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Summary of contents

Heterosis refers to the ability of the F1 offspring to display superior characteristics compared
with their parents and despite being genetically studied since the early 1900s, many aspects of
this phenomenon remain unclear. Heterotic effects on seed size, an important agronomic trait,
can be elicited by diverse mechanisms such as hybridity and/or genome dosage effects (e.g.
polyploidy or the presence of more than two full chromosome sets within a cell). The
angiosperm seeds are complex structures comprising the two fertilisation products (i.e. embryo
and endosperm), enclosed by a sporophytic maternal tissue (the seed coat), which differ in their
genetic composition and ploidy level. The endosperm is characterised by a misbalance of
genome dosage (2m:1p maternal:paternal genome ratio) and nourishes the embryo with
nutrients acquired from the mother plant. However, endosperm development can be affected
when parental genome dosage perturbations occur (e.g. mating between individuals of different
ploidy levels), leading to dramatic seed size changes according to whether maternal or paternal
genomes are in excess.

In this thesis, | studied parent-of-origin effects (which typically occur when the phenotype
depends on whether it is inherited maternally or paternally) on seed size associated with both
hybridity and genome dosage. Using natural variation of Arabidopsis thaliana accessions, |
investigated the unique genetic and phenotypic effects only observed when maternal to paternal
genome dosage ratios are altered in the F1 developing seed, and demonstrated that a MYB-
type transcription factor (MYB119) is a genome-dosage specific regulator of triploid F1 seed
size when the maternal genome dosage is in excess. Finally, | further showed that the effects
of MYB119 on F1 seed size are dependent upon its own gene dosage (maternal and paternal),
independently of other genomic regions. This thesis highlights the importance of maintaining
the stoichiometric genome dosage balance for ensuring parental control over resource
allocation to F1 seeds. Taken together, our results could open new avenues in developing new
genome dosage-based strategies for trait improvement in plant breeding programs, as
polyploidy is very common among some of the most valuable crops, including bread wheat,
potato or upland cotton.

Xi



Chapter 1

Chapter 1. General Introduction
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1. Introduction to Heterosis and Historical Perspective

Heterosis (also known as hybrid vigour) refers to improvement in performance of the filial 1
(F1) offspring of a cross when compared to their parental lines in relation to specific
measurable traits (Birchler et al., 2010; Schnable & Springer, 2013). Most of the improved
characteristics that are attractive to plant breeders are related to plant physiology or
developmental/reproductive traits due to their agricultural relevance (e.g. seed yield, growth
rate or photosynthetic capacity). In fact, this phenomenon is an essential tool for increasing
crop yields per unit area (Fujimoto et al., 2018; Labroo et al., 2021). Given its scientific interest
and economic importance for sustainable food and crop production, heterosis has been
genetically studied since the early 1900s, however many aspects of this phenomenon remain
elusive (Birchler et al., 2010; Chen, 2010; Schnable & Springer, 2013; Govindaraju, 2019).
The first observations of heterosis dates as early as 1700s, after the botanist Joseph Koelreuter
noticed that the hybrid progeny of tobacco plants exceeded the height of their parents (Reed,
1942; Chen, 2013). However, Darwin was the pioneer in the characterisation of this
phenomenon in 1876 when he observed the F1 progeny from cross-fertilised (hybrid) crosses
among 60 plant species that presented “greater height, weight, and fertility” than those from
self-fertilised plants (Darwin et al., 1878). The term heterosis was coined some years later in
1914 by George Shull, to replace the more cumbersome word “heterozygosis”, which did not
express the superior performance of the F1 generation. He also verified the phenomenon in
breeding programs of maize (Zea mays), demonstrating a dramatic increase in the yields of
hybrids between inbred lines relative to their parental lines (Shull, 1908; Chen, 2013; Miyaji
& Fujimoto, 2018). Heterosis has remodelled agricultural practices and the seed industry since
then due to its versatile nature. Both positive (increasing the trait value of interest relative to
the parents) and negative heterosis (decreasing the trait value, also known as subtractive
heterosis) can be used in breeding programmes depending on the desired trait. In general,
positive heterosis is preferable for yield; however, negative heterosis for seed size (smaller
seeds) is more desirable in certain crops such as grapes, watermelon, or tomato (Milborrow,
1998). Negative heterosis for growth duration is also useful for earliness and it has special
relevance in rainfed crops such as sesame (Kumar et al., 2015).

Two major limitations of this phenomenon can be differentiated. Firstly, the advantages of
hybrid vigour are restricted to the F1 generation (Hufford & Mazer, 2003), after which the
phenotypic uniformity and heterosis level decrease in the F2 and subsequent generations. This
feature could result in an economic constraint, as farmers are challenged to purchase F1 hybrids
from breeding companies each year (Ryder et al., 2019). Plant scientists have attempted to find
a solution to this limitation in the model plant Arabidopsis thaliana (A. thaliana hereafter),
with novel alternatives such as the so-called hybrid mimic lines, whose F5/F6 generations
showed stabilisation of heterosis (stable F1-like characteristics) (Wang et al., 2015; Wang, Li
et al., 2019). Secondly, it is very complex to predict the F1 performance. Heterosis is a non-
additive mode of inheritance where the F1 phenotype differs from the parental line’s
performance (Fridman, 2015), and this implies the need of laborious field testing of hybrids
developed from complex breeding designs.
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Heterosis has been traditionally conceived as the consequence of genetic hybridity, although
in recent years, evidence for other mechanisms has been demonstrated. What follows is a
description of the different routes that can lead to the heterosis phenomenon beyond the concept
of heterozygosity, as well as the classic quantitative genetic explanations for it.

1.1 Classical Genetic Models for Explaining Heterosis

The genetic basis of heterosis has been discussed for over a century without an emerging
consensus (Birchler et al., 2006). The three major hypotheses that attempt to explain heterosis
from a classical genetic perspective are the i) dominance, ii) overdominance and iii) epistasis
models (Figure 1.1).

i) The dominance model is based on the hypothesis that deleterious recessive alleles
are masked by dominant superior alleles in the resulting F1 hybrid progeny from crossing
genetically distinct genomes (Birchler et al., 2003; Chen, 2013; Miyaji & Fujimoto, 2018).
Heterozygosity per se is not a prerequisite according to this model. Instead, heterosis would be
the combination of superior alleles at as many loci as possible. Ultimately, the dominance
model can be interpreted as the reversal of inbreeding depression, which can be described as
the accumulation of deleterious recessive alleles by subsequent cycles of self-pollination
(Charlesworth & Willis, 2009).

i) The overdominance model focuses on heterozygosity itself and allelic interactions
at particular locus or loci that are advantageous exclusively in a heterozygous state. Basically,
the studied trait is superior in its heterozygous over its homozygous state (Hochholdinger &
Baldauf, 2018). An example of single locus overdominance is the case of SINGLE FLOWER
TRUSS (SFT) in tomato (Solanum lycopersicum), where a dramatic increase in inflorescence
number per plant and thereby in yield was reported when SFT was present in a heterozygous
state only (Krieger et al., 2010).

iii) The epistasis model proposes that heterotic effects emerge after novel interactions
between alleles at different loci may happen in F1 hybrids when one allele is complemented
and its gene product affects the function of one or more products of other genes in trans
(Springer, N. M. & Stupar, R. M., 2007). This hypothesis was supported by several studies that
validated epistasis as the main genetic basis of hybrid vigour for multiple traits in rice (Oryza
sativa), maize and wild tomato Lycopersicon hirsutum (Yu et al., 1997; Monforte & Tanksley,
2000; Liu et al., 2003; Yu et al., 2005; Ma et al., 2007).

These models have been debated for more than a century, and the relative contribution of each
of these mechanisms, as well as their association with molecular principles, is still unclear. As
a result, it is likely that no one model can fully explain the phenomenon of heterosis, but a
combination of them. Indeed, it is expected that different mechanisms trigger heterosis under
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different scenarios such as combinations of crosses in different species or trait-specific
heterosis (Chen, 2013; Schnable & Springer, 2013).

Py Fy P,
A Aa b{g
AAbb e ‘ aaBB
Dominance model z --- ----- , ----- Performance
B A A,

AA ‘ A A,
Overdominance model ------ ’ -------- ’ -------- 6 -------- Performance

C A1 A, 31 B,

A1 A, B, B, A,A,B, B,
Epistasis model @ --—-fHe-ioo -kl ’ ~, ----- Performance

Figure 1.1. Genetic models of Heter05|s. A) Dominance hypothesis. Deleterious recessive
alleles (a and b) are complemented by dominant superior alleles (A and B) in the F1. B) Single
locus overdominance hypothesis. Heterozygosity at locus A (A:1A2) leads to superior
performance in the F1. C) Epistasis hypothesis. Non-allelic genes (A2 and B1) inherited from
the parental lines interact and contribute to heterosis in the F1. Py, Parent 1; P2, Parent 2.
Modified from (Liu et al., 2020), details according to (Miyaji & Fujimoto, 2018) and (Fujimoto
etal., 2018).

1.2 Transcriptional Regulation and Heterosis

Beyond the general idea that hybrid vigour is the result of functional complementation of
deleterious alleles, or the superior performance of the hybrids due to heterozygosity, the
relatively novel role of transcriptional regulation in heterosis is gaining relevance (Botet &
Keurentjes, 2020). Gene expression is a complex process that is tightly regulated by genetic
and epigenetic changes in response to developmental and environmental cues (Pastinen, 2010).
It is known that natural variation for gene expression is a common source of phenotypic
diversity within and between species (Zheng et al., 2011) as well as in hybrids. An illustrative
example is the work by Miller and colleagues (2015), where they showed how natural variation
for stress-responsive gene expression in A. thaliana accessions has an impact on heterosis.
Specifically, they demonstrated that parental differences in expression of two stress-responsive
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genes are important for rosette biomass heterosis (Miller et al., 2015). In other words,
expression differences of selected stress-responsive genes among diverse A. thaliana
accessions could be a powerful tool to predict a heterotic response in their F1 hybrids.

Another source of variation in gene expression is the fact that genes can be differentially
expressed in different genotypic backgrounds (e.g. a hybrid and its parents) due to cis- and/or
trans-regulatory changes as well as epigenetic changes. On one hand, trans-regulatory changes
in gene expression can be caused by allelic variation in expression regulators such as
transcription factors. The nature of this variation can be functional (e.g. variation in coding
sequences) or transcriptional, through changes in the abundance of the regulator. Trans-
regulatory genes are located at physically different positions than their target genes, either very
distant or even located on different chromosomes (Botet & Keurentjes, 2020). On the other
hand, cis-regulatory elements have been traditionally described as non-coding DNA sequences
containing binding sites for transcription factors and/or other regulatory molecules required for
activating/repressing transcription (Wittkopp & Kalay, 2012). The best understood cis-
regulatory elements are promoters and enhancers, and variation in such sequences is the most
frequent cause of phenotypic divergence. However, cis-regulatory variation could also be
represented by the allelic variation of the expressed gene itself. For instance, polymorphisms
in coding sequences and promoter elements may affect the expression level of a gene by either
causing structural changes in the resulting mRNA and translated protein in the first case, or
impairing/introducing novel transcription factor binding sites in the second case (Botet &
Keurentjes, 2020).

Cis and trans effects have been reported in many intra- and inter-specific heterotic hybrids,
from Drosophila (Wittkopp et al., 2008) and yeast (Tirosh et al., 2009) to maize (Springer,
Nathan M. & Stupar, Robert M., 2007) and A. thaliana (Shi et al., 2012). They can explain
why homozygosity or heterozygosity for gene pairs in a hybrid are also an important source
for variation in gene expression. In a hybrid, genes might be differentially expressed compared
to the parental lines due to a change in the genetic background, regardless its allelic state. In
this context, homozygous genes can be differentially expressed in the hybrid, indicating the
presence of trans-regulatory variation which contributes to additive effects on the
phenotype. Contrarily, the different alleles of heterozygous genes can be unequally expressed
within the same genetic background, implying cis-regulatory or allele specific expression
variation (Botet & Keurentjes, 2020).

However, transcriptional changes can also be induced by epigenetic modifications that can lead
to phenotypic diversity even within the same genotype (Lauss et al.,, 2018). Genetic
explanations for heterosis were compromised then, and a new non-genetic model emerged
trying to elucidate the heterosis phenomenon.
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1.2.1 Epigenetic Component to Heterosis

The idea of a non-genetic model began to gain strength in the past decade, where an epigenetic
component to heterosis started to play a role in the new picture (Chen, 2013; Groszmann et al.,
2013; Greaves et al., 2015). In this context, epigenetic heterosis can be defined as a form of
heterosis in which vigour-related characteristics are due to heritable changes in gene activity
that are not directly related to underlying changes in DNA sequences. It can be triggered at
different epigenetic levels: DNA methylation, histone modifications and small RNAs (SRNAS)
(McKeown and Spillane, 2014).

Epigenomes are defined by DNA methylation and histone modification differences, that can
activate or repress the expression of a specific gene and/or regulate allele-specific expression
at heterozygous loci by hiding or exposing a targeted sequence from the transcriptional
machinery. Particularly, differences in methylation patterns between lines can cause a variety
of phenotypes even for the same genotype depending on the epigenetic state. These
differentially methylated regions are known as epialleles. Epialleles are alleles of a locus with
identical DNA sequences which differ in their epigenetic state and can be stably inherited over
many generations through both mitotic and meiotic cell divisions, representing a source of
phenotypic diversity (Richards, 2006; Greaves et al., 2012; Schmitz et al., 2013; Kooke et al.,
2015; Hofmeister et al., 2017; Zhang et al., 2020).

Heterotic effects due to epigenetic changes have been widely proven within and between
species. For example, altered epigenetic profiles at genes regulating circadian rhythm have
been shown to influence heterosis in allotetraploids derived from crosses between A. thaliana
and Arabidopsis arenosa leading to growth vigour and increased biomass (Ni et al., 2009).
Another example of epigenetic heterosis was demonstrated in intraspecific A. thaliana Col-0
X C24 reciprocal hybrids, where homozygous mutations in the chromatin remodelling factor
DECREASE IN DNA METHYLATION 1 (DDM1) lead to a reduction in vegetative heterosis
(Kawanabe et al., 2016; Zhang et al., 2016). Furthermore, several studies have identified
differences in DNA methylation patterns in heterotic F1 hybrids when compared to their
parental lines (Zhao et al., 2007; He et al., 2010; Greaves et al., 2012; Shen et al., 2012),
potentially explaining new patterns of transcription in the hybrids that could contribute to the
heterotic phenotype (Schmitz et al., 2013; Greaves et al., 2015). This allelic methylation
differences in the F1 hybrids occur through two related processes known as trans chromosomal
methylation (TCM) and trans chromosomal demethylation (TCdM), where the methylation
state of one parental allele is altered to resemble that of the other parental allele (Greaves et al.,
2012). In other words, these changes are localised to particular chromosomal segments and
occur where the parents have differentially methylated regions (DMRs). They are frequently
associated with the action of 24-nt small interfering RNAs (siRNAS), resulting in changes of
DNA methylation according to the contributions of sSiRNAs from both parental sources that are
heritable in subsequent generations (Greaves et al., 2014; Greaves et al., 2016).

Finally, the establishment of populations of epigenetic Recombinant Inbred Lines (epiRILS) in
A. thaliana was key to address the contribution of parental epigenetic variation to F1 heterosis.
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epiRILs are near isogenic lines that display little differences in DNA sequence but vary
substantially in DNA methylation. Currently, there are two populations of A. thaliana epiRILs
(one derived from crosses between metl and wild-type and other between ddm1 and wild-type)
(Johannes et al., 2009; Reinders et al., 2009). The generation of F1 epigenetic hybrids
(epiHybrids) indicates that differences in the parental epigenetic patterns are important for
heterosis. For instance, epiHybrids generated from a crossed between a particular met1-derived
epiRIL and the wild-type have been shown to display rosette size heterosis (Dapp et al., 2015).
Similarly, epiHybrids generated from crosses with wild-type and ddml-derived epiRILs
showed greater than 15% increased leaf area compared with the best parent (Lauss et al., 2018).
Interestingly, both experiments demonstrated parent-of-origin effects (see 1.6.5 Parental
Effects and 1.6.6 Parent-of-origin Dosage Effects on Seed Size), which can occur when the
phenotype differs according to whether it is transmitted maternally or paternally (Vielle-
Calzada et al., 2002; Lawson et al., 2013). These two reports using independent epiHybrids
support the role of an epigenetic component to heterosis, indicating that epigenetic divergence
among parents has a direct or indirect role in triggering heterosis (Dapp et al., 2015; Lauss et
al., 2018). Moreover, parent-of-origin effects on heterosis in maize genetic hybrids have been
detected too, which are indicative of a parental effect on heterosis with an epigenetic basis
(Swanson-Wagner et al., 2009).

1.3 Significance of Polyploidy for Heterosis

Heterosis research has focused primarily on diploid organisms over the past century, despite
the fact that the majority of heterotic plants contain polyploid events in their recent and/or
ancient past, including agriculturally important crops (Washburn & Birchler, 2014). For
instance, approximately 30% of cultivated crops such as wheat, potato, strawberry, banana,
oilseed rape and mustard are polyploids (Zhang et al., 2019). Polyploidy refers to the presence
of more than two full chromosome sets within a cell (Comai, 2005; Van de Peer et al., 2017)
and it is a widespread phenomenon among plants. There are also numerous cases of polyploidy
at the whole organismal level in insects, fish, amphibians and reptiles, although it is much rarer
in animals than plants (Bogart, 1979; Otto & Whitton, 2000; Comber & Smith, 2004; Mable et
al., 2011; Van de Peer et al., 2017; Spoelhof et al., 2020). Polyploids are formed through
polyploidisation, which refers to the process of increasing the genome size caused by the
inheritance of an additional set (or sets) of chromosomes as a consequence of mitotic, meiotic
or fertilisation abnormalities (Comai, 2005). They are traditionally divided into two classes:
autopolyploids and allopolyploids (Stebbins, 1947; Comai, 2005; Soltis et al., 2015; Van de
Peer et al., 2017). Autopolyploids originate when the genome within the same species is
duplicated, such as potato (Solanum tuberosum) and alfalfa (Medicago sativa). Allopolyploids,
on the other hand, arise from the hybridisation of two different species followed by spontaneous
chromosome doubling or from fusion of unreduced gametes. Bread wheat (Triticum aestivum),
upland cotton (Gossypium hirsutum), and oilseed rape (Brassica napus, also known as canola)
are examples of agriculturally and economically important crops grown as allopolyploids
(Chen, 2010).
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Several studies on nuclear genome sequencing suggest that all seed plants have undergone one
or more ancient polyploidisation events during their evolution (Jiao et al., 2011; Li et al., 2015;
Soltis et al., 2015) and the vast majority of them are allopolyploids (Brochmann et al., 2004;
Chen, 2010), demonstrating the evolutionary relevance of this phenomenon. Besides the
evolutionary significance, polyploids are especially attractive from an agricultural point of
view, as they display morphological and physiological changes (including heterotic traits)
compared to their diploid counterparts. Indeed, polyploids experience substantial genomic
changes, leading to altered morphology, physiology and ecology, although such changes are
not as drastic in autopolyploids when compared to allopolyploids (Parisod et al., 2010). The
most prominent phenotypic shift in polyploid plants and animals is cell enlargement (also
known as “gigas” effect (Otto, 2007; Knight & Beaulieu, 2008), a consequence of an increase
in the genome content. In general, polyploid plants display an increase in size of leaves,
flowers, fruits, pollen grains, stomata and seeds; and a delayed reproductive transition across
taxa (Ramsey & Schemske, 2002; Soltis et al., 2004). Other physiological traits such as
transpiration, photosynthetic or growth rates and stress tolerance are also influenced by
polyploidy (Otto & Whitton, 2000; Maherali et al., 2009; Chao et al., 2013).

1.3.1 Manifestations of polyploid heterosis and advantages

Heterotic effects of polyploids can occur in different ways. For example, the fixation of
heterozygosity in allopolyploids can lead to a permanent hybrid vigour, without the problems
associated with segregation in the F2 generation that takes place among diploid hybrids. This
fixation of heterozygosity is the consequence of a limited pairing of homoeologous
chromosomes during meiosis which ultimately prevents recombination between the genomes
of the original progenitors (Birchler et al., 2003; Auger et al., 2005; Chen, 2010).

Beyond enhancing the heterosis effect by fixating heterozygosity in allopolyploids, polyploids
can as well experience a phenomenon known as progressive heterosis. It proposes that
increasing the allelic diversity in polyploids leads to a greater heterotic effect, while having a
minimal effect on diploids. Several studies in alfalfa and maize have demonstrated the presence
of progressive heterosis. That is, allopolyploids have higher heterosis than autopolyploids, and
tetraploids have higher heterosis than diploids. In these studies, an increase in allelic diversity
appears to foster a greater heterotic effect as opposed to simply being heterozygous (Groose et
al., 1989; Bingham et al., 1994; Riddle et al., 2010; Birchler, 2013; Chen, 2013; Gaur et al.,
2013; Washburn & Birchler, 2014).

Finally, both genome dosage and parent-of-origin effects have been observed in polyploids,
particularly at the triploid level. Triploids can result from an inter-ploidy cross between a
tetraploid and a diploid plant, and they experience strong parent-of-origin dosage effects for
several heterotic traits (See 1.6.6 Parent-of-origin Dosage Effects on Seed Size). For
example, in A. thaliana, the inheritance of two paternal genomes from an inter-ploidy cross
with a 1m:2p maternal:paternal genome ratio triggers positive heterosis for several traits such
as leaf area or seed size, whereas the reciprocal cross displays opposite effects. That is,
inheritance of two maternal genomes (2m:1p maternal:paternal genome ratio) leads to negative
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heterosis, bringing to light the presence of parent-of-origin dosage effects in triploids (Scott et
al., 1998; Miller et al., 2012). Fort and colleagues (2016) attempted to disentangle the
contributions of genetic hybridity versus genome dosage effects (polyploidy) to growth rate
and rosette size heterosis in A. thaliana (especially challenging to disaggregate in
allopolyploids as they are genetic hybrids by definition). This was possible thanks to the
generation of an isogenic ploidy series consisting of a diploid and a tetraploid parent, which
were reciprocally crossed to generate the two types of triploids, known as maternal-excess
triploids or paternal excess triploids. These triploids are genetically identical (isogenic) but
differ in the origin of the additional chromosome sets, whether they were maternally or
paternally inherited. The authors concluded that heterosis without hybridity effects on plant
size can be generated in genetically identical F1 triploid plants (Fort et al., 2016).

In addition to the mentioned consequences of becoming polyploid, there are other advantages
documented: gene redundancy and asexual reproduction, although the latter is unclear (Comai,
2005).
- Gene redundancy

Polyploids can bypass the deleterious effects of recessive mutations thanks to the presence of
more than two sets of chromosomes. This achievement is especially important during the
gametophyte life stage. In this haploid phase of the cycle, any recessive allele for a deleterious
mutation is unable to be complemented by a functional allele, which could lead to
developmental failure of the egg sac or pollen (Mable & Otto, 2001; Comai, 2005). Conversely,
polyploids produce diploid gametes that may mask such deleterious effects by the presence of
a dominant functional allele, protecting the gametophytes from developmental dysfunction
(Comai, 2005). Another positive consequence of gene redundancy is the potential of duplicated
genes for acquiring a new function (neo-functionalisation) or retention of part of its original
function (sub-functionalisation), leading to new opportunities in evolutionary selection (Adams
& Wendel, 2005; Lynch, 2007).

- Loss of self-incompatibility and gain of asexual reproduction

Polyploidy can provide selective advantages by affecting sexuality. For instance, polyploids
can overcome certain self-incompatibility systems allowing self-fertilisation (Miller &
Venable, 2000), although the molecular basis of this phenomenon remains unclear. Thus,
asexual reproduction could act as a mechanism to escape the post-zygotic reproductive
isolation present among newly formed polyploid, also known as neopolyploids (Ramsey &
Schemske, 2002; Comai, 2005; Robertson et al., 2011; Husband et al., 2013). In fact, this
theory has been reexamined by Herben and colleagues (2017), where they demonstrated that
polyploids rely on asexual reproduction more than diploids (Herben et al., 2017). Asexual
reproduction, therefore, could enable polyploids to reproduce in the absence of sexual mates.

Taken together, polyploidy is important for heterosis as polyploids display unique and novel
aspects of heterotic phenotypes that cannot be studied in diploid organisms (Washburn &
Birchler, 2014). Moreover, the application of polyploids to breeding programmes has produced
some of the most valuable crops, such as bread wheat, potato or upland cotton.
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1.3.2 Gene dosage sensitivity

Dosage effects can be defined as changes in gene expression caused by alterations in the copy
number of specific chromosomes (aneuploidy), segments of chromosomes, or individual genes
(Shi et al., 2020). Genetic imbalance has been known for a century from classical studies of
adding extra chromosomes to plant genotypes (Blakeslee et al., 1920; Blakeslee, 1934),
demonstrating a greater dosage effect of aneuploidy compared to changing the dosage of the
entire set of chromosomes (ploidy) (Birchler & Veitia, 2012; Henry et al., 2015; Hou et al.,
2018).

The prevalence of duplicate genes is present in most eukaryotes, although it is one of the most
prominent genomic features of plants, representing a major contributor to genetic diversity and
the evolution of novel traits such as production of floral structures, induction of disease
resistance, and adaptation to stress (Lynch & Conery, 2000; Panchy et al., 2016). Gene
duplication can take place through different mechanisms such as whole genome duplication
(WGD) or small scale duplication (SSD) events (via segmental duplication, tandem duplication
or transposition) (Panchy et al., 2016). Gene duplication through WGD events are particularly
intriguing as flowering plants (angiosperms) have a past of repeated episodes of
polyploidisation throughout their evolutionary history (Soltis et al., 2015).

Following WGD, most duplicated gene pairs (homoeologues) return to single copy in a process
known as fractionation (Schnable et al., 2011; Wendel et al., 2018). However, a minority of
duplicates from both WGD and SSD escape this process and could be retained for long periods
of time. This retention (or loss) of redundant genes is not random (Panchy et al., 2016). For
example, transcriptional and developmental regulators, as well as signal transducers are
preferentially preserved after WGD (Shi et al., 2020); whereas the duplicated genes of other
classes such as DNA replication and transfer RNAs (tRNAs) tend to be lost and they are
underrepresented in copy number variants in populations (Blanc & Wolfe, 2004; Seoighe &
Gehring, 2004; Maere et al., 2005; Freeling, 2009; Birchler, 2020). Intriguingly, the classes of
genes that are preferentially retained after WGD exhibit preferential loss after SSD (Freeling,
2009). This phenomenon is known as “reciprocal retention” (Tasdighian et al., 2017) and it
can be explained by the Gene Balance Hypothesis (GBH), which suggests that disrupting the
stoichiometric balance in macromolecular complexes involved in coordinated interaction
networks has a fitness cost, leading to dosage-dependent phenotypes (Papp et al., 2003;
Freeling, 2009; Birchler & Veitia, 2012; Veitia et al., 2013; Birchler, 2020).

Some proteins exhibit more dosage sensitivity than others, such as transcription factors and
signal transduction components (Birchler et al., 2016), explaining why some genes present
reciprocal retention while others do not. An illustrative example of dosage-sensitivity and the
implication for quantitative traits is the case of fruit weight 2.2 (fw2.2), one of the greatest
quantitative trait loci (QTL) in tomato (Solanum lycopersicum), which contributes to
approximately 30% of the variance in fruit weight between the domesticated tomato and their
smaller fruit relatives. Rather than differences in the structural protein, 5’-regulatory variation
among the alleles was shown to account for fruit size changes (Frary et al., 2000; Nesbitt &
Tanksley, 2002). The fw2.2 protein functions as a negative regulator of cell proliferation in
tomato fruit tissues, as higher gene expression correlates with smaller fruit and fewer cells
(Cong et al., 2002). Such results prove the evidence of a negative gene dosage effect on tomato
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size and the impact that this phenomenon may have on heterotic traits (Liu et al., 2003).
Similarly, another study of the dosage sensitive gene Cell Number Regulatorl (CNR1), a maize
fw2.2 relative, demonstrated that its overexpression reduced overall plant size (Guo et al.,
2010), proving once again gene dosage effects that can be important for heterosis.

1.4 The importance of seed size

Seed size is an important trait from both an ecological and agricultural point of view (Harper
et al., 1970; Alonso-Blanco et al., 1999; Mitchell et al., 2017). It is one of the most variable
traits in the plant kingdom, ranging from the dust-like seeds of orchids (approximately 1 pg)
to the double coconut (20 kg) (Moles et al., 2005). This large range can be observed not only
among taxa, but also within taxa. A representative example is the genus Solanum, with a 12-
fold change in seed weight between Solanum pennellii and Solanum lycopersicum, the
cultivated tomato (Orsi & Tanksley, 2009). The evolutionary forces acting on seed traits are
complex, with seed size being crucial for plant fitness. On one hand, larger seeds have higher
germination and survival rates, which increases competitiveness during seedling establishment
and tolerance to adverse environmental conditions (Westoby et al., 1996; Westoby et al.,
2002). On the other hand, small-seeded species in general produce more seeds for a given
amount of energy than are large-seeded species, increasing their colonization abilities (Moles
et al., 2005). However, under resource limiting conditions the increase in seed number often
leads to a trade-off with seed size, and vice versa (See 1.4.4 Parental Effects). Seed size and
number are paradoxically antagonistic (Sadras, 2007) and key agronomy traits (Orozco-Arroyo
etal., 2015).

Approximately 68% of the world’s food supply is constituted by seeds and are thus an essential
source of nutrition (Li & Berger, 2012). The increase in the human population (projected to
increase to 9.1 billion by 2050) has made food supply one of the greatest challenges of the
century (FAO, 2020). However, not all production is for human consumption, as seeds are also
used for animal feed and biofuel production (Sabelli & Larkins, 2009). In this context,
increasing seed production is a key goal to meet the world’s demand (Orozco-Arroyo et al.,
2015). Despite the traditional yield gain attributed to grain/seed number, contemporaneous crop
varieties have demonstrated that grain/seed weight (therefore seed size) can also be associated
with grain yield, driven by artificial selection which can alter the strong constraints on the
trade-off between seed size and number (Griffiths et al., 2015; Golan et al., 2019; Calderini et
al., 2021; Martin, 2021). In A. thaliana, certain seed size regulators such as GIBBERELLIC
ACID-STIMULATED ARABIDOPSIS 4 (GASA4) and DA1 have been shown to overcome such
trade-off by positively increasing both seed size and number, ultimately improving seed yield
(Roxrud et al., 2007; Li et al., 2008). Furthermore, in some instances seed size can serve as a
proxy for other heterosis responses in the mature plant, such as the correlation found in A.
thaliana between seed size and biomass heterosis (Fort et al., 2016). Understanding the
molecular mechanisms underlying seed size control is, therefore, of considerable significance.
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1.4.1 Seed development and size establishment with a focus on A. thaliana

In the life cycle of angiosperms, seed development begins with a double fertilisation event that
takes place within the embryo sac (female gametophyte) (See 1.6.2.1 Double Fertilisation)
and ends with a dormant seed primed to become the next plant generation (Goldberg et al.,
1994). Seed development can be divided into two major phases: morphogenesis (or cellular
phase) and maturation (Bentsink & Koornneef, 2008; Locascio et al., 2014). Morphogenesis
includes the formation and structural development of the different compartments of the mature
seed (Figure 1.2 B), whereas maturation is the physiological process that concludes with seed
dormancy. Maturation is characterised by cell expansion and differentiation without cell
divisions, unlike morphogenesis (Locascio et al., 2014), and, at the very late stage,
accumulation of storage materials that protect the embryo in preparation for desiccation
(Becker et al., 2014).

1.4.1.1 Double Fertilisation

In sexually reproducing angiosperms such as A. thaliana, seed development is preceded by a
double fertilisation event (Lafon-Placette & Kohler, 2014; Baroux & Grossniklaus, 2019). On
one hand, the male gametophyte (or pollen grain) comprises a large vegetative cell (which
gives rise to the pollen tube), and two sperm cells (Figure 1.2 A). Firstly, the pollen grains
germinate on the stigma of the flower pistil and the two paternal gametes (the sperm cells) are
carried by the pollen tube that elongates until it reaches the ovules (Dresselhaus et al., 2016;
Hater et al., 2020). On the other hand, the female gametophyte (or embryo sac) (Figure 1.2 A)
is located within the ovules and it contains two gametes (the haploid egg cell and the
homodiploid central cell, which contains two identical haploid genomes), as well as different
accessory cells at both poles of the embryo sac, namely synergids (important for pollen tube
guidance) and antipodals, with no established functions (Drews & Koltunow, 2011; Erdmann
et al., 2017; Li & Yang, 2020). Once the pollen tube reaches the ovules, it enters through the
micropylar integument opening and, after it bursts, the two sperm cells are delivered. The first
fertilisation event takes place with the fusion of one of the sperm cells and the egg cell, leading
to the formation of the zygotic embryo (diploid). The endosperm (triploid) is the product of the
second fertilisation event after a second sperm cell fuses with the homodiploid central cell
(Dresselhaus et al., 2016; Baroux & Grossniklaus, 2019).

1.4.1.2 Seed Compartments

The resulting seed, product of such double fertilisation event, consequently comprises three
major components: seed coat, embryo and endosperm, which differ in their genetic
composition and their ploidy level (Hater et al., 2020) (Figure 1.2 B and Figure 1.3). Firstly,
the seed coat (also known as testa) encloses the two fertilisation products and it is a diploid,
sporophytic tissue of purely maternal origin that derives from the ovule integuments (Khan et
al., 2014; Baroux & Grossniklaus, 2019). It gives protection to the embryo and endosperm
throughout seed development (and posterior shedding of the seeds from the maternal plant)
against physical damage, pathogen attack and ultraviolet light, as well as impeding germination
until conditions are favourable (Radchuk & Borisjuk, 2014). The differentiation of the seed
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coat from the ovule integuments is triggered by auxin produced in the endosperm after
fertilisation (Figueiredo et al., 2016).

Secondly, the diploid embryo develops under control of the two parental genomes, with a
1m:1p maternal:paternal genome ratio (Li & Berger, 2012; Baroux & Grossniklaus, 2019) and
it gives rise to the daughter plant. In A. thaliana, embryogenesis follows a predictable pattern
(ten Hove et al., 2015; Harnvanichvech et al., 2021), beginning with the formation of a single-
cell zygote until it reaches the late heart/torpedo stage, when the basic body plan of the embryo
has been established (O'Neill et al., 2019) (Figure 1.2 B).

Finally, the triploid endosperm is characterised by a misbalance of genome dosage (with a
2m:1p maternal:paternal genome ratio). It is a terminal tissue that nourishes the embryo with
nutrients acquired from the mother plant and plays an important signalling role with both the
embryo and the seed coat, necessary for normal seed development (Ingram, 2010; Bleckmann
et al., 2014, Figueiredo et al., 2016). Furthermore, it is required for embryonic development,
and influences seed dormancy and germination (Fiume & Fletcher, 2012; Yan et al., 2014,
Piskurewicz et al., 2016). In A. thaliana, the endosperm is transient and is partially degraded
during seed development, persisting only as a thin peripheral layer in mature seeds, unlike other
species such as cereals, in which the endosperm is maintained by the end of maturation (Olsen,
2004; Olsen, 2020), or other Brassica species, such as oil rapeseed, in which the endosperm is
fully consumed (Finch-Savage and Leubner-Metzger, 2006).

Germinating Embryo sac Pre-globular Globular Heart  Torpedo/Linear Mature Green
pollen grain 1 DAP 4 DAP 6 DAP 7-8 DAP 13 DAP

Seed coat Peripheral

Endosperm endosperm
(syncytial .

phase)

Endosperm

(cellularisation endosperm
phase) .
Micropylar

endosperm

Figure 1.2. Schematic representation of the male and female gametophytes and seed
development in A. thaliana. A) Male gametophyte (pollen grain). Spc, sperm cell; vcn,
vegetative cell nucleus; pt, pollen tube. Modified from (Hafidh et al., 2018), details according
to (McCormick, 2004). Female gametophyte (embryo sac). Ac, antipodal cells; ch, chalazal
region of the ovule; cc, central cell; sn, secondary nucleus; ec, egg cell; sc, synergid cell; mp,
micropyle. Modified from (Orozco-Arroyo et al., 2015), details according to (Yadegari &
Drews, 2004). B) Diagram of the five stages of seed development from the pre-globular -1 Day
After Pollination (DAP)- to mature green (13 DAP) stages. Modified from (Orozco-Arroyo et
al., 2015). Endosperm phases are presented according to (Lafon-Placette & Kohler, 2014) and
endosperm parts according to (Hsieh et al., 2011) and (Berger, 2003). Drawings are not to
scale.
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1.4.1.3 Seed Size Establishment

In A. thaliana, seed development and size establishment involve the synchronised
communication of seed coat, embryo and endosperm with each other to ultimately determine
the final size of the seed (Figueiredo & Kohler, 2014). Seed size establishment takes place in
two different phases: an initial phase of active proliferation and growth of the endosperm; and
a second phase, where the embryo grows at the expense of the endosperm. The final size is
mostly achieved during the rapid growth of the endosperm in the initial phase though, resulting
in a large increase of size (Garcia et al., 2005; Dante et al., 2014; Savadi, 2018).

Despite being the only seed component that will form the next generation, the embryo does not
represent a major contribution to the control of seed growth. Instead, the coordinated crosstalk
between the endosperm and the seed coat is the determinant of the final seed size and viability
(Figueiredo et al., 2016). On one hand, the seed coat is an important contributor to the final
seed size, as its growth sets the volume of the cavity where the embryo and the endosperm
develop (Li et al., 2019). On the other hand, the endosperm is vital for seed size establishment
for two main reasons. Firstly, it controls signalling to the maternal integuments, promoting
their proliferation and allowing accommodation of the growing offspring (Figueiredo et al.,
2016). Secondly, because of the nature of its developmental programme, which goes through
two different phases: a syncytial phase and a later cellular phase (Costa et al., 2004; Hands et
al., 2016). In the initial syncytial phase, endosperm nuclei divide without cytokinesis and
results in a multinucleated structure named syncytium (Li & Berger, 2012). This phase is
accompanied by rapid cell growth and expansion of a prominent vacuole, ultimately allowing
rapid seed growth (Olsen, 2004; Dante et al., 2014). At the 16-nuclei stage, the syncytium starts
to differentiate into three domains (i.e. the micropylar, peripheral and chalazal endosperms)
(Figure 1.2 B) and it is completed by the torpedo stage (also known as linear) of embryo
development (Brown et al., 2003). The micropylar domain, at the anterior pole of the female
gametophyte, surrounds the embryo and is situated at the micropyle (the entry point of the
pollen tube, Figure 1.2 A). The peripheral (or central) domain is forced into a thin peripheral
layer by a large central vacuole. Lastly, the chalazal domain (at the posterior pole of the ovule)
receives its name for the proximity to the chalaza (Figure 1.2 A), where the maternal vascular
tissue adjoins the seed integuments (Berger, 2003; Brown et al., 2003). Finally, cellularisation
starts and the endosperm enters a maturation process, accumulating storage molecules
including proteins, lipids and starches to support embryo development and growth (Hands et
al., 2016). It has been demonstrated recently that auxin regulates the timing of the syncytial
endosperm cellularisation (Batista et al., 2019), which takes place at the eighth mitotic cycle,
and proceeds in a wave-like manner from the micropylar to the chalazal domain (Berger, 2003;
Brown et al., 2003; Hehenberger et al., 2012; Li & Berger, 2012).

In A. thaliana, the final seed size is mainly established during the rapid proliferation of the
endosperm (and the seed coat cells) which take place from fertilization to 6 days after

pollination (DAP) of seed development (Orozco-Arroyo et al., 2015). After 6 DAP there is a
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residual increase in seed volume after the embryo expands at the expense of the endosperm.
Reaching this point, the seed coat limits seed growth by acting as a physical barrier (Fang et
al., 2012). Given that the size attained by the syncytial phase of the endosperm appears to be
the major determinant of seed size, the timing of endosperm cellularisation is a key element to
it. Consequently, delayed cellularisation leads to enlarged seeds, while precocious
cellularisation results in small seeds (Scott et al., 1998; Garcia et al., 2003; Luo et al., 2005;
Wang et al., 2010).

1.4.2 Seed Size Regulators

The major signalling pathways that control seed size include the ubiquitin-proteasome
pathway, G-protein signalling, Mitogen-Activated Protein Kinase (MAPK) signalling,
phytohormones perception/ homeostasis, certain transcriptional regulators and the HAIKU
pathway (Li et al., 2019).

- The ubiquitin-proteasome pathway

Protein ubiquitination controls many aspects of cellular processes by influencing protein
stability, activity and localisation (Jadhav & Wooten, 2009; Sharma et al., 2016), and its role
in networks controlling seed size has gained more attention in the last decade (Li & Li, 2015)
One of the best-known cases of maternal control of seed size through this mechanism in A.
thaliana is the DA1 pathway. DA1 (Da means big in Chinese) acts synergistically with the E3
ubiquitin ligases DA2 and BIG BROTHER to restrict cell proliferation in the ovule
integuments. (Lietal., 2008; Dong et al., 2017; Yang et al., 2021). DAL is a ubiquitin-activated
protease that cleaves its downstream target UBIQUITIN-SPECIFIC PROTEASE 15 (UBP15),
which in turn enhances cell proliferation in the integuments and promotes seed growth (Du et
al., 2014).

- The G-protein signalling

Similarly, the study of heterotrimeric GTP-binding proteins (G-proteins) has become
interesting to plant breeders in the past several years (Botella, 2012). In fact, recent studies
have revealed their function in rice grain size expansion (Sun et al., 2018). G-proteins are signal
transduction components that mediate the action of integral membrane receptors in most
eukaryotic organisms (Fujisawa et al., 2001). G-protein complexes consist of Ga, G, and Gy
subunits that participate in multiple processes of plant growth and development, mediating
many of intracellular responses (McCudden et al., 2005). The Ga and G subunits have been
shown to positively regulate seed length in A. thaliana and rice (Chakravorty et al., 2011;
Utsunomiya et al., 2011). However, the case of the Gy subunit is less well described. A.
thaliana possesses three different Gy subunits (AGG1, AGG2 and AGG3J). Little is known
about the subunits AGG1 and AGG2, and their relationship with seed size control has not been
described to date. In contrast, a couple of studies attempted to characterise the role of the AGG3
subunit, which has been shown to promote seed growth (Chakravorty et al., 2011; Li et al.,
2012).
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- MAPK signalling

MAPK cascades are key signalling modules in cell -cell communication and transduction of
environmental and developmental signals (Jagodzik et al., 2018). Three linked kinases are part
of a typical MAPK cascade, whose activity is regulated through phosphorylation (i.e., MAPK
kinase kinase (MKKK), a MAPK kinase (MKK), and a MAPK) (Xu & Zhang, 2015).

Work in A. thaliana and rice has demonstrated the role of MAPK cascades in embryogenesis,
ultimately influencing seed/grain size. For instance, the identification of YODA (YDA), a
MKKK, was the first component of a MAPK cascade implicated in A. thaliana embryogenesis
(Lukowitz et al., 2004). The complete cascade is composed of YDA, MKK4/MKKS5, and
MPK3/MPKS®, and plays a critical role in regulating inflorescence architecture by promoting
localised cell proliferation (Meng et al., 2012). Furthermore, a recent study with the mkk4/mkk5
double mutant revealed a short-seed phenotype (Zhang et al., 2017).

- Phytohormones

Phytohormones play a pivotal role in coordinating growth of diverse tissues and cells that
possess different patterns of proliferation and differentiation (Locascio et al., 2014). They are
the “signals” that are produced and perceived for a sophisticated spatiotemporal coordination
of growth and development, as well as stress responses and metabolism (Geng et al., 2013;
Orozco-Arroyo et al., 2015).

Phytohormones can regulate seed size through maternal tissues (sporophytic regulation) as well
as controlling endosperm and embryo development (zygotic regulation). Brassinosteroids,
auxin, gibberellins and cytokinins are phytohormones that control seed size by enhancing cell
proliferation and, hence, affecting seed development. In addition, brassinosteroids and auxins
have been shown to play a dual role on seed size establishment, as they affect the final seed
size through maternal tissues as well as endosperm development (Orozco-Arroyo et al., 2015;
Lietal., 2019). One of the most relevant examples is AUXIN RESPONSE FACTOR2 (ARF2),
which acts maternally to control seed growth by restricting cell proliferation in the integuments
(Schruff et al., 2006).

- Transcriptional Regulators

A tight regulation of transcription is essential for multiple processes involved in plant
development and growth (Li et al., 2019). Several transcription factors that function maternally
have been described in A. thaliana. For example, the WRKY transcription factor
TRANSPARENT TESTA GLABRA2 (TTG2) promotes seed size through elongation and
proliferation of the integument cells (Johnson et al., 2002; Garcia et al., 2005).

Similar effects have been demonstrated for several members of the cytochrome P450 family,
such as CYTOCHROME P450 78A5 (CYP78A5) encoded by KLU, which positively regulates
seed size by promoting cell proliferation in the maternal integuments of developing ovules
(Adamski et al., 2009; Zhang et al., 2015). Another example is the APETALA2 (AP2)
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transcription factor, well-known for its role in determining flower organ identity (Jofuku et al.,
1994) and shown to control seed growth by limiting cell elongation in the integuments (Jofuku
et al., 2005; Ohto et al., 2005; Ohto et al., 2009). Another type of AP2 transcription factor,
AINTEGUMENTA (ANT), influences seed size by regulating the cell division of the
integuments during ovule development (Mizukami & Fischer, 2000).

Finally, maternal control of endosperm growth by several MADS-box transcription factors has
been shown to affect seed size. For instance, the AGAMOUS-LIKE proteins such as AGL80,
AGL61 and AGL62 delay endosperm cellularisation and promote nuclear proliferation, leading
to a seed size increase (Portereiko et al., 2006; Kang, I-H et al., 2008; Steffen et al., 2008;
Kradolfer et al., 2013).

- The HAIKU pathway

A classical pathway controlling endosperm development with a profound effect on seed size in
A. thaliana is the HAIKU (IKU) pathway. This small cascade of genes acting in the same
genetic pathway promotes endosperm growth and it comprises IKU1, IKU2 and MINISEED3
(MINI3) (Luo et al., 2005). Consistently, the triple mutant ikul/iku2/mini3 shows a precocious
cellularisation of the endosperm (i.e., early arrest of seed growth), leading to a reduced seed
size (Garcia et al., 2003; Luo et al., 2005; Wang et al., 2010).

Additionally, SHORT HYPOCOTYL UNDER BLUEL1 (SHB1) was found to act upstream of
MINI3 and IKU2, enhancing their expression levels and resulting in enlarged seed cavity and
improved endosperm growth (Zhou et al., 2009).

The HAIKU pathway is also regulated by phytohormones. In particular, abscisic acid (ABA)
and brassinosteroids have been demonstrated to act upstream this important genetic pathway,
ultimately influencing seed size and shape (Jiang et al., 2013; Cheng et al., 2014). Cytokinin
in turn acts downstream the HAIKU pathway via cytokinin oxidase/dehydrogenases (CKXs),
which regulate cytokinin homeostasis (Li et al., 2019). For example, CKX2 is a direct
transcriptional target of MINI3, shown to affect seed growth (Li et al., 2013).

1.4.3 How does hybridity impact on seed size?

The term hybridisation is susceptible to ambiguity since multiple definitions have been
proposed based on the different interpretations of species. Hybridisation can be described in a
broader manner as “a cross between individuals from separate populations that differ in one or
more heritable traits” (Harrison, 1990). This phenomenon is widely applied in the breeding of
domesticated plants to take advantage of transient hybrid vigour and generate novel phenotypes
(Goulet et al., 2017). The production and yield of hybrid varieties have increased in the past
50 years, to the point that many crop varieties are grown exclusively as hybrids. Maize, sugar
beet, winter rapeseed, rye, sunflower and sorghum are some examples (Wolko et al., 2019).
Hybrid varieties are also used in many vegetables and rice. Indeed, by the early 2000s, about
half of the total area of rice in China was planted as hybrids (Cheng et al., 2007).

Seed size is an important agronomic trait strongly influenced by hybridity, and high levels of
hybridity-associated seed size heterosis have been reported in A. thaliana despite the close
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relatedness of the parental genomes in certain accessions (Alonso-Blanco et al., 1999; Stokes
et al., 2007; House et al., 2010; Groszmann et al., 2014; van Hulten et al., 2018; Wang, L. et
al., 2019; Wang, L. et al., 2020). However, the use of A. thaliana as a model organism for
understanding heterosis in hybrid crops has not always been accepted among the scientific
community. Controversy aroused around the fact that A. thaliana is a selfing species, and shows
few traits of agronomic interest (Meyerowitz, 1989). Nevertheless, one of the pioneer studies
that dismissed the idea of A. thaliana as unsuitable for the study of hybrid vigour was the work
by Alonso-Blanco and colleagues back in 1999. They conducted a study of seed size and
number in F1 Ler/Cvi reciprocal hybrids, revealing large heterotic effects, and also parent-of-
origin effects, which involved changes in the final cell number and cell size of the seed coat
and the embryo (Alonso-Blanco et al., 1999). Since then, numerous studies have demonstrated
the occurrence of seed size heterosis in F1 A. thaliana hybrids throughout the years, reaching
agreement on the fact that seed size heterosis can be highly influenced by genetic background.
In other words, not all A. thaliana accession combinations lead to hybrid vigour (Groszmann
et al., 2014; van Hulten et al., 2018).

In this context, prediction of parental combinations that give rise to high heterosis for seed size
is still a work in progress, despite being the most important factor in hybrid breeding
programmes for crops of economic relevance (Zhao et al., 2015). This is implemented thanks
to many molecular markers that allow genome-wide predictions, saving the arduous task of
phenotyping new hybrids whose performance could be predicted according to their molecular
marker profiles (Bocianowski et al., 2011; Kozak et al., 2011).

Traditionally, genetic distance between parental lines have been proposed as an indicator of
hybrid vigour (Melchinger, 1999), an idea that was fuelled by the fact that interspecific hybrids
show a greater heterotic response than intraspecific hybrids (East, 1936). Yet, it is unclear
whether there is any significance to the assumption that heterosis effects are associated with
genetic distance between parents, with most studies being inconsistent in crops such as maize,
pepper, oilseed rape, rice, bread wheat, melon and sesame (Ali et al., 1995; Dikshit & Swain,
2000; Riaz et al., 2001; Betran et al., 2003; Geleta et al., 2004; Reif et al., 2010; Zhang, T et
al., 2010; Pandey et al., 2018; Napolitano et al., 2020; Tomkowiak et al., 2020). Rice is a
particularly interesting case. While significant correlation between heterosis for grain yield,
grain length and grain length to width ratio was found in autotetraploid rice, genetic distance
appeared not to predict heterosis in diploid rice for all studied traits (Tu et al., 2007; Wu et al.,
2013). In A. thaliana, little or no evidence has been shown supporting this theory and diverse
studies rather concluded that heterosis is independent of genetic distance between parents
(Barth et al., 2003; Meyer et al., 2004; Stokes et al., 2007; Seymour et al., 2016; van Hulten et
al., 2018).

The consistent lack of correlation between genetic distance and the levels of heterosis in F1
hybrids suggests that the mechanisms underlying hybrid vigour are not simply a function of
genetic relatedness. Nonetheless, one aspect that most of these studies agree on is that heterosis
is highly trait-dependent (Barth et al., 2003; Seymour et al., 2016; Vasseur et al., 2019; Yi et
al., 2019) and seed traits strongly respond to heterosis.
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1.4.4 Parental Effects

Parental effects, or parent-of-origin effects arise when a phenotype depends on whether it is
inherited maternally or paternally (Vielle-Calzada et al., 2002; Lawson et al., 2013), and they
exert a strong influence on seed size (See Chapter 2 for more details). Analysis of reciprocal
crosses in several species have demonstrated strong maternal effects on F1 seed size, while
paternal effects are only rarely reported (de Jong & Scott, 2007; Diggle et al., 2010; House et
al., 2010; de Jong et al., 2011; Li & Li, 2015; Singh et al., 2017; Li et al., 2019). This variation
in seed size is frequently explained by the parental conflict theory (PCT), which posits that in
organisms where the female can bear offspring derived from multiple males, the parental lines
are in conflict over the maternal resource allocation. Indeed, while females maximise their
fitness by equally allocating resources to the offspring, males increase their fitness with a
“selfish” interest by causing more maternal sources to be invested in their own offspring at the
expense of half-siblings (Haig & Westoby, 1989; Haig, 2013; McKeown et al., 2013b).
Predominantly outcrossing species are therefore expected to be affected to a larger extent than
predominantly inbreeding ones (known as WISO -weak inbreeder, strong outbreeder-
hypothesis) (McKeown et al., 2013b; Raunsgard et al., 2018). This theory has been promoted
as the dominant theory for understanding the evolution of genomic imprinting, which has been
hypothesised to regulate seed size (Jiang & Kohler, 2012; Bai & Settles, 2014; Batista &
Kohler, 2020).

Genomic imprinting can be described as the monoallelic expression pattern of genes depending
on its inheritance from either the maternal or paternal genome (Kohler et al., 2012; Batista &
Kohler, 2020), leading to the distinction of maternally expressed genes (MEGS) or paternally
expressed genes (PEGs). In flowering plants, genomic imprinting has been observed
predominantly in the endosperm, similarly to the mammalian placenta (McKeown et al., 2011),
although some cases have been described to occur in the embryo (Jahnke & Scholten, 2009;
Luo et al., 2011; Raissig et al., 2013; Alonso-Peral et al., 2017). According to the PCT, PEGs
have been proposed to have a role in increasing the sink strength of the endosperm and/or
embryo, unlike MEGs, ultimately influencing seed size (Bai & Settles, 2014).

In A. thaliana, DNA methylation is involved in the regulation of certain imprinted loci and it
is principally associated with the action of the DNA METHYLTRANSFERASE 1 (MET1) and
the DNA-glycosylase DEMETER (DME). They act antagonistically to regulate imprinting at
different loci such as the maternally-expressed genes MEDEA (MEA), FLOWERING
WAGENINGEN (FWA), FERTILISATION INDEPENDENT SEED2 (FIS2), and
MATERNALLY EXPRESSED PAB C-TERMINAL (MPC) (Choi et al., 2002; Xiao et al., 2003;
Kinoshita et al., 2004; Gehring et al., 2006; Jullien et al., 2006). Previous studies showed that
altering DNA methylation in a parental-specific manner via MET1 resulted in variation in seed
size (Xiao et al., 2006; FitzGerald et al., 2008). Significant reduction in F1 seed size was
observed when wild-type pistils were pollinated with pollen from a homozygous met1-6 plant,
whereas the reciprocal cross (i.e. pollination of met1-6 pistils with wild-type pollen) generated
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the largest seeds (Xiao et al., 2006). These experiments suggest that the DNA methylation
status of the paternal genomes directly influences seed size.

The second major mechanism that regulates genomic imprinting in plants is a particular histone
modification -trimethylation of lysine 27 of histone H3 (H3K27me3)- (Gehring et al., 2006;
Wolff et al.,, 2011; Moreno-Romero et al., 2016; Hornslien et al., 2019). This histone
modification is mediated by Polycomb group (PcG) proteins that assemble together into the
multisubunit Polycomb Repressive Complex 2 (PRC2), which promotes chromatin
condensation and inhibition of transcription (Mozgova et al., 2015). Mutants in members of
PRC2 complexes exhibit an extended endosperm and embryo proliferation (Bai & Settles,
2014), thus directly acting on a pathway that influences seed size profoundly. In addition, and
adding complexity to the system, some of the previous mentioned imprinting genes, such as
MEA and FIS2, are key components of embryonic PRC2 (Mozgova et al., 2015).

In summary, the elucidation of the relationship between genomic imprinting and seed size
regulation remains unclear to date, as certain imprinted genes have been shown to regulate seed
size (Bai & Settles, 2014; Yuan et al., 2017), while others do not (Wolff et al., 2015). In A.
thaliana, PEGs have been shown to play a major role in preventing inter-ploidy hybridisation
barriers instead (Wolff et al., 2015; Lafon-Placette & Koéhler, 2016).

1.4.5 Parent-of-origin Dosage Effects on Seed Size

Studies in A. thaliana have demonstrated that altering the relative dosages of the parental
genomes,typically in inter-ploidy crosses, also known as unbalanced crosses, has a great impact
on endosperm development, and that this effect is directional (Scott et al., 1998; Kohler et al.,
2010; Birchler, 2014).

A. thaliana, unlike many other plant species, generate viable F1 triploid (3x) seeds from
reciprocal crosses between diploid (2x) and tetraploid (4x) parents (Henry et al., 2005;
Duszynska et al., 2013; Fort et al., 2016; Duszynska et al., 2019). However, the timing of
endosperm cellularisation is affected, altering the final seed size as a result. For instance,
doubling the paternal genome dosage in a scenario such as 2x X 4x crosses (by convention the
maternal parent is always mentioned first) can result in a prolonged endosperm proliferation.
A delayed or complete failure of cellularisation leads to abnormally large 3x seeds which
receive the name of paternal-excess F1 triploids (3xp hereafter). On the other hand, a premature
switch to endosperm cellularisation occurs in 4x X 2x crosses with an excess of the maternal
genome dosage. They generate unusually small 3x seeds that are known as maternal-excess F1
triploids (3xm hereafter) (Scott et al., 1998; Lafon-Placette & Kohler, 2016).
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Figure 1.3. Schematic diagram of the ploidy level of the different seed compartments from
crosses of A) the same ploidy (balanced) and B) inter-ploidy (unbalanced) crosses. Note that
in the diploid (2x X 2x) and tetraploid (4x X 4x) crosses the maternal:paternal genome ratios
in the endosperm are the same, while in both of the inter-ploidy crosses this ratio is altered.
Ploidy level is represented using a single set of homologous chromosomes as an example.
Maternally-derived chromosomes are coloured in black, paternally-derived chromosomes in
grey. Details according to (Birchler, 2014) and (Pennington et al., 2008).

Therefore, the particular triploid (3x) constitution of the endosperm with a genomic ratio of 2:1
between the maternal and the paternal genomes is crucial for a proper seed development
(Schatlowski & Kohler, 2012). Inter-ploidy crosses can upset this delicately balanced
programme (Figure 1.3), leading to pentaploid (5x) or tetraploid (4x) endosperms in the case
of 3xm or 3xp, respectively. The embryo, on the other hand, is often more permissive to
parental ploidy changes (Scott et al., 1998). The developmental consequences for seed size
from disrupting this ratio in the endosperm could be associated with multiple dosage-sensitive
components such as altered expression of imprinted genes (Batista & Kohler, 2020),
stoichiometric imbalances in macromolecular complexes (Veitia & Birchler, 2015), with gene
dosage sensitivity (Birchler et al., 2005), as well as possibly with maternal-zygotic crosstalk
mechanisms (Doughty et al., 2014; Lafon-Placette & Kohler, 2016; Robert et al., 2018).
Dosage-derived modifications of this interplay between the different seed compartments in F1
seeds from inter-ploidy crosses can influence the developmental programs of embryo,
endosperm and seed coat, potentially resulting in seed size changes (Doughty et al., 2014;
Orozco-Arroyo et al., 2015; Figueiredo et al., 2016).

21



Chapter 1

References

Adams KL, Wendel JF. 2005. Polyploidy and genome evolution in plants. Curr Opin Plant
Biol 8(2): 135-141.

Adamski NM, Anastasiou E, Eriksson S, O'Neill CM, Lenhard M. 2009. Local maternal
control of seed size by KLUH/CYP78A5-dependent growth signaling. Proceedings of
the National Academy of Sciences 106(47): 20115-20120.

Ali M, Copeland LO, Elias SG, Kelly JD. 1995. Relationship between genetic distance and
heterosis for yield and morphological traits in winter canola (Brassica napus L.).
Theoretical and Applied Genetics 91(1): 118-121.

Alonso-Blanco C, Blankestijn-de Vries H, Hanhart CJ, Koornneef M. 1999. Natural allelic
variation at seed size loci in relation to other life history traits of Arabidopsis thaliana.
Proceedings of the National Academy of Sciences of the United States of America 96(8):
4710-4717.

Alonso-Peral MM, Trigueros M, Sherman B, Ying H, Taylor JM, Peacock WJ, Dennis
ES. 2017. Patterns of gene expression in developing embryos of Arabidopsis hybrids.
The Plant Journal 89(5): 927-939.

Auger DL, Gray AD, Ream TS, Kato A, Coe EH, Birchler JA. 2005. Nonadditive Gene
Expression in Diploid and Triploid Hybrids of Maize. Genetics 169(1): 389-397.

Bai F, Settles AM. 2014. Imprinting in plants as a mechanism to generate seed phenotypic
diversity. Front Plant Sci 5: 780.

Baroux C, Grossniklaus U. 2019. Seeds-An evolutionary innovation underlying reproductive
success in flowering plants. Curr Top Dev Biol 131: 605-642.

Barth S, Busimi AK, Friedrich Utz H, Melchinger AE. 2003. Heterosis for biomass yield
and related traits in five hybrids of Arabidopsis thaliana L. Heynh. Heredity (Edinb)
91(1): 36-42.

Batista RA, Kohler C. 2020. Genomic imprinting in plants-revisiting existing models. Genes
Dev 34(1-2): 24-36.

Becker MG, Hsu S-W, Harada JJ, Belmonte MF. 2014. Genomic dissection of the seed.
Frontiers in Plant Science 5(464).

Bentsink L, Koornneef M. 2008. Seed dormancy and germination. The arabidopsis book 6:
e0119-e0119.

Berger F. 2003. Endosperm: the crossroad of seed development. Current Opinion in Plant
Biology 6(1): 42-50.

Betran FJ, Ribaut JM, Beck D, de Ledn DG. 2003. Genetic Diversity, Specific Combining
Ability, and Heterosis in Tropical Maize under Stress and Nonstress Environments.
Crop Science 43(3): 797-806.

Bingham ET, Groose RW, Woodfield DR, Kidwell KK. 1994. Complementary Gene
Interactions in Alfalfa are Greater in Autotetraploids than Diploids. Crop Science 34(4):
823-829.

Birchler JA 2013. Genetic Rules of Heterosis in Plants. Polyploid and Hybrid Genomics, 313-
321.

Birchler JA. 2014. Interploidy hybridization barrier of endosperm as a dosage interaction.
Frontiers in Plant Science 5(281).

22



Chapter 1

Birchler JA 2020. Kinetics Genetics and Heterosis. In: Kumar A, Yau Y-Y, Ogita S, Scheibe
R eds. Climate Change, Photosynthesis and Advanced Biofuels: The Role of
Biotechnology in the Production of Value-added Plant Bio-products. Singapore:
Springer Singapore, 305-321.

Birchler JA, Auger DL, Riddle NC. 2003. In search of the molecular basis of heterosis. The
Plant Cell 15(10): 2236-2239.

Birchler JA, Johnson AF, Veitia RA. 2016. Kinetics genetics: Incorporating the concept of
genomic balance into an understanding of quantitative traits. Plant Science 245: 128-
134.

Birchler JA, Riddle NC, Auger DL, Veitia RA. 2005. Dosage balance in gene regulation:
biological implications. Trends Genet 21(4): 219-226.

Birchler JA, Veitia RA. 2012. Gene balance hypothesis: Connecting issues of dosage
sensitivity across biological disciplines. Proceedings of the National Academy of
Sciences 109(37): 14746-14753.

Birchler JA, Yao H, Chudalayandi S. 2006. Unraveling the genetic basis of hybrid vigor.
Proceedings of the National Academy of Sciences 103(35): 12957-12958.

Birchler JA, Yao H, Chudalayandi S, Vaiman D, Veitia RA. 2010. Heterosis. The Plant
Cell 22(7): 2105-2112.

Blakeslee AF. 1934. NEW JIMSON WEEDS FROM OLD CHROMOSOMES. Journal of
Heredity 25(3): 81-108.

Blakeslee AF, Belling J, Farnham ME. 1920. CHROMOSOMAL DUPLICATION AND
MENDELIAN PHENOMENA IN DATURA MUTANTS. Science 52(1347): 388-390.

Blanc G, Wolfe KH. 2004. Functional Divergence of Duplicated Genes Formed by Polyploidy
during Arabidopsis Evolution. The Plant Cell 16(7): 1679-1691.

Bleckmann A, Alter S, Dresselhaus T. 2014. The beginning of a seed: regulatory mechanisms
of double fertilization. Front Plant Sci 5: 452.

Bocianowski J, Kozak M, Liersch A, Bartkowiak-Broda I. 2011. A heuristic method of
searching for interesting markers in terms of quantitative traits. Euphytica 181(1): 89-
100.

Bogart JP. 1979. Evolutionary implications of polyploidy in amphibians and reptiles. Basic
Life Sci 13: 341-378.

Botella JR. 2012. Can heterotrimeric G proteins help to feed the world? Trends Plant Sci
17(10): 563-568.

Botet R, Keurentjes JJB. 2020. The Role of Transcriptional Regulation in Hybrid Vigor.
Frontiers in Plant Science 11(410).

Brochmann C, Brysting AK, Alsos IG, Borgen L, Grundt HH, Scheen AC, Elven R. 2004.
Polyploidy in arctic plants. Biological Journal of the Linnean Society 82(4): 521-536.

Brown RC, Lemmon BE, Nguyen H. 2003. Events during the first four rounds of mitosis
establish three developmental domains in the syncytial endosperm of Arabidopsis
thaliana. Protoplasma 222(3-4): 167-174.

Calderini DF, Castillo FM, Arenas-M A, Molero G, Reynolds MP, Craze M, Bowden S,
Milner MJ, Wallington EJ, Dowle A, et al. 2020. Overcoming the trade-off between
grain weight and number in wheat by the ectopic expression of expansin in developing
seeds leads to increased yield potential. New Phytologist.

23



Chapter 1

Chakravorty D, Trusov Y, Zhang W, Acharya BR, Sheahan MB, McCurdy DW,
Assmann SM, Botella JR. 2011. An atypical heterotrimeric G-protein y-subunit is
involved in guard cell K*-channel regulation and morphological development in
Arabidopsis thaliana. Plant J 67(5): 840-851.

Chao DY, Dilkes B, Luo H, Douglas A, Yakubova E, Lahner B, Salt DE. 2013. Polyploids
exhibit higher potassium uptake and salinity tolerance in Arabidopsis. Science
341(6146): 658-659.

Charlesworth D, Willis JH. 2009. The genetics of inbreeding depression. Nature Reviews
Genetics 10(11): 783-796.

Chen ZJ. 2010. Molecular mechanisms of polyploidy and hybrid vigor. Trends Plant Sci
15(2): 57-71.

Chen ZJ. 2013. Genomic and epigenetic insights into the molecular bases of heterosis. Nat
Rev Genet 14(7): 471-482.

Cheng S-H, Cao L-Y, Zhuang J-Y, Chen S-G, Zhan X-D, Fan Y-Y, Zhu D-F, Min S-K.
2007. Super Hybrid Rice Breeding in China: Achievements and Prospects. Journal of
Integrative Plant Biology 49(6): 805-810.

Cheng ZJ, Zhao XY, Shao XX, Wang F, Zhou C, Liu YG, Zhang Y, Zhang XS. 2014.
Abscisic acid regulates early seed development in Arabidopsis by ABI5-mediated
transcription of SHORT HYPOCOTYL UNDER BLUEL. Plant Cell 26(3): 1053-1068.

Choi Y, Gehring M, Johnson L, Hannon M, Harada JJ, Goldberg RB, Jacobsen SE,
Fischer RL. 2002. DEMETER, a DNA glycosylase domain protein, is required for
endosperm gene imprinting and seed viability in arabidopsis. Cell 110(1): 33-42.

Comai L. 2005. The advantages and disadvantages of being polyploid. Nature Reviews
Genetics 6(11): 836-846.

Comber SCL, Smith C. 2004. Polyploidy in fishes: patterns and processes. Biological Journal
of the Linnean Society 82(4): 431-442.

Cong B, Liu J, Tanksley SD. 2002. Natural alleles at a tomato fruit size quantitative trait locus
differ by heterochronic regulatory mutations. Proceedings of the National Academy of
Sciences 99(21): 13606-13611.

Costa LM, Gutierrez-Marcos JF, Dickinson HG. 2004. More than a yolk: the short life and
complex times of the plant endosperm. Trends Plant Sci 9(10): 507-514.

Dante RA, Larkins BA, Sabelli PA. 2014. Cell cycle control and seed development. Frontiers
in Plant Science 5(493).

Dapp M, Reinders J, Bédiée A, Balsera C, Bucher E, Theiler G, Granier C, Paszkowski
J. 2015. Heterosis and inbreeding depression of epigenetic Arabidopsis hybrids. Nat
Plants 1: 15092.

Darwin C, John M, William C, Sons, Bradbury A, Co. 1878. The effects of cross and self
fertilisation in the vegetable kingdom. London :: John Murray, Albemarle Street.

de Jong TJ, Hermans CM, van der Veen-van Wijk KC. 2011. Paternal effects on seed mass
in Arabidopsis thaliana. Plant Biol (Stuttg) 13 Suppl 1: 71-77.

de Jong TJ, Scott RJ. 2007. Parental conflict does not necessarily lead to the evolution of
imprinting. Trends Plant Sci 12(10): 439-443.

Diggle PK, Abrahamson NJ, Baker RL, Barnes MG, Koontz TL, Lay CR, Medeiros JS,
Murgel JL, Shaner MG, Simpson HL, et al. 2010. Dynamics of maternal and paternal

24



Chapter 1

effects on embryo and seed development in wild radish (Raphanus sativus). Ann Bot
106(2): 309-319.

Dikshit UN, Swain D. 2000. Genetic divergence and heterosis in sesame. Indian Journal of
Genetics and Plant Breeding 60: 201-212.

Dong H, Dumenil J, Lu F-H, Na L, Vanhaeren H, Naumann C, Klecker M, Prior R, Smith
C, McKenzie N, et al. 2017. Ubiquitylation activates a peptidase that promotes
cleavage and destabilization of its activating E3 ligases and diverse growth regulatory
proteins to limit cell proliferation in Arabidopsis. Genes & development 31(2): 197-
208.

Doughty J, Aljabri M, Scott RJ. 2014. Flavonoids and the regulation of seed size in
Arabidopsis. Biochem Soc Trans 42(2): 364-369.

Dresselhaus T, Sprunck S, Wessel GM. 2016. Fertilization Mechanisms in Flowering Plants.
Curr Biol 26(3): R125-139.

Drews GN, Koltunow AM. 2011. The female gametophyte. Arabidopsis Book 9: e0155.

DulL,LiN,ChenL, XuY,LiY, Zhang Y, Li C, Li Y. 2014. The ubiquitin receptor DAl
regulates seed and organ size by modulating the stability of the ubiquitin-specific
protease UBP15/SOD2 in Arabidopsis. The Plant Cell 26(2): 665-677.

Duszynska D, McKeown PC, Juenger TE, Pietraszewska-Bogiel A, Geelen D, Spillane C.
2013. Gamete fertility and ovule number variation in selfed reciprocal F1 hybrid
triploid plants are heritable and display epigenetic parent-of-origin effects. New
Phytologist 198(1): 71-81.

Duszynska D, Vilhjalmsson B, Castillo Bravo R, Swamidatta S, Juenger TE, Donoghue
MTA, Comte A, Nordborg M, Sharbel TF, Brychkova G, et al. 2019.
Transgenerational effects of inter-ploidy cross direction on reproduction and F2 seed
development of Arabidopsis thaliana F1 hybrid triploids. Plant Reprod 32(3): 275-289.

East EM. 1936. Heterosis. Genetics 21(4): 375-397.

Erdmann RM, Hoffmann A, Walter HK, Wagenknecht HA, Grol3-Hardt R, Gehring M.
2017. Molecular movement in the Arabidopsis thaliana female gametophyte. Plant
Reprod 30(3): 141-146.

Fang W, Wang Z, Cui R, Li J, Li Y. 2012. Maternal control of seed size by EOD3/CYP78A6
in Arabidopsis thaliana. Plant J 70(6): 929-939.

FAO 2020. The State of Food Security and Nutirion in the World 2020. Transforming food
systems for affordable healthy diets. Rome.

Figueiredo DD, Batista RA, Roszak PJ, Hennig L, Kohler C. 2016. Auxin production in the
endosperm drives seed coat development in Arabidopsis. Elife 5.

Figueiredo DD, Kohler C. 2014. Signalling events regulating seed coat development.
Biochem Soc Trans 42(2): 358-363.

FitzGerald J, Luo M, Chaudhury A, Berger F. 2008. DNA methylation causes predominant
maternal controls of plant embryo growth. PLOS ONE 3(5): €2298-e2298.

Fiume E, Fletcher JC. 2012. Regulation of Arabidopsis embryo and endosperm development
by the polypeptide signaling molecule CLES. Plant Cell 24(3): 1000-1012.

Fort A, Ryder P, McKeown PC, Wijnen C, Aarts MG, Sulpice R, Spillane C. 2016.
Disaggregating polyploidy, parental genome dosage and hybridity contributions to
heterosis in Arabidopsis thaliana. New Phytologist 209(2): 590-599.

25



Chapter 1

Frary A, Nesbitt TC, Grandillo S, Knaap E, Cong B, Liu J, Meller J, Elber R, Alpert KB,
Tanksley SD. 2000. fw2.2: a quantitative trait locus key to the evolution of tomato fruit
size. Science 289(5476): 85-88.

Freeling M. 2009. Bias in plant gene content following different sorts of duplication: tandem,
whole-genome, segmental, or by transposition. Annu Rev Plant Biol 60: 433-453.

Fridman E. 2015. Consequences of hybridization and heterozygosity on plant vigor and
phenotypic stability. Plant Sci 232: 35-40.

Fujimoto R, Uezono K, Ishikura S, Osabe K, Peacock WJ, Dennis ES. 2018. Recent
research on the mechanism of heterosis is important for crop and vegetable breeding
systems. Breeding science 68(2): 145-158.

Fujisawa Y, Kato H, Iwasaki Y. 2001. Structure and Function of Heterotrimeric G Proteins
in Plants. Plant and Cell Physiology 42(8): 789-794.

Garcia D, Fitz Gerald JN, Berger F. 2005. Maternal control of integument cell elongation
and zygotic control of endosperm growth are coordinated to determine seed size in
Arabidopsis. The Plant Cell 17(1): 52-60.

Garcia D, Saingery V, Chambrier P, Mayer U, Jurgens G, Berger F. 2003. Arabidopsis
haiku mutants reveal new controls of seed size by endosperm. Plant Physiol 131(4):
1661-1670.

Gehring M, Huh JH, Hsieh TF, Penterman J, Choi Y, Harada JJ, Goldberg RB, Fischer
RL. 2006. DEMETER DNA glycosylase establishes MEDEA polycomb gene self-
imprinting by allele-specific demethylation. Cell 124(3): 495-506.

Geleta LF, Labuschagne MT, Viljoen CD. 2004. Relationship between heterosis and genetic
distance based on morphological traits and AFLP markers in pepper. Plant Breeding
123(5): 467-473.

Geng Y, Wu R, Wee CW, Xie F, Wei X, Chan PMY, Tham C, Duan L, Dinneny JR. 2013.
A Spatio-Temporal Understanding of Growth Regulation during the Salt Stress
Response in Arabidopsis. The Plant Cell 25(6): 2132-2154.

Golan G, Ayalon I, Perry A, Zimran G, Ade-Ajayi T, Mosquna A, Distelfeld A, Peleg Z.
2019. GNI-A1 mediates trade-off between grain number and grain weight in tetraploid
wheat. Theor Appl Genet 132(8): 2353-2365.

Goldberg RB, de Paiva G, Yadegari R. 1994. Plant Embryogenesis: Zygote to Seed. Science
266(5185): 605-614.

Goulet BE, Roda F, Hopkins R. 2017. Hybridization in Plants: Old Ideas, New Techniques.
Plant Physiol 173(1): 65-78.

Govindaraju DR. 2019. An elucidation of over a century old enigma in genetics-Heterosis.
PLoS Biol 17(4): e3000215.

Greaves IK, Eichten SR, Groszmann M, Wang A, Ying H, Peacock WJ, Dennis ES. 2016.
Twenty-four-nucleotide siRNAs produce heritable trans-chromosomal methylation in
F1 Arabidopsis hybrids. Proceedings of the National Academy of Sciences 113(44):
E6895-E6902.

Greaves IK, Gonzalez-Bayon R, Wang L, Zhu A, Liu P-C, Groszmann M, Peacock WJ,
Dennis ES. 2015. Epigenetic Changes in Hybrids. Plant Physiology 168(4): 1197.

26



Chapter 1

Greaves IK, Groszmann M, Wang A, Peacock WJ, Dennis ES. 2014. Inheritance of Trans
Chromosomal Methylation patterns from Arabidopsis F1 hybrids. Proceedings of the
National Academy of Sciences 111(5): 2017-2022.

Greaves IK, Groszmann M, Ying H, Taylor JM, Peacock WJ, Dennis ES. 2012. Trans
chromosomal methylation in Arabidopsis hybrids. Proceedings of the National
Academy of Sciences of the United States of America 109(9): 3570-3575.

Griffiths S, Wingen L, Pietragalla J, Garcia G, Hasan A, Miralles D, Calderini DF,
Ankleshwaria JB, Waite ML, Simmonds J, et al. 2015. Genetic Dissection of Grain
Size and Grain Number Trade-Offs in CIMMYT Wheat Germplasm. PLoS One 10(3):
e0118847.

Groose RW, Talbert LE, Kojis WP, Bingham ET. 1989. Progressive Heterosis in
Autotetraploid Alfalfa: Studies Using Two Types of Inbreds. Crop Science 29(5): 1173-
1177.

Groszmann M, Gonzalez-Bayon R, Greaves IK, Wang L, Huen AK, Peacock WJ, Dennis
ES. 2014. Intraspecific Arabidopsis Hybrids Show Different Patterns of Heterosis
Despite the Close Relatedness of the Parental Genomes. Plant Physiology 166(1): 265-
280.

Groszmann M, Greaves IK, Fujimoto R, James Peacock W, Dennis ES. 2013. The role of
epigenetics in hybrid vigour. Trends in Genetics 29(12): 684-690.

Guo M, Rupe MA, Dieter JA, Zou J, Spielbauer D, Duncan KE, Howard RJ, Hou Z,
Simmons CR. 2010. Cell Number Regulatorl affects plant and organ size in maize:
implications for crop yield enhancement and heterosis. The Plant Cell 22(4): 1057-
1073.

Hafidh S, Potésil D, Miiller K, Fila J, Michailidis C, Herrmannova A, Fecikova J,
Ischebeck T, Valasek LS, Zdrahal Z, et al. 2018. Dynamics of the Pollen
Sequestrome Defined by Subcellular Coupled Omics. Plant Physiology 178(1): 258-
282.

Haig D. 2013. Kin Conflict in Seed Development: An Interdependent but Fractious Collective.
Annual Review of Cell and Developmental Biology 29(1): 189-211.

Haig D, Westoby M. 1989. Parent-Specific Gene Expression and the Triploid Endosperm. The
American Naturalist 134(1): 147-155.

Hands P, Rabiger DS, Koltunow A. 2016. Mechanisms of endosperm initiation. Plant
Reproduction 29(3): 215-225.

Harnvanichvech Y, Gorelova V, Sprakel J, Weijers D. 2021. The Arabidopsis embryo as a
quantifiable model for studying pattern formation. Quantitative Plant Biology 2: e3.

Harper JL, Lovell PH, Moore KG. 1970. The Shapes and Sizes of Seeds. Annual Review of
Ecology and Systematics 1(1): 327-356.

Harrison RG. 1990. Hybrid zones: windows on evolutionary process. Oxford Surveys in
Evolutionary Biology 7: 69-128.

Hater F, Nakel T, Grol3-Hardt R. 2020. Reproductive Multitasking: The Female
Gametophyte. Annual Review of Plant Biology 71(1): 517-546.

He G, Zhu X, Elling AA, Chen L, Wang X, Guo L, Liang M, He H, Zhang H, Chen F, et
al. 2010. Global Epigenetic and Transcriptional Trends among Two Rice Subspecies
and Their Reciprocal Hybrids. The Plant Cell 22(1): 17-33.

27



Chapter 1

Hehenberger E, Kradolfer D, Koéhler C. 2012. Endosperm cellularization defines an
important developmental transition for embryo development. Development 139(11):
2031-20309.

Henry IM, Dilkes BP, Young K, Watson B, Wu H, Comai L. 2005. Aneuploidy and genetic
variation in the Arabidopsis thaliana triploid response. Genetics 170(4): 1979-1988.

Henry IM, Zinkgraf MS, Groover AT, Comai L. 2015. A System for Dosage-Based
Functional Genomics in Poplar. Plant Cell 27(9): 2370-2383.

Herben T, Suda J, KlimeSova J. 2017. Polyploid species rely on vegetative reproduction more
than diploids: a re-examination of the old hypothesis. Annals of botany 120(2): 341-
349.

Hochholdinger F, Baldauf JA. 2018. Heterosis in plants. Current Biology 28(18): R1089-
R1092.

Hofmeister BT, Lee K, Rohr NA, Hall DW, Schmitz RJ. 2017. Stable inheritance of DNA
methylation allows creation of epigenotype maps and the study of epiallele inheritance
patterns in the absence of genetic variation. Genome Biology 18(1): 155.

Hornslien KS, Miller JR, Grini PE. 2019. Regulation of Parent-of-Origin Allelic Expression
in the Endosperm. Plant Physiology 180(3): 1498-15109.

Hou J, Shi X, Chen C, Islam MS, Johnson AF, Kanno T, Huettel B, Yen M-R, Hsu F-M,
Ji T, et al. 2018. Global impacts of chromosomal imbalance on gene expression in
Arabidopsis and other taxa. Proceedings of the National Academy of Sciences 115(48):
E11321-E11330.

House C, Roth C, Hunt J, Kover PX. 2010. Paternal effects in Arabidopsis indicate that
offspring can influence their own size. Proceedings. Biological sciences 277(1695):
2885-2893.

Hsieh T-F, Shin J, Uzawa R, Silva P, Cohen S, Bauer MJ, Hashimoto M, Kirkbride RC,
Harada JJ, Zilberman D, et al. 2011. Regulation of imprinted gene expression in
Arabidopsis endosperm. Proceedings of the National Academy of Sciences 108(5):
1755-1762.

Hufford KM, Mazer SJ. 2003. Plant ecotypes: genetic differentiation in the age of ecological
restoration. Trends in Ecology & Evolution 18(3): 147-155.

Husband BC, Baldwin SJ, Suda J 2013. The Incidence of Polyploidy in Natural Plant
Populations: Major Patterns and Evolutionary Processes. In: Greilhuber J, Dolezel J,
Wendel JF eds. Plant Genome Diversity Volume 2: Physical Structure, Behaviour and
Evolution of Plant Genomes. Vienna: Springer Vienna, 255-276.

Ingram GC. 2010. Family life at close quarters: communication and constraint in angiosperm
seed development. Protoplasma 247(3-4): 195-214.

Jadhav T, Wooten MW. 2009. Defining an Embedded Code for Protein Ubiquitination.
Journal of proteomics & bioinformatics 2: 316-316.

Jagodzik P, Tajdel-Zielinska M, Ciesla A, Marczak M, Ludwikow A. 2018. Mitogen-
Activated Protein Kinase Cascades in Plant Hormone Signaling. Frontiers in Plant
Science 9: 1387-1387.

Jahnke S, Scholten S. 2009. Epigenetic resetting of a gene imprinted in plant embryos. Curr
Biol 19(19): 1677-1681.

28



Chapter 1

Jiang H, Kohler C. 2012. Evolution, function, and regulation of genomic imprinting in plant
seed development. Journal of Experimental Botany 63(13): 4713-4722.

Jiang WB, Huang HY, Hu YW, Zhu SW, Wang ZY, Lin WH. 2013. Brassinosteroid
regulates seed size and shape in Arabidopsis. Plant Physiol 162(4): 1965-1977.

Jiao Y, Wickett NJ, Ayyampalayam S, Chanderbali AS, Landherr L, Ralph PE, Tomsho
LP, Hu Y, Liang H, Soltis PS, et al. 2011. Ancestral polyploidy in seed plants and
angiosperms. Nature 473(7345): 97-100.

Jofuku KD, den Boer BG, Van Montagu M, Okamuro JK. 1994. Control of Arabidopsis
flower and seed development by the homeotic gene APETALAZ2. Plant Cell 6(9): 1211-
1225.

Jofuku KD, Omidyar PK, Gee Z, Okamuro JK. 2005. Control of seed mass and seed yield
by the floral homeotic gene APETALAZ2. Proceedings of the National Academy of
Sciences of the United States of America 102(8): 3117-3122.

Johannes F, Porcher E, Teixeira FK, Saliba-Colombani V, Simon M, Agier N, Bulski A,
Albuisson J, Heredia F, Audigier P, et al. 2009. Assessing the Impact of
Transgenerational Epigenetic Variation on Complex Traits. PLOS Genetics 5(6):
€1000530.

Johnson CS, Kolevski B, Smyth DR. 2002. TRANSPARENT TESTA GLABRAZ2, a
trichome and seed coat development gene of Arabidopsis, encodes a WRKY
transcription factor. Plant Cell 14(6): 1359-1375.

Jullien PE, Kinoshita T, Ohad N, Berger F. 2006. Maintenance of DNA methylation during
the Arabidopsis life cycle is essential for parental imprinting. The Plant Cell 18(6):
1360-1372.

Kang I-H, Steffen JG, Portereiko MF, Lloyd A, Drews GN. 2008. The AGL62 MADS
domain protein regulates cellularization during endosperm development in
Arabidopsis. The Plant Cell 20(3): 635-647.

Kawanabe T, Ishikura S, Miyaji N, Sasaki T, Wu LM, Itabashi E, Takada S, Shimizu M,
Takasaki-Yasuda T, Osabe K, et al. 2016. Role of DNA methylation in hybrid vigor
in Arabidopsis thaliana. Proceedings of the National Academy of Sciences 113(43):
E6704-E6711.

Khan D, Millar JL, Girard 1J, Belmonte MF. 2014. Transcriptional circuitry underlying
seed coat development in Arabidopsis. Plant Science 219-220: 51-60.

Kinoshita T, Miura A, Choi Y, Kinoshita Y, Cao X, Jacobsen SE, Fischer RL, Kakutani
T. 2004. One-way control of FWA imprinting in Arabidopsis endosperm by DNA
methylation. Science 303(5657): 521-523.

Knight CA, Beaulieu JM. 2008. Genome size scaling through phenotype space. Annals of
botany 101(6): 759-766.

Koéhler C, Mittelsten Scheid O, Erilova A. 2010. The impact of the triploid block on the
origin and evolution of polyploid plants. Trends Genet 26(3): 142-148.

Kohler C, Wolff P, Spillane C. 2012. Epigenetic Mechanisms Underlying Genomic
Imprinting in Plants. Annual Review of Plant Biology 63(1): 331-352.

Kooke R, Johannes F, Wardenaar R, Becker F, Etcheverry M, Colot V, Vreugdenhil D,
Keurentjes JJB. 2015. Epigenetic basis of morphological variation and phenotypic
plasticity in Arabidopsis thaliana. The Plant Cell 27(2): 337-348.

29



Chapter 1

Kozak M, Bocianowski J, Liersch A, Tartanus M, Bartkowiak-Broda I, Piotto FA,
Azevedo RA. 2011. Genetic divergence is not the same as phenotypic divergence.
Molecular breeding : new strategies in plant improvement 28(2): 277-280.

Kradolfer D, Hennig L, Kéhler C. 2013. Increased Maternal Genome Dosage Bypasses the
Requirement of the FIS Polycomb Repressive Complex 2 in Arabidopsis Seed
Development. PLOS Genetics 9(1): e1003163.

Krieger U, Lippman ZB, Zamir D. 2010. The flowering gene SINGLE FLOWER TRUSS
drives heterosis for yield in tomato. Nat Genet 42(5): 459-463.

Kumar N, Tikka S, Ram B, Dagla MC. 2015. Heterosis studies for agronomic trait under
different environmental conditions in sesame (Sesamum indicum L.). Electronic
Journal of Plant Breeding 6: 130-140.

Labroo MR, Studer AJ, Rutkoski JE. 2021. Heterosis and Hybrid Crop Breeding: A
Multidisciplinary Review. Front Genet 12: 643761.

Lafon-Placette C, Kohler C. 2014. Embryo and endosperm, partners in seed development.
Curr Opin Plant Biol 17: 64-69.

Lafon-Placette C, Kdhler C. 2016. Endosperm-based postzygotic hybridization barriers:
developmental mechanisms and evolutionary drivers. Mol Ecol 25(11): 2620-2629.

Lauss K, Wardenaar R, Oka R, van Hulten MHA, Guryev V, Keurentjes JJB, Stam M,
Johannes F. 2018. Parental DNA Methylation States Are Associated with Heterosis in
Epigenetic Hybrids. Plant Physiology 176(2): 1627-1645.

Lawson HA, Cheverud JM, Wolf JB. 2013. Genomic imprinting and parent-of-origin effects
on complex traits. Nature reviews. Genetics 14(9): 609-617.

Li H-J, Yang W-C. 2020. Central Cell in Flowering Plants: Specification, Signaling, and
Evolution. Frontiers in Plant Science 11(1598).

Li J, Berger F. 2012. Endosperm: food for humankind and fodder for scientific discoveries.
New Phytol 195(2): 290-305.

Li J, Nie X, Tan JLH, Berger F. 2013. Integration of epigenetic and genetic controls of seed
size by cytokinin in Arabidopsis. Proceedings of the National Academy of Sciences
110(38): 15479-15484.

Li N, Li Y. 2015. Maternal control of seed size in plants. Journal of Experimental Botany
66(4): 1087-1097.

Li N, Xu R, Li Y. 2019. Molecular Networks of Seed Size Control in Plants. Annual Review
of Plant Biology 70(1): 435-463.

Li S, LiuY, Zheng L, ChenL, LiN, Corke F, LuY, Fu X, Zhu Z, Bevan MW, et al. 2012.
The plant-specific G protein y subunit AGG3 influences organ size and shape in
Arabidopsis thaliana. New Phytol 194(3): 690-703.

Li Y, Zheng L, Corke F, Smith C, Bevan MW. 2008. Control of final seed and organ size by
the DA1 gene family in Arabidopsis thaliana. Genes Dev 22(10): 1331-1336.

Li Z, Baniaga AE, Sessa EB, Scascitelli M, Graham SW, Rieseberg LH, Barker MS. 2015.
Early genome duplications in conifers and other seed plants. Sci Adv 1(10): e1501084.

Liu J, Cong B, Tanksley SD. 2003. Generation and analysis of an artificial gene dosage series
in tomato to study the mechanisms by which the cloned quantitative trait locus fw2.2
controls fruit size. Plant Physiology 132(1): 292-299.

30



Chapter 1

Liu J, Li M, Zhang Q, Wei X, Huang X. 2020. Exploring the molecular basis of heterosis for
plant breeding. Journal of Integrative Plant Biology 62(3): 287-298.

Locascio A, Roig-Villanova I, Bernardi J, Varotto S. 2014. Current perspectives on the
hormonal control of seed development in Arabidopsis and maize: a focus on auxin.
Frontiers in Plant Science 5(412).

Lukowitz W, Roeder A, Parmenter D, Somerville C. 2004. A MAPKK Kkinase gene regulates
extra-embryonic cell fate in Arabidopsis. Cell 116(1): 109-119.

Luo M, Dennis ES, Berger F, Peacock WJ, Chaudhury A. 2005. MINISEED3 (MINI3), a
WRKY family gene, and HAIKU2 (IKU2), a leucine-rich repeat (LRR) KINASE gene,
are regulators of seed size in Arabidopsis. Proceedings of the National Academy of
Sciences of the United States of America 102(48): 17531-17536.

Luo M, Taylor JM, Spriggs A, Zhang H, Wu X, Russell S, Singh M, Koltunow A. 2011.
A Genome-Wide Survey of Imprinted Genes in Rice Seeds Reveals Imprinting
Primarily Occurs in the Endosperm. PLOS Genetics 7(6): e1002125.

Lynch. 2007. The Origins of Genome Architecture. Journal of Heredity 98(6): 633-634.

Lynch M, Conery JS. 2000. The evolutionary fate and consequences of duplicate genes.
Science 290(5494): 1151-1155.

Ma XQ, Tang JH, Teng WT, Yan JB, Meng YJ, Li JS. 2007. Epistatic interaction is an
important genetic basis of grain yield and its components in maize. Molecular breeding
. new strategies in plant improvement 20(1): 41-51.

Mable BK, Alexandrou MA, Taylor MI. 2011. Genome duplication in amphibians and fish:
an extended synthesis. Journal of Zoology 284(3): 151-182.

Mable BK, Otto SP. 2001. Masking and purging mutations following EMS treatment in
haploid, diploid and tetraploid yeast (Saccharomyces cerevisiae). Genet Res 77(1): 9-
26.

Maere S, De Bodt S, Raes J, Casneuf T, Van Montagu M, Kuiper M, Van de Peer Y. 2005.
Modeling gene and genome duplications in eukaryotes. Proceedings of the National
Academy of Sciences of the United States of America 102(15): 5454-54509.

Maherali H, Walden AE, Husband BC. 2009. Genome duplication and the evolution of
physiological responses to water stress. New Phytologist 184(3): 721-731.

Martin AR. 2021. Crops and the Seed Mass—Seed Output Trade-Off in Plants. International
Journal of Plant Sciences 182(2): 84-90.

McCormick S. 2004. Control of Male Gametophyte Development. The Plant Cell 16(suppl
1): S142-S153.

McCudden CR, Hains MD, Kimple RJ, Siderovski DP, Willard FS. 2005. G-protein
signaling: back to the future. Cellular and molecular life sciences : CMLS 62(5): 551-
577.

McKeown PC, Fort A, Spillane C 2013. Genomic Imprinting: Parental Control of Gene
Expression in Higher Plants. Polyploid and Hybrid Genomics, 257-270.

McKeown PC, Laouielle-Duprat S, Prins P, Wolff P, Schmid MW, Donoghue MTA, Fort
A, Duszynska D, Comte A, Lao NT, et al. 2011. Identification of imprinted genes
subject to parent-of-origin specific expression in Arabidopsis thalianaseeds. BMC Plant
Biology 11(1): 113.

31



Chapter 1

Melchinger AE 1999. Genetic Diversity and Heterosis. Genetics and Exploitation of Heterosis
in Crops, 99-118.

Meng X, Wang H, He Y, Liu Y, Walker JC, Torii KU, Zhang S. 2012. A MAPK Cascade
Downstream of ERECTA Receptor-Like Protein Kinase Regulates Arabidopsis
Inflorescence Architecture by Promoting Localized Cell Proliferation. The Plant Cell
24(12): 4948-4960.

Meyer RC, Torjék O, Becher M, Altmann T. 2004. Heterosis of Biomass Production in
Arabidopsis. Establishment during Early Development. Plant Physiology 134(4): 1813-
1823.

Meyerowitz EM. 1989. Arabidopsis, a useful weed. Cell 56(2): 263-269.

Milborrow BV. 1998. A biochemical mechanism for hybrid vigour. Journal of Experimental
Botany 49(324): 1063-1071.

Miller JS, Venable DL. 2000. Polyploidy and the Evolution of Gender Dimorphism in Plants.
Science 289(5488): 2335-2338.

Miller M, Song Q, Shi X, Juenger TE, Chen ZJ. 2015. Natural variation in timing of stress-
responsive gene expression predicts heterosis in intraspecific hybrids of Arabidopsis.
Nature Communications 6(1): 7453.

Miller M, Zhang C, Chen ZJ. 2012. Ploidy and Hybridity Effects on Growth Vigor and Gene
Expression in Arabidopsis thaliana Hybrids and Their Parents. G3 (Bethesda, Md.)
2(4): 505-513.

Mitchell J, Johnston 1G, Bassel GW. 2017. Variability in seeds: biological, ecological, and
agricultural implications. Journal of Experimental Botany 68(4): 809-817.

Miyaji N, Fujimoto R 2018. Chapter Eight - Hybrid Vigor: Importance of Epigenetic
Processes and Consequences for Breeding. In: Mirouze M, Bucher E, Gallusci P eds.
Advances in Botanical Research: Academic Press, 247-275.

Mizukami Y, Fischer RL. 2000. Plant organ size control: AINTEGUMENTA regulates
growth and cell numbers during organogenesis. Proceedings of the National Academy
of Sciences 97(2): 942-947.

Moles AT, Ackerly DD, Webb CO, Tweddle JC, Dickie JB, Westoby M. 2005. A Brief
History of Seed Size. Science 307(5709): 576-580.

Monforte AJ, Tanksley SD. 2000. Fine mapping of a quantitative trait locus (QTL) from
Lycopersicon hirsutum chromosome 1 affecting fruit characteristics and agronomic
traits: breaking linkage among QTLs affecting different traits and dissection of
heterosis for yield. Theoretical and Applied Genetics 100(3): 471-479.

Moreno-Romero J, Jiang H, Santos-Gonzalez J, Kéhler C. 2016. Parental epigenetic
asymmetry of PRC2-mediated histone modifications in the Arabidopsis endosperm.
Embo j 35(12): 1298-1311.

Mozgova I, Kohler C, Hennig L. 2015. Keeping the gate closed: functions of the polycomb
repressive complex PRC2 in development. Plant J 83(1): 121-132.

Napolitano M, Terzaroli N, Kashyap S, Russi L, Jones-Evans E, Albertini E. 2020.
Exploring Heterosis in Melon (Cucumis melo L.). Plants (Basel, Switzerland) 9(2):
282.

32



Chapter 1

Nesbitt TC, Tanksley SD. 2002. Comparative sequencing in the genus Lycopersicon.
Implications for the evolution of fruit size in the domestication of cultivated tomatoes.
Genetics 162(1): 365-379.

Ni Z, Kim ED, Ha M, Lackey E, Liu J, Zhang Y, Sun Q, Chen ZJ. 2009. Altered circadian
rhythms regulate growth vigour in hybrids and allopolyploids. Nature 457(7227): 327-
331.

O'Neill JP, Colon KT, Jenik PD. 2019. The onset of embryo maturation in Arabidopsis is
determined by its developmental stage and does not depend on endosperm
cellularization. The Plant Journal 99(2): 286-301.

Ohto M-a, Fischer RL, Goldberg RB, Nakamura K, Harada JJ. 2005. Control of seed mass
by APETALAZ2. Proceedings of the National Academy of Sciences of the United States
of America 102(8): 3123-3128.

Ohto M-a, Floyd SK, Fischer RL, Goldberg RB, Harada JJ. 2009. Effects of APETALA2
on embryo, endosperm, and seed coat development determine seed size in Arabidopsis.
Sexual Plant Reproduction 22(4): 277-2809.

Olsen O-A. 2004. Nuclear Endosperm Development in Cereals and Arabidopsis thaliana. The
Plant Cell 16(suppl 1): S214-S227.

Olsen O-A. 2020. The Modular Control of Cereal Endosperm Development. Trends in Plant
Science 25(3): 279-290.

Orozco-Arroyo G, Paolo D, Ezquer I, Colombo L. 2015. Networks controlling seed size in
Arabidopsis. Plant Reproduction 28(1): 17-32.

Orsi CH, Tanksley SD. 2009. Natural Variation in an ABC Transporter Gene Associated with
Seed Size Evolution in Tomato Species. PLOS Genetics 5(1): e1000347.

Otto SP. 2007. The Evolutionary Consequences of Polyploidy. Cell 131(3): 452-462.

Otto SP, Whitton J. 2000. POLYPLOID INCIDENCE AND EVOLUTION. Annual Review
of Genetics 34(1): 401-437.

Panchy N, Lehti-Shiu M, Shiu S-H. 2016. Evolution of Gene Duplication in Plants. Plant
Physiology 171(4): 2294-2316.

Pandey SK, Dasgupta T, Rathore A, Vemula A. 2018. Relationship of Parental Genetic
Distance with Heterosis and Specific Combining Ability in Sesame (Sesamum indicum
L.) Based on Phenotypic and Molecular Marker Analysis. Biochemical genetics 56(3):
188-209.

Papp B, Pal C, Hurst LD. 2003. Dosage sensitivity and the evolution of gene families in yeast.
Nature 424(6945): 194-197.

Parisod C, Holderegger R, Brochmann C. 2010. Evolutionary consequences of
autopolyploidy. New Phytologist 186(1): 5-17.

Pastinen T. 2010. Genome-wide allele-specific analysis: insights into regulatory variation. Nat
Rev Genet 11(8): 533-538.

Pennington PD, Costa LM, Gutierrez-Marcos JF, Greenland AJ, Dickinson HG. 2008.
When Genomes Collide: Aberrant Seed Development Following Maize Interploidy
Crosses. Annals of botany 101(6): 833-843.

Piskurewicz U, Iwasaki M, Susaki D, Megies C, Kinoshita T, Lopez-Molina L. 2016.
Dormancy-specific imprinting underlies maternal inheritance of seed dormancy in
Arabidopsis thaliana. Elife 5: e19573.

33



Chapter 1

Portereiko MF, Lloyd A, Steffen JG, Punwani JA, Otsuga D, Drews GN. 2006. AGL80 is
required for central cell and endosperm development in Arabidopsis. The Plant Cell
18(8): 1862-1872.

Radchuk V, Borisjuk L. 2014. Physical, metabolic and developmental functions of the seed
coat. Front Plant Sci 5: 510.

Raissig MT, Bemer M, Baroux C, Grossniklaus U. 2013. Genomic Imprinting in the
Arabidopsis Embryo Is Partly Regulated by PRC2. PLOS Genetics 9(12): e1003862.

Ramsey J, Schemske DW. 2002. Neopolyploidy in Flowering Plants. Annual Review of
Ecology and Systematics 33(1): 589-639.

Raunsgard A, Opedal @H, Ekrem RK, Wright J, Bolstad GH, Armbruster WS, Pélabon
C. 2018. Intersexual conflict over seed size is stronger in more outcrossed populations
of a mixed-mating plant. Proceedings of the National Academy of Sciences 115(45):
11561-11566.

Reed HS. 1942. A short history of the plant sciences. New York: Ronald Press.

Reif JC, Fischer S, Schrag TA, Lamkey KR, Klein D, Dhillon BS, Utz HF, Melchinger
AE. 2010. Broadening the genetic base of European maize heterotic pools with US
Cornbelt germplasm using field and molecular marker data. Theoretical and Applied
Genetics 120(2): 301-310.

Reinders J, Wulff BB, Mirouze M, Mari-Ordéfiez A, Dapp M, Rozhon W, Bucher E,
Theiler G, Paszkowski J. 2009. Compromised stability of DNA methylation and
transposon immobilization in mosaic Arabidopsis epigenomes. Genes Dev 23(8): 939-
950.

Riaz A, Li G, Quresh Z, Swati MS, Quiros CF. 2001. Genetic diversity of oilseed Brassica
napus inbred lines based on sequence-related amplified polymorphism and its relation
to hybrid performance. Plant Breeding 120(5): 411-415.

Richards EJ. 2006. Inherited epigenetic variation--revisiting soft inheritance. Nat Rev Genet
7(5): 395-401.

Riddle NC, Jiang H, An L, Doerge RW, Birchler JA. 2010. Gene expression analysis at the
intersection of ploidy and hybridity in maize. Theor Appl Genet 120(2): 341-353.

Robert HS, Park C, Gutiérrez CL, Wojcikowska B, Péncik A, Novak O, Chen J,
Grunewald W, Dresselhaus T, Friml J, et al. 2018. Maternal auxin supply contributes
to early embryo patterning in Arabidopsis. Nature Plants 4(8): 548-553.

Robertson K, Goldberg EE, Igi¢ B. 2011. COMPARATIVE EVIDENCE FOR THE
CORRELATED EVOLUTION OF POLYPLOIDY AND SELF-COMPATIBILITY
IN SOLANACEAE. Evolution 65(1): 139-155.

Roxrud I, Lid SE, Fletcher JC, Schmidt ED, Opsahl-Sorteberg HG. 2007. GASA4, one of
the 14-member Arabidopsis GASA family of small polypeptides, regulates flowering
and seed development. Plant Cell Physiol 48(3): 471-483.

Ryder P, McKeown PC, Fort A, Spillane C 2019. Epigenetics and Heterosis in Crop Plants.
In: Alvarez-Venegas R, De-la-Pefia C, Casas-Mollano JA eds. Epigenetics in Plants of
Agronomic Importance: Fundamentals and Applications: Transcriptional Regulation
and Chromatin Remodelling in Plants. Cham: Springer International Publishing, 129-
147.

34



Chapter 1

Sabelli PA, Larkins BA. 2009. The development of endosperm in grasses. Plant Physiol
149(1): 14-26.

Sadras VVO. 2007. Evolutionary aspects of the trade-off between seed size and number in crops.
Field Crops Research 100(2): 125-138.

Savadi S. 2018. Molecular regulation of seed development and strategies for engineering seed
size in crop plants. Plant Growth Regulation 84(3): 401-422.

Schatlowski N, Kohler C. 2012. Tearing down barriers: understanding the molecular
mechanisms of interploidy hybridizations. J Exp Bot 63(17): 6059-6067.

Schmitz RJ, Schultz MD, Urich MA, Nery JR, Pelizzola M, Libiger O, Alix A, McCosh
RB, Chen H, Schork NJ, et al. 2013. Patterns of population epigenomic diversity.
Nature 495(7440): 193-198.

Schnable JC, Springer NM, Freeling M. 2011. Differentiation of the maize subgenomes by
genome dominance and both ancient and ongoing gene loss. Proceedings of the
National Academy of Sciences of the United States of America 108(10): 4069-4074.

Schnable PS, Springer NM. 2013. Progress toward understanding heterosis in crop plants.
Annu Rev Plant Biol 64: 71-88.

Schruff MC, Spielman M, Tiwari S, Adams S, Fenby N, Scott RJ. 2006. The AUXIN
RESPONSE FACTOR 2 gene of Arabidopsis links auxin signalling, cell division, and
the size of seeds and other organs. Development 133(2): 251-261.

Scott RJ, Spielman M, Bailey J, Dickinson HG. 1998. Parent-of-origin effects on seed
development in Arabidopsis thaliana. Development 125(17): 3329-3341.

Seoighe C, Gehring C. 2004. Genome duplication led to highly selective expansion of the
Arabidopsis thaliana proteome. Trends in Genetics 20(10): 461-464.

Seymour DK, Chae E, Grimm DG, Martin Pizarro C, Habring-Muller A, Vasseur F,
Rakitsch B, Borgwardt KM, Koenig D, Weigel D. 2016. Genetic architecture of
nonadditive inheritance in Arabidopsis thaliana hybrids. Proceedings of the National
Academy of Sciences 113(46): E7317-E7326.

Sharma B, Joshi D, Yadav PK, Gupta AK, Bhatt TK. 2016. Role of Ubiquitin-Mediated
Degradation System in Plant Biology. Frontiers in Plant Science 7: 806-806.

Shen H, He H, Li J, Chen W, Wang X, Guo L, Peng Z, He G, Zhong S, Qi Y, et al. 2012.
Genome-wide analysis of DNA methylation and gene expression changes in two
Arabidopsis ecotypes and their reciprocal hybrids. Plant Cell 24(3): 875-892.

Shi X, Chen C, Yang H, Hou J, Ji T, Cheng J, Veitia R, Birchler J 2020. The Gene Balance
Hypothesis: Epigenetics and Dosage Effects in Plants. 161-171.

Shi X, Ng DWK, Zhang C, Comai L, Ye W, Jeffrey Chen Z. 2012. Cis- and trans-regulatory
divergence between progenitor species determines gene-expression novelty in
Arabidopsis allopolyploids. Nature Communications 3(1): 950.

Shull GH. 1908. The Composition of a Field of Maize. Journal of Heredity 0s-4(1): 296-301.

Singh J, Clavijo Michelangeli JA, Gezan SA, Lee H, Vallejos CE. 2017. Maternal Effects
on Seed and Seedling Phenotypes in Reciprocal F1 Hybrids of the Common Bean
(Phaseolus vulgaris L.). Frontiers in Plant Science 8(42).

Soltis DE, Soltis PS, Tate JA. 2004. Advances in the study of polyploidy since Plant
speciation. New Phytologist 161(1): 173-191.

35



Chapter 1

Soltis PS, Marchant DB, Van de Peer Y, Soltis DE. 2015. Polyploidy and genome evolution
in plants. Curr Opin Genet Dev 35: 119-125.

Spoelhof JP, Keeffe R, McDaniel SF. 2020. Does reproductive assurance explain the
incidence of polyploidy in plants and animals? New Phytologist 227(1): 14-21.
Springer NM, Stupar RM. 2007. Allele-specific expression patterns reveal biases and
embryo-specific parent-of-origin effects in hybrid maize. The Plant Cell 19(8): 2391-

2402.

Springer NM, Stupar RM. 2007. Allelic variation and heterosis in maize: how do two halves
make more than a whole? Genome Res 17(3): 264-275.

Stebbins GL, Jr. 1947. Types of polyploids; their classification and significance. Adv Genet
1: 403-429.

Steffen JG, Kang I-H, Portereiko MF, Lloyd A, Drews GN. 2008. AGL61 interacts with
AGLS80 and is required for central cell development in Arabidopsis. Plant Physiology
148(1): 259-268.

Stokes D, Morgan C, O’Neill C, Bancroft 1. 2007. Evaluating the utility of Arabidopsis
thaliana as a model for understanding heterosis in hybrid crops. Euphytica 156(1): 157-
171.

Sun S, Wang L, Mao H, Shao L, Li X, Xiao J, Ouyang Y, Zhang Q. 2018. A G-protein
pathway determines grain size in rice. Nature Communications 9(1): 851.

Swanson-Wagner RA, DeCook R, Jia Y, Bancroft T, Ji T, Zhao X, Nettleton D, Schnable
PS. 2009. Paternal dominance of trans-eQTL influences gene expression patterns in
maize hybrids. Science (New York, N.Y.) 326(5956): 1118-1120.

Tasdighian S, Van Bel M, Li Z, Van de Peer Y, Carretero-Paulet L, Maere S. 2017.
Reciprocally Retained Genes in the Angiosperm Lineage Show the Hallmarks of
Dosage Balance Sensitivity. The Plant Cell 29(11): 2766-2785.

ten Hove CA, Lu K-J, Weijers D. 2015. Building a plant: cell fate specification in the early
Arabidopsis embryo. Development 142(3): 420-430.

Tirosh I, Reikhav S, Levy AA, Barkai N. 2009. A yeast hybrid provides insight into the
evolution of gene expression regulation. Science 324(5927): 659-662.

Tomkowiak A, Bocianowski J, Kwiatek M, Kowalczewski PL. 2020. Dependence of the
heterosis effect on genetic distance, determined using various molecular markers. Open
Life Sciences 15(1): 1-11.

TuS, Luan L, Liu Y, Long W, Kong F, He T, Xu Q, Yan W, Yu M. 2007. Production and
Heterosis Analysis of Rice Autotetraploid Hybrids. Crop Science 47(6): 2356-2363.

Utsunomiya Y, Samejima C, Takayanagi Y, lzawa Y, Yoshida T, Sawada Y, Fujisawa Y,
Kato H, Iwasaki Y. 2011. Suppression of the rice heterotrimeric G protein B-subunit
gene, RGB1, causes dwarfism and browning of internodes and lamina joint regions.
The Plant Journal 67(5): 907-916.

Van de Peer Y, Mizrachi E, Marchal K. 2017. The evolutionary significance of polyploidy.
Nat Rev Genet 18(7): 411-424.

van Hulten MHA, Paulo M-J, Kruijer W, Blankestijn-De Vries H, Kemperman B, Becker
FFM, Yang J, Lauss K, Stam ME, van Eeuwijk FA, et al. 2018. Assessment of
heterosis in two Arabidopsis thaliana common-reference mapping populations. PLOS
ONE 13(10): e0205564.

36



Chapter 1

Vasseur F, Fouqueau L, de Vienne D, Nidelet T, Violle C, Weigel D. 2019. Nonlinear
phenotypic variation uncovers the emergence of heterosis in Arabidopsis thaliana.
PLOS Biology 17(4): €3000214.

Veitia RA, Birchler JA. 2015. Models of buffering of dosage imbalances in protein
complexes. Biol Direct 10: 42.

Veitia RA, Bottani S, Birchler JA. 2013. Gene dosage effects: nonlinearities, genetic
interactions, and dosage compensation. Trends Genet 29(7): 385-393.

Vielle-Calzada J-P, Grossniklaus U, Spillane C 2002. Parent-of-Origin Effects and Seed
Development: Genetics and Epigenetics. Transgenic plants and crops.

Wang A, Garcia D, Zhang H, Feng K, Chaudhury A, Berger F, Peacock WJ, Dennis ES,
Luo M. 2010. The VQ motif protein IKU1 regulates endosperm growth and seed size
in Arabidopsis. Plant J 63(4): 670-679.

Wang L, Greaves IK, Groszmann M, Wu LM, Dennis ES, Peacock WJ. 2015. Hybrid
mimics and hybrid vigor in Arabidopsis. Proceedings of the National Academy of
Sciences 112(35): E4959-E4967.

Wang L, Liu PC, Wu LM, Tan J, Peacock WJ, Dennis ES. 2019. Cotyledons contribute to
plant growth and hybrid vigor in Arabidopsis. Planta 249(4): 1107-1118.

Wang L, Wu LM, Greaves IK, Dennis ES, Peacock WJ. 2019. In Arabidopsis hybrids and
Hybrid Mimics, up-regulation of cell wall biogenesis is associated with the increased
plant size. Plant Direct 3(11): e00174.

Wang L, Yamashita M, Greaves IK, Peacock WJ, Dennis ES. 2020. Arabidopsis Col/Ler
and Ws/Ler hybrids and Hybrid Mimics produce seed yield heterosis through increased
height, inflorescence branch and silique number. Planta 252(3): 40.

Washburn JD, Birchler JA. 2014. Polyploids as a “model system” for the study of heterosis.
Plant Reproduction 27(1): 1-5.

Wendel JF, Lisch D, Hu G, Mason AS. 2018. The long and short of doubling down:
polyploidy, epigenetics, and the temporal dynamics of genome fractionation. Curr Opin
Genet Dev 49: 1-7.

Westoby, Daniel S. Falster, Angela T. Moles, Peter A. Vesk a, Wright 1J. 2002. Plant
Ecological Strategies: Some Leading Dimensions of Variation Between Species.
Annual Review of Ecology and Systematics 33(1): 125-159.

Westoby M, Leishman M, Lord J, Poorter H, Schoen DJ. 1996. Comparative Ecology of
Seed Size and Dispersal. Philosophical Transactions: Biological Sciences 351(1345):
1309-1318.

Wittkopp PJ, Haerum BK, Clark AG. 2008. Regulatory changes underlying expression
differences within and between Drosophila species. Nat Genet 40(3): 346-350.
Wittkopp PJ, Kalay G. 2012. Cis-regulatory elements: molecular mechanisms and

evolutionary processes underlying divergence. Nature Reviews Genetics 13(1): 59-69.

Wolff P, Jiang H, Wang G, Santos-Gonzélez J, Kohler C. 2015. Paternally expressed
imprinted genes establish postzygotic hybridization barriers in Arabidopsis thaliana.
Elife 4: e10074.

Wolff P, Weinhofer I, Seguin J, Roszak P, Beisel C, Donoghue MTA, Spillane C,
Nordborg M, Rehmsmeier M, Kéhler C. 2011. High-Resolution Analysis of Parent-

37



Chapter 1

of-Origin Allelic Expression in the Arabidopsis Endosperm. PLOS Genetics 7(6):
e1002126.

Wolko J, Dobrzycka A, Bocianowski J, Bartkowiak-Broda I. 2019. Estimation of heterosis
for yield-related traits for single cross and three-way cross hybrids of oilseed rape
(Brassica napus L.). Euphytica 215(10): 156.

Wu J-W, Hu C-Y, Shahid MQ, Guo H-B, Zeng Y-X, Liu X-D, Lu Y-G. 2013. Analysis on
genetic diversification and heterosis in autotetraploid rice. SpringerPlus 2: 439-439.

Xiao W, Brown RC, Lemmon BE, Harada JJ, Goldberg RB, Fischer RL. 2006. Regulation
of seed size by hypomethylation of maternal and paternal genomes. Plant Physiology
142(3): 1160-1168.

Xiao W, Gehring M, Choi Y, Margossian L, Pu H, Harada JJ, Goldberg RB, Pennell RI,
Fischer RL. 2003. Imprinting of the MEA Polycomb gene is controlled by antagonism
between MET1 methyltransferase and DME glycosylase. Dev Cell 5(6): 891-901.

Xu J, Zhang S. 2015. Mitogen-activated protein kinase cascades in signaling plant growth and
development. Trends Plant Sci 20(1): 56-64.

Yadegari R, Drews GN. 2004. Female Gametophyte Development. The Plant Cell 16(suppl
1): S133-S141.

Yan D, Duermeyer L, Leoveanu C, Nambara E. 2014. The functions of the endosperm
during seed germination. Plant Cell Physiol 55(9): 1521-1533.

Yang S, Huang L, Song J, Liu L, Bian Y, JiaB, Wu L, Xin Y, Wu M, Zhang J, et al. 2021.
Genome-Wide Analysis of DAl-Like Genes in Gossypium and Functional
Characterization of GhDA1-1A Controlling Seed Size. Frontiers in Plant Science
12(921).

Yao H, Dogra Gray A, Auger DL, Birchler JA. 2013. Genomic dosage effects on heterosis
in triploid maize. Proceedings of the National Academy of Sciences 110(7): 2665-26609.

YiQ, LiuY,HouX, Zhang X, LiH, Zhang J, LiuH, Hu Y, Yu G, Li Y, et al. 2019. Genetic
dissection of yield-related traits and mid-parent heterosis for those traits in maize (Zea
mays L.). BMC Plant Biology 19(1): 392.

Yu C, Wan J, Zhai H, Wang C, Jiang L, Xiao Y, Liu Y. 2005. Study on heterosis of inter-
subspecies between indica and japonica rice (Oryza sativa L.) using chromosome
segment substitution lines. Chinese Science Bulletin 50(2): 131-136.

Yu SB, Li JX, Xu CG, Tan YF, Gao YJ, Li XH, Zhang Q, Maroof MAS. 1997. Importance
of epistasis as the genetic basis of heterosis in an elite rice hybrid. Proceedings of the
National Academy of Sciences 94(17): 9226-9231.

Yuan J, Chen S, Jiao W, Wang L, Wang L, Ye W, Lu J, Hong D, You S, Cheng Z, et al.
2017. Both maternally and paternally imprinted genes regulate seed development in
rice. New Phytologist 216(2): 373-387.

Zhang K, Wang X, Cheng F. 2019. Plant Polyploidy: Origin, Evolution, and Its Influence on
Crop Domestication. Horticultural Plant Journal 5(6): 231-239.

Zhang M, Wu H, Su J, Wang H, Zhu Q, Liu Y, Xu J, Lukowitz W, Zhang S. 2017.
Maternal control of embryogenesis by MPK6 and its upstream MKK4/MKKS5 in
Arabidopsis. Plant J 92(6): 1005-10109.

38



Chapter 1

Zhang Q, Li Y, Xu T, Srivastava AK, Wang D, Zeng L, Yang L, He L, Zhang H, Zheng
Z, et al. 2016. The chromatin remodeler DDM1 promotes hybrid vigor by regulating
salicylic acid metabolism. Cell discovery 2: 16027-16027.

Zhang T, Ni X-I, Jiang K-f, Deng H-f, He Q, Yang Q-h, Yang L, Wan X-Q, Cao Y-}, Zheng
J-k. 2010. Relationship Between Heterosis and Parental Genetic Distance Based on
Molecular Markers for Functional Genes Related to Yield Traits in Rice. Rice Science
17(4): 288-295.

Zhang Y, Du L, Xu R, Cui R, Hao J, Sun C, Li Y. 2015. Transcription Factors
SOD7/NGALZ2 and DPA4/NGALS3 Act Redundantly to Regulate Seed Size by Directly
Repressing KLU Expression in Arabidopsis thaliana. The Plant Cell 27(3): 620-632.

Zhang Y, Wendte JM, Ji L, Schmitz RJ. 2020. Natural variation in DNA methylation
homeostasis and the emergence of epialleles. Proceedings of the National Academy of
Sciences 117(9): 4874-4884.

Zhao X, Chai Y, Liu B. 2007. Epigenetic inheritance and variation of DNA methylation level
and pattern in maize intra-specific hybrids. Plant Science 172(5): 930-938.

ZhaoY, Li Z, Liu G, Jiang Y, Maurer HP, Wirschum T, Mock HP, Matros A, Ebmeyer
E, Schachschneider R, et al. 2015. Genome-based establishment of a high-yielding
heterotic pattern for hybrid wheat breeding. Proceedings of the National Academy of
Sciences of the United States of America 112(51): 15624-15629.

Zheng W, Gianoulis TA, Karczewski KJ, Zhao H, Snyder M. 2011. Regulatory Variation
Within and Between Species. Annual Review of Genomics and Human Genetics 12(1):
327-346.

Zhou Y, Zhang X, Kang X, Zhao X, Zhang X, Ni M. 2009. SHORT HYPOCOTYL UNDER
BLUEL Associates with MINISEED3 and HAIKU2 Promoters in Vivo to Regulate
Arabidopsis Seed Development. The Plant Cell 21(1): 106-117.

39



Chapter 2

Chapter 2. Parent-of-origin effects on seed size modify
heterosis responses in Arabidopsis thaliana

Note: this chapter constitutes an under-review manuscript that was submitted to New
Phytologist.

40



Chapter 2

Abstract

Parent-of-origin effects arise when a phenotype depends on whether it is inherited
maternally or paternally. Parent-of-origin effects exert a strong influence on flowering
plant seed size, an important agronomic trait that serves as a proxy for biomass heterosis
in the model plant Arabidopsis thaliana.

Here we investigate the natural variation in the relative contributions of the maternal
and paternal genomes on F1 seed size across 71 reciprocal pairs of F1 hybrid diploids
and their impact on seed size heterosis.

Parental genotype strongly influences seed size establishment, with a much larger
contribution of the paternal genome than previously appreciated.

Hybridity significantly enhances parent-of-origin and heterosis effects on F1 seed size
under parental genome imbalance beyond that achieved in homoploid crosses.

We provide further insight into the interaction between the unique effects of genetic
hybridity and parental genome dosage that explain diverse mechanisms for the heterosis
phenomenon.

Keywords

Parent-of-origin effects, seed size, hybridity, heterosis, hybrid vigour, parental genome dosage,
parental effects, paternal contribution, natural variation, F1 hybrids, reciprocal crosses, ploidy,
Arabidopsis
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Introduction

Hybridisation is widely used in crop breeding to harness hybrid vigour effects and for
generation of improved phenotypes (Goulet et al., 2017). Improvement of F1 hybrid
performance relative to parental lines is known as heterosis and can affect yield, biomass and
many other plant characters (Birchler et al., 2010; McKeown et al., 2013a; Schnable &
Springer, 2013; Miyaji & Fujimoto, 2018; Vasseur et al., 2019; Liu et al., 2020). Heterosis
breeding schemes underpin higher-yielding F1 hybrid varieties of many crops, including maize,
rice, sugar beet, oilseed rape, and sorghum (Cheng et al., 2007; Ma & Yuan, 2015; Goulet et
al., 2017; Dimitrijevic & Horn, 2018; McGrath & Panella, 2018; Wolko et al., 2019). Both
positive and negative heterosis can be used in breeding programmes, increasing or decreasing
the trait value of interest relative to the parents, respectively (Ryder et al., 2014). While positive
heterosis is preferable for yield, negative heterosis is useful for reducing seed size in some
crops, e.g. grapes, watermelon, or tomato (Milborrow, 1998); negative heterosis for growth
duration is also useful for earliness where it has relevance to rainfed crops (Kumar et al., 2015).

Seed/grain size is a prime breeding target and a major contributor to seed weight, ultimately
influencing yield (Shomura et al., 2008; Kesavan et al., 2013; Makino et al., 2020). Despite
the traditional yield gain attributed to seed/grain number, modern crop varieties have
demonstrated that seed/grain weight, and therefore seed size, can also be associated with grain
yield, driven by artificial selection which can alter the constraints on the trade-off between seed
size and number (Griffiths et al., 2015; Golan et al., 2019; Calderini et al., 2021; Martin, 2021).

The non-additive mode of inheritance that characterises heterosis prevents the prediction of F1
hybrid phenotypes from performance in the parental generation, which necessitates laborious
field testing of hybrids developed from complex breeding designs to identify germplasm pools
with good combining ability (Fridman, 2015; Seymour et al., 2016; Vasseur et al., 2019). In
this context, the model plant A. thaliana is an alternative for studying parental genotype
combinations (Stokes et al., 2007; Schnable & Springer, 2013), as over 2000 genotypically
different accessions have been described and it possesses a short life cycle from seed to seed
that significantly accelerates genetic studies (Weigel, 2012). Seed size heterosis has been
reported in certain A. thaliana intraspecific hybrids (Alonso-Blanco et al., 1999; Stokes et al.,
2007; House et al., 2010; Groszmann et al., 2014; van Hulten et al., 2018; Wang, Li et al.,
2020), making A. thaliana a suitable system for dissecting the control of seed size heterosis.

Seed size is a life-history trait that is also influenced by parent-of-origin effects, which can
occur when the phenotype differs according to whether it is transmitted maternally or paternally
(Vielle-Calzada et al., 2002; Lawson et al., 2013). Analysis of reciprocal crosses in several
species have demonstrated strong maternal effects on F1 seed size, while paternal effects are
only rarely reported (de Jong & Scott, 2007; Diggle et al., 2010; House et al., 2010; de Jong et
al., 2011; Li & Li, 2015; Singh et al., 2017; Li et al., 2019). The mechanisms underlying
maternal effects on seed size include (1) uniparental inheritance of cytoplasmic organelles,
usually via the female gametes (although paternal inheritance/leakage of organellar genomes
has been reported in certain species), (2) gametophytic effects involving the egg cell and/or
central cell , (3) sporophytic effects (mediated by e.g. maternal integuments, the seed coat),
and (4) genomic imprinting in the seed endosperm (Grossniklaus et al., 2001; Donohue, 2009;
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Diggle et al., 2010; Greiner et al., 2015; Armenta-Medina & Gillmor, 2019; Kirkbride et al.,
2019).

Paternal effects can also influence seed development in various ways, although these are more
limited in scope than for the maternal parent. Paternal effects can occur through male
gametogenesis or, post-fertilisation, due to factors deposited by the sperm cells in the egg
and/or central cells, as well as by genomic imprinting effects (Spillane et al., 2002; Wolff et
al., 2015; Pires et al., 2016; Batista & Kohler, 2020). Indeed, the role of sperm-accumulated
transcripts (including coding and non-coding RNAS) is apparent in early development in both
animals and plants (Godia et al., 2018). For example, interruption of small RNAs delivery by
the sperm causes arrested zygotic divisions in mouse, leading to embryonic lethality (Yuan et
al.,, 2016). In A. thaliana, the sperm-transmitted microRNA, miR159, triggers endosperm
nuclear divisions (Zhao et al., 2018), while the sperm-delivered SHORT SUSPENSOR (SSP)
MRNA is necessary for the first zygotic division (Bayer et al., 2009). Epigenetic modifications
present in sperm and/or semen can influence offspring development in many taxa, including
insects, fish and nematodes (Macartney et al., 2018) and include inheritance of DNA
methylation patterns and chromatin structure, potentially affecting the embryo’s transcriptional
programs (Skinner et al., 2015; Klosin et al., 2017; Macartney et al., 2018).

Studies in A. thaliana have demonstrated that altering the relative dosages of the parental
genomes, typically in inter-ploidy crosses, causes particularly strong parent-of-origin effects
on seed endosperm development, resulting in dramatic seed size changes even in the absence
of genetic hybridity (Scott et al., 1998; Fort et al., 2016; Lafon-Placette & Kohler, 2016). While
doubling the paternal genome dosage in crosses between diploid (2x) and tetraploid (4x)
parents can result in prolonged endosperm proliferation and abnormally large seeds which
frequently abort, the reciprocal cross, which has a maternal genome excess, causes precocious
endosperm cellularisation leading to unusually small seeds (Scott et al., 1998; Fort et al., 2016;
Lafon-Placette & Kohler, 2016). We previously showed that paternal excess F1 triploids stably
demonstrated heterosis for biomass across ten accession combinations, in excess of the usual
biomass heterosis. We could not however associate this with any increase in relative growth
rate and suggested that the effect is likely to be due to paternal genomes driving an increase in
seed size (Fort et al., 2016).

In this study, we test this hypothesis across a broad sample of A. thaliana genetic diversity by
reciprocally crossing 71 accessions to diploid and tetraploid tester lines. We quantify the
contribution of both the maternal and paternal genomes on seed size and seek associations with
the extent of seed size heterosis. Finally, using reciprocal pairs of maternal and paternal
genome excess F1 triploids, we investigate whether parental genome dosage can enhance
hybridity-associated parent-of-origin effects on F1 seed size in pairs of equivalent reciprocal
F1 hybrid diploids beyond that achieved by polyploidy. This analysis allows us to quantify the
impact of natural variation on parent-of-origin effects for F1 seed size in crosses between plants
of equal or unequal ploidy, and propose pathways for parental control of plant biomass through
altered provisioning to the seed.
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Materials and Methods
Plant growth conditions and crossing

A. thaliana seeds were surfaced-sterilised with chlorine for 1 h by mixing 30 ml of sodium
hypochlorite (10%) and 3ml of hydrochloric acid (HCI) (37%) in a bell chamber. Sterile seeds
were stratified for 3-4 days at 4 °C in the dark and germinated directly in 5:1:1 mixture of
compost:vermiculite:perlite (National Agrochemical Distributors Ltd). Plants were grown in a
randomized block design under long-day conditions (16 h light, 21 °C /8 h dark, 18 °C) with
light intensity 120-150 uE m™s™* and humidity 70%. Manual crosses were performed on a Leica
MZ6 stereo microscope; only flowers on the primary stem were emasculated to reduce possible
alterations in seed size due to natural variation between branches. Sepals, petals and stamens
were removed using #5 Forceps (Dumont) and stigmas allowed to mature for two days before
being pollinated.

Plant material and crossing design

The accessions used in this study and their geolocation (Supplementary Table 2.1) were
provided by Arthur Korte from University Wirzburg. The 71 accessions (plus the Ler-0 tester
line) used to generate the reciprocal F1 hybrids are part of an original panel of 400 accessions
designed by Arthur Korte which comprised 200 Swedish accessions (Long et al., 2013) and an
additional random set of 200 accessions derived from a wide range including Central and
Western Europe, Asia, and North America. The subset was selected according to flowering
time (we used only accessions which flowered within 120 days without prior vernalisation to
minimise environmental effects on seed size). Tetraploid Ler-0 seeds (4x Ler-0) were the kind
gift of Brian Dilkes (Purdue University, West Lafayette, IN, USA), generated by colchicine
doubling (Blakeslee, 1941). A diploid tester line in Ler-0 background (2x Ler-0) was used to
generate the set of 142 Ler-0/Accession hybrids (including reciprocals). To minimise any
possible environmental effects, three replicates of every cross combination were generated (for
a total of 426 manual crosses) and grown in a randomized block design. The seed size value of
parental lines was obtained from three biological replicates of self-fertilised plants.

Seed size analysis

15-20 DAP siliques were harvested once they had turned brown before dropping seeds and
stored in paper envelopes before seed size analysis. Dried silique material was removed using
forceps and the seeds were spread onto an EPSON Perfection V600 Photo Scanner. Seeds were
evenly separated using a painting brush to ensure further single-seed measurements. Images
were taken at a resolution of 900 dpi in a black and white format. ImageJ was used to measure
seed area (Abramoff et al., 2004), with a range of 0.08-0.3 mm? for diploid and paternal-excess
triploid seeds and 0.03-0.2 mm? for maternal-excess triploid seeds to exclude any non-seed
material.
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Calculation of heterosis

The mean size (mm?) of exclusively plump seeds was used for seed size heterosis calculations
following Falconer and Mackay (1996) to evaluate F1 performance over their mid-parent (MP),
best-parent (BP), or worst-parent (WP) values (Falconer & Mackay, 1996). Mid-Parent
Heterosis (MPH) levels were determined as: %MPH= (F1 - MP)/MP*100, where the mid-
parent (MP) value consists of the mean value of both parents. MPH is a relative measure to
assess whether F1 hybrids have a greater performance (bigger seed size) than the average
performance of both parents. In contrast, Best-Parent Heterosis (BPH) levels evaluate the F1
hybrid value compared only to the best performing parent (BP), determining offspring with
increased seed size over the largest parent. BPH levels were calculated as: %BPH= (F1 -
BP)/BP*100. Worst-Parent Heterosis (WPH) was calculated as %WPH= (F1 - WP)/WP*100
to determine F1 hybrids with a smaller seed size than the worst performing parent (WP).
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Results

Paternal and maternal influences on size of F1 hybrid A. thaliana seeds

To determine the extent of parent-of-origin effects on seed size heterosis from crosses between
A. thaliana plants, a panel of 71 genetically different diploid (2x) accessions (Supplementary
Table 2.1) and a 2x tester accession in Ler-0 background were used as crossing parents to
generate Ler-0/Accession F1 hybrids. As a baseline, we first determined seed size of each
parental line when grown under controlled, randomized conditions. As expected, we observed
significant natural variation for seed size across the accessions (Figure 2.1), ranging from the
small-seeded accessions IP-Pro-0 (0.1179 mm?) and the Ler-0 tester accession (0.1332 mm?),
to the considerably larger seeds of Pt-0 (0.1672 mm?) and Ta-0 (0.1781 mm?).

To systematically quantify the strength of parental effects, each cross was carried out in both
directions (to generate a set of reciprocal F1 hybrid seeds (2x Ler-0 X 2x Accession vs 2X
Accession X 2x Ler-0). We found that F1 seed size was strongly influenced by parent-of-origin
effects, as many pairs of reciprocal crosses displayed large differences in F1 seed size.
Generally, when Ler-0 when used as maternal parent produced the smallest seeds (0.82 times
smaller on average than their reciprocal counterparts), whereas Ler-0 used as pollen donor led
to substantially larger F1 seeds (Figure 2.1): these results are consistent with previous findings
of parent-of-origin effects on seed size in crosses involving Ler-0 (see Discussion).
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Figure 2.1. Heterosis effects on F1 seed size observed in reciprocal F1 hybrid diploid seeds
depend on parent-of-origin effects. F1 hybrid diploid seed size of reciprocal crosses using 2x
Ler-0 as pollen donor (represented by blue circles) or as maternal parent (light blue squares).
Seed size of isogenic parental lines is also represented (orange triangles) for comparison with
their reciprocal F1 offspring. The horizontal red dashed line corresponds to the mean seed size
value of the accession 2x Ler-0 (0.1332 mm?). Error bars represent SD.

To quantify the relationship between maternal or paternal genotype and F1 seed size, we
performed a correlation analysis (Table 1). A strong correlation (r = 0.5285, p-value = <0.0001)
was found between the seed size of F1 hybrid diploid seeds derived from 2x Accession X 2x
Ler-0 crosses, and the seed size of that of the accessions used as maternal parent, confirming
that F1 seed size is highly influenced by maternal effects. Interestingly, we also found a strong
positive correlation (r = 0.4658, p-value = <0.0001) between the seed size of F1 hybrid seeds
from 2x Ler-0 X 2x Accession crosses and the parental seed size of the 2x accessions used as
pollen donors, suggesting that F1 hybrid seed size can be significantly influenced by the
paternal genome (Figure 2.1). Such ‘paternal effects’ have been reported before from small
numbers of inter-accession crosses (House et al., 2010) but have typically been found to be
quite small.

Table 1. Influence of parental seed size on F1 seed size heterosis in hybrid offspring. Pearson
correlation coefficient (r) was used to determine the association between F1 seed size of F1
hybrid diploids and seed size of genetically different accessions used as parental lines.
Correlation is significant at the 0.05 level.

2x Accession X 2x Ler-0 2x Accession

r=0.2324 R? = 0.054 r=0.4658 R* = 0.217

2x Ler-0 X 2x Accession
p value = 0.0512 p value = <0.001

r=0.5285R?*=0.2794
p value = <0.001

2x Accession X 2x Ler-0

To quantify the extent of parent-of-origin effects observed in F1 seed size between pairs of
reciprocal F1 hybrid diploids, the mean seed size area of F1 seeds from 2x Ler-0 X 2x
Accession crosses was subtracted from the mean F1 seed size of the reciprocal cross 2x
Accession X 2x Ler-0. The positive values obtained (Figure 2.2 A) confirmed the consistently
bigger seed size of 2x Accession X 2x Ler-0 F1 hybrids. Not all genetically different F1 hybrids
displayed the same magnitude in seed size differences between pairs of reciprocal F1 hybrid
diploids (Figure 2.2 B). For instance, the parental accessions Copac-1, DralV 6-13 and Lago-
1 generated the three F1 hybrids with the weakest parent-of-origin effects (A = 0.0045 mm?, A
=0.0061 mm? and A = 0.0089 mm?, respectively), while IP-Vdt-0, Baa-1 and IP-Smt-1 were

47



Chapter 2

the three parental accessions with the strongest parent-of-origin effects on seed size (A= 0.0595
mm?, A=0.0617 mm? and A = 0.0698 mm?, respectively). As shown in Figure 2.2 C and Figure
2.3, weak parent-of-origin effects led to similar F1 seed size between reciprocal F1 hybrid
diploids, whereas strong parent-of-origin effects led to dramatic differences in F1 seed size.
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Figure 2.2. Parent-of-origin effects on F1 seed size show natural variation. A) Natural variation
for parent-of-origin effects on seed size across 71 reciprocal F1 hybrid diploids. The red dashed
line represents the average difference in mean F1 seed area for the entire set of 71 reciprocal
hybrids B) Difference in F1 mean seed size between the three reciprocal F1 hybrid diploids
showing the weakest and the strongest parent-of-origin effects. The red dashed line indicates
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the same as A. C) Seed size of reciprocal F1 hybrid diploids shown in B. Seed size of 2x Ler-
0 (0.1332 mm?) is represented by a red dashed line.

Weak parent-of-origin effect Strong parent-of-origin effect

E
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Figure 2.3. Seed size phenotypes of reciprocal F1 hybrid diploid seeds and their parental lines.
A) The three F1 hybrid diploids with the weakest parent-of-origin effects on F1 seed size in
this study and the accessions used as parental lines. The black arrow represents the intensity of
parent-of-origin effects in ascending order. B) The three F1 hybrid diploids with the strongest
parent-of-origin effects in this study and their parental lines. The black arrow represents the
intensity of parent-of-origin effects, from lowest to highest. Scale bar = 1mm.
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Genetic control of seed size heterosis via parent-of-origin effects

Seed size in A. thaliana inter-accession hybrids frequently demonstrates heterosis when
compared to the parental values. To quantify the extent of heterosis on size of F1 seeds, and of
any impact of the parent-of-origin effects described above, we calculated Best-Parent (%BPH),
Mid-Parent (%MPH) and Worst-Parent Heterosis (%WPH) for F1 seed size for all 71
reciprocal Ler-0/Accession hybrids (Figure 2.4, Table 2). Best-Parent Heterosis was found for
F1 seed size in all 2x Accession X 2x Ler-0 cross direction F1 hybrids, except those derived
from the parental accessions DralV-6-13 (BPH = -1.17%), Duk (BPH = -0.68%), Zdrl 2-21
(BPH = -0.4%), Ei-2 (BPH = -4.57%) and IP-Pro-0 (BPH = 0%) (where a negative value for
%BPH indicates that the F1 hybrid does not exceed the seed size of the Best-Parent (BP) value).
Notably, IP-Pro-0 when used as maternal parent produced F1 hybrid seeds that were the same
size as the BP value (2x Ler-0, 0.1332 mm?) (Figure 2.4 B, Supplementary Table 2.2). All four
accessions did however display Mid-Parent heterosis, meaning that the F1 hybrids exceeded
the seed size of the average value of the two parental lines. The highest levels of BPH were
found in Baa-1/Ler-0 F1 hybrids (following the convention the maternal parent is always
mentioned first), whose F1 seeds were nearly 40% larger than the BP value, whereas the lowest
levels of BPH were found in the Utrecht/Ler-0 F1 hybrids, with seeds only 0.4% larger than
the BP value.

Conversely, the F1 hybrids from 2x Ler-0 X 2x Accession cross direction showed a tendency
towards Worst-Parent Heterosis for seed size, again as expected (Figure 2.4 B, Supplementary
Table 2.2). The highest levels of WPH were found in the Ler-0/IP-Cad-0 and Ler-0/IP-Vdt-0
F1 hybrids, with seeds 16% smaller than the WP value. However, this pattern was more likely
to be disrupted by the genome of the pollen donors, with numerous accessions such as Wank-
2, Lu3-30, Tu-NK-12, Kus2-2, Copac-1, Ru4-16, DralV 6-13, Kelsterbach-4, Bal-2, Schl-7,
Wt-5, Doubravnik7, Slavi-1, Gr-5 and Ta-O producing Best-Parent and/or Mid-Parent
Heterosis instead. For example, Ler-0/Copac-1 and Ler-0/Slavi-1 crosses produced seeds that
were more than 10% larger than their respective WP value. Ler-0/Copac-1 F1 hybrids
displayed BPH levels (BPH = 4.8%) while Ler-0/Slavi-1 showed MPH levels (MPH = 2.4%).
These results suggest that in these genotype combinations, the pollen donor genotype alters the
heterotic response and suppresses the usual small-seeded ‘Ler-0 mother effect’.

Overall, our results confirm that the tendency to seed size heterosis is subject to natural
variation within species, and that is strongly influenced by parent-of-origin effects. While
positive seed size heterosis was associated with a Ler-0 father effect, negative heterosis was
generally induced by Ler-O maternal inheritance. However, we also note certain genotypes
which disrupt or enhance the usual patterns.
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Figure 2.4. The heterotic effect on F1 diploid seed size depends on parent-of-origin effects.

A) Levels of Best-Parent (%BPH), Mid-Parent (%0MPH) and Worst-Parent Heterosis (%WPH)
across reciprocal F1 hybrid diploid seed size. B) F1 hybrids that do not follow the trend
observed among 71 reciprocal Ler-0/Accession F1 hybrids for %BPH, %MPH or %WPH.
Exceptions are indicated in red. The horizontal dotted line represents the critical value 0.
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Hybridity enhances parent-of-origin effects on seed size in inter-accession crosses beyond
those observed in diploid crosses

To investigate whether parental genome dosage modifies the “Ler-0 effect” observed across
our reciprocal F1 hybrid diploid population, we repeated our crosses using a subset of the 71
accessions, but this time crossed to a tetraploid (4x) tester line, again in the Ler-0 background.
These genotypes were denoted ‘AA’ for the diploid accession, ‘LLLL’ for the Ler-0 tester, and
‘ALL’ or ‘LLA’ in the two sets of reciprocal F1 hybrid triploid seeds (using the genotype for
the embryo to indicate the two sets of offspring), (Supplementary Figure 2.1). We performed
these crosses using the three accessions that displayed the weakest parent-of-origin effects on
F1 seed size in diploid-diploid crosses (Copac-1, DralV 6-13 and Lago-1) and those which
displayed the strongest ones (IP-Vdt-0, Baa-1 and IP-Smt-1). Furthermore, reciprocal isogenic
(genetically identical) inter-ploidy crosses between 2x and 4x Ler-0 plants were also conducted
to disaggregate heterosis effects due to genetic hybridity versus genome dosage (Figure 2.5,
Table 2, Supplementary Table 2.3). We have previously shown that these effects can interact
in complex ways in control of plant biomass (Fort et al., 2016), and had hypothesised that
similar interactions in control of seed size could explain later biomass accumulation.

Table 2. Hybridity-associated parent-of-origin effects in F1 hybrid triploids compared with
their diploid counterparts. 2xA X 4xL (paternal-excess F1 hybrid triploids, ALL), 4xL X 2xA
(maternal-excess F1 hybrid triploids, LLA). 2xA (diploid accession, AA), 2xL (diploid Ler-0,
LL), 4xL (tetraploid Ler-0, LLLL), POE (Parent-of-origin effects, A), N/A, not available due
to triploid block.

2xA 2xL 2xA 4xL 2xL  4xL genome hybridity- 3x

Accession X X POE2x X X POE3x X X  dosage specific 'S

2xL 2XA 4xL 2XA 4xL 2xL  POE 3x POE 3x 2X
Copac-1 0.1538 0.1493 0.0045 0.1973 0.0911 0.1062 0.1682 0.0914 0.0768 0.0294 6.5333
DralV 6-13 0.1438 0.1377 0.0061 0.1994 0.0753 0.1241 0.0473 7.7541
Lago-1 0.1353 0.1264 0.0089 N/A 0.0807 N/A N/A N/A
IP-vdt-0 0.1121 0.1716 0.0595 0.2219 0.07997 0.1419 0.06513 1.0946
Baa-1 0.1331 0.1948 0.0617 0.233 0.05968 0.1733 0.09652 1.5643
IP-Smt-1  0.1177 0.1875 0.0698 0.2017 0.06298 0.1387 0.06192 0.8871

Interestingly, we found that the “Ler-0 effect” can be enhanced in pairs of reciprocal F1 hybrid
triploid crosses of the accessions from the weakest parent-of-origin effects group. At the 3x
level, parent-of-origin effects in Copac-1/Ler-0 hybrids increased up to A = 0.1062 mm?, in
contrast to those of 2x level (A = 0.0045 mm?), (Table 2, Figure 2.5 A). To calculate parent-
of-origin effects strictly associated with genetic hybridity, we subtracted the parent-of-origin
effects caused by genome dosage observed in isogenic inter-ploidy reciprocal crosses of Ler-0
(A = 0.0768 mm?) from that of Copac-1/Ler-0 hybrid triploids (A = 0.1062 mm?). Strikingly,
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we found that genetic hybridity alone induced parent-of-origin effects that were 6.5 times
higher in Copac-1/Ler-0 hybrid triploids than in diploids (Table 2, Figure 2.5 A). Similarly,
we detected parent-of-origin effects in DralV 6-13/Ler-0 hybrids triploids that were 7.75 times
higher than those at the 2x level, enhancing the usual “Ler-0 effect”. It was not possible to
determine parent-of-origin effects at the 3x level in Lago-1/Ler-0 reciprocal crosses, as paternal
genome excess in this genotype cross combination leads to the postzygotic reproductive barrier
known as the triploid block (Kohler et al., 2010; Birchler, 2014). In contrast to these results,
we observed that such “Ler-0 effects” remained similar at both the 2x and 3x level in F1 hybrids
of the accessions from the strongest parent-of-origin group (Table 2).

Overall, our results indicate that crosses between plants of unequal ploidy can drive additional
hybridity-associated parent-of-origin effects in certain genotype combinations, even where no
such parent-of-origin effects are seen in crosses between diploids.
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Figure 2.5. Hybridity enhances parent-of-origin effects in F1 triploids beyond that achieved at
the diploid level. A) Difference in F1 mean seed size for reciprocal isogenic (Ler-0) and hybrid
crosses at the diploid and triploid level. The red dashed line represents the parent-of-origin
effects for Ler-0 F1 isogenic triploids. B) F1 hybrid seed size of balanced-ploidy crosses (2x
Accession X 2x Ler-0 and 2x Ler-0 X 2x Accession) and interploidy crosses (2x Accession X
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4x Ler-0 and 4x Ler-0 X 2x Accession). Seed size of parental lines is also represented (orange
for the natural accessions, a horizontal red dashed line for 2x Ler-0 and black dashed line for
tetraploid Ler-0 -4x Ler-0-) for comparison with ploidy levels and their reciprocal F1 offspring.
Error bars represent SD. C) Seed size phenotypes of reciprocal F1 seeds in balanced and
interploidy crosses. Scale bar = 1mm.

Hybridity has a greater effect on F1 seed size heterosis at the triploid level

To investigate whether the additional hybridity-associated parent-of-origin effects found in F1
hybrid triploids of Ler-0 and the accessions Copac-1, DralV 6-13 and Lago-1 modify the extent
of heterosis, we calculated Mid-Parent Heterosis (MPH) levels at the 2x and 3x level. MPH
ensures that both parental lines are considered in determining the level of heterosis in the F1
hybrid. For instance, a positive value for MPH may indicate that the F1 hybrid outperforms the
average value of the parental lines, while a negative value indicates the hybrid falls below it.
We therefore quantified the hybridity-specific contribution to deviations from the Mid-Parent
value (MPV), beyond that achieved by genome dosage effects on 3x seed size.
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Figure 2.6. Hybridity has a greater effect on F1 seed size heterosis at the triploid level. Mid-
Parent Heterosis (MPH) levels in F1 3x seeds from reciprocal inter-ploidy crosses are shown.
2XA X 4xL (2x Accession X 4x Ler-0), 4xL X 2xA (4x Ler-0 X 2x Accession). The proportion
due to hybridity is highlighted in yellow and it was calculated by subtracting the %MPH of
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reciprocal Ler-0 F1 isogenic triploids crosses (18.41% for 2x4 crosses, represented by a
horizontal red dashed line, and -35.66% for 4x2 crosses, represented by a horizontal black
dashed line) from the MPH levels of hybrid triploids.

On average, we found that hybridity alone increased F1 seed size by extra 17.9% in paternal-
excess F1 triploids (3xp) and decreased it by 9.9% in maternal-excess F1 triploids (3xm) when
compared to the Ler-0 F1 isogenic 3x control (Table 3). Despite the occurrence of Mid-Parent
Heterosis (MPH) at the diploid level for certain cross combinations (Supplementary Table 2.4),
we detected a greater deviation from the mid-parent value (MPV) in reciprocal inter-ploidy
crosses (Supplementary Tables 2.4 and 2.5), which exceeded both the relative levels of MPH
achieved by polyploidy alone in Ler-0 F1 isogenic triploids and those in F1 hybrid diploids
(Supplementary Tables 2.3 and 2.5). On one hand, F1 hybrid 3xp seeds were on average 16.1%
larger than the MPV due to hybridity alone (after subtracting the MPH levels observed in Ler-
0 F1 isogenic 3x control crosses due to genome dosage), unlike their 2x counterparts (only
5.5% larger). On the other hand, F1 hybrid 3xm seeds were 7.7% smaller than the MPV without
considering genome dosage effects, in contrast to their hybrid diploid counterparts (which were
0.8% larger; Figure 2.6, Supplementary Tables 2.3 and 2.5).

We also found that Copac-1 suppressed the ‘Ler-0 mother effect’, as 2x Ler-0 X 2x Copac-1
F1 seeds exceeded the MPV by 8.3% (Supplementary Table 2.5), while Ler-0 mothers tended
to generate smaller seeds (Figure 2.4). Paternal inheritance of Copac-1 increased F1 seed size
independently of the ploidy level: i.e. F1 3xm derived from 4x Ler-0 X 2x Copac-1 crosses did
not decrease F1 seed size beyond the genome dosage effect, unlike the other genotype
combinations. Similarly, maternal contribution of Copac-1 also led to a F1 seed size increase
in both 2x and 3x levels, although triploidy enhanced this positive effect on F1 seed size (Figure
2.6, Supplementary Table 2.5). Finally, we sought to quantify the positive impact of paternal
genome excess on F1 triploid seed size across 48 genetically distinct hybrids (Supplementary
Figure 2.2, Supplementary Table 2.6). On average, the introduction of hybridity at the diploid
level increased seed size by 12.6% over the MPV. However, altering the paternal genome
dosage of these F1 hybrids led to a further seed size increase of 38.8%, where 20.4% of such
enhancement was due to hybridity alone.

Overall, these findings indicate that hybridity has a greater effect on F1 seed size in a triploid
context, and that genetic hybridity acts as a ‘heterosis enhancer’ under parental genome
imbalance.
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Discussion

It is well-established that seed size heterosis can occur in inter-accession hybrids of A. thaliana;
we and others have also demonstrated pervasive parent-of-origin effects during plant
reproduction (House et al., 2010), and in (Fort et al., 2016) we proposed this as causal to
increased rosette biomass accumulation in polyploid F1 hybrids. Here, we use a broad range
of A. thaliana accessions to study natural variation in parent-of-origin effects; how they modify
the heterosis response for F1 seed size; and to seek to identify accessions which ablate or
modify such parent-of-origin effects usually observed during plant reproduction. We now
discuss these data in the light of the broader significance of seed size control and heterosis in
plant reproduction, breeding and biotechnology.

Parent-of-origin effects modify paternal and maternal control of seed size heterosis in F1
hybrid diploids

The A. thaliana accession Ler-0 generates small seeds when used as a maternal (ovule) parent
in inter-accession crosses, but large ones when used as the paternal (pollen) parent, leading to
different forms of heterosis for seed size. In this study we used Ler-0 as a tester line on the
basis of this property, as we have done previously (Duszynska et al., 2013; Duszynska et al.,
2019), reasoning that, if this effect is robust across hybrid genotypes, it provides a basis for
identifying those accessions which exacerbate or ablate this heterotic effect, as well as for
estimating the range of variation which this trait may display. We did indeed confirm that the
expected pattern was generally robust in reciprocal crosses of 71 accessions, with F1 seeds
produced using Ler-0 as ovule parent being on average 0.82 times smaller their reciprocals
(Figure 2.1). This indicates that the trends reported from reciprocal crosses between Ler-
0/Accession such as C24 by Alonso-Blanco et al. (1999), Cvi by Zhu et al. (2016), and with
groups of three or four accessions by (House et al., 2010) and Groszmann et al. (2014) can be
generalised across European and North American A. thaliana accessions. Whether this pattern
holds true for crosses with more recently identified glacial relictual populations (Lee et al.,
2017; Fulgione & Hancock, 2018; Toledo et al., 2020) or the poorly understood African
diversity of the species (Durvasula et al., 2017) remains to be determined. Given that many of
the trends we describe are suppressed or altered in occasional rare accessions, it is likely that
further natural variation for response to hybridisation also exist.

Most studies on parental control F1 seed size report pivotal roles for the maternal parent, with
paternal effects rarely reported and usually considered small (Baskin & Baskin, 2019).
However, our data indicates significant paternal effects on F1 seed size heterosis in balanced-
ploidy crosses, which we argue could be meaningful in the context of hybrid biology. Indeed,
we find that the maternal genotype explains 28% of the variation in F1 hybrid diploid seed size,
similar to that of House et al. (2010), who found that maternal genotype explained 29.3% of
the variation in F1 seed size in reciprocal hybrid diploid crosses. In contrast, we found that a
further 22% of variation is contributed by the paternal genotype (r=0.4658, p<0.0001),
considerably higher than the 10.4% estimated by House et al. and supporting our supposition
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that paternal effects on seed size could lead to significant changes in biomass in mature plants
(Fort et al., 2016).

Given that hybridity has a greater effect in triploids compared to their diploid counterparts (Fort
et al., 2016), we also investigated whether parental genome dosage can enhance hybridity-
associated parent-of-origin effects in genotype combinations that display weak Ler-0 effects
on F1 diploid seed size. Indeed, we determined that parent-of-origin effects due to genetic
hybridity alone were on average 7.14 times higher in F1 hybrid triploids than those found in
the diploid counterparts for the accessions from the weakest parent-of-origin effects group
(Figure 2.5, Table 2), while it remained similar at both the 2x and 3x level in F1 hybrids of the
accessions from the strongest parent-of-origin group. These results suggest a hidden
phenotypic plasticity in the “Ler-0 effect” that can be modified by genome dosage.

Diverse mechanisms for maternal and paternal control of F1 seed size

Notably, we could not find any significant correlation between the F1 seed size of pairs of
reciprocal F1 hybrid diploids (Table 1), suggesting that accessions that produce hybrids with
bigger F1 seeds when used as maternal parent did not necessarily produce bigger F1 seeds
when used as the paternal parent, or vice versa. This in turn indicates that the mechanisms for
increase offspring seed differ depending on the direction of inheritance. It is well-established
that natural hybrid populations in both plants and animals tend to establish monodirectionally
(Trier et al., 2014; Nieto Feliner et al., 2017). This may be due to ploidy differences that are
only tolerated in the endosperm when in maternal excess (Donoghue et al., 2014; Kohler et al.,
2021; Stadler et al., 2021) or more rarely in paternal excess (Vallejo-Marin et al., 2016), but in
homoploid hybrids, the basis of this bias still often remains unknown (Abbott et al., 2013). As
seed size is strongly associated with successful offspring establishment, differences in the
genetic basis of seed size by parent-of-origin could provide a further explanation for such
phenomena in plants.

Despite the critical importance of maternal control of seed size, we could not attribute the
observed increase in size of F1 hybrid diploid seeds from 2x accession X 2x Ler-0 crosses
entirely to maternal effects. On average, the parental accessions used for reciprocal crosses had
larger seed sizes than the tester line 2x Ler-0, except for IP-Pro-0, Giffo-1, Np-0, Kyoto, Erg2-
6, Gr-1, UlI2-3, Toc-1, Fr-2, Tos-95-393, KNO1.37 and Lago-1. Despite their small seed size,
they produced larger F1 hybrid diploid seeds when used as maternal parent (Figure 2.1). These
results point to a paternal effect of Ler-0 that is independent of any effects derived as a female
parent, as Ler-0 tends to generate the biggest F1 seeds when used as paternal parent,
irrespective of the maternal genotype, with only some exceptions (Supplementary Table 2.2,
Figure 2.4). The molecular mechanisms that trigger this paternal “Ler-0 effect” phenomenon
remain unknown but could theoretically involve any gene capable of increasing the sink
strength of the endosperm and/or embryo. This has been argued as a likely role for imprinted
Paternally Expressed Genes (Baroux et al., 2002; McKeown et al., 2013b), which we have
shown to be preferentially subject to positive selection in A. thaliana (Tuteja et al., 2019),
although direct evidence for PEGs controlling sink strength in this species is lacking.
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We also found that parent-of-origin effects on F1 hybrid seed size are widely subject to natural
variation (Figure 2.2 A). We detected genotype combinations that led to both strong and weak
parent-of-origin effects in homoploid crosses. Such reciprocal F1 hybrid diploid seeds are
composed of embryos who are genetically identical, but which differ in their seed coat
composition, as it is of maternal origin. Similarly, the endosperm genome may act as a source
of variation, as it differs in the genome dosage composition (2m:1p maternal:paternal genome
ratio), potentially resulting in unequal parental genome contribution effects that may explain
the phenotypic differences observed in our study (Lafon-Placette & Kohler, 2014; Pignatta et
al., 2014; Lafon Placette, 2020; Picard et al., 2021).

Another possibility is that parent-of-origin effects in F1 hybrid seeds can potentially alter cyto-
nuclear interactions that can contribute to F1 seed size heterosis (Flood et al., 2020), ultimately
altering the F1 hybrid’s transcriptional program (Botet & Keurentjes, 2020). Flood et al. (2020)
have revealed how organellar genomes affect seed size through new plasmotype—nucleotype
combinations (cybrids) across five genetically different reciprocal cybrids of A. thaliana. In
particular, a seed size increment (1.6x larger), in comparison with its nuclear parent, was found
in Ler-0/Sha cybrids (Ler-0 nucleotype, Sha plasmotype), suggesting that cyto-nuclear
interactions are important for seed size heterosis and may be altered in F1 hybrids (Flood et
al., 2020).

We did not detect any significant correlation between differences in mean seed size of parental
lines and that of reciprocal F1 hybrid diploids, so similar seed size in the parental lines does
not necessarily lead to similar F1 size in reciprocal F1 hybrid diploids. This was particularly
apparent in reciprocal crosses of 2x Ler-0 with some accessions (e.g. Toc-1, Fr-2, Ull2-3, Tu-
NK-12, Tos-95-393, IP-Vdt-0 and Baa-1), where the parental seed size was very similar to
diploid Ler-0, but the F1 hybrid seeds differed considerably (Figures 1, 2). As seed size in F1
hybrids was determined by manual crosses rather than allowing plants to self naturally, it is
also possible that these accessions are particularly prone to environmental effects affecting seed
size. The performance of F1 hybrid seed size is, therefore, a complex trait that defies easy
prediction, as non-additive or epistatic effects may arise when two genetically different
genomes are interacting, leading to transgressive phenotypes that exceed the parental lines
performance (Fridman, 2015).

Seed size heterosis depends on parent-of-origin effects

We detected wide natural variation in the extent of the heterosis effects on F1 seed size when
diploid accessions were reciprocally crossed, which depended on the cross direction (Figure
2.4, Table 1). BPH compares the F1 hybrid trait values only to the best performing parent, in
contrast to MPH, which is a relative measure that ensures that both parental lines are considered
in determining the level of heterosis in the F1 hybrid. As the F1 hybrid populations share a
common parent (2x Ler-0), we could attribute the differences in MPH levels to the differences
across the different natural accessions used as either maternal or paternal genotype. Consistent
with our previous observations on Ler-0 fathers generating bigger F1 hybrid seeds, high levels
of Best-Parent heterosis (BPH) were found across 2x Accession X 2x Ler-0 F1 hybrid
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population except for the F1 hybrids derived from the accessions DralV-6-13, Duk, Zdrl 2-21,
Ei-2 and IP-Pro-0, whose F1 seeds instead displayed MPH.

BPH and WPH for F1 seed size are indicative of extreme or transgressive phenotypes
(Rieseberg et al., 1999; Mackay et al., 2021) and can be of agricultural importance when
genotype combinations lead to larger (BPH) or smaller seeds (WPH), depending on the desired
seed size for certain species. WPH can be considered an inverse of conventional heterosis and
is hypothesised to be due to outbreeding depression, potentially derived from negative epistatic
interactions (Bomblies et al., 2007; Oakley et al., 2015). In this case, hybridisation would
disrupt favourable allele interactions (Burke & Arnold, 2001; Bomblies et al., 2007; Alcazar
et al., 2010; Chae et al., 2014; Chen et al., 2016; Boeven et al., 2020). We found genotype
combinations that led to transgressive phenotypes in both directions, and confirm the non-
additive mode of inheritance typical of heterosis. This results in non-linear phenotypic effects
of allele pairs, where transgressive segregation is key for plant breeding (Vasseur et al., 2019;
Mackay et al., 2021).

The A. thaliana accessions used in this study covered a wide geographic distribution
(Supplementary Table 2.1) and showed wide natural variation for heterosis effects on F1 seed
size. It is unclear whether the strength of heterosis can increase with genetic distance between
parents, with most studies failing to support correlations (Schnable & Springer, 2013; Labroo
et al., 2021). For example, Seymour et al. (2016) investigated this hypothesis for several traits
related to flowering time and final rosette size in 435 F1 hybrid combinations from a half-
diallel mating design using 30 A. thaliana accessions: despite the positive correlation detected
between parental genetic distance and heterosis, only 3% of heterosis effects were explained
by genetic distance (Seymour et al., 2016). Our results suggest that genetic distance is also
unlikely to be a significant basis for heterosis effects on seed size, as natural accessions from
similar geographic origins differed in heterosis level.

Hybridity enhances the “Ler-0 effect” on F1 hybrid triploids

Inter-ploidy crosses alter the genome dosage balance ratio in the endosperm (i.e. changes in
the 2:1ratio of maternal:paternal genomes) and the timing of endosperm cellularisation, leading
to developmental effects on F1 seed size. There are multiple components that can be sensitive
to dosage effects: e.g. altered expression of imprinted genes (Batista & Kohler, 2020),
stoichiometric imbalances in macromolecular complexes (Veitia & Birchler, 2015), gene
dosage sensitivity (Birchler et al., 2005), as well as possible maternal-zygotic crosstalk
mechanisms (Doughty et al., 2014; Lafon-Placette & Kohler, 2016; Robert et al., 2018).
Dosage-derived modifications of this interplay between the different seed compartments in F1
seeds from inter-ploidy crosses can influence the developmental programs of embryo,
endosperm and seed coat, potentially resulting in seed size changes (Doughty et al., 2014,
Orozco-Arroyo et al., 2015; Figueiredo et al., 2016).

Several studies have provided evidence of dosage-dependent phenotypes contributing to
heterosis, as the relative dosage of regulatory factors can affect quantitative traits including
natural variation in allelic expression (Birchler & Veitia, 2012; Birchler et al., 2016). For
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instance, the major Quantitative Trait Loci (QTL) in tomato fruit weight 2.2 (fw2.2) displays a
dosage-dependent heterotic response, as higher levels of gene expression correlated negatively with
smaller fruit size (Cong et al., 2002; Liu et al., 2003). Furthermore, SINGLE FLOWER TRUSS
(SFT) gene in tomato generates yield heterosis when a loss-of-function allele is in a
heterozygous state only, consistently with dosage sensitivity (Krieger et al., 2010; McKeown
et al., 2013a). Such results provide evidence of dosage effects on heterosis that are consistent
with our study’s findings (Birchler et al., 2010; Birchler, 2020). Genome dosage changes can
alter cis-/trans-regulatory changes in gene expression, where phenotypic differences exclusive
to a F1 hybrid polyploid versus diploid state can potentially stem from modified relative
concentrations of cis- and trans-regulators, similar to that observed in allopolyploids (which
are genetic hybrids by definition) (Shi et al., 2012; Bartos et al., 2019; Hu & Wendel, 2019;
Botet & Keurentjes, 2020; Mason & Wendel, 2020). Furthermore, unequal parental-genome
contribution alters the dosage sensitivity of endosperm development, whose timing of
cellularisation largely determines mature seed size (Dilkes & Comai, 2004; Birchler, 2014).
Such imbalance of dosage-sensitive genes may include those regulated by genomic imprinting
(Batista & Kohler, 2020).

Overall, we demonstrate that parental genome dosage imbalance can uncover hybridity effects
not observed in pairs of equivalent reciprocal F1 hybrid diploids, and that these effects can
enhance hybridity-associated parent-of-origin effects in F1 seed hybrids at the triploid level.
Triploidy, together with hybridity can lead to unique phenotypes and reveal cryptic genetic
variation and/or interactions that are hidden in euploids and/or isogenics (Pires et al., 2016;
Tabib et al., 2016).

Conclusions

In this study we have quantified natural variation in parent-of-origin effects for F1 seed size
across the model plant, A. thaliana, in both diploid and inter-ploidy crosses. Our data indicates
that parental genotype can strongly influence seed size, with a much larger influence of the
paternal genome than previously appreciated suggested. This finding has implications for
hybrid biology and may open new avenues for the study of paternal contribution to seed size,
potentially generating new applications in plant breeding programs. The lack of correlation
between maternal and paternal effects indicates that both the genetic pathways mediated, and
the evolutionary pressures likely to act on them, differ between pathways for maternal and
paternal control of seed size. Finally, we demonstrate that genetic hybridity alone can enhance
parent-of-origin effects over seven-fold in F1 hybrids formed inter-ploidy crosses, confirming
that genetic hybridity seems to have greater effects when the parents differ in genome dosage.
We conclude that the interaction between the effects of hybridity and parental genome dosage
need to be considered carefully for understanding the diverse mechanisms of heterosis.
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Supporting information

Unbalanced Ploidy F, Unbalanced Ploidy F,
Q 4x X 2x d Q 2x X 4x d
4x Ler-0 2x Accession 2x Accession 4x Ler-0
(LLLL) l (AA) (AA) 1 (LLLL)
Maternal-excess F, triploids Paternal-excess F, triploids

Seed Coat ii ii LLLL AA

Embryo LLA Ii i ALL
Endosperm iiiil LLLLA IIiiAALL

Supplementary Figure 2.1. Illustration of the crossing scheme used and schematic diagram
of the ploidy level of the different F1 seed compartments from inter-ploidy (unbalanced)
crosses. Chromosomes of the tetraploid Ler-0 tester line (genotype LLLL) are represented in

black, while those of Copac-1, DralV 6-13 and lago-1 (genotype AA) are shown in grey.
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Supplementary Figure 2.2. Seed size (mm?) of paternal-excess F1 hybrid triploids using 48
genetically different maternal genotypes that are part of the accession panel used in this study.
The horizontal red dashed line represents the mean seed size value for the Ler-0 F1 isogenic
triploid control (0.1682 mm?). Error bars represent SD, N > 20 seeds/genotype.
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Supplementary Table 2.1. List of A. thaliana natural accessions used in this study and their
geolocation.

Name Country Latitude Longitude 1001genomesIiD
Doubravnik?7 CZE 49.4211 16.3497 410
Gr-1 AUT 47 15.5 430
Tos-95-393 SWE 59.4333 17.0167 1257
DralV 2-9 CZE 49.4112 16.2815 5907
DralV 6-13 CZE 49.4112 16.2815 5984
Duk CZE 49.1 16.2 6008
Eds-1 SWE 62.9 18.4 6016
Hovdala-2 SWE 56.1 13.74 6039
Udul 1-11 CZE 49.2771 16.6314 6296
Zdrl 1-23 CZE 49.3853 16.2544 6424
Zdrl 2-21 CZE 49.3853 16.2544 6445
Bor-4 CZE 49.4013 16.2326 6903
Ei-2 GER 50.3 6.3 6915
Pu2-8 CZE 49.42 16.36 6957
ull2-3 SWE 56.0648 13.9707 6973
Ws-2 RUS 52.3 30 6981
Wit-5 GER 52.3 9.3 6982
Ak-1 GER 48.0683 7.62551 6987
Appt-1 NED 51.8333 5.5833 6997
Baa-1 NED 51.3333 6.1 7002
Ca-0 GER 50.2981 8.26607 7062
En-2 GER 50 8.5 7119
Fr-2 GER 50.1102 8.6822 7133
Gie-0 GER 50.584 8.67825 7147
Gr-5 AUT 47 15.5 7158
Jm-0 CZE 49 15 7177
Kyoto JPN 35.0085 135.752 7207
Li-7 GER 50.3833 8.0666 7231
Mnz-0 GER 50.001 8.26664 7244
Mh-0 GER 50.95 7.5 7255
Np-0 GER 52.6969 10.981 7268
Pt-0 GER 53.476 10.6065 7305
Ta-0 CZE 49.5 14.5 7349
Utrecht NED 52.0918 5.1145 7382
Ws-0.2 RUS 52.3 30 7396
KNO1.37 USA 41.273 -86.625 7717
Bal-2 SWE 56.4 12.9 8256
Rak-2 CZE 49 16 8365
Sr:5 SWE 58.9 11.2 8386
St-0 SWE 59 18 8387
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Kelsterbach-4
IP-Alo-0
IP-Cad-0
IP-Pro-0
IP-Vad-0
IP-Vdt-0
IP-Ver-5
Giffo-1
Marce-1
Nicas-1
Mitterberg-2-184
Toc-1
Ru4-16
Hof-1
Fell3-7
Bach-7
Kus2-2
Lu3-30
Erg2-6
Wank-2
Obel-15
Ru-2
Schl-7
Tu-NK-12
IP-Cir-0
IP-Cot-0
IP-Smt-1
Lago-1
Altenb-2
Slavi-1
Copac-1
Ler-0

GER
POR
ESP
ESP
ESP
ESP
ESP
ITA
ITA
ITA
ITA
ROU
GER
GER
GER
GER
GER
GER
GER
GER
GER
GER
GER
GER
ESP
ESP
ESP
ITA
ITA
BUL
ROU
GER

50.0667
40.11
40.37
43.28
42.86
40.89
41.95
38.44
38.92
38.97
46.37
46.01
48.57
48.41
48.43
48.41
48.52
48.53
48.5
48.5
48.45
48.56
48.6
48.52
40.61
41.83
40.95
39.18
46.37
41.43
46.11
47.984

8.5333
-1.47
-5.74
-6.01
=SSkl
-5.5
-7.45
16.13
16.47
16.34
11.28
22.33
9.16
8.85
8.79
8.84
9.11
9.09
8.8
9.11
8.87
9.16
9.22
9.05
-6.57
-5.38
-5.63
16.26
11.24
23.65
21.95
10.8719

8420
9506
9527
9571
9591
9595
9596
9653
9655
9658
9668
9739
9768
9772
9776
9778
9781
9782
9784
9795
9804
9806
9807
9811
9835
9838
9897
9963
9970
9985
10005
7213
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Supplementary Table 2.2. Calculations of Best-Parent (%BPH), Mid-Parent (%6MPH) and
Worst-Parent Heterosis (%WPH) for F1 hybrid diploid seed size. Values that do not follow the
observed trend are highlighted in red.

Diploid
Accession
Name

IP-Pro-0
Giffo-1
Np-0
Kyoto
Erg2-6
Gr-1
ull2-3
Toc-1
Fr-2
To0s-95-393
KNO1.37
Lago-1
Ws-0.2
Ws-2
IP-Ver-5
Nicas-1
Sr:5
Mnz-0
Wank-2
Mh-0
Lu3-30
DralV 2-9
Ca-0
Rak-2
IP-Cir-0
IP-Cad-0
Pu2-8
Baa-1
Ak-1
Tu-NK-12
Obel-15
Fell3-7
St-0
Utrecht
Kus2-2
Copac-1
Appt-1

%BPH %MPH
Accession  Accession
X X
2x Ler-0  2x Ler-0
0.0000 6.0932
3.8288 9.5880
8.1081 13.9691
7.5075 11.4397
13.8138  16.9302
8.0330 10.7775
18.0180  20.8766
17.7177  19.1037
17.4174  18.1269
34.8348  35.3429
1.9520 2.2976
1.5766 1.8442
1.7164 2.0210
6.3291 6.7664
6.4112 7.4005
0.8843 1.8222
9.3382 10.4755
1.4588 2.9227
5.5797 7.4484
7.0188 8.9904
14.1823  16.2859
7.5090 9.6062
4.4043 6.4409
5.8399 7.9809
3.4483 5.7269
9.4729 12.3538
12.0285 15.0164
38.1560  42.0861
1.1323 4.1166
26.4311  30.2512
11.0876  14.4833
19.4072  23.0993
0.6338 3.8517
0.3519 3.5961
13.2022  16.9811
8.0056 11.6110
7.3684 10.9902

%WPH
Accession
X
2x Ler-0
12.9771

16.0235
20.5021
15.6704
20.2220
13.6651
23.8771
20.5227
18.8450
35.8548
2.6455
2.1132
2.3273
7.2072
8.4084
2.7778
11.6366
4.4294
9.3844
11.0360
18.4685
11.7868
8.5586
10.2102
8.1081
15.3904
18.1682
46.2462
7.2823
34.3093
18.0931
27.0270
7.2823
7.0571
21.0210
15.4655
14.8649

%BPH
2x Ler-0
X
Accession
-14.3393

-11.2613
-10.8859
-7.7327
-7.3574
-10.1351
-15.0901
-14.6396
-5.4805
-2.1021
-9.5345
-5.1051
-13.0597
-9.8287
-5.3058
-10.6116
-2.3529
-10.0656
-3.4783
-8.8278
-0.3618
-11.3357
-5.1986
-13.4823
-18.8218
-20.7265
-12.5979
-5.6028
-7.4310
-5.0883
-7.6271
-10.0917
-7.0423
-14.3561
-3.8624
4.8455
-8.2807

% MPH
2x Ler-0
X
Accession
-9.1199

-6.3391
-6.0546
-4.3580
-4.8207
-7.8522
-13.0334
-13.6346
-4.9094
-1.7332
-9.2279
-4.8551
-12.7994
-9.4579
-4.4254
-9.7806
-1.3373
-8.7680
-1.7699
-7.1481
1.4738
-9.6062
-3.3493
-11.7323
-17.0338
-18.6404
-10.2667
-2.9176
-4.6995
-2.2206
-4.8035
-7.3117
-4.0698
-11.5874
-0.6531
8.3454
-5.1868

%WPH
2x Ler-0
X
Accession
-3.2231

-0.8389
-0.6695
-0.7270
-2.1412
-5.4502
-10.8747
-12.6057
-4.3313
-1.3616
-8.9191
-4.6038
-12.5375
-9.0841
-3.5285
-8.9339
-0.3003
-7.4324
0.0000
-5.4054
3.3784
-7.8078
-1.4264
-9.9099
-15.1652
-16.4414
-7.8078
-0.0751
-1.8018
0.8258
-1.8018
-4.3544
-0.9009
-8.6336
2.7778
12.0871
-1.8769
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Jm-0
Li-7
Ru4-16
Udul 1-11
Zdrl 1-23
Gie-0
DralV 6-13
Hovdala-2
IP-Alo-0
Duk
IP-Vdt-0
Marce-1
Eds-1
Kelsterbach-4
Hof-1
IP-Cot-0
Ru-2
Bail-2
Bach-7
Zdrl 2-21
IP-Vad-0
Ei-2
Schl-7
Wt-5
Bor-4
En-2
Mitterberg-2-

184
Doubravnik?7

IP-Smt-1
Altenb-2
Slavi-1
Gr-5
Pt-0
Ta-0

0.6272
8.8440
1.8776
3.2526
7.9475
21.2517
-1.1684
8.0082
18.7286
-0.6807
16.5761
10.9301
3.2498
1.1494
7.8841
1.0738
3.8102
10.1064
1.5957
-0.3981
1.0610
-4.5665
14.9934
1.0492
5.5701
4.7557
4.7557

2.9183
18.5958
2.2542
0.5573
1.3317
2.2129
2.3021

4.3730
12.9335
5.7762
7.4541
12.4145
26.5614
3.1934
12.9968
24.2934
4.1771
22.3966
16.5062
8.5796
6.4390
13.7074
6.7328
9.8303
16.7842
7.7574
5.7415
7.3239
1.4421
22.3472
7.8754
12.7362
12.1730
12.1730

10.4384
28.7333
11.5056
10.2138
12.1984
13.7816
17.0575

8.4084
17.3423
9.9850
12.0120
17.2673
32.3574
7.9580
18.4685
30.4054
9.5345
28.8288
22.6727
14.4895
12.3123
20.1952
13.0631
16.5916
24.3243
14.7147
12.6877
14.4144
8.2583
30.7057
15.6907
20.9459
20.7207
20.7207

19.1441
40.7658
22.5976
21.9219
25.6757
28.3033
36.7868

-12.7526
-10.0975
-6.5369
-19.1003
-15.9641
-17.9505
-5.3608
-19.2334
-19.8223
-16.7461
-23.8451
-15.7502
-11.7806
-8.6545
-13.2749
-17.5839
-11.9652
-11.3032
-16.9548
-12.0106
-16.9098
-14.8246
-6.1427
-6.0984
-20.6422
-20.0651
-15.8958

-9.4682
-25.5534
-20.1628

-6.5635
-12.1671
-21.8301
-22.1786

-9.5049
-6.7197
-2.9603
-15.8084
-12.4865
-14.3575
-1.1841
-15.5030
-16.0644
-12.6740
-20.0428
-11.5152
-7.2268
-3.8776
-8.5938
-12.9695
-6.8600
-5.9238
-11.9182
-6.5868
-11.7606
-9.4618
-0.1405
0.2450
-15.2554
-14.4053
-9.9407

-2.8532
-19.1898
-12.9396

2.4092

-2.7480
-12.9827
-10.9541

-6.0060
-3.0781
0.9009
-12.2372
-8.7087
-10.4354
3.3784
-11.4114
-11.9369
-8.1832
-15.8408
-6.8318
-2.1772
1.4264
-3.3784
-7.8078
-1.1261
0.1502
-6.2312
-0.4505
-5.9309
-3.3784
6.6817
7.5075
-0.0841
-7.8829
-3.0781

4.8048
-11.6366
-4.2793
13.2883
8.9339
-1.8769
4.0541
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Supplementary Table 2.3. Seed size (mm?) and MPH levels of balanced (2x X 2x, 4x X 4x)
and inter-ploidy isogenic crosses (2x X 4x, 4x X 2x) of Ler-0. 2x diploid, 4x tetraploid.

% MPH % MPH
2X X 4x 4x X 2X
Ler-0 0.1332 0.1509 0.1682 0.0914 18.41 -35.66

Accession 2X X 2x 4x X 4x 2X X 4x 4x X 2x

Supplementary Table 2.4. Deviations from the mid-parent value (MPV) in F1 hybrid diploids
and triploids. Data represents the mean F1 seed size. Asterisks represent significant differences
between the F1 hybrids and the MPV (“****” and “*’ indicate statistical significance at p-value
< 0.0001 and p-value < 0.05, respectively, determined by Student’s t-test. Ns, not significant).
N/A, not available due to triploid block.

MPV | F1Hybrid | MPV | F1Hybrid | MPV | F1 Hybrid

Ler-0 X Copac-1 0.1493 **** e s
Copac-1 X Ler -0 0.1364 0.1538 = 0.1455 | 0.1973 0.1455 | 0.0911

Ler-0 X DralV 6-13 0.1377 ns . s
Draiv6-13 X Ler-0| 0378 [0.143g weer| 0-1474 | 0.1994 0.1474 | 0.0753

Ler-0 X Lago-1 0.1264 **** s
Lago-1 X Ler-0 0.1328 01353 * 0.1346 N/A 0.1346 | 0.0807

Supplementary Table 2.5 MPH levels of reciprocal balanced (2x X 2x) and inter-ploidy
hybrid crosses (2x X 4x, 4x X 2x). 2xA (diploid accession), 2xL (2x Ler-0), 4xL (4x Ler-0).

Accession %MPH %MPH %MPH %MPH
2XA X 2XL  2xL X2xA  2xA X4xL  4xL X2xA

Copac-1 11.6110 8.3454 34.538 -37.8725

DralV 6-13 3.1934 -1.1841 34.5479 -49.1565

Lago-1 1.8442 -4.8551 -43.0346
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Supplementary Table 2.6. MPH levels across 48 genetically different F1 hybrids at the diploid

and paternal-excess triploid level. 2xA (diploid accession), 2xL (2x Ler-0), 4xL (4x Ler-0).

Baa-1 59.6437 42.0861
Bor-4 52.2900 12.7362
Ca-0 48.3760 6.4409
Copac-1 34.5380 11.6110
Doubravnik? 41.5929 10.4384
DralV 2-9 38.9772 9.6062
DralV 6-13 34.5479 3.1934
Duk 39.4896 4.1771
Ei-2 31.5232 1.4421
En-2 33.3771 12.1730
Fell3-7 58.9884 23.0993
Gie-0 38.1033 26.5614
Gr-1 39.7477 10.7775
Gr-5 43.5622 12.1984
Hovdala-2 22.6936 12.9968
IP-Alo-0 49.0579 24.2934
IP-Cad-0 34.9125 12.3538
IP-Cir-0 45.4671 5.7269
IP-Cot-0 43.0477 6.7328
IP-Pro-0 24.4792 6.0932
IP-Smt-1 30.5502 28.7333
IP-Vdt-0 48.8762 22.3966
IP-Ver-5 48.2205 7.4005
Jm-0 30.1630 4.3730
Kelsterbach-4 31.9946 6.4390
Kus2-2 48.0395 16.9811
Kyoto 45.4678 11.4397
Li-7 39.5586 12.9335
Lu3-30 30.6814 16.2859
Mitterberg-2-184 34.3627 12.1730
Np-0 30.1036 13.9691
Obel-15 57.2650 14.4833
Pt-0 47.6894 13.7816
Pu2-8 38.6410 15.0164
Ru-2 42.0965 9.8303
Ru4-16 42.0428 5.7762
Slavi-1 15.8131 10.2138
Sr:5 32.6595 10.4755
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St-0 13.1444 3.8517
Ta-0 35.6839 17.0575
Tu-NK-12 39.6717 30.2512
Udul 1-11 36.2898 7.4541
ull2-3 45.5724 20.8766
Utrecht 37.4061 3.5961
Wank-2 43.6483 7.4484
Ws-2 38.5694 6.7664
Zdrl 1-23 38.8363 12.4145
Zdrl 2-21 24.7347 5.7415
AVERAGE 38.7958 12.5604
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Chapter 3. MYB119: a parental genome dosage-sensitive
regulator of seed size in Arabidopsis thaliana

Note: this chapter constitutes a draft manuscript that will be submitted for publication upon
feedback from all authors.
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Abstract

Parental control of resource allocation to angiosperm seeds is critical for the evolution of
optimised reproductive strategies but can be disrupted during mating between intra-specific
populations which differ in their parental genome dosage. In this study, we determine the
effects of natural intraspecific genetic variation on triploid F1 seed size across 183 accessions
of Arabidopsis thaliana following interploidy crosses between parental plants of differing
euploidy. We identify parent-of-origin specific genome dosage effects on F1 seed size and
confirm that these effects are absent in genetically equivalent homoploid crosses, indicating
that there exist genetic mechanisms of resource allocation which are only observed when
maternal to paternal genome dosage ratios are altered in the F1 seed. Our genome-wide
association analysis identifies a gene encoding the transcription factor, MYB119, as a genome-
dosage dependent regulator of triploid F1 seed size when the maternal genome dosage is in
excess. We further demonstrate that the effects of MYB119 on F1 seed size are dependent upon
its own gene dosage (maternal and paternal), independently of other genomic regions. This
study identifies a transcription factor which mediates parental genome dosage effects on F1
seed size and highlights the importance of maintaining the stoichiometric genome dosage
balance for ensuring maternal control over resource allocation to F1 seeds.

Keywords

Seed development, parental effect, genome dosage, GWAS, transcription factor, MYB119
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Introduction

Polyploidy, the presence of more than two full chromosome sets within the cells of an
organism, occurs in various taxa but is particularly widespread in flowering plants, the
angiosperms (Otto & Whitton, 2000; Comai, 2005; Van de Peer et al., 2017). Mating between
individuals of different ploidies allow genetic introgression between populations with different
ecological adaptations, but can disturb the parental genome dosage ratios in F1 seed offspring
tissues with potential for developmental adaptations or defects (Kdhler et al., 2010).

In diploid angiosperms such as A. thaliana, the seeds comprise a diploid F1 embryo, triploid
F1 endosperm and diploid maternal seed coat. The seed coat is a sporophytic tissue with a
2m:0p maternal:paternal genome dosage ratio which derives from the ovule integuments and
encloses the fertilisation products (embryo and endosperm) (Khan et al., 2014; Coen &
Magnani, 2018). The embryo is diploid and develops under control of the two parental genomes
(Im:1p), giving rise to the daughter plant (Dresselhaus et al., 2016). The endosperm is a dosage
sensitive triploid tissue characterized by a genome dosage (2m:1p) ratio that nourishes the
embryo with nutrients acquired from the mother plant. The endosperm also plays an important
signalling role with both the embryo and the seed coat, necessary for normal seed development
(Batista et al., 2019; Phillips & Evans, 2020).

Although A. thaliana is usually diploid (2x), natural autotetraploid populations (4x) exist and
tetraploid lines can also be artificially generated. If 2x and 4x autotetraploid individuals
interbreed, the F1 offspring tolerate the resulting triploidy (the possession of three complete
sets of chromosomes per cell nucleus) relatively well (Henry et al., 2005; Duszynska et al.,
2013). Triploidy arises commonly during angiosperm evolution due to diverse mechanisms
including spontaneously occurring unreduced diploid gametes that fuse with normal haploid
gametes; polyspermy; or interploidy (Ramsey & Schemske, 1998; Schatlowski & Kohler,
2012; Nakel et al., 2017).

Artificially generated triploids from interploidy crosses in some crops are important for crop
improvement. Some triploid crop varieties (e.g. banana, sugar beet) are more vigorous than
diploids, while others are sterile, generating seedless fruits (e.g. watermelon, banana or
mandarin) that are more attractive for consumers (Kumar & Gupta, 2015; Ahmed et al., 2020).
Unequal parental genome dosage contribution to the F1 progeny due to triploidy can result in
phenotypes not observed in plants with parentally balanced genome dosage ratios (Riddle et
al., 2006; Henry et al., 2009; Duszynska et al., 2013; Fort et al., 2016).

Seed size changes arising from alterations in genome dosage are widely documented in A.
thaliana and many other species, in most cases due to the impacts of altered relative parental
genome dosage on F1 seed development. For instance, doubling the paternal genome dosage
in crosses between 2x and 4x parents can result in abnormally large F1 seeds due to a prolonged
endosperm proliferation, known as paternal-excess triploids (3xp). Conversely, an excess of
maternal genome leads to a premature switch to endosperm cellularisation that typically results
in unusually small seeds named maternal-excess triploids (3xm) (Scott et al., 1998; Fort et al.,
2016; Lafon-Placette & Kohler, 2016). Despite containing genetically identical triploid
embryos, pairs of reciprocal F1 interploidy seeds therefore differ significantly in seed size
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through this parent-of-origin effect, indicating that expression of so-called ‘dosage sensitive’
genes can be perturbed under conditions of parental genome dosage imbalance (Donoghue et
al., 2014; Fort et al., 2017). Furthermore, adding extra paternal chromosome sets to the F1
endosperm of certain species and genotypes leads to a postzygotic reproductive barrier known
as the triploid block, resulting in the inability of tetraploid pollen donors to generate viable F1
seeds when crossed to diploids (Scott et al., 1998; Dilkes & Comai, 2004; Dilkes et al., 2008;
Kohler et al., 2010; Birchler, 2014). This interploidy cross direction effect is manifested by F1
seed abortion or a significant reduction in the number of viable F1 seeds. In contrast, an excess
of maternal genome generally results in viable seeds, although smaller in size (Scott et al.,
1998; Fort et al., 2016).

To identify parental genome dosage-sensitive loci that regulate F1 triploid seed size, we
conducted a Genome-wide Association Study (GWAS) using maternal genome dosage-excess
F1 triploid seeds we generated by crossing a tester tetraploid line with 183 genetically distinct
accessions of A. thaliana, in a half diallel mating scheme.

Materials and Methods

Plant material and growth conditions

The 183 wild accessions of A. thaliana were kindly provided by Arthur Korte (Uni. Wirzburg,
Germany) from a selection of a Swedish collection (Long et al., 2013) and an additional
random set derived from a Central and Western Europe, Asia, and North America
(Supplementary Table 3.1). We used only accessions which flowered within 120 days without
prior vernalisation to minimise environmental effects on seed size. Tetraploid Ler-0 seeds (4x
Ler-0) were the kind gift of Brian Dilkes (Purdue Uni., USA), while tetraploid Col-0 seeds (4x
Col-0) were obtained from Luca Comai (Uni. Washington, USA), both generated by colchicine
doubling (Blakeslee, 1941). T-DNA insertional lines (Supplementary Table 3.2) for candidate
genes were obtained from the Nottingham Arabidopsis Stock Centre (NASC) and insertions
confirmed by PCR amplification (primers listed in Supplementary Table 3.3) with the PCR
products validated by Sanger sequencing. The T-DNA insertion line myb119-3 in the Col-0
background (SALK _120501) was kindly provided by Gary Drews from University of Utah
(USA) (Rabiger & Drews, 2013) and the 4x myb119-3 line (Col-0 background) was generated
from this line by colchicine treatment. Newly generated tetraploids were self-pollinated for
three generations by single seed descent and ploidy size validated by flow cytometry.

Seeds from transformed lines were surface sterilised by exposure to chlorine gas for 1 hour (h)
Chlorine gas was formed by mixing 30 ml of sodium hypochlorite (10%) and 3 ml of
hydrochloric acid (HCI) (37%) in a bell chamber and plated on ¥2 MS agar medium (Murashige
& Skoog, 1962) supplemented with glufosinate-ammonium -Basta®-, to a final concentration
of 30 pg/ml.
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Sterile seeds from wild accessions were stratified for 3-4 days at 4°C in the dark and germinated
directly in soil (a 5:1:1 ratio of compost:vermiculite:perlite, National Agrochemical
Distributors Ltd). Plants were grown under 16 h light, 21°C/8 h dark, 18°C, until flowering;
light intensity was 120-150 pE m?s? and 70% humidity. To minimise any possible
environmental effects that could alter seed size, three replicates of every cross combination
were generated to a total of 1092 manual crosses and grown in a randomized block design. The
seed size value of parental lines was obtained from three biological replicates of self-fertilised
plants.

Crossing

Manual crosses were performed in a Leica MZ6 stereo microscope. Only flowers on the
primary stem were emasculated to reduce possible alterations in seed size due to natural
differences on plant branches and a more precise comparison. Sepals, petals and stamens were
removed using Dumont #5 Forceps (Dumont) and stigmas were allowed to mature for two days
prior to pollinating with the desired accession.

Seed size analysis

For seed size measurement, we followed a modified protocol described in Herridge et al.
(2011). Approximately 20-DAP (Days After Pollination) siliques were harvested once they had
turned brown before dropping seeds and stored in paper envelopes before seed size analysis.

Dried siliqgue material was removed using forceps, seeds spread onto an EPSON Perfection
V600 Photo Scanner and separated using a paintbrush to ensure single-seed measurements.
Images were taken at a resolution of 900 dpi in a black and white format; areas were measured
with ImageJ (Abramoff et al., 2004) using a range 0.03-0.2 mm? to exclude non-seed material.

Genome-Wide Association Study (GWAS)

The mean size (mm?) of exclusively plump seeds from three biological replicates for each
maternal-excess F1 hybrid triploids was used for GWAS, conducted on GWAPP
(http://gwas.gmi.oeaw.ac.at) (Seren et al., 2012; Seren, 2018), using an Accelerated Mixed
Model (AMM) to account for population structure (Vilhjalmsson & Nordborg, 2013). AMM
performs an initial genome-wide scan using the approximate inference proposed by (Zhang, Z
et al., 2010) and (Kang et al., 2010) and then updates the smallest 100 p-values using an exact
mixed model inference (Kang, HM et al., 2008). Single nucleotide polymorphism (SNP) data
was accessed from the 1001 Full-sequence dataset (Alonso-Blanco et al., 2016).

Manhattan plots were generated with -logio [p-value]. We considered any SNP with a -logio (p-
value) = 6 as a candidate (rather than circa the equivalent of -logio (p-value) = 8 after the very
stringent Bonferroni correction).
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Plant gDNA extraction for PCR

gDNA extraction protocol has been adapted from Edwards et al. (1991). Around 100 mg od
rosette leaf was ground in a Qiagen Tissue lyser using 1.5 - 2 mm glass beads (Duchefa)
followed by addition of 400 pl of DNA extraction buffer (200 mM Tris-HCI pH 7.5, 250 mM
NaCl, 25 mM EDTA, 0.5% SDS). The resulting homogenate was centrifuged at 13,000 RPM
for 5 min and 300 pl of the clear supernatant was transferred to a new 1.5 ml tube. gDNA was
precipitated by adding 300 ul of cold 2-propanol and centrifugation at 13,000 RPM for 15 min.
The pellet was washed with 70% (v/v) ethanol and the gDNA was resuspended in 20 pl of
nuclease-free water (Edwards et al., 1991).

Complementation and overexpression experiments

Gateway technology was used to generate the construct for overexpression and
complementation experiments (Katzen, 2007). MYB119 full genomic sequence except for the
stop codon was amplified by PCR from Col-0 gDNA using Phusion U multiplex PCR master
mix (Thermo Scientific, F-562). The primers used were att MYB119 F (5°-
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAAGACCGACGCCTTGTC-3) and
att. MYB119 R (5°-
GGGGACCACTTTGTACAAGAAAGCTGGGTGACCAACGGGAAGCAGATGTT-3"),
where attB1 and attB2 sites are shown in bold. PCR products were cloned into entry vector
pDONR207 by BP reaction (Gateway, Invitrogen®), and recombined into destination vector
pB7YWG2 (Karimi et al., 2005) using LR clonase Il (Invitrogen®). The construct was
transformed into Agrobacterium tumefaciens strain GV3101 and plants transformed by the
floral dip method (Clough & Bent, 1998).

Plant transformation

A modified floral dip procedure similar to the protocol described by Clough and Bent (1998)
was used to generate stable A. thaliana transgenic lines (Clough & Bent, 1998). Firstly, plasmid
constructions were used to transform electro competent cells of Agrobacterium tumefaciens
(GV3101) and colonies were validated by PCR wusing a vector specific primer
(35S_F CGGGAAACCTCCTCGGATTCC) and an insert specific primer (MYB119 R
GACCAACGGGAAGCAGATGTT). Positive colonies were inoculated in 5 ml of LB medium
supplemented with rifampicin (50 pg/ml), gentamicin (100 pug/ml) and spectinomycin (100
pg/ml) for the vector pB7YWG2 (Karimi et al., 2005). The cultures were grown for 36-48 h at
28°C in constant agitation. 500 pl of the saturated culture were used to inoculate 40 ml of LB
medium with the corresponding antibiotics and this was grown for 24 h at 28°C in constant
agitation. The bacteria were pelleted by centrifugation and were resuspended in 20 ml of
transformation medium (5% sucrose -Sigma-, and 0.05% Silwet L-77 -National Agrochemical
Distributors Ltd).
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Opened flowers and siliques were removed from A. thaliana plants before floral dip
transformation. Unopened flowers were immersed in the transformation medium, and a light
pressure was applied by hand to facilitate the penetration of the solution. Plants were allowed
to grow in plastic bags (to increase humidity) in the dark overnight, which facilitates the
transformation efficiency and then returned to normal growth conditions.

Colchicine-induced autopolyploids

Diploid seeds were sown on %2 MS agar medium (Murashige and Skoog, 1962) supplemented
with 0.5% sucrose, stratified for 3-4 days at 4°C in the dark to relieve seed dormancy, then
moved to a 16/8 h light/dark growth chamber, and grown for 2 weeks. Seedlings on the plate
were submerged in 0.1% (w/v) colchicine solution and incubated for 2 h in the dark (Eigsti,
1938). The treated seedlings were washed with copious amounts of fresh tap water to remove
the residual chemical solution, and gently transplanted to soil. Plants were allowed to grow
until seed production. Larger-looking seeds, potentially tetraploid, were collected and sown on
Y% MS plates and then transferred to moist soil. The ploidy of adult plants was assessed by flow
cytometry using a BD Accuri™ C6 Plus flow cytometer using the parameters according to the
manufacturer’s instructions (Galbraith & Lambert, 2012).

Preparation of plant homogenates and labelling of nuclei

Unless otherwise stated, the entire procedure was done on ice. Approximately 50-100 mg of
plant tissue was excised and placed in a plastic petri dish. I mL of Galbraith’s buffer (45 mM
MgClz, 20 mM MOPS, 30 mM sodium citrate, 0.1 % (v/v) Triton X-100) was added (Galbraith
et al., 1983; Galbraith & Lambert, 2012). Tissues were chopped using a new razor blade for 2
to 3 minutes (min). The homogenate was filtered through a 30-um nylon filter. 2.5 pL of 10
mg/mL of DNAse-free RNAse A was added and incubated on ice for 15 min. Propidium iodide
was then added to a final concentration of 50 pg/mL. The stained samples were incubated on
ice in the dark for 30 min prior to analysis.

RNA isolation, cDNA synthesis and gRT-PCR analysis

Tissue from desired plants was harvested in Eppendorf tubes containing glass beads and was
immediately snap frozen in liquid nitrogen. Total RNA was extracted from siliques using
SIGMA Spectrum™ Plant Total RNA Kit following the manufacturer's instructions. Total
RNA from inflorescences and pollen grains of plants was extracted using BIO-RAD Aurum™
Total RNA Mini kit. After extraction, 1 pg of RNA was treated with DNasel (Invitrogen) and
retrotranscribed using SuperScript™ III First-Strand Synthesis System kit (Invitrogen).
Quantitative real time-polymerase chain reaction (QRT-PCR) was performed using SYBR
Sensimix (Bioline) in a Bio-Rad CFX96 device.

The translation elongation factor EF-1 o (EF-/a, AT5G60390) was used as a reference gene to
calculate relative expression (Czechowski et al., 2005) using the AACt method (Livak &
Schmittgen, 2001; Schmittgen & Livak, 2008).
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The primer sequences for EF-/a were EF-1o_F TCACCCTTGGTGTCAAGCAGAT and EF-
la_R CAGGGTTGTATCCGACCTTCTT. For MYB119 (AT5G58850) the primers utilised
were qPCR_MYB119 F GCCAAACTTCGGATGAGGTA and ¢PCR_MYB119 R
CTGTGATCGTTGCCTCTTGA.

Results
Natural variation in paternal contribution to maternal-excess F1 hybrid triploid seed size

To investigate the impact of intraspecific genetic variation on maternal genome dosage excess
F1 hybrid triploid seed size, we benefited from the extensive natural variation of seed size
among naturally occurring A. thaliana diploid accessions (Supplementary Figure 3.1). We
determined F1 seed size of a wide range of genetically different maternal-excess F1 triploids
(3xm) obtained from a half diallel mating scheme including 183 diploid accessions (listed in
supplementary table 3.1). These accessions covered a wide range of geographical origins
(Figure 3.1 A) and were used as pollen donors, while a tetraploid tester line in Ler-0
background (4x Ler-0) was used as maternal parent for all crosses (Figure 3.1 B) to generate
F1 hybrid progeny with an excess of the maternal genome. We found approximately twofold
variation (average 0.0842 mm?) in F1 hybrid 3xm seed size (Figure 3.1 C), ranging from the
smallest (0.058723 mm2, derived from Sp-0 pollen), to those derived from LDV-46 and Com-
1 (0.107867 mm? and 0.108051 mm?, respectively). Accessions such as Kelsterbach-4
generated a median-size F1 hybrid 3xm (0.085353 mm?, Figure 3.1 D and E).
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Figure 3.1. A. thaliana accessions display natural variation in maternal-excess F1 hybrid
triploid seed size. A) Geographic distribution of 183 natural occurring diploid (2x) accessions
used in this study. B) Schematic of the crossing scheme for generating maternal-excess F1
hybrid triploid seeds (3xm). A tetraploid (4x) Ler-0 line was used as ovule donor and 183
genetically different diploid accessions acted as pollen donors. C) Boxplot of F1 seed size for
183 maternal-excess F1 hybrid triploid seeds. The horizontal red dashed line corresponds to
maternal-excess Ler-0 F1 isogenic seed size used as ploidy control (0.09139 mm?2). D) Boxplot
of F1 seed size for representative maternal-excess F1 hybrid triploids that shows a small, a
medium and a large-seeded F1 hybrid 3xm. The colours correspond to panel C. E) Seed size
phenotype of F1 3xm hybrids. Scale bar = 1mm.

GWAS revealed SNPs associated with maternal genome dosage-excess F1 triploid seed
size

To identify parental genome dosage effect loci associated with maternal-excess F1 triploid seed
size, the mean size (mm?) of exclusively plump seeds from three biological replicates for each
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maternal-excess F1 hybrid triploids was used for a Genome-Wide Association Study (GWAS),
which identified the strongest peak on chromosome 5 at position 23763299 with a -log1o (p-
value) = 7.13 (Figure 3.2 A). We named this locus Maternal Overdose Seed Size (MOSS).

Those genes containing the lowest p-value SNPs were considered as causal candidates for
MOSS, as were adjacent genes in a ~54 kb window surrounding the most significant SNP
(Figure .3.2 B, Supplementary Table 3.2). We investigated T-DNA insertion lines in candidate
genes (Supplementary Table 3.3), all in the reference Col-0 background. We evaluated these
candidate genes as causal for the 3xm F1 hybrid seed size phenotype by crossing homozygous
diploid Col-0 mutants to 4x Ler-0 (Supplementary Figure 3.2). From this screening, the
paternal use of SALK 120501 (a T-DNA insertion line disrupting the function of AT5G58850,
described in Rabiger and Drews (2013)) led to a significant reduction (p-value < 0.0001) in F1
hybrid 3xm seed size compared to the F1 seeds from the wild-type cross 4x Ler-0 X 2x Col-0,
while T-DNA lines in the other candidate failed to influence the F1 3xm seed size phenotype.
Hence, we considered the gene AT5G58850 as our leading candidate underlying the MOSS
phenotype.

MOSS locus overlaps with MYB119 transcription factor

The MOSS locus is located in the putative promoter region of At5958850, which encodes a
MYB transcription factor (MYB119) whose transcriptional unit contains three exons (341 bp,
128 bp and 825 bp, respectively) and two introns of 96 bp and 108 bp (Figure 3.2 C and
Supplementary Figure 3.3) (Rabiger & Drews, 2013). Structurally, MYB119 belongs to the
R2R3-type MYB domain subfamily, which contains two highly conserved imperfect amino
acid sequence repeats (R). Each repeat forms three a-helices that build a helix-turn-helix (HTH)
structure conferring the ability to bind DNA in a sequence-specific manner (Dubos et al., 2010;
Du et al., 2015; Wang, B et al., 2020). At the functional level, MYB119 plays an important
role in both development and growth, promoting cellularisation and differentiation during
female gametogenesis (Rabiger & Drews, 2013).

Specifically, MOSS is located in a transposable element (TE) of the AtREP15 family that is
part of MYB119 putative promoter region (AtSTE85465), 646 bp upstream of the Open
Reading Frame (Figure 3.2 C). Two main allelic groups at MOSS position (23763299) were
found across all the accessions that are part of our GWAS mapping panel. While the “C”
polymorphism (minor allele) in pollen donors was significantly associated with smaller
maternal-excess F1 hybrid triploid seed size (p-value < 0.001), the “T” allele (major allele) was
found to be represented among the large-seeded maternal-excess F1 hybrid triploids (Figure
3.2 D and E). Additionally, a pair of non-synonymous SNPs were detected in the GWAS
analysis in the coding region (CDS) of MYB119: a Threonine/Serine change at amino acid 95
and Alanine/Threonine at amino acid 110, both with -logio (p-value) = 4.42 (Supplementary
Table 3.2).
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Figure 3.2. Genome-wide Association Study (GWAS) identification of candidate loci
associated with maternal-excess F1 hybrid triploid (3xm) seed size. A) Manhattan plot for the
SNPs linked to F1 hybrid 3xm seed size obtained from GWAPP (Seren et al., 2012; Seren,
2018). The purple dashed lines represent both the Bonferroni and the Benjamini Hochberg
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corrected significance cut-offs. The most significant SNP, defined by position 23763299, was
termed Maternal Overdose Seed Size (MOSS), with a -logio (p-value) = 7.13 B) Genomic
region surrounding the most significant peak on chromosome 5. A ~54Kb-window containing
the candidate genes in this region (represented as purple arrows) is shown. The blue triangles
indicate non-synonymous SNPs, while synonymous SNPs are represented by blue squares. The
blue circles correspond to non-exonic SNPs. MOSS is highlighted as a red circle. C) Gene
model representing MYB119 as well as the two transposable elements (TEs) as part of the
putative promoter region of this gene. MOSS lies in the TE AT5TE85465, of the AtREP15
family. Gene model includes three exons (dark grey boxes) and two introns (light grey lines).
D) DNA sequence alignment of the putative promoter region of MYB119 including the two
main allelic groups found in MOSS region (position 23763299) across the most representative
accessions and Ler-O as reference. Asterisks denote conserved sequences (*) across all
accessions. E) Average F1 seed size for maternal-excess F1 hybrid triploids whose pollen
donors contain the major allele “T” or the minor allele “C” in MOSS position. “C”
polymorphism in pollen donors was significantly associated with smaller maternal-excess F1
hybrid triploid seed size (“***” indicates statistical significance at p-value < 0.001 determined
by Student’s t-test). 2T, double maternal contribution compared to the paternal contribution 1T
or 1C to a total ploidy level of 3x in the F1 embryo.

Cis-regulatory allelic variation effects on MYB119 expression

To investigate whether cis-regulatory allelic variation at MOSS affects promoter activity which
could explain variation in maternal-excess F1 hybrid triploid seed size, we measured MYB119
expression in reproductive tissues of a range of representative F1 hybrid 3xm genotypes. When
compared to a medium-size F1 hybrid 3xm (produced using Kelsterbach-4 as pollen donor),
we found that MYB119 was significantly upregulated (p-value < 0.05) in 5 Days After
Pollination (DAP) siliques from interploidy crosses in the second-largest F1 hybrid 3xm
(derived from the accession LDV-46) (Figure 3.3 A), supporting its role in controlling 3xm
seed size. However, the largest F1 hybrid 3xm (derived from Com-1) did not show any such
increase. We also measured MYB119 expression levels in pollen from the wild accessions that
were used as paternal parents to generate the extreme F1 hybrid 3xm. Interestingly, MYB119
expression in pollen produced by 2x Kelsterbach-4 was significantly higher (Figure 3.3 B) than
that of the maternal-excess F1 hybrid triploid counterpart (p-value < 0.05). This suggests that
MYB119 expression is differentially regulated in the maternal-excess hybrid triploid compared
to the isogenic diploid accession.
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Figure 3.3. MYB119 expression in reproductive tissues of maternal-excess F1 hybrid triploids and
diploid pollen donors. A) Expression of MYB119 in 5 Days After Pollination (DAP) siliques. B)
Expression levels of MYB119 in pollen of the accessions Sp-0, Kelsterbach-4, LDV-46 and Com-
1. “*” denotes statistical significance at p-value < 0.05 and 0.0001, determined by Student’s t-test.
Gene expression levels were normalised to EF-7/a (AT5G60390).

Non-synonymous amino acid changes in MYB119 in accessions with differing F1 3xm seed
size effects

Because there are polymorphisms in both the promoter and the CDS region of MYB119
associated with maternal-excess F1 hybrid triploid seed size in our GWAS (Supplementary
Table 3.2), we considered that the two non-synonymous substitutions present in Com-1 might
affect the protein function in this accession and contribute to F1 hybrid 3xm seed size variation,
rather than MYB119 transcriptional differences (Supplementary Figure 3.3).

Similarly, we identified a non-synonymous SNP in the MYB119 CDS region of the accession
Sp-0, the accessions that generated the smallest F1 hybrid 3xm when used as a pollen donor.
This polymorphism represented a change from a glutamic acid at amino acid position 181 to a
premature stop codon within the last exon of MYB119 (Supplementary Figure 3.3), indicating
that reduced or loss of function of this gene could be associated with the reduced seed size of
the F1 hybrid 3xm derived from Sp-0.

Size of maternal-excess F1 hybrid triploid seeds depends on paternal MYB119 gene
dosage

To address whether myb119 loss-of-function mutant effects on F1 seed size depend on parental
genome dosage imbalance, we performed balanced and interploidy crosses to generate F1 seeds
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that are genetically identical, although they differ in their ploidy level (diploid versus triploid).
We found that in balanced diploid crosses between Ler-0 and myb119-3 (Col-0), paternally
inherited myb119 mutant allele sired F1 hybrid seeds similar in size to those of the diploid
wild-type cross control 2x Ler-0 X 2x Col-0. However, in inter-ploidy crosses, mutation in the
paternal MYB119 allele led to a significant F1 seed size decrease (p-value < 0.0001) in
maternal-excess F1 hybrid triploids (4x Ler-0 X 2x myb119-3, Figure 3.4). Our results revealed
a differential response of F1 diploid and triploid seeds to paternal loss of MYB119 activity,
confirming that the effect of MYB119 on seed size is sensitive to parental genome dosage.
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Figure 3.4. MYB119 mutational effects on F1 seed size depends on ploidy level (genome
dosage). A) Seed size phenotypesGraphic representation of parental lines used for generating
F1 hybrid seed size in panel B and C. Scale bar = 1mm. B) F1 hybrid diploid seed size for wild-
type and myb119-3 mutant pollen donors. Ns, not significant, determined by Student’s t-test.
C) Maternal-excess F1 hybrid triploid seed size for wild-type and myb119-3 mutant pollen
donors. “****” indicates statistical significance at p-value < 0.0001 determined by Student’s
t-test. Wild-type (+) and mutant (-) allele of MYB119 for the different seed compartments is
shown below the x axis for each cross combination. Paternal alleles are highlighted in red while
maternal are shown in black.

Because MYB119 transcript accumulation is higher in seeds of the large-seeded F1 hybrid 3xm
produced from 4x Ler-0 X 2x LDV-46 crosses, and its loss in the myb119 mutant led to a
maternal-excess F1 hybrid triploid seed size reduction, we predicted that overexpression of
MYB119 would further increase F1 3xm seed size. We therefore constitutively overexpressed
Col-0 MYB119 under the Cauliflower Mosaic Virus 35S promoter (35S::gMYB119col-0),
producing plants with much higher MYB119 expression levels in both pollen and
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inflorescences(Supplementary Figure 3.4). Unlike myb119 mutations, overexpression of this
gene resulted in a dramatic effect on seed size in diploid Col-0 background, what suggests that
after reaching a certain threshold, it induces an increase in seed size regardless the ploidy level
(Supplementary Figure 3.4, Figure 3.5 A). MYB119 overexpression lines also presented other
pleiotropic effects such as high levels of female sterility, increased anther size, short stamen
filaments, upward curling phenotype in rosette leaves, loss of apical dominance and semi-
dwarfism (some of these phenotypes are shown in Supplementary Figure 3.5), revealing its
dosage sensitivity.

To test whether the paternal overexpression of MYB119 specifically could also modify F1
hybrid 3xm seed size, we performed inter-ploidy crosses using 4x Ler-0 as the maternal parent
and 2x Col; 35S::gMYB119coi0 plants as pollen donors. In agreement with our predictions,
paternal-specific overexpression of MYB119 lead to a significant increase of maternal-excess
F1 hybrid triploid seed size (seed area), which translated to increased F1 seed width and length
(Figure 3.5 C and D).
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Figure 3.5. Size of maternal-excess F1 hybrid triploid seeds depends on the paternal MYB119
gene dosage. A) Images of mature seeds from parental lines used for generating maternal-
excess F1 hybrid triploid seeds in panels B, C and D. Scale bar = 1mm. B) Maternal-excess F1
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hybrid triploid seed size derived from MYB119 wild-type, myb119-3 mutant and gMYB119co-
o overexpression pollen donors. “****” and “**” indicate statistical significance at p-value <
0.0001 and 0.01, respectively determined by Student’s t-test. C) Maternal-excess F1 hybrid
triploid seed length and D) seed width. “*”, “**> and “***” denote statistical significance at p-
value < 0.05, 0.01and 0.001, respectively determined by Student’s t-test.

Maternal MYB119 contribution is also important for maternal-excess F1 triploid seed size
effects

To test whether maternal MYB119 dosage also modifies maternal-excess triploid seed size, we
generated a tetraploid myb119 mutant line (in Col-0 background) by colchicine treatment of
the characterised loss-of-function T-DNA line SALK_120501, known as myb119-3 (Rabiger
& Drews, 2013) and confirmed its tetraploidy level by flow cytometry (Supplementary Figure
3.6). Similar to the myb119-3 mutational effect in diploids, MYB119 mutations at the tetraploid
level did not modify seed size or reproductive success (Supplementary Figure 3.7). However,
in an unbalanced ploidy context (inter-ploidy crosses), maternal loss of MYB119 led to a
significant decrease in maternal-excess F1 triploid seed size in both hybrid and isogenic seeds
(Figure 3.6 and Figure 3.7).

To investigate the effects of a maternal-specific loss of MYB119 on F1 3xm seed size in a
hybrid system, we again used the accessions Sp-0 and LDV-46 to pollinate 4x Col-0 and/or 4x
myb119-3 plants. We observed that maternally inherited MYB119 mutations led to maternal-
excess F1 hybrid triploid seeds that were nearly 15% smaller than their respective wild-type
cross controls (Figure 3.6 A and B). Furthermore, this F1 seed size difference translated to a
significant reduction in seed length and width (Figure 3.6 D and E). However, in balanced
diploid crosses, maternally inherited mutations of this gene did not modify F1 seed size (Figure
3.6 C), similar to our results from Ler-0/Col-0 diploid crosses (Figure 3.4 B). These results
support our characterisation of MYB119 as parental-genome dosage specific modifier of F1
seed size. To investigate whether maternal overexpression of MYB119 also acts as a F1 triploid
seed size enhancer, we also generated a MYB119 overexpression line in 4x Col-0 background
(4x Col; 35S::gMYB119col0). The tetraploid MYB119 overexpression lines showed a
significant increase in seed size in the same manner as at the diploid level, but we could not
test for any possible seed size effects in maternal-excess F1 triploids, as 4x Col,
35S::gMYB119co10 plants displayed severe sterility (data not shown).

Finally, we addressed the question of whether maternal and paternal alleles of MYB119 act
synergistically to regulate maternal-excess F1 triploid seed size. We performed various inter-
ploidy isogenic crosses in the Col-0 background in which the myb119-3 mutant allele was
transmitted maternally, paternally, or from both parents. We observed a MYB119 dosage-
dependent decrease in F1 triploid size, with F1 seeds decreasing proportionally in size to the
number of functional MYB119 alleles in both the embryo and the endosperm (Figure 3.7).
Consequently, seeds having three functional MYB119 alleles in the triploid embryo were larger
than that of seeds with only two, one or zero functional alleles. As for the endosperm, a dosage
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sensitive seed compartment, five functional MYB119 alleles resulted in bigger seed size than
four, one or zero copies (Figure 3.7). We conclude that this gradual decrease in seed size is
consistent with the role of MYB119 as a dosage-dependent maternal-excess F1 triploid seed
size regulator, and that its dosage in embryos and/or endosperm correlates with parental-
genome dosage dependent seed size effects.
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Figure 3.6. Maternal MYB119 contribution is also important for maternal-excess F1 triploid seed size regulation. A) Seed size phenotypes of
mature maternal-excess F1 hybrid triploid seeds derived from wild-type and myb119-3 mutants as ovule donors in 4x Col-0 background. Scale
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Discussion

In this study, we generated a natural variation panel of F1 hybrid triploid seeds that have a
maternal genome dosage excess compared to diploid counterparts. The panel was used to
conduct a GWAS to identify a novel locus (MOSS, synonymous with the MYB119
transcription factor) whose effects on F1 3xm seed size are uniquely dependent on parental
genome dosage.

GWAS identifies a novel triploid-genome dosage specific seed size regulator

Seed size, like many complex traits, is controlled by quantitative genetic variation. Quantitative
Trait Locus/Loci (QTL) mapping procedures together with more recent GWAS analysis are
the two most commonly used methods to identify genomic regions that control phenotypic
variation in quantitative traits (Gupta et al., 2019). QTL mapping studies have been performed
in A. thaliana in an attempt to identify chromosomal regions associated with seed size
variation, however, these experiments were all designed using diploid accessions exclusively.
In a diploid context, Alonso-Blanco and colleagues (1999) identified several QTL linked to
seed size variation using a Recombinant Inbred Line (RIL) population derived from Ler-0 and
Cvi accessions (Alonso-Blanco et al., 1999). Another diploid QTL mapping analysis conducted
by Herridge and colleagues (2011) used RIL populations obtained from Cvi X Col-0 and Bur
X Col-0 crosses and found additional QTL that explained approximately 44% of the variation
in seed size. However, no follow-up research has identified the specific genes underlying such
QTL.

With the development of next generation sequencing technology, detailed information of
Single Nucleotide Polymorphisms (SNPs) has been generated for over 1000 naturally
occurring A. thaliana accessions as part of the 1001 genomes project (Weigel, 2012; Seren,
2018). Consequently, GWAS have been widely used to link traits of interest to their causative
genes in plants (Huang & Han, 2014) in numerous studies of complex traits, including root
growth under iron deficiency (Satbhai et al., 2017), ovule number (Yuan & Kessler, 2019),
pollen number (Tsuchimatsu et al., 2020), aluminium and proton tolerance (Nakano et al.,
2020), etc. A recent GWAS approach has identified loci controlling seed size variation among
191 diploid accessions, where natural variations in CYCLIN B1;4 (CYCB1;4) , a cyclin protein
involved in the cell cycle, significantly influenced seed size (Ren et al., 2019). Other genes that
directly affect seed size have also been identified (Li et al., 2019), however there has been
limited investigation of genome-dosage dependent loci controlling seed size. In particular, the
underlying pathways for triploid seed size regulation are largely unexplored, with only a few
dosage-sensitive genes described that affect seed size under paternal genome dosage excess
(Kradolfer et al., 2013; Li et al., 2020).

Triploids can have specific phenotypes that are not observed in diploids or tetraploids which
have balanced parental genome dosage contributions, highlighting that parental genome dosage
sensitivity plays an important role in seed development and size establishment (Henry et al.,
2009; Duszynska et al., 2013; Yao et al., 2013; Fort et al., 2016; Fort et al., 2017). To our
knowledge, the influence of genetic variation on parental genome dosage effects has had
limited investigation to date. Henry and colleagues (2005) studied the genetic basis for dosage
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sentitivity that affects reproductive success of triploids through QTL mapping analysis using
RIL populations from a Col-0/Wa-1 hybrid triploid. They demonstrated ploidy-dependent
transmission of the SENSITIVE TO DOSAGE IMBALANCE (SDI) locus, was proposed to
buffer dosage effects in aneuploids (Henry et al., 2005; Henry et al., 2007). Similarly,
Duszynska and colleagues (2013) demonstrated that the number of normally developed F2
seeds from selfed F1 hybrid triploids and their DNA content depended upon a combination of
natural variation and cross direction, not observed in genetically identical hybrid diploids
(Duszynska et al., 2013; Duszynska et al., 2019). These studies support our results that further
indicate triploid-specific genetic effects and phenotypes. Moreover, our GWAS results in the
present study for F1 hybrid diploid seed size that we generated as ploidy control (genotypically
identical to the F1 hybrid triploid population) suggests that different mechanisms operate in
triploid versus diploid seed size establishment (See Appendix). No SNPs associated with F1
hybrid diploid seed size were identified to colocalise with that of F1 hybrid 3xm GWAS (Figure
3.2), indicating that seed size determination in these two populations is controlled by different
mechanisms potentially associated to genome dosage effects.

Indeed, we demonstrate that the wide range of seed size variation observed among maternal-
excess F1 hybrid triploids is associated with MYB119, where we further demonstrate that its
mutational effects on F1 seed size are specific to a parental genome dosage imbalance context,
since seed size modifications were only observed in F1 seeds derived from inter-ploidy crosses
(Figure 3.4 and Figure 3.6).

Maternal-excess F1 triploid seed size effects are MYB119 dosage-dependent

The putative promoter region of MYB119 was found to contain the highest-scoring SNPs in our
GWAS, and despite not meeting the significance threshold after the multiple testing correction,
we succeeded in identifying a dosage-sensitive seed size regulator. Such conservative criterion
is generally associated with loss of power (i.e. true-positive associations that do not meet
statistical significance and can be missed), especially for complex traits influenced by many
loci with small effects such as seed size (Vinkhuyzen et al., 2013; Fabrissin et al., 2019; Kaler
& Purcell, 2019). Identification of SNPs in non-coding regions via GWAS analysis is common
in the study of complex diseases, because either they are in high linkage disequilibrium (the
non-random association of alleles at different loci explaining genetic variation in natural
populations, LD) with a true causal coding SNP, or they cause changes in gene expression
levels rather than changing the protein function. For example, spatiotemporal changes in
expression of a transcription factor can lead to subsequent changes in expression of
downstream genes regulated by such transcription factor (Slatkin, 2008; Tak & Farnham,
2015).

In plants, GWAS analyses associating traits with cis-regulatory allelic variation (e.g.
polymorphisms in promoter) are becoming more frequent. For example, SNPs in the promoter
regions of ARABIDOPSIS THALIANA ALUMINUM-ACTIVATED MALATE TRANSPORTER
1 (AtALMT1) and ARABIDOPSIS THALIANA THIOREDOXIN H-TYPE 1 (AtTRX1) have been
shown to contribute to aluminium and proton tolerance in A. thaliana due to expression level
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polymorphisms (Nakano et al., 2020). Similarly, as already mentioned, Ren and colleagues
(2019) reported that SNPs in the promoter (and coding regions) of CYCB1;4 are important for
seed size determination (Ren et al., 2019).

In our study, there was extensive variation in the putative MYB119 promoter region across the
accessions used (data not shown) and two high-scoring SNPs (Supplementary Table 3.2) were
detected in the transposable element At5TE85465, being part of the putative promoter region
of MYB119 (MOSS, defined by position 23763299 and another SNP at position 23763062).
Polymorphisms in transposable elements (TEs) can a source of functional variation in cis-
regulatory sequences such as promoter regions. They can influence both gene expression and
function through diverse mechanisms such as alterations of transcription factor binding sites,
generation of novel cis-regulatory sequences, modifications in chromatin and/or DNA
methylation that can spread to cover nearby gene-regulating regions, etc. (Hirsch & Springer,
2017). The regulatory mechanism of ROS1 expression, a DNA demethylase gene in A.
thaliana, is an illustrative example of TEs influencing the expression levels of nearby genes.
DNA methylation of a helitron element located upstream of ROS1 spreads into the ROS1
promoter region activating its expression (Sigman & Slotkin, 2016). We speculated that similar
mechanisms may operate in MYB119 expression control, as MYB119 dosage was enriched in a
large-seeded F1 hybrid 3xm (derived from the pollen donor LDV-46) and reduced in a small-
seeded F1 hybrid 3xm (derived from Sp-0), (Figure 3.3). Furthermore, we demonstrated that
maternal-excess F1 triploid seed size was highly influenced by MYB119 dosage, since
mutations in this gene led to a F1 triploid seed size decrease while its overexpression had the
opposite effect (Figure 3.5). Besides having a dramatic effect on seed size in a diploid Col-0
background (Figure 3.5 A, Supplementary Figure 3.5,), MYB119 overexpression also led to
other pleiotropic effects such as high levels of female sterility, increased anther size, short
stamen filaments, upward curling phenotype in rosette leaves, loss of apical dominance and
semi-dwarfism (Supplementary Figure 3.5), confirming its dosage sensitivity.

We observed that although the introns within the MYB119 transcriptional unit are generally
conserved, several intronic polymorphisms were present in some A. thaliana accessions that
were part of our GWAS panel (data not shown), opening the possibility of intronic variation at
the MYB119 locus also having possible cis-regulatory functions. Consequently, we investigated
this hypothesis by using a constitutive overexpression approach of an intron-containing and a
fully spliced MYB119 versions (Supplementary Figure 3.8). Strikingly, seed size analysis of
plants from independent transgenic lines in Col-0 background revealed that the overexpression
of the intronless construct (35S::CDSMYB119co10) did not affect seed size, producing seeds
that were similar in size to the wild-type (Figure 3.8 A and B). Conversely, overexpression of
the intron-containing MYB119 sequence (35S::gMYB119co1-0) led to a significant seed size
increase, yielding seeds that were approximately 28% larger than the wild-type. We confirmed
the high MYB119 expression levels in transgenic plants (Supplementary Figure 3.8 C and D)
in inflorescences with unopened flower buds and pollen grains. However, we observed that the
intron-containing 35S::gMYB119¢o.0 transgenic lines showed a significantly higher increase of
MYB119 expression compared to 35S::CDSMYB119co.0 plants (nearly seven times higher, p-
value = 0.05), (Supplementary Figure 3.8 C and D), suggesting that introns within MYB119
likely act as gene expression control elements via a complex mechanism of unknown nature
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called intron-mediated enhancement (IME), which is conserved across many taxa, including
plants, mammals, insects, nematodes, yeast, and green microalgae (Gallegos & Rose, 2015;
Laxa, 2017; Shaul, 2017; Baier et al., 2020).

Such dosage-dependent phenotypes have also been observed in mutants of
TOPOISOMERASE Ia  (TOPla), UP-FRAMESHIFT SUPPRESSOR 1 (UPF1),
TRANSPARENT TESTA GLABRA2 (TTG2) and the AGAMOUS LIKE (AGL) gene AGL62 in
maternal-excess F1 triploid seed size regulation. Parental genome dosage sensitivity effects
lend support to the gene balance hypothesis (Freeling, 2009), which proposes that genomic
imbalance can disrupt the stoichiometric balance in macromolecular complexes involved in
coordinated interaction networks, having a fitness cost and leading to dosage-dependent
phenotypes (Papp et al., 2003; Freeling, 2009; Birchler & Veitia, 2012; Veitia et al., 2013).
Indeed, genes such as transcription factors (e.g. MYB119) and signal transduction components
are typically dosage sensitive. For example, the relative parental dosage of the WRKY
transcription factor TTG2 between antipodal and sperm cells (regulated by TOP1« and UPF1)
have been proposed to be important for triploid seed size determination (Li et al., 2020).

MYB119 is a transcription factor that acts redundantly with MYB64 to promote cellularisation,
differentiation, and gamete specification during female gametogenesis (Rabiger & Drews,
2013). Rabiger and colleagues showed that double mutant myb119 myb64 plants contained
approximately 97% defective seeds and a smaller proportion of seed-like structures that initiate
autonomous endosperm development due to a downregulation of FERTILISATION
INDEPENDENT SEED 2 (FIS2), suggesting a possible interaction with Fertilisation
Independent Seed (FIS)-Polycomb Repressive Complex 2 (PRC2). Strikingly, myb119 myb64
seeds present a dramatic increase in seed size compared to wild-type seeds (unpublished, data
not shown), indicating they influence seed development. FIS2 is a subunit of the FIS-PRC2
complex which represses endosperm development in the absence of fertilisation (Chaudhury
et al., 1997; Luo et al., 2000). Although the authors concluded it is unlikely that MYB119 or
MYB64 directly regulate FIS2 expression, alternative mechanisms (e.g. through
DEMETER and/or DNA METHYLTRANSFERASE 1) could operate ultimately influencing
FIS2 expression (Rabiger & Drews, 2013). The FIS-PRC2 primarily acts to balance parental
genome expression in the endosperm; however, it also interacts with AGAMOUS-LIKE 62
(AGL62) to regulate endosperm cellularisation (Kradolfer et al., 2013). AGL62 is an
endosperm-specific target of the FIS-PRC2 complex which encodes a type | MADS-domain
transcription factor required to promote endosperm proliferation and repress cellularisation. It
acts as a dosage-sensitive seed size regulator, where lower gene dosage has been associated
with seed size reduction in maternal-excess F1 triploids but not in diploids (Hehenberger et al.,
2012; Kradolfer et al., 2013). Experimental evidence indicates that AGL62 interacts with
several AGLs (de Folter et al., 2005), where some of them (e.g. PHERES1/AGL37 (PHE1) and
AGL36) are regulated by genomic imprinting (Kohler et al., 2005; Shirzadi et al., 2011). Inter-
ploidy crosses are therefore expected to affect the balance of AGL gene expression (Kradolfer
et al., 2013), hypothesis supported by the fact that PHE1, AGL36 and AGL62 expression levels
depend upon parent-of-origin genome dosage effects (i.e. an excess of paternal genome dosage
causes strongly increased expression whereas an excess of maternal genome dosage exerts the
converse effect) (Erilova et al., 2009; Tiwari et al., 2010; Wolff et al., 2011).
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AGL proteins form multimeric complexes (Immink et al., 2009), thus altering the expression
levels of individual members significantly impacts on endosperm development, as AGL62
dosage is critical for establishing endosperm cellularisation timing (Kradolfer et al., 2013).
Kradolfer and colleagues further proposed that either activation or function of AGL62 depends
on a paternally contributed factor, raising the possibility that decreased expression of PHE1 (a
FIS-PRC2-mediated paternally expressed imprinted gene) and likely other factors reduce the
number of functional AGL62 complexes (Kradolfer et al., 2013; Makarevich et al., 2008),
ultimately influencing endosperm cellularisation timing and consequent seed size
establishment (See Figure 3.8 for schematic model).

Syncytial
endosperm
MYB119

l

Unknown intermediary

il

FIS-PRC2

Seed Coat

Endosperm nuclear
proliferation signals

l

Seed size

Figure 3.8. Putative model for the dosage-sensitive pathway of MYB119-mediated seed size
regulation. Possible altered MYB119 dosage induced by maternal genome excess causes further
modifications in the expression levels of FIS-PRC2 components through unknown
intermediaries, which in turn leads to impaired expression balance of AGL complexes, where
AGL62 is key in determining endosperm cellularisation timing and consequent seed size
establishment.

However, further experiments are needed to elucidate the parental genome dosage dependent
mechanism of MYB119 in triploid-specific seed size regulation, as the impact of altered
genome balanced can be associated with diverse dosage-sensitive factors or processes,
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including altered expression of different imprinted genes (Jullien & Berger, 2010; Batista &
Kohler, 2020), stoichiometric imbalances in macromolecular complexes (Birchler et al., 2005;
Veitia & Birchler, 2015; Shi et al., 2020), as well as maternal-zygotic crosstalk mechanisms of
different nature from the one proposed in this study (Doughty et al., 2014; Lafon-Placette &
Kohler, 2016; Robert et al., 2018). Parental genome dosage-dependent modifications of the
developmental interplay between the different seed compartments in interploidy crosses could
have an impact on the developmental programs of embryo, endosperm and seed coat, resulting
in seed size changes only observed under genome dosage imbalance (Doughty et al., 2014;
Orozco-Arroyo et al., 2015; Figueiredo et al., 2016).

Finally, the potential role of MYB119 in mediating paternal-excess interploidy effects remain
unexplored, since our experimental design made the production of F1 3xp seeds with Col-0
pollen donors challenging, what usually leads to a highly penetrant triploid block (Scott et al.,
1998; Dilkes et al., 2008). Future research is needed to test whether MYB119 is a triploid seed
size modifier specific to inter-ploidy crosses with excess of the maternal genome, or whether
parent-of-origin dosage effects arise in seed size regulation under parental genome imbalance
instead. Nevertheless, deciphering the molecular bases of genome dosage sensitivity that
influence seed size establishment will enable the development of novel genome dosage-based
approaches for improving agriculturally important triploid crop varieties.

Conclusions

Overall, our findings indicate that there is significant natural variation in the paternal genome
contribution to seed size establishment even under maternal genome dosage excess. Paternal
effects on seed size are scarcely reported in the literature, and their regulation mechanisms are
less elucidated than maternal effects (Baskin & Baskin, 2019). They may originate from the
disruption or differences arising during male gametogenesis or post-fertilisation due to factors
deposited in the egg and/or central cells, as well as genomic imprinting (Spillane et al., 2002;
Wolff et al., 2015; Pires et al., 2016; Batista & Kdhler, 2020). To our knowledge, this is the
first GWA study to identify a gene (MYB119) whose effects on seed size are sensitive to
parental genome dosage effects that are only manifest at the triploid level. Triploidy, therefore,
triggers unique genetic and phenotypic effects only observed when maternal to paternal
genome dosage ratios are altered in the F1 developing seed. Our genome-wide association
approach allowed the identification of MYB119 as a dosage-sensitive factor that modifies
biparentally maternal-excess F1 triploid seed size in a ploidy-specific manner. Our study sheds
light on the genetic basis for genome dosage effects that govern seed size regulation and the
importance of maintaining the stoichiometric balance in macromolecular complexes for
optimal seed development (Papp et al., 2003; Freeling, 2009; Birchler & Veitia, 2012; Veitia
et al., 2013; Birchler, 2020). Our results could open new avenues in developing new genome
dosage-based strategies for trait improvement in plant breeding programs.
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Supplementary Figure 3.1. Isogenic seed size for naturally occurring diploid Arabidopsis thaliana accessions used in this study.
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Supplementary Figure 3.2. A) Graphic representation of the genes (arrows) in the vicinity of
MOSS. White arrows denote candidate genes which a T-DNA insertion line was not available. B)
Size (mm?) of maternal-excess F1 hybrid triploids generated with pollen from homozygous mutant
T-DNA insertion lines for genes in proximity to MOSS. (“****” indicates statistical significance
at p-value < 0.0001 determined by Student’s t-test).
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Supplementary Figure 3.3. Sequence variation in the coding region of MYB119 across the most
representative accessions. The gene model of MYB119 is represented with dark grey boxes (exons)
and light grey lines (introns). The black arrow denotes the direction of transcription. The red line
in the first exon of Sp-0 and Com-1 indicates a non-synonymous A-T SNP (position 23764227),
causing a Threonine to Serine change at amino acid 95; the blue line, a G-A non-synonymous SNP
(position 23764272) causing an Alanine to Threonine change at amino acid 110, and the T* in the
third exon of Sp-0 represents a non-synonymous G-T SNP (position 23764485) that leads to a
premature STOP codon. SNPs are identified based on comparison to the Ler-0 reference genome.
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Supplementary Figure 3.4. MYB119 overexpression increases seed size. A) Seed size of self-
fertilised myb119-3 mutant plant and 35S::gMYB119co0 T2 overexpression line in Col-0
background. B) Expression levels of MYB119 in pollen grains of wild-type diploid Col-0 and
overexpression line. C) Expression levels of MYB119 in inflorescences. Gene expression levels
were normalised to EF-/a (AT5G60390). Ns, not significant, “****” indicates statistical
significance at p-value < 0.0001, “**”, p-value < 0.01, and “***”_p-value < 0.001 determined by
Student’s t-test. Error bars represent standard deviation.
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Supplementary Figure 3.5. Phenotypes of transgenic plants overexpressing MYB119 compared
to wild-type controls in 2x Col-0 background.
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Supplementary Figure 3.6. Flow cytometry confirmation of tetraploid myb119-3 mutant line in
Col-0 background. Fluorescence histograms (fluorescence area for propidium iodine-stained
nuclei) with the nuclei in different ploidy indicated as 2C, 4C and 8C according to DNA contents
are shown. Diploid and tetraploid wild-type Col-0 were used as controls to calibrate the peaks of
2C, 4C and 8C nuclei and determine the ploidy level.
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Supplementary Figure 3.7. Mutations in MYB119 do not modify seed size or reproductive
success in balanced ploidy systems. A) Images of mature seeds of diploid (2x) and tetraploid (4x)
myb119-3 mutant plants and theit wild-type controls in Col-0 background. Scale bar = 1mm. B)
Boxplots of seed area and C) proportion of plump seeds per silique for myb119-3 mutant and wild-
type at the 2x and 4x levels. The numbers on top of bars correspond to number of analysed seeds.
N, not significant, determined by Student’s t-test.
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Supplementary Figure 3.8. Overexpression of intron-containing MYB119 sequence increases
seed size. A) Mature seeds derived from wild-type, MYB119 overexpression lines of unspliced
and intronless sequences, and the complementation line in diploid (2x) Col-0 background. Scale
bar = 1mm. B) Seed size of lines depicted in panel A. The horizontal red dashed line corresponds
to seed size of wild-type 2x Col plants. Significant differences compared to wild-type (ANOVA
and Dunnett’s test) are indicated. Ns, not significant and “****” indicates p-value < 0.0001. C)
MYB119 expression levels in inflorescences and D) in pollen grains. Gene expression levels were
normalised to EF-/a. “***” denotes p-value < 0.001; “**”, p-value < 0.01. Error bars represent
standard error.
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Supplementary Table 3.1. List of A. thaliana natural diploid accessions used as pollen donors in
this study and their geolocation. F1 seed size (mm?2) from maternal-excess F1 hybrid triploids is
shown.

Ak-1 GER 48.0683 7.62551 6987 0.087826722
Ale-Stenar-56-14 ~ SWE 55.3833 14.05 997 0.096260345
Alst-1 UK 54.8 -2.4333 6989 0.087464086
Altenb-2 ITA 46.37 11.24 9970 0.090756337
Appl-12 SWE 56.3333  15.9667 5830 0.103092642
Appl-14 SWE 56.3333  15.9667 5831 0.089572447
Appl-16 SWE 56.3333  15.9667 5832 0.088237195
Appt-1 NED 51.8333  5.5833 6997 0.071169591
ARR-17 FRA 44.05 3.69 9927 0.095437933
Bal-2 SWE 56.4 12.9 8256 0.073654185
Bas-1 SWE 56.4 12.9 8259 0.082300635
Baa-1 NED 51.3333 6.1 7002 0.059676923
Bach-7 GER 48.41 8.84 9778 0.081880576
Bd-0 GER 52.4584  13.287 7013 0.102964348
Bla-1 ESP 41.6833 2.8 8264 0.092397023
Bor-4 CZE 49.4013 16.2326 6903 0.061232653
Bot 1 SWE 57.7133  15.0689 9339 0.092803754
Bozen-1.1 ITA 46.51 11.33 9971 0.085639566
Brosarp-15-138 SWE 55.7167 14.1333 1062 0.095566072
Brosarp-21-140 SWE 55.7167  14.1333 1063 0.066555711
Brosarp-45-153 SWE 55.7167 14.1333 1070 0.06168588

Ca-0 GER 50.2981 8.26607 7062 0.075785714
Castelfed-1-197 ITA 46.34 11.29 9681 0.089360575
CATS-6 FRA 50.79 2.69 9937 0.081962767
Cimin-1 ITA 39.58 16.21 9661 0.085988662
Com-1 FRA 49416  2.823 7092 0.108051472
Copac-1 ROU 46.11 21.95 10005 0.091108688
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Dospa-1 BUL 41.64 24.18 9706 0.090699533
Doubravnik? CZE 49.4211 16.3497 410 0.072697464
DralV 2-9 CZE 49.4112  16.2815 5907 0.078448357
DralV 6-13 CZE 49.4112 16.2815 5984 0.075352645
Duk CZE 49.1 16.2 6008 0.079101493
Eds-1 SWE 62.9 18.4 6016 0.097349186
Ei-2 GER 50.3 6.3 6915 0.073629091
EkS 3 SWE 57.6781 14.9986 9370 0.089342957
En-2 GER 50 8.5 7119 0.084904321
Epidauros-1 GRC 37.6 23.08 9725 0.078267185
Erg2-6 GER 48.5 8.8 9784 0.076280093
Fell3-7 GER 48.43 8.79 9776 0.104076899
Fr-2 GER 50.1102  8.6822 7133 0.061398625
Gie-0 GER 50.584  8.67825 7147 0.069139665
Giffo-1 ITA 38.44 16.13 9653 0.078203931
Gol-2 UK 57.9672 -3.96722 9314 0.06402797

Gr-1 AUT 47 15.5 430 0.084173508
Gr-5 AUT 47 155 7158 0.064523862
Gy-0 FRA 49 2 8214 0.095378559
Hadd-1 SWE 57.3263  15.8979 9390 0.091621354
Hh-0 GER 54.4175 9.88682 7169 0.086014908
Hof-1 GER 48.41 8.85 9772 0.071526409
HolA-11 SWE 55.7491 13.399 9404 0.088603548
Hov3-2 SWE 56.1 13.74 6036 0.091045451
Hov3-5 SWE 56.1 13.74 6038 0.094949597
Hovdala-2 SWE 56.1 13.74 6039 0.060169202
Hovdala-6 SWE 56.1 13.74 8307 0.081448218
HR-10 UK 51.4083 -0.6383 6923 0.101375234
HR-5 UK 51.4083 -0.6383 6924 0.075908163
IP-Alo-0 POR 40.11 -1.47 9506 0.074925424
IP-Are-0 ESP 41 -4.71 9820 0.087341667
IP-Aul-0 ESP 40.52 -4.02 9822 0.091708573
IP-Bae-0 ESP 43.34 -5.84 9823 0.090877959
IP-Bar-1 ESP 41.43 2.13 9521 0.092116768
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IP-Ber-0 ESP 42.52 -0.56 9524 0.097982749
IP-Boa-0 ESP 40.4 -3.88 9825 0.10684581

IP-Bor-0 ESP 42.49 -6.71 9826 0.075227612
IP-Cab-3 ESP 41.54 2.39 9526 0.07761839

IP-Cad-0 ESP 40.37 -5.74 9527 0.062593496
IP-Cha-0 ESP 40.38 -4.21 9833 0.096097367
IP-Cho-0 ESP 40.51 -3.9 9834 0.08404025

IP-Cir-0 ESP 40.61 -6.57 9835 0.072291005
IP-Cot-0 ESP 41.83 -5.38 9838 0.080677922
IP-Lac-0 ESP 43.33 -5.91 9853 0.087487791
IP-Leg-0 ESP 40.33 -3.8 9857 0.093576229
IP-Mah-6 ESP 40 4.25 9906 0.064163072
IP-Oja-0 ESP 42.34 -3 9874 0.088078471
IP-Pie-0 ESP 40.46 -5.32 9881 0.098880068
IP-Pig-0 ESP 42.1 -2.56 9883 0.091991746
IP-Pro-0 ESP 43.28 -6.01 9571 0.077597701
IP-Pru-0 ESP 42.38 1.73 9886 0.105715412
IP-Sac-0 ESP 42.13 -6.7 9578 0.089724846
IP-Smt-1 ESP 40.95 -5.63 9897 0.062980176
IP-Svi-0 ESP 43.4 -7.39 9585 0.093898968
IP-Tol-7 ESP 42.11 0.6 9588 0.091908768
IP-Vad-0 ESP 42.86 -3.59 9591 0.077430962
IP-Vdt-0 ESP 40.89 -5.5 9595 0.079971831
IP-Ver-5 ESP 41.95 -7.45 9596 0.079098404
1SS-20 FRA 43.92 3.71 9929 0.090930757
lvano-1 BUL 43.7 25.91 9701 0.088931759
Jm-0 CZE 49 15 7177 0.071634783
Kavlinge-1 SWE 55.8 13.1 8237 0.091508239
Kelsterbach-4 GER 50.0667 8.5333 8420 0.085352809
KNO1.37 USA 41.273  -86.625 7717 0.07917094

Koren-1 BUL 41.83 25.69 9719 0.098733238
Kus2-2 GER 48.52 9.11 9781 0.085799446
Kyoto JPN 35.0085 135.752 7207 0.066265306
Lagl-5 GEO 41.8296 46.2831 9103 0.090812976
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Lag2-6
Lago-1
Lan1
LDV-18
LDV-46
Ler-0
Li-7
Liarum
Lis-1
Lis-3
LL-0
Lm-2
Lu3-30
MAR2-3
Marce-1
Mh-0
Mir-0

Mitterberg-2-184
MNF-Che-2

Mnz-0
NFA-8
Nicas-1
Nok-3
Np-0
Obel-15
PHW-34
Pna-17
Pt-0
Pu2-8
Qui-0
Rak-2
Rev-1
Ru-2
Ru4-16

GEO
ITA
SWE
FRA
FRA
GER
GER
SWE
SWE
SWE
ESP
FRA
GER
FRA
ITA
GER
ITA
ITA
USA
GER
UK
ITA
NED
GER
GER
FRA
USA
GER
CZE
ESP
CZE
SWE
GER
GER

41.8296
39.18
55.9745
48.5167
48.5167
47.984
50.3833
55.9473
56.0328
56.0328
41.59
48
48.53
47.35
38.92
50.95
44
46.37
43.5251
50.001
51.4083
38.97
52.24
52.6969
48.45
48.6103
42.0945
53.476
49.42
42.69
49
55.6942
48.56
48.57

46.2831
16.26
14.3997
-4.06667
-4.06667
10.8719
8.0666
13.821
14.775
14.775
2.49

0.5

9.09
3.93333
16.47
7.5
12.37
11.28
-86.1843
8.26664
-0.6383
16.34
4.45
10.981
8.87
2.3086
-86.3253
10.6065
16.36
-6.93

16
13.4504
9.16
9.16

9113
9963
9421
108

139

7213
7231
8241
8326
6041
6933
7217
9782
159

9655
7255
8337
9668
1925
7244
6944
9658
6945
7268
9804
8244
7523
7305
6957
9949
8365
8369
9806
9768

0.089999562
0.080716535
0.095567322
0.091405237
0.107867233
0.09139
0.068063092
0.070575338
0.080493725
0.079306497
0.096036776
0.091872255
0.07232636
0.101051492
0.08473596
0.076286765
0.084543971
0.058882591
0.08768056
0.084070464
0.089594714
0.088886539
0.101699551
0.075106707
0.065136273
0.071235652
0.095642477
0.078202381
0.071429775
0.077810375
0.06375
0.090801422
0.076526829
0.082587371
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San-2
Schl-7
Slavi-1
Sp-0
Sprol
Sr:5
St-0
Sten-0
T1020
T1050
T1160
T480
T710
T790
T840
T860
T970
T980
Ta-0
TDr-1
TDr-16
TDr-18
TDr-2
TDr-4
TDr-5
TDr-7
TDr-9
Toc-1
Tol-0
TOM 03
To0s-95-393
Ts-5
Tu-KB-6
Tu-NK-12

SWE
GER
BUL
GER
SWE
SWE
SWE
GER
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
CZE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
SWE
ROU
USA
SWE
SWE
ESP

GER
GER

56.07
48.6
41.43
52.5339
57.2545
58.9

59
52.6058
55.6514
55.6486
55.7
55.7989
55.8403
55.8386
55.9336
55.9403
55.9281
55.9261
49.5
55.7683
55.7719
55.7714
55.7686
55.7689
55.7692
55.7694
55.7708
46.01
41.6639
62.9619
59.4333
41.7194
48.52
48.52

13.74
9.22
23.65
13.181
18.2109
11.2

18
11.8558
13.2233
13.2161
13.2
13.1206
13.3106
13.3186
13.5519
13.5511
13.5481
13.5319
14.5
14.1386
141211
14.1208
14.1383
14.1375
14.1369
14.1347
14.1342
22.33
-83.5553
18.35
17.0167
2.93056
9.05
9.05

8247
9807
9985
7343
9450
8386
8387
7346
6092
6095
6104
6108
6125
6132
6136
6138
6149
6150
7349
6188
6201
6203
6189
6191
6192
6193
6195
9739
7356
6237
1257
6971
9809
9811

0.090518978
0.078039474
0.074077901
0.058723128
0.090457853
0.084555556
0.104905675
0.083959869
0.08441123
0.0879663
0.095022226
0.08940488
0.088766105
0.094507844
0.087033119
0.080414893
0.095420002
0.093273973
0.073904139
0.103015719
0.092450907
0.091723828
0.073092
0.064384118
0.089980465
0.085780313
0.09571187
0.079330992
0.075174616
0.094687299
0.095465917
0.095598514
0.095231289
0.066932331
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Tur-4 SWE 57.6511 14.8043 9470 0.092712446
Udul 1-11 CZE 49.2771 16.6314 6296 0.07697996

UKID71 UK 52.9 -1.3 5718 0.087842693
UKNWO06-003 UK 54.5 -3 5353 0.088773032
UKSEO06-118 UK 51.3 0.5 5023 0.099097583
UKSE06-362 UK 51.3 0.4 5165 0.082405114
Ull1-1 SWE 56.06 13.97 8426 0.099166885
Ull2-13 SWE 56.0648 13.9707 8427 0.083980453
Ull2-3 SWE 56.0648 13.9707 6973 0.074162963
Utrecht NED 52.0918 5.1145 7382 0.075435268
Van-0 CAN 49.2655 -123.206 7383 0.085781094
Vimmerby SWE 57.7 15.8 8249 0.098495343
Vinslov SWE 56.1 13.9167 9057 0.069505548
Wank-2 GER 48.5 9.11 9795 0.076607242
WAV-8 FRA 50.65 2.99 9938 0.090472154
Ws-0.2 RUS 52.3 30 7396 0.082645078
Ws-2 RUS 52.3 30 6981 0.075593381
Wt-5 GER 52.3 9.3 6982 0.067339405
Zdrl 1-23 CZE 49.3853 16.2544 6424 0.086115464
Zdrl 2-21 CZE 49.3853 16.2544 6445 0.077846561
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Supplementary Table 3.2. Single Nucleotide Polymorphisms (SNPs) and their effect flanking MOSS within a ~ 54Kb-window defining the
candidate genes.

Undecaprenyl  pyrophosphate

AT5G58784 23741038 2.5 INTRON NA NA A:157 G:26 . .
synthetase family protein
23741770; 3.86; C:168 T:15;
23741830; 3.86; G:168 A:15;
23741859; 3.86; G:168 A:15;
23741883; 3.86; T:168 A:15;
23741939; 3.86; G:168 T:15;
23741955; 3.86; T:168 C:15;
23741979; 3.86; C:168 G:15;
23741994; 3.86; G:168 T:15;
NA 23742081; 3.86; INTERGENIC NA NA G:168 T:15; NA
23742094; 3.86; A:168 T:15;
23742114; 3.86; C:168 T:15;
23742143; 3.86; T:168 G:15;
23742159; 3.86; G:168 T:15;
23742222; 3.86; C:168 T:15;
23742224; 3.86; A:168 G:15;
23742382 3.86 G:168 T:15
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AT5G58787

AT5G58790
AT5G58800

NA

AT5G58820

NA

AT5G58830

NA

AT5G58840

NA

23742680

23745862
NA

23747414

23753834;
23754005;
23754332,
23754353

23755041,
23755556

23756097,
23756482,
23756520;
23756652;
23757873

23758768

23761393;
23761563

23763062;
23763299

2.94

5.54
NA

2.59

6.36;
6.43;
5.82;
5.82

6.43;
6.43
4.18;
2.67;
2.67,;
2.67,;
6.43
6.43

4.89;
5.83

6.2;7.13

5'UTR

3'UTR
NA

INTERGENIC

NON-SYNONYMOUS;
NON-SYNONYMOUS;
SYNONYMOUS;

NON-SYNONYMOUS

INTERGENIC

INTRON;
NON-SYNONYMOUS;
SYNONYMOUS;
INTRON;
NON-SYNONYMOUS

INTERGENIC

INTRON;
SYNONYMOUS

INTERGENIC

NA

NA
NA

NA

Get/Tct;
Gat/Cat;
aaC/aaT,
AT

NA

NA;
Ttc/Gtc;
tT/ttC;
NA;
Get/Tct
NA

NA;
tcT/tcC

NA

NA

NA
NA

NA

A451S;
D482H;
NS557;
L564F

NA

NA;
F132V;
F144;
NA;
A491S
NA

NA; S586

NA

A:166 G:17

G:161 A:22
NA

T:154 G:29

G:158 T:25:
G157 C:26;
C:156 T:27;
A:156 T:27

T:157 A:26;
T:157 A:26

C:166 G:17;
T:81 G:102;
T:81 C:102;
G:81 T:102;
G:157 T:26
A:157 G:26

T:168 C:15;
T:143 C:40

T:157 A:26;
T:159 C:24

Encodes a cytosolic protein with
E3 ligase activity that is
involved in positive regulation
of ABA responses, ABA
INSENSITIVE RING
PROTEIN 4

hypothetical protein

Quinone  reductase  family
protein

NA

Subtilisin-like serine
endopeptidase family protein

NA

Subtilisin-like serine
endopeptidase family protein

NA

Subtilase family protein

NA
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Encodes a putative transcription

AT5G58850 23764227; 4.42: NON-SYNONYMOUS; Acg/Tcg; TO95S; A:138 T:45; factor. member of the R2R3
(MYB119) 23764272 4.42 NON-SYNONYMOUS Gceg/Acg  A110T G:138 A:45 factor gene family, MYB119
NA 23765724 2.51 NA NA NA G:83 C:100 NA
Encodes a member of the
AT5G58860 23766685 5.75 INTRON NA NA A:160 T:23 CYP86A subfamily of
cytochrome p450 genes
NA 23768841 3.35 INTERGENIC NA NA T:130 A:53 NA
AT5G58870 23769820 2.85 3UTR NA NA A:136 G:47 EEEaIEs &l (RS S EE PO =
localized to the chloroplast
NA 23773993 3.36 INTERGENIC NA NA G:158 C:25 NA
AT5G58880 23778626 4.18 SYNONYMOUS gaG/gaA E859 G:166 A:17 LRR protein
23780129; 2.63; INTERGENIC; NA; NA: NA- G:137 T:46;
NA 23787961; 3.55; INTERGENIC; NA; NA’ " C:168 T:15; NA
23792148 2.88 INTERGENIC NA G:165 A:18
AT5G58930 23795499 3.9 NON-SYNONYMOUS cCt/cTt  P199L G:162 A:21 Hypothetical protein
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Supplementary Table 3.3. List of T-DNA insertion lines for GWAS candidate genes and
primers used for genotyping. Wild-type alleles were determined by using LP and RP primers,
while mutant alleles were determined by using RP and the respective T-DNA specific primer
(LBDb1.3 for SALK lines and LB1 for SAIL lines).

Gene code T-DNA insertion line | Genotyping primers name |Genotyping primers sequence (5'-3")
AsEETEs | SALK 0aoLs RF ge784 | GOCTTCTOGTTAATGTCCTCE
ASEETI0 | SALK 201548 R 50790 | AGCAAMACACCOGTGTGTAAG
At5g58800 SALK_109873C $§j§§§§§§8 %Ligﬁ%ﬁiﬁf\ﬁgﬁﬁéégg
ASESE20 | SALK 01303 R 55960 | CAGCAGACTTTGTAAGCTGOG
As8640 R 558040 | AGACGAGGOCAGAATGETAAC
At5g58850 SALK_120501 Eiim:ﬁg Iégggigé;ﬁgﬁ—crﬁgggg
ASESSE0 | SALK 107454 R sigee60 | TCCATTTCTCCTGATOATTGE
ASESET0 | SALK 021977 R 5i66670 | TTCACGGTCTTACCAATCCAG
| suscavossc | LSS0 | TeeTeomerecromncy
o | saucoonsy | US| TrecesoneAe T
At5(58920 SAIL_238_C06C1 Eijigﬁggig I@Qggﬂﬁﬁ’éﬁéﬁﬁlﬁ%
I .
T-DNA specific primer SALK lines LBb1.3 ATTTTGCCGATTTCGGAAC
T-DNA specific primer SAIL lines LB1 CCCTTTTCAGAAATCGATAAATA

GCCTTGCTTCC
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Appendix
Natural variation in paternal contribution to F1 hybrid diploid seed size

To examine variability in F1 hybrid diploid seed size on a genetically identical hybrid
population to the maternal-excess F1 hybrid triploids shown in this research, we reproduced
the half diallel mating scheme using a diploid tester line instead, also in Ler-0 background (2x
Ler-0) as ovule donor and 178 diploid accessions (out of the original 183) as paternal parents
(Figure 1 A). This hybrid diploid population from parental balanced-ploidy crosses acts as a
ploidy control for our previous results. We found a significant positive correlation (r = 0.3, p-
value = <0.0001) between F1 seed size of F1 hybrid 3xm from inter-ploidy crosses and that of
the genetically identical F1 hybrid diploid population derived from balanced-ploidy 2x Ler-0
X 2x Accession crosses. However, only a small proportion of the variation (9%) was explained
by the genotype, suggesting that seed size determination in these two populations is controlled
by different mechanisms. This hypothesis is supported by our GWAS results, where no
pronounced peaks colocalised with the GWAS results for F1 hybrid 3xm seed size.

Under our growth conditions, we detected a substantial variation in F1 hybrid diploid seed size,
with a range of 0.10195 mm? — 0.16309 mm? (Figure 1 B). The most representative F1 hybrid
diploids were derived from the pollen donors IP-Pru-0 (the smallest F1 hybrid 2x, 0.10913
mm?), Pt-0 (a medium-seeded F1 hybrid 2x, 0.13070 mm?) and PHW-34 (the largest F1 hybrid
2%, 0.16309 mm?), Figure 1 C.
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Figure 1. A. thaliana accessions display natural variation in F1 hybrid diploid seed size. A)
Illustration of the crossing scheme for generating F1 hybrid diploid seeds. Diploid (2x) Ler-0
was used as ovule donor and 178 naturally occurring diploid accessions acted as pollen donors.
B) Boxplot of F1 seed size for 178 genetically different F1 hybrid diploid seeds. The names
and details of these accessions, as well as their F1 hybrid diploid seed size, are listed in Table
1. The horizontal red dashed line corresponds to Ler-0 seed size. C) Boxplot of F1 seed size
for the most representative F1 hybrid diploids that shows a small, a medium and a large-seeded
F1 hybrid 2x. The colours correspond to panel B.
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Table 1. List of A. thaliana natural diploid accessions used as pollen donors in this study to

generate 178 genetically different F1 hybrid diploids and their geolocation.

Ak-1
Ale-Stenar-56-14
Alst-1

Altenb-2
Appl-12
Appl-14
Appl-16
Appt-1
ARR-17

Bail-2

Bas-1

Baa-1

Bach-7

Bd-0

Bla-1

Bor-4

Bot 1
Bozen-1.1
Brosarp-15-138
Brosarp-21-140
Brosarp-45-153
Ca-0
Castelfed-1-197
CATS-6
Cimin-1

Com-1
Copac-1
Dospa-1

GER
SWE
UK
ITA
SWE
SWE
SWE
NED
FRA
SWE
SWE
NED
GER
GER
ESP
CZE
SWE
ITA
SWE
SWE
SWE
GER
ITA
FRA
ITA
FRA
ROU
BUL

48.0683
55.3833
54.8
46.37
56.3333
56.3333
56.3333
51.8333
44.05
56.4
56.4
51.3333
48.41
52.4584
41.6833
49.4013
57.7133
46.51
55.7167
55.7167
55.7167
50.2981
46.34
50.79
39.58
49.416
46.11
41.64

7.62551
14.05
-2.4333
11.24
15.9667
15.9667
15.9667
5.5833
3.69
12.9
12.9

6.1

8.84
13.287
2.8
16.2326
15.0689
11.33
14.1333
14.1333
14.1333
8.26607
11.29
2.69
16.21
2.823
21.95
24.18

6987
997
6989
9970
5830
5831
5832
6997
9927
8256
8259
7002
9778
7013
8264
6903
9339
9971
1062
1063
1070
7062
9681
9937
9661
7092
10005
9706

0.130825958
0.133764384
0.147640648
0.12751141
0.133440735
0.12874829
0.133632482
0.130735608
0.131996768
0.124902711
0.146001446
0.133056997
0.133401518
0.140326988
0.121436644
0.121052995
0.126838775
0.134963167
0.143821846
0.1516
0.1411
0.122841837
0.127074312
0.145993428
0.125180254
0.146598288
0.149306063
0.110584731
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Doubravnik? CZE 49.4211 16.3497 410 0.139554152
DralV 2-9 CZE 49.4112  16.2815 5907 0.131319058
DralV 6-13 CZE 49.4112 16.2815 5984 0.137729776
Duk CZE 49.1 16.2 6008 0.122281124
Eds-1 SWE 62.9 18.4 6016 0.130318616
Ei-2 GER 50.3 6.3 6915 0.12867013
EkS 3 SWE 57.6781 14.9986 9370 0.132397428
En-2 GER 50 8.5 7119 0.129098765
Epidauros-1 GRC 37.6 23.08 9725 0.133468434
Erg2-6 GER 48.5 8.8 9784 0.123353125
Fell3-7 GER 48.43 8.79 9776 0.127379878
Fr-2 GER 50.1102 8.6822 7133 0.125918367
Gie-0 GER 50.584  8.67825 7147 0.119263291
Giffo-1 ITA 38.44 16.13 9653 0.118217573
Gol-2 UK 57.9672 -3.96722 9314 0.113442588
Gr-1 AUT 47 15.5 430 0.119713249
Gr-5 AUT 47 15.5 7158 0.14506033
Gy-0 FRA 49 2 8214 0.137040292
Hadd-1 SWE 57.3263 15.8979 9390 0.136764316
Hh-0 GER 544175 9.88682 7169 0.146697612
Hof-1 GER 48.41 8.85 9772 0.128749586
HolA-11 SWE 55.7491 13.399 9404 0.130231088
Hov3-2 SWE 56.1 13.74 6036 0.1549
Hov3-5 SWE 56.1 13.74 6038 0.125047367
Hovdala-2 SWE 56.1 13.74 6039 0.117952769
Hovdala-6 SWE 56.1 13.74 8307 0.148880847
HR-10 UK 51.4083 -0.6383 6923 0.126842107
HR-5 UK 51.4083 -0.6383 6924 0.122596439
IP-Alo-0 POR 40.11 -1.47 9506 0.117253289
IP-Are-0 ESP 41 -4.71 9820 0.1537
IP-Aul-0 ESP 40.52 -4.02 9822 0.134464669
IP-Bae-0 ESP 43.34 -5.84 9823 0.137060428
IP-Bar-1 ESP 41.43 2.13 9521 0.124052556
IP-Ber-0 ESP 42.52 -0.56 9524 0.137972636
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IP-Boa-0
IP-Bor-0
IP-Cab-3
IP-Cha-0
IP-Cho-0
IP-Cir-0
IP-Cot-0
IP-Lac-0
IP-Leg-0
IP-Oja-0
IP-Pie-0
IP-Pig-0
IP-Pro-0
IP-Pru-0
IP-Sac-0
IP-Smt-1
IP-Svi-0
IP-Tol-7
IP-Vad-0
IP-Vdt-0
IP-Ver-5
1SS-20
lvano-1
Jm-0
Kavlinge-1

Kelsterbach-4

KNO1.37
Koren-1
Kus2-2
Kyoto
Lagl-5
Lag2-6
Lago-1
LDV-18

ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
FRA
BUL
CZE
SWE
GER
USA
BUL
GER
JPN
GEO
GEO
ITA
FRA

40.4
42.49
41.54
40.38
40.51
40.61
41.83
43.33
40.33
42.34
40.46
42.1
43.28
42.38
42.13
40.95
43.4
42.11
42.86
40.89
41.95
43.92
43.7

49

55.8
50.0667
41.273
41.83
48.52
35.0085
41.8296
41.8296
39.18
48.5167

-3.88
-6.71
2.39
-4.21
=
-6.57
-5.38
-5.91
-3.8

-3

-5.32
-2.56
-6.01
1.73
-6.7
-5.63
-7.39
0.6
-3.59
-55
-7.45
3.71
25.91
15

13.1
8.5333
-86.625
25.69
9.11
135.752
46.2831
46.2831
16.26
-4.06667

9825
9826
9526
9833
9834
9835
9838
9853
9857
9874
9881
9883
9571
9886
9578
9897
9585
9588
9591
9595
9596
9929
9701
7177
8237
8420
7717
9719
9781
7207
9103
9113
9963
108

0.140274311
0.1457
0.146944455
0.159350061
0.112456908
0.112982249
0.12276569
0.131831878
0.126678352
0.122448116
0.117585508
0.1353
0.114103583
0.109129509
0.140878182
0.117690813
0.125605991
0.123599623
0.125318605
0.112123457
0.12126096
0.127080619
0.142098406
0.125199525
0.131234173
0.135131045
0.120490385
0.146780279
0.136856684
0.122898396
0.135131436
0.128744764
0.126369159
0.134543448
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LDV-46 FRA 48.5167 -4.06667 139 0.126946395
Ler-0 GER 47.984 10.8719 7213 0.133249691
Li-7 GER 50.3833  8.0666 7231 0.129127962
Liarum SWE 55.9473 13.821 8241 0.159135539
Lis-1 SWE 56.0328 14.775 8326 0.120179052
Lis-3 SWE 56.0328 14.775 6041 0.113293631
LL-0 ESP 41.59 2.49 6933 0.139832711
Lm-2 FRA 48 0.5 7217 0.1337
Lu3-30 GER 48.53 9.09 9782 0.137362069
MAR2-3 FRA 47.35 3.93333 159 0.13833291
Marce-1 ITA 38.92 16.47 9655 0.124140117
Mh-0 GER 50.95 7.5 7255 0.126013228
Mir-0 ITA 44 12.37 8337 0.115966725
Mitterberg-2-184 ITA 46.37 11.28 9668 0.122723164
MNF-Che-2 USA 43.5251 -86.1843 1925 0.128410096
Mnz-0 GER 50.001 8.26664 7244 0.123323069
NFA-8 UK 51.4083 -0.6383 6944 0.1425
Nicas-1 ITA 38.97 16.34 9658 0.128483934
Nok-3 NED 52.24 4.45 6945 0.140667624
Np-0 GER 52.6969 10.981 7268 0.118657718
Obel-15 GER 48.45 8.87 9804 0.13079852
PHW-34 FRA 48.6103 2.3086 8244 0.163093208
Pna-17 USA 42.0945 -86.3253 7523 0.136737066
Pt-0 GER 53.476 10.6065 7305 0.130697391
Pu2-8 CZE 49.42 16.36 6957 0.122751786
Qui-0 ESP 42.69 -6.93 9949 0.142835333
Rak-2 CZE 49 16 8365 0.120014706
Rev-1 SWE 55.6942  13.4504 8369 0.131042827
Ru-2 GER 48.56 9.16 9806 0.131712559
Ru4-16 GER 48.57 9.16 9768 0.134354539
San-2 SWE 56.07 13.74 8247 0.131259669
Schi-7 GER 48.6 9.22 9807 0.142054055
Slavi-1 BUL 41.43 23.65 9985 0.150890154
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Sp-0 GER 52,5339 13.181 7343 0.113096607
Spro 1l SWE 57.2545 18.2109 9450 0.116008332
Sr:5 SWE 58.9 11.2 8386 0.132833037
St-0 SWE 59 18 8387 0.131962293
Sten-0 GER 52.6058 11.8558 7346 0.154357633
T1020 SWE 55.6514  13.2233 6092 0.127830979
T1050 SWE 55.6486 13.2161 6095 0.133894513
T1160 SWE 55.7 13.2 6104 0.1345661
T480 SWE 55.7989  13.1206 6108 0.133658375
T710 SWE 55.8403 13.3106 6125 0.129032901
T840 SWE 55.9336  13.5519 6136 0.127217509
T860 SWE 55.9403 13.5511 6138 0.127644423
T970 SWE 55.9281 13.5481 6149 0.130240178
T980 SWE 55.9261 13.5319 6150 0.131520786
Ta-0 CZE 49.5 14.5 7349 0.138604125
TDr-1 SWE 55.7683  14.1386 6188 0.111666513
TDr-16 SWE 55.7719 14.1211 6201 0.12527184
TDr-18 SWE 55.7714  14.1208 6203 0.137469722
TDr-2 SWE 55.7686  14.1383 6189 0.127349898
TDr-4 SWE 55.7689  14.1375 6191 0.113034853
TDr-5 SWE 55.7692  14.1369 6192 0.159327477
TDr-7 SWE 55.7694  14.1347 6193 0.140305407
TDr-9 SWE 55.7708  14.1342 6195 0.143123514
Toc-1 ROU 46.01 22.33 9739 0.113683206
Tol-0 USA 41.6639 -83.5553 7356 0.1591
TOM 03 SWE 62.9619 18.35 6237 0.121461865
Tos-95-393 SWE 59.4333 17.0167 1257 0.130381953
Ts-5 ESP 41.7194  2.93056 6971 0.133279026
Tu-KB-6 GER 48.52 9.05 9809 0.142096868
Tu-NK-12 GER 48.52 9.05 9811 0.13431085
Tur-4 SWE 57.6511 14.8043 9470 0.12769739
Udul 1-11 CZE 49.2771 16.6314 6296 0.116890875
UKID71 UK 52.9 -1.3 5718 0.143012724
UKNW06-003 UK 54.5 -3 5353 0.111203127
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UKSEO06-118 UK 51.3 0.5 5023 0.143998057
UKSE06-362 UK 51.3 0.4 5165 0.137470326
Ull1-1 SWE 56.06 13.97 8426 0.141804793
Ull2-13 SWE 56.0648 13.9707 8427 0.1361

Ull2-3 SWE 56.0648 13.9707 6973 0.113110053
Utrecht NED 52.0918 5.1145 7382 0.121664319
Van-0 CAN 49.2655 -123.206 7383 0.1338

Vimmerby SWE S1.7 15.8 8249 0.129016485
Vinslov SWE 56.1 13.9167 9057 0.113495975
Wank-2 GER 48.5 9.11 9795 0.133178082
WAV-8 FRA 50.65 2.99 9938 0.1185

Ws-0.2 RUS 52.3 30 7396 0.116528497
Ws-2 RUS 52.3 30 6981 0.121149805
Wt-5 GER 52.3 9.3 6982 0.143183727
Zdrl 1-23 CZE 49.3853 16.2544 6424 0.121609589
Zdrl 2-21 CZE 49.3853  16.2544 6445 0.132567647

GWAS identification of candidate genes associated with F1 hybrid diploid seed size

To identify loci linked to F1 hybrid diploid seed size, the mean size (mm?) of exclusively plump
seeds from three biological replicates for each F1 hybrid diploids was used for Genome-Wide-
Association Study (GWAS). An Accelerated Mixed Model (AMM) approach was employed
to test associations for each Single Nucleotide Polymorphism (SNP) available in the 1001
genomes Full-sequence dataset (Alonso-Blanco et al., 2016), using the web interface GWAPP
(http://gwas.gmi.oeaw.ac.at) (Seren et al., 2012; Seren, 2018).

The GWAS analysis showed two promising peaks in chromosomes 1 and 5, however no
significant associations were detected after the very stringent Bonferroni multiple testing
correction (-logio (p-value) = 8, for 10 million SNPs). This conservative p-value cut-off is
designed to minimize false-positive associations, but it can also lead to a loss of power,
producing false negatives or true-positive associations that do not meet the statistical
significance that can be missed. This is particularly challenging in the study of complex traits
that are influenced by multiple loci with small effects such as seed size (Vinkhuyzen et al.,
2013; Fabrissin et al., 2019; Kaler & Purcell, 2019). Nevertheless, we stablished an arbitrary
and less stringent threshold (-logio (p-value) = 5) for the selection of candidate loci associated
with F1 hybrid diploid seed size control (listed in Table 2). Eleven SNPs that reached this
threshold locate in chromosome 1, while only two SNPs were detected in chromosome 5. The
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candidate genes were further prioritized based on whether they are expressed in reproductive
tissues and/or in developing seeds, by examining publicly available transcriptome data in A.
thaliana Heat Tree Viewer (Figure 3, http://arabidopsis-heat-tree.org/).

The At1g56340 gene, also known as CALRETICULIN 1, includes the highest scoring SNP
detected in our GWAs analysis (-logio (p-value) = 6.2, which causes a synonymous
substitution at amino acid 30. It encodes one of three A. thaliana calreticulins, key
proteins responsible for maintaining intracellular Ca** homeostasis and directing proper
folding of newly synthetised proteins in the endoplasmic reticulum (ER) (Michalak et al.,
2009). Under ER stress, it acts as a critical component (together with CALRETICULIN
2) in the accumulation of VESICLE-ASSOCIATED MEMBRANE PROTEIN 721
(VAMP721 and VAMP722, involved in plant growth/ development and immunity (Choi
et al., 2019; Kim et al., 2019). Loss-of-function mutations result in activation of the
ethylene signalling pathway that results in reduced susceptibility to the fungal pathogen
Verticillium longisporum (Prébsting et al., 2020). It is highly expressed in reproductive
tissues, especially in pollen and in early stages of developing seeds (Figure 3).

The At1g56700 gene encodes a pyroglutamyl peptidase I-like protein (Peptidase C15)
that catalyses the release of the N-terminal pyroglutamyl group from peptides or proteins.
It generates three splicing variants, and it is localised in the cytoplasm. Expressed during
early seed development, as well as in sperm and ovules (Becerra et al., 2006), (Figure 3).

The At5g43940 encodes a glutathione-dependent formaldehyde dehydrogenase (also
known as class Il type alcohol dehydrogenase). It reduces S-nitrosoglutathione (GSNO),
associated with plant stress responses. Gene expression is reduced by wounding and
induced by salicylic acid (Diaz et al., 2003). It is required for the acclimation of plants to
high temperature and for fertility (Lee et al., 2008). Expressed throughout seed
development, especially in early stages (Figure 3). Loss-of-function mutations leads to a
significant reduction in plant height (Xu et al., 2013).

Collectively, these three genes represent strong candidates for F1 hybrid diploid seed size
control, due to their enrichment in reproductive tissues and embryogenesis. Furthermore, two
candidate genes (At1g56340 and At5g43940) have been identified to play a role in biotic and
abiotic stress responses. Miller and colleagues (2015) showed that repression of two stresss-
responsive genes increases growth vigour (hence, biomass) in A. thaliana hybrids (Miller et
al., 2015), what makes particularly interesting the validation of such selected genes as
regulators of hybrid seed size.
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—log(p-value}
=

Chr1 Chr 2 Chr3

Chr4 Chr5
Chromosome

Figure 2. Manhattan plot for the SNPs linked to F1 hybrid diploid seed size obtained from

GWAPP (Seren et al., 2012; Seren, 2018). The purple dashed lines represent both the
Bonferroni and the Benjamini Hochberg corrected significance cut-offs.
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Table 2. Single Nucleotide polymorphisms (SNPs) and their effect defining the best candidate genes associated with F1 hybrid diploid see size control.

At1g56340

NA

At1g56670

NA

NA
NA

At1g56690

At1g56700

21092541

21134146

21242958;
21242959

21249833

21249849
21250112

21255760;
21255925

21257227,
21257281,
21257764;
21257764;
21257772

6.05

5.91;
5.91

5.91

520
5.91

5.46;
5.46

5.32;
5.32;
5.32;
5.32;
5.32

SYNONYMOUS

INTERGENIC

NON-
SYNONYMOUS;
SYNONYMOUS

INTERGENIC

INTERGENIC

INTERGENIC

NON-
SYNONYMOUS;
SYNONYMOUS

INTRON;
SYNONYMOUS;
3UTR; 3'UTR;
3'UTR

ttC/ttT

NA

cCalcTa;
ccAlcc

NA

NA
NA

aaG/aaT;
taC/taT

NA;
ccAlccT;
NA; NA;
NA

F30

NA

P121L;
P121

NA

NA
NA

K648N;
Y703C

NA;
P126;
NA; NA;
NA

G:162 A:16

T:163 A:15

C:163
A:163 T:15

C:163 T:15

G:163 A:15
T:163 C:15

G:162
C:162 T:16

G:161
A:161
C:161
C:161
C:161T:17

T:15;

T:16;

c:1r;
T:17;
T:17,
T:17,

Encodes one of three A. thaliana
calreticulins, CALRETICULIN 1

NA

GDSL-motif
esterase/acyltransferase/lipase

NA

NA
NA

Pentatricopeptide
superfamily protein

repeat (PPR)

Peptidase C15, pyroglutamyl
peptidase I-like protein
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21258720; 5.32; INTRON; NA, NA,; A:161 G:17,

At1g56710 21250465, 532 SYNONYMOUS: aac/aaT:  N128; G161  Ad7. [ccun  lyaselike superfamily

21250507 532 SYNONYMOUS ggG/ggC G114  C:161G:l7 protein
NA 14489188 6.13 INTERGENIC NA NA A:152 G:26 NA
NA 17644665 5.49 INTERGENIC NA NA G:150 A:28 NA
Encodes a glutathione-dependent
NON- _ _ formaldehyde dehydrogenase,
At5g43940 17684479 5.6 SYNONYMOUS Gct/Act A34T G:146 A:32 ALCOHOL
DEHYDROGENASE 2 (ADH2)
NA 17692274 5.96 INTERGENIC NA NA T:149 G:29 NA
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AT1G56700
AT1G56670
AT5G43940
AT1G56690
AT1G56710

AT1G656340 [N I

4139

14

diploid Ler-0 or Col-0 accessions. Colours from yellow to red indicate the gene expression
level from low to high. The analysis was conducted in the online tool Arabidopsis Heat Tree

Viewer (http://arabidopsis-heat-tree.org/) and it was modified for easier visualisation. The
transcriptomic data was obtained from (Honys & Twell, 2004; Schmid et al., 2005; Borges et

Figure 3. Heat map of candidate gene expression patterns in reproductive tissues and seeds in
al., 2008; Qin et al., 2009; Boavida et al., 2011).
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This PhD thesis research aimed to investigate genome dosage effects on seed size heterosis,
including unique effects of genetic hybridity under parental genome dosage imbalance. Using
a GWAS approach, | demonstrated that natural variation among Arabidopsis thaliana
accessions is a powerful resource for identification of loci mediating the differential
contributions of parental genome dosage effects to seed size.

In Chapter 1, | reviewed the most relevant and most recent literature on the mechanisms that
can trigger heterosis with a focus on seed size regulation. Despite the economic importance of
seed size and heterosis for crop production, many aspects remain unknown. Indeed, in the case
of heterosis, it is likely that classical genetic models cannot fully explain the phenomenon of
heterosis, as heterosis effects can be trait and/or species-specific. Notably, | focused my
research on seed size heterosis mediated by parent-of-origin genome dosage effects.

It is well-established that inter-accession crosses of A. thaliana trigger heterosis effects on F1
seed size, and that this important agronomic trait is strongly influenced by pervasive parent-of-
origin effects (House et al., 2010), which arise when the phenotype depends on whether it is
inherited maternally or paternally (Lawson et al., 2013). Previous work in our research group
has demonstrated that seed size is associated with biomass heterosis in F1 hybrids of A.
thaliana, what indicates that it can serve as a proxy for other heterosis effects in this model
plant (Fort et al., 2016). Based on these results, | investigated parent-of-origin effects that
govern seed size control in Chapter 2. | provided an exhaustive analysis of natural variation
in of parent-of-origin effects on F1 seed size and how they modify the level of heterosis for
such trait using a panel of 71 genetically different reciprocal F1 hybrid diploids. | demonstrated
that the previously reported “Ler-0 effect” (which typically generates small seeds when used
as ovule donor in inter-accession crosses, but large ones when used as pollen donor) is generally
robust across a wide F1 hybrid diploid population. Interestingly, | have identified genotype
combinations that ablate or modify such effects in homoploids, which will be used in future
research to understand the underlying molecular mechanisms using transcriptome/epigenome
comparisons.

The study of seed size regulation has been traditionally focused on the maternal side, as paternal
regulators are rarely reported and usually smaller in effect than that of the maternal genotype,
meaning that the paternal contribution to this mechanism has been underestimated. While the
results presented in this PhD thesis confirm that maternal effects play a pivotal role on seed
size establishment, | further demonstrate that the paternal genotype explained a substantial
proportion of seed size variation (22%) in F1 hybrid diploids, a much larger contribution than
previously appreciated. Future research should be focused on the molecular mechanisms of
paternal seed size control, as well as on identification of paternal factors capable of possibly
increasing the sink strength of the endosperm and/or embryo. Experiments where the fitness of
the maternal parent is compromised could be useful to identify cryptic variation due to the
paternal genotype, for example in defoliation approaches similar to that reported by Akiyama
and Agren (2012), where leaf damage in mother plants led to a significant reduction in F1 seed

size and number. RNA sequencing approaches followed by defoliation assays could reveal
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paternal-inherited factors that influence seed size establishment and might be hidden or
buffered by the maternal genomes (Pires et al., 2016; Satyaki & Gehring, 2019).

Finally, | demonstrated that hybridity alone enhances parent-of-origin effects on F1 seed size
over seven-fold under parental genome imbalance, supporting the hypothesis of Birchler
(Birchler et al., 2003; Birchler et al., 2010) that heterosis has a dosage component, and raises
intriguing questions about a possible interplay between parental genome dosage and genetic
hybridity that needs to be considered more carefully for fully understanding the mechanisms
underlying heterosis.

Accordingly, I aimed to identify parental genome dosage-sensitive genes that control seed size
under parental genome imbalance in Chapter 3. The GWAS-based experimental approach
selected for this research (a half diallel mating scheme between 183 genetically different pollen
donors and a tetraploid tester line in Ler-0 background as maternal parent) revealed a wide
natural variation existing in the paternal contribution to F1 triploid seed size even under
maternal genome excess conditions. To our knowledge, this is the first time a study focuses on
natural seed size variation in combination with by parental genome imbalance on a species-
wide scale. Using the GWAS analysis, | identified and confirmed in this chapter a novel
dosage-sensitive seed size regulator, that revealed a new role and mechanism for the MYB119
transcription factor. |1 demonstrated how MYB119, a R2R3 MYB-type transcription factor,
regulates seed size in a genome dosage-dependent and ploidy-specific manner. | also generated
a genetically identical dataset of F1 hybrids that differ only in the ploidy level (i.e., diploid) as
controls. Despite not identifying any significant SNPs linked to F1 hybrid diploid seed size in
the second GWAS analysis, | have identified strong candidate genes (See Appendix in Chapter
3) that will form the basis for further investigations of their role in seed size control.
Characterisation of loss-of-function mutants and manual crosses using these candidate genes
as pollen donors together with a 2x Ler-0 tester line as maternal parent will be prioritised in
future experimental designs. No SNPs from the 2x GWAS colocalised with that of the 3xm
GWAS, suggesting that seed size determination in these two populations is controlled by
different mechanisms potentially specific to parental genome dosage effects, and supports that
MYB119-associated seed size control is specific to the triploid (parental genome dosage
imbalance) context.

The high scoring SNPs identified in the promoter region of this gene suggested that natural
variation in expression levels could be associated with maternal-excess seed size control.
Following this logic, | demonstrated that MYB119 was upregulated in a large-seeded F1 hybrid
3xm and downregulated in a small-seeded F1 hybrid 3xm. Follow-up experiments to further
investigate this possibility should include evaluation of natural variation in promoter efficiency
by generating pMYB119::GUS transgenic lines with different versions of accession-specific
promoter sequences in myb119-3 background. However, the largest F1 hybrid 3xm (derived
from the accession Com-1) did not show an increment of MYB119 expression, what suggests
that the two non-synonymous substitutions present in MYB119 CDS of Com-1 might affect the

143



Chapter 4

protein function rather than transcriptional differences. To test this hypothesis, MYB119
CRISPR-Cas9 mutants should be generated in a Com-1 genetic background.

Furthermore, | did additional experiments to decipher the mechanisms underlying natural
variation in MYB119-mediated F1 3xm seed size establishment, which were not included in
this thesis as they were unfinished by the time of submission. These included the generation of
MYB119 silencing lines through artificial short hairpin RNA in the most representative
accessions (i.e. Sp-0, Kelsterbach-4, LDV46 and Com-1) to test whether a background-specific
reduction in MYB119 expression levels had an impact on F1 3xm seed size control. Transgene-
containing T1 plants were selected, although further characterisation is needed to confirm
reduced MYB119 levels in such lines. Bisulfite sequencing of the MYB119 putative promoter
region of the most representative F1 hybrid 3xm (4x Ler-0 X 2x Sp-0 and 4x Ler-0 X 2x LDV-
46) was also conducted to test whether the two TES present in the promoter region could induce
differential methylation patters (e.g. trans chromosomal methylation) among the F1 hybrid
triploids, ultimately influencing the transcript levels of such gene. The results obtained were
inconclusive, as a larger number of clones would need to be analysed (5 clones/genotype were
analysed). Moreover, analysis of allele-specific MYB119 expression ratios and levels in
endosperm and embryo of such extreme F1 hybrid 3xm seeds could help inform the mechanism
of MYB119-associated seed size regulation.

Lastly, I also investigated the relative role of MYB119 introns in relation to seed size regulation.
Surprisingly, constitutive overexpression of an intron-containing MYB119 version elicits a
dramatic seed size increase, unlike overexpression of intronless versions of this gene. | showed
that intron-containing constructs drive significantly higher MYB119 expression in both
inflorescences and pollen compared to fully spliced versions, suggesting that introns may act
as gene expression control elements (e.g. intron-mediated enhancement). Future work will
include expression analysis of both constructs in developing seeds to decipher whether the seed
size increase is simply due to a higher MYB119 dosage mediated by introns.

Furthermore, I have also shown that ectopic MYB119 expression (regardless of intron presence)
leads to pleiotropic effects such as upward curling phenotype in rosette leaves (Figure 4.1) and
petals or strong female sterility.
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2xCol-0; 2x Col-0;
35s::CDSMYB119.,,, 35s::gMYB119.,,,

TERE

Figure 4.1. Rosette leaves phenotype of plants overexpressing spliced and intron-containing
MYB119 versions compared to wild-type controls in 2x Col-0 background. Scale bar =1 cm.

Follow-up research on this aspect should therefore include an analysis of MYB119 targets (e.g.
a chromatin immunoprecipitation approach) in such tissues to explain the observed phenotypes.
Interestingly, certain phenotypes observed (i.e. upward curling in rosette leaves) have also been
observed in overexpression lines of FLOWERING LOCUS T (FT), a key gene mediating the
vegetative to floral transition (Teper-Bamnolker & Samach, 2005), and in loss-of-function
mutants of a histone methyltransferase of PCR2, CURLY LEAF (CLF) (Krizek et al., 2006).
Curiously, CLF has also been reported to modify seed size, and clf mutant plants displayer
significantly bigger seeds due to cell size increase (Liu et al., 2016). Hence, future research
should focus on testing whether FT and/or CLF are dysregulated in myb119 mutants, as well
as testing whether FT or CLF physically interact (e.g. yeast two hybrid approach). Taken
together, | consider that the novel findings of this PhD research have relevance in developing
new genome dosage-based strategies in plant breeding programs, where MYB119 orthologs
represent an attractive target to generate new large-seeded varieties, and also strongly
emphasise the potential for manipulation of the stoichiometric balance of macromolecular
complexes for seed trait development (Papp et al., 2003; Freeling, 2009; Birchler & Veitia,
2012; Veitia et al., 2013; Birchler, 2020).
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