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ABSTRACT

The seed of flowering plants (angiosperms) is divided into three main compartments,
the seed coat, the embryo, and the endosperm. The mature endosperm can be compared to the
placenta in humans, because it delivers nutrients to the embryo. Initially the syncytial
endosperm works as a nutrient sink and transition into being a nutrient source requires
cellularization of the endosperm nuclei. A shift in the endosperm cellularization time point has
been demonstrated in certain hybrid seeds, causing an incomplete post-zygotic hybridization
barrier. This shift can either cause delayed or precocious endosperm cellularization, leading to
seed lethality. The genetic and molecular basis of this hybridization barrier is often explained
by an unbalanced genomic ratio in the endosperm. Such imbalance can be caused by crosses

between different ploidies, by differences in genomic imprinting, or by specific genetic loci.

In this thesis, we assembled the genomes of Arabidopsis arenosa and A. lyrata ssp.
petraea, and used them to examine differences in genomic structure and genetic regulation in
relation to A. thaliana. We showed that expression of MADS-box type-l genes in the seed
during the transition to endosperm cellularization differed significantly, suggesting that the role
of MADS-box type-I genes is not completely conserved between the three species (Paper ).
We further examined the endosperm-based post-zygotic hybridization barrier in two specific
Arabidopsis hybrids. Using A. thaliana as the maternal contributor and A. arenosa or A. lyrata
ssp. petraea as pollen donors, the hybrid seed phenotypes displayed diametrically opposed
cellularization phenotypes, with delayed and precocious endosperm cellularization,
respectively. We exposed the crossed plants to a temperature gradient and mutated specific
MADS-box type-1 genes, revealing that both mutation of agamous-like 35 (agl35) in A.
thaliana and temperature have antagonistic effects in the two hybrids (Paper I1). Furthermore,
we expanded the investigation of the endosperm-based post-zygotic hybridization barrier into
the less studied genus Draba. We suggest that low parental conflict in the three selfing species
D. nivalis, D. fladnizensis, and D. subcapitata may explain the absence of developmental
problems in hybrid seeds. In addition, a genomic imprinting study in D. nivalis resulted in
numerous maternally expressed genes, which were enriched for biological processes that have
previously been suggested to represent adaptation to the harsh arctic environment for this

species (Paper I11).
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In sum, these papers unravel a complex basis for endosperm-based post-zygotic
hybridization barriers, which seem to be affected by different genetic factors such as
accessions, single-gene mutations and differences in the regulation of MADS-box type |
genes. Our results also indicate that the barrier depends on mating system (outcrossing versus
self-fertilization) and can be manipulated by environmental factors such as temperature.
Altogether, these findings provide a good tool kit for studying and manipulating the

endosperm-based post-zygotic hybridization barrier.



SAMMENDRAG

I blomsterplanter (angiospermer) er frget delt inn i tre ulike vev, frgskall, embryo og
endosperm (frghvite). Ferdigutviklet endosperm kan sammenlignes med morkaken hos
mennesker, fordi den leverer nering til embryoet. | startfasen av endospermutviklingen er
cellekjernene ikke separert i egne celler (syncytium) og endospermen fungerer som et
naringslager. Overgangen til & veere en naringskilde krever cellularisering av endosperm-
cellekjernene. Tidspunktet for endosperm-cellularisering blir i noen hybridfrg forskjgvet, slik
at cellularisering enten skjer for tidlig eller for sent, som igjen farer til at frget der. Den
genetiske og molekyleare basisen for hybridiseringsbarrieren som forarsaker forskyvning av
tidspunktet for endosperm-cellularisering forklares oftest med en ubalansert genomisk ratio i
endospermen. Denne ubalansen kan forarsakes ved at artene som krysses har ulikt antall

kromosomsett, forskjeller i genomisk imprinting eller av spesifikke genetiske loci.

I denne avhandlingen har vi sekvensert og sammenstilt genomene til Arabidopsis
arenosa og A. lyrata ssp. petraea, og brukt disse til & undersgke forskjeller i genomstruktur og
genetisk regulering sammenlignet med A. thaliana. Vi viser at visse MADS-boks type-1 gener
er uttrykt forskjellig under endosperm-cellularisering, noe som antyder at rollen til MADS-
boks type-1 gener mellom de tre artene ikke er fullstendig konservert (Artikkel 1). Vi undersgkte
ogsd den endosperm baserte post-zygotiske hybridiserings-barrieren i to spesifikke
Arabidopsis hybrider. Ved & krysse A. thaliana som mor og A. arenosa eller A. lyrata ssp.
petraea som far, fikk vi to motsatte cellulariserings-fenotyper, med henholdsvis forsinket eller
for tidlig cellularisering av endosperm. I tillegg til & karakterisere hybridfrgene til planter som
har vokst under normale forhold, undersgkte vi ogsa hybridfrg fra planter som var utsatt for en
temperaturgradient og hybridfrg generert fra maternelle A. thaliana planter med
enkeltmutasjoner i gener fra MADS-boks type-I familien. Dette avslgrte at bade agamous-like
35 (agl35)-mutasjonen i A. thaliana og gkt temperatur har motsatte effekter pa de to hybridene
(Artikkel I1). Vi utvidet undersgkelsen av endosperm-baserte post-zygotiske hybridiserings-
barrierer til en mindre kjent slekt kalt Draba. Vi foreslar at lav parental konflikt i de tre
selvbefruktende artene D. fladnizensis, D. nivalis og D. subcapitata sannsynligvis kan forklare
fraveeret av hybridiseringsbarriere mellom artene. | tillegg undersgkte vi genomisk imprinting

i D. nivalis. Denne analysen resulterte i et hgyt antall maternelt uttrykte gener, som ofte tilhgrte

X1



biologiske prosesser som tidligere har vist seg a vere viktige for tilpasninger til arktisk klima
for denne arten (Artikkel 111).

Samlet sett viser disse artiklene at den endosperm-baserte post-zygotiske
hybridiserings-barrieren er styrt av et komplekst maskineri, som pavirkes av forskjellige
genetiske faktorer slik som artsvarianter, enkeltmutasjoner eller forskjeller i regulering av
MADS-boks type-I gener. Vare resultater indikerer at barrieren kan forarsakes av forskjeller i
reproduksjonssystem (utkryssing versus selvbefruktning) og kan manipuleres av miljgfaktorer
slik som temperatur. Samlet sett gir disse funnene et godt utgangspunkt for a studere og

manipulere endosperm baserte post-zygotiske hybridiserings-barrierer.

XII



INTRODUCTION

INTRODUCTION

The importance of seeds is frequently under-communicated, despite their fundamental
role as the primary basis for human sustenance, constituting 70% of the human caloric intake.
Production of surplus food, beyond personal consumption, is enabled by seeds and is the basis
for modern society. Seeds hold such immense significance that a dedicated global vault on
Svalbard has been established to ensure long-term preservation and protection. As we currently
know little about the effects of elevated temperatures and increasingly extreme weather
conditions on seed development and plant propagation, such storage and protection measures

are essential.

The seed in flowering plants (angiosperms) has a distinctive structure composed of
three compartments: the seed coat, the endosperm, and the embryo. Each part of the seed serves
different functions: the seed coat is a protective barrier against external factors that also
transmit external cues to the interior of the seed (Radchuk & Borisjuk, 2014) and the endosperm
serves as a nutrient storage for the embryo. The endosperm is an especially intriguing tissue,
as it is triploid in a diploid species, with twice the maternal contribution compared to the
paternal. During the syncytial stage of the endosperm, it works as a nutrient sink and after
separating each nucleus into its own cell (cellularization) it switches to being a nutrient source,
making the time point of endosperm cellularization essential for embryo viability (Lafon-
Placette & Kohler, 2014).

A distinct hybridization barrier found throughout the angiosperm clade is manifested in
some hybrids as a change in the time point of endosperm cellularization (Cornejo et al., 2012;
Lafon-Placette & Kohler, 2016; Oneal et al., 2016; Petrén et al., 2023; Tonosaki et al., 2018).
This so-called endosperm-based post-zygotic hybridization barrier (ePZB) is hypothesized to
be caused by a disruption in the genomic ratio of the endosperm, which occurs in hybrids
between two species of different ploidy. However, abnormal endosperm development is also
observed in hybrids between species with the same ploidy. The term Endosperm Balance
Number (EBN) was introduced to explain how effective ploidy may differ from the actual
ploidy (Johnston et al., 1980) and it was hypothesized that genomic imprinting could influence
the effective ploidy (Bushell et al., 2003; Haig & Westoby, 1991).
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Genomic imprinting is an epigenetic phenomenon, which in plants is mainly identified
in the endosperm, with a few exceptions in the embryo (Batista & Kohler, 2020; Hornslien et
al., 2019). Initially, studies on genomic imprinting were restricted to a few or single genes of
interest. Today, studies on overall genomic imprinting within species emerge because of
improved next-generation sequencing, which facilitates a rapid increase of both genome- and
RNA sequencing. Interestingly, when comparing genomic imprinting across species, a very
low overlap has been found, suggesting that it evolves at a rapid rate (Pignatta et al., 2014;

Zhang et al., 2011).

As the majority of studies on the ePZB have focused on genomic imprinting and genetic
factors to manipulate and understand the barrier, there are a few studies indicating that
temperature increase, or heat stress, also has an impact on endosperm cellularization (Bjerkan
et al., 2019; Chen et al., 2016; Folsom et al., 2014; Paul et al., 2020). Increasing our
understanding of seed development, in terms of genetic regulation, hybridization, and the
effects of abiotic factors, can contribute to crop improvement and help us prepare for future

environmental changes.
1. Seed development and model systems in Brassicaceae

1.1 Reproduction and seed development

Reproduction in angiosperms depends on microgametophytes (pollen grains) and
megagametophytes (embryo sacs). Each pollen grain contains two sperm cells and one
vegetative cell (Dresselhaus et al., 2016). The polygonum-type embryo sac, which is the most
common type among angiosperms and also the prevalent type in Brassicaceae (Yadegari &
Drews, 2004) contains three antipodal cells, a homodiploid central cell, an egg cell, and two
synergids (Figure 1 A). The embryo sac is enclosed in the nucellus and further surrounded by
the integuments, which form an opening, the micropyle, at the apex close to the egg cell (Bajon
et al., 1999; Rudall, 2021). When a pollen grain adheres to the stigma, it extends a pollen tube
through the stigma, style, and eventually the ovule. When reaching the ovule, the pollen tube
enters the embryo sac through the micropyle and penetrates one of the synergid cells, where it
bursts and delivers two sperm cells to the embryo sac. One sperm cell fertilizes the egg cell
and the other fertilizes the central cell, known as the double fertilization process (Dresselhaus

& Franklin-Tong, 2013; Dresselhaus et al., 2016). The egg- and one of the sperm cells produce
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the embryo, whereas the homodiploid central cell and the other sperm cell produce the
endosperm. Simultaneously, the integuments develop into the seed coat, and together these
structures make up the seed (Figure 1 B). The different parts of the seed contain different ratios
of parental genetic material. The embryo has an equal parental contribution
(Imaternal:1paternal), the endosperm has twice the maternal contribution compared to the

paternal (2m:1p) and the seed coat is entirely of maternal origin (2m:0p).

A B

Endosperm Embryo
Integuments P\
Nucellus ) e ; g‘"&- 2m:1p U\/& 1m:1p
e & DAy %j\z \1 5 |
FoON Y . /7 7
\ gy - . AW i [ { T § |
) | ¥y - -4 \)\% o Y‘u(\})/ \ E N
"\ “‘ | S = ' b = N J‘
L) . - | Rala A X i \Y 4
iy’ | .. | ) : NI A ~A L/
7@ Embryo|| | - I W ) pf</ S ey
Micropylar sac Seed coat
opening , , \\q _: 2m:0p -
Ovule Globular Heart Torpedo Mature

Figure 1: Illustration of an ovule together with the globular, heart, torpedo, and mature dicot
seed. (A) The ovule encompasses the inner and outer integuments and the nucellus which encloses
the embryo sac. The micropylar opening is close to the egg cell (ec), which lies adjacent to the two
synergid cells (sc); the homodiploid central cell (cc) lies in the center and the three antipodal cells (ac)
lie on the opposite side of the micropylar opening. (B) lllustration of four embryo stages found in dicot
seeds, including the globular stage with uncellularized endosperm, heart, and torpedo with partial
endosperm cellularization and a mature embryo with complete cellularized endosperm. The mature
dicot seed consists of three separate tissues, with different parental genomic ratios as indicated. The
seed coat has two maternal (m) copies and no paternal (p) copy, the endosperm has two maternal
copies and one paternal copy, and the embryo has one copy from each parent. The chalazal region is
not indicated in the illustration. Seed cartoons inspired by Hsieh et al. (2011).

During early seed development, the embryo acquires nutrients through the suspensor
which connects the embryo to the maternal tissues and the endosperm (Kawashima &
Goldberg, 2010). As the embryo reaches the heart stage (Figure 1 B), it transitions to nutrient
uptake directly from the endosperm, and the suspensor degenerates (Morley-Smith et al.,
2008). Initially, the endosperm develops as a syncytium, with mitotic divisions devoid of
cytokinesis, resulting in a large cell with multiple nuclei surrounding the central vacuole.
During this stage, the endosperm acquires nutrients that are supplied from the phloem to the
integument of the seed, where it moves symplastically throughout the outer integument and
then apoplastically to the inner integument and further to the endosperm (Figure 2). Eventually,
during endosperm development, each nucleus will be divided into its own cell, in a process
called cellularization. After complete cellularization, the endosperm will supply the embryo
with its nutrient repository (Lafon-Placette & Kohler, 2014).
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Figure 2: Illustration of nutrient allocation

pathway before and after cellularization of the

endosperm. Left: Early stage of seed development,

where the endosperm works as a nutrient sink. The

g arrows show the sucrose pathway from the phloem
A to the integument of the seed, where it moves
symplastically throughout the outer integument (not

shown), and apoplastically to the inner integument

and endosperm (shown for both seeds). The sucrose

is further transported to the central vacuole of the

>) endosperm, where it is hydrolyzed into hexoses.

I ka
N ) Right: Late stage of seed development, with
-4

g & « cellularized endosperm working as a nutrient source.
’_\ \L Endosperm cellularization causes a decrease in the
central vacuole size (not shown), which results in a

'\ higher ratio of sucrose to hexose. This allows for

transport of sucrose from the endosperm to the
embryo.

Endosperm phase transition is essential for embryo viability. This has been
demonstrated by mutants in FERTILIZATION INDEPENDENT SEED POLYCOMB
COMPLEX 2 (FIS-PRC2), which results in endosperm cellularization failure (Chaudhury et
al., 1997). Embryos in these seeds are arrested at the heart stage but can be rescued by isolating
the embryo and cultivating them in vitro (Chaudhury et al., 1997; Hehenberger et al., 2012).
Although embryo development can proceed without endosperm cellularization, Song et al.,
(2021) showed that embryo maturation is dependent on endosperm-synthesized LEAFY
COTYLEDON 1 (LEC1), suggesting that LEC1 is provided to the embryo before endosperm
cellularization. The intricacy of embryo-endosperm interplay is further emphasized by two
seemingly conflicting studies, examining seed development in single-fertilization situations.
Xiong et al., (2021) showed that the endosperm develops normally in the absence of egg cell
fertilization, whereas Nowack et al., (2006) showed that in the CYCLIN DEPENDENT KINASE
A 1 (CDKA;1) mutant, which results in fertilization of the egg cell alone, the homodiploid
central cell still initiates endosperm development, suggesting that fertilization of the egg cell
releases a signal for endosperm development to proceed. Aw et al., (2010) showed that the
cdka;1 mutant predominantly delivers two sperm cells, with one fertilizing the egg cell, while
the other sperm cell fails in nuclei fusion with the central cell. However, central cell division
is still initiated, suggesting that sperm cell entry is sufficient to activate the progression of

endosperm development.
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1.2 Phylogeny and importance of the Brassicaceae family

Angiosperms constitute a major clade, encompassing approximately 300,000 distinct
species, accounting for nearly 90% of all land plants. The diversity and abundance of
angiosperms are especially remarkable considering their relatively recent origin, estimated to
be around 140-250 million years ago (mya) (Beaulieu et al., 2015; Foster & Ho, 2017;
Magalldn et al., 2015), within a timespan of approximately 480 mya since the emergence of
land plants (Strother & Foster, 2021). Charles Darwin, struggling to explain this rapid rise and
early diversification, referred to it as an abominable mystery (Darwin, 1903).

Within the angiosperms, the Brassicaceae family originated around 25-30 mya
(Hendriks et al., 2023; Hohmann et al., 2015). This successful family includes approximately
4140 species (German et al., 2023), distributed worldwide, except for Antarctica (Lysak &
Koch, 2011). It includes numerous economically important plant species, with diverse
applications in medicine, agriculture, and scientific research (Raza et al., 2020). One of the
more recent Brassicaceae phylogenies (Hendriks et al., 2023) divides the family into five
supertribes: Camelinodae, Brassicodae, Hesperodae, Arabodae, and Heliophilodae (Figure 3),
with Brassicodae (11) and Camelinodae (1) being the most extensively studied.

Brassicodae includes the prevalent tribe Brassiceae, with the genera Sinapis and Brassica
(Figure 3). The most well-known species within Sinapis is S. alba, also known as the white
mustard, which can be used as a food condiment and biofuel (Ciubota-Rosie et al., 2013;
Warwick, 2011). The Brassica genus comprises several crop species, including B. oleraceae
encompassing cultivars like cauliflower, broccoli, cabbage, and Brussel sprouts, B. rapa which
includes cultivars like turnip, bok choy, and rapini, B. napus which is also known as rapeseed,
B. juncae which is used as food condiment, and B. carinata which can be used as a biofuel crop
(Warwick, 2011). A whole genome triplication (WGT) event occurred in a common ancestor
of Brassiceae (Lysak et al.,, 2005) and there is evidence for recursive whole-genome
duplications (WGD) in each of the Brassica genomes (Bowers et al., 2003). These events result
in complex genomes with numerous paralogs, and pseudogenes, which pose significant

challenges in genetic research.
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Figure 3: Brassicaceae phylogeny. The phylogenetic tree divides the Brassicaceae family into five
supertribes: Camelinodae, Brassicodae, Hesperodae, Arabodae, and Heliophilodae with
Aethionemeae as an outgroup. In Camelinodae (1), Arabidopsis, used in this thesis, is highlighted and
illustrated by A. thaliana. Two other well-known genera within this supertribe, Camelina and Capsella,
are also highlighted. Brassicodae (1) is mostly known for the genus Brassica and here illustrated by B.
rapa. Another well-known genus, Sinapis, is also listed. In Hesperodae (ll), the genus Hesperis is
featured and illustrated by H. matronalis. Within Arabodae (IV), two genera are highlighted, Draba,
which is used in this thesis and here illustrated by D. nivalis, and the well-known genus Arabis.
Heliophilodae (V) is highlighted by the genus Heliophila and illustrated by H. longifolia. The schematic
phylogenetic tree is based on the nuclear phylogeny published by Hendriks et al. (2023).

Camelinodae includes several important genera, with among others the genera
Arabidopsis, Camelina, and Capsella (Figure 3). Camelina sativa, also known as false flax,
used to be an important oilseed crop, however, today it is primarily used for biofuel (Kagale et
al., 2014). Within Capsella the three species C. rubella, C. grandiflora, and C. bursa-pastoris
constitute an excellent model system due to different ploidies and mating strategies, with C.
rubella being a diploid self-fertilizing plant, C. grandiflora a diploid outbreeder, and C. bursa-
pastoris a tetraploid predominantly self-fertilizing plant (Nutt et al., 2006). Arabidopsis is the
most well-studied genus of all land plants and includes the principal model-plant species A.

thaliana.
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1.3 The model system Arabidopsis

A. thaliana makes a great model species because of several traits including self-
fertilization, which reduces genetic variation between individual plants and allows for simple
propagation of mutant lines, a small genome of approximately 135 megabases (Mbp), prolific
seed production, short life cycle, large public collection of mutant lines and efficient
transformation protocol with Agrobacterium tumefaciens (Clough & Bent, 1998; Woodward
& Bartel, 2018). A. thaliana was the first plant to have its genome sequenced (The Arabidopsis
Genome Initiative, 2000). Since then, the genome resource has been revised by The
Arabidopsis Information Resource (TAIR), with TAIR10 and Araportll being the latest
genome and annotation versions available (Lamesch et al., 2012). In addition, several genomes
from different accessions have been released, enhancing our understanding of the variation
present within the species (Jiao & Schneeberger, 2020; Lamesch et al., 2012; Naish et al.,
2021; Wang et al., 2022). Furthermore, genome assemblies of A. arenosa, A. lyrata, and A.
halleri have been published, although with lower quality than the A. thaliana genome (Akama
et al., 2014; Bohutinska et al., 2021; Briskine et al., 2016; Hu et al., 2011; Kolesnikova et al.,
2023). In contrast to A. thaliana, the other diploid Arabidopsis species, A. arenosa, A. halleri,
and A. lyrata are outbreeding perennials, adapted to different environmental conditions (Yant
& Bomblies, 2017). In addition, natural autotetraploid populations of A. arenosa and A. lyrata
are found, and tetraploid populations of A. arenosa are shown to have adaptive flexibility
towards more extreme environments (Kone¢na et al., 2021). This variation in mating systems,
ploidy, and environmental adaptations, coupled with available genomic resources, makes the
genus Arabidopsis ideal for studying a wide range of plant-related questions. However,
Arabidopsis falls short when considering certain scientific questions, including the special case

of plant adaptation to the Arctic.

1.4 The model system Draba

Draba is a genus from the less studied Arabodae supertribe (Figure 3). The genus
originated around 1.36-2.71 mya and has rapidly speciated since then (Al-Shehbaz et al., 2006;
Bailey et al., 2006; Mulligan, 1976). It is predominantly located in alpine to arctic geographic
locations and encompasses approximately 370 species, making it the largest genus within
Brassicaceae (Warwick et al., 2006). This complex genus exhibits frequent hybridization

events, polyploidization, and occasionally apomixis, making reconstruction of a



INTRODUCTION

comprehensive phylogeny difficult (Brochmann et al., 1993; Jordon-Thaden et al., 2013;
Jordon-Thaden & Koch, 2008). The only published Draba genome is from the diploid D.
nivalis (Nowak et al., 2020). In addition to D. nivalis, two other diploid Draba species have
been particularly studied, D. fladnizensis and D. subcapitata. They are all self-fertilizing plants
with eight chromosome pairs, and low genetic diversity between them suggests recent
divergence during Pleistocene (Grundt et al., 2006, 2004; Jordon-Thaden & Koch, 2008;
Mulligan, 1974, 1976). Alpine, sub-arctic, and arctic species belong to environments that
experience the fastest rate of global warming, which makes Draba an especially vulnerable
genus (Birkeland et al., 2020, 2022; Rantanen et al., 2022) and important as a potential model
system for addressing ramifications of elevated temperatures on alpine, sub-arctic, and arctic

species.
2. Hybridization barriers in Brassicaceae

2.1 Speciation driven by hybridization

Darwin saw natural selection as a mechanism for evolutionary change and adaptation
within populations, which could eventually lead to new species (Darwin, 1859). The underlying
mechanisms allowing for this divergence were unknown until population genetics showed how
new variations could be introduced into populations by mutations and recombination (Provine,
1977). Despite an increasing understanding of the speciation process, the definition of a species

has remained problematic and several species concepts have been proposed (Mallet, 2013).

The most well-known species concept is the biological species concept, stating that:
“species are groups of actually or potentially interbreeding natural populations that are
reproductively isolated from other such groups” (Mayr, 1970). The important trait of a species,
as outlined by the biological species concept, involves protection from gene flow through
physiological isolating mechanisms, established either prior to (pre-zygotic) or following
fertilization (post-zygotic) (Dobzhansky, 1937). Two main shortcomings of the biological
species concept are the omission of asexual species, and its lack of acknowledging the
occurrence and evolutionary potential of hybridization. When the concept was introduced,
hybridization was regarded as an infrequent occurrence and consequently insignificant to take
into consideration. However, genomic data reveals ample evidence of horizontal gene transfer

and interbreeding among species (Mallet, 2013; Mallet et al., 2016), which is especially
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prevalent in plants. Gene flow eventually leading to introgression of advantageous traits
(Novikova et al., 2016; Suarez-Gonzalez et al., 2016) and speciation by hybridization
(Stebbins, 1959; Vallejo-Marin et al., 2015; Yakimowski & Rieseberg, 2014) are important

factors in plant evolution, allowing for increased variation in these sessile species.

2.2 Hybridization in Draba

Hybridization in Draba has not been extensively studied, however the few studies that
have been conducted identified reproductive barriers between species. Brochmann (1993)
focused specifically on the polyploid species of the D. alpina complex, which includes 13
polyploid and three diploid species, and found primarily post-zygotic barriers with partly sterile
F1 individuals. However, crosses between the three diploid species D. fladnizensis, D. nivalis,
and D. subcapitata from the same study resulted in no adult F1 individuals suggesting that
earlier hybridization barriers are at play. Crosses between D. fladnizensis and D. nivalis
suggested a complete pre-zygotic barrier with no fertilized ovules, whereas crosses between D.
fladnizensis and D. subcapitata had approximately 23% seed set with non-viable seeds and
crosses between D. nivalis and D. subcapitata resulted in a 50% seed set with a 14.3%
germination rate (Brochmann et al., 1993). Similar interspecies crosses have previously been
attempted between these three diploid species, although these studies report entirely aborted
seeds (Heilborn, 1927; Mulligan, 1974). Despite these reported strong interspecific
hybridization barriers, D. fladnizensis and D. nivalis/D. subcapitata have been suggested as
parental species of the hexaploid D. lactea (Brochmann et al., 1992; Bécher, 1966), implying
that viable seeds from these crosses could be obtained, although not yet demonstrated in any
experiments (Brochmann et al., 1993; Heilborn, 1927; Jgrgensen, 1958; Mulligan, 1974).
Grundt et al. (2006) found post-zygotic hybridization barriers in intraspecies crosses using the
same three diploid species, D. fladnizensis, D. nivalis, and D. subcapitata. Crosses between
different populations from separate or even the same geographic region resulted in a high
occurrence of infertile individuals, revealing the presence of numerous cryptic species within
each taxonomic species (Grundt et al., 2006). The presence of cryptic species lacks overall
genetic support, suggesting that the evolution of hybridization barriers happened rapidly
involving limited parts of the genome (Gustafsson et al., 2014; Skrede et al., 2009, 2008).
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2.3 Hybridization in Arabidopsis

Hybridization has occurred multiple times between Arabidopsis species in nature,
which on two occasions resulted in new allotetraploid species: A. kamchatica, which is a hybrid
between diploid A. lyrata and A. halleri ssp. gemmifera (Shimizu-Inatsugi et al., 2009) and A.
suecica, which is a hybrid between A. thaliana and diploid A. arenosa (Jakobsson et al., 2006;
O’Kane et al., 1996). The latter hybrid is interesting because an incomplete post-zygotic
hybridization barrier has been found between maternal A. thaliana and paternal diploid A.
arenosa, whereas the reciprocal cross shows a complete pre-zygotic hybridization barrier
(Bjerkan et al., 2019; Burkart-Waco et al., 2015). Gene flow and incorporation of adaptive
traits through introgression between A. lyrata and A. arenosa have also been reported, although
these two species exhibit strong hybridization barriers (Jergensen et al., 2011; Schmickl &
Koch, 2011). A. lyrata and A. arenosa are especially interesting because they have mainly
separate diploid and autotetraploid populations, and the ploidy of the species has an effect on
the strength of the hybridization barrier. Reciprocal crosses between diploid individuals result
in almost no viable seeds and similar results are obtained when reciprocally crossing diploid
A. lyrata to tetraploid A. arenosa. However, reciprocal crosses between diploid A. arenosa and
tetraploid A. lyrata, or reciprocal crosses between tetraploid individuals, result in almost
complete germination of hybrid seeds (Lafon-Placette et al., 2017). The inviable hybrid seeds
from crosses between A. lyrata and A. arenosa and between maternal A. thaliana and paternal
diploid A. arenosa, exhibited developmental problems specifically within the endosperm
(Bjerkan et al., 2019; Lafon-Placette et al., 2017).

2.4 The endosperm-based post-zygotic hybridization barrier

The ePZB causes inviable hybrid seeds because of phase-transition problems in the
endosperm. This can either be precocious or delayed cellularization of the endosperm (Figure
4), ultimately affecting embryo viability (Cooper & Brink, 1942). The barrier is found in
several genera throughout the angiosperm clade, including Oryza (Ishikawa et al., 2011; Sekine
et al., 2013; Tonosaki et al., 2018; Wang et al., 2018; H.-Y. Zhang et al., 2016), Arabidopsis
(Lafon-Placette & Kohler, 2016), Capsella (Dziasek et al., 2021; Rebernig et al., 2015), Arabis
(Petrén et al., 2023), Solanum (Cornejo et al., 2012; Florez-Rueda et al., 2016; Johnston &
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Hanneman, 1982; Roth et al., 2019), and Mimulus (Flores-Vergara et al., 2020; Kinser et al.,
2021; Oneal et al., 2016), suggesting that it is controlled by a conserved mechanism. Abnormal
endosperm development can be induced by a disruption in the genomic ratio, which occurs in
hybrids between two species of different ploidy. However, abnormal endosperm development
is also observed in hybrids between species with the same ploidy. The hybridization barrier
between A. lyrata and A. arenosa is found both in crosses with the same ploidy and varying
ploidy. In addition, the endosperm phenotype varies with the cross-direction. The endosperm
in the cross using diploid A. lyrata as the maternal contributor and diploid A. arenosa as pollen
donor has delayed cellularization, whereas the reciprocal cross has precocious cellularization
(Lafon-Placette et al., 2017). Similarly, when crossing A. thaliana as the maternal part to
diploid A. arenosa as a pollen donor, the endosperm has delayed cellularization (Bjerkan et al.,
2019). The EBN hypothesis can be used to account for such observations, by explaining how
the effective ploidy may differ from the actual ploidy (Johnston et al., 1980), and how crosses
between species with the same ploidy can still result in disruption of the genomic ratio in the
endosperm. This imbalance can lead to paternal or maternal excess, with paternal excess
displaying delayed cellularization and maternal excess displaying precocious cellularization
(Haig & Westoby, 1991).
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In the cross between A. thaliana and A. arenosa, the strength of the ePZB varies when

using different accessions. Burkart-Waco et al., (2011) showed that diploid A. arenosa used as
pollen donor to 53 different accessions of A. thaliana resulted in 0-30% live seeds, displaying

a wide range of variation. When (Bjerkan et al., 2019) crossed A. thaliana and diploid A.
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arenosa, they found an accessions-based maternal effect. The germination rate ranged from
approximately 30 to 50% when using four different A. arenosa accessions, and from 10 to 80%
when using four different A. thaliana accessions. Certain mutants have also shown an effect on
the ePZB strength in the same cross, with an 1-10% increased rate of live seeds when using
single mutant backgrounds of MADS-BOX type-I transcription factor genes, agamous-like 62
(agl62) and agl90 in the maternal A. thaliana (Walia et al., 2009). Interestingly, (Bjerkan et
al., 2019) did not find a significant change in the germination rate of the A. thaliana x A.
arenosa cross when using the same mutants, arguing the use of different A. arenosa accessions

could overshadow the effects.

2.6 Temperature effect on the ePZB

Research on how temperature affects early seed development is limited to a few studies.
In rice, moderate heat stress accelerates the cellularization event, whereas severe heat shock
delays cellularization (Chen et al., 2016; Folsom et al., 2014; Paul et al., 2020). Temperature
effects on seed set and embryo development have been found in interspecific Hordeum crosses,
but these studies dissected the embryo to grow on media, excluding any endosperm effect
(Molnar-Lang & Sutka, 1994; Pickering, 1984; Sitch & Snape, 1987; Thorn, 1992; Tiara &
Larter, 1978). Additionally, Bjerkan et al., (2019) demonstrated a significantly decreased
germination rate of hybrid seeds between A. thaliana and A. arenosa when the temperature was
elevated from 18°C to 22°C. They also investigated whether the single mutants agl23, agl34,
agl35, agl36, agl62, agl90 or the double mutant agl36 agl62 had an effect on temperature-
sensitivity in the A. thaliana x A. arenosa hybrid cross exposed to 18°C and 22°C. The single
mutants agl23, agl36, agl62, and agl90 continued to show significant differences in
germination rates between the two temperatures. However, agl34, agl35, and the double mutant
agl36 agl62 neutralized the temperature effect, with the strongest neutralization in the agl35
mutant. It was therefore suggested that AGL35 is involved in relieving hybridization barriers

and sensing temperature changes (Bjerkan et al., 2019).
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3. Evolutionary origin and establishment of genomic imprinting

3.1 Evolutionary origin

Genomic imprinting is proposed as a factor influencing effective ploidy, by
contributing to a disruption in the genomic ratio of the endosperm in crosses between species
with either matching or different ploidy (Bushell et al., 2003; Haig & Westoby, 1991). It is
characterized by the parent-of-origin specific expression of alleles, with either maternally
expressed genes (MEGs) or paternally expressed genes (PEGs) (Batista & Kohler, 2020;
Hornslien et al., 2019). Two main theories are suggested to explain the occurrence of
imprinting in the endosperm, namely the “kinship theory” (Haig & Westoby, 1991) and the
“maternal-offspring co-adaptation theory” (Wolf & Hager, 2006). The kinship theory is based
on a difference of interest in resource allocation to the embryo between the paternal and
maternal parts. In outbreeding species, the female will be fertilized by different male
individuals and it is beneficial with an equal resource allocation to the developing embryos,
whereas the male counterpart would benefit from increased resource allocation to its own
progeny. This theory fits with the observed trends in crosses between Arabidopsis lines with
different ploidy levels, where an increased parental dosage results in an increased size of the
developing seed, whereas an increased maternal dosage results in a decreased size (Scott et al.,
1998). The parental conflict predicted by the “kinship theory” is the basis for the weak
inbreeder/strong outbreeder (WISO) hypothesis, which predicts that the genomes of more
outbred species will have a higher effective ploidy compared to the genomes of more inbred
species. Crosses between species with different mating systems will therefore result in an
imbalance in resource allocation within the hybrid seeds (Brandvain & Haig, 2005, 2018;
Raunsgard et al., 2018). In species with nuclear endosperm development, this imbalance in
resource allocation will be caused by precocious or delayed endosperm cellularization (Bjerkan
et al., 2019; Lafon-Placette et al., 2018; Lafon-Placette & Kohler, 2014). One problem with
the kinship theory is that it does not explain the abundance of MEGs compared to PEGs. The
maternal-offspring co-adaptation theory (Wolf & Hager, 2006), on the other hand, explains
how the inherited maternal alleles in the offspring interact favorably with the mother’s

genotype, which could result in an increase of MEGs in the endosperm.
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3.2 Establishing genomic imprinting

Genomic imprinting is enabled by differential epigenetic modifications on the maternal
and paternal genes, and these modifications are located either as direct modifications of DNA
bases or changes in chromatin condensation guided by histone modifications (Batista & Koéhler,
2020; Law & Jacobsen, 2010).

DNA methylation is the addition of a methyl (CH3) group directly on the DNA strand,
typically on cytosine (C) bases in a CG sequence context, where G denotes guanine. Cytosine
methylations also occur in a so-called asymmetric CHH- and CHG sequence context, where H
denotes adenine, cytosine, or thymine (Henderson & Jacobsen, 2007). Methylation of cytosine
is mediated by specific methyltransferases, including METHYLTRANSFERASE 1 (MET1),
which maintains symmetric cytosine methylation in CG sites (Finnegan & Dennis, 1993). Non-
CG methylations are redundantly generated by CHROMOMETHYLASE 3 (CMT3) and
DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) (Cao & Jacobsen, 2002;
Chan et al., 2004). DNA methylation can be reversed, and DEMETER (DME) DNA
glycosylases excise methylated cytosines and replace them with unmethylated cytosines
(Gehring et al., 2006). The current model for genomic imprinting by DNA methylation is based
on the antagonistic relationship between MET1 and DME, where DME removes DNA
methylation which is not replaced by MET1 in the central cell as it is downregulated in this
tissue, resulting in the expression of the maternal allele only (MEGs). DNA methylation has
been documented in endosperm-specific genes with transposon sequences in the promoter
region and it has been postulated that imprinting evolved as a consequence of transposon
silencing. Imprinted genes with transposable elements within the promoter region include
genes such as MEDEA (MEA), FLOWERING WAGENINGEN, PHERES 1 (PHE1),
HOMEOBOX-LEUCINE ZIPPER PROTEIN 3 (HDG3), HDGY, and AGL36, but not all
imprinted genes have foreign DNA in the promoter regions (Gehring et al., 2009; Kinoshita et
al., 2007; Raissig et al., 2011; Shirzadi et al., 2011).

Histone methylation refers to the addition of methyl group(s) to specific amino acids in
the histone tail. There are several common histone modifications, but only one is known to be
involved in genomic imprinting, namely the trimethylated lysine residue 27 on histone H3
(H3K27me3) (Rodrigues & Zilberman, 2015). This trimethylation is performed by a Polycomb
Repressive Complex 2 (PRC2) and in the endosperm of Arabidopsis this is specifically called
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FERTILIZATION INDEPENDENT SEED (FIS)-PRC2. This complex is composed of four
subunits, namely MEA, FIS2, FERTILIZATION INDEPENDENT ENDOSPERM (FIE) and
MULTICOPY SUPPRESSOR OF IRAL (MSI1) (Grossniklaus et al., 1998; Kiyosue et al.,
1999; Kohler et al., 2003a). In the case of PEGs, the maternal allele is DNA hypomethylated
while the paternal allele is hypermethylated and the latter case interferes with the binding of
FIS-PRC2, resulting in H3K27me3 methylation on the maternal allele alone (Deleris et al.,
2012; Weinhofer et al., 2010). Addition of H3K27me3 methylations on the paternal allele in
MEGs has been registered, although how the FIS-PRC2 complex distinguishes the paternal
from the maternal allele is not known (Bai & Settles, 2015).

3.3 Genomic imprinting in angiosperms

Prior to the cost-effective and efficient advancements in sequencing technology, most
research on genomic imprinting was focused on single genes hypothesized to be imprinted
(Jullien et al., 2006; Kinoshita et al., 2003; Kohler et al., 2005; Tiwari et al., 2008; Vielle-
Calzada et al., 1999). While these studies delved deeply into the specific gene of interest, they
provided limited insight into imprinting as a comprehensive phenomenon. A better overview
of the number of imprinted genes and whether this is a conserved mechanism between
angiosperm species was obtained when whole-genome imprinting studies emerged. This
surprisingly showed that imprinting varied immensely, even between closely related species
(Pignatta et al., 2014; Zhang et al., 2011), but it also revealed that genomic imprinting is found
widespread throughout the angiosperm clade. Genomic imprinting has been investigated in
genera such as Zea (Dong et al., 2023; Zhang et al., 2014), Oryza (Wang et al., 2018; H.-Y.
Zhang et al., 2016), Sorghum (M. Zhang et al., 2016), Fragaria (Liu et al., 2021), Solanum
(Florez-Rueda et al., 2016; Roth et al., 2019), Ricinus (Xu et al., 2014), Mimulus (Kinser et
al., 2021), Arabidopsis (Del Toro-De Ledn & Koéhler, 2019; Hornslien et al., 2019; Klosinska
etal., 2016; Picard et al., 2021; Pignatta et al., 2014; van Ekelenburg et al., 2023; Wolff et al.,
2011), Brassica (Liu et al., 2018; Rong et al., 2021; Yoshida et al., 2018) and Capsella
(Hatorangan et al., 2016; Lafon-Placette et al., 2018), each of them containing numerous cases
of imprinted genes. Most of these imprinting studies have isolated RNA from whole seeds,
including the maternal seed coat (2m:0p), the embryo (1m:1p), and the endosperm tissue
(2m:1p) (Figure 1), which results in a maternal bias when studying gene expression. However,
some studies utilized methods for avoiding maternal bias, such as seed dissection into seed

coat, endosperm, and embryo (Gehring et al., 2011; Pignatta et al., 2014) and endosperm nuclei
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sorting (Del Toro-De Leon & Kohler, 2019; Picard et al., 2021; van Ekelenburg et al., 2023).
In addition, (van Ekelenburg et al., 2023) used domain-specific GFP-markers in order to
examine differences in imprinting between endosperm domains. Despite these efforts, the
overlap between studies is low, suggesting that mechanisms establishing imprinting of genes
are subjected to rapid evolution. It is further hypothesized that genes that have been recently
duplicated are more commonly regulated by genomic imprinting to control gene dosage
(Yoshida & Kawabe, 2013). Furthermore, recent gene duplications make the identification of
distinct orthologs between species more challenging, which could explain why identified

imprinted genes suggest a low level of conservation.

3.4 MADS-box transcription factors and genomic imprinting

The MADS-box gene family encodes transcription factors (TFs), which have a shared
DNA binding domain in the N-terminal region called the MADS-box (M). The gene family is
divided into two lineages, Type-1 and Type-II, based on their phylogenetic relationships
(Alvarez-Buylla et al., 2000). Notably, the Type-I lineage is highly divergent compared to the
Type-II lineage and has undergone numerous recent duplication events. This lineage can be
further classified into the subgroups Ma, Mf, and My. The Type-II lineage, which is subdivided
into MIKC and M3y, is highly conserved and includes many genes important for regulating
floral organ formation (Irish, 2010; Parenicova et al., 2003). Previous studies have shown that
the Type-I lineage includes several genes regulated by genomic imprinting and that many are
specifically expressed during endosperm development (Bjerkan et al, 2019; Kohler et al,
2003b; Masiero et al., 2011; Shirzadi et al., 2011; Zhang et al., 2018). However, imprinting of
certain Type-II genes has been found, albeit at a much lower frequency, consistent with the
hypothesis that highly duplicated genes are more often regulated by genomic imprinting (Del
Toro-De Ledn & Kohler, 2019; Picard ef al., 2021; Pignatta et al., 2014). The high duplication
rate of Type-I genes results in genetic redundancy and impedes functional studies. There are
therefore only a few Type-I genes with a clear function, including AGL23, PHEI, AGL61,
AGLS80, and AGL62. AGL23 is involved in the biogenesis of organelles during embryo
development (Colombo et al., 2008) but has been identified as a PEG and is mainly paternally
expressed (Hornslien et al., 2019; Wolff et al., 2011). Another PEG is PHE1 which regulates
the expression of both imprinted genes and genes important in endosperm development (Batista

et al, 2019a; Kohler et al, 2003b). AGL61 is important during female gametophyte
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development and interacts with AGL80, which together are suggested to regulate a set of genes
important during central cell development (Bemer ef al., 2008), while AGL62 regulates
cellularization of the endosperm (Kang et al., 2008). Despite difficulties in functional studies
of the MADS-box type I genes, the expression in the endosperm together with the high
imprinting rate of this gene family makes it an interesting group to further investigate in relation

to endosperm development.
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AIM OF STUDY

AIM OF STUDY

The primary objective of this thesis is to investigate the intricate mechanisms
underlying endosperm-based post-zygotic hybridization barriers. This was achieved through

three approaches:

(1) Generation of genome resources for A. arenosa and A. lyrata ssp. petraea, which
together with new seed-specific transcriptomes are used to identify and examine the expression
of MADS-box type-I genes. Since the MADS-box type-lI family includes several genes
regulated by genomic imprinting with specific expression in the endosperm, we expect to find
differences in the expression of these genes, which may have the potential to explain the

presence of endosperm-based post-zygotic hybridization barriers (Paper I).

(2) Investigation of endosperm-based post-zygotic hybridization barriers in two
Arabidopsis hybrids, A. thaliana x A. arenosa and A. thaliana x A. lyrata ssp. petraea by
exposing the crossed plants to a temperature gradient, using different A. thaliana accessions or
by introducing single-gene mutations in the maternal A. thaliana. Based on reciprocal crosses
between A. arenosa and A. lyrata ssp. petraea, we hypothesize that A. thaliana x A. lyrata ssp.
petraea might have an opposite endosperm phenotype compared to A. thaliana x A. arenosa.
If this hypothesis holds true, we further hypothesize that temperature, accessions, and single-
gene mutations have opposed effects on the hybridization barrier phenotype in the two hybrids
(Paper I1).

(3) Expand the investigation of endosperm-based post-zygotic hybridization barriers
and genomic imprinting to strong selfing species of the genus Draba belonging to the
supertribe Arabodae of Brassicaceae. Due to low parental conflict in the selfing Draba species,
we hypothesize an absence of endosperm-based post-zygotic hybridization barriers. We also
hypothesize a lower number of conserved imprinted genes in Draba compared to other
Brassicaceae species, as genomic imprinting studies are dominated by the more distantly
related Camelinodae species. However, we hypothesize that a higher overlap may be found

between Draba and other species with a selfing mating system (Paper 111).
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In the work presented in this thesis, we have used established and new model systems
from the genera Arabidopsis and Draba. We have used A. arenosa accession MJ09-4 from
Pusté Pole in Slovakia, A. lyrata ssp. petraea accession MJ09-11 from Pernitz in Austria and
four different accessions of A. thaliana, Col-0, C24, Ws-2, and Wa-1. We have used D.
fladnizensis from three different populations originating from Norway, Alaska, and Greenland,
D. nivalis with two different populations from Norway and one population each from Alaska

and Greenland, and one D. subcapitata population from Greenland (Figure 5).

A.a. Pusté Pole Slovakia  D.n. 45-5 Norway ﬁ

@ A.l Pernitz Austria ) D.n. AKB17-2 Norway

@ A.t Wa-1 Poland @ D.n. AKB17-3 Greenland

@ At Ws-2 Belarus @ D.n. 8-4 Alaska

@ A.t C24 Portugal D.f. AKB17-2 Norway
A.t Col-0 US A @ D.f 74-12 Greenland

@ D.s. 81-12 Greenland @ D.f 4-1 Alaska

a4
Figure 5: Geographic location of populations or accessions used in this thesis. Every species is
indicated with its own color, and if different populations or accessions are used, a gradient of the
species' color is utilized to indicate their different locations. The legend includes population name,
country of origin, and abbreviations of species hames: Arabidopsis arenosa (A.a.), A. lyrata ssp. petraea
(A.l), A. thaliana (A.t), Draba subcapitata (D.s.), D. nivalis (D.n.), and D. fladnizensis (D.f.).
Geographical coordinates for A.t. accessions are available on The Arabidopsis Information Resource
(TAIR), Draba populations in Paper lll, and A.a. and A.l. in Paper I.

4. Antagonistic endosperm phenotypes in Arabidopsis hybrids and
absence of ePZB in Draba

Previous work on the ePZB within the Arabidopsis genus has mainly focused on the
species combinations A. arenosa x A. lyrata or A. thaliana x A. arenosa. The results observed
in these studies show delayed or precocious endosperm cellularization in crosses between A.
arenosa and A. lyrata, depending on the ploidy and cross direction (Lafon-Placette et al., 2017),
as well as delayed cellularization in crosses between maternal A. thaliana and A. arenosa pollen
donors (Bjerkan et al., 2019; Walia et al., 2009). Based on these results, we hypothesized that
crosses between maternal A. thaliana and A. lyrata ssp. petraea pollen donor would result in
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precocious endosperm development. We therefore performed this cross at 18°C and quantified
germination rate as a measure of barrier strength as well as investigated the endosperm

cellularization phenotype.

Endosperm nuclei were counted in seeds from A. thaliana self-crosses, A. thaliana x A.
arenosa, and A. thaliana x A. lyrata ssp. petraea crosses. This revealed that the average number
of nuclei in A. thaliana x A. lyrata ssp. petraea hybrid seeds (240 nuclei per seed) were
significantly lower than in A. thaliana x A. arenosa hybrid seeds (340 nuclei per seed). Despite
this, the germination rate was significantly higher for A. lyrata ssp. petraea hybrid seeds
compared to A. arenosa hybrid seeds, with mean germination rates of approximately 63% and
40%, respectively. However, the germination rate of the A. thaliana x A. lyrata ssp. petraea
hybrid seeds were still well below 100%, meaning that a post-zygotic hybridization barrier was
present. To further investigate endosperm cellularization phenotypes in the hybrid crosses, we
used feulgen-stained whole-mount embedded seeds to visualize the endosperm developmental
stage. Hybrid seeds from the A. thaliana x A. arenosa cross showed no sign of cellularization
as the embryo was still at an early developmental stage (Figure 6). However, hybrid seeds from
the A. thaliana x A. lyrata ssp. petraea cross at a similar embryo stage displayed a higher
frequency of precocious endosperm cellularization when compared to A. thaliana self and was
in strong contrast to the endosperm phenotype in A. thaliana x A. arenosa hybrid seeds (Figure
6).

To broaden our perspective of the ePZB, we examined the presence of a barrier in three
selfing Draba species D. fladnizensis, D. nivalis, and D. subcapitata, by performing
interspecific crosses within three geographical regions (Alaska, Greenland, and Norway). As
D. subcapitata was only sampled from Greenland, crosses within Alaska and Norway were
between D. fladnizensis and D. nivalis. Despite previous studies showing either complete pre-
zygotic or incomplete seed-based post-zygotic hybridization barriers, we achieved a
germination rate with a median above 75% in all crosses. There was no significant difference
in germination rates of hybrid seeds compared to midparent values, except for the D. nivalis x
D. subcapitata hybrid, which had significantly higher germination rate compared to its
midparent value, altogether suggesting that an ePZB is not present. Nevertheless, we observed
significant differences between the paternal selfed seeds and the hybrid seeds from the
reciprocal D. nivalis x D. fladnizensis crosses from Alaska and the D. fladnizensis x D.

subcapitata hybrid seeds from Greenland. In addition, we observed that both the maternal and
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paternal parent had significantly lower germination rates compared to the D. nivalis x D.
subcapitata hybrid seeds from Greenland (Paper III). This implies that the maternal
contribution has a larger influence on factors affecting germination rate, compared to the

paternal component.

- Figure 6: Endosperm phenotypes identified in two
: Arabidopsis hybrids. Confocal images of Feulgen-stained A.
thaliana Col-0 (Col-0) crossed to A. arenosa (A.a.) or A. lyrata
| ssp. petraea (A.l.) six days after pollination emphasizing
| | endosperm cellularization. Open arrowheads point to syncytial
|| endosperm nuclei, closed arrowheads point to cellularized
. | endosperm nuclei, and full arrows point to the embryo. In Col-
o /| 0xA.a., the endosperm is mainly syncytial, whereas in Col-0

4 x A, the hybrid seeds exhibit precocious endosperm
cellularization at an early globular stage. The confocal images
are accompanied by illustrations emphasizing the endosperm
phenotypes. All crosses are female x male. Scale bar = 50um.

The absence of ePZB between these Draba species is in support of the WISO
hypothesis, as low parental conflict is expected in selfing species (Brandvain & Haig, 2005,
2018). However, the WISO hypothesis also predicts a higher effective ploidy in the outbreeding
A. arenosa and A. lyrata ssp. petraea species compared to the selfing A. thaliana. Accordingly,
we should expect a paternal excess and delayed endosperm cellularization in crosses using A.
thaliana as the maternal part and A. arenosa or A. lyrata ssp. petraea as the pollen donor. This
fits well with the observed endosperm phenotype in the A. thaliana x A. arenosa hybrid seeds
but is the opposite of what we observe in the A. thaliana x A. lyrata ssp. petraea. This suggests
that mating systems alone cannot predict the occurrence of ePZB or the resulting endosperm

phenotype.

Further investigation of endosperm developmental progression was facilitated by
endosperm markers expressed either before cellularization, Early Endosperm (EE), or after
cellularization, Total Endosperm 1 (TE1). Both reporter lines are available in A. thaliana (Col-

0), and in addition, we genetically modified D. nivalis individuals from the Norwegian
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population (Grimsdalen) with the pAtTE1-GFP reporter from A. thaliana. Examination of EE
and TE1 in hybrid crosses between A. thaliana and A. arenosa or A. lyrata ssp. petraea showed
opposite phenotypes, corresponding to the endosperm developmental progression (Figure 6).
The pAtEE-GFP marker showed a prolonged expression in the A. thaliana x A. arenosa hybrid
seeds (Figure 7), in line with the observation that endosperm cellularization is delayed or
absent. The pAtTE1-GFP reporter showed a premature expression in the A. thaliana x A. lyrata
ssp. petraea hybrid seeds (Figure 7), corresponding with the observed precocious endosperm
phenotype. In A. thaliana seeds, the EE marker showed decreased expression after six days
after pollination (DAP), corresponding to the micropylar onset of cellularization, and few seeds
expressed the marker line until eight DAP. Congruently, the pAtTE1-GFP reporter started
expression at eight DAP and continued until seed maturation. A similar expression of the
pAtTE1-GFP reporter was found in D. nivalis seeds, which developed at a slightly slower rate
and therefore had weak expression from 10 DAP until seed maturation (Paper I11). The timely
expression of the pAtTE1-GFP reporter at the correct developmental stage indicates that
corresponding mechanisms operate endosperm development and cellularization in D. nivalis

and A. thaliana.

ee[ ] Te1 [ IEEEEE 12 DAP EE Figure 7: Expression and
11 confocal images of early
and late endosperm markers
in Arabidopsis hybrid
seeds. Percentage of seeds
expressing proAT5G09370 >>
H2A-GFP (pAtEE-GFP) and
proAT4G00220 >> H2A-GFP
(PAtTE1-GFP) at 1-18 days
after pollination (DAP)
together with confocal images
of pAtTE1-GFP at six DAP and
pPAtEE-GFP at 12 DAP in A.
thaliana, A. thaliana x A.
arenosa and A. thaliana x A.

199 o lyrata ssp. petraea. pAtEE-
75 a i GFP expression in the A.
50 q thaliana x A. arenosa hybrid
& . seeds was not documented
o D ” L H H H after 15 DAP. All crosses are
12345 6 78 910111213 14 15 16 17 18 female x male. Scale bar =

DAP 50um.
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5. The genetic network causing an ePZB is easily affected by using

different accessions

Previous studies have indicated a substantial impact of accessions on the strength of the
ePZB in crosses between A. thaliana and A. arenosa, especially when using different A.
thaliana accessions (Bjerkan et al., 2019; Walia et al., 2009). To investigate whether this was
the case for the A. thaliana x A. lyrata ssp. petraea cross, we expanded our experimental set-
up to include the accessions C24, Ws-2 (Wassilewskija), and the tetraploid Wa-1 (Warschau)
in addition to Col-0. Using colchicine tetraploidized strains of A. thaliana in crosses to A.
arenosa had previously been reported to give an almost complete bypass of the ePZB
(Josefsson et al., 2006; Walia et al., 2009). Furthermore, using the natural tetraploid Wa-1 in
crosses with A. arenosa Strecno, resulted in approximately 50% normal seed production
(Burkart-Waco et al., 2011). We therefore expected the Wa-1 accession to have an ameliorative
effect on the ePZB when crossed to A. arenosa Pusté Pole. Surprisingly, we observed that the
C24 accession resulted in a stronger bypass of the ePZB in the A. thaliana x A. arenosa cross,
compared to the tetraploid Wa-1 accession. In contrast, when crossed to A. arenosa Strecno,
C24 resulted in approximately 17% normal seed production (Burkart-Waco et al., 2011),
showing a weaker bypass of the ePZB compared to Wa-1. In the A. thaliana x A. lyrata ssp.
petraea cross, both using C24 and Wa-1 gave severely decreased seed viability compared to
Col-0 and Ws-2. Using Ws-2 had the opposite effect of C24 and Wa-1, with severely decreased
seed viability in A. thaliana x A. arenosa crosses and moderately increased seed viability in A.
thaliana x A. lyrata ssp. petraea crosses. The stronger effect using C24 compared to Wa-1 was
unexpected, but we hypothesize that using a different A. arenosa population and the use of a

natural tetraploid population rather than a synthetic tetraploid strain causes this effect.

Overall, this implies that genetic differences between accessions could potentially have
larger effects on the ePZB strength than the ploidy of the parents. Furthermore, our results
suggest that C24 exhibits higher EBN compared to Col-0 and Ws-2. This supports the
hypothesis that 4. arenosa has a higher EBN compared to 4. lyrata ssp. petraea (Lafon-Placette
& Kohler, 2016), leading to enhanced seed viability when C24 or Wa-1 is crossed to A. arenosa,
and decreased seed viability when crossed to A. lyrata ssp. petraea. Altogether, these results
show that the genetic factors affecting the EBN and the ePZB are intricate and finely tuned,
making it difficult to properly predict the effect that accession, and sometimes ploidy, can have

on the barrier.
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6. Single-gene mutations affecting the hybrid barrier

Utilizing specific genes or gene families, with conserved functions in endosperm
development, holds the potential for reproducible results across different species in
circumventing the ePZB. MADS-box type-l genes are emerging candidate genes for this
purpose, as they are often expressed in the endosperm, and several are found to be imprinted.
We aimed to investigate the effect of the two MADS-box type-1 genes, AGL40 and AGL35,
along with the maternally expressed MEA, a component of the FIS-PRC2 complex, in A.
thaliana x A. arenosa/A. lyrata ssp. petraea crosses. Although MADS-box type-I genes are
often highly duplicated and subsequently redundant, AGL40 and AGL35 have one copy each
in A. thaliana, A. arenosa, A. lyrata ssp. petraea and A. halleri (Paper ). Furthermore, both
AGL40 and AGL35 are expressed in the chalazal endosperm (Bemer et al., 2010b) and are
downregulated during the transition from syncytial to endosperm cellularization (Paper I).
Interestingly, AGL40 and AGL35 are upregulated in the incompatible diploid A. thaliana x A.
arenosa hybrid, potentially contributing to the hybridization barrier (Walia et al., 2009). MEA
is important in endosperm development, and mutations in this gene have shown
overproliferation of endosperm nuclei and a delay of cellularization (Grossniklaus et al., 1998;
Guitton et al., 2004; Kinoshita et al., 1999; Koéhler et al., 2003b). When considering gene
expression patterns, copy number, and gene function, AGL40, AGL35, and MEA are ideal
candidates for further examination of their potential to bypass the ePZB in the A. thaliana x A.

arenosa/A. lyrata ssp. petraea crosses.

Selfed A. thaliana with the heterozygous mea mutation has a reduced germination rate
of 60%, meaning that mea itself contributes to a decrease in seed viability. A comparable
decline in germination rate is observed when using the same heterozygous mea mutant rather
than wild-type A. thaliana in hybrid crosses to A. arenosa/A. lyrata ssp. petraea. Despite the
delayed endosperm cellularization phenotype of the mea mutant, the expected ameliorative
effect in the A. thaliana x A. lyrata ssp. petraea hybrid and an exacerbated effect in A. thaliana
x A. arenosa were not observed. This means the mea mutant failed to enhance or bypass the
ePZB in these two hybrids (Paper II). In contrast to mea, agl35-1 and agl40-1 do not affect the
germination rate of selfed A. thaliana and we could therefore use homozygous mutant lines.
Hybrid crosses between agl40-1 and A. arenosa showed no significant change when compared
to crosses between wild-type A. thaliana and A. arenosa. However, in A. lyrata ssp. petraea

hybrid crosses, the germination rate was significantly reduced when using agl40-1 as a
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maternal contributor. Crosses between agl35-1 and A. arenosa have previously been shown to
strengthen the hybrid barrier (Bjerkan et al., 2019). This was confirmed in our study, showing
a significant reduction in germination rate when using the agl35-1 mutant compared to wild-
type A. thaliana in hybrid crosses to A. arenosa. Interestingly, we found the opposite trend in
hybrid crosses to A. lyrata ssp. petraea, with a significant increase in germination rate when
using the agl35-1 mutant compared to wild-type A. thaliana (Paper I1). As discussed below, a
different expression pattern of AGL35 before and after endosperm cellularization in the
parental species, may explain the different effects the agl35 mutant has on the two Arabidopsis
hybrids.

Although the ag/35-1 mutant could be used to enhance or bypass the ePZB phenotype
in A. thaliana x A. arenosa and A. thaliana x A. lyrata ssp. petraea crosses, respectively,
predicting the effects of single mutants based on their regulation and function in A. thaliana is
difficult. Imprinting can be perturbed in hybrids, exemplified by PHEI, a PEG in A. thaliana
which shifts to a MEG in the A. thaliana x A. arenosa hybrid (Josefsson et al., 2006). Similarly,
AGL36 shifts from a MEG in A. thaliana to a BEG in the 4. thaliana x A. arenosa hybrid
(Bjerkan et al., 2019). However, further knowledge about the copy number and expression of

these genes in all parental species could make predictions more precise.

7. Temperature has a strong antagonistic effect and potential as an

ePZB-adjusting factor

The optimal temperature range for A. thaliana is between 8 and 28°C, and different
laboratories use different temperatures for experimental work on this species (Lloyd et al.,
2018). Although temperatures within the optimal range have no detrimental effect on A.
thaliana, it will affect developmental progress. In different studies on the A. thaliana x A.
arenosa hybrids, the crossed plants have been exposed to either 18°C or 22°C, resulting in a
discrepancy in germination rates that cannot be explained by genetic differences (Bjerkan et
al., 2019; Burkart-Waco et al., 2015; Walia et al., 2009). A significant decrease in germination
rate was for instance observed when the A. thaliana x A. arenosa cross was exposed to 22°C
compared to 18°C (Bjerkan et al., 2019). These results warranted further examination of a more
extreme temperature effect on the ePZB in both hybrid crosses. Initially we investigated the
temperature effect at 8°C and 28°C, revealing almost no germination in either A. thaliana *x A.

arenosa or A. thaliana % A. lyrata ssp. petraea. This observation suggests that these
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temperatures cause stress in the hybrid seeds adding to the effect of the ePZB. Using 14°C and
26°C, we observed a strong significant difference in both hybrids. In line with previous
research, the A. thaliana *x A. arenosa hybrid seeds exhibited a significant decrease in
germination rate when exposed to increased temperature (Figure 8) (Bjerkan et al., 2019).
Interestingly, the opposite was found for 4. thaliana % A. lyrata ssp. petraea hybrid seeds,
which had increased germination rate with increased temperature (Figure 8). This suggests that
decreasing temperature during hybrid seed development can bypass an ePZB exhibiting
delayed cellularization and that increasing temperature can bypass an ePZB exhibiting
precocious cellularization. The antagonistic effect of temperature on hybrid seeds with opposite
endosperm phenotypes suggests that the ePZB is controlled by a genetic mechanism sensitive

to environmental conditions.

The temperature effect might be explained by the obstruction of abscisic acid (ABA)
breakdown in the desiccating endosperm in cooler temperatures (Chen et al., 2021). As a
response to dehydration-stress, there is an elevation in the levels of ABA and this response has
been triggered in A. thaliana inter-ploidy crosses with paternal excess, which exhibit delayed
endosperm cellularization. It was also found that endosperm cellularization in the 4. thaliana
inter-ploidy seeds was induced by increasing ABA levels, resulting in improved seed viability
(Xu et al., 2023). Higher ABA levels in cooler temperatures could therefore explain why the

A. thaliana x A. arenosa hybrid seeds have higher germination rates at 14°C compared to 26°C.
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Figure 8: Temperature affects the germination rate of hybrid seeds. Germination rate of A. thaliana
(Col-0) x A. arenosa (A.a.) hybrid seeds at 8°C, 14°C, 18°C, 22°C, 26°C and 28°C. Biological replicates
(siliques): 8°C, n = 16 (811 seeds); 14°C, n = 83 (3243 seeds); 18°C, n = 48 (2610 seeds); 22°C, n =
16 (796 seeds); 26°C, n = 78 (2713 seeds); 28°C, n = 16 (663 seeds). Germination rate of A. thaliana
(Col-0) x A. lyrata (A.l.) hybrid seeds at 8°C, 14°C, 18°C, 22°C, 26°C and 28°C. Biological replicates
(siliques): 8°C, n = 16 (345 seeds); 14°C, n = 84 (1676 seeds); 18°C, n = 47 (1540 seeds); 22°C, n =
16 (533 seeds); 26°C, n = 85 (2043 seeds); 28°C, n = 16 (699 seeds). Box plot contains scattered data
points representing germination rates observed per silique. Outliers are plotted as large data points.
Significance is indicated for the comparisons between 14°C, 18°C, 22°C and 26°C within each hybrid
(Welch’s t-test: **P < 0.01; ***P < 0.001; ****P < 0.0001).

Another possible explanation considers the high-temperature induced
PHYTOCHROME INTERACTING FACTOR 4 (PIF4) (Koini et al., 2009). PIF4 is upregulated
when exposed to increased temperature in A. thaliana, which results in increased auxin
biosynthesis and signaling that indirectly results in induction of EXPANSIN genes (Koini ef al.,
2009; Quint et al., 2016). Furthermore, several EXPANSIN genes are involved in the syncytium
formation in A. thaliana roots upon nematode infection (Wieczorek et al., 2006). PIF4 and the
EXPANSIN genes involved in syncytial formation are all expressed in the seed (Mergner ef al.,
2020; Nakabayashi et al, 2005), suggesting that increased temperature could result in a
prolonged syncytial stage of the endosperm if regulated by these genes. Batista et al. (2019b)
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showed that increased auxin biosynthesis inhibits endosperm cellularization, which further
supports this hypothesis. An increased temperature could therefore prolong the syncytial phase,
counteracting the precocious endosperm phenotype in the A. thaliana x A. lyrata ssp. petraea
hybrid seeds, while exacerbating the delayed endosperm cellularization A. thaliana x A.
arenosa hybrid seeds. If this is a conserved mechanism, one can use shifts in temperature to

overcome the ePZB in other hybrid crosses.

8. Both environmental and genetic factors affect the hybrid barrier

The ePZB in Arabidopsis is influenced by various factors, both genetic and
environmental, as shown in this work and previous literature, and summed up in Figure 9.
Parent-of-origin specific effects have been demonstrated by variation in the genetic
background, caused by choice of accessions, different ploidies, or single-gene mutations. In
addition, temperature has a significant effect on the ePZB and can be used to both enhance or
ameliorate the hybrid barrier strength. Furthermore, accession, temperature, and the single-
gene mutant agl35-1 demonstrate robust and antagonistic effects on the two hybrids, A.

thaliana x A. arenosa and A. thaliana x A. lyrata ssp. petraea.

Identifying single mutants, which have an effect on the ePZB, has proven difficult, and
several MADS-box type-I mutants have been investigated. Expression of MADS-box type-I
genes has been examined in hybrid seeds from the incompatible homoploid A. thaliana x A.
arenosa cross and the compatible tetraploid A. thaliana x diploid A. arenosa cross. This
showed that several MADS-box type-l1 genes were upregulated in the seeds from the
incompatible cross, suggesting that these genes might be responsible for the hybrid barrier
(Walia et al., 2009). However, knock-out mutants of the genes showed no change in
germination rate of seeds from the homoploid A. thaliana x A. arenosa cross, with the
exception of agl35 (Bjerkan et al., 2019). It is also challenging to extrapolate the effects of
single mutant genes, such as agl35, to other species because of difficulties in identifying proper
orthologs, particularly in genes with high duplication rates. Knowledge about accession effects
is also difficult to transfer to other hybrid crosses and would need to be individually assessed

for each species combination.
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Figure 9: Different factors affecting the endosperm-based post-zygotic hybridization barrier in
Arabidopsis hybrids. Dashed lines denote insignificant effects, while arrows denote significant effects,
pointing towards the direction of influence on the hybrid seed phenotype. The width of the arrow reflects
the magnitude of these effects. Colored arrows denote temperature gradient, with red being warmer
and blue being colder. In A. thaliana (A.t./T) x A. arenosa (A.a./A) hybrid seeds, agl35-1, Col-0, and
Ws-2 result in an exacerbated effect of the delayed endosperm barrier phenotype, whereas decreased
temperature, tetraploidization of A.t. (Josefsson et al., 2006; Walia et al., 2009), C24 and Wa-1
ameliorate the effect. In A.t. x A, lyrata ssp. petraea (A.l./L) hybrid seeds, agl40-1, C24, and Wa-1
enhance the frequency of precocious endosperm cellularization, whereas increased temperature,
agl35-1, Col-0, and Ws-2 ameliorate the effect. In A.l. x A.a., the diploid A.l. is incompatible with both
the diploid and tetraploid A.a., whereas the tetraploid A.l. is compatible with both the diploid and
tetraploid A.a. In A.a. x A.l. hybrid seeds, both diploid and tetraploid A.a. are incompatible with diploid
A.l., and conversely the diploid and tetraploid A.a. are compatible with tetraploid A.l. (Lafon-Placette et
al., 2017).
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In contrast to single mutant genes and accession effects, the effect of temperature
manipulation on the ePZB has a much higher potential to be transferred even to species
distantly related to Arabidopsis. Another effective tool for affecting the barrier is varying the
ploidy of the parental species, which has been thoroughly tested in reciprocal A. arenosa x A.
lyrata ssp. petraea crosses, in addition to the A. thaliana x A. arenosa cross. Change of ploidy
has resulted in an effective bypass or strengthening of the hybridization barrier and is

transferable to other diploid species, through the production of synthetic tetraploid strains.

9. MADS-box type-I expression levels at different developmental time
points may predict ePZBs

Having knowledge on duplication or presence of MADS-box type-I genes in species
exhibiting ePZB can contribute to identifying promising candidates to overcome the barrier.
Although there is much information available on MADS-box type-I genes in A. thaliana, there
is little information available for A. arenosa and A. lyrata ssp. petraea. 1t is therefore difficult
to predict the effects of single-gene mutations in hybrids between A. thaliana and A. arenosa
or A. lyrata ssp. petraea. To acquire information on MADS-box type-I genes in 4. arenosa and
A. lyrata ssp. petraea, high-quality genome sequences are required. Current available whole
genome resources are of varying quality, and stem from other populations or subspecies that
vary genetically from our populations, which is not optimal when examining e.g. gene copy
numbers. This prompted us to perform de-novo whole-genome sequencing of 4. arenosa and
A. lyrata ssp. petraea individuals from our populations. This included one individual of A.
arenosa from Pusté Pole in Slovakia and one individual of 4. lyrata ssp. petraea from Pernitz
in Austria (Figure 5), with estimated genome sizes of 201 Mbp and 179 Mbp, respectively,
confirmed by flow-cytometry data (Paper I). The assembled sequence lengths were 188 Mbp
for A. lyrata ssp. petraea and 153 Mbp for 4. arenosa with chromosome-length scaffolds
(Paper I).

The predicted proteomes of 4. arenosa and A. lyrata ssp. petraea were compared to A.
thaliana (Araportll), showing more than 21,000 shared orthogroups and very few species-
specific orthogroups (Figure 10). As expected, orthogroups shared between the two recently
split sister species, 4. arenosa and A. lyrata ssp. petraea, were two to three times higher than

shared orthogroups between A. thaliana and A. arenosa or A. lyrata ssp. petraea.
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Figure 10: Venn diagram showing overlap of predicted
orthologs between Arabidopsis lyrata ssp. petraea, A.
arenosa Pusté Pole, and A. thaliana. Orthogroups were
predicted using OrthoFinder. A majority of orthologs are common

A. for all three species; in comparison few species-specific genes
th:(’)’g”a were identified.

The assembled genomes and proteome predictions were used, in combination with
other available genomes of sufficient quality, in a detailed study of MADS-box TFs within the
Arabidopsis genus, including A. arenosa Pusté Pole, A. lyrata ssp. petraea Pernitz, A. arenosa
Strecno, A. lyrata ssp. lyrata and A. halleri. A phylogenetic gene tree, constructed based on all
the predicted MADS-box genes together with MADS-box genes from A. thaliana,
demonstrated large differences in duplications of several MADS-box type-1 genes. Differences
in copy number were not only found between species, but also between subspecies or
populations of the same species. The PHE2 clade (My-1b) demonstrated a species-specific
duplication with two copies in both A. lyrata subspecies, whereas A. thaliana and both A.
arenosa populations only had one copy (Paper 1). The PHE1 clade (My-1a) showed a
subspecies-specific duplication, with six copies in A. lyrata ssp. petraea, and three copies in A.
lyrata ssp. lyrata. A population-specific expansion could be found in the DIA clade (Ma-4),

with one copy in A. arenosa Strecno and two copies in A. arenosa Pusté Pole (Paper I).

Duplications of MADS-box type-lI genes have previously been suggested to arise
because of small-scale duplication events, rather than whole-genome duplications (De Bodt et
al., 2003; Nam et al., 2004; Parenicova et al., 2003). Such duplications will often be silenced
or lost from the genome, because of low selection pressure due to redundancy. However, some
duplications result in neofunctionalization and it has been suggested that redundancy amongst
the MADS-box type-1 genes may not be as common as previously expected (Bemer et al.,
2010a). The observed differences in ortholog-copies of MADS-box type-lI genes between
populations of the same species may explain how using different accessions or populations of

the same species can have such a large effect on the ePZB when crossed to other species.
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To further examine MADS-box type-I genes, we performed an RNAseq analysis of 4.
arenosa and A. lyrata ssp. petraea seeds at nine and 15 DAP, corresponding to before and after
endosperm cellularization in these species. The expression of MADS-box type-I genes was
analyzed at each stage, to see whether any of the subgroups, Mo, M, and My, changed after
cellularization of the endosperm. Using available RN Aseq data from a previous study (Bjerkan
etal., 2019), we did the same analysis with A. thaliana at six and nine DAP, which correspond
to before and after endosperm cellularization in this species. Interestingly, we found that My
and half of the Ma genes were highly expressed before cellularization and declined
substantially after cellularization in both A. thaliana and A. arenosa, whereas A. lyrata ssp.
petraea showed increased expression of several My and Ma genes after cellularization (Figure
11). This expression pattern is intriguing, not just because of the distinction between A. lyrata
ssp. petraea to A. thaliana/A. arenosa, but also due to the established interaction patterns
between the My and Ma subclades. The Ma subclade can be divided into two monophyletic
clades, consisting of Ma-1 to Ma-11 and Ma-12 to Ma-18. The genes in the first group, Ma-1
to Ma-11, interact solely with My proteins, except for Ma-5 and Ma-9 genes, which have
shown protein interaction with the M subclade. The genes, which primarily interact with My
proteins, are expressed during early endosperm development. The genes of the second group,
Mo-12 to Mo-18, interact primarily with M proteins, although Ma-13, Ma-14, Ma-17, and
Ma-19 genes have also shown My interactions (de Folter ef al., 2005; Qiu & Kohler, 2022).

AGL35, which showed antagonistic effects in the A. thaliana < A. arenosa and A.
thaliana x A. lyrata ssp. petraea hybrids when mutated in the A. thaliana background, is an
My gene. In A. thaliana and A. arenosa AGL35 expression significantly decreases after
endosperm cellularization. In contrast, AGL35 expression in A. lyrata ssp. petraea slightly
increases after endosperm cellularization. This difference in regulation may explain the
observed differences in hybrid seed germination rates when A. thaliana AGL35 is mutated
(Figure 11). However, the same expressional pattern is observed with AGL40 (Figure 11),
which only resulted in a significant decline in germination rate for the A. thaliana x A. lyrata
ssp. petraea cross when mutated in the A. thaliana background. As AGL35 and AGL40 are both
single-copy genes in all the examined Arabidopsis species, redundancy cannot explain the
different effects on the ePZB. Typically MADS-box Type-I TFs heterodimerize, and while
interaction between M3 and My is considered unlikely, Ma interacts with both M3 and My (de
Folter et al., 2005; Qiu & Kdhler, 2022). The flexibility of Ma TFs can potentially allow Ma

orthologs to bind more easily to their interaction partners when AGL40 is mutated, and
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therefore cause a weaker effect when mutated, compared to the My gene AGL35. Furthermore,
interaction between AGL35 and AGL62 has been shown in a yeast-to-hybrid study (Trigg et
al., 2017) and both are expressed in the chalazal endosperm (Bemer et al., 2010b). This is
interesting, because AGL62 is important in suppressing cellularization during the syncytial
stage (Kang et al., 2008). Suppressing the function of AGL62 should therefore exacerbate the
precocious endosperm phenotype in the A. thaliana % A. lyrata ssp. petraea cross and give a
decreased germination rate. However, the ag/35-1 mutant results in an increased germination
rate in the A. thaliana % A. lyrata ssp. petraea cross. Another yeast-to-hybrid study showed that
AGL80, which together with DIA4 regulates a set of genes during central cell development
(Bemer et al., 2008), also interacts with AGL62 (de Folter et al., 2005). A possible explanation
could be that when interacting with AGL35, the function of AGL62 is suppressed, while it is
active when interacting with AGL80. However, this does not explain why AGL35 has a higher

expression before cellularization than after in both 4. thaliana and A. arenosa.
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Figure 11: Expression of My and Ma genes before and after cellularization in Arabidopsis
thaliana, A. arenosa and A. lyrata ssp. petraea. Top: Box plot of Ma-gene expression based on mean
read counts normalized with DESeq2 (Love et al., 2014) on the y-axis for A. thaliana (white), A. arenosa
(red), and A. lyrata ssp. petraea (blue). Bottom: An equivalent box plot for My-genes. RNA was isolated
from whole seeds at six and nine days after pollination (DAP) for A. thaliana, corresponding to before
and after cellularization of the endosperm, and at nine and 15 DAP for A. arenosa and A. lyrata ssp.
petraea, which coincides with the same developmental stages. AGL40 and AGL35 are highlighted with
orange and green, respectively.

AGL35, which showed antagonistic effects in the A. thaliana x A. arenosa and A.

thaliana x A. lyrata ssp. petraea hybrids when mutated in the A. thaliana background, is an

35



RESULTS AND DISCUSSION

My gene. In A. thaliana and A. arenosa AGL35 expression significantly decreases after
endosperm cellularization. In contrast, AGL35 expression in A. lyrata ssp. petraea slightly
increases after endosperm cellularization. This difference in regulation may explain the
observed differences in hybrid seed germination rates when A. thaliana AGL35 is mutated
(Figure 11). However, the same expressional pattern is observed with AGL40 (Figure 11),
which only resulted in a significant decline in germination rate for the A. thaliana x A. lyrata
ssp. petraea cross when mutated in the A. thaliana background. As AGL35 and AGL40 are both
single-copy genes in all the examined Arabidopsis species, redundancy cannot explain the
different effects on the ePZB. Typically MADS-box Type-I TFs heterodimerize, and while
interaction between Mf3 and My is considered unlikely, Ma interacts with both M and My (de
Folter et al., 2005; Qiu & Kohler, 2022). The flexibility of Ma TFs can potentially allow Ma
orthologs to bind more easily to their interaction partners when AGL40 is mutated, and
therefore cause a weaker effect when mutated, compared to the My gene AGL35. Furthermore,
interaction between AGL35 and AGL62 has been shown in a yeast-to-hybrid study (Trigg et
al.,, 2017) and both are expressed in the chalazal endosperm (Bemer et al., 2010b). This is
interesting, because AGL62 is important in suppressing cellularization during the syncytial
stage (Kang et al., 2008). However, suppressing the function of AGL62 should therefore
exacerbate the precocious endosperm phenotype in the A. thaliana X A. lyrata ssp. petraea
cross and give a decreased germination rate, while the ag/35-1 mutant results in an increased
germination rate in the 4. thaliana % A. lyrata ssp. petraea cross. Another yeast-to-hybrid study
showed that AGL80, which together with DIA regulates a set of genes during central cell
development (Bemer et al., 2008), also interacts with AGL62 (de Folter ez al., 2005). A possible
explanation could be that when interacting with AGL35, the function of AGL62 is suppressed,
while it is active when interacting with AGL80. However, this does not explain why AGL35

has a higher expression before cellularization than after in both A. thaliana and A. arenosa.

10. Genomic imprinting in Draba nivalis 1s dominated by maternally

expressed genes

To investigate genomic imprinting in D. nivalis, we used two populations originating
from Alaska and Norway. To exclude developmental differences between the parental
populations or in the intraspecific hybrids, we investigated seeds at seven and 12 DAP (Paper
[11). Both in seeds from selfed parental populations and in reciprocal interpopulation crosses,

the embryo at seven DAP was primarily in the globular stage with uncellularized endosperm.
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A D. nivalis transgenic line carrying a pAtTE1-GFP reporter, expressed only after onset of
cellularization in A. thaliana, was observed from 10 DAP in D. nivalis. Having a globular
embryo and uncellularized endosperm at seven DAP, expression of the pAtTE1-GFP reporter
from 10 DAP suggests this reporter works in a similar manner in D. nivalis as A. thaliana,
expressing after onset of cellularization. In our analysis, we therefore generated whole seed
transcriptomes from seven DAP seed stages, representing a globular embryo stage with
syncytial endosperm (Paper 111). RNAseq data from both homozygous parents, D. nivalis
AKB17-2 from Norway and D. nivalis 8-4 from Alaska (Figure 5), in addition to reciprocal
intraspecific crosses between these populations, were used to investigate parent-of-origin
allele-specific expression. To examine variation between the two populations, the intraspecific
hybrids, and the biological replicates, we performed a principal component analysis (PCA).
Biological replicates showed high similarity and the parental lines were clearly separated along
the first principal component (PC1), which explained 86% of the total variation. The
intraspecific hybrids had scores similar to the maternal parent along PC1, but were separated
from the maternal parent along the PC2 axis, explaining 6% of the variation. Overall, this
indicates that the intraspecific hybrids show high similarity to the maternal parent. As RNA
was isolated from whole seeds, seed-coat expressing genes will be present in the dataset.
Therefore, a general seed coat (GSC) filter based on enriched seed coat genes in A. thaliana
was applied to the dataset (Belmonte et al., 2013; Hornslien et al., 2019).

To identify imprinted genes, we first established which read pairs had single nucleotide
polymorphisms (SNPs) or insertions/deletions (InDels) between the parental populations
(informative reads). Then informative read pairs from the intraspecific hybrid seeds were
mapped to the parental transcriptomes, to establish parent-of-origin specific gene expression.
The resulting intraspecific hybrid dataset was plotted for distribution of maternal:paternal Fold-
change (log2 FC) using a histogram plot (Figure 12 B). Interestingly, a large bias towards
maternal expression was found, although seed coat enriched genes had been removed by the
above-mentioned GSC-filter and all maternal reads were halved to compensate for the 2:1

maternal:paternal contribution to the endosperm.

Due to the maternal bias observed in the whole dataset (Figure 12 B), a higher threshold
was set for MEGs (log2 FC = 3) compared to PEGs (log2 FC = -1). Furthermore, we excluded
genes with population-specific expression by focusing on imprinted genes found in both cross

directions. This resulted in numerous MEGs (4115) and very few PEGs (10) (Figure 12 A).
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Given the high number of MEGs identified, we considered that maternal bias could have been
caused by self-fertilization, as each biological replicate consists of several seeds derived from
manual pollination of the stigma, and potentially could include self-fertilized seeds. However,
in the case of self-fertilization, some seeds would still be intraspecific hybrids and the ratio of
intraspecific hybrid seeds to self-fertilized seeds should differ in each biological replicate,
resulting in large variation between them, which is not the case. In addition, significant PEGs
with almost no expression from the maternal parent were identified, altogether suggesting that
self-fertilization is not causing the maternal expression bias in the dataset. It is also possible
that not all GSC-genes were removed, as this filtering step was based on the expression pattern
of A. thaliana orthologs. However, we anticipate that the majority of GSC-genes were removed
with this filter and the substantial maternal expression observed is difficult to explain as being

the result of a few remaining GSC-genes.

Comparing identified MEGs from D. nivalis with orthologous MEGs identified in other
Brassicaceae species, we found that approximately 10% of D. nivalis MEGs overlapped with
orthologous MEGs reported by one or more Brassicaceae. This overlap is considerably lower
compared to what is found between other Brassicaceae species, which show overlaps of MEGs
between 30-75% (Paper I11). Surprisingly, despite identifying only ten PEGs, three overlapped
with other Brassicaceae species, demonstrating a moderately high degree of conserved PEGs,

comparable to what is found between studies within the same species (Paper 111).
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Figure 12: Maternally expressed genes (MEGs) and paternally expressed genes (PEGS)
identified in Draba nivalis together with a gene ontology analysis of the MEGs. (A) Venn diagrams
showing MEGs and PEGs of intraspecific D. nivalis hybrids. (B) Histograms showing the distribution of
log2 fold change (FC) values in each of the two D. nivalis hybrids. X-axis: Negative values indicate
paternal expression bias and positive values indicate maternal expression bias. (C) Biological
processes enriched in identified MEGs, based on A. thaliana orthologs. Adjusted P-value was
calculated using the Benjamini-Hochberg method (Benjamini & Hochberg, 1995) and illustrated using
a heatmap, with red indicating more significantly enriched compared to blue. GO-terms associated with
potential protein-related stress are written in bold. Crosses are indicated as maternal x paternal.
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To further investigate the identified MEGs, a gene ontology (GO) analysis was
performed, which showed an enrichment of processes involved in protein modification and
folding, including genes involved in the unfolded protein response (UPR) (Figure 12 C). The
UPR is activated if the processing capacity of the endoplasmatic reticulum is overloaded,
resulting in accumulation of unfolded proteins, and is therefore an indication of stress (Fanata
et al., 2013). Nowak et al. (2020) found that genes involved in protein modification and other
stress-related processes were highly duplicated and strongly expressed in D. mivalis, and
hypothesized that the strong expression and high duplication rate of these genes could be an
adaptation to the harsh arctic environment (Nowak et al., 2020). In support of the co-adaptation
theory, which states that maternal inherited alleles in the offspring interact favorably with the
maternal genotype (Wolf & Hager, 2006), species exposed to stressful environments could
benefit from a strong maternal expression bias to make the progeny pre-adapted to the
environment of the maternal plant (Vesela et al., 2021). Taken together, this could indicate that

the maternal bias observed in D. nivalis is an environmental adaptation.

The mating system of plants has been shown to have an impact on genomic imprinting
in Arabidopsis and Capsella, reflected in a higher number and expression level of PEGs in
outbreeding species compared to selfing species within the same genus. However, the number
and expression of MEGs did not show any significant change (Klosinska et al., 2016; Lafon-
Placette et al., 2018). The numbers of identified MEGs in our study are 5-fold or higher than
other selfing species that have been investigated for imprinted expression in the endosperm.
The highest number of identified MEGs previously reported was 781 in the selfing 4. thaliana
(Del Toro-De Ledn & Kohler, 2019), which implies that the mating system alone is insufficient

in explaining the high number of identified imprinted genes in D. nivalis.
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The overarching aim of this study was to investigate mechanisms contributing to ePZB,
by examining genetic and environmental factors causing and affecting the barrier. We have
shown that the expression of MADS-box type-I genes before and after endosperm
cellularization differ significantly between A. arenosa and A. lyrata ssp. petraea and we have
identified conserved MADS-box type-I genes with only one ortholog in different Arabidopsis
species (Paper I). Furthermore, we confirm that A. thaliana % A. arenosa hybrid seeds exhibit
delayed endosperm cellularization and show that 4. thaliana x A. lyrata ssp. petraea hybrid
seeds have precocious endosperm cellularization. These endosperm phenotypes can be
ameliorated or exacerbated using different single-gene mutations, different temperature
conditions or different accessions/populations. We found the observed effect on endosperm
cellularization and ultimately seed survival to be diametrically opposed in the two Arabidopsis

hybrid crosses (Paper II).

According to the WISO hypothesis, crosses between the maternal selfer (4. thaliana)
and the paternal outbreeder (4. arenosal/A. lyrata ssp. petraea) should cause a paternal excess
(Brandvain & Haig, 2005). However, this is only observed for the A. thaliana x A. arenosa
hybrid cross, suggesting the two outbreeders have different effective ploidy. A higher effective
ploidy in A. arenosa compared to A. lyrata is supported by the endosperm phenotypes observed
in reciprocal crosses between the two species (Lafon-Placette et al., 2017), showing delayed
endosperm cellularization with paternal A. arenosa and precocious endosperm cellularization
with paternal A. /yrata. We also found that expression of Ma and My MADS-box type-I genes
before and after cellularization was oppositely regulated in A. arenosa and A. lyrata ssp.
petraea, respectively (Figure 11). Whether these differences can be linked to the observed
ePZB when these two species are crossed to A. thaliana remains to be determined. However,
the genome resource reported here (Paper I) facilitates the analysis of parent-of-origin specific
expression in A. arenosa x A. lyrata ssp. petraea hybrid seeds, and greatly enhances the

feasibility of such analysis.

Despite the high duplication rate in MADS-box type-1 genes, some genes had one clear
ortholog in all Arabidopsis species investigated, including AGL35 and AGL40. Both genes
showed significant effects on the hybrid seed germination rate when mutated in the maternal
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A. thaliana background and crossed to paternal A. lyrata ssp. petraea. In addition, agl35-1
showed an antagonistic effect, with increased germination rate of the A. thaliana x A. lyrata
ssp. petraea hybrid seeds and decreased germination rate of the A. thaliana x A. arenosa hybrid
seeds. In addition to the agl35-1 mutant, we show that temperature and different A. thaliana
accessions cause antagonistic effects in the A. thaliana x A. arenosa and A. thaliana x A. lyrata
ssp. petraea hybrid crosses. With increased temperature, the A. thaliana x A. lyrata ssp. petraea
cross exhibited an almost complete bypass of the barrier, and we speculate that increased
temperature causes a prolonged syncytial stage of the endosperm, which would explain why
increased temperature is detrimental to the A. thaliana x A. arenosa hybrid. A thorough
examination of the temperature-effect in other species with ePZB is necessary to conclude
whether this is an effect specific for these Arabidopsis hybrids or the endosperm phenotype.
Furthermore, differential expression analysis of hybrid seeds together with parental specific
expression at two different temperatures from the three parental species, A. thaliana, A.
arenosa, and A. lyrata ssp. petraea, and the two hybrids A. thaliana x A. arenosa and A.
thaliana x A. lyrata ssp. petraea, would elucidate the genetic basis for the temperature effect.
Using such a dataset, one could also investigate the regulation of the temperature-dependent
PIF4 gene and the downstream EXPANSIN genes, to see whether these are differentially

expressed at this developmental time point.

When considering the germination rate of hybrid seeds, the accession effect correlates
well with ploidy and effective ploidy. This is shown when using the tetraploid Wa-1 accession,
which increases the maternal contribution and therefore decreases the paternal excess in the
hybrid crosses between A. thaliana and paternal A. arenosa and increases the maternal excess
when crossed to paternal A. lyrata ssp. petraea. In consistance with this, we showed an
increased germination rate in the A. thaliana x A. arenosa hybrid seeds and a decreased
germination rate in the A. thaliana x A. lyrata ssp. petraea hybrid seeds. However, the diploid
C24 accession showed a stronger effect on the germination rate in these two Arabidopsis
hybrids than Wa-1, indicating that C24 has a higher effective ploidy than the tetraploid Wa-1.
This suggests that differences in accession background can have larger effects on the ePZB
than the ploidy and underscores that the ePZB is intricately controlled by several genetic
factors. To better understand the impact of different accessions on the ePZB, conducting a

differential expression analysis to examine variations in gene expression before and after
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endosperm cellularization between different accessions could yield valuable insights,

especially with a focused study on MADS-box type-I expression.

In contrast to indications from previous studies, we show that hybrids between the
selfing Draba species show no signs of an ePZB and identified a high number of MEGs in D.
nivalis, deviating markedly from what has been reported from previous studies on genomic
imprinting (Paper 111). The absence of an ePZB in selfing Draba species was not unexpected
considering previous hypotheses that differences in mating system may cause an ePZB in
closely related species (Brandvain & Haig, 2005; Lafon-Placette et al., 2018; Petrén et al.,
2023). However, the cross between the selfing A. thaliana and the outbreeding A. lyrata ssp.
petraea, contradicts this theory with the precocious endosperm phenotype, which suggests
maternal excess rather than paternal excess. This means that mating systems alone cannot

explain or predict the outcome in hybrid crosses.

We identified a large number of MEGs in D. nivalis in the genomic imprinting study,
3-4 times higher than what is found in any other study. The numerous MEGs identified cannot
be explained by the mating system alone, as similar results have not been found in other selfing
species. However, enrichment of protein-stress related GO-terms in the identified MEGs,
which previously have been indicated as arctic-related adaptation (Nowak et al., 2020),
suggests that this could be related to the arctic environment and growth conditions. Future
research on genomic imprinting in other selfing arctic plant species could potentially confirm
or reject the hypothesis that the high maternal bias reflects a combination of mating system and

environmental adaptation.

Since genomic imprinting generally shows low conservation across species, conducting
an imprinting study in arctic vs non-arctic populations, e.g. in the selfing A. alpina from arctic
populations and outbreeding A. alpina populations from central Italy or Greece (Laenen et al.,
2018), would give valuable insight into whether selfing and arctic adaptations causes an
increase in the number of MEGs. To uncouple environmental adaptations from mating systems,
one could conduct an imprinting study in an arctic outbreeding species. However, an
outbreeding arctic species with a sequenced genome is currently not available (Colella et al.,
2020; Nowak et al., 2020; Wullschleger et al., 2015). Furthermore, performing a new genomic
imprinting study in D. nivalis with endosperm nuclei sorting, could verify that maternal

imprinted expression
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originates from the endosperm alone. This could easily be done with the newly
established pAtTE1-GFP reporter line in D. nivalis (Paper I11).

In a wider perspective, the findings in this thesis provide evidence for a dynamic and
complex endosperm-based post-zygotic hybridization barrier, closely associated with and
impacted by regulation of MADS-box type-l1 genes before and after cellularization. We
hypothesize that increased temperature can be used to bypass the ePZB when hybrid seeds
exhibit precocious endosperm cellularization, and that decreased temperature can bypass the
ePZB when hybrid seeds show delayed endosperm cellularization. If this holds true, it provides
a unique opportunity in plant breeding research, allowing for introduction of genetic variation
by hybridization by simple adjustments in temperature. Furthermore, we show that genetic
factors such as ploidy and parental accessions with different effective ploidies affect the ePZB
in a diametrical manner when crossing A. thaliana to A. arenosa or A. lyrata ssp. petraea,
emphasizing the role of ploidy and effective ploidy on the ePZB. We also suggest that
environmental adaptations and mating systems influence genomic imprinting, but this must be
confirmed in other species systems and with higher tissue sampling accuracy, for instance
nuclei sorting or single nuclei sequencing. Altogether, the findings in this study provide great
potential for bypassing the ePZB, which can have a substantial impact in plant breeding and

present a promising new way for sustainable food production.
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SUMMARY

Arabidopsis thaliana diverged from A. arenosa and A. lyrata at least 6 million years ago. The three species
differ by genome-wide polymorphisms and morphological traits. The species are to a high degree reproduc-
tively isolated, but hybridization barriers are incomplete. A special type of hybridization barrier is based on
the triploid endosperm of the seed, where embryo lethality is caused by endosperm failure to support the
developing embryo. The MADS-box type | family of transcription factors is specifically expressed in the
endosperm and has been proposed to play a role in endosperm-based hybridization barriers. The gene fam-
ily is well known for its high evolutionary duplication rate, as well as being regulated by genomic imprint-
ing. Here we address MADS-box type | gene family evolution and the role of type | genes in the context of
hybridization. Using two de-novo assembled and annotated chromosome-level genomes of A. arenosa and
A. lyrata ssp. petraea we analyzed the MADS-box type | gene family in Arabidopsis to predict orthologs,
copy number, and structural genomic variation related to the type I loci. Our findings were compared to
gene expression profiles sampled before and after the transition to endosperm cellularization in order to
investigate the involvement of MADS-box type | loci in endosperm-based hybridization barriers. We
observed substantial differences in type-l expression in the endosperm of A. arenosa and A. lyrata ssp. pet-
raea, suggesting a genetic cause for the endosperm-based hybridization barrier between A. arenosa and
A. lyrata ssp. petraea.

Keywords: MADS-box, Arabidopsis genome assembly, A. lyrata, A. arenosa, endosperm.

INTRODUCTION
opbucTio Yant, 2021) and interspecific hybridization in controlled

Arabidopsis thaliana diverged from its closest relative,
A. arenosa and A. lyrata, at least 6 million years ago (mya)
(Hohmann et al., 2015), corresponding with the basal chro-
mosome number reduction from eight to five in A. thaliana
(Lysak et al., 2006). The species are identified by genome-
wide polymorphisms or morphological traits, but only the
monophyly of A. thaliana is convincingly described as
being supported 100% at the level of individual gene trees
(Novikova et al., 2016). The species are to a high degree
reproductively isolated, but natural field studies (Marbur-
ger et al, 2019; Schmickl & Koch, 2011; Schmickl &
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conditions (Bjerkan et al., 2020; Burkart-Waco et al., 2012;
Burkart-Waco et al., 2013; Burkart-Waco et al., 2015; Chen
et al., 1998; Comai et al., 2000; Josefsson et al., 2006; Nas-
rallah et al., 2000; Walia et al., 2009) show that hybridiza-
tion barriers are incomplete.

A special type of hybridization barrier is based on the
triploid endosperm of the seed, where a syncytial growth
phase accumulating storage components followed by cel-
lularization switches the endosperm from the nutrition sink
to the primary nutrition source of the embryo (Hehenberger
et al., 2012). Embryo lethality is frequently observed in
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hybrid seeds and contrasted by embryo survival when culti-
vated in vitro after microdissection, suggesting that the
endosperm fails to support and transfer nutrition to
the embryo (Florez-Rueda et al., 2016; Lafon-Placette et al.,
2017; Rebernig et al., 2015; Tonosaki et al., 2017).

The MADS-box type | family of transcription factors is
specifically expressed in the endosperm at the time of tran-
sition to cellularization (Bemer et al., 2010; Bjerkan et al.,
2020; Masiero et al., 2011; Shirzadi et al., 2011; Zhang
et al., 2018), and several lines of evidence have suggested a
role of type | genes in endosperm based hybridization bar-
riers (Bjerkan et al., 2020; Burkart-Waco et al., 2015; Josefs-
son et al., 2006; Walia et al., 2009). The gene family is well
known for its high duplication rate, and is contrasted by its
sister lineage, the MADS-box type Il family, which consists
of highly conserved single-copy genes (Gramzow & Theis-
sen, 2010; Parenicova et al., 2003; Qiu & Kohler, 2022).
Members of the MADS-box type | family are also well
known for being regulated by genomic imprinting, parent of
origin-dependent allelic expression in the endosperm (Bjer-
kan et al., 2020; Kohler et al., 2003; Masiero et al., 2011; Shir-
zadi et al., 2011; Zhang et al., 2018).

Whether gene duplication in the MADS-box type | fam-
ily is favored or sensed by genomic imprinting is disputed
(Erilova et al., 2009; Nam et al., 2004; Yoshida & Kawabe,
2013). One of the first discovered imprinted genes, MEDEA
(MEAS), is crucial for endosperm cellularization (Grossniklaus
et al., 1998; Kinoshita et al., 1999), and a primary target of
MEA is PHERES1 (PHE1), a paternally expressed MADS-box
type | transcription factor. A reduction of PHE1 expression
rescues the mea mutant phenotype in seeds, and in hybrid
crosses, parental imprinting of PHE1 is altered to the oppo-
site parent (Josefsson et al., 2006; Kohler et al., 2003; Walia
et al., 2009). Recently, a propagation of PHERES1 target sites
by transposon events was described and indicated a power-
ful and recent evolutionary effect (Batista et al., 2019; Qiu &
Kohler, 2020). Addressing the involvement of MADS-box
type | genes and genomic imprinting in the context
of hybridization, and especially in crosses between outcross-
ing species, is important since the occurrence of
the phenomenon in selfing species may be considered an
evolutionary remnant from outcrossing species.

Such analyses require well-assembled genomes to
allow for correct ortholog prediction and identification of
paralogs, and the ability to address structural variation in
the DNA sequences. The A. thaliana genome caused an
explosion in plant genome research, supporting questions
in many fields (The Arabidopsis Genome Initiative, 2000).
The small genome size and the strong homozygosity of
A. thaliana made this effort successful but is not archetypi-
cal for the majority of plants, not even the genus Arabidop-
sis. The complexity of whole-genome duplications, ancient
and recent polyploidization events, and also high transpo-
son activity creating abundant pseudogenes, make the
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assembly of plant genomes especially challenging (Kress
et al., 2022). Thus, for many sequenced plant genomes, the
assembly of repeats such as centromeres, telomeres, and
ribosomal DNA has become feasible only after consider-
able methodological improvements implemented by long-
read sequencing technology and Hi-C scaffolding (Kovaka
et al., 2023; Naish et al., 2021).

Using assembled Arabidopsis genomes and new
assemblies of the genomes of the European A. arenosa
and A. lyrata ssp. petraea, we have analyzed the MADS-
box type | gene family in Arabidopsis to predict orthologs,
copy number, and structural genomic variation related to
the type | loci. The analysis is compared to gene expres-
sion profiles sampled before and after the transition to
endosperm cellularization in order to investigate the
involvement of MADS-box type | loci in endosperm-based
hybridization barriers.

RESULTS AND DISCUSSION

Assembly and annotation of A. arenosa and A. lyrata ssp.
petraea genomes

To identify MADS-box type | family orthologs between spe-
cies, allowing interspecies gene expression studies of ortho-
logs between Arabidopsis species, and comparative
analysis of orthologous and paralogous genes including
their genomic neighborhood, we sequenced and assembled
the genomes of one individual of A. arenosa from Pusté Pole
in Slovakia and one individual of A. lyrata ssp. petraea from
Pernitz in Austria (see Figure S1 and Data S1 for a summary
of assembly methods and statistics). The genome sizes were
estimated as 201 Mbp for A. lyrata ssp. petraea and 179 Mbp
for A. arenosa Pusté Pole (see K-mer analysis in Figure S2),
which were confirmed by flow-cytometric data (Data S2) and
previous reports (Dart et al., 2004; Johnston et al., 2005;
Lysak et al., 2009), and by the assembled sequence lengths
of 188 Mbp and 153 Mbp. Whole-genome alignments
between scaffolded assemblies were analyzed for breaks
and inconsistencies (Figures S3-S6) (Dudchenko et al., 2018;
Durand et al., 2016; Robinson et al., 2011), revealing
chromosome-length scaffolds comparable in quality to other
published genomes of Arabidopsis (Data S1).

Localization of rDNA, telomeric and centromeric
repeats indicates complete assemblies and the remaining
gaps clustered close to the centromeres (Figure 1a,b).
Repeats and transposable elements (TE) were classified
and compared to their occurrence in A. lyrata ssp. lyrata
and A. thaliana genomes, revealing a higher percentage of
repeat sequences in A. arenosa and A. lyrata compared to
A. thaliana (Figure 1c). Comparison of the predicted pro-
teomes of A. arenosa Pusté Pole, A. lyrata ssp. petraea and
A. thaliana detected more than 21000 shared orthogroups
and a few (<2%) species-specific orthogroups (Figure 1d).
Orthogroups shared by A. arenosa and A. lyrata ssp.
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Figure 1. Comparison of Arabidopsis genome assemblies. Repeats and genes were predicted using RepeatModeler and Braker.

(a,b) Idiograms of A. lyrata ssp. petraea (a) and A. arenosa Pusté Pole (b). The repeat density is shown as a heat map. Gaps (red), rDNA (green), and telomeric
sequences (blue) are indicated as bars next to the chromosomes. Hi-C scaffolding gives a continuous genome assembly, and the few remaining gaps cluster in
centromeric regions.

(c) Abundance of repeat classes in A. lyrata ssp. petraea and A. arenosa Pusté Pole compared to A. thaliana and A. lyrata ssp. lyrata. The A. thaliana genome
has the lowest number of repeats relative to genome size. The increased number of repetitive elements in A. lyrata ssp. petraea compared to A. lyrata ssp. lyrata
is probably due to the technical advantage of using long-read sequencing technology (Pucker et al., 2022).

(d) Venn diagram showing overlap of predicted orthologs between A. lyrata ssp. petraea, A. arenosa Pusté Pole, and A. thaliana. Orthogroups were predicted
using OrthoFinder. A majority of orthologs are common for all three species, while few species-specific genes were identified.

(e) Synteny of A. lyrata ssp. petraea and A. arenosa Pusté Pole assemblies to A. lyrata ssp. lyrata and A. thaliana references. Known rearrangements can be
found in the comparison to the n = 5-based karyotype in A. thaliana. The karyotypes between A. arenosa and A. lyrata overlap, with one large inversion on the
end of scaffold 7. The A. lyrata ssp. petraea assembly was corrected for a previously reported misassembly on scaffold 1 (Slotte et al., 2013).

petraea only were two to three times more frequent,
reflecting the recent split of the two species. Analysis of
local structural variants of A. arenosa Pusté Pole and A. lyr-
ata ssp. petraea to A. thaliana and A. lyrata ssp. lyrata
revealed a high syntenic relationship and limited chromo-
somal rearrangement (Figure 1e, Figure S7).

MADS-box gene family characterization identifies
diagnostic motifs

To identify MADS-box type | family orthologs between
species, gene sequences from A. thaliana were used to

identify the MADS-box genes in four currently available
Arabidopsis genomes of sufficient quality (A. thaliana,
A. lyrata ssp. lyrata, A. halleri, and A. arenosa Strecno) in
addition to the two newly assembled genomes (see
Data S3.1 for all sequences). In a phylogenetic tree using
two Capsella species as outgroups (C. rubella and C. gran-
diflora), the MADS-box genes were categorized into
types and subgroups according to phylogenetic placement
(Figure 2, Figures S8 and S9). As expected, the resulting
tree separates type | from type ll, as well as the three sub-
groups of type | (Mo, MB, and My) and the two subgroups
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of type Il (MIKC and MIKC* [also referred to as M3]) (Arora
et al., 2007; Gramzow & Theil3en, 2013; Henschel et al.,
2002; Parenicova et al., 2003; Qiu & Kohler, 2022; Thanga-
vel & Nayar, 2018). Monophyletic groups of Arabidopsis
MADS-box genes, sharing a common ancestor with genes
from the outgroup Capsella, are numbered starting from
the top of the tree. Additional gene duplications that
occurred in the common ancestor of Arabidopsis, but after
Arabidopsis and Capsella separated, are marked with an
additional letter. For instance, “My-1a” and “My-1b" indi-
cate that these two clades share a last common ancestor
with C. rubella (i.e. “My-1"), but have a gene duplication
specific for Arabidopsis that occurred after the separation
of Arabidopsis from the rest of the Brassicales (Figure 2;
for a fully expanded tree with names of all groups and
sequences, see Figure S8, Data S3).

A principal component analysis of MEME motifs
showed that the distribution of sequence motifs follows
the same patterns as the phylogenetic tree (Figure 2,
Figure S10). This allowed the identification of motifs that
are diagnostic for clades or even larger groups, as exempli-
fied by My motif 3 or Ma motifs 7 and 8 (Figure 2). The pro-
tein motifs in MADS-box genes were generally found to be
more similar inside clades than between clades. Some
motifs were distributed in all clades except one, as exem-
plified by motif 46 (not in MIKC) and motif 17 (not in Ma).
Motifs that classified MADS-box type | gene sequences
into one of the Ma, Mp, and My clades are shown in Fig-
ure 2, Figures S8 and S9.

Variance in MADS-box type | gene copy number

The gene copy number was determined for each Arabidop-
sis species in each clade of the phylogenetic tree (Figure 2).
The gene copy number varies for the MADS-box type |
gene clades. The number of copies is low for all clades in
type Il MIKC (Figure S9) except the type Il clade FLOWER-
ING LOCUS C (FLC), which spans MIKC28 to MIKC32,
including MAF1-MAF5 and FLC (Figure S9), and which is
arranged as a tandem array on chromosome 5 in A. thali-
ana (Ratcliffe et al., 2003). The FLC duplication in A. lyrata
ssp. petraea and its effect on flowering were previously
studied (Kemi et al., 2013).

Members of the M group are highly duplicated. The
MB-1, MB-3, and MB-5 clades have three to four copies in A.
arenosa and A. lyrata. A. thaliana has seven copies in the
MB-1 and Mp-3 clades and two copies in the MB-5 clade (Fig-
ure 2). The Ma group is separated into two monophyletic
groups (Parenicova et al., 2003). In order to investigate the
biological roles of the two groups, we compared the newly
assembled versions of those genes to previously published
interaction maps between MADS-box proteins (de Folter
et al., 2005; Qiu & Kohler, 2022). The first group (Ma-1 to
Ma-11) contains clades with proteins for which only interac-
tion with My proteins has been found. Ma-5 and Ma-9 are
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the exceptions for which protein interaction with the Mp
group was also found in a yeast two-hybrid screen (de Fol-
ter et al., 2005; Qiu & Kohler, 2022). In strong contrast, for
the second group (Ma-12 to Ma-18), all A. thaliana proteins
could interact with proteins of the Mf class, while Ma-13,
Mo-14, Ma-17, and Ma-19 could also interact with My in the
same yeast two-hybrid studies (de Folter et al., 2005; Qiu &
Kohler, 2022).

The groups are also distinguished by gene copy num-
ber, with the second group having higher numbers compa-
rable to the Mf class. The Ma-1 (AGL23/28) and Ma-4
(DIANA) clades, which are involved in female gametophyte
development in A. thaliana (Bemer et al., 2008; Colombo
et al., 2008; Steffen et al., 2008), are each duplicated once
in A. lyrata and A. arenosa Pusté Pole. The Mo-2 (AGL40)
and the Mo-3 clade containing AGL62 in A. thaliana are
single-copy genes in A. thaliana, A. lyrata, and A. arenosa.
A possible explanation for the lack of expansion in Ma-2
and Ma-3 is their functional requirement in endosperm
development. Mutations in AGL62 cause early
endosperm cellularization in A. thaliana, and it is sug-
gested that AGL40 may have functions in the same path-
way since agl40 mutant plants produce smaller seeds
(Kang et al., 2008; Kirkbride et al.,, 2019; Roszak &
Kohler, 2011). Like MB-1 and MB-3, the Ma-7a clade is nota-
ble for its high duplication rate in A. thaliana: four dupli-
cate genes (AGL58, AGL59, AGL64, and AGL85) were
found in the Ma-7a clade, while only single orthologs were
detected in A. lyrata and A. arenosa. The opposite is found
for the Mo-9 clade, which contains three loci in A. lyrata
and A. arenosa but only one single gene in A. thaliana
(AGL102). In the second MB-binding group, the Ma-12
stands out with high duplication rates in A. lyrata and A.
arenosa, represented by AGL73, AGL83, and AGL84 in A.
thaliana. The other M-binding Mo, clades have, except for
Ma-15, single-gene duplications or losses depending on
the Arabidopsis species.

In the My class, the My-1 and My-3 clades have vari-
able MADS-box type | gene copy numbers. My-1a, known
as PHERES1 (PHET) in A. thaliana, shows six copies in A.
lyrata ssp. petraea but only three in A. lyrata ssp. lyrata.
The homolog PHE2 in A. thaliana is grouped in the distinct
My-1b clade and duplicated in both A. lyrata subspecies.
The My-3 clade has three copies, AGL34, AGL36, and
AGL90 in A. thaliana, and a triplication can also be found
in A. arenosa Pusté Pole contrasted by single-copy loci in
the other species studied (Figure 2).

Distribution and clustering of MADS-box type | genes
differ in Arabidopsis

We compared gene family distributions on chromosomes
between A. thaliana and other species in the genus.
Whereas A. thaliana, MADS-box type Il genes are highly
conserved but distributed across all chromosomes
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Figure 2. Phylogenetic analysis of MADS-box type | genes in Arabidopsis.

The tree was derived by a maximum likelihood analysis of 362 identified MADS-box type | sequences from A. thaliana, A. lyrata ssp. petraea, A. arenosa
Strecno, A. arenosa Pusté Pole, and A. halleri with two species of Capsella (100 sequences; not shown in the figure) used as outgroup. Solid branches represent
bootstrap support >85%, while branches with support values <85% are dashed. The root of the tree is placed between type | and type Il genes (the correspond-
ing tree and heatmap for type Il genes can be found in Figure S9). Triangles represent clades where branches are collapsed at the most recent gene duplication
event in the last common ancestor of the genus Arabidopsis. The length of the triangles corresponds to the overall branch length of the collapsed clade. The
groups are colored with Mo in red, M in blue, and My in green (see the main text for naming schemes of clades). The heatmap shows the number of gene cop-
ies for each clade in the five genomes. The column next to the heatmap indicates canonical MADS-box names of the genes in A. thaliana found in the corre-
sponding clade; “none” means that a gene representing the clade is not found in the A. thaliana genome, while “new” indicates that the gene does not have a
given MADS-box name in A. thaliana. The corresponding A. thaliana gene locus code (AGI) and commonly used synonymous names for MADS-box genes can
be found in Data S3. The last column shows a simplified representation of the MEME motifs. The insert in the lower right corner shows PCA on the occurrence
of MEME motifs (Full PCA in Figure S10). A fully expanded phylogenetic tree with individual tip labels, support values for all branches, and the outgroup Cap-
sella can be found in Figure S8. Results from the full MEME analysis can be found in Figure S8.
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(Gramzow & Theissen, 2010; Parenicova et al., 2003; Qiu &
Kohler, 2022), the type | genes are primarily localized on
chromosomes 1 and 5, hypothesized to be a result of
recent and local duplications (Parenicova et al., 2003). In A.
lyrata and A. arenosa, however, we find that the MADS-
box type | genes are distributed across all eight chromo-
somes (Figure 3). The highly variable type | clades cluster
in the vicinity of centromeric repeats.

Chromosomal localization may explain the high dupli-
cation rate of type | clades in A. lyrata and A. arenosa com-
pared to A. thaliana. For example, the variable My-2 group
is found close to centromeric repeats in A. thaliana, A. lyr-
ata, and A. arenosa. There are three My-2 in A. thaliana,
and four in A. lyrata ssp. petraea, and two in A. arenosa
Pusté Pole - all on chromosome 1 (Figure 3). On the other
hand, the My-1 clades with PHE1 and PHEZ2 are located dis-
tantly from the centromere on the lower arm of chromo-
some 1in A. thaliana and contain only these two genes. In
A. lyrata ssp. petraea and A. arenosa Pusté Pole, the local
duplications in these My-1 clades are clustered close to the
centromere of chromosome 2.

A similar pattern can be seen in regard to A. thaliana
chromosome 5. The highly variable Mf-3 cluster is located
close to the centromeric repeats on chromosome 5 of
A. thaliana and on chromosome 6 of A. lyrata ssp. petraea
and A. arenosa Pusté Pole. In contrast, the Ma-12 loci are
centrally located on the lower arm of chromosome 5 of
A. thaliana, distant from the centromere, yet have a synte-
nic relationship to a region close to the centromeric
repeats on chromosome 8 of A. lyrata ssp. petraea and
A. arenosa Pusté Pole (Figure 3).

AGL23 and AGL28 of the Ma-1 clade are located on
alternate chromosome arms of chromosome 1 of A. thali-
ana. The distant localization is maintained in syntenic
regions in A. lyrata and A. arenosa, transferred to chromo-
somes 1 and 2 (Figure 3). The separate localization of these
genes is consistent with their distinct expression (Figure 4).
Likewise, DIANA (AGL61/Ma-4) is a single-copy gene on
chromosome 2 of A. thaliana. However, the Ma-4 clade has
a local duplication on chromosome 4 of A. lyrata and A.
arenosa (Figure 3). Also, these genes show distinct expres-
sion during seed development (Figure 4).

Differential expression of MADS-box orthologs in
Arabidopsis seeds

In order to further investigate the relationship between
MADS-box type | expansion, their genomic neighborhood,

Structural evidence for MADS-box family expansion 947

and gene expression in the seed, we generated seed tran-
script profiles of A. lyrata ssp. petraea and A. arenosa
Pusté Pole. Several MADS-box type | genes regulate early
seed development in A. thaliana and are expressed in an
imprinted or biparental manner at the transition to endo-
sperm cellularization (Bemer et al., 2010; Bjerkan et al.,
2020; Masiero et al., 2011; Shirzadi et al., 2011; Zhang
et al., 2018). In A. thaliana, a steep decline in MADS-box
type | gene expression can be seen between 6 and 9 DAP
(days after pollination), coinciding with developmental
stages before and after cellularization (Bjerkan et al., 2020)
(Figure 4). Seed development in A. lyrata and A. arenosa
progresses slower, and the comparable developmental
phenotypes can be staged to 9 and 15 DAP (Lafon-Placette
et al., 2017). We, therefore, compared MADS-box type |
RNA-Seq profiles from 9 and 15 DAP A. lyrata ssp. petraea
and A. arenosa Pusté Pole seeds to A. thaliana 6 to 9 DAP
seed transcriptomes. While individual MADS-box type Il
genes were either never expressed or constantly expressed
at both sampled stages in A. thaliana (Figure S11), their
expression levels differed in A. lyrata ssp. petraea and A.
arenosa Pusté Pole (Figure 4). In all species, high expres-
sion of the majority of My genes was observed before cel-
lularization, whereas Mp expression is low or absent, and
undergoes only minor changes during later-stage endo-
sperm development. The Mo group expression pattern
reflects its phylogeny and splits into two groups (Figure 2),
as only the Ma-1 to Ma-11 clades are significantly
expressed during early seed development. The weakly
expressed Ma genes and the whole group of MB were
characterized by high duplication levels. Although not sig-
nificant when comparing all MADS-box type | genes
(R=-0.15 P=0.077), we suggest that recent gene duplica-
tion in MADS-box type | genes correlates negatively with
the observed seed-specific expression of these loci.

The Ma and My expression patterns also reveal differ-
ences between A. lyrata ssp. petraea and A. arenosa Pusté
Pole. In A. arenosa, the expression patterns are similar to
A. thaliana with an up and down-regulation before and
after endosperm cellularization, respectively. Surprisingly
this pattern can not be found in A. lyrata ssp. petraea,
where the expression of most MADS-box type | genes con-
tinues to increase at the later time point, sampled after
endosperm cellularization. Ma-3 (AGL62), of which muta-
tion leads to precocious cellularization in A. thaliana (Kang
et al., 2008), is down-regulated at cellularization in A. thali-
ana and A. arenosa but its expression remains unchanged

Figure 3. Genome-wide distribution of MADS-box type | genes in Arabidopsis arenosa and A. lyrata ssp. petraea.

Localization of MADS-box type | Mo (red), Mp (blue), and My (green) are shown on top of the predicted syntenic sequence context. The naming corresponds to
clades in the MADS-box phylogeny in Figure 2. While the MADS-box type | genes are mainly located on chromosomes 1 and 5 in A. thaliana, they are broadly
distributed across all chromosomes of A. arenosa Pusté Pole and A. lyrata ssp. petraea. Local duplication and clusters of paralogs can be found in all three spe-
cies. The heatmap covering the idiogram indicates gene density. Scaffolds are not in scale comparing species but show the proportion of the individual

genomes (for scale, see Figure 1e and Figure S7).
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Figure 4. MADS-box type | expression during Arabidopsis seed development.

Gene expression profiles are displayed for all identified MADS-box type | genes and compared between A. lyrata ssp. petraea (left column), A. arenosa Pusté
Pole (middle column), and A. thaliana (right column). The A. thaliana development time series serves as a reference (Bjerkan et al., 2020). The endosperm cellu-
larization in A. thaliana occurs between 6 and 9 days after pollination (DAP), indicated by the gray boxed area. To adjust for the relatively slower development
in A. arenosa and A. lyrata, corresponding stages before and after endosperm cellularization were sampled at 9 and 15 DAP, respectively. Orthologous genes
are grouped and ordered and follow the MADS-box phylogeny described in Figure 2. Counts normalized for each sample are shown on a base-2 logarithmic
scale. Most My and half of the Mo genes show a high expression before cellularization and a substantial decline post-cellularization in A. thaliana and A. are-
nosa. In A. lyrata ssp. petraea, however, this decline of expression cannot be found; instead, most of the expressed My and Ma genes even increase in expres-

sion at the later (15 DAP) stage.

in A. lyrata ssp. petraea. Likewise, My-1a (PHE1) expression
declines in A. thaliana with the onset of endosperm cellu-
larization, and My-1a is also higher expressed during early
seed development in A. arenosa and declines at cellulariza-
tion. In A. lyrata ssp. petraea, however, the My-1a duplica-
tions show a higher level of expression at the 15 DAP time
point compared to 9 DAP (Figure 4). In summary, the
observed down-regulation of type | class Ma and My in
A. thaliana and A. arenosa is absent, weakened, or strongly
delayed in A. lyrata ssp. petraea, or endosperm cellulariza-
tion occurs independently of MADS-box type | expression.

Recent duplication in My 1 (PHERES1)

The complete A. lyrata ssp. petraea and A. arenosa Pusté
Pole genomes allow interspecies comparisons of gene
family expansion. We investigated the observed lack of

My-1a down-regulation and extensive expansion of this
clade in A. lyrata ssp. petraea. In A. thaliana, My-1a (PHE1)
is paternally expressed while the maternal allele is
repressed by the POLYCOMB REPRESSIVE COMPLEX 2
(PRC2). It is proposed that PRC2 repression is circum-
vented in the paternal allele of PHET by DNA-methylation
of a repeat-rich region in the three-prime regulatory region
of PHE1 (Makarevich et al., 2008). We, therefore, used the
whole-genome assemblies of A. lyrata ssp. petraea and
A. arenosa Pusté Pole to address and compare the My-1
duplications in their genomic landscape (Figure 5).

To exclude artifacts, we compared the A. lyrata ssp.
petraea My-1a genomic loci with A. lyrata ssp. lyrata and
our primary and scaffolded assemblies supported this area
well. Both genome assemblies aligned well through this
region. We addressed this area’s syntenic relation, the

N Syntenic Duplication Inverted duplication
Inversion Translocation Inverted translocation
1 5mb 10mb 20mb My-1b_02 My-1a_03 My-1a_02 My-1a_01 My-1b_01

A. lyrata
IR THNC TN AN RN R 11 [ yi
'I.I.I.rl.“.HIH UL LN LRARY 1 |M_HI'|MH'.-|'HW U - L ssp. lyrata

'IIH'L!'I'i'WLP_WM AN AR T T A T T T [ AT TR fffn 1oAY TN A. lyrata
q@ T m T T TR ITTI I ol \/ m T I TTIT I ssp. petraea
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Figure 5. My-1 duplications in Arabidopsis lyrata ssp. lyrata, A. lyrata ssp. petraea, and A. arenosa.

Localization and transpositions of My-1 genes (red) on segments of chromosome 2 in A. lyrata ssp. lyrata, A. lyrata ssp. petraea and A. arenosa Pusté Pole, with
genes marked in blue, repeat in gray and assembly gaps in black. Syntenic sequences between assemblies are indicated by light gray connections. Inversions
(orange), duplications (blue), translocations (green), inverted duplications (light purple), and inverted translocations (orange-red) were classified by SyRl. Scale
bar and nucleotide positions refer to the A. lyrata ssp. petraea assembly.
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origin, and the underlying nature of these gene duplica-
tions. My-1a is represented by 3, 6, and 2 orthologs in A.
lyrata ssp. lyrata, A. lyrata ssp. petraea and A. arenosa
Pusté Pole, respectively (Figure 5).

We used SyRl synteny analysis to investigate the
structural variants and the genomic context surrounding
these orthologs close to the centromeric region of chro-
mosome 2. The analysis shows that the A. lyrata ssp. lyr-
ata My-1a_01 is quadrupled in A. lyrata ssp. petraea,
creating A. lyrata ssp. petraeca My-1a_01, My-1a_02, My-
1a_03 and My-1a_04. The A. lyrata ssp. lyrata My-1a_03 is
duplicated generating My-71a_05 and My-1a_06 in A. lyrata
ssp. petraea. The A. lyrata ssp. lyrata My-1a_02 is struc-
turally related to its paralog My-1a_017 in A. lyrata ssp. lyr-
ata, but exhibits no syntenic relation to A. lyrata ssp.
petraea. The two My-1a paralogs in A. arenosa Pusté
Pole, My-1a_01 and My-1a_02 have a syntenic relation to
My-1a_03 and My-1a_06 of A. lyrata ssp. petraea, respec-
tively (Figure 5). Alignments of genomic sequences sur-
rounding Mpy-1 loci were generated using MAFFT,
showing that the downstream repeat-rich area responsi-
ble for imprinting of A. thaliana My-1a (Makarevich
et al., 2008) can be found in one A. arenosa Pusté Pole
(My-1a_01) and four A. lyrata ssp. petraea loci (My-1a_01,
My-1a_02, My-1a_04, and My-1a_06) (Figure S12). The
presence of the repeat-rich area, and thereby duplication

(a) (b)
PHET1 cluster1 cluster2 cluster3 Ma
ns. * ns. ns.

1 1 1
. ] )

§ 5 ° : ! 5

[} s bt .

8 A R

& : i s 3

()

o

[0

Q

12}

>

IS

(]

% b .

> . '

[0} H ]

g - :

- ]

Structural evidence for MADS-box family expansion 951

of the regulatory region, indicates that these genes may
be imprinted in a similar manner as PHE1 (Makarevich
et al., 2008). However, imprinting studies in A. lyrata ssp.
petraea is required to demonstrate this, since a repeat-
rich region is also detected in one A. lyrata ssp. lyrata
paralog, but no My-1a imprinting was identified in a pre-
vious study searching for imprinting in A. lyrata ssp. lyr-
ata (Klosinska et al., 2016).

To further analyze the functional regulation of the M-
1 group, we used A. arenosa and A. lyrata ssp. petraea
genome resources to identify the orthologous genes of
previously described My-1a (PHE1) transcription factor tar-
gets in A. thaliana (Batista et al., 2019). These PHE1 targets
were previously clustered into three groups in A. thaliana
depending on their expression in the seed. Characteristic
of cluster 1 is the down-regulation in A. thaliana during
endosperm cellularization, whereas the two other clusters
show only minor differential expression changes (Batista
et al., 2019). Our differential expression analysis of A. are-
nosa and A. lyrata ssp. petraea orthologous My-71a (PHE1)
targets before and after endosperm cellularization demon-
strated a strong down-regulation of cluster 1 My-1a targets
in A. arenosa Pusté Pole seeds (Figure 6a). In contrast, this
drop in expression could not be detected in A. lyrata ssp.
petraea cluster 1 My-1a targets, where the expression level
was relatively constant (Figure 6a). In summary, cluster 1

MB My MIKC* MIKC
ns. ns. ns. ns.
ns. el ns. ns.

‘ A. thaliana 9vs6é DAP $ A. arenosa Puste Pole 15vs9 DAP - A. lyrata ssp. petraea 15vs9 DAP

Figure 6. Differential expression of orthologs of My-1a PHE 1-targets and MADS-box genes before and after endosperm cellularization.

(a) My-1a PHE 1-targets in A. thaliana were clustered depending on their expression during seed development (Batista et al., 2019). A characteristic of cluster 1 is
the down-regulation in A. thaliana during endosperm cellularization (green). Differential expression of orthologs of My-1a PHE 1-targets in A. arenosa Pusté Pole
and A. lyrata ssp. petraea are plotted in red and blue, respectively. Note that repression in cluster 1 is also seen in A. arenosa (red) but not in A. lyrata ssp. pet-

raea (blue).

(b) Differential gene expression of MADS-box genes before and after endosperm cellularization in A. thaliana, A. lyrata ssp. petraea and A. arenosa Pusté Pole.
Similar to potential orthologs of My-1a PHE1-targets, Mz and My MADS-box type | gene expression declines around endosperm cellularization in A. thaliana
(green) and A. arenosa (red) while increases in A. lyrata ssp. petraea (blue). DAP, days after pollination. Significance, ** P < 0.01;*** P < 0.001; n.s. not signifi-

cant (Wilcoxon signed-rank test).
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My-1a targets are differentially regulated in A. thaliana and
A. arenosa versus A. lyrata ssp. petraea during endosperm
cellularization.

Focusing on the MADS-box type | genes, Ma and My
genes are down-regulated in A. arenosa Pusté Pole and
A. thaliana, whereas in A. lyrata ssp. petraea seeds the
orthologous Ma and My genes are upregulated (Figure 6b).
The Mp genes do not show significant differences. The
substantial differences in Mo and My expression between
A. arenosa and A. lyrata ssp. petraea before and after cellu-
larization indicate that these species differ in the regulation
of the developmental timing of endosperm development.
A. thaliana Mo and My expression is regulated similarly to
A. arenosa. In hybrid seeds between the species, endo-
sperm developmental failure plays an important role in the
establishment of species barriers (Bjerkan et al., 2020;
Lafon-Placette et al., 2017), and the observed expression
difference between the species may be part of the genetic
mechanism leading to the species barrier in hybrid seeds.

CONCLUSION

Here we have investigated and compared MADS-box type |
gene evolution in the genus Arabidopsis to gene expres-
sion in seed stages before and after endosperm cellulariza-
tion. To do so, we generated chromosome-scale
assemblies of A. lyrata ssp. petraea and A. arenosa.

The quality of the reference genomes is essential for
knowledge transfer from model species such as A. thaliana
to their relatives, and research in the genus Arabidopsis
has been supported by recent genome sequencing (Hu
et al., 2011; Rawat et al., 2015) and improved annotation of
the North American A. lyrata ssp. lyrata. This genome has
served as reference for functional, ecological, and evolu-
tionary experiments in A. lyrata and also A. arenosa (Arnold
et al., 2016; Bjerkan et al., 2020; Klosinska et al., 2016;
Lafon-Placette et al., 2017; Yant et al., 2013). A. lyrata has
also been used as the reference for Arabidopsis reference-
guided assemblies (Burns et al., 2021; Jaegle et al., 2023;
Kolesnikova et al., 2023; Paape et al., 2018). The genus Ara-
bidopsis has been extensively sequenced, e.g. A. lyrata ssp.
petraea (Akama et al., 2014; Paape et al., 2018), A. halleri
(Briskine et al., 2016; Legrand et al., 2019), A. kamchatica
(Paape et al., 2018), A. suecica (Burns et al., 2021; Jiang
et al., 2021; Novikova et al., 2017), and A. arenosa (Barragan
et al., 2021; Bohutinska et al., 2021; Burns et al., 2021; Liu
et al., 2020). The assembly presented here is the only fully
de novo assembly of A. arenosa long reads, and only the
fourth chromosome-level genome of any Arabidopsis spe-
cies, to be published and released.

The genome assemblies allowed interspecies compari-
sons of MADS-box type | orthologs, gene family expansion
analysis, and gene expression studies comparing ortho-
logs. We demonstrate using MEME analysis identified
motifs that are diagnostic for MADS-box type | clades, an

additional guide for MADS-box type | classification but also
allowing for future studies of the roles of these motifs. Our
analysis suggests that chromosomal localization may
explain the high duplication rate of MADS-box type | clades
in A. lyrata and A. arenosa compared to A. thaliana. Gene
expansion is observed in orthologs located in centromeric
regions whereas the same orthologs in a different species
do not expand when located on chromosome arms. A nega-
tive correlation between gene duplication in MADS-box
type | genes and seed-specific expression of these loci was
observed, i.e. highly duplicated genes were associated with
low expression values. Furthermore, the duplication rate
was linked to previously identified MADS-box interaction
(Parenicova et al., 2003; Qiu & Kohler, 2022), where highly
duplicated genes were associated with less interactions. We
also observed substantial differences in type | Ma and My
expression between A. arenosa and A. lyrata ssp. petraea
before and after endosperm cellularization indicating major
differences in developmental regulation in the endosperm
between the two species, suggesting a genetic cause for the
endosperm-based hybridization barrier developmental fail-
ure in A. arenosa and A. lyrata ssp. petraea hybrid seeds.

EXPERIMENTAL PROCEDURES
Plant lines and growth conditions

Arabidopsis thaliana accessions were obtained from the Notting-
ham Arabidopsis Stock Centre (NASC). The A. arenosa population
MJ09-4 originates from Nizke Tatry Mts.; Pusté Pole (N 48.8855, E
20.2408) and A. lyrata ssp. petraea population MJ09-11 originates
from lower Austria; street from Pernitz to Pottenstein (N 47.9190,
E 15.9755) (Bjerkan et al., 2020; Jgrgensen et al., 2011; Lafon-
Placette et al., 2017). Seed sterilization was performed by washing
in three steps with 70% ethanol, bleach solution (20% Klorin (Lille-
borg Industrier, Oslo, Norway), 0.1% Tween20), and wash solution
(0.001% Tween20) or by over-night chlorine gas sterilization (Lind-
sey et al., 2017). Sterile seeds were planted on 0.5 Murashige and
Skoog (MS) plates (Murashige & Skoog, 1962) supplemented with
2% sucrose. Seeds were stratified for 1-3 weeks at 4°C before
transfer to growth chambers at 18°C long-day conditions (16 h
light, 160 Imol/m¥sec, relative humidity 60-65%). Seedlings were
transferred to soil for vegetative growth and vernalized at 9°C for
3 weeks to induce flowering.

DNA isolation

DNA was isolated from one individual of A. arenosa Pusté Pole
and one individual of A. lyrata ssp. petraea. All available flowers
were harvested as input tissue, which resulted in approximately
1-1.5 g of tissue for each plant. Two different protocols were
used: one protocol tailored for lllumina short reads, the other for
PacBio Sequel | long reads. In both cases, the extraction protocols
were the same for both species. For lllumina sequencing, DNA
was isolated with the Ezna Plant DNA isolation kit (Omega Biotek
Inc, Norcross, GE, USA). To extract high-molecular-weight (HMW)
genomic DNA suitable for long-read sequencing, we first per-
formed nuclei isolation (Rachael Workman et al., 2021), followed
by the Nanobind Plant Nuclei Big DNA kit from Circulomics to iso-
late high molecular-weight DNA. For the isolation of nuclei, the
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centrifuge speed used was 3800 g and the DNA isolation was per-
formed using twice the amount of proteinase K and PL1 buffer, two
nanodisks for DNA binding, and three washing steps using PW1.
DNA purity and concentrations were checked with a NanoDrop ND-
1000 and a Qubit 3 fluorometer (Thermo Fisher Scientific, Waltham,
MA, USA). Fragment length was verified by running 2-5 pl of the iso-
late on a 0.5% agarose gel overnight at 30 V. Four samples with 2 g
of plant tissue including stem, flowers, and leaves were flash-frozen
for Hi-C sequencing.

Library preparation and sequencing

For both species, 5 pg of HMW DNA was used to generate a 20 kb
library according to the manufacturer’s instructions (Pacific Biosci-
ences, Menlo Park, CA, USA). The libraries were sequenced on
PacBio Sequel | using Sequel Polymerase v3.0 and Sequencing
Chemistry v3.0. Two SMRT cells were sequenced for A. arenosa
Pusté Pole and three SMRT cells for A. lyrata ssp. petraea. Load-
ing was performed by diffusion and the movie time was 600 min.
Sequencing yielded 1236 862 reads for A. arenosa (estimated
coverage 86x), and 1 468 776 reads for A. lyrata (estimated cover-
age 72x). Sequencing on Illumina HiSeq 4000 resulted in
101 609 762 pair-end reads for A. arenosa (estimated coverage
169x) and 80 006 646 pair-end reads for A. lyrata (estimated cov-
erage 120x). Crosslinked Hi-C DNA sequenced on Illumina HiSeq
4000 resulted in 308 885 555 paired reads (estimated coverage
515x) (Data S1.1). All sequencing was performed at the Norwe-
gian Sequencing Center (NSC; https://www.sequencing.uio.no/).

Genome size estimation

Mercury v1.0 (Rhie et al., 2020) was used to create a k-mer fre-
quency spectrum of the lllumina reads with a k-mer length of 19.
High-coverage (>1000) k-mers were observed to be enriched in
ribosomal, mitochondrial, and chloroplast DNA. GenomeScope
2.0 (Ranallo-Benavidez et al., 2020) was used to predict genome
size and heterozygosity based on the k-mer spectra. Following the
vertebrate genome project (Rhie et al., 2021), all k-mers were
included. Relative fluorescence intensities were estimated by flow
cytometry (FCM) using fresh plant tissue (Dolezel et al., 2007).
Solanum pseudocapsicum L. (2C = 2.59 pg) was used as an inter-
nal standard. Relative fluorescence intensity of at least 3000 nuclei
was recorded using a Partec Space flow cytometer (Partec GmbH,
Mdlnster, Germany) equipped with the UV-LED chip (365 nm).
FCM results were expressed as fluorescence intensities relative to
the unit fluorescence intensity of the internal reference. The esti-
mated haploid genome sizes are comparable to our flow cyto-
metric measurements (Data S2) and estimates in previous studies
(Pellicer & Leitch, 2020). The genome size estimates were used to
estimate sequencing read coverage.

De novo genome assembly

Six strategies were used to generate a variety of assemblies. One
assembly per species was selected for further analysis. Long reads
were repeatedly assembled with either Canu v2.1 (Koren
et al., 2017), FALCON-unzip v1.3.7 (Chin et al., 2016), or Flye v2.6
(Kolmogorov et al., 2019). Long and short reads were assembled
with MaSuRCA v3.3.5 (Zimin et al., 2013). Long reads were also
polished with short reads using LoRDEC (Salmela & Rivals, 2014),
then repeatedly assembled with Canu or Flye. All assemblies were
computed on the Saga supercomputer (https://documentation.
sigma2.no/hpc_machines/saga.html). Assemblies were compared
by total length, N50-type statistics, longest contig, and gene con-
tent (BUSCO versions 3.0.2 and 4.14 (Manni et al., 2021; Simao
et al., 2015; Waterhouse et al., 2018) using embryophyta_odb9
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with 1440 genes from OrthoDB (https://www.orthodb.org/)). For
both species, the Canu long-read contig assembly was selected
for further processing.

Polishing and haplotig phasing

The contig assemblies were polished using lllumina short reads
from the same individual plants with 9-12 iterations of Pilon v1.23
(Walker et al., 2014). BUSCO (Manni et al., 2021; Simao et al., 2015;
Waterhouse et al., 2018) found high inclusion rates but also high
duplication rates for genes expected to be single copy (Figures S1
and S3), indicating that the assembly might have separated both
haplotypes of portions of the diploid genomes. Following the doc-
umentation on https:/github.com/broadinstitute/pilon/wiki, the
Purge Haplotigs v1.1.1 (Roach et al., 2018) and Purge_Dups v1.2.3
(Guan et al., 2020) pipelines were run to remove alternate haplo-
tigs. For quality assessment, see Figures S1-S5 and Data S1.

Reference-guided scaffolding

The A. lyrata ssp. petraea assembly was scaffolded using RaGOO
v1.11 (Alonge et al., 2019) guided by the published A. lyrata ssp.
lyrata assembly (Hu et al., 2011). Manual curation of the computa-
tional results revealed the perpetuation of a chloroplast insertion
on scaffold 2 and a misassembly on scaffold 1 of the reference
(Burns et al., 2021; Henry et al., 2014; Slotte et al., 2013). The com-
putation had inserted a chloroplast-like contig in the first case,
and broken several contigs in the second. The contigs and scaf-
folds were repaired manually in both cases.

Hi-C scaffolding

Hi-C data for A. arenosa were generated with Arima kits and Illu-
mina sequencing. The Hi-C reads were mapped to the draft
assemblies with BWA-mem v0.7.17 (Li, 2013; Li & Durbin, 2009)
and filtered with matlock (https:/github.com/phasegenomics/
matlock, commit 9fe3fdd). Scaffold candidates were generated by
three algorithms (Data S1): SALSA2 (Ghurye et al., 2019), https://
github.com/marbl/SALSA, commit ed76685; FALCON-Phase vBeta
Update 1 (Kronenberg et al., 2021); and ALLHIiC (Zhang et al.,
2019), https://github.com/tangerzhang/ALLHIiC, commit ffaa10e.
The FALCON-Phase scaffolding did not increase genome contigu-
ity significantly and was excluded from further analysis (see
Data S1). Scaffolded assemblies were compared to each other by
constructing whole genome alignments between the newly scaf-
folded genomes, as well as to the A. lyrata ssp. lyrata reference
genome (Figures S4 and Sb). Scaffolds created by SALSA2 and
ALLHIiC were visualized in Juicebox (Durand et al., 2016)
and curated with the Juicebox Assembly Tools, JBAT (Dudchenko
et al., 2018), https:/github.com/aidenlab/Juicebox, commit
12bc674 (Figure S6). The JBAT version of the ALLHIC scaffolds
was selected for further processing. The scaffolds representing
both species were processed in the PBJelly gap-filling pipeline
v15.8.24 (English et al., 2012).

Repeat classification and masking

One of the largest influences on the quality of the gene prediction
and the number of predicted genes was the initial RepeatModeler
repeat masking step, which was carefully tuned to known repeat
and genome models in Arabidopsis. The RepeatModeler v2.0.1
pipeline was run for de novo identification of transposable ele-
ments (TEs) (Flynn et al., 2020). This included TRF, RepeatScout,
RECON TE detection, LTRharvest, and LTR_retriever. Results were
merged, clustered, and deduplicated. Repeats were classified by
comparison to Dfam v3.1 (Storer et al., 2021). False positives were
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removed based on sequence homology (blastn <1e-10) to an
A. thaliana cds database (Araport11_cds_20160703) (Cheng et al.,
2017), which was beforehand cleaned for sequences with high
sequence homology to known TEs in Brassicales (Dfam_3.1 data-
base, (Storer et al., 2021)). The de novo predicted TE families were
combined with the Dfam_3.1 and RepBase-20 170 127 databases
and used in RepeatMasker v4.0.9 to annotate and soft mask the
assemblies before gene annotation (Smit et al., 2015). Centro-
meric, ribosomal, and telomeric repeats were identified and
labeled using previously described sequences (Jin et al., 2020;
Kawabe & Charlesworth, 2006; Maheshwari et al., 2017; Rhie
et al., 2021).

Genome annotation

The gene prediction was based on the BRAKER v2.1.5 pipeline,
which trains GeneMark-EX and AUGUSTUS, including extrinsic
evidence from RNA-seq and protein homology (Bruna et al., 2021;
Hoff et al., 2016; Hoff et al., 2019). We used available RNA-seq
for A. arenosa Pusté Pole and A. lyrata ssp. petraea from the
Sequence Read Archive (Leinonen et al., 2011) and complemented
this with seed transcriptomes (see below). In addition, the A. thali-
ana proteome was aligned by GenomeThreader (Gremme et al.,
2005) to improve our species-specific training further and guide
the gene prediction.

Genome quality assessment

After each assembly processing step, quality control was used to
assess our results and change or choose software and parame-
ters. Primary genome statistics were determined by QUAST v5.0.2
(Gurevich et al., 2013). Feature Response Curve (FRC) was used to
compare sequence quality (https:/github.com/vezzi/FRC_align).
Merqury v1.3 gave a k-mer-based approach to sequence quality,
sequence completes, and duplication rate (Rhie et al., 2020).
BUSCO v4.14 (embryophyta_odb9) was used to monitor gene
completeness and duplication rate (Manni et al., 2021). The struc-
tural variation was addressed using minimap2 (Li, 2018) align-
ments between assemblies and also the A. lyrata ssp. lyrata
reference genome (Li, 2018). The alignments were further
inspected with Assemblytics (Nattestad & Schatz, 2016) and dot-
Plotly (https://github.com/tpoorten/dotPlotly, commit 1 174 484)
for visualization.

Orthology prediction and synteny analysis

Orthogroups were inferred between A. arenosa Pusté Pole, A. lyr-
ata ssp. petraea and A. thaliana following the OrthoFinder v2.5.2
tutorials (Emms & Kelly, 2019). For synteny and collinearity
assignment of homologous regions, MCScanX (Wang et al., 2012)
was used with default parameters. Syntenic relations were further
plotted with the Rldeogram package v0.2.2 (Hao et al., 2020). In
addition, sequence differences were compared by whole-genome
comparisons and structural rearrangements were classified by
SyRI vW1.5 (Goel et al., 2019).

Identification of MADS-box genes

In addition to the two genomes produced in this study, we down-
loaded publicly available high-quality genome assemblies from
the genus Arabidopsis from the National Center for Biotechnology
Information (NCBI, https://www.ncbi.nlm.nih.gov/) and Phytozome
13 (https://phytozome-next.jgi.doe.gov/). The minimum require-
ment for the assemblies was a BUSCO completeness score above
95% and high contig continuity (i.e. near chromosome length
assemblies). As an outgroup to Arabidopsis, we added genomes

of Capsella rubella and C. grandiflora (Data S1) with a similar
requirement for BUSCO-score and contig continuity. For genome
assemblies without previously predicted genes, we used AUGUS-
TUS with the -arabidopsis gene model.

We then constructed a database consisting of the known
AGAMOUS-like genes (AGLs) from A. thaliana (108 in total)
retrieved from the Arabidopsis Information Resource (TAIR,
https://www.arabidopsis.org/). AGL26 (At5g26880) was excluded
from the database since this is a gene coding for an RNA methyl-
transferase and does not have a MADS box. In addition, we identi-
fied five MADS-box genes from the PlantTFDB website (http://
planttfdb.cbi.pku.edu.cn/), which do not currently have an AGL
designation in A. thaliana. For the list of the genes with their cor-
responding AGL names as well as commonly used names and
abbreviations in A. thaliana, see Data 4.1. Previously identified
MADS-box genes from A. thaliana were added as a basic local
alignment search tool (BLAST) database in Geneious 2020.2.4
(https://www.geneious.com).

The database of MADS-box genes from A. thaliana was used
in blastp searches [BLAST+ v2.12.0 (Altschul et al., 1990)] against
the predicted genes of A. lyrata ssp. petraea, A. arenosa Pusté
Pole, and three published Arabidopsis genomes that met our cri-
teria: A. lyrata ssp. lyrata (https://phytozome-next.jgi.doe.gov/info/
Alyrata_v2_1), A. arenosa Strecno (https://www.ncbi.nlm.nih.gov/
assembly/GCA_902996965.1), and A. halleri (https://www.ncbi.nlm.
nih.gov/assembly/GCA_900078215.1) (Data S1.5). In addition, we
blasted the predicted genes of two species of Capsella against the
same database (Capsella grandiflora, https://phytozome-next.jgi.
doe.gov/info/Cgrandiflora_v1_1 and Capsella rubella, https://www.
ncbi.nlm.nih.gov/assembly/GCF_000375325.1/). The top five hits
for each known AGL were kept for each of the species, with any
duplicates removed. All sequences were then annotated with
InterProscan (http://www.ebi.ac.uk/interpro implemented in Gen-
eious Prime 2021) to verify the presence of the MADS-box region
and sequences with no MADS-box domain were removed. The
results from the InterProscan v5.47 analysis were also used to
identify potential mistakes in the predicted gene sequences which
were manually corrected (Data S3.2).

Phylogenetic analysis

A multiple sequence alignment was constructed from the blast
results together with the canonical A. thaliana MADS-box genes
from TAIR (https:/www.arabidopsis.org) and PlantTFDB (http://
planttfdb.cbi.pku.edu.cn/) with  MUSCLE version 3.8.425 (Edgar,
2004). A phylogenetic tree was constructed based on the alignment
with FastTree2 v2.1.11 (Price et al., 2010) and visualized in Geneious
Prime 2021. The resulting tree was manually inspected for any out-
liers and long branches. Long-branched clades and sequences with-
out any clear homologs to known MADS-box genes were pruned
from the tree and removed from the alignment, the remaining
sequences were realigned, and a new tree was constructed with Fas-
tTree2. We repeated the process of tree building, pruning, and
realignment until no more spurious clades remained in the tree. The
resulting alignment with 841 amino acid sequences was refined with
MUSCLE, trimmed with trimAl, and a final phylogenetic tree was
constructed with IQ-tree v1.6.12 with ultrafast bootstrap approxima-
tion and SH-like approximate likelihood ratio test (Minh et al., 2020).
The trees in Figure 2 and Figure S8 were visualized in FigTree 1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/).

Motif analysis with MEME

To identify conserved motifs between the MADS-box genes of the
Arabidopsis genus, MEME version 5.1.1 (Multiple Expectation
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Maximization for Motif Elicitation, http:/meme-suite.org/) was
used. We scanned for the 50 most common motifs with lengths
above 20 AA; a graphical representation of the relative position of
the motifs on the sequences can be found in Figure S8. The
full results, motif sequences, and a html version can be found
at https://github.com/PaulGrini/Arabidopsis_assemblies. The full-
length sequences of the proteins were grouped based on the phy-
logenetic analysis and commonly occurring MEME motifs into
Mo, MB, My, MIKC*, and MIKC. A principal component analysis
was performed on the occurrence of MEME motifs using the PCA-
tools package in R (Blighe & Lun, 2022).

Analysis of syntenic regions surrounding My-1

Genomic sequences of My-1 and their surrounding upstream and
downstream regions from A. thaliana, A. lyrata ssp. petraea and
A. arenosa Pusté Pole were aligned with MAFFT v7.470 (Katoh &
Standley, 2013) to identify syntenic regions and localize transposi-
tions. SyRI (Synteny and Rearrangement Identifier, https://github.
com/swbak/SyRI commit 29a9272 (Goel et al., 2019)) was used to
detect and classify structural differences between genomes, that
is, inversions, duplications, translocations, inverted duplications,
and inverted translocations.

Expression analysis of MADS-box genes in A. arenosa and
A. lyrata compared to A. thaliana

Seeds of A. lyrata ssp. petraea and A. arenosa Pusté Pole were
dissected from siliques at 9 and 15 DAP and shock frozen in liquid
nitrogen. Around 20 seeds were pooled into one tube, and RNA
was extracted from three to four replicates per plant and stage
using the Spectrum Plant Total RNA kit (SIGMA). MagNA Lyser
Green Beads (Roche, Basel, Switzerland) was used for the initial
lysis step as described in Shirzadi et al. (Shirzadi et al., 2011). RNA
concentration and quality were measured with a NanoDrop ND-
1000, Bioanalyzer 2100 Agilent RNA 6000 Nano kit, and a Qubit 3
fluorometer (Thermo Fisher Scientific) using the Qubit RNA BR
Assay kit (Invitrogen, Waltham, MA, USA). All kits were used
according to the manufacturer’s instructions. Whole cDNA librar-
ies were prepared by the NSC from total RNA using the Illumina
TruSeq Standard mRNA Library Prep kit. The samples were
sequenced on an lllumina (HiSeq 4000) sequencer creating 150 bp
pair-end reads with 350 bp inserts. TrimGalore v0.4.4, a wrapper
script around Cutadapt and FastQC (Krueger, 2016), was used for
adapter and quality trimming. The reads were mapped using
HISAT2 v2.2.1 (Kim et al., 2019) and default parameters and quan-
tified by featureCounts (Liao et al., 2014) and DESeq2 library nor-
malization (Love et al., 2014). MADS-box type | genes were
selected, grouped, and ordered following the MADS-box phylog-
eny (Figure 2). The log2-transformed reads were displayed in a
heat map drawn with the iheatmapr v0.5.2.9000 package (in Fig-
ure 4 and Figure S11) (Schep & Kummerfeld, 2017) including as a
reference previously published A. thaliana seed expression sam-
ples (Bjerkan et al., 2020). The reads were reanalyzed using the
same (described above) processing steps.
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Figure S1. Pipeline for genome assembly. A. lyrata ssp. petraea
(blue) and A. arenosa Pusté Pole (red). A. arenosa was assembled
de novo from PacBio long-read data and scaffolded using Hi-C
data. For A. lyrata ssp. petraea a draft assembly was made de
novo from PacBio long-reads, which were subsequently scaf-
folded against the published genome of A. lyrata ssp. lyrata (Hu
et al., 2011). (a) Pipeline indicating each step in the assembly pro-
cess. For each step additional programs or methods were tested;
details of these analyses can be found in Data S1. (b) Statistics
used in quality control and software decisions. Sequence contigu-
ity is shown in NG50, using the calculated genome size of
201 144 702 bp for A. lyrata ssp. petraea, and 179 232 250 bp for
A. arenosa Pusté Pole. (c) BUSCO scores using the gene set for
Embryophyta odb9 with 1440 single-copy genes. For the assembly
steps, completeness and duplication can be seen in light and dark
blue, respectively. The combination of PacBio long reads with
Canu created near-complete assemblies. Allelic duplications were
identified and removed using Purge_Dups. (d) Phred Quality Score
(QV) was calculated with Merqury (Rhie et al., 2020). A QV of 30
corresponds to 99.9% accuracy and QV of 40 to 99.99%. The qual-
ity of both long read assemblies was improved by the Pilon pol-
ishing step using lllumina reads. While the A. lyrata ssp. petraea
assembly shows a consistently lower error rate, both assemblies
have high quality during all assembly steps. For more assemblies
and detailed statistics see Data S1.

Figure S2. GenomeScope profiles. Mercury produced the k-mer
frequency spectra of lllumina reads (blue) for a k-mer length of
19 nt. To this spectrum, the GenomeScope model (black line) was
fitted, and genome length, repetitiveness, and heterozygosity
rates were predicted. (a) K-mer spectrum for A. lyrata ssp. petraea.
GenomeScope v2.0 infers a genome length of 201 144 702 bp
with a heterozygosity rate of 1.46%. The heterozygous and homo-
zygous peaks were detected with an approximal coverage of 50
and 100, respectively. K-mers with coverage above 1000 were
enriched for ribosomal, mitochondrial, and chloroplast DNA. (b)
K-mer spectrum for A. arenosa Pusté Pole. The heterozygous and
homozygous peaks were detected with an approximal coverage of
50 and 100, respectively. GenomeScope infers a genome length of
179 232 250 bp with a heterozygosity rate of 1.61%.

Figure S3. Copy number spectrum plots. For quality control, the
k-mer frequencies from every assembly were compared to the k-
mer frequencies of the corresponding Illumina reads. The k-mer
spectrum shows how many unique 19 k-mer exist (Count) with a
specific coverage (k-mer multiplicity). Each lllumina read k-mer is
further grouped and colored depending on how often it is found
in the assemblies. The first peak at half coverage is expected to
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contain k-mers found only on one haplotype, while the second
peak should include k-mer from both haplotypes. (a) Copy num-
ber spectrum plot (spectra-cn) for the primary A. lyrata ssp. pet-
raea assembly. The assembly was created with the Canu
assembler using PacBio long reads. The spectrum indicates a
high-quality assembly where nearly all k-mers found in the Illu-
mina reads (not used for the assembly) were also detected in the
assembly with their expected frequencies. K-mers found only in
the long-read assembly are displayed as a red/blue bar to the left
of the spectrum plot. (b) Spectra-cn plot for the primary A. are-
nosa Pusté Pole assembly. The Canu assembler using uncor-
rected PacBio long-reads created the most complete draft
assembly. Slightly reduced haploid resolution compared to the
A. lyrata ssp. petraea assembly. (c) Spectra-cn plot of the A. lyr-
ata ssp. petraea assembly after the Pilon polishing step. Using
Illumina reads for polishing reduced the number of suspected
erroneous k-mers found only in the assembly (blue/red bar on
the left). (d) Spectra-cn plot of the A. arenosa Pusté Pole assem-
bly after the Pilon polishing step. (e) Spectra-cn plot of the A. lyr-
ata ssp. petraea assembly after the haplotic purging step. Only
the primary haplotig is compared to the Illlumina read set. (f)
Spectra-cn plot of the A. arenosa Pusté Pole assembly after the
haplotig purging. K-mer frequencies for the primary haplotig are
shown. Half of the single-copy k-mers are missing and are found
in the alternative haplotig contigs.

Figure S4. A. lyrata ssp. petraea-ssp. lyrata alignments. After each
processing step, all A. lyrata ssp. petraea contigs and scaffolds
were aligned to the A. lyrata ssp. lyrata reference genome as qual-
ity control. Larger misassemblies were easily detected and
excluded. The reference scaffolds are on the x-axis, while the
respective new assemblies are sorted on the y-axis. (a) Alignment
of the A. lyrata ssp. petraea Canu draft assembly. (b) Alignment of
the contigs after the Pilon polishing step shows a high duplication
rate compared to the haploid reference. (c) Alignment of the con-
tigs after the haplotic purging step. Contiguity remained after the
removal of duplicated sequences. (d) Reference alignment after
the reference-based scaffolding step using RaGoo. (e) Alignment
after the gab closure by PBJelly displays no considerable changes.
(f) Alignment of our final curated A. lyrata ssp. petraea assembly.
The rearrangement of the previously reported misassembly for A.
lyrata ssp. lyrata can be seen between scaffolds one and two
(sorted by size) in the top left corner.

Figure S5. A. arenosa Pusté Pole-A. lyrata ssp. lyrata alignments.
For quality control, all A. arenosa Pusté Pole sequences were
aligned to the A. lyrata ssp. lyrata reference genome. Although
structural variation is expected between the species, inconsistent
rearrangements between assemblies were fast detected and
excluded. The y-axis represents the length of sorted scaffolds
from the published A. lyrata ssp. lyrata genome. (a) Contigs of the
A. arenosa Pusté Pole Canu draft assembly on the y-axis show a
high number of overlaps. (b) Alignment of the same contigs after
the Pilon polishing step. (c) Alignment of the contigs after the hap-
lotic purging step. Only the primary haplotig is shown. Contiguity
remains after the removal of duplicated sequences. (d) The align-
ment plots were especially helpful to remove erroneous Hi-C scaf-
folding approaches. The best performance displayed here is our
selected approach using ALLHIC. (e) Minor scaffolding mistakes
were curated with the Juicebox Assembly Tools (JBAT) based on
the Hi-C linkage map. The curated result aligned astoundingly well
with the A. lyrata ssp. lyrata scaffolds. (f) Gap closure with PBJelly
did not change the scaffold arrangement. The previously reported
misassembly on A. lyrata ssp. lyrata scaffold can be seen in the
top left corner. In addition, one more extensive inversion is dis-
played on scaffold 7, in the center of the plot.

Figure S6. A. arenosa Pusté Pole Hi-C contact maps. Hi-C contact
heat maps indicate the number of contacts between any given
pair of loci in the assembly (red scale). Scaffolds are indicated by
a blue line, and the green line documents the manual separation
used for rearrangements. (a) Hi-C assembly heat map for A. are-
nosa Pusté Pole produced by the SALSA scaffolder. Strong signals
far away from the diagonal were used for further scaffolding
improvements. (b) The resulting contact heat map of the JBAT
curated SALSA scaffolds. (c) Hi-C map of the A. arenosa Pusté
Pole assembly scaffolded by the ALLHIC software. Problematic
sequences are indicated by the low number of connections and
stronger far-away signals. (d) Contact matrix after JBAT curation
of miss joints and inversions. Green triangles indicate scaffold
brakes. This assembly was selected and finalized by gap-filling
with PBJelly (Figures Sbe,f).

Figure S7. Genome alignments indicate genomic rearrangements.
SyRI (Synteny and Rearrangement ldentifier) was used to detect
and classify structural differences between genomes. (a) Compari-
son of our A. lyrata ssp. petraea assembly (dark blue) to the A. lyr-
ata ssp. lyrata reference (light blue). Syntenic regions are shown
as gray blocks, while structural differences are grouped in translo-
cations (green), inversions (orange), and duplications (blue). For
visualization purposes, the relocations between non-homolog
scaffolds have been excluded (e.g., for translocation between scaf-
folds one and two, see Figure 1e). (b) Synteny alignment between
A. lyrata ssp. petraea (dark blue) and A. arenosa Pusté Pole (red).
Structural differences are indicated between largely syntenic
scaffolds.

Figure S8. Extended MADS-box phylogeny. Phylogeny of all 841
identified MADS-box genes in Arabidopsis and Capsella. The
groups correspond to previously published results with type |
genes divided into three main groups (Ma, M, My), while type Il
genes fell into two monophyletic groups, MIKC and MIKC* [also
referred to as MJ] (Arora et al., 2007; Gramzow & TheifBen, 2013;
Henschel et al., 2002; Parenicova et al., 2003; Qiu & Kohler, 2022;
Thangavel & Nayar, 2018). The groups are colored with a red box
around Mo, blue around M green around My, yellow around
MIKC*, and gray around MIKC. Sequences of A. thaliana are
marked in blue, and the outgroup Capsella in orange. Monophy-
letic groups of Arabidopsis MADS-box genes, sharing a common
ancestor with genes from the outgroup Capsella, are numbered
starting from the top of the tree and delineated with solid lines.
Additional gene duplications that occurred in the common ances-
tor of Arabidopsis, but after Arabidopsis and Capsella separated,
are delineated with a dashed line and marked with an additional
letter. For instance, “My-1a” and “My-1b" indicate that these two
clades share a last common ancestor with C. rubella (i.e. “My-1"),
but have a gene duplication specific for Arabidopsis that occurred
after the separation of Arabidopsis and Capsella. The right-hand
column contains the result of the MEME analysis for each
sequence. For the full result of the MEME analysis consult the
material on GitHub.

Figure S9. Phylogenetic analysis of MADS-box type Il genes in
Arabidopsis. The tree was derived by a maximum likelihood anal-
ysis of 275 identified MADS-box type | sequences from A. thali-
ana, A. lyrata ssp. petraea, A. arenosa Strecno, A. arenosa Pusté
Pole, and A. halleri with two species of Capsella (89 sequences;
not shown in the figure) used as outgroup. Solid branches repre-
sent bootstrap support >85%, while branches with support values
<85% are dashed. The root of the tree is placed between type |
and type Il genes (the corresponding tree and heatmap for type |
genes can be found in Figure 2). Triangles represent clades where
branches are collapsed at the most recent gene duplication event
in the last common ancestor of the genus Arabidopsis. The length
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of the triangles corresponds to the overall branch length of the
collapsed clade, see the main text for naming schemes of clades.
The heatmap shows the number of gene copies for each clade in
the genomes of A. thaliana, A. lyrata ssp. petraea, A. arenosa
Strecno, A. arenosa Pusté Pole, and A. halleri. The column next to
the heatmap indicates the canonical AGL names of the genes in A.
thaliana found in the corresponding clade; “none” means that a
gene representing the clade is not found in the A. thaliana
genome, while “new” indicates that the gene does not have a
given AGL name. The last column shows a simplified representa-
tion of the MEME motifs. A fully expanded phylogenetic tree with
individual tip labels, support values for all branches, and the out-
group Capsella can be found in Figure S8. Results from the full
MEME analysis can be found in Figure S8.

Figure $10. PCA of the distribution of MEME motifs on MADS-box
type | and type Il genes. The PCA was constructed from motifs
identified by MEME and counted for each clade in the phylogeny.
The first principal component axis captures 24.8% of the variation,
and the second axis 10.2%. A polygon is drawn around each of
the main groups with Ma in red, Mp in blue, My in green, MIKC*
in yellow, and MIKC in gray.

Figure S11. MADS-box type Il expression during seed develop-
ment. Gene expression profiles are displayed for all identified
MADS-box type Il genes and compared between A. thaliana (right
column), A. arenosa Pusté Pole (middle column), and A. lyrata
ssp. petraea (left column). The A. thaliana development time
series (Bjerkan et al., 2020) serves as a reference. The endosperm
cellularization in A. thaliana occurs between the 6 and 9 days after
pollination (DAP). To adjust for the relatively slower development
in A. arenosa Pusté Pole and A. lyrata ssp. petraea, corresponding
stages before and after endosperm cellularization were sampled
at 9 and 15 DAP, respectively. Ortholog genes are grouped and
ordered and follow our MADS-box phylogeny (Figure 2). Sample
normalized counts are shown with a base-2 logarithmic scale. The
MADS-box type Il seed expressions remain rather constant com-
pared to the strong decline of type | expression around endo-
sperm cellularization (Figure 4). However, expression differences
can be seen between the Arabidopsis species. The SEPALLATA
(MIKC-1/2/3) genes are strongly expressed in A. lyrata ssp. petraea
and A. arenosa seeds while only weakly or absent in A. thaliana.
In addition to their largely functional redundant role in flower
development and ovary formation (Kaufmann et al., 2009; Pelaz
et al., 2001), a crucial role in fruit development and ripening has
been reported for SEPALLATA orthologs in tomato, strawberry,
and apple (Ampomah-Dwamena et al., 2002; Schaffer et al., 2013;
Seymour et al., 2011). Furthermore, the orthologs of MIKC-15
(AGL19), MIKC-24 (AGL16), MIKC-26 (AGL24) as well as the FLC
clade MIKC-28 to MIKC-32 show strong expression differences
reflecting the different regulations of flowering and strengthen of
vernalization between the perennial A. lyrata ssp. petraea and A.
arenosa plants compared to the annual A. thaliana (Alexandre &
Hennig, 2008; Hu et al., 2014; Kemi et al., 2013; Mdller-Xing
et al., 2022; Schonrock et al., 2006; Soppe et al., 2021). We detect
differing expressions of MIKC*s between the species. MIKC*-2
and MIKC*-3 (AGL30 and AGL65) are expressed in A. lyrata ssp.
petraea and A. arenosa seeds but are not detected in A. thaliana.
On the other hand, MIKC*-6 and MIKC*-7 (AT4G37435 and AGL33)
show expression in A. arenosa and A. thaliana but not in A. lyrata
ssp. petraea seeds. MIKC*s are known for their transcription activ-
ity in pollen (Verelst et al., 2007) but have also been detected in
the endosperm (Zhang et al., 2018). In addition, a high level of
redundant heterodimers has been reported and double mutants
reduce pollen fertility (Adamczyk & Fernandez, 2009).
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Figure S12. MAFFT alignments of genomic sequences containing
and surrounding Mjy-1. Protein coding sequences (CDS), which are
displayed as dark blue arrows of PHE1 orthologs from A. thaliana
(green), A. arenosa (red), A. lyrata ssp. lyrata (light blue) and A.
lyrata ssp. petraea (dark blue), are placed in the center. A. thaliana
is highlighted by a light green background. On top, the consensus
with identity score indicates a high similarity of the 3 prime
regions downstream of the My-1 loci. Around 2200 bp 3 prime of
PHE1 lies the repeat-rich region crucial for its parental-specific
expression (inside the AT1TE79790 RC/Helitron, highlighted by a
transparent gray box). Similar locations of Line 1 (light green
arrows) and LTR transposons (light blue arrows) can be found
next to the My-1 loci between species. Further repeats are marked
as light gray arrows and IncRNA as violet arrows (XR_002328948.1
and XR_002334149.1).

Data S1. An overview of the sequencing effort for A. arenosa and
A. lyrata ssp. petraea

Data S2. Flow cytometry and k-mer estimation of genome size
Data S3. Sequence names for all MADS-box genes included in the
phylogeny
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Figure S1. Pipeline for genome assembly. A. lyrata ssp. petraea (blue) and A. arenosa Pusté Pole (red). A.
arenosa was assembled de novo from PacBio long-read data and scaffolded using Hi-C data. For A. lyrata ssp.
petraea a draft assembly was made de novo from PacBio long-reads, which were subsequently scaffolded against
the published genome of A. lyrata ssp. lyrata (Hu et al., 2011). (a) Pipeline indicating each step in the assembly
process. For each step additional programs or methods were tested; details of these analyses can be found in Data
S1. (b) Statistics used in quality control and software decisions. Sequence contiguity is shown in NG50, using the
calculated genome size of 201 144 702 bp for A. lyrata ssp. petraea, and 179 232 250 bp for A. arenosa Pusté Pole.
(c) BUSCO scores using the gene set for Embryophyta odb9 with 1440 single-copy genes. For the assembly steps,
completeness and duplication can be seen in light and dark blue, respectively. The combination of PacBio long
reads with Canu created near-complete assembilies. Allelic duplications were identified and removed using
Purge_Dups. (d) Phred Quality Score (QV) was calculated with Merqury (Rhie et al., 2020). A QV of 30 corresponds
to 99.9% accuracy and QV of 40 to 99.99%. The quality of both long read assemblies was improved by the Pilon
polishing step using lllumina reads. While the A. lyrata ssp. petraea assembly shows a consistently lower error rate,
both assemblies have high quality during all assembly steps. For more assemblies and detailed statistics see Data
S1.
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Figure S2. GenomeScope profiles. Mercury
produced the k-mer frequency spectra of lllumina
reads (blue) for a k-mer length of 19 nt. To this
spectrum, the GenomeScope model (black line) was
fitted, and genome length, repetitiveness, and
heterozygosity rates were predicted. (a) K-mer
spectrum for A. lyrata ssp. petraea. GenomeScope
v2.0 infers a genome length of 201 144 702 bp with a
heterozygosity rate of 1.46%. The heterozygous and
homozygous peaks were detected with an approxi-
mal coverage of 50 and 100, respectively. K-mers
with coverage above 1000 were enriched for
ribosomal, mitochondrial, and chloroplast DNA. (b)
K-mer spectrum for A. arenosa Pusté Pole. The
heterozygous and homozygous peaks were detected
with an approximal coverage of 50 and 100, respec-
tively. GenomeScope infers a genome length of 179
232 250 bp with a heterozygosity rate of 1.61%.
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Figure S3. Copy number spectrum plots. For quality control, the k-mer frequencies from every assembly were compared to
the k-mer frequencies of the corresponding lllumina reads. The k-mer spectrum shows how many unique 19 k-mer exist
(Count) with a specific coverage (k-mer multiplicity). Each lllumina read k-mer is further grouped and colored depending on
how often it is found in the assemblies. The first peak at half coverage is expected to contain k-mers found only on one
haplotype, while the second peak should include k-mer from both haplotypes. (a) Copy number spectrum plot (spectra-cn) for
the primary A. lyrata ssp. petraea assembly. The assembly was created with the Canu assembler using PacBio long reads. The
spectrum indicates a high-quality assembly where nearly all k-mers found in the lllumina reads (not used for the assembly)
were also detected in the assembly with their expected frequencies. K-mers found only in the long-read assembly are displayed
as a red/blue bar to the left of the spectrum plot. (b) Spectra-cn plot for the primary A. arenosa Pusté Pole assembly. The Canu
assembler using uncorrected PacBio long-reads created the most complete draft assembly. Slightly reduced haploid resolution
compared to the A. lyrata ssp. petraea assembly. (c) Spectra-cn plot of the A. lyrata ssp. petraea assembly after the Pilon
polishing step. Using lllumina reads for polishing reduced the number of suspected erroneous k-mers found only in the assem-
bly (blue/red bar on the left). (d) Spectra-cn plot of the A. arenosa Pusté Pole assembly after the Pilon polishing step. (e)
Spectra-cn plot of the A. lyrata ssp. petraea assembly after the haplotic purging step. Only the primary haplotig is compared to
the lllumina read set. (f) Spectra-cn plot of the A. arenosa Pusté Pole assembly after the haplotig purging. K-mer frequencies
for the primary haplotig are shown. Half of the single-copy k-mers are missing and are found in the alternative haplotig contigs.
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Figure S4. A. lyrata ssp. petraea-ssp. lyrata alignments. After each processing step, all A. lyrata ssp. petraea
contigs and scaffolds were aligned to the A. lyrata ssp. lyrata reference genome as quality control. Larger misas-
semblies were easily detected and excluded. The reference scaffolds are on the x-axis, while the respective new
assemblies are sorted on the y-axis. (a) Alignment of the A. lyrata ssp. petraea Canu draft assembly. (b) Alignment
of the contigs after the Pilon polishing step shows a high duplication rate compared to the haploid reference. (c)
Alignment of the contigs after the haplotic purging step. Contiguity remained after the removal of duplicated
sequences. (d) Reference alignment after the reference-based scaffolding step using RaGoo. (e) Alignment after
the gab closure by PBJelly displays no considerable changes. (f) Alignment of our final curated A. lyrata ssp.
petraea assembly. The rearrangement of the previously reported misassembly for A. lyrata ssp. lyrata can be seen
between scaffolds one and two (sorted by size) in the top left corner.
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Figure S5. A. arenosa Pusté Pole-A. lyrata ssp. lyrata alignments. For quality control, all A. arenosa Pusté Pole
sequences were aligned to the A. lyrata ssp. lyrata reference genome. Although structural variation is expected
between the species, inconsistent rearrangements between assemblies were fast detected and excluded. The
y-axis represents the length of sorted scaffolds from the published A. lyrata ssp. lyrata genome. (a) Contigs of the
A. arenosa Pusté Pole Canu draft assembly on the y-axis show a high number of overlaps. (b) Alignment of the
same contigs after the Pilon polishing step. (c) Alignment of the contigs after the haplotic purging step. Only the
primary haplotig is shown. Contiguity remains after the removal of duplicated sequences. (d) The alignment plots
were especially helpful to remove erroneous Hi-C scaffolding approaches. The best performance displayed here is
our selected approach using ALLHIC. (e) Minor scaffolding mistakes were curated with the Juicebox Assembly
Tools (JBAT) based on the Hi-C linkage map. The curated result aligned astoundingly well with the A. lyrata ssp.
lyrata scaffolds. (f) Gap closure with PBJelly did not change the scaffold arrangement. The previously reported
misassembly on A. lyrata ssp. lyrata scaffold can be seen in the top left corner. In addition, one more extensive
inversion is displayed on scaffold 7, in the center of the plot.
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Figure S6. A. arenosa Pusté Pole Hi-C contact maps. Hi-C contact heat maps indicate the number of contacts between any
given pair of loci in the assembly (red scale). Scaffolds are indicated by a blue line, and the green line documents the manual
separation used for rearrangements. (a) Hi-C assembly heat map for A. arenosa Pusté Pole produced by the SALSA scaffolder.
Strong signals far away from the diagonal were used for further scaffolding improvements. (b) The resulting contact heat map
of the JBAT curated SALSA scaffolds. (c) Hi-C map of the A. arenosa Pusté Pole assembly scaffolded by the ALLHIC software.
Problematic sequences are indicated by the low number of connections and stronger far-away signals. (d) Contact matrix after
JBAT curation of miss joints and inversions. Green triangles indicate scaffold brakes. This assembly was selected and finalized
by gap-filling with PBJelly (Figures S5e,f).
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Figure S7. Genome alignments indicate genomic rearrangements. SyRI (Synteny and Rearrangement Identifier)
was used to detect and classify structural differences between genomes. (a) Comparison of our A. lyrata ssp. petraea
assembly (dark blue) to the A. Iyrata ssp. lyrata reference (light blue). Syntenic regions are shown as gray blocks, while
structural differences are grouped in translocations (green), inversions (orange), and duplications (blue). For visualiza-
tion purposes, the relocations between non-homolog scaffolds have been excluded (e.g., for translocation between
scaffolds one and two, see Figure 1e). (b) Synteny alignment between A. lyrata ssp. petraea (dark blue) and A. arenosa
Pusté Pole (red). Structural differences are indicated between largely syntenic scaffolds.
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For high resolution view, see: https://github.com/PaulGrini/Arabidopsis_assemblies/tree/main/03_analysis/05_MADS_phylogeny
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For high resolution view, see: https://github.com/PaulGrini/Arabidopsis_assemblies/tree/main/03_analysis/05_MADS_phylogeny
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For high resolution view, see: https://github.com/PaulGrini/Arabidopsis_assemblies/tree/main/03_analysis/05_MADS_phylogeny
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For high resolution view, see: https://github.com/PaulGrini/Arabidopsis_assemblies/tree/main/03_analysis/05_MADS_phylogeny
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For high resolution view, see: https://github.com/PaulGrini/Arabidopsis_assemblies/tree/main/03_analysis/05_MADS_phylogeny
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Figure S8. Extended MADS-box phylogeny. Phylogeny of all 841 identified
MADS-box genes in Arabidopsis and Capsella. The groups correspond to
previously published results with type | genes divided into three main groups
(Ma, MB, My), while type Il genes fell into two monophyletic groups, MIKC
and MIKC* [also referred to as MJ] (Arora et al., 2007; Gramzow & Theil3en,
2013; Henschel et al., 2002; Parenicova et al., 2003; Qiu & Kohler, 2022;
Thangavel & Nayar, 2018). The groups are colored with a red box around M
a, blue around M green around My, yellow around MIKC*, and gray around
MIKC. Sequences of A. thaliana are marked in blue, and the outgroup
Capsella in orange. Monophyletic groups of Arabidopsis MADS-box genes,
sharing a common ancestor with genes from the outgroup Capsella, are
numbered starting from the top of the tree and delineated with solid lines.
Additional gene duplications that occurred in the common ancestor of
Arabidopsis, but after Arabidopsis and Capsella separated, are delineated
with a dashed line and marked with an additional letter. For instance, “My-1a”
and “My-1b” indicate that these two clades share a last common ancestor
with C. rubella (i.e. “My-1"), but have a gene duplication specific for Arabidop-
sis that occurred after the separation of Arabidopsis and Capsella. The
right-hand column contains the result of the MEME analysis for each
sequence. For the full result of the MEME analysis consult the material on
GitHub.
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For high resolution view, see: https://github.com/PaulGrini/Arabidopsis_assemblies/tree/main/03_analysis/05_MADS_phylogeny



d& * ) 0"
rb %e eQ ro ro\
'5\\ S e’ ’b Name in
-IL-ci)gTépe : V Q‘VQ" '& A A. thaliana Conserved motifs >30 AA
---MIKC*1 11111 1] AGLY4 s e IO |

MIKC*2 | 1|1|[1|[1[1]|1]| AGL30 EmEE XY

MIKC*3 |1|1[1[1]1]|2| AGL65 s Rz W B

MIKC*4 111111 LAGL104 DN w0

MIKC*5 |1|o|2|0|0o|1| AGL67 N e / \

MIKC*6 1/0f(1]1]1]|2| AGL66 s Tl T — E MIKC* specific

-MIKC*7 | 1]o|1]0of[1]0|AT4G37435 m=mm 22. mm
-MIKC*8 |1|1]|2]|0|2|0| AGL33 EmrEn 28. 1

MIKC1 11111 1] SEPT s 1311 s 1) gé EI-

MIKC2 11111 1] sEP2 T T A 42. 03

MIKC3 101111 1]| SEP3 111 s e B 7 45. ]

MIKC4 111 [1[1]1] sEP4 EEmeTT A 47.

MIKC5 1111 1]1] AP T ) . MIKC specific

MIKC6 1[1]1]1]1]1] cAL T ) . 2 B3 K
----MIKC7 11111 1] FuL BT EEm 5 @3
---MIKC8 1111 1]0] AGL79 e 16.

MIKC9 11]1]1[1]1] AGL6 [ o . 32- 2

MIKC10 [+ 11111 AGL13 Emer 27. -

MIKC11 1110 1]1]xAL7 EEme—s 30.
~MIKC12 [1]1|1]2]1]|1] AGL72 Emrmeeree 22 =

MIKC13 |[1|1|1|2|2]|1]| AGL71 EmeTE 36. O

MIKC14 |11 |1|1|1]|0]| FYF 41 e e e I g' EI:I K

MIKC15 |11 [1]o|1|[1]|AGL19 EEmeT s ’

MIKC16 |[1| 11100 xaL2 EEmeT = Shared g e
~--MIKC17 |[1[1]1]1[1]1] soct EmeTr = . 2SSSS
~-MIKC18 |1 |1|1|[1|1]|1]| SHP1 Emrmer e - O XIXIX
~MIKC19 |11 1 |1|1][1] SHP2 I T H:%xxxéx

MIKC20 |1 [1|1|[1[1|1]|AG 11 e qg:% X?XXX

MIKC21 |1 |1|1|1|[1|1]| STK [ 1 s e 46.5  [X[XIX|X

MIKC22 |1|1|1/1|1|2]| AGL21 1 s s e I

MIKC23 | 1|1 |1 [1|1]|1]| AGL17 1 s e e I \ /

MIKC24 |1 |1|1[1|2]|1]| AGL16 EenerE—
~-MIKC25 |1 |1[1|1]1]|0] ANRT e
~MIKC26 |1|1|1]1]1]1]| AGL24 11 e N s

MIKC27 |1 |1|1|1]1]1]|svpP Emmers

MIKC28 |2 |1|2|2|2|1| MAF2 FCL3 commmr—omm

MIKC29 |11 |1|1]1|1]| FMm 11 = M =

MIKC30 |1 1|1 ]1]1]|1]| MAF4 [ a1 = T = I

MIKC31 |1]0o|of1|1]|0| MAF5 o 11 = T =

MIKC32 |1]2|2|2|2|1|FLC 1 = M =

MIKC33 |1 1|1 ]1]1]|2]| AGL15 1 1 e e

MIKC34 |1 |1|1[1|1]|1]| AGL18 T ]
~-MIKC35 |[1|1/11[1]1] P s T s
~MIKC36 |1|[1]1][1]1]1]|AP3 [———————

MIKC37 | 1|1|1[1|1]1]|TT16 —m——

MIKC38 |1|1|of1][1]1]| coA 111 e e

Figure S9. Phylogenetic analysis of MADS-box type Il genes in Arabidopsis. The tree was derived by a maximum likelihood analysis
of 275 identified MADS-box type | sequences from A. thaliana, A. lyrata ssp. petraea, A. arenosa Strecno, A. arenosa Pusté Pole, and A.
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Figure S11. MADS-box type Il expression during seed development. Gene
expression profiles are displayed for all identified MADS-box type Il genes and
compared between A. thaliana (right column), A. arenosa Pusté Pole (middle
column), and A. lyrata ssp. petraea (left column). The A. thaliana development
time series (Bjerkan et al., 2020) serves as a reference. The endosperm
cellularization in A. thaliana occurs between the 6 and 9 days after pollination
(DAP). To adjust for the relatively slower development in A. arenosa Pusté Pole
and A. lyrata ssp. petraea, corresponding stages before and after endosperm
cellularization were sampled at 9 and 15 DAP, respectively. Ortholog genes are
grouped and ordered and follow our MADS-box phylogeny (Figure 2). Sample
normalized counts are shown with a base-2 logarithmic scale. The MADS-box
type Il seed expressions remain rather constant compared to the strong decline
of type | expression around endosperm cellularization (Figure 4). However,
expression differences can be seen between the Arabidopsis species. The
SEPALLATA (MIKC-1/2/3) genes are strongly expressed in A. lyrata ssp.
petraea and A. arenosa seeds while only weakly or absent in A. thaliana. In
addition to their largely functional redundant role in flower development and
ovary formation (Kaufmann et al., 2009; Pelaz et al., 2001), a crucial role in fruit
development and ripening has been reported for SEPALLATA orthologs in
tomato, strawberry, and apple (Ampomah-Dwamena et al., 2002; Schaffer et
al., 2013; Seymour et al., 2011). Furthermore, the orthologs of MIKC-15
(AGL19), MIKC-24 (AGL16), MIKC-26 (AGL24) as well as the FLC clade
MIKC-28 to MIKC-32 show strong expression differences reflecting the
different regulations of flowering and strengthen of vernalization between the
perennial A. lyrata ssp. petraea and A. arenosa plants compared to the annual
A. thaliana (Alexandre & Hennig, 2008; Hu et al., 2014; Kemi et al., 2013;
Muller-Xing et al., 2022; Schénrock et al., 2006; Soppe et al., 2021). We detect
differing expressions of MIKC*s between the species. MIKC*-2 and MIKC*-3
(AGL30 and AGL65) are expressed in A. lyrata ssp. petraea and A. arenosa
seeds but are not detected in A. thaliana. On the other hand, MIKC*-6 and
MIKC*-7 (AT4G37435 and AGL33) show expression in A. arenosa and A.
thaliana but not in A. lyrata ssp. petraea seeds. MIKC*s are known for their
transcription activity in pollen (Verelst et al., 2007) but have also been detected
in the endosperm (Zhang et al., 2018). In addition, a high level of redundant
heterodimers has been reported and double mutants reduce pollen fertility
(Adamczyk & Fernandez, 2009).
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Figure S12. MAFFT alignments of genomic sequences containing and surrounding My-1.
Protein coding sequences (CDS), which are displayed as dark blue arrows of PHE1 orthologs from
A. thaliana (green), A. arenosa (red), A. lyrata ssp. lyrata (light blue) and A. lyrata ssp. petraea (dark
blue), are placed in the center. A. thaliana is highlighted by a light green background. On top, the
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ic expression (inside the AT1TE79790 RC/Helitron, highlighted by a transparent gray box). Similar
locations of Line 1 (light green arrows) and LTR transposons (light blue arrows) can be found next
to the My-1 loci between species. Further repeats are marked as light gray arrows and IncRNA as
violet arrows (XR_002328948.1 and XR_002334149.1).
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Genetic and environmental
manipulation of Arabidopsis
hybridization barriers uncovers
antagonistic functions in
endosperm cellularization
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Oslo, Oslo, Norway, ?Centre for Ecological and Evolutionary Synthesis (CEES), Department of
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Speciation involves reproductive isolation, which can occur by hybridization barriers
acting in the endosperm of the developing seed. The nuclear endosperm is a nutrient
sink, accumulating sugars from surrounding tissues, and undergoes coordinated
cellularization, switching to serve as a nutrient source for the developing embryo.
Tight regulation of cellularization is therefore vital for seed and embryonic development.
Here we show that hybrid seeds from crosses between Arabidopsis thaliana as maternal
contributor and A. arenosa or A. lyrata as pollen donors result in an endosperm based
post-zygotic hybridization barrier that gives rise to a reduced seed germination rate.
Hybrid seeds display opposite endosperm cellularization phenotypes, with late
cellularization in crosses with A. arenosa and early cellularization in crosses with A.
lyrata. Stage specific endosperm reporters display temporally ectopic expression in
developing hybrid endosperm, in accordance with the early and late cellularization
phenotypes, confirming a disturbance of the source-sink endosperm phase change. We
demonstrate that the hybrid barrier is under the influence of abiotic factors, and show
that a temperature gradient leads to diametrically opposed cellularization phenotype
responses in hybrid endosperm with A. arenosa or A. lyrata as pollen donors.
Furthermore, different A. thaliana accession genotypes also enhance or diminish seed
viability in the two hybrid cross-types, emphasizing that both genetic and environmental
cues control the hybridization barrier. We have identified an A. thaliana MADS-BOX type |
family single locus that is required for diametrically opposed cellularization phenotype
responses in hybrid endosperm. Loss of AGAMOUS-LIKE 35 significantly affects the
germination rate of hybrid seeds in opposite directions when transmitted through the A.
thaliana endosperm, and is suggested to be a locus that promotes cellularization as part
of an endosperm based mechanism involved in post-zygotic hybrid barriers. The role of
temperature in hybrid speciation and the identification of distinct loci in control of hybrid
failure have great potential to aid the introduction of advantageous traits in breeding
research and to support models to predict hybrid admixture in a changing
global climate.

KEYWORDS

Arabidopsis thaliana, A. arenosa, A. lyrata, hybrid barrier, temperature, endosperm,
seed development
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1 Introduction

Speciation is usually a continuous process towards increasing
divergence and reproductive isolation between two lineages.
Reproductive isolation can be obtained due to hybridization
barriers, which act before fertilization (pre-zygotic) or after
fertilization (post-zygotic) (Rieseberg and Willis, 2007; Widmer
et al., 2009). A special case of post-zygotic hybridization barriers
acts in the developing seed (Lafon-Placette and Kohler, 2016),
resulting in developmental abnormality in the endosperm
(Cooper and Brink, 1942). Seed death is accepted to be mainly
due to failure of endosperm development since the embryo can be
rescued in culture after microdissection (Sharma, 1999). Many
studies have indicated endosperm deficiency to be the major
cause of hybrid seed inviability (Brink and Cooper, 1947; Sukno
et al, 1999; Dinu et al., 2005; Roy et al,, 2011) and an endosperm-
based hybridization barrier has been shown to be conserved across
distinct species groups such as Arabidopsis (Lafon-Placette and
Kohler, 2016), Capsella (Rebernig et al., 2015; Dziasek et al., 2021),
rice (Ishikawa et al., 2011; Sekine et al., 2013; Zhang et al., 2016;
Tonosaki et al., 2018; Wang et al., 2018), tomato (Florez-Rueda
et al,, 2016; Roth et al,, 2019), monkeyflower (Oneal et al., 20165
Flores-Vergara et al, 2020; Kinser et al., 2021), and potato
(Johnston and Hanneman, 1982; Cornejo et al., 2012). This
suggests that the phenomenon represents a major mechanism of
reproductive isolation in plants, however it is largely ignored in
modern literature of speciation (Lafon-Placette and Kohler, 2016).

The endosperm is a triploid tissue that requires tight control of
genome dosage (2:1 maternal:paternal ratio). Cellularization of the
endosperm marks a transition in seed development, as up to this
point, the endosperm functions as a nutrient sink. At this
developmental time point, the endosperm concurrently switches
from nutrient sink to source for the developing embryo (Lafon-
Placette and Kohler, 2016), and manipulating the timing of
endosperm cellularization through interploidy crosses arrests
embryo development (Scott et al., 1998; Hehenberger et al,, 2012).
Similarly, hybridization between plant species was shown to result
in embryo arrest due to endosperm cellularization failure (Haig and
Westoby, 1988; Haig and Westoby, 1991; Comai et al., 2000; Bushell
et al, 2003). Manipulating the ploidy of parents in interspecies
crosses has also shown to improve the success of hybridization,
demonstrating a requirement for genome balance in the endosperm
(Comai et al., 2000; Bushell et al., 2003; Lafon-Placette et al., 2017).

The genus Arabidopsis has been widely used for studying
evolutionary questions (Koenig and Weigel, 2015; Koch, 2019)
including the effects of interspecific hybridization in controlled
crossings (Chen et al,, 1998; Comai et al.,, 2000; Nasrallah et al.,
2000; Josefsson et al., 2006; Walia et al., 2009; Burkart-Waco et al,,
2012; Burkart-Waco et al., 2013; Burkart-Waco et al., 2015; Bjerkan
et al., 2020). When diploid A. thaliana is crossed to diploid A.
arenosa, the endosperm shows late cellularization and high degree
of seed abortion (Josefsson et al., 2006; Bjerkan et al, 2020).
Furthermore, when A. arenosa is crossed as male to A. lyrata, the
same phenotype can be seen with late endosperm cellularization
and a very high seed lethality (Lafon-Placette et al., 2017).
Interestingly, crossing A. lyrata as male to A. arenosa results in
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the opposite effect with early endosperm cellularization (Lafon-
Placette et al., 2017).

The strength of the endosperm-based hybridization barrier
can be influenced by accession specific genetic variation (Burkart-
Waco et al., 2012; Burkart-Waco et al., 2013; Burkart-Waco et al.,
2015; Bjerkan et al., 2020). In crosses between diploid A. thaliana to
diploid A. arenosa, the choice of accessions in both species
significantly acts to repress or enhance the endosperm barrier
(Bjerkan et al., 2020; Burkart-Waco et al,, 2012). The current
knowledge on the effect of temperature in early seed development
is limited (Paul et al., 2020), but an effect of temperature on hybrid
seed development in reciprocal crosses of wheat and barley has
previously been reported (Molnar-Lang and Sutka, 1994). The
sensitivity of endosperm cellularization to heat stress during early
endosperm development has been demonstrated in rice (Folsom
et al, 2014) and type I MADS-box transcription factors (TFs) are
deregulated during moderate heat stress (Chen et al., 2016). We
have previously reported a temperature effect on endosperm based
post-zygotic hybrid lethality of diploid species in the genus
Arabidopsis (Bjerkan et al,, 2020). This temperature effect was
also shown using different accessions of both A. arenosa and A.
thaliana, demonstrating a combinatorial effect of accessions and
temperature (Bjerkan et al., 2020; Burkart-Waco et al., 2012).

Genomic imprinting is an epigenetic phenomenon, which infers
parent-of-origin allele specific expression of maternally or
paternally inherited alleles (Hornslien et al., 2019; Batista and
Kohler, 2020). As proper endosperm development depends on a
correct ratio of parental genomes, it is suggested that differences in
genomic imprinting programs may be responsible for the evolution
of sexual incompatibility in crosses between divergent individuals
(Haig and Westoby, 1988; Haig and Westoby, 1991; Bushell et al.,
2003; Schatlowski and Kohler, 2012). Alternatively, or additionally,
epigenetic remodeling upon hybridization due to combination of
diverged maternal and paternal siRNAs may lead to comprehensive
failure of genomic imprinting and ectopic expression of
transposons and imprinted genes (Martienssen, 2010; Ng et al,
2012). Recent evidence supports this emerging role of imprinted
genes, and in Arabidopsis interspecies hybrids, paternally expressed
genes (PEGs) shifted to be maternally expressed genes (MEGs)
(Josefsson et al., 2006). Importantly, both PEGs and MEGs have
been shown to erect hybridization barriers, and mutational loss of
these genes has been reported to bypass hybridization barriers in
interspecies crosses (Walia et al., 2009; Wolff et al., 2015). A major
part of the MEGs and PEGs encodes proteins that activate pathways
in the endosperm consistent with the prominent role of
cellularization in seed survival.

Proper endosperm development in Arabidopsis is reliant on the
FERTILIZATION INDEPENDENT SEED-Polycomb Repressive
Complex 2 (FIS-PRC2) (Grossniklaus et al., 1998; Kiyosue et al.,
1999; Luo et al., 1999; Kohler et al., 2003). FIS-PRC2 is important in
endosperm development indirectly through the genes it regulates,
which include several type I MADS-box TFs (Zhang et al., 2018).
Deregulation of type I MADS-box TFs in interspecies crosses has
been postulated to induce the endosperm-based hybridization
barrier, but unfortunately most of these TFs have no clear
function because of extensive genetic redundancy (De Bodt et al,
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2003; Parfenicova et al., 2003; Walia et al., 2009; Bemer et al., 2010).
One exception is AGAMOUS-LIKE 62 (AGL62), which is found to
suppress cellularization of the endosperm in Arabidopsis (Kang
et al., 2008). The clear function of AGL62 is further emphasized
through its interaction with the FIS-PRC2 complex (Hehenberger
etal., 2012), with mutation of FIE, MEA, FIS2 and MSI1 resulting in
an ectopic proliferation of nuclear endosperm (Grossniklaus et al.,
1998; Kohler et al.,, 2003; Guitton et al., 2004), whereas the agl62
mutant results in precocious cellularization (Kang et al, 2008).
AGL62 mutation has also been shown to alleviate the hybridization
barrier in the A. thaliana x A. arenosa cross, resulting in a higher
germination rate (Walia et al., 2009; Bjerkan et al., 2020).

Here we report that hybrid seeds from crosses between A.
thaliana mothers with A. arenosa or A. lyrata pollen donors
result in diametrically opposed endosperm phenotypes, both
giving rise to reduced seed germination rate, albeit caused by late
cellularization in crosses with A. arenosa and early cellularization in
crosses with A. lyrata. We demonstrate that the hybrid barriers are
under the influence of abiotic factors, and show that a temperature
gradient leads to opposed cellularization phenotype and seed
viability in hybrid endosperm with A. arenosa or A. lyrata as
pollen donors. In addition, A. thaliana accession genotypes also
influence seed viability in the two hybrid cross-types in opposite
directions. Using stage specific endosperm reporters, we
demonstrate that the source-sink endosperm phase change is
delayed or precocious in seeds of the two hybrids. Our data
suggests an A. thaliana type I MADS-BOX family locus to act as
a promoter of endosperm cellularization, affecting the germination
rates of A. arenosa or A. lyrata hybrid seeds in opposite directions.

2 Materials and methods
2.1 Plant material and growth conditions

A. thaliana accessions (Col-0, C24, Ws-2 and Wa-1) and mutant
lines were obtained from the Nottingham Arabidopsis Stock Center
(NASC). The A. arenosa population MJ09-4 originates from Nizke
Tatry Mts.; Pusté Pole (N 48.8855, E 20.2408) and the A. lyrata subsp.
petraea population MJ09-11 originates from lower Austria; street from
Pernitz to Pottenstein (N 47.9190, E 15.9755) (Jorgensen et al., 2011;
Lafon-Placette et al,, 2017; Bjerkan et al., 2020). Mutant lines agl35-1
(SALK_033801), agl40-1 (SALK_107011) and mea-9 (SAIL_724_E07)
were in Col-0 accession background (Shirzadi et al., 2011; Kirkbride
et al, 2019; Bjerkan et al, 2020). The agl35-1 T-DNA line was
genotyped using primers AAACCAAAGTTTTGCCACTAAGAC,
ATTTTTCAGTCAAGATTACCCACC and GCGTGGACCGCTT
GCTGCAACTCTCTCAGG. Marker lines proAT5G09370>>H2A-
GFP (EE-GFP) and proAT4G00220>>H2A-GFP (TE1-GFP) were in
Col-0 accession background (van Ekelenburg et al.,, 2023).

Surface-sterilization of seeds was performed by treatment with
70% ethanol, bleach (20% Chlorine, 0.1% Tween20) and wash
solution (0.001% Tween20) for 5 min each step (Lindsey et al,
2017). Sterilized seeds were transferred to petri dishes containing
0.5 MS growth-medium with 2% sucrose (Murashige and Skoog,
1962) and stratified at 4°C for 2 days (A. thaliana) or 10 days (A.
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lyrata, A. arenosa and hybrids) before germination at 22°C with a
16h/8h light/dark cycle. After two weeks, seedlings were transferred
to soil and cultivated at 18°C (16h/8h light/dark cycle, 160 pmol/
m?/sec, 60-65% humidity). A. arenosa strain MJ09-4 was previously
demonstrated to be diploid (Bjerkan et al., 2020). A. lyrata and A.
thaliana x A. lyrata individual hybrid plants were confirmed
diploid by flow cytometry (Supplementary Datasheet S1).

2.2 Crosses, temperature- and
germination assays

A. thaliana plants were emasculated 2 days before pollination.
Crossed plants were placed at experimental growth temperature
until silique maturity/harvesting. For each cross combination, 4-8
different individual plants were used as pollinators and 15-85
siliques (biological replicates) were harvested individually
(Supplementary Datasheet S2). After short-term storage at 4°C
seeds from induvidual siliques were surface-sterilized ON using
chlorine gas (Lindsey et al., 2017). All seeds from the harvested
individual siliques were counted and planted on individual 0.5 MS
growth-medium containing petri-dishes and scored for
germination by counting protrusions through the seed coat after
10 days at 22°C growth conditions. On day 20, germinated seedlings
were checked for A. thaliana accidental self-pollination (formation
of floral shoots without vernalization). These rare events occurred at
a frequency less than 1% and self-plants were removed from the
analyses if present.

2.3 Statistics

R-studio (version 2023.03.1 + 446) (R Core Team, 2023) was
used for data analyses. Plots were generated using the ggplot2
(Wickham, 2016) and dplyr (Wickham et al., 2023) packages. For
statistical analyses the car package (Fox and Weisberg, 2019) and
ggpubr package (Kassambara, 2023) were employed. To assess the
homogeneity of variance for the germination assays we conducted
Levene’s test (Levene, 1960). If the null hypothesis was rejected, the
Welch’s t-test (Welch, 1947) was used for statistical analyses. In all
other cases statistical analyses were performed using Wilcoxon rank
sum test (Mann and Whitney, 1947).

2.4 Microscopy

Feulgen stained seeds were harvested at 6 days after pollination
(DAP), stained using Schiff’s reagent (Sigma-Aldrich S5133), fixed
and embedded in LR White (London Resin) (Braselton et al., 1996).
Imaging was performed using an Andor DragonFly spinning disc
confocal microscope with a Zyla4.2 sCMOS 2048x2048 camera
attachment and excitation 488 nm/emission 500 to 600 nm. Seeds
were scored for embryo and endosperm developmental stage and
the number of endosperm nuclei. Endosperm nuclei counts were
assigned an endosperm division value (EDV), which estimates the
number of divisions to reach the corresponding number of
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endosperm nuclei (Ungru et al., 2008). Mean EDV was calculated
using the formula: 2* = mean number of nuclei, where x is the EDV
(x = LOG(mean number of nuclei)/LOG(2)).

Crosses with EE-GFP and TE1-GFP markers were imaged using
the Andor DragonFly as described. Whole-mount imaging of seeds
was performed using an Axioplan2 imaging microscope after 24 h/
4°C incubation in 8:2:1 (w/v/v) chloral hydrate:water:glycerol (Grini
et al., 2002). Mature dry seeds were imaged on a 1.5 x 2.5 cm grid
using a Leica Z16apoA microscope connected to a Nikon D90
camera. Seed size and circularity were measured by converting
images to black and white and then using the Image] “Threshold”
and “Analyze particles” functions (https://imagej.nih.gov/ij/).

3 Results

3.1 Antagonistic effects on endosperm
barriers in hybrid seeds from A. lyrata and
A. arenosa crossed to A. thaliana

In order to compare the success of interspecific hybrids of A.
thaliana crossed with A. lyrata or A. arenosa, we first observed the
seed-set. Hybrid crosses with A. Iyrata fathers had significantly
reduced seed set per silique compared to crosses with A. arenosa
fathers or A. thaliana (Col-0) self crosses (Supplementary Figures
S1A, B). The lower seed-set correlates with failure of pollen tube burst
after entering the female gametophyte (Supplementary Figure S1C), a
pre-zygotic barrier previously described (Escobar-Restrepo et al,
2007). Interestingly, pollen tube burst failure can also be observed
in crosses between A. thaliana and A. arenosa, but to a lower degree,
correlating with the observed seed-set frequency (Supplementary
Figures SI1A, C). Differences in seed set between the two hybrid
crosses thus have a gametophytic pre-zygotic base, and therefore do
not affect the postzygotic hybridization barrier in these crosses.

A. thaliana self seeds and A. thaliana x A. arenosa or A. thaliana
x A. lyrata hybrid seeds were comparable in size at 6 DAP
(Figure 1A), but most A. thaliana x A. lyrata hybrid embryos were
at an earlier developmental stage (Figure 1B). Large variation in
embryonic stages including developmental arrest was observed in 12
DAP whole-mount chloral hydrate cleared hybrid seeds
(Supplementary Figure S2A). A time series of Feulgen stained A.
thaliana x A. lyrata hybrid seeds further identified variation in
endosperm cellularization, starting at 3 DAP and resulting in
developmental arrest at the globular embryo stage (Supplementary
Figure S2B). The frequency of A. thaliana x A. lyrata early
cellularization was higher than for A. thaliana self, and in strong
contrast to the late cellularization in hybrid seeds from A. thaliana
crossed with A. arenosa [Figure 1B; (Josefsson et al., 2006; Bjerkan
et al, 2020)]. In order to compare the observed cellularization
phenotype with nuclear proliferation in the syncytial endosperm,
we investigated the number of nuclei in hybrid endosperm. The
endosperm nuclei-number was significantly lower in A. thaliana x A.
lyrata compared to A. thaliana x A. arenosa hybrid seeds, suggesting
a reduction in endosperm proliferation rate (Figure 1C). Nonetheless,
germination rates of hybrid seeds from crosses with A. lyrata were
significantly higher than crosses with A. arenosa (Figure 1Dj
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Supplementary Datasheet S2), indicating that the endosperm
hybrid barrier is influenced in a diametrically opposed manner,
both in terms of the endosperm cellularization phenotype and the
effective output measured as the ability of hybrid seeds to germinate.

3.2 Endosperm phase change and
cellularization in hybrids are not
synchronized with embryo development

Compared to A. thaliana, viable seeds resulting from crosses
between A. thaliana mothers and A. arenosa or A. lyrata fathers
appear to develop along a slower embryo and endosperm
developmental path. This suggests that as long as endosperm
cellularization and embryo development are synchronized, seed
viability is not impacted. In A. lyrata x A. arenosa hybrid seeds with
unsynchronized endosperm and embryo development, the embryo
can be rescued in vitro, indicating that the barrier is caused by lack
of nutrient support to the growing embryo (Lafon-Placette and
Kohler, 2016).

To investigate synchronization of embryo and endosperm in A.
thaliana (Col-0) hybrid seeds with A. arenosa or A. lyrata fathers, we
used genetic markers of endosperm development that are expressed
before and after endosperm cellularization in A. thaliana (van
Ekelenburg et al, 2023). In A. thaliana the EE-GFP genetic marker
is expressed after fertilization and up to endosperm cellularization at
6-7 DAP (van Ekelenburg et al, 2023) and not expressed after
cellularization (Figures 2, S3). In A. thaliana x A. arenosa hybrid
seeds, expression of the EE-GFP marker was observed for the full
duration of the time series (15 DAP) and no visible downregulation
could be observed (Figures 2, S3). This expression pattern supports
the observation that A. thaliana x A. arenosa hybrid seeds fail to
initiate or have delayed endosperm cellularization (Figure 1) as
described previously (Josefsson et al., 2006; Bjerkan et al., 2020). In
contrast, when crossed to A. lyrata, expression of the EE-GFP marker
decreased from 5 DAP and only a low frequency of seeds expressed
the marker at cellularization around 9 DAP (Figures 2, S3). Taking
the developmental delay in the A. thaliana x A. lyrata hybrid into
account, the EE-GFP marker is prematurely terminated (Figure 2B),
in accordance with the early cellularization phenotype (Figure 1). In
A. thaliana self seeds, downregulation of the EE-GFP marker
coincides with endosperm cellularization (van Ekelenburg et al,
2023). In hybrid seeds from A. arenosa or A. lyrata fathers,
continued expression or premature EE-GFP downregulation,
respectively, (Figure 2B) coincides with diametrically opposed
cellularization phenotypes both indicating that the endosperm
phase change and cellularization is not synchronized with embryo
development, leading to embryo and seed failure.

In A. thaliana, the TE1-GFP genetic marker is expressed after
cellularization at 6-7 DAP (van Ekelenburg et al., 2023) and until seed
maturation at 17-19 DAP (Figures 3, S4). Delayed activation of
marker expression was observed at low frequency in the A.
thaliana x A. arenosa hybrid seeds with expression from 9 to 18
DAP (Figures 3, 54). Interestingly, in A. thaliana x A. lyrata hybrid
seeds the TE1-GFP marker expressed prematurely from before 6
DAP globular stage seeds lasting until 18 DAP (Figures 3, 54),
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FIGURE 1
Antagonistic endosperm phenotypes in hybrid seeds. Seeds from crossing A. arenosa (A.a.) or A. lyrata (A.L) as pollen donor to A. thaliana (Col-0)
have antagonistic endosperm phenotypes and display opposing seed germination rates. (A) Confocal images of Feulgen-stained Col-0 and hybrid
seeds 6 days after pollination (DAP) emphasizing endosperm cellularization. Open arrowhead points to syncytial endosperm nuclei, closed
arrowheads point to cellularized endosperm nuclei and full arrows point to the embryo. In Col-0 self cellularization occurs at the 6 DAP embryo
heart stage whereas in A.a. hybrid seeds the endosperm is mainly syncytial at 6 DAP. In A.l. hybrid seeds precocious endosperm cellularization is
observed 6 DAP already at the early globular stage. All crosses are female X male. Scale bar = 50 um. (B) Relative frequencies of embryo and
endosperm stages in seeds from the same crosses as above. Col-0, n = 37; Col-0 X A.a., n = 18; Col-0 X A.l, n = 93; EM, embryo stages; ES,
endosperm stages. (C) Number of endosperm nuclei in seeds from the same crosses as above, n = 10. Significance is indicated for the comparisons
between all genotypes (Wilcoxon rank-sum test: *P < 0.05; **P < 0.01; ****P < 0.0001). (D) Germination rates in seeds from the same crosses as
above. Biological replicates (siliques): Col-0, n = 4; Col-0 X A.a., n = 48; Col-0 x A.l, n = 48. Significance is indicated for the comparisons between
all genotypes (Welch's t-test: *P < 0.05; **P < 0.01; ****P < 0.0001).
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Early endosperm marker confirms aberrant cellularization timing in hybrid seeds. (A) Expression patterns of proAT5G09370>>H2A-GFP (EE-GFP) in

seeds of A. thaliana (Col-0) and in hybrid seeds from crossing A. arenosa (A.a.)/A. lyrata

(A.L) as pollen donor to Col-0 at 2, 4, 6, 8, 10 and 12 days

after pollination (DAP). Scale bar = 50 um. (B) Percentage of hybrid seeds expressing EE-GFP at 1-15 DAP. A. thaliana (Col-0) self crosses and hybrid

crosses are indicated with different colors

indicating premature endosperm phase change initiation and
supporting the observed precocious endosperm cellularization
phenotype (Figure 1).

In A. thaliana seeds the decrease of EE-GFP expression
and increase of TE1-GFP expression is strictly coordinated, with
limited overlap. This is contrasted by the EE-GFP and TE1-GFP
expression in seeds from hybrid crosses (Figure 4). Since the marker
transgenes are expressed from the maternal A. thaliana genomes,
the only difference in these crosses is the paternal contribution. For A.
thaliana x A. arenosa an overlap in expression of the markers
was observed from 9 DAP, caused by the prolonged expression of
the EE-GFP marker (Figure 4). In A. thaliana x A. lyrata overlapping
expression was observed from 6 to 10 DAP (Figure 4), showing a shift
in TEI-GFP expression towards earlier developmental stages,
although the A. thaliana x A. lyrata hybrid seeds develop slower
compared to both A. thaliana selfed and A. thaliana x A. arenosa
seeds (Figure 1).

3.3 Temperature alters the hybrid
barrier strength in diametrically
opposed directions

Lowering of temperature from 22°C to 18°C ameliorates the

germination efficiency of the hybrid seeds from A. thaliana mothers
crossed to A. arenosa fathers (Bjerkan et al, 2020). In order to
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investigate if the phenotypically contrasting hybrid barrier observed
in seeds from A. lyrata fathers was affected by temperature in a
corresponding way, we performed crosses between A. thaliana
(Col-0) mothers and A. Iyrata or A. arenosa fathers at 4°C
temperature windows ranging from 14°C to 26°C. Interestingly,
the germination rate of A. thaliana x A. arenosa hybrid seeds was
significantly enhanced by progressive lowering of the temperature,
and contrasted by the germination rate of A. thaliana x A. lyrata
hybrid seeds that was significantly enhanced by progressive increase
of the temperature (Figure 5; Supplementary Datasheet S2). In the
temperature window, the effects on the hybrid barriers followed a
close to linear, but opposed reaction norm. We applied more
extreme temperatures previously reported to be within the
normal, and not stress inducing, growth-range of A. thaliana
(Lloyd et al., 2018), but a further enhancement could not be
obtained (Supplementary Figure S5).

3.4 Accessions of A. thaliana influence
A. arenosa and A. lyrata hybrid
barriers antagonistically

Different accessions of A. thaliana affect the strength of the
hybrid barrier when crossed to A. arenosa (Burkart-Waco et al.,
20125 Bjerkan et al., 2020). Having demonstrated an antagonistic
temperature effect on the hybrid barrier when A. arenosa or A.
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FIGURE 3

Total endosperm marker confirms aberrant cellularization timing in hybrid seeds. (A) Expression patterns of proAT4G00220>>H2A-GFP (TE1-GFP) in
seeds of A. thaliana (Col-0) and in hybrid seeds from crossing A. arenosa (A.a.)/A. lyrata (A.l) as pollen donor to A. thaliana (Col-0) at 6, 8, 10, 14, 16
and 18 days after pollination (DAP). Scale bar = 50 pm. (B) Percentage of hybrid seeds expressing TE1-GFP at 5-19 DAP. A. thaliana (Col-0) self

crosses and hybrid crosses are indicated with different colors.

lyrata are crossed to A. thaliana mothers, we next investigated if
different A. thaliana accessions influence the hybrid barrier in
similar or opposite manner. We performed hybrid crosses with A.
arenosa and A. lyrata fathers to the diploid A. thaliana accessions
Col-0, C24 and Ws-2. Additionally, the tetraploid accession Wa-1
was used as a control, as tetraploid A. thaliana crossed to diploid A.
arenosa has been shown to increase hybrid seed survival (Josefsson
et al., 2006).

Compared to the Col-0 accession crosses, the C24 accession
enhanced seed survival significantly when crossed to A. arenosa,
contrasted by the A. Ilyrata hybrid where the germination rate
declined highly significantly compared to the Col-0 cross (Figure 6;
p <0.0001). For Ws-2, the germination rate was severely reduced in
the A. arenosa hybrid cross, contrasted by moderately high (though
lower than for Col-0) germination rate in the A. lyrata hybrid cross
(Figure 6, Supplementary Datasheet S2).

In the tetraploid A. thaliana Wa-1 to diploid A. arenosa hybrid
cross, the seed germination rate was enhanced, as previously
reported (Josefsson et al., 2006). In contrast, in the Wa-1 to A.
lyrata hybrid cross, the germination rate was significantly decreased
compared to the Col-0 cross (Figure 6). Notably, the effect on
hybrid seed viability was higher with the diploid C24 accession than
with the tetraploid Wa-1 accession.

Crosses performed in parallel at 18°C and 22°C demonstrated
the same trends at both temperatures (Supplementary Figure S6,
Supplementary Datasheet S2). Although large differences in the
barrier strength was observed, as measured by germination and seed
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viability, no obvious correlation could be found between seed
survival and seed size and circularity (Supplementary Figure S7).

3.5 A. thaliana accession effects are not
readily explained by endosperm
cellularization phenotype

To investigate if the endosperm phenotype reflects the influence of
accessions on hybrid seed viability, we inspected Feulgen stained 6
DAP hybrid seeds by confocal microscopy. We scored the number of
endosperm nuclei in A. thaliana accessions and accession hybrids with
A. arenosa and A. lyrata at 18°C and 22°C. The endosperm division
value [EDV; (Ungru et al., 2008)] was generally higher when A. arenosa
was involved (Figure 7; Supplementary Datasheet S3). No obvious
correlation between the number of endosperm nuclei and hybrid seed
viability was found (Supplementary Figure S8), however a significant
correlation between endosperm proliferation rates and growth
temperature could be observed in all crosses except A. thaliana C24
x A. lyrata. The latter hybrid cross did indeed exhibit very low
germination rates (Figure 6), however similar low germination rates
were found in A. thaliana Ws-2 x A. arenosa hybrid seeds but here
accompanied by a high endosperm proliferation rate (Supplementary
Figure S8, Supplementary Datasheet S3).

Seed phenotypes were scored for defined stages of embryo and
endosperm development. A. thaliana accession self crosses at 22°C
displayed embryo stages in the late heart to walking stick stage, with
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DAP

Overlapping expression of early and late endosperm markers in hybrid seeds. Percentage of seeds expressing proAT5G09370>>H2A-GFP (EE-GFP) and
proAT4G00220>>H2A-GFP (TE1-GFP) at 1-18 days after pollination (DAP) in A. thaliana (Col-0) self-crosses and from crossing A. arenosa (A.a.) or A. lyrata
(A.L) as pollen donor to A. thaliana (Col-0). EE-GFP expression in the Col-0 X A. arenosa hybrid seeds were not documented after 15 DAP.

C24 exhibiting the fastest embryonic development. Endosperm
cellularization was partly complete, though fully completed in most
A. thaliana C24 self-seeds (Figure 7; Supplementary Datasheet S3). In
A. thaliana accession x A. arenosa hybrid seeds, embryo development
ranged from globular to transition stages. The endosperm was mainly
syncytial or had initiated cellularization in the micropylar
endosperm. In the C24 cross almost half of the seeds exhibited
advanced cellularization stages and also complete cellularization. In
this cross, higher germination rate was correlated with temporally
correct timing of endosperm cellularization (Figures 6, 7).

In A. thaliana accession x A. lyrata hybrid seeds, embryonic stages
ranged from globular to heart, where the C24 accession displayed a
majority of heart stages, and Ws-2 a majority of globular stages. In the
Col-0 and C24 accession hybrids, near uniform complete endosperm
cellularization was observed, contrasted by early peripheral cellularization
in Ws-2 (Figure 7). In the case of the latter hybrid cross, embryo
development and endosperm cellularization appeared to be
synchronized, leading to higher seed viability (Figure 6). However,
large differences in seed viability between C24 (low) and Col-0 (high)
hybrid crosses (Figure 6) were not reflected by the endosperm
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cellularization phenotype as both crosses had mostly fully cellularized
endosperm and appeared to be in a similar embryonic stage (Figure 7).
A. thaliana accession hybrid crosses at 18°C exhibited a similar pattern
(Supplementary Figure S9). Major significant differences in seed viability
between C24 and Ws-2 (low vs medium-high; Supplementary Figure S6)
were not reflected by endosperm cellularization as both accession hybrids
exhibited mostly micropylar endosperm (Supplementary Figure 59). We
conclude that the effect of using different accessions in the hybrid crosses
can not readily be explained by a direct effect on the endosperm
cellularization phenotype alone and that a more complex interaction
between different genotypes occur.

3.6 Mutation of the MADS-box
transcription factor AGL35 influences
A. arenosa and A. lyrata hybrid
barriers antagonistically

Deregulation of type I MADS-box TFs has been correlated with
endosperm-based hybridization barriers (Walia et al., 2009), and
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all temperatures (Welch's t-test: **P < 0.01; ***P < 0.001; ****P < 0.0001).

many of these TFs are epigenetically regulated by the so-called FIS-
PRC2 and the histone methyltransferase MEDEA (MEA) (Zhang
et al., 2018). Mutation of MEA results in ectopic proliferation of
endosperm nuclei and delayed cellularization (Grossniklaus et al.,
1998; Kohler et al.,, 2003; Guitton et al,, 2004) and we therefore
investigated if endosperm overproliferation in A. thaliana mea
mutant mothers crossed to A. arenosa or A. lyrata enhances or
alleviates the hybrid barriers, respectively.

Heterozygous self-crossed A. thaliana mea mutants resulted in
a reduced germination rate of 60% meaning that 80% of seeds
carrying the mutant maternal allele failed to germinate due to
delayed endosperm cellularization (Supplementary Figure S10).
Crossing A. thaliana mea to A. arenosa or A. lyrata resulted in a
significant decrease in seed survival compared to Col-0 crosses
(Supplementary Figure S10, Supplementary Datasheet S2). Reduced
germination rate in both crosses corresponded to an additive effect
of the reduced germination of the heterozygous A. thaliana mea
mutation. Compared to expected values, single gene mutation of
mea could not bypass the A. thaliana x A. lyrata species barrier, nor
enhance the A. thaliana x A. arenosa barrier (Supplementary Figure
§10, Supplementary Datasheet S2).
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We studied the effect of single candidate genes regulated by FIS-
PRC2 (Zhang et al., 2018). The mutant agl35-1 in the Col-0
background was previously shown to strengthen the barrier when
A. thaliana was crossed to A. arenosa (Bjerkan et al, 2020) and
AGL35 was upregulated in the same hybrid cross (Walia et al., 2009).
AGLA0 is similarly expressed in the endosperm (Zhang et al., 2018),
upregulated in hybrids (Walia et al,, 2009) and mutant seeds have
reduced seed size (Kirkbride et al., 2019). To investigate if mutation of
single candidate genes could produce opposed effects on the hybrid
barrier when crossing A. thaliana mothers to A. lyrata or A. arenosa,
as observed when changing temperature or A. thaliana accession
(Figures 5, 6), we performed A. lyrata and A. arenosa crosses to A.
thaliana agl35-1 and agl40-1 and scored seed germination.

Interestingly, in crosses where agl35-1 was crossed to A. arenosa
or A. lyrata a highly significant decrease or increase in germination
rate was observed, respectively, compared to wild type Col-0 crosses
(Figure 8A). Single mutation of AGL35 affected the hybrid barrier
strength in diametrically opposed directions, as in crosses to A. lyrata
the germination rate was significantly enhanced, in contrast to A.
thaliana x A. arenosa crosses where the germination rate was
significantly reduced (Figure 8A). Mutation of AGL40 crossed to A.
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thaliana (Col-0/C24/Ws-2/Wa-1) at 22°C. Biological replicates (siliques): Col-0 x A.a., n = 16 (533 seeds); C24 x A.a., n = 16 (805 seeds); Ws-2 X A.a.,
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data points. Significance is indicated for comparisons between Col-0 X A.a./Col-0 X A.L and crosses involving other A. thaliana accessions

(Welch's t-test; *P < 0.05; ****P < 0.0001).

arenosa did not significantly affect germination rate, but in crosses to
A. lyrata germination rate was significantly reduced. Col-0 crossed to
A. lyrata displayed reduced seed size (Figures S2, S7) due to early
endosperm cellularization (Figure 1), and thus the mutation of
AGL40 may increase the frequency of early cellularization.

To test if cryptic genetic variation in the agl35-1 mutant line
could account for the observed phenotype, heterozygous agl35-1
was introgressed twice to Col-0 and segregating progeny of selfed
heterozygotes were crossed to A. arenosa. The segregating agl35-1
A. thaliana mothers were genotyped for the agl35-1 insert and
germination rate of hybrid seeds was scored (Figure 8B).
Importantly, the germination rate of segregating wildtype plants
(agl35+/+) was not significantly different from wildtype (Col-0)
when crossed to A. arenosa. Both homozygous (agi35-1 -/-) and
heterozygous agl35-1 +/- plants crossed to A. arenosa displayed
significantly lower germination rate than Col-0 crossed to A.
arenosa, indicating that the increased strength of the hybrid
barrier was caused by mutation of AGL35. Furthermore, the
observation that the strength of the hybrid barrier can be caused
by heterozygous (agl35-1 +/-) plants crossed to A. arenosa indicates
that the observed phenotype is caused by genetic interaction
occurring in the fertilization products, the embryo or
the endosperm.
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4 Discussion

Recent advances in elucidating molecular mechanisms and
genetic networks in hybrid endosperm lethality suggest that
imprinted genes and genetic variation in the hybrid parents are
important factors that can enhance or repress the frequency of the
endosperm-based barrier (Bushell et al., 2003; Josefsson et al., 20065
Walia et al., 2009; Burkart-Waco et al., 2012; Burkart-Waco et al.,
2013; Kradolfer et al., 2013; Schatlowski et al., 2014; Burkart-Waco
et al., 2015; Rebernig et al., 2015; Wolff et al., 2015; Bjerkan et al.,
2020). However, the mechanistic role of these factors and the
interplay of genetic networks is largely unknown. For instance,
ploidy can bypass the endosperm-based post-zygotic barrier, but a
general role of ploidy cannot be attributed since ploidy plays a
different role in maternal and paternal cross settings (Lafon-Placette
et al, 2017). Furthermore, the role of gene dosage and genomic
imprinting is supported by reports suggesting that mutation of
MEGs and PEGs can overcome the endosperm-based post-zygotic
barrier (Dilkes et al., 2008; Walia et al., 2009; Wolff et al., 2015;
Borges et al., 2018), but a general role of imprinted genes cannot be
defined since only some imprinted genes appear to have this effect
(Walia et al., 2009; Burkart-Waco et al., 2015; Rebernig et al., 2015;
Wolff et al., 2015). Since different accessions of the parental
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FIGURE 7

Effect of temperature, accession and hybridization on endosperm development. Confocal images showing endosperm cellularization of 6 DAP Feulgen-
stained seeds from crossing A. arenosa (A.a.) or A. lyrata (A.L) as pollen donor to A. thaliana (accession Col-0 or C24 or Ws-2) at 22°C. Scale bar = 50
um. Mean endosperm division value (EDV) is shown within each image, ngpy = 10 seeds. Beneath each image quantification of the described embryo
and endosperm stages is shown as bar charts: Col-0, n = 36; Col-0 X Aa., n = 23; Col-0 X Al, n =23, C24, n=32; C24 X Aa., n =22, C24 X AL,

n =31, WS-2, n = 26; WS-2 X A.a., n = 51; WS-2 X A.l, n = 37. Embryo stages (EM): 4c, 4-cell; Oc, Octant; G|, Globular; Tr, Transition; He, Heart; To,
Torpedo; WS, Walking stick; Endosperm cellularization stages (ES): Sy, Syncytial endosperm; Mi, Micropylar endosperm cellularization; Pe, Peripheral
endosperm cellularization; PC, Partially complete endosperm cellularization; Co, Complete endosperm cellularization

individuals in a hybrid cross can partly bypass the endosperm-based Here we demonstrate that interspecies hybrid seeds from
post-zygotic barrier without any change in ploidy (Walia et al,  crossing A. lyrata or A. arenosa as the paternal parent to A.
2009; Wolff et al., 2015), the role of maternal and paternal genomes  thaliana mothers show antagonistic endosperm cellularization
cannot be generalized. phenotypes, with late cellularization in crosses with A. arenosa
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FIGURE 8

Genetic parameters influence the hybrid barrier. (A) Germination rate of seeds from crossing A. arenosa (A.a.)/A. lyrata (A.l) as pollen donors to A.
thaliana (Col-0), single mutants agl35-1-/- and agl40-1-/- at 18°C. Biological replicates (siliques): Col-0 x A.a., n = 16 (833 seeds); agl35-1-/- X A.a.,
n = 16 (904 seeds); agl40-1-/- x A.a., n = 16 (879 seeds); Col-0 X A.l, n = 16 (457 seeds); agl35-1-/- X A.l, n = 16 (509 seeds); agl40-1-/- X A.L,

n = 16 (525 seeds). (B) Germination rate of seeds from crossing A. arenosa (A.a.) as pollen donor to A. thaliana (Col-0), homozygous agl35-1-/-,
twice introgressed agl35-/- into Col-0 (agl35+/+), and heterozygous agl35-1 +/- at 18°C. Biological replicates (siliques): Col-0 x A.a., n = 16 (833
seeds); agl35-1-/- X A.a., n = 18 (1064 seeds); agl35+/+ X A.a., n = 14 (1562 seeds); agl35-1 +/- x A.a., n = 10 (525 seeds). Box plot contains
scattered data points representing germination rates observed per silique. Outliers are plotted as large data points. Significance is indicated for the
comparisons between Col-0 crosses and the mutant crosses (Welch's t-test; **P < 0.01; ***P < 0.001).

and early cellularization in crosses with A. lyrata. In both cases,
cellularization failure results in an endosperm-based hybrid barrier
and reduced viability of germinating seeds. This compares to
previous studies where timing of endosperm cellularization is
influenced by the paternal species in reciprocal A. arenosa and A.
Iyrata interspecies crosses and in crosses within the genus Capsella
(Rebernig et al., 2015; Lafon-Placette et al., 2017). Intriguingly, we
find that a temperature gradient leads to diametrically opposed
cellularization phenotype responses in hybrid endosperm with A.
arenosa or A. lyrata as pollen donors. In addition, A. thaliana
accession genotypes also influence hybrid seed viability in opposite
directions. To this end, we demonstrate that single gene mutation in
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A. thaliana MADS-box TF AGL35 independently can affect the
germination rates of A. arenosa or A. lyrata hybrid seeds in
opposite directions.

4.1 Ectopic timing of endosperm
developmental phase change

The endosperm genetic markers EE-GFP and TE1-GFP mark
syncytial endosperm development before cellularization and
cellular endosperm stages, respectively (van Ekelenburg et al,
2023). We show that timing of the developmental phase change
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connected to endosperm cellularization is disturbed in hybrid seeds.
In the Col-0 x A. arenosa hybrid seeds that fail to cellularize, the EE-
GFP marker continues to be expressed throughout endosperm
development, indicating phase change failure. In the Col-0 x A.
lyrata hybrid seeds, characterized by early cellularization, the
developmental time point of TE1-GFP expression indicates
occurrence of a premature phase change. These findings support
that not only the timing of endosperm cellularization is affected in
these developing hybrid seeds, but also the developmental timing of
the genetic network associated with endosperm phase change and
maturation occurring at cellularization. In accordance with the
incomplete endosperm hybridization barrier, prolonged
expression of EE-GFP in Col-0 x A. arenosa seeds and precocious
expression of TE1-GFP in Col-0 x A. lyrata seeds were not observed
in all individual seeds. This suggests that gene regulation associated
with the endosperm phase change within each hybrid seed varies
and potentially is affected by genetic or epigenetic variation that
modulates threshold levels for gene activation or repression.

In our system the sole difference between the two hybrids is the
paternal parent, indicating a trans-acting mechanism, where
differential expression from A. lyrata and A. arenosa genomes
regulates the genetic markers expressed from the A. thaliana
genome. Supporting this hypothesis, paternal transmission of
mutants in NUCLEAR RNA POLYMERASE D1 (NRPD1) can
bypass the cellularization phenotype in paternal excess inter-ploidy
crosses (Erdmann et al.,, 2017; Martinez et al., 2018). NRPD1 is a
main component in the the RNA-directed DNA methylation
(RdADM) pathway, resulting in small RNA directed gene
regulation by de novo DNA methylation (Law et al, 2013;
Kirkbride et al,, 2019) and could be a potential trans-acting
regulatory mechanism (Erdmann et al., 2017). Future experiments
to identify transcriptional differences from the parental genomes in
hybrid seeds may point at key genes and mechanisms responsible
for ectopic timing of the endosperm developmental phase change.

4.2 Temperature and accession affect the
viability of hybrid seeds

We found that by increasing the temperature from 14°C to 26°C,
Col-0 x A. arenosa seeds display significantly decreased germination
rates (more than 30%). The same temperature range has an opposite
effect in Col-0 x A. lyrata seeds resulting in increased germination rates
(more than 50%). This demonstrates a temperature dependent genetic
mechanism that acts antagonistically when A. thaliana is crossed to A.
arenosa or A. lyrata and produces diametrically opposed cellularization
phenotype responses in the hybrid endosperm.

Interestingly, in Brassica oleracea, temperature affects abscisic
acid (ABA) levels specifically in the endosperm and cooler
temperatures obstruct the breakdown of ABA in the desiccating
endosperm (Chen et al.,, 2021). This is consistent with a recent report
demonstrating that A. thaliana inter-ploidy uncellularized
endosperm induced by paternal excess is correlated with increased
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ABA levels, suggesting that endosperm cellularization is connected to
dehydration responses in the developing embryo (Xu et al., 2023).
ABA catabolism in response to temperature may therefore be a
potent mechanism to explain the temperature influence on the hybrid
barrier when A. thaliana is crossed to A. arenosa. In a similar manner,
we further speculate that precocious cellularization in crosses with A.
lyrata may be associated with a similar mechanism that triggers ABA
breakdown, but this needs further investigation.

Notably, the effect of using different A. thaliana accessions in the
hybrid crosses is larger than the temperature effect (close to 70%
difference), and even larger than the interploidy effect. While the Col-
0 and Ws-2 A. thaliana accessions resulted in a generally higher
germination rate when hybridized with A. Iyrata compared to A.
arenosa, the C24 accession had the opposite effect. The way the
accessions affected hybrid seed viability in opposite directions may
point at a similar mechanism as observed in the temperature
experiment. However, our results do not readily explain the
observed germination rates by cellularization phenotype alone, and
further investigations are required to resolve these observations.

Crossing tetraploid A. thaliana Wa-1 to diploid A. arenosa
increases hybrid seed survival (Josefsson et al., 2006). In addition,
ploidy affects the strength of the hybrid barrier in crosses between
A. arenosa and A. lyrata, where higher ploidy in A. lyrata increases
the hybrid seed survival rate, while higher ploidy in A. arenosa
causes total seed lethality (Lafon-Placette et al, 2017). Our data
show that a similar effect is found using the diploid accession C24,
suggesting that C24 may have a higher effective ploidy and
endosperm balance number [EBN; (Johnston and Hanneman,
1982)] compared to Col-0 and Ws-2. This corresponds well with
the hypothesis that A. lyrata has a lower EBN compared to A.
arenosa (Lafon-Placette and Kohler, 2016), explaining why crosses
with C24 or Wa-1 decrease seed viability in the A. lyrata hybrid.
However, it does not explain why A. lyrata crosses with the diploid
C24 is more detrimental than crosses with the tetraploid Wa-1,
suggesting that accession genotypes, in addition to ploidy, has an
effect on the endosperm-based hybridization barrier.

4.3 AGL35 influences endosperm
cellularization in hybrid seeds

AGAMOUS-LIKE (AGL) type I MADS-box TFs are highly
expressed in the seed, specifically during endosperm cellularization
(Bemer et al., 2010; Zhang et al,, 2018; Bjerkan et al., 2020). Their
importance in the endosperm-based hybridization barrier has been
suggested by several studies (Josefsson et al., 2006; Walia et al., 2009;
Bjerkan et al, 2020) and it has been hypothesized that timing of
endosperm cellularization requires a stoichiometric balance between
members of different MADS-box protein complexes (Batista et al.,
2019). In this study we demonstrate that mutation in A. thaliana
AGL35 has a highly significant and opposite effect on the hybrid
barrier phenotype when crossed to A. lyrata and A. arenosa,
respectively. AGL35 is bi-allelicly expressed in the chalazal
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endosperm (Bemer et al,, 2010; Bjerkan et al., 2020) and upregulated
in crosses between A. thaliana and A. arenosa compared with
compatible crosses (Walia et al., 2009). Our results indicate that
AGL35 is involved in the transition from syncytial to a cellularized
endosperm, and may function as a promoter of cellularization, as
mutant crosses to A. arenosa result in lower seed survival, while
mutant crosses to A. lyrata result in increased survival compared to
Col-0 crosses. Interestingly, a massive-multiplexed yeast two-hybrid
study identified interaction between AGL62 and AGL35 (Trigg et al.,
2017). These AGL TFs have seemingly antagonistic functions as
AGL62 is a suppressor of endosperm cellularization (Kang et al,
2008). Paternal excess interploidy crosses cause increased AGL62
expression, correlated with endosperm cellularization failure (Erilova
et al,, 2009). AGL62 is also a direct target of the FIS PRC2 complex
(Hehenberger et al., 2012) whereas we could see no direct effect on the
A. arenosa or A. lyrata hybrid with A. thaliana by mutation of FIS
PRC2. The antagonistic effects of single gene mutation of AGL35 is
intriguing, and we speculate that expression differences between A.
arenosa and A. lyrata in the hybrid endosperm may account for our
observations but future investigation of this interaction and the role
of AGL35 in regulation of endosperm-based hybridization barriers
is required.

4.4 Conclusions

The findings in this study introduce a rigorous model system for
the dissection of the influence of abiotic and genetic parameters in
hybrid admixture, and have a large potential to support breeding
and climate research. Further examination and usage of these
approaches could help pinpoint genes, networks or gene dosage
balances that are involved in overcoming the endosperm-based
hybridization barrier. Species previously thought to be unable to
hybridize due to postzygotic seed lethality may be able to do so
given favorable conditions, and a similar effect could also apply to
interploidy hybrids.

Currently, it is not known if the temperature effect on
hybridization success is mediated by the same genetic network that
is operated by changes in ploidy or genetic variation. Phenotypically,
the temperature effect restores defects in timing of cellularization, but
it is not known if the trigger is upstream or downstream of the
causative genetic network. Elucidation of the genetic, epigenetic and
mechanistic basis for this cross talk between the genic and
environmental factors is therefore essential for our understanding
of the plasticity of endosperm-based hybridization barriers.
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Supplementary Figure 1. Reduced seed set and
pollen tube burst failure in A. thaliana (Col-0) x 4.
lyrata (A.1.) F1 hybrids. (A) Number of seeds per
silique. Biological replicates (siliques): Col-0, n =
3; Col-0 x 4. arenosa (A.a.),n =78, Col-0 x 4.1,
n = 48. Outliers are plotted as large data points.
Significance is indicated for comparisons between

| Col-0 and Col-0 x A.a./A4.l. (Wilcoxon rank-sum

test: **P < 0.01, ****P <(.0001). (B) Representa-
tive images showing open siliques from the cross-
es between Col-0 x A.a. (left) and Col-0 % A.L
(right). Full arrows point to healthy seeds and
arrow heads point to aborting seeds. (C) Left:
Percentage of seeds with pollen tube burst failure
in Col-0 x 4.a. (n =57 seeds) and Col-0 X 4.1 (n=
202 seeds) growing at 22 °C. Right: Light micros-
copy images of chloral hydrate cleared seeds at 3
days after pollination (DAP) from Col-0 x 4.a./A.1.
showing pollen tube burst failure. Scale bar = 50
pum.
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Supplementary Figure 2. Seed phenotypes in F1
hybrids. (A) Light microscopy images of chloral
hydrate cleared seeds at 6 and 12 days after pollina-
tion (DAP) from A. thaliana (Col-0), Col-0 x A.
arenosa (A.a.) and Col-0 x A. lyrata (A.L). () Confo-
cal micrographs showing endosperm cellularization
of Feulgen-stained seeds at 3, 6 and 10 DAP from
Col-0 x A.L Frequency of endosperm cellularization
and embryo stages is indicated by color code.
Biological replicates (siliques): 3 DAP, n = 72; 6
DAP, n =93; 10 DAP, n = 33; EM (embryo stages);
ES (endosperm stages). Scale bar = 50 pm.
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Supplementary Figure 3. Confocal micrographs of proAT5G09370>>H2A-GFP (EE-GFP) in
seeds of 4. thaliana (Col-0) and in hybrid seeds. Crosses of A. thaliana (Col-0) with 4. arenosa
(A.a.) or A. lyrata (A.L) used as pollen donors from 1 to 15 days after pollination (DAP) are
shown. Scale bar = 50 pm.
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Supplementary Figure 4. Confocal micrographs of proAT4G00220>>H2A-GFP
(TE1-GFP) in seeds of A. thaliana (Col-0) and in hybrid seeds. Crosses of 4. thaliana
(Col-0) with A. arenosa (A.a.) or A. lyrata (A.1.) used as pollen donors from 6 to 21 days
after pollination (DAP) are shown. Scale bar = 50 um.
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Supplementary Figure 5. Temperature affects germination rate of hybrid seeds. (A) Germination rate of
A. thaliana (Col-0) x 4. arenosa (A4.a.) hybrid seeds at 8°C, 14°C, 18°C, 22°C, 26°C and 28°C. Biological
replicates (siliques): 8°C,n=16 (811 seeds); 14°C, n = 83 (3243 seeds); 18°C, n =48 (2610 seeds); 22°C,
n=16 (796 seeds); 26°C, n =78 (2713 seeds); 28°C, n =16 (663 seeds). (B) Germination rate of 4. thali-
ana (Col-0) x A. lyrata (A.1.) hybrid seeds at 8°C, 14°C, 18°C, 22°C, 26°C and 28°C. Biological repli-
cates (siliques): 8°C, n =16 (345 seeds); 14°C, n = 84 (1676 seeds); 18°C, n =47 (1540 seeds); 22°C, n
=16 (533 seeds); 26°C, n = 85 (2043 seeds); 28°C, n = 16 (699 seeds). Box plot contains scattered data
points representing germination rates observed per silique. Outliers are plotted as large data points.
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Supplementary Figure 6. Temperature effect on germination rate in hybrid seeds varies with A. thaliana
accession. Germination rate of seeds from crossing 4. arenosa (4.a.) / A. lyrata (A.l.) as pollen donor to
A. thaliana (Col-0/C24/Ws-2/Wa-1) at 18°C and 22°C. Biological replicates (siliques): Col-0 X A.a.
18°C, n =48 (2610 seeds); Col-0 x A.a. 22°C, n =16 (533 seeds); C24 x A.a. 18°C, n =16 (925 seeds);
C24 x A.a. 22°C, n = 16 (805 seeds); Ws-2 x 4.a. 18°C, n =16 (987 seeds); Ws-2 x 4.a. 22°C,n =16
(947 seeds); Wa-1 x A.a. 18°C, n = 15 (546 seeds); Wa-1 x A.a. 22°C, n = 16 (805 seeds); Col-0 x A4./.
18°C, n = 47 (1540 seeds); Col-0 x 4./. 22°C, n = 16 (533 seeds); C24 x 4.1 18°C, n =16 (801 seeds);
C24 x A.1. 22°C,n =16 (821 seeds); Ws-2 x 4.1. 18°C, n =16 (843 seeds); Ws-2 x 4.1. 22°C,n=16 (572
seeds); Wa-1 x 4.1 18°C, n = 16 (546 seeds); Wa-1 x 4./, 22°C, n = 16 (759 seeds). Box plot contains
scattered data points representing germination rates observed per silique. Outliers are plotted as large data
points.
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A. thaliana A. thaliana x A. arenosa A. thaliana x A. lyrata
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Supplementary Figure 8. Number of endosperm nuclei varies with temperature, accession and hybrid-
ization. Number of endosperm nuclei was counted in seeds (n = 10) from 4. thaliana (Col-0/C24/Ws-2)
self-crosses and from crossing A. arenosa (A.a.) or A. lyrata (A.l) as pollen donor to A. thaliana
(Col-0/C24/Ws-2). Significance is indicated for the comparisons of 18°C and 22°C between all acces-
sions (Wilcoxon rank-sum test: **P < 0.01; ***P <0.001; ****P <0.0001). Outliers are plotted as large
data points.
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Supplementary Figure 9. Effect of temperature, accession and hybrid-
ization on endosperm development. Confocal images showing endo-
sperm cellularization of Feulgen-stained seeds from A. arenosa (4.a.) or
A. Iyrata (A.1.) crossed as pollen donor to 4. thaliana (accession Col-0
or C24 or Ws-2) at 18°C. Scale bar = 50 pm. Mean endosperm division
value (EDV) is shown within each image, nEDV = 10 seeds. Quantifica-
tion of the described embryo and endosperm stages in each cross are
shown as bar charts: Col-0, n =37; Col-0 X 4.a.,n=18; Col-0 x 4./, n
=93;C24,n=32;C24 x A.a.,n=23;C24 x A.l.,n=37, WS-2, n=23;
WS-2 x 4.a.,n=16; WS-2 x 4], n = 12. Embryo stages (EM): 4c:
4-cell, Oc: Octant, Gl: Globular, Tr: Transition, He: Heart, To: Torpedo,
WS: Walking stick. Endosperm cellularization stages (ES): Sy: Syncy-
tial, Mi: Micropylar, Pe: Peripheral, PC: Partially complete, Co: Com-
plete.
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Supporting Information Fig. $10: Germination rate of
A. thaliana mea and WT hybrid seeds from crosses with
A. arenosa or A. lyrata. The x-axis indicates the genotype
of the A. thaliana cross partner. Crossing mea to A.
arenosa or A. lyrata results in a significant decrease in
seed survival when compared to Col-0O crossed to A.
arenosa or A. lyrata. The mea mutant crossed to self
results in 60% viable seeds, indicating that the crosses to
A. arenosa and A. lyrata do not have an impact on the
seed survival compared to the Col-0 background.
Welch’s t-test: *P < 0.05; **P < 0.01. Outliers are plotted
as large data points.
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