossen, and M. Schilhabel for sequencing support at Kiel; and

M. Schmid for help in GEO data submission. We are grateful to M. Arteaga-

Vazquez, O. Hamant, and T. Lagrange for helpful comments on earlier versions

of the manuscript and to S. Kessler and S. Gillmor for critical reading. C.B.,

M.R., S.G., and A.S. were supported by the University of Zürich and grants
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CHAPTER 2.2.2. Arabidopsis Embryogenesis - Maternal Dominance or Equal Parental Policy?

We have previously shown that the transcriptome of  Arabidopsis embryos derived from crosses between 

the accessions Landsberg erecta (Ler) and Columbia (Col-0) is largely dominated by maternal reads (88%) at 

early stages (2-4 cells). Despite this maternal dominance, 66% of  the genes have transcripts from both parental 

alleles, consistent with the fact that many embryo lethal mutations with preglobular developmental phenotypes 

are zygotically recessive (Autran et al., 2011). Transcriptome analyses at the globular stage, in conjunction 

with expression analyses of  seven reporter loci, confirmed a gradual increase of  paternal transcripts during 

embryogenesis, reflecting progressive zygotic genome activation (ZGA; Autran et al., 2011). We also demonstrated 

that paternal loci are epigenetically regulated by two antagonistic maternal pathways: a siRNA-based mechanism 

involving genes of  the RNA-dependent DNA methylation (RdDM) pathway restricts expression of  paternal 

alleles, while their activation relies on a nucleosome-remodeling pathway (Autran et al., 2011). As a result, kypm/

KYP p maternally mutant embryos show both a higher proportion of  paternal reads (34% vs 12% in the wild type) 

and a gene distribution, based on a statistical best-fit model, that is skewed towards higher paternal contributions 

(Autran et al., 2011).

In contrast, a recent study using Arabidopsis embryos derived from crosses between the accessions Cape 

Verde Island (Cvi) and Col-0, showed a transcriptome with an equal contribution of  paternal and maternal 

transcripts (Nodine and Bartel, 2012). To explain this discrepancy, the authors suggested that transcripts derived 

from the maternal seed coat might have contaminated our embryo samples. However, this hypothesis does neither 

explain our genetic results and reporter gene analyses (Autran et al., 2011) nor other studies (reviewed in Baroux 

et al. 2009). We demonstrate here that maternal dominance in Ler x Col-0 embryos does not result from a 

technical artifact but rather may have an interesting biological basis.

The genetic studies and reporter gene analyses we performed suggest that the different findings between 

the two studies do not arise merely from technical artifacts. Instead, they may have an interesting biological basis, 

since the two experiments do not only differ in the way the embryos were isolated but in at least two other respects: 

First, different accessions were used, with Cvi being known for its singular epigenetic configuration involving 

atypical DNA methylation and transposon insertion patterns (Gazzani et al., 2003; Riddle and Richards, 2002; 

Saze and Kakutani, 2007), and structural heterochromatin phenotypes reminiscent of  a dominant-negative effect 

on RdDM control (Tessadori et al., 2009). In this respect, the results reported by Nodine and Bartel (2012) 

would be consistent with our former conclusion that embryos maternally deficient in RdDM components show 

precocious bi-allelic expression of  many genes (Autran et al., 2011). Alternatively, their observations are also 

consistent with our proposition that the maternal control of  paternal expression is expected to become weaker 

with increasing genetic distance (Autran et al., 2011). Second, while we profiled mRNAs irrespective of  their 

polyadenylation status, Nodine and Bartel (2012) specifically analyzed polyadenylated mRNAs. In animals, 

cytoplasmic poly(A)-elongation is prevalent as a mechanism for the translational regulation of  maternal mRNAs 

during early development (Benoit et al., 2008; Galili et al., 1988; Lasko 2009). Although data with respect to 

polyadenylation of  plant mRNAs is scarce, the existence of  a cytoplasmic polyadenylase (Hunt et al,. 2008) and 

maternal mRNAs populations with short poly(A)-tail (Grimanelli et al., 2005) makes this a plausible scenario. 

Given these possible biological differences, future investigations on the mechanisms and natural variation in plant 

zygotic genome activation promise to shed new light onto this essential phase of  the plant life cycle.

At the moment, new hybrid embryonic samples resulting from reciprocal crosses between different 

accessions, including Ler x Col-0 and Cvi x Col-0 crosses, and amplified with different RNA-seq kits (polyA-based 

and random priming) await resequencing. The new data will hopefully solve the current controversy concerning 

parental contribution to the early embryonic transcriptome.
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ABSTRACT

Genomic imprinting results in monoallelic gene expression in a parent-of-origin-dependent manner and is 

regulated by differential epigenetic marking of  the parental alleles. It was proposed that genomic imprinting in 

plants is largely restricted to the endosperm, a tissue nourishing the developing embryo and not contributing to 

the next generation. In Arabidopsis, however, the two imprinted genes MEDEA (MEA) and PHERES1 (PHE1) are 

both active in the embryo, but whether the embryonic expression is imprinted or not remains controversial. In 

addition, one imprinted gene is described in the maize embryo.

We identified several imprinted candidate genes in an allele-specific transcriptome of  hybrid Arabidopsis embryos 

and confirmed parent-of-origin-dependent, monoallelic expression for eleven maternally expressed genes 

(MEGs) and one paternally expressed gene (PEG) in the embryo using allele-specific expression analysis and 

reporter gene assays. Genetic studies indicate that the Polycomb Repressive Complex 2 (PRC2) but not the DNA 

METHYLTRANSFERASE1 (MET1) is involved in regulating imprinted expression in the embryo. In the seedling, 

all embryonic MEGs and the PEG are expressed from both parents suggesting that the imprint is erased during 

late embryogenesis or early vegetative development. 

We report here several genes regulated by genomic imprinting in the Arabidopsis embryo and show that this 

epigenetic phenomenon is clearly not a unique feature of  the endosperm in both monocots and dicots. 

AUTHOR SUMMARY

In most cells nuclear genes are present in two copies, one maternal and one paternal allele. Usually, the two alleles 

share the same fate regarding their activity with both copies being active or both being silent. An exception to 

this rule are genes that are regulated by genomic imprinting, where only one allele is expressed and the other 

one remains silent depending on the parent it was inherited from. The two alleles are equal in terms of  their 

DNA sequence but carry different epigenetic marks and can therefore be distinguished. Genomic imprinting 

evolved independently in mammals and flowering plants. In mammals, genes regulated by genomic imprinting 

are expressed in a wide range of  tissues including the embryo and the placenta. Yet in plants, genomic imprinting 

is thought to be restricted to the endosperm, a nutritive tissue in the seed with a function similar to that of  the 

mammalian placenta. Here, we describe the occurrence of  genes regulated by genomic imprinting in the embryo 

of  the model plant Arabidopsis thaliana. An epigenetic silencing complex, the Polycomb Repressive Complex2 

(PRC2), partly regulates genomic imprinting in the embryo. Interestingly, embryonic imprints seem to be erased 

during late embryo development. 
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INTRODUCTION

Genes regulated by genomic imprinting are expressed preferentially from one allele in a parent-of-origin-

dependent manner. The two alleles do not differ in their DNA sequence, but rather they are differentially 

marked by epigenetic modifications. In mammals, imprint establishment occurs after meiosis and during gamete 

development (Reik and Walter, 2001). The parent-of-origin-specific “imprint” is retained after fertilization, such 

that the alleles can be distinguished and differentially expressed after fertilization. The imprints are erased in the 

primordial germ cell lineage, which will develop into the gametes, and reestablished according to the sex of  the 

germ line (Barlow, 2011; Feng et al., 2010). 

Genomic imprinting evolved both in placental mammals and in flowering plants. While genes can be 

imprinted in both the embryo and the placenta in mammals, and even in adult tissues (Barlow, 2011; Frost and 

Moore, 2010), it has been proposed that imprinting in plants is largely restricted to the endosperm, the triploid 

nourishing tissue that develops upon fertilization of  the diploid central cell (Feil and Berger, 2007; Jullien and 

Berger, 2009). The triploid endosperm does not contribute to the next generation and therefore there is no 

requirement to reset parental imprints. To date, only two plant genes have been described that display parent-of-

origin-dependent, monoallelic expression in both the embryo and the endosperm: Maternally expressed in embryo1 

(Mee1) in maize and Os10g05750 in rice, although absence of  expression in the gametes and, therefore, de novo 

expression in the fertilization products is only shown for Mee1 (Jahnke and Scholten, 2009; Luo et al., 2011). In 

Arabidopsis thaliana, the Polycomb group gene MEDEA (MEA) and its target, the MADS-box transcription factor 

PHERES1 (PHE1), are both imprinted in the endosperm, and show embryonic expression (Köhler et al., 2005; 

Raissig et al., 2011; Spillane et al., 2007) but it remains controversial whether the embryonic expression itself  is 

imprinted or not (reviewed in Raissig et al., 2011). 

The regulation of  genomic imprinting in mammals is complex and involves DNA methylation, histone 

modifications, and non-coding RNAs (Barlow, 2011; Bartolomei and Ferguson-Smith, 2011; Ferguson-Smith, 

2011). In Arabidopsis, DNA methylation and Polycomb Repressive Complex 2 (PRC2)-mediated trimethylation 

of  histone 3 lysine 27 (H3K27me3) are involved in the regulation of  some imprinted loci in the endosperm. 

The maintenance DNA-methyltransferase METHYLTRANSFERASE1 (MET1) and the DNA-glycosylase 

DEMETER (DME) act antagonistically to regulate imprinting of  MEA, FLOWERING WAGENINGEN (FWA), 

FERTILIZATION INDEPENDENT SEED2 (FIS2), and MATERNALLY EXPRESSED PAB C-TERMINAL (MPC) 

(Choi et al., 2002; Kinoshita et al., 2004; Gehring et al., 2006; Jullien, Kinoshita, et al., 2006; Tiwari et al., 2008). 

DME is preferentially expressed in the central cell and removes DNA-methylation marks on maternal alleles 

(Choi et al., 2002; Gehring et al., 2006), which, however, might not directly define the imprinting status at all 

loci (Wöhrmann et al., 2012). In maize, most imprinted genes analyzed in detail are differentially methylated in 

the endosperm (Jahnke and Scholten, 2009; Gutiérrez-Marcos et al., 2006; Haun et al., 2007; Hermon et al., 

2007), which is already established in the gametes for some loci but not for others indicating additional, primary 

imprinting marks (Jahnke and Scholten, 2009; Gutiérrez-Marcos et al., 2006). Also the regulation of  imprinted 

MEA expression by DME and MET1 is indirect and it is not the presence or absence of  DNA methylation that 

distinguishes the two parental alleles (Wöhrmann et al., 2012). However, regulation of  imprinted expression of  

MEA, PHE1, FORMIN-HOMOLOGUE 5 (AtFH5), and some other loci depends additionally or exclusively on the 

repressive action of  PRC2  (Köhler et al., 2005; Baroux et al., 2006; Gerald et al., 2009; Hsieh et al., 2011; Jullien 

et al., 2006). 

Recent studies identified many novel candidate imprinted genes in Arabidopsis, maize and rice using 

systematic genome-wide transcriptome screens on seed tissue (Luo et al., 2011; Hsieh et al., 2011; Gehring et al., 

2011; Wolff  et al., 2011; McKeown et al., 2011; Waters et al., 2011; Zhang et al., 2011). In Arabidopsis alone, the 
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total number of  imprinted genes increased from 12 to more than 300 potentially imprinted genes (Hsieh et al., 

2011; Gehring et al., 2011; Wolff  et al., 2011; McKeown et al., 2011). Yet, the identified MEGs and PEGs differ 

dramatically between the studies, which show little overlap even within this species. This might be due to different 

developmental stages and accessions analyzed, and to different statistical and analytical procedures used to define 

candidate genes  (Gehring et al., 2011; McKeown et al., 2011; Deveale et al., 2012). Nevertheless, future research 

will elucidate the function and regulation of  those candidate genes and add to our current understanding of  how 

imprinting is regulated and how it evolved in plants.

In this study, we show that genomic imprinting is not restricted to the endosperm in Arabidopsis, and 

describe parent-of-origin-dependent, monoallelic expression in the Arabidopsis embryo. We identified 80 potentially 

imprinted genes from a parent-of-origin-specific embryonic transcriptome (Autran et al., 2011) and confirmed 

eleven MEGs and one early PEG using allele-specific expression analysis of  parental transcripts and reporter 

gene assays. Furthermore, we found that PRC2 is involved in maintaining the imprinted expression pattern at 

some loci. However, imprinted expression in the embryo requires erasure and resetting of  the imprinting marks 

between the generations. Interestingly, the MEGs and the PEG are expressed from both alleles in the seedling 

suggesting that the imprint is erased during late embryogenesis or early seedling development.
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RESULTS

In-Depth Analysis of  the Hybrid Embryonic Transcriptome Reveals Monoparentally Expressed 

Genes

To study the global parental contributions to the embryonic transcriptome and its regulation, embryonic samples 

were previously generated from hybrid embryos at the 2-4 cell and globular stage (Autran et al., 2011). The hybrid 

embryos were derived either from a cross between Landsberg erecta (Ler) and Columbia-0 (Col-0) or from a cross 

between the kryptonite (kyp) mutant (Ler) and Col-0. Subsequent high-throughput sequencing of  the generated 

cDNA libraries allowed the identification of  allele-specific transcripts based on single nucleotide polymorphisms 

(SNPs) between the accessions (Autran et al., 2011). For this study, we identifed potentially imprinted transcripts 

in the embryo, for which only one parental allele was sequenced in all samples, in the 2-4 cell samples only or in 

the globular samples only (Autran et al., 2011; for details see Material and Methods). We only filtered genes that 

were not deregulated in the kyp/KYP x Col-0 sample, assuming that KYP is not a major regulator of  genomic 

imprinting, but rather regulates the parental contributions at the genome-wide level. This procedure yielded 50 

potential maternally expressed genes (MEGs) and 30 potential paternally expressed genes (PEGs) in the Arabidopsis 

embryo (Table S2-3-1). A recent study analyzing a hybrid embryonic transcriptome in Arabidopsis (Nodine and 

Bartel, 2012) confirmed the presence of  monoallelic gene expression in the Arabidopsis embryo. The authors 

describe 77 maternally and 45 paternally contributed transcripts in at least one embryonic stage tested. Finally, 

we chose 18 MEG candidates and six PEG candidates that are highly expressed in our embryonic libraries 

(Autran et al., 2011) and that are absent from the gametes (Wuest et al., 2010; Borges et al., 2008), suggesting 

de novo expression in the embryo, and analyzed them in detail (i.e. allele-specific expression and reporter gene 

analysis; Table S2-3-1).

Monoallelic Gene Expression in the 2-4 Cell and the Globular Embryo

To confirm the previously identified MEGs and PEGs, we produced new embryonic cDNA libraries by 

crossing the Col-0 and the Ler accessions reciprocally. Embryos were isolated at the 2-4 cell embryo stage (~2.5 

days after pollination (DAP)) and at the globular embryo stage (~4 DAP). We sampled two biological replicates 

of  each cross and stage (8 samples in total), extracted total RNA and amplified a cDNA library (see Material and 

Methods). The cDNA samples from hybrid embryos were subsequently used to amplify the polymorphic, SNP-

containing sequence of  potentially imprinted transcripts by RT-PCR, and products were assessed for parent-of-

origin by Sanger sequencing. As a control, we performed allele-specific expression analysis on a polymorphic 

gene that is expressed from both parental alleles (AT1G02780, EMBRYO DEFECTIVE 2386, Autran et al., 2011). 

We readily detected both parental nucleotides at the polymorphic site in all the samples analyzed (Figure S2-3-

1A), confirming that this method is suitable to detect biallelic gene expression. Importantly, we verified that all 

the assays used in this study amplify both parental alleles with equal efficiency. To this aim we performed PCR 

and Sanger sequencing on genomic DNA from reciprocal F1 hybrid seedlings (Col-0 x Ler and Ler x Col-0, 

respectively). All assays used in this study amplified both alleles with equal efficiency and thus do not introduce a 

technical bias towards one allele (Figure S2-3-1B and Figure S2-3-2).

We then performed allele-specific expression analysis on the previously selected 18 candidate MEGs 

and six candidate PEGs (Table S2-3-1). For eleven of  the 18 candidate MEGs we could sequence only the 

maternal allele in all crosses, stages and replicates analyzed (AT1G29660, AT1G72260, AT2G47115, AT5G62210, 

AT3G20520, AT2G17710, AT3G21500, AT2G01520, AT1G20680, AT5G51950, AT1G29050; Figure 2-3-1A - F 

and Figure S2-3-3A - E). Because 9 of  the 11 genes showed no detectable levels in the egg transcriptome, our 

result strongly suggests that they may be regulated by genomic imprinting in the Arabidopsis embryo (Borges et 
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Figure 2-3-1. Allele-specifi c expression analysis of MEGs 
and PEGs. Reciprocal hybrid embryos were isolated at 2.5 
DAP (2-4 cell embryos) and at 4 DAP (globular embryos) 
and allele-specifi c expression was analyzed by RT-PCR and 
Sanger sequencing. The direc� on of the cross is indicated 
on top of each panel, the embryonic stage on the le� . Two 
replicates were analyzed for each stage and cross, which is 
represented by two individual sequencing chromatograms. 
The analyzed gene and the polymorphism between Col-
0 and Ler are indicated in the grey box atop of each panel. 
Furthermore, the polymorphic nucleo� de is displayed in bold 
and underlined below each chromatogram. n.d. indicates 
that the transcript could not be amplifi ed from the specifi c 
embryo replicate sample. (A) AT1G29660. (B) AT1G72260. (C) 
AT2G47115. (D) AT5G62210. (E) AT3G20520. (F) AT2G17710. 
(G) AT3G26790 (FUS3) 
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al., 2008; Wuest et al., 2010, Table S2-3-1). Two of  the 18 candidate MEGs showed biallelic expression in one 

2-4 cell replicate sample and were therefore excluded from further analyses (AT3G44260 and AT5G52060, Figure 

S2-3-3F and S2-3-3G). However, the maternal signal was much higher in these replicates, and both genes showed 

complete monoallelic expression at the globular stage, suggesting that they may also be regulated by genomic 

imprinting. From the remaining five MEGs, four genes could not be amplified at all from the embryonic cDNA 

libraries and one gene was lost when a highly stringent washing procedure was applied before RNA extraction 

and amplification (see below, Table S2-3-1) suggesting that they are not or only weakly expressed in the embryo.

Of  the six analyzed candidate PEGs, only one PEG (FUSCA 3 (FUS3, AT3G26790)) showed consistent 

monoallelic expression at the 2-4 cell stage, but not at the globular stage, at which expression was either maternal 

or biallelic, depending on the direction of  the cross (Figure 2-3-1G). In two replicates, FUS3 could not be detected 

at all, which might indicate that FUS3 is expressed at low level in the embryo; even below detection level in some 

samples. Two other candidate PEGs were found to be expressed from both parents (AT2G20160 (MEIDOS) 

and AT1G63260; Figure S2-3-4), while the three remaining candidate PEGs could not be detected at all in our 

embryonic cDNA libraries (Table S2-3-1).

In summary, we could confirm eleven MEGs and one PEG that show parent-of-origin-dependent 

monoallelic gene expression in the embryo. For nine MEGs and the PEG no transcripts were found in the gametes 

suggesting de novo expression and, therefore, regulation by genomic imprinting in the embryo (Wuest et al., 2010; 

Borges et al., 2008). One MEG, AT1G72260, is expressed in the gametes already, and another MEG, AT2G47115, 

is not represented on the microarrays and no statement can be made about their active expression in the embryo 

(Wuest et al., 2010; Borges et al., 2008). Nevertheless, genomic imprinting in the embryo is more widespread than 

commonly thought and imprinted expression of  the maize gene mee1 is not an exceptional case.

The Monoallelic Expression Pattern Is Not Due to Sporophytic or Endosperm Contamination

The embryo is surrounded by the triploid endosperm, and both embryo and endosperm are embedded in the 

maternal, sporophytic seed coat. Therefore, isolating embryos devoid of  debris from surrounding sporophytic 

tissues and careful control of  maternal tissue contamination is an important issue (Nodine and Bartel, 2012). 

While the PEG cannot derive from seed coat contamination, substantial contamination with maternal sporophytic 

tissue could explain the observed maternal expression patterns of  the confirmed MEGs. Our initial samples were 

prepared from embryos washed one time and although all samples were devoid of  visible debris at collection 

we produced two additional embryonic cDNA libraries to rule out the possibility of  sporophytic contamination: 

following reciprocal crosses between Col-0 and Ler, we isolated 2-4 cell embryos, but washed them six times (6x) 

instead of  one time (1x) only, removing all possible non-embryonic transcripts. 

First, we assessed the quality of  the 6x washed embryonic cDNA libraries compared to the 1x washed 

libraries by performing RT-PCR using primers amplifying ACTIN 11 (ACT11) and WUSCHEL-RELATED 

HOMEOBOX 9 (WOX9), an embryo-specific gene (Figure 2-3-2A). We amplified both control genes in the 1x and 

the 6x washed embryonic cDNA libraries derived from the Col-0 x Ler cross (Figure 2-3-2A). In contrast, we could 

hardly detect ACT11 and only weakly amplify WOX9 in the 6x washed Ler x Col-0 library (Figure 2-3-2A). This 

indicates a lower cDNA library quality, likely due to RNA degradation during the washes. Nevertheless, we could 

readily detect the transcript of  seven MEGs (AT1G29660, AT1G72260, AT2G47115, AT5G62210, AT3G20520, 

AT2G17710, AT3G21500) in both 6x washed 2-4 cell embryo samples and confirmed their monoallelic expression 

pattern with Sanger sequencing analysis (Figure 2-3-2B, Figure S2-3-5A). For the other four MEGs (AT2G01520, 

AT1G20680, AT5G51950, AT1G29050) we could only detect expression in the 6x washed Col-0 x Ler embryo 

sample, but not in the 6x washed Ler x Col-0 embryo sample, likely due to lower cDNA quality of  this particular 

library. Nevertheless, Sanger sequencing analysis confirmed that those four MEGs show monoallelic expression 
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in the 6x washed Col-0 x Ler 

sample (Figure S2-3-5A) and 

we therefore classify them as 

partially confi rmed MEGs. 

Only one candidate gene 

that seemed to be imprinted 

in the 1x washed libraries 

could not be detected 

anymore in both 6x washed 

embryo samples, suggesting 

that this transcript is either 

low abundant in the embryo 

or that it indeed derived from 

maternal sporophytic and/or 

endosperm contamination 

(AT4G11960, Figure S2-3-

5C). In fact, the loss of  only 

one of  twelve candidate 

MEGs after extensive 

washing suggests that our 

previous washing regime is 

indeed suffi cient to remove 

non-embryonic transcripts.

In conclusion, 

sequencing analysis of  

extensively washed, reciprocal 

2-4 cell embryonic cDNA 

libraries fully confi rmed seven 

MEGs and partially confi rmed four MEGs as imprinted genes in the embryo, and shows that their monoallelic 

expression is not caused by seed coat or endosperm contamination. 

MEG and PEG Reporter Lines Show Imprinted Expression in the Embryo

In order to demonstrate parent-of-origin-dependent, monoallelic expression in the embryo with an independent 

assay, we cloned the promoter of  seven MEGs (AT1G29660, AT1G72260, AT2G47115, AT5G62210, AT3G20520, 

AT2G17710, AT3G21500) and the single identifi ed PEG (AT3G26790) as transcriptional fusions with the uidA 

reporter gene encoding ß-Glucuronidase (GUS; Jefferson et al., 1987). We screened 24 independent T1 lines 

for all 8 constructs for expression in the seed. Except for the PEG reporter pFUS3::GUS, all MEG reporters 

exhibited fairly strong staining in the seed coat, making embryo expression analysis on whole seeds impossible 

(Figure S2-3-6). To assess whether the gene-of-interest is indeed expressed in the embryo as indicated by our 

previous analyses, we isolated self-fertilized embryos at early and late stages of  two to three independent lines for 

each MEG construct in the T1 generation and stained them for GUS activity on slides. Whereas 6 lines showed 

strong expression in the embryo (Figure S2-3-7), one line (pAT3G21500::GUS) showed only very weak and hardly 

detectable GUS staining in the embryo (Figure S2-3-8) and was therefore not used for further analysis.

To assess whether the promoter-GUS reporters are imprinted in the embryo, we performed reciprocal 
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Figure 2-3-2. Allele-specifi c expression analysis of extensively washed embryonic 
control samples. (A) RT-PCR amplifying ACT11  and WOX9, an embryo-specifi c gene, 
from 1x washed and 6x washed reciprocal, embryonic cDNA libraries (2-4 cell stage) 
using 32 PCR cycles. Genomic DNA was used as posi� ve and water as nega� ve control. (B) 
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gene and the polymorphism between Col-0 and Ler are indicated in the grey box and 
the direc� on of the cross on top of the panel. The polymorphic nucleo� de is displayed 
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crosses between two independent reporter lines of  each of  the six strong MEG constructs (T2 generation) with 

wild-type plants (Col-0). F1 embryos were isolated at 2.5 DAP (~2-4-cell embryos) and 4 DAP (~globular embryos), 

and stained on slides for 4 days before analyzing them for GUS expression. For the MEG reporters, we expected 

to see the GUS signal only in the embryos that inherited the reporter gene maternally and not in the embryos 

that received the reporter gene from the pollen donor. We found that three of  the six GUS-reporter lines are 

fully imprinted showing exclusive maternal expression (pAT1G72260::GUS, pAT2G47115::GUS, pAT3G20520::

GUS, Figure 2-3-3B, 2-3-3C, and 2-3-3E), while the remaining three GUS-reporter lines show a very strong bias 

towards maternal expression (pAT1G29660::GUS, pAT5G62210::GUS, pAT2G17710::GUS, Figure 2-3-3A, 2-3-3D, 

and 2-3-3F). The PEG reporter line pFUS3::GUS shows very strong and embryo-specific expression starting from 

the 8 cell embryo stage both in whole mount seed staining assays (Figure S2-3-6H) and after embryo isolation 

(Figure S2-3-9C). Since GUS expression for this gene seems to be very specific to the embryo (Figure S2-3-6H), no 

embryo isolation was necessary after reciprocal crosses to assess whether pFUS3::GUS shows imprinted expression. 

Yet, in contrast to the MEG reporter lines, we detected embryonic GUS expression no matter from which parent 

the reporter was inherited. This suggests that the upstream regulatory region of  FUS3 is not sufficient to confer 

imprinted paternal expression in early Arabidopsis embryos. However, pFUS3::GUS activity was first detected at 3 

DAP corresponding to the (4-)8 cell stage. Thus, the level of  gene expression at earlier stages, where we actually 

detected exclusively paternal expression using allele-specific expression analysis (Figure 2-3-1G), might be below 

detection level in this assay.

In conclusion, all the MEG and PEG reporter lines cloned and analyzed are expressed in the embryo 

(Figure 2-3-3, Figure S2-3-7, Figure S2-3-9). Moreover, all MEG reporter lines are either fully imprinted or 

show a strong bias for maternal expression (Figure 2-3-3). The upstream regulatory sequences that were cloned 

are, thus, sufficient to confer imprinted expression during early stages of  embryogenesis. On the other hand, a 

few loci, such as FUS3, might require additional regulatory elements for imprinting. Finally, all MEG reporter 

lines are expressed in the seed coat (Figure S2-3-6) and the embryo (Figure S2-3-7), but are clearly regulated by 

genomic imprinting in the embryo (Figure 2-3-3). 

PRC2 but not MET1 Is Involved in Regulating Genomic Imprinting in the Arabidopsis Embryo

In order to investigate how genomic imprinting is regulated in the embryo, we crossed mutants affecting imprinting 

regulators to wild-type parents of  a distinct accession. DNA-methylation and histone modification, in particular  

H3K27me3 mediated by the PRC2, have both been shown to regulate genomic imprinting (for review see Raissig 

et al., 2011). Therefore, we crossed the fertilization-independent endosperm (fie) mutant, in which PRC2-mediated 

repression is fully abolished, reciprocally to wild-type plants, and used the methyltransferase 1 (met1-3) mutant, 

disrupting DNA-methylation maintenance in the CG-context, as donor to pollinate wild-type plants. MET1 was 

thus far only implicated as paternal repressor of  imprinted loci, whereas PRC2 regulates MEGs (eg. MEA) and 

PEGs (eg. PHE1, for review see Raissig et al., 2011). Therefore, we crossed fie mutants reciprocally but the met1-

3 mutant only as father. As before, we isolated embryos from the resulting F1 hybrid seeds and proceeded with 

Figure 2-3-3. Parent-of-origin-dependent expression of MEG reporter lines in isolated embryos. The MEG reporter lines 
were reciprocally crossed to wild-type Col-0 plants and embryos were isolated at 2.5 DAP (2-4 cell embryos) and at 4 DAP 
(globular embryos) prior to GUS staining. Embryos were stained on slides for 4 days at 37°C and then analyzed for GUS 
expression using bright-field microscopy. For each line, two independent transgene inser�ons (line 1, line 2) were analyzed 
and quan�fied for maternal (black columns, maternally inherited reporter gene) and paternal expression (grey columns, 
paternally inherited reporter gene) and are displayed separately (middle panel and right panel). Embryo pictures of line 
1 are shown on the le�, always showing a DIC picture and a bright-field picture of each stage and direc�on of cross. The 
embryonic stages, maternal or paternal GUS reporter expression and the analyzed reporter line are indicated and the 
numbers of the quan�fica�ons are shown above each column. Scale bar = 10 µm. (A) pAT1G29660::GUS. (B) pAT1G72260::
GUS. (C) pAT2G47115::GUS. (D) pAT5G62210::GUS. (E) pAT3G20520::GUS. (F) pAT2G17710::GUS.
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RNA extraction and library amplifi cation, 

creating mutant embryonic cDNA 

libraries (i.e. fi e/FIE x Ler, Ler x fi e/FIE, 

and Ler x met1-3/MET1).

We tested the allele-specifi c 

expression pattern of  the eleven MEGs 

and the PEG in the Ler x met1-3/MET1 

mutant library (2-4cell stage) and found 

that all MEGs were still monoallelically 

expressed (Figure 2-3-4 and Figure S2-3-

10). Thus, in contrast to some of  the well-

studied maternally expressed imprinted 

loci in the Arabidopsis endosperm (ie. 

FIS2, FWA), disrupting paternal DNA-

methylation maintenance does not appear 

to affect the imprinted expression of  the 

embryonic MEGs at all (Figure 2-3-4A 

and 2-3-4B and Figure S2-3-10). Yet, the 

PEG could not be detected anymore in 

the Ler x met1-3/MET1 mutant cDNA 

library, indicating an involvement of  

paternal MET1 in activating the paternal 

FUS3 allele (Figure 2-3-4C).

However, disrupting PRC2 

function by crossing fi e mutants maternally 

or paternally did have an effect on two 

MEGs and on the PEG. A maternal 

fi e mutation was able to derepress the 

paternal alleles of  AT1G29660 and 

AT1G72260 (Figure 2-3-4A and 2-3-4B). 

The alleles were slightly derepressed at 

the 2-4 cell stage in both cases, but were 

differently affected by the fi e mutation 

at the globular stage. While AT1G29660 

was fully derepressed and biallelically 

expressed (Figure 2-3-4A), the paternal 

allele of  AT1G72260 retained a low 

expression level (Figure 2-3-4B). Interestingly, a paternal fi e mutation induced maternal expression of  the PEG 

FUS3, while abolishing its paternal expression (Ler x fi e/FIE, 2-4cell stage, Figure 2-3-4C). Our result suggests 

that paternal FIE activity is required to activate the paternal FUS3 allele and that paternal FUS3 may negatively 

control the maternal FUS3 allele after fertilization. 

In conclusion, the PRC2 seems to be involved in regulating genomic imprinting in the embryo. Maternal 

PRC2 activity maintains the repression of  the silent paternal allele of  two MEGs after fertilization, while paternal 

PRC2 function together with paternal MET1 is somehow implicated in the activation of  the paternal allele of  
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Figure 2-3-4. Eff ect of PRC2 and MET1 func� on on imprinted expression 
in the embryo. Mutant embryonic samples were generated and the 
confi rmed MEGs and the PEG were analyzed for derepression of the 
silent allele. Heterozygous fi e mutants were crossed maternally and 
paternally and heterozygous met1-3 mutants were crossed paternally as 
indicated above the chromatograms. To simplify the reading of the graph, 
we present again the wild-type situa� on of one replicate of the Col-0 x 
Ler cross from Figure 1 at both embryonic stages tested. Embryos were 
isolated at 2.5 DAP (2-4 cell embryos) and at 4 DAP (globular embryos, 
only for the cross fi e/FIE x Ler). The embryonic stage is indicated on the 
le� , the analyzed gene and the polymorphism between the mutant (all in 
Col-0 background) and the wild-type allele (Ler) is shown in the grey box 
beside each panel. Furthermore, the polymorphic nucleo� de is displayed 
in bold and underlined below each chromatogram. ND indicates that 
the sample was not available; n.d. indicates that the transcript was not 
detected. (A) AT1G29660. (B) AT1G72260. (C) FUS3 (AT3G26790).
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the PEG. In contrast, paternal MET1 activity does not seem to play a role in regulating genomic imprinting of  

the eleven MEGs in the embryo. Our result indicates that there must be additional factors regulating genomic 

imprinting in the embryo.

Disrupting Embryonic MEGs or PEGs Has No Effect on Seed Viability or Early Embryogenesis

Some of  the imprinted genes in the endosperm, like MEA and FIS2, show parent-of-origin-dependent seed 

abortion when mutated (Chaudhury et al., 1997; Grossniklaus et al., 1998). To reveal a potential role of  the 

confirmed embryonic MEGs and the PEG during embryogenesis and seed development, we analyzed T-DNA 

insertions (Table S2-3-2). We assessed seed viability by dissecting siliques and analyzing seed set of  16 to 24 

individuals of  a genotyped segregating population. None of  the analyzed T-DNA insertion lines showed reduced 

seed set (Table S2-3-2). This suggests that the MEGs and PEGs we identified have a more subtle role during 

embryogenesis or do not show an effect on seed development due to gene redundancy or due to an incomplete 

disruption of  the targeted gene. Furthermore, we tried to assess more subtle effects by dissecting and clearing 

seeds of  heterozygous mutant individuals followed by morphological analysis of  early embryogenesis. However, 

we could not observe any obvious patterning defects or other developmental aberrations in the lines analyzed 

(Table S2-3-2). Interestingly, homozygous fus3 embryos show a phenotype late in seed development, namely a 

prolonged cell division phase in the embryo throughout seed maturation (Raz et al., 2001). Yet, the late occurrence 

of  this phenotype is unlikely to be caused by the early imprinted state of  FUS3, and the recessive nature of  the 

phenotype fits well with our observation that FUS3 shows a biallelic expression late in embryogenesis. 

Taken together, we did not identify any fertility or embryo patterning phenotypes when analyzing T-

DNA insertion lines disrupting the imprinted embryonic genes we identified. 

Most MEGs and PEGs Are Contributed in a Parent-of-Origin-Dependent Manner at Later Stages 

and in Different Ecotypes

To determine whether our embryonic MEGs and PEG are (i) indeed expressed in other embryonic samples and 

(ii) monoallelically contributed in other Arabidopsis accessions and at different embryonic stages, we compared our 

data with the results of  three recent studies. Xiang and colleagues isolated embryos from Col-0 wild-type plants 

manually, from zygote up to mature embryos, and performed transcriptome analysis using microarrays (Xiang 

et al., 2011). Eight of  our MEGs and the PEG are expressed clearly above their background level at the 4 cell 

embryo and the globular embryo stage, whereas three MEGs are just at background level, which is considered 

not or lowly expressed (Table 2-3-1, Table S2-3-3). In contrast, these three MEGs are clearly expressed in young 

hybrid embryos from reciprocal crosses between the accession Col-0 and Cape Verde Islands (Cvi; Nodine 

and Bartel, 2012; Table 2-3-1, Table S2-3-4). This finding suggests, that either the microarray technique is not 

sensitive enough to detect low expression levels, or that these three MEGs are stronger expressed in hybrids than 

in self-fertilized embryos.

Furthermore, we compared parent-of-origin-dependent expression of  our embryonic MEGs and PEG to 

the parent-of-origin-dependent expression of  those in (i) early Col-0 x Cvi embryos (different accession, similar 

stage, Nodine and Bartel, 2012) and (ii) late torpedo-stage Col-0 x Ler embryos (same accessions, but later stage, 

Gehring et al., 2011). Interestingly, eight MEGs and the PEG show a mono-allelic or at least a clearly biased 

parent-of-origin-dependent expression in early Col-0 x Cvi embryos confirming our study (Table 2-3-1, Table 

S2-3-4). This suggests that genomic imprinting of  those loci might be conserved between accessions. Two MEGs 

are biallelically expressed and one is low expressed and no SNPs were covered by reads, making a parent-of-origin 

analysis impossible (Table 2-3-1, Table S2-3-4). Yet, when looking at the same accessions but later in development 

(torpedo stage) we found that eight MEGs are still contributed maternally or with a maternal bias (although most 
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were covered by few reads only). One MEG shows a Ler bias, one MEG and FUS3 are biallelically expressed 

and one MEG is not expressed anymore (Table 2-3-1, Table S2-3-4). This indicates, that at some loci imprinted 

expression is reset already during embryogenesis, whereas at other loci the resetting happens later during or even 

after embryogenesis. This analysis shows that the majority of  the imprinted loci in the embryo is imprinted in 

different accessions (Nodine and Bartel, 2012) and maintains a parent-of-origin-dependent expression also later 

during embryo development (Gehring et al., 2011).

Embryonic Imprints Are Erased in the Seedling

Parent-of-origin-dependent expression seems to be maintained until late stages of  embryogenesis, at least for 

some loci analyzed. Eventually the imprint has to be erased, the very latest during sporogenesis and before 

gametogenesis. To address this question we reciprocally crossed Col-0 and Ler, grew F1 seedlings up to the 

4-leaf  stage (8 days after sowing) and produced hybrid F1 seedling cDNA libraries. We then performed allele-

specific expression analysis using the MEG and PEG assays. 9 of  11 MEGs and FUS3 could be amplified from 

the seedling library and are thus expressed in the seedling. The two genes that were not amplified (AT2G47115, 

AT3G21500) are either not expressed in the seedling or below the detection level of  our assays. Sanger sequencing 

revealed that all MEGs and FUS3 are expressed from both parents in F1 hybrid seedlings (Figure 2-3-5). This 

suggests that the imprint is erased late during embryogenesis or early during vegetative development, but long 

before flowering and the initiation of  reproductive development,

Table 1. Embryonic and parent-of-origin expression of the confirmed MEGs and the 

PEG in other studies
Embryo expression1 Parent-of-origin of transcripts

Gene 4 cell globular 1-32 cell2 torpedo3

AT1G29660 YES YES bi-allelic Ler bias

AT1G72260 YES YES maternal maternal

AT2G47115 NO NO maternal not expressed

AT5G62210 YES YES maternal bi-allelic

AT3G20520 NO NO maternal maternal bias

AT2G17710 YES YES bi-allelic maternal bias

AT3G21500 YES YES maternal maternal

AT2G01520 YES YES maternal bias maternal

AT1G20680 NO NO maternal maternal

AT5G51950 YES YES maternal bias maternal

AT1G29050 YES YES no SNPs covered maternal bias

AT3G26790 YES YES early PEG bi-allelic

1: The expression values from (Xiang et al., 2011) at the 4cell and the globular embryo 
of the 11 MEGs and the PEG are displayed. Detailed expression scores can be found in 
Table S3. 
2: The parent-of-origin-dependent expression of the 11 MEGs and the PEG in early 
embryos (1-32cell) of reciprocal crosses between Col-0 and Cvi (Nodine and Bartel, 
2012) is shown. Detailed read counts can be found in Table S4.
3: The parent-of-origin-dependent expression of the 11 MEGs and the PEG in late 
embryos (torpedo stage) of reciprocal crosses between Col-0 and Ler (Gehring et al., 
2011) is shown. Detailed read counts can be found in Table S4.
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DISCUSSION

Parent-of-Origin-Dependent, Monoallelic Gene 

Expression Is not Restricted to the Endosperm in 

Arabidopsis

Recently, two studies independently identifi ed 

monoallelically-derived transcripts in early Arabidopsis 

embryos while assessing the genome-wide parental 

contribution to plant embryogenesis (Autran et al., 2011; 

Nodine and Bartel, 2012). Analysis of  reciprocal Col-0 

x Cvi F1 embryos identifi ed more than 100 potentially 

imprinted or maternally/paternally deposited transcripts 

in the Arabidopsis embryo (Nodine and Bartel, 2012), 

whereas we identifi ed 50 potential MEGs and 30 potential 

PEGs by assessing the allele-specifi c transcriptome of  

Ler x Col-0 embryos (Autran et al., 2011). We focused 

on 18 MEG and six PEG candidates that showed strong 

expression in the embryo but no expression in the gametes. 

We could confi rm eleven MEGs expressed at the 2-4 cell 

and globular embryo stage and one PEG at 2-4 cell stage 

using RT-PCR and Sanger sequencing on replicated and 

reciprocal hybrid, embryonic cDNA samples (Table 2-3-

2, Figure 2-3-1, Figure S2-3-3). In addition, reporter gene 

analysis of  seven MEGs and one PEG confi rmed embryonic 

expression and six MEG reporter lines were fully imprinted 

or expressed with a strong maternal bias in the embryo 

(Table 2-3-2, Figure 2-3-3, Figure S2-3-7). Furthermore, 

absence of  most MEG or PEG transcripts in the gametes 

prior to fertilization strongly suggests de novo expression of  

the genes in the embryo (Table 2-3-2, Table S2-3-1, Wuest 

et al., 2010; Borges et al., 2008). Importantly, the MEGs 

were not only expressed in the embryo, but also in the 
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Figure 2-3-5. Allele-specifi c expression analysis of confi rmed 
MEGs and the PEG in hybrid F1 seedlings. The allele-specifi c 
expression of the eleven confi rmed MEGs (A) and the confi rmed 
PEG (B) was assessed in reciprocal F1 hybrid seedling cDNA 
libraries (8 days a� er sowing). Nine MEGs and the PEG show 
biallelic expression in the seedling and two MEGs were not 
detected in the seedling samples, as indicated (AT2G47115, 
AT3G21500). The analyzed gene and the polymorphism between 
Col-0 and Ler are specifi ed in the grey box beside each panel.
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surrounding seed coat (Figure S2-3-6). Therefore, examining potential maternal sporophytic contamination was 

essential to our study. To do so, we produced two extensively washed (6x), reciprocal 2-4 cell embryonic cDNA 

libraries that should be completely devoid of  all potential contamination. Allele-specific expression analysis in 

those samples revealed pure monoallelic expression of  the 11 MEGs and the PEG in the embryo, affirming 

the imprinted expression pattern (Figure 2-3-2, Figure S2-3-5). In addition, we isolated embryos derived from 

reciprocal crosses between MEG reporter lines and wild-type plants prior to GUS staining. Thus, the observed 

GUS signal is embryo-specific and cannot be due to diffusion or transport from the seed coat.

The first gene described to be imprinted in plant embryos was the maize gene Mee1 (Jahnke and Scholten, 

2009). Other recently published studies performed genome-wide analysis of  parent-of-origin allelic expression 

in endosperm and embryos. Hsieh and colleagues identify 37 MEGs and one PEG in the Arabidopsis embryo 7-8 

DAP, but discarded them due to possible contamination by maternal tissues (Hsieh et al., 2011). Gehring and 

coworkers found 17 MEGs and one PEG in Arabidopsis embryos 6 DAP (torpedo stage) but none was further 

analyzed (Gehring et al., 2011). In rice, a similar study identified seven putative MEGs in the embryo and 

confirmed one, Os10g05750, using RT-PCR and Sanger sequencing but its expression status in the gametes 

was not assessed (Luo et al., 2011). Furthermore, Waters and colleagues identified 29 MEGs and 9 PEGs from 

a dataset of  maize embryos 14 DAP, but did not follow up these findings with additional experiments (Waters 

et al., 2011). In all studies, many of  the embryonic MEGs and PEGs are also expressed and imprinted in the 

endosperm, which leads the authors to attribute their pattern of  expression to endosperm contamination, and do 

not consider it a real, intrinsic and embryo-specific feature. Similarly, the confirmed eleven MEGs of  this study 

are not only expressed in the embryo, but also in the seed coat, the seedling and, likely, in the endosperm (Figure 

S2-3-6). AT1G20680 even shows imprinted expression in the endosperm (Gehring et al., 2011; Wolff  et al., 2011). 

But RT-PCR and reporter analysis showed that the embryonic parent-of-origin-dependent expression pattern is 

not due to contamination. Therefore, we expect that a careful reexamination of  the embryonic MEG and PEG 

candidates found in other studies could confirm additional genes regulated by genomic imprinting in the embryo, 

as is the case for the genes reported in this study. 

Comparison of  this study’s 80 imprinted candidates with all embryonic MEG and PEG candidates 

identified in different studies reveals no genes to be common in all studies and only three overlapping genes 

between two studies (AT2G01520, AT1G49450 and AT1G57800, Hsieh et al., 2011; Gehring et al., 2011; Nodine 

and Bartel, 2012). Similarly, the overlap between four recent studies (Hsieh et al., 2011; Gehring et al., 2011; 

Wolff  et al., 2011; McKeown et al., 2011) identifying imprinted genes in the endosperm of  Arabidopsis is minor, 

with only 20 genes of  more than 300 being shared between two studies analyzing the same ecotypes and similar 

developmental stage (Pignatta and Gehring, 2012). The low number of  common genes may be explained, at least 

to some extent, by the use of  different accessions and the analysis of  different developmental stages. Thus, some of  

the potential MEGs and PEGs, in both the embryo and endosperm, seem to be imprinted rather allele-specifically 

than locus-specifically and/or imprinting could be specific to a given developmental stage. In addition, different 

statistical procedures to select potentially imprinted genes may also contribute to the discrepancies (Deveale et 

al., 2012). Analyzing the datasets prior to stringent filtering increases the overlap (Wolff  et al., 2011), as well as 

treating two different datasets with the same statistical pipeline (Gehring et al., 2011). Taken together, the recent, 

rapid development of  high-throughput transcriptome sequencing allows large-scale identification of  imprinted 

genes in different organisms and tissues. Yet, the obvious discrepancy between different datasets shows that in-

depth analyses and substantial validation of  imprinted candidate genes using alternative methods is necessary.

In conclusion, we show that at least 9 MEGs and one PEG are regulated by genomic imprinting in the 

embryo, and in addition, two MEGs display steady-state monoallelic expression in the embryo. Likely, the list 

of  MEGs and PEGs in plant embryos will expand in the future by validating additional candidates or by high-
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throughput sequencing of  additional embryonic samples.

PRC2 but not MET1 Is Involved in Maintaining Repression at the Silent Allele

The regulation of  monoallelic and parent-of-origin-dependent gene expression largely depends on differential 

DNA methylation of  the parental alleles in mammals and of  some imprinted loci in the plant endosperm (Feil and 

Berger, 2007). We analyzed the effect of  a paternal met1-3 mutation, known to derepress silent paternal alleles of  

FWA and FIS2 (Kinoshita et al., 2004; Jullien et al., 2006) in the endosperm, on imprinted gene expression in the 

embryo. We did not find any effect of  paternal met1-3 on the expression of  the 11 MEGs, suggesting that MET1-

mediated DNA-methylation in the CG context is not important for the regulation of  embryonic MEGs (Figure 

2-3-4, Figure S2-3-10). By contrast, met1-3 abrogated paternal FUS3 expression, indicating a role of  MET1 in 

activating paternal FUS3 (Figure 2-3-4C). However, further studies are required to confirm this observation and 

to rule out that FUS3 is not just below detection level in this sample as it is the case for two wild-type samples as 

well (Figure 2-3-1G).

The second, well-established imprinting regulator is PRC2, which mediates H3K27me3 (Raissig et al., 

2011). In fact, we found that in embryos lacking maternal FIE activity, the usually silent paternal allele of  two 

MEGs was derepressed (Figure 2-3-4A and 2-3-4B). Similarly, the imprinted genes MEA and AtFH5 are biallelically 

expressed in seeds with a maternal mutation in a PRC2 subunit (Fitz Gerald et al., 2009; Jullien et al., 2006). In 

addition, the paternal MEA allele was shown to be derepressed by a paternal mutation in PRC2 components, 

which is not the case for the identified MEGs in the embryo (Jullien et al., 2006). However, this suggests that 

maternal PRC2 is involved in maintaining the silent state of  paternal alleles of  imprinted genes in both, the 

endosperm and the embryo. In addition, in embryos inheriting a paternal fie mutation, the expression pattern 

of  the PEG was inverted: Instead of  being paternally expressed, FUS3 seems to be solely maternally expressed 

(Figure 2-3-4C). Our result suggests that paternal FIE is somehow required to activate the paternal FUS3 allele, 

and that paternal FUS3 is involved in the repression of  the maternal FUS3 allele just after fertilization. Such a 

negative feedback regulation of  the gene product on its own imprinted expression has also been described for MEA 

(Baroux et al., 2006; Jullien et al., 2006). However, whereas paternal PRC2 seems to be involved in the activation 

Table 2-3-2. Overview of the embryonic MEGs and the PEG.

GENE GO-term Monoallelic? GUS in embryo in gametes? regula�on

AT1G29660 lipid metabolism MEG YES YES3 NO PRC2

AT1G72260 defense (JA) MEG YES YES3 YES PRC2

AT2G47115 unknown MEG YES YES3 not on array ?

AT5G62210 lipid metabolism MEG YES YES3 NO ?

AT3G20520 lipid metabolism MEG YES YES3 NO ?

AT2G17710 unknown MEG YES YES3 NO ?

AT3G21500 terpenoid metabolism MEG YES YES4 NO ?

AT2G01520 Meristem phase transi�on MEG YES1 ND5 NO ?

AT1G20680 unknown MEG YES1 ND5 NO ?

AT5G51950 Redox-func�on MEG YES1 ND5 NO ?

AT1G29050 unknown MEG YES1 ND5 NO ?

AT3G26790 embryogenesis PEG YES2 YES6 NO PRC2

1: Monoallelic expression is only confirmed in 6x washed Col-0 x Ler control sample.
2: Monoallelic expression of FUS3 (AT3G26790) only in early embryos (2-4 cell).
3: Reporter is expressed and imprinted in the embryo.
4: Reporter is weakly expressed in the embryo and imprinted expression was not assessed.
5: ND indicates that the reporter line is not available.
6: Reporter is expressed in the embryo but not imprinted.
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of  the paternal FUS3 allele, imprinted expression of  PHE1 requires maternal PRC2, which in this case is involved 

in the repression of  the maternal allele of  PHE1 (Köhler et al., 2005). This indicates that the requirement of  

PRC2 for regulation of  imprinted expression of  PEGs differs between the two fertilization products.

We could not find any effect of  mutations in MET1 and FIE on 9 MEGs. Thus, other mechanisms must 

be involved in regulating the parent-of-origin-dependent gene expression in the embryo. As proposed for the 

endosperm (Wolff  et al., 2011), asymmetric, non-CG DNA methylation could be involved in silencing the paternal 

alleles. However, asymmetric DNA methylation in the CHG context involves the SUVH4 methyltransferase 

KYP (Jackson et al., 2002) and all of  the identified MEGs and PEGs are still imprinted in the mutant kyp x 

Ler embryonic library (Autran et al., 2011, Table S2-3-1). Thus, asymmetric DNA methylation in the CHG 

context seems unlikely to play a role in regulating the remaining 9 MEGs. Any other epigenetic mark could 

account for or add to the imprinted expression pattern in the embryo. Especially histone modifications might be 

of  importance since they are more readily reversible than DNA methylation (Cedar and Bergman, 2009) and 

different modifications have been associated with imprinted genes in maize (Haun and Springer, 2008).

Resetting the Imprint

In mammals, imprinting marks are reset during germ line development. Very early during embryogenesis, as 

the germ line is set aside, epigenetic marks are erased and re-established according to the embryos’ sex (Barlow, 

2011; Feng et al., 2010). In plants, no germ line is set aside and the gametes develop very late from differentiated, 

sporophytic cells. In the endosperm, one-way control of  imprinting is sufficient, since the endosperm does not 

contribute to the next generation. In contrast, imprints on embryonic MEGs and PEGs have to be reset. The 

only well-studied, imprinted gene in the plant embryo is the maize gene Mee1 (Jahnke and Scholten, 2009). 

Interestingly, both alleles are fully methylated in the gametes and the maternal allele gets specifically demethylated 

in the zygote indicating an additional, yet undiscovered primary imprinting mark. During embryogenesis the 

maternal allele continuously regains methylation and consequently becomes silent. Thus, we do not know whether 

remethylation is cause or consequence or even involved in resetting the imprint and we cannot speculate about 

the time of  imprint erasure. In rice, the monoallelic expression pattern of  Os10g05750 is maintained throughout 

development in the endosperm, but in the embryo, Os10g05750 starts to be expressed biallelically from 8 DAP. 

This suggests erasure of  the potential imprint during late embryogenesis (Luo et al., 2011). However, we do not 

know whether Os10g05750 is really imprinted in the embryo since only steady-state mRNA levels were analyzed 

and expression data of  the gene in the gametes is not available. 

In Arabidopsis, we found that all MEGs and PEGs show biallelic (n=10) or no (n=2) expression in the early 

seedling, thus, the imprint must be erased either late in embryogenesis or very early in vegetative development. 

When analyzing the expression pattern of  the 11 embryonic MEGs and the PEG in the allele-specific dataset of  

torpedo-staged embryos (Gehring et al., 2011), we found that most genes are still expressed monoallelically or 

with a parental bias (n=8), although at very low levels. Thus, complete resetting of  the imprint seems to occur 

after the torpedo stage for most of  the MEGs.  

However, how an imprint is erased during late embryogenesis and reset during gametogenesis is unknown. 

In the case of  the two MEGs, where the repression of  the maternal allele is maintained by PRC2, likely by the 

seed-specific MEA-FIS2 complex (Bemer and Grossniklaus, 2012), it is tempting to speculate that with decreasing 

expression of  MEA during seed development (Baroux et al., 2006), activity of  the MEA-FIS2 complex in the seed 

is decreasing and the H3K27me3 imprint might get lost by passive dilution during embryogenesis. However, 

future research will identify the primary imprinting mark(s) in the embryo, which will shed light on the yet 

unknown mechanism of  resetting the imprint at embryonic MEGs and PEGs.
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Biological Significance and Evolution of  Genomic Imprinting in the Embryo

In placental mammals and in flowering plants, mutations in many imprinted genes cause growth defects in embryo 

and/or the nourishing tissue (ie. placenta or endosperm) in a parent-of-origin-specific manner (Grossniklaus et al., 

1998; Ludwig et al., 1996; Lau et al., 1994; Ingouff  et al., 2005; Kinoshita et al., 1999; Kiyosue et al., 1999; Luo et 

al., 2000; Tycko and Morison, 2002). Growth defects are consistent with a role of  genomic imprinting in a parental 

conflict over resource allocation to the developing offspring (Haig and Westoby, 1989). Yet, when we analyzed 

available T-DNA lines disrupting embryonic MEGs, we could not find fertility, patterning or obvious growth 

phenotypes. This might be a result of  gene redundancy and/or a subtle role of  the genes during embryogenesis 

and seed development, which is not revealed in controlled and non-competitive laboratory conditions.

Notably, 5 of  11 MEGs have a role in metabolism, whereas 4 others are of  unknown function (Table 

2-3-2). In addition, all MEGs are expressed in the maternal seed coat and some MEG reporter lines and the 

PEG reporter line show a slightly biased expression towards the basal embryo and the suspensor (Figure 2-3-

4, Figure S2-3-7). This suggests that embryonic MEGs might have a function at the interface between embryo 

and mother, possibly by linking seed coat metabolism and embryo metabolism and rendering the genes in the 

embryo under maternal control. This would be in line with the co-adaptation imprinting hypothesis: It predicts 

maternal expression of  genes affecting mechanisms that are crucial at the maternal-offspring interface (Bateson, 

1994; Wolf  and Hager, 2006). In addition, the co-adaptation hypothesis predicts that the number of  MEGs 

must be much higher than the number of  PEGs, at least in species where the offspring develops within the 

mother. In fact, we find a large excess of  MEGs (>90%), reminiscent of  all other studies that analyzed parent-

of-origin allelic expression in plant embryos. Both studies analyzing Arabidopsis embryos call 97% or 94% MEGs, 

respectively (Hsieh et al., 2011; Gehring et al., 2011). In rice only embryonic MEGs were called (Luo et al., 2011) 

and in maize embryos 76% of  the imprinted candidates in the embryo show maternal expression (Waters et al., 

2011). Also in the Arabidopsis and the rice endosperm more MEGs than PEGs were identified, but the fraction of  

embryonic MEGs is still higher than the fraction of  endosperm-specific MEGs (Hsieh et al., 2011; Gehring et 

al., 2011; Wolff  et al., 2011; McKeown et al., 2011). This suggests, that the co-adaptation hypothesis might be 

of  importance for the evolution of  genomic imprinting in the embryo, whereas the parental conflict might drive 

evolution in the nourishing tissue, the endosperm. Nevertheless, the evolution of  genomic imprinting is likely due 

to a combination of  parental conflict, mother-offspring co-adaptation and other factors depending on the locus 

and the tissue of  expression. 

In conclusion, we describe and confirm parent-of-origin-dependent, monoallelic expression in the 

Arabidopsis embryo. PRC2 is involved in the regulation of  parent-of-origin allelic expression at some loci analyzed, 

but by far not all, suggesting additional, yet undiscovered regulators of  genomic imprinting in the Arabidopsis 

embryo. Probably, the imprint is reset late in embryogenesis or early in vegetative development since all genes 

are either expressed from both parents or not at all in young seedlings. However, what the primary imprint is and 

when exactly and how it is reset, is currently unknown. Future research will likely confirm some of  the embryonic 

MEGs and PEGs from other studies and help in the elucidation of  the regulation and resetting of  genomic 

imprinting in the embryo.
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MATERIALS AND METHODS

Plant Material And Growth Conditions

Columbia-0 (Col-0) and Landsberg erecta (Ler) are the standard wild-type accession used in this study. We reciprocally 

crossed Col-0 and Ler to produce the hybrid embryonic samples and Col-0 was used for all Agrobacterium-mediated 

transformations in this study. The fie/FIE mutant (Col-0 background) used is SALK_042962 and the line has 

been described in detail in (Bouyer et al., 2011). The met1-3/MET1 mutant (Col-0 background) used was first 

described in (Saze et al., 2003), and was only propagated heterozygously. It was assessed for full methylation at the 

180 bp CEN-repeat by Southern blot analysis before crossing, indicating an unaltered epigenetic landscape and 

excluding uncontrollable, indirect effects (Wöhrmann et al., 2012). The met1-3 genotyping assay is described in 

(Wöhrmann et al., 2012). All plants were grown in a greenhouse chamber with 16h light at ~20°C and 8h dark 

at ~18°C with an average of  60% humidity. For crosses, plants were emasculated and pollinated 2 days later. 

Calling potentially imprinted genes in the embryo

The dataset from (Autran et al., 2011) was analyzed and we called all genes that had a q-value bigger than 0.8 

(strong mono-parental bias, mi > 0.8 and pi > 0.8 for MEGs and PEGs, respectively) in all sequenced samples (2-

4 cell Ler x Col-0, 2-4 cell kyp/KYP x Col-0, globular Ler x Col-0), in the 2-4cell samples only, or in the globular 

wild-type sample only. All filtered genes were then compared to the second replicate run and only kept if  they 

still showed reads from one parent only (Autran et al., 2011). We also accepted genes that were sequenced in the 

globular sample of  replicate 1 only (SOLiD 2009) and were not detected in the second replicate (SOLiD 2010). 

This procedure yielded 50 potential MEGs and 30 potential PEGs (Table S2-3-1). Expression levels (coverage 

by covered base Autran et al., 2011) and present/absent calls in the egg cell and sperm cell (Wuest et al., 2010; 

Borges et al., 2008) were used to prioritize the potential embryonic MEGs and PEGs. MEGs and PEGs being 

highly expressed and showing preferably absent calls in the gametes (egg cell or sperm cells) were selected for in-

depth analysis (i.e. RT-PCR and Sanger sequencing).

Preparation of  hybrid embryonic cDNA libraries

Different wild-type accessions and/or mutant lines were reciprocally crossed as indicated in the main text, the 

figures, and figure legends to produce hybrid F1 seeds. For the 1x-washed, wild-type embryonic samples we 

produced two independent biological replicates for each stage and direction of  cross (i.e. 8 samples). The 2-4 

cell embryos were isolated from seeds ~2.5 days after pollination (DAP), whereas the globular embryo stage 

was isolated from seeds ~4 DAP under our growth conditions. Embryo isolation was essentially performed as 

described in (Autran et al., 2011) with 5 additional washes after isolation for the extensively, 6x washed control 

samples (2-4 cell stage, reciprocally crossed). RNA was extracted using the Arcturus® PicoPure® RNA Isolation kit 

(Applied Biosystems) and the cDNA library ampflified using the Ovation® Pico WTA System (NuGEN) according 

to the manufacturer’s protocol. As recommended by the Ovation® Pico WTA System (NuGEN) we purified the 

cDNA libraries with the QIAquick PCR Purification Kit (QIAGEN) according to NuGEN’s protocol. We used 

the Agilent 2100 Bioanalyzer (Agilent Technologies) to control cDNA library quality and measured quantity using 

Nanodrop. In addition, we controlled library quality and absence of  genomic DNA contamination by RT-PCR 

amplifying ACTIN 11 (ACT11) and WUSCHEL-RELATED HOMEOBOX 9 (WOX9), an embryo-specific gene (Wu 

et al., 2007). All primer sequences are specified in Table S2-3-5. In order to produce hybrid F1 seedling cDNA 

libraries and hybrid F1 seedling genomic DNA samples, we crossed Col-0 and Ler reciprocally, germinated the F1 

hybrid seeds on plate and harvested them 8 days after sowing. Genomic DNA was extracted using the QiaQuick 

DNeasy kit (QIAGEN) and RNA was extracted using the NucleoSpin® RNA Plant Kit (Machery-Nagel). Reverse 
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transcription was essentially performed as previously published (Baroux et al., 2006).

RT-PCR and Sanger sequencing

RT-PCR was performed on diluted cDNA libraries (4ng/µl) by doing 28 to 34 cycles (94ºC for 15 sec, 58ºC for 20 

sec, and 72ºC for 30 sec) followed by 72°C for 5min. We used Sigma Taq DNA Polymerase and PCR buffer from 

Sigma-Aldrich and a final concentration of  2mM MgCl2, 0.2mM dNTPs and 0.2-0.4mM Primer. The resulting 

PCR product was analyzed on a standard DNA agarose gel and the remaining product was purified using the 

NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel). The purified PCR product was Sanger sequenced 

and the chromatograms analyzed at the site of  the SNP between Ler and Col-0 to assess its parent-of-origin. All 

assays were tested for non-biased amplification of  both accession sequence fragments using genomic DNA of  F1 

hybrid seedlings (Col-0 x Ler and Ler x Col-0). All sequences of  the used primer are specified in Table S2-3-5.

Reporter lines: Cloning, Transformation, and Analysis

All GUS reporter lines were cloned using the pBGWFS7 vector (VIB, University of  Gent), carrying a BASTA 

resistance gene (plant selection), a spectinomycin resistance gene (bacterial selection), and a Gateway-cloning 

cassette followed by eGFP and a uidA gene encoding ß-Glucuronidase (GUS) in frame. We amplified the upstream 

promoter region (from the previous gene until the start codon or a maximum of  2.5kb of  promoter sequence) of  

seven MEGs and one PEG containing the attB recombination sites in a two-step PCR reaction: First, we used 

chimeric primers comprising template-specific sequences plus the first 12 bases of  the attB1 or attB2 sequence 

at the 5’-end. PCR was performed with the Phusion High-Fidelity DNA Polymerase (Finnzymes) and buffer, 

0.2mM dNTPs, 0.4µM Primers using the attB adapter program 1 (98°C for 60 sec; 5 cycles of  98°C for 10sec, 

63°C for 20sec, 72°C for 60-180 sec; 30 cycles of  98°C for 10sec, 68°C for 20sec, 72°C for 60-180 sec; 72°C for 

300sec). After analyzing the product on gel, we used 1 µl of  the 50x diluted first PCR product as template for the 

second PCR using attB adapter primers (attB1-adaptor: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT-

3’ and attB2-adaptor: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT-3’) to complete the attB sites. PCR 

was performed as above using the attB adapter program 2 (98°C for 60 sec; 5 cycles of  98°C for 10sec, 48°C for 

20sec, 72°C for 60-180 sec; 15 cycles of  98°C for 10sec, 58°C for 20sec, 72°C for 60-180 sec; 72°C for 300sec). 

The resulting PCR product containing the promoter sequence and the complete attB recombination sites were 

PEG precipitated and the BP reaction (using pDONR221) and the LR reaction were performed according to the 

manufacturer’s recommendations (Invitrogen). The resulting expression vectors were transformed into competent 

Agrobacterium tumefaciens (GV3101), which were used to transform Col-0 plants by floral dipping (Clough and Bent, 

1998).

GUS reporter assays on isolated embryos

We first selected T1 lines strongly expressing the GUS reporter gene in the seed by staining young siliques 

overnight at 37°C after vacuum-infiltration (5-10 min) of  the tissue in standard GUS stainining solution (2 mM 5-

bromo,4-chloro,3-indolyl-D-glucuronide (Biosynth-AG), 10 mM EDTA, 0.1% Triton X-100, 2.0 mM potassium 

ferrocyanide, 2mM potassium ferricyanide, 50 mM phosphate buffer pH 7.2). The strong lines were selected, 

and reciprocally crossed with wild-type Col-0 plants. We then isolated embryos 2.5 DAP (2-4 cell stage) and 3.5 

to 4 DAP (globular stage) in GUS staining solution (as above but with 0.5 mM Potassium ferro- and ferricyanide 

instead of  2.0 mM for improved GUS activity). We directly transferred the isolated embryos on a microscopy 

slide, added fresh GUS staining solution, covered the embryos with a coverslip and stained them without vacuum-

infiltration for 4 d at 37°C in plastic boxes with high humidity to prevent drying of  the samples. After 4 days we 

analyzed the isolated embryos for GUS reporter expression using bright-field microscopy (Leica DMR) to ensure 
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maximum sensitivity for GUS detection.

Mutant analysis

Available T-DNA insertion lines disrupting confirmed MEGs and PEGs (see Table S2-3-2) were ordered (2 

lines/gene, if  available). A mutant population (i.e. 24 individuals) was genotyped using primers flanking the 

insertion site (see Table S2-3-5, designed with the T-DNA primer design homepage http://signal.salk.edu/

tdnaprimers.2.html) and the appropriate left boarder primer (for SALK lines: LBb1.3; for SAIL lines: Syg_LB1; 

for GABI lines: GBF_AC161_LB1; for FLAG lines: FL_LB4; for sequences see Table S2-3-5) using a standard 

PCR program (94ºC for 15 sec, 58ºC for 20 sec, and 72ºC for 75 sec, 36 cycles). Then, mature siliques of  each 

genotyped individual were opened to analyze the seed set. In addition to that, we harvested siliques at different 

developmental stages of  one (usually heterozygous) mutant individual, dissected the seeds in modified Hoyer’s 

solution (70% w/v chloralhydrate, 4% w/v glycerol, 5% w/v gum arabic) and examined embryo patterning and 

development from the zygote to the torpedo stage using differential interference contrast (DIC) microscopy (Leica 

DMR).
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NOTE All findings of this thesis are already discussed in detail at the end of each chapter. The last 

chapter “General Discussion and Future Perspec�ves” summarizes again shortly the main 

findings and its implica�ons, and concludes by discussing future direc�ons and fundamental 

open ques�ons regarding the iden�fica�on of novel imprinted plant genes, the �ssue-

specific occurrence of plant imprin�ng, and the regula�on of imprinted expression in 

plants, which is far away from being solved. In addi�on and foremost, technical challenges 

and desirable methodological advancements to solve  unanswered issues due to technical 

limita�ons are discussed.
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Imprinting control regions (ICRs) - DNA methylation and other primary imprinting marks

Since ICRs had not been described in plant genomes, the identification of  the short, unmethylated 

MEA-ICR was a major breakthrough in plant imprinting research. However, the first plant ICR, the MEA-ICR, 

possesses very distinct features compared to mammalian ICRs. The MEA-ICR is short, 200bp only, whereas 

mammalian ICRs span an average of  3kbs, and the MEA-ICR controls a singleton rather than a whole gene 

cluster that can cover up to 850 kb in the case of  the Kcnq1 cluster (Barlow, 2011; Wöhrmann et al., 2012). 

Furthermore, the MEA-ICR region is not targeted by DNA methylation, neither in the sperm cells, the central 

cell, nor in young embryos (Wöhrmann et al., 2012). In mammals, differential DNA methylation at ICRs regulates 

genomic imprinting either through an insulator function by DNA methylation-dependent binding of  trans-acting 

factors (Bell & Felsenfeld, 2000; Hark et al., 2000; Szabó et al., 2000) or, if  unmethylated, by acting as promoter 

of  a ncRNA, which itself  represses genes in cis (Lyle et al., 2000; Mancini-Dinardo et al., 2003; Wutz et al., 

1997). Therefore, the only identified plant ICR seems to regulate genomic imprinting differently than those 

in mammals, and independently of  DNA methylation. A two-level control mechanism was proposed for MEA 

imprinting regulation, where DNA methylation, and its effectors in plants, DME and MET1, control higher-

order chromatin structure to allow or restrict access of  additional trans-acting and MEA-ICR-binding imprinting 

regulators (Wöhrmann et al., 2012).

Obviously, DNA methylation is not the primary imprinting mark regulating imprinted MEA expression. 

Generally, not much is known about hierarchies of  imprinting marks. For instance, it is not known how the de 

novo DNA methyltransferase DNMT3A and its cofactor DNMT3L recognize ICRs in the germ line to set up sex-

specific germline methylation patterns in mammals. Although specific spacing of  CpG islands in the ICR, histone 

modifications, or parent-specific transcription over ICRs seem to be involved (Chotalia et al., 2009; Ciccone et 

al., 2009; Glass et al., 2009; Ooi et al., 2007), the matter remains unresolved. In addition, hypomethylation of  

the Snrpn ICR caused by a mutation of  the transcriptional repressor Zfp57 in the maternal germline could be 

rescued by zygotic expression of  ZFP57 and proper DNA methylation was reestablished during embryogenesis 

suggesting a distinct primary imprinting mark at the Snrpn ICR (Li et al., 2008). In comparison, the two maize 

imprinted genes ZmFie1 and ZmFie2 are regulated by differential DNA methylation, but only for one gene it is 

set up in the gametes already (Gutiérrez-Marcos et al., 2006). Furthermore, FWA, although being the prime 

example of  one-way imprinting control by DNA methylation in plants (Kinoshita et al., 2004; Kinoshita et al., 

2007), is not differentially methylated in the gametes (Wöhrmann et al., 2012), indicating that the differentially 

methylated regions (DMRs) are set up after fertilization. Taken together, primary or additional imprinting marks 

other than DNA methylation must be involved in regulating imprinted expression in both plants and animals, and 

will hopefully be identified by future research.

(Imperfect) Attempts to identify novel trans-acting factors at the MEA-ICR

In an attempt to identify the trans-acting factor(s) binding and/or regulating the MEA-ICR, we performed 

a biochemical and a forward genetic screen. An electrophoretic mobility shift assay (EMSA) was used to screen 

a broccoli nuclear protein extract for effectors binding to parts of  the radiolabeled MEA-ICR, but failed due to 

plethora of  uncontrollable aspects. The forward genetic screen was based on non-activation or ectopic activation 

of  the MEA-ICR reporter gene 250pMEA::GUS after EMS mutagenesis. Genetically, we could identify two 

mutant candidates that are involved in the activation of  the reporter gene and are required for seed development. 

Unfortunately, the genetic background of  the 250pMEA::GUS line was very heterogeneous and differed from 

one individual to another even in the parental, unmutagenized generation. A prior gamma-ray irradiation and 

insufficient rounds of  backcrosses contributed to the genetic heterogeneity, and, therefore, polymorphisms still 

segregated within the parental population. We wrongly assumed that we were working with an inbred paternal 
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line and realized it only by resequencing the parental line in order to create an in-silico-corrected, high-quality 

reference genome to map the resequenced mutant candidate reads for SRM. A low quality reference genome 

resulting in bad mapping quality concomitant with a very heterogeneous genetic background made it impossible 

to pinpoint the causative mutation. Therefore, we decided to outcross the mutation to inbred Col-0 plants to 

create near isogenic lines (NILs) and retry the mapping of  the causative mutation. In general, we recommend 

performing forward genetic screens in accessions with a published high-quality reference genome, fully annotated 

and properly aligned, preventing any bioinformatic obstacles during the mapping procedure.

SNP ratio mapping: mapping heterozygous mutations by next-generation sequencing

We developed SNP ratio mapping (SRM) to map gametophytic-lethal or embryo-lethal mutations, which 

were isolated from two different forward genetic screens - one aiming at uncovering regulators of  imprinted MEA 

expression (Chapter 1.2) and another to find additional factors involved in the pollen tube reception pathway 

(Chapter 1.3; Lindner et al. 2012) - in our laboratory. SRM allows mapping of  homozygous-lethal mutations or 

of  mutations in complex genetic and transgenic backgrounds. Lindner and colleagues successfully mapped three 

different mutations affecting the pollen tube reception pathway (Lindner et al., 2012; Lindner, Grossniklaus, 

unpublished). The need of  few individuals and only two rounds of  backcrosses after mutagenesis makes SRM 

a useful method for many genetic organisms, especially those with a long generation time like Arabidopsis. In 

addition, any kind of  mutation can be mapped, in particular those, which show low transmission rates, are lethal, 

or cause hard-to-score phenotypes. Unlike other methods that either require many rounds of  backcrosses (Zuryn 

et al., 2010) or homozygous viable mutations (Austin et al., 2011; Schneeberger et al., 2009) we present a method 

that allows the mapping of  a mutation in the heterozygous state after only two rounds of  backcrosses. 

Efficient embryo isolation enabled the study of  parental effects in plant embryos

The development of  a method to rapidly and efficiently isolate young Arabidopsis embryos was essential to 

study parental effects during plant embryogenesis. While manual dissection is applicable for later-staged embryos 

(starting from late globular stage), dissection of  young Arabidopsis embryos is hindered by their small size and 

deep embedding within seed coat and endosperm. We successfully performed RNA sequencing (RNA-seq) and 

allele-specific transcript analysis using RT-PCR and Sanger sequencing on amplified embryonic cDNA samples, 

assessed reporter gene expression on isolated embryos, and evaluated cytological aspects of  plant embryos by 

fluorescence in situ hybridization (FISH). Obviously, we are far away from collecting a sufficient number of  

embryonic cells to apply genomics approaches like chromatin-immunoprecipitation followed by next-generation 

sequencing (ChIP-Seq), because chromatin, unlike RNA or DNA, cannot be amplified. ChIP-Seq approaches are 

essential to profile the epigenetic landscape genome-wide or at specific loci such as imprinted genes. Description 

of  the epigenetic modifications at and around imprinted genes might add to our understanding of  the regulatory 

processes and mechanisms involved that regulate imprinted expression (see below). However, recent publications 

performing ChIP-seq on plant tissue use 1 and 2 g of  total plant tissue to perform ChIP (Zhong et al., 2012; 

Immink et al., 2012), as it is also suggested by a recent plant ChIP protocol (Villar and Köhler, 2010). Assuming 

that a cell consists only of  water (density = 103 kg/m3) and an embryonic cell is approximately 10-15 m3 in volume 

(see Figure 2-1-4; Chapter 2.1) then one embryonic cell has a mass of  1 ng. Thus, 1 g of  tissue corresponds to 

1 billion embryonic cells, an impossible number to collect by hand. Successful isolation would require a more 

automated approach, such as fluorescence-assisted cell sorting (FACS) of  embryonic cells expressing a fluorescent 

reporter gene. Surely, plant research would highly benefit of  more sophisticated high-throughput systems to 

isolate specific plant cell types (see below).
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Maternal dominance or equal parental policy during embryo development in Arabidopsis?

In 2011, we presented a genome-wide view of  the parental contributions to early plant embryogenesis and 

described a gradually decreasing maternal dominance (Autran et al., 2011). However, we could not distinguish, 

whether the maternal dominance arises due to differential, de novo gene expression in the embryo or is caused 

by deposition of  maternal transcripts in the cytoplasm of  the egg cell, as it is the case for many animal systems 

(Baroux et al., 2009). In addition, genetic studies suggested a role for two maternal, epigenetic pathways in 

regulating paternal contribution. The 24nt siRNA pathway, or the RNA-dependent DNA methylation (RdDM) 

pathway, seems to be involved in repressing early paternal activity, and, to our knowledge, we were the first lab 

to report that this pathway not only targets repetitive and transposable elements but also protein-coding genes 

in this specific developmental context in plants (Autran et al., 2011; Matzke et al., 2009). Maternal siRNAs 

might have a role in heterosis and inter-specific hybridization (Chen, 2010; Martienssen, 2010), and it remains 

to be discovered whether RdDM mutants are sensitized to hybridization (Autran et al., 2011). Furthermore, 

histone turnover regulated by the maternal CAF1 complex, a chromatin assembly complex, aids in activating 

the paternal genome (Autran et al., 2011). Interestingly, early maternal dominance and gradual zygotic genome 

activation explains the developmental stage-dependent occurrence of  embryo-lethal mutant phenotypes, which 

at early stages seem independent of  the paternal genotype. Both mutations, gnom/emb30 and vacuoleless1 (vcl1), 

are classified as recessive and embryo-lethal (Mayer et al., 1993; Rojo et al., 2001). Surprisingly, the incidence of  

mutant phenotypes at early embryonic stages is not or only partially rescued by inheriting a paternal wild-type 

allele, suggesting that those genes are not or only weakly expressed paternally at early developmental stages, 

therefore not complementing the phenotype (Baroux et al., 2009).

In contrast, a recent paper describes equal parental contributions starting already from the 1-cell 

embryo (Nodine and Bartel, 2012). The authors attribute our result to substantial contamination with maternal, 

sporophytic tissue, which obviously could explain the strong maternal bias we observed (Autran et al., 2011). Yet, 

they fail to explain how we can observe the substantial increase in paternally contributed transcripts in embryonic 

samples produced from mutant kryptonite (kyp) mothers. The SUVH4 histone methyltransferase KYP (Jackson et 

al., 2002) was found to be involved in repressing paternal gene expression during early embryonic stages (Autran 

et al., 2011). Thus, we found double the amount of  paternal information in both kyp x Col-0 embryo samples 

analyzed. Since we produced the mutant replicates exactly in the same way as the wild-type samples, it is difficult 

to explain why we have consistently less “contamination” in the mutant samples. 

In addition, interesting biological aspects might underlie the differences found in the two studies. First, 

Nodine and Bartel (2012) used the Cape Verde Islands (Cvi) accession, being very different from all other 

accessions (Nordborg et al., 2005) and showing distinct epigenetic peculiarities (Gazzani et al., 2003; Riddle 

& Richards, 2002; Saze & Kakutani, 2007; Tessadori et al., 2009). Second, Nodine and Bartel (2012) analyzed 

polyadenylated mRNAs, whereas we profiled mRNAs irrespective of  their polyadenylation status. In animals, 

cytoplasmic polyadenylation of  maternal transcripts regulates its translation during early development (Benoit 

et al., 2008; Galili et al., 1988; Lasko, 2009) and, therefore, distinct amplification methods might add to the 

observed differences.

Nevertheless, resequencing of  hybrid embryonic libraries produced after crosses with different ecotypes, 

including Col-0, Cvi, and Ler, and amplified specifically for polyadenylated transcripts or not, will shed light on 

the (yet) unresolved issue of  parental policy during early plant embryogenesis. 

Genomic imprinting in the Arabidopsis embryo 

Even though the two above-mentioned publications do not agree on the overall parental contribution to 

early embryogenesis in Arabidopsis, both independently report parent-of-origin-dependent allelic gene expression. 
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We analyzed the allele-specifi c transcriptome dataset of  Autran and colleagues (2011) in detail and fi ltered all 

transcripts that show read counts from one parent but not from the other. We identifi ed 50 MEG and 30 PEG 

candidates and studied 18 MEGs and 6 PEGs showing relatively high expression values and preferably absence 

Table D1. All iden� fi ed candidate imprinted genes in plant embryos.

1: Gehring et al., 2011
2: Hsieh et al., 2011
3: Luo et al., 2011
4: Waters et al., 2011
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of  expression in the gametes in detail. We confirmed 11 MEGs and 1 PEG by alternative methods, namely 

allele-specific transcript analyses and reporter gene analyses. Genetic studies showed that PRC2 is involved in 

regulating imprinted expression of  2 MEGs, AT1G29660 and AT1G72260, and the PEG FUS3 in the embryo. 

Mutant analysis of  MEGs and the PEG revealed no obvious phenotype in terms of  fertility and/or embryo 

patterning. However, five of  eleven MEGs have a (predicted) function in metabolism, whereas another 4 genes 

are of  unknown function. In addition, the MEGs are expressed in the whole seed, including the seed coat. This 

suggests that genomic imprinting in the embryo could have evolved to link maternal and embryonic metabolism 

and rendered the process even in the embryo under maternal control. This is in accordance with the co-adaptation 

theory (Wolf  and Hager, 2006), which predicts that traits important at the mother-offspring interface have evolved 

to be under maternal control. Importantly, some MEG reporter lines have a slight bias of  expression in the 

suspensor, the file of  cells linking the embryo proper to the maternal sporophytic seed coat. Lastly, we have shown 

that the imprint must be erased late in embryo or early in vegetative development, since all embryonic imprinted 

genes are expressed from both parents in young seedlings. In conclusion, genomic imprinting in Arabidopsis exists 

in the embryo, albeit just transiently, and, thus, the current dogma that one-way imprinting in the endosperm is 

the only form of  genomic imprinting in Arabidopsis is strongly put into question. Yet, what the primary imprinting 

mark is, how and where it is established, and how and when exactly it is erased, remains unknown.

Importantly, only 50% (12 of  24) of  our “best” candidates turned out to be imprinted in the embryo, 

which indicates, that at least 50% of  our totally 80 candidate MEGs and PEGs are false positives. Likely, the 

fraction of  false positives is even bigger, since we only chose highly expressed genes that were covered by sufficient 

reads for an in-depth analysis. As described in the introduction, allele-specific genomics approaches have to be 

considered with a certain caution, since the sequencing depth and the statistical procedures to call potentially 

imprinted genes differ a lot between studies, and the commonly identified imprinted candidate genes in similar 

studies represent a minute fraction. For example, analysis of  an allele-specific transcriptome of  Arabidopsis seeds 

analyzing the same accessions and the same developmental stage only identified 20 common genes in 126 and 

208 candidate imprinted genes, respectively (Pignatta and Gehring, 2012). In addition, a recent study showed 

that empirical estimation of  false discovery rates (FDR) might be indispensable for next-generation genomics 

approaches to determine the allele-specific origin of  transcripts (Deveale et al., 2012). Therefore, MEGs and 

PEGs identified by allele-specific genomics approaches have to be considered with caution before imprinted 

candidates are not substantially validated by alternative methods, or before a given imprinted candidate gene is 

not called several times in independent studies.

Tissue-specific imprinting in plants?

The identification of  genes showing tissue-specific, imprinted expression in the embryo challenges the 

assumption that imprinted genes are preferentially expressed in the endosperm. Recent studies filtered an allele-

specific seed transcriptome for genes specifically expressed in the endosperm (Wolff  et al., 2011; Hsieh et al., 

2011). Obviously, this is necessary when analyzing a mixture of  different tissues, yet, imprinted genes that are 

expressed in the whole seed but might show lineage-specific imprinting, as it is the case for the embryonic MEGs 

we identified, would be missed. In addition, some of  those studies also analyzed an embryonic allele-specific 

transcriptome and without exception found imprinted expression in the embryo (Table D1; Gehring et al., 2011; 

Hsieh et al., 2011; Luo et al., 2011; Waters et al., 2011). But except for the embryonic imprinted genes in rice, 

where one of  8 was shown to have a steady-state monoallelic expression profile by alternative methods (Table 

D1; Luo et al., 2011), all other studies discarded this finding with the argument that the genes are also expressed, 

and some are even imprinted, in the endosperm and, therefore, are considered to be contamination (Hsieh et al., 

2011, Gehring et al., 2011, Waters et al., 2011). At least, Waters and colleagues (2011) present other potential 
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explanations and admit that separating endosperm and embryo 14 DAP in maize is easy and should not result in 

substantial endosperm contamination in the embryo sample. They speculated that the genes could be imprinted 

in both the embryo and the endosperm, as it is the case for the maize Mee1 gene (Jahnke and Scholten, 2009), 

or transcripts might be remnants of  very stable RNAs stored in the gametes, or might even be transported 

from endosperm to the embryo (Waters et al., 2011). However, in mammals lineage-specific and even dynamic 

regulation of  imprinted genes is described. For example, the distal genes in the Kcnq1 cluster are maternally 

expressed in the placenta, but biallelically contributed in the embryo and the adult mouse (Hudson et al., 2010). 

In addition, the mammalian gene Dlk1 is paternally expressed during embryogenesis, but biallelically contributed 

in the neurogenic niche concomitant with lineage-specific methylation of  the maternal ICR (Ferrón et al., 2011). 

Therefore, tissue-specific imprinting should be considered more in plants, since we showed that genes that are 

expressed throughout the seed exhibit imprinted expression in the embryo. Even if  a gene is expressed in many 

different tissues, and is not restricted to embryo and/or endosperm, it could be imprinted in one specific lineage 

but show biallelic expression elsewhere. 

Parent-of-origin-dependent allelic expression is largely absent in plant seedlings

In Arabidopsis, maize and rice, hybrid seedlings were analyzed for parental bias and the imprinted expression 

of  genes during vegetative seedling development. Zhang and Borevitz (2009) used a high-density SNP-tilling array, 

covering 250’000 SNPs of  20 different ecotypes, to quantitatively assess over 12’000 genes for parental bias. At 

the analyzed threshold they did not identify any genes regulated by genomic imprinting in the seedling, suggesting 

that genomic imprinting is restricted to sexual development in Arabidopsis (Zhang and Borevitz, 2009). However, 

the authors analyzed only about half  of  all Arabidopsis genes and enriched for polyadenylated transcripts. In 

maize, Springer and Stupar (2007) analyzed hybrid seedlings, hybrid ears (female reproductive organ) and hybrid 

embryos 19 DAP. Whereas hardly any parental bias was identified in ears and seedlings, 20% of  the analyzed 

genes in the embryo showed a bias towards the maternal allele, although the authors rather attributed the effect 

to incomplete maternal-to-zygotic transition (MZT) than to imprinting (Springer and Stupar, 2007). Lastly, He 

and colleagues (2010) performed RNA-seq and ChIP-seq on rice hybrid seedlings. They describe allelic bias in 

gene expression not in a parent-of-origin but rather in an ecotype-of-origin-dependent manner that is correlated 

to gene expression and epigenetic differences in the parental lines (He et al., 2010). These studies are in line with 

the finding that the identified embryonic MEGs and the PEG are biallelically contributed in the seedling. Taken 

together, imprinted gene expression seems to be largely absent from vegetative plant tissue, again suggesting that 

all embryonic imprints are erased likely during late embryogenesis and before vegetative development. 

Novel regulatory players and the hierarchy of  epigenetic modifications

Most imprinted gene clusters in mammals express a long ncRNA and most of  them are directly involved 

the repression of  genes in cis by recruiting a repressive epigenetic machinery (Santoro and Barlow, 2011). In both, 

maize and rice, recent studies described a number of  imprinted ncRNA in the seed (Zhang et al., 2011; Luo et 

al., 2011), and four maternally expressed ncRNAs in maize are even transcribed from within PEGs, indicating a 

similar role for plant ncRNAs in the regulation of  genomic imprinting as in mammals (Zhang et al., 2011). Yet, 

whether those ncRNAs are able to recruit the silencing machinery to genes in cis is unknown. However, a different 

long ncRNA, COLDAIR, regulates flowering time upon a period of  cold by recruiting PRC2 to silence a floral 

repressor (Heo and Sung, 2010). In conclusion, the presence of  imprinted ncRNAs in plants and the ability of  

non-imprinted ncRNAs to recruit a repressive epigenetic machinery to silence a gene in cis suggest a similar 

imprinting control mechanism as in mammals and should be in the focus of  future research. 

Furthermore, epigenetic profiling of  chromatin at and around imprinted loci was only performed in maize but 
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not in Arabidopsis or rice. Haun and Springer (2008) analyzed three maternally expressed genes, Mez1, ZmFie1 and 

Nrp1, and found enrichment of  di- and trimethylation of  H3K27 at paternal alleles, and enrichment of  acetylated 

H3 and H4 and dimethylation at H3K4 at maternal alleles. Importantly, those marks are only associated with 

the alleles in the tissue that exhibits imprinting (the endosperm) but not in the seedling (Haun and Springer, 

2008). Surprisingly, di- and trimethylation of  H3K9, which is involved in silencing paternal alleles in mammals 

(Pandey et al., 2008; Redrup et al., 2009; Terranova et al., 2008) was not associated with any of  the alleles. 

Thus, profiling the epigenetic status at imprinted loci in different developmental contexts might shed light (i) on 

involved regulatory machineries, (ii) on the hierarchical and time-dependent order of  chromatin marks, and (iii) 

on differences and commonalities in regulating genomic imprinting in organisms as evolutionary distinct as plants 

and mammals. 

Accession-specific, species-specific and kingdom-specific imprints

The first imprinted gene discovered, the maize R1-gene (Kermicle, 1970), as well as other maize genes 

are only imprinted in some accessions but not in others (Kermicle and Alleman, 1990; Messing and Grossniklaus, 

1999), therefore exhibiting rather allele-specific than locus-specific imprinting. A recent study in Arabidopsis also 

describes several genes to be imprinted in one accession but not the other (Wolff  et al., 2011). The extent of  natural 

variation and the progress in sequencing the different accessions of  Arabidopsis thaliana offers the possibility to 

investigate accession-dependent imprinting in this species. This might allow to specifically compare the epigenetic 

landscape around accession-dependent imprinted loci in an accession with imprinted and an accession with 

biallelic gene expression of  a given locus, and could pinpoint causal differences in the (epigenetic) regulation 

leading to allele-specific expression. Furthermore, genome-wide association studies (Atwell et al., 2010) might 

uncover epigenetic regulators by correlating SNPs to the expression status - imprinted or not - of  a given imprinted 

gene. Therefore, natural variation in plants and especially in Arabidopsis with many accessions’ genomes being 

resequenced at the moment (www.1001genomes.org) offers possibilities to study imprinting in an evolutionary 

perspective. Interestingly, recent studies that profiled allele-specific seed transcriptomes to identify imprinted 

genes in maize, rice, and Arabidopsis (Gehring et al., 2011; McKeown et al., 2011; Hsieh et al., 2011; Wolff  et al., 

2011; Zhang et al., 2011; Waters et al., 2011; Luo et al., 2011), albeit finding a small overlap in general (Köhler 

et al., 2012; McKeown et al., 2011; Pignatta & Gehring, 2012), described conserved imprinted expression of  

three genes only (Pignatta and Gehring, 2012; Jiang and Köhler, 2012). This indicates that in monocots (rice, 

maize) and dicots (Arabidopsis), which diverged about 140-150 million years ago (Chaw et al., 2004), the selective 

advantage was strong enough to maintain imprinting over such long period of  time. Therefore, studying genomic 

imprinting in plants offers the great opportunity to combine natural variation, evolution, and epigenetic gene 

regulation.

De novo expression or carry-over?

A weak point of  many recent studies, including our own (Chapter 2.3), that should be considered more in 

the future, is the analysis of  steady-state RNA levels. Therefore, it cannot be inferred that the analyzed transcripts 

are de novo expressed in the fertilization products rather than deposited in the gametes. Certainly, absence of  

a transcript in the transcriptome of  the gametes suggests that the gene is de novo expressed in embryo and/

or endosperm. Yet, we lack the required depth in gamete transcriptome analysis for egg cell and sperm cells 

(Wuest et al., 2010; Borges et al., 2008), but not for central cell (Schmid et al., 2012). Likely, the restricted access 

to and the difficult isolation of  (female) plant gametes is a major obstacle to in-depth analysis of  the gametic 

transcriptome or even the epigenome. Furthermore, alternative methods to show de novo transcription like nascent 

RNA fluorescence in-situ hybridization (RNA-FISH) are very difficult to perform in plants and it was successfully 
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applied only once to study de novo expression of  maternal MEA  allele in the fertilized central cell (Vielle-Calzada 

et al., 1999).

Generally, technological advancement in plant research is necessary and will hopefully solve a few of  

the current unknown aspects in the field of  plant developmental genetics, e.g. sufficiently deep transcriptome or 

even epigenome data of  plant stem cells and plant gametes. First, cell-type specific analysis in plants is lagging 

behind but is essential to any aspect of  molecular biology. Current approaches include fluorescence assisted cell 

sorting (FACS), which unfortunately does not seem to work for cell types that are too rare within a tissue (like 

the female gametes within the ovule) and, additionally, requires efficient production of  protoplasts by digesting 

the plant cell wall. Further approaches include laser-assisted microdissection (Wuest et al., 2010, Schmid et al., 

2012) or manual or semi-manual manipulation of  a given tissue (Gehring et al., 2011; Raissig et al., in press; 

Waters et al., 2011; Xiang et al., 2011), both very time-consuming techniques and not appropriate for large-

scale tissue isolation. A very elegant and promising technology to isolate specific nuclei is the INTACT system 

(Deal and Henikoff, 2011) that is based on affinity-labeled nuclei by expression of  a transgenic, cell type-specific 

biotinylated nuclear envelope protein. Total nuclei are isolated from a heterogenous tissue and specific nuclei can 

then be purified by streptavidin-coated magnetic beads (Deal & Henikoff, 2011). Hopefully, techniques like the 

INTACT system will be further developed to eventually isolate whole cells, for example by expressing biotinylated 

cell-membrane proteins.

Evolution of  genomic imprinting: Combinatorial evolutionary driving forces or parental 

conflict?

Many evolutionary hypotheses have been proposed to explain the evolution of  imprinting. To formulate 

evolutionary concepts, one has to take all available empirical data into account and not just develop mathematical 

models for the sake of  mathematical modeling (Moore and Mills, 2008). The intragenomic parental conflict over 

resource allocation provides a widely accepted and testable theory for the evolution of  imprinting, suggesting that 

growth restricting factors should be under maternal control to antagonize paternally expressed growth promoting 

factors (Moore and Haig, 1991; Haig and Westoby, 1989).

In both placental mammals and flowering plants, embryo development mostly depends on maternal 

resources. The parental conflict hypothesis is supported by a variety of  experimental evidence: First, the placenta 

and the endosperm are the primary tissues exhibiting genomic imprinting (Frost & Moore, 2010; Jullien & Berger, 

2009; Raissig et al., 2011). Second, mutations in many imprinted genes in animals and plants display growth 

and developmental defects (Angiolini et al., 2006; Raissig et al., 2011; Reik et al., 2003; Tycko & Morison, 

2002). Third, genomic imprinting seems to be absent from egg-laying mammals, the monotremes, suggesting 

the concurrent evolution of  genomic imprinting and the “placental habit” (Suzuki et al., 2007; Edwards et al., 

2008). 

However, empirical data challenge the parental conflict theory: For example the imprinted gene Meg1 in 

maize is maternally expressed, is required for the development of  transfer cells between mother and offspring, and 

is involved in nutrient transfer (Costa et al., 2012). RNAi mutants of  Meg1 produce smaller seeds, a phenotype 

that is not predicted by the parental conflict theory (Costa et al., 2012). The authors propose that this observation 

rather fits the co-adaptation theory, which predicts maternal expression of  traits important at the mother-offspring 

interface. Furthermore, 89 MEGs and 61 PEGs are described in mammals (www.mousebook.org), whereas many 

more MEG candidates than PEG candidates were identified in the recent studies in Arabidopsis (290 MEGs vs. 79 

PEGs; Wolff  et al., 2011; Hsieh et al., 2011; Gehring et al., 2011; McKeown et al., 2011) and rice (177 MEGs vs. 

85 PEGs; Luo et al., 2011) but not in maize (122 MEGs vs. 157 PEGs; Zhang et al., 2011; Waters et al., 2011). 

The prevalence of  MEGs compared to PEGs is even more dramatic considering the imprinted candidates in the 
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embryo of  Arabidopsis, rice, and also maize (Hsieh et al., 2011; Gehring et al., 2011; Luo et al., 2011; Waters et 

al., 2011; Chapter 2.3, Table D1). In fact, the co-adaptation theory predicts many more MEGs than PEGs and 

could explain the higher occurrence of  MEGs (Wolf  & Hager, 2006). However, the plant embryo and endosperm 

are surrounded by the maternal seed coat, and even the endosperm is triploid, containing two maternal and one 

paternal genome. Therefore, the MEG bias described in the recent profiling studies might be an artifact and 

could be due to the special tissue composition of  plant seeds, which can be of  maternal origin, like the seed coat, 

or maternally dominated, like the endosperm, and are hard to separate. In conclusion, before the candidates 

are not confirmed by alternative methods or called more than once in different studies, this observation not 

necessarily contradicts the parental conflict theory.

However, the question remains how we can reconcile conflicting data to fit a single theory in the future. 

Einstein once said, “If  the facts don’t fit the theory change the facts” and, therefore, proposes to independently 

reassess ill-fitting facts, like the observed MEG bias in plants. In contrast, it could be considered that different 

driving forces are responsible for the evolution of  genomic imprinting and that specific combinations caused 

genomic imprinting at one locus or in one tissue, whereas other combinations underlie the evolution of  other 

imprinted loci or in other tissues. We believe that studying the function of  recently identified imprinted genes 

in plants will aid to understand the evolution of  imprinted traits. A difficult aspect is the dosage-sensitivity of  

imprinted genes, whereby full ablation of  the gene function might not necessarily give the right answer but 

rather requires fine manipulation of  gene dosage. Mutants in the recently identified MEGs and the PEG in 

the Arabidopsis embryo (Chapter 2.3, Raissig et al. in preparation) do not show an obvious fertility or embryo 

patterning phenotype. However, many of  the embryonic MEGs are involved in metabolism, potentially fine-

tuning embryonic growth and development. To overcome potential gene redundancy, which obviously would 

mask loss-of-function mutant, on could rather increase gene dose by overexpression constructs and assess for 

example seed or embryo growth rates and/or size. Taken together, functional analyses, which are easier and 

cheaper to perform in plants than in the mouse, where the creation of  transgenic individuals is time-consuming 

and costly, will shed light on the function and evolution of  genomic imprinting.

Genomic imprinting in plants – How and where?

The main research goals of  this thesis were to elucidate the mechanisms that regulate genomic imprinting 

in Arabidopsis (how?), and to investigate whether imprinting in Arabidopsis is really restricted to the endosperm 

(where?). We could demonstrate that parent-of-origin monoallelic gene expression is indeed a feature of  the plant 

embryo and, therefore, overcome the dogma that the endosperm is the sole tissue exhibiting imprinting in plants. 

In addition, we showed that genes could be imprinted in one tissue although they are not in others (lineage-

specific imprinting), and that imprinting at some loci is dynamically regulated in the course of  development. 

Unfortunately, we were less lucky in identifying trans-acting imprinting regulators acting at the MEA-ICR in an 

allele-specific manner. However, we were able to identify two maternal activator candidates that are required 

for seed development but could not map the mutations by SRM, likely due to the FUKUSHIMA (FUK) 

background.

In conclusion, future research accompanied by technical advancements in large-scale and specific tissue 

isolation, accompanied by ever dropping costs to use next-generation-sequencing platforms for ChIP-Seq and 

allele-specific RNA-Seq, will surely help to clarify the plethora of  unanswered aspects of  plant genomic imprinting 

including regulatory mechanisms, function and evolution, and lineage-specificity of  imprinted gene expression.
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Supplemental Data.

Supplemental Figure 1. Embryo Isolation and RNA Extraction.

In recent years the expression of MEA in the embryo has become a matter of some debate, possibly 
because current models do not explain activation of MEA in the embryo and because
certain pMEA:GUS reporter lines have been used as central cell-specfic markers (Gross-Hardt et al., 
2007). It is important to recognize, however, that these promoter:GUS reporter lines do not necessarily 
accurately reflect endogenous expression patterns, particularly if some cis-regulatory regions are 
missing or position effects influence reporter gene expression. To substantiate previous reports from 
several laboratories, we performed GUS staining on isolated embryos and RT-PCR on RNA from isolated 
embryos, results of which are shown in Figure 1 of the main text. The pMEA:GUS reporter used for 
embryo staining covers the full MEA promoter and 1kb of the coding region fused to GUS (Baroux et al., 
2006). This data confirms embryonic expression of MEA, as previously reported by a number of different 
research groups using RT-PCR on isolated embryos (Kinoshita et al., 1999; Gehring et al. 2006), reporter 
gene analysis (Luo et al., 2000; Baroux et al., 2006; Wang et al., 2006), and in situ hybridization (Vielle-
Calzada et al., 1999; Spillane et al., 2007).

Here, we provide supplemental data for the results presented in Figure 1B, showing images of isolated 
embryos used for RNA extraction (Supplemental Figure 1A), and PicoChip bioanalyzer RNA profiles 
(Supplemental Figure 1B). For RT-PCR, a washing step was used to remove debris and potentially 
contaminating endosperm nuclei. Supplemental Figure 1B shows that no RNA was detected in samples 
with embryos removed (Control) compared to embryonic RNA detected with isolated embryos present 
(Embryos).

Supplemental Figure 1A. Isolated embryos representative of those used for RNA extraction.

Supplemental Figure 1B. PicoChip bioanalyzer RNA profiles from isolated embryo samples. 

Supplemental Data. Raissig et al. Plant Cell (2011). 10.1105/tpc.110.081018.
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����������������������������������

��������������

Wild-type plants were ������������ �������� accession Landsberg (with the �������mutation, 

L��). Plants were cultured in a growth chamber at 70% humidity and daily cycles of 16h light 

at 21ºC and 8h darkness at 18ºC. For crosses, flowers were emasculated 2 days before 

pollination. Siliques were harvested at various times after pollination, as indicted in figure 

legends and in the text.

The mutant alleles used were �����, ����� (L��) (Grossniklaus et al. 1998), ����� (C24)

(Guitton et al. 2004), and ������ (Col) (Saze et al. 2003), and the ������������ transgenic 

line (Spillane et al. 2004). The ����� and ����� alleles are identical with respect to genetic 

behavior, phenotype, and seed abortion frequency (Grossniklaus et al. 1998). The ����� allele

carries a �� element in the coding sequence, ����� is the result of a remobilization of this ��

leaving a 7 bp footprint that disrupts the gene by introducing 2 stop codons (Grossniklaus et 

al. 1998). We used the ���� allele for qPCR experiments because it is expressed at the same 

level as the wild-type ��� allele but the footprint facilitated the design of allele-specific 

primers for qPCR. Homozygous ����� and ����� mutant plants were obtained by embryo

rescue (described in (Vielle-Calzada et al. 1999)) and exclusively used in the F1 generation to 

avoid ectopic epigenetic mis-regulation of direct and indirect target genes (U. Grossniklaus

and C. Spillane, unpublished). The ����� (C24) and the ������ (Col-0) mutants were 

introgressed into the L�� background by crossing them at least 5 times as pollen parents to 

L�� wild-type plants (�97% L�� background). The ������ mutant plants were propagated as 

heterozygotes and only used for experiments when showing full methylation at the 180 bp 

CEN-repeat (Martinez-Zapater et al. 1986) in Southern blots, indicating an unaltered 

epigenome.

The ����� and ����� mutant plants were selected on growth medium with 50 �g/ml kana-

mycin; ������ mutants were selected on growth medium with 10 �g/ml phosphinothricin. In 

parallel, mutants were genotyped by PCR with the following primers: For �����, a wild-type 

(268 bp) and a mutant PCR fragment (350 bp) were amplified using the primers MEAS11, 

MEAretirev2, and Ds3.1. For ������ a wild-type PCR fragment (236 bp) was amplified using 

MEA2retiS1 and MEA2retiAS1, and a mutant PCR fragment (180 bp) was amplified using 

MEA2retiS2 and Ds5.1. For ����� genotyping a wild-type PCR fragment (190 bp) and a 

mutant PCR fragment (160 bp) were amplified using HW25 and HW26. For ������

genotyping a wild-type PCR fragment (400 bp) was amplified using MEF2 and MER2, and a 
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mutant PCR fragment (600 bp) was amplified using MEF1 and TL2. Primer sequences are 

given in Supplemental Table S6.

����������������������� ������������� ����������

pMEA::MEA ����������: All ��������� constructs were cloned into pCAMBIA3300 

containing the corresponding ��� promoter sequence and the entire ��� open reading 

frame (ORF) amplified from genomic L�� DNA. The ��� ORF was amplified as two PCR 

products, with primers DP248 and DP71 (+1 to +960), and with UA171 and UA8 (+878 to 

+4199). These PCR products were subcloned into pDRIVE (QIAGEN) and into 

pBluescriptSK (Stratagene), respectively, and liberated as ���I-���I fragment (+1 to +920) 

and ���I����I fragment (+921 to +4199), respectively. The ��� promoter sequences were 

amplified with primers DP200 and CK176 (-1328 to +1), MEA5’8 and CK176 (-1104 to +1), 

MEA5’9 and CK176 (-889 to +1), MEA5’10 and CK176 (-667 to +1), and MEA5’11 and 

CK176 (-444 to +1). These PCR products were subcloned as ���RI-���I fragment (-1328 to 

+1) or ���HI-���I fragments (all other PCR products) into pDRIVE and liberated as ���RI-

���I fragments. The ���RI-���I opened pCAMBIA3300 served as vector for the 

corresponding ��� promoter fragments (���RI-���I) and the two ��� ORF fragments 

(���I-���I and ���I-���I) in the subsequent ligation. The ������������� construct served 

as template for the shorter constructs. ��� promoter fragments were amplified from 

������������� with primers MEA5’14 and DP71 (-369 to +960), DP202 and DP71 (-254

to +960), and MEA5’15 and DP71 (-151 to +960). These PCR products were subcloned into 

pDRIVE, liberated as ���RI-���I fragments and subsequently ligated with the ���I-���I

fragment (+921 to +4199) using the ���RI-���I opened ������������� construct as 

vector. For the ������������ construct, a ���I-���I fragment (-209 to +921) from the 

������������� construct was subcloned into pDRIVE, liberated as ���RI-���I fragment, 

and subsequently ligated with the ���I-���I fragment (+921 to +4199) using the ���RI-���I

opened ������������� construct as vector. Primer sequences are given in Supplemental 

Table S6.

pMEA::GUS ����������: All ��������� constructs contain the corresponding ���

promoter sequence amplified from genomic L�� DNA and were cloned in frame to the ���

reporter gene in pCAMBIA 1381Z. The ��� promoter sequences were amplified with 

primers DP200 and CK176 (-1328 to +1), MEA5’8 and CK176 (-1104 to +1), MEA5’9 and 

CK176 (-889 to +1), MEA5’10 and CK176 (-667 to +1), and MEA5’11 and CK176 (-444 to 

+1). These PCR products were subcloned as ���RI-���I fragment (-1328 to +1) or ���HI-
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���I fragments (all other PCR products) into pDRIVE and liberated as ���RI-���I

fragments. The ���RI-���I opened pCAMBIA1381Z served as vector for the corresponding 

��� promoter fragments (���RI-���I) in the subsequent ligation. The ��������������

construct served as template for the shorter constructs. ��� promoter fragments were 

amplified from ������������� with primers MEA5’14 and CK176 (-369 to +1), DP202 

and CK176 (-254 to +1), and MEA5’15 and CK176 (-151 to +1). These PCR products were 

subcloned into pDRIVE, liberated as ���RI-���I fragments and subsequently ligated into the 

���RI-���I opened ������������� construct as vector. For the ������������ construct, 

a ���I-���I fragment (-209 to +1) from the ������������� construct was subcloned into 

pDRIVE, liberated and subsequently ligated into the ���I-���I opened �������������

construct as vector. For the ���������������construct (lacking the ��� promoter region 

from -200 to -150), a first ��� promoter fragment was liberated as ���RI-���I fragment (-

1328 to -209) from the ��������������construct. A second ��� promoter fragment was 

amplified with primers HW35 and CK176 (-151 to +1), subcloned into pDRIVE, and 

liberated as ���I-���I fragment. The ���RI-���I opened ������������� construct served 

as vector for the subsequent ligation of the ���RI-���I fragment and ���I-���I fragment, 

creating a 50bp deletion between -200 and -150 of the ��� promoter sequence. Primer 

sequences are given in Supplemental Table S6.

���������������������������

For histochemical analysis of GUS reporter gene expression, flowers were emasculated and 

collected after 48h (BF), or pollinated and collected 1-4 days after pollination (1-4 DAP). 

Unfertilized gynoecia and siliques were opened and directly transferred to the GUS reaction 

buffer for 48h-72h at 37ºC (2 mM 5-Bromo-4-chloro-3-indoxyl-beta-D-glucuronic acid, 

cyclohexylammonium salt (Biosynth AG, Staad, Switzerland), 10 mM EDTA, 0.1% Triton X-

100, 2 mM potassium ferrocyanide, 2 mM potassium ferricyanide, 100 mM phosphate buffer, 

pH = 7.2). After incubation, unfertilized gynoecia and siliques 1-2 DAP were briefly rinsed in 

100 mM phosphate buffer (pH = 7.2), cleared in 70% ethanol o/n, dissected and mounted in 

80% glycerol; siliques 3-4 DAP were briefly rinsed in 100 mM phosphate buffer (pH = 7.2), 

cleared in 8:2:1 (w/w/w) chloral hydrate:water:glycerol o/n, dissected and mounted in the 

same solution.

Microscopic inspection of ovules and seeds was carried out under differential contrast 

(DIC) optics using a Leica DMR microscope (Leica Microsystems, Wetzlar, Germany). 
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Pictures were recorded using a Magnafire CCD camera (Optronics, Goleta, USA) and 

processed with Adobe Photoshop CS3 (Adobe Systems Inc., San Jose, USA).

���������������

For RT-PCR analysis of ���������� (Fig. S1), flowers before fertilization (BF) and 

approximately 1-3 DAP were collected. For ��� allele-specific RT-qPCR analysis in 

reciprocal crosses of ������� and ����������� plants and in reciprocal crosses of 

������������������� and ����������� plants (Fig. 4), flowers were emasculated and the 

gynoecia collected 48h later (BF, before fertilization), or flowers were hand-pollinated 1 day 

after emasculation and harvested 1, 2, 3 or 4 DAP. Typically, 20 gynoecia or 10-15 siliques at 

1-4 DAP were collected for RNA extraction. Tissues were immediately frozen in liquid 

nitrogen, ground, and total RNA was extracted using the NucleoSpin RNA Plant Kit 

(Machery-Nagel, Düren, Germany). Reverse transcription was performed as previously 

published (Baroux et al. 2006).

RT-PCRs for ��� and ��������� were performed as follows: 4 min at 94ºC, 30 cycles 

(94ºC for 15 sec, 58ºC for 20 sec, and 72ºC for 30 sec) followed by 72ºC for 5 min. The RT-

PCR for ������� was performed with only 25 cycles and an annealing temperature of 60ºC. 

Primers used to amplify ��� were MEAS11 (F-primer) and MEAretirev2 (R-primer) 

spanning the 14th intron of ���. Primers used to amplify ��������� were HW45 (F-primer) 

and HW47 (R-primer) spanning the 1st intron of the gene. Primers used to amplify the control 

gene ������� were Act11F (F-primer) and Act11R (R-primer). All primers are spanning 

introns, such that genomic DNA (gDNA)-specific and cDNA-specific RT-PCR products 

could easily be distinguished by size differences. Primer sequences are given in Supplemental 

Table S6.

RT-qPCR of ��� was performed as previously described (Baroux et al. 2006). Briefly, we 

used ������� and ����������� homozygous plants to distinguish maternal and paternal 

transcripts; the ����� mutant transcript contains a transposon sequence allowing specific 

detection and discrimination from the ��� wild-type transcripts (Grossniklaus et al. 1998).

Using a Taqman RT-qPCR assay, we performed three PCR replicates for each sample. In all 

experiments, transcript levels were normalized to the level of �������.

��������� ���������������������������������������������

Central cells were isolated using LCM. The collected cells were digested using 1 volume lysis 

buffer (10 mM Tris-HCl, pH = 8, 10mM EDTA, 1 % SDS), 1 volume proteinase K (Roche, 
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Basel, Switzerland), and 100 ng salmon sperm DNA at 55 °C over night. Digested cells were 

bisulfite treated for 4 h at 50 °C including a first denaturing step for 15 min at 99 °C and two 

5 min denaturing steps at 99 °C after 1 h and 2.5 h in 1.7 M sodium disulfite, 0.25 M NaOH 

both solved in H2O and 0.4 M 6- Hydroxy-2,5,7,8-tetramehtylchroman-2-carbonic-acid 

(Sigma-Aldrich, St. Luis, USA), solved in 1,4 Dioxan. Washing and desulfonation (10 min 

incubation in 0.3 M NaOH) steps followed on a microcon YM-30 column (Millipore, 

Billerica, USA). Bisulfite DNA was eluted in 50 �l TE. 5 �l were used for a 30 �l PCR 

reaction to amplify the MEA and FWA 5´ region (details see below) with HotStart-IT Taq 

DNA polymerase (USB, Cleveland Ohio, USA) and 454FusionPrimer P17 and P18 (Table 

S2). Purified PCR products were sequenced with the 454 sequencer according to the standard 

protocol.

Sperm cells were isolated from ~20 mg L�� wild-type pollen using a Percoll density 

gradient (M. Schauer and U. Grossniklaus, unpublished) and used for genomic DNA (gDNA) 

extraction with the QIAamp DNA Micro Kit (QIAGEN, Hilden Germany). Bisulfite 

conversion of ~50 �g sperm cell gDNA was performed with the EZ DNA Methylation–Direct 

Kit (Zymo Research, USA). Embryos (2-cell-stage, consisting of 2 embryo proper and 2 

suspensor cells) were manually dissected from L�� wild-type seeds as described in (Autran et 

al. 2011), released in standard TE-buffer, embedded in agarose, and subsequently treated with 

bisulfite (~100 embryos per sample). After bisulfite conversion the region covering the 250 

bp ��� promoter (-342 to +115 relative to ATG) was amplified with primers MEDEA-A5-F

and MEDEA-A5-R, and the region covering partially the SINE-related tandem repeat in the 

��� promoter (-906 to -619 relative to ATG) was amplified with primers FWA-Bregion-F

and FWA-Bregion-R under standard PCR conditions with the HotStarTaq DNA Polymerase 

(QIAGEN, Hilden, Germany). Purified bisulfite PCR products were cloned into the pGEM-T

vector (Promega) and several independent clones were sequenced. 

All sequences were analyzed with the BiQ analyzer software (Bock et al. 2005) for quality 

control and removal of identical clones in a standardized manner. Primer sequences are given 

in Supplemental Table S6. For a detailed description see the protocol “Bisulfite sequencing of 

small DNA/cell samples” (PROT35) at the Epigenetics Protocols Database 

(http://www.epigenome-noe.net/research tools/protocols.php).



187Supp. Info. - Wöhrmann et al., (2012) Genes Dev 26: 1837-1850
�



188 APPENDIX A3
�



189Supp. Info. - Wöhrmann et al., (2012) Genes Dev 26: 1837-1850
�

���������������������������

���������������������������������������������������
The RT-PCR indicates expression of ���, but no expression of the 5’flanking gene 
���������. RNA was isolated from unfertilized L��-0 wild-type siliques before fertilization 
(BF) and L��-0 wild-type siliques pollinated with ����������� mutant pollen 1, 2 and 3 days 
after pollination (1-3DAP). ������� expression was detected throughout early seed develop-
ment and served as a control. Genomic DNA (gDNA) and cDNA amplification products are 
shown. DNA product sizes (in bp) are indicated along the sides of each panel.

������� ������� ���� ����������� ��������� ��� ��������� ����������� ������� ����� ����
������������
All ��������� transgenes were reciprocally crossed to L��-0 wild-type plants. GUS 
staining was monitored from before fertilization (BF) until 4 days after pollination (4 DAP).
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�������������������

������������������������������������������ ����������������������������������

��������� N staining N total N staining/ N total
�������������� 0 142 0.00
������������� 53 138 0.38
������������� 11 29 0.38
������������ 10 24 0.42
������������ 11 27 0.41
������������ 8 25 0.32
������������ 18 55 0.33
������������ 19 116 0.16
������������ 15 104 0.14
������������ 0 105 0.00

The table shows the summary of the ��������� expression analysis in several independent primary 
transformants (T1). All T1 lines except for the ones with �������������� and �������������show 
���-like GUS staining (compare ������). N staining designates the number of independent T1 lines 
showing ���-like GUS staining. N total is the number of independent T1 lines analyzed for each 
��������� transgene.

����������������������������������������������� ��������������������������������� ���
�����

Rescue with ��������� N full N partial N none N total N rescue/ N total
aborted seeds �25% 25% < N < 50% 50% >50%

������������� 10 4 7 8 29 0.48
������������� 30 5 9 2 46 0.76
������������ 10 1 9 0 20 0.55
������������ 29 5 13 2 49 0.69
������������ 28 8 9 3 48 0.75
������������ 35 3 9 1 48 0.79
������������ 10 4 7 2 23 0.61
������������ 20 0 14 1 35 0.57
������������ 0 0 30 2 32 0.00

The table shows the summary of the ����������complementation analysis in several independent 
��������� primary transformants (T1), which show 50% aborted seeds, unless the ���������
transgene is able to rescue the ���-induced seed abortion phenotype. We distinguished between full 
rescue with � 25% aborted seeds, partial rescue with seed abortion between 25% and 50%, no 
rescue with 50% aborted seeds and no rescue with > 50% aborted seeds. N total is the number of 
independent T1 lines analyzed for each ��������� transgene. Assignment of the observed seed 
abortions in T1 lines to the four different seed abortion classes was based on a Chi-square best fit-
scenario with p < 0.05.
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��������� ��������������������������������������������������� ������������������������

This table lists the imprinted loci in �����������, which have a ���-element 3kb up- or downstream of 
the respective ORF that shows sequence similarity with the ���-ICR. The location is displayed in 
base pairs upstream of the start codon (3’) or downstream of the stop codon (5’) of the imprinted 
gene. The p-value is the smallest sum probability calculated by the WU-BLAST tool 
(www.arabidopsis.org). The identities are common base pairs per length of the conserved element 
between the ���-ICR and the respective ���-element. The rows in bold indicate the ���-elements 
with the highest similarity that were used for the motif analysis shown in Table S4.

��������� �����������������������������������������������������������������������������

The table shows an overview of the motifs identified in the ���-ICR and the six most similar ���-
elements up- or downstream of other imprinted loci (i.e. the ones with the smallest p-values, see 
Supplemental Table S3). Motif analysis was performed using the PLACE database (Higo et al. 1999).

Potentially 
imprinted locus

Location of conserved 

regulatory sequence

p-value Identity GC-content of 
shared region

Reference 

��������� ������������������������ ����� ������������ ���� �����������������

��������� ������������������������ ���� ������������� ���� �������������������

��������� �������������������������� ���� ������������� ���� �����������������

��������� �������������������������� ���� ������������ ���� �������������������

��������� �������������������������� ���� ������������� ���� �������������������

��������� ������������������������ ���� ������������ ���� �������������������

AT5G17320 3' (+902bp until +983bp) 0.998 56/81 (69%) 0.09 Gehring et al. 2009; 2011

AT2G05350 3' (+1593bp until +1669bp) 0.999 51/76 (67%) 0.06 Gehring et al. 2011

AT2G06050 5' (-1693bp until -1590bp) 0.999 65/103 (63%) 0.11 Gehring et al. 2011

AT3G01640 5' (-361bp until -270bp) 0.999 59/91 (64%) 0.22 Gehring et al. 2011

AT2G32750 5' (-391bp until -287bp) 0.9995 66/104 (63%) 0.15 Gehring et al. 2011

AT4G21430 3' (+2470bp until +2555bp) 0.9997 54/85 (63%) 0.22 Gehring et al. 2011

AT3G28980 3' (+2006bp until +2096bp) 0.9998 59/90 (65%) 0.07 Gehring et al. 2011

AT4G29640 3' (+769bp until +847bp) 0.9998 53/78 (67%) 0.19 Wolff et al. 2011

AT4G29650 5' (-953bp until-875bp) 0.9998 53/78 (67%) 0.19 Wolff et al. 2011

Motif name Motif sequence PLACE number occurrence in ���-ICR

GT-1 binding site GRWAAW S000198 9

DOF binding element AAAG S000265 5

Pollen element; lat52 AGAAA S000245 4

TATABOX5 TTATTT S000203 2

GATABOX GATA S000039 1

polyA signal box AATAAT S000088 1
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���������������������������������������������������������

����� ��������� ����������������

���������������� ����������������

������� ��� �������� ������� ��� �������� �������

�� ������ ������ ������ ������ ������ ������ ������

���� ������ ������ ������ ������ ������ ������ ������

���� ������ ������ ������ ������ ������ ������ ������

���� ������ ������ ������ ������ ������ ������ ������

���� ������ ������ ������ ������ ������ ������ ������

���� ����������� ���� �����������

������� ��� �������� ������� ��� �������� �������

���� ������ ������ ������ ������ ������ ������ ������

���� ������ ������ ������ ����� ������ ������ ������

���� ������ ������ ������ ������ ������ ������ ������

���� ������ ������ ������ ������ ������ ������ ������
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Primer Name Sequence 5’ to 3’

Act11F AACTTTCAACACTCCTGCCATG

Act11R CTGCAAGGTCCAAACGCAGA

CK176 AATTCCATGGTAACCACTCGCCTCTTC

DP200 GTTGAATTCATCGCCCAAGCTTGTGC

DP202 TTGGAATTCGAGCTGTCAAACGTCAAGC

DP248 AATTCCATGGAGAAGGTTAGTTTCACTCC

DP71 ACCGAGCTCCATGGTCGACAAAAGTGATTTGTTGTC

Ds3.1 CGATTACCGTATTTATCCCGTTCG

Ds5.1 CCGTTTACCGTTTTGTATATCCCG

FWA-Bregion-F TGGTTGTTTAAGGTTGYTTTTAGYAYA

FWA-Bregion-R ACAACAAAAATCTRATTRTCARTATCCT

HW25 TACACTACCAACTGATTACG

HW26 TCTCCTCTCATTGGACATGC

HW35 GGTAGTACTAAGCAAGTCCAAATACG

HW45 GCTTGTGTCGCCTTCGGA

HW47 CGTTTAACCTCTGCAACCACC

MEA2retiAS1 CACCAAGAGTGCCATCTCCA

MEA2retiS1 GGATTGCAACAATCGCTTTG

MEA2retiS2 CCAATGCACAAATCGACAATG

MEA5’10 CGGGATCCCCATTGAACATTAATTTAAGTC

MEA5’11 CGGGATCCAAGCTTAAATAGAAAACTAGC

MEA5’14 GTTGAATTCCCAAAATGTATATATTGATCTATCAAC

MEA5’15 GTTGAATTCAAGCAAGTCCAAATACGTTTCTTCC

MEA5’8 CGGGATCCGAGAGCCGTTGTGGCAGTGACC

MEA5’9 CGGGATCCCTTTGAGCATTAAGAGGTCG

MEAretirev2 GGTAGGAAGAACCAATCCGATCT

MEAS11 TCTGATGTTCATGGATGGGG

MEDEA-A5-F ATTTTTTTATTGGTTTATTAAATTAAGTTGTT

MEDEA-A5-R ACAAAAAAATTCAACCCTAAATATTATTA

MEF1 GATTGTGTCTCTACTACAGAGGC

MEF2 GCCTGGTCAAGTGGACTTCATC

MER2 CCATTCTTCACAGAGCATGCC

TL2 TGGACGTGAATGTAGACACGTCG

UA171 GCTTCACACCATCAATCGTTTGAC

UA8 CGAGCTCCTAACGAGCTGGACGG

The Table shows the summary of all primers used in this work. All sequences are given in the 5’ to 3’ 

direction.
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Appendix A4: Tables of all candidates isolated in the forward gene� cs screen

Table A4.1. Primary maternal ac� vator candidates of screen #1.

Table A4.2. Primary paternal repressor candidates of screen #1.

1: on dde2-3 (Ler) mothers
2: on dde2-2 (Col-0) mothers (von Malek et al. 2002)
3: on emasculated FUK (dme-4/DME wild-type segregant) mothers
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Table A4.3. Primary maternal ac� vator candidates of screen #2 displaying infer� le ovules. Only the 

M1 genera� on was analyzed due to the high probability of being a false posi� ve candidate.
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Table A4.4. Primary maternal ac� vator candidates of screen #2 displaying infer� le ovules and seed 

abor� on. Only the M1 genera� on was analyzed due to the high probability of being a false posi� ve 

candidate.
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Table A4.5. Primary maternal ac� vator candidates of screen #2 displaying seed abor� on.

Table A4.6. Primary maternal ac� vator candidates of screen #2 with full fer� lity.
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Table A4.7. Primary maternal ac� vator candidates of screen #2 that show ectopic reporter 

expression in the sporophy� c seed coat. Only the M1 genera� on was analyzed and the candidates 

were not followed up.



199Forward Gene� c Screen - Candidate Tables

Table A4.8. Maternal Ac� vator candidate 18 (matA18); segrega� on and transmission effi  ciency.

Table A4.9. Maternal Ac� vator candidate 25 (matA25); segrega� on and transmission effi  ciency.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Plant Material
Arabidopsis thaliana accessions Columbia-0 (Col), Landsberg erecta (Ler), C24, WS or Nossen (No) were used as wild-type controls

depending on the mutant investigated. The reporter lines used are listed in Table S3 with the corresponding reference. The pAtRP-

S5A:uidA reporter was reconstructed in a different vector backbone (pCAMBIA1391Z) using the same promoter as originally

described (Weijers et al., 2001) and transformed into the Ler accession. The mutants used are listed and referenced in Table S3.

All mutants were homozygous for a recessive null mutation except for ddm1-2/DDM1, met1-3/MET1, msi1-2/MSI1 and mea-2/

MEA. For the latter, heterozygousmutants were genotyped in a segregating population. For ddm1-2 a cleaved amplified polymorphic

sequence (CAPS) marker (gift from E. Richards) was used. A 100 bp amplicon produced with the primers 50-gttggacagtgtggta
aattccgct-30 and 50-gagctacgagccatgggtttgtgaaacgta-30 (Tm 56�C, 40 cycles) was ethanol precipitated and digested with RsaI
(NEB, Ipswich CA, USA) for 3 hr at 37�C. msi1-2/MSI1, mea-2/MEA, met1-3/MET1 plants were genotyped as described (Baroux
et al., 2006; Hennig et al., 2003; Saze et al., 2003). For the htr4-1 mutant (line N582765, T-DNA insertion in the second exon of

At4g40030) (Okada et al., 2005), abolished transcription was verified by RT-PCR using the primers 50-tggctcgtaccaag-
caaaccgctcg-30 and 50-acggactagcctctgaaatggcagtt-30 (Tm 62�C, 35 cycles), targeting exon2 and exon 3, respectively. Equal
loading was controled by amplifying ACTIN11 mRNA as described (Baroux et al., 2006).

Preparation of Embryonic cDNA Libraries and Sequencing
For embryo isolation 3–5 siliques resulting from crosses between Lerwild-type or kyp-2/kyp-2 (Ler) mutantmothers andCol wild-type

fathers were harvested 2.5 days (2–4 cell embryos) and 4 days (globular) after pollination. Seeds were dissected and immersed in

20 ml isolation buffer (first-strand cDNA synthesis buffer [Invitrogen], 1.6 U/ml RNase Out [Invitrogen], 1 mM DTT), in a round-bottom

2ml Eppendorf tube. Seeds were gently crushed with a plastic pestle to release the embryos. 400 ml isolation buffer was added to the

extract and 5 x 50 ml droplets were placed on 6-well printed slides previously coated with 1% BSA. 50 ml fresh isolation buffer was

placed on the remaining well for washing the isolated embryos (see below).

One slide was placed on an inverted microscope (Nikon TMS) and the droplets were screened at magnification 10x. Embryos were

isolated with a siliconized, manually drawn, and freshly BSA-coated glass capillary fixed to a micromanipulator and linked to a 200 ml

pipette with a rubber tube. The calibration wheel of the pipette was used to create a slight vacuum in the capillary to collect the

embryos with as little solution as possible. The embryos were released in a clean drop of buffer and collected again (in ca. 2–3 ml)

before release in 100 ml RNA extraction buffer. For profiling of wild-type transcriptomes (Ler x Col) 28 and 4 embryos at the 2–4

cell stage and globular stage, respectively, were isolated. 25 mutant embryos from kyp-2 x Col crosses were isolated. Plants

were grown, crossed and harvested at the same time. RNA extraction was performed using the PicoPure RNA Isolation Kit (Arcturus)

according to the manufacturer’s instructions. Quality of the total embryonic RNA was assessed using Agilent RNA 6000 Pico Kit on

the Agilent 2100 BioAnalyzer (Agilent Technologies, Germany) and we estimated a yield of 700 pg to 4 ng total RNA in each sample.

300–700 pg of total RNA was amplified using the WT-Ovation Pico RNA Amplification System (NuGEN Technologies, USA). The

amplification technology is inspired from Philipps and Eberwine (1996) and performs a linear isothermal amplification of mRNA

species. Unlike PCR-based exponential amplification, this linear amplification approach is carried out by replication of only the orig-

inal transcripts, not replication of copies. Amplification of our samples produced 6–10 mg single-stranded cDNA. To create the

second strand, poly(A) tails were added to 1 mg of the amplified cDNA library (10 pMol DNA ends) using 20U of Terminal Transferase

(New England Biolabs, USA) and 0.2 mM dATPs in the provided buffer. The second strand was amplified during 1 PCR cycle on

a thermal cycler (3000 at 95�C, 2 min at 50�C, 20 min at 72�C) using the Ex Taq Polymerase (TaKaRa, Japan) and oligo(dT)12-18 Primer
(Invitrogen).

Typically 200–500 ng of cDNA was used for SOLiD system’s express fragment library preparation. Using the Covaris S2 system

(Covaris, Inc.), cDNA (0.5–3 kb) was sheared into 80–130 bp short fragments according to the protocol. The ends of the target

DNA were repaired and subsequently ligated to SOLiD P1 and P2 adaptors. After ligation the library was enriched by PCR (7 cycles)

and a size selecting gel was run to remove any short fragments. The resulting ligated population was the SOLiD Fragment Library

ready for emulsion PCR. Emulsion PCR reactions were performed according to the manufacturer’s recommendation (Applied Bio-

systems, USA) by mixing 170 pg libraries with 0.8 billion 1 mm-diameter beads with P1 primers (ABI) covalently attached to their

surfaces. Sequence reads of 50 bases length were generated by SOLiD v3 (Applied Biosystems, USA).

Allele-Specific Transcriptome Analysis
50 base reads generated by SOLiD v3 were aligned to the TAIR8.0 version of the Arabidopsis Col genome using the SOLiD System

Analysis Pipeline Tool (Corona Lite 4.0r2.0, Applied Biosystems, USA), allowing up to 4 color-space mismatches with the additional

rule ‘‘count valid adjacent errors as single errors.’’ For transcriptome profiles, reads were excluded if they mapped to more than one

genomic position, mapped at splice junctions or were partially overlapping. Consequently, full-length reads uniquely mapping inside

a transcript were taken.

Arabidopsis Ler SNPs (ftp://ftp.Arabidopsis.org/Polymorphisms/Ecker_ler.homozygous_snp.txt) (Borevitz et al., 2007) were used

to identify reads matching Ler sequences. We only used SNPs that were biallelic and have exactly one defined allele for Col and one

Cell 145, 707–719, May 27, 2011 ª2011 Elsevier Inc. S1
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defined allele for Ler. Under such constraints, we removed 24 SNPs from the published list for our calling procedure. To assign the

reads to a Ler or Col allele, we used the SNP calling pipeline (consensus caller) of Corona Lite 4.0r2.0. This procedure delivers the

number of readsmatching the reference sequence and the alternative sequencewhen at least 3 alternative alleles could be found. For

each base change (alternative sequence) at a given position, probability and confidence scores are calculated and are used by the

calling algorithm to categorize heterozygous and homozygous SNPs. In addition, the alternative sequence must be met by at least 3

reads with independent starting points. Consequently, in our case SNPs sequenced from one parent only (for instance Ler if Col is

used as the reference) would not be detected. To correct for this, we ran the SNP calling procedure twice, using a reciprocal set-up

where the reference sequence was either Ler or Col. To this aim, we generated two references with the new SNP list: one with the Col

allele at all 304,978 genomic positions and one with the Ler allele. Next, we checked for inconsistencies and only SNP calls showing

the exact predicted Ler or Col base were taken, SNP calls showing a different base were excluded (32 SNPs). To calculate the

coverage at each SNP position, the results from the reciprocal SNP calling were merged, choosing the read count with highest

number of unique start points then highest coverage. To calculate the allele-specific coverage (Col, Ler), the coverage per SNPs

per transcript was added following a procedure to eliminate redundant read counts, when those were covering 2 (or more) SNP.

The procedure consisted in (1) sorting the SNPs by highest number of unique start points first, highest number of coverage second,

(2) SNPs were interrogated, starting with the highest covered SNP, for their position and only SNPs more than 49 bp apart from

a previously chosen SNP are kept, (3) we summarized Col- and Ler-specific coverage and start points of all SNPs kept. When

SNPs matched an annotation with two or more entries (transcript version), the entry with the highest coverage was used for calcu-

lating the transcript level.

Analysis of the Parental Distribution of Embryonically Expressed Genes Covered by SOLiD Reads
We assume that all gene expression patterns are either biparental, uniparental maternal, or uniparental paternal. A gene with both

maternal and paternal transcripts is necessarily biparentally expressed. However, when transcripts from a single parent are detected

but only a few reads have been sequenced, it is not immediately clear whether the gene is uni- or biparentally expressed, and the

probability of missing one parental contribution in the sample needs to be considered. The relative probability of being uni- versus

biparentally expressed was obtained using the following analysis. We note q the proportion of maternal transcripts: q = 0 for only

paternal expression, q = 1 for only maternal expression and 0 < q < 1 for biparental expression. We build a model to adjust the distri-

bution of q.We note qpat, qmat, qbip the proportion of genes that are paternally, maternally, or biparentally expressed, respectively. We

assume that q values for genes that are biparentally expressed is Beta distributed (with parameters qa and qb). We notemi and pi the

observed number of paternal and maternal transcripts for gene i. We note m and p the vector of all mi and pi and q the vector of

parameters to be estimated. The likelihood of the data can then be written:

Lðm;p j qÞ=
Y

i

8
><
>:

qpat + qbip
R 1
0
bðqa; qb; xÞBðpi; x;0Þdx ifmi = 0

qbip
R 1
0
bðqa; qb; xÞBðpi +mi; x;miÞdx ifmipi>0

qmat + qbip
R 1
0
bðqa; qb; xÞBðmi; x;miÞdx if pi = 0

(1)

where b(qa, qb ; x) denotes the probability to draw x in a Beta distribution with parameters qa and qb and where B(n, x; k) denotes the

probability to draw k success among n trials with a probability of success x (i.e., in a binomial distributionwith parameters n and x). For

consistency, we assume that the mode of q distribution for biparentally expressed genes is not 0 or 1, which entails that qa > 1 and

qb > 1. If no maternal transcripts are present, the gene may be paternally (with probability qpat) or biparentally expressed (with prob-

ability qbip). In the latter case, the probability to not sample any maternal transcript is evaluated by the corresponding binomial distri-

bution integrated over the distribution of q within the biparentally expressed genes (the Beta distribution). This leads to the first line of

Equation 1. Similar reasoning yields the two other lines in the equation. The relative probability of being uni- versus biparentally ex-

pressed can then be calculated. A gene with no maternal transcript is exclusively paternally expressed with probability

Pi =
1

1+
R 1
0
b
�bqa; bqb; x

�
Bðpi; x; 0Þdx

(2)

and biparentally expressedwith probabilityBi = 1 –Pi. Similarly, a genewith no paternal transcript is exclusively maternally expressed

with probability

Mi =
1

1+
R 1
0
b
�bq

a
; bqb; x

�
Bðmi; x;miÞdx

(3)

and biparentally expressed with probability Bi = 1 –Mi. In Equations 2 and 3, the hat denotes themaximum likelihood estimates of the

parameters that have been obtained by maximizing Lðm;p j qÞ. We performed this analysis independently for the three samples
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Plant Material
Arabidopsis thaliana accessions Columbia-0 (Col), Landsberg erecta (Ler), C24, WS or Nossen (No) were used as wild-type controls

depending on the mutant investigated. The reporter lines used are listed in Table S3 with the corresponding reference. The pAtRP-

S5A:uidA reporter was reconstructed in a different vector backbone (pCAMBIA1391Z) using the same promoter as originally

described (Weijers et al., 2001) and transformed into the Ler accession. The mutants used are listed and referenced in Table S3.

All mutants were homozygous for a recessive null mutation except for ddm1-2/DDM1, met1-3/MET1, msi1-2/MSI1 and mea-2/

MEA. For the latter, heterozygousmutants were genotyped in a segregating population. For ddm1-2 a cleaved amplified polymorphic

sequence (CAPS) marker (gift from E. Richards) was used. A 100 bp amplicon produced with the primers 50-gttggacagtgtggta
aattccgct-30 and 50-gagctacgagccatgggtttgtgaaacgta-30 (Tm 56�C, 40 cycles) was ethanol precipitated and digested with RsaI
(NEB, Ipswich CA, USA) for 3 hr at 37�C. msi1-2/MSI1, mea-2/MEA, met1-3/MET1 plants were genotyped as described (Baroux
et al., 2006; Hennig et al., 2003; Saze et al., 2003). For the htr4-1 mutant (line N582765, T-DNA insertion in the second exon of

At4g40030) (Okada et al., 2005), abolished transcription was verified by RT-PCR using the primers 50-tggctcgtaccaag-
caaaccgctcg-30 and 50-acggactagcctctgaaatggcagtt-30 (Tm 62�C, 35 cycles), targeting exon2 and exon 3, respectively. Equal
loading was controled by amplifying ACTIN11 mRNA as described (Baroux et al., 2006).

Preparation of Embryonic cDNA Libraries and Sequencing
For embryo isolation 3–5 siliques resulting from crosses between Lerwild-type or kyp-2/kyp-2 (Ler) mutantmothers andCol wild-type

fathers were harvested 2.5 days (2–4 cell embryos) and 4 days (globular) after pollination. Seeds were dissected and immersed in

20 ml isolation buffer (first-strand cDNA synthesis buffer [Invitrogen], 1.6 U/ml RNase Out [Invitrogen], 1 mM DTT), in a round-bottom

2ml Eppendorf tube. Seeds were gently crushed with a plastic pestle to release the embryos. 400 ml isolation buffer was added to the

extract and 5 x 50 ml droplets were placed on 6-well printed slides previously coated with 1% BSA. 50 ml fresh isolation buffer was

placed on the remaining well for washing the isolated embryos (see below).

One slide was placed on an inverted microscope (Nikon TMS) and the droplets were screened at magnification 10x. Embryos were

isolated with a siliconized, manually drawn, and freshly BSA-coated glass capillary fixed to a micromanipulator and linked to a 200 ml

pipette with a rubber tube. The calibration wheel of the pipette was used to create a slight vacuum in the capillary to collect the

embryos with as little solution as possible. The embryos were released in a clean drop of buffer and collected again (in ca. 2–3 ml)

before release in 100 ml RNA extraction buffer. For profiling of wild-type transcriptomes (Ler x Col) 28 and 4 embryos at the 2–4

cell stage and globular stage, respectively, were isolated. 25 mutant embryos from kyp-2 x Col crosses were isolated. Plants

were grown, crossed and harvested at the same time. RNA extraction was performed using the PicoPure RNA Isolation Kit (Arcturus)

according to the manufacturer’s instructions. Quality of the total embryonic RNA was assessed using Agilent RNA 6000 Pico Kit on

the Agilent 2100 BioAnalyzer (Agilent Technologies, Germany) and we estimated a yield of 700 pg to 4 ng total RNA in each sample.

300–700 pg of total RNA was amplified using the WT-Ovation Pico RNA Amplification System (NuGEN Technologies, USA). The

amplification technology is inspired from Philipps and Eberwine (1996) and performs a linear isothermal amplification of mRNA

species. Unlike PCR-based exponential amplification, this linear amplification approach is carried out by replication of only the orig-

inal transcripts, not replication of copies. Amplification of our samples produced 6–10 mg single-stranded cDNA. To create the

second strand, poly(A) tails were added to 1 mg of the amplified cDNA library (10 pMol DNA ends) using 20U of Terminal Transferase

(New England Biolabs, USA) and 0.2 mM dATPs in the provided buffer. The second strand was amplified during 1 PCR cycle on

a thermal cycler (3000 at 95�C, 2 min at 50�C, 20 min at 72�C) using the Ex Taq Polymerase (TaKaRa, Japan) and oligo(dT)12-18 Primer
(Invitrogen).

Typically 200–500 ng of cDNA was used for SOLiD system’s express fragment library preparation. Using the Covaris S2 system

(Covaris, Inc.), cDNA (0.5–3 kb) was sheared into 80–130 bp short fragments according to the protocol. The ends of the target

DNA were repaired and subsequently ligated to SOLiD P1 and P2 adaptors. After ligation the library was enriched by PCR (7 cycles)

and a size selecting gel was run to remove any short fragments. The resulting ligated population was the SOLiD Fragment Library

ready for emulsion PCR. Emulsion PCR reactions were performed according to the manufacturer’s recommendation (Applied Bio-

systems, USA) by mixing 170 pg libraries with 0.8 billion 1 mm-diameter beads with P1 primers (ABI) covalently attached to their

surfaces. Sequence reads of 50 bases length were generated by SOLiD v3 (Applied Biosystems, USA).

Allele-Specific Transcriptome Analysis
50 base reads generated by SOLiD v3 were aligned to the TAIR8.0 version of the Arabidopsis Col genome using the SOLiD System

Analysis Pipeline Tool (Corona Lite 4.0r2.0, Applied Biosystems, USA), allowing up to 4 color-space mismatches with the additional

rule ‘‘count valid adjacent errors as single errors.’’ For transcriptome profiles, reads were excluded if they mapped to more than one

genomic position, mapped at splice junctions or were partially overlapping. Consequently, full-length reads uniquely mapping inside

a transcript were taken.

Arabidopsis Ler SNPs (ftp://ftp.Arabidopsis.org/Polymorphisms/Ecker_ler.homozygous_snp.txt) (Borevitz et al., 2007) were used

to identify reads matching Ler sequences. We only used SNPs that were biallelic and have exactly one defined allele for Col and one
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analyzed (2–4 cell wild-type embryos, globular embryos, and 2–4 cell kyp/KYP embryos). Pi, Mi, and Bi values for all genes are

provided in Table S2.

To obtain a global view of the variations of the parental expression between the samples analyzed, we computed transition

matrices. More precisely, we computed the overall proportion of genes being maternally, biparentally or paternally expressed in

sample 1 becomingmaternally, biparentally or paternally expressed in sample 2. For instance the proportion of maternally expressed

genes in 2–4 cell wild-type embryos (WT24) becoming biparentally expressed in Globular embryos (WT Glob) was computed as:

X# genes

i = 1

MiðWT24ÞBiðWTGlobÞ; (4)

whereMi and Bi are given by Equations 2 and 3. Thus, these transition matrices account for the uncertainty of assigning each gene to

maternal, biparental, or paternal categories. Two matrices were computed, for (2–4 cell wild-type -> globular) and (2–4 cell wild-type

-> 2–4 cell kyp/KYP) transitions.

Histochemical Detection of the uidA Reporter Gene Product (GUS Staining)
Developing siliques were cut longitudinally and fixed in ice-cold 90% acetone for < 1 hr at �20�C. After washing three times with
100 mM phosphate buffer (100 mM Na2HPO4, 100 mM NaH2PO4), the tissue was immersed in staining solution (0.1% Triton

X-100, 10 mM EDTA, 0.5 mM Ferrocyanide, 0.5 mM Ferricyanide and 4 mM 5 -bromo-4-chloro-3-indolyl-beta-d-glucuronic acid cy-

clohexyl-ammonium salt (X-gluc, Biosynth AG, Staad, CH) in 100mMphosphate buffer) and vacuum-infiltrated for 5min. The staining

reaction was carried out for 2 days at 37�C except for ET1041 (4 days) and pGRP23:uidA (2 hr). The staining solution was removed
and the samples mounted in clearing solution (40 g of chloralhydrate (Sigma, Steinheim, DE) dissolved in 5 ml Glycerol, 1 ml Lactic

acid, and 10 ml water).

Quantification of Paternal Reporter Gene Expression following Crosses
Wild-type andmutant plants were pollinated with the marker lines listed in Table S3, 2 days after emasculation. In the case ofmsi1-2/

MSI1 and C24, however, pollination was carried out 1 day after emasculation to limit the formation of autonomous seed development

(Hennig et al., 2003). Developing siliqueswere harvested at different days after pollination and stained as described above. The seeds

showing GUS staining were scored under a Leica HC microscope (Leica Microsystems, Wetzler GMBH, DE) or Zeiss Axio Imager

microscope (Carl Zeiss MicroImaging GmbH, DE). Imaging was done with a CCD camera (Magnafire - Optronics, Goletta, USA)

and images edited using Graphic Converter (lemkeSOFT). The seeds were scored according to four classes corresponding to the

following developmental stages: zygote to 4 cell stage (embryo proper), octant to 16 cell stage, globular stage, and heart stage.

In the case of msi1-2/MSI1 and C24, the earliest class (zygote to 4 cell stage) was not considered because of potential bias due

to parthenogenetic embryo development in the msi1 mutant (Guitton and Berger, 2005). Average and standard error of the relative

proportion of GUS staining seeds in the different developmental classes were calculated from independent biological replicates

(Table S4). For each replicate, wild-type and mutant samples were processed in parallel (cross, GUS staining, scoring) to ensure

comparable results. Differences in the number of GUS-positive seeds, either between wild-type and mutant samples or between

consecutive developmental stages, were tested for statistical significance using the two-tail Fisher’s exact test (http://www.

langsrud.com/fisher.htm). The details of the scoring results are given in Table S4.

Allele-Specific RT-PCR
Total RNA was isolated (Trizol reagent, Invitrogen) from siliques collected at 2, 3, 4, and 5 days after pollination and treated with

DNase I (Invitrogen). cDNA was produced using SuperSript III (Invitrogen) and polyT primers following the manufacturer’s instruc-

tions. AGP18 (At4g37450) CDS shows a single-nucleotide polymorphism (SNP) between the Ler and Col ecotypes. An LNA-modified

primer was designed (AGP18-Col-R: 50-gcagttggagttttcgccggagc+c-30) (‘‘+’’ before the base indicates the LNA modified base) that,
together with a nonspecific primer (AGP18-F50-ggccaatctcctatctcttctccga-30) specifically amplifies the Col allele. In a cross between
a wild-type Ler or kyp-2 female and a Col pollen donor, this primer pair specifically detects the paternal Col allele following 40 cycles

with 62�C annealing temperature. As an internal control, both parental alleles were amplified using AGP18-F and AGP18-R (50-
gcagttggactttttgccggagct-30). Similarly, a SNP in GRP23 (At1g10270) allowed distinguishing the C24 maternal and Ler paternal
alleles in crosses between C24 wild-type or msi1-2 females and Ler pollen donors. GRP23-Ler-R (50-cggtggctgttgccctgccgt+c-30)
and GRP23-F (50- gcaggtcaaacagcaggaggag-30) specifically amplified the paternal Ler allele using 39 cycles with 63�C annealing
temperature. Amplification of both parental alleles was obtained using GRP23-F and GRP23-R (50-cggtggctgttgccctgccgtt-30)
primers. Control PCR reactions were carried out on samples without reverse transcriptase to confirm the absence of genomic

DNA. RT-PCR analysis of the PHE1 gene was done using primers described previously (Köhler et al., 2005) and 36 cycles of ampli-

fication with 62�C annealing temperature.
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Profiling of Ovule Small RNAs
Mature ovules were collected using a custommicro-pump (Peiffer et al., 2008), avoiding contamination by placenta and silique valve

tissues. Total RNA was extracted using the Trizol reagent according to the manufacturer’s instructions. A small RNA library was

prepared and sequenced using current Illumina Genome Analyzer protocols (http://www.illumina.com). Approx. 10 millions reads

were obtained, which were filtered for adaptator removal, size (reads between 19 and 27 nt were conserved), mismatches, and re-

dondancy using custom PERL scripts and the MEGA-BLAST algorythm (http://blast.ncbi.nlm.nih.gov/). The library finally contained

1,193,800 unique reads, which were mapped against Arabidopsis Col reference sequence (TAIR 8) using the BOWTIE software

(http://bowtie-bio.sourceforge.net/index.shtml) (Langmead et al., 2009). The same prodecure was used to analyze a 995,650 read

inflorescence small RNA library, sequenced by B. Meyers’ group (library code: FLR, http://mpss.udel.edu/at/tiny_library.php?

lib=1) (Lu et al., 2005). Mapping and occurrence informations, after normalization of both libraries to 1 million, were compiled and

graphical displays were produced using R. For relative CDS and repeat targeting analysis, two different reference databases

(indexes), CDS and Repeats, were built based on TAIR 8 information (ftp://ftp.Arabidopsis.org/home/tair/Genes/

TAIR8_genome_release/) and repeat annotation available (ftp://ftpmips.helmholtz-muenchen.de/plants/cress/), and compared after

mapping with BOWTIE.

Whole-Mount Immunolocalization
All antibodies were obtained from Abcam (Cambridge, UK). The H5 (#ab24758) raised against the active form of PolII specifically

targets the CTD of the main sub-unit of PolII when it is phosphorylated on serine 2, which occurs during transcript elongation. As

shown previously (Palancade and Bensaude, 2003), the CTD phosphorylation pattern is modified as PolII engages in transcript elon-

gation and the H5 antibody detects Pol II molecules during active transcription. Chromatin analysis was performed using H3K9me2

(#ab1220) or H3K9me3 (#ab71999) antibodies. Young siliques were fixed for 3 to 4 hr in 4% paraformaldehyde in 1xPBS with 2%

Triton, washed twice in 1xPBS. Young seeds were dissected and embedded in acrylamide on slides as described (Bass et al.,

1997). Samples were digested with 1% driselase, 0,5% cellulase, 1% pectolyase (all from Sigma) in 1XPBS with 1%BSA for

25 min to 1 hr at 37�C, subsequently rinsed 3 times in 1xPBS, and permeabilized for 1 to 2 hr in 1xPBS with 2% Triton. The primary

antibodies were applied at the following dilutions: 1:400 for H3K9me2 and H3K9me3; 1:200 for H5, overnight at 4�C. The slides were
washed day-long in 1xPBS, 0,2% Triton, and coated with secondary antibody (Alexa Fluor 488 conjugate, Molecular Probes) used at

a 1:400 dilution. After washing in 1xPBS; 0,2% Triton for aminimum of 6 hr, the slides were incubated with DAPI (1ug/ml in 1xPBS) for

1h, washed for 1h in 1xPBS, and mounted in PROLONG medium (Molecular Probes). Images were captured on a laser scanning

confocal microscope (Leica SP2) equipped for DAPI (405nm) and FITC (488 nm) excitation and either 40X or 63X objectives.

Maximum-intensity projections of selected optical sections were generated, and edited using Graphic Converter (lemkeSOFT).
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analyzed (2–4 cell wild-type embryos, globular embryos, and 2–4 cell kyp/KYP embryos). Pi, Mi, and Bi values for all genes are

provided in Table S2.

To obtain a global view of the variations of the parental expression between the samples analyzed, we computed transition

matrices. More precisely, we computed the overall proportion of genes being maternally, biparentally or paternally expressed in

sample 1 becomingmaternally, biparentally or paternally expressed in sample 2. For instance the proportion of maternally expressed

genes in 2–4 cell wild-type embryos (WT24) becoming biparentally expressed in Globular embryos (WT Glob) was computed as:

X# genes

i = 1

MiðWT24ÞBiðWTGlobÞ; (4)

whereMi and Bi are given by Equations 2 and 3. Thus, these transition matrices account for the uncertainty of assigning each gene to

maternal, biparental, or paternal categories. Two matrices were computed, for (2–4 cell wild-type -> globular) and (2–4 cell wild-type

-> 2–4 cell kyp/KYP) transitions.

Histochemical Detection of the uidA Reporter Gene Product (GUS Staining)
Developing siliques were cut longitudinally and fixed in ice-cold 90% acetone for < 1 hr at �20�C. After washing three times with
100 mM phosphate buffer (100 mM Na2HPO4, 100 mM NaH2PO4), the tissue was immersed in staining solution (0.1% Triton

X-100, 10 mM EDTA, 0.5 mM Ferrocyanide, 0.5 mM Ferricyanide and 4 mM 5 -bromo-4-chloro-3-indolyl-beta-d-glucuronic acid cy-

clohexyl-ammonium salt (X-gluc, Biosynth AG, Staad, CH) in 100mMphosphate buffer) and vacuum-infiltrated for 5min. The staining

reaction was carried out for 2 days at 37�C except for ET1041 (4 days) and pGRP23:uidA (2 hr). The staining solution was removed
and the samples mounted in clearing solution (40 g of chloralhydrate (Sigma, Steinheim, DE) dissolved in 5 ml Glycerol, 1 ml Lactic

acid, and 10 ml water).

Quantification of Paternal Reporter Gene Expression following Crosses
Wild-type andmutant plants were pollinated with the marker lines listed in Table S3, 2 days after emasculation. In the case ofmsi1-2/

MSI1 and C24, however, pollination was carried out 1 day after emasculation to limit the formation of autonomous seed development

(Hennig et al., 2003). Developing siliqueswere harvested at different days after pollination and stained as described above. The seeds

showing GUS staining were scored under a Leica HC microscope (Leica Microsystems, Wetzler GMBH, DE) or Zeiss Axio Imager

microscope (Carl Zeiss MicroImaging GmbH, DE). Imaging was done with a CCD camera (Magnafire - Optronics, Goletta, USA)

and images edited using Graphic Converter (lemkeSOFT). The seeds were scored according to four classes corresponding to the

following developmental stages: zygote to 4 cell stage (embryo proper), octant to 16 cell stage, globular stage, and heart stage.

In the case of msi1-2/MSI1 and C24, the earliest class (zygote to 4 cell stage) was not considered because of potential bias due

to parthenogenetic embryo development in the msi1 mutant (Guitton and Berger, 2005). Average and standard error of the relative

proportion of GUS staining seeds in the different developmental classes were calculated from independent biological replicates

(Table S4). For each replicate, wild-type and mutant samples were processed in parallel (cross, GUS staining, scoring) to ensure

comparable results. Differences in the number of GUS-positive seeds, either between wild-type and mutant samples or between

consecutive developmental stages, were tested for statistical significance using the two-tail Fisher’s exact test (http://www.

langsrud.com/fisher.htm). The details of the scoring results are given in Table S4.

Allele-Specific RT-PCR
Total RNA was isolated (Trizol reagent, Invitrogen) from siliques collected at 2, 3, 4, and 5 days after pollination and treated with

DNase I (Invitrogen). cDNA was produced using SuperSript III (Invitrogen) and polyT primers following the manufacturer’s instruc-

tions. AGP18 (At4g37450) CDS shows a single-nucleotide polymorphism (SNP) between the Ler and Col ecotypes. An LNA-modified

primer was designed (AGP18-Col-R: 50-gcagttggagttttcgccggagc+c-30) (‘‘+’’ before the base indicates the LNA modified base) that,
together with a nonspecific primer (AGP18-F50-ggccaatctcctatctcttctccga-30) specifically amplifies the Col allele. In a cross between
a wild-type Ler or kyp-2 female and a Col pollen donor, this primer pair specifically detects the paternal Col allele following 40 cycles

with 62�C annealing temperature. As an internal control, both parental alleles were amplified using AGP18-F and AGP18-R (50-
gcagttggactttttgccggagct-30). Similarly, a SNP in GRP23 (At1g10270) allowed distinguishing the C24 maternal and Ler paternal
alleles in crosses between C24 wild-type or msi1-2 females and Ler pollen donors. GRP23-Ler-R (50-cggtggctgttgccctgccgt+c-30)
and GRP23-F (50- gcaggtcaaacagcaggaggag-30) specifically amplified the paternal Ler allele using 39 cycles with 63�C annealing
temperature. Amplification of both parental alleles was obtained using GRP23-F and GRP23-R (50-cggtggctgttgccctgccgtt-30)
primers. Control PCR reactions were carried out on samples without reverse transcriptase to confirm the absence of genomic

DNA. RT-PCR analysis of the PHE1 gene was done using primers described previously (Köhler et al., 2005) and 36 cycles of ampli-

fication with 62�C annealing temperature.
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Figure S1. Replicate Transcriptome Profiling from Wild-Type and Mutant Embryos at the 2–4 Cell Stage, Related to Figure 1 and Figure 4

Allele-specific profiling of wild-type and kyp/KYP mutant embryos at the 2-4 cell stage was performed in two independent replicates (independent embryo

collection, RNA extraction, amplification and sequencing).

(A) The replicate transcriptomes show overall good correlation. The transcript levels describing the embryonic transcriptomes of replicates #1 and #2were plotted

in log2 scale and the Spearman correlation is indicated.

(B) The parental read distribution is similar in each replicate. The distribution of paternal (blue) and maternal (red) reads is presented as in Figure 1. the number of

informative reads and genes identified is indicated. Replicates #1 are those reproduced in Figure 1. Because of better coverage in thewild-type, the allele-specific

analysis was carried out in depth for replicates #1.

(C) The genes identified by informative reads overlap well between replicates. Common genes are covered by the majority of reads (89.6%–93.5% of replicates

#2). The Venn diagrams show the overlap between the informative transcriptomes (i.e., identified by informative reads covering SNP regions) of each replicates.

Note that the lack of overlap does not necessarily indicate lack of expression but coverage below our detection threshold on the selected SNPs (i.e., genes

appearing specific to one replicate can show read coverage in regions outside the SNPs). The genes common between replicates are covered by amajority of the

reads: the 2077 common genes in WT replicates are covered by 93.5% reads of replicate #2 ; the 2548 common genes in kyp/KYP replicates are covered by

89.6% reads of replicate #2.
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Figure S2. Maternal and Paternal Expression of Embryo Markers in Wild-Type, Related to Figure 3

(A) Differential expression of the indicated reporter transgenes (Table S3), when transmitted maternally (right panel) or paternally (left panel) was detected using

histochemical detection of the uidA gene product (GUS) at different stages.

(B) Quantification of paternal expression in Arabidopsis accessions. The proportion of seeds showing GUS staining (relative staining) was compared in the

progeny of crosses between wild-type plants from the indicated accessions: Landsberg erecta (Ler), Columbia (Col), C24, Nossen (No), and the indicated marker

lines. Error bars represent standard error (SE). Detailed analysis is provided in Table S4.

(C) Quantification of maternal and paternal expression. The proportion of seeds showing GUS staining (relative staining) was compared in the progeny of

reciprocal crosses between wild-type and the indicated marker lines. SE, standard error. (rep), replicates. n, total number of seeds scored. See also Table S4.
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Figure S3. Derepression of Paternal Markers andChanges of Parental Contributions Induced by aMaternal kypMutation, Related to Figure 4

(A) Embryos showing GUS staining were scored in the progeny of crosses betweenwild-type (Ler) or kyp-2mutant females and the indicated paternal markers, at

the developmental stages indicated above the graphs. Two-tailed Fisher’s exact tests were carried out to assess the differences between wild-type and mutant

samples. The levels of significance are indicated (*: p < 0,05; **: p < 0,01; ***: p < 0,001; ****: p < 0,0001). Error bars represent SE. Detailed analysis is provided in

Table S4.

(B) Venn diagrams show the number of genes shared between the SNP-tagged transcriptomes (see Experimental Procedures) of 2-4 cell WT and 2-4 cell kyp/KYP

embryos. Genes specifically detected in one sample only are covered by 5% reads, as indicated. Genes commonly detected in both samples, by contrast, are

covered by the majority of reads (95%).

(C) The transition tables describe the changes for the common genes in the parental-class distributions (P, B, M, see legend in gray box) that were induced by

a maternal kyp mutation (2-4 cell WT > 2-4 cell kyp/KYP transition). The transition matrices were calculated using parental-class probabilities (Pi, Bi, Mi) as

described in Experimental Procedures.

(D) Several subsets of class transitions clearly illustrate cases of (i) activation/de novo expression and (ii) decreased expression /loss of one parental allele in our

transcriptomes. Note that loss may correspond to a decrease in SNP coverage (see Experimental Procedures) falling below our detection threshold, rather than

the absolute loss of transcript. The % indicated is the sum of the % genes in (C) falling in the gray transitions.

(E) A large fraction of common genes (45.4%) remain in the biparental class in both genotypes. The proportion of maternal transcripts was calculated for the 940

common genes effectively sequenced on both alleles. The calculated q values were plotted as indicated (left panel). The scheme (right panel) show the relative

changes in parental contributions toward either higher paternal or higher maternal representation. Only genes with changes deviating from 10% (above/below

dashed lines) were counted. 263 genes showed no or less than 10% change.

(F) The table summarizes the number of genes affected on either the maternal or the paternal allele in embryos inheriting a maternal kypmutation. Shown are the

genes with a novel contribution of one parental allele (de novo) in mutant embryos as reported in (D) and biparental-class genes showing a relative increase of one

parental contribution as shown in E. Note that for the latter, only genes are counted that show a change >10% compared to in wild-type embryos (genes above/

below the red lines).
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Figure S4. Maternal CMT3 and DRM2, but not MET1 and DDM1, Control Early Expression of Paternally Transmitted Markers, Related to

Figure 5
Additional control experiments showing maternal but not paternal effect of RdDM mutations and absence of effects on transposon enhancer trap markers.
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(A) Embryos showing GUS staining were scored in the progeny of crosses betweenwild-type (Col or Ler) or mutant females and the indicated paternal markers, at

the developmental stages indicated above the graphs. Two-tailed Fisher’s exact tests were carried out to assess the differences between wild-type and mutant

samples. The levels of significance are indicated (*: p < 0,05; **: p < 0,01; ***: p < 0,001; ****: p < 0,0001). Error bars represent SE. Detailed analysis is provided in

Table S4.

(B) The drm1-1,drm2-1 double mutant line contains aGUS transgene (see allele reference Table S3), a GFP embryo marker was therefore used to test the role of

these genes on paternal gene activation. Paternal expression of pDRN:GFP observed 1.5 days after pollination is shown, longer exposure was used to visualize

the young embryo devoided of GFP signal (outlined). The proportion of GFP positive embryos was scored in the progeny of the indicated crosses, 1.5 days after

pollination. Stage distributions were similar amongmutant and control populations, ranging from the zygote to octant stages. dcl3-1, Col, cmt3-7 and Ler females

were also tested in parallel as controls. Two-tailed Fisher’s exact tests were carried out to assess the differences between wild-type and mutant samples. The

levels of significance are indicated (**: p < 0,01; ***: p < 0,001;****: p < 0,0001). Error bars represent SE. Detailed analysis is provided in Table S4. Marker and

mutant lines are described in Table S3.

(C) Embryos showing positive GUS staining were scored in the progeny of crosses between wild-type (Ler), met1-3/MET1 or ddm1-2/DDM1 females and the

indicated paternal markers, at different developmental stages as noted below graphs. Two-tailed Fisher’s exact tests were carried out to assess the differences

between wild-type and mutant samples. The levels of significance are indicated (*: p < 0,05; **: p < 0,01). Error bars represent SE. Detailed analysis is provided in

Table S4.

(D) Absence of paternal effects of kyp and nrpd1bmutations on paternally transmitted markers. The proportion of seeds showing GUS staining (relative staining)

was compared in the progeny of crosses between wild-type females and male with or without the mutations, together with the paternal markers lines, as

indicated. n, total number of seeds scored. Two-tailed Fisher’s exact tests showed no significant differences (ns). Error bars represent SE.

(E) Paternally transmitted transposon enhancer trap lines are not reactivated in seeds derived from kyp, cmt3 or rdr2 mothers. Paternally transmitted enhancer

trap line ET7209 monitoring expression of AtLine3 family transposon (Slotkin et al., 2009), as for ET10306 (Atlantys1) and ET11075 (Athila3), did not show

expression in the early seed in most cases, as described (Slotkin et al., 2009) (left picture). Faint staining at the suspensor base was detected occasionally (right

picture, arrow), and scored as GUS positive. Strong pollen staining was detected in all lines (inset in left picture). The table displays the proportion of early seeds

(zygote to globular stages) showing GUS staining in crosses between wild-type or mutant females and three transposon GUSmarker lines, as indicated. Staining

in the embryo proper was never observed, and the percentage of seed with signal at suspensor base (see right picture) remained below 10% for all mutants

tested. n, total number of seeds scored. Two-tailed Fisher’s exact tests showed no significant differences (ns). Error bars represent SE.
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Figure S5. Control Immunodetection of H3K9me2 Showing Absence of Signals in kyp Embryos and Altered Distribution of nrpd1 Mutant

Embryos, by Contrast to H3K9me3 which Remain Unaffected in Both Mutants, Related to Figure 5

(A–G) Immunolocalization of histone H3 di-methylation on lysine 9 (H3K9me2) shows a strong signal in heterochromatic chromocenters in wild-type (A and B),

while almost no signal in kyp-2, as described previously (Jackson et al., 2004) (C and D), and an altered, dispersed signal in nrpd1a-1/nrpd1b-11 (nrpd1a1b)

double mutant nuclei (E–G).

(H and I) Immunolocalization of histone H3 tri-methylation on lysine 9 (H3K9me3) showed that, by contrast to H3K9me2, H3K9me3 is present in both somatic

(tegument, H) and embryonic chromatin (I). Specifically, it is homogenously distributed in euchromatin as described previously (Turck et al., 2007; Sung et al.,

2006) in both wild-type, kyp-2 and nrpd1a-1/nrpd1b-11 backgrounds. en, endosperm. emb, embryo. The DNA was counterstained with DAPI.
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Figure S6. Transient Patterning Defects in kyp Mutant Embryos, Related to Figure 4

Wild-type (Ler) and kyp-2mutant early embryos were cleared using Herr’s solution. Representative examples of the abnormal phenotypes observed in kyp-2 are

shown. Wild-type and abnormal phenotypical classes were scored in independent plants (rep.).
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while almost no signal in kyp-2, as described previously (Jackson et al., 2004) (C and D), and an altered, dispersed signal in nrpd1a-1/nrpd1b-11 (nrpd1a1b)

double mutant nuclei (E–G).

(H and I) Immunolocalization of histone H3 tri-methylation on lysine 9 (H3K9me3) showed that, by contrast to H3K9me2, H3K9me3 is present in both somatic
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Figure S7. Maternal MSI1 and FAS2, but not MEA, Control the Activation of Paternally Transmitted Markers and Require Maternal H3.3

Variants, Related to Figure 7

(A) Embryos showingGUS staining were scored in the progeny of crosses betweenwild-type (Ler),msi1-2 females and the indicated paternal markers, at different

developmental stages. Two-tailed Fisher’s exact tests were carried out to assess the differences between the wild-type and mutant samples. The levels of

significance are indicated (*: p < 0,05; **: p < 0,01; ***: p < 0,001; ****: p < 0,0001). Error bars represent SE. Detailed analysis is provided in Table S4.
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(B) Embryos showing GUS staining were scored in the progeny of crosses between wild-type (No) or fas2 females and the indicated paternal markers, at different

developmental stages. Quantifications displayed as above. Detailed analysis is provided in Table S4.

(C)MEA does not delay expression of paternally transmittedmarkers at the globular stage. Embryos showingGUS staining were scored in the progeny of crosses

between wild-type (Ler) ormea-2/ MEA females and the indicated paternal markers, at the globular stage. Two-tailed Fisher’s exact tests showed no significant

differences. Detailed analysis is provided in Table S4.

(D) Maternal histone H3.3 variants control the activation of paternal markers. The graphs show embryos scored for GUS staining following crosses between wild-

type (Col) or mutant females and the indicated paternal markers. Two-tailed Fisher’s exact tests were carried out to assess the differences between wild-type and

mutant samples as in A. Error bars represent SE. htr4 and htr5 are loss of function mutants in the HTR4 and HTR5 genes, which are close homologs encoding

a H3.3 variant and likely show functional redundancy (Okada et al., 2005, Table S3). Absence ofHTR4 (At4g40030) mRNA in htr4-1 insertion allele was confirmed

by RT-PCR (see gel picture) performed on young siliques from wild-type (WT) and htr4-1 (htr4) plants using intron-spanning primers. ACTIN11 (ACT11) was

amplified as a loading control. Amplification on genomic DNA (gDNA) is shown in the gel picture to the left.
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Figure S2-3-1. Allele-specifi c expression analysis of the 
biallelically expressed control gene AT1G02780. (A) 
Reciprocal hybrid embryos were isolated at 2.5 DAP (2-4 
cell embryos) and at 4 DAP (globular embryos) and allele-
specifi c expression was analyzed by RT-PCR and Sanger 
sequencing. The direc� on of the cross is indicated on 
top of each panel, the embryonic stage on the le� . Two 
replicates were analyzed for each stage and cross, which is 
represented by two individual sequencing chromatograms. 
The analyzed gene and the polymorphism between Col-0 
and Ler are indicated in the grey box. Furthermore, the 
SNP is displayed in bold below each chromatogram. The 
sequenced reads from (Autran et al., 2011) for AT1G02780 
in Ler x Col-0 2-4 cell and globular embryo libraries are 
indicated below the chromatograms on the right hand side. 
In addi� on, the allele-specifi c expression was assessed on 
F1 hybrid seedling cDNA libraries (8 days a� er sowing). 
(B) Allele-specifi c PCR was performed on genomic DNA 
extracted from hybrid F1 seedlings in order to test whether 
the assay amplifi es both alleles with equal effi  ciency.
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Figure S2-3-2. Allele-specifi c PCR on 
genomic DNA of hybrid F1 seedlings. A 
PCR covering the polymorphic region was 
performed on genomic DNA extracted 
from hybrid F1 seedlings and subsequently 
sequenced in order to test whether the 
assay amplifi es both alleles with equal 
effi  ciency and is, thus, unbiased. We tested 
whether the assay introduces a technical 
bias towards one allele or the other for all 
MEG candidates (A) and PEG candidates 
(B) of this study. The analyzed gene and 
the polymorphism between Col-0 and Ler 
are indicated in the grey box beside the 
panels. Furthermore, the SNP is displayed 
in bold below each chromatogram.



228 APPENDIX A7

AT2G01520
CCol-0 / TLer

2-4cell

globular

A T C C A A T C C A A T T C A A T T C A

A T T C A A T T C AA T C C A A T C C A

A
Col-0 x Ler

AT3G21500
GCol-0 / ALer

Ler x Col-0 Col-0 x Ler Ler x Col-0

2-4cell

globular

C C G T C C C G T C C C A T C C C A T C

C C A T C C C A T C
C C GC C G T C C C G T C

B

C

E F

G

DAT1G20680
GCol-0 / ALer

2-4cell

globular

T T G T C T T A T C T T A T C

T T A T CT T G T CT T G T C

N N N N N

n.d.

N N N N N

n.d.

AT5G51950
ACol-0 / GLer

2-4cell

globular

G G A A T

G G A A T

G G A A T G G G A T G G G A T

G G G A T G G G A TG G A A T

AT1G29050
TCol-0 / CLer

2-4cell

globular

G T T G T G T T G T G T C G T G T C G T

G T C G T G T C G TG T T G T G T T G T

AT3G44260
GCol-0 / ALer

2-4cell

globular

T A G T T
T A A T A G T T T A A T T T A A T T

T A A T TT A G T T T A G T T N N N N N

n.d.

AT5G52060
CCol-0 / GLer

2-4cell

globular

T T C A C
T T G

T T C A C T T G A C

T T G A C

T T G A C

T T G A CN N N N N

n.d.

N N N N N

n.d.

Col-0 x Ler Ler x Col-0 Col-0 x Ler Ler x Col-0

Col-0 x Ler Ler x Col-0

Col-0 x Ler Ler x Col-0

Col-0 x Ler Ler x Col-0

Figure S2-3-3. Allele-specifi c expression analysis of 
par� ally confi rmed MEGs and non-confi rmed MEG 
candidates. Reciprocal hybrid embryos were isolated at 2.5 
DAP (2-4 cell embryos) and at 4 DAP (globular embryos) 
and allele-specifi c expression was analyzed by RT-PCR and 
Sanger sequencing. The direc� on of the cross is indicated 
on top of each panel, the embryonic stage on the le� . Two 
replicates were analyzed for each stage and cross, which is 
represented by two individual sequencing chromatograms. 
The analyzed gene and the polymorphism between Col-0 
and Ler are indicated in the grey box atop of each panel. 
Furthermore, the polymorphic nucleo� de is displayed 
in bold and underlined below each chromatogram. n.d. 
indicates that the transcript could not be amplifi ed from the 
specifi c embryonic sample. (A) AT3G21500. (B) AT2G01520. 
(C) AT1G20680. (D) AT5G51950. (E) AT1G29050. (F) 
AT3G44260 (shows biallelic expression in the 2-4 cell Col-0 
x Ler replicate #1 and is therefore not confi rmed as MEG) 
(G) AT5G52060 (shows biallelic expression in the 2-4 cell 
Col-0 x Ler replicate #1 and is therefore not confi rmed as 
MEG).
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Figure S2-3-4. Allele-specifi c expression analysis of non-
confi rmed PEG candidates. Reciprocal hybrid embryos 
were isolated at 2.5 DAP (2-4 cell embryos) and at 4 DAP 
(globular embryos) and allele-specifi c expression was 
analyzed by RT-PCR and Sanger sequencing. The direc� on 
of the cross is indicated on top of each panel, the embryonic 
stage on the le� . Two replicates were analyzed for each 
stage and cross, which is represented by two individual 
sequencing chromatograms. The analyzed gene and the 
polymorphism between Col-0 and Ler are indicated in the 
grey box atop of each panel. Furthermore, the polymorphic 
nucleo� de is displayed in bold and underlined below each 
chromatogram. n.d. indicates that the transcript could 
not be amplifi ed from the specifi c embryonic sample. 
(A) AT2G20160 shows biallelic expression in 5 out of 8 
samples. (B) AT1G63260 shows biallelic expression in all 
samples from which the transcript was amplifi ed.

Figure S2-3-5. Allele-specifi c expression analysis of 
extensively washed embryonic control samples. Allele-
specifi c expression analysis of confi rmed or par� ally 
confi rmed MEGs (A) and confi rmed (AT3G26790) 
and non-confi rmed (AT2G20160) PEGs (B) in the 6x 
washed embryonic samples. The analyzed gene and the 
polymorphism between Col-0 and Ler are indicated in the 
grey box. The polymorphic nucleo� de is displayed in bold 
and underlined below each chromatogram. The transcript 
of some genes could not be amplifi ed from the 6x washed 
2-4 cell Ler x Col-0 sample likely due to library quality issues 
(indicated by n.d.). (C) Agarose gel analysis of the RT-PCR 
product of the par� ally confi rmed MEG AT1G29050 (le�  
panel) and the non-confi rmed AT4G11960 (right panel). 
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Figure S2-3-6. MEG and PEG reporter line analysis on whole seeds. Whole siliques were stained for GUS expression 
over night and analyzed for GUS signals in the seed and embryo. Almost all MEG reporter lines show a more or less 
strong expression in the seed coat (A-G). Yet, the PEG reporter FUS3::GUS is specifically expressed in the embryo 
(H). Each panel depicts the 2 strongest T1 lines that were used for further analysis. The reporter line is indicated on 
top of each panel and the individual line number in the upper right corner of each picture. Scale bar = 50 µm. (A) 
pAT1G29660::GUS. (B) pAT1G72260::GUS. (C) pAT2G47115::GUS. (D) pAT5G62210::GUS. (E) pAT3G20520::GUS. (F) 
pAT2G17710::GUS. (G) pAT3G21500::GUS. (H) pAT3G26790::GUS (pFUS3::GUS)
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Figure S2-3-7. Embryo-specific expression of MEG reporter lines in isolated, self-fer�lized embryos. Due to 
expression of all MEG reporters in the seed coat we isolated self-fer�lized embryos carrying a MEG reporter line 
prior to GUS staining. Isolated embryos were released in GUS staining solu�on directly on a microscopic slide 
and were stained for 2-4 days at 37°C. 6 MEG reporter lines show a more or less strong and specific signal in the 
embryo. Each panel depicts two embryonic stages (early and late, indicated on the le�), two independent lines 
(indicated on top) and a picture taken using DIC and bright-field microscopy (if not indicated otherwise). If no 
bright-field picture is shown (indicated by n.d.), then the signal was sufficiently visible when using DIC microscopy. 
Scale bar = 10 µm (A) pAT1G29660::GUS. (B) pAT1G72260::GUS. (C) pAT2G47115::GUS. (D) pAT5G62210::GUS. 
(E) pAT3G20520::GUS. (F) pAT2G17710::GUS.
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2cell 4cell 8cell
pAT3G21500::GUS

Figure S2-3-8. Embryo-specific expression of pAT3G21500::GUS. 
pAT3G21500::GUS was the weakest line in terms of embryonic 
expression. The reporter line is expressed in self-fer�lized 4 cell and 
8 cell embryos but shows no or very weak expression only in earlier 
stages. This line was not included in the parent-of-origin-dependent 
reporter expression analysis. Scale bar = 10 µm.
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Figure S2-3-9. Parent-of-origin-dependent expression analysis of the PEG 
reporter line pFUS3::GUS (pAT3G26790::GUS). (A) Quan�fica�ons of reciprocal 
crosses of two independent inser�ons of pFUS3::GUS (MR 398 and MR 399). First 
signals were detected 3 DAP, coinciding with the first signal in isolated (4-)8 cell 
stage embryos. At 3 DAP the reporter is expressed from both parents already. 
GUS signal of the maternally inherited reporter is depicted in black, whereas GUS 
signal of the paternally inherited reporter is in grey. Numbers of counted seeds 
are indicated above each column. (B) Reciprocally crossed and stained seeds are 
shown 2 DAP (upper row) and 4 DAP (lower row). Whereas no GUS signal can be 
detected at 2 DAP, the reporter is clearly expressed from both parents 4 DAP. Scale 
bar = 50 µm. (C) Self-fer�lized embryos were isolated at different �mepoints and 
were stained on slide. Expression of the reporter was first detected at the (4-)8 cell 
stage. Scale bar = 10 µm.
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Figure S2-3-10. Eff ect of PRC2 and MET1 func� on on the 
imprinted expression in the embryo. Mutant embryonic 
samples were generated and the confi rmed MEGs (A-
E) and par� ally confi rmed MEGs (F-J) were analyzed for 
derepression of the silent allele. Heterozygous fi e mutants 
were crossed maternally and paternally and heterozygous 
met1-3 mutants were crossed paternally as indicated above 
the chromatograms. Embryos were isolated at 2.5 DAP (2-
4 cell embryos) and at 4 DAP (globular embryos, only for 
the cross fi e/FIE x Ler). The embryonic stage is indicated on 
the le� , the analyzed gene and the polymorphism between 
the mutant (all in Col-0 background) and the wild-type 
allele (Ler) is shown in the grey box beside each panel. 
Furthermore, the polymorphic nucleo� de is displayed 
in bold and underlined below each chromatogram. NA 
indicates that the library was not available. (A) AT2G47115. 
(B) AT5G62210. (C) AT3G20520. (D) AT2G17710. (E) 
AT3G21500. (F) AT2G01520. (G) AT1G20680. (H) AT5G51950. 
(J) AT1G29050. (K) AT2G20160.
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Table S2-3-1. All poten�ally imprinted candidate genes in the Arabidopsis thaliana embryo from (Autran et al., 2011). 
Table S1a gives a list of all candidate MEGs and PEGs in the embryo called in this study. Table S1b gives an overview of which 
class of genes were called, tested and confirmed. The tables can be found under the following link: 
h�p://www.plosgene�cs.org/ar�cle/info%3Adoi%2F10.1371%2Fjournal.pgen.1003862#s5

Table S2-3-2. Phenotyping of T-DNA lines disrup�ng confirmed MEGs or the PEG. No obvious mutant phenotype was 
observed for any of the lines analyzed.
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Introduction
In multicellular organisms, sexual reproduction involves
the union of highly specialized, haploid gametes. Be-
tween plants and animals the ontology of the gametes
as well as the fate of the fertilization products differ
[1,2,3�]. In particular, plants do not set aside a germ line
lineage early in development as animals do. Instead spore
mother cells (SMCs), the cells destined to undergo meio-
sis, are specified late during the development of the
diploid generation of the plant life cycle, the sporophyte.
In flowering plants this occurs in specialized male and
female floral organs, the anthers and ovules, respectively.
Moreover, the meiotic products in plants, the spores, do
not differentiate directly into gametes as in animals;
rather, they divide mitotically to produce multicellular,

haploid gametophytes. These can be autonomous, free
living organism as for instance in mosses and ferns [4] or
highly reduced to a few cells as in flowering plants [5,6].
In the majority of flowering plants, the male gametophyte
(pollen) consists of three cells: two gametic sperm cells
harbored within an accessory, vegetative cell responsible
to deliver the sperm cells to the female gametes. The
female gametophyte (embryo sac) produces two gametes,
the egg and central cell, and five accessory cells: two
synergids assisting fertilization and three antipodals [5–7].
Importantly, double fertilization generates two fertiliza-
tion products with distinct developmental fates: while the
fertilized egg gives rise to the embryo, the fertilized
central cell generates an extra-embryonic nurturing tis-
sue, the endosperm [7]. This complex scheme of gamete
formation has implications in terms of developmental
strategies governing first, sporogenesis in sporophytic
(‘somatic’) floral tissues, second the specification of
gametic versus accessory fate in the gametophytes, and
third the distinct developmental fates of the egg and
central cells. Not surprisingly, a role for epigenetic pro-
cesses in these different events has been recognized [3�,8]
and is supported by recent studies [9��,10��,11�,12��]
which we will discuss here.

Epigenetic patterns in sporogenic fate control
and meiotic progression
In flowering plants, on which our review will focus, undif-
ferentiated stem cells reside in apically localized meris-
tems. These meristems produce cells contributing to
vegetative (root, shoot) and floral tissues [13] in which
SMCs will be specified. Yet, there is no germ line lineage
with a traceable sporogenic fate [14]. Instead, SMCs are
newly specified in a subepidermal position within multi-
cellular sporangia, the ovule primordiumand anther locule,
respectively [1].Thehighly regular, predictable position of
SMCs suggests a specification process dependent on the
cell’s position [3�,15,16] rather than its lineage as in
animals, a developmental strategy commonly used in
plants [17]. Consistent with this idea, maize, rice and
Arabidopsis mutants lacking specific Leu-rich repeat re-
ceptor-like protein kinases, potentially involved in cellular
signaling, produce supernumerary SMCs, the microspore
and/or megaspore mother cells, respectively [16,18,19].
The observed phenotypes suggest that subepidermal cells
surrounding the SMCs share a sporogenic potential
[3�,20�,21]. Recent findings indicate that the sporogenic
fate is epigenetically suppressed in cells other than the
SMCs.Arabidopsismutants lackingAGO9 functiondevelop
multiple megaspore mother cells (MMCs) in the nucellus
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of the ovule [10��,22]. AGO9 belongs to the ARGO-
NAUTE protein family involved in the processing of
RNAs into microRNAs (mi-RNAs) and small-interfering
RNAs (siRNAs) directing post-transcriptional gene silen-
cing (PTGS) and RNA-dependent DNA methylation
(RdDM) [22]. The detection of the AGO9 protein in
the epidermal (L1) cell layer specifically suggests that
female sporogenic cell fate may be restricted to a single
cell via a non-cell autonomous, small RNA-dependent
mechanism possibly involving RdDM [10��]. Consistent
with this hypothesis, maize nucellar cells express high
levels of Dmt102 transcripts encoding a homologue of
the Arabidopsis CHROMOMETHYLTRANSFERASE3
(CMT3) [12��], which is responsible for DNAmethylation
at non-CG sites and acting downstream of siRNA targeting
[23]. At the same time and in contrast to adjacent somatic
cells, their chromatin is strongly depleted in H3K9Ac
[12��], a transcriptionally permissive mark antagonistic
to H3K9me2 andDNAmethylation, at least in Arabidopsis
[24]. Down-regulation of Dmt102, while accompanied by
hyperacetylation of H3K9 in subepidermal cells, was
not sufficient to produce supernumerary MMCs as obser-
vable at the cytological level, suggesting additional com-
ponents inhibiting MMC formation [12��]. However, the
combined down-regulation of Dmt102 andDmt103, a close
homologue of the de novo DNA methyltransferase
DOMAIN REARRANGED METHYLTRANSFER-
ASE2 (DRM2), resulted in the formation of ectopic
embryo sacs. Some of these may have arisen from super-
numeraryMMCs [12��], although this awaits confirmation.
Dmt103 is specifically expressed in the epidermal cells of
the nucellus [12��]; whether its function is mechanistically
connected to an AGO9-related pathway in maize remains
to be investigated. This study also revealed the involve-
ment of non-CG methylation (via Dmt102 and Dmt103)
rather than CG methylation [12��]. It will be of particular
interest to identify the genomic loci affected by siRNA-
mediated silencing and non-CGmethylation in target cells
during sporogenesis.

Profiling at later stages of ovule development revealed
that AGO9 preferentially associates with 24nt siRNA
targeting transposable elements (TEs), which they
regulate in the mature embryo sac, but also with some
20–21nt mi-RNAs species [10��,25]; whether the same
small RNAs also act during sporogenesis is yet unknown.
To accommodate the observed chromatin patterns in the
maize nucellus, one might expect the involvement of
small RNAs in targeting — or at least influencing — the
silencing in genic regions (not only TEs) to repress
sporogenesis and possibly gametogenesis in these cells.
The emerging parallel roles of non-coding RNAs control-
ling germ cell development in animals and plants are of
outstanding interest [3�,26]. Whether a similar mechan-
ism is in place during microspore mother cell develop-
ment should be addressed in the near future. The
observation that anther tapetal cells — surrounding the

male SMCs and their meiotic daughter cells — produce
trans-acting siRNAs targeting the male gametophyte
makes this a plausible scenario [27].

Strikingly, the global transcriptionally repressive land-
scape in the nucellus is reminiscent of the transcriptional
quiescence established in the animal germ line. There, it
is required to repress the somatic fate but also to reset and
establish novel epigenetic profiles in the gametes com-
patible with totipotency in the zygote [12��,28]. The
question is thus which fate is repressed by this apparent
transcriptional quiescence in plants? One possibility is the
supression of the gametophytic fate (Figure 1, panel (i)).
Consistent with this model, the lack of epigenetic repres-
sion in the nucellar cells of Arabidopdis or maize mutants
promotes gametophytic development with the differen-
tiation of additional, albeit abnormal or incomplete,
embryo sacs [10��,12��]. Possibly meiosis was bypassed,
although more detailed investigations are necessary. If
confirmed, this would be reminiscent of apospory, which
generates unreduced gametes in some plant species that
reproduce through apomixis, the asexual reproduction
through seeds [29]. An alternative model invokes the
temporal and spatial regulation of sporogenic fate repres-
sion (Figure 1, panel (ii)). There, global epigenetic tran-
scriptional repression may first be established in the
entire nucellus; later, the selected MMC may escape this
repression while it is retained in neighboring cells. In this
scenario, siRNA-mediated repression might become less
effective in the MMC, possibly as a result of callose
deposition in the cell wall. This may constrain intercel-
lular cytoplasmic connections (plasmodesmata) and, thus,
transport of siRNAs [30,31]. Consequently, the MMC
could recover a transcriptionally permissive state allowing
meiosis to take place. Consistent with this hypothesis,
meiotic progression — but not entry — is critically
dependant on a complex set of histone modifications
(reviewed in [3�,32]), including transcriptionally permiss-
ive marks established by histone lysine methyltransfer-
ases of the SET Domain Group (SDG) [33]. However,
the nature of the trigger promoting the mitosis-to-meiosis
switch remains unknown. Nonetheless, the prediction
that siRNAs were to play an important role in the regu-
lation of meiosis [34] was recently supported by the
identification ofMEL1 in rice.MEL1 encodes an ARGO-
NAUTE protein specifically expressed in SMCs and its
loss-of-function causes an arrest at leptotene, the earliest
stage where meiosis is distinguished from mitosis [20�].
While the MEL1 clade is closest to the Arabidopsis
AGO1-containing clade, its closest homolog in Arabidop-
sis, At2g27880 [20�] was recently annotated as AGO5.
The identification of MEL1 targets and their function
promises exciting findings with regard to the epigenetic
processes controlling the meiotic switch.

Altogether, it becomes clear that sporogenesis is epigen-
etically controlled both during SMC selection and
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during meiotic progression. Transcriptional quiescence
mediated by mobile siRNAs in particular seems instru-
mental in controlling the sporogenic and possibly the
gametophytic fate. Future investigations should aim at
revealing the targets of this transcriptional repression,
possibly by profiling small RNAs specifically in nucellar
cells and MMCs (e.g. using laser-assisted microdissection
[35]), but also at elucidating the precise epigenetic chro-
matin landscape (using immunostaining for different
informative histone marks) during sporogenesis.

Epigenetic patterns and reprogramming
during gametophyte development
In plants, the meiotic products (spores) enter mitosis and
produce a multicelllar, haploid gametophyte, which
differentiates gametic as well as accessory cells. Despite
the stark reduction and thus simplification of the game-
tophytes in flowering plants, little is known about the
specification of the distinct cell fates [36]. A distinct
organization of the chromatin among gametophytic nuclei
has been documented early ([1] and Figure 2) but it is

only recently that inferences are drawn in terms of epi-
genetic processes. Several studies now suggest large-scale
chromatin modifications associated with the epigenetic
differentiation of gametophytic cells.

On the male side, the first asymmetric mitosis generates a
small generative cell and a large vegetative cell (Figure 3).
The generative cell further divides to produce two sperm
cells. Several studies, although fragmented across differ-
ent species, clearly show that the chromatin composition
drastically differs between the sperm and vegetative
nucleus. The sperm chromatin, in contrast to the chro-
matin of the vegetative nucleus, contains gamete-specific
core nucleosome variants (gH2A, H2B, gH3) including a
gamete-specific H3.3 variant [37–40] (Figure 3). The
compact appearance of sperm chromatin (Figure 2) is
often interpreted as a transcriptionally inactive state. But,
in fact, immunostaining for chromatin modifications
reveal a bivalent status: transcriptionally permissive
H3K4me3 and H3K36me2/3 marks [41] are below detec-
tion level, while euchromatic regions are enriched in
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Large-scale epigenetic reprogramming during megasporogenesis. (a) In ovule primordia, nucellar cells (except for the L1 layer) display a

transcriptionally repressive landscape associated with genome-wide histone hypoacetylation, which seems to rely on the RdDM pathway involving

AGO9-associated small RNAs originating from L1 cells as well as CMT3-like and DMR2-like activities in nucellar cells. To accommodate mutant

phenotypes and expression patterns of epigenetic components as described in the text, two models are proposed that involve dynamic changes of

epigenetic landscapes during megasporogenesis. (I) Transcriptional repression inhibits gametophyte development in nucellar cells and the MMC until

meiosis is completed. During meiosis permissive histone methylation marks are established that are required for meiotic progression (red-green

background). The functional megaspore (FM) has a transcriptionally permissive landscape promoting gametophyte development. (II) Transcriptional

repression suppresses the sporogenic fate in nucellar cells. The selected MMC escapes this repression, potentially following isolation from mobile

small RNAs. A transcriptionnally permissive landscape is required for completion of meiosis and the promotion of gametophytic development. (b) In

Arabidopsis or maize mutants lacking the function of one epigenetic component mediating transcriptional repression, nucellar cells have a

transcriptionally permissive landscape leading to the selection of multiple MMCs and the differentiation of a gametophyte, although abnormal or

incomplete.
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LIKE HETEROCHROMATIN PROTEIN1 (LHP1), a
protein associated with the transcriptionally repressive
H3K27me3 mark [42�,43]. At the same time, hyperace-
tylation on H3 and H4 residues, together with low levels
of DNA methylation [42�,44], suggest that the sperm
chromatin retains — to a certain degree — a transcrip-
tionally permissive environment. In stark contrast, the
vegetative chromatin appears less condensed, is com-
posed of distinct H3 isoforms, and harbors transcription-
ally permissive histone modifications [37,41,42�] (Figures
2 and 3). It also differs in heterochromatin organization
and centromeres identity with, particularly, the absence
of the centromere-specific CENH3 variant [45] and the
heterochromatin-specific somatic H3.1 variants [46�].
This corroborates the absence of the SWI/SNF chromatin
remodeler DECREASE DNA METHYLATION1
(DDM1) [9��], normally required for centromeric hetero-
chromatin organization [47]. Thus, clearly, the gametic
and accessory chromatin displays an opposite chromatin
organization, likely in relation to the resetting of epige-
netic marks in the germ line as proposed earlier [3�], but
also to the distinct transcriptional programs [48]. The key
question remains, however, as to when these differences
are established and whether they are cause or con-
sequence of gametic versus accessory cell fate differen-
tiation. The observation that sperm-specific H3 variants
are already present in the generative cell [49] suggests
that chromatin differentiation is coupled, at least in part,
with the first mitosis. Generative and vegetative nuclei
clearly show distinct transcriptional patterns supporting
their distinct function [48,50]. Misexpression of specific
chromatin constituents or modifiers in one mitotic pro-
duct but not the other may help to understand their
influence on the transcriptional programs and down-
stream differentiation events. Finally, the specific chro-
matin organization in the vegetative nucleus seems to
have a role in the regulation of TEs in the germ line. This
was inferred from the observation that the loss of hetero-
chromatin organization results in massive derepression of
TEs and the production of 21nt siRNAs, in a DDM1-
dependent fashion [9��]. The siRNAs are thought to be
transported into the sperm cells where they likely
reinforce silencing of TEs. Hence, the vegetative cell
may function as a safeguard of genome integrity in the
sperm cells in a manner reminiscent of the role of piwiR-
NAs, 24–31 single-stranded non-coding RNAs principally
targeting TEs in the animal germ line [9��,51]. The
discovery of a vast and complex population of additional
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The male and female gametophyte differentiate gametic and accessory

cell types with distinct chromatin organization. A distinct organization of

the nuclear chromatin in gametophytic nuclei is revealed by whole-mount,

non-denaturing DNA staining [77], suggesting that large-scale epigenetic

modifications differentiate the mitotic sister cells of the gametophyte (see

also Figure 3 and text). (a) In sporophytic nuclei, heterochromatin is

microscopically visible as well defined, brightly stained foci. (b) In the

female gametophyte, the gametic nuclei show small, dispersed

heterochromatin foci, a feature that is more pronounced in the central cell

than the egg cell nucleus. By contrast nuclei of the accessory cells

(antipodals and synergids) show higher heterochromatin condensation,

with a chromatin organization in antipodal nuclei close to that of a

sporophytic cell. (c) In the male gametophyte, the vegetative nucleus has

largely decondensed chromatin with no apparent heterochromatin

organization albeit for a single focus; this organization contrasts with the

highly condensed sperm chromatin as inferred by the nuclear size and the

discernable heterochromatic foci. This illustrative figure relates to the

model presented in Figure 3. All pictures are maximum projections from 3-

dimensional reconstructions. Pictures in panel (b) are from C.B. and were

reproduced with permission from [78]. Scale bar is 2 mm. AC, antipodal

cell; CC, central cell; EC, egg cell; SC, synergid cell; VN, vegetative

nucleus; Sp, sperm cells.
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Figure 3
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Distinct epigenetic landscapes regions are established in gametic and accessory nuclei in the gametophytes. This figures combines the findings

from several studies on different species but is representative of the situation in Arabidopsis. The repertoire of epigenetic modifications shown is not
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small RNAs in the male gametophyte, as well as the
genetic components producing and targeting them, pre-
dicts additional roles in regulating male gametophyte
development and repressing somatic functions [52–54].

On the female side, the situation may appear a bit more
complex, and certainly less well studied. More complex,
because there are three syncytial mitoses followed by
nuclear migration and cellularization (Figure 3 represents
the most frequent, Polygonum-type female gametophyte
[1]). Less is known partly because of the difficulty in
investigating these cells, which are deeply embedded in
maternal tissues. The embryo sac is highly polarized and
cellularization establishes distinct cell types (Figure 3).
The egg apparatus constituted of the egg cell and two
flanking synergids is formed at the micropylar pole, anti-
podal cells — of yet unknown function — are formed at
the chalazal pole, while the central cell in the middle
contains two polar nuclei. These migrate towards the
center of the embryo sac before cellularization and fuse
before or at fertilization depending on the species [7].
These cell types are distinct not only at the cellular, but
also at the level of microscopic chromatin organization.
Typically, the central and egg cells show a low compac-
tion level together with dispersed heterochromatin foci
compared to antipodal and synergid cells (Figure 2, [46�]
and C.B., unpublished), suggesting that the gametic
versus accessory cell fate may be accompanied by a
distinct epigenetic status of the gametophytic cells. It
is not yet known whether these distinct features are
established before cellularization, in the syncytium, or
later. The epigenetic status of these nuclei, defined at the
level of the transcriptional pattern, chromatin modifi-
cations, and nucleosome constitution, still remains to
be analyzed in detail, especially on a temporal scale along
with mitotic progression, polarity establishment, and cel-
lularization. Chromatin changes affecting nucleosome
constitution and biochemical modifications appear to
occur dynamically following cellularization [11�,46�]

and contribute to establish a distinct transcriptional status
in egg and central cell (see below). Conversely, DNA
methylation patterns of gametophytic nuclei may
regulate cell identity, cell number and embryo sac
polarity as shown in the dmt102 and dmt103 maize
mutants [12��]. To date, no such phenotypes have been
documented in the corresponding Arabidopsis mutants,
which are fully fertile [55,56] suggesting species-depend-
ent epigenetic control during gametophyte development.

Epigenetic dimorphism between the female
gametes
Double fertilization in flowering plants poses the intri-
guing problem to (epigenetically) distinguish the devel-
opmental fates of the fertilization products. In most
species each pair of male or female gametes arise from
a single male or female spore, respectively. In most
species the two sperm are cytologically indistinguishable
and can fertilize either the central or egg cell [57,58].
Thus, it was proposed that the female gametes must have
different epigenetic states that contribute to the distinct
post-fertilization fates [21,8]. But only recently detailed
chromatin investigations revealed a stark epigenetic
dimorphism between the two female gametes, in both
Arabidopsis and maize [11�,12��,46�]. The egg cell dis-
plays a global transcriptionally quiescent chromatin state
with undetectable levels of active RNA Polymerase II
(PolII) concomitant with enrichment in LHP1. By con-
trast the central cell chromatin displays a transcriptionally
active and permissive chromatin organization [10��,11�],
Figure 3). At the same time, microscopically visible
heterochromatin regions, mostly composed of TEs [59],
are well defined and enriched in H3K9me2 in the egg as
compared to the central cell where heterochromatic foci
are less pronounced (Figure 2 and [46�]). In Arabidopsis,
this dimorphism requires the activity of CMT3 in the egg
cell, and DEMETER-LIKE enzymes, catalyzing the
removal of methylcytosine residues, in the central cell
[11�,42�]. Importantly, the distinct global epigenetic
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(Figure 3 Legend Continued) exhaustive and only represents studied marks. (a) In the female gametophyte the two female gametes show an

epigenetic dimorphism. In comparison to the egg cell, the central cell is abundant for the active form of RNA Pol II, features a transcriptionally

permissive environment in euchromatic regions with quantitatively little repressive marks, as inferred from LHP1 levels (LHP1 is a H3K27me3-

associated protein [43]). By contrast the egg’s euchromatin displays a transcriptionally quiescent state with opposite active Pol II and LHP1

abundance (note that the inactive form of Pol II is present in the egg nucleus). Distinct variants of H3.3 histones are found in the egg and central cell

but their role in transcriptional control is not known. At heterochromatin regions, the scenario is hypothetical and based on observations made at

later stage of seed development (see text), mirroring a similar scenario in the male gametophyte (b). The central cell is proposed to produce small

RNAs potentially targeting TEs in the egg cell. The lack of heterochromatin at TE regions linked to a lack of centromeric identity (dispersed

heterochromatin foci [Figure 2] and absence of detectable CENH3 (see text) may favor reactivation of TEs. This hypothetically involves RNA Pol IV to

produce 24nt-siRNAs as they were detected at late stages of endosperm development. Potentially, these siRNA are transported into the egg cell to

ensure TE silencing via RdDM as was proposed for the embryo at later stages, and they might be linked to high levels of H3K9me2 as observed in the

egg cell. (b) In the male gametophyte, epigenetic dimorphism is not found between the gametes but rather between the sperm cells and the

vegetative cell. Euchromatin regions show histone modifications linked with a transcriptionally permissive landscape in the vegetative nucleus, in

contrast to the euchromatin in sperm cells. At the nuclesome level, they both show a common histone H3.3 variant (HTR5) but also distinct variants,

including a gamete-specific variant (HTR10) in the sperm. Whether these variants influence the epigenetic state is not known. At heterochromatin

regions, the absence of the SWI/SNF chromatin remodeler DDM1 and the loss of centromeric heterochromatin organization is correlated with

derepression of TEs, transcription by RNA Pol IV and production of 21nt small RNAs accumulating in the sperm cells. These siRNAs are thought to

reinforce TE silencing in the gametes, possibly via RdDM, to ensure genome integrity. This correlates with enrichment of H3K9me2 at

heterochromatic foci, although contradictory immunostaining results were reported [41,42�].
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states affecting chromatin modifications and transcription
are established soon after cellularization and are inherited
post-fertilization [11�]. This dimorphism also correlates
with a genome-wide hypomethylation found later during
seed development in the endosperm as compared to the
embryo, in both Arabidopsis and maize [60–62]. Epige-
netic dimorphism between the female gametes is further
found at the level of nucleosome composition with
specific sets of H3.3 isoforms in each cell, as inferred
from tagged histone reporters ([46�], Figure 3). Particu-
larly, the egg cell displays only one H3.3 isoform (HTR5)
also found in the sperm cells, while the central cells
displays two isoforms (HTR8 and HTR14). Whether
HTR8 and HTR14 epigenetically distinguish two func-
tional chromatin compartments would be interesting, yet
challenging to determine. Interestingly, this nucleosome
dimorphism between the egg and central cell is ephem-
eral and seems remodeled after fertilization, suggesting
that it was established solely for the purpose of dis-
tinguishing the egg versus central cell chromatin during
gametophyte development. This also implies that
maternal epigenetic marks associated with these H3
variants are not transmitted to the zygote [46�]. But the
possibility remains that some loci escape this remodeling,
a situation that would not be detected at the microscopic
scale with reporter histones such as used in this study
[46�], and leading to the transmission of a maternal
epigenetic mark (imprint). Similarly, for some loci,
especially those showing parent-of-origin-specific expres-
sion following fertilization, the epigenetic states estab-
lished in the female gametes may be dynamically
modified following fertilization [63,64]. For instance,
DNA methylation patterns established on the maize
ZmFIE1 and Mee1 loci in the central and egg cells,
respectively, are not maintained in the fertilization pro-
ducts [63,64].

But what could explain this epigenetic dimorphism? The
distinct transcriptional states support the different
requirements of the fertilization products on maternally
inherited information: while the endosperm strictly
requires de novo transcription, the quiescent zygote can
undergo 4–5 mitoses in the absence of active PolII [11�].
Initial quiescence in the plant zygote is reminiscent of the
situation in animals, where it is a strict requirement for
genome reprogramming and the acquisition of totipo-
tency [28]. However, releasing the quiescence in the
egg cell is not lethal for the embryo [42�]. Instead,
transient defects in patterning are observed [42�], which
could be explained by the relative robustness of the plant
genome to epigenetic perturbations, possibly mediated
by alternative epigenetic pathways [42�,65]. Thus, the
relative quiescence in the egg, possibly linked to the
selective reprogramming of maternal epigenetic infor-
mation, might fulfill additional roles. These may be
revealed in natural, ecological contexts under selective
pressures, by contrast to laboratory conditions where

history of the maternal parent does not obviously influ-
ence the offspring (at least not detectably). Finally,
epigenetic dimorphisms at the level of TE-containing
heterochromatic regions may support a similar role to that
described in the male gametophyte. In such a model, the
central cell is proposed to contribute to protecting gen-
ome integrity in the egg by producing and transporting
siRNAs reinforcing TE silencing [66,67,68]. This model
arose from combined observations made at later stage
during seed development, in the endosperm at 7–9 days
after pollination. A complex set of maternal small RNAs,
including 24nt (and not 21nt as in the pollen [9��])
siRNAs mostly targeting TEs, was found [69�] concomi-
tant with an extensive demethylation of these elements
[60]. While very attractive, this model awaits demon-
stration especially for the presence and mobility of such
small RNAs in the central cell. TEs are derepressed in
ago9 but also cmt3 mutant gametophytes [10��,42�], com-
forting the hypothesis that small RNAs may preserve
genome integrity in the egg cell. However, the expression
pattern of AGO9 also suggests that the maternal sporo-
phyte may be involved in this process [10��,25].

Concluding remarks
The past decade of research revealed exciting findings
with regard to epigenetic mechanisms controlling devel-
opmental processes specific to flowering plants: the deter-
mination of sporogenic fate late during development, the
differentiation of gametes within multicellular gameto-
phytes, and the distinction of the two female gametes
involved in double fertilization. Particularly, there seem
to be two levels of epigenetic regulation, both acting at
large-scale: one regulatory level targets euchromatic
regions where a transcriptionally repressive landscape
seems to be established during both sporogenic fate
acquisition and egg— and likely sperm—differentiation.
This is reminiscent of the quiescence in the animal germ
line and early zygote, necessary for the acquisition of
totipotency [28]. The involvement of mobile non-coding
siRNAs, contributed by the maternal sporophyte or the
sporogenic/gametophytic lineage itself, is particularly
intriguing and will surely stimulate future research in
the field. Furthermore, whether transcriptional quies-
cence during sporogenesis and gametogenesis plays a
similar role in plants and animals remains to be deter-
mined. It will be of particular interest to determine
whether the epigenetic information related to the
maternal history — and thus linked to the environment
— is maintained or reset during these phases. On the one
hand, the ability to flower acquired following vernaliza-
tion (winter-mimicking period of cold), and mediated by
the epigenetic repression of the flowering control locus
FLC, has to be reset in the new diploid generation [70–
72]. On the other hand, explaining some maternal effects
on the progeny may require the inheritance of maternally
acquired epigenetic information [73,74]; although vir-
tually nothing is known about the mechanism. The
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second level of epigenetic regulation emerging from
recent studies is the control of TEs mostly contained
in microscopically visible heterochromatic regions and
the centromeres of Arabidopsis [59]. In order to preserve
genome integrity in the developing embryo, plants seem
to sacrifice sister cells of the gametes — the accessory
vegetative cell in the pollen and possibly the central cell
in the embryo sac — which do not contribute to the next
generation. In the current model, which still awaits
demonstration, these cells produce mobile siRNAs rein-
forcing TE silencing in the gametes and possibly in the
embryo.

Finally, and on a different note, the recent findings
presented in the first section have important implications
in the understanding of apomixis, a naturally occurring
mode of asexual reproduction through seeds, involving
the production of additional unreduced gametophytes in
some plant species. Particularly, these findings are con-
sistent with the proposed epigenetic basis for the dereg-
ulation of sporogenesis and/or gametogenesis during
apomixis [29,75,76].
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