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Summary

Summary

The endosperm of flowering plants is a triploid tissue consisting of two maternal and one
paternal genomes. For this reason, tight control of gene regulation is required to maintain a
balanced parental expression. The endosperm is the main site of genomic imprinting, parent-
of-origin specific expression of alleles. Our understanding of the function and role of
imprinting in plants is still emerging and, in this thesis, genomic imprinting was investigated

in the model plant Arabidopsis using different approaches.

The AGL36-clade of the Type I MADS-box transcription factor family was thoroughly
examined and several members were identified as imprinted genes. Interestingly, most
imprinted members of the AGL36-clade did not display a seed phenotype when mutated. The
imprinting of AGL36 was conserved within investigated species of the genus Arabidopsis and
in most hybrid crosses, but imprinting was specifically lost in a hybrid between the Arabidopsis
species arenosa and thaliana. In hybrid crosses, species barriers can be erected in the
endosperm, and we show that such endosperm barriers are influenced by both environmental

and genetic factors.

The capulet? mutation was identified to be caused by a mutation in APC6, a subunit of the
anaphase promoting complex/cyclosome (APC/C). The genomic locus was verified by
transgene complementation of cap?2 and an independent apc6 T-DNA insertion mutant. APC6
was furthermore demonstrated to be a maternally expressed imprinted gene, resulting in
endosperm cellularization defects in apc6 alleles, suggesting a maternally biased role of the

APC/C in the endosperm.

To investigate the temporal and spatial resolution of imprinting in the endosperm, endosperm
nuclei were tagged with a green fluorescent protein (GFP) and isolated using fluorescence-
activated nuclear sorting (FANS). This approach allowed us to identify the dynamic regulation

of genomic imprinting in a temporal and spatial manner.

Collectively, the results in this thesis show that imprinting is more dynamic than previously
thought and provide novel hypotheses and methodology for the elucidation of the role and

function of genomic imprinting.






Introduction

Introduction

The gametes of diploid organisms possess one copy of the paternal and maternal genome that,
during fertilization, fuse to form the diploid embryo that develops into the next generation.
Which allele is transmitted from the female and male parent is the decisive factor that
determines the genotype of the offspring and this is the basis of classical Mendelian inheritance.
The field of epigenetics has allowed for the finding of several types of non-Mendelian
inheritance, including genomic imprinting. Genomic imprinting is an epigenetic phenomenon
found in the nutrient-supplying tissue surrounding the embryo in both animals and plants, the
placenta and endosperm respectively (Berger et al., 2006; Feil and Berger, 2007; Berger and
Chaudhury, 2009; Nowack et al., 2010; Luo et al., 2011).

Misregulation of genomic imprinting has been shown to be responsible for several disorders in
humans, including Angelman Syndrome (Mabb et al., 2011), Prader-Willi Syndrome (Nicholls
et al., 1989), and male infertility (Rotondo et al., 2013). Imprinted genes have also been
associated with economically important traits in mammalian livestock (Magee et al., 2014),
and selection for these traits can be enhanced by fundamental knowledge of genomic
imprinting. As such, genomic imprinting in mammals has been thoroughly studied to elucidate

the mechanisms behind this phenomenon.

The societal relevance of the study of genomic imprinting in plants lies in the importance of
the endosperm as a key source of food for the increasingly growing human population (Li and
Berger, 2012). For centuries, humans have domesticated crops to select for favorable traits,
such as seed size (Gepts, 2004). The understanding of the genetic and epigenetic regulation of
genes responsible for modulating such traits could significantly enhance crop development.
Statistical models have estimated the human population to reach a range from 7 to 11 billion
in 2100 (Vollset et al., 2020). In order to maintain a sufficient food supply for an increasing
population, it is vital that crop agriculture keeps developing to be more efficient. In this thesis,
the main focus will be on genomic imprinting in plants as a fundamental basis for elucidating

the understanding of this epigenetic phenomenon.
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Plant sexual reproduction

The life cycle of plants involves an alternation between a haploid gametophyte and diploid
sporophyte stage (Grossniklaus and Schneitz, 1998; Horst and Reski, 2016). Contrary to animal
gametogenesis the haploid products of meiosis, i.e. the male microspore and female megaspore,
undergo mitotic divisions to produce the gametes (Li and Ma, 2002). In the pollen grain, the
microspore undergoes mitosis and differentiates into the vegetative cell and the generative cell.
The larger vegetative cell exits the cell cycle and engulfs the generative cell, which then
undergoes another round of mitosis to produce two sperm cells. The vegetative cell and the two
sperm cells together form the male gametophyte (McCormick, 1993; Borg et al., 2009; Twell,
2011). In the ovule, the functional megaspore develops into the female gametophyte after three
rounds of syncytial mitosis followed by cellularization. The female gametophyte, also called
the embryo sac, consists of seven cells, two synergid cells, three antipodal cells, one egg cell,

and the homodiploid central cell (Drews et al., 1998; Yadegari and Drews, 2004).

Angiosperms, such as Arabidopsis thaliana (A. thaliana), are characterized by a double
fertilization event, which distinguishes them from gymnosperms in the seed-bearing clade
(Russell, 1992; Baroux et al., 2002). During the double fertilization event, two male gametes,
the sperm cells, fuse with two female gametes, the egg cell and central cell. The two sperm
cells travel from the stigma through the pollen tube to the embryo sac where the egg cell and
the central cell are fertilized by one sperm cell each (Hulskamp et al., 1995; Faure et al., 2002;
Berger et al., 2008). The fertilized egg cell develops into the diploid embryo (1:1
maternal:paternal; 1m:1p), whereas the fertilized central cell develops the triploid endosperm
(2m:1p). Together with the maternal sporophytic seed coat (2m:0p), the three distinct tissues

form the seed, each composed of their own unique genotype (Nowack et al., 2010).

Female gametophyte development

The female gametophyte (FG) of 4. thaliana develops according to the polygonum-type pattern
and is formed by two consecutive processes, megasporogenesis and megagametogenesis
(Reiser and Fischer, 1993). During megasporogenesis, the diploid megaspore mother cell
undergoes meiosis that gives rise to four haploid megaspores, of which three degenerate (Bajon
et al., 1999). The spatial location of each megaspore determines which one survives and in
most angiosperms this is the megaspore closest to the chalazal region (Reiser and Fischer,

1993; Cheng et al., 2013). The surviving megaspore, called the functional megaspore, then
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proceeds to megagametogenesis. Megagametogenesis (Figure 1) has been dissected into eight
stages (FG1 - FG8), where FG1 coincides with the presence of the single functional megaspore
and FGS presents the final morphology of the three-celled female gametophyte (Christensen et
al., 1997; Skinner and Sundaresan, 2018).

FG1 FG2 FG3 FG4 FG8

©

Figure 1: lllustration of gametogenesis of the female gametophyte in Arabidopsis thaliana.
Megagametogenesis is initiated with the first mitotic division of the functional megaspore and the
emergence of small vacuoles (gray) (FG2). The small vacuoles merge and form the central vacuole,
separating the two megaspore daughter nuclei (FG3) that then undergo another round of mitosis
forming a four-nucleate female gametophyte (FG4). Directly after the final round of mitosis (eight-
nucleate female gametophyte), two nuclei (one from each polar end) migrate towards the center of the
female gametophyte. Simultaneously, the remaining six nuclei start to differentiate and cellularize into
three antipodal cells (orange), the egg cell (green), and two synergid cells (blue) (FG5). The two
migrating nuclei fuse in the center and form the homodiploid nucleus of the central cell (white) (FG6).
Around this stage, the antipodal cells are presumed to begin degeneration and the four-celled female
gametophyte remains (FG7). Upon entry of the pollen tube, one of the synergid cells degenerates
(FG8). ac: antipodal cells; cc: central cell; ec: egg cell; sc: synergid cell.

The synergid cells are crucial for the guidance of the pollen tube to the ovule and the release
of sperm cells in the female gametophyte (Punwani and Drews, 2008; Kessler and
Grossniklaus, 2011; Takeuchi and Higashiyama, 2012). Upon entry, one of the synergid cells
interacts with the pollen tube, receiving its contents, after which this synergid cell degenerates
(Sandaklie-Nikolova et al., 2007; Hamamura et al., 2011; Leydon et al., 2015). While the
function of the egg cell, central cell, and synergid cells has become well understood, the
function of the antipodal cells remains elusive, although a role has been proposed in the transfer
of nutrients from the mother plant and for signaling between different compartments of the

female gametophyte (Chettoor and Evans, 2015).

Seed development

After fertilization, there is a strong coordination and molecular signaling interaction between
the endosperm, embryo, and seed coat (Nowack et al., 2010; Lafon-Placette and Kdhler, 2014;
Figueiredo et al., 2016; Ingram, 2020; Doll and Ingram, 2022). This is exemplified by several
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endosperm-specific genes, such as EMBRYO SURROUNDING FACTOR 1 (ESFI),
ABNORMAL LEAF SHAPE 1 (ALEIl), and RETARDED GROWTH OF EMBRYO 1
(RGEI)/ZHOUPI (ZOU), which have been shown to regulate embryo development (Tanaka et
al., 2001; Kondou et al., 2008; Yang et al., 2008; Costa et al., 2014). Furthermore,
cellularization of the endosperm has been shown to be important for embryo development, as
mutants of FERTILIZATION INDEPENDENT SEED 2 (FIS2) and ENDOSPERM
DEFECTIVE I (EDEI) do not undergo endosperm cellularization resulting in arrested embryo
development (Chaudhury et al., 1997; Pignocchi et al., 2009; Hehenberger et al., 2012; Lafon-
Placette and Kohler, 2014).

Following the double fertilization event, the fertilized egg cell forms the zygote, and
embryogenesis is initiated. An asymmetric division results in the precursor cells of the embryo
proper and suspensor (Goldberg et al., 1994). Crucial for embryo proper development is correct
morphologic pattern formation by additional asymmetric divisions up until the 32-cell stage,
also known as the globular stage (Moukhtar et al., 2019; Armenta-Medina et al., 2021). At the
same time, the suspensor differentiates, connects the embryo proper with the maternal tissue
for nutrient transfer, and positions the embryo proper into the endosperm (Kawashima and
Goldberg, 2010; Babu et al., 2013). The suspensor undergoes programmed cell death upon
further maturation of the embryo proper (Bozhkov et al., 2005). At the two sides of the embryo,
periclinal divisions result in the growth of the cotyledons and this marks the transition of the
embryo from globular to heart stage (Bosca et al., 2011). The cotyledons keep growing until

the maturation stage and the embryo enters dormancy.

While the embryo continuously develops, the endosperm has three distinct phases: the syncytial
phase, the cellular phase, and the maturation phase (Berger et al., 2006). During the syncytial
phase, endosperm nuclei divide without cell division (Brown et al., 2003; Li and Berger, 2012).
The initial divisions are synchronous and subsequently regions are established as asynchronous
nuclear division patterns develop (Figure 2a) (Brown et al., 2003; Boisnard-Lorig et al., 2001;
Picard et al., 2021). When the embryo reaches the globular stage, the cellular phase is initiated.
Cellularization of the endosperm starts at the micropylar region and gradually progresses
towards the chalazal endosperm (Brown et al., 1999; Boisnard-Lorig et al., 2001; Hehenberger
etal., 2012).
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Figure 2: lllustration of seed compartments during the syncytial and cellularized stage of the
endosperm. The seed consists of the seed coat (brown), (green), and the endosperm. a) At the
syncytial stage, the endosperm nuclei (gray) form the micropylar (yellow), the peripheral (red) and the
chalazal (orange) regions at the onset of asynchronous nuclear division. b) At the cellularized stage,
the endosperm nuclei differentiate further into the embryo surrounding region (yellow), the developing
aleurone layer (red), the chalazal endosperm (orange) and the central endosperm (blue).

Cell walls are formed in a periclinal manner until the endosperm is completely cellularized,
except for the chalazal endosperm which never cellularizes (Berger, 2003; Olsen, 2004). The
final maturation phase encompasses seed coat rupture by the embryo during germination and
the transition from nutrients supplied by the mother plant to nutrient uptake by the embryo
itself (Dominguez and Cejudo, 2014). Besides morphological differences, the syncytial and
cellular phases also have distinct functions. The syncytial phase is characterized by the
accumulation and storage of nutrients coming from the mother plant, and the cellular phase is
characterized by a gradual degradation of the endosperm, which releases the previously stored
nutrients as provision for the embryo (Nowack et al., 2010). This is often referred to as a sink-
source switch, where the endosperm initially acts as a nutrient sink and eventually becomes the
source of nutrients for the embryo until it is completely absorbed (Li and Berger, 2012; Lafon-

Placette and Kohler, 2014).

Endosperm cellularization

During cellularization, the endosperm undergoes cell differentiation resulting in various
subregions (hereafter referred to as domains) within the endosperm (Figure 2b) and it has
become evident that gene expression is uniquely different for each domain (Brown et al., 1999;
Boisnard-Lorig et al., 2001; Belmonte et al., 2013; Del Toro-De Leon and Kéhler, 2019; Picard
etal., 2021).
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The chalazal endosperm, located directly at the interface with the maternal tissue, distinguishes
itself from the rest of the endosperm as it remains in a syncytial state and is thought to be the
entry point into the endosperm for nutrients coming from the mother plant (Nguyen et al., 2000;
Olsen, 2004). Detailed microscopic analyses revealed two morphologically distinct types of
tissue present in the chalazal endosperm, nodules and cysts (Nguyen et al., 2000; Olsen, 2004).
The chalazal nodules are large multinucleate regions that localize at the border of the chalazal
endosperm. The chalazal cysts are dense polyploid regions that localize adjacent to the
maternal tissue (Baroux et al., 2004). Transcriptome analysis revealed that these two tissues,
which are not separated by cell walls or cell membranes, have distinct expression profiles
(Picard et al., 2021). Furthermore, the chalazal cyst showed enrichment for expression of genes
involved in phloem sucrose unloading, consistent with the predicted function, i.e. nutrient

transfer from the mother (Picard et al., 2021).

The embryo surrounding region (ESR) (Opsahl-Ferstad et al., 1997) consists of endosperm
cells located close to the developing embryo and therefore has an important role in embryo-
endosperm molecular communication (Yang et al., 2008; Doll et al., 2020). Additionally, the
cuticle, a hydrophobic barrier between the embryo and endosperm that protects the embryo and
later the seedling from water loss, is formed under the control of the ESR (Tanaka et al., 2001).
After cellularization, and after degradation of the suspensor, cells of the ESR region start to
undergo programmed cell death which releases the stored nutrients for uptake by the
developing embryo (Denay et al., 2014; Van Hautegem et al., 2015). Endosperm cells in the
central endosperm that are adjacent to the ESR gradually become part of this domain as the

embryo grows and requires supplemental nutrients (Van Hautegem et al., 2015).

The developing aleurone layer (DAL) is the only endosperm region which does not undergo
programmed cell death during embryo development (Dominguez and Cejudo, 2014; Van
Hautegem et al., 2015). In mature, dormant seeds, the aleurone layer has been shown to be

crucial in maintaining dormancy (Debeaujon et al., 2000; Bethke et al., 2007).

Several genes have been identified to be important for endosperm cellularization, as mutants
of these genes show disrupted cellularization. This includes borgia (Guitton et al., 2004), agl62
(Kang et al., 2008), and members of the FIS-Polycomb Repressive Complex 2 (FIS-PRC2)
complex (Grossniklaus et al., 1998; Luo et al., 1999; Ohad et al., 1999; Kohler et al., 2003a)

Failed endosperm cellularization results in embryo abortion (Scott et al., 1998; Hehenberger et
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al., 2012; Wolff et al., 2015). Interestingly, in interspecific crosses the establishment of a post-
zygotic hybrid barrier shows a disrupted endosperm cellularization phenotype, connecting the
endosperm as the origin of this barrier (Lafon-Placette et al., 2017). To identify disrupted
cellularization patterning, endosperm markers have been used, such as the enhancer trap
marker line KS117 (Ingouff et al., 2005) and members of the MADS-box TF family (Bemer et
al., 2010). Altogether, endosperm cellularization is crucial for embryo development and

hybridization and therefore understanding how this process is regulated is essential.

Female gametophyte maternal effects

Development of the embryo and endosperm is influenced by maternal effects, a phenomenon
also observed in animals (Johnston et al., 1992; Colombo et al., 1997; Chaudhury and Berger,
2001; Baroux et al., 2008). Maternal effects refer to genetic and environmental factors the
mother is subjected to that only influence the offspring. For example, the growth temperature
of the mother plant influences the seed germination of the offspring, irrespective of the
genotype (Nguyen et al., 2021). A special type of maternal effect, the gametophytic maternal
effect, has been identified where genes are expressed in the egg cell and central cell, but the
gene products (transcripts or proteins) only affect the zygote, endosperm, or both (Luo et al.,
2014). Regarding the zygote, the extent of gametophytic maternal effects has been
controversial. It has been proposed that in the early stages after fertilization, embryogenesis is
under full maternal control through maternal transcripts deposited in the egg cell (Vielle-
Calzada et al., 2000; Grimanelli et al., 2005). However, this has been largely contradicted by
the finding of immediate de novo transcription of the paternal genome after fertilization
(Weijers et al., 2001; Nodine and Bartel, 2012). How large the exact contribution of maternally
deposited products is on embryogenesis remains to be determined. In the endosperm, however,
gametophytic maternal effects could also be explained by genomic imprinting, but it remains
challenging to determine the origin of transcripts directly after fertilization, i.e. if it is maternal

carry-over or if it is de novo transcription (Evans and Kermicle, 2001).

Attempts to investigate female gametophyte maternal effects have been made using mutants
that in a heterozygous state progress normally through female gametophyte development and
double fertilization, but display a seed mutant phenotype. This has identified various
gametophyte maternal effect mutants in A. thaliana that show defects in embryo development

(Ray et al., 1996; Li et al., 2021) and mutants that show defects in both embryo and endosperm
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development (Grini et al., 2002; Pagnussat et al., 2005). Furthermore, female gametophyte
maternal effect mutants have also been detected in maize where distorted development was
observed in only the endosperm (Gavazzi et al., 1997; Gutiérrez-Marcos et al., 2006), or in
both the endosperm and the embryo (Evans and Kermicle, 2001), and in rice with defective
endosperm development (Liu et al., 2018b). In most of these mutants, except baseless 1 (bslI)
(Gutiérrez-Marcos et al., 2006), female gametophyte development showed no disruption, and

defects in endosperm development were observed only after fertilization.

Heterozygous individuals from this class of mutants do not follow traditional Mendelian
segregation (3:1) since half of the offspring will be affected (1:1) and homozygous offspring
are rarely detected (Yadegari and Drews, 2004). This feature can significantly assist in the
identification of female gametophyte maternal effect mutants using linkage-based screening,
where segregation of linked markers (using visible mutant markers or antibiotic resistance
markers) is affected (Feldmann et al., 1997; Bonhomme et al., 1998; Howden et al., 1998; Grini
et al., 1999).

Genomic imprinting

Since the endosperm has an important function in seed development and an unbalanced
parental allelic contribution, gene expression of each parental allele must be tightly regulated
(Barton et al., 1984; Birchler, 1993). Genomic imprinting has been shown to regulate gene
expression in a parent-of-origin specific manner. This is achieved by epigenetic modification
of an allele based on its parental origin through DNA methylation or modification of histone
tails established in the gametes (Rodrigues and Zilberman, 2015; Montgomery and Berger,
2021). Although genomic imprinting is classically described as epigenetic silencing of parental
alleles, more evidence is emerging that most imprinted genes are not exclusively expressed
from one allele but show preferential parental biased expression (Gehring et al., 2011; Hsieh
etal., 2011; Satyaki and Gehring, 2017; Del Toro-De Leon and Kdéhler, 2019; Hornslien et al.,
2019; Picard et al., 2021).

Over the last two decades, a large number of imprinted genes have been identified in various
species, but imprinting has been primarily limited to flowering plants and mammals. The
endosperm is analogous to the mammalian placenta, and it is postulated that imprinting has

evolved convergently in species with a placental habit (Feil and Berger, 2007; Pires and
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Grossniklaus, 2014). In mammals, imprinted genes are commonly involved in growth control,
where paternally expressed genes (PEGs) stimulate growth and maternally expressed genes
(MEGs) repress growth (Leighton et al., 1995). In plants, the function of imprinted genes
remains largely elusive (Batista and Kohler, 2020). While imprinting in plants has been shown
to be primarily confined to the endosperm, some genes have been found that display parent-of-
origin preferential gene expression in the embryo of maize (Jahnke and Scholten, 2009; Waters
etal., 2011; Zhang et al., 2011) and rice (Luo et al., 2011). Also in A. thaliana, various studies
have suggested parent-of-origin specific gene expression in the embryo (Nodine and Bartel,
2012; Raissig et al., 2013; Pignatta et al., 2014; Alonso-Peral et al., 2017). However, genomic
imprinting in the embryo remains controversial, as profound contamination from other tissues

has been reported in embryo transcriptome datasets (Schon and Nodine, 2017).

In plants, the functional importance of genomic imprinting is not readily evident from mutant
studies, as most imprinted gene mutants are not affected in seed development (Masiero et al.,
2011; Shirzadi et al., 2011; Berger et al., 2012; Wolff et al., 2015). The lack of distorted seed
phenotypes makes it challenging to study the function and role of genomic imprinting.
Additionally, imprinted genes are difficult to distinguish from gametophyte parental effect
genes as it is difficult to determine the origin of transcripts. Even though parental effect genes
and imprinted genes appear to have similar outcomes, they are distinct genetic phenomena
(Wolf and Wade, 2009). Parental effect genes are expressed in the gametes and the transcripts
affect endosperm and embryo development post-fertilization, whereas imprinted genes result
in parent-of-origin specific de novo expression after fertilization. Furthermore, imprinting is
not always conserved between or within species (Wolff et al., 2011; Waters et al., 2013;
Klosinska et al., 2016; Gehring and Satyaki, 2017; Pignatta et al., 2018; Hornslien et al., 2019),

complicating the study to elucidate the evolutionary origin of genomic imprinting.

Evolutionary origin of genomic imprinting

Several theories have been raised to explain the evolutionary origin and function of genomic
imprinting (Montgomery and Berger, 2021), and each of these hypotheses can identify one or
more supporting examples of imprinted genes. This could suggest that imprinting of different
genes has different selective pressures and different evolutionary origins (Patten et al., 2014;

Rodrigues and Zilberman, 2015; Sazhenova and Lebedev, 2021).
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The most distributed theory is the parental conflict or kinship hypothesis (Haig and Westoby,
1989; Haig, 2014), which proposes that parental alleles have different interests regarding their
offspring. PEGs often encode proteins that stimulate growth, whereas MEGs encode proteins
that limit nutrient allocation to the individual offspring, allowing reservation of nutrients for
future offspring as well as of offspring siblings. The paternal allele aims for the survival of its
single offspring, whereas the maternal allele wants to ensure that all the offspring of the mother
plant survive. There are some differences between mammals and flowering plants regarding
the application of the parental conflict theory. Although imprinting in mammals is mostly
observed in the placental tissue, it is hypothesized that embryonic gene expression is the driving
force for maternal nutrient acquisition in mammals (Moore and Haig, 1991), while the
endosperm is mainly responsible for this in plants. Furthermore, the parental conflict theory is
best applied when genes are expressed monoallelically, which is often observed in mammals
(Babak et al., 2015; Hanna, 2020), but in contrast with observations in plants, where most

imprinted genes show parentally biased expression (Hornslien et al., 2019).

A different perspective on genomic imprinting is provided by the gene dosage theory, which
states that imprinting is merely a mechanism to regulate gene dosage levels (Dilkes and Comai,
2004; Ferguson-Smith, 2011). While the parental conflict theory heavily relies on natural
selection, the gene dosage theory explains imprinting to be a more dynamically controlled
regulatory mechanism, allowing different gene dosage levels to be required at different
timepoints or tissues. In mammals, this theory is supported by the finding of timepoint-specific
and tissue-specific dynamic regulation of imprinting of DELTA-LIKE HOMOLOGUE 1
(DLK1) and INSULIN-LIKE GROWTH FACTOR?2 (IGF?2) respectively (DeChiara et al., 1991;
Ferron et al., 2011). In plants, it has become apparent that most imprinted genes are not
exclusively expressed from one allele but often show preferential parental expression favoring
the explanation that gene dosage is regulated (Hornslien et al., 2019). Furthermore, in the
triploid endosperm, maintenance of a correct balance in parental gene dosage levels has been
shown to be important for seed development (Birchler, 1993; Leblanc et al., 2002; Lafon-
Placette et al., 2017). In contrast, inducing imbalanced parental expression by generating
triploid Arabidopsis embryos that mimic the endosperm genotype (2m:1p), did not evolve
imprinting of these genes (Fort et al., 2017), indicating that tight parental dosage is less
important for the embryo than for the endosperm and that regulation of balanced parental gene

dosage levels might be tissue-specific.
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Contrasting the gene dosage theory and parental conflict theory, which propose imprinting to
have a developmental advantage, the transposon defense theory (Barlow, 1993; McDonald et
al., 2005) explains imprinting as a side-effect from the silencing of transposable elements (TEs)
and not directly related to natural selection (Chan et al., 2005; Gehring et al., 2009). As
transposons insert themselves into new locations in the genome, DNA methylation pathways
are activated to silence these elements. A side-effect of this form of TE silencing is that closely-
located genes or gene regulatory sequences also become methylated. Interestingly, many
imprinted genes are known to be flanked by TEs providing strong evidence that their imprinting
pattern is caused by this mechanism (Gehring et al., 2009; Hsieh et al., 2009; Batista et al.,
2019). However, imprinted genes that do not have TEs proximally located are not readily

explained by this theory.

Regulatory mechanisms of genomic imprinting

In eukaryotic cells, the DNA is wrapped around a histone octamer, forming the unit of the
nucleosome. The histones are composed of two copies of histone 2A (H2A), H2B, which form
heterodimers, H3 and H4, which form homodimers, and together they form the octamer
(McGinty and Tan, 2015). The N-terminus of histone proteins (histone tails), situated outside
the nucleosome core particle, is accessible for post-translational modifications. Histone tail
acetylation is associated with gene expression and histone tail methylation can result in both
an active and repressive state of gene expression (Pecinka et al., 2020). The nucleosomal DNA
itself is also susceptible to epigenetic modifications, which are associated with gene silencing
in the canonical form of DNA methylation (Newell-Price et al., 2000). Both DNA methylation
and histone modifications contribute to nucleosome dynamics that modulate the accessibility
of genes for transcription. Because of their contribution to this process, both DNA methylation
and histone tail methylation (Figure 3), have been linked to genomic imprinting (Law and

Jacobsen, 2010; Batista and Kohler, 2020).
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Figure 3: lllustration of the epigenetic mechanisms to regulate genomic imprinting. RNA-directed
DNA Methylation (RdDM) utilizes small RNAs to guide de novo methylation of DNA in all sequence
contexts by DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2). The origin of these small
RNAs differs between canonical (RNA POLYMERASE 1IV; PollV) and non-canonical (RNA
DEPENDENT RNA POLYMERASE; RDR6) RdDM. DNA METHYLTRANSFERASE 1 (MET1) is
primarily responsible for maintaining CG methylation and the FIS-PRC2 complex mediates histone 3
lysine 27 trimethylation (H3K27me3). Figure adapted from Hornslien et al., 2019.

DNA methylation in genomic imprinting

DNA methylation comprises two different classes, de novo and maintenance methylation, and
is performed by DNA methyltransferases. Methylation profiles are maintained on the newly
replicated daughter strand based on hemimethylated profiles on the template strand. Several
DNA methyltransferases have been described in A. thaliana, of which some have been shown
to act partially redundant (Zhang and Jacobsen, 2006). In most cases, methylation marks are
established on cytosine, producing 5-methylcytosine (5mC), and the sequence context
determines which cytosines are targeted by the different DNA methyltransferases (Feng et al.,
2010). In plants, DNA METHYLTRANSFERASE1 (MET1), the plant homolog to DNA
(CYTOSINE-5)-METHYLTRANSFERASE 1 (DNMT1) of mammals, is the main
maintenance DNA methyltransferase responsible for maintaining methylation of CG sites and
is often linked to imprinting (Finnegan and Dennis, 1993; Law and Jacobsen, 2010). In A.
thaliana, three METI paralogs, MET2a, MET2b, and MET3, have been identified, of which
MET2a and MET2b show expression in the central cell but their function remains largely
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unknown (Jullien et al., 2012). Recently, it has been shown that met3 mutants only slightly
affect the seed transcriptome (Tirot et al., 2022).

However, MET1 is active almost ubiquitously throughout the plant life cycle and consequently,
maternally expressed imprinted genes are by default methylated and silenced (Gehring and
Satyaki, 2017). For these genes to be expressed in a parent-of-origin specific manner, active
demethylation of the DNA needs to occur. This can be achieved by DNA glycosylase enzymes
that remove and replace a methylated cytosine with an unmethylated cytosine through the base
excision repair system (Lindahl, 1986). In the central cell, the DNA glycosylase DEMETER
(DME) mediates the demethylation of the maternal allele (Choi et al., 2002). Furthermore,
passive demethylation is mediated through reduced DNA methylation by MET1. The
expression of MET] is repressed by a complex of MULTICOPY SUPPRESSOR OF IRA 1
(MSI1) and RETINOBLASTOMA RELATED 1 (RBR1) (Jullien et al., 2008), and the genes
for both proteins are highly expressed in the central cell (Kohler et al., 2003a; Ingouff et al.,
2006). DME is mainly expressed in the central cell, making it specific for demethylation of the
maternal allele (Schoft et al., 2011; Ibarra et al., 2012). It is thought that MEGs are mainly
regulated by the joint action of DME and MET1, i.e. maintenance of methylation of the paternal
allele by MET1 in the sperm cell and demethylation of the maternal allele by DME in the
central cell, and several imprinted genes have been shown to regulated by DME/MET]I,
including FLOWERING WAGENINGEN (FWA) (Kinoshita et al., 2004) and FIS2 (Jullien et
al., 2006). More recently, however, it has been shown that met/ mutants do not sufficiently
restore the paternal expression of most MEGs (Hornslien et al., 2019), questioning the

universal application of the hypothesis.

In addition to the MET DNA methyltransferases, plants possess a class of plant-specific DNA
methyltransferase (chromomethylases; CMT) (Stroud et al., 2014), of which CMT3 is
responsible for maintaining DNA methylation at CHG (where H is A, C, or T) sites (Lindroth
et al., 2001) and CMT2 de novo methylates DNA in a CHH sequence context (Zemach et al.,
2013). Although they are responsible for DNA methylation, CMT2 has not yet been
investigated in connection to genomic imprinting and CMT3 has, when investigated, not been
found to be involved in genomic imprinting (Shirzadi et al., 2011; Moreno-Romero et al.,
2019). A third chromomethylase, CMT1, has been found in the 4. thaliana genome but is
predicted to be nonessential, as inactive loci have been detected in various 4. thaliana ecotypes

(Henikoff and Comai, 1998). An interesting and novel role for CMT3 to establish de novo
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methylation that can be maintained by MET1 is emerging (Wendte et al., 2019; Papareddy et
al., 2021). The CMT3-lacking angiosperm species Eutrema salsugineum was transformed with
the CMT3 gene of A. thaliana (AtCMT3), which was able to establish de novo DNA
methylation on gene bodies specifically of A. thaliana orthologs (Wendte et al., 2019). While
CHG methylation by CMT3 is guided by histone H3 lysine nine dimethylation (H3K9me2)
(Bernatavichute et al., 2008; Du et al., 2012; Stroud et al., 2014), de novo methylation by CMT3
showed no prior DNA or histone methylation marks (Wendte et al., 2019). The importance of
CMT3-directed de novo methylation of gene bodies in regards to genomic imprinting is yet to

be determined.

Histone modification in genomic imprinting

The tails of histones are susceptible to epigenetic modifications that dynamically alter the state
of chromatin and the main modification correlated to genomic imprinting is histone tail
methylation. This is generally considered the main mechanism to silence the maternal allele of
PEGs. The histone tail methylation is performed by members of the PRC2 family, a complex
consisting of four core subunits that are highly conserved between animals and plants (Kohler
and Hennig, 2010). PRC2 catalyzes the trimethylation of histone 3 at the amino acid lysine 27
position (H3K27me3), commonly associated as a repressive mark of gene expression
(Margueron and Reinberg, 2011). In plants, it has been shown that PRC2 can be recruited by
various transcription factor families to specific loci on the genome (Xiao et al., 2017; Zhou et
al., 2018). Plants contain multiple genes that encode partially redundant subunits which can
combine in various configurations to target different sets of genes (Chanvivattana et al., 2004;
Makarevich et al., 2006). The nucleosome binding subunit FIS2 forms a protein complex that
is known as FIS-PRC2 (Luo et al., 1999; Kohler and Hennig, 2010). The methylation of
histones in FIS-PRC2 is mediated by the H3K27me3 methyltransferase subunit MEDEA
(MEA) (Grossniklaus et al., 1998; Kiyosue et al., 1999; Chanvivattana et al., 2004), which has
been shown to be dependent of FERTILIZATION INDEPENDENT ENDOSPERM (FIE), a
subunit present in all PRC2 complexes (Ohad et al., 1999). The last core subunit consists of
one of five WD40-containing nucleosome remodeling proteins: MSI1-5 (Kohler et al., 2003a).

The FIS-PRC2 complex, a combination of MEA, FIS2, FIE, and MSI1 (Spillane et al., 2000;

Yadegari et al., 2000; Kohler et al., 2003a), has been shown to silence the maternal allele of

paternally expressed genes in the central cell and as such, is involved in the regulation of
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genomic imprinting (Gehring, 2013). Interestingly, genes encoding for several PRC2 subunits,
including FIS2, FIE, and MEA, are imprinted themselves (Kinoshita et al., 1999; Luo et al.,
2000). It is therefore not surprising that mutants of PRC2 subunits show distinct phenotypes in
the female gametophyte and the developing seed (Grossniklaus et al., 1998; Luo et al., 2000;
Spillane et al., 2000; Vinkenoog et al., 2000; Hehenberger et al., 2012). The major example of
a paternally expressed gene for which imprinting of the maternal allele is regulated by FIS-
PRC2, is PHERESI (PHEI), as mutants of FIS-PRC2 subunits show reactivation of the PHE]
maternal allele (Kohler et al., 2005). The current hypothesis for the imprinting of PEGs is that
the DNA of the maternal allele is hypomethylated and can therefore be targeted by FIS-PRC2
for trimethylation of H3K27. At the same time, the DNA of the paternal allele is
hypermethylated and thus avoids receiving the silencing H3K27me3 mark (Rodrigues and
Zilberman, 2015; Moreno-Romero et al., 2016). This dual mechanism of DNA methylation
and histone methylation has been shown to regulate the imprinting of PHE! (Makarevich et
al., 2008). While mammals globally remove histone epigenetic marks in the sperm (Braun,
2001), this is not the case for plant sperm cells (Borg and Berger, 2015). Similarly, DNA
methylation marks are not erased from the entire plant genome (Calarco et al., 2012), but they
are completely erased in mammalian sperm (Reik et al., 2001). Interestingly, it has become
apparent that histones are specifically targeted for reprogramming of epigenetic marks in the
male gametophyte (Borg et al., 2020). This process could elaborate more on how gene-specific

histone-mediated silencing is alleviated by active histone reprogramming in the male gamete.

RNA-directed DNA Methylation

The RNA-directed DNA Methylation (RdADM) pathway is an elaborate plant-specific
mechanism to de novo methylate DNA. The role of RADM in various regulatory aspects has
been well described (Matzke and Mosher, 2014; Borges and Martienssen, 2015; Cuerda-Gil
and Slotkin, 2016; Wendte and Pikaard, 2017; Erdmann and Picard, 2020; Petrella et al., 2021),
including genomic imprinting, and more genes are being identified to be imprinted by this
pathway (Vu et al., 2013; Hornslien et al., 2019; Iwasaki et al., 2019; Kirkbride et al., 2019;
Long et al., 2021).

Site-specific de novo DNA methylation, guided by small RNAs and irrespective of DNA

sequence  context, can be  established by DOMAINS REARRANGED
METHYLTRANSFERASE 2 (DRM2) (Cao et al., 2000; Matzke and Mosher, 2014; Stroud et
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al., 2014; Erdmann and Picard, 2020; Harris and Zemach, 2020). The 4. thaliana genome
harbors two DRM?2 homologs, DRM1 and DRM3, of which DRM shares a high similarity with
DRM? and they are potentially acting redundantly (Cao et al., 2000; Cao and Jacobsen, 2002).
Interestingly, DRM1 is only expressed in the egg cell, whereas DRM? is also expressed in the
central cell suggesting that DRM1 does not participate in establishing imprinting in the
endosperm (Jullien et al., 2012). Furthermore, DRM3 has been shown to only moderately affect
DNA methylation (Henderson et al., 2010; Costa-Nunes et al., 2014; Zhong et al., 2015).

Based on the origin of the small RNAs, RADM can be classified into two main pathways,
referred to as canonical and non-canonical RADM (Erdmann and Picard, 2020). In canonical
RdDM, RNA polymerase IV (PollV) transcribes small interfering RNA (siRNA) precursors.
After transcription, the siRNA precursors are processed by RNA-DEPENDENT RNA
POLYMERASE 2 (RDR2) into double-stranded RNA (Law et al., 2011; Haag et al., 2012)
followed by cleavage into 24-nucleotide (nt) siRNA-duplexes by DICER-LIKE 3 (DCL3) (Qi
et al., 2005; Blevins et al., 2015). One of the siRNA strands is then loaded into ARGONAUTE
(AGO) proteins of the AGO4-clade (AGO4, AGO6, and AGO9) (Qi et al., 2006; Wierzbicki
et al., 2009; Havecker et al., 2010).

In non-canonical RADM, siRNAs of different sizes (21, 22, or 24 nt) and origins than the
canonical RADM pathway are included (Cuerda-Gil and Slotkin, 2016). This includes the
RDR6-RdADM pathway where RNA polymerase II (Polll) transcripts are made double-stranded
by RNA-DEPENDENT RNA POLYMERASE 6 (RDR6). These duplex siRNA precursors can
be cleaved by DICER-LIKE 2/4 (DCL2/4) to produce 21-22 nt siRNAs that are loaded into
AGO4 or AGO6 (Allen et al., 2005; Nuthikattu et al., 2013). Furthermore, a DICER-
independent pathway has been described (Yang et al., 2016; Ye et al., 2016), and other non-
canonical RADM pathways have been suggested but are not well characterized. It is likely that
siRNAs can also originate from other, currently unknown, mechanisms (Cuerda-Gil and

Slotkin, 2016).

While the origin of siRNAs differs for both RADM pathways, they are guided to the genome
similarly. RNA polymerase V (PolV) is recruited to methylated DNA by SU(VAR)3-9
homologs 2 and 9 (SUVH2 and SUVHY respectively) (Johnson et al., 2014; Liu et al., 2014)
or to unmethylated DNA through AGO proteins guided by siRNAs (Sigman et al., 2021). The

PolV-produced RNAs are proposed to act as scaffolds for the canonical and non-canonical
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generated siRNA-AGO complexes (Wierzbicki et al., 2008; Bohmdorfer et al., 2016), which
in turn recruit DRM2 to methylate the DNA on-site (Cao and Jacobsen, 2002; Zhong et al.,
2014). Interestingly, AGO4 has also been proposed to mediate de novo methylation through
siRNA-independent recruitment of RADM components (Gallego-Bartolomé et al., 2019).

The RdADM pathway has mainly been shown to mediate silencing of TEs (Huettel et al., 2006;
Mirouze et al., 2009; Nuthikattu et al., 2013; Zemach et al., 2013; Sigman and Slotkin, 2016;
Erdmann and Picard, 2020), however, parent-of-origin specific small RNA profiles have
suggested a direct link between RADM and genomic imprinting (Mosher et al., 2009; Pignatta
et al.,, 2014; Erdmann et al., 2017). Indeed, mutational analysis of members of the RA(DM
pathway indicated that RADM silenced the paternal allele of two maternally expressed genes
(Vuetal., 2013; Hornslien et al., 2019), and in a different study, the maternally expressed gene
AGL36 was shown to be upregulated, suggesting a role of RADM in regulating this imprinted
locus (Lu et al., 2012). Since then, numerous instances of RdDM-mediated imprinting of
parental alleles have emerged (Iwasaki et al., 2019; Kirkbride et al., 2019). Furthermore, the
antagonistic interaction between active demethylation by REPRESSOR OF SILENCING 1
(ROS1) and DNA methylation by the RADM pathway has been shown, where ROSI is
suggested to prohibit the spread of DNA methylation from methylated TEs (Tang et al., 2016).
Moreover, ROS1 has been shown to regulate demethylation of the paternal allele of DOG-
LIKE 4 (DOGLA4) as protection against hypermethylation and imprinting of the paternal allele
(Zhu et al., 2018). These findings suggest that RADM-mediated DNA methylation and ROS1-

mediated demethylation dynamically regulate parent-of-origin specific gene expression.

Identification of imprinted genes

The first identified imprinted gene in flowering plants, MEA, was initially found as a female
gametophyte maternal effect mutant where embryo and endosperm development was affected
(Grossniklaus et al., 1998) and in a later study, MEA was found to be imprinted (Vielle-Calzada
et al., 1999). As MEA was shown to be imprinted, other core components of the FIS-PRC2
complex were investigated, identifying FIS2 (Luo et al., 2000; Jullien et al., 2006) as a
maternally expressed imprinted gene. Furthermore, real-time polymerase chain reaction (RT-
PCR) analysis of genes regulated by the FIS-PRC2 complex identified PHEI as the first
paternally expressed imprinted gene (Kohler et al., 2003b; Kohler et al., 2005). Furthermore,

analysis of mutants with a flower phenotype for parent-of-origin specific expression identified
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FWA as an imprinted gene (Kinoshita et al., 2004). Then, the focus shifted towards the
identification of imprinted genes by microarray analysis of crosses with misregulated parental
genome balances, which identified MATERNALLY EXPRESSED PAB C-TERMINAL (MPC)
(Tiwari et al., 2008) and AGL36 (Shirzadi et al., 2011) as novel maternally expressed genes.

The advent of high throughput sequencing has enhanced the identification of imprinted genes
in many species. This has resulted in a large number of parent-of-origin transcriptome analyses
in A. thaliana (Gehring et al., 2011; Hsieh et al., 2011; Shirzadi et al., 2011; Wolffet al., 2011;
Pignatta et al., 2014; Del Toro-De Le6n and Kdhler, 2019; Picard et al., 2021) and other species
including A. lyrata (Klosinska et al., 2016), Brassica napus (Liu et al., 2018a; Rong et al.,
2021), Brassica rapa (Yoshida et al., 2018), Capsella rubella (Hatorangan et al., 2016; Lafon-
Placette et al., 2018), maize (Jahnke and Scholten, 2009; Waters et al., 2011; Zhang et al.,
2011; Waters et al., 2013; Zhang et al., 2014), rice (Luo et al., 2011; Rodrigues et al., 2013;
Yuan et al., 2017; Yang et al., 2020), wheat (Yang et al., 2018), sorghum (Zhang et al., 2016),
and tomato (Florez-Rueda et al., 2016; Roth et al., 2018; Florez-Rueda et al., 2021).

However, the overlap in identified imprinted genes is rather scant between species, (Waters et
al., 2013; Hatorangan et al., 2016; Klosinska et al., 2016; Gehring and Satyaki, 2017) and also
between accessions of the same species (Wolff et al., 2011; Pignatta et al., 2018; Hornslien et
al., 2019), questioning the conservation of genomic imprinting (Schon and Nodine, 2017,
Hornslien et al., 2019). Furthermore, the number of identified MEGs and PEGs remains
disputed due to the detection of widespread contamination from the surrounding tissues (Schon
and Nodine, 2017). In several endosperm-specific transcriptome datasets of genomic
imprinting, substantial seed coat contamination was detected. Due to the genetic nature of the
seed coat, i.e. it is diploid and of maternal origin, contamination from this tissue significantly
biases expression values towards maternal origin and therefore false positive MEGs are prone
to emerge. Also, an important aspect that is often not addressed, is the variability in
experimental conditions between studies, such as accession and seed developmental stage,
which have shown to influence the identification of imprinted genes (Wolff et al., 2011; Xin et

al., 2013; Pignatta et al., 2014; Pignatta et al., 2018).

To overcome potential contamination from other tissues in the seed, various strategies have
been developed to perform endosperm-specific transcriptome analysis devoid of seed coat and

embryo contamination. The isolation of nuclei tagged in specific cell types (INTACT) method
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allows extraction of tissue-specific nuclei via biotin tagging (Deal and Henikoft, 2011). This
has been applied to isolate endosperm-specific nuclei and subsequently used for allele-specific
expression analysis (Del Toro-De Ledn and Kohler, 2019). In a different approach, 4,6-
diamidino-2-phenylindole (DAPI)-stained endosperm-specific nuclei were isolated, based on
ploidy, by Fluorescence-Activated Nuclear Sorting (FANS) for endosperm transcriptome
analyses (Picard et al., 2021). Furthermore, FANS-sorted endosperm nuclei were analyzed for
allele-specific expression to identify genomic imprinting without contamination, showing that

parent-of-origin specific expression can be specific to endosperm regions (Picard et al., 2021).

Genomic imprinting and hybridization

In hybridization, two genetically distinct but closely related species reproduce to generate a
hybrid, potentially resulting in the generation of a new species. Natural selection can generate
a new hybrid species that has higher fitness than either parent and this can lead to the parent
species becoming extinct (Rieseberg and Willis, 2007; Coughlan and Matute, 2020). Species
have evolved various strategies in order to prevent hybridization and maintain species integrity.
One such measure is the erection of a seed-based post-zygotic hybrid barrier, where a hybrid
fertilization product is formed but is not viable, due to distorted endosperm development

(Lafon-Placette et al., 2017; Coughlan and Matute, 2020).

When two individuals of the same species but with different ploidies (e.g. diploid and
tetraploid) hybridize, a post-zygotic barrier known as the triploid block is established, leading
to distorted endosperm development and eventually seed abortion (Scott et al., 1998; Kohler et
al., 2021). In crosses with a higher ploidy species as the male parent (known as paternal excess),
the endosperm often shows a delay in endosperm cellularization. In contrast, when the female
parent is of a higher ploidy species (known as maternal excess), the endosperm often shows
precocious endosperm cellularization (Scott et al., 1998; Sekine et al., 2013). This has led to
the theory that the endosperm has an effective ploidy that is species-specific and irrespective

of its actual ploidy, called the endosperm balance number (EBN) (Johnston et al., 1980).

Also, during interspecific hybridization, a post-zygotic barrier can erect, resulting in defects in
endosperm development (Burkart-Waco et al., 2012; Rebernig et al., 2015; Florez-Rueda et al.,
2016; Lafon-Placette et al., 2017; Tonosaki et al., 2018; Wang et al., 2018). This is

demonstrated by interspecific hybridization of 4. lyrata and A. arenosa where crosses of
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individuals with a similar ploidy resulted in disrupted endosperm cellularization (Muir et al.,
2015). Interestingly, increasing the ploidy of A. lyrata was sufficient to bypass this barrier,
suggesting that the post-zygotic barrier between 4. arenosa and A. lyrata is due to a different

EBN for these species (Lafon-Placette et al., 2017).

A putative role of genomic imprinting has been suggested in the erection of interspecific post-
zygotic hybrid barriers (reviewed in Kohler et al., 2021). As the endosperm consists of a
delicately balanced parental dosage (2m:1p), interploidy hybridization disrupts this balance
resulting in misregulated parent-of-origin specific gene expression. Furthermore, interspecific
hybrids often show disrupted imprinting profiles, presumably due to different species having
their own regulation of genomic imprinting to maintain the correct EBN. Parental imbalance
is generated when species hybridize with different imprinting patterns and several genes have
been shown to switch parental expression (Josefsson et al., 2006; Burkart-Waco et al., 2015).
Interestingly, inviable hybrid crosses display similar endosperm phenotypes as maternal or
paternal excess, i.e. too early or too late endosperm cellularization respectively, highlighting
the correlation between the EBN and genomic imprinting (Florez-Rueda et al., 2016; Lafon-
Placette et al., 2017; Roth et al., 2019). This is supported by the finding that mutants in various
imprinted genes, fis2 (Chaudhury et al., 1997), fie (Vinkenoog et al., 2000), and mea
(Grossniklaus et al., 1998), displayed delayed endosperm cellularization phenotypes.
Additionally, the dosage-specific expression of various PEGs has been shown to establish the
triploid block (Walia et al., 2009; Kradolfer et al., 2013; Wolff et al., 2015; Huang et al., 2017;
Lafon-Placette et al., 2018). Also, the triploid block was found to be suppressed by mutants in
the RADM pathway, presumably by disruption of imprinting patterns (Wang et al., 2021). The
findings described above reflect the significant importance of genomic imprinting in the
establishment of the post-zygotic hybrid barrier. However, this is also challenged by the finding
that expression profiles were widely shared between the lethal paternal excess cross (diploid x
tetraploid) and by a paternal tetraploid RdADM mutant, nuclear RNA polymerase D1 (nrpdl),
that can alleviate lethality (diploid x tetraploid nrpdl) (Erdmann et al., 2017; Satyaki and
Gehring, 2019). This suggests that paternal repression of most genes is not regulated by the

RdDM pathway and only a few genes are responsible for alleviating paternal excess lethality.
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MADS-box transcription factors and genomic imprinting

The family of MADS-box transcription factors (TF) has been linked to genomic imprinting
(Masiero et al., 2011; Yoshida and Kawabe, 2013) and the establishment of a post-zygotic
hybrid barrier (Walia et al., 2009). The MADS-box TF family is named after the conserved
sequence domain found in MINICHROMOSOME MAINTENANCEI (MCM1; Saccharomyces
cerevisiae), AGAMOUS (AG; Arabidopsis thaliana), DEFICIENS (DEF'; Antirrhinum majus),
and SERUM RESPONSE FACTOR (SRF; Homo sapiens) (Schwarz-Sommer et al., 1990). The
MADS-box TFs can be divided into the classes Type I and Type II depending on various
evolutionary traits (Alvarez-Buylla et al., 2000; Gramzow and Theissen, 2010). Type II
MADS-box TFs are involved in major phase changes in plant development, such as
vernalization, flowering, and homeotic regulation of organ identity (Becker and Theissen,
2003; Kaufmann et al., 2005; Gramzow and Theissen, 2010). The Type | MADS-box TF class
can be further divided into the Ma, M, and My subclasses (Parenicova et al., 2003) and
members from different subclasses often dimerize (de Folter et al., 2005). The function of Type
I MADS-box TFs remains elusive although they often appear to be involved in regulation of
female gametophyte and endosperm development (Kohler et al., 2005; Bemer et al., 2008;
Colombo et al., 2008; Steffen et al., 2008; Roszak and Kohler, 2011; Shirzadi et al., 2011;
Hehenberger et al., 2012; Chen et al., 2016; Batista et al., 2019; Paul et al., 2020; Zhang et al.,
2020).

Several genes encoding MADS-box TFs have been found to be imprinted, especially those of
the Type I class (Masiero et al., 2011; Yoshida and Kawabe, 2013; Zhang et al., 2018), and
most of them are specifically expressed in the endosperm during seed development (Bemer et
al., 2010). Mutants of these genes often do not show a pronounced seed phenotype, presumably
due to redundancy, making it difficult to investigate their function. However, a function for
Type I MADS-box TFs that has been proposed, is to antagonize the function of FIS-PRC2
since inactivation of several Type | MADS-box genes reduced seed failure in fis mutants (Pires,
2014). Furthermore, Type I MADS-box genes have shown disrupted expression levels and
imprinting patterns in hybrids (Josefsson et al., 2006; Walia et al., 2009; Burkart-Waco et al.,
2015; Roth et al., 2019), suggesting that they contribute to the establishment of the postzygotic
hybrid barrier (Walia et al., 2009). Future investigations of Type I MADS-box genes are
required to understand their role in hybridization barriers putatively involving genomic

imprinting.
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Aim of Study

The overarching aim of this thesis was to elucidate the role and regulation of genomic
imprinting. In order to do so, three different approaches were utilized: investigation of a protein
family of which many members are known to be regulated by genomic imprinting, molecular
characterization, and investigation of parental bias in allelic expression of a locus causing a
gametophyte maternal effect mutant and the establishment of an experimental setup allowing

for the identification of imprinted genes with spatial and temporal resolution.

Since Type I MADS-box TFs have shown disrupted expression in hybrids, we aimed to
determine if these genes are involved in the establishment of post-zygotic hybrid barriers.

Another aim was to evaluate the conservation of imprinting in the genus Arabidopsis.

Furthermore, we aimed to identify the molecular identity of the female gametophyte maternal

effect mutant capulet? and to investigate if CAPULET? is regulated by genomic imprinting.

Efforts to identify imprinted genes in the endosperm of many different species have been
hampered by contamination from surrounding tissues. To overcome this, we pursued to
establish a method for isolation of endosperm-specific nuclei to reliably identify imprinted
genes. With this method, we aimed to investigate the regulation of genomic imprinting in a

temporal and spatial manner.
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Results and Discussion

Results and Discussion

In order to elucidate the role of genomic imprinting in plants, it is paramount to identify
imprinted genes that upon mutation have detectable phenotypes in seed development. In the
work presented here, the imprinting state of various Type I MADS-box TF genes was
determined and mutants of imprinted family members were investigated. Additionally, the
imprinting profile of the maternally expressed AGL36 was analyzed in close relatives of A.
thaliana and hybrid crosses (Paper I). Furthermore, a whole-genome sequencing analysis
identified the genomic locus for the female gametophyte maternal effect mutant capulet2.
Independent transfer DNA (T-DNA) insertion lines were investigated and the genomic locus
was verified by transgene complementation. Moreover, it was explored whether the
CAPULET? gene is imprinted and by which mechanism the imprinting mark is established
(Paper II). Finally, genomic imprinting was investigated in a temporal and spatial manner

(Paper III).

Characterization of the AGL36 subclade of Type I MADS-box TFs

To investigate the role of imprinting in the establishment of an endosperm-based post-zygotic
hybrid barrier, MADS-box TFs closely related to the maternally expressed gene AGL36
(Shirzadi et al., 2011) were analyzed (Paper I). A phylogenetic analysis of Ma and My Type [
MADS-box genes in A. thaliana was performed (Figure 4a). Additionally, expression of Ma
and My Type | MADS-box genes was investigated by RNA sequencing of whole seed samples
taken at different timepoints, ranging from one day after pollination (DAP) to twelve DAP.
Expression profiles (Figure 4b) indicated that Ma and My Type I MADS-box genes are
expressed similarly during seed development, consistent with the hypothesis that TFs from
these classes form dimers (de Folter et al., 2005). In the My class, AGL36 is closely related to
AGL90 and AGL34 (Figure 4a), where AGL90 has also been shown to be imprinted (Zhang et
al., 2018). More distant, but still closely related members were identified, including the
paternally expressed genes AGL37 (PHERESI; PHEI) (Wolff et al., 2011), clustering together
with the biparentally expressed AGL38 (PHERES2; PHE?2) (Villar et al., 2009), and AGL92
(Wolff et al., 2011), clustering together with AGLS86. Together with AGL335, these MADS-box
genes form a subclade, the AGL36-clade, and members of the AGL36-clade and the AGL36-
interacting MADS-box TFs AGL28 (de Folter et al., 2005; Bemer et al., 2010) and AGL62
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(Kang et al., 2008) were selected for further analyses. AGL62 has been shown to be biparentally
expressed (Kang et al., 2008) and AGL28 has previously shown either accession-dependent
imprinting (Wolff et al., 2011) or no imprinting (Zhang et al., 2018).
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Figure 4: MADS-box Type | transcription factors share similar expression profiles during seed
development. a) Phylogenetic tree of Ma and My MADS-box Type | genes in Arabidopsis thaliana.
Scale bar represents the mean number of nucleotide substitutions per site. b) Gene expression profiles
of Ma and My MADS-box Type | genes were classified into five groups according to the branching
pattern. Gene expression profiles are relative to the expression at four days after pollination (DAP). Two
biological replicates with three technical replicates were analyzed.
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Members of the AGL36-clade are highly expressed at early stages of seed development and are
collectively downregulated concurrent with endosperm cellularization, suggesting they are
involved in this process (Figure 4b). However, mutants of the AGL36-clade members have not

shown defected endosperm cellularization, except AGL62 (Kang et al., 2008).

As AGL36 has been shown to be a maternally expressed imprinting gene (Shirzadi et al., 2011),
closely-related MADS-box genes (AGL35, AGL36, and AGLY0) and the interacting MADS-
box TF AGL28 were investigated for parent-of-origin specific gene expression. Single
nucleotide polymorphisms (SNPs) between the Columbia (Col-0) and Tsushima (Tsu-1)
accessions were exploited to determine parent-of-origin allelic expression in reciprocal crosses
(Paper I). In concordance with previous studies, AGL36 (Shirzadi et al., 2011), AGL90 (Zhang
et al., 2018), and AGL28 (Wolff et al., 2011) were maternally expressed, whereas AGL35
(Zhang et al., 2018) was biparentally expressed. Furthermore, AGL90 showed full paternal
silencing with Tsu-1 as male parent and weak expression of paternal Col-0 in the reciprocal

cross, consistent with previous reports (Hornslien et al., 2019).

Imprinting of AGL36 in hybrids

To examine the conservation of imprinting of AGL36 and of the influence of imprinting on the
post-zygotic hybrid barrier, the investigation was extended to 4. arenosa and A. lyrata
subspecies petrea (Paper I). AGL36-like genes were identified in 4. arenosa and A. lyrata by
computational analysis, revealing that 4. arenosa has two AGL36-like genes. Only one of the
two AGL36-like genes was shown to produce transcripts and was named AaAGL36-like.
Previous reports have indicated two AGL36-like genes in A. lyrata subspecies petrea (Y oshida

and Kawabe, 2013), but only one 4AGL36-like gene could be verified, named 4I4AGL36-like.

In order to determine imprinting of AGL36 in A. arenosa, a SNP in AaAGL36-like between two
sister plants of the MJ09-4 population (Jergensen et al., 2011) was identified and analyzed in
cDNA from seeds from reciprocal crosses. This identified only maternal transcripts, indicating
that imprinting of AGL36 is conserved between 4. thaliana and A. arenosa (Table 1; Paper I).
Similarly, reciprocal crosses between A. arenosa and A. lyrata indicated that imprinting of

AGL36-like genes is conserved in this interspecific hybrid (Table 1; Paper I).
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Table 1: Investigation on the conservation of AGL36 imprinting in the Arabidopsis genus.
Crosses between A. thaliana, A. arenosa, and A. lyrata were performed to identify expression from the
maternal and paternal allele to determine the conservation of imprinting of AGL36. Imprinting is
conserved except in the A. thaliana x A. arenosa hybrid.

Parent Expression Conservation of

Male Female Maternal Paternal AGL36 imprinting
A. thaliana A. thaliana Yes No Yes
A. arenosa A. arenosa Yes No Yes
A. lyrata A. arenosa Yes No Yes
A. arenosa A. lyrata Yes No Yes
A. thaliana A. arenosa Yes Yes No

However, in the 4. thaliana x A. arenosa hybrid, both maternal 4¢4GL36 and paternal
AaAGL36-like alleles were detected, indicating that paternal silencing of 4a4GL36 was lifted
in the hybrid seeds (Table 1; Paper I). The reciprocal cross was not investigated as A. thaliana
is not able to fertilize A. arenosa (Comai et al., 2000; Bushell et al., 2003). This finding
demonstrates that MEGs can also be deregulated in hybrid crosses, which has previously been
shown primarily for PEGs (Josefsson et al., 2006; Burkart-Waco et al., 2015), and that

conservation of genomic imprinting is species-dependent.

The post-zygotic hybrid barrier is affected by environmental and

genetic factors

It has been demonstrated in rice that the temperature affects endosperm cellularization (Folsom
et al., 2014) and that the expression of MADS-box genes is deregulated by heat stress (Chen et
al., 2016). Additionally, different 4. thaliana accessions have shown different strengths of the
post-zygotic hybrid barrier (Burkart-Waco et al., 2012). Previous studies of post-zygotic hybrid
barriers in the Arabidopsis genus have been performed under different temperature conditions
(22°C compared to 18°C) and using different A. arenosa accessions (Strecnol; SN1, SN2 and
MIJ09-1) (Josefsson et al., 2006; Walia et al., 2009; Burkart-Waco et al., 2012; Lafon-Placette
et al., 2017). To rule out temperature and/or accession-specific effects in the analysis of the
post-zygotic hybrid barrier, hybrid crosses between A. thaliana, Col-0, and A. arenosa were
performed at 18°C and 22°C with all four A. arenosa accessions, i.e. SN-1, SN-2, MJ09-1 and
MIJ09-4 (Paper I). Surprisingly, seed survival was substantially higher for hybrids with the 4.
arenosa accessions SN-1 and MJ09-4 grown at 18°C compared to 22°C. This suggests a

correlation between temperature and the establishment of the post-zygotic hybrid barrier, based

28



Results and Discussion

on the timing of endosperm cellularization. Consistent with previous findings (Burkart-Waco
et al., 2013), the embryo fails to develop from globular to heart stage at 22°C, whereas this
transition was observed at 18°C. This indicates that endosperm cellularization plays a large
role in establishing the hybrid barrier and that the temperature influences the severity of this
barrier. The two other 4. arenosa accessions (MJ09-1 and SN2) did not show sensitivity to
temperature differences. This suggests that for the male parent, the accession genetic factor
also influences the post-zygotic hybrid barrier. Furthermore, the influence of the female parent
accession was investigated using the A. thaliana accessions Col-0, C24, Landsberg erecta (Ler-
1), and Wassilewskija (Ws-2). We observed that only the A. thaliana accession Ler-1 was not
sensitive to temperature change for seed survivability, similar to MJ09-1 and SN2 as male

accessions, suggesting that the temperature affects parental accessions specifically (Paper I).

Since the MADS-box TF family has been linked to the establishment of a post-zygotic hybrid
barrier (Walia et al., 2009), MADS-box genes were investigated in this regard (Paper I).
Homozygous single, double and triple MADS-box mutants could be obtained and no aberrant
seed development was observed, except for AGL62 as previously described (Kang et al., 2008).
When these mutants were crossed to 4. arenosa MJ09-4, seed survival was not affected in
mutant hybrids compared to the wild-type (WT) hybrid (Col-0 x MJ09-4) at both 18°C and
22°C (Paper I). An exception was ag/35-1, where germination was significantly lower and
similar at both temperatures, suggesting that AGL35 affects the post-zygotic hybrid barrier,
irrespective of temperature. Altogether, this suggests that AGL35 plays a crucial role in the
establishment of the post-zygotic hybrid barrier and that the strength of this barrier is strongly

affected by environmental and genetic factors.

The genomic locus of the female gametophyte maternal effect mutant

capulet?

Most imprinted gene mutants, such as MADS-box TF genes (Paper I), do not show a detectable
phenotypic difference in seed development (Masiero et al., 2011; Shirzadi et al., 2011; Berger
et al., 2012; Wolff et al., 2015). Therefore, a female gametophyte maternal effect mutant of a
putative imprinted gene, capulet? (cap?2), could provide more insight into the function of
genomic imprinting (Grini et al., 2002). The cap2 mutant displayed a developmental arrest of
the early embryo and endosperm when the mutant allele was transmitted maternally and

previous genetic mapping reduced the potential genomic locus to a one mega base region on
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chromosome 1 (Grini et al., 2002). In order to identify the gene identity of the mutation, whole-
genome sequencing was performed of individuals carrying the mutant allele and WT
individuals which were subjected to SNP analysis (Paper II). Several requirements and
thresholds were applied to the SNP analysis, retaining three SNP candidates, among which
ANAPHASE PROMOTING COMPLEX 6 (APC6), a subunit of the ANAPHASE
PROMOTING COMPLEX/CYCLOSOME (APC/C), was predicted to harbor the causative
SNP for cap2, located in a donor splice site of APC6. Interestingly, a female gametophyte
mutant of 4PC6 has already been identified in A. thaliana, nomega (Kwee and Sundaresan,
2003), and in the rice homolog OsAPC6 (Awasthi et al., 2012). However, these mutants showed
distorted female gametophyte development whereas cap? displayed normal female

gametophyte development (Grini et al., 2002).

Two independent APC6 T-DNA mutant lines, apc6-2 and apc6-3, were obtained and, similar
to cap2, no homozygous mutants were detected (Paper II). Furthermore, both alleles showed a
similar arrested embryo and endosperm developmental phenotype as cap? (Figure 5).
Reciprocal crosses with Col-0 WT further indicated that the mutant seed phenotype was only
observed when the apcé6 alleles were transmitted through the female parent, indicative of a
gametophyte maternal effect mutant (Paper II). Interestingly, female gametophyte
development was not distorted in any of the alleles (Paper II) in concordance with the previous
description of cap2 (Grini et al., 2002), but in contrast to the reported female gametophyte
phenotype of nomega (Kwee and Sundaresan, 2003).

apc6-3/+

Figure 5: cap2, apc6-2, and apc6-3 showed endosperm and embryo arrest phenotypes only when
transmitted maternally. Seed phenotypes observed at the four days after pollination (DAP) stage of
cap2/+, apc6-2/+, and apc6-3/+ crossed maternally to Col-0 showed smaller seeds and arrested
endosperm development. Fewer and larger endosperm nuclei were observed compared to native Col-
0 endosperm nuclei. Arrowheads indicate endosperm nuclei. Scale bar = 20 ym.
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To verify the genomic locus of cap?2 in APC6, we transformed cap2/+ and apc6-3/+ with an
APC6 transgene (pAPC6:APC6-GFP; APC6-GFP). Additionally, the transgene was
introgressed into cap2 by crossing cap2/+ paternally to two independent T2 homozygous
pAPC6:APC6-GFP lines in a Col-0 background. All lines were propagated, genotyped and
investigated for the mutant seed phenotype in the F2/T2 generation (Figure 6). A substantial
reduction of seed phenotype frequency was observed for cap? mutants and homozygous
individuals (cap2/cap2) could be identified, albeit only in a homozygous transgenic
background. Furthermore, the mutant seed phenotype frequency of apc6-3/+ mutants was
substantially reduced in a hemizygous transgenic background, and lethality was fully alleviated
in a homozygous transgenic background (Figure 6). No homozygous apc6-3 individual was
detected in the T2 generation and therefore two independent apc6-3/+ T2 individuals in a
homozygous transgenic background were propagated to the T3 generation. In this generation,
full alleviation of the mutant seed phenotype was observed and homozygous individuals (apc6-
3/apc6-3) were identified (Figure 6). These results verified successful complementation,

demonstrating that APC6 encodes CAP2 (Paper II).

APC6-GFP transgenic background APC6-GFP transgenic background
+/+ APC6-GFP/+ APC6-GFP/APC6-GFP +/+  APC6-GFP/+  APC6-GFP/APC6-GFP
304
[ ] [ J
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20]] °

cap2/+ F2 T2 F2 T2 F2 T2 apc6-3/+ T2 T2 T3 T3

20 1

Seed phenotype frequency (%)
[ ]
Seed phenotype frequency (%)

cap2/+ cap2/+ cap2/cap2 apc6-3/+ apc6-3/+ apc6-3/
apc6-3
cap2 Genotype apc6-3 Genotype

Figure 6: cap2, apc6-2, and apc6-3 showed reduced mutant seed phenotypes after
complementation with an APC6 transgene. The APC6 transgene was introduced into cap2/+ and
apc6-3/+ and lines were propagated for two generations. Seed phenotype frequencies were determined
and showed substantial reduction upon transgenic complementation in both a hemizygous (APC6-
GFP/+) and homozygous (APC6-GFP/APC6-GFP) transgenic background, compared with native non-
rescued mutants (+/+). Homozygous cap2 and apc6-3 individuals were identified confirming successful
complementation.
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Genetic analysis of ANAPHASE PROMOTING COMPLEX 6

With the identification of the causative SNP of cap2 in APC6, an investigation of the
consequences of mutations in this gene was performed (Paper II). The cap? mutant was
previously described as fully penetrant, based only on the occurrence of the seed phenotype
(Grini et al., 2002), while the nomega mutant has been described as partially penetrant (Kwee
and Sundaresan, 2003). Since we did not observe mutant seed phenotype frequencies that
corresponded to a fully penetrant mutant (i.e. 50% seeds would be lethal), we hypothesized
partial penetrance of the mutant alleles to occur. In order to elaborate this observation,
reciprocal crosses of cap2, apc6-2, and apc6-3 with Col-0 WT were performed, and progeny
was characterized for transmission of the mutant allele (Paper II). Consistent with our
hypothesis, some maternal transmission was observed for cap2, apc6-2, and apc6-3, in contrast

to previously reported (Grini et al., 2002).

To further investigate the development of mutant seeds, we performed phenotypic analysis at
different developmental stages (two, four, six, and nine DAP). At two and four DAP, only the
previously reported cap2-like phenotype was observed. However, we identified an endosperm
cellularization defect at six and nine DAP (Paper II). In these seeds, the embryo appeared to
have developed normally, albeit slightly delayed, while the endosperm remained syncytial.
Because of the normal embryo development, we therefore suggest that the main defect in apc6
mutants is in the endosperm. In hybrids, cellularization defects (too early, too late, or no
cellularization) have previously been shown to be embryo-lethal (Paper I), although the embryo
was viable in a nutrient culture after removal from the seed (Lafon-Placette et al., 2017). To
investigate the correlation between defective endosperm and eventual embryo abortion,
removal of the embryo from the mutant seed and placement in a nutrient culture could indicate

whether the embryo of this class of seeds can survive.

Since the endosperm cellularization defective phenotype was detected only at six DAP or later,
we hypothesized that APC6 expression increases over time. Therefore, the expression of APC6
was investigated using an RNA-seq dataset obtained from Ler-1 x Col-0 crossed seeds at
different timepoints (Paper I). An expression peak of APC6 at six DAP was observed,
coinciding with the onset of endosperm cellularization (Paper II). This finding, together with
the observed cellularization defects at later developmental stages, may suggest a role for APC6

and the APC/C in endosperm cellularization.
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We determined that in all apc6 mutants a premature stop-codon emerges (Paper II), resulting
in various lengths of truncated APC6 protein. Since the insertion site of apc6-2 is closely
located to the nomega mutant location (Kwee and Sundaresan, 2003), it was surprising that the
apc6 mutants investigated in this thesis and nomega did not show similar female gametophyte
phenotypes. Although these discrepancies were not investigated thoroughly, it seems unlikely
that the differences were caused by genomic locations of the insertions, since cap2, apc6-2,
and apc6-3 are scattered throughout the APC6 gene and these mutants did not show any
phenotypic variation. Furthermore, a difference in maternal transmission of the mutant allele
was observed between the initial study of cap2 (Grini et al., 2002) and the apc6 mutants studied
in this thesis. Therefore, we speculate that environmental factors influence the penetrance of
the mutation, since genetic factors, such as ecotype and mutation site, are alike (cap2 and
nomega Ler-1; apc6-2 Col-0 and apc6-3 Col-3). It has previously been shown that temperature
substantially affects seed lethality in hybrids (Paper I). The different observations could
possibly be explained by different growth temperatures (18°C in this thesis, 20°C for cap?2
(Grini et al., 2002), and 22°C for nomega (Kwee and Sundaresan, 2003)). It remains to be

determined what exactly caused these observed differences.

APC6 is a maternally expressed imprinted gene

In order to investigate the imprinting status of APC6, various A. thaliana WT accessions (Ler-
1, Col-0, C24, and Tsu-1) were crossed reciprocally. Genetic analysis indicated that SNPs were
present between all accessions (except between Col-0 and Tsu-1), which were utilized in a
restriction digestion analysis to identify parent-of-origin specific gene expression (Figure 7a).
In all cross directions, except when C24 was crossed as the female parent, APC6 expression
can be observed as primarily maternal, indicating that 4PC6 is an accession-specific MEG

(Paper II).
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Figure 7: Single nucleotide polymorphism digestion analysis identifies APC6 as a maternally
expressed imprinted gene. a) Imprinting analysis of APC6 from four days after pollination (DAP) seeds
of reciprocal crosses of Col-0, C24, Ler-1, and Tsu-1 using accession-specific restriction digestion of
single nucleotide polymorphisms (SNPs). Molarities from bioanalyzer fragments were determined to
determine maternal:paternal expression ratio. The arrow is pointed from the female parent to the male
parent. b) Sequenced reads obtained from Ler-1 x Col-0 RNA at one, two, three, four, and six DAP
were mapped to APC6, AGL36, AGL23, and AGL62. SNP analysis was performed to determine the
maternal and paternal allele frequency.
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Imprinting of APC6 was further investigated using an RNAseq dataset from Ler-1 x Col-0
seeds obtained at different timepoints (Paper I), and a SNP counting analysis was performed
on reads mapped to APC6, AGL36, AGL23, and AGL62 transcripts (Figure 7b). Consistent with
the MEG control, AGL36, APC6 showed a substantial maternal preferential bias up to the six
DAP timepoint, at which the paternal read frequency reached 25%. This is to be expected, as
the embryo is increasing in size and therefore the contribution from the embryonic paternal
allele becomes more influential. The finding that APC6 was mostly expressed from the
maternal allele was further supported by the parental profile of the biparentally expressed
AGL62, which showed a constant 2:1 maternal:paternal (m:p) read frequency ratio, and of the
paternally expressed AGL23, which showed a substantially higher paternal read frequency
already at two DAP. The latter indicated that the low paternal read frequency of APC6 at two
DAP was not due to general low expression from the paternal allele. An alternative possible

explanation for the maternal bias of APC6 could be that APC6 is not expressed until six DAP
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and that the maternal reads, dominating from one to four DAP, originated from the central cell
as maternal carry-over. However, this seems unlikely due to dilution of the transcript

abundance for each nuclear division.

The parental ratios obtained from the SNP digestion analysis (based on fragment molarities for
Ler-1 x Col-0) and the SNP counting on reads from RNA sequencing at four DAP are relatively
similar (8m:1p and 11m:1p respectively). This strengthened the finding that 4PC6 is imprinted
since similar parental expression profiles were obtained using different methods. However, as
mentioned earlier, contamination from the maternal seed coat or diploid embryo significantly
hinders imprinting analysis (Schon and Nodine, 2017). In this thesis, whole seeds have been
used for RNA sequencing (Paper ) and the SNP digestion analysis (Paper II). To accommodate
potential contamination-associated bias for our imprinting analysis of APC6, publicly available
microarray data of dissected seeds at four DAP (globular) were investigated (Belmonte et al.,
2013). This data indicated that APC6 is primarily expressed in the endosperm compared to
embryo and seed coat (6:3:1 respectively). Since these tissues have distinct genotypes, we
modulated an overall seed allelic frequency (1.89-fold maternal bias) for APC6 in the scenario
that both parental alleles are expressed equally, i.e. as a biparentally expressed gene (BEG).
The SNP digestion analysis (8.3-fold or higher maternal bias) and SNP counting analysis (11.1-
fold maternal bias) display substantially higher m:p ratios and strongly support the finding that
APC6 is a maternally expressed imprinted gene (Paper II).

Expression of the ANAPHASE PROMOTING COMPLEX/
CYCLOSOME subunits is parentally regulated

In a broader perspective, APC6 is part of the APC/C complex, a large E3 ubiquitin ligase
protein complex crucial for the spindle assembly checkpoint and exit of mitosis and meiosis
(Musacchio, 2015). The APC/C complex in A. thaliana consists of at least 14 highly conserved
subunits and guides 26S proteasome-mediated protein degradation (Saleme et al., 2021).
During metaphase of cell division, the chromosomes are attached to the spindle and the sister
chromatids are held together by the cohesin ring. In a sequence of events, APC/C cleaves the
cohesin ring (Lara-Gonzalez et al., 2012; Cromer et al., 2019), which allows the sister
chromatids to separate and initiate the transition from metaphase to anaphase. This function of
the APC/C is consistent with a previous observation in cap2 of an arrested endosperm nucleus

in metaphase (Grini et al., 2002). In addition to separating the sister chromatids, the APC/C
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ubiquitylates Cyclin A and B to maintain and regulate cyclin activity (Attner and Amon, 2012).
This has shown to be important for cell division as the accumulation of Cyclin A allowed cells
to enter a third round of meiosis (Cromer et al., 2012) whereas a Cyclin A knock-out resulted
in premature exit of meiosis I, generating diploid gametes (d’Erfurth et al., 2010). Similarly,
buildup of Cyclin B has been detected in nomega and connects cyclin B accumulation to
arrested female gametophyte development (Kwee and Sundaresan, 2003) whereas depletion of

Cyclin B resulted in premature exit of mitosis (Chang et al., 2003).

Consistent with our observations of apc6 mutants, other subunits have shown to be important
for cell cycle regulation and gametophyte development. Mutants of APC/C subunits showed
arrested female gametophyte development (apc2 (Capron et al., 2003), apc3a/apc3b (Pérez-
Pérez et al., 2008), and apcl0 (Eloy et al., 2011)) or male gametophyte development (apc§
(Zheng et al., 2011; Xu et al., 2019) and apcl3 (Zheng et al., 2011)). In addition,
overexpression of APCS also resulted in seed abortion similar to the knock-out, providing
evidence that gene dosage levels need to be properly balanced for seed development (Zheng et
al., 2011). Interestingly, similar phenotypes as for the apc6 mutants of this thesis, i.e. distorted
embryo and endosperm development caused by maternal gametophyte effects, were observed
for apcl (Wang et al., 2013), apc4 (Wang et al., 2012), and apci] (Guo et al., 2016). This
could indicate that APC1I, APC4, and APC11 are similarly maternally expressed as APC6 and
possibly imprinted. Together with the findings in this thesis, this suggests that the APC/C

complex is under strong maternal control during seed development.

Isolation of endosperm-specific nuclei allowed for imprinting analysis

devoid of surrounding tissue contamination

In this thesis (Paper I and Paper II) and other studies (reviewed in Schon and Nodine, 2017),
the possibility of contamination from surrounding tissues has been troublesome, although
different methods have been applied to accommodate this. Therefore, we have developed a
system that allows for the isolation of endosperm-specific nuclei using fluorescence-activated
nuclear sorting (FANS) (Paper III). A dual component system was utilized (Weijers et al.,
2003; Olvera-Carrillo et al., 2015) in which the H2A-GREEN FLUORESCENT PROTEIN
(GFP) fusion protein was expressed under the control of an endosperm-specific promoter
(proMARKER>>H2A-GFP). In selected endosperm nuclei, the expression of the transcriptional
fusion activator mGAL4-VP16 is promoted, which in turn activates H24-GFP expression
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through the GAL4-activated upstream activation sequence (UAS) regulatory element (Olvera-
Carrillo et al., 2015). Furthermore, using promoters of genes that are expressed at different
developmental stages or in different domains of the endosperm, this system can further be
extended to the investigation of genomic imprinting in a temporal and spatial specific manner.
For this purpose, endosperm domain or stage specific promoters were selected (Paper I1I) based
on microarray data (Le et al., 2010) and on gene expression patterns (Winter et al., 2007). To
investigate temporal-specific imprinting, two promoters were selected that were expressed in
the entire endosperm at the globular stage (early endosperm; EE), representing the syncytial
endosperm (Figure 2; left), and at the late cotyledon stage (total endosperm; TE1), representing
the cellularized endosperm (Figure 2; right). For spatial-specific imprinting, two promoters
were selected that are expressed only in certain domains of the cellularized endosperm (Figure

2; right): the embryo surrounding region (ESR) and the developing aleurone layer (DAL).

The expression vectors were transformed into the A. thaliana accession Col-0 which were
subsequently crossed maternally to Tsu-1 (Paper III). To increase mapping sensitivity, and
since Tsu-1 does not have a reference transcriptome, we generated and polished timepoint-
specific (four DAP for EE and seven DAP for ESR, DAL, and TE1) gene target sequences for
Col-0 and Tsu-1 from homozygous WT seeds (Paper III). Significant temporal (EE vs TE1)
and spatial (ESR vs TE1) differential expression was observed (Paper III), consistent with
previous findings that endosperm domains have distinct expression profiles (Belmonte et al.,

2013; Del Toro-De Ledn and Kohler, 2019; Picard et al., 2021).

Identification of parental allele-specific expression

For the identification of imprinted genes, we used and modulated the Informative Read Pipeline
(IRP; (Hornslien et al., 2019)). For each marker, this pipeline identified and extracted so-called
informative reads, i.e. read pairs that cover accession-specific SNPs or insertion/deletion
(InDels). A read pair is informative if it adheres to any of the following conditions: 1) it maps
identically to one target allele, but not to the other (e.g. 0 versus 1 SNP); 2) it maps to both
alleles without InDels, but the SNP count with one target allele is smaller than half the SNP
count with the other target allele (e.g. 2 versus 5 SNPs); 3) it maps to one allele with InDels,
but it maps to the other allele without InDels and with maximal one SNP. The majority of
informative reads were identified based on SNP counts compared to the presence of InDels

(Table 2). This suggests that the major difference between accessions results from SNPs and
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not from InDels. Furthermore, at an early stage (EE) a larger part of informative reads was
selected by SNPs (89%) compared to the later stage markers (ESR, DAL, and TE1; 86%). This
suggests that the type of transcript differences between accessions varies depending on the seed

developmental stage.

Table 2: Selection of informative reads by SNPs or InDels. Informative reads were identified and
extracted by the Informative Read Pipeline (IRP; (Hornslien et al., 2019)). Informative reads were
selected based on the presence of single nucleotide polymorphisms (SNP) or insertions/deletions
(InDel). EE: early endosperm; ESR: embryo surrounding region; DAL: developing aleurone layer; TE1:
total endosperm.

Informative reads selected by

Marker line SNP InDel
EE 89% 11%
ESR 86% 14%
DAL 86% 14%
TE1 86% 14%

After extraction of informative reads, various filters and normalization steps were applied, as
described previously (Hornslien et al., 2019). One additional filtering step was implemented
due to the lack of the reciprocal cross in our experimental setup. This could potentially result
in the discovery of false-positive imprinted genes because of accession-biased expression. For
instance, a gene that is 10-fold higher expressed in Col-0 compared to Tsu-1 and normally
shows biparental gene expression will result in much higher informative read counts that align
to the Col-0 target sequence. Therefore, this gene is prone to be identified as a MEG in one
direction and a PEG in the reciprocal cross. When reciprocal crosses are included, this could
be easily detected as a false positive. Therefore, to exclude potential false-positive MEGs and
PEGs, an accession-specific filter was established (Paper III). Differential gene expression
analysis between homozygous Col-0 and Tsu-1 WT was performed (Figure 8). Genes that were
identified to have an accession specific bias in expression were omitted from further analysis
and only genes that showed similar expression patterns were retained for imprinting analysis

(Figure 8).
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Figure 8: Ecotype-specific gene expression analysis between Col-0 and Tsu-1 at different seed
stages. Differential expression between Col-0 and Tsu-1 at four days after pollination (DAP) (a) and
seven DAP (b). Non-significantly regulated (NS) genes are depicted in gray and were used for the
imprinting study. Dashed lines indicate fold change (log2) of 1 and -1.

After filtering and normalization of informative reads, statistical analysis was performed to
identify imprinted genes in EE, ESR, and TE1 (Paper III). A high number of MEGs and PEGs
was detected and overall, more MEGs (82, 69, and 60 in EE, ESR, and TE1 respectively) than
PEGs were identified (28, 22, and eleven in EE, ESR, and TE1 respectively). Only a limited
overlap in imprinted genes was observed between EE and TE1 (two MEGs and no PEGs). A
larger overlap was observed, as expected, between ESR and TE1 (26 MEGs and three PEGs).
However, it has to be noted that there are genes that are only significantly imprinted in one

domain, but that show similar parental non-significant expression bias in the other domain.

Genomic imprinting is dynamically regulated throughout seed

development

To identify genes that are imprinted in one developmental stage, but biparentally expressed in
the other developmental stage, the m:p fold changes (FC) of significant MEGs and PEGs in
EE, TE1, or both were visualized in a scatterplot (Figure 9). As expected, albeit that most genes
were significantly imprinted at only one developmental timepoint, almost half of the genes
(21/56) showed similar parental expression bias, indicating that they maintain their imprinting
state throughout seed development (Figure 9, diagonal green area). Several genes were
observed to be imprinted at one developmental timepoint, but showed biallelic expression at

the other developmental timepoint, indicating temporal-specific imprinting profiles (Paper I11),
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consistent with findings in maize (Zhang et al., 2011; Xin et al., 2013; Dong et al., 2017). Genes
have been identified that displayed both the transition from biparental expression to imprinted

expression and from imprinted expression to biparental expression (Zhang et al., 2011).
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Figure 9: Identification of temporal regulation of imprinting. Scatter plot representation of the
maternal:paternal fold change of significantly called imprinted genes at EE, TE1, or in both. Genes
identified as MEGs or PEGs in one domain; EE (plus) or TE1 (triangle) or both domains EE and TE1
(circle) were included. Genes show similar parental expression bias (diagonal green area) or temporal
expression bias (imprinted at EE, biparental at TE1: dark blue area; imprinted at TE1, biparental at EE:
dark red area).

Eleven significantly imprinted genes (eight MEGs and three PEGs) in EE showed biallelic
expression in TE1 (Figure 9, horizontal dark blue area) of which several have been previously
identified at a similar developmental timepoint (four DAP) (Del Toro-De Leon and Kohler,
2019; Picard et al., 2021). This finding indicated that these genes lost their imprinting mark as
the endosperm developed. The expression of these genes in EE and TE1 was investigated using
data from the differential gene expression analysis (Paper III). This revealed that most MEGs
in EE have an increased expression in TE1, which we correlated with the reactivation of the

paternal allele (Paper III). The reactivation of the paternal allele can be achieved by removal
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of the DNA methylation mark by members of the SmC DNA glycosylase family (Penterman
et al., 2007). We analyzed the expression of DNA methyltransferases and DNA glycosylases
in EE and TE1 and the total normalized read counts indicated that all genes involved in these
processes, except CMT1, DRM1, and DML3, are highly expressed (Table 3). The DNA
glycosylases DEMETER-LIKE 2 (DML2) and ROSI were substantially expressed in the
endosperm with ROSI showing >20-fold higher expression in TE1 compared to EE (Table 3).
This makes ROS! a suitable candidate for the removal of the epigenetic mark on the paternal
allele at a later stage in seed development. Interestingly, DME, another DNA glycosylase, was
also found to be slightly upregulated (2-fold) at TE1 (Table 3). This was surprising as DME
expression was described to be restricted to the central cell (Choi et al., 2002; Ibarra et al.,

2012; Park et al., 2020).

Table 3: Expression of DNA methyltransferases and DNA glycosylases in EE and TE1. The total
normalized read count indicates the expression level of each gene per domain. Fold change (log2)
between EE and TE1 was determined by differential gene expression analysis (Paper Ill).

Total normalized reads Fold change (log2)

Gene EE TE1 EE vs TE1
MET1 9861 3645 1.4
MET2A 16349 34878 1.1
MET2B 21295 32408 0.6
MET3 1868 1679 0.1
CMT1 457 5 5.8
CMT2 5320 15160 15
CMT3 12124 2503 2.2
DRM1 220 61 1.1
DRM?2 520 5838 3.4
DRM3 888 3906 2.1
DME 26636 58804 1.1
ROST 1643 35720 4.4
DML2 17637 20412 0.2
DML3 159 1 5.2

However, our finding is supported by publicly available microarray data (Belmonte et al.,
2013), which showed that DME is expressed in the endosperm and that expression is similarly
upregulated at later stages (2.7-fold higher at the late cotyledon stage than at the globular stage).
Whether the DME DNA glycosylase family members (DME and ROS]I) are actively involved
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in DNA demethylation in the endosperm at later stages of seed development remains unclear

and requires further investigation.

For PEGs in EE that were biallelically expressed in TE1, differential gene expression analysis
indicated that expression is not significantly different between stages (Paper III). This indicated
that there was a dynamic regulation of both parental alleles, i.e. an increase in maternal
expression and a decrease in paternal expression. In order to regulate such a dynamic process,
multiple pathways are required to coalesce and, as stated earlier, different epigenetic pathways

have been shown to coordinate together in the regulation of parental expression.

Interestingly, we identified three MEGs at the late TE1 stage that showed biparental expression
at the syncytial EE stage (Figure 9, vertical dark red area) (Paper III). This suggested that these
genes obtain their imprinting mark throughout seed development, challenging the canonical
definition of imprinting which states that imprints are established in the gametes. For two genes
(AT1G11940 and ERF/AP2 TRANSCRIPTION FACTOR 17 (ERF17)), differential gene
expression analysis indicated that there is no significant difference between EE and TE1 (Paper
I11), indicating that there was a simultaneous dynamic regulation of parental alleles. However,
we did observe that at TE1, the paternal alleles were completely silenced, whereas the maternal
allele was expressed throughout seed development (Paper III), from which we speculate that
the paternal alleles obtained the epigenetic silencing marks between the EE and TEI1
developmental stage. The RADM pathway is considered to regulate de novo DNA methylation
through DRM2 and we observed that this gene is highly upregulated (>10-fold) at TE1
compared to EE (Table 3). A similar upregulated expression of DRM?2, 4.3-fold higher at the
late cotyledon stage (similar to TE1) than at the globular stage (similar to EE), was shown by
publicly available microarray data (Belmonte et al., 2013). However, for this de novo DNA
methylation to happen, the epigenetic machinery must still be able to distinguish parental
alleles in order to successfully modify the paternal allele. We speculate that a secondary
mechanism, possibly other epigenetic marks, must be present in the gametes that enables
recognition of the paternal allele at later developmental stages and further investigations are

necessary to elaborate on this possible mechanism.
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Differentiated endosperm cells possess unique imprinting profiles

As anext step, we investigated the dynamic regulation of genomic imprinting between different
spatial domains. Across spatial-specific endosperm markers (ESR and TE1), and when only
significant imprinted genes were considered, only 29 imprinted genes overlapped. In order to
determine if these were truly the only overlapping spatially imprinted genes, the m:p fold
changes of significant MEGs and PEGs in the ESR, TE1, or both were visualized in a
scatterplot (Figure 10). This allowed us to identify genes that are imprinted in one endosperm
domain, but biparentally expressed in the other domain (Paper III). As expected, the majority
of genes (80/110) showed similar parental expression bias (Figure 10, diagonal green area).
This also indicated that looking only at significant imprinted genes, which indicated that only

29 genes overlapped between ESR and TE1, might provide misrepresented domain specificity.
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Figure 10: Identification of spatial regulation of imprinting. Scatter plot representation of the
maternal:paternal fold change of significantly called imprinted genes in TE1, ESR, or in both. Genes
identified as MEGs or PEGs in one domain; ESR (plus) or TE1 (triangle) or both domains ESR and TE1
(circle) were included. Genes show similar parental expression bias (diagonal green area) or spatial
expression bias (imprinted at ESR, biparental at TE1: dark blue area; imprinted at TE1, biparental at
ESR: dark red area).
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Five significantly imprinted genes (four MEGs and one PEG) in the ESR showed biparental
expression in TE1 (Figure 10, horizontal dark blue area) and one of these loci has been
previously identified as imprinted (Del Toro-De Leén and Kdohler, 2019; Hornslien et al.,
2019). All of these identified imprinted genes showed comparable expression of the expressed
allele in the ESR and TE1, whereas the silenced allele (paternal allele for MEGs and maternal
allele for PEGs) was upregulated in TE1. This suggested that the silenced allele is specifically
imprinted in the ESR, but not in the total endosperm overall (Paper III). Additionally, two
significantly imprinted MEGs in TE1 showed biparental expression in the ESR (Figure 10,
vertical dark red area). Indirectly, this provided evidence that genomic imprinting can be
regulated in an endosperm domain-specific manner since the imprinting profile observed in the

total endosperm must be caused by parental-specific expression outside the ESR (Paper III).

In order to resolve how this domain-specific imprinting was established, we investigated the
expression and imprinting profile of these seven genes in the EE data. Although only four genes
could be investigated, we observed both biparental as parental biased expression, suggesting
that, for the genes identified, both reactivation and silencing mechanisms acted in the ESR and
other domains of the endosperm (Paper III). In this experimental setup, it is needed to take into
consideration that the ESR is part of the total endosperm and consequently, the expression and
imprinting profile of TE1 is affected by the ESR. Although we did not quantitatively analyze
the contribution of the ESR to TE1, we presumed that this is minimal and that genes, imprinted
in the ESR, were masked by the expression profile in TE1. For imprinted genes in TE1 that
showed biallelic expression in the ESR, we concluded that the imprinting profile of TE1 must

be established in the endosperm outside the ESR.

To investigate possible mechanisms that could establish domain-specific imprinting, we
investigated the expression of various DNA methyltransferases and DNA glycosylases in ESR
and TE1 (Table 4). The expression of MET2A, MET2B, MET3, and DME is much higher in the
ESR than in TE1, suggesting these genes may act specifically in the ESR. It has to be noted
that high expression in the ESR will be visible in TE1. The expression of these genes is likely
more restricted to the ESR than these values represent. Conversely, a much higher expression
in TE1 compared to ESR, as can be seen for DML2, seems more likely to be caused by
expression in a different domain in the endosperm. Domain-specific expression of DNA
methyltransferases and DNA glycosylases could contribute to domain-specific establishment

or alleviation of imprinting marks.
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Table 4: Expression of DNA methyltransferases and DNA glycosylases in ESR and TE1. The total
normalized read count represents the expression level of each gene per domain. Fold change (log2)
between ESR and TE1 was determined by differential gene expression analysis (Paper Ill).

Total normalized reads Fold change (log2)

Gene ESR TE1 ESR vs TE1
MET1 2792 3645 -0.4
MET2A 187144 34878 2.4
MET2B 116436 32408 1.8
MET3 8701 1679 2.3
CMT1 0 5 -0.6
CMT2 7772 15160 0.9
CMT3 1320 2503 0.9
DRM1 132 61 0.5
DRM?2 4963 5838 0.2
DRMS3 2899 3906 -0.4

DME 149739 58804 13
ROST 34792 35720 0
DML2 7307 20412 1.4
DML3 0 1 0.3

Overall, the results described above provided strong evidence that imprinting analysis of
specific endosperm domains using FANS enabled the identification of imprinted genes that
would otherwise be masked by the overall biparental expression in the total endosperm (Paper
IIT). These results also showed that regulation of imprinting profiles in subdomains of the
endosperm is more complex than previously thought and that imprinting marks may be

dynamically established in a spatial-specific perspective.

Limited overlap between studies in identified imprinted genes

Across all endosperm domains combined (EE, ESR, and TE1), we detected 181 MEGs and 56
PEGs, and gene ontology (GO) term enrichment analysis was performed (Paper III). In line
with previous publications (Pignatta et al., 2014; Picard et al., 2021), our imprinted gene data
were enriched for genes encoding for gene regulatory proteins, and more specifically, MEGs
from all domains were enriched for transcription factor activity. In order to assess the
conservation of identified imprinted genes, the overlap with other previously published datasets
(Pignatta et al., 2014; Del Toro-De Le6n and Kohler, 2019; Hornslien et al., 2019; Picard et
al., 2021) was estimated (Paper III). Out of 237 total identified imprinted genes in this thesis,
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78 (60 MEGs and 18 PEGs) were previously identified in any of the other studies (33%), and

similar overlap percentages (17% - 54%) were observed between these other studies (Table 5).

Table 5: Overlap of identified imprinted genes. Total number of identified imprinted genes per study
and number of imprinted genes overlapping in one or more of the other studies.

Study Total identified Overlapping genes Overlap (%)
Pignatta et al., 2014 388 144 37%
Hornslien et al., 2019 317 54 17%
Del Toro-De Leon et al., 2019 925 223 24%
Picard et al., 2021 349 190 54%
This thesis (Paper Ill) 237 78 33%

This was consistent with previous observations that overlap is limited between studies within
the same species (Schon and Nodine, 2017; Hornslien et al., 2019). Interestingly, the overlap
in identified imprinted genes was highest between this thesis and studies that used a similar
methodological approach for RNA extraction (FANS/INTACT; Paper III), strengthening the
reliability of our experimental strategy for the isolation of endosperm-specific nuclei (Del
Toro-De Ledn and Koéhler, 2019; Picard et al., 2021). For the identification of imprinted genes
in this thesis (Paper III), it is possible that genes were excluded prior to imprinting analysis by
any of the filtering steps, due to the absence of accession-specific SNPs or InDels and/or
accession-biased preferential expression. The accession expression bias filtering step
established in this thesis (Paper III) could indeed be used to establish the influence of the latter.
When these genes, that have been identified as imprinted in any of the other studies but did not
pass our filtering requirements, were not included for comparison (i.e. these genes were
removed from the imprinted gene list of the other studies), the overlapping number of imprinted
genes increased substantially, suggesting that bioinformatic filtering and thresholds affect the

output of identified imprinted genes (Paper III).

Furthermore, due to the detection of widespread contamination (Schon and Nodine, 2017) and
the poor overlap, the number of MEGs and PEGs has remained disputable. In order to elaborate
on the low overlap between the different studies, experimental setups were compared and a
large variation was observed (Paper I1I). Different accessions, timepoints of seed development,
and growth conditions, such as temperature, could all contribute to the high variety of identified
imprinted genes. In this thesis (Paper II), accession-specific imprinting of APC6 was detected

and, combined with the lack of SNPs between one accession pair (Col-0 and Tsu-1), indicated
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that selection of multiple accessions may be required to reliably qualify a gene as imprinted.
Furthermore, we have demonstrated temporal dynamic regulation of imprinting (Paper III),
stipulating that different sets of imprinted genes are identified at different developmental seed
stages. Moreover, we have shown that the temperature substantially affected hybrid seed
lethality (Paper I) suggesting that temperature may have a role in the regulation of genomic
imprinting. Additionally, both the temperature and accession influence the endosperm growth-
rate, and therefore also affect the developmental seed stage. Instead of selecting the timepoint
based on days after pollination, it may be more appropriate to select seeds based on the
developmental seed stage. Lastly, different methods for RNA extraction and sequencing (whole
seed transcriptome analysis vs nuclear sorting by FANS/INTACT), together with filtering and
threshold parameters of the data, could contribute to the bias in the identification of imprinted
genes. Overall, from the results found in this thesis, it is apparent that the identification of

imprinted genes is highly sensitive to the experimental setup.

Imprinting is often not regulated only by MET1

The regulatory mechanism behind imprinting was investigated for the Type | MADS-box genes
(Paper 1) and APC6 (Paper 1I). Mutants of components of the DNA methylation pathway
(METI; CMT3) and RdDM pathway (NRPD1; DRMI1; DRM?2) were used to determine if
parental silencing of the analyzed genes is regulated by any of these pathways. The paternal
allele of AGL36 and AGL90 was not reactivated in crosses with a hemizygous met/-7/+ (in a
Col-0 background) as a male parent and Tsu-1 as female parent, while a slight paternal
reactivation for AGL28 was observed (Paper I). This strongly indicated that imprinting of these
genes is not or only in part regulated by MET1 alone. The finding that met/-7/+ did not
reactivate the paternal allele of AGL36 was in contrast to a previous report (Shirzadi et al.,
2011). A different met] mutant allele, met /-4, was used in the study where paternal reactivation
of AGL36 was detected (Shirzadi et al., 2011). Different met/ mutant alleles have previously
shown varying methylation effects (Kankel et al., 2003). It might be that met/-7 is a weaker
mutant allele than met/-4 and does not result in a full knock-out. Furthermore, self-propagation
of homozygous met! mutants may result in an increasingly demethylated genome (Mathieu et
al., 2007; Mirouze et al., 2009). This makes the observed reactivation of the paternal allele by
Shirzadi et al., 2011 more difficult to directly correlate. Therefore, and in contrast to met/-4,
the met -7 allele was maintained hemizygous (Hornslien et al., 2019). It has been shown that

AGL36 i1s strongly upregulated in a hybrid cross with a mutant of NRPD1, a core subunit of
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PollV (Lu et al., 2012), although imprinting of AGL36 was proposed to be independent of
DRM?2 or AGO4 (Shirzadi et al., 2011). Therefore, the role of RADM in imprinting of AGL36
was further investigated with the nrpd/ mutant. No reactivation of the paternal allele was
observed and RT-PCR analysis indicated that AGL36 is not upregulated in nrpdl crossed
reciprocally with Col-0 (Paper I).

The hemizygous met/-7 mutant was used as the male parent, with Ler-1 as the female parent,
to investigate the paternal silencing of APC6 (Paper II). No paternal reactivation was observed,
suggesting that imprinting of APC6 is not regulated by MET1. We then explored the influence
of the DNA methyltransferases DRM1, DRM?2, and CMT3 on imprinting of APC6 by crossing
the hemizygous drm-2;drm2-2;cmt3-11 triple mutant paternally to the Ler-1 accession (Paper
I1). We did not observe reactivation of the paternal allele and to accommodate for substantial
gene redundancy (He et al., 2022; Liang et al., 2022), we generated a hemizygous met!-7;drm1-
2;drm2-2;cmt3-11 quadruple mutant. In a similar approach, the hemizygous quadruple mutant
was crossed paternally to Ler-1, but no reactivation of the paternal allele was observed (Paper
I1). These results suggested that imprinting of 4PC6 is not regulated by any of the canonical
DNA methyltransferases and that other mechanisms must be involved (Paper II). Indeed, other
DNA methyltransferases, MET2A, MET2B, and CMT2, show high expression in the early stage
(EE) of endosperm development (Table 3), and further analyses are required to determine the

mechanism behind the imprinting of APC6.
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Concluding remarks and future perspectives

The overarching aim of this thesis was to enhance our understanding of the function of genomic
imprinting and investigate this using different experimental approaches. We have shown that
the conservation of imprinting of AGL36 is species-dependent and we identified substantial
environmental and genetic effects on the establishment of the post-zygotic hybrid barrier
(Paper I). Furthermore, the female gametophyte maternal effect mutant capulet2 was identified
to be located in APC6 which was shown to be a maternally expressed imprinted gene (Paper
II). Lastly, we successfully isolated endosperm-specific nuclei devoid of contamination from
surrounding tissue and identified genes that were dynamically imprinted in a temporal and
spatial manner (Paper III). Collectively, the results of this thesis provide evidence for dynamic
regulation of genomic imprinting in seed development and this clearly shows that the regulation

of genomic imprinting is more complex and dynamic than previously thought.

Various members of the AGL36-clade showed parent-of-origin specific gene expression
regulated by genomic imprinting, but single, double, and triple mutants of these imprinted
genes did not show distorted seed development. A major finding was that imprinting of AGL36
was conserved in the 4. lyrata x A. arenosa hybrid, but that it was misregulated in the 4.
thaliana x A. arenosa hybrid. Interestingly, the same male parent was used in both hybrid
crosses and silencing of the paternal allele was dependent on the female parent. This may
indicate that imprinting is not entirely dependent on marks established in the gametophytes and
that imprinting can be dynamically reprogrammed during endosperm development. Lastly,
environmental and genetic factors were shown to substantially affect the post-zygotic hybrid
barrier, and agl/35-1 strongly aggravated this barrier. What do these findings mean for the study
of genomic imprinting and more specifically, for the Type I MADS-box TF family? Many
members of the AGL36-clade showed to be regulated by genomic imprinting, although single
mutants of METI and NRPD1 did not alleviate the imprint. However, redundancy between CG
and non-CG methylation can occur (He et al., 2022; Liang et al., 2022) and therefore DNA
methyltransferase redundancy could explain the lack of paternal allele reactivation. In order to
fully apprehend the molecular mechanisms behind the imprinting of the AGL36-clade
members, a larger mutant analysis is required, including additional DNA methyltransferases.
Furthermore, we have shown that the temperature strongly affects the post-zygotic hybrid
barrier and likewise, we speculate that the temperature influences the regulation of parent-of-

origin specific gene expression. One scenario could be that the growth temperature determines
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whether a parental allele is completely or partially silenced. Then, temperature-mediated
regulation of genomic imprinting could also be responsible for different strengths of the post-
zygotic hybrid barrier. A thorough examination of the influence of temperature on genomic
imprinting and the post-zygotic hybrid barrier could provide substantial insight into this

hypothesis.

We have identified that the causative SNP for the gametophyte maternal effect mutant capulet?
is located in APC6 and we identified this gene as a maternally expressed imprinted gene.
Additionally, apc6 mutants displayed defective endosperm cellularization and misregulated
timing of endosperm cellularization often results in seed abortion. Therefore, we speculate that
APC6 and the APC/C have a role in the cellularization process of the endosperm. Yet, the
question remains why a gene that is part of an essential protein complex, is parentally regulated
since the paternal allele is not able to compensate for the loss of APC6 in a maternal null
mutant. Furthermore, if one subunit of this complex is maternally expressed and imprinted on
the paternal allele and other subunits exhibit parental effects, are any of the other subunits also
regulated by genomic imprinting? The consequence of having several subunits of such an
essential protein complex regulated by genomic imprinting may be an indication of an
underlying selective pressure to maintain such regulation. From an evolutionary perspective,
the parental conflict theory postulates that PEGs would enhance cell proliferation. However,
this does not correspond to the results found in this thesis, where APC6 was shown to be
preferentially maternally expressed. Furthermore, the transposon defense theory explains
imprinting as a side-effect of TE-silencing. No transposable elements were detected in the
vicinity of the APC6 coding region (4.5 kilo base pairs (bp) upstream; The Arabidopsis
Information Resource), minimizing the probability that imprinting of APC6 is a side-effect of
TE-silencing. In addition to that, regulation of TE-activity in A. thaliana is performed by DNA
methyltransferases (Zhang and Jacobsen, 2006), which in this thesis were shown not to
alleviate imprinting of APC6. Furthermore, other APC/C subunits, such as APCI, APC4, and
APC11, exhibit gametophyte maternal effects which could indicate that the dosage of several
subunits of this protein complex is regulated by genomic imprinting and it also suggests that
expression of the APC/C is under strong maternal control. Overall, the gene dosage theory
seems more likely to explain the imprinted regulation of APC6, since APC6 is not fully silenced
from the paternal allele, but merely repressed. The question remains why some APC/C subunits
are preferentially expressed from the maternal allele, considering that they form one large

protein complex. This could indicate that there is some degree of flexibility in the assembly
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and composition of the APC/C depending on the tissue-specific expression of subunits (Saleme
et al., 2021). It remains to be determined why knock-out of some subunits results in female
gametophyte maternal effects or aborted female gametophyte development and knock-out of

other subunits in aborted male gametophyte development.

In this thesis, we have successfully analyzed parent-of-origin specific gene expression on GFP-
tagged endosperm-specific nuclei isolated using FANS. We have demonstrated that genomic
imprinting is temporally and spatially dynamically regulated by the finding of genes that are
imprinted at only one seed developmental stage (temporal) or that are imprinted in specific
differentiated endosperm domains (spatial). Although we have not investigated the
mechanisms behind this dynamic temporal regulation of genomic imprinting, we speculate that
in the endosperm, imprinting marks can be established or removed from specific parental
alleles to regulate parent-of-origin specific gene expression at different stages of seed
development. This mechanism was demonstrated by the alleviation of paternal silencing of
AGL36 in the A. thaliana x A. arenosa hybrid, but not in the A. lyrata x A. arenosa hybrid or
A. arenosa x A. arenosa, even though they share the same male parent (Paper I). Such a
mechanism must include that a mark must be established in the gametes to allow parental
alleles to be distinguished in the endosperm. Then, this mark must act as a recognition beacon
to establish allele-specific imprinting. Conversely, imprinting marks could utilize similar
signaling pathways to be removed from parental alleles upon seed development to alleviate
parent-of-origin specific gene expression at later stages. As a consequence, a mechanism must
be present in the endosperm that is able to recognize parental alleles carrying a signaling mark
and, based on the results found in this thesis, a key timepoint for this seems to be endosperm
cellularization. The RdADM pathway may be a candidate for establishing de novo DNA
methylation at later stages of seed development, supported by substantial upregulation of
DRM?2 in TE1 compared to EE. Investigation of this hypothesis could be accomplished by
utilizing the temporally dynamically regulated imprinted genes identified in this thesis. If the
parental imprint is removed in mutants of different components of the RADM pathway, this
could provide insight into how imprinting can be dynamically established in the endosperm
throughout seed development. Conversely, for the removal of imprinting marks as the
endosperm develops, we have shown that DML2 and ROS1, DME-like DNA glycosylases, are
substantially higher expressed in the endosperm at later stages of seed development compared
to early stages. These are suitable candidates for further investigation to study genes that lose

their imprinting mark at later stages in seed development. Furthermore, we have shown that
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genes are dynamically imprinted dependent on the spatial endosperm domain. It remains
unclear whether cell differentiation drives changes in genomic imprinting or whether a change
in imprinting profile leads to cell differentiation. The latter could be established by signaling
gradients within the syncytial endosperm resulting in altered imprinting patterns dependent on
the location of endosperm nuclei. In order to investigate these aspects, the identified imprinted
genes that showed spatial dynamic regulation of genomic imprinting could be utilized to follow
their imprinting profile from the syncytial endosperm up to the cellularized stage. In addition,
knock-outs of these genes would allow the controlled regulation of monoallelic or biallelic
expression and the effect of this could be correlated to endosperm cellularization. If no
difference is observed, the imprinting of the gene of interest is not essential for endosperm
cellularization. The hypothesis that endosperm cellularization drives spatially dynamic
regulation of genomic imprinting could be investigated using mutants that show disrupted
endosperm cellularization, such as agl62, and determine the imprinting profiles of imprinted

genes identified in this thesis.

Collectively, the results of this thesis may suggest a correlation between accession-specific
imprinting and accession-specific establishment of the post-zygotic hybrid barrier.
Furthermore, we have shown that post-zygotic hybrid barrier is strongly affected by
environmental and genetic factors. We suspect that the temperature might affect the regulation
of genomic imprinting in a similar manner and therefore a detailed analysis of this is required.
Moreover, the results found here suggest that imprinting can be established dynamically in the
endosperm and that canonical pathways for the establishment of imprinting do not lend
sufficient explanation. Gene redundancy and possible redundancy of different regulatory
pathways should be further explored in order to elucidate the exact mechanisms behind

dynamic regulation of genomic imprinting.
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SUMMARY

Genomic imprinting regulates parent-specific transcript dosage during seed development and is mainly con-
fined to the endosperm. Elucidation of the function of many imprinted genes has been hampered by the
lack of corresponding mutant phenotypes, and the role of imprinting is mainly associated with genome
dosage regulation or allocation of resources. Disruption of imprinted genes has also been suggested to
mediate endosperm-based post-zygotic hybrid barriers depending on genetic variation and gene dosage.
Here, we have analyzed the conservation of a clade from the MADS-box type | class transcription factors in
the closely related species Arabidopsis arenosa, A. lyrata, and A. thaliana, and show that AGL36-like genes
are imprinted and maternally expressed in seeds of Arabidopsis species and in hybrid seeds between out-
breeding species. In hybridizations between outbreeding and inbreeding species the paternally silenced
allele of the AGL36-like gene is reactivated in the hybrid, demonstrating that also maternally expressed
imprinted genes are perturbed during hybridization and that such effects on imprinted genes are specific to
the species combination. Furthermore, we also demonstrate a quantitative effect of genetic diversity and
temperature on the strength of the post-zygotic hybridization barrier. Markedly, a small decrease in temper-
ature during seed development increases the survival of hybrid F1 seeds, suggesting that abiotic and
genetic parameters play important roles in post-zygotic species barriers, pointing at evolutionary scenarios
favoring such effects.

Keywords: Imprinting, endosperm, hybridization, post-zygotic barriers, Arabidopsis thaliana, Arabidopsis
arenosa, Arabidopsis lyrata.

INTRODUCTION

Seed development is a sophisticated and highly regulated
process that requires precise signaling events and interac-
tion between many distinct cell types and tissues. It starts
with fusion of the male and female gametes generated in
the male and female gametophytes, giving rise to the
embryo and endosperm that develop in parallel inside the
protective seed coat. The process is initiated when a con-
specific pollen grain lands on the stigma of the female
reproductive organ and the pollen tube delivers two sperm
cells to the female gametophyte. One sperm cell fertilizes
the haploid egg cell which develops into the diploid
embryo, while the other sperm cell fertilizes the homodi-
ploid central cell generating the triploid endosperm. The
endosperm is important for nutrient flow to the embryo
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but also for coordinating growth of the developing seed
(Nowack et al., 2010).

The endosperm has two maternal genome copies and
one paternal copy, and a specialized epigenetic phe-
nomenon called genomic imprinting regulates parent-
specific gene dosage during seed development, usually
occurring in the endosperm (Gehring and Satyaki, 2017).
Imprinting is manifested by expression of one parental
allele, with concurrent silencing of the other allele. The
main mechanisms for this process are DNA methylation
and histone methylation (Berger et al., 2006). The FERTILI-
ZATION INDEPENDENT SEED-Polycomb Repressive Com-
plex 2 (FIS-PRC2) mediates histone methylation while, in
A. thaliana, DNA methylation mediated imprinting is
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maintained by the DNA methyltransferase MET1 (Rodri-
gues and Zilberman, 2015).

A prominent gene family displaying frequent imprinting
of its members is the MADS-box transcription factor (TF)
family. The MADS-box TFs can be divided into type | and
type Il by evolutionary relationships. The type | TFs are fur-
ther divided into Ma, M, and My phylogenetic subclasses
and only share the highly conserved DNA-binding MADS
(M) domain. The type Il TFs have, in addition to the M
domain, the Intervening (), the Keratin (K) and the C-termi-
nal (C) domains that are often referred to as the MIKC type
(Parenicova et al., 2003). The type Il class is thought to
have evolved from an ancient whole genome duplication,
as orthologs are found in many other species and the
genes are well distributed across all chromosomes in A.
thaliana. The type | class TFs originate from more recent
and smaller scale duplication events and, in A. thaliana,
they are mainly concentrated on chromosomes | and V
(Parenicova et al.,, 2003; Airoldi and Davies, 2012). As a
consequence, MADS-box type | orthologs are uncommon
in other species (Masiero et al., 2011). Imprinted genes
occur frequently in the type | class, consistent with the
hypothesis that recently duplicated genes are more often
imprinted to regulate gene dosage (Yoshida and Kawabe,
2013). Imprinting is observed mainly in the Ma and My
subgroups and, moreover, members of these two sub-
classes interact extensively in yeast two-hybrid assays,
suggesting a common function as heterodimers (de Folter
et al., 2005).

Functional studies of the MADS-box type | TFs by
genetic dissection, however, are hampered by genetic
redundancy. Their roles have also been suggested to have
restricted effect and may therefore be involved in a specific
developmental processes (Nam et al., 2004). Only a few
type | genes have been studied phenotypically, including
AGAMOUS-LIKE (AGL) 23, AGL36, PHERES (PHE) 1
(AGL37) and PHE2 (AGL38), DIANA (AGL61), AGL62, and
AGL80 (Kohler et al., 2003; Kohler et al., 2005; Bemer et al.,
2008; Colombo et al., 2008; Kang et al., 2008; Steffen et al.,
2008; Shirzadi et al., 2011). To this end, the biological roles
of many imprinted genes are still not known, but the role
of imprinting is mainly associated with genome dosage
regulation or allocation of resources (Haig and Westoby,
1989; Dilkes and Comai, 2004; Rodrigues and Zilberman,
2015).

Imprinting has previously been shown to be disrupted in
hybrid crosses of A. thaliana and A. arenosa. The MADS-
box TF PHET1, which is imprinted and only paternally
expressed in A. thaliana, was upregulated in hybrid seeds
and it was shown that the expressed PHE7 was predomi-
nantly maternally expressed (Josefsson et al., 2006). Dis-
ruption of the expression levels of co-adapted MADS-box
TFs in hybrids may thus trigger genome-wide perturba-
tions observed in hybrids (Roth et al., 2019). Furthermore,
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other MADS-box type | TFs have been shown to be highly
upregulated in incompatible hybrid crosses between A.
thaliana mothers and A. arenosa fathers. Using knock-out
mutant lines of these genes as A. thaliana mother,
increased viability in the incompatible hybrid seeds, sug-
gesting that these MADS-box type | TFs partly constitute a
genetic basis for the post-zygotic barrier (Walia et al.,
2009). Hence, investigation of the imprinting status of
these genes and other known imprinted genes in A. are-
nosa and A. lyrata will shed light on the role and conse-
quently the evolution of imprinting. It is disputed whether
imprinting of specific genes is conserved, and whether the
mechanisms behind the establishment and maintenance of
imprinting between related and distant species are pre-
served (Waters et al., 2013; Hatorangan et al., 2016; Klosin-
ska et al., 2016; Chen et al., 2018).

Diploid A. arenosa crossed as father to more than 50
accessions of A. thaliana displayed live seeds in the range
of 1% to 30% (Burkart-Waco et al., 2012). This suggests
that the strength of the post-zygotic barrier can be modu-
lated by genetic variation in accessions. Comparison of A.
arenosa crossed to different A. thaliana accessions, thor-
ough phenotyping (Burkart-Waco et al., 2013) and
sequencing of RNA from hybrid seeds (Burkart-Waco et al.,
2015), identified perturbation of the imprinting patterns of
eight known paternally expressed genes. As these crosses
were limited to a specific A. arenosa population, we
hypothesize that the observed barrier is population depen-
dent. Lafon-Placette et al. (2017) demonstrated that in
crosses between A. lyrata and A. arenosa, the post-zygotic
species barrier is due to endosperm cellularization failure.
A similar study in the Capsella genus also indicated endo-
sperm failure as the main seed defect in incompatible
crosses (Rebernig et al., 2015). A post-zygotic endosperm-
based barrier has also been described for rice (Tonosaki
et al., 2018; Wang et al., 2018) and tomato (Florez-Rueda
et al., 2016).

Here we have investigated the role of genetic variation
in the establishment of post-zygotic endosperm-based
hybrid barriers both in general, using accession and in a
targeted manner, addressing specific MADS-box type | loci.
We investigated the function and regulation of a conserved
clade of MADS-box type | My class (AGL34, AGL36, and
AGL90) together with some of their interacting partners.
To further elucidate function, we have analyzed the conser-
vation of this clade in the closely related species A. are-
nosa, A. lyrata, and A. halleri, including the imprinting
status of AGL36-like genes in A. arenosa, in A. thaliana
crossed to A. arenosa and in the reciprocal cross of A. are-
nosa and A. lyrata. We find that AGL36-like genes are
imprinted and maternally expressed in seeds of Arabidop-
sis species and in hybrid seeds between outbreeding
species. In hybridizations between outbreeding and
inbreeding species the paternally silenced allele of the
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AGL36-like gene is reactivated in the hybrid, demonstrating
that also maternally expressed imprinted genes are per-
turbed during hybridization and that such effects on
imprinted genes are specific to the species combination.

Moreover, we investigated the role of temperature in
hybridization of different genetic backgrounds and specific
loci and find a significant positive correlation between
lower temperatures and hybrid seed germination rate. We
report that just a small change in temperature during seed
development is sufficient to increase survival of hybrid F1
seeds, suggesting that abiotic parameters play an impor-
tant role in post-zygotic, endosperm-based species barri-
ers. Crossing mutants of the My and Ma clades, and their
interacting partners to A. arenosa to further investigate the
effect of these genes on the hybridization barrier identified
that lack of AGL35 significantly aggravated the A. thaliana
A. arenosa hybrid barrier and that AGL35 is involved in the
temperature dependency of the hybrid barrier.

RESULTS

MADS-box type | Ma and My expression in seed
development

In order to investigate the role of imprinted loci in the
establishment of endosperm-based hybrid barriers, we
analyzed MADS-box TFs that are closely related to the
paternally silenced AGL36 (Shirzadi et al., 2011). We re-an-
alyzed the phylogeny of the Mo and My classes and assem-
bled them in two groups with several subclades
(Figure 1a). In the My group, AGL36 constitutes a subclade
together with AGL90 and AGL34, and the latter genes may
represent recent, local gene duplication events in A. thali-
ana as orthologs are not readily identified (Masiero et al.,
2011). AGL36 and AGL90 have been shown to be imprinted
(Shirzadi et al., 2011, Zhang et al., 2018). The wider sub-
clade includes known imprinted, paternally expressed
genes PHE1/AGL37 and AGL92 (Wolff et al., 2011), which
cluster together with PHE2/AGL38 and AGL86, respectively.
PHEZ2 expression has previously been demonstrated to be
bi-allelic (Villar et al., 2009). The most distant member of
the subclade is AGL35, which is closely linked to and
located between AGL34 and AGL36 on chromosome 5.
AGL34, AGL35, AGL36 and AGL90 all map in a 100 kbp
cluster on chromosome 5 (Parenicova et al., 2003), and this
clustering makes this subclade an especially interesting
case to study evolution of imprinted genes. The function of
AGL90 and AGL34 is not known, but AGL36 interacts with
two Mo MADS-box TFs, AGL28 and AGL62 (de Folter et al.,
2005; Bemer et al., 2010) where AGL28 has been shown
not to be imprinted (Zhang et al., 2018) or to display acces-
sion dependent imprinting (Wolff et al., 2011). AGL62 is
biparentally expressed and required for endosperm cellu-
larization (Kang et al., 2008), and for reason of functional
study we have included AGL62 and AGL28 in our analysis.

Next, we investigated the relative expression of all
MADS-box type | TFs at seed developmental stages rang-
ing from 1 day after pollination (DAP) to 12 DAP (Fig-
ures 1b and S1). AGL36 expression peaked at 4 DAP and
coincided with the timing of endosperm cellularization
(Shirzadi et al., 2011), hence an RNA sequencing-based dif-
ferential expression analysis relating all stages to 4 DAP
was performed. Ma and My class TFs are overrepresented
in the transcriptome of the developing seed compared with
the M class. All 16 My genes and two-thirds of the 25 Mo
genes are expressed, whereas less than half of the 21 Mf
genes can be identified (Figure S1b). Ordering the Mo and
My expression profiles according to the branching pattern
displayed a general expression trend with a peak between
4 and 6 DAP (Figure 1b). In the My AGL36 subclade,
AGL35, AGL36 and AGL90 display similar profiles with
increasing or unchanged expression toward 4 DAP fol-
lowed by a decline. AGL34 can only be detected in a small
developmental window, but the relative expression pattern
is equivalent to AGL36 and AGL90 at these stages (Fig-
ures 1b and S1b). This supports findings by Zhang et al.
(2018) and indicates that AGL34 is not a pseudogene, as
previously postulated (Bemer et al., 2010). A similar pat-
tern is found in Ma subclades, including AGL28. A
decrease of AGL62 levels was observed after the expres-
sion maxima observed in Mo and My classes (Figure 1b).
The Mo AGL62 is required for correct timing of endosperm
cellularization (Kang et al., 2008), and thus plays a putative
role in the establishment of endosperm-based hybrid barri-
ers (Lafon-Placette et al., 2017). The Mo MADS-box TF sub-
class is hypothesized to form dimers with the My-type (de
Folter et al., 2005), and taken together, the co-occurring Mo
and My expression patterns may indicate a possible role
for these TFs in the establishment of cellularization-based
post-zygotic hybrid barriers.

Imprinting and regulation of My and Mo MADS-box genes

Dosage imbalance caused by imprinted genes has been
proposed as a cause for hybrid failure in both plants and
animals (Dilkes and Comai, 2004; Wolf et al., 2014; Brekke
et al., 2016). To this end, we successively re-analyzed par-
ent-of-origin expression of the wider AGL36 subclade (Fig-
ure 1a), including the interacting Mo AGL28 (Figure 2).
Using Col-0 and Tsu-1 accession-specific single nucleotide
polymorphisms (SNP), we analyzed AGL28, AGL35, AGL36
and AGL90 in 4 DAP Col-0 Tsu-1 hybrid seeds (Figure 2a).
Maternal bias from the seed coat could be excluded, as all
transcripts were previously shown to be enriched >8-fold 4
DAP in the peripheral endosperm (AGL36, AGL90) com-
pared to all other seed tissues or >8-fold and >5-fold
enriched in the chalazal endosperm (AGL35 and AGL28,
respectively) (Belmonte et al., 2013; Hornslien et al., 2019).
AGL34 was not expressed at a sufficient level in 4 DAP
Tsu-1 and was thus omitted. Gene-specific RT-PCR
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Figure 1. MADS-box type | transcription factors
share similar expression profiles during seed devel-
opment. (a) Maximum likelihood phylogeny of
alpha and gamma MADS-box type | genes in Ara-
bidopsis thaliana. The tree was inferred using the
GTRGAMMA model on 41 genes with 532 unam-
biguously aligned nucleotides. Scale bar represents
the mean number of nucleotide substitutions per
site. Only bootstrap values above 65% are shown.
(b) Gene expression profiles of alpha and gamma
MADS-box type | genes were ordered in five groups
according to the branching pattern. Transcript
quantification and differential expression analysis
was performed with RSEM and visualized using R.
Gene expression profiles for stages ranging from
one to 12 days after pollination (DAP) are relative to
four DAP using a base-2 logarithmic scale (logFC).
Two biological replicates with three technical repli-
cates were analyzed. Note that genes within groups
show similar gene expression profiles, with a com-
mon maximum reached between three and six

(@)

100

DAP.

100

products from hybrid crosses were digested with SNP-
specific restriction endonucleases (Table S1) and frag-
ments analyzed on a Bioanalyzer 2000 as well as by Sanger
sequencing (Figures 2a and S2). The My genes AGL36 and
AGL90 and the Mo AGL28 were imprinted and maternally
expressed. The My AGL35 was biparentally expressed as
previously reported (Zhang et al., 2018). AGL36 (Shirzadi
et al, 2011; Wolff et al, 2011; Zhang et al., 2018) and
AGL90 (Zhang et al., 2018) has previously been shown to
be imprinted. Here, we show that AGL90 is maternally
biased in its expression but the paternal allele show acces-
sion dependent imprinting and is not completely silenced
from Col-0 pollen donors (Figures 2a and S2). A similar
lack of silencing of the AGL90 paternal Col-0 allele was
recently also reported (Hornslien et al., 2019). In contrast,
AGL28 was previously reported not to be imprinted (Zhang
et al., 2018), or to display accession dependent imprinting
in hybrids (Wolff et al., 2011).

To address the regulation of imprinted genes we con-
trasted 4 DAP parental seed expression from crosses
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between Tsu-1 and Col-0 accessions versus Tsu-1 and a
hemizygous met1-7+/— in a Col-0 background to determine
if MET1 is involved in maintaining silencing of the paternal
copy of AGL28, AGL36 and AGL90 (Figure 2b, Table S1,
Figure S2). The paternal copy of AGL28 was shown to be
expressed using met1-77~ as pollen donor, suggesting that
MET1 is required for silencing of the paternal AGL28 allele.
In our experimental settings, however, lack of MET1 did
not reactivate the paternal copy of AGL36 and AGL90,
whereas the AGL35 biparental control remains unchanged
(Figure 2b). In contrast with these findings, the paternal
allele of AGL36 was previously shown to be reactivated in
crosses with homozygous and hemizygous METT mutant
pollen using the met1-4+/— allele (Saze et al., 2003; Shir-
zadi et al., 2011). Lack of MET1, both in homozygous and
heterozygous mutants, leads to DNA hypomethylation and
eventually the accumulation of epimutations; we attributed
the previously observed paternal expression to such
effects in the met71-4+/— background. The met1-7+/— allele
used in our study was kept hemizygous through repeated
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Figure 2. Imprinting and epigenetic regulation of AGL28, AGL35, AGL36 and AGL90. (a) Imprinting analysis of AGL28, AGL35, AGL36 and AGL90 using acces-
sion-specific restriction digest on single nucleotide polymorphisms (SNPs) in reciprocal crosses between accessions Tsu-1 and Col-0. For each panel, the acces-
sion-specific digestion pattern is indicated. Seeds were harvested for analysis 4 days after pollination (DAP). Bioanalyzer images of one of three biological
replicates is shown. (b) SNP analysis of AGL28, AGL35, AGL36 and AGL90 in crosses with met1-7+/— (Col-0 background) pollen. Only AGL28 display paternal
activation in the met1-7+/— mutant. Wild type (WT) crosses are duplicated from (a) for visualization. Crosses were harvested as (a). Bioanalyzer images of one of
three biological replicates is shown. (c) SNP analysis of AGL36 in reciprocal crosses between WT (Col-0) or nrpd1 (Col-0) and WT (Ler). Crosses were harvested
six DAP. The AGL36 imprinting pattern is not changed in the nrpd1 crosses compared with WT crosses. (d) Real-time PCR analysis of AGL36 expression in three
biological replicates the nrpd1 background at six DAP. The relative expression difference is not significant (NS, t-test; P = 0.389). (e) Real-time PCR verifying sig-
nificant knock-down (t-test; P = 0.015, indicated by asterisk) of NRPD1 in three biological replicates of nrpdT homozygous background. Error bar indicates stan-

dard deviation (SD).

outcrosses and therefore more likely devoid of such effects
(Hornslien et al., 2019).

According to a report investigating the role of small inter-
fering (si) RNA and RdDM in interploidy crosses, several
MADS-box type | genes, including AGL36, were deregulated
in diploid crosses with NUCLEAR RNA POLYMERASE D1
(NRPD1) mutant mothers, deficient in the largest subunit of
RNA polymerase IV, a key component of canonical RdDM
(Lu et al., 2012). Using nuclear rna polymerase d1 (nrpd1)
mutant mothers, AGL36 was upregulated more than 20-fold
(Lu et al., 2012). We have previously shown that imprinting
of AGL36 do not require paternal DOMAINS REARRANGED
METHYLTRANSFERASE 2 (DRM2) or ARGONAUTE4
(AGO4), both part of the RADM pathway (Shirzadi et al.,
2011). The data from Lu et al. (2012) suggested that an
RdDM-dependent mechanism maintained the expression
level of AGL36 or is active in maintaining the silencing of
the paternal AGL36 allele after fertilization To test the latter
hypothesis, we analyzed parental expression from 6 DAP
seeds, using nrpd1 both as a maternal and paternal contrib-
utor in crosses to wild type (Figures 2c and S2). The AGL36
imprinting pattern was not affected in any cross direction,
suggesting that reactivation of the paternal allele is not
causing elevated levels of AGL36. In contrast with the previ-
ous report (Lu et al., 2012), we could also not detect any sig-
nificant upregulation of AGL36 by real-time PCR (Figure 2d)
in crosses using a homozygous nrpd1 knock-out allele (Fig-
ure 2e) as maternal cross partner. We concluded that nei-
ther the MET1 nor the PollV RdDM pathway is sufficient to
silence the paternal allele of AGL36.

Next, we analyzed the effect of PRC2 on MADS-box type |
genes. The endosperm cellularization defect observed in
Arabidopsis interspecies hybrid seeds is highly reminiscent
to the failure of endosperm cellularization phenotype
observed in mutants of FIS-PRC2 (Lafon-Placette et al.,
2017). We therefore compared the RNA-seq relative expres-
sion of all MADS-box type | genes between a FIS-PRC2
mutant and wild type at seed developmental stages ranging
from one DAP to 12 DAP (Figures 3a and S3). Clustering of
transcript profiles revealed four main patterns of regulation,
ranging from highly regulated to no effect (Figure S3). Over-
all, the Mp class as a group was significantly less regulated
by the PRC2 medea (mea) mutation than the Mo and My
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classes, and also displayed the least variation (Figure 3b).
This is in accordance with previous observations, that the
Mp class TF are mainly expressed at low levels or in female
gametophytic stages (Bemer et al., 2010).

In the deregulated classes of transcript profiles, consist-
ing of mainly but not exclusively Mo and My, the wild type
profiles are generally characterized by increasing expression
that decreases after a peak (Figure S3, left panels). In the
mea cross, both this pattern and the peak are shifted toward
higher expression levels and later developmental stages. In
certain cases, decrease is not observed within the analyzed
developmental time-frame (Figure S3, right panels). A dis-
tinct shift in transcript profiles could also be observed
between the profile clusters in mea, with one class de-re-
pressed before 6 DAP, while a second class started at 9 DAP
and the third class at 12 DAP (Figure 3a, three top clusters).
My dominates the two former classes of transcript profiles
together with Mo whereas the latter constitutes of Mo and
MpB genes. In a recent report, Zhang et al. (2018) analyzed
MADS-box type | deregulation in a swinger (swi) mea dou-
ble mutant. These authors identified two major expression
clusters (C1 and C2) based on difference in temporal expres-
sion patterns both in the wild type and in the PRC2 double
mutant. The latter cluster was distinguished by the an
upregulation of the expression pattern in the mutant and
could be further divided in two clusters (C2.1 and C2.2)
based on the timing of downregulation in the wild type
(Zhang et al., 2018). The three clusters described in our
study (Figure 3a, three top clusters) are well in line with the
real-time-PCR-based study of Zhang et al. (2018). Eight out
of 12 genes in the C2.1 cluster are also found in our top
cluster, starting deregulation at the earliest stage (Figure 3a,
top cluster), whereas three genes are found in our second
cluster (Figure 3a, second top cluster) together with all mea
swi upregulated genes identified in the C2.2 cluster. This
also includes AGL91, AGL49 and, importantly, AGL34 that
are upregulated in our study, whereas no upregulation was
identified by Zhang et al. (2018). In contrast, we could not
detect any upregulation for AGL64, as reported by the other
study (Zhang et al., 2018).

We conclude that the AGL36 subclade, including AGL34
and AGL90, as well as the AGL36 interacting Mo AGL28 are
commonly repressed by MEDEA from 4-6 DAP. The AGL36
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Figure 3. PRC2 dependent transcriptional repression of MADS-box type |
transcription factors during seed development. (a) Heat-map clustering of
gene expression profiles of MADS-box type | transcription factors (TFs)
in the Polycomb Repressive Complex 2 (PRC2) MEDEA mutant seeds
(mea) compared to wild type (WT). Expression profile-based clustering,
transcript quantification and differential expression analysis was per-
formed for three biological replicates using RSEM and visualized using
R. Differential gene expression profiles for stages ranging from one to
12 days after pollination (DAP) are shown using a base-2 logarithmic
scale (logFC). Note strong expression change in three out of four expres-
sion clusters. (b) Box plot showing class specific expression of MADS-
box type | TFs at stages from 1 to 12 DAP. The MEA-dependent repres-
sion is shared by the alpha (Ma) and gamma (My) class TFs, while the
beta (MB) class is weakly affected in the mea background. Relative
expression changes are displayed in a base-2 logarithmic scale. Points
indicate outliers.

and also the AGL90 interacting Mo AGL62 are upregulated
in mea at 9 DAP, in accordance with the role of AGL62 in
endosperm cellularization (Kang et al., 2008).

Conservation of Arabidopsis AGL36-like imprinting in
hybrid seeds is species dependent

Having analyzed the expression and regulation of MADS-
box type | genes in A. thaliana, we turned our focus to the
expression and role of these genes in the genus Arabidop-
sis. MADS-box type | genes are often less conserved
between model species. For instance, no orthologs of
AGL36 were identified in rice or maize (Masiero et al.,
2011). AGL36-like genes can be found when analyzing
more closely related species such as in the genus Ara-
bidopsis (Figures 4a and S4). Two genomic loci of AGL36-
like genes were identified in A. arenosa by assembling
online resources (see Experimental procedures). Both were
verified in various individuals from two A. arenosa popula-
tions using PCR amplification (MJ09-1, MJ09-4) (Jgrgensen
et al., 2011; Lafon-Placette et al., 2017). The two genes dif-
fer in length (1050 bp versus 1008 bp). The shorter gene
does not have a continuous open reading frame and most
likely harbors an intron based on two open reading frames
spaced by an 88-bp sequence. The 1050-bp locus, but not
the 1008-bp AGL36 locus, was confirmed to produce a tran-
script in 9 DAP seeds, corresponding to the globular-em-
bryo seed stage. Online genome sequencing resources of
A. lyrata subsp. lyrata suggest one AGL36-like gene (Fig-
ure 4a). In the subspecies A. lyrata subsp. petrea, two loci
have been indicated (Yoshida and Kawabe, 2013), but by
performing Sanger sequencing from the A. lyrata subsp.
petrea population MJ09-11 (Jgrgensen et al., 2011) com-
bined with online resources, we concluded that A. lyrata
contains only one AGL36-like locus (Figures 4a and S4).
Notably, although two AGL36-like loci are present in A.
arenosa and A. halleri, our analysis indicates that the two
duplication events creating the AGL36 subclade (AGL34,
AGL36, AGL90) do not exist outside A. thaliana.

To analyze imprinting of A. arenosa AGL36-like
(AaAGL36-like), we screened natural populations (MJ09-4
and MJ09-1) for SNPs that could be used to distinguish the
parental alleles. We identified one individual that had a
SNP in AaAGL36-like (I, cf. Figure 4a) that also allowed
SNP detection with restriction enzymes (Table S1c). Seed
RNA was harvested from reciprocal crosses at 9 DAP fol-
lowed by RT-PCR of the SNP-containing regions from
AaAGL36-like (Table S2). The PCR products were digested
with SNP-specific enzymes (Table S1c) and fragments ana-
lyzed (Figure 4b). Only maternal expression was found,
suggesting that A. arenosa AGL36-like (AaAGL36 1) is an
imprinted maternally expressed gene.

Next, we analyzed AGL36-like imprinting in hybrids of A.
arenosa and A. lyrata. Amplifying AGL36-like (Table S1c)
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Figure 4. Conservation and imprinting of AGL36-like genes in Arabidopsis and in selected hybrid crosses. (a) Maximum likelihood phylogeny of AGL36-like
genes in A. arenosa, A. pedemontana, A. halleri, A. lyrata and A. thaliana. The tree was inferred using the GTRGAMMA model on 15 sequences with 938 unam-
biguously aligned nucleotides. Because of space limitations branches marked J are shortened to half their original length. Only bootstrap values above 65% are
shown. Scale bar represents the mean number of nucleotide substitutions per site. Arabidopsis species are indicated by colors. Roman numerals (right) indicate
distinct genes in the respective species and is used as reference in (b—d). (b) SNP analysis of A. arenosa AGL36 (1) in MJ09-4 background at 9 days after pollina-
tion (DAP). Left half, undigested; right half, digested with BceAl. Cross plants in which AaAGL36 is digested by BceAl are indicated ‘A.a.". Cross plants in which
AaAGL36 is not digested by BceAl are indicated ‘A.a. SNP'. The shorter 475-bp fragment is AaAGL36. AaAGL36 (1) is maternally expressed in A. arenosa as only
the undigested AGL36 fragment is present when A.a. SNP is the mother, whereas completely digested fragments result when A.a. is the mother. (c) Imprinting
and maternal expression of AGL36 is conserved in reciprocal crosses between A. arenosa and A. lyrata at 9 DAP. AaAGL36 (I) and AIAGL36 (VI) fragments are
both 768 bp of length (lanes 1-2). EcoRI digests AaAGL36 (1) only (lanes 3 and 4) and Taul digests AIAGL36 (V1) only (lanes 8 and 9). In hybrid crosses, only the
maternal fragments are digested, and no or very weak undigested fragments are left (lanes 5-7, 10-12). (d) Imprinting of AGL36 is lifted in crosses between A.
thaliana and A. arenosa. The undigested fragments of AtAGL36 (VIII) and AaAGL36 (I) are 819 and 768 bp, respectively (lanes 1 and 3). An AIwNI restriction site
is only present in AtAGL36 (VIIl) (lanes 2 and 4). In hybrid crosses, both fragments are visible (lanes 5 and 6) and A/wNI restriction digest only the maternal
AtAGL36 fragment. Note that the paternal AaAGL36 (1) allele is expressed (lanes 7-10). EcoRI digests both AaAGL36 and AtAGL36 leaving only digested frag-
ments (lanes 11 and 12). BR, biological replicate; A.t., A. thaliana; A.a., A. arenosa; A.l., A. lyrata. All crosses shown are in the order female x male. Two biologi-
cal replicates represent results from three biological replicates tested. DAP stages used are four for A.t., seven for A.t. x A.a. and 9 DAP for A.a., A.l. and the
A.a.xA.l. reciprocal cross.
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from cDNA of reciprocal crosses of A. arenosa and A. lyr-
ata resulted in one fragment because AGL36-like (I and VI,
respectively in Figure 4a) from both species are the same
length (Figure 4c). When A. arenosa is crossed as mother
to A. lyrata, AaAGL36-like is successfully digested by EcoRI
(Figure 4c, Table S1c). Using A. lyrata as a mother crossed
to A. arenosa, no EcoRl digestion fragments occur and
thus only expression of AIAGL36-like was observed (Fig-
ure 4c). As a reciprocal control, we also used A. lyrata-
specific digestion by Taul, giving only digestion fragments
in crosses with A. lyrata mothers (Figure 4c). To verify the
identity of the amplified fragments and the maternal
expression pattern, the undigested PCR products were
Sanger sequenced and identified as only maternally con-
tributed (Figure S5). In conclusion, only the maternal allele
is expressed in reciprocal interspecies crosses between A.
arenosa and A. lyrata indicating that imprinting of AGL36-
like is preserved in A. arenosa x A. lyrata hybrid seeds.

Finally, we investigated AGL36/ AGL36-like imprinting in
A. thaliana x A. arenosa hybrid seeds, using A. arenosa as
the paternal cross partner. Upon amplification of cDNA,
both maternally expressed AtAGL36 and paternally
expressed AaAGL36-like fragments could be identified (Fig-
ure 4d, lanes 5-6, see figure legend). Restriction with
AIwNI digest the maternally contributed cDNA (Figure 4d
and Table S1c). The paternal AaAGL36-like fragments
remained undigested in hybrid crosses employing two
independent A. arenosa populations (Figure 4d, lanes 7-
10). The paternal cDNA was verified by Sanger sequencing
and comparison with the A. arenosa control (Figure 4d).
We thus conclude that in hybrid A. thaliana x A. arenosa
seeds, and in contrast with hybrid A. lyrata x A. arenosa
seeds, the silenced paternal A. arenosa allele is reactivated,
demonstrating differential action by the maternal species
in the hybrid. Furthermore, this finding demonstrates that
the paternal alleles of maternally expressed imprinted
genes are deregulated in hybrid crosses, and not limited to
paternally expressed genes as described in previous stud-
ies (Josefsson et al., 2006; Burkart-Waco et al., 2015).

Genetic and environmental factors influence post-zygotic
hybrid barriers

Deregulation of MADS-box type | TF genes has been impli-
cated in setting up the post-zygotic hybridization barrier in
incompatible hybrid A. thaliana x A. arenosa (Strecno1)
seeds, and A. thaliana mutation of some of these genes
could partially rescue the severe late seed phenotype in
the same hybrid cross from approximately 1 to 10% (Walia
et al, 2009). In order to systematically examine if the
MADS-box type | TF genes analyzed in this work influence
the strength of the hybrid barrier we noted that previous
analyses to investigate hybrid barriers in Arabidopsis have
been performed under slightly different temperature
regimes (Josefsson et al., 2006; Walia et al., 2009; Burkart-

Waco et al., 2012; Lafon-Placette et al., 2017) and in line
with this, the major hypotheses to explain hybrid barriers
are centered on genetic factors, not taking environmental
variation into account. In rice, however, it has been
demonstrated that temperature affects cellularization of
the endosperm (Folsom et al., 2014) and that type | MADS-
box TF genes are deregulated during moderate heat stress
(Chen et al., 2016). To rule out a temperature effect in our
experiments, we therefore repeated crosses first performed
by Walia et al. (2009) with Strecno1 and Col-0 using the
original temperature regime (22°C) and at slightly lower
temperatures (18°C) and also included the A. arenosa
accession used in this study, MJ09-4. Surprisingly, both
the difference in temperature and genetic variation
between A. arenosa populations had a major effect on the
strength of the post-zygotic hybrid barrier (Figure 5a).

To quantify this observation, we first investigated seed
survival in the same crosses and temperature conditions.
Using A. arenosa accessions MJ09-4 and Strecno1 (SN1) in
crosses to A. thaliana Col-0 at both 18°C and 22°C, a substan-
tial increase in the survival of hybrid seeds at 18°C for both
accessions was observed (Figure bb) with 18°C MJ09-4
replicates showing up to 60% live seeds while at the same
time also obtaining the same results as Walia et al., 2009
when crossing Col-0 with Strecno1 at 22°C (live seed count
1%, N = 162) (Figure 5b).

In hybrid seed germination experiments, the temperature
dependency of the strength of the hybrid barrier became
even more evident for the accessions MJ09-4 and SN1 (Fig-
ure 5¢; P < 0.001). Interestingly, when comparing two other
A. arenosa accessions, MJ09-1 and SN2, in crosses to Col-0,
these were found to be insensitive to the temperature change
tested here although they display a higher seed survival rate
than SN1 crossed to Col-0 (Figure 5c). These accessions may
still be affected at larger differences in temperature due do
genetic variation and different adaptation. Even though the
variation between replicates is high, especially in 18°C
crosses, a clear bypass effect of low temperature on the post-
zygotic barrier is observed. Furthermore, germination of both
18°C and 22°C crosses demonstrated an increased germina-
tion rate of hybrid seeds involving the A. arenosa MJ09-4
population as a paternal cross partner compared with crosses
with A. arenosa SN1, SN2 or MJ09-1 (Figure 5¢). Control
interspecies crosses in A. thaliana accessions and A. arenosa
MJ09-4 at 18°C and 22°C displayed no significant difference
in germination between the temperatures (Figure S6). Fur-
thermore, tetraploid A. thaliana mothers have been shown to
alleviate the hybridization barrier and to exclude this scenario
we verified the diploidy of A. thaliana Col-0 accessions, the
A. arenosa MJ09-4 population and the Strecno lines (SN1
and SN2) using flow cytometry (Figure S7).

Our findings indicated that genetic variation between A.
arenosa populations also influences the success rate of
hybridization, as previously demonstrated for different A.
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thaliana genotypes (Burkart-Waco et al., 2012). We there-
fore further investigated the temperature dependency of
the hybrid barrier by varying the maternal A. thaliana
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Figure 5. Temperature has a significant effect on the hybrid barrier between
A. thaliana and A. arenosa. (a) Micrographs of siliques with A. thaliana
crossed to A. arenosa hybrid F1 seeds grown at 18°C and 22°C 20 days after
pollination (DAP). The crosses were made using two different A. arenosa
lines, MJ09-4 and Strecno1 (SN1). Live seeds are green, collapsed seeds are
brown or pale green. (b) Graph showing percentage live A. thaliana x A. are-
nosa hybrid F1 seeds from crosses in (a). Three biological replicates were
tested for each temperature for both A. arenosa lines MJ09-4 and SN1
(N = 174, 163, 175, 162, respectively). (c) Germination rate of A. thaliana x A.
arenosa hybrid F1 seeds. Four A. arenosa accessions were crossed to A. thali-
ana at 18°C and 22°C, MJ09-1, MJ09-4, SN1 and SN2 (18°C: MJ09-1 N = 18
BR (931 seeds), MJ09-4 N = 18 BR (986 seeds), SN1 N =9 BR (524 seeds)
and SN2 N =9 BR (475 seeds). 22°C: MJ09-1 N = 12 BR (612 seeds), MJ09-
4 N =36 BR (1482 seeds), SN1 N = 36 BR (1544 seeds), SN2 = 12 BR (673
seeds)). (d) Germination rate of A. thaliana Col-0, Ler, C24 and Ws-2 crossed
to A. arenosa MJ09-4 at 18°C and 22°C (18°C: Col-0 N = 12 BR (572 seeds),
C24 N = 8 BR (451 seeds), Ler N = 12 BR (772 seeds), Ws-2 N = 12 BR (622
seeds). 22°C: Col-0 N = 24 BR (1212 seeds), C24 N = 12 BR (462 seeds), Ler
N = 12 BR (751 seeds), Ws-2 N = 12 BR (727 seeds)). A.t., A. thaliana; A.a., A.
arenosa. Blue color: 18°C, red color: 22°C. Outliers are plotted as large points.
Dots indicate single BR. BR, biological replicate. Significance is indicated for
the comparison of lines at 18°C and 22°C (Wilcoxon rank-sum test: NS:
P> 0.05; *P<0.05; **P<0.01; ***P<0.001). Error bar indicates standard
deviation (SD).

accession used in the hybrid cross. Burkart-Waco et al.
(2012) crossed 56 accessions using the Strecno1 line at 22°C
to investigate the effect of the genetic variation on the hybrid
barrier and could demonstrate a weaker barrier when using
C24, producing 17% normal seeds, while using Ler-1 and
Ws-2 resulted in 5.2% and 3.5% normal seeds, respectively.
Using Col-0 they obtained 1.7% normal seeds. Here, we
demonstrate that crossing Col-0, Ler-1, C24 and WS-2 acces-
sions to the A. arenosa accession MJ09-4 give the effect of
elevated seed survival for all accessions except Ws-2 (Bur-
kart-Waco et al, 2012) when comparing to the previous
report using SN1 at 22°C (Figure 5d). In addition, the acces-
sions Col-0, C24 and Ws-2 have a significant increase in seed
survival when decreasing the temperature to 18°C (Figure 5d;
P < 0.05). Ler-1 appeared to be insensitive to the temperature
change, similar to the observations using A. arenosa acces-
sions MJ09-1 and SN2 in combination with Col-0 (Figure 5c).

Previously published data reported that the embryo does
not make the transition to the heart stage in crosses
between diploid A. thaliana Col-0 and A. arenosa Strecno1
at 22°C (Burkart-Waco et al., 2013), which we also could
confirm for Strecnol1 under our laboratory conditions at
22°C (Figure 5). Our analysis at 18°C, however, demon-
strated that most seeds develop past this point (Figure 6a—
i). There was a clear correlation between the severity of the
hybrid barrier in A. arenosa accessions and the timing of
endosperm cellularization in hybrid seeds (Figure 6a-i)
suggesting that endosperm cellularization is the major
mechanism for setting up the barrier.

The role of MADS type | loci in the A. thaliana A. arenosa
hybrid barrier

In order to investigate the specific effect of selected MADS
type | loci in establishing or bridging the A. thaliana A.
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Figure 6. Variation in endosperm cellularization between A. thaliana and A.
arenosa hybrids. (a-h) Confocal scanning laser micrographs of endosperm
cellularization in hybrid seeds visualized by Feulgen staining. For all
crosses, both non-cellularized and cellularized endosperm is observed and
micrographs representative for each class are presented in the left and right
panels respectively. Open arrowheads point to syncytial endosperm nuclei
while closed arrowheads point to cellularized endosperm nuclei. Scale
bar = 50 um. (a and b) A. thaliana control 7 days after pollination (DAP) typ-
ically at the embryo late heart stage in which most seeds display complete
endosperm cellularization (b). (c, d) A. thaliana x A. arenosa MJ09 hybrid
seeds at 7 DAP. Embryo development is slower compared with A. thaliana
controls. Both non-cellularized (c) and cellularized endosperm (d) was fre-
quently observed. (e, f) A. thaliana x A. arenosa MJ09 hybrid seeds at 10
DAP. Only a few seeds fail to cellularize (e) and most seeds exhibit com-
pleted endosperm cellularization (f). (g, h) A. thaliana x A. arenosa SN1
hybrid seeds at 10 DAP. A higher fraction of seeds display syncytial stage
endosperm (g) compared with A. arenosa MJ09 hybrid seeds (e, f), but
some have completed endosperm differentiation (h). (i) Quantification of
the described embryo and endosperm stages. All crosses are indicated as
female x male. T x T, A. thaliana seeds, N = 34; T x A, A. thaliana x A. are-
nosa MJ09 hybrid seeds, N=81; T x S, A. thaliana x A. arenosa SN1
hybrid seeds, N = 98; em, embryo stages; en, endosperm stages.

arenosa hybrid barrier, we analyzed insertional mutant
alleles of the selected candidate genes (Figure S8a and
Table S3). Homozygous mutants could be obtained for all
investigated loci except as previously described for AGL62
(Kang et al., 2008), suggesting no vital requirement in seed
development. Significantly reduced transcript levels were
demonstrated in all lines with the exception of AGL34 in
which transcript levels were significantly elevated (Fig-
ure S8b). Segregation analysis could not detect reduced
transmission of the mutant alleles suggestive of a require-
ment in male or female gametophytes or a recessive effect
in embryo or endosperm (Figure S8c and Table S4). We
also inspected seed size, seed germination and flowering
time. For this analysis, ag/28-1 was omitted due to mixed
Ws-2 Col-0 accession background (Yoo et al., 2006). Only
minor differences were observed in seed size and flower-
ing time (Figure S9a,b) and no difference in germination of
mutant seeds was observed (97—-100%, N = 200). Finally,
seed developmental phenotypes in single and higher order
mutants were investigated, scoring live, aborted and unfer-
tilized seeds (Figure S9c). Notably, a heterozygous agl62-1
mutation in a double homozygous agl28-1 agl36-1 back-
ground did not differ from single ag/62 mutants. We con-
cluded that a thorough analysis of seed development in
single, double and triple mutants of AGL34, AGL35, AGL36
and AGL90 including their interaction partners AGL28 and
AGL62 did not result in any obvious seed developmental
phenotypes (Figures S8 and S9).

In the case of ag/28-1 a mixed Ws-2 Col-0 accession
background did not allow a direct comparison of hybrid
seed barrier strength effects, due to the strong effect of the
Ws-2 accession (Figure 5d, right panel). Indeed, single
agl28-1 mutants as well as double or triple mutant combi-
nations with agl36, agl62 and agl/90 crossed with A. are-
nosa all produced significantly lower seed germination
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Figure 7. Genetic and environmental parameters influence the F1 hybrid barrier. (a) Germination rate of seeds from A. arenosa MJ09-4 crossed as pollen to the
A. thaliana (Col-0), single mutants agl23-1, agl34-2, agl35-1, agl36-1, agl62-1, agl90-1, and agl90-2 and the double mutant agl36-1 agl62-1 at 18°C and 22°C.
Box plot contains scattered dots representing germination rates observed per silique. Outliers are plotted as large points. Significance is indicated for the com-
parison of the mutant lines between 18°C and 22°C (Kruskal-Wallis test: P < 2.2—16; Wilcoxon rank-sum test: NS: P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).
18°C: Col-0 N = 10 BR (536 seeds), agl23-1 N = 12 BR (294 seeds), agl34-2 N = 12 BR (707 seeds), agl35-1 N = 12 BR (641 seeds), agl36-1 N = 12 BR (704 seeds),
agl36-1 agl62-1 N = 12 BR (532 seeds), agl62-1 N = 8 BR (442 seeds), agl90-1 N = 12 BR (568 seeds), ag/90-2 N = 12 BR (753 seeds). 22°C: Col-0 N = 12 BR (578
seeds), agl23-1 N = 12 BR (407 seeds), agl34-2 N = 12 BR (610 seeds), agl35-1 N = 12 BR (571 seeds), ag/36-1 N = 12 BR (635 seeds), ag/36-1 agl62-1 N = 12 BR
(498 seeds), agl62-1 N = 8 BR (403 seeds), agl90-1 N = 12 BR (514 seeds), agl90-2 N = 12 BR (635 seeds). BR, biological replicate.

rates in nine out of 10 cross combinations (Figure S10a). In
a direct comparison using Ws-2 wild type as the control,
compared with Col-0 and agl28-1 when crossed with A.
arenosa MJ09-4, revealed no difference in seed germina-
tion rate between Ws-2 and agl28-1 (Figure S10b, left). In
order to further investigate the role of ag/28-1 we gener-
ated an AGL28 genomic rescue construct that was trans-
formed into the homozygous ag/28-1 mutant background.
Six homozygous T2 lines were crossed to A. arenosa
MJ09-4 and scored for germination (Figure S10b, right).
None of the rescue lines was significantly different from
agl28-1 or the Ws-2 control, suggesting that the observed
reduced germination is caused by the Ws-2 background
alone. As the Ws-2 background effect co-segregated with
the agl28 mutation through repeated introgression to Col-
0, we hypothesized a major part of the genetic variation
causing the strong Ws-2 A. arenosa hybrid barrier to be
linked to the AGL28 locus. In order to genetically map the
effect, we backcrossed a Col-0 introgressed hemizygous
agl28-1 to Col-0 and genotyped the progeny for the pres-
ence of ag/28-1, and crossed the two types of plants result-
ing with A. arenosa MJ09-4 pollen donors (Figure S10c,
see legend for detail). Plants wild type for the AGL28 locus
had a high probability to be Col-0 in the AGL28 region, and
did also regain Col-0 germination rates in crosses with A.
arenosa (Figure S10c; NS, not significantly different). In
addition, plants hemizygous for ag/28-1 having a high
probability to be Ws-2 Col-0 heterozygous in the AGL28
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region, displayed intermediate germination levels and
were still significantly different from Col-0 (Figure S10c;
P < 0.05). This strongly suggested that the strong Ws-2
effect on the hybrid barrier was linked to the AGL28 region
on top of chromosome 1.

Finally, various single and double A. thaliana MADS-box
type | mutants were crossed with the A. arenosa MJ09-4
population at the two temperatures established (18°C and
22°C). First, we wanted to investigate the influence of the
mutated loci on the strength of the hybrid barrier, as mea-
sured by germination rate. Secondly, we wanted to explore
if the identified temperature effect on the strength of the
hybrid barrier was modulated by the mutated loci, as
observed using in both A. thaliana and A. arenosa acces-
sions (Figure 5c, d).

Hybrid seed phenotypes were inspected for some repre-
sentative crosses at 18°C (Figure S11a—c). We observed the
seed classes normal non-collapsed seeds, collapsed brown
seeds and viviparous seeds (Figure S11a). The frequency
of non-collapsed seeds in a silique and seed germination
frequency were well correlated (Figure S11b). Seed size
measurements also displayed variation but no strong
effect of the mutant mother background (Figure S11c). The
ploidies of A. thaliana x A. arenosa hybrids with both Col-
0 and agl36-1 agl90-2 as mother were verified using flow
cytometry (Figure S7).

In general, none of the single or higher order A. thaliana
mutants had a significant effect to alleviate the hybrid
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barrier when crossed to the A. arenosa MJ09-4 accession
(Figure 7). This is conflicting with previous data reported
for agl62 and agl90 crossed with an A. arenosa Strecno'
population at 22°C (Walia et al., 2009). In the Walia study,
mutants of agl62 and ag/90 used as mothers in the cross
increased the germination frequencies from 1% in crosses
with Col-0 to 10% in crosses with agl62 and agl90. In our
experiment, the average germination frequencies of agl62-
1 at 22°C, and the average germination frequencies of
agl34-2 at 22°C were indeed slightly higher than the Col-0
control crossed to A. arenosa, but the difference is not sig-
nificant. We could therefore not reproduce the findings of
Walia et al. (2009) in crosses using the A. arenosa MJ09-4
accession. The reason for this discrepancy may be genetic
differences in the A. arenosa accessions used (MJ09-4 in
this study versus Strecnol in Walia et al., 2009). As
demonstrated here, different A. arenosa accessions can
modulate the strength of the hybrid barrier (Figure 5c).

We did however see a significant effect of the single
mutant ag/35-1 to aggravate the hybrid barrier when
crossed to the A. arenosa MJ09-4 accession (Figure 7). Sig-
nificant reduction was observed at both temperatures
tested. When the homozygous ag/35-1 mutant was crossed
to A. arenosa at 18°C, a significant reduction from average
values of close to 50% germination to less than 20% was
observed (Figure 7; P < 0.001), and in the 22°C experiment
we found a reduction from more than 25% to close to 15%
(Figure 7; P<0.01). These findings suggest that AGL35
may play a role to relieve and bypass the hybrid barrier, or
that lack of AGL35 disrupts or lowers the threshold for dis-
ruption of endosperm cellularization.

It is noteworthy that the effect of lower temperature to
alleviate the hybrid barrier is also bypassed by mutation of
AGL35. We analyzed if any of the loci investigated played a
role in establishing the observed temperature effect on the
hybrid barrier strength (Figure 7). The Col-0 control and
most mutant crosses, including agl23, agl36, agl62 and
agl90, displayed significant differences in germination fre-
quencies between the two temperatures examined (Fig-
ure 7). Crosses with the single mutants agl34 and agl35
and the agl36 agl62 double mutant, however, displayed no
significant differences in its germination rate between 18°
and 22°C (Figure 7), similar to the previous observation in
the Ler-1 accession cross (Figure 5d). The temperature
immunity seen in agl35 appears to be the most prominent
due to low variation in the observations, and may suggest
that the AGL35 links the hybrid block to the temperature
effect.

DISCUSSION
The role and regulation of imprinted genes

In this report, we have systematically analyzed the function
and conservation of imprinting a subset of MADS-box type

I TFs in hybrid crosses in the context of biological and
environmental variance. In our expression analysis, we
observed that Mo and My class type | TFs are highly repre-
sented in the transcriptome of the developing seed, and
that both classes contain correlated transcript profiles that
peak around the onset of endosperm cellularization. The
expression peak occurs at a crucial developmental time
point when the endosperm switches from nutrient sink to
source for the developing embryo (Lafon-Placette and
Kohler, 2016), which is suggestive of a function in this pro-
cess. Defects in endosperm cellularization are also the
mechanistic basis for a post-zygotic reproductive barrier
between Arabidopsis species and thus support a role for
these genes in a hybrid scenario. The Ma and My class co-
regulation is consistent with the notion that Mo forms
dimers with the My-type MADS-box TF class (de Folter
et al., 2005). Furthermore, since imprinted genes interact
with biparentally expressed genes this would favor the
dosage hypothesis for the selection of imprinted genes
(Dilkes and Comai, 2004). According to this hypothesis
imprinting is a means to optimize the expression level of a
gene, opposed by the parental conflict theory, in which
parental conflict over resources leads to the selection of
genes that promotes or restricts resource allocation (Haig
and Westoby, 1991).

It has been postulated that maternally expressed
imprinted genes are regulated by the release of DNA
methylation in the central cell by central cell specific action
of the DNA glycosylase DEMETER (DME). We could, how-
ever, demonstrate that the lack of DNA methylation main-
tenance in the pollen germline does not activate all
silenced paternal alleles. There is a discrepancy between
the lack of activation of paternal AGL36 observed in this
work and previously published data (Shirzadi et al., 2011).
However, the two studies were done using different acces-
sions and also different met7 mutant alleles. Accession-
specific effects are less likely as we see paternal reactiva-
tion of AGL28 using the same accessions. However, as the
history of zygosity is not known for the met1 allele used in
the previous study, accumulated hypomethylation may
explain the inconsistency. Nevertheless, even though the
paternal allele of AGL28 reactivated in our study, paternal
silencing of AGL90 and AGL36 was not lifted. In this study,
met1-7 was held as heterozygous, thus avoiding parental
demethylation. This suggests that maternally expressed
imprinted genes may be regulated by other mechanisms
or have different regulatory requirements.

Evolution of silencing of the paternal allele of maternally
expressed imprinted genes has been associated with glo-
bal methylation patterns generated toward suppressing
transposons (Kim and Zilberman, 2014; Anderson and
Springer, 2018). De novo methylation of transposons is
mainly performed by the action of RdDM, and in the lack
of a mechanistic scenario for the imprinting of maternally
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expressed genes this pathway is an obvious candidate.
Several Mo and My class type | TFs including AGL36 have
also been suggested to be upregulated in the lack of RADM
(Lu etal, 2012). For AGL36 we could, however, not
observe any change in paternal silencing in reciprocal
crosses with a PollV mutant (nrpd1) that is blocking canon-
ical RADM. Furthermore, we were also unable to verify the
previously reported upregulation of AGL36 in the same
crosses and time points (Lu et al., 2012). To determine the
global effect, however, a systematic elucidation of the role
of RdDM in the regulation of maternally expressed
imprinted genes is required.

Although it does not regulate imprinting of maternally
expressed genes, we showed that repression by PRC2 is
specifically targeted toward Ma and My class type | TFs
and acts to repress gene activity concurrent with and at
post-cellularization stages. In the absence of MEA, only the
maternal allele of AGL36 is upregulated (Shirzadi et al.,
2011), indicating that the mode of regulation does not
interfere with the actual imprinting mechanism. We
hypothesize that DNA methylation of the paternal allele
protects from PRC2 repression, as suggested for the pater-
nally expressed imprinted gene PHET1 (AGL37) (Kohler
et al., 2003; Makarevich et al., 2008; Villar et al., 2009). In
such a scenario the paternal allele of paternally expressed
genes should be targeted by PRC2 at cellularization, but
the mechanism here remains to be explored. We observed,
however, that Mo and My class type | TFs are regulated by
PRC2 in distinct clusters from 6 to 12 DAP and that mater-
nally and paternally expressed genes are co-regulated in
the same cluster. While the meaning of the observed grad-
ual repression by FIS-PRC2 in the context of Ma and My
role in seed development remains open to speculation, it
seems clear that FIS-PRC2 acts through specific sets of
genes at successive stages in seed development, rather
than exerting a global effect in the seed concurrent with
endosperm cellularization.

Species-dependent deregulation of imprinting

We identified orthologs of AGL36 in A. arenosa and A. lyr-
ata and studied imprinting in A. arenosa and hybrids of A.
arenosa, A. lyrata and A. thaliana. AGL36 is imprinted in A.
thaliana and maternally expressed, and here we prove that
one of the two AGL36-like genes in A. arenosa is also
exclusively maternally expressed, demonstrating conserva-
tion of imprinting. The maternal allele of the paternally
expressed imprinted genes have previously been shown to
be reactivated in the hybrid of A. thaliana and A. arenosa
(Josefsson et al., 2006; Walia et al., 2009; Burkart-Waco
et al., 2015). We show that, in hybrid A. thaliana x A. are-
nosa seeds, the paternal AGL36-like allele is reactivated,
suggesting that deregulation in hybrid crosses is not lim-
ited to paternally expressed genes as described in previous
studies (Walia et al., 2009). This loss of regulation is in
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strong contrast with the A. lyrata x A. arenosa hybrid cross
in which the imprinting of AGL36-like is maintained.

The variation or perturbation of the pattern of imprinting
might play a role in the endosperm hybridization barrier
between species (Florez-Rueda et al., 2016), and in the case
described here, different mechanisms may act in the same
species depending on the cross partner. Previous imprint-
ing analyses involved crosses between inbreeders and out-
breeders, fueling speculation that the mechanisms
regulating imprinted genes may differ depending on the
mating system (Josefsson et al., 2006; Burkart-Waco et al.,
2012; Hatorangan et al., 2016; Klosinska et al., 2016). How-
ever, intraspecific variation of imprinting within A. thaliana
has previously been demonstrated (Waters et al., 2013;
Pignatta et al., 2014). Consistent with the notion that
imprinting can vary independently of mating systems,
reactivation of the normally imprinted paternal A. arenosa
AGL36 allele depended on the maternal species: it was
observed only in crosses to A. thaliana but not to A. lyrata.

Temperature- and population-dependent quantitative
barrier phenotype

We have identified an important role of temperature in the
establishment of endosperm-based post-zygotic hybrid
barriers. This opens for speculation and a multifaceted sce-
nario emerges identifying several parameters; both intrin-
sic variation in genetic pathways in both parents and
external abiotic factors such as temperature may act in
concert to mediate the generation of post-zygotic species
barriers.

The discovery that lowering the temperature by only 4°C
from 22°C to 18°C during the fertilization and development
of the A. thaliana x A. arenosa hybrid seed increases sur-
vival was surprising. Nevertheless, incompatibility
between diverged individuals can be sensitive to tempera-
ture as, for example, in seedling hybrid necrosis (Bomblies
and Weigel, 2007). In this case, however, appropriate tem-
peratures can ameliorate acute incompatibilities mani-
fested only during early seed development and, therefore,
may play a significant role in reducing interspecific
hybridization barriers. High environmental sensitivity may
also explain inconsistencies with previous studies noted in
Results.

Crossing A. thaliana wild type Col-0 and mutants to dif-
ferent A. arenosa accessions demonstrated variation
depending on the pollen donor and no significant increase
in seed viability could be observed by using the mutants of
the MADS-box type | TFs as mothers. The variability
caused by natural variation has been demonstrated in A.
thaliana by using different accessions. Burkart-Waco et al.
(2012) used the diploid A. arenosa accession Strecno-1 and
crossed it as the pollen donor to 56 A. thaliana accessions
and scored seed viability ranging from 30% normal seeds
to close to 2%. Burkart-Waco et al. (2013) compared seed
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development of A. thaliana accessions Col-0 and C24
crossed to A. arenosa, which respectively produced 0 to
1% and ~17% live hybrid seeds. Hybrid embryos at all
stages beyond 2 DAP were developmentally delayed and
similar between Col-0 and C24, with the exception of a few
C24 x A. arenosa hybrid embryos displaying developmen-
tal progression to heart stage by 6 DAP, whereas no Col-0
embryos made this transition. This is in clear contrast with
our findings where most seed survive this stage. Using dif-
ferent A. thaliana accessions in crosses to the A. arenosa
accession MJ09-4, we obtained highest seed germination
rates in crosses with C24. However, the cross combination
with the Ws-2 accession produced similarly low germina-
tion rates as the A. arenosa accession Strecno-1 crossed
with Col-0. This indicates that rather than a specific acces-
sion having specific effects, it is the combination of acces-
sions that determines the strength of the hybrid barrier.
Although we could not observe elevated seed viability
when single or multiple MADS-box type | mutants were
used in crosses to A. arenosa, deficiency of AGL35 resulted
in significant reduction of the germination frequency.
Notably, mutants of AGL35 crossed to A. arenosa display
two effects: first, it increase lethality; second, it decrease or
eliminate the temperature effect, suggesting a critical role
for this gene in mediating the strength of the hybrid block
and the temperature effect.

Weakening of hybridization barriers at lower tempera-
tures might increase fitness of a self-incompatible colonizer
by broadening mate choice: few viable seeds are better than
no seed. This mechanism could, for instance, have been
important for recolonization after the Pleistocene glacia-
tions, a period that was characterized by secondary contact
and high amount of hybridization with or without genome
duplication (Stebbins, 1984; Brochmann et al, 2004).
Although A. thaliana is a self-crosser, the mechanism might
be ancestral and predate A. thaliana. Its occurrence should
be investigated by hybridizing more species under varying
temperature. In northern Europe and the Fennoscandian
region, A. thaliana with unreduced gametes has most likely
hybridized with pollen from tetraploid A. arenosa to create
the allotetraploid A. suecica on multiple hybridization
events (Novikova et al., 2017). Making a synthetic tetraploid
A. thaliana and crossing it to A. arenosa, can make viable,
although unstable, hybrids (Comai et al., 2000). Environ-
mental stress such as heat or cold may increase the rate of
unreduced gamete formation (De Storme and Mason, 2014)
and facilitate hybridization between diploids and tetraploids
(Vallejo-Marin and Hiscock, 2016). Such instances of gen-
ome doubling, however, did not occur in our experiments
as flow cytometry of sampled hybrids indicated genome
content consistent with reduced gametes of the diploid par-
ents A. thaliana and A. arenosa. Formation of 2N gametes
may be under different regulation in Arabidopsis. The tem-
perature-sensitive mechanism affecting the endosperm-

based barrier and its dependency on AGL function remain
an open area of investigation.

In rice, it has been shown that temperature affects cellular-
ization of the endosperm (Folsom et al., 2014) and that type |
MADS-box TF genes are deregulated during moderate heat
stress (Chen et al., 2016). The temperature stress tested were
much higher than tested here for Arabidopsis, but the differ-
ent species have different temperature adaptations in general.
The rice MADS-box TF OsMADS87 is a heat-sensitive
imprinted gene which is associated with syncytial stage endo-
sperm and regulates rice seed size (Chen et al., 2016).
OsMADSS87 is a putative ortholog of Arabidopsis PHET.
Mutants of OsMADS87 have accelerated endosperm cellular-
ization and lower sensitivity to a moderate heat stress in terms
of seed size (Folsom et al., 2014; Chen et al., 2016). Our results
indicated that some of the Arabidopsis thaliana MADS-box
mutants hybridized to A. arenosa, display a lowered heat sen-
sitivity that may indicate a temperature-sensing role for the
MADS-box genes in the endosperm of A. thaliana as well.
Considering that many of the type | MADS-box genes are reg-
ulated by the PRC2 complex and that the finding that OsFIE1
is imprinted and temperature sensitive in rice seeds (Folsom
et al, 2014), this proposes an epigenetic regulation during
hybrid seed development which is altered during environ-
mental perturbations (Folsom et al., 2014). Given the impor-
tance of overcoming post-zygotic isolation for the early stages
of neo-hybridization (Vallejo-Marin and Hiscock, 2016), this
temperature effect can be a useful tool for investigating the
endosperm-based post-zygotic barrier and early speciation.

EXPERIMENTAL PROCEDURES
Plant material and cultivation

A. thaliana accessions and mutant plant lines were obtained from
the Nottingham Arabidopsis Stock Center (NASC) unless specified
otherwise. For details on MADS-box type | mutant lines see
Table S1. The metl1-7 and nrpd1 accession numbers are
SALK 076522 and SALK 083051, respectively. The mea/fis1
mutant was kindly supplied and described in Chaudhury et al.
(1997). The A. arenosa populations MJ09-1 and MJ09-4 and the A.
lyrata MJ09-11 descended from natural populations in central Eur-
ope as described, respectively, by Jgrgensen et al. (2011) and
Lafon-Placette et al. (2017). A. arenosa populations Strecno1 (SN1)
and Strecno2 (SN2) were kindly supplied by Kirsten Bomblies
(Hollister et al., 2012). Seeds were surface sterilized either by
washing steps with 70% ethanol, 20% bleach and wash solution
(0.001% Tween20) or by over-night chlorine gas sterilization (Lind-
sey et al, 2017), sown out on 0.5 Murashige and Skoog (MS)
plates (Murashige and Skoog, 1962) supplemented with 2%
sucrose and appropriate antibiotics for selection of mutant lines.
The seeds were then stratified over-night (A. thaliana) or 1 to
3 weeks (A. arenosa and A. lyrata) at 4°C before transferring to
growth chambers with either 18°C or 22°C under long-day condi-
tions (16 h light, 160 umol/mz/sec, relative humidity 60-65%). A.
thaliana A. arenosa F1 hybrid seeds were stratified at 4°C for
4-6 days before being placed in growth chambers for scoring of
germination as seedling root protruding from the seed regardless
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of survival at later stages. Germinated seedlings were transferred
to soil and grown under long-day conditions at 18°C or 22°C. A.
arenosa and A. lyrata plants were vernalized at 8°C under short-
day conditions (10 h light) for 4-5 weeks to stimulate flowering.
To avoid self-pollination, controlled crosses were performed by
emasculating unopened flower buds followed by hand pollination
after 2 days. Developing or mature seeds were harvested for des-
ignated purposes at defined time points. See Table S5 for an over-
view of interspecies crosses. For flowering time analysis,
flowering time was scored as day after stratification and the aver-
age number of leaves at stem emergence from the rosette.

Tissue handling, DNA and RNA extraction and cDNA
synthesis

Tissue was harvested directly in liquid nitrogen and DNA was iso-
lated using E.Z.N.A. Plant DNA kit (Omega) according to manufac-
turer's instructions. For total RNA isolation, seeds were hand
dissected from siliques directly into pre-chilled tubes with MagNA
Lyser Green Beads (Roche) and ground in lysis buffer (Sigma
Plant total RNA kit) using a MagNA Lyser Instrument (Roche). Iso-
lated RNA was treated with DNase | (Sigma) and cDNA synthe-
sized with oligo(dT) and Superscript lll reverse transcriptase
(Invitrogen). Samples were cleaned using a QlAquick PCR purifica-
tion kit (Qiagen). DNA or RNA concentration was measured using
a NanoDrop1000 spectrophotometer or RNA was measured with a
Qubit 3 fluorometer (ThermoFisher) using the Qubit RNA BR
Assay kit (Invitrogen). All kits were used according to the manu-
facturers’ instructions.

RNA Sequencing and sequence analysis

Total RNA was isolated from dissected seeds at 1, 2, 3, 4, 6, 9 or
12 DAP from Ler crossed to Col-0 and from mea/fis1 crossed to
Col-0 in two biological replicates as described previously (Shirzadi
et al., 2011). RNA samples were DNase treated before quality
checked using an Agilent 2100 Bioanalyzer. Total RNA was pre-
pared to a strand-specific TruSeq™ RNA-seq library and all 28
samples sequenced over three lanes on an lllumina HiSeq 4000,
150 bp paired end reads. Differential expression analysis was per-
formed with RSEM (Li and Dewey, 2011) using the edgeR software
package (McCarthy et al., 2012). The expression profiles were ana-
lyzed and visualized using the Tidyverse 1.2.1, ComplexHeatmap
1.17.1 (Gu et al, 2016), Dendextend 1.7.0 (Galili, 2015), Viridis
0.5.0 packages in R version 3.4.3.

Molecular cloning and genotyping

All T-DNA mutant lines were genotyped using specific primers
(Tables S1 and S2). Due to high sequence similarities between
MADS-box genes and AGL36-like genes in different species, pri-
mers were optimized to ensure specific amplification and frag-
ments were sequenced for confirmation of identity. The
sequencing and characterization of AGL36-like genes from MJ09
A. arenosa and A. lyrata lines were performed by PCR amplifica-
tion with designated primers (Table S2) using KOD Hot Start DNA
polymerase (Sigma) according to the manufacturer’s instructions
with 1.5 mm of MgSO, and PCR program with 95°C denaturation,
55°C annealing, and 70°C extension for 35 cycles. The amplified
fragment was subsequently cloned into a TOPO Blunt pCR Zero
vector (Invitrogen) according to the manufacturers’ instructions.
The AGL28 genomic complementation construct was created by
nested PCR using primers described in Table S2 containing att
sites for GateWay cloning (Invitrogen) according to the manufac-
turer’s instructions. The genomic AGL28 fragment was 3531 bp
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including 2000 bp upstream of the start codon and 500 bp down-
stream of the stop codon and was cloned into the destination vec-
tor pMDC99. The construct was transformed into Agrobacterium
tumefaciens strain GV3101 pMP90RK which was used to trans-
form agl28-1 mutant using the floral dip method (Clough and
Bent, 1998) and transformants were selected for by the appropri-
ate resistance encoded in the inserted T-DNA, hygromycin. All
sequences from A. arenosa and A. lyrata generated for this study
have been deposited in the National Center for Biotechnology
Information Sequence Read Archive (https:/www.ncbi.nIm.nih.
gov/) with accession numbers MN380433 to MN380437.

Phylogenetic analysis

All alpha and gamma MADS-box genes were extracted from the A.
thaliana genome (TAIR10 at https:/www.arabidopsis.org/). The
genomic sequence was translated into amino acids with the
AUGUSTUS gene prediction program (Stanke and Morgenstern,
2005) using the A. thaliana gene model. Nucleotides from the cod-
ing regions were aligned based on the protein sequence with PAL2-
NAL (Suyama et al., 2006). Positions with more than 80% gaps and
ambiguously aligned positions were removed from the alignment.
A phylogenetic tree was inferred from the resulting alignment
using the GTRGAMMA model and the automatic bootstrapping cri-
teria MRE (option -l autoMRE) in RAxML v8.0.26 (Pattengale et al.,
2011; Stamatakis, 2014). The genes AGL34, AGL36 and AGL90 from
A. thaliana were used as queries in BLAST against the non-redun-
dant nucleotide database at NCBI (blast.ncbi.nIm.nih.gov/) to find
all homologous genes in the Arabidopsis genus. In addition, all
available Arabidopsis lllumina whole genome sequence data from
Sequence Read Archive (SRA) was employed in the phylogenetic
analysis. These libraries were assembled with rna-spades (Banke-
vich et al, 2012) and AGL36 related genes were identified with
BLAST. All AGL36 related genes were aligned and phylogenetic
trees were inferred as for the MADS-box genes. In the final analysis
only one copy of the gene was kept for each species.

Real-time quantitative PCR

Real-time PCR was performed on a LightCycler 96 instrument
using FastStart Essential DNA Probes Master protocol (Roche) and
FastStart Essential DNA Green Master protocol (Roche) using des-
ignated primers (Table S2). Relative expressions were calculated
according to Pfaffl (2001) and are average values of at least two
biological replicates. In reactions with low relative expression an
E-value of 2.0 was used. All PCR products were sequenced to ver-
ify identity of the product amplified.

Single nucleotide polymorphism analysis

Seed tissue was sampled at 4 DAP from reciprocal crosses from
A. thaliana, at 7 DAP from crosses between A. thaliana and A. are-
nosa, and at 9 DAP from reciprocal crosses of A. arenosa and A.
lyrata. cDNA was amplified by PCR using designated primers
(Table S2) and digested using SNP-specific enzymes (Table S4)
analyzed on an Agilent 2100 Bioanalyzer using the DNA-1000-
LabOnChip system (Agilent Technologies). Images for figures
were assembled using lllustrator software (Adobe).

Dry seed phenotyping using ImageJ

For A. thaliana A. arenosa hybrid crosses, mature seeds were har-
vested one silique at a time before imaging using a Nikon D90
and analysis using ImageJ to determine seed size (mm?). Vivipar-
ous seeds were excluded from the analysis. MADS-box type |
mutants were grown and harvested at the same time and
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conditions. Seed size was measured and analyzed using ImageJ
to determine the average seed size (mm?) per plant. The signifi-
cance differences between plant lines were tested using the
Kruskal-Wallis test: P=0.0047 and in pairwise comparison with
wild type (Wilcoxon rank-sum test).

Microscopy and Feulgen staining of seeds

Tissue was harvested from A. thaliana and A. thaliana x A. are-
nosa at 7 DAP and 10 DAP (seeds from three siliques per biologi-
cal replicate). The seeds were stained with Schiff's reagent
(Sigma-Aldrich S5133) following fixation and embedding in LR
White (London Resin) as described by Braselton et al. (1996). An
Olympus FluoView 1000 Confocal laser scanning microscope
(BX61WI) with an excitation of 488 nm and emission from 500 to
600 nm was used for imaging.

Ploidy measurements of adult hybrids as well as crossing
parents

Ploidy was measured for a selection of the plants with two of the
A. arenosa parents (from MJ09-4 population), two Col-0 plant indi-
viduals, 14 A. thaliana Col-0 x A. arenosa F1 hybrids and 12 A.
thaliana agl36-1 agl90-2 x A. arenosa F1 hybrids. Also, the A. are-
nosa lines Strecno1 and Strecno2 were included to confirm ploidy.
One rosette leaf and one inflorescence were analyzed for all sam-
ples except for agl36-1 agl90-2 x A. arenosa F1 hybrids in which
only rosette leaves were analyzed. The ploidy was assessed by
establishing the genome content by estimating the relative fluo-
rescence intensities by flow cytometry (FCM) and the two-step
methodology according to Dolezel et al. (2007). The reference
standards for the raw cytometric analysis were Solanum pseudo-
capsicum for the A. thaliana and A. arenosa hybrid comparison
with A. thaliana, and Carex acutiformis for the A. arenosa Strec-
no1 (N = 10) and Strecno2 (N = 12). The samples and the internal
reference were chopped with a razor blade in 0.5 ml ice-cold Otto
| buffer (0.1 m citric acid, 0.5% Tween 20). This was then filtered
through a nylon mesh (loop size 0.42 um), incubated at room tem-
perature for 5 min before being stained with 1 ml of Otto Il buffer
(0.4 M NayHPO, - 12 H,0) supplemented with AT-selective fluores-
cent dye DAPI (4,6-diamino-2-phenylindol) and 2-mercaptoethanol
in final concentrations of 4 pg/ml and 2 pl/ml, respectively. After
about 5 min of incubation at room temperature, the relative fluo-
rescence intensity for a minimum of 3000 nuclei was recorded
using a Partec Space flow cytometer (Partec GmbH, MUnster, Ger-
many) equipped with an UV-LED chip (365 nm). The FCM results
are the fluorescence intensities relative to unit fluorescence inten-
sity of the internal reference standard.
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Figure S1: Phylogeny and expression of MADS-box type | transcription factors during seed development.
A) Maximum likelihood phylogeny of all 63 MADS-box type | transcription factors (TFs) in A. thaliana. The tree was
inferred using the GTRGAMMA model in RAXML on 532 unambiguously aligned nucleotides. Scale bar represents
the mean number of nucleotide substitutions per site. Only bootstrap values above 65% are shown. B) Gene
expression profiles of MADS-box type | TFs in wild type during seed development, 1-12 days after pollination (DAP).
Transcript quantification and differential expression was performed for two biological replicas with three technical
replicas using RSEM and visualized using R. Gene expression profiles for stages ranging from one to 12 DAP are
shown relative to four DAP using a base-2 logarithmic scale (logFC). Note that limited or no transcription of M class
genes was detected during seed development. Ma and My MADS-box type | TFs peaked between three to six DAP.
Mao=alpha class, MB=beta class, My=gamma class.



AGL28 AGL35 AGL36 AGL90
Col-0 GAGTC GCTGC TTAA GCCGC
Tsu-1  AAGTC GCGGC CTAA GTCGC
G AGTC G C T G C T T A A G C C G C
Col-0
X
Tsu-1
G AGTC G C T G C T T A A G C C G C
A AGTOC G C G G C C T A A G T C G C
Tsu-1
X
Col-0
A AGTOC G C G G C C T A A G T C G C
A A GT C G C G G C C T A A G T C G C
Tsu-1
X
met1-7
A A GT C G C G G C C T A A G T C G C

Figure S2: Imprinting analysis of AGL28, AGL35, AGL36 and AGL90.
Chromatograms show the sequence of the SNP containing region. PCR
products from the amplification of cDNA from Col-0 x Tsu-1, Tsu-1 x Col-0 and
Tsu-1 x met1-7 (Col-0) were Sanger sequenced using the same forward
primer as for PCR amplification. The base selection shown is the recognition
site for the respective restriction enzymes used to detect maternal and
paternal transcripts for each gene. The SNPs are indicated with same base
color as used in the chromatograms. Note that the AGL90 paternal signal in
Tsu-1 x met1-7 is indistinguishable from Tsu-1 x Col-0.
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Figure S3: Clustering of MADS-box type | genes based on expression pattern in wild type and mea mutant seeds.
Heat-map representation of the expression profile of all MADS-box type | genes detected through one to twelve days after
pollination (DAP) during wild type (WT) and mea seed development. Expression patterns were clustered into four groups
based on the mutational effect of mea on the MADS-box transcription factors. Left and right panels show the transcriptional
profiles of the clusters in WT and mea mutant, respectively. Transcript quantification and differential expression analysis were
performed for two biological replicas with three technical replicas using RSEM and visualized using R. Gene expression
profiles for stages ranging from one to twelve DAP are relative to four DAP using a base-2 logarithmic scale (logFC). Ma
=alpha class, M3=beta class, My=gamma class.
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Figure S4: AGL36 related genes from all available Arabidopsis genomes in Sequence Read Archive, GenBank and
Phytozome. The tree is inferred using the GTRGAMMA model in RAXML and the alignment consists of 978 unambiguously
aligned nucleotides, and 61 sequences. Scale bar represents the mean number of nucleotide substitutions per site. Only
bootstrap values above 65% are shown and Arabidopsis species are indicated by colors. SRR, Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra). JGI, Joint Genome Institute (https://jgi.doe.gov/). Sequence IDs in bold, are sequences
generated from the populations used in this study.
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Figure S5: Imprinting analysis of AGL36-like in the reciprocal cross of
A. arenosa and A. lyrata. Chromatograms show the sequence of the SNP
containing region. PCR products from the amplification of cDNA from
reciprocal crosses of A. arenosa and A. lyrata were Sanger sequenced using
the same forward primer as for PCR amplification. The base selection shown
is the recognition site for the respective restriction enzymes used to detect
maternal and paternal transcripts for each gene. The base selections shown

are EcoRI and Taul recognition sites used to detect maternal and paternal
transcripts for AGL36-like in A. arenosa and A. lyrata reciprocal crosses.
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Figure S6: Germination rate in self crosses of A. thaliana
accessions and A. arenosa MJ09-4 is not affected by temper-
ature. Self crosses of Col-0, C24, Ler and Ws-2 and crosses of A.
arenosa MJ09-4 within the same population at 18°C and 22°C
show no significant species specific effect of temperature.
(Wilcoxon rank-sum test: NS.: p > 0.05; *: p<0,05; **: p<0,01; ***:
p<0,001). 18°C: Col-0 N= 3 BR (176 seeds), C24 N= 2 BR (107
seeds), Ler N=4 BR (283 seeds), Ws-2 N= 4 BR (269 seeds), A.a.
MJ09-4 x A.a. MJ09-4 N= 4 BR (169 seeds). 22°C: Col-0 N=4 BR
(237 seed), C24 N= 2 BR (92 seeds), Ler N= 4 BR (284 seeds),
Ws-2 N= 8 BR (510 seeds), A.a. MJ09-4 x A.a. MJ09-4 N= 4 BR

(100 seeds). Outliers are plotted as large points. BR, biological
replica.
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Figure S7: Ploidy measurement of Arabidopsis populations and hybrids. A) Genome content measurement for
A. thaliana (Col-0), A. arenosa (MJ09-4) and hybrid crosses between Col-0 and MJ09-4 and the double mutant
agl36-1 agl90-2. B) Raw cytometric outputs measured with Solanum pseudocapsicum as reference standard
(channel 400 at the x-axis) for all A. thaliana and A. thaliana x A. arenosa hybrids. C) Genome content of A. arenosa
Strecno lines SN1 and SN2 and A. arenosa MJ09-4 plants measured by flow cytometry show that all accessions are
diploid. The plants termed MJ09-4 clone stem from aerial rosettes that have been cultivated on soil. D) Raw
cytometric outputs measured with Carex acutiformis as reference standard (channel 300 at the x-axis) for A. arenosa
lines SN1 and MJ09-4.
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Figure S8: Genetic analysis of selected
MADS-box type | transcription factors. A) T-DNA
insertion overview for mutant lines of AGL28, AGL34,
AGL35, AGL36, AGL90 and AGL62. Gray shading of
triangles indicates missing left or right T-DNA border
information. Colored boxes indicate exons, white
boxes indicate introns, dark blue boxes indicate
untranslated regions (UTRs). B) Verification of
transcript knock-down in AGL28, AGL34, AGL35,
AGL36 and AGL90 mutants compared to wild type
(Col-0) by Real-time PCR. Standard deviation
between 3 biological replicates is indicated. C)
Segregation analysis of the mutant alleles of ag/28-1,
agl34-2, agl35-1, agl36-1, agl90-1 and agl90-2 in
manual self crosses and in reciprocal crosses to wild
type (Col-0). If gametophyte function or seed
development is not affected by the mutation, the
expected frequency of the mutant allele is 75% (self)
and 50% (crosses to wild type). The observed values
are not significantly different from the expected
frequencies for all but four of the crosses. Asterisks
denote p-values <0,05 (*) and <0,01 (**). Number of
replica (N) for each cross varies from 50 to 2355
seeds (see Table S4). Dagger, verified by genotyping.
Double-dagger, previously published by Shirzadi et
al. (2011).
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Figure S9: Phenotypic characterization of MADS-box transcription factor mutants. A) Violin
plot showing seed size (area) of mutant lines agl34-2, agl35-1, agl36-1, agl90-1, agl90-2 and
agl28-1 agl36-1 with Col-0 as control. The boxplot represents the distribution of the mean seed size
per plant (Col-0 N= 4 plants (989 seeds), agl34-2 N=4 plants (965 seeds), agl35-1 N= 4 plants
(1545 seeds), agl36-1 N= 4 plants (1661 seeds), ag/90-1 N= 4 plants (833 seeds), and ag/90-2 N=
4 plants (1398 seeds)(Kruskal-Wallis test: p=0,0047; Wilcoxon rank-sum test: * p<0,05 significant
different from wildtype). B) Flowering time analysis for agl34-2, agl35-1, agl36-1, agl90-1, and
agl90-2 with Col-0 as control. The number of rosette leaves at flowering was analyzed from 48
plants for each line. Significant differences from wild type were identified by t-test and are indicated
by asterisks: * p<0,05; *** p<0,001. C) Seed phenotype analysis for the mutant lines ag/28-1,
agl34-2, agl35-1, agl36-1, agl90-1, agl90-2, agl28-1 agl36-1, agl28-1*- agl36-1 agl36-1 agl90-2,
agl28-1 agl90-1, agl28-1 agl36-1 agl90-2, agl62-1*, agl62-2*-, and agl28-1 agl36-1 agl62-1*-. All
lines are homozygous unless indicated with **. Green color indicates percent live seeds, red
indicates percent aborted seeds, and blue is percent unfertilized seeds. Number of seeds observed
indicated on top of columns. Significant differences from wild type were identified by t-test and are
indicated by asterisks: * p<0,05; *** p<0,001. Note that the triple mutant ag/28-1 agl/36-1 agl62-1*"
display the same fraction of aborted seeds as previously reported for agl62-1*- (Kang et al. 2008).
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Figure S10: Characterization of a genetic background effect in mixed A. thaliana accessions crossed to A.
arenosa. A. Single mutant ag/28-1, double mutants agl28-1 agl36-1 and ag/28-1 agl90-2, and triplemutants ag/28-1
agl36-1 agll62-1 and agl28-1 agl36-1 agl90-2 crossed to A. arenosa at 18°C and 22°C. The Col-0 crossed to A. arenosa
control is identical to Figure 5. 18°C: Col-0 N= 10 BR (536 seeds), ag/l28-1 N= 12 BR (664 seeds), agl28-1 agl36-1 N= 12
BR (632 seeds), agl28 agl36-1 agl62-1 N= 12 BR (594 seeds), agl/28-1 agl36-1 agl90-2 N= 12 BR (516 seeds), agl28-1
agl90-2 N= 12 BR (579 seeds). 22°C: Col-0 N= 12 BR (578 seeds), agl28-1 N= 12 BR (753 seeds), agl28-1 agl36-1 N= 12
BR (572 seeds), agl28 agl36-1 agl62-1 N= 12 BR (503 seeds), ag/28-1 agl36-1 ag/90-2 N= 10 BR (359 seeds), agl/28-1
agl90-2 N= 12 BR (613 seeds). (Wilcoxon rank-sum test: NS.: p > 0.05; *: p< 0,05; **: p<0,01; ***: p<0,001). B. Genomic
complementation of the ag/28-1 mutant in Col-0/Ws-2 background do not revert to Col-0 germination levels. All lines tested
resemble the Ws-2 background. All crosses were performed at 22°C. All rescue lines are in the ag/28-1 -/- mutant
background and are from unique transformants. Col-0 N= 12 BR (637 seeds), Ws-2 N= 12 BR (727 seeds), ag/28-1 N= 12
BR (545 seeds), AGL28 rescue #4-1 N= 12 BR (600 seeds), AGL28 rescue #6-2 N= 12 BR (597 seeds), AGL28 rescue
#7-1 N= 12 BR (537 seeds), AGL28 rescue #9-1 N= 12 BR (645 seeds), AGL28 rescue #11-2 N= 12 BR (715 seeds),
AGL28rescue #13-2-1 N= 12 BR (631 seeds). (Kruskal-Wallis test: p<9.5e—07; Wilcoxon rank-sum test: NS.: p > 0.05; *: p
< 0,05; **: p<0,01; ***: p<0,001). C. The observed reduced germination frequency in A. thaliana x A. arenosa hybrid seeds
using the Ws-2 background is linked to the ag/28-1 region. Descendants of heterozygous ag/28-1 plants introgressed with
Col-0 were genotyped for the presence or absence of the T-DNA causing the ag/28-1 mutation. The two classes of plants,
agl28-1 hemizygous (agl28-1 +/-) or not carrying the ag/28-1 T-DNA insert (ag/28-1 +/+) were crossed with A.arenosa
pollen. The plants lacking the T-DNA mutation (ag/28-1 +/+) are expected to have a Col-0 genetic background surrounding
the AGL28 locus. Note that hybrid seeds generated from A.arenosa crosses with plants lacking the T-DNA mutation
(agl28-1 +/+) are not significantly different from A.arenosa crosses with the Col-O control. Crosses of A.arenosa with
hemizygous (ag/l28-1 +/-) germinate at a significantly lower frequency than crosses with Col-0, however at a higher
frequency than the homozygous ag/28-1 control (agl28-1 -/-). All crosses performed at 22°C. Col-0 N= 12 BR (637 seeds),
agl28-1 N= 12 BR (545 seeds), agl28-1 +/+ N= 20 BR (1029 seeds), agl28-1 +/- N= 28 BR (1406 seeds). BR, biological
replicas. (Kruskal-Wallis test: p<8.2e—06; Wilcoxon rank-sum test: NS.: p > 0.05; *: p< 0,05; **: p<0,01; ***: p<0,001).
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Table S1: Schematic overview of restriction digest set-up.

A)
Gene Ecotype Restriction Undigested Digested Primers Tw°C
cross enzyme cDNA
AGL28 Col-0 x Tsu-1  Hinfl cuts in 143 bp 45bp +98 bp  AGL28_SNP306_Tsu_LP 58,6
Col0, not in Tsu
AGL28 SNP306_Tsu_RP 58,2
AGL35 Col-0 x Tsu-1  Taul cuts in Tsu- 451 bp 83 bp + 368 AGL35-ASP-SNP 56,7
1 and not Col-0. bp.
AGL35-SP-SNP 56,3
AGL36 Col-0 x Tsu-1  Msel cuts in 191 bp 49 bp + 142 AGL36_SNP590 Tsu LP 57,1
Col0, not in Tsu- bp
1 AGL36_SNP590_Tsu RP 57,1
AGL90 Col-0 x Tsu-1  Taul cuts in Col- 208 bp 166 bp + 42 AGL90_SALK_RP 51,2
0, not in Tsu-1 bp
AGL90-SP3 subcloning 62,1
B)
Gene Cross Restriction Undigested Digested Primers v °C
enzyme cDNA
AGL36 nrpd1 x Col-0 AlwNI (Cail) cuts 399 bp 165 bp + 234 AGL36_SP7_SNP 53,6
bp
AGL36_ASP6_SNP 53,1
C)
Gene Cross Restriction Undigested Digested Primers Tw°C
enzyme cDNA
AaAGL36 A. arenosa x BceAl cuts 487 bp 152 bp + AaAGL36 SP SNP 57,7
A. arenosa AaAGL36 without 336 bp
SNP AaAGL36 ASP SNP 56,1
AtAGL36 A. thaliana x AlwNI (Cail) cuts AaAGL36: 768 611 bp+208  AGL36-146-LP 54,2
A. arenosa in AtAGL36, not bp, bp
AaAGL36 AtAGL36: 819 AGL36-AS1 cloning primer 57,0
bp
AIAGL36 A. lyrata x A. Taul cuts 768 bp for both 495 bp + AGL36-146-LP 54,2
arenosa AIAGL36, not AIAGL36 and 276 bp
AaAGL36 AaAGL36 AGL36-AS1 cloning primer 57,0
AaAGL36 A. arenosa x EcoRI cuts 768 bp for both 560 bp + AGL36-146-LP 54,2
A. lyrata AaAGL36, not AIAGL36 and 208 bp
AIAGL36 AaAGL36 AGL36-AS1 cloning primer 57,0

A-C) Overview of restriction digest set-up used in verification of imprinting of AGL28, AGL35 AGL36,
and AGL90 in seeds from reciprocal crosses of Col-0 and Tsu-1 (A), AGL36 imprinting in seeds from
nrpd1 crossed to Col-0 (B), AGL36-related genes in F1 seeds from A. thaliana x A. arenosa (C),
AGL36-related genes in F1 seeds from A. arenosa and A. arenosa reciprocally crossed to A. lyrata (C).
Note that amplification of AGL36-related genes from F1 seeds from A. arenosa x A. lyrata results in a
fragment of same length and the restriction digest distinguishes the origin of the fragment. T\;=Melting
Temperature using Nearest Neighbor.



Table S2 Oligonucleotide name, sequence and description.

Name/ experiment | Oligo Sequence | Comments
Real-time primers and Probes:

AGL28-22-LP TGCTCAATGAGTCTTTAACTGAGG AGL28
AGL28-22-RP AGCTAAGTTGAGTTCTGTTGGAGAG AGL28
AGL34-Forward- AGGAAGATGATGAATCAAGAAACGT AGL34
Bemer2010

AGL34-Reverse- AGTCACCGTGTTCTTTAAGGAT AGL34
Bemer2010

AGL35 gPCR ASP2 GAAGAACCCATCTCAACCACAGGC AGL35
AGL35 gPCR SP2 ATGAACCATCTTCCGCCCTCG AGL35
AGL36-160-LP AGGTGGCTTCAAGGTTTCTG AGL36
AGL36-160-RP GATCCATCATCTTCTTGGTTCG AGL36
AGL90-gpcr-left TGGTGATGAGTCGTTTTCCGA AGL90
AGL90-gpcr-right ACCTGATTCATATTCGCATTTGC AGL90
ACT11_77_RP TGTCTTCACCATCTGCCATT ACTIN11
ACT11_77_LP CAAAAACTACACACCCGTACCA ACTIN11

Probes from Universal Probe Library (Roche):

#160 AGL36 real-time PCR
#22 AGL28 real-time PCR
#77 ACT11 real-time PCR

Genotyping primers:

Hook1

CTACACTGAATTGGTAGCTCAAACTGTC

Left border T-DNA primer
for KONCZ lines

AGL36 AS2 KONCZ

GGATGGTAGTTGATGGTAGTTGTAGCAGTT

Antisense primer for agl36-1
genotyping

AGL34 AS3 KONCZ

GGCACTGATTAATCGATATAGGCCCAAG

agl34-1 T-DNA with Hook1

AGL34 S1 KONCZ

ATGAAATTACTAAGAGTAATTTCTAGCTTACCACAA

Sense primer for genomic
sequence of AGL34

AGL34-SP2-SNP TATATGAATCAACAACAACC T-DNA for agl34-3

Barb_193_FBL17_T-DNA | ATATTGACCATCATACTCATTGC T-DNA for agl34-3

AGL34-ASP1-SNP GTTGAAACGGTCGATGCAGA T-DNA agl34-2 leftborder
with LB3

pAGL36-Forw1 AGAACAAAGTAAGCTAGAAATT T-DNA agl34-2 rightborder

with LB3

AGL34 AS4 KONCZ

GAAAATGTTATTAAAAAAAATCGACCTAGGCACTGATTAATCG
AT

Antisense primer for
genomic sequence of
AGL34

agl35_Salk_033801_RP

AAACCAAAGTTTTGCCACTAAGAC

Antisense primer for agl35-1
genotyping with J504

agl35_Salk_033801_LP

ATTTTTCAGTCAAGATTACCCACC

Sense primer for agl35-1
genotyoing

J504 GCGTGGACCGCTTGCTGCAACTCTCTCAGG Left border T-DNA primer
for Salk lines

LBa1 GTTCACGTAGTGGGCCATC Left border T-DNA primer
for Salk lines

LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC T-DNA agl34-2 right- and

leftborder primer.

PC23_SAIL_1242_G12_R
P

TTTCTTTAATGGACTCGATCCTTC

agl90-1 and agl90-2
genotypings with LBa1.

PC21_SALK 008897 RP

AATCGTCTAACCTGTAATTCTCGG

agl90-1genotyping

PC21_SALK_008897_LP

TAAGAAACCTTTTTGGCAGAAAAG

agl90-1 genotyping

PC23_SAIL_1242_G12_L
P

TTTGCATATTTTCAAATTGTTTGC

agl90-2 genotyping with
LBa1

AGL28-SP1 TGGCGAGAAAGAATCTTGGTCGTAGAA T-DNA left border in agl28-1

pDSLOX_1F TGGAAGGCACGCAACGCCTACGACTGGACG T-DNA primer for agl28-1
leftborder

AGL28ASP1 TTGAGCATTTGAATACGGAGCTTTGTGC T-DNA alg28-1 rightborder

RB FST T-DNA GGGTTGGGGTTTCTACAGGACG T-DNA primer for agl28-1

rightborder

AGL28 rc/1-482 SP ATGGCGAGAAAGAATCTTGG Genomic sequence of
AGL28
AGL28 rc/1-482 asp CCCACCAAAATTTTCATTCT Genomic sequence of

AGL28

A.thaliana SNP primers:

AGL36-SP7-SNP

GAACCGTTTCAACACCTTGTTCC

AGL36 leftborder nrpd1x
Col-0 SNP PCR primer

AGL36-ASP6-SNP

CTAGTTCTTCTCCCTCTTTTGTG

AGL36 rightborder nrpd1x
Col-0 SNP PCR primer




AGL28_SNP306_Tsu_LP

ACTTTGCTGAAAGCCGCACAAA

AGL28 leftborder SNP PCR
primer

AGL28_SNP306_Tsu_RP

CCACTTCTCAGCGTCCTTGTTCTC

AGL28 rightborder SNP
PCR primer

AGL36_SNP590_Tsu_LP

CATTTTCCGACTCTCCTATTCATGC

AGL36 leftborder Tsu-1
xCol-0 SNP PCR primer

AGL36_SNP590_Tsu_RP

CGGTTCATGCAGATTTTGACTCATA

AGL36 rightborder Tsu-1
xCol-0 SNP PCR primer

AGL34-SP-SNP8

GAAACTGGTGATGAGTCGTCTTCC

AGL34 Tsu-1 xCol-0 SNP
PCR primer

AGL34-ASP-SNP8

CATGAAAGGAATGCTCTCACGC

AGL34 Tsu-1 xCol-0 SNP
PCR primer

AGL35-ASP-SNP

GAATTCTTTGTGGCGTCCCG

AGL35 Tsu-1 xCol-0 SNP
PCR primer

AGL35-SP-SNP

GAAGAACCCATCTCAACCACAGG

AGL35 Tsu-1 xCol-0 SNP
PCR primer

AGL90_SALK_
RP

TGGGTTTCTTGATCCATCATC

AGL90 rightborderTsu-1
XxCol-0 SNP PCR primer

AGL90-SP3 subcloning

CCTTCATGAAGAGGAAAAACGGGATATTC

AGL9O leftborderTsu-1
xCol-0 SNP PCR primer

A.arenosa and A.lyrata amplification:

AGL36-SP

ATGAAGAAGGTGAAGCTATCTTT

Amplifying AaAGL36 and
AIAGL36

AGL36-146-LP

AAGCAAAAGAGCAACTAAAGAACC

Amplifying AaAGL36 and
AIAGL36

AGL36-AS1-Cloning
primer

AGAGATTATTGTTGATGTAAGGATCATAGACA

Amplifying AaAGL36 and
AIAGL36

AaAGL36 SP SNP

CTCATTCATGAAGAGGAAGAACGGG

Aa AGL36 SNP analysis

AaAGL36 ASP SNP

TGCAACATCAGGAATATCTACAACCC

AaAGL36 SNP analysis

GateWay cloning primers:

AGL28 rescue SP2

TATGGAAAGTGGAAGATAGT

Amplifying genomic AGL28

AGL28 rescue ASP2

AACTAAACGATAGAGAGAAGTC

Amplifying genomic AGL28

attB1 AGL28 rescue SP

GGGGACAAGTTTGTACAAAAAAGCAGGCTTATATGGAAAGTG
GAAGATA

Amplifying genomic AGL28
with att-site

attB2 AGL28 rescue ASP

GGGGACCACTTTGTACAAGAAAGCTGGGTAAACTAAACGATA
GAGAGA

Amplifying genomic AGL28
with att-site
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Table S4: Segregation of the mutant alleles ag/28-1, agl34-2, agi35-1, agl36-1, ag/90-1 and
agl90-2 in self crosses and in reciprocal crosses to wild type (Col-0).

%

Mutant line SM N segregation SD H, X2
agl28-1 x Self FLAG_386G1 BASTA 543 76,80 455 3:1 0,93
agl28-1"" x Wild type 1041 54,66 10,05 1:1 9,04**
Wild type x agl28-1"" 876 49,77 11,64 1:1 0,02
agl34-2 x Self SAIL_1242_G12 Km 1069 77,36 448 3:1 3,18
agl34-2"" x Wild type 2029 52,49 1,88 1:1 5,03*
Wild type x agl34-2"" 385 54,55 555 1:1 3,18
agl35-1 x Self SALK 033801  Genotyping 50 78,00 NA 311 0,24
agl35-1"" x Wild type 100 52,00 NA 1.1 0,16
Wild type x agl35-1*" 99 53,54 NA 111 0,49
agl36-1 x Self Koncz line Hyg 1025 77,46 2,08 3:1 3,32
agl36-1+/' x Wild type 661 50,98 3,88 1:1 0,26
Wild type x agl36-1*" 1015 50,05 4,02 1:1 0,00
agl90-1 x Self SALK 008897  Genotyping 51 76,47 NA 311 0,06
agl90-1"" x Wild type 100 58,00 NA 1:1 2,56
Wild type x agl90-1*" 118 64,41 NA 11 9,80*
agl90-2 x Self SALK_ 092748 Km 2355 77,15 459 3.1 5,83
agl90-2"" x Wild type 213 46,95 NA 1.1 0,79
Wild type x agl90-2*" 210 48,10 NA 1:1 0,30

Selfed mutant crosses are expected to give a segregation frequency of 75 % (3:1) of the
mutant allele. Segregation of 50 % (1:1) is expected of seeds from heterozygous mutant
plants crossed to wild type (WT). Using a chi square test (df=1), the observed values were
tested against the expected 3:1 and 1:1 segregation ratios (HO). The null hypothesis is rejected
at p<0,05 (X2>3,84). SM: selection medium, N: number of seeds in segregation test.



Table S5: Crossing scheme for various A. thaliana to A. arenosa experiments.

A) Seed development comparison of A. thaliana crossed to A. arenosa at 18°C and 22°C.

A.thaliana line A.arenosa line Silique per experiment: Figure
(N of plants) (N plants)
Col-0 (6) MJ09-4 (3) -1 silique per plant for imaging and phenotyping 20 days 5A,5B
after pollination.
-Four siliques per plant for germination.
Col-0 (6) SN1 (3) -1 silique per plant for imaging and phenotyping 20 days 5A,5Band5C

after pollination.

-4 siliques per plant for germination.

B) Effect of natural variation on hybridization using multiple populations of A. arenosa and
accessions of A. thaliana at 18°C and 22°C.

A.thaliana line (N of plants)  A.arenosa line and N plants Sub-lines = Temperature Siliques per  Figure
experiment:

Col-0 (3) MJ09-4 (3) 2 18 3 5C
Col-0 (3) MJ09-4 (3) 1 22 4 5C
Col-0 (3) MJ09-1 (3) 2 18 3 5C
Col-0 (3) MJ09-1 (3) 1 22 4 5C
Col-0 (3) SN1 (3) 1 18 3 5C
Col-0 (3) SN1 (3) 1 22* 4 5C
Col-0 (3) SN2 (3) 1 18 3 5C
Col-0 (3) SN2 (3) 1 22 4 5C
Col-0 (3) MJ09-4 (3) 1 18 4 5D
Col-0 (3) MJ09-4 (3) 1 22 4 5D
C24 (3) MJ09-4 (3) 1 18 4 5D
C24 (3) MJ09-4 (3) 1 22 4 5D
Ler-1 (3) MJ09-4 (3) 1 18 4 5D
Ler-1 (3) MJ09-4 (3) 1 22 4 5D
Ws-2 (3) MJ09-4 (3) 1 18 4 5D
Ws-2 (3) MJ09-4 (3) 1 22 4 5D, S10 B

* repeated twice

C) Effects of A. thaliana mutants of the MADS-box type | transcription factors crossed to A.
arenosa at 18°C and 22°C on seed development by germination test.

A.thaliana line (N of plants) A.arenosa line (N of Experimental Siliques pr Figure

(mother) plants) (father) temperature (N of plant:
plants):

Col-0 (6) MJ09-4 (3) 18°C (3) 4 7,S10A,B,C
22°C (3)

agl23-1(6) MJ09-4 (3) 18°C (3) 4 7
22°C (3)

agl28-1 (6) MJ09-4 (3) 18°C (3) 4 S10A,B,C
22°C (3)

agl34-2 (6) MJ09-4 (3) 18°C (3) 4 7
22°C (3)

agl35-1(6) MJ09-4 (3) 18°C (3) 4 7
22°C (3)

agl36-1 (6) MJ09-4 (3) 18°C (3) 4 7
22°C (3)

agl62-1 (6) MJ09-4 (3) 18°C (2) 4 7
22°C (2)

agl90-1 (6) MJ09-4 (3) 18°C (3) 4 7
22°C (3)

agl90-2 (6) MJ09-4 (3) 18°C (3) 4 7
22°C (3)

agl28-1 agl36-1 (6) MJ09-4 (3) 18°C (3) 4 S10A
22°C (3)

agl28-1 agl90-2 (6) MJ09-4 (3) 18°C (3) 4 S10A
22°C (3)

agl36-1 agl62-1 (6) MJ09-4 (3) 18°C (3) 4 7
22°C (3)

agl28-1 agl36-1 agl90-2 (6) MJ09-4 (3) 18°C (3) 4 S10A

22°C (3)



agl28-1 agl36-1 agl62-1 (6) MJ09-4 (3) 18°C (3) 4 S10A

AGL28 rescue in agl28-1#4-1 (3)  MJ09-4 (3) ggg 8; 4 S10B
AGL28 rescue in agl28-1#6-2 (3)  MJ09-4 (3) 22°C (3) 4 S10B
AGL28 rescue in agl28-1 #7-1 (3)  MJ09-4 (3) 22°C (3) 4 S10B
AGL28 rescue in agl28-1 #9-1 (3)  MJ09-4 (3) 22°C (3) 4 S10B
AGL28 rescue in agl28-1 #11-2 (3)  MJ09-4 (3) 22°C (3) 4 S10B
AGL28 rescue in agl28-1#13-2 (3)  MJ09-4 (3) 22°C (3) 4 S10B
agl28-1+/- x Col-0 (12) MJ09-4 (1) 22°C (12) 4 s10C

D) Seed imaging, seed size measurments and phenotype/ germination correlation of A.thaliana
wildtype and mutants crossed to A.arenosa.

A.thaliana line and N Father and N plants Experiment: Siliques Figure
plants (mother) per

plant:
agl90-1 (3) A. arenosa MJ09-4 (3) -Seed imaging and seed size 2 S11A,B,C

measurement with ImagedJ.
-Germination assay

agl90-1 (1) A. thaliana Col-0 (1) -Seed imaging and seed size 2 S11A,B,C
measurement with ImagedJ.
-Germination assay

agl90-2 (3) A. arenosa MJ09-4 (3) -Seed imaging and seed size 2 S11A,B,C
measurement with ImagedJ.
-Germination assay

agl90-2 (1) A. thaliana Col-0 (1) -Seed imaging and seed size 2 S11A,B,C
measurement with ImageJ.
-Germination assay

agl36-1 (3) A. arenosa MJ09-4 (3) -Seed imaging and seed size 2 S11A,B,C
measurement with ImageJ.
-Germination assay

agl36-1 (1) A. thaliana Col-0 (1) -Seed imaging and seed size 2 S11A,B,C
measurement with ImageJ.
-Germination assay

agl36-1 agl90-2 (3) A. arenosa MJ09-4 (3) -Seed imaging and seed size 2 S11A,B,C
measurement with ImageJ.
-Germination assay

agl36-1 agl90-2 (1) A. thaliana Col-0 (1) -Seed imaging and seed size 2 S11A,B,C
measurement with ImageJ.
-Germination assay

A) Plant lines used for seed development comparison of A. thaliana crossed to A. arenosa at 18°C and
22°C. B) Plant lines used to examine the effect of natural variation on hybridization at 18°C and 22°C.
C) Plant lines used to examine the effect of A. thaliana MADS-box type | mutants crossed to A. arenosa
at 18°C and 22°C on seed germination. 84 MADS box mutant plants were crossed to A.arenosa (MJ09-
4) and half was grown at 18°C, while the other half was grown at 22°C. 18 plants from 6 unique AGL28
complementation lines in the ag/28-1 background were crossed to A. arenosa (MJ09-4) at 22°C. Twelve
plants from a cross between ag/28-1 +/- and Col-0 were crossed to one A. arenosa (MJ09-4) plant. Four
siliques were harvested and sown out individually on MS-2 plates before being scored for germination.
D) Plant lines used for seed imaging, seed size measurements and correlation germination of A.thaliana
wildtype and mutants crossed to A.arenosa. Two siliques from each cross were imaged and analyzed
using Imaged to calculate average seed size. The seeds were sterilized and transferred to MS plates
and stratified for four days before being placed under long day conditions. Germination was scored for
each silique and hybrid seedlings transferred to soil for further investigation.
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