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SUMMARY
Seed development represents a critical stage for plant reproductive success. This
dissertation focuses on phenotypic and molecular correlates of hybrid seed failure between
closely-related species. Three main compartments comprise the angiosperm seed, each
with different genomic make-up: the seed coat (maternal), the endosperm (2m:1p), and the
embryo (1m:1p). The endosperm plays a central role in early seed development because it
regulates embryo nutrient acquisition while synchronizing growth between seed
compartments. Importantly, hybrid seed abortion is generally associated with an altered
endosperm development. Moreover, genomic imprinting, i.e. parent-of-origin–dependent
expression, is exceedingly rare in other plant tissues but widespread in the endosperm.
Potential functional links between imprinting perturbation or -mismatch and seed abortion
are predicted by evolutionary theory based on parental conflict, but have only begun to be
elucidated at the molecular level. Wild tomatoes (Solanum sect. Lycopersicon) were
chosen to compare seed development and gene expression in the endosperm of seeds from
intraspecific and hybrid crosses, and to address the role of genomic imprinting in lineage
divergence and hybrid seed failure. To this end, I used three tomato lineages with
interesting hybrid seed phenotypes and patterns of genetic divergence: S. arcanum var
marañón (A), S. chilense (C), and S. peruvianum (P). A large part of my study was based
on laser-microdissected developing endosperm obtained from seeds of intra- and
interspecific crosses and subsequent transcriptome sequencing.
In Chapter 1, I hypothesized that seed abortion in wild tomatoes is triggered by
endosperm failure and that viable hybrid progenies, after seed germination, may reveal
additional symptoms of hybrid incompatibility. Jointly with my collaborators, I provided a
comprehensive morphological description of seed development in intra- and interspecific
crosses. I found that the incidence of hybrid seed failure was variable among species
combinations, with marked phenotypic asymmetries between reciprocal crosses with nearcomplete seed inviability. For the latter, circumstantial evidence pointed to endosperm
proliferation defects being responsible for embryo arrest at early globular stages. The
reciprocal C×A and A×C hybrid crosses yielded intermediate levels of viable seeds, from
which we grew an F1 hybrid cohort showing some developmental abnormalities,
interpreted as reflecting post-germination genetic incompatibilities.
Chapter 2 focuses on seeds from intraspecific crosses, i.e. those with normal seed
development. My hypothesis was that genomic imprinting in the endosperm of normally
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developing seeds serves specific functions and is nonrandomly shared between recently
diverged species. I found that the degree of overlap among imprinted genes across the
three wild tomato lineages was significant, and higher for Paternally Expressed Genes
(PEGs) than for Maternally Expressed Genes (MEGs). However, variation in imprinting
status for many genes is suggestive of an evolutionarily fast turnover of imprinted
expression. MEGs and PEGs appear to be associated with distinct functions, but I found
evidence that they interact in functional and physical networks. In particular, I inferred
that interactions between imprinted genes contribute to cell-cycle control. Candidate
imprinted genes identified in this chapter should be representative of the typical
imprinting landscape of wild tomato viable endosperm; they were used as a reference to
compare parent-specific gene expression in within-lineage- and hybrid endosperms in
Chapter 3.
Chapter 3 aimed at testing the hypothesis that hybrid seed failure involves
imprinting perturbation and/or large gene expression changes in wild tomato hybrid
endosperms. When compared to intraspecific endosperms, those from strongly abortive
crosses were characterized by extensive gene expression perturbation together with
increased maternal expression proportions. Two homogeneous groups of hybrid
endosperms were separated by the largest expression differences in the whole dataset,
congruent with either maternal-excess-like (P×A and P×C) or paternal-excess-like (A×P
and C×P) endosperms at the phenotypic level. I found strong evidence for perturbations of
parental dosage mechanisms in these abortive endosperms, particularly the widespread
loss of imprinting status of candidate PEGs. Crosses yielding only partial seed abortion
(A×C and C×A) had far fewer expression changes than strongly abortive endosperms and
also retained the imprinted status of most candidate PEGs. I discuss the potential roles of
parental conflict and coadaptation in driving expression perturbation in abortive
endosperm. Finally, I hypothesize that different ‘genetic strengths’ evolved since lineage
divergence and identify candidate genes, such as AGAMOUS-LIKE transcriptions factors,
that may underlie this dosage-related phenomenon. Such genes may significantly
contribute to postzygotic reproductive isolation between wild tomato lineages.
By revealing the widespread perturbation of imprinted expression in abortive hybrid
endosperms, my project accrued molecular evidence for the fundamental role of parental
dosage in successful seed development. As a collateral resource, it also provides a large
number of candidate genes that are potentially useful for developmental and evolutionary
biology and for plant breeding.
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RÉSUMÉ
Le développement de la graine est une étape cruciale pour le succès reproductif des
plantes. Cette thèse se penche sur les signatures phénotypiques et moléculaires de la
stérilité des graines obtenues par croisement entre espèces étroitement apparentées. La
graine comporte essentiellement trois compartiments ayant des génomes différents:
l’enveloppe (maternel, sporophytique), l’albumen (2m:1p) et l’embryon (1m :1p).
L’albumen joue un rôle essentiel dans le développement précoce de la graine car il régule
l’apport en nutriments à l’embryon tout en synchronisant la croissance des différents
compartiments de la graine. Notamment, l’avortement des graines hybrides résulte
généralement de la malformation de l’albumen. Par ailleurs, les empreintes parentales,
c’est-à-dire l’ensemble des gènes dont l’expression dépend du parent d’origine, sont
particulièrement rares dans les tissus végétaux à l’exception de l’albumen. Tandis que
certaines théories évolutionnistes prédisent l’existence de liens fonctionnels entre la
perturbation -ou la discordance- des gènes soumis à empreinte parentale et l’avortement
des graines, les mécanismes sous-jacents commencent seulement à être élucidés au niveau
moléculaire. Les tomates sauvages (Solanum sect. Lycopersicon) ont été choisies comme
système d’étude pour comparer le développement morphologique et le transcriptome des
albumens issus de croisements intra- et interspécifiques, ainsi que pour étudier le rôle des
gènes soumis à empreinte parentale dans la divergence des lignées et dans l’avortement
des graines hybrides. Pour cela, j’ai sélectionné trois lignées pour leurs liens de
divergence et leurs phénotypes en croisements hybrides réciproques : S. arcanum var
marañón (A), S. chilense (C), et S. peruvianum (P). Une large part de cette étude est basée
sur des albumens en développement issus de croisements intra- et interspécifiques, extraits
par microdissection au laser et analysés après séquençage de leurs ARNs.
Dans le premier chapitre, je fais l’hypothèse que l’avortement des graines de
tomates sauvages est causé par le développement anormal de l’albumen et que les
descendances viables après germination pourraient révéler des symptômes
supplémentaires d’incompatibilité hybride. En combinant mes données à celles de mes
collaborateurs, je présente une description détaillée du développement de graines issues de
croisements intra- et interspécifiques. La stérilité des graines se manifeste à des
fréquences variables selon les espèces croisées. Dans les croisements présentant une
stérilité totale, nous observons d’importantes asymétries phénotypiques entre croisements
réciproques en raison d’une altération de la prolifération cellulaire de l’albumen, causant
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l’avortement de l’embryon au stade globulaire précoce. Les croisements réciproques entre
A et C produisent quant à eux des proportions intermédiaires de graines viables, dont
certaines populations F1 présentent un développement anormal, indiquant la présence
probable d’incompatibilités génétiques entre A et C.
Le second chapitre se concentre sur les graines issues de croisements
intraspécifiques qui présentent un développement normal. Mon hypothèse était que les
gènes soumis à empreinte parentale qui sont exprimés dans l’albumen interviennent dans
des fonctions spécifiques, et qu’une large partie d’entre eux sont communs à plusieurs
espèces ayant divergé récemment. Mes résultats démontrent non seulement un
chevauchement significatif de gènes soumis à empreinte parentale entre les trois lignées
étudiées, mais surtout un chevauchement plus important pour les gènes paternellement
exprimés (« Paternally Expressed Genes », PEGS) que pour les gènes maternellement
exprimés (« Maternally Expressed Genes », MEGS). Cependant, l’importante variabilité
de ces empreintes parentales au niveau génomique suggère que ce mode d’expression est
soumis à des changements évolutifs rapides. PEGs et MEGs semblent être associés à des
fonctions distinctes mais des analyses complémentaires indiquent qu’ils interagissent au
sein de réseaux fonctionnels et structuraux. Mes résultats indiquent notamment que les
gènes soumis à empreinte parentale sont susceptibles d’interagir dans le contrôle du cycle
cellulaire. Les gènes candidats identifiés dans ce chapitre représentent vraisemblablement
l’empreinte parentale génomique typique de l’albumen viable ; ces derniers ont servi de
référence dans le chapitre suivant afin de comparer l’expression des allèles parentaux dans
les albumens dérivés de croisements intra- et interspécifiques.
Le troisième chapitre consiste à tester l’hypothèse que la stérilité des graines
dérivées de croisements interspécifiques implique la perturbation des empreintes
parentales et/ou de vastes changements d’expression de gènes dans les albumens de
tomates sauvages. En comparaison avec ceux issus de croisements intraspécifiques, les
albumens complétement stériles issus de croisements interspécifiques présentent
d’importants changements d’expression de gènes à l’échelle du génome, accompagnés
d’une hausse globale de la proportion maternelle dans l’expression des gènes. Les
albumens des croisements P×A et P×C d’une part, et des croisements A×P et C×P d’autre
part forment deux groupes ayant des motifs d’expression opposés entre eux et homogènes
en leur sein. Ces deux groupes, ayant le nombre le plus important de gènes
différentiellement exprimés observés (entre toutes les comparaisons du jeu de données),
correspondent à deux phénotypes dit d’ « excès parental », P×A et P×C ayant un excès
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maternel et A×P et C×P ayant un excès paternel. Mes analyses montrent que les
mécanismes de régulation de dosage parental sont perturbés dans ces albumens anormaux,
ce qui s’accompagne d’une perte d’empreintes génétiques particulièrement prononcée
chez les PEGs. Par contre, les croisements partiellement viables entre A et C présentent
des changements d’expression bien moins importants que les croisements complétement
stériles, et conservent la majorités des PEGs identifiés dans le second chapitre. La
perturbation du transcriptome des albumens de graines stériles pourrait résulter de la
présence de conflit parental et de mécanismes de coadaptation dans l’albumen. Je conclus
avec l’hypothèse que la « force génétique » des lignées testées varie entre elles du fait de
leur divergence, et identifie des gènes candidats, tels que les facteurs de transcription
AGAMOUS-LIKE, qui pourraient être les effecteurs de ces différences de force. Ces
gènes pourraient jouer un rôle majeur dans l’isolement post-zygotique entre lignées de
tomates sauvages.
En démontrant la perturbation des mécanismes d’empreinte parentale dans les
albumens hybrides anormaux, mon projet apporte de nombreuses évidences moléculaires
sur le rôle du dosage parental dans le développement de graines fertiles. De surcroît, il
fournit un nombre important de gènes candidats qui peuvent être utilisés de manière
pertinente dans la recherche en biologie du développement, en biologie évolutive et en
amélioration des plantes.
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LIST OF ABBREVIATIONS
AGL: AGamous-Like transcription factor
DEG: Differentially Expressed Gene
DEU: Differential Exon Usage
DGE: Differential Gene Expression
DMR: Differentially Methylated Region
DPE: Differential Parental Expression
DPEG: Differentially Parentally Expressed Gene
EBN: Endosperm Balance Number
FIS: Fertilization Independent Seed
GO: Gene Ontology
HSF: Hybrid Seed Failure
IG: Imprinted Gene
ITAG: International Tomato Annotation Group
MEG: Maternally Expressed Gene
MDS: Multidimensional Scaling
NGS: Next Generation Sequencing
NI: Non-Imprinted gene
PEG: Paternally Expressed Genes
Pol II: Polymerase II
Pol IV: Polymerase IV
PRC: Polycomb Repressive Complex
RdDM: RNA-directed DNA Methylation
sRNA: small RNA
TE: Transposable Element
TGRC: Tomato Genetics Resource Center
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General Introduction

GENERAL INTRODUCTION
I.

Scientific context

The interplay between reproductive barriers and speciation
Understanding how reproductive barriers arise and evolve is fundamental to study
speciation and the origin of biodiversity. The widely accepted Biological Species Concept
formulated by Mayr in 1942 defines species as “groups of actually or potentially
interbreeding natural populations, which are reproductively isolated from other such
groups” (Mayr, 1942). However, this definition is challenged by the realization that
speciation represents a continuum where gene flow may still occur between nascent or
established species (Seehausen et al., 2014). As shown by the existence of hybrid zones,
two species can interbreed and have fertile progenies while remaining distinct entities
(Barton & Hewitt, 1989). Also, while the sudden reproductive isolation of two populations
(e.g. by vicariance) can eventually result in speciation, this outcome is not necessarily
immediate (Rundle & Nosil, 2005; Wilkins, 2007).
The Bateson-Dobzhansky-Muller model (BDM) predicts that during divergence
between two lineages without gene flow, and under the effects of selection and drift (e.g.
in allopatry), genetic incompatibilities will accumulate and contribute to their reproductive
isolation (Bateson, 1909; Dobzhansky, 1936; Muller, 1942; Coyne & Orr, 2004). These
incompatibilities are usually referred to as Dobzhansky-Muller Incompatibilities (DMIs)
in the literature. The accumulation of DMIs during divergence can arise from neutral or
selective forces affecting reproductive isolation inadvertently (e.g. ecological speciation;
Rundle & Nosil, 2005; Kozak et al., 2012). Alternatively, genetic incompatibilities can
contribute to the active reinforcement of reproductive isolation between two lineages after
allopatric divergence followed by secondary contact (Blair, 1955; Hoskin et al., 2005).
These two mechanisms are not excluding each other and can operate jointly to complete
reproductive isolation (Schluter, 2009; Seehausen et al., 2014). Importantly, speciation is
not necessarily a continuous process. For example, abrupt speciation with immediate
reproductive isolation can occur following polyploidization, which is a widespread mode
of speciation in plants (Wood et al., 2009; Venditti & Pagel, 2010; Köhler et al., 2010).
Reproductive barriers can manifest themselves at any stage of reproduction and
development and are often categorized relative to the time of fertilization. Hence, a
prezygotic (pre-fertilization) barrier will prevent the physical contact of parental gametes
7

General Introduction

via temporal or geographic isolation, or via mating failure (e.g. pollen-tube abortion in
plants), while postzygotic (post-fertilization) barriers will affect the survival and fitness of
hybrids, from the F1 to (potentially) later generations. Also, specific terms are used to
qualify the origin of reproductive isolation as being intrinsic (e.g. genetic, developmental)
or extrinsic (e.g. environmental). Efforts have been made to identify the prevalence of one
or the other modes of reproductive isolation, which is a difficult task because they
typically interact (Moyle, 2007; Widmer et al., 2009). To date, prezygotic barriers are
thought to be more diverse, frequent, and efficient in preventing gene flow than
postzygotic barriers. However, profound differences exist between plant and animal
speciation (Coyne & Orr, 1989; Ramsey et al., 2003; Moyle et al., 2004; Sun et al., 2015).
Importantly, postzygotic barriers may have a decisive role in speciation because they are
hardly reversible (Coyne & Orr, 2004; Seehausen et al., 2014).
Hybrid seed failure is a widespread type of postzygotic barrier in angiosperms
In flowering plants (i.e. angiosperms), hybrid crosses frequently result in early seed
abortion (Bushell et al., 2003; Carrió & Güemes, 2014; Johnson et al., 2015; Kuligowska
et al., 2015; Rebernig et al., 2015). Angiosperms typically reproduce sexually via the
production of embryo-containing seeds following double fertilization (Fig. 1).

Figure 1. Double fertilization in angiosperms. a, the ovule consists of the megagametophyte (7 cells, 8
nuclei) surrounded by maternal tissues (or sporophyte). The pollen tube discharges the two sperm nuclei into
the female gametophyte; b, the fertilized ovule becomes a seed: the fertilized egg cell develops into the
embryo (diploid), and the central cell grows into the endosperm (triploid) leading to seed formation. '*',
sporophyte generation. Source: Haig (2013b).
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The two sperm cells are inserted via the pollen tube into the female gametophyte and
fertilize the central and egg cell, respectively. The fertilized egg cell will give rise to the
diploid embryo (1m:1p), while the central cell will give rise to the triploid endosperm
(2m:1p; Fig. 1). In dicot seeds, the embryo will develop sequentially in four main stages,
proembryo – globular – heart – torpedo, which are commonly used to describe seed
development (Fig. 2; Boesewinkel & Bouman, 1984).

Figure 2. Developmental stages of Arabidopsis embryo. Brown, suspensor (maternal); yellow, early
embryonic cells; green, protoderm (embryonic), blue, columella (maternal). The torpedo stage is not
represented. Source: ten Hove et al. (2015).

The endosperm has a fundamental role in controlling seed development (Berger et
al., 2006; Lafon-Placette & Köhler, 2014; Orozco-Arroyo et al., 2015) and its
developmental failure has been reported to be a major determinant of seed abortion
(Cooper & Brink, 1945; Levin, 1971; Lester & Kang, 1998). Three types of endosperm
development have been described: nuclear, cellular, and helobial (Vijayaraghavan &
Prabhakar, 1984). In the nuclear endosperm, nuclei proliferate first within a syncytium
before the transition to cellularization where cell walls are established; in the cellular
endosperm, cells walls are formed at each nuclear division upon initiation; the helobial
type is formed by two or more syncytia. Cellularization has often been reported as the
critical stage for hybrid seed failure (HSF) in species with nuclear-type endosperms (Scott
et al., 1998; Ishikawa et al., 2011; Hehenberger et al., 2012), while proliferation seems to
be affected in the cellular endosperm of Mimulus (Oneal et al., 2016).
Genomic imprinting, i.e. parent-of-origin–dependent gene expression, is found in
very few plant tissues, yet imprinted genes are widespread in the endosperm (Gehring &
Satyaki, 2017, and references therein; Fig. 3). It has been proposed that incorrect
imprinting is involved in the molecular mechanisms of HSF (Kondoh & Higashi, 2000;
Gutierrez-Marcos et al., 2003; Florez-Rueda et al., 2016). The present doctoral thesis
addresses fundamental ‘Evo-Devo’ questions and proposes a comprehensive
morphological and molecular characterization of intrinsic postzygotic barriers caused by
9
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endosperm-based hybrid seed failure in wild tomatoes, with a specific focus on genomic
imprinting in the endosperm.

Figure 3. Expression pattern of imprinted and non-imprinted genes in the endosperm. MEG, maternally
expressed gene; PEG, paternally expressed gene. Red, maternal alleles; blue, paternal alleles. Arrows
indicate the significant expression of alleleS. This figure represents a simplified illustration of imprinting: in
practice the expression of imprinted genes is biased toward one parent, but not necessarily monoallelic.
Source: Satyaki & Gehring (2017).

II.

Scientific motivations and relevance

The endosperm attracts fairly diverse interests among biologists. Representing our main
resource for food and animal feed, this seed component is widely studied by plant
breeders and seed biologists to improve and diversify crop production. Also, due to its
very peculiar evolutionary history, developmental and evolutionary biologists study this
(still) enigmatic tissue from diverse angles.
The endosperm: functionally similar to the mammalian placenta?
Mammals and flowering plants devote a great amount of maternal postzygotic investment
to their progenies through placentation (Avise, 2013; Haig, 2013a). Placenta and
endosperm are nourishing structures surrounding the embryo and controlling its
development until it becomes relatively autonomous. These evolutionary innovations
might be key elements for the diversification and evolutionary success of mammals and
angiosperms (Floyd & Friedman, 2000; Renfree et al., 2012). Epigenetic memory has a
different basis in mammals and angiosperms; imprints are erased in the mammalian
germline while epigenetic resetting does not seem to happen in plant gametes. Despite
these differences, both tissues feature an abundance of imprinted genes and are globally
hypomethylated compared to the embryo (Gehring et al., 2009; Hsieh et al., 2009). While
genomic imprinting is extensive in the mammalian placenta and in the endosperm, it is
attenuated or absent in the non-eutherian placenta such as in marsupials or birds (Renfree
et al., 2012; Gehring, 2013). Genomic imprinting in placental tissues is hypothesized to
10
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evolve under maternal–offspring coadaptation and/or kinship conflict (Moore & Haig,
1991; Haig, 2000, 2013b; Wolf & Hager, 2006). Thus, multiple evidences show
convergent evolution of nourishing (‘placental’) structures between flowering plants and
mammals (Haig, 2013a). In turn, exploring genomic imprinting in the endosperm might
highlight common molecular mechanisms linked to maternal care and to the resolution of
kinship conflicts, as well as important functions for embryo development and survival
(Pires & Grossniklaus, 2014).
The endosperm: catalyst of speciation?
Angiosperms thrive under all kinds of climates and on all continents. Their rapid
diversification was according to Darwin an ‘abominable mystery’ (Darwin, 1859).
However, several factors thought to underlie this success have been identified, including
the emergence of the endosperm (Crepet & Niklas, 2009). Seeds are highly diversified and
complex organs with extreme forms of adaptation to environmental signals, such as seed
dormancy. Within the seed, the endosperm might be the very tissue regulating hormonal
signals and nutritive intake from the maternal sporophyte (Berger et al., 2006). Larger
endosperm reserves secure embryo survival while favoring long-range seed dispersal by
frugivores (Crepet & Niklas, 2009). However, this evolutionarily conserved structure is
very sensitive in response to interspecific crosses. Hence, the establishment of
reproductive isolation via endosperm-based failure might also promote speciation (Bushell
et al., 2003; Lafon-Placette & Köhler, 2016). Parental genetic imbalance (e.g. interploidy
crosses) triggering the misexpression of imprinted genes are thought to be the main cause
of hybrid endosperm failure (Gehring & Satyaki, 2017). Interestingly, endosperm failure
is observed in both homoploid and heteroploid crosses and thus might have a common
molecular basis (Rebernig et al., 2015; Lafon-Placette et al., 2017). Misimprinting in the
endosperm might also be related to changes in mating systems (Brandvain & Haig, 2005).
This raises the central question whether genomic imprinting in the endosperm can be
considered as a common contributor to reproductive isolation and species diversification
(Varmuza, 1993; Bushell et al., 2003; Gutierrez-Marcos et al., 2003; Bai & Settles, 2015).
The endosperm: key to understand and control seed size?
Seed size is determined by the simultaneous growth of the three main seed compartments:
seed coat, endosperm, and embryo. In fact, seed size is determined by endosperm growth
at early stages (Sabelli & Larkins, 2009; Nowack et al., 2010). Variation in seed size in
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interspecific and interploidy crosses is related to parental dosage and imprinting
(Ehlenfeldt & Hanneman, 1992; Scott et al., 1998; Stoute et al., 2012; Willi, 2013). Seeds
obtained from stressed plants can have phenotypes very similar to hybrid abortive seeds,
for example when grain filling is impaired by drought (Commuri & Jones, 2001; Begcy &
Walia, 2015). Thus, characterizing hybrid endosperms morphologically and molecularly
contributes to understanding the fundamental mechanisms underlying seed growth and
survival. This work could ultimately benefit research on crop improvement in the context
of increasing human populations and global change (DaMatta et al., 2010; National
Science Foundation, 2016; Gavazzi & Sangiorgio, 2017).

III. Current state of research in the field
Endosperm-based hybrid seed failure is dosage dependent
Decades of work on interploidy and interspecific crosses have established that endosperm
breakdown causing HSF is a common reproductive barrier in angiosperms. Very early
work identified ploidy as an incompatibility factor causing HSF (Watkins, 1932; Howard,
1939). It was then proposed that only crosses between species having the same ‘genetic
strength’ (Stephens, 1942), ‘Endosperm Balance Number’ (EBN; Johnston et al., 1980) or
‘activation index’ (Nishiyama & Yabuno, 1978) would result in normal endosperm
development. This reproductive barrier is often referred as the ‘triploid block’ (Marks,
1966; Köhler et al., 2010). A very important aspect of interploidy abortive crosses is the
non-equivalence between reciprocal crosses. If the parent with the higher ploidy is the
ovule-parent (termed ‘maternal-excess’), seeds are more likely to be viable and have a
reduced size; in the reciprocal cross, where the pollen-parent has the higher ploidy (termed
‘paternal-excess’), seeds are typically enlarged and rarely viable (Ehlenfeldt & Hanneman,
1992; Charlton et al., 1995; Bushell et al., 2003; Sundaresan, 2005; Sutherland &
Galloway, 2017).
Extensive histological work, done mainly on Arabidopsis and maize (nuclear
endosperm type), revealed opposite developmental trajectories between reciprocal
interploidy crosses. In maternal-excess endosperms, cellularization is precocious, while
paternal-excess endosperms undergo a delayed and longer proliferation phase (Scott et al.,
1998; Adams et al., 2000; Leblanc et al., 2002; Pennington et al., 2008; Hehenberger et
al., 2012). The timing of endosperm cellular defects was described more than 60 years ago
in Solanum by the seminal work of Cooper & Brink (1945). They reported that endosperm
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cell proliferation at proembryo stage in 4×2 and 2×4 was lower than in 2×2 crosses, yet
without clear phenotypic asymmetry between reciprocal hybrid crosses at this very early
stage. Interestingly, parental imbalance is not restricted to interploidy crosses; several
cases of homoploid interspecific crosses manifest maternal- and paternal-excess-like
phenotypes in the nuclear-type endosperm of Brassicaceae (Bushell et al., 2003; Rebernig
et al., 2015; Lafon-Placette et al., 2017). Revisiting previous studies, the authors
hypothesized that shifts in mating system could result in variable genetic strength among
closely related species (Gehring & Satyaki, 2017).
Homoploid interspecific crosses with failing cellular endosperm were studied only
recently in Mimulus (Oneal et al., 2016), but the authors did not discuss the potential role
of parental dosage effects in endosperm collapse. Clearly, more detailed studies are
needed to assess whether endosperm failure is equivalent in terms of developmental
timing and evolutionary drivers in cellular- and nuclear-type endosperm taxa.
Imprinted genes are essential for correct seed development
Although genomic parental imbalances were shown to induce seed lethality, knock-out of
single imprinted genes are in some cases sufficient to induce the same cellular symptoms
in the endosperm leading to seed abortion (Dilkes et al., 2008; Kirkbride et al., 2015).
This was shown by functional genetics experiments mainly done in Arabidopsis but also
in maize and rice (reviewed in Ikeda, 2012). An essential component of the imprinting
machinery is the FERTILIZATION INDEPENDENT SEED (FIS) Polycomb Repressive
Complex 2 (PRC2), a highly conserved complex responsible for the repression of
endosperm and seed development in the absence of fertilization, and for the correct
expression of homeotic genes during endosperm development (Chaudhury et al., 1997;
Ohad et al., 1999; Guitton et al., 2004). Several FIS-PRC2 proteins are maternally
imprinted, such as MEDEA, FIS2, FIE and FWA (Baroux et al., 2002; Kinoshita et al.,
2004) and mea, fis2 and fie mutations are lethal (Grossniklaus et al., 1998, 2001). The
large class of transcription factors (TFs) AGAMOUS-LIKE (AGL) is regulated by FISPRC2 and sensitive to parental dosage imbalances; AGL genes interact in a network and
some of them are imprinted, such as PHERES1, AGL36, and AGL92 (Köhler et al., 2003;
Walia et al., 2009; Hsieh et al., 2011; Shirzadi et al., 2011). Interestingly, paternal
imprinting of PHERES1 depends on the maternally imprinted MEDEA and while
PHERES1 knock-out is not lethal, reduced PHERES1 expression can rescue mea abortive
seeds (Köhler et al., 2003).
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Several hundreds of imprinted genes have been identified in a handful of plant
species by Next Generation Sequencing (NGS) data: in A. thaliana (McKeown et al.,
2011; Hsieh et al., 2011; Wolff et al., 2011; Pignatta et al., 2014; Burkart-Waco et al.,
2015), A. lyrata (Klosinska et al., 2016), Capsella rubella (Hatorangan et al., 2016), rice
(Luo et al., 2011; Yuan et al., 2017), maize (Zhang et al., 2011, 2014; Xin et al., 2013;
Waters et al., 2013), Sorghum bicolor ( Zhang et al., 2016), castor bean (Xu et al., 2014),
and wild tomatoes (Florez-Rueda et al., 2016). Many of them seem to have common
functions with the above-mentioned ‘canonical’ imprinted genes, such as epigenetic
control (Gehring & Satyaki, 2017). In mammals, imprinted gene networks describe the
functional interactions between imprinted genes (Varrault et al., 2006; Al Adhami et al.,
2015), but no such analysis has been done yet for endosperm-imprinted genes. In addition
to their fundamental role for seed development, imprinted genes seem to evolve fast and
are not highly conserved between recently diverged species (Hatorangan et al., 2016;
Klosinska et al., 2016), with polymorphism for imprinting status having been found even
within species (Waters et al., 2013; Pignatta et al., 2014). However, quantitative
assessments between imprinting divergence (gene identity and/or imprinting status) and
genetic divergence are still lacking.
Overlap between mechanisms of parental dosage and imprinting in the endosperm
It is important to consider that the endosperm results from the fusion of two gametes with
completely different methylation landscapes: the (maternal) central cell is
hypomethylated, while the two identical sperm cells are methylated by the
methyltransferase MET1 (Huh et al., 2008; Schatlowski et al., 2014). Maternal alleles are
demethylated in the central cell by the DNA-glycosylase DEMETER (only expressed in
the central cell), which is essential for the maternal imprinting of FIS-PRC2 elements
(Choi et al., 2002). Also, the retinoblastoma pathway is necessary to activate the
expression of derepressed maternal alleles during gametophyte development (Jullien &
Berger, 2009). Four main mechanisms controlling dosage sensitivity and imprinting in the
endosperm have been identified: chromatin modifiers, PRC2, RNA-dependent DNA
methylation (RdDM), and auxin signaling (reviewed in Gehring & Satyaki, 2017). Many
downstream targets of these main components have been identified; their expression
perturbation induces parental-excess phenotypes and some of them are imprinted (e.g.
some AGLs, Shirzadi et al., 2011; ADMETOS, Kradolfer et al., 2013a,b). Overall,
mechanisms underlying paternal and maternal imprinting seem to differ substantially.
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Paternally Expressed Genes (PEGs) are found more often associated with Differentially
Methylated Regions (DMRs) than are Maternally Expressed Genes (MEGs) (Pignatta et
al., 2014). In PEGs, hypomethylation may be restricted to the maternal allele, which may
promote its repression by histone marks, while the methylated paternal allele would
remain protected from chromatin modifiers (Zhang et al., 2011; Moreno-Romero et al.,
2016). Thus, maternal and paternal imprinting mechanisms as well as global dosage
mechanisms seem to be inextricably linked, and it might be challenging to determine how
they individually affect endosperm failure.
Multiple theories for the origin and evolution of genomic imprinting in the
endosperm
Although genomic imprinting has been only assessed in a limited number of species and
tissues, it is thought to be a rather unusual expression pattern. In both animals and plants,
the costs of imprinting might be balanced by benefits related to sexual reproduction, yet
the major drivers of imprinting evolution might be highly complex and remain unclear
(Holman & Kokko, 2014).
The seed can be regarded as a multigenerational household (Pires, 2014); the
sporophyte (seed coat) surrounds two fertilization products: the endosperm and the
embryo (Fig. 1b). But only the embryo is destined to propagate parental genes to the next
generation. Yet, the endosperm might be regarded as an ‘altruist brother’ whose sacrifice
contributes indirectly to embryo fitness (Grafi, 2013). It is now recognized that many
more genes are imprinted in the endosperm compared to the embryo (Luo et al., 2011;
Gehring & Satyaki, 2017), making it plausible that parental interests could be mediated by
genomic imprinting in the endosperm. Yet, aren’t parental interests aligned to maximize
the fitness of their progeny? Indeed, parents follow the same goal but at different costs.
Due to angiosperm biology, parental investments are radically asymmetric because the
maternal sporophyte provisions the development of all fertilized seeds from potentially
different fathers. Multiple paternity is thus generating parental conflict, because mothers
need to equally distribute their resources among all seeds, while fathers are expected to
promote resource allocation only for their own progeny, potentially competing with other
fathers of adjacent seeds.
This is the rationale behind the theory of parental conflict in the endosperm proposed
by Haig and Westoby in 1989, which was also generalized to mammals (Haig & Westoby,
1989, 1991; Moore & Haig, 1991; Haig, 2000, 2013). This theory predicts that MEGs,
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limiting individual seed growth, and PEGs, promoting seed growth, balance or mediate
this conflict within species. Natural selection on imprinted genes might be correlated to
the level of parental conflict (particularly strong in obligate outcrossers with multiple
paternity) and may involve an ‘arms race’ between PEGs and MEGs (Haig, 1997). The
evolvability of imprinted genes may be a source of epigenetic incompatibilities and favour
reproductive isolation between closely-related species (Bushell et al., 2003; Brandvain &
Haig, 2005). This theory is well-supported by experimental data. In particular, balancing
selection has been identified to operate on the MEG MEDEA in A. lyrata (Kawabe et al.,
2007; Miyake et al., 2009), and phenotypic asymmetries observed in interspecific crosses
between divergent mating systems correspond to predictions from the conflict theory
(Willi, 2013; Lafon-Placette et al., 2017).
As mentioned earlier, the seed is a prominent structure for maternal provisioning.
Early embryo and endosperm development is mainly under maternal control and the
endosperm genome is activated much earlier than the embryo genome (Vielle-Calzada et
al., 2000; Pillot et al., 2010). The endosperm is usually considered as a mediator between
maternal and embryo tissues due to its position and triploid constitution (diploid maternal
genome matching the sporophyte genome; biparental genome similar to the embryo
genome). Maternally imprinted genes could represent a coevolved expression pattern
between the sporophyte and the endosperm, as a case of maternal-offspring coadaptation
(Wolf & Hager, 2006; Wolf, 2013). This is supported by the more abundant MEGs in
Arabidopsis thaliana and rice (Luo et al., 2011; Wolff et al., 2011; Pignatta et al., 2014;
Yuan et al., 2017) but not in maize where typically more PEGs are found (Zhang et al.,
2011; Waters et al., 2013); however, this might be stage-specific (see Xin et al., 2013).
Also, because organelles are maternally inherited, cytonuclear interactions are predicted to
promote the evolution of MEGs (Wolf & Brandvain, 2014). These theories, arguing that
MEGs allow better physiological and environmental adaptations, are unified under the
‘mother knows best’ concept (Spencer & Clark, 2014).
Imprinting might have contributed to the divergence between embryo and endosperm
cell lineages (Jullien & Berger, 2009). Differences in genomic imprinting between the
embryo and the endosperm correlate with the different methylation levels between the egg
and the central cell (Feng et al., 2010). The hypomethylated maternal genome inherited
from the central cell might be related to the higher number of MEGs compared to PEGs,
because the paternal genome is equally silenced in the two sperm cells. But as just
mentioned before, this is contradicted by the fact that some species seem to have more
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PEGs than MEGs. Overexpression of the maternal genome might be prevented by the
RNA-directed DNA methylation pathway (RdDM), leading to a global expression ratio of
2m:1p (Erdmann et al., 2017). This genome-wide expression control could be partially
regulated by PEGs (Erdmann et al., 2017). Global hypomethylation in the endosperm
might also allow for the expression of transposable elements (TEs) involved in the
production of small RNA (sRNAs) directed to the embryo to enforce its genome stability
(Hsieh et al., 2009). Also, silencing mechanisms such as imprinting may have evolved in
response to the disruptive effects of TE derepression in the endosperm (Barlow, 1993).
Other theories predict that imprinting will evolve as a result of coadaptated gene
expression. For some genes, imprinting might be functional and for others, it could be a
byproduct of gene regulation. Such “innocent bystanders” might explain the high degree
of apparent turnover of imprinted genes (Varmuza & Mann, 1994). The coordination of
gene expression in the endosperm might result in physical and functional clustering of
imprinted genes, as observed in mammals (Holman & Kokko, 2014; Patten et al., 2016).

IV. Study system: wild tomatoes (Solanum section Lycopersicon)
Wild tomatoes are endemic to the Andean region of western South America. They are
short-lived perennial plants and thrive under very contrasting climates, from sea level to
above 3,000 m altitude (Peralta et al., 2008). The tomato clade encompasses 12 to 14
closely related species, including the domesticated tomato S. lycopersicum (Peralta et al.,
2005, Spooner et al., 2005; Fig. 4). The divergence time of the entire clade since the most
recent common ancestor is estimated at 2.5 million years (Pease et al., 2016). Some
species are self-incompatible and thus obligate outcrossers, while others are partly or
predominantly selfing due to transitions to self-compatibility. All tomato species have
yellow, buzz-pollinated flowers, and a typical reduction in flower size correlating with the
transition to self-compatibility (Peralta et al., 2008). Seeds are contained in berries (red or
green) where placentation is axial. The tomato endosperm is of cellular type and mature
seeds harbor a very recognizable coil-shaped embryo with only a single cell layer of
remnant endosperm (Baek et al., 2016).
Starting in the 1950’s, the seminal work on wild tomatoes performed by the
evolutionary biologist and plant breeder Charles M. Rick and his associates uncovered the
potential of this clade to address important biological questions (e.g. Rick & Lamm, 1955;
Rick & Butler, 1956; Rick, 1960; Rick et al., 1976; Rick & Yoder, 1988; Chetelat et al.,
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2009; Li & Chetelat, 2010). Numerous field collections in South America led to the
establishment of the Tomato Genetics Resource Center (TGRC) at the University of
California at Davis, which multiplies and provides tomato seed material for research
purposes across the world. Tomatoes are now established as a model for ecology and
evolution; in particular their contrasting mating systems and various pre- and postzygotic
(porous) barriers make them an excellent system to study the evolution of reproductive
isolation (Städler et al., 2005, 2008; Bedinger et al., 2011; Tellier et al., 2011). Charles M.
Rick studied interspecific barriers in wild tomatoes and hypothesized the role of the
endosperm in seed abortion (Rick, 1963, 1986). Very early he documented strong hybrid
seed failure in crosses between S. peruvianum and S. chilense (Rick & Lamm, 1955).

Figure 4. Phylogenic tree of Solanum sect. Lycopersicon representing the main tomato lineages (13 tomato
‘species names’). The four species complexes are indicated with different colors. a, molecular clock
phylogeny (based on transcriptome data), section Lycopersicoides was used as the outgroup; b,
‘cloudogram’ inferred from multiple trees (consensus phylogeny shown in black). Source: Pease et al. (2016).

The present doctoral study focuses on reproductive barriers between these two species
and an additional one, S. arcanum var marañón. The three species are generally selfincompatible and encompass both allopatric and sympatric pairs of lineages. While S.
peruvianum and S. chilense diverged very recently, S. arcanum var marañón is more
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distantly related to these two latter species (Städler et al., 2008; Labate et al., 2014, Fig.
4).
Pioneering work by Ana Marcela Florez-Rueda during her PhD assessed hybrid seed
failure and genomic imprinting in the endosperm based on single crosses within and
between S. peruvianum and S. chilense (Florez-Rueda, 2014; Florez-Rueda et al., 2016).
She found that endosperm failure characterized hybrid seed abortion in reciprocal crosses
between these two species. At the molecular level, she identified perturbed imprinting and
increased maternal proportions in the hybrid endosperm as correlates (and thus potential
causes) of endosperm misdevelopment. The present PhD project aims at building on these
recent discoveries to investigate the molecular mechanisms underlying hybrid seed failure
in wild tomatoes in more depth, based on more and better-powered (i.e. more parental
genes with sequence differences), replicated crosses.

V. Hypotheses and objectives of the doctoral thesis
Above, I highlighted the similarities between interploidy and interspecific abortive crosses
in species with nuclear-type endosperm. I hypothesize that equivalent developmental
defects will be observed in Solanum cellular endosperm. Albeit with information from
only a limited number of genes, genomic imprinting has been assessed in the cellular
endosperm of wild tomatoes (Florez-Rueda et al., 2016); I hypothesize that the function of
imprinted genes is relatively conserved across angiosperms. Thus, we expect wild tomato
imprinted genes to have functions in common with imprinted genes identified in other
angiosperm species. Finally, I hypothesize that perturbed parental dosage and imprinting
mechanisms result in global gene expression perturbation and asymmetric effects in
reciprocal hybrid crosses.
Based on these hypotheses, the objectives of my doctoral thesis are:
-

To describe in detail seed development in intra- and interspecific wild tomato
crosses to characterize the role of the endosperm in seed abortion (Chapter 1;
Roth et al., 2017),

-

To identify the potential functions of imprinted genes and to quantify imprinting
conservation across three recently diverged species, with an in-depth analysis of
imprinting by using genome-wide information from three intraspecific wild tomato
crosses (Chapter 2),
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-

To assess and quantify the molecular consequences of parental dosage as well as
perturbations of imprinting and gene expression levels in crosses with different
levels of hybrid seed failure (Chapter 3).

Chapters 2 and 3 are based on the same dataset, consisting of endosperm transcriptome
data from three intra- and three interspecific reciprocal crosses within and between S.
arcanum var marañón, S chilense, and S. peruvianum (Fig. 5). For each of these twelve
individual crosses, endosperm has been isolated using laser-microdissection for three
clonal replicates, and sequence and expression data were produced and analyzed with
NGS methods (Wang et al., 2009; Goodwin et al., 2016; Fig. 5).

Figure 5. Crossing design and workflow for endosperm transcriptome data generation used in
chapters 2 and 3. a, crossing design involving S. peruvianum (P1 and P2), S. chilense (C1 and
C2), and S. arcanum var marañón (A1 and A2); 1 and 2 represent two genotypes from different
populations. Arrows represent reciprocal crosses. White arrows, intraspecific crosses; grey
arrows, hybrid cross with partial seed viability (‘soft HSF’); black arrows, hybrid crosses with
near-complete seed abortion (‘strong HSF’). HSF: hybrid seed failure. b, workflow from tomato
crosses to transcriptomic data (see section Material and Methods in chapter 2 for more details).
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ABSTRACT
•

Background and Aims Defective hybrid seed development in angiosperms might
mediate the rapid establishment of intrinsic postzygotic isolation between closely
related species. Extensive crosses within and among three lineages of wild tomatoes
(Solanum section Lycopersicon) were performed to address the incidence,
developmental timing, and histological manifestations of hybrid seed failure. These
lineages encompass different, yet fairly recent, divergence times and both allopatric
and partially sympatric pairs.

•

Methods Mature seeds were scored visually two months after hand pollinations, and
viable-looking seeds were assessed for germination success. Using histological
sections from early-developing seeds from a subset of crosses, the growth of three
major seed compartments (endosperm, embryo, and seed coat) was measured at
critical developmental stages up to 21 days after pollination, with a focus on the timing
and histological manifestations of endosperm misdevelopment in abortive hybrid
seeds.

•

Key Results For two of three interspecific combinations including the most closelyrelated pair that was also studied histologically, almost all mature seeds appeared ‘flat’
and proved inviable; histological analyses revealed impaired endosperm proliferation
at early globular embryo stages, concomitant with embryo arrest and seed abortion in
both cross directions. The third interspecific combination yielded a mixture of flat,
inviable and plump, viable seeds; many of the latter germinated and exhibited nearnormal juvenile phenotypes or, in some instances, hybrid necrosis and impaired
growth.

•

Conclusions The overall results suggest that near-complete hybrid seed failure can
evolve fairly rapidly and without apparent divergence in reproductive
phenology/biology. While the evidence accrued here is largely circumstantial, earlyacting disruptions of normal endosperm development are most likely the common
cause of seed failure regardless of the type of endosperm (nuclear or cellular).

Key words: Endosperm, hybrid necrosis, hybrid seed failure, postzygotic isolation, seed
development, Solanum peruvianum (wild tomato), Solanum chilense, Solanum arcanum
var marañón.
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INTRODUCTION
Understanding barriers to reproduction is fundamental for plant biologists, contributing to
a wide range of fields such as evolutionary biology, developmental biology, and plant
breeding. Hybridization between lineages can be a crossroads in speciation: while natural
hybrids can serve as a substrate for nascent species or facilitate the exchange of adaptive
alleles, hybridization between species is in most cases prevented by barriers that preserve
their genetic integrity (Mayr, 1942; Seehausen et al., 2014). As such, the establishment of
reproductive isolation between diverging lineages is inherent to the speciation process
(Dobzhansky, 1937; Coyne and Orr, 2004). However, the mechanisms limiting the
formation of viable and/or fertile hybrids between closely related plant species are not
fully understood, as they can be complex and have multiple origins (Baack et al., 2015).
Reproductive barriers have been defined according to their developmental chronology
and origin. Intrinsic postzygotic barriers manifest after successful fertilization and do not
rely on environmental conditions or other extrinsic factors. In contrast to prezygotic
barriers that operate before fertilization, these barriers can hardly be overcome, making
the speciation process irreversible (Seehausen et al., 2014). The broad definition of
intrinsic postzygotic barriers encompasses a variety of developmental failures; such
barriers may appear early in seed development, potentially leading to hybrid seed failure
(HSF), but they can also arise via sterility or inviability of subsequent hybrid generations.
HSF has been documented in several angiosperm families, both in crosses between closely
related species at the same ploidy level (Cooper and Brink, 1940; Rick and Lamm, 1955;
Walker, 1955; Rick, 1963; Burkart-Waco et al., 2015; Rebernig et al., 2015; Oneal et al.,
2016) and in interploidy, nominally intraspecific crosses (Cooper and Brink, 1945;
Beamish, 1955; Ortiz and Ehlenfeldt, 1992; Dilkes et al., 2008; Jullien and Berger, 2010;
Lu et al., 2012).
In previous efforts to understand how seeds abort, seed morphology and histology
were utilized to compare the relative growth of the three main seed compartments: the
seed coat (maternal origin), the endosperm (biparental, triploid), and the embryo
(biparental, diploid). Typically, some form of endosperm misdevelopment was observed
and interpreted as the main cause of seed abortion. In flowering plants, this tissue
coordinates nutrient and hormone provisioning from maternal tissues to the embryo
(Olsen, 2007). Current human nutrition is highly dependent on so-called endospermic
seeds, where the endosperm stores large quantities of carbohydrates, proteins and/or lipids
that remain available after seed maturity (e.g., starch in wheat, maize and rice). This
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explains why current knowledge on endosperm biology is dominated by cereals, together
with the model plant Arabidopsis thaliana (reviewed in Olsen, 2007). These species are
united by all having a nuclear endosperm, characterized by an initial syncytial phase
where the triploid nucleus divides via karyokinesis, followed by a later cellular phase
where cell walls are formed (via cytokinesis) after every nuclear division.
The best-characterized cases of HSF with this type of endosperm are in the genus
Arabidopsis, where impaired cellularization causes seed abortion (Scott et al., 1998;
Hehenberger et al., 2012; Wolff et al., 2015). However, two other modes of endosperm
development, cellular and helobial, are known in flowering plants (Lopes and Larkins,
1993). In the cellular type, karyo- and cytokinesis occur simultaneously from the very first
division after fertilization. HSF has also been described in taxa with cellular endosperm,
such as members of the Solanaceae (Cooper and Brink, 1940; Rick and Lamm, 1955;
Walker, 1955; Rick, 1963, 1986; Lester and Kang, 1998; Baek et al., 2016) and more
recently in Mimulus (Garner et al., 2016; Oneal et al., 2016). The histological
manifestations of HSF via endosperm failure are necessarily different between cellularand nuclear-type endosperm because the cellular type does not undergo a cellularization
phase. Indeed, two recent studies in Mimulus (Oneal et al., 2016) and Solanum (Baek et
al., 2016) reported impaired endosperm proliferation in abortive hybrid seeds. Clearly,
more observational data are needed to assess whether HSF exhibits common, shared
features in species that do not have nuclear-type endosperm development.
Given their ecological, morphological, and genetic diversity, wild tomatoes (Solanum
section Lycopersicon) have recently come to the fore as a model system in evolutionary
biology (Städler et al., 2005, 2008; Moyle, 2008; Tellier et al., 2011; Pease et al., 2016).
Some of their crossing relationships have long been studied in the context of cultivar
improvement, for instance to introgress traits of agronomic interest from wild species to
the domesticated tomato (reviewed by Grandillo et al., 2011), often necessitating the use
of embryo rescue (Segeren et al., 1993; Chen and Adachi, 1996). Our study describes and
quantifies postzygotic barriers among three lineages of wild tomatoes, with dual emphases
on quantifying levels/patterns of HSF and comparisons of endosperm (and seed) growth in
intra- and interspecific crosses. Briefly, S. arcanum var marañón (Am) grows in northern
Peru from the Pacific drainages to the western and eastern slopes of the Andes (100–2,900
m altitude; Peralta et al., 2008). S. peruvianum (P) is the most polymorphic wild tomato
species with an elongated north–south distribution from central Peru to northern Chile,
ranging from sea level to 3,300 m altitude. Finally, S. chilense (C) is native to southern
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Peru and northern Chile (where it is regionally sympatric with P for parts of its geographic
range) from sea level to 3,500 m altitude. It was also sampled in the driest place in the
world, the Atacama desert (Chetelat et al., 2009) and is well known for its resistance to
diverse kinds of abiotic stress (Nosenko et al., 2016).
The crossing relationships between these three wild tomato lineages have been
partially described in the last century by C.M. Rick’s seminal work (Rick and Lamm,
1955; Rick, 1963, 1986). He found high proportions of HSF in several cross combinations
and hypothesized a causal role for the endosperm in seed failure, yet without providing
quantitative data beyond the rates of inviable seed formation in hybrid crosses. The
observed variability in the incidence of HSF between pairs of species appears to make
wild tomatoes a promising system to study this type of reproductive barrier. We have built
on Rick’s early work by performing more hybrid crosses with Am in both interspecific
combinations than were possible due to limited sampling and recognition of Am as a
separate evolutionary lineage at the time of Rick’s (1986) work. Importantly, we have
additionally focused on the developmental time course of endosperm and embryo growth
in compatible and abortive crosses. This part of our work found general agreement
regarding the developmental phase of embryo arrest in abortive seeds between taxa with
nuclear-type and those with cellular-type endosperm, despite the somewhat different
endosperm pathologies involved.
MATERIALS AND METHODS
Plant material and crosses
We conducted a large crossing experiment to assess intrinsic pre- and postzygotic barriers
in our study system, consisting of three wild tomato lineages (Peralta et al., 2008):
Solanum arcanum Peralta var marañón (Am), S. chilense (Dunal) Reiche (C), and S.
peruvianum L. (P). Plants were grown from seeds obtained from the Tomato Genetics
Resource Center (TGRC, University of California, Davis, USA; http://tgrc.ucdavis.edu;
Table S1 [Supplementary Information]). Individual plant identifiers consist of the
TGRC accession number for each population to which an additional letter was added to
distinguish between different plant genotypes within populations, which were grown to
maximize the number of within- and among-species crosses. For our study species, the
TGRC accessions are almost equivalent to samples from naturally outbred populations
and can be expected to contain dissimilar genotypes (see Baek et al., 2016). All plants
were maintained in an insect-free greenhouse at the ETH station at Lindau-Eschikon
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(canton Zurich, Switzerland). Plants were grown in 5-l pots filled with Ricoter Substrate
214 (Ricoter Erdaufbereitung AG, Switzerland) and watered three to four times per week.
Given their fast and continuous growth, the plants were trimmed every two weeks. In
spring and autumn, plants were repotted in fresh soil and root areas fertilized with
granulates (Gartensegen, Hauert HBG SA, Switzerland). Additional fertilizer was applied
once or twice per month with Wuxal® NPK solution (Aglukon Spezialdünger GmbH &
Co. KG, Germany). Day and night phases were under controlled temperature and
humidity conditions (day: 20°C, 50 % relative humidity; night: 16°C, 60 % relative
humidity). During daytime, light was maintained above 25 kLux with artificial light if
needed.
Pollinations were performed within and between species via manual pollen transfer.
As all plant source populations in this study were described as self-incompatible
(http://tgrc.ucdavis.edu/), we did not emasculate flowers before the collection and transfer
of pollen. Hands were washed between each cross to avoid any contamination (ethanol 70
%, water); no fruit set was observed on non-pollinated inflorescences. A summary of all
crosses performed is presented in Table 1 and detailed results for each cross can be found
in Table S2 [Supplementary Information]. We adopted a specific nomenclature to
distinguish between unidirectional and reciprocal crosses. For example, the reciprocal
Am–C cross refers to both Am × C and C × Am single crosses (mother × father).
Visual seed phenotyping and germination tests
Hybrid seed failure arises after successful double-fertilization and during seed
development; it has the potential to establish an early, irreversible intrinsic postzygotic
barrier. To quantify the incidence and strength of HSF among the three wild tomato
lineages, seed viability was first assessed visually for seeds generated by crosses within
each species and by all interspecific combinations of Am, C, and P. Fruits were sampled
two months after pollination and dissected on paper sheets. Once seeds were dry, visual
assessment of seed viability was performed: a seed was considered as (potentially) viable
if it had a plump aspect with visible coiled embryo. In contrast, inviable seeds were flatter
and looked ‘shrivelled’. Although seeds considered to be inviable were also often—but
not necessarily—very small compared to viable seeds, seed size per se was not taken into
account for seed viability assessment.
Germination may appear as the very confirmation of seed viability. However, this
validation is partial: germinating seeds are necessarily viable while intrinsic and extrinsic
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causes can inhibit germination of otherwise good seeds. To test and quantify germination
success, we put mature seeds on autoclaved 1 % agar gel added with PPM™ diluted to 0.2
% in sterile water (Plant Cell Technology, Inc., USA). Seeds visually scored as viable vs.
inviable were tested separately; those showing a radicle after a maximum duration of 14
days were considered to have germinated.
To describe HSF in more detail, we measured seed size in a subset of crosses. We
selected three intraspecific and three reciprocal interspecific crosses involving Am, C and
P (referred to later as Am1 × C1, C1 × Am1, C1 × P1, P1 × C1, Am1 × P1, and P1 ×
Am1 crosses); accessions and measurements are given in Table S3 [Supplementary
Information]. Seed size was measured for a minimum of 112 seeds per cross. All seeds
were scanned on the paper used for dissection at 1,200 dpi resolution (Epson Perfection®
3200 PHOTO).
Seed histology
Fruits were sampled at different stages between 4 and 21 Days After Pollination (DAP),
halved, and fixed in a 9:1 ethanol:acetic acid solution. We subsequently embedded them
either in plastic (Technovit® 7100 plastic) or in paraffin (Clark, 1981). Using an RM2145
Leica microtome (Leica Microsystems GmbH, Wetzlar, Germany), 10 µm-thin slices were
obtained, mounted on glass slides and stained with Toluidine Blue and Ruthenium Red
(Sigma-Aldrich 198161 and R2751). In a last step, slides were covered with Roti®-Histol
and sealed with Roti®-Histokit (Carl Roth, 6640 and 6638). For P × C crosses, it was not
possible to recover slices of satisfying quality with fruits harvested earlier than 10 DAP.
All measurements were performed on individual sections of seeds. Through continuous
micro-sectioning of entire embedded fruits, it was possible to identify the largest sagittal
section of each developing seed; the most central (largest) section of each seed was thus
selected for measurements. Observations were made with ×10 to ×40 objectives on an
Olympus BX40 microscope (Olympus Corporation, Japan) and photographs were taken
with a Canon EOS 600D digital camera connected to the microscope (Canon, Japan).
Adobe© Photoshop® CS6 v.13.0 was used to format the images.
Hybrid plant phenotyping
We characterized a subset of germinating F1 plants by growing them in the greenhouse.
Plant phenotyping was done on the progeny of 12 Am and C intra- and interspecific
crosses. The starting seed material was obtained from crosses involving two plants of each
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species in a full diallele design (four intraspecific and eight hybrid crosses). The C parents
were from populations LA4329 and LA2748 and the Am parents from populations
LA1626 and LA2185 (Table S1). Seeds were put on agar gel for germination (see above)
and seedlings transferred to trays and fertilised every week. After six weeks, the
occurrence of plant necrosis was assessed. We re-potted a subset of 151 plants in 5-l pots,
including 24 necrotic plants. Plant height was measured after an additional five weeks on
these progenies.
Data analyses
R via the RStudio interface was used for all numerical and graphical analyses
(https://www.r-project.org/; RStudio Team, 2015). The following packages were needed:
ggplot2, grid, gtable, agricolae. In order to measure total seed area on scans and the size of
different seed compartments (embryo area, endosperm area, nucellus width, and seed coat
width) on sagittal cuts, image analysis was performed manually with ImageJ® version 1.48
(Schneider et al., 2012; Table S4 [Supplementary Information]).
RESULTS
Lack of intrinsic prezygotic isolation
High fruit and seed set was obtained from our intra- and interspecific crosses (Table 1;
Table S2). In total, we performed 451 different crosses, sampled 4,617 fruits and assessed
243,969 seeds. Fifteen crosses did not result in fruit set (three intraspecific and 12 hybrid
combinations, including eight with the same maternal plant; Table S2), probably caused
by shared S-alleles or weakness of particular maternal plants at the time of the cross.
On average, 10.4 fruits per cross and 51.4 seeds per fruit were obtained in intraspecific
crosses (191 crosses), while hybrid crosses yielded on average 10.8 fruits per cross and
45.9 seeds per fruit (245 crosses; Table 1). There is an overall pattern of somewhat
reduced seed number per fruit in hybrid crosses on Am and P maternal plants, but no such
signal for C maternal plants in hybrid crosses (Table 1). Together, these results suggest
that intrinsic barriers to fertilization within and between the three lineages are negligible
or (at most) modest, at least under the imposed non-competitive pollination conditions.
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Patterns of hybrid seed failure among lineages
Seed viability was generally high in intraspecific crosses, with median proportions ranging
between 0.806 and 0.954 in the cross categories C–C, Am–Am, and P–P; the
corresponding visual assessments of hybrid seeds revealed significantly lower proportions
of viable seeds (Table 1; Fig. 1; Wilcoxon rank sum test [WRST], P < 2.2E-16). However,
we found disparate outcomes among different lineage combinations. All reciprocal crosses
among Am–P and C–P consistently yielded very low seed viability, being distributed
around a median of 0 % (Table 1; Fig. 1). Thus, hybrid seed failure is symmetric for
reciprocal Am–P and C–P crosses and can be qualified as early and near-complete.

Figure 1. Box plots representing the distribution of seed viability in controlled crosses within
and between the three wild tomato lineages Solanum arcanum var marañón (Am), S.
chilense (C), and S. peruvianum (P). All crosses are identified as mother × father. White
background, intraspecific crosses; grey background, hybrid crosses. On the top of each
cross type, the number of individual crosses (combination of two single genotypes) and
number of fruits sampled (in parentheses) are given.

In contrast, the reciprocal Am × C and C × Am crosses gave rise to substantial
proportions of viable seeds, with median values of 68.2 % and 53.9 %, respectively. These
proportions were significantly lower than the within-species ranges from Am–Am and C–C
crosses (Fig. 1; WRST, P < 2.9E-07). Moreover, for a given combination of Am and C
genotypes, seed failure proportions appeared to be strongly influenced by the
directionality of the cross (Table S2). For example, we obtained 54.6 % mean seed
viability in the LA4329A × LA2185B (C × Am) cross (n = 20 fruits) but 96.6 % seed
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viability in the reciprocal LA2185B × LA4329A cross (n = 13 fruits). Overall, Am × C
crosses yielded higher proportions of viable seeds than C × Am crosses, but these
differences were only marginally significant (Fig. 1; WRST, P = 0.083). To summarize,
hybrid seed failure between C and Am appears to be partial and its manifestation variable,
whereas the other species combinations failed to produce more than a few viable seeds.
Representative examples of viable and inviable seeds are shown in Fig. 2. In
intraspecific crosses and the hybrid Am × C cross, all depicted seeds were scored as
viable, with well-developed coiled embryos visible (A–D). In the C × Am cross (E), only
the seed shown on the far left appeared to be viable while the other four were much flatter
with underdeveloped embryos, typical of inviable seeds. Finally, all seeds from the
reciprocal crosses between Am–P (F, G) and C–P (H, I) appeared to be inviable, reflecting
the near-complete postzygotic barrier between these taxa.

Figure 2. Images of mature seeds from selected crosses within and between the three wild
tomato lineages Solanum arcanum var marañón (Am), S. chilense (C), and S. peruvianum (P). In
all images, blue bars represent 2 mm. (A–C) Intraspecific crosses within Am (A, LA2185A ×
LA1626B), C (B, LA4329B × LA2748B), and P (C, LA2744B × LA2964A); all seeds appear viable
with plump aspect and coiled embryo. (D–I) Reciprocal hybrid crosses: Am × C (D, LA2185A ×
LA4329B) and C × Am (E, LA4329B × LA2185A), Am × P (F, LA2185A × LA2744B) and P × Am
(G, LA2744B × LA2185A), C × P (H, LA4329B × LA2744B) and P × C (I, LA2744B × LA4329B).
Note the variability in seed size and shape in hybrid crosses; seeds appear viable in (D), partially
viable in (E), and completely inviable in (F–I). The same crosses were used in seed size
measurements (see Fig. 3).

Assessment of seed germination rates
Germination rates were measured separately for seeds scored as viable versus inviable,
respectively. We tested 9,190 viable-looking seeds of which 63.9 % germinated
(germination in 94 of 101 crosses). Germination rates of intraspecific seeds ranged from
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42.9 to 90.7 % and were overall higher than those of ‘viable’ hybrid seeds (from 9.5 to
58.4 %; Table 1). Substantial proportions of hybrid seeds from Am–C crosses germinated
(30.0 and 58.4 %; Table 1) and appeared to represent viable F1 hybrids at this early
developmental stage. Some seed germination was observed in two of eight selected hybrid
crosses involving P, but at very low proportions (9.5 and 13.2 %; Table 1). Am × P and P
× C crosses lacked sufficient numbers of viable-looking seeds to assess germination rates.
We also evaluated seeds that were visually scored as inviable; of the 9,073 seeds sown,
only 0.4 % germinated (in 12 of 123 crosses). These results confirm that hybrid crosses
involving P in both parental roles in combination with Am or C are strongly abortive,
leading to near-complete and symmetric postzygotic isolation between P and Am, and
between P and C.
Patterns of seed size variation among cross types
We measured seed size in a total of nine crosses (three intraspecific and three reciprocal
hybrid crosses). In total, 1,909 seeds were measured, with a range of 112–328 seeds per
cross. Seed size was significantly different between reciprocal hybrid crosses (Fig. 3;
Table S3; Tukey’s test). The largest difference between reciprocals was found in the C–P
cross (Δ = 1.02 mm2, C seeds being larger). Overall, seed size was significantly reduced in
hybrid seeds compared to seeds from intraspecific crosses (Welch-test, P < 1E-16).
However, the largest seed size was found in the hybrid cross Am1 × C1 (round mean ±
SD, 2.31 ± 0.26 mm2, n = 112 seeds), significantly larger than seed size in the intraspecific
cross with the same mother (Am1 × Am2, 1.95 ± 0.19 mm2, n = 204 seeds, Tukey’s test).
Importantly, both hybrid crosses with the P1 mother uniformly produced extremely small
seeds of overlapping size with very low size variability (P1 × Am1, 0.32 ± 0.09 mm2, n =
221 seeds; P1 × C1, 0.37 ± 0.13 mm2, n = 328 seeds). This corresponds to a homogeneous
phenotype of early seed abortion. The Am1 × P1 cross yielded a similar seed phenotype
but with larger variation in seed size (0.67 ± 0.28 mm2, n = 114 seeds). In contrast, hybrid
seeds of the C1 mother were larger and of more variable size (C1 × Am1, 0.96 ± 0.57
mm2, n = 308 seeds; C1 × P1, 1.38 ± 0.63 mm2, n = 273 seeds). However, these hybrid
seeds were smaller than those from the maternal cross C1 × C2 (Fig. 3; Tukey’s test).
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Figure 3. Box plots representing the distribution of seed size in selected crosses within and
between the three wild tomato lineages Solanum arcanum var marañón (Am), S. chilense (C), and
S. peruvianum (P). All crosses are identified as mother × father, and numbers (1, 2) refer to
different genotypes. White background, intraspecific crosses; grey background, hybrid crosses.
Notches represent 95 % confidence intervals of the medians. Comparisons of means were
evaluated with Tukey’s test (pairwise comparisons with P < 0.05 shown with different letters on top
of the boxes); distributions with significantly overlapping means share the same letter.
Representative images of seeds from the same crosses are shown in Fig. 2.

Quantification of seed developmental trajectories
We assessed histological sections of different stages in seeds from intra- and interspecific
crosses involving Am, C, and P (Fig. 4). Normal seed development was exemplified by a
C × C cross at early-globular, late-globular, and torpedo stages, corresponding to 13, 16,
and 21 DAP (Fig. 4A). In C × P and P × C hybrid crosses, endosperm abnormalities were
visible at early stages (Fig. 4B, C). C × P endosperms featured large and vacuolated cells
(Fig. 4B, left); cells from the suspensor and adjacent endosperm cells appeared to be
collapsed (Fig. 4B, left and centre). At 21 DAP embryos visibly started to degenerate (Fig.
4B, right). In P × C seeds, endosperm cells appeared small and dense and the general
aspect of both endosperm and embryo remained at the early-globular stage between 10
and 21 DAP, despite overall seed growth (Fig. 4C).
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Figure 4. Histological sections of wild tomato developing seeds at different stages. EN,
endosperm; EM, embryo; NU, nucellus; SC, seed coat. Black arrows point toward the embryo,
and black bars represent 100 µm (magnification ×10 to ×40). (A) Normal seed development in a C
× C cross (LA2750A × LA4329B): left, early-globular stage (13 DAP); center, late-globular stage
(16 DAP); right, torpedo stage (21 DAP). (B) Abnormal development in C × P hybrid seeds
(LA2750A × LA1616A; left to right: 13, 16, and 21 DAP). (C) Abnormal development in P × C
hybrid seeds (LA1616A × LA2750A left [10 DAP] and center [16 DAP], LA0153A × LA2750A right
[21 DAP]). (D) Selected images from Am–C crosses: left, abnormal seed in C × Am (LA2750A ×
LA2185A) at 16 DAP; center, normal Am × C seed at 18 DAP; right, abnormal Am × C seed at 21
DAP (both LA2185A × LA2750A).

Examples of normal and abnormal seed development in Am–C reciprocal crosses are
presented in Fig. 4D. Developing seeds from a C × Am cross at 16 DAP should
correspond to the late-globular stage (Fig. 4D, left). However, we observed pro-embryos
with abnormal development, as shown by their asymmetric cellular organization (Fig. 4D,
left). In the depicted (and typical) single Am × C cross, we observed both successfully
developing and abortive seeds. In one case the embryo was clearly round and connected to
a well-developed suspensor at 18 DAP, matching the late-globular stage (Fig. 4D, centre).
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Other seeds showed degenerating embryos and small, optically dense endosperm cells at
21 DAP (Fig. 4D, right), similar to observations in the P × C cross at this late stage. The
strongly diverging phenotypes of Am–C developing seeds matched our observations on
mature Am–C seeds (Table 1; Figs 1 and 2).
Next, we detail seed compartment measurements to evaluate developmental
trajectories between 4 and 21 DAP in strongly abortive crosses (Fig. 5; Table S4). In
particular, we compared the reciprocal C–P hybrids to their parental crosses P × P and C
× C. Importantly, for these data C × P and P × C crosses were performed among the same
parents and were thus true reciprocals. Observations were made on 450 seed sagittal cuts
with a range of 11–40 cuts per cross category and temporal stage (Table S4).
In intraspecific crosses, endosperm and maternal compartments (seed coat and
nucellus) were steadily growing between 4 and 16 DAP (Fig. 5B, C). Growth of the C × C
endosperm was exponential and its approximate area rose from 0.018 to 0.16 mm2 over 12
days. For both C × C and P × P, this growth was particularly rapid between 13 and 16
DAP for endosperm and seed coat: endosperm areas tripled while seed coat widths
doubled, which was reflected in overall seed size (Table S4). This critical phase
corresponds to the globular stage where embryos expand from pro-embryos to heart-shape
embryos. These measurements show that C × C and P × P, despite their different mature
seed size (P × P seeds generally smaller than C × C seeds; Fig. 2), display synchronized
development with very similar phenotypic features at 16 DAP, corresponding to the lateglobular stage.
After 16 DAP, endosperm and maternal compartments exhibited reduced growth rate
in P × P and shrank markedly in C × C (Fig. 5B, C), while embryo area tripled in both C
× C and P × P seeds from 16–21 DAP (Fig. 5A). Embryos expanded at similar rates in
both intraspecific crosses to reach the heart-to-torpedo stage, increasingly contributing to
total seed size while ‘consuming’ the endosperm. This is expected given that mature
tomato seeds contain very little residual endosperm and consist mainly of the seed coat
surrounding the autonomous embryo. C × C embryos were larger than P × P embryos
during seed development, consistent with seed size differences observed for mature seeds
(Table S4). Despite these quantitative differences, our measurements indicate that C × C
and P × P seeds undergo parallel developmental sequences, both reaching the heart-totorpedo stage at 21 DAP. In contrast, this timeline is strongly compromised in abortive
hybrid seeds obtained from reciprocal C–P crosses.
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Figure 5. Measurements of seed compartment size over time (in DAP) in
crosses within and between Solanum chilense (C) and S. peruvianum (P). Red,
C × C; blue, P × P; orange, C × P; green, P × C. For each data point,
confidence intervals are represented by vertical bars. (A) Embryo development.
(B) Endosperm development. (C) Seed coat (dotted line) and nucellus (dashed
line) development. Details on the accessions/plants used are provided in Table
S4.

Although C × C and C × P endosperms reached approximately the same size at 13
DAP (0.048 mm2), the latter did not grow appreciably until 16 DAP whereas in C × C
seeds, endosperm area tripled between 13 and 16 DAP (Fig. 5B). Between 16 and 21
DAP, C × P endosperm area enlarged by 64 % and embryos grew slowly, whereas C × C
endosperms lost more than 50 % of their area while embryo size increased markedly. In
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the P × C hybrid cross, endosperm area shrank by 28 % between 10 and 16 DAP while it
enlarged nine-fold in the P × P seeds. Between 16 and 21 DAP, both endosperm and
embryos hardly expanded in P × C seeds.
Moreover, while embryos and endosperm exhibited reduced size in both hybrid
classes compared to the corresponding intraspecific data, maternal tissues kept expanding
after 16 DAP (Fig. 5). We observed an overgrowth of maternal layers in C × P compared
to C × C seeds at 21 DAP. In P × C seeds, the seed coat remained the thinnest among all
crosses but grew further after 16 DAP when it was expected to stabilize, based on our P ×
P observations. Jointly, these features suggest that seeds’ maternal layers can also be
affected in their development by the hybrid state. To summarize, embryos were visible at
13 DAP in both C × P and P × C hybrid seeds; their growth, however, was markedly
reduced in comparison to intraspecific crosses. Hybrid embryos did not reach the lateglobular stage; they either remained at the early-globular stage or else degenerated (Fig.
4B, C; Fig. 5). Hybrid endosperm suffered aberrant development in C × P and P × C as
shown by slight shrinkage between 13 and 16 DAP followed by halting growth until 21
DAP.
Intrinsic postzygotic isolation in later stages of Am–C F1 hybrids
We have shown that reciprocal crosses between Am and C produce significant proportions
of viable seeds, of which substantial numbers germinated (Table 1; Fig. 1). We thus
conclude that early-acting intrinsic postzygotic barriers are relatively weak between Am
and C, at least in comparison to the two other species combinations tested here. To assess
whether later intrinsic postzygotic barriers exist, we compared plant growth after
germination in intra- and interspecific progenies. During early growth, 44 of 531 seedlings
exhibited leaf and/or stem necrosis (Fig. S1 [Supplementary Information]). These
necrotic plants were exclusively hybrids (C1 × Am1, 34 plants; Am1 × C1, two plants; C2
× Am2, eight plants). We planted a subset of 127 non-necrotic and 24 necrotic plants six
weeks after germination. Five weeks after re-potting, non-necrotic plants were 9.5 to 91
cm tall, with large differences between reciprocals in both intra- and interspecific crosses
(Fig. 6; Table S5 [Supplementary Information]). The largest difference was between
Am1–C1 reciprocals, where median heights differed by 31 cm (n = 3, n = 9). Some of
these hybrids exhibited transgressive phenotypes compared to their parental F1s, as shown
by hybrid weakness in Am1 × C1 and hybrid vigour in C1 × Am1; however, other parental
combinations did not generate taller F1 hybrid progeny (Fig. 6). When merging
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observations on individual crosses into cross categories by species combinations, plant
height differed significantly between Am × Am (n = 20) and C × C (n = 21; WRST, P =
0.03). Overall, C × Am hybrid progeny (n = 51) did not differ in height compared to C × C
progeny (WRST, P = 0.901); however, Am × C hybrids (n = 34) were significantly smaller
than Am × Am seedlings (WRST, P = 1.5E-4).
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Figure 6. Box plots representing the distribution of plant height in F1s from controlled
crosses between four plants representing the two wild tomato lineages Solanum
arcanum var marañón (Am) and S. chilense (C). All crosses are identified as mother
× father (Am1, LA2185A; Am2, LA1626B; C1, LA4329B; C2, LA2748B). In total, 126
non-necrotic plants were measured three months after germination. White
background, intraspecific crosses; grey background, hybrid crosses. Note the lower
height of hybrids with Am mothers compared to hybrids with C mothers (see text).

We kept 24 necrotic plants for several months of observation; three of them died and
four were considered to have recovered, of which one flowered. The remaining 17
necrotic plants had a median height of 8 cm at three months. Unlike the vast majority of
non-necrotic plants, they neither flowered nor recovered a normal size. Thus, hybrid
necrosis appears to contribute to late postzygotic isolation between Am and C.
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DISCUSSION
Hybrid seed failure establishes strong reproductive barriers
Wild tomato species share yellow petals and anthers, a buzz-pollination system, weak or
absent floral scent, and simultaneous flowering and fruit set; limited field observations
suggest solitary bees as the main pollinators, with insufficient data to evaluate their degree
of species specificity (Rick, 1950; Chetelat et al., 2009). Despite overlapping geographic
ranges of several tomato species, no hybrid populations or individuals were reported based
on field work spanning several decades (Taylor, 1986; Moyle, 2008; Baek et al., 2016). In
our extensive crossing experiments, all species were found to be inter-compatible with
high proportions of fruit and seed set in each cross combination. This suggests that
extrinsic and/or intrinsic postzygotic barriers may be crucial for species isolation. In
particular, our study provides compelling evidence that postzygotic barriers via HSF are
common between three wild tomato lineages.
Visual assessment of large numbers of intra-specific and hybrid seeds revealed three
categories of HSF: negligible, intermediate (‘weak’), and near-complete (‘strong’).
Intraspecific crosses were characterized by generally high seed viability with some
exceptions, particularly in S. chilense. This latter finding could be related to the substantial
substructure in this lineage, consisting of at least four genetic clusters reflecting range
expansion and regional adaptation (Böndel et al., 2015). Although there were also several
within-cluster C crosses yielding high proportions of inviable seeds, overall group
comparisons revealed significantly lower proportions of viable seeds for among-cluster
crosses (mean = 0.563, n = 31 crosses) than for within-cluster crosses (mean = 0.730, n =
23 crosses; WRST, P < 0.005; Table S2).
Importantly, near-complete seed inviability was observed in all reciprocal hybrid
crosses with the exception of the Am–C crosses. At seed maturity, all failing hybrid seeds
were small compared to those from intraspecific crosses and had a flat and empty aspect,
suggesting improper endosperm development and eventual embryo arrest. Given that
mature tomato seeds contain only a thin layer of endosperm (Baek et al., 2016), it is
inherently difficult to evaluate the role of the endosperm in HSF by observing mature
seeds. However, final seed size is generally expected to reflect earlier endosperm growth
(Sabelli and Larkins, 2009). Of note, individual Am–C crosses yielded diverse proportions
of viable seeds, and fairly high proportions of these did germinate in the majority of the
crosses we tested. Based on 86 interspecific crosses using individuals from six Am and ten
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C accessions, our results are in agreement with earlier, much more limited observations
(Rick, 1986) and suggest that they are typical of Am–C interspecific crosses. It is
noteworthy that the geographic ranges as well as morphological features of Am and C
represent opposite ends for the suite of lineages studied here (Rick, 1986; Peralta et al.,
2008), while Am is equidistant to both P and C in terms of divergence time (Pease et al.,
2016).
Histological analyses of perturbed hybrid seed development
To identify potential defects leading to seed abortion, we characterized the dynamics of
early seed development using histological analyses. Not unexpectedly, this revealed strong
differences in endosperm development between intraspecific and hybrid seeds. While the
manifestation of endosperm failure in nuclear endosperm—typical for monocots and some
dicots such as members of the Brassicaceae—is the result of impaired cellularization
timing (Hehenberger et al., 2012; Rebernig et al., 2015), we inferred a different scenario
in our study system. Solanum species are characterized by a cellular endosperm, that is,
cell divisions begin right after fertilization without any prior syncytial phase. Our
observations in wild tomatoes confirm that endosperm cells are present in earlydeveloping seeds regardless whether these end up as viable or inviable at seed maturity.
However, endosperm proliferation and details of typical cell size and optical density are
demonstrably affected in strongly abortive crosses, at least from the early-globular stage
onwards. This developmental stage has also been found to be crucial for seed abortion in
other Solanum crosses (Lester and Kang, 1998; Baek et al., 2016), as well as in
Arabidopsis (Bushell et al., 2003) and Mimulus (Oneal et al., 2016). Our finding that
maternal seed compartments also exhibit disrupted development in hybrid crosses
(particularly, relative overgrowth of nucellus and seed coat in C × P hybrid seeds; Fig. 5)
is consistent with the notion that the developing endosperm closely interacts with maternal
tissues, mediated by hormonal and/or signaling pathways (Haughn and Chaudhury, 2005;
Xu et al., 2016).
Successful embryo rescue at 13 DAP has recently been used to demonstrate the
causative role of the endosperm in abortive Capsella hybrid seeds (Rebernig et al., 2015).
We did not attempt embryo rescue in our study, primarily because earlier work using the
cultivated tomato as pistillate parent and either C or P as staminate parents (like C–P,
these crosses are characterized by strong HSF) have yielded fairly low success rates (Rick
and Lamm, 1955; Segeren et al., 1993; Chen and Adachi, 1996). While the successfully
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excised embryos strongly implicate impaired endosperm function in the usual failure of
these crosses, the many unsuccessful attempts imply that the overall evidence is still
circumstantial. However, previous observations on HSF in Solanum and other angiosperm
genera have been interpreted as primarily reflecting endosperm defects (Haig and
Westoby, 1991; Lester and Kang, 1998). To summarize, despite the fact that nuclear- and
cellular-type endosperms exhibit different developmental abnormalities in abortive seeds,
endosperm disruption appears to affect seed development at largely equivalent stages. At
such an early developmental stage, embryo development strongly relies on nutrient
provisioning via the endosperm. If the latter is not fully functional, the embryo will most
likely starve and abort, as inferred for many of the mature seeds we assessed.
The failing endosperm: evolutionary significance and potential mechanisms
From an evolutionary perspective, parental conflict is expected to occur in the developing
seed with variable strength, depending on the prevailing mating system. Transgressive and
complementary phenotypes between reciprocal crosses can reveal different levels of
parental conflict between lineages (Haig and Westoby, 1991). In our study, hybrid
phenotypes often deviated from intraspecific phenotypes during seed development, at seed
maturity, and during F1 seedling growth (Figs 2–6). In particular, our tested C × P and P
× C combinations revealed different endosperm growth trajectories; C × P endosperm
continued to grow until 21 DAP and was only somewhat smaller than C × C endosperm at
that time point, but P × C endosperm showed no growth after 10 DAP and thus remained
much smaller than P × P endosperm (Figs 4 and 5). Although our study system consisted
of strictly outcrossing (self-incompatible) lineages, divergent endosperm/seed size
between reciprocal crosses may result not only from major differences in mating system
but more generally from different levels of parental conflict; this has recently been shown
empirically with inter-population crosses among outcrossing populations of A. lyrata
(Willi, 2013). Under the ‘Weak Inbreeder Strong Outcrosser’ (WISO) hypothesis
(Brandvain and Haig, 2005), our observations may imply that the C plant, as pollen
parent, was ‘weaker’ in terms of extracting maternal resources than the P plant, yielding
smaller (transient) endosperms in the P × C than in the C × P cross. Generalizing from
our initial findings, however, will require additional comparative data on reciprocal
mature seed size and/or seed developmental trajectories.
Despite the relevance of HSF (likely via endosperm malfunction) in plant biology and
speciation, its underlying mechanisms and level of conservation among taxa have not yet
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been satisfactorily elucidated (Lafon-Placette and Köhler, 2016). Decades of experimental
work have evaluated the role of parental dosage in endosperm development; early work on
interploidy crosses explored the possible phenotypic outcomes of parental imbalance
(Beamish, 1955; Lin, 1984). The concept of Endosperm Balance Number (EBN) came to
be used as a predictive tool for successful seed development in interspecific and
interploidy crosses among wild potatoes (Johnston et al., 1980). The EBN of a given
lineage corresponds to its ‘effective’ endosperm ploidy, and only crosses among the same
EBN were predicted to be viable. Our combined interspecific endosperm and seed failure
phenotypes may thus reflect a higher EBN for P compared to both C and Am. Yet, the
EBN conceptualizes a central role of parental dosage in interspecific crosses but does not
entirely explain all empirical patterns of endosperm failure (Katsiotis et al., 1995;
Masuelli and Camadro, 1997; Lafon-Placette et al., 2017).
Clearly, other levels of complexity, such as the determinants of gene expression,
should be taken into account in attempts to functionally explain HSF. Special attention
should be drawn to the potential involvement of perturbed genomic imprinting (Haig and
Westoby, 1991; Gutierrez-Marcos et al., 2003; Josefsson et al., 2006; Walia et al., 2009;
Jullien and Berger, 2010; Kradolfer et al., 2013; Burkart-Waco et al., 2015; Kirkbride et
al., 2015; Wolff et al., 2015), de-repressed transposable elements (Castillo and Moyle,
2012; Fultz et al., 2015), and cellular processes mediated by small interfering RNAs
(Bourc’his and Voinnet, 2010; Lu et al., 2012; Ng et al., 2012). All these factors might
interact in the endosperm to determine the success or failure of particular cross
combinations. Our recent study addressed some of these issues in C–P hybrid crosses,
using transcriptome data obtained from laser-microdissected endosperm (Florez-Rueda et
al., 2016). Abnormal endosperm development was characterized by a perturbation of
paternally imprinted genes together with a genome-wide increase in maternal expression
proportions in the P × C hybrid endosperm. It is tempting to interpret the more deviant
endosperm development (and resulting smaller seed size in this cross direction; Figs 2, 4,
and 5) as a consequence of greater perturbation of ‘normal’ expression proportions and/or
misexpression of crucial, normally paternally expressed genes. Florez-Rueda et al. (2016)
spearheaded the exploration of molecular correlates of HSF in plant species with cellular
endosperm, and more detailed insights will likely be facilitated by current technological
improvements in transcriptomics (Todd et al., 2016) and epigenomics (Zhang et al., 2014;
Wang et al., 2015).
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Partial escape from HSF and hybrid survival in Am–C crosses
Significant proportions of hybrid seeds from Am–C crosses escaped HSF and were able to
germinate. We thus qualified the barrier caused by HSF between Am and C as ‘weak’
while recognizing that individual seeds meet with one of two quite distinct fates.
Moreover, reproductive isolation can manifest after successful seed maturation by other
mechanisms of hybrid failure. Therefore, we assessed intrinsic postzygotic barriers that
may arise during later phases of plant development in Am–C hybrids. In fact, F1 hybrid
seedling performance was impaired by both hybrid necrosis and slower growth rate.
Hybrid necrosis has been repeatedly observed in crosses between plant populations or
distinct species, and has been interpreted as a manifestation of genetic incompatibilities
resulting in autoimmune responses in hybrid progeny (reviewed in Bomblies and Weigel,
2007).
In summary, we obtained large numbers of healthy-looking F1 hybrid plants in
reciprocal crosses between Am and C. Hybrid necrosis appears to contribute to ‘late’
postzygotic isolation between Am and C but occurred in only three of eight interspecific
crosses, affecting 29 to 52 % of the F1 plants assessed in each of the three crosses.
Necrotic phenotypes might be a manifestation of incompatibilities mediated by rapid
evolution of pathogen-response genes concurrent with species divergence (Bomblies and
Weigel, 2007, and references therein). Regardless, we consider the apparent intrinsic
postzygotic barriers between Am and C at the vegetative post-germination stage to be
rather modest, compared to those that manifest as reduced proportions of viable seeds.
Implications for modes of tomato speciation
Wild tomato divergence is recent and resulted in a rapid radiation across a wide range of
ecological conditions from Ecuador to Chile and from low to high altitude (Moyle, 2008;
Tellier et al., 2011; Nosenko et al., 2016). Ecological data suggest that speciation in wild
tomatoes was mainly driven by divergent environmental variables such as temperature and
precipitation regimes (Nakazato et al., 2010). On the other hand, the role of geographic
isolation seems rather complex and neither allopatric nor sympatric speciation appear to
have been predominant across the history of the clade (Nakazato et al., 2010), estimated to
have diverged from a common ancestor about 2.5 million years ago (Pease et al., 2016).
Extensive crossing experiments revealed the diversity of mechanisms leading to pre- and
postzygotic barriers between many regionally sympatric pairs of wild tomato species;
however, only one or a few crosses per species pair were tested (Baek et al., 2016).
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In our largely complementary study that concentrated on fewer taxa but employed
many interspecific crosses using range-wide sampling, P and C represent the only species
pair occurring in regional sympatry. These taxa may have diverged as recently as 0.55
million years ago (Städler et al., 2008) and there is population-genetic evidence for postdivergence gene flow, possibly following a period of initial allopatric divergence (Städler
et al., 2005, 2008). These lineages, like all other self-incompatible wild tomatoes, show no
obvious signs of divergence in reproductive biology, sharing conspicuous yellow corollas
with continuous flowering and fruit set, buzz pollination, and overlapping pollen size
(Chetelat et al., 2009). Consequently, past selection for enhanced reproductive isolation
between C and P via reinforcement at the postzygotic level may be plausible; such a
scenario is feasible under conspicuous maternal investment, mixed pollinations, and the
potential for seed compensation (Coyne, 1974; Coyne and Orr, 2004). Moreover, the nearcomplete postzygotic barrier we have documented regardless of current sym- or allopatry
of the crossed P and C accessions is consistent with post-speciation range expansion
(Böndel et al., 2015). In contrast, the fact that the purely allopatric (and phylogenetically
more distant; Pease et al., 2016) Am–C crosses typically yielded intermediate proportions
of viable seeds may represent a case of gradual loss of ancestral compatibility, similar to
several other wild tomato species retaining the ability to yield viable F1 progeny (as
pollen donors) with the cultivated tomato (Grandillo et al., 2011). Interestingly, Am and P
have evolved a very strong HSF phenotype similar to that between C and P, even though
the former are fully allopatric and unlikely to have been in contact recently. Future
molecular analyses may reveal whether similar genetic signals underlie this common seed
failure phenotype.
CONCLUSIONS
Scientific interest in endosperm misdevelopment as a driver of potentially rapid
establishment of reproductive isolation between nascent lineages has risen sharply, yet
there is a paucity of studies attempting to bridge developmental and evolutionary biology.
Our crossing experiments provide compelling evidence that hybrid seed failure is almost
universal between two of the three studied pairs of lineages, while the third pair yields
mixtures of inviable and viable hybrid seeds; the latter were shown to germinate at
intermediate rates and show only weak signs of post-germination developmental
problems. The high frequency of hybrid seed failure (even observed in among-population
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crosses within the nominal species S. chilense) implies that almost complete reproductive
isolation can evolve fairly rapidly but is not an invariable outcome. In terms of timing and
tissue malfunctions in early seed development, we identified endosperm proliferation
defects at the early globular embryo stage as a plausible, circumstantially supported cause
of seed abortion. Our observations highlight fundamental similarities in hybrid endosperm
malfunction across developmental types, nuclear and cellular-type endosperm.

SUPPLEMENTARY DATA
Supplementary data are available online at https://academic.oup.com/aob and consist of
the following. Table S1: identity and geographic origin of TGRC accessions, and their
utilisation in our experiments. Table S2: complete data on seed viability per visual
assessment in Solanum crosses. Table S3: individual seed size measurements via seed
scanning in Solanum crosses. Table S4: measurements of seed compartment size in
Solanum crosses, based on histological images. Table S5: plant height in hybrid and
intraspecific F1 progenies 11 weeks after germination. Figure S1: representative examples
of F1 seedlings from crosses within and between Solanum arcanum var marañón (Am) and
S. chilense (C).
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Figure S1. Representative examples of F1 seedlings from crosses within and between Solanum
arcanum var marañón (Am) and S. chilense (C). F1 plants two months after germination from (a)
intraspecific cross within Am (LA2185A × LA1626B) and (b) hybrid cross C × Am (LA4329B ×
LA2185A). (c) Examples of necrotic plants four months after germination in three hybrid crosses:
left, C × Am (LA2748B × LA1626B); middle, Am × C (LA2185A × LA4329B); right, C × Am
(LA4329B × LA2185A).

61

62

Chapter 2

Comparative analyses of wild tomato endosperm
transcriptomes reveal common roles of genomic
imprinting between nuclear and cellular
endosperm types

Unpublished manuscript co-authored by:
Morgane Roth1, Ana M. Florez-Rueda1,2, Margot Paris1,3
and Thomas Städler1

1

Plant Ecological Genetics, Institute of Integrative Biology & Zurich–Basel
Plant Science Center, ETH Zurich, 8092 Zurich, Switzerland

2

Current address: Plant Developmental Genetics, Department of Plant and
Microbial Biology & Zurich–Basel Plant Science Center, University of
Zurich, 8008 Zurich, Switzerland

3

Current address: Unit of Ecology & Evolution, Department of Biology,
University of Fribourg, 1700 Fribourg, Switzerland

Chapter 2

ABSTRACT
Genomic imprinting, i.e. the parent-of-origin–dependent expression of genes, is
widespread in the endosperm, a triploid tissue nurturing the embryo and synchronizing
angiosperm seed development. A subset of imprinted genes (IGs) is likely to be critical for
successful seed development and should have highly conserved functions. Recent
genome-wide studies have found limited conservation of IGs among distantly related
species, but there is a paucity of data from closely-related lineages. Moreover, the vast
majority of studied taxa feature the derived nuclear-type endosperm, and comparisons
with properties of IGs in cellular-type endosperm development are lacking. Using laserassisted microdissection and replicated RNA-Seq, we characterized imprinting in the
cellular endosperm of three wild tomato lineages (Solanum section Lycopersicon). In total,
we identified 1,025 candidate IGs and found 375 with at least one putative homolog
identified as imprinted in previous studies in distantly related taxa with nuclear-type
endosperm. Also, 42 maternally expressed genes (MEGs) and 17 paternally expressed
genes (PEGs) revealed conserved imprinting status among all three lineages, but
differences in power to assess imprinted expression imply that the actual degree of
conservation might be higher than that directly estimated (20.7% for PEGs and 10.4% for
MEGs). Regardless, conserved imprinting status was higher for PEGs than for MEGs,
indicating dissimilar evolutionary trajectories. Indeed, expression-level data suggest
distinct epigenetic regulation of MEGs and PEGs, and gene ontology analyses revealed
MEGs and PEGs to be enriched for different functions. Despite these differences, there is
strong evidence that MEGs and PEGs interact in regulating both gene expression and cell
cycle in developing endosperm. Our study uncovered conserved cellular functions of IGs
uniting taxa with cellular- and nuclear-type endosperm.
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INTRODUCTION
Parent-of-origin–dependent gene expression (i.e. genomic imprinting) is an epigenetic
phenomenon with important functions for developmental programs in mammals and
flowering plants (Feng et al., 2010). Pioneering experiments on nuclear transplantation in
mouse embryos demonstrated that the two parental genomes are not equivalent (McGrath
& Solter, 1984a; Surani et al., 1984). Disrupted imprinting is responsible for mouse
embryo abortion and several human diseases collectively called imprinting disorders
(McGrath & Solter, 1984b; Reik, 1989; Buiting et al., 1995; Eggermann et al., 2015).
Imprinting has also been identified in the mammalian placenta, with mis-imprinting
resulting in serious developmental abnormalities (Fowden et al., 2006; McMinn et al.,
2006). As a part of angiosperm seeds, the endosperm is a tissue functionally equivalent to
the mammalian placenta (Scott & Spielman, 2006; Gehring & Satyaki, 2017, and
references therein). This seed compartment results from double fertilization and has a
triploid genome constitution (2m:1p); it nurtures the embryo and coordinates development
between seed compartments (Berger et al., 2006; Lafon-Placette & Köhler, 2014).
Imprinting is restricted to a few genes in angiosperm embryos but widespread among
endosperm-expressed genes (Luo et al., 2011; Dickinson & Scholten, 2013; GarcíaAguilar & Gillmor, 2015). Experiments in A. thaliana have demonstrated that imprinting
defects in the endosperm may cause seeds to abort, yet general functions of imprinting in
the endosperm are not fully understood (Grossniklaus et al., 1998; Nowack et al., 2007;
Gehring & Satyaki, 2017).
Several potential costs and benefits hypothetically driving the evolution of genomic
imprinting have been formulated (Hurst & McVean, 1998; Haig, 2000; Spencer & Clark,
2014, and reference therein) and can be interpreted in the specific context of flowering
plants (Ko et al., 2010, and references therein). The leading explanatory framework for
the evolution of imprinting is the kin conflict theory championed by Haig and Westoby
(Haig & Westoby, 1989, 1991; Haig, 2013). Their theory posits that imprinting is
evolutionarily fueled by diverging parental interests over resource allocation to offspring.
Under conditions of parental conflict, imprinted expression might be a means to balance
divergent parental interests and be necessary for proper endosperm (and seed)
development. Typically, endosperm and seed development is markedly perturbed in
interploidy crosses, where seeds are often enlarged under elevated paternal ploidy and
smaller than normal under elevated maternal ploidy (Scott et al., 1998; Bushell et al.,
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2003; Stoute et al., 2012). These reciprocal phenotypic differences are consistent with the
dosage-sensitive nature of the endosperm and are predicted to reflect the perturbed
expression of normally imprinted genes (Haig, 2013).
The kin conflict theory also predicts that imprinting will evolve under strong
selective constraints in outcrossing lineages with high levels of multiple paternity, while
such constraints might be relaxed under long-term inbreeding. While seed phenotypes of
homoploid crosses between closely-related species with different mating systems are
consistent with predictions of the kin conflict theory (mirroring the endosperm and seed
phenotypes of interploidy crosses mentioned above), they have hitherto not been
associated with specific imprinting patterns (Rebernig et al., 2015; Lafon-Placette et al.,
2017).
It has been proposed that endosperm growth is optimized when Paternally Expressed
Genes (PEGs; supposedly promoting growth) and Maternally Expressed Genes (MEGs;
supposedly repressing growth) are jointly expressed with suitable dosage (Leblanc et al.,
2002). This hypothesis implies that imprinted genes (IGs) are likely to functionally
interact. The coordinated expression of MEGs and PEGs might require, or be facilitated
by, their organization in functional, regulatory, and physical networks likely involving
coadaptation (Holman & Kokko, 2014; Patten et al., 2016). However, the putative
functional and physical linkage between IGs has not been extensively studied in flowering
plants; such analyses were mostly limited to a low number of candidate genes (Köhler et
al., 2003; Zhang et al., 2011; Kradolfer et al., 2013b).
A body of ‘non-conflict’ theories is partially supported by published data on patterns
of imprinting (Spencer & Clark, 2014). In particular, maternal–offspring coadaptation
could explain the larger proportion of MEGs compared to PEGs in several species and the
nutritive function of many MEGs (Wolf & Hager, 2006; Costa et al., 2012; Pignatta et al.,
2014). Moreover, tight associations between IGs and differentially methylated regions,
transposable elements (TEs), and small interfering (si) RNAs suggest important roles of
imprinting in mediating gene silencing and genome stability in the hypomethylated
endosperm (Barlow, 1993; Gehring et al., 2009; Mosher et al., 2009; Berger et al., 2012;
Pignatta et al., 2014).
To our knowledge, genomic imprinting in the endosperm has been studied in
representatives of four angiosperm families (Brassicaceae, Poaceae, Solanaceae, and
Euphorbiaceae), including (i) (mainly) inbreeding species such as Arabidopsis thaliana
(Köhler et al., 2005; Spillane et al., 2007; Gehring et al., 2011; Hsieh et al., 2011;
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McKeown et al., 2011; Wolff et al., 2011; Bratzel et al., 2012; Pignatta et al., 2014;
Burkart-Waco et al., 2015; Jeong et al., 2015), Capsella rubella (Hatorangan et al., 2016),
and rice (Luo et al., 2011; Yuan et al., 2017), and (ii) (mainly) outcrossing species such as
A. lyrata (Klosinska et al., 2016), maize (Gutiérrez-Marcos et al., 2004; Waters et al.,
2013; Xin et al. 2013; Zhang et al., 2011, 2014), Sorghum bicolor (Zhang et al., 2016),
Solanum peruvianum (Florez-Rueda et al., 2016), and castor bean (Xu et al., 2014).
Despite this relatively high number of recent studies and the in-depth functional
characterization of a handful of plant imprinted genes, we still lack a general
understanding of the molecular and cellular consequences of imprinting in the endosperm
(Köhler et al., 2012; Gehring & Satyaki, 2017). Also, the extent of imprinting
conservation between taxa has proved difficult to quantify and interpret, and is often
referred to as being quite limited (Zhang et al., 2011; Pignatta et al., 2014; Hatorangan et
al., 2016). Importantly, the possibility that imprinting mismatch between lineages may be
causal for (or contribute to) hybrid seed failure—and thus might promote reproductive
isolation and speciation—is increasingly appreciated (Costa et al., 2004; Wolf &
Brandvain, 2014; Florez-Rueda et al., 2016; Lafon-Placette & Köhler, 2016). Despite
these conceptual and empirical leads, qualitative and quantitative comparisons of genomic
imprinting between closely related lineages have only started to emerge (Hatorangan et
al., 2016; Klosinska et al., 2016).
Wild tomatoes (Solanum section Lycopersicon) provide an excellent model system to
study the incidence, evolution, and consequences of imprinting in the endosperm; they
diverged and speciated fairly recently (~2.5 Mya, Pease et al., 2016), harbor a diversity of
mating systems, and exhibit various degrees of postzygotic isolation mediated by
endosperm-based hybrid seed failure (Moyle, 2008; Bedinger et al., 2011; Baek et al.,
2016; Roth et al., 2017). Unlike all other taxa that have been the focus of studies on
endosperm genomic imprinting, Solanum is characterized by a cellular- rather than a
nuclear-type endosperm during early development. The cellular-type endosperm
development implies that there is no transition from an initial syncytial to a later cellular
stage (Vijayaraghavan & Prabhakar, 1984) and is thought to be ancestral to other
endosperm types (Floyd & Friedman, 2000). To date, no study has probed the
conservation of imprinting across lineages with different developmental types of
endosperm.
Using laser-assisted microdissection of developing endosperms from three reciprocal
crosses and subsequent transcriptome sequencing, we have characterized and compared
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imprinting landscapes in three self-incompatible wild tomato lineages: Solanum arcanum
var marañón (A), S. chilense (C), and S. peruvianum (P). These lineages are
morphologically and ecologically well differentiated (Rick & Lamm, 1955; Rick, 1986;
Peralta et al., 2008), and are reproductively isolated from each other to varying degrees by
endosperm-based hybrid seed failure, causing partial to near-complete seed abortion (Roth
et al., 2017; Chapter 1). Using estimates of maternal expression proportions for between
7,730 and 13,198 genes per lineage, our study characterizes genomic imprinting and
probes the level of imprinting divergence between the three closely related wild tomato
lineages. In addition, we have assessed the genomic localization of candidate IGs, their
putative functions, and their predicted protein interactions. Finally, we also provide
insights into potential regulatory mechanisms underlying parent-specific expression in the
developing Solanum endosperm.

MATERIALS AND METHODS
Plant material and crossing design
Seeds were provided by the Tomato Genetics Resource Center (TGRC, University of
California, Davis, USA). To maximize molecular polymorphism (i.e. power to detect
imprinting) for each of the three reciprocal crosses, two genotypes from different source
populations were selected. For the AA cross, we chose plants from populations LA2185
(Amazonas, Peru) and LA1626 (Ancash, Peru); populations LA4329 (Antofagasta, Chile)
and LA2748 (Tarapaca, Chile) were chosen for CC, and populations LA2744 (Arica and
Parinacota) and LA2964 (Tacna, Peru) were chosen for PP. All selected crosses produced
‘normal’ quantities of seeds per fruit with high seed viability (Roth et al., 2017). Plants
were grown from seed in an insect-free greenhouse at ETHZ (Lindau-Eschikon, canton
Zurich, Switzerland). They were regularly repotted in 5-l pots using fresh soil (Ricoter
Substrate 214, Ricoter Erdaufbereitung AG, Aarberg, Switzerland) and fertilizing granules
(Gartensegen, Hauert HBG Dünger AG, Grossaffoltern, Switzerland). Additional liquid
fertilizer was applied once or twice per month depending on the season (Wuxal® NPK
solution, Aglukon Spezialdünger GmbH & Co. KG, Düsseldorf, Germany). Plants were
watered two to four times per week. Well before the onset of the experiments, cuttings
yielded multiple ramets per genotype, from which we chose three to serve as biological
replicates. All clones were maintained in a climate chamber for the duration of the whole
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experiment (12 h light at 18 Klux and 50% relative humidity, 12 h darkness at 0 Klux with
60% relative humidity).
Reciprocal crosses, sample collection, and preparation
The 18 plants (six genotypes × three clonal replicates) started flowering a few months
after propagation such that all crosses could be performed concurrently, always between
8:00 and 10:00 am. For each reciprocal cross, pollen was manually transferred from
stamens of the paternal plant to pistils of the maternal plant. We sampled developing fruits
12 days after pollination (DAP), always between 1:00 and 3:00 pm. Each sample
represents one biological replicate for a given cross. The protocol for fruit fixation,
cryoprotection and cryosection was adapted from Nakazono et al. (2003). Briefly, fruits
were cut into two equal parts and put in 15-mL tubes containing 4°C Farmer’s solution
(3:1 ethanol:acetic acid). This fixative solution was infiltrated under vacuum on ice for 15
minutes and swirled for one hour on a rocker shaker at 4°C. Samples were vacuumed a
second time in the same way and let swirling overnight at 4°C. The next day, samples
were infiltrated by three successive pre-chilled cryoprotectant solutions (sucrose grades
10, 20 and 30% in phosphate-buffered saline solution). For each solution, fruits were
infiltrated under vacuum for 15 minutes on ice and shook for one hour at 4°C. Then fruits
were carefully drained, placed in Tissue-Tek® cryomolds (25 × 20 × 5 mm, Sakura®
Finetek, Tokyo, Japan) and filled with Tissue-Tek® O.C.T. medium (Optimal Cutting
Temperature, Sakura® Finetek, Tokyo, Japan). The obtained embeddings were frozen in
liquid nitrogen, stored at –80°C until use and transported on dry ice. For each parental
genotype, flower buds were sampled from the original plant (before cuttings) and stored in
liquid nitrogen for later RNA sequencing.
Endosperm isolation
While preserving an adequate histological context for lasering out the endosperm, our fruit
preparation protocol allowed for cutting fruits at low temperature to minimize RNA
degradation and maximize RNA yield. Cryosections were performed with a Thermo
Scientific™ cryostat (Cryostar™ NX70, Thermo Fisher Scientific Inc., Waltham, MA,
U.S.A.). Cryoprotected fruits embedded in O.C.T. were kept at –20°C for ten minutes in
the cryochamber to equilibrate temperature. Fruits were sliced in 12-µm cuts recovered on
LCM tissue tape (Section-Lab Co. Ltd., Hiroshima, Japan) with the slightly modified
Kawamoto’s film method (Kawamoto, 2003). After cutting, slices stuck to the tape were
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washed in pre-chilled ethanol grades (50, 75, 95%) and dehydrated in 100% ethanol in the
cryochamber at –20°C for 30 minutes. Tapes were dried for five minutes under a fume
hood and transported on dry ice for direct lasering or stored at –80°C for further lasering
within the day. Each tape was mounted on a metal frame allowing for visualizing and
lasering endosperms directly on the tape. Dissection was done with a PALM® Microbeam
System (Zeiss, Oberkochen, Germany) and the assistance of the PALM® Robosoftware
(Zeiss, Oberkochen, Germany). Upon lasering, endosperm slices were catapulted jointly
with the underlying tape to the cap of an adhesive tube (Zeiss, Oberkochen, Germany).
For each sample, RNA was extracted immediately after endosperm collection (at least 100
slices). Endosperm samples were immerged in extraction buffer (XB, Arcturus®
Picopure™ RNA isolation kit, Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) and
incubated at 42°C for one hour. The obtained cell extracts were stored at –80°C for a
maximum of 4 days prior to RNA isolation.
RNA isolation, library preparation, and sequencing
RNA isolation was performed following the manufacturer’s protocol (Arcturus®
Picopure™ RNA isolation kit, Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.),
including the application of DNase (RNase-Free DNase Set, Qiagen, Hilden, Germany)
for 15 minutes on the column. RNA was quantified with a Qubit® fluorometer (Invitrogen,
Waltham, MA, U.S.A.) and its quality assessed with the 2200 TapeStation instrument
(Agilent Technologies, Santa Clara, CA, U.S.A.). A minimum of 100 ng of RNA per
sample was treated a second time with DNase prior to library preparation (gDNA Wipeout
Buffer, QuantiTect Reverse Transcription Kit, Qiagen, Hilden, Germany). Ribosomal
RNA was removed with the Ribo-Zero Plant Library Prep Kit (Illumina, San Diego, CA,
U.S.A.) and libraries were prepared with the TruSeq Stranded Total RNA Library Prep Kit
following the protocol supplied by Illumina; replicate samples were prepared on different
days. Library quality was assessed on a 2100 Bioanalyzer and on TapeStation (Agilent
Technologies, Santa Clara, CA, U.S.A.). The 18 endosperm libraries were paired-end
sequenced (2 × 125 bp) on an Illumina HiSeq 2500 v4 at the Functional Genomics Center
Zurich (www.fgcz.ch). To obtain satisfactory coverage, we pooled eight samples per lane
following the TruSeq pooling protocol, with all cross replicates being sequenced across at
least two lanes.
RNA from parental flower buds was extracted with RNAeasy RNA isolation kit
(Qiagen, Hilden, Germany) and libraries prepared with the Illumina TruSeq RNA Sample
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Preparation Kit v2 (Illumina, San Diego, CA, U.S.A.). These libraries were sequenced on
a HiSeq2000 to produce 150-bp paired-end reads (ETH Department of Biosystems
Science and Engineering, Basel, Switzerland).
Bioinformatics analyses
Filtering and read mapping. Once reads were demultiplexed, quality assessment of all
samples was done with the FastQC program
(http://bioinformatics.babraham.ac.uk/projects/fastqc/). Adapters were removed with
cutadapt (Martin, 2011). Trimming and quality filtering were done with the Perl script
trimmingreads.pl from the NGSQC Toolkit version 2.3 (Patel & Jain, 2012), and reads
with Q < 25 and length < 30 nucleotides were filtered out. Read mapping was performed
with TopHat version 2.1.0 (Trapnell et al., 2009) against the SL2.50 reference genome of
the cultivated tomato var. Heinz (The Tomato Genome Consortium, 2012) with the
corresponding annotation ITAG2.4 (International Tomato Annotation Consortium;
https://solgenomics.net/). Mapping quality check was done with Qualimap version 2.2
(Okonechnikov et al., 2016) and RSeQC (Wang et al., 2012).
Inferring maternal counts from endosperm data. SNPs were called from the parental
transcriptomes (flower bud tissue) to infer the expected genotype in the endosperm for
each polymorphic site. Variants were identified with the mpileup tool from Samtools (Li
et al., 2009), retaining only high-quality, uniquely mapping reads (Q > 20). For each
sample and each SNP, allele-specific endosperm expression of genes was assessed using
the workflow described in Florez-Rueda et al. (2016), with slight parameter modifications
(https://github.com/MorganeRoth). The main advantage of this approach is the possibility
to use both homozygous and heterozygous nucleotide differences between parental
individuals for estimating maternal expression proportions. Total and maternal allelic
counts were thus quantified for each SNP from the raw allelic counts obtained from the
endosperm transcriptomes. Using the genome annotation ITAG2.4, we then summed the
computed allelic counts at all SNP per gene and estimated maternal proportions for each
gene as the ratio maternal/total counts.
Detection of candidate imprinted genes. Once total and maternal counts were computed
for each sample, we calculated the distribution of maternal proportions across genes. For
each of our six (unilateral) crosses, the distribution of maternal proportions across genes
was calculated after merging counts from the three replicates. For each cross, we called
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Maternally Expressed Genes (MEGs) and Paternally Expressed Genes (PEGs) after
calculating thresholds based on each empirically derived distribution. We considered the
median observed maternal proportion as the expected maternal proportion of nonimprinted genes. Genes exhibiting < 50% paternal expression compared to the expected
median were considered as candidate MEGs. Conversely, we defined candidate PEGs as
those having their expected maternal expression at least halved. Hence, genes with
maternal proportion > [median + (1 – median)/2] were called maternally biased (MEGs)
and genes with maternal proportion < [median/2] were called paternally biased (PEGs).
Parental bias for each cross was considered reliable only if it was found in two or three (of
three) replicates. Moreover, a gene was considered imprinted for the corresponding cross
only if the direction of parental bias matched between reciprocals. As an additional
criterion, we only retained genes for which total parental counts across replicates were
significantly different from the empirical median values in each direction of the cross (χ2
test with 5% FDR correction). Putative genomic positions of all candidate imprinted genes
were plotted on a circos plot using the circlize package in R (R Development Core Team,
2014; Zuguang, 2017).
Quantification of gene expression levels. Read counts per gene were calculated with the
HTseq program (Anders et al., 2015), and these counts were transformed to Transcripts
Per Million (TPM; Wagner et al., 2012). These analyses were performed in R (R
Development Core Team, 2014).
Network and ontology analyses. GO networks were calculated with BiNGO (Maere et
al., 2005) and functional networks were calculated with STRING (80% confidence
interval; Szklarczyk et al., 2017), both using the Cytoscape 3.4 interface (Cline et al.,
2007). We used the Panther database to obtain additional putative annotation for candidate
imprinted genes and to perform GO-term overrepresentation tests (Mi et al., 2017). GOterm enrichment among imprinted genes was tested with the R package TopGO, using the
weight01 algorithm (R Development Core Team, 2014; Alexa & Rahnenfuhrer, 2016).
The considered gene universe was the union of expressed and polymorphic genes in A, C,
and P, and p-values were corrected with the Benjamini-Hochberg method, using a 5%
FDR.
We created an inventory of published imprinted genes identified in Arabidopsis
thaliana (At; Köhler et al., 2005; Spillane et al., 2007; Gehring et al., 2011; Hsieh et al.,
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2011; McKeown et al., 2011; Wolff et al., 2011; Bratzel et al., 2012; Pignatta et al., 2014;
Burkart-Waco et al., 2015; Jeong et al., 2015), Arabidopsis lyrata (Al; Klosinska et al.,
2016), Capsella rubella (Cr; Hatorangan et al., 2016), rice (Os; Luo et al., 2011; Yuan et
al., 2017), maize (Zm; Gutiérrez-Marcos et al., 2004; Waters et al., 2013; Xin et al. 2013;
Zhang et al., 2011, 2014), Sorghum bicolor (Sb; Zhang et al., 2016), and castor bean (Rc;
Xu et al., 2014). Sequences were retrieved from public databases: At, The Arabidopsis
Information Resource (TAIR; Swarbreck et al., 2008) at http://www.arabidopsis.org; Al
and Cr, Phytozome v11.0 (Goodstein et al., 2012) at https://phytozome.jgi.doe.gov;
maize, MaizeGDB (Lawrence, 2004) at http://www.maizegdb.org; rice and Sb, PlantGDB
(Duvick et al., 2007) at www.plantgdb.org; and Rc, Castor Bean Genome Project (Chan et
al., 2010) at http://castorbean.jcvi.org. We estimated sequence similarity between protein
sequences from genes in the inventory and candidate IGs found in our study using
BLASTx (e-value ≤ 0.001 and sequence identity ≥ 50%). Putative orthologs between our
IGs and IGs found in At, Al, Sb, maize, and rice were also inferred with OMA (Dessimoz
et al., 2005) using the ‘all-against-all’ function.
Physical clustering of genes. We assessed whether imprinted genes tend to be located in
physical clusters. For this we adapted the method described in Wolff et al. (2011) and
Zhang et al. (2011) by defining non-overlapping bins of 100 kb along the genome and
counting the number of inferred IGs per bin; this analysis was performed jointly on all IGs
inferred among the three crosses. We assumed that the IG distribution was independent
between chromosomes and performed individual tests on each chromosome, simulating
the random sampling of the total number of inferred IGs among the expressed and
polymorphic genes (for which we have parental expression data) in each chromosome. We
then performed a one-sample t-test on each bin to assess whether the observed number of
IGs was higher than the number obtained from a random distribution. The obtained pvalues were corrected with the FDR method (R Development Core Team, 2014).

RESULTS
Identification of imprinted genes and their degree of conservation
By generating RNA-Seq data from developing endosperm in three reciprocal crosses, we
assessed genomic imprinting in the three wild tomato lineages A, C, and P. To maximize
power to assess Parent-Specific Expression (PSE), the parental combinations were chosen

73

Chapter 2

based on high inter-individual molecular polymorphism as well as high seed viability
(Roth et al., 2017). Biological variation was taken into consideration by using three clonal
replicates for each cross, resulting in a total of 18 samples. Requiring the use of laser
micro-dissection, we sampled developing endosperm tissue at 12 DAP, corresponding to
the early globular embryo stage in all three crosses. Mapping against the SL2.50 tomato
reference generated an average of 83.9% mapped reads with mapping quality >20. Using
the ITAG2.4 tomato genome annotation, this allowed us to quantify PSE for 7,730 (A),
9,623 (C), and 13,198 (P) nuclear genes, often based on multiple SNPs per gene
(Table 1). In this set of genes, 6,169 were found commonly expressed and polymorphic in
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all three reciprocal crosses (i.e. taxa). As pioneered by Florez-Rueda et al. (2016), we
inferred maternal proportions from both homozygous and heterozygous parental SNPs
(Table 1; Fig. 1; Table S1). Using empirically derived cross-specific thresholds of
maternal proportion, we identified a total of 812 candidate MEGs and 213 candidate PEGs
among the three reciprocal crosses (Table 1; Fig. 2). Importantly, we did not observe any
reversal in imprinting status between lineages, i.e. no changes from candidate MEG to
candidate PEG or vice versa.
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As imprinting assessment relies on parental polymorphisms that are specific to each
cross, quantifying imprinting conservation across species faces uncertainties that deserve
particular attention. To evaluate the proportion of ‘conserved’ imprinted genes (IGs)
between two or three taxa, one has to consider the common gene universe for which PSE
can be assessed. In our data, this set is represented by the 6,169 genes with parental SNPs
in each of the three reciprocal crosses that are expressed in developing endosperm at 12
DAP. Within this set of genes, we found 485 to be candidate imprinted in at least one
lineage (47.3% of all candidate IGs). Among them, 59 (12.2%) are candidate imprinted in
all three crosses; this conserved status is shown by 42 MEGs (10.4% of all assessable
candidate MEGs) and 17 PEGs (20.7% of all assessable candidate PEGs; Fig. 3). As the
probability of randomly sampling the same genes in the A, C, and P gene universes is very
low, this degree of overlap is highly significant (10,000 iterations, t-test, p < 2.2e-16 for
PEGs and MEGs). In pairwise comparisons among lineages, conservation in imprinting
status ranged between 19.9 and 24.6% for candidate MEGs and between 31.3 and 39.3%
for candidate PEGs. Overall, these data indicate a higher conservation of PEGs compared
to MEGs in these wild tomato lineages. Considering candidate MEGs and PEGs together,
we found the highest imprinting overlap between C and P (26.7%), closely followed by A
and P (25.2%) and A and C (21.9%).
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We also assessed the average maternal proportion of genes that failed to reach our
imprinting thresholds in one or two species, conditional on those genes being candidate
imprinted in one or two of the three crosses. Such non-conserved IGs exhibited average
maternal proportions of 78.7% (SD 8.7%) for candidate MEGs and 41.6% (SD 12.7%) for
candidate PEGs when they failed to reach imprinting thresholds. This indicates that many
of the non-conserved PEGs also showed paternal expression bias and were close to
reaching imprinting thresholds; thus, the ‘true’ conservation among PEGs might be higher
than estimated above.
Finally, using a different rationale, we estimated the potential maximum and
minimum levels of imprinting conservation from our data. For this, we also took all genes
into account whose imprinting conservation could not be assessed empirically due to the
absence of sequence polymorphism in one or two of the three crosses. We considered two
extreme scenarios where (i) all genes lacking parental polymorphism are also imprinted
like in the informative cross(es), and (ii) all such genes are not imprinted (or have a
different imprinting status). This yielded estimates of imprinting conservation across all
three lineages of 5.2–30.0% (min–max) for MEGs and 8.0–45.5% for PEGs (Table S1);
the maximum overlap could result in 244 MEGs and 97 PEGs (Fig. S1).
Conserved imprinting among distantly related species is moderate but highlights
important functions
Based on previous studies, we screened our set of candidate genes for sequence similarity
with IGs found in Arabidopsis thaliana (At), A. lyrata (Al), Capsella rubella (Cr), maize
(Zm), rice (Os), Sorghum bicolor (Sb), and castor bean (Rc). Using BLASTx and stringent
filtering criteria, we identified potential homologs to our candidate IGs (Table S2). 294
MEGs and 81 PEGs exhibited high sequence similarity with genes identified as imprinted
in at least one other study (36.2% of our candidate MEGs and 38.0% of our candidate
PEGs). Among all pairwise comparisons of Solanum IGs and their putative homologs
from distantly related species, we identified ‘reversed’ imprinting status for 91 (candidate
Solanum MEGs) and 62 pairs (candidate Solanum PEGs), respectively (153 of 575
significant pairs, 26.6%; Table S2).
Three of our candidate IGs showed high sequence similarity with IGs identified in
six other species: one PEG, Solyc03g006320 (PEG in P, expressed in ACP; PEG in Al,
Cr, Os, Zm; MEG in At, Sb) and two MEGs, Solyc04g054910 (MEG in ACP; MEG in At,
Al, Sb; PEG in Cr, Os, Zm) and Solyc07g049490 (MEG in CP, expressed
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in ACP; MEG in At, Sb; PEG in Al, Cr, Os, Zm; Table 2). These three genes are ethyleneresponsive transcription factors (ERFs), a diverse gene family involved in primary and
secondary metabolism, stress response, and developmental control (Licausi et al., 2013).
Two genes are annotated as putative MEDEA orthologs in the ITAG2.4 annotation.
Solyc02g093190.2 (annotated as MEDEA fragment) was found maternally imprinted in P.
This gene showed increased maternal proportions in C and A but did not meet the filtering
criteria to be identified as a MEG (insufficient maternal bias or lack of information across
replicates). The second gene associated with MEDEA (Solyc01g079390.2) was clearly
biparentally expressed in at least one direction of the AA, CC, and PP crosses (mean
maternal proportion 71.4%).
Finally, we used the program OMA to find candidate IGs in other model species that
are putative orthologs to Solanum candidate IGs. We found 34 Solanum genes, mainly
transcription factors, with putative one-to-one orthologs in one of the model species
(Table S2). In most cases, the direction of parental bias was shared, except for three genes
in At, Al, and rice. This set of putatively orthologous genes represents strong candidates
for conserved imprinting across distantly related angiosperm species.
Levels of gene expression are impacted by imprinting status
Expression levels were assessed for each library by counting transcripts per gene with
HTseq and transforming these counts to Transcripts Per Million (TPM). While 24.8% of
all expressed genes were expressed in only one or two lineages, genes with variable
imprinting status were found to always be expressed across all three taxa. This indicates
that in our study, imprinting status of a given gene is not likely to be lost due to missing
data (e.g., very low expression) but rather by expression modulation. To study potential
covariation of imprinting status and expression level, we considered expression levels
only for genes for which PSE could also be assessed (overall, n = 30,537 observations;
Table S3). Variance analysis (ANOVA) revealed that expression levels were influenced
by species (p < 2.2e-16), imprinting status (p = 1.17e-06), and by their interaction (p =
9.1e-04). However, comparisons of means did not discriminate between interaction levels
(species × imprinting status; Tukey’s test, all p > 0.05; Fig. 4).
Next, we examined whether expression level changes with imprinting status for a
given gene. We restricted this analysis to the 426 genes exhibiting variable imprinting
status across the three lineages (referred to hereafter as NI/MEGs [n = 361] and NI/PEGs
[n = 65]). In the context of the triploid endosperm, an additive model of gene expression
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Figure 4. Violin plots representing the distribution of expression levels in the endosperm
across all ‘imprinting by species’ categories (log(TPM) values, 14,021 genes in total).
Expression values were averaged across replicates. TPM, Transcripts Per Million. Grey,
non-imprinted genes (NI); red, maternally expressed genes (MEGs); blue, paternally
expressed genes (PEGs); AA, CC, PP: intraspecific crosses within S. arcanum var.
marañón, S. chilense, and S. peruvianum, respectively. NI-AA, 7,304 genes; NI-CC,
9,208 genes; NI-PP, 12,695 genes; MEGs-AA, 356 genes; MEGs-CC, 316 genes; MEGsPP, 365 genes; PEGs-AA, 66 genes; PEGs-CC, 94 genes; PEGs-PP, 133 genes.

predicts that silencing the paternal or maternal gene copies reduces gene expression by 1/3
and 2/3, respectively, compared to biparentally expressed genes. In both cases, the
expectation under this scenario is lower gene expression when imprinted than when not
imprinted. This qualitative expectation was borne out for the majority of NI/PEGs but not
for NI/MEGs (t-test, p = 5.2e-04). Genes with variable NI/MEGs status tended to have
higher expression levels when imprinted (t-test, p = 1.0e-04; Fig. 5; Table S3). This
suggests that distinct mechanisms may regulate the expression of PEGs and MEGs and
that specific mechanisms upregulate MEGs. Finally, IGs conserved across all three
lineages showed higher expression levels than IGs with variable imprinting status (t-test,
PEGs, p = 4.3e-05, MEGs, p = 1.8e-07).
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Imprinted genes are involved in metabolism, transcription regulation, and cell cycle
Biological functions of endosperm-imprinted genes have been characterized in relatively
few species and appear to be quite diverse. It is thus still unclear whether some functions
are key to imprinted genes and whether these functions are conserved across species. In
our study, IGs were found to be mainly involved in biosynthetic and catabolic processes,
transcription regulation, signalling, and development (Fig. 6). There is evidence that IGs
are strongly involved in gene expression regulation, as the set of candidate genes contains
38 transcription factors (29 MEGs and 9 PEGs; Table S1), the main gene families being
BZIP, MYB, GATA, MYB, and MADS-box. We also found 17 imprinted
methyltransferases (11 MEGs and 6 PEGs; Table S1), which are key mediators of gene
silencing. Three helicases have also been identified; one is a SNF2-related helicase (PEG),
a family deemed crucial for rice endosperm development (Hara et al., 2015). One MEG
and four PEGs are mRNA splicing factors that may be essential for the correct production
of isoforms specific to the endosperm (Lu et al., 2013). Because MEGs and PEGs might
comprise different functions and appeared to differ in abundance, we analyzed their
associated GO terms separately (Table S4). MEGs and PEGs were significantly enriched
for many biological processes, molecular functions, and cellular components. MEGs were
mainly enriched for metabolic processes (GO:0008152), such as carbohydrate transport
and metabolism (GO:0004556, 0000271), cell wall (GO:0042546, 0048046), and in
signalling via hormone regulation (GO:0010817) such as auxin (GO:0009734) and stress
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response (GO:0034599). PEGs were enriched for several chromatin-binding functions
such as histones (GO:0044154, 0043972, 0043971) and euchromatin binding
(GO:1990188). They were also in involved in amino acid and nucleotide transport
(GO:0015802, 0043090, 0006862) and signalling (GO:0001789, 0007186). Lastly, they
were also enriched for ubiquitination (GO:0036459) and post-transcriptional silencing by
RNA activities (GO:0035194). Jointly, these results may indicate that PEGs contribute
specifically to cell cycle control and gene regulation. Interestingly, 53 MEGs and 5 PEGs
are nuclear-encoded chloroplastic genes, while 19 MEGs and 2 PEGs are related to
mitochondrial function (ITAG2.4 and Panther database; Table S1).
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To assess how imprinted genes may interact, we utilized the available information
from several databases using the software STRING (see Materials & Methods). The
majority of interaction networks involved both MEGs and PEGs (Fig. 7; Table S5). We
found 179 significant pairwise interactions between IGs; 33 of them between MEGs and
PEGs, 140 between MEGs, and six between PEGs. In particular, the MEG
Solyc05g018300.2, a phosphatase 2C, interacts with 22 other imprinted genes (10 PEGs
and 12 MEGs); it is a hub between DNA-binding elements, ribosomal proteins, and
amylases (Table S5). We further explored whether additional genes might potentially
interact with our candidate IGs and thus highlight key networks or pathways. Among the
10 inferred interactors, three are interconnected hsp40 chaperone proteins
(Solyc04g081570.2, Solyc04g081630.1, Solyc04g081640.1), interacting mainly with
DNA-binding elements, other chaperones, and serine/threonine kinases (Table S5).

84

Genomic imprinting in wild tomato endosperm

The Solyc12g044540.1 protein is at the center of a large cluster of IGs, mainly
serine/threonine kinases represented by 26 MEGs and 6 PEGs. It has no functional
annotation but is predicted to be a phosphatase 2C in S. lycopersicum (xblast, e = 2.0e-24).
Due to sequence monomorphism in all three crosses, we were unable to assess the
imprinting status of this gene.
Imprinted genes tend to be physically clustered
Candidate IGs were located on all chromosomes; however, MEGs were particularly
abundant on chromosome 1 (n = 127) and PEGs on chromosome 3 (n = 28; Table S6). We
tested for clustering in non-overlapping 100-kb bins using the full set of 1,025 candidate
IGs across all three lineages. We thus found 164 significant clusters or physically close
pairs of IGs, representing 373 genes (one-sample t-test, p < 0.05 with FDR correction
0.05). They either contained only MEGs (n = 104, 2–10 genes), only PEGs (n = 15, 2–4
genes), or both classes of IGs (n = 45, 2–5 genes). The densest cluster was located on
chromosome 1 where 10 out of 13 genes (expressed and polymorphic) are candidate
MEGs (SL2.50ch01_bin19; Table S6). Among them, nine genes have a chloroplastic
function and are involved in translation (five are ribosomal proteins).
The next-largest cluster of MEGs contained four genes exclusively imprinted in
lineage A (SL2.50ch05_bin17). The largest cluster of PEGs contained regulatory elements
with a RING-domain and an F-box, putative elements from the Skp1–Cullin–F-box (SCF)
complex (SL2.50ch08_bin16). MEGs and PEGs also clustered jointly within each of 45
clusters of 2–5 genes. In cluster SL2.50ch10_bin610, the two PEGs and two MEGs are
involved in transcription regulation. Interestingly, we observed 10 bins each with two IGs
with identical annotation. In all cases, these tandemly arranged genes were imprinted for
the same parent. These observations suggest that IG clustering is extensive in wild
tomatoes and could potentially result from gene duplication of IGs together with shared
cis-regulatory elements. Given that we could only analyze polymorphic genes, we may
expect this physical clustering of IGs to be even more pronounced than could be assessed
with the data at hand.
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DISCUSSION
To characterize and compare patterns of genomic imprinting in three closely-related wild
tomato lineages, we conducted a large RNA-Seq experiment on laser-microdissected
endosperms at the early-globular stage. Our experimental design allowed to take
biological variability of PSE into account; this is of importance in RNA-Seq studies,
especially when measuring expression levels of lowly expressed genes from partially
degraded tissues (Sims et al., 2014; Anjam et al., 2016). For each of the three species
crosses, we identified several hundreds of genes with stable imprinting signatures across
replicates.
PEGs and MEGs exhibit different degrees of conservation
In common with previous studies on plants, we quantified the observed proportion of
conserved imprinting status among lineages A, C, and P and found PEGs to be more
conserved than MEGs (ranges for pairwise comparisons: PEGs 31.3–39.3%, MEGs 19.9–
24.6%). We also estimated the considerable biological uncertainties associated with
measures of imprinting conservation; these uncertainties partly stem from many
endosperm-expressed genes with no parental sequence polymorphisms in our crosses.
This revealed that imprinting overlap among all three lineages could vary between 5.2 and
30.0% (min–max) for MEGs and between 8.0 and 45.5% for PEGs. To our knowledge,
such uncertainties have not been estimated in other studies. Moreover, the group of nonconserved PEGs showed marked expression bias toward paternal expression (while not
reaching imprinting thresholds), implying that the actual degree of imprinting
conservation for PEGs is likely to be somewhat higher than estimated here. The apparent
stronger conservation of PEGs in wild tomatoes agrees with comparative imprinting
analyses in the Brassicaceae (Arabidopsis thaliana–Capsella rubella: 28.6% for PEGs and
14.3% for MEGs; Hatorangan et al., 2016; A. thaliana–A. lyrata: 50% for PEGs and 35%
for MEGs; Klosinska et al., 2016).
These replicated patterns suggest differences in selective pressures impacting the
conservation of PEG- versus MEG-status over evolutionary time. Although a trend for
faster evolution of MEGs compared to PEGs has been observed in A. thaliana (Wolff et
al., 2011), no significant differences in sequence evolution between PEGs and MEGs
could be shown using dN/dS ratio comparisons in A. thaliana and maize (Wolff et al.,
2011; Waters et al., 2013), or by comparisons of rates of adaptive relative to neutral
substitutions in C. rubella (ωa, Hatorangan et al., 2016). Thus, further investigations are
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needed to explore patterns of sequence evolution in MEGs and PEGs, for example by
repeating such analyses with more individuals and more imprinted genes, preferentially in
outcrossing species where IGs are expected to evolve under parental conflict (Haig, 2013).
Imprinting is moderately conserved across closely and distantly related taxa
As the knock-out of single imprinted genes has been shown to be sufficient to induce seed
abortion, these appear to be essential for correct seed development and thus potentially
conserved across angiosperms (e.g. MEDEA, Köhler et al., 2003; ADMETOS, Kradolfer
et al., 2013b). The 59 candidate IGs identified as being conserved across all three wild
tomato lineages represent a non-random overlap and provide insights into key functions
borne by PEGs and MEGs. Moreover, a large proportion of our candidate IGs (36.6%)
revealed similar (potentially orthologous) IGs identified in distantly related plant species,
potentially highlighting major functions of a subset of plant IGs. Similarly, Zhang et al.
(2016) recently reported a potential 30% overlap between their candidate IGs in Sorghum
bicolor and imprinted potential homologs in maize, rice, and A. thaliana.
Any differences in suites of IGs among taxa likely reflect underlying genetic,
epigenetic, and regulatory divergence arising during and after speciation (Josefsson et al.,
2006; Seehausen et al., 2014; Birchler, 2014). In our study system, the closely related taxa
C and P (≤ 0.55 Mya; Städler et al., 2008) showed only slightly higher levels of
imprinting conservation (26.7% of all candidate IGs) than the more distantly related pairs
A–P (25.2%) and A–C (21.9%) that both should be equally diverged (approximately 2
Mya; Pease et al., 2016). Our estimates of IG conservation are overall higher than those
obtained for comparisons between the much more diverged A. thaliana and C. rubella
(10–14 Mya; Mitchell-Olds, 2001; Koch & Kiefer, 2005) sharing 20% of their IGs
(Hatorangan et al., 2016). However, they are markedly lower than those estimated
between A. thaliana and A. lyrata (45.3%; Klosinska et al., 2016), which are also more
diverged than wild tomatoes (13 Mya; Beilstein et al., 2010). Thus, the proportion of
overlapping IGs does not linearly reflect estimates of divergence time between pairs of
lineages. However, the fact that we saw no reversal between MEG and PEG status might
better reflect the fairly recent divergence time of wild tomato lineages. In contrast,
imprinting reversal was frequently observed between more diverged taxa, including the
congeneric A. thaliana and A. lyrata, as for example in the three ‘conserved’ imprinted
ERF genes (Table 2).
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The majority of tomato candidate IGs were specific to one or two wild tomato
lineages, suggesting their relatively fast turnover over evolutionary timescales. This is
consistent with recent data documenting imprinting polymorphism among genotypes in
maize (Waters et al., 2013) and A. thaliana (Pignatta et al., 2014; overlap of 18.6% for
MEGs and of 22.3% for PEGs among 3 crosses). Imprinting polymorphism might reflect
the inherent evolvability of these genes, perhaps favored by their monoallelic expression
and local genomic TE neighborhood (McGowan & Martin, 1997; Beaudet & Jiang, 2002;
Werren, 2011). Polymorphism of imprinting status has recently been proposed as a
mechanism generating phenotypic polymorphism and promoting efficient diversifying
selection on seed traits (Bai & Settles, 2015). This might be especially the case for the
lesser-conserved MEGs; their higher rate of evolutionary turnover might reflect processes
of coadaptation that could contribute to local adaptation of the growing seed (Wolf &
Hager, 2006; Holman & Kokko, 2014).
PEGs and MEGs appear to be regulated by distinct mechanisms
Imprinting has been proposed as a general mechanism to attain specific expression levels
of functionally important genes (Haig, 2000; Patten et al., 2014; Wolf et al., 2014). It was
recently shown that imprinted genes maintained higher expression than non-imprinted
genes in A. lyrata (Klosinska et al., 2016). Comparing expression levels between nonimprinted and candidate IGs in wild tomatoes, our results showed no clear signal for upor downregulation of candidate IGs at genome-wide scales (Fig. 4). This may simply
reflect the broad range of expression optima among the suite of endosperm-expressed
genes. Nevertheless, conserved IGs showed increased gene expression compared to genes
with variable imprinting status, which might be interpreted in different ways. On the one
hand, genes with higher expression levels may be more likely to be detected as parentally
biased in all lineages. On the other hand, conserved IGs may be more likely to be essential
for seed development, thus requiring relatively high expression levels.
To further quantify the covariation of imprinting and gene expression levels, we
selected genes with varying imprinting status (i.e. non-conserved across the three
lineages) and compared expression levels between non-imprinted and imprinted states.
We found that genes with variable imprinting status tend to be slightly upregulated when
maternally imprinted and downregulated when paternally imprinted, compared to their
expression as NIs (Fig. 5). This suggests that distinct mechanisms regulate the expression
of PEGs versus MEGs. Imprinting is set either by allele-specific derepression of
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methylated genes, involving DNA glycosylases (Choi et al., 2002; Gehring et al., 2004;
Kinoshita et al., 2004; Bauer & Fischer, 2011), and/or by allele-specific silencing via
histone modifications through the activity of the PRC2 protein complex (Hsieh et al.,
2011; Ikeda, 2012; Raissig et al., 2013). In light of our results, the expression of MEGs
might be mostly caused by derepression or upregulation of the maternal allele, leading to
increased gene expression (whether or not the paternal allele is completely silenced). For
PEGs, the maternal allele might be sufficiently downregulated or silenced to reduce total
expression levels of such genes. This would correspond to a model where MEGs are more
likely regulated by allele-specific activation and PEGs by allele-specific silencing. The
well-characterized imprinted A. thaliana genes MEDEA (MEG) and PHERES1 (PEG)
corroborate this inference; the maternally derived MEDEA allele is activated in the central
cell by DEMETER, with MEDEA remaining silent in dme mutants (Gehring et al., 2006),
while the maternally derived PHERES1 allele is repressed by MEDEA, with PHERES1
being overexpressed in mea mutants (Köhler et al., 2003, 2005). Along the same lines, it
was recently found that MEGs are more likely to be endosperm-specific (i.e. repressed in
other tissues), implying that their maternal alleles are specifically activated in the
endosperm, while PEGs tend to have decreased expression in the endosperm compared to
other tissues, implying that their maternal alleles are likely repressed in the endosperm
(Klosinska et al., 2016).
In our overall data, roughly 25% of all genes were not expressed in all three lineages
(i.e. they were ‘repressed’ in one or two lineages). In contrast, non-conserved candidate
IGs were never found completely repressed in any of the lineages. This might imply that
their biological functions are essential for seed development, irrespective of their
imprinting status. It certainly seems plausible that important functions of IGs are
conserved across species, rather than their individual identities (Gehring & Satyaki, 2017).
For example, our data suggest that imprinting of Ethylene Responsive Factors (ERFs) is
conserved in wild tomatoes and six more distantly related plant species (Al, At, Cr, Zm,
Os, Sb; Table 2). However, the putative homologs show both MEG and PEG status
among taxa, implying evolutionary shifts among parental biases (Table 2). Parentally
biased expression might achieve optimized stoichiometry of duplicated ERFs that are
crucial for the endosperm developmental program (Licausi et al., 2013).
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PEGs and MEGs may be physically and functionally linked
In mammals, imprinted genes occur essentially in clusters (Brannan & Bartolomei, 1999).
Some imprinted regions have been well characterized in mouse and human embryos,
where the expression of neighboring IGs is regulated by so-called imprinting control
regions (Verona et al., 2003; Edwards & Ferguson-Smith, 2007). In mammals, imprinted
genes not only co-localize and share common cis-regulatory elements but also regulate
each other in imprinted gene networks (Varrault et al., 2006; Gabory et al., 2009). This
physical clustering could emerge from the proliferation of imprinted genes via gene
duplication and/or from shared regulatory elements (Walter & Paulsen, 2003; Holman &
Kokko, 2014). Physical clusters comprising a few IGs have been identified in A. thaliana
and maize, but do not tend to be a common feature of plant genomes (Feil & Berger,
2007; Hsieh et al., 2011; Wolff et al., 2011; Zhang et al., 2011); however, this appears to
not have been rigorously evaluated in the published literature.
Substantial conservation of imprinting status among the three wild tomato lineages
may indicate developmentally important, specific functions for such genes, which may
have favored their physical clustering. Under this hypothesis, we might expect clustering
to be shared between species. We found many examples of physical linkage between
candidate IGs (164 clusters containing 36.4% of total candidate IGs; Table S6), often
involving both PEGs and MEGs (45 clusters; Table S6). As the identification of IGs relies
on parental sequence polymorphisms, it seems likely that even more extensive genomic
clustering is hidden by this technical constraint in detecting neighboring IGs. Among our
three within-lineage crosses, 45 to 70% of all endosperm-expressed genes could not be
assessed for PSE, leaving considerable scope for discovering more IGs. We also
identified 10 bins containing putative duplicated genes which seems to agree with
clustered A. thaliana IGs often being paralogs (5/8 clusters containing paralogous IGs;
Wolff et al., 2011); such observations indicate that gene duplication might be a driver of
IG clustering and/or that duplicated genes tend to have the same imprinting status. In any
case, it is challenging to establish whether the spread of imprinting between neighboring
genes is directly selected for; physical clustering might be driven by the acquisition of
common epigenetic cis-regulators of neighboring genes (Wolff et al., 2011; Yoshida &
Kawabe, 2013; Gehring & Satyaki, 2017). Thus, the fixation of imprinting within clusters
could in some cases be regarded as a product of epigenetic drift rather than the outcome of
natural selection (Zhang et al., 2009; Wolff et al., 2011).
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We were also interested in interactions between PEGs and MEGs at the functional
level. Functional cooperation between PEGs and MEGs is expected under the premises of
the kin-conflict theory (Haig, 2000). In our study, we found candidate PEGs and MEGs to
be enriched for distinct functions, suggesting they are not functionally equivalent. This
non-equivalence, however, does not preclude interactions among their gene products. By
identifying numerous predicted protein–protein interactions between PEGs and MEGs, we
provided evidence that Solanum candidate IGs interact in functional networks,
highlighting common biological functions of IGs such as expression regulation and cellcycle control (Fig. 7). Although candidate PEGs were greatly outnumbered by candidate
MEGs, both MEGs and PEGs were represented in the majority of protein classes
identified (Table S1). For example, among the above-mentioned four imprinted ERFs,
two were PEGs and two were MEGs. Moreover, the activity, localization, and abundance
of ERFs is regulated by specific proteins such as phosphorylases, acyl-coA, and
ubiquitins, some of which were identified as candidate MEGs and PEGs in our data,
suggesting functional interactions between IGs (Licausi et al., 2013).
More generally speaking, functional and/or physical units constituted by IGs might
reflect many instances of ‘innocent bystanders’ associating with ‘first order IGs’ that
happened to be selected for (Varmuza & Mann, 1994; Patten et al., 2016). This view is
supported by the theory of coadaptation, positing that imprinting evolved to coordinate the
expression of regulatory and/or physically linked genes (Wolf, 2013). Natural selection
may shape the evolution of genes with functionally important imprinted expression. In
turn, where genes have gained an imprinted status as regulatory or physical by-products of
other IGs, natural selection might be relaxed (Spillane et al., 2007; Holman & Kokko,
2014).
PEGs and MEGs as potential agents of cell-cycle transitions
Ubiquitination is a process responsible for targeted protein degradation that is essential for
cell-cycle control and involves highly conserved protein complexes (Tyers & Jorgensen,
2000; Nigg, 2001; Reed, 2003; Pines, 2006). We found 16 candidate IGs (9 MEGs and 7
PEGs) contributing to ubiquitination (Table S1), and PEGs were significantly enriched for
one ubiquitin-related GO term (Table S3). In particular, four genes from a major family of
E3 ubiquitin ligases, which are part of the Skp1–Cullin–F–box (SCF) complex, were
found among our candidate IGs (Table S1). Via ubiquitination, the SCF complex controls
cyclin concentration which serves as a switch between cell-cycle steps; it has a central role
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in plant development and appears to be highly conserved across species (Gray et al., 1999;
Kim et al., 2008; Jeong et al., 2011; Boycheva et al., 2015).
The timing of cell division and differentiation in different endosperm regions is
crucial for seed development and embryo survival (Sabelli & Larkins, 2009; Dante et al.,
2014). Parental imprints may dictate the correct pace of cell division after genome and
epigenome duplication. These ideas are consistent with the perturbed cell proliferation
observed in endosperm of interploidy crosses in maize and A. thaliana (Lin, 1982; Scott et
al., 1998; Kradolfer et al., 2013a). Leblanc et al. (2002) proposed that specific imprinted
genes regulate mitosis in the developing maize endosperm. They hypothesized that a set of
MEGs holds mitosis in check while a set of PEGs controls DNA synthesis. It seems
plausible that such parental control occurs, at least partly, in the cellular Solanum
endosperm. For example, we identified one cyclin-dependent kinase (CdK) as a candidate
MEG and three sister chromatid cohesion proteins, all as candidate PEGs (Table S1).
Interestingly, the degradation of sister chromatid cohesion proteins, necessary for the
transition from metaphase to anaphase, is carried out by CdK (Murray, 1995; Pines,
2006).
In addition to the potentially critical role of Solanum candidate IGs for cellular
switches, they appeared to be specifically involved in cell and nuclear organization. As
chromosomes in Arabidopsis mainly form biparental homologous pairs in endosperm
nuclei (Baroux et al., 2017), imprinted gene products such as sister chromatid cohesion
proteins might contribute to the correct pairing of chromosomes (Pardo-Manuel de Villena
et al., 2000). We also found candidate IGs related to the cytoskeleton (11 MEGs and 6
PEGs; Table S1), among them actin and microtubule- binding proteins which may
contribute to correct cell organization and mitosis. Moreover, Arabidopsis endosperm
chromatin has atypical features compared to other cell types, such as low interphase
condensation and enlarged nuclei (Baroux et al., 2007). It was shown that specific
heterochromatin domains are established under maternal control and may affect the entire
chromatin structure throughout endosperm development, contributing to the characteristic
hypomethylation of the endosperm genome (Baroux et al., 2007; Gehring et al., 2009).
We found five candidate IGs potentially involved in chromosome condensation, but no
evidence for a major maternal role (three PEGs and two MEGs; Table S1). These features
suggest that an important function of IGs might be to ensure correct segregation of
parental chromosomes during mitosis (Pardo-Manuel de Villena et al., 2000); parental
control might be favored in the endosperm because of its atypical, triploid genome.
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Figure S1. Venn diagrams displaying the maximum overlap of imprinted genes that
could be assessed in three tomato lineages if parental polymorphisms were shared.
MEGs, maternally expressed genes; PEGs, paternally expressed genes.
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ABSTRACT
Endosperm failure is a suspected driver of seed abortion common in both interploidy and
homoploid hybrid crosses. Differences in parental dosage and genomic imprinting (i.e. the
parent-of-origin–dependent expression) have been proposed as potential factors for
endosperm failure, supported by empirical studies in Arabidopsis and maize. We exploited
variable severities of hybrid seed failure among wild tomatoes (Solanum section
Lycopersicon) to explore associations between global expression levels, parent-specific
gene expression, and imprinting. Based on transcriptome sequencing of developing
endosperm from crosses within and among three diploid wild tomato lineages, we
uncovered strong associations between gene expression perturbation and the degree of
hybrid seed failure. Importantly, a general increase in maternal expression proportions
characterized endosperms from strongly abortive crosses involving S. peruvianum and
either S. chilense (C) or S. arcanum var marañón (A) as the other parent. Altered parental
expression proportions in hybrid endosperms of these two lineage pairs led to widespread
loss of imprinting status, particularly for Paternally Expressed Genes (PEGs). At genomewide scales, the reciprocal crosses of these abortive pairs were separated by the largest
total expression differences in the entire data set, corresponding to substantial phenotypic
asymmetries in terms of endosperm development and mature seed size. In contrast,
expression differences between the modestly abortive endosperms of reciprocal (C × A)
crosses and viable endosperms were subtle, with the majority of PEGs retaining their
imprinted state. We accrued evidence that impaired auxin control may mediate the
curtailed or prolonged endosperm proliferation phase that drives hybrid asymmetries in
endosperm and mature seed size. Our data suggest that differences in parental dosage may
underlie the perturbation of dosage-sensitive pathways. In particular, misregulation of
AGAMOUS-LIKE transcription factors may have an epigenetic basis and directly cause
auxin imbalance. Consistent with predictions of the kin conflict theory, we hypothesize
that tomato lineages evolved different ‘genetic strengths’ as an evolutionary response to
dissimilar levels of parental conflict after their divergence.
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INTRODUCTION
Speciation is a continuous process that encompasses the divergence of two or more
lineages and their accrual of reproductive barriers. Within this continuum, hybridization
will either fail, marking genetically isolated entities, or succeed, generating genetic and
phenotypic novelty among the hybrid progeny. Successful hybridization between two
lineages causes the rewiring of gene expression in their hybrids, with consequences for
molecular and developmental phenotypes (Ranz et al., 2004; Landry et al., 2007).
Regulatory networks consisting of coadapted genes are remodelled, providing adaptive
potential, but may also be disrupted, causing hybrid weakness or inviability (Landry et al.,
2005; Moehring et al., 2007; Dion-Côté et al., 2014). Transgressivity, the deviation from
the parental phenotypes, is most likely pleiotropic, affecting different tissues and
developmental stages (Rieseberg et al., 1999; Parsons et al., 2011; Dittrich-Reed &
Fitzpatrick, 2013). As expression divergence is expected to correlate with genetic
divergence, we expect hybrids to exhibit more transgressive phenotypes with larger
divergence time between their parental species (Ortíz-Barrientos et al., 2007; Stelkens &
Seehausen, 2009).
The phenotypic effects of hybridization have been investigated widely in flowering
plants, partly driven by multiple agronomic interests (e.g. plant heterosis, trait
introgression). The first product of hybridization, the seed, represents humankind’s main
agricultural resource. Efforts have been made to understand seed growth and survival,
meeting both evolutionary and agronomic interests, yet with fundamentally different goals
(Sabelli & Larkins, 2015). In angiosperms, seed size is driven by a specific tissue, the
biparental endosperm (Garcia et al., 2003; Sabelli & Larkins, 2009). The widespread
postzygotic seed failure in angiosperms does not necessarily result from embryo defects,
because embryos may be successfully excised (‘rescued’) and subsequently grown to
become fertile plants (Sharma et al., 1996). This has been widely interpreted as evidence
for hybrid endosperms’ compromised ability to correctly nourish the embryo (Lester &
Kang, 1998; Sekine et al., 2013; Rebernig et al., 2015). At face value this is puzzling
because as products of double fertilization, embryo and endosperm are closely related; yet
these fertilization products are strongly differentiated, stemming from their different
genome composition (embryo diploid, 1m:1p; endosperm triploid, 2m:1p) and
methylation profiles (Gehring et al., 2009). This original ‘brotherhood’ evolved over a
long period of coevolutionary history which might have contributed to the success of
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angiosperms (Baroux et al., 2002, Friedman et al., 2008).
A particularity of hybrid seed failure (HSF) are the asymmetric phenotypes of
reciprocal developing and/or mature hybrid seeds (Valentine & Woodell, 1963; Ahmad &
Slinkard, 2004; Ishikawa et al., 2011; Sanetomo et al., 2011; Rebernig et al., 2015;
Kuligowska et al., 2016; Lafon-Placette et al., 2017). This asymmetry indicates that
incompatibilities expressed in hybrid endosperm encompass parental effects. By its very
constitution, the triploid endosperm genome is predisposed for enhancing parental
expression differences between reciprocal hybrids (see Fig. 1). To date, however,
genome-wide studies on endosperm gene expression have mainly focused on
characterizing genomic imprinting (i.e. the parent-of-origin–dependent expression of
genes) and hardly addressed modes of inheritance in gene expression, which can be
atypical in a triploid tissue (Haig, 2013). Such focus is legitimate because genomic
imprinting has seemingly essential functions for endosperm development. Candidate
imprinted genes (IGs) have been identified in several angiosperm species (reviewed in
Chapter 2); for some of them functional validation was performed and showed that null
mutations or mis-imprinting in the endosperm were lethal for the seed (e.g. MEDEA,
Köhler et al., 2003; ADMETOS, Kradolfer et al., 2013b). The molecular mechanisms
regulating parental dosage and imprinting in the endosperm have recently been reviewed
(Köhler et al., 2012; Gehring & Satyaki, 2017). These comprise chromatin modifications,
the RNA-directed DNA Methylation pathway (RdDM), and the Polycomb repressive
Complex (PrC). These mechanisms are known to interact and involve plant hormones
such as auxin as mediators (Hsieh et al., 2011; Luo et al., 2011; Bratzel et al., 2012; Xin
et al., 2013).
While insights into conserved mechanisms of imprinting have become increasingly
detailed, the degree of conservation of imprinted genes across species is not wellestablished. Some common functions of imprinted genes have been identified, such as cell
cycle control, sugar metabolism, hormonal control and transcription regulation, yet
imprinted genes seem to undergo fairly high turnover over evolutionary time (Raissig et
al., 2011; Bai & Settles, 2015; Gehring & Satyaki, 2017; Chapter 2). Interestingly, this
turnover may create potential substrates for genetic incompatibilities. First, imprinting
failure is expected in hybrids if IGs repertoire or expression levels differ between
hybridizing lineages.
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The evolutionary turnover of imprinted genes has recently been quantified (reviewed in
Chapter 2) but the hypothesis that imprinting mismatch may be causal for seed abortion
in natural hybrids has not directly been tested. Another cause for imprinting failure could
be the divergence of parental dosage mechanisms between hybridizing lineages.
Endosperm sensitivity to parental dosage differences has been validated with interploidy
crosses, and termed the ‘triploid block’ (Köhler et al., 2010; Stoute et al., 2012); this
dosage sensitivity is also suspected to play a role in the abortion of homoploid hybrid
seeds (Josefsson et al., 2006; Rebernig et al., 2015; Oneal et al., 2016; Lafon-Placette et
al., 2017). The endosperm develops correctly when genes are globally expressed in a
2m:1p ‘effective’ ratio, and this ratio can be different from the 2m:1p genomic ratio,
conceptualized by the Endosperm Balance Number (EBN, Johnston et al., 1980) and the
more recent term ‘genetic strength’ (Lafon-Placette & Köhler, 2016). While symptoms of
dosage imbalance have been characterized in homoploid hybrids, divergence in dosage
between parental species has not previously been quantified.
Placenta and endosperm are thought to have undergone convergent evolution for two
likely reasons: first, because their common function is to ensure maternal provisioning of
the embryo, and second because both represent the focal tissues where genomic
imprinting occurs (Feil & Berger, 2007; Gutierrez-Marcos et al., 2012; Pires &
Grossniklaus, 2014). These might be hints that the evolution of imprinting in the
endosperm was driven by its nutritive role. Despite ongoing debate, imprinting in
flowering plants is almost exclusively found in the endosperm (Köhler et al., 2012;
Dickinson & Scholten, 2013; Gehring & Satyaki, 2017), coinciding with its functional
relevance. Not surprisingly, the origin and evolution of imprinting in the endosperm has
precipitated a number of theories. Parental conflict is at the heart of the most popular
theory trying to explain the emergence and selection for imprinting in the endosperm
(Haig & Westoby, 1989, 1991). It posits that conflicts over resource allocation arise when
seeds of a given maternal plant have multiple fathers. The interest of each parent being to
maximize the fitness of its own progenies, the theory predicts that imprinted genes will
contribute to parent-specific interests (Haig, 2013). Accordingly, maternally expressed
genes (MEGs) would tend to restrict seed growth, while paternally expressed genes
(PEGs) would promote growth regardless of resource availability (Haig, 2013). Nonconflict theories must also be considered to study the evolution of genomic imprinting
(Spencer & Clark, 2014). Specifically, several coadaptation theories (Wolf & Hager,
2006; Wolf, 2009; Patten et al., 2016) and the hypothesis of imprinting being driven by
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genome defence against selfish elements (Barlow, 1993; Matzke et al., 1996; Berger et al.,
2012) can be applied to genomic imprinting in the endosperm.
Hybridization between species that have evolved under different levels of parental
conflict may result in growth anomalies caused by the perturbed expression of imprinted
genes, and in doing so reveal their function. In particular, reciprocal crosses are expected
to have asymmetric phenotypes of maternal and paternal excess (Haig & Westoby, 1991).
Such dissimilar phenotypes have been revealed in interploidy crosses, yet without
addressing the variability in parental conflict strength between lineages. Arguably, studies
on homoploid interspecific hybrids are more suitable to investigate whether parental
conflict strength has evolved in conjunction with differences in mating system, long-term
demographic history, or other evolutionary forces. Relevant studies have recently been
reported in two Brassicaceae genera, Arabidopsis and Capsella, where it was shown that
the parent with the highest outcrossing rate (A. lyrata, A. arenosa, and C. grandiflora,
respectively) drove the phenotype of maternal- or paternal-excess (Josefsson et al., 2006;
Rebernig et al., 2015; Lafon-Placette et al., 2017). Increasing the ploidy of the more
inbreeding parent partly restored seed viability (Josefsson et al., 2006; Lafon-Placette et
al., 2017). Beyond these phenotypic evidences, however, the link between conflict
divergence, genomic imprinting, and HSF remains underexplored.
A recent study by Florez-Rueda et al. (2016) in wild tomatoes showed perturbed
parental expression in hybrids concomitant with increased maternal expression
proportions and mis-imprinting. This pioneer work demonstrated that wild tomatoes
provide a well-suited plant system to study developmental and evolutionary questions on
genomic imprinting. The frequent occurrence of HSF via endosperm disruption indicates
that this type of reproductive barrier has evolved repeatedly in flowering plants, but
whether or not mis-imprinting or misexpression of key genes are largely responsible
remain questions to be addressed empirically (Brandvain & Haig, 2005; Lafon-Placette &
Köhler, 2016).
As presented in Chapter 1 (Roth et al., 2017), HSF in wild tomato (Solanum section
Lycopersicon) crosses between S. arcanum var marañón (A), S. chilense, and S.
peruvianum (P) appears to be driven by endosperm disruption and results in partial or
complete seed inviability (termed ‘soft’ and ‘strong’ HSF, respectively). Here we test the
hypotheses that gene expression levels and genomic imprinting are perturbed in hybrid
endosperms, and whether the degree of perturbation reflects the phenotypic differences
between soft- and strong-HSF crosses More formally, this chapter aims at characterizing
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endosperm transcriptomes in crosses within and among A, C, and P to (i) identify genes
with perturbed expression in hybrids, (ii) evaluate the influence of hybridization on
parent-specific expression and imprinting, (iii) assess the correlation between global
expression, parent-specific expression, imprinting, and endosperm/seed phenotypes, (iv)
interpret molecular correlates of HSF in light of the evolutionary history of wild tomatoes,
and (v) identify groups of candidate genes involved in the molecular underpinnings of
HSF.
Our work thus contributes to a better understanding of the potential link between the
evolution of mating systems (as a proxy for levels of parental conflict) and reproductive
isolation.

MATERIAL AND METHODS
Plant material and crosses
Plant origin, maintenance, and the crossing design were previously described (see
Material and Methods, Chapter 2, Fig. 5 in General Introduction). Briefly, the crossing
design involved two plants of S. arcanum var marañón (LA1626B, LA2185A), two plants
of S. chilense (LA2748B and LA4329B), and two plants of S. peruvianum (LA2744B and
LA2964A); these were used for three reciprocal intraspecific crosses and three reciprocal
hybrid crosses (involving only LA2185A, LA2744B ,and LA4329B; Fig. 5 in General
Introduction). For this chapter, reciprocal crosses were named with the two initial letters
of parental lineages within brackets (all reciprocal crosses are: [AC], [AP], [CP], [AA],
[CC], [PP]), and individual crosses designated by the initial letters of parental lineages
without brackets, indicating the cross direction ‘mother × father’: AA1, LA2185A ×
LA1626B; AA2, LA1626B × LA2185A; CC1, LA4329B × LA2748B; CC2, LA2748B ×
LA4329B; PP1, LA2744B × LA2964A; PP2, LA2964A × LA2744B; AC, LA2185A ×
LA4329B; CA, LA4329B × LA2185A; AP, LA2185A × LA2744B; PA, LA2744B ×
LA2185A; CP, LA4329B × LA2744B; PC, LA2744B x LA4329B. This implies that AC,
AP, and AA1 share the same mother, that CA, CP, and CC1 share the same mother, and
that PA, PC, and PP1 share the same mother.
Endosperm sampling, library preparation and sequencing was performed as
previously described and replicated three times independently for each cross (see Material
and Methods, Chapter 2).
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Alignment and counting methods
Quality control and alignment were performed as previously described (see Material and
Methods, Chapter 2). Total reads per gene were counted from bam files with HTseq
(Anders et al., 2015) using the gff ITAG2.4 annotation file (The Genome Tomato
Consortium, 2012). Only reads with mapping quality above 20 were retained. Parental
counts per gene were calculated using parental bud transcriptome data and the python
pipeline as previously described (see Material and Methods, Chapter 2). When counts
were used for differential parental expression analysis (DPE), corrected parental counts
for each gene were obtained from the parental allelic counts divided by the number of
polymorphic sites. This allowed us to normalize counts with respect to different
polymorphism levels across endosperm samples. Total reads per exon were counted as
part of the DEXseq pipeline described in Li et al. (2015), using the two provided python
scripts dexseq_prepare_annotation.py and dexseq_count.py, as well as the ITAG2.4 gff
annotation file. Only reads with mapping quality above 20 were counted.
Statistical analyses
Differential gene expression analysis (DGE) was performed with the R package EdgeR
(Robinson et al., 2010; R Development Core Team, 2014). Only genes with at least 1 read
count per million in at least two of the 36 libraries per cross were kept, resulting in a set of
22,006 genes. A negative binomial model was fitted to each gene using individual crosses
as a factor, estimating trended dispersions (variance parameters). Differentially Expressed
Genes (DEGs) were identified in the selected cross comparisons with a generalized linear
model likelihood ratio test (p-value correction with the Benjamini Hochberg method for a
FDR of 5%). Count data used for creating heatmaps were obtained from normalized
counts per million, averaged across replicates for each cross. Heatmaps were plotted with
the R package ‘gplots’ using hierarchical clustering (R Development Core Team, 2014;
Warnes et al., 2016).
DPE was performed in EdgeR in the same manner as for DGE, but using a different
set of genes. One sample with lower coverage was removed (replicate 1 of AA2) and the
gene set was reduced to genes being expressed and polymorphic (i.e. with parental
sequence differences) in all remaining samples (35 libraries, 5,015 genes). These analyses
were performed separately for maternal and paternal expression levels.
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The imprinting status of polymorphic genes was determined as previously described
(see Material and Methods, Chapter 2). Specifically, IG status for genes identified in the
three within-species crosses was obtained from Chapter 2. We applied equivalent
context-dependent thresholds of parental expression proportions to identify ‘imprinted’
genes in all three reciprocal hybrid crosses. As the imprinting status of a given gene
requires a significant parental bias in both reciprocal crosses (i.e. both reciprocal crosses
must have a maternal vs. paternal bias), we recognize that ‘imprinted’ status might be
influenced by general misexpression and increased expression differences between
reciprocal crosses in hybrid endosperms. Thus imprinting has a slightly different
signification in hybrid and intraspecific endosperms and the term “candidate imprinted
gene” was restricted to IGs identified in intraspecific crosses.
Differential exon usage analyses (DEU) were performed using exon counts in R with
the DEXseq package (Li et al., 2015). This analysis also relies on a negative binomial
model. P-values were corrected with the Benjamini–Hochberg method (FDR of 5%).
TopGo was used to identify enriched Gene Ontology (GO) terms (Alexa &
Rahnenfuhrer, 2016). Gene universes used for the test were identical to the sets used for
each of the relevant analyses (22,006 genes for DGE, 5,015 genes for DPE, 11,195 genes
for [AC] IGs, 11,414 genes for [AP] IGs, and 11,985 genes for [CP] IGs, Chapter 2).

RESULTS
The parental combinations used for our crossing and lasering experiments were chosen
based on previously characterized seed phenotypes (Roth et al., 2017), with an effort to
maximize the expected parent-discriminating polymorphism in the resulting endosperm.
The selected crosses were chosen to represent the two hybrid phenotypes of ‘strong’ and
‘soft’ hybrid seed failure (HSF) recently characterized (Roth et al., 2017; Fig. 2). In the
soft-HSF case illustrated by the [AC] reciprocal cross, visually assessed seed viability was
54% in CA and 100% in AC. In the strong-HSF case represented by [AP] and [CP],
median seed viability was 0% in all cross directions (Fig. 2). We expected expression
signals in the endosperm to differ between the two hybrid categories and between hybrid
and intraspecific crosses.
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Figure 2. Boxplot representing the distributions of seed viability in crosses used in our experiment.
Measurement at fruit maturity by visual assessment 60 days after pollination (data source: Roth et
al., in press). White, intraspecific crosses; grey, interspecific crosses. A, S. arcanum var marañón;
C, S. chilense; P, S. peruvianum. AA1, LA2185A × LA1626B; AA2, LA1626B × LA2185A; CC1,
LA4329B × LA2748B; CC2, LA2748B × LA4329B; PP1, LA2744B × LA2964A; PP2, LA2964A ×
LA2744B; AC, LA2185A × LA4329B; CA, LA4329B × LA2185A; AP, LA2185A × LA2744B; PA,
LA2744B × LA2185A; CP, LA4329B × LA2744B; PC, LA2744B × LA4329B. Cross specifications
are identical in all subsequent figures.

Moreover, we observed strong phenotypic asymmetries between seeds from
reciprocal crosses of the strong- and soft-HSF phenotypes (Roth et al., 2017). In the case
of [AC], differences in average seed size produced by the AC and CA crosses might
explain their differences in levels of viability. However, this cannot be the case for strong
HSF-hybrids where seed viability was zero in all crosses. Importantly, seeds with P as
pollen parent were larger than seeds with P as ovule parent (Roth et al., 2017). This could
correspond to a pattern of paternal excess in AP and CP and of maternal excess in PA and
PC, as previously described in interploidy crosses (Scott et al., 1998; Kradolfer et al.,
2013; Lafon-Placette et al., 2017). We thus anticipated the expression landscapes of AP
and CP to differ from those of PA and PC.
To study these effects, a large RNA-seq experiment was conducted and resulted in a
high-quality dataset. Consisting of three replicates per cross direction, this sampling
represents 12-DAP endosperm transcriptomes obtained from three within-lineage and
three among-lineage reciprocal crosses.
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Differential gene expression analysis
We aimed at identifying global expression changes between crosses depending on classes
of seed viability (intraspecific, soft, strong HSF), cross direction, and for intraspecific
crosses, depending on the species. Seeds with similar phenotypes are likely to have similar
expression patterns in the endosperm and low proportions of differentially expressed
genes (DEGs) between them. In turn, we hypothesized that the magnitude of gene
expression differences between two crosses would correlate with differences in their
developmental trajectories (along the gradient intraspecific – soft HSF – strong HSF).
After filtering our dataset for lowly expressed genes, 22,006 genes remained for
differential gene expression analysis. The multidimensional scaling (MDS) plot using only
expression data from the intraspecific crosses revealed that samples group by species and
cross direction (Fig. 3A). In particular, differences in the overall gene expression
landscape between [CC] and [PP] endosperms are less strong than between [CC] and
[AA] or [PP] and [AA] endosperms. More precisely, we found 817 DEGs between [PP]
and [CC], 1,226 DEGs between [CC] and [AA], and 1,184 DEGs between [PP] and [AA].
This result reflects the differences in divergence time, indicating that genome-wide
expression divergence roughly correlates with time since divergence.
The MDS plot representing all samples shows groupings of the three replicates for
each cross and, along the y-axis, a grouping of samples by HSF class (intraspecific, weak
HSF, strong HSF; Fig. 3B). We identified extensive gene expression differences between
hybrid and intraspecific crosses (Fig. 4A). When compared to all intraspecific endosperms
obtained from [AA], [CC], and [PP] crosses, soft-HSF endosperms showed only 682
DEGs, while strong-HSF endosperms revealed 3,026 DEGs (Fig. 4A). A common aspect
of expression changes in hybrid compared to intraspecific endosperm (sharing the same
maternal genotype) was a larger proportion of downregulated genes in hybrid endosperms
(Fig. 4A). Extreme cases were found in the ‘PA-PP1’ and ‘PC-PP1’ comparisons, where
down- and upregulated genes differ by 989 and 673 genes, respectively (Fig. 4B). The
overlap in individual DEGs between these two pairwise comparisons was high (52%), and
differential expression was mostly in the same direction with respect to PP1 (only 14
genes had opposite expression changes).
These results indicate that expression perturbation, along with a large proportion of
downregulated genes, was a common response to hybridization in the studied Solanum
endosperms.
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In particular, when compared to highly viable (intraspecific) or partially viable (soft HSF)
seeds, expression in the developing endosperm of seeds that would be scored as inviable
at seed maturity (strong HSF) was dramatically perturbed (Fig. 4A). In contrast, the
expression landscape of soft-HSF endosperms was intermediate between, and close to,
their parental species.
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DEGs between intraspecific and strong-HSF crosses may reveal essential functions
underlying seed abortion. We performed a gene ontology (GO) enrichment analysis and
found that carbohydrate and lipid metabolism, transcription regulation, chromatin
conformation, cell cycle, cell structure (cell wall, microtubules), signalling (peptides,
hormones, response to stress) and transport were significantly involved in this expression
perturbation (100 GO terms in total, Table S1). In contrast, DEGs between intraspecific
and soft-HSF endosperms revealed only one GO term enrichment for upregulated genes in
the hybrids, and mostly genes related to metabolic changes in downregulated genes, none
of them being related to transcription or chromatin changes. Given this and the fact that
relatively few genes were differentially expressed between soft-HSF and intraspecific
crosses, the expression in the soft-HSF endosperm, despite some metabolic changes,
appears to have no clear functional disparities to developing endosperms from
intraspecific crosses. As seen before, a high proportion of genes were differentially
expressed between soft- and strong-barrier hybrids (Fig. 4A). 72% of the GO terms
enriched in DEGs between soft- and strong-HSF endosperms were also identified as GO
terms for DEGs in comparisons between intraspecific and strong-HSF endosperms (76 out
of 105 GO terms; Table S1). Overall, the enriched functions point toward expression
regulation, cell cycle control, and basic metabolism being highly perturbed in strong-HSF
endosperms.
The most striking overall expression differences between reciprocal crosses of [AP]
and [CP] are visualized on the x-axis of the MDS plot (Fig. 3B), where PA and PC jointly
form a group distant from the CP and AP endosperms. In total, about one third of all
endosperm-expressed genes were differentially expressed between the PA and AP (n =
7,227 genes) and between the PC and CP crosses (n = 7,153 genes; Fig. 4C). This
indicates parental dosage differences between reciprocals, which qualitatively inherit the
same parental genomes but differ in dosage dependent on parental roles due to the
asymmetric ‘2m:1p’ genomic content in the endosperm (e.g. 2P:1A in PA and 2A:1P in
AP). In both [AP] and [CP] reciprocal crosses, more genes were found downregulated
when P1 was the mother than when it was the father (Fig. 4C). Moreover, of these two
sets of DEGs, 4,477 genes were in common and shared the same direction of expression
change in both ‘PA-AP’ and ‘PC-CP’ comparisons (only 127 genes showed opposite gene
expression changes between them). This high gene overlap reveals that expression
changes in the strong-HSF crosses were very symmetric relative to the parent P1. It could
further indicate that the P1 dosage, increased when it served as the ovule parent and
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decreased when it served as the pollen parent, drove global expression changes between
these reciprocals. Expression differences were also observed between CA and AC crosses
representing the soft-HSF phenotype. However, they were not as widespread as between
strong-HSF reciprocals [AP] and [CP] and remained in the range of expression differences
found between intraspecific reciprocal crosses (Fig. 4C).
DEGs between reciprocal crosses can reveal functions preferentially regulated by
one parent that are perturbed in hybrid endosperms. These functions may be exclusively
enriched in either up- or downregulated genes in one direction of the strong-HSF crosses
(e.g. functions only enriched in PA-AP and PC-CP downregulated genes and not in PAAP and PC-CP upregulated genes). Other functions may be perturbed in a more complex
manner, where genes are both up- and downregulated between reciprocals of [AP] and
[CP], indicating that they are biparentally controlled. These latter functions could still
potentially involve subgroups of genes with uniparental control. We performed a
functional enrichment analysis for the 4,320 GO-annotated DEGs shared in the two
comparisons ‘PA-AP’ and the ‘PC-CP’ (with the same expression changes with respect to
the P1 parent; Table S1). These DEGs were mainly enriched for expression regulation,
chromatin modifications and a large number of biosynthetic and catalytic processes.
Transcription was affected from initiation to RNA maturation (DNA binding, RNA
polymerase II, tRNA, snRNA, posttranscriptional regulation of gene expression). The
expression of genes relating to chromatin modifications was also highly variable between
these crosses (helicases, nucleosome, replication initiation, chiasma assembly).
Transcription and chromatin-related activities were more often—but not exclusively—
enriched among genes upregulated with P1 as father. Other functions seemed to be more
specifically upregulated when P1 was the mother, such as energy metabolism (starch and
lipids for example), stress signals, cell-cycle control (protein phosphorylation and protein
serin/threonine kinase auxin-related terms) and cell architecture (cell wall).
The enrichment in cell cycle control- and cell wall-related terms in DEGs between
endosperms having P1 as mother or as father is most probably linked to cell proliferation
differences observed between these endosperms (Roth et al., 2017). Related to this, we
found striking expression asymmetries in E3 ubiquitin ligases, which are involved in the
control of the cell cycle (Inzé & De Veylder, 2006; Fig. 5A). Among the 20 E3 ubiquitin
ligase genes expressed in the 12-DAP endosperm, eight were upregulated in ‘PA-AP’,
nine were upregulated in ‘PC-CP’, and eight were in common in both hybrid cross types
(only one gene was differentially expressed in ‘CA-AC’; Table S1).
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Important functional components of candidate imprinted genes previously found in
wild tomatoes, such as DNA-binding (Chapter 2), revealed perturbed expression visible
in several comparisons (e.g. between reciprocals and between intra- and strong-HSF
crosses). This global expression perturbation could reflect imprinting abnormalities in
failing seeds, with distinct patterns between reciprocal crosses. We specifically scrutinized
expression changes in transcription factors (TFs) to assess whether some TF families
might be specifically involved in HSF. We found interesting expression patterns in
WRKY and in MADS-Box TFs (Fig. 5B, C). In the WRKY-annotated genes, expression
was homogeneous between intraspecific and soft-HSF crosses. In contrast, expression in
strong-HSF endosperm was markedly different; two sets of genes were respectively up-
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and downregulated in all strong-HSF crosses when compared to intraspecific and softHSF crosses. Two other sets of genes had different expression levels between reciprocals
of [AP] and [CP] (Fig. 5B). The WRKY TF family is very diverse and is involved in
several major developmental processes (Rushton et al., 2010), including seed
development. One WRKY, TRANSPARENT TESTA GLABRA2, has been reported as a
MEG in A. thaliana for which accession-specific dosage is essential for seed survival and
involved in the control of endosperm cellularization (Dilkes et al., 2008). Among MADSBox TFs, we also observed two subsets of up- and downregulated genes in AP and CP
endosperm compared to all other crosses (Fig. 5C). The set of downregulated genes in AP
and CP was slightly upregulated in PA and PC compared to intraspecific and soft-HSF
crosses. MADS-Box genes such as AGAMOUS-LIKE (AGL) are linked to the Polycomb
Repressive Complex (PRC) and involved in endosperm transition to cellularization during
development in A. thaliana (Kang et al., 2008; Walia et al., 2009). Overexpression of
some AGL genes has been attributed to paternal excess-like phenotypes in A. thaliana ×
A. arenosa interspecific crosses (Walia et al., 2009).
Genes differentially expressed between reciprocal crosses of the strong-HSF
phenotype might reveal genes involved in their asymmetric phenotypes. Because of the
constitutive parental dosage in the endosperm (2m:1p), differences in total gene
expression between two species will be inherited in an asymmetric way by their two
reciprocal hybrids. Moreover, if expression differences are inherited additively, these
asymmetric expression differences will have a specific direction. For example, if a gene is
upregulated in the ‘pure’ S. chilense endosperm [CC] compared to ‘pure’ S. arcanum var
marañón endosperm [AA], we expect it to be upregulated in the CA (i.e. when C is the
mother) compared to the AC hybrid endosperm. We found more cases of additive
expression changes in strong-HSF crosses than in the soft-HSF cross. For example, of the
642 genes upregulated in PA compared to AP and differentially expressed between [PP]
and [AA], 544 (84.7%) were upregulated in [PP] compared to [AA] endosperms (Table
1). This was also pronounced in the [CP] cross, but less so in the [CA] cross (Table 1).
We might hypothesize that expression differences between AC and CA are mitigated by a
specific regulation mechanism such as dosage compensation, possibly involving parentspecific gene regulation. This expression buffering could contribute to overall modest
changes in expression between reciprocals and between hybrids and parental species,
despite the apparent regulatory divergence between their parents (Ha et al., 2009, Fig. 3A;
Fig. 4).
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Table 1. Contingency table of DEGs in interspecific and reciprocal comparisons.
Comparisons between species include reciprocal crosses (e.g. PP1, PP2 and AA1, AA2
were used to compare P and A). Numbers on the diagonal correspond to genes with
additive inheritance patterns. Darker colours indicate higher values.

up in PP
(down in AA)
down in PP
(up in AA)
total DEGs found

up in PP
(down in CC)
down in PP
(up in CC)
total DEGs found

up in CC
(down in AA)
down in CC
(up in AA)
total DEGs found

up in PA
(down in AP)

down in PA
(up in AP)

total DEGs found

544

385

1,471

98

588

1,176

3,222

4,005

up in PC
(down in CP)

down in PC
(up in CP)

total DEGs found

409

270

971

79

407

851

3,354

3,799

up in CA
(down in AC)

down in CA
(up in AC)

total DEGs found

392

258

2,198

236

351

1,509

1,513

1,784

Beyond total expression levels, genes differentially expressed between reciprocal
hybrid crosses might also reveal parental dosage differences between species. These
expression differences may affect genes sensitive to parental dosage changes, such as
candidate imprinted genes (identified in intraspecific crosses), likely involved in HSF and
in the complementary phenotypes observed between AP-PA and CP-PC, respectively
(Scott et al., 1998; Haig, 2000). In order to further quantify parental effects on gene
expression and HSF, we identified genes with parentally biased expression in HSF and
studied variation in parental expression across samples.
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Maternal proportions and ‘imprinted’ genes in hybrid endosperms
In this section, we assess outlier genes based on their maternal expression proportions in
hybrid endosperms, i.e. genes whose parental bias exceeded the empirical thresholds in
both reciprocal crosses. To avoid cumbersome terminology, we still employ the terms
‘imprinted genes’ (IGs), ‘PEGs’, and ‘MEGs’, recognizing that their estimated maternal
proportions may be impacted by their misexpression in the hybrid context. We also refer
to imprinted genes previously identified in intraspecific crosses as ‘candidate imprinted
genes’. Imprinting-like status in hybrid endosperms was thus assessed in 11,195 to 11,985
genes (Fig. S1), of which 9,728 could be evaluated in all three reciprocal hybrid crosses.
Genes were considered as imprinted if their maternal proportions were consistently biased
toward one parental role in at least two replicates per cross direction (see Methods). It is
now known that maternal proportion distribution can vary strongly between individual
crosses (Waters et al., 2013; Hatorangan et al., 2016).
As ‘imprinting’ discovery is based on an outlier approach, it is essential to correct for
these disparities. Our empirical thresholds were calculated as a function of the median of
the maternal proportion distribution in individual crosses (see Methods). Applying these
context-dependent thresholds, we found that [AP] and [CP] endosperms were
characterized by a decreased number of PEGs (n = 30 and n = 50, respectively) compared
to their [AC] counterpart (n = 110). MEGs were most abundant in [AP] (n = 485) and least
abundant in [CP] (n = 254; Table S2).
As the number of IGs per reciprocal cross hinges on levels of parental nucleotide
differences, we also compared the proportions of IGs among all assessable genes per
cross, including intraspecific crosses. Candidate IGs from the three intraspecific crosses
[AA], [CC], and [PP] were previously described (Chapter 2). The empirical proportion of
PEGs was similar between intraspecific crosses (0.85 to 1.01% of genes; χ2, p = 5.4 e-01),
while the proportion of MEGs was more variable (between 2.77 and 4.61%; χ2, p = 1.0e04; Fig. 6A). In the soft-barrier cross, the PEG proportion was slightly increased
compared to [AA] (χ2, p = 1.0 e-01) and similar compared to [CC] (χ2, p = 6.3 e-02; Fig.
6B). Both strong-HSF endosperms were characterized by significant decreases of PEG
proportions compared to their parental intraspecific crosses (both p-values = 1.0e-04; Fig.
6C, D). Thus, it appears that strong HSF correlated with a decrease in the number of genes
with PEG status in the endosperm. This is not observed in soft-HSF endosperms, as their
PEG proportion even increased marginally.
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We compared GO terms associated with IGs identified in each hybrid cross (Table
S2). Interestingly, PEGs of the [AC] cross were enriched for ubiquitination and chromatin
modifiers (histone acetylation, base-excision repair). This indicates that they might control
cell cycle and gene expression. PEGs of the [AP] and [CP] endosperms were not
significantly enriched for any specific GO term. MEGs identified in the [CP] and [AC]
crosses seemed to share some common biosynthetic functions, partly related to cell-wall
components (homogalacturonan biosynthetic process; Table S2). But clearly, [AC] MEGs
were enriched for many more terms relating to cell wall, which was confirmed running the
enrichment on [AC]-exclusive MEGs (Table S2). In the [CP] endosperm, MEGs were
also found enriched for negative, DNA-dependent regulation of transcription. Despite
being the most numerous, MEGs in the [AP] endosperm were only enriched for two GO
terms (integral component of membrane and heme binding).
We found that seven out of the 13 GO terms enriched in [AC] PEGs were also
enriched in candidate PEGs identified in Chapter 2 (among PEGs found in [AA], [CC],
and [PP] crosses). Hence the abundant [AC] PEGs might fulfil specific cell functions,
potentially contributing to the partial viability of the [AC] seeds. Functional analyses of
MEGs highlighted similarities between [AC] crosses and intraspecific crosses in
monitoring carbohydrate metabolism (Chapter 2), but we also show with the example of
[CP] that these functions might also be expressed by MEGs in the strong-barrier
endosperms. The lack of significant GO enrichment of PEGs in the strong-barrier cases
may result from their low number. In contrast, the fact that the 485 MEGs from [AP]
endosperm do not converge toward specific functions may indicate that the increased
maternal expression of genes is rather non-specific, as a result of global perturbations of
gene expression.
Shift toward increased maternal proportions in strong-HSF endosperms
We compared the global distribution of maternal proportion among crosses, defined by the
ratio between maternal and total expression (ranging from 0 to 1; see Methods). Maternal
proportion was globally higher in [AP] and [CP] endosperms compared to [AC] and
within-lineage endosperms (Fig. 7; Table S2). For all genes with data on maternal
proportions from both the within-species and the relevant hybrid cross (requiring parental
nucleotide differences for these genes in all considered crosses), we calculated the socalled ‘shift in maternal proportion’. For a given gene, we defined this shift as the
difference between its maternal proportion in the hybrid and the parental intraspecific
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endosperms sharing the same mother (e.g. PA was compared to PP1 and CA was
compared to CC1). Mean shift values across all genes were generally positive except for
the CA-CC1 distribution where the average shift was zero (Table 2; Table S2). This
implies that maternal proportions tended to increase in hybrid endosperms compared to
their corresponding intraspecific data. Interesting patterns were revealed for the assessable
intraspecific candidate IGs that were identified in Chapter 2. In all six comparisons, the
average shift of candidate MEGs was slightly negative (i.e. exhibiting lower maternal
proportions in hybrid endosperm), and that of candidate PEGs revealed strong positive
shifts for three of the four comparisons involving strong-HSF endosperms (Table 2; Fig.
8). This is visualized by the distribution of most blue dots (i.e. candidate PEGs) along the
y-axis and above the diagonal line, reflecting markedly higher mean maternal proportions
(range 19.6–31.4%; Table 2) for these genes in the hybrid context (comparisons PA-PP1,
PC-PP1, and AP-AA1; Fig. 8A, B, F). The slightly negative mean shift for candidate
MEGs was caused by the biparental expression of some of these genes in all hybrid
endosperms (Fig. 8A–F; Table 2).
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Table 2. Magnitude of shifts in maternal proportion (MP) in all comparisons hybridintraspecific cross sharing the same mother. The two right-most columns present the
average shifts for candidate MEGs and PEGs, respectively. Blue to red scale: lower to
higher values.

Cross comparison
(n genes)

Average shift in MP,
all assessable genes
(%)

Average shift in
MP, restricted to
candidate
intraspecific MEGs
(%)

PC-PP1 (n = 11,245)
PA-PP1 (n = 10,730)
CP-CC1 (n = 9,022)
CA-CC1 (n = 8,789)
AC-AA1 (n = 7,156)
AP-AA1 (n = 7,243)

6.9
8.0
3.1
0.0
2.6
5.6

-2.4
-1.6
-3.5
-5.2
-4.2
-2.9

Average shift in
MP, restricted to
candidate
intraspecific PEGs
(%)

31.4
27.6
7.6
-0.6
9.7
19.6

To explore whether genes responded in similar ways to the hybrid state of endosperm, we
compared shifts in maternal proportion among the two independent hybrid endosperms
sharing the same mother. Correlations between these shifts were all significant and
explained a large part of shift variability (AC-AA1 and AP-AA1, Pearson correlation =
0.66, adjusted-R2 = 0.44; CA-CC1 and CP-CC1, cor = 0.61, adj-R2 = 0.37; PA-PP1 and
PC-PP1, cor = 0.56, adj-R2 = 0.32; all p-values < 2.2e-16; Fig. 9A–C; Table S2). In
particular, in the PA-PP1 and PC-PP1 comparison, 67.9% of the assessable genes showed
positive shifts in both the PA and PC crosses, contributing to a shared genome-wide
increase in maternal proportion (Fig. 9C, upper right quadrant). These proportions were
smaller in the two other comparisons (53.2% in AC-AA1 and AP-AA1, and 38.9% in CACC1 and CP-CC1), reflecting the weaker maternal shifts observed in AC and CA crosses
(Table 2; Fig. 7; Fig. 9A, B).
Correlations between maternal shifts in PA and PC were even stronger when
considering only candidate imprinted genes (corr = 0.79, adj-R2 = 0.63) and highest when
considering only imprinted genes conserved between [AA], [CC] and [PP] crosses (cor =
0.94, adj-R2 = 0.88; Table S2). This indicates a very specific response of candidate IGs to
hybridization in PA and PC strong-HSF hybrid endosperms. Interestingly, the average
maternal shift for candidate PEGs was strongly positive for PC-PP1, PA-PP1 and APAA1, compared to a more moderate (AC-AA1, CP-CC1) or absent (CA-CC1) shift in the
other comparisons (Table 2). This could indicate contrasting ‘genetic strengths’ of the
different parents A1, C1, and P1 that were revealed in the hybrid context, with P1 being
the strongest and C1 and A1 the relatively weaker parents.
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These strength differences might be more pronounced at PEGs, while genome-wide, genes
tended to have an increased maternal expression in hybrids independent of cross direction.
Our results show similar, replicated effects of hybridization on parental gene expression,
namely a global increase in maternal proportions. This genome-wide perturbation
encompasses the loss and gain of an ‘imprinted’ status for many genes, which is
particularly visible in the PA and PC endosperms, where many candidate PEGs exhibited
strongly increased maternal proportions compared to their PP1 expression properties (Fig.
9C; Table 3; Table S2). Loss of PEG-status was found to be highly distinct between
strong- and soft-HSF crosses, with much larger proportions of candidate PEGs being
biparentally expressed in strong-HSF crosses (79.5–94.9%) than in soft-HSF crosses
(27.6–36.1%; Table 3). Thus, the overall scale of imprinting perturbation, and in
particular the loss of PEG-status, seems to correlate with hybrid seed failure severity.
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Table 3. Imprinting status of within-species candidate IGs in the hybrid context, and
average shifts in maternal expression proportions for each of the six hybrid crosses
(compared to their maternal within-lineage crosses). Note that no inversions of imprinting
status were observed (from PEG to MEG, or from MEG to PEG). NIs, loss of imprinting
status in the hybrid context. Darker colours indicate higher absolute values.
Imprinting status in intraspecific cross
Average shift (%)

‘Imprinting’ status in hybrid cross

PC

CP

PA

AP

AC

CA

Number of genes

MEGs

PEGs

MEGs

PEGs

MEGs

1.10

NA

87

0

PEGs

NA

14.09

0

18

NIs (loss)

-4.43

35.83

148

70

MEGs

0.88

NA

84

0

PEGs

NA

0.93

0

16

NIs (loss)

-5.27

9.17

208

69

MEGs

2.47

NA

132

0

PEGs

NA

6.5

0

13

NIs (loss)

-5.49

30.79

135

86

MEGs

0.96

NA

97

0

PEGs

NA

14.83

0

3

NIs (loss)

-4.8

19.87

197

56

MEGs

-1.04

NA

114

0

PEGs

NA

6.97

0

39

NIs (loss)

-5.96

14.6

200

22

MEGs

1.95

NA

108

0

PEGs

NA

-3.61

0

55

NIs (loss)

-10.29

7.38

153

21

Differential expression of parental alleles
Changes in maternal expression proportion reflect relative changes between maternal and
paternal expression but not necessarily absolute changes in gene expression level. We
have seen that many expression changes occurred at the global gene expression level.
They might result from expression changes in one or both parental alleles. For example, if
a gene was downregulated and showed an increased maternal proportion in hybrid
endosperm, did this result only from a downregulation of the paternal allele or could the
maternal allele also be upregulated (Fig. 1)? In order to distinguish these different
possibilities, we identified differentially parentally expressed genes (DPEGs) using
paternal and maternal allelic counts per gene separately; these analyses were performed
with a reduced set of 5,015 genes (see Methods).
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For a given comparison between two crosses, changes between maternal and paternal
expression were qualified as ‘opposite’, ‘uniparental’, or ‘matching’. An opposite
change occurs with a concurrent upregulation of the paternal and downregulation of the
maternal allele, or vice-versa. Thus opposite changes may strongly affect the imprinted
status of genes. A uniparental change refers to a change (up- or downregulation) in only
one of the parental alleles (referred to as ‘MAT’ or ‘PAT’). A matching change refers to a
joint up- or downregulation of both parental alleles. Comparing hybrids to their parental
intraspecific crosses, we found that changes were opposite only in rare cases (0.3–2.6% of
DPEGs) but that the majority of expression changes related to only one parent (85.0–
94.6% of DPEGs; Table 4). Thus, a change in global expression in hybrid endosperms
was more likely to result from the misregulation of only one of the parental alleles,
indicative of parent-specific regulatory modifications in hybrid endosperm. The most
frequent changes in parental expression were found in comparisons between strong-HSF
hybrids and their parental intraspecific cross (PA-intra, PC-intra, and AP-intra) with the
exception of the CP-intra comparison, which showed relatively frequent maternal but
fewer paternal expression changes (Table 4). Expression changes that were exclusively
paternal were found enriched for nucleosome and ribosome as well as for peptidase
activities (Table S3). Genes with exclusively maternal expression changes were not
enriched for any specific term.
Table 4. Numbers of genes identified with Differential Parental Expression (DPEGs)
between intraspecific and hybrid crosses, taking into account both reciprocals of each
cross. For all comparisons, the number of assessed genes was 5,105. Green to red
scale: lower to higher numbers. Expression change categories are: ‘Opposite’, maternal
and paternal allele have opposite expression changes between reciprocals; ‘MAT’, up- or
downregulation restricted to the maternal allele (no change in expression of paternal
allele); ‘PAT’, up- or downregulation restricted to the paternal allele (no change in
expression of maternal allele); ‘Matching’, joint up- or downregulation of both parental
alleles.

Comparison

Opposite

PAT

MAT

Matching

None

[PA]-intra

40

909

345

191

3,530

[PC]-intra

24

698

403

183

3,707

[CP]-intra

3

120

358

31

4,503
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We observed a similar trend in comparisons between reciprocal hybrid crosses,
namely that most expression changes were due to only one parent, but also more genes
exhibiting ‘opposite’ parental expression changes (Table 5). Those asymmetric changes
between reciprocals could result from divergent parental dosage of these genes between
the parental species (Fig. 1). DPEGs were more than twice as abundant between strongHSF reciprocals than between soft-HSF reciprocals. Of note, while changes only in
maternal expression (MAT) were abundant between reciprocals of all hybrid crosses,
changes only in paternal expression (PAT) were much more frequent in strong-HSF
crosses. For these strong-HSF crosses, genes with changes exclusive to paternal
expression between reciprocals were enriched for translation-related terms (Table S3).
Genes with changes exclusive to maternal expression between reciprocals were not
enriched for any specific function.
Table 5. Numbers of genes identified with Differential Parental Expression (DPEGs)
between reciprocal hybrid crosses. For all comparisons, the number of assessed genes
was 5,105. Green to red scale: lower to higher numbers. Expression change categories
are: ‘Opposite’, maternal and paternal allele have opposite expression changes between
reciprocals; ‘MAT’, up- or downregulation restricted to the maternal allele (no change in
expression of paternal allele); ‘PAT’, up- or downregulation restricted to the paternal
allele (no change in expression of maternal allele); ‘Matching’, joint up- or
downregulation of both parental alleles.

Comparison

Opposite

PAT

MAT

Matching

None

CA-AC

33

201

586

57

4,138

CP-PC

61

584

781

359

3,230

AP-PA

59

1,049

573

459

2,875

Genes responsible for divergent ‘genetic values’ (i.e. ‘strength’) between A, C, and P
may be identified among genes with MAT and PAT expression changes between
reciprocal crosses. We expect that genes reflecting P1 being a ‘stronger’ parent compared
to A1 and C1 will be paternally upregulated and/or maternally downregulated in AP and
CP compared to PA and PC endosperm. We identified 730 genes in the CP-PC and 947
genes in the AP-PA comparisons corresponding to this scenario (Table 6). Among them,
284 genes overlap and were enriched for translation and ribosomes (Table S3). They also
comprise nine MEGs and 13 PEGs in the intraspecific cross [PP], which mostly lost their
imprinted status among the strong-HSF hybrids (only three MEGs conserved in [AP] and
[CP] hybrid crosses). These genes exhibiting parental imbalances in the endosperm might
be key players in mediating hybrid seed failure.
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Table 6. Direction of expression changes ‘MAT’, ‘PAT’, and ‘opposite’ in DPEGs between
reciprocal hybrid crosses. Two scenarios are given according to hypotheses on parental
genetic strengths: ‘maternal excess in direction 1’ vs. ‘paternal excess in direction 1’.
Maternal excess in direction 1
Comparis
on
CA-AC
CP-PC
AP-PA

PAT
down
only
108
275
438

MAT
up
only
299
398
260

PAT
down and
MAT up
11
23
36

Paternal excess in direction 1

Sum

PAT up
only

418
696
734

93
309
611

MAT
down
only
287
383
313

PAT up
and MAT
down
22
38
23

SUM
402
730
947

Differential exon usage in candidate imprinted genes
It has been shown that imprinting can involve alternative splicing, potentially leading to
the production of parent-specific isoforms with essential functions for endosperm
development (Luo et al., 2011). We wanted to investigate whether such expression
variants could contribute to expression variation between species, and to characterize their
inheritance in hybrids. For this we quantified the relative abundance of individual exon
transcripts within genes, potentially indicative of alternate splicing. We performed
differential exon usage (DEU) analysis with the DEXseq software on candidate imprinted
genes separately identified in the [AA], [CC], and [PP] intraspecific crosses (Chapter 2).
We found that 40 out of 1,025 candidate IGs have at least one exon differentially used
between [AA], [CC], and [PP]; Table S4). Thus, DEU tends to be frequent among
candidate IGs in intraspecific crosses, which could potentially be a source of
incompatibilities in hybrid endosperm.
In particular, Solyc03g116920, a gene coding for a putative sister chromatid
cohesion protein, showed nine sequential exons used differentially among intraspecific
crosses (Fig. 10A; Table S4). Interestingly, Solyc03g116920 is a candidate PEG in [PP]
and was not assessable for imprinting status in our [AA] and [CC] crosses (Chapter 2).
Therefore, we cannot know whether this gene is a conserved PEG among the three
lineages.
Figure 10. (See on next page) Differential exon usage (DEU) and expression levels of
the sister chromatin cohesin gene Solyc03g116920 Legend Exon usage and expression
values are presented on a logarithmic scale. Expression values are normalized counts
(means across replicates) and exon usage values are the fitted values obtained from the
generalized linear model that corrects for global gene expression changes between
groups. Genomic positions of exons are given on the x-axis, and pink-coloured exons are
differentially used in at least one group. (A) Comparison between intraspecific crosses
[AA], [CC], [PP]. (B) Comparison between AA1, AP, PA, and PP1 individual crosses.
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Figure 10. Legend at the bottom of the previous page.
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This gene is significantly downregulated in strong-HSF hybrids but not in soft-HSF
hybrids (Fig. 10B; Table S1), and was identified as a ‘PEG’ in [CP] but was not
polymorphic in [AC] and [AP]. Exon usage for this gene differed between reciprocal
strong-HSF [AP] hybrids as well as between them and intraspecific crosses (Fig. 10B;
Table S4). Its expression pattern in the strong-HSF endosperm thus resembles a mosaic of
parental exon usage (Fig. 10B; Fig. S2; Table S4).
Interestingly, this gene was found to be slightly downregulated in the AC and CA crosses
(not significant), and the splicing pattern of hybrids follows their respective parental
intraspecific cross (Table S1; Fig. S2). Hence this gene might be paternally expressed and
correctly spliced in the endosperm of [AC] hybrids. The putatively different transcription
and splicing mechanisms suggested by DEU between species may result in the production
of non-functional sister chromatid cohesion proteins in hybrid endosperm.

DISCUSSION
This study provides an extensive analysis of endosperm transcriptomes generated from
intraspecific and hybrid wild tomato crosses. We compared expression landscapes
between endosperms of different crosses according to their resulting seed viability and
seed genotype (individual and reciprocal crosses) using three replicates per cross
direction. Expression was described in three main ways:
-

total transcript expression levels for differential gene expression analysis

-

parent-specific expression levels for analyses of maternal proportion, genomic
imprinting, and differential parental expression

-

exon-specific expression levels for differential exon-usage analysis (only on IGs).

We showed that altered parental dosage along with ectopic gene expression is likely
causing seeds from [PA] and [PC] hybrids to abort due to endosperm disruption. In
contrast, many of the [AC] hybrid seeds likely survive owing to their expression
robustness in the face of hybridization.
Molecular response to hybridization correlates with hybrid seed failure severity
An important finding of this study was the observation of common molecular responses to
hybridization in the endosperm, and the correlation between the prevalence of these
molecular changes and hybrid seed failure severity. Typical intraspecific expression was
characterized with the transcriptomes of [AA], [CC], and [PP] crosses. This allowed us to
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circumscribe common expression features among viable seeds while simultaneously
assessing species-specific expression variation in the developing endosperm. In our study,
all hybrid crosses except CA showed an increase in maternal proportions compared to
their corresponding intraspecific cross (Fig. 8; Table 2). This implies a change in the
‘imprinting landscape’, with the loss and gain of imprinting status compared to
intraspecific crosses for many genes (Fig. 9; Table 3). Although genome-wide parental
expression in hybrid plants has not been extensively studied, increased maternal
proportions could be a general outcome of hybridization, as they were previously shown
in wild tomato hybrid endosperm (Florez-Rueda et al., 2016) and Arabidopsis leaves
(Videvall et al., 2016).
Moreover, global expression differences were found between hybrid and
intraspecific crosses (Fig. 4A). These expression differences are likely a product of
hybridization per se (Hegarty et al., 2009; Combes et al., 2015; Raza et al., 2017) but
also, expression perturbation may be expected to be stronger when parental species are
more genetically diverged (Landry et al., 2007; Stelkens & Seehausen, 2009; He et al.,
2010). Because expression differences among intraspecific crosses reflected genetic
divergence between lineages in our study (namely, C and P showed more similar
expression landscapes than A compared to either C or P; Fig. 3A), we might have
expected [CP] to exhibit the least-altered expression pattern among all hybrids. In
contrast, [CP] and [AP] hybrid endosperms revealed the most differentiated expression
patterns compared to their parental intraspecific crosses, while [AC] endosperms were
close to their parental intraspecific crosses in terms of overall expression landscape (Fig.
3B). Furthermore, increases in maternal proportion were relatively high in the fully
abortive crosses PA, PC, AP, and CP, but low or even absent in the partially abortive [AC]
cross (0% in CA and +2.6% in AC; Table 2). The apparent less-altered expression
landscape in [AC] underscores the difficulty to predict expression rewiring in hybrids
based on species divergence (Bougas et al., 2010). Instead, global and allele-specific
expression differences seem to better correlate with seed viability levels, as overall and
parent-specific expression was much more perturbed in strong-HSF than in soft-HSF
crosses.
We also found that differences in posttranscriptional regulation between species
might result in abnormal splicing in hybrid crosses (Table S4). A sister chromatid
cohesion protein and potentially conserved PEG (Solyc03g116920) was expressed at
similar levels, but alternatively spliced in [AA], [CC], and [PP] crosses (Fig. 10A). This
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gene was downregulated and showed novel splicing patterns in strong-HSF hybrids (Fig.
10B; Fig. S2). As these proteins are involved in double-strand DNA repair, gene
expression regulation, and chromosome structure, their lower concentration or
inappropriate conformation might result in impaired cellular function (Bolaños-Villegas et
al., 2017). A. thaliana mutants of such proteins harbor a wide range of developmental
defects such as sterility, dwarfism and at the cellular level, DNA repair failure, as well as
defects in homologous chromosome pairing (Liu & Makaroff, 2015). More specifically,
chromosome segregation during mitosis in the endosperm is necessarily different from
that in other cell types because of its triploid constitution (2m:1p). Chromosome pairing in
A. thaliana endosperm is not random and involves mainly pairs of paternal and maternal
homologues, one set of maternal homologues remaining unpaired (Baroux et al., 2017).
This highlights that sister chromatid proteins might be especially important for endosperm
development, and thus evolutionarily highly conserved. Our data suggest that their level of
expression (and potentially paternal imprinting) is conserved, but that their conformation
varies across recently diverged tomato species, which could be a source of hybrid
incompatibility.
Potential molecular mechanisms of seed inviability in [AP] and [CP] crosses
In light of our results in this and in the second chapter, we can draw a potential molecular
scenario leading to seed abortion in strong-HSF seeds from [CP] and [AP] crosses. The
high overlap between DEGs identified in (PA-PP1) and (PC-PP1) comparisons (52%;
Table S1) is indicative of common molecular mechanisms in the endosperm of the two
abortive crosses PA and PC. Identifying genes directly causing seed abortion remains
difficult because DEGs between [CP]-, [AP]- and intraspecific endosperm presumably
contain genes ‘responsible for’ as well as ‘perturbed by’ endosperm malfunctioning.
Several biological processes and molecular functions were simultaneously
overrepresented among DEGs and candidate IGs (Chapter 2), such as carbohydrate and
lipid metabolism, transcription regulation, chromatin conformation, cell cycle, signalling,
and transport (Table S2). This could indicate that the extensive expression changes
observed in strong-HSF hybrids involve the perturbation of functions controlled by IGs. In
particular, we found an activation of stress and immune responses, which was
characteristic of defective Arabidopsis hybrid seeds (Burkart-Waco et al., 2013).
Specifically, WRKY TFs, important regulators of endosperm development (Luo et al.,
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2005; Dilkes et al., 2008), were systematically and uniformly perturbed in our AP, PA,
CP, and PC crosses (Fig. 5B).
Additionally, parent-specific expression was perturbed in a systematic way, as shown
by (i) the global increase in maternal proportion that was significantly correlated between
hybrid crosses sharing the same mother (represented by PA and PC), and (ii) the high
proportion of uniparental expression changes in hybrid crosses when compared to their
parental intraspecific crosses (Figs. 8, 9C; Table 4). Shifts in maternal proportion were
even stronger at imprinted genes, and the majority of the 17 PEGs conserved between A,
C, and P (Chapter 2) lost their PEG status in strong-HSF hybrids (16 in [AP], 14 in [CP];
Table S2). While uniparental expression changes dominated, the expression of paternal
alleles was more perturbed than the expression of maternal alleles when comparing [AP]
and [CP] crosses to their respective parents (2.6 and 1.7 times more, respectively; Table
4). Genes with paternal expression changes were found enriched for ribosomal activities, a
function overexpressed in abortive Arabidopsis hybrid seeds (Burkart-Waco et al., 2013).
Altogether, this suggests that perturbed genomic imprinting is tightly linked to strong
HSF. This perturbation might be caused by divergence in dosage mechanisms between
species affecting imprinted genes.
Imprinting is set by allele-specific demethylation and/or allele-specific repression,
mediated by chromatin modifiers, the Polycomb repressive Complex (PrC), and the RNAdirected DNA methylation pathway (Gehring & Satyaki, 2017). Erdmann and
collaborators recently identified a mechanism for global dosage control; they showed that
alteration of the canonical RdDM pathway in A. thaliana via inactivation of polymerase
IV results in a global increase in maternal expression proportion (Erdmann et al., 2017).
Their work demonstrates that the globally expected expression ratio 2:1 is actively
regulated, and that altered sRNA concentrations might explain the genome-wide increase
in maternal proportions we observed in strong-HSF endosperm. Unfortunately, RNA
Polymerase IV (Pol IV) units are not annotated in the tomato genome ITAG2.4. However,
as Pol IV units are paralogous or even identical to Pol II units (Ream et al., 2009), the
deregulation of annotated Pol II in our crosses (annotated DNA-directed RNA
polymerases in ITAG2.4) could be indicative of a perturbed RdDM pathway.
Using the OMA program, we found eight potential orthologs between S.
lycopersicum and A. thaliana coding for polymerase IV units. Among them, three were
differentially expressed between reciprocals of [AP] and [CP] crosses (Solyc06g083360.2,
Solyc10g007650.2, Solyc05g051790.2) and two additional genes were differentially
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expressed only between [CP] reciprocals (Solyc09g010500.2, Solyc03g031690.2; Table
S1). Also, two components of the RdDM pathway, namely two ARGONAUTE genes
(Matzke & Mosher, 2014), were globally downregulated in strong-HSF endosperm
compared to intraspecific and soft-HSF crosses (Solyc09g082830.2 and
Solyc12g006790.1; Table S1). In conclusion, incorrect genomic imprinting might be
caused by the malfunction of silencing mechanisms such as the RdDM pathway, causing
global increases in maternal proportion in strong-HSF endosperm. Further, as TEs are
largely demethylated in the endosperm (Gehring et al., 2009), perturbed silencing
mechanisms could create marked genome instabilities and explain noncanonical gene
expression in strong-HSF hybrids. Methylome and sRNA sequencing data could provide
further evidence for this proposed scenario.
Buffering mechanisms contribute to partial seed viability in [AC] crosses
In contrast to the fully abortive [AP] and [CP] crosses, the expression landscape of [AC]
endosperms must be compatible with at least partial seed viability. We suggest that proper
imprinting and expression buffering are two molecular factors contributing to [AC] hybrid
seed viability. Increases in maternal expression in [AC] endosperm were only marginal
and in particular, conserved wild tomato PEGs (identified in [AA], [CC], and [PP] in
Chapter 2) mostly kept their PEG status in [AC] (15 out of 17 PEGs; Table 3; Table S2).
Uniparental expression changes were much less abundant than in strong-HSF crosses and
paternal expression was less perturbed than maternal expression (120 ‘PAT’/358 ‘MAT’
changes; Table 4). Despite the apparent regulatory divergence between A and C,
compatible dosage mechanisms might allow their reciprocal hybrids to express parental
alleles more or less correctly in the dosage-sensitive endosperm. As mentioned before, this
could rely on the correct assembly and concentration of silencing elements in the [AC]
endosperm. We suggest that dosage compatibility might be explained by the evolutionary
history of both species (see below); A and C may have evolved a similar ‘genetic strength’
in the endosperm (or a similar Endosperm Balance Number, EBN), which is thought to be
a prerequisite for correct endosperm development (Johnston et al., 1980; Lafon-Placette &
Köhler, 2016).
Differential gene expression between [AC] and both [AA] and [CC] was moderate,
showing limited transgressive expression. Also, expression differences between AC and
CA reciprocals were modest, with 15% stemming from non-additive (versus 4.9 in [AP]
and 6.6% in [CP]) and 22.5% from additive (versus 8.8 in [AP] and 11.4% in [CP])
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inheritance of parental expression differences (Table 1). Increased non-additive
expression in [AC] endosperm could reflect divergence of trans elements between A and
C (Bell et al., 2013). Rewiring of regulatory mechanisms, as shown by non-additive
hybrid expression, could buffer expression differences observed between [AA] and [CC].
Such robustness to hybridization shock has been characterized in yeast (Tirosh et al.,
2010, and references therein) and observed in Arabidopsis interspecific hybrids, where it
might be mediated largely by sRNAs (Ha et al., 2009). Our data cannot validate whether
sRNAs, produced via the RdDM pathway, were correctly generated and contributed to
seed survival in [AC] crosses. However, we found no evidence for Pol IV perturbation
among the potential Pol IV subunit orthologs between [AC] and intraspecific crosses or
between [AC] reciprocal crosses. It remains difficult to identify genes causing the partial
abortion of [AC] seeds because our dissection method did not allow discriminating the
endosperm from viable and non-viable seeds at the pre-globular embryo stage.
Expression differences between lineages contribute to expression asymmetries between
reciprocal hybrids
Phenotypic asymmetries between reciprocal hybrid seeds have been characterized in
Chapter 1 (Roth et al., 2017). We reported opposite developing and mature seed
phenotypes between reciprocals of strong-HSF crosses and hypothesized that they might
correspond to opposite molecular signals in hybrid endosperms.
Expression asymmetries between reciprocal crosses are expected to reveal parental
expression differences. Differential gene expression between [PP] and [CC] and between
[PP] and [AA] contributed importantly to expression differences between reciprocal
crosses of [AP] and [CP] (61.0% and 63.9% of DEGs between reciprocal crosses were in
common with DEGs found between intraspecific endosperms; Table 1). This proportion
was reduced in [AC] where only 33.4% of DEGs between reciprocals were in common
with [AA]-[CC] DEGs (Table 1). Interestingly, larger proportions of genes upregulated in
[PP] (+35.4% and +39.7%, respectively, compared to either [CC] or [AA]) were found
misexpressed between reciprocals of [AP] and [CP] (Table 1). This finding argues for a
larger genetic strength of P in either parental role, driving more expression differences
between reciprocal crosses in [AP] and [CP] than either C or A as parents. Such a trend
was also visible in A. thaliana × A. arenosa hybrids, with genes upregulated in A. arenosa
being twice more abundant than genes upregulated in A. thaliana among genes
differentially expressed between seeds from two A. thaliana × A. arenosa crosses
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(Burkart-Waco et al., 2013). However, the latter study was performed on whole seeds and
only in one cross direction. Mechanistically, expression differences in hybrids may result
from cis- and trans-regulatory divergence between lineages. In the subsets of genes
differentially expressed between reciprocals (AC-CA, PA-AP, PC-CP), 48.7–67.4%
showed uniparental ‘MAT’ or ‘PAT’ differential expression. Thus, global expression
changes between reciprocal crosses appeared to be largely driven by uniparental
expression asymmetries between reciprocal crosses. Because both alleles are exposed to
the same trans elements in hybrid cells, uniparental expression changes between
reciprocals may reveal cis-regulatory differences between parents (Combes et al., 2015).
However, heterozygosity and different ploidy levels of both parental genomes complicate
the interpretation of cis- and trans-regulatory changes in the endosperm (additional transhomologue effect ‘cum’; Haig, 2013).
We found further evidences that gene regulatory perturbation occurred between
reciprocal strong-HSF crosses. Terms related to ‘regulation of transcription’ were
enriched in up- and downregulated genes in PA-AP and PC-CP comparisons. As shown
by the regulation of MADS-Box genes, expression asymmetries were revealed within
families of regulatory elements, with subsets of genes with opposite expression changes
between PA-AP and PC-CP (Fig. 5C). This indicates that the asymmetric expression of
MADS-Box genes between [AP] and [CP] reciprocals might originate from parental
expression differences in these genes; indeed, 59.0 to 100% of MADS-Box genes
differentially expressed between lineages were also differentially expressed between their
reciprocal hybrid crosses (Table S1). One subfamily of MADS-Box TFs, AGAMOUSLIKE (AGL), comprises potential targets of the FIS-PRC2 complex (Kradolfer et al.,
2013a; Koltunow & Rabiger, 2015); they could also be regulated by sRNAs produced by
Pol IV (Lu et al., 2012). Mutations of the Arabidopsis AGL62 gene have revealed its
dosage-sensitive role in endosperm development in interploidy crosses (Kang et al., 2008;
Kradolfer et al., 2013a). Among the 41 putative AGL genes expressed in wild tomato
endosperm, we found that the majority was downregulated in (PA-AP) and (PC-CP)
comparisons (30/34 DEGs in PC-CP and 29/31 DEGs in PA-AP, with 28 genes common
to both comparisons). Moreover, among the 28 genes upregulated in both CP and AP,
eight were overexpressed in [PP] compared to [CC] or [AA] endosperms (including the
putative ortholog of AGL62). Thus, divergence of AGL dosage requirements between
tomato lineages could be at the core of endosperm failure in their reciprocal hybrids.
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The AGL36 gene, as well as PHERES1, a well-characterized MADS-Box gene
closely related to AGL genes, is imprinted in the Arabidopsis endosperm (Köhler et al.,
2003; Shirzadi et al., 2011). Unfortunately, we do not know whether AGL genes are
imprinted in wild tomatoes and their hybrids, because they were not polymorphic between
our parental plants (only one gene was polymorphic in P and not imprinted; Table S2).
Molecular asymmetries between reciprocal crosses correspond to parental-excess
phenotypes
As mentioned before, parental dosage differences in the endosperm may be responsible
for hybrid seed failure. This scenario predicts that reciprocal crosses will exhibit opposite
gene expression in the endosperm, correlating with complementary phenotypes (Scott et
al., 1998; Haig, 2013). Based on morphological observations, we hypothesized in
Chapter 1 (Roth et al., 2017) that P has increased ‘effective’ dosage compared to both A
and C. Accordingly, the phenotypes of CP and AP should correspond to paternal excess,
while PC and PA should correspond to maternal excess. Paternal-excess phenotypes in
Arabidopsis and maize are characterized by delayed or longer endosperm cellularization
with increased nuclear proliferation, resulting in larger seeds; maternal-excess phenotypes
are characterized by early endosperm cellularization with reduced nuclear proliferation,
resulting in smaller seeds (Haig & Westoby, 1991; Scott et al., 1998; Leblanc et al., 2002;
von Wangenheim & Peterson, 2004; Li & Dickinson, 2010).
Despite the fact that the Solanum endosperm is of cellular type—implying that it has
no transition phase from syncytial to cellular stage through cellularization—the
developmental abnormalities we highlighted were equivalent to those observed in the
nuclear-type endosperm of plant model species, characterized by proliferation defects at
the pre-globular stage. Relatively larger seeds were observed in the CP cross, with delayed
endosperm growth and large vacuolated cells, consistent with a paternal-excess
phenotype. In contrast, PC seed development showed signatures of a maternal-excess
phenotype; seeds were much smaller compared to CP seeds, and the endosperm stopped
growing at early stages and was composed of small and visually dense cells. This was
reflected by different seed sizes at seed maturity, and it is generally accepted that
endosperm growth determines final seed size (Garcia et al., 2003; Sabelli & Larkins,
2009). Significant seed size differences at maturity between AP and PA crosses indicate
that similar developmental trajectories occur in [AP] crosses, with AP showing a paternalexcess-like and PA a maternal-excess-like seed phenotype.
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At the molecular level, (AP, CP) and (PA, PC) crosses formed two relatively
homogeneous groups separated by the strongest expression differences found in the
dataset (Fig. 3B). We suggest that these major differences reflect the antagonism between
paternal- and maternal-excess endosperm. Indeed, the global increase in maternal
expression proportion was higher in PA and PC, and this trend was even stronger for
candidate PEGs (Table 2). Moreover, genes upregulated in maternal-excess endosperms
and wild tomato candidate MEGs (identified in Chapter 2) share 14 significantly enriched
GO terms (Table S2). This suggests that gene expression perturbation may affect MEGs
and important gene functions normally fulfilled by MEGs. In contrast, the increases in
maternal proportion for candidate PEGs were less in the CP and AP crosses (Table 2), and
upregulated genes in these paternal-excess-like crosses did not have GO terms in common
with those of candidate IGs.
Putative molecular function underlying parental excess may reveal differences in cellcycle tuning between tomato lineages
GO terms associated with genes differentially expressed between maternal and paternal
excess-like crosses indicated contrasting cell cycle regimes. DNA replication and chiasma
assembly were upregulated in paternal-excess endosperm, indicating that CP and AP
endosperm cells were probably still dividing at 12 DAP, while proliferation had most
likely stopped in the PC and PA endosperms (Table S1). Our [CP] morphological
measurements between 10 and 13 DAP confirmed this inference (Chapter 1).
The function ‘negative regulation of growth’ was upregulated in maternal-excess
phenotypes, combined with an increased response to auxin (Table S1), which is known to
exert negative control of cell division (John et al., 1993; Schruff et al., 2006; OrozcoArroyo et al., 2015). A. thaliana arf mutants have a non-functional AUXIN RESPONSE
FACTOR 2 (ARF2) and a paternal-excess-like phenotype with enlarged seeds due to
delayed and extended cell divisions in seed tissues (Schruff et al., 2006). This indicates
that maternal factors control the response to auxin, which is responsible for the control of
cell cycle transitions. Interestingly, five ARFs were found to be maternally expressed in
wild tomato endosperm, and three of them were downregulated in paternal-excess
phenotypes (Solyc04g081240.2, Solyc07g043610.2, Solyc11g069500.1; Chapter 2;
Table S1). Signals for cell differentiation and response to hormones involved in cell
differentiation and seed maturation, such as brassinosteroids and abscissic acid (OrozcoArroyo et al., 2015), were overrepresented among genes upregulated in the maternal-
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excess-like endosperms (Table S1). Compared to intraspecific PP1 endosperm, genes
involved in mitotic chromosome condensation and regulation of G2/M transition of the
mitotic cell cycle were downregulated in PA and PC, whereas genes involved in fruit
ripening and seed dormancy were upregulated (Table S1). These expression changes
probably reflect our histological observations that maternal-excess endosperms stopped
dividing and already started to differentiate at the early globular stage (Chapter 1; Roth et
al., 2017).
We thus suggest that hormone concentrations, regulating the progression through the
cell cycle, are mainly under maternal control and perturbed in opposite ways in (PA, PC)
versus (AP, CP) endosperm, resulting in maternal- and paternal-like seed size and
endosperm morphologies. As proposed for maize by Leblanc et al. (2002), imprinting
would influence the cell cycle such that (i) rapid mitotic arrest is due to fast G/M
transitions in maternal-excess endosperm, and (ii) a longer phase of cell proliferation is
due to facilitated re-entry into the S-phase (DNA replication phase) and delayed G/M
transitions in paternal-excess endosperm.
Further, some authors have argued that HSF due to dosage imbalance is not a result
of perturbed imprinting per se but rather a sign that imprinted regulators of cytoplasmic
growth rate are misexpressed (von Wangenheim & Peterson, 2004; Li & Dickinson,
2010). All eukaryotic cells progress through the cell cycle by means of precise control of
cyclin concentrations. Although cyclins and their regulation are only partially
characterized in plants, it is known that genes encoding for cyclins are controlled by
growth hormones (Inzé & De Veylder, 2006, and references therein). The regulation of
hormones and other cell-cycle regulators via imprinting could corroborate the hypothesis
that imprinting has evolved to ensure the stable production of certain cell components
(Hurst & McVean, 1998; Weisstein & Spencer, 2003). Also, pervasive maternal control
over hormones could be interpreted as a coadapted control of cell signalling between the
endosperm and maternal tissues, allowing their synchronized development (Wolf &
Hager, 2006).
Parental dosage excess in the endosperm may mediate perturbed growth of maternal
seed tissues
We reported in Chapter 1 (Roth et al., 2017) that sporophytic tissues were affected by the
hybrid state, notably in CP crosses where both nucellus and seed coat were enlarged
compared to [CC] developing seeds. In the study by Schruff et al. (2006) on arf mutants,
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it was proposed that impaired auxin regulation in sporophytic tissues altered seed size. As
our morphological data show, seed size and development were impaired in strong-HSF
hybrids in a fashion similar to that observed by Schruff et al. (2006). But in our study, CP,
CA, and CC1 seeds inherited the same sporophytic genome (from mother C1) yet
exhibited different seed viability levels, showing that the perturbation of auxin control is
unlikely to originate in sporophytic tissues. Rather, auxin control is most likely first
impaired in the hybrid endosperm of [AP] and [CP] and might subsequently mediate
hormonal perturbation in sporophytic tissues. Recent studies on A. thaliana have
demonstrated that the endosperm-expressed AGL62 mediates the transport of auxin from
the endosperm to the integuments and underlies nucellus degradation as well as
integument initiation and growth during seed development (Xu et al., 2016; Figueirdo et
al., 2016; Fiume et al., 2017). This strengthens the hypothesis that AGL and auxin
deregulation in the endosperm might be tightly linked. It also indicates that expression
perturbation in the endosperm might trigger physiological abnormalities in maternal
compartments of wild tomato abortive seeds. Our results thus emphasize the central role
of the endosperm as a coordinator of seed development and growth, and lend support to
maternal–offspring coadaptation of gene expression in the seed (Berger et al., 2006; Wolf
& Hager, 2006; Nowack et al., 2010).
Candidate genes and potential molecular scenario involved in parental excess
endosperm phenotypes
As mentioned earlier, AGL genes were differentially expressed between paternal- and
maternal-excess-like endosperms; they were mainly downregulated in the maternal-excess
crosses (Table S1). In Arabidopsis, seeds with parental dosage imbalance obtained from
interploidy crosses could be rescued by restoring correct AGL expression levels in the
endosperm, showing that AGL expression is a sensor of parental dosage in this tissue
(Walia et al., 2009; Kradolfer et al., 2013a). As auxin levels might be controlled by AGL
proteins in the endosperm (Figueiredo et al., 2015), the phenotypic and molecular
asymmetries described in the present study argue for divergence in AGL protein dosage
between wild tomato lineages as a potential agent of auxin deregulation and perturbed cell
cycle in [AP] and [CP] hybrids.
A recent review pointed out the regulation of auxin by the RNA-dependent DNA
methylation pathway (Yamamuro et al., 2015, and references therein), another mechanism
for parental dosage control potentially involved in endosperm failure. The asymmetric
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expression of RNA polymerase units among both [AP] and [CP] reciprocals, namely
downregulation of these genes in the maternal-excess-like crosses PA and PC (19/19
DEGs in PA-AP and 19/21 DEGs in PC-CP comparisons, out of 60 DNA-directed RNA
polymerases; Table S1), might indicate that this major pathway is perturbed in response to
different dosage requirements in the parental lineages. However, putative RNA
polymerase units involved in these hybrid perturbations were not found differentially
expressed between parental intraspecific endosperms.
Differential regulation of the canonical or noncanonical RdDM pathway (Matzke &
Mosher, 2014) could be one cause for the dissimilarities in molecular responses between
maternal-excess and paternal-excess endosperms. Namely, downregulation of the RdDM
pathway could explain in the maternal-excess endosperm (i) the larger increases in
maternal proportion, (ii) the higher expression of MEGs, such as hormone-related genes,
and (iii) the larger proportion of downregulated genes caused by compromised TE control
(due to disrupted sequence of genes and their cis/trans elements).
The changes in AGL expression correlating with parental imbalance observed in our
study, namely their increased expression in paternal-excess and decreased expression in
maternal-excess endosperm, are corroborated by two independent studies in A. thaliana
(Lu et al., 2012; Kradolfer et al., 2013a). However, when correlating AGL and RNA Pol
IV subunit expression levels, these authors obtained contradictory results (Lu et al., 2012;
Kradolfer et al., 2013a). We observed an upregulation of RNA polymerases in paternalexcess endosperms (compared to maternal-excess endosperms; Table S1). The recent
study by Erdmann et al. (2017) clarified the link between Pol IV and parental excess in A.
thaliana. They showed that the inactivation of paternally inherited Pol IV compensates
paternal-excess expression and restores seed viability in A. thaliana (while maternal
inactivation had nearly no effect). This indicates that paternal-excess is caused by
upregulation of paternal alleles of RNA Pol IV. Unfortunately, RNA polymerase genes
potentially involved in this process could not be assessed for parent-specific expression in
our study due to lack of parental sequence polymorphism. However, it may explain the
global RNA polymerase expression differences we found between parental-excess tomato
endosperms, which could directly impact the expression of some AGLs (Kradolfer et al.,
2013a).
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Overall, our data thus indicate that physiological asymmetries between parentalexcess-like phenotypes might be explained by perturbed auxin control. Auxin response
might be altered by misregulation of AGL genes in a complex interplay with PrC activity
and the RdDM pathway, two essential mechanisms regulating genomic imprinting.
Evolutionary implications of parental dosage and regulatory divergence for
reproductive isolation
We described the transcriptomes of hybrid endosperms in reciprocal homoploid crosses
between three closely related wild tomato lineages. We found that regulatory divergence,
and especially expression dosage, explained both phenotypic and transcriptomic
differences between intraspecific, partially viable, and completely inviable hybrid seeds.
Two important aspects of our results show that parental conflict in the endosperm might
have played a role in establishing reproductive isolation between wild tomato species: (i)
imprinting perturbation in hybrids and (ii) asymmetric phenotypes and expression
landscapes in strongly abortive hybrid seeds. Also, we accrued evidence that endosperm
failure is mediated by shared yet perturbed molecular mechanisms such as PrC and RdDM
that are dosage-sensitive and essential components of imprinting mechanisms. Our study
system included two crosses with common reciprocal HSF phenotypes ([AP] and [CP])
and we found that they exhibited similar expression signatures. Thus, [AP] and [CP]
represent independently evolved biological replicates highlighting common physiological
and molecular mechanisms of reproductive isolation between closely related lineages.
Importantly, a higher proportion of PEGs than MEGs was conserved among the three
lineages (Chapter 2), and PEGs lost their imprinting status more frequently than MEGs in
the two reciprocal strong-HSF endosperms. This is supported by synteny comparisons of
candidate imprinted genes among closely and widely related species (Waters et al., 2011;
Hatorangan et al., 2016; Klosinska et al., 2016) and indicates that correct endosperm and
seed development might be more sensitive to perturbations of paternally controlled
functions (or to increased maternal control of these functions).
Interestingly, species P appeared to drive HSF at both molecular and phenotypic
levels. Indeed, the parent designated in the ‘parental’-excess crosses always referred to
parent P. We thus propose that P exerted an increased effective endosperm dosage, which
could be interpreted as a stronger genetic value (or EBN; Johnston et al., 1980; LafonPlacette & Köhler, 2016). The parental conflict theory predicts that greater long-term
conflict in one lineage will lead to its increased genetic strength in a hybrid context,
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compared to other lineages characterized by lower levels of parental conflict. As levels of
parental conflict should negatively correlate with relatedness between parents, such
conflict is expected to decrease with more inbreeding (Brandvain & Haig, 2005).
Although our study included only obligatory outcrossers, lineages A, C, and P harbor
different levels of nucleotide diversity; specifically, P is the most diverse and A the least
diverse lineage (Städler et al., 2008; Tellier et al., 2011; Labate et al., 2014). Range-wide
nucleotide diversity should reflect long-term effective population size; all other things
being equal, one would expect lower parental conflict between two randomly drawn plants
from the least polymorphic (A) compared to the more polymorphic lineages (C and,
particularly, P). In summary, we infer the relative genetic strengths between lineages to be
P >> C ≥ A.
How can we interpret the relative success of [AC] crosses? On the one hand, hybrid
crosses between A and C produced variable proportions of viable seeds, suggesting that
they have roughly compatible genetic values. Also, germinating [CA] F1 hybrids, despite
a few developmental abnormalities, were viable (Chapter 1) and fertile (data not shown),
indicating that lineages C and A have accrued only few genetic incompatibilities. On the
other hand, partial but significant HSF in numerous AC and CA crosses presented in
Chapter 1 (Roth et al., 2017) may be a reflection of slightly different genetic strengths
expressed in the hybrid endosperm. Indeed, in the crosses selected for the present study,
AC seeds were larger than AA1 seeds and much larger than CA seeds, suggesting a
pattern of paternal excess for AC seeds. Consequently, we infer that C1 has a stronger
genetic value than A1, but that this dosage difference is small enough to be overcome by
natural robustness to hybridization in the endosperm, at least in a large fraction of seeds.
Importantly, we did not find significant genome-wide differences in expression
levels between [AA], [CC], and [PP] endosperms and relatively few DEGs between them
(Chapter 2, Fig. 3, Table 1, Table S1). Thus, we propose that the concept ‘genetic
strength’ refers to the stronger expression of specific genes controlling dosage-sensitive
mechanisms, such as cell-cycle regulation. We provided a number of candidate
mechanisms controlling this feature. AGLs expression levels seem to match the predicted
genetic strength hierarchy: among the 30 putative AGL genes expressed in our dataset,
eight showed expression differences between the intraspecific crosses [AA], [CC], and
[PP], such that P > C, P > A, and C > A. All eight genes were upregulated in the paternalexcess endosperms AP and CP, and four of them were also upregulated in AC (supposed
to show ‘lighter’ paternal excess) such that AP > PA, CP > PC, and AC > CA. Thus these
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eight AGL genes are candidate genes determining different genetic strengths between
tomato lineages, and as a consequence, they might be decisive for hybrid seed failure.
The parental conflict theory has served as the cornerstone in interpreting the origin
and evolution of genomic imprinting in the endosperm (Haig & Westoby, 1991; Haig,
2013). Complementary to this, further evolutionary hypotheses can explain how genetic
constraints may shape the evolution of imprinting in more mechanistic ways (Haig, 2014;
& Kokko, 2014; Spencer & Clark, 2014). For example, while the conflict theory predicts
the conservation of genomic imprinting, it clearly does not predict the relatively low
overlap of IGs among different model species (reviewed in Chapter 2). However, the
relatively high ‘polymorphism’ of candidate IGs among wild tomato lineages (Chapter 2)
could be interpreted as a potential substrate for the evolution of coadaptation between loci
(Willi, 2013; Haig, 2014). More generally, expression in the endosperm is expected to
result from complex mechanisms of coadaptation between genes (Wolf, 2013).
Coadaptation may be expected to evolve between genes from different seed
compartments (i.e. diploid seed coat, triploid endosperm, diploid embryo), as well as
between nuclear and cytoplasmic genes (Wolf & Hager, 2006; Wolf, 2009). Coadaptation
may also occur within the endosperm genome (within or between parental genomes),
contributing to its stability (e.g. TEs and their repressors) and synchronization of
developmental sequences (e.g. between homeotic genes; Wolf, 2013; Patten et al., 2014,
2016). Thus, imprinted genes may be expected to be key elements of a complex coadapted
expression landscape in the endosperm. We have documented physical and functional
linkage between candidate IGs (Chapter 2), indicative of coadaptation between IGs in
Solanum endosperm. Also, the fact that more MEGs than PEGs were identified in that
study supports a maternal–endosperm coadaptation model (Wolf & Hager, 2006).
However, while this is corroborated by imprinting data in several study systems (rice: Luo
et al., 2011; castor bean: Xu et al., 2014; A. thaliana: Pignatta et al., 2014; sorghum:
Zhang et al., 2016; C. rubella: Hatorangan et al., 2016), this is contradicted in A. lyrata
and maize where more PEGs than MEGs have been identified (Waters et al., 2013;
Klosinska et al., 2016).
Hybridization most likely disrupts coadapted expression of IGs in the endosperm of
strong-HSF hybrids. If imprinted genes coevolved, misregulation of just a few of them
might be sufficient to modify the entire expression landscape. In strong-HSF endosperms,
the pervasive loss of imprinting status (due to shifts in maternal proportion) along with
extensive expression perturbation could reflect the disruption of coadapted genes. In line
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with these inferences, the hypothesized divergence between lineages in the control of
selfish elements could result in chaotic expression of TEs in hybrid endosperms (Barlow,
1993). Our transcriptome data did not allow us to address this hypothesis directly, but the
documented RdDM pathway perturbations indicate that such phenomena might contribute
to HSF. Nevertheless, the coadaptation and genome-defence hypotheses can only partly
explain the observed molecular correlates of HSF in wild tomatoes. Indeed, they do not
predict that developing hybrid seeds of more closely related lineages such as C and P
reveal more disrupted expression than hybrid endosperms of the evolutionarily more
distant lineages C and A. A more comprehensive dissection must include evolutionary
factors such as demographic and speciation history, levels of historical gene flow among
lineages, and competition and natural selection.
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GENERAL DISCUSSION
My doctoral thesis investigated intrinsic postzygotic reproductive barriers between wild
tomato species. I described the phenotypic and molecular signatures of hybrid seed failure
in crosses within and between S. arcanum var marañón, S. chilense, and S. peruvianum
with a specific focus on the role of (perturbed) genomic imprinting in endosperm failure.
Several authors have emphasized that wild tomatoes provide an attractive study
system to explore the evolution of reproductive barriers and especially of hybrid seed
failure (Brandvain & Haig, 2005; Bedinger et al., 2011). I would like to add that they are
also an excellent study system from a technical point of view, because genetic and
histological analyses can be performed relatively easily in tomatoes. Because members of
the Solanaceae have a cellular endosperm, studying hybrid seed failure in this family also
contributes to increase our knowledge on endosperm evolution. In addition to Solanum,
Mimulus is the only other genus with cellular endosperm in which endosperm-based
hybrid seed failure is being studied. Mimulus species have contrasting mating systems and
are well-studied for the evolution of reproductive barriers (Ramsey et al., 2003; Sweigart
et al., 2006); a reference genome is also available for M. guttatus (Wu et al., 2008;
Hellsten et al., 2013). In particular, Mimulus species seem to share several aspects of
hybrid seed failure with wild tomatoes, including asymmetric seed size between reciprocal
abortive hybrid crosses (Coughlan & Willis, 2017). However, transcriptomic work on the
endosperm has not been performed to date because isolating the endosperm remains
tedious (Elen Oneal, personal communication). Another approach to boost understanding
of the origin and evolution of imprinting would be to study seed tissues of basal
angiosperms and gymnosperms, but this has, to my knowledge, not yet been pursued
(Baroux et al., 2002; Pires & Grossniklaus, 2014).
Despite some technical challenges to recover endosperm tissue from developing
seeds just 12 days after pollination, I was able to produce transcriptomes of good quality
with a robust sampling design. Beyond my study, this large dataset can serve as a
reference for the expression landscape of intra- and interspecific tomato endosperms. I
provided a list of 59 imprinted genes conserved among S. arcanum var marañón, S.
chilense, and S. peruvianum, a useful resource for comparative analyses with other
angiosperm species. While I found imprinting to be significantly conserved among the
three lineages, variation in imprinting status is high and subject to numerous
interpretations, reflecting the actual debate on imprinting evolution in mammals and
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flowering plants (Holman & Kokko, 2014; Gehring & Satyaki, 2017). I posit that the
general functions of imprinted expression are conserved despite the relatively fast turnover
of individual imprinted genes. This turnover is especially fast for MEGs, possibly
indicating that imprinting plays a role in adaptation to maternal environments (Bai &
Settles, 2015).
Variation in parental gene expression between species can facilitate postzygotic
reproductive isolation based on seed failure. I suggest that dosage-sensitive mechanisms,
involving imprinted genes, are potential causes for the global expression perturbation
observed in the endosperm of strongly abortive seeds. It was previously shown in
Arabidopsis that natural variation in imprinted expression correlates with differentially
methylated regions and variation in transposable element insertions (Pignatta et al., 2014).
Data on methylation and small RNAs could allow us to test this association in wild tomato
endosperm. In agreement with earlier results obtained by Ana Marcela Florez-Rueda in
our lab, I have shown that increased maternal expression proportions in the endosperm are
a common response to hybridization for strongly abortive crosses (Florez-Rueda et al.,
2016). Erdmann et al. (2017) recently showed that experimental disruption of the
Arabidopsis RNA-directed DNA methylation pathway results in an increase in maternal
proportions. Here again, methylation and small-RNA data might allow us to confirm that,
as suggested in Chapter 3, hybrid endosperm failure in wild tomatoes involves the
disruption of major epigenetic regulators. While obtaining endosperm methylomes is very
challenging at early developmental stages, it is possible to isolate endosperm small RNAs.
Current work performed by A.M. Florez-Rueda will provide insights into the role of
endosperm small RNAs in tomato hybrid seed failure (Florez-Rueda et al., in prep.).
My work contributes to an understanding of parental roles in determining the pace of
cell divisions and differentiation. While imprinting disruption can also induce embryo
abortion in the mammalian placenta (Fowden et al., 2006), a broader parallel can be drawn
between angiosperms and mammals concerning the potential role of imprinting in cellcycle control. Indeed, in mouse and humans several imprinted genes are involved in cellcycle perturbation leading to tumor formation (Steenman et al., 1994; Cui et al., 2003;
Jelinic & Shaw, 2007). Moreover, the fact that cancer is more prevalent in mammals than
in birds might be linked to the evolution of imprinting driven by increased maternal–
offspring conflict in mammals (Haig, 2015). My results point to the convergent role of
imprinting in determining cell fate in plant and mammalian tissues. I accrued strong
evidence that cell-cycle control is essential for endosperm development and negatively
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impacted by unbalanced parental dosage. It is not surprising that the cell cycle, which
determines cell fate and metabolism, must be regulated with high precision in an organ
such as the seed where growth between different tissues is highly constrained both
spatially and temporally (Dante et al., 2014). As cell-cycle transitions are triggered by
changes in specific protein concentrations such as cyclins, parental control may have
evolved to ensure the correct dosage of cell-cycle regulators. The two endospermexpressed parental genomes appear to be involved in cell-cycle control in distinct ways.
MEGs, enriched for hormone signalling, may preferentially mediate growth signals which
could be a signature of coadapted developmental programs between endosperm and
maternal tissues. Our histological work supports this idea because parental excess in the C
× P and P × C crosses seems to affect growth not only of the endosperm but also of seed
coat and nucellus. We have shown that the differential expression of AUXIN
RESPONSIVE FACTORS (ARFs) is involved in parental-excess phenotypes. Reciprocal
crosses between ARFs mutants and wild-type tomatoes might confirm that auxin is
driving cell-cycle control in tomato endosperm, and thus affecting development of other
seed tissues in a parent-specific way (Schruff et al., 2006).
It is known that cell-cycle regulation affects seed size (Sabelli & Larkins, 2015).
Thus, candidate genes found in our study such as ARFs and AGAMOUS-LIKE genes
(AGLs) could be studied in cultivated crops; these genes are often duplicated and their
products acting in networks (Walia et al., 2009; Wu et al., 2011). Thus, they conceivably
might have quantitative effects on seed size and could be combined to increase seed size
(and weight) without altering seed viability (Roscoe et al., 2012). Also, one third of all
MEGs and almost half of the PEGs recently identified in rice were found to be associated
with grain yield quantitative trait loci (QTLs) and significantly affected starch
accumulation in rice grains (Yuan et al., 2017). As increase in yields seems to have
plateaued in major crops such as maize, rice and wheat (Ray et al., 2012; Chen et al.,
2017), our results may contribute to unlock developmental constraints on greater yields.
We have also noticed that seed size seems to correlate with fruit size in tomatoes (M.
Roth, unpublished data), a trend seemingly conserved over evolutionary times in
angiosperms (Eriksson et al., 2000). Thus, our candidate genes underlying parental-excess
phenotypes could be useful for improving the production of horticultural crops.
The parental conflict theory appears to be well supported by our phenotypic and
transcriptomic data (Haig & Westoby, 1991, Chapters 2 & 3). An elegant way to validate
the proposed differences in genetic strengths between A, C, and P would be to phenotype
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reciprocal crosses between diploid and natural (or colchicine-induced) tetraploid
genotypes of these lineages (Praça et al., 2009). If this could be accomplished, we would
expect [C(4n) × P(2n)] and [A(4n) × P(2n)] reciprocal crosses to produce seeds with nearnormal size and partly restored viability. In contrast, we would expect [C(2n) × P(4n)] and
[A(2n) × P(4n)] reciprocal crosses to reveal even stronger phenotypic asymmetries due to
stronger parental-excess phenomena in the endosperm. Such validation has been
successfully performed in Arabidopsis hybrids (Lafon-Placette et al., 2017). Using
quantitative polymerase chain reactions, we could test whether changes in the expression
of candidate dosage-sensitive genes that were identified in this study accompany the
observed phenotypic changes.
My project has contributed to a better understanding of the evolutionary history of
wild tomatoes. First, our crossing data clearly indicate that S. arcanum var. marañón is
reproductively completely isolated from S. peruvianum, which was hypothesized in earlier
work but not clarified in the recent literature (Rick, 1986; Peralta et al., 2008). Also, my
hypotheses on genetic strength variation among the three lineages support current
knowledge on species divergence, demographic history, and mating systems in wild
tomatoes. S. arcanum var marañón may have experienced a decrease in parental conflict
during divergence from its common ancestor with S. peruvianum and S. chilense; this
supported by its phylogenetic proximity to self-compatible tomato species and its smaller
effective population size (Tellier et al., 2011, Labate et al., 2014; Pease et al., 2016). For
S. chilense, population fragmentation and bottlenecks during north-to-south colonization
(Böndel et al., 2015) may have eroded its genetic diversity, consistent with its reduced
genetic strength compared to S. peruvianum. The latter exhibits the highest molecular
diversity among all wild tomato species (Roselius et al., 2005; Städler et al., 2005),
reflecting larger effective population size and thus increased potential for parental conflict.
Alternatively, Dobzhansky–Muller incompatibilities expressed in the endosperm
and/or the embryo may have arisen during lineage divergence, and in the case of S.
peruvianum and S. chilense, reinforcement of reproductive isolation in sympatry might
have occurred (Städler et al., 2008). Despite the relatively high fitness of [AC] some
hybrids have symptoms of hybrid incompatibility such as necrosis and slower growth.
Embryo rescue and subsequent phenotyping of normally inviable [AP] and [CP] hybrids
could allow assessing the accumulation of genetic incompatibilities between S.
peruvianum, S. chilense, and S. arcanum var marañón. I cannot categorically rule out the
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possibility that genetic or even imprinting incompatibilities in the embryo contribute to
hybrid seed abortion (Dickinson & Scholten, 2013). However, I propose that based on our
morphological and transcriptomic data, the endosperm plays the major role in hybrid seed
abortion. This conjecture is also supported by previous work and can be reasonably well
interpreted in the light of established theories, such as parental conflict and coadaptation.
Successful embryo rescue would be the ultimate demonstration that endosperm
failure is causal for seed abortion. However, as I argued for germination tests, the absence
of viable progenies remains difficult to interpret, as it may be due to genetic
incompatibilities in the embryo as well as other intrinsic and extrinsic factors (e.g.
physiological and abiotic). Because the tomato endosperm grows faster than the embryo at
early stages (Chapter 1), it might be near-impossible to sample the embryo early enough
to completely eliminate effects of a defective endosperm on embryo growth. Yet, it would
be worthwhile to test whether any embryos can be rescued at all from the highly abortive
[AP] and [CP] crosses, and then to analyze F1 hybrid plants phenotypically and
genetically. One could potentially find QTLs involved in seed lethality in backcross
populations (Moyle & Graham, 2005; Garner et al., 2016) and explore parental influences
on expression and methylation patterns in hybrid plants (Videvall et al., 2016). Such data
could show whether imprinted genes overlap or interact with seed lethality genetic factors.
We might also expect genes imprinted in the endosperm to be non-imprinted or even not
expressed in tissues of hybrid plants, revealing their degrees of specificity. However, I
should remind the reader that imprinted genes inferred in my work were limited to flowerbud-expressed genes, representing a technical constraint. Having access to whole-genome
data of the parental plants would be the only solution to access the complete set of
parental polymorphisms, but this was not conceivable for my doctoral project due to both
time and financial limits.
Postzygotic reproductive isolation in wild tomatoes does not seem to be a process
arising gradually with increasing genetic divergence. Instead, differences in ‘genetic
strength’ between tomato lineages might be the basis of hybrid seed failure. I have shown
that genome-wide expression levels in [AA], [CC], and [PP] endosperms are not
significantly different (Chapter 2). Thus, differences in genetic strength might be rather
mediated by a small number of genes (‘parental dosage genes’), and these individual
genes would cause genome-wide expression imbalances in the endosperm of abortive
hybrid seeds. Because parental dosage genes are strong candidates for causing hybrid seed
failure in wild tomatoes, I suggest that they can be regarded as potential speciation genes
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(Orr et al., 2004). Candidate genes include ARFs and AGL genes (whether imprinted or
not). Selective forces operating on these genes could result both from their role in
reproductive isolation and from constraints generated by parental conflict. Studying their
levels and patterns of nucleotide polymorphism among all wild tomato species could
reveal whether strength and/or patterns of natural selection on these genes is correlated
with levels of parental conflict among lineages. We expect that parental dosage genes
might have experienced positive, diversifying, or balancing selection, resulting in their
maintenance and fast diversification in highly outcrossing species (Spillane et al., 2007;
Miyake et al., 2009). In contrast, we hypothesize that selection was and is less intense in
species with increased rates of inbreeding. Compared to the current main model systems
for genomic imprinting in the endosperm (A. thaliana, maize, rice), wild outcrossing
Solanum species (e.g. as studied in our work; Brandvain & Haig, 2005) and other
Arabidopsis species (Kawabe et al., 2007; Miyake et al., 2009; Klosinska et al., 2016) are
better suited to address these issues because parental conflict is expected to be high and
artificial selection ought not to have affected selection on imprinted genes.
Together with previous studies, my results highlight the high complexity of parental
effects during endosperm development. Finally, to understand how the multigenerational
household ‘seed’ is functioning, the relevant question might not be ‘what is each parent
doing?’, but rather ‘how well are parents doing together?’, which seems to rely on a
precise yet fragile balance between them.
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