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Abstract

Plants are unable to move away from unwanted environments and therefore have to
locally adapt to changing conditions. Arabidopsis thaliana (Arabidopsis), a model
organism in plant biology, has been able to rapidly colonize a wide spectrum of
environments with different biotic and abiotic challenges. In recent years, natural
variation in Arabidopsis has shown to be an excellent resource to study genes
underlying adaptive traits and hybridization’s impact on natural diversity. Studies on
Arabidopsis hybrids have provided information on the genetic basis of hybrid
incompatibilities and heterosis, as well as inheritance patterns in hybrids. However,
previous studies have focused mainly on global accessions and yet much remains to
be known about variation happening within a local growth habitat. In my PhD, |
investigated the impact of heterozygosity at a local collection site of Arabidopsis and
its role in local adaptation. | focused on two different projects, both including hybrids
among Arabidopsis individuals collected around Tubingen in Southern Germany. The
first project sought to understand the impact of hybridization on metabolism and
growth within a local Arabidopsis collection site. For this, the inheritance patterns in
primary and secondary metabolism, together with rosette size of full diallel crosses
among seven parents originating from Southern Germany were analyzed. In
comparison to primary metabolites, compounds from secondary metabolism were
more variable and showed pronounced non-additive inheritance patterns. In addition,
defense metabolites, mainly glucosinolates, displayed the highest degree of variation

from the midparent values and were positively correlated with a proxy for plant size.

In the second project, the role of ACCELERATED CELL DEATH 6 (ACDG6) in the
defense response pathway of Arabidopsis necrotic hybrids was further characterized.
Allelic interactions of ACD6 have been previously linked to hybrid necrosis, both
among global and local Arabidopsis accessions. Hence, | characterized the early
metabolic and ionic changes induced by ACDG6, together with marker gene
expression assays of physiological responses linked to its activation. An upregulation
of simple sugars and metabolites linked to non-enzymatic antioxidants and the TCA
cycle were detected, together with putrescine and acids linked to abiotic stress
responses. Senescence was found to be induced earlier in necrotic hybrids and
cytoplasmic calcium signaling was unaffected in response to temperature. In parallel,
GFP-tagged constructs of ACD6 were developed.



This work therefore gave novel insights on the role of heterozygosity in natural
variation and adaptation and expanded our current knowledge on the physiological

and molecular responses associated with ACD6 activation.

Keywords: Arabidopsis thaliana, diallel crosses, non-additive inheritance, hybrid

necrosis, ACD6, metabolism, variation, adaptation



Zusammenfassung

Pflanzen sind sessile Organismen, die nicht in der Lage sind sich unerwlnschten
Lebensraumen zu entziehen, sodass sie sich an verschiedene Umweltbedingungen
anpassen mussen. Arabidopsis thaliana (Arabidopsis) als Modellorganismus der
Pflanzenbiologie war in der Lage eine Vielzahl von Lebensraumen zu kolonisieren
und dabei verschiedenen biotischen und abiotischen Problemen zu trotzen.
Naturliche Variation in Arabidopsis hat sich in den letzten Jahren als Mittel bewahrt,
um Gene zu analysieren, welche fur adaptive Eigenschaften und natirliche Vielfalt
verantwortlich sind. Studien Uber Arabidopsis-Hybride haben Erkenntnisse Uber die
genetische Basis von Hybridinkompatibilitaten, Heterosis und Vererbungsmustern
von Hybriden geliefert. Jedoch haben diese sich bisher lediglich mit globalen ékotyp
befasst, sodass noch viele Informationen Uber Variation in einem lokalen

Wachstumsgebiet fehlen.

In meiner Doktorarbeit habe ich den Einfluss von Heterozygotie in einer lokalen
Arabidopsis-Population und deren Rolle bei der Adaption untersucht. Dabei habe ich
mich auf zwei Themen fokussiert. Beide Themen beinhalteten Arabidopsis-Hybride
zwischen Individuen, welche in der Region um Tubingen in Deutschland gesammelt
wurden. Das erste Projekt zielte darauf ab, den Einfluss der Hybridisierung auf den
Metabolismus und das Wachstum der Pflanzen in einer lokalen Arabidopsis-
Population zu verstehen. Daflir wurden das Vererbungsmuster von Primar- und
Sekundarmetaboliten, sowie die Rosettengréf’e von diallelen Kreuzungen zwischen
sieben Elternpflanzen analysiert. Im Vergleich zum Primarstoffwechsel variierten
Sekundarmetabolite starker und zeigten nicht-additive Vererbungsmuster. Zusatzlich
zeigten Abwehrstoffe — hauptsachlich Glukosinolate — die héchste Abweichung vom
Mittelwert beider Eltern und waren in positiver Korrelation mit der Groélke der

Pflanzen.

In dem zweiten Projekt wurde die Rolle von ACCELERATED CELL DEATH 6 (ACD6)
im  Abwehrsignalweg von nekrotischen Arabidopsis-Hybriden detaillierter
charakterisiert. Da die genetische Interaktion zwischen ACDG6-Allelen von globalen
und lokalen Arabidopsis-6kotypen bereits mit Hybridnekrose verknlpft wurde, habe
ich frihe Metaboliten-, lonen- und Expressionsanderungen von Markergenen
charakterisiert, welche durch die Aktivierung von ACDG6 induziert wurden. Eine

Erhdhung von einfachen Zuckern und Metaboliten nicht-enzymatischer



Antioxidantien und dem TCA-Zyklus wurde detektiert, sowie von Putrescin und
anderen Sauren abiotischer Stressantworten. Es wurde nachgewiesen, dass
Seneszenz fruher in nekrotischen Hybriden induziert und zytoplasmatisches Calcium-
Signaling nicht durch Temperatur beeinflusst wurde. Zusatzlich wurden GFP-

markierte Konstrukte von ACDG6 generiert.

Zusammenfassend kann gesagt werden, dass diese Arbeit weitere Erkenntnisse
Uber die Rolle von Heterozygotie in naturlicher Variation und Adaptation liefert und
sie unser Wissen uber die physiologischen und molekularen Veranderungen,

verursacht durch die ACD6-Aktivierung, erweitert.

Stichworte: Arabidopsis thaliana, diallele Kreuzungen, nicht-additive Vererbung,

Hybridnekrose, ACD6, Metabolismus, Variation, Adaptation
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1. Introduction

1.1 Natural variation in Arabidopsis thaliana

As sessile organisms, plants are exposed to different stresses in their local habitats.
Natural environments therefore contain spatial and temporal heterogeneity, key
factors influencing differential selection and the emergence of local adaptation.
Although the importance of local adaptation in plant survival and diversification is
widely recognized, its genetic basis is still not well understood (Fournier-Level et al.,
2011). In order to improve data acquisition and interpretation efficiency, biologists
have relied on the use of model organisms. In plant biology, Arabidopsis thaliana
(Arabidopsis) has been the most studied organism, with more resources being
allocated to its research than to well-known staple crops. With its ease of
maintenance, short generation time, small space requirements and simple
chromosomal structure, the number of biologists working with Arabidopsis has
increased from around 25 researchers since the 1970s to more than 16,000
worldwide by the end of 2004 (Leonelli, 2007). Friedrich Laibach was the first
scientist to be intrigued by the extraordinary amount of natural variation observed
within individuals from this species; an observation that fuelled his systematic
collection and classification of wild-type mutants since 1937 (Laibach, 1943). Parallel
to Arabidopsis’s ample genetic diversity is its wide geographical distribution, with
native global accessions growing throughout the northern hemisphere in Europe,
North America, central Asia and Africa (Koornneef, Alonso-Blanco, & Vreugdenhil,
2004). The number of climatically different areas Arabidopsis has been able to
colonize, from North Scandinavia to the mountains of Tanzania and Kenya, exceeds
those encountered by almost any other well-investigated species of Brassicaceae,
making it a suitable model to analyse variation in adaptive traits (Hoffmann, 2002;
Koornneef et al., 2004). In fact, it has been shown that large-effect sequence
polymorphisms affect approximately 9.4% of Arabidopsis protein-coding genes, with
most changes accumulating in regions coding for genes interacting with
environmental stresses (Clark et al., 2007). Additionally, the 1001 genomes
consortium was able to identify extreme pair-wise divergences among global

Arabidopsis accessions not correlated with geographic distance (The 1001 Genomes
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Consortium et al., 2016), giving further insights into the global pattern of

polymorphisms found within Arabidopsis.

The geographical diversity of Arabidopsis has led to regional differentiation and the
appearance of different “ecotypes”. Ecotypes are populations of the same species
adapted to their local environmental conditions, although nowadays this term has
been replaced with “accession” to refer to plants collected at a specific location
(Koornneef et al., 2004). Joe Hereford found that local populations of plants and
animals usually show a 45% advantage over non-local individuals (Hereford, 2009).
Yet, even though local adaptation is necessary for species to thrive amid rapid
environmental changes and across different geographical regions, we still don'’t
understand its molecular basis (Fournier-Level et al., 2011). Studies on natural
variation among global accessions have already helped us understand genetic
mechanisms underlying differential fitness traits in hybrids (Weigel, 2012). Due to the
wide geographical distribution of Arabidopsis individuals, phenotypic variation of
physiological and morphological traits is abundant within global accessions of
Arabidopsis (Koornneef et al., 2004). However, less is known about natural variation
occurring within accessions from a same collection site. Even though Arabidopsis is
mainly a self-fertilizing plant with an average outcrossing rate of 2% to 4% for urban
or rural stands respectively, outcrossing rates can reach up to 20% depending on
geographical location (Abbott & Gomes, 1989; Bomblies et al., 2010; Platt et al.,
2010). Therefore, there can be considerable variation among local groups and
haplotypes attributed to outcrossing (Platt et al., 2010). In fact, cases of heritable
genetic variation leading to local adaptation have already been described. Of
particular interest, it was recently shown that Arabidopsis accessions with different
life-cycle strategies differed in their responses to different stresses; while winter
annuals showed more resistance against drought, aphids and thrips, summer
annuals fared better against P. rapae and P. xylostella caterpillars (Davila Olivas et
al., 2017). Together, these findings suggest that heterozygosity can add to the
genetic variation already present in a local habitat. Therefore, studies of local natural
variation will not only help characterize the observed differences among local groups
of accessions, but also enable us to uncover the mechanisms generating and

maintaining this variability (Hedrick, 2006; Koornneef et al., 2004).
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1.2 Metabolism and growth

The ability of a plant to survive and grow in different environmental conditions is
linked to its metabolic capacity, which influences the energy resources available for
reproduction and defense. In this sense, growth can be regarded as a direct measure
of metabolic performance and an indirect measure of fitness linked to adaptation
(Meyer et al., 2007). The impact of metabolism on plant growth is well-documented,
with primary metabolism and carbon assimilation acting as direct regulators and
secondary metabolism and defense compounds acting as indirect regulators (Box et
al., 2015; Caldana et al., 2013; Meyer et al., 2007; Sulpice et al., 2009; Zist et al.,
2011). In Arabidopsis, significant correlations between biomass and specific
metabolite compositions have already been revealed, clarifying the direct link that
exists between metabolism and growth (Meyer et al., 2007; Sulpice et al., 2009). In
this regard, it is interesting to note that plant biomass could be predicted based on
specific metabolite combinations. It has already been demonstrated that predictability
of hybrid yield can be almost doubled with metabolomic data when compared to

predictions relying solely on genomic information (Xu, Xu, Gong, & Zhang, 2016).

The predictive power of metabolites in plant biomass has been evidenced not only
across recombinant inbred lines (RILs), but also across large sets of genotypically
diverse Arabidopsis accessions (Sulpice et al., 2009). This should come as no
surprise, given the fact that central metabolites comprise the major building blocks for
growth and their depletion is an indicator of plant development under favourable
conditions (Caldana et al., 2013; Meyer et al., 2007; Sulpice et al., 2009). Going
beyond direct relationships between specific groups of metabolites and growth, a
study conducted by (Lisec et al., 2011) revealed a negative association between
overall metabolic variation and fresh weight heterosis in corn hybrids, thus
highlighting a possible link between specific metabolite levels and growth
optimization. More in detail, the authors hypothesized that the reduced metabolic
variation associated to heterosis could be explained by the existence of optimal
fluxes related to faster growth. This further enhances the notion that biomass can be

explained by metabolic composition.

Understanding what the sources of variation for different metabolic profiles are, will
allow us to comprehend the processes that drive plant adaptation. Taking advantage

of high-throughput metabolomics gives the opportunity to understand plants as full
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biological systems rather than relying on isolated pieces of information.
Consequently, plant metabolomes open the possibility to grasp the complex
relationships shaping plant growth; knowledge that could consequently help plant

breeding strategies increase crop yields in more efficient ways.

1.3 The impact of hybridization on metabolism

The ubiquitous cause of adaptation across all organisms has been usually linked to
random mutations within the genome after replication inaccuracies during mitotic cell
divisions. Nevertheless, increased heterozygosity brought by hybridization has shown
to be a driving force behind genetic diversity, with self-incompatible populations of
Arabidopsis lyrata displaying higher levels of heterozygosity and diversity than selfed-
seed populations (Mable & Adam, 2007). Furthermore, the contribution of
hybridization to secondary metabolite variation and herbivore resistance serves as
direct evidence for the existing relationship between hybridization, nonadditive

metabolic inheritance and local adaptation (Cheng, Vrieling, & Klinkhamer, 2011).

Metabolic variability is affected, among other things, by parental ancestry. During
hybridization, genetic traits in the offspring can be inherited in additive or non-additive
ways. Traits inherited in an additive way will produce phenotypes resembling the
mean effect of both parental alleles in the progeny. Therefore, the progeny
phenotypes will not differ from the average phenotype observed in the parents
(midparent phenotype). On the other hand, traits deviating from the midparental
phenotype will be inherited in a non-additive way and can be transgressive, or
beyond the range of both parents (Ng, Lu, & Chen, 2012; Seymour, Chae, & Grimm,
2016). These midparental deviations can be either beneficial or disadvantageous for
the offspring. Decreased fithess in progeny compared to both parents is termed
hybrid incompatibility and increased fitness is known as heterosis or hybrid vigour
(Charlesworth & Willis, 2009; Schwartz & Laughner, 1969). The main mechanisms
related with non-additive inheritance described so far are dominance, over-
dominance and epistasis (C. Davenport, 1908; Hull, 1945). The dominance theory
states that a phenotypic effect from a deleterious parental allele can be
complemented in a hybrid with a dominant allele from the second parent (C. B.
Davenport, 1908). In over-dominance, the effect of heterozygosity results in hybrid

traits being higher than those observed in either parent. Additionally, hybrids can also
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show novel phenotypes due to epistasis, where a gene from one locus influences
genes at different loci (Sharp & Agrawal, 2016). Hybridization will therefore affect the
inheritance patterns of genetic traits in hybrids, which in turn will influence the

molecular and physiological responses of a plant.

The first project of my PhD work aimed to further investigate the causes and
molecular mechanisms underlying non-additive inheritance and has the potential to
improve hybrid breeding strategies. At the same time, the strength of studying natural
variation in Arabidopsis resides in the very large and well-integrated resources of
genomic data and molecular tools, which enable more accurate analyses and result
comparisons when formulating new hypotheses (Trontin, Tisné, Bach, & Loudet,
2011).

1.4 Hybrid necrosis in A. thaliana

As mentioned in the previous chapter, non-additive inheritance can result in
phenotypes that are beneficial or disadvantageous in comparison to the parents.
Besides studying non-additive inheritance patterns in the first part of my thesis, the
second part focused on investigating a special case of disadvantageous outcome in
hybrids, namely hybrid necrosis. When independently diverging genomes meet in
hybrids, epistatic interactions between newly introduced alleles might generate
detrimental consequences. The developed incompatibilities have been previously
described by Bateson, Dobzhansky, and Muller (Coyne & Orr, 2004; Dobzhansky,
1937; Muller, 1942), where complementary changes hypothetically occurring in two
different populations can trigger the appearance of reproductive barriers among
individuals. Hybrid incompatibilities can be seen as the unwanted by-product of
diversification through natural selection. It can be found across most plant species,
including important crop species like rice (Chen et al., 2014), and can act as a gene-
flow barrier among them; more specifically, a postzygotic barrier (Bomblies & Weigel,
2007). Post zygotic barriers come in many forms, from poor hybrid performance or
failure to attract pollinators, to intrinsic genic or chromosomal incompatibilities. In this
way, hybrid incompatibilities can also shape speciation and local adaptation by
promoting reproductive isolation between diverging populations (Fishman & Sweigart,
2018). These types of deleterious epistatic events have been mostly studied between
different populations (Maheshwari & Barbash, 2011; Presgraves, 2010; Rieseberg &
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Blackman, 2010), although recent research shows that these events can also occur
within a single intermating population (Corbett-Detig, Zhou, Clark, Hartl, & Ayroles,
2013; Hou, Friedrich, de Montigny, & Schacherer, 2014; Seidel, Rockman, &
Kruglyak, 2008). When parents from two different populations encounter each other,
genes that have evolved independently with divergent functionality, with no
deleterious consequences in their respective population, meet and interact in
unexpected ways (Bomblies et al., 2007; Bomblies & Weigel, 2007; Chae, Tran, &
Weigel, 2016; Coyne & Orr, 2004; Fishman & Sweigart, 2018). For these deleterious
interactions to occur within individuals of the same species, a strong selective
pressure usually acts on specific loci, triggering a higher degree of polymorphisms
that end up in unexpected incompatibilities (Chae et al., 2014). Therefore, increased
allelic heterogeneity increases the likelihood of incompatible interactions (Crespi &
Nosil, 2013; Cutter, 2012; Lachance & True, 2010). In this sense, high levels of
sequence divergence are fuelled by adaptation. For this reason, fast-evolving
defense genes have been linked both with adaptation and hybrid incompatibilities in
natural accessions of Arabidopsis (Alcazar et al.,, 2009; Alcazar et al., 2014;
Bomblies et al., 2007; Chae et al., 2014; Swiadek et al., 2017; Todesco et al., 2014).

(@ ]
(@ ]

Green allele Red allele arises
arises and fixes and fixes
(@ ] : (@ ]

Population 1 1 Population 2
v

(@ ]
(@ 1]

F4 Hybrids

Green and red
alleles are
incompatible

Figure 1. Schematic representation of the Bateson-Dobzhansky-Muller (BDM) model of hybrid
incompatibility. Blue circles represent the ancestral alleles, while green and red circles represent the
incompatible alleles that are acquired and fixed independently in each population.
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Hybrid necrosis was first described in Arabidopsis more than ten years ago
(Bomblies et al., 2007). It is a common type of post-zygotic genetic incompatibility in
plants characterized by stunted growth, necrotic lesions, cell death, ROS
accumulation, PATHOGENESIS-RELATED (PR1) expression and salicylic acid (SA)
build-up, resembling a response elicited by pathogen attack (Alcazar et al., 2009;
Alcazar et al., 2014; Bomblies et al., 2007; Bomblies & Weigel, 2007; Chae et al.,
2014; Swiadek et al., 2017; Todesco et al., 2014). In the first report with more than
850 unique crosses, approximately 2% of F1 hybrids showed different degrees of
necrosis (Bomblies et al., 2007). This was later confirmed by a diallel crossing
scheme among 80 accessions with 6409 crosses (Chae et al., 2014). In addition to
global accessions, hybrid necrosis may also occur between local accessions of
Arabidopsis (Swiadek et al., 2017). Most cases of hybrid necrosis described so far
are linked with highly polymorphic loci; mostly immune receptor genes with
nucleotide binding domains and leucine-rich repeat structures, also termed NLRs
(Bakker, Toomajian, Kreitman, & Bergelson, 2006; Bomblies & Weigel, 2007; Chae et
al., 2014; Clark et al., 2007; Noel, 1999; Todesco et al., 2014). NLRs are well-
characterized proteins involved in the recognition of specific pathogen effectors and
the consequent activation of plant defense responses (Alcazar et al., 2009; Bakker et
al., 2006; Chae et al., 2014; Thomas Eulgem, 2005; Lodha & Basak, 2012; Maiti,
Basak, & Pal, 2014). Additionally to NLRs, receptor-like kinases have also been
involved in the elicitation of autoimmune responses (Alcazar et al., 2014).
Nevertheless, Alcazar and collaborators were unable to identify incompatible

interactions within a local population of Arabidopsis.

An interesting aspect of hybrid necrosis is its temperature-dependency (Alcazar et
al., 2009; Alcazar & Parker, 2011; Alcazar et al., 2014; Bomblies et al., 2007;
Bomblies & Weigel, 2007; Swiadek et al., 2017; Todesco et al., 2010, 2014). It has
already been shown that temperature modulates defense signaling in Arabidopsis
(Alcazar & Parker, 2011; Y. Wang, Bao, Zhu, & Hua, 2009; Zhu, Qian, & Hua, 2010).
Although there is no known universal regulator for this temperature-dependent
defense suppression, key regulatory elements have already been identified
(Gangappa, Berriri, & Kumar, 2017). Interestingly, the positive roles of incompatible
alleles in bestowing pathogen resistance has also been evidenced, offering possible
explanations as to their accumulation within populations. Alcazar and collaborators

were able to see an increased resistance to Hyaloperonospora parasitica both at
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14°C, when the necrotic phenotypes were visible, and at 20°C where growth defects
had been supressed (Alcazar et al., 2009). Yet, although activation of defense
responses might be beneficial against pathogen attack, autoimmune responses will
undoubtedly have an impact in biomass and yield (Bomblies et al., 2007; C. Chen et
al., 2014; Rate, Cuenca, Bowman, Guttman, & Greenberg, 1999; Todesco et al.,
2010, 2014). Therefore, the intertwined relationship between defense and hybrid
necrosis is a challenge for the optimal balance between growth and resistance; one
that even crop breeders have had to encounter. In fact, there is a well-known
correspondence between disease resistance selection and cases of hybrid necrosis.
Most notably, wheat breeders searching for resistance to rust fungus ended up
encountering an increased incidence of hybrid necrosis due to the raised frequency
of the necrotic allele Ne2 (Morrison, 1957; Pukhalskiy, Martynov, & Dobrotvorskaya,
2000).

1.5 The role of ACD6 in hybrid necrosis

Though most genes involved in incompatible interactions, including NLRs, are well-
studied resistance genes, many other proteins induced during different defense
responses in diverging plant species remain uncharacterized or have yet unknown
targets (Maiti et al., 2014). The molecular architecture of necrotic hybrids allows not
only to study genes involved in incompatible interactions, but also the identification of
novel proteins required for the activation of plant defense responses. In addition to
NLRs, the ACCELERATED CELL DEATH 6 (ACD6) gene has been found as a
common cause of hybrid necrosis in Arabidopsis (Swiadek et al., 2017; Todesco et
al., 2014). ACD6 was first identified in the gain-of-function mutant acd6-7 (Rate et al.,
1999). In this case, a single amino acid substitution at the transmembrane (TM)
domain was able to induce stunted growth, activation of defense-related genes,
accumulation of salicylic acid (SA) and cell death (Rate et al., 1999). A similar
phenotype was later identified in the natural accession Est-1, where ACD6 was
shown to have two amino acid substitutions at the TM domain (Todesco et al., 2010).
It was only recently that ACD6 was linked with hybrid necrosis among global
accessions of Arabidopsis (Todesco et al., 2014), although these accessions would
never have the opportunity to meet in real life. Nevertheless, with the identification of
ACD6-conferred hybrid necrosis among local Arabidopsis accessions (Swiadek et al.,
2017), the possibilities for allelic variation at this locus to impact adaptation has
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become more plausible. ACD6 activation elicits stunted growth, necrotic lesions and
cell death linked to elevated reactive oxygen species (ROS), rise in
PATHOGENESIS-RELATED PROTEIN 1 (PR1) transcripts and SA accumulation in
F1 hybrids (Lu, Liu, & Greenberg, 2005; Lu, Rate, Song, & Greenberg, 2003; Lu et
al., 2009; Rate et al., 1999; Todesco et al., 2014). It has also been shown that ACD6
is both necessary and sufficient to generate hybrid necrosis, both among global and

local accessions (Swiadek et al., 2017; Todesco et al., 2014).

Unlike most of the genes involved in hybrid necrosis, ACD6 is not characterized and
its function remains unknown. In all cases of hybrid necrosis, the phenotype is
temperature-dependent, appearing below 17°C and diminishing at temperatures
above 21°C. This, however, does not hold true in the gain-of-function mutants, where
ACDG is constitutively active due to amino acid substitutions in its transmembrane
domain (Lu et al., 2005, 2009; Rate et al., 1999; Todesco et al., 2010). Current
evidence supports that ACDG6 is involved in a positive feedback loop with SA and that
the conferred phenotype is SA-dependent and unrelated to ACD6 expression levels
(Lu et al., 2003, 2009; Rate et al., 1999; Todesco et al., 2010, 2014). It has also been
reported that SA triggers the migration of ACD6 to the cellular membrane through the
formation of protein complexes (Zhang, Shrestha, Tateda, & Greenberg, 2014).
Therefore, the function of ACD6 seems to be tied to its membrane localization and
SA. Interestingly, accumulation of SA on its own does not trigger a defense response
in plants, suggesting that SA works as a coactivator and needs other signals to
induce these responses (Lu et al., 2003; Rate et al., 1999). In line with this, increased
apoplastic bacterial growth has been evidenced in Arabidopsis plants grown in the
dark when inoculated with avirulent strains of Pseudomonas syringae (Genoud,
Buchala, Chua, & Métraux, 2002). A very similar study concluded that expression of
PR1 and SA accumulation required light (Zeier, Pink, Mueller, & Berger, 2004).
Though not all defense pathways were light-dependent, including jasmonic acid (JA)
signaling, expression of ACD6 has been shown to be induced by SA in the presence
of light (Lu et al., 2003). However, since hybrid necrosis is a product of incompatible
allelic interactions, an increased expression of ACD6 will not trigger the phenotype
(Todesco et al.,, 2010). In this regard, the ACD6 mutations responsible for the
necrotic phenotypes seem to generate post-translational modifications (Zhang et al.,
2014). What exactly are these modifications affecting in terms of the function of
ACDSG6 is not yet well understood. Therefore, more work needs to be done to further
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comprehend its role in the plant’s defense pathways, and important insights could be
gained by understanding how it is able to generate hybrid necrosis in F1 hybrids.
Because this phenotype is detected in a temperature-dependent manner, it offers an
opportunity to identify early molecular changes associated with its induction.
Characterizing different physiological and molecular phenotypes of necrotic hybrids

could therefore enable us to decipher new aspects of plant immunity.

1.6 Defense and senescence

Senescence is an organized loss of cellular functions that occurs at the final stage of
leaf development. During this time, the plant recovers and reutilizes important
nutrients that would otherwise be lost (Guiboileau, Sormani, Meyer, & Masclaux-
Daubresse, 2010). Though developmental senescence is important to maximize
viability in the next generation, premature senescence can actually hinder yield and
crop quality (Breeze et al., 2011). Therefore, the timing of senescence is not only
important for the plant, but also for the offspring. Interestingly, overlapping patterns in
gene expression between defense responses and leaf senescence have already
been observed (Quirino, Normanly, & Amasino, 1999; Zentgraf, Hinderhofer, &
Zentgraf, 2001). A high-resolution temporal transcriptome profiling during Arabidopsis
leaf senescence uncovered the upregulation of a diverse family of transcription
factors with well-known roles in defense and stress-related responses (Breeze et al.,
2011). Among them, members of the bZIP family, NF-YA subunits from the CCAAT
box binding family, members from the NAC family, and WRKY family members
involved in the regulation of SA- and JA-dependent defense signaling pathways
(Thomas Eulgem & Somssich, 2007; Ulker & Somssich, 2004) were recognized.
Therefore, pathogen attack and senescence both trigger concomitant molecular

pathways.

In order to stop pathogen dispersal, plants usually rely on the production of ROS
based on recognition of conserved pathogen molecular patterns (PAMPs) or
pathogen effector proteins (Chakravarthy, Velasquez, Ekengren, Collmer, & Martin,
2010; Goéhre & Robatzek, 2008; Pombo et al., 2014). For the latter, effector triggered
immunity (ETI) is a host-acquired resistance against specialized plant pathogens. It is
activated after the recognition of bacterial/fungal effector proteins and induces the

production of ROS through SA. This, in turn, generates cell death to control the
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dispersal of pathogens at an infected site; a defense mechanism known as the
hypersensitive response (HR) (Buttner & Bonas, 2010; Koebnik, Kriuger, Thieme,
Urban, & Bonas, 2006; Li et al.,, 2013; K. A. I. Wengelnik & Bonas, 1996; K.
Wengelnik, Van den Ackerveken, & Bonas, 1996). In this regard, cell death is a
common process of both biotic defense and senescence. SA is also known to induce
certain senescence-associated genes, though it is not necessary for leaf senescence
to occur (Quirino et al., 1999). Nevertheless, Vogelmann and collaborators showed
that SA was indeed necessary and sufficient to trigger early leaf senescence in
senescence-associated ubiquitin ligase1 (saul1) Arabidopsis mutants grown in low
light conditions (Vogelmann et al., 2012). During this light-dependent early-
senescence phenotype, WRKY transcription factors were also significantly increased
24 hours after the transfer to low light. WRKY transcription factors have already been
implicated in the regulation of plant defense responses and target conserved W box
elements; cis-acting regulators that have been found in a large number of plant
defense gene promoters (Fukuda & Shinshi, 1994; P. J. Rushton et al., 1996; Paul J.
Rushton & Somssich, 1998). Expression of WRKY genes is also known to be
triggered by the recognition of viral, fungal and bacterial elicitors (Eulgem, Rushton,
Robatzek, & Somssich, 2000; Fukuda, 1997; Rushton et al., 1996; Z. Wang, Yang,
Fan, & Chen, 1998), as well as in response to wounding (Hara, Yagi, Kusano, &
Sano, 2000). Besides the dual role of SA and WRKY transcription factors, activation
of defense-related genes during senescence, including the SAR markers PR1 and
PR5, has also been reported in numerous studies (Morris et al., 2000; Quirino et al.,
1999; Silke Robatzek & Somssich, 2001). This body of evidence serves to highlight
the notion of a strong overlap between senescence and defense regulatory
mechanisms (Quirino et al., 1999). Therefore, activation of defense pathways seems

to play a dual-role in the activation of the leaf senescence response.

1.7 Significance and aims of the work

This work seeks to understand the role heterozygosity plays on plant adaptation
through its impact on metabolism and growth. Our study is focused on a local
collection site of Arabidopsis because we believe the impact of hybridization to be
stronger among natural accessions that have no geographical boundaries between

them.
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We were also intrigued in studying these accessions further because specific
parental combinations yielded hybrid necrosis in the F1 offspring. The cause of this
hybrid incompatibility was connected to allelic interactions at the ACD6 locus
(Swiadek et al., 2017). Although certain alleles of ACD6 were found to be sufficient
and necessary to trigger the hybrid necrotic phenotype, its function in plant stress
signaling remains unknown. These observations led us to further characterize the
role of ACD6 in the context of hybrid necrosis; information that we believe will
complement the existing knowledge about plant immune responses and its

connection with other physiological and metabolic processes.

To understand the impact of hybridization on metabolism and growth, we generated a
full diallel cross among seven genetically different parents collected in 2007 from a
collection site in Tiibingen, Germany (Bomblies et al., 2010; Swiadek et al., 2017)
and monitored the reciprocal hybrids and the seven parents for changes in primary
and secondary metabolism. Additionally, we measured growth of all individuals
across five different timepoints. The seven individuals used for this study also
contained at least three different alleles of ACD6, known to influence growth through
activated immune responses (Swiadek et al., 2017; Todesco et al., 2014). A previous
analysis of hybrid performance in heterotic maize hybrids among selected inbred
lines showed that the increased fithess in hybrids was associated with a reduced
metabolic variation (Lisec et al., 2011). In contrast, we hypothesized that an
increased variation due to heterozygosity within a single natural growth habitat, with
no prior artificial selection of the parents, could be a beneficial strategy for highly

homozygous plants to cope with sudden changes in their surroundings.

To understand the molecular functions of ACD6, we focused on characterizing the
early metabolic and ionic changes induced by ACD6 activation in a temperature-
dependent manner. Additionally, different GFP-tagged constructs of the protein were
developed to identify novel interacting partners through immunoprecipitation assays.
The expression pattern of senescence and flowering markers was also monitored
across time, both in necrotic hybrids and their corresponding parents, to identify
differences in these two physiological responses. Finally, due to the reported plasma
membrane localization of ACD6 (Lu et al., 2005; Zhang et al., 2014), we
hypothesized it could be a regulatory component situated very high in the signaling

hierarchy, and thought it could be mediating this regulation via calcium ions (Ca?*).
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Therefore, cytosolic calcium changes in response to cold were measured in necrotic

hybrids and their corresponding parents using yellow cameleon sensors.

Consequently, the aims of the first project were:

= Understand the impact of heterozygosity on metabolism and growth

= Investigate the amount of metabolic and phenotypic variability between
hybrids and parents coming from a local collection site

» |dentify inheritance patterns in primary and secondary metabolism, together

with growth taken as rosette radius

The aims of the second project were:

= Characterize the physiological and molecular responses associated to ACD6
activation within necrotic hybrids arising from individuals within the same local
collection site.

= Understand the relationship between defense and senescence in necrotic
hybrids.

= |dentify the very early metabolic changes associated to ACD6-conferred hybrid
necrosis.

= Compare intracellular calcium signaling in response to temperature between
parents and necrotic hybrids.

= Develop N and C-terminal GFP-tagged ACD6 constructs for future pull-down

assays.
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2. Materials and Methods

2.1 Impact of heterozygosity in a single growth habitat

2.1.1 Plant material, growth conditions and phenotyping

The Altenriet (Alt) accessions 1 to 7 collected around Tubingen in 2007 (Bomblies et
al., 2010) were used to determine the impact of hybridization on metabolism and
growth. Two plants were used in the full diallel crosses to control the biological
variation of individual plants. The same parent was used for all crosses within a
replicate and the parent seeds were produced by manual fertilization to avoid random
heterotic effects. Plants were grown in randomized individual pots using long day
conditions (16 h light/ 8 h dark) in growth chambers with 21°C during the day and
17°C during the night. Each tray (containing 30 pots) was moved and turned every
second day to decrease any chamber-dependent effects. Rosette radiuses (from the
middle of the rosette to the end of the leaf tip) were measured from 10-leaf stage
plants using imaged (version 1.48). Whole rosettes were harvested for metabolic
profiling at the 10-leaf stage in the middle of the day (between 12:00-14:00) to avoid
any circadian effects. Analyses were conducted with at least four, and up to eight,
biological replicates (the average number of biological replicates used was 7).
Additionally, pictures of the same plant material were taken at five different

developmental timepoints: 2-leaf, 4-leaf, 6-leaf, 8-leaf, and 10-leaf stage.

2.1.2 Metabolic profiling

Six rosettes of 10-12 leaf stage Arabidopsis plants were harvested and frozen
immediately in liquid nitrogen. 50 mg of ground plant material was extracted using
300ul of cold methanol including Ribitol as internal standard, followed by 200ul
chloroform and 400ul Bidest double-distilled water. After centrifugation, a 160ul
aliquot from the upper polar phase was lyophilized and stored in -80°C until
metabolite analysis. The derivatized extracts were analyzed by GC-MS as described
previously (Dethloff et al., 2014). Briefly, 70uL of MSTFA and 10uL Pyridine including
retention time index standards followed by 40uL methoxymation reagent in pyridine
(20mg/mL) were added as described in (Allwood et al., 2009). Splitless injection for
chromatograpical analysis was performed as described in (Allwood et al., 2009).
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Datamining was performed using TagFinder (Allwood et al., 2009; Luedemann,
Strassburg, Erban, & Kopka, 2008) after baseline correction using ChromaTof-
Software (Leco) as described (Allwood et al., 2009). Annotation was manual
supervised in comparison to the GMD mass-spectral-library. Data was normalized to
the internal standard Ribitol and fresh-weight prior to statistical analysis. Extraction
and analysis by gas chromatography mass spectrometry (GC-MS) were performed
using the same equipment set up and protocol as described in (Lisec, Schauer,
Kopka, Willmitzer, & Fernie, 2006). GC-MS spectra were manually evaluated using
the ChromaTOF® 4.5 (Leco) and TagFinder 4.2 softwares (Luedemann et al., 2008;
Schauer et al., 2005).

Secondary metabolite analysis was performed as previously described by (Tohge &
Fernie, 2010) using a high-performance liquid chromatography (HPLC; Surveyor;
Thermo Finnigan, USA) coupled to a Finnigan LTQ-XP system (Thermo Finnigan,
USA). Metabolites were evaluated on the basis of the peak area of parental ion
peaks processed using Xcalibur 2.1 software (Thermo Fisher Scientific, USA). The
obtained relative peak areas were normalized by comparison to an internal standard

(isovitexin; CAS29702-25-8) and the fresh weight of the sample used for extraction.

2.1.3 Statistical analyses

Metabolite data was first normalized for differences in fresh weight and machine
performance using an internal standard. All metabolite intensities were normalized by
log10 transformation and each metabolite value was then scaled by its standard
deviation to detect outliers. Values with more than five standard deviations away from
the mean were replaced with non-analyzed (NA) values and metabolites with more
than 20% NA values were eliminated from posterior analyses. The remaining NA
values were imputed using the missForest package available in the R software for
statistical computing (R). Bonferroni correction was used in R for every multivariate

analysis done, and a significance level of 0.05 was used unless otherwise stated.

Correlation analysis
Pearson correlations using matrices with the mean values over the biological

replicates were done in the R Statistical Computing Platform. The Pearson
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correlation between metabolism and final rosette size contained the average
metabolic intensities of both primary and secondary metabolism together with
the rosette radius measurements of the final timepoint. The second correlation
matrix contained the growth rates and rosette radius measurements for each
of the five timepoints analyzed. Percent growth rate was calculated between
every two consecutive timepoints as (x-y)/y, where x represents the latest and

y the previous rosette radius.

Principal component analysis

Principal component analyses (PCA) were done using the function PCA from
the “FactoMineR” package available for R. Average metabolite intensities per
accession were used. To identify differences in the metabolomes of parents
and hybrids after the temperature switch, independent PCAs were done for
parents and hybrids. Metabolites with significant contributions (p < 0.05) to

both dimensions were then compared between the two groups.

Coefficients of variation

The coefficient of variation was calculated by dividing the standard deviation of
each metabolite over its mean, either across all hybrids (CVh) or all parents
(CVp). Hence, the log2 CV-ratio was calculated as log2(CVh / CVp). The
mean log2 CV-ratio for primary metabolites, secondary metabolites and size
(based on rosette radius) was calculated independently and compared against
a random mean CV-ratio. The random mean CV-ratio was generated by
assigning new parent and hybrid groups after resampling all observations.
This process was repeated 10000 times and a mean CV-ratio was calculated
each time to produce a random distribution of mean CV-ratios (for primary
metabolites, secondary metabolites and size independently). A shift in the
observed mean CV-ratio with respect to the random mean CV-ratio was then

assessed.

Analysis of inheritance patterns
To identify the different inheritance patterns across hybrids, the deviations

from the midparent values (MPVs) were calculated for each hybrid per
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metabolite. The deviation of each hybrid per metabolite was the result of
subtracting the observed value from the predicted midparent value. To identify
the classes of metabolites that were deviating most from the average
midparent value, the relative percentage of deviation from the midparent value
(rMPD) was calculated for each metabolite within each hybrid using the
formula rMPD = 100d/a, where d is the difference between the hybrid and
parental mean and a is the parental mean. Primary and secondary metabolites
were coded from 1-100 and divided into biochemical/functional classes.
Metabolites were reordered according to their mean rMPD values across all
hybrids using ggplot2. To identify metabolites with non-additive modes of
inheritance, empirical p-values were calculated by contrasting the observed
deviation per metabolite against a random distribution generated for each

individual metabolite by resampling.

2.2 The role of ACDG6 in hybrid necrosis

2.2.1 Growth conditions and phenotyping

The individuals Alt-5 and Bodenhausen (Bod) 6, together with their reciprocal hybrids
(Alt-5xBod-6 and Bod-6xAlt-5), were grown in individual pots at constant 21°C.
Whole rosettes of six biological replicates were sampled at three different timepoints
once plants reached the 10-12 leaf stage. In total, 72 plants were used and sampling
was always done at midday to avoid circadian rhythm differences. During sampling,
plants were switched to constant 17°C and left there either for 15 minutes or 220
minutes before being frozen in liquid nitrogen. A control group, without the switch to

17°C, was also sampled.

2.2.2 Metabolic profiling

Six rosettes of 10-12 leaf stage Arabidopsis plants were harvested and frozen
immediately in liquid nitrogen. 50 mg of ground plant material was extracted using
300ul of cold methanol including 13C6-Sorbitol as internal standard, followed by
200ul chloroform and 400ul Bidest double-distilled water. After centrifugation, a 160ul
aliquot from the upper polar phase was lyophilized and stored in -80°C until

metabolite analysis. The derivatized extracts were analyzed by GC-MS as described
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previously (Dethloff et al., 2014). Briefly, 70uL of BSTFA and 10uL Pyridine including
retention time index standards followed by 40uL methoxymation reagent in pyridine
(20mg/mL) were added as described in (Allwood et al., 2009). Splitless injection for
chromatograpical analysis was performed as described in (Allwood et al., 2009).
Datamining was performed using TagFinder (Allwood et al., 2009; Luedemann et al.,
2008) after baseline correction using ChromaTof-Software (Leco) as described
(Allwood et al., 2009). Annotation was manual supervised in comparison to the GMD
mass-spectral-library. Data was normalized to the internal standard 13C6-Sorbitol

and fresh-weight prior to statistical analysis.

2.2.3 Statistical analyses

Multiple Multivariate Analyses of Variance (MANOVAs) were done in order to
determine metabolites affected by temperature in hybrids with significantly different
levels from each parent. In the first MANOVA analysis, metabolites were divided into
three groups corresponding to both reciprocal hybrids (hybrids), Alt-5 (parent 1), and
Bod-6 (parent 2). Consequently, three independent MANOVAs were performed to
detect metabolites that were varying significantly between timepoints (p < 0.05), with
p-values adjusted according to the false discovery rate (FDR). Significant metabolites
unique for hybrids were kept and compared against the results of a second analysis.
In the second analysis, the metabolic data was divided into two groups, comprising
either hybrids and parent1 or hybrids and parent 2. After correcting for the FDR, a list
of significantly changing metabolites between hybrids and both parents was obtained
and contrasted against the results of the first analysis. This gave us a list of
metabolites exclusively affected by temperature in hybrids with different intensities

from both parents.

2.2.4 Intracellular calcium signaling

Cytosolic calcium signaling was monitored using yellow cameleon sensors. The
parent lines Alt-5 and Bod-6, together with their F1 hybrid Alt-5xBod-6, were agro-
transformed with the construct NES-YC3.6 described in (Krebs et al.,, 2012).
Transformed seedlings were screened via fluorescence microscopy for the emission
spectra of yellow fluorescent tags. Six confirmed seedlings from each transformed
line were transferred to pots and leaves from the adult plants were sampled when
they reached the 8-leaf stage. A small cutting from the youngest leaf was pasted on a
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well slide with medical adhesive and leaves were allowed to acclimate with 100ul of
room-temperature water for 20 minutes. Afterwards, plants were imaged in a spectral
laser scanning confocal motorized microscope (Leica TCS SP5) using the Leica
Software “LAS AF”. The imaging parameters were as follows: image dimension (512
x 512), pinhole (3.69 airy units), and line average (2). ECFP was excited using the
458 nm laser line of the Argon laser. The fluorescence intensity values for ECFP
(465-500 nm) and cpVenus (520-570 nm) were detected simultaneously in selected
regions of interest. Image acquisition was taken every 2.57 seconds and 100ul of
cold water was added to the well slide after 60 seconds of data acquisition. Data
acquisition was carried out for 416.34 seconds and the generated image data was
analysed using Fiji ImageJ 1.51h to retrieve the FRET/CFP ratios for each of the 162
timepoints per biological replicate. Differences between the FRET/CFP ranges
between the hybrid and each parent were contrasted against a random distribution
generated by permutation resampling with 10000 iterations. Confidence intervals
were determined with an alpha of 0.05 and all analyses were done in the R statistical

environment (version 3.3.1).

2.2.5 Quantitative real-time PCR

For all experiments, RNA was isolated using TRIzol Reagent from Invitrogen (MA,
USA) according to the manufacturer’s instructions. Isolated RNA was treated with
DNAse using the TURBO DNA-free Kit from Ambion (MA, USA) and the resulting
RNA was reverse transcribed using oligo-dT primers from Qiagen (Dusseldorf,
Germany). Synthesis of cDNA was carried out using the Maxima Reverse
Transcriptase enzyme from Thermo Fisher Scientific (MA, USA) according to the
manufacturer’s instructions. The resulting cDNAs were checked on gel prior to the
quantitative reverse-transcription polymerase chain reaction (QRT-PCR) runs. For the
gRT-PCR, Maxima SYBR Green with low ROX from Thermo Fisher Scientific (MA,
USA) was used in the StepOnePlus System from Applied Biosystems (MA, USA)
following the manufacturer’s instructions. The threshold cycles (Ct) were quantified
by the comparative Ct method and transcript abundances were estimated relative to
the reference genes UBQ5 and 18S rRNA. Dot plot graphs using the standard error
per sample were generated and the statistical significance was estimated by a
Wilcoxon test on the open software R. Primers used for the different marker and
housekeeping genes are summarized in Table S1.
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To further understand the molecular variation present in the local Tubingen
population, we evaluated the transcript levels of different marker defense genes for
all seven Altenriet parental lines (Alt1 to Alt7). For this purpose, we took leaf tissue
samples from each accession grown at 17°C and a Col-0 wild type line grown under
the same conditions. RNA was extracted from leaves three and four when plants
reached a 12-leaf stage and the transcript levels of the marker defense genes
enhanced disease susceptibility 1 (EDS1), phytoalexin deficient 4 (PAD4),
pathogenesis-related protein 1 (PR1), nonexpresser of pr genes (NPR1),
pathogenesis-related protein 5 (PR5) and accelerated cell death 6 (ACD6) were
evaluated by gqRT-PCR. The housekeeping genes ubiquitin 10 and 5 (UBQ10,
UBQS5), elongation factor 1 (ef1), tubulin (TUB), and acetylated tubulin (AC-TUB)
were tested for each time-point between all accessions. The housekeeping genes
that showed less variation were used for the corresponding timepoints and three

biological replicates were used per sample.

To characterize how the physiological processes of senescence and flowering were
affected by hybrid necrosis, a time-course experiment between the hybrid Alt-5xBod-
6 and its corresponding parental lines was conducted. Leaf tissue samples from
leaves 3 and 4 were harvested for RNA isolation throughout six timepoints
corresponding to the following developmental stages: 4-leaf stage, 8-leaf stage, 16-
leaf stage, 24-leaf stage, flowering stage, and the stage “after flowering”. Plants were
grown at constant 17°C to induce hybrid necrosis in hybrid plants (parental lines did
not show signs of necrotic lesions throughout the experiment) and five biological
replicates were used. The number of days to germination, bolting, and first open
flower was recorded and the leaf initiation rate (LIR) was calculated as the rosette-
leaf number at bolting stage divided by the number of days to bolt (bolting was
defined as a flowering stem of 1cm). The molecular markers used for senescence

and flowering time are shown in Table S1.

To better understand how nitrogen metabolism was affected by the activation of
ACDE6 in hybrids, RNA from the same plants used to identify early metabolic changes
induced by ACD6 was extracted. Additionally, as a positive control, RNA from the
gain-of-function mutant line acd6-1 was also harvested. In addition to the molecular

markers for nitrogen metabolism, the thermosensory immunity and growth regulator
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PIF4 was also tested in parents, the hybrid Alt-5xBod-6, and the gain-of-function

mutant acd6-1.

2.2.6 Interaction studies using GFP-tagged ACD6 constructs

To identify candidate interacting partners of ACDG6, different GFP-tagged versions of
the protein were developed. Briefly, the coding sequence of ACD6 from the Alt-5
accession line was amplified and cloned by double-restriction enzyme ligation into
the entry Gateway® vector pJL-Blue using the FastDigest® enzymes Notl and Xhol
from Thermo Fisher Scientific (MA, USA). Two versions of the gene, one with and
one without its stop codon were cloned and transferred respectively by LR reactions
to the destination vectors pUBN-GFP and pUBC-GFP described in (Grefen et al.,
2010). All selected constructs were verified by gel electrophoresis and sequencing to
confirm the presence of the desired gene. Afterwards, the final vector was isolated
from the E. coli strain DH5a and transformed into Agrobacterium tumefaciens strain
GV3101. Agrobacterium-mediated transformation of the Arabidopsis accession Bod-6
was done using the floral dip method (Bent & Clough, 1998) and T1 seeds containing
the GFP constructs were BASTA® selected. Seedlings were then screened for GFP
signal using the confocal motorized microscope Leica TCS SP5 with the Leica
software “LAS AF”.

2.2.7 Protein extraction, pull-down and Western blot

Isolation of a plasma membrane-containing microsomal fraction was done from
mechanically disrupted leaf tissue as described in (Santoni, 2007). Col-0 was used
as a negative control and the plasma membrane protein LOW TEMPERATURE
INDUCED 6B (LTI6B) tagged to GFP was used as a positive control. The resulting
microsomal fractions were enriched for GFP-bound proteins using the Spin column
protocol for GFP-Trap® A from Chromotek. The enriched protein extract was
separated on gel by SDS-PAGE and blotted to Whatman® chromatography paper
(3mm). The western blot was run for 1 hour at a constant current (mA) equivalent to
the volume of the gel. Tween tris-buffered saline solution (T-TBS) was used for the
washing steps and 5% milk for blocking non-specific binding of the antibodies to the
membrane. Blotting of the primary antibody (anti-GFP) was done overnight and the
gel was washed afterwards three times with T-TBS before being incubated for 2

hours with the secondary antibody (anti-rat). Clarity® Western ECL Blotting from Bio-
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Rad was used as the chemiluminescent detection agent and the membrane was

revealed on Super RX-N medical x-ray film from Fujifilm (Tokyo, Japan).

2.2.8 Yeast two-hybrid assay

To find out candidate interacting partners of ACDG6, the coding sequence of ACD6
from the gain-of-function mutant acd6-7 and the Alt-5 accession was cloned into the
pGBKT7-BD vector from Clontech’s Matchmaker® Gold Yeast Two-Hybrid System
(Takara Holdings, Kyoto, Japan). Competent yeast cells were prepared and the
pGBKT7-BD::ACD6 constructs were transformed to Y2HGold yeast cells using the
Frozen-EZ Yeast Transformation II® protocol from Zymo Research (CA, USA). In
parallel, the empty vector pGADT7-AD was transformed to the competent Y187 yeast
strain using the same protocol from Zymo Research (CA, USA). Transformed yeast
strains were confirmed by auxotroph growth on the proper synthetic defined (SD)
dropout minimal media. To check if ACD6 was able to confer bait auto-activation, the
transformed Y2HGold strain was grown on -Trp SD media supplemented with X-o-
Gal (SDO/X). Additionally, the transformed Y2HGold strain carrying the pGBKT7-
BD::ACD6 vector was mated with the Y187 strain carrying the empty pGADT7-AD
vector. Mating was done overnight by mixing both transformed strains in 2X YPDA
liquid media after each one reached an ODeoo of 0.8. Afterwards, colonies were
screened on microscope for the detection of zygotes. When zygotes were detected
(approx. 24 hours), the culture was plated on SD/-Leu/-Trp plates for the selection of

diploids and SD/-Leu/-Trp/X-a-Gal/Aureobasidin A to determine bait auto-activation.
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3. Results

3.1 Impact of heterozygosity in a single growth habitat

The first part of my thesis looked at the impact heterozygosity brought to metabolism
and growth within Arabidopsis individuals collected from the same growth habitat in
the year 2007. We hypothesised that hybridization could act as a source of metabolic
diversity within a highly-selfing local group of Arabidopsis individuals, providing thus
more options for adaptation to sudden changes in the environment. In order to test
our hypothesis, we monitored primary and secondary metabolism, together with
growth (defined as rosette radius), in a full diallel cross experiment. The following

chapters highlight the main results and conclusions.

3.1.1 Hybridization increases the overall metabolic and phenotypic variation in
a local collection site of Arabidopsis

To determine the impact hybridization had on metabolism and growth, two replicates
of a full diallel cross with seven parental lines collected in 2007 from one location in
Altenriet, Tubingen (Southern Germany) were used. From the 42 hybrids, four could
not be assessed due to technical difficulties. Genotyping through RAD sequencing
(Swiadek et al., 2017) revealed more than 95.61% of homozygosity, based on the
1985 informative markers from the parents. Pairwise comparison of the SNPs
showed that similarity among the parents varied from 60.3 % to 97.5 %, with an
average similarity of 69 % (Table S2). Both the parents and hybrids were phenotyped
for their metabolism and rosette radiuses. Rosettes of at least four plants were
harvested at the 10-leaf stage for each parent and hybrid to avoid changes due to
different developmental stages. Sixty-six analytes from primary metabolism and
thirty-four from secondary metabolism (Table S3) were identified and quantified using
gas chromatography mass spectrometry (GC-MS) and liquid chromatography mass
spectrometry (LC-MS) (Lisec et al., 2006; Tohge & Fernie, 2010). To quantify growth,
each plant rosette radius was measured from photos taken at a 10-leaf stage.

34



To assess the impact of hybridization on the overall metabolic variation, the
coefficient of variation (CV) for each metabolite was calculated across all hybrids and
parents, and the mean CV-ratio between hybrids and parents was determined. This
process was done separately for primary and secondary metabolism, and growth
based on rosette radius. A positive non-significant shift from the empirical mean of a
permutation test revealed that hybridization increased overall metabolic and rosette
size variation (Fig. 2). Regarding metabolism, the effect was slightly more
pronounced on secondary metabolism than primary metabolism (Fig. 2A-B).
Interestingly, the increased metabolic diversity was accompanied by an even larger
variation in rosette size (Fig. 2C); a variation that was augmented in the fourth

measured timepoint, when plants were at the 8-leaf stage (Fig. 2D).
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Figure 2. Hybridization increases the overall metabolic and phenotypic variation. The coefficient
of variation (CV) ratio between hybrids and parents for primary metabolites (A), secondary metabolites
(B), and growth based on rosette radius (C). The black line indicates the random mean and the blue
line the observed CV ratio. The greater variation in hybrids, in terms of rosette radius, can be observed
in (D).
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3.1.2 Hybridization increases non-additive inheritance patterns in secondary
metabolism

To gain further insights into the different inheritance patterns induced by
hybridization, the relative midparental deviation (MPD) of each metabolite was
calculated. The probability of each MPD to occur by chance was determined by
contrasting against a random distribution generated by permutations with 5000
iterations. An alpha of 0.01 was used and metabolites with significant MPDs were
classified as having non-additive inheritance. Overall, the distribution of deviations
showed that secondary metabolites exhibited the highest degree of non-additive
inheritance, with 20.6% of its metabolites showing a significant overall non-additive
inheritance across all hybrids (o = 0.05) (Fig. 3A). In contrast, none of the primary
metabolites exhibited a mean significant deviation from the midparent value (MPV)
across all hybrids. When looking at the number of individual cases (individual
metabolites per cross), secondary metabolism showed 39% cases of non-additive
inheritance, while primary metabolism displayed 28% (Table S4). The secondary
metabolites that showed the highest degree of variation from the midparent values
were compounds involved in plant stress responses, mainly glucosinolates,
phenylpropanoids, flavonoids, plus several unknown analytes (Fig. 3A). While
glucosinolates showed both significantly positive and negative median deviations
from the MPV, the detected phenylpropanoids exhibited only a significant negative
median deviation. For the compound classes in primary metabolism, the median
deviations from the MPV were negative and considerably smaller than those for the
majority of secondary metabolites (Fig. 3A). We also found that the variation in the
MPD was larger for compounds comprising secondary metabolism (Fig. 3, Table S4).
This indicated that some of the analysed hybrids showed particularly different levels
of secondary metabolites in comparison to the average of the parents, suggesting
that non-additive inheritance is a strong contributor in the shaping of secondary

metabolism.

When looking at the total number of significant non-additive cases, certain crosses
were more likely to exhibit non-additive inheritance in metabolism. Among these, six
showed non-additive inheritance in more than 50% of their primary metabolites (i.e.
cross 43) and fourteen crosses showed non-additive inheritance in at least 50% of
their secondary metabolism (i.e. cross 17) (Fig. 3B-C). Since only two of these

crosses were reciprocal (Alt6xAlt1 and Alt6xAlt2), the direction of the cross was
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important in determining the extent of non-additive inheritance (Fig. 3C). In addition,
crosses with Alt2 and Alt6 parents were involved in more than 40 % of the non-
additive inheritance patterns for secondary metabolites (Fig. 3C, Table S4), while
seven secondary metabolites (i.e. coniferin, trans-sinapoyl malate, phenylpropanoid
sinapoyl malate, a structurally undefined aliphatic glucosinolate, benzenoid and
flavonoid, and an unknown compound) showed significant non-additive inheritance

across all hybrid crosses (o = 0.05) (Table S4).
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Figure 3. Secondary metabolism showed more non-additive inheritance than primary
metabolism. To understand the impact hybridization brings to the natural variation of a local collection
site, a metabolic profiling of a full diallel cross was analyzed. (A) Relative deviations of all measured
metabolites from the midparent value. Indices correspond to primary (1-66) and secondary (67-100)
metabolites ordered according to their median deviations from the midparent value. Number of (B)
primary and (C) secondary metabolites inherited in a non-additive way across different hybrids.
Crosses with more than 50% non-additive inheritance are marked by blue squares. Non-additive
inheritance was based on significant deviations from the parental mean (a = 0.01).
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Altogether, we could not identify a particular pattern for the sign of deviations from
MPV for the examined compound classes. Nevertheless, the levels of compounds
from secondary metabolism showed predominantly non-additive inheritance patterns
in comparison to primary metabolites. Moreover, some crosses were more likely to
show non-additive inheritance than others; findings that were in line with the higher

variance observed in secondary metabolism when compared to primary metabolism.

3.1.3 Primary metabolism shows high resiliency during hybridization events

Parallel to the deviations from the midparent values, a principal component analysis
(PCA) was done for each metabolic phenotype to further investigate the parental
effects on hybrid metabolism. The first two PCs captured a smaller percentage of the
total variance of primary metabolism (PC1, 48.8% and PC2, 8.9%) when compared
to secondary metabolism (PC1, 59% and PC2, 13.8%). Nevertheless, the variance
explained by each of the two principal components was significant in both cases,
evidenced by a larger percentage of accumulated variance when compared against
the broken-stick variances. PCAs did not reveal any clear separation between
parents and their respective hybrids (Fig. 4). Nevertheless, based on their secondary
metabolism, all parents were located in the lower half of the second PC and more
than half of the hybrids were not grouped with the parents (Fig. 4B). Primary
metabolism didn’t show the same behaviour (Fig. 4A), with both parents and hybrids
being more equally distributed throughout space. Reciprocal hybrids were usually
plotted close to one another, though in secondary metabolism the difference between
certain reciprocal hybrids was pronounced. Among them, reciprocal hybrids between
Alt2 and Alt4 parents showed the largest distance with respect to the second PC.
Additionally, the hybrid Alt2xAlt4 was separated from the rest of the hybrids by PC2
and its secondary metabolism also showed the lowest correlation values when
compared to other hybrids. In this sense, parents with the most dissimilar secondary
metabolism (Alt2 and Alt4) also gave rise to the most dissimilar hybrid in secondary
metabolism (Alt2xAlt4), although this behaviour was not seen in its reciprocal
counterpart (Alt4xAlt2). This could be explained by a strong parental effect from
having Alt2 as a mother and Alt4 as a father. Furthermore, Alt2 and Alt4 were also
involved in several crosses whose reciprocal hybrids yielded dissimilar metabolic
phenotypes. Interestingly, the most divergent hybrid in primary metabolism was

Alt4xAlt3 rather than the hybrid from the most divergent parents, suggesting a
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considerable contribution from non-additivity (Fig. 4A). Further evidence would be

needed to better understand the cause of this underlying parental effect.
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Figure 4. Principal component analysis (PCA) of the parents and hybrids. PCA was conducted
based on primary metabolic profiles (A) and secondary metabolic profiles (B). Hybrids are coded
based on the genotype of the parents. Colors indicate the mother while shapes indicate the father
plant, indicated in the legend of panel (B).

3.1.4 Final rosette size is determined by the initial growth rate and correlates to
specific metabolites
Studies on plant metabolism and growth-related traits have revealed a tight link
between primary metabolism and biomass (Stitt, 2013; Sulpice et al., 2009). To find
out if changes in metabolism are reflected to changes in growth-related traits, the
measured rosette radius of 10-leaf stage hybrids and parents was measured and
correlated against the metabolism (primary and secondary) across all individuals.
The rosette size had both positive and negative non-additive inheritance in
comparison to the midparent value (Fig. 5A). From the 12 hybrids with a significant
deviation from the MPV, seven had larger and five smaller rosette radiuses than the
midparent value indicating that parents contribute to both hybrid vigour (or heterosis)
and hybrid incompatibility (Fig. 5B). From all hybrids, Alt6xAlt4 showed the highest
positive deviation from the MPV and its reciprocal counterpart followed a similar
behaviour with a significant positive deviation as well. Alt3xAlt1 and its reciprocal
hybrid had two of the highest significant negative deviations in rosette radius (Fig.
5A-B), though many of the reciprocal hybrids did not show similar inheritance
patterns. The latter indicating, again, underlying parental effects. For example, the
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reciprocal hybrids of Alt3xAlt2 and Alt1xAlt-5, among the three with the largest

positive deviation from the MPV, did not show significant deviations from the MPV.

When looking at the relationship between metabolism and growth by correlation
analysis, twenty-four metabolites were found to be significantly correlated with the
final size of hybrids using an alpha of 0.05 (Table 1). Out of these, most
corresponded to positive correlations involving secondary metabolites, mainly
glucosinolates, while only two primary metabolites were positively correlated with
growth: 1,6-anhydrobetaglucose, a hydroxylated form of glucose which forms on the
pyrolysis of cellulose and hence can be regarded as a proxy for cellulose content
(Sasaki et al., 2008), and spermidine (Table 1).
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Figure 5. Non-additive inheritance patterns and correlation analysis of rosette size. Deviations
of observed mean rosette radius from the midparent value in each hybrid are presented. (A) Hybrids
with the highest deviations are not he right and the lowest on the left. The dashed line shows
significant deviations from the midparent value (alpha = 0.05). (B) Individuals are ordered from left to
right according to the median of their midparent deviation (MPD), from negative dominant to positive
dominant cases. (C) Correlation analyses between rosette radius and growth rates revealed a
significant positive correlation between the first growth rate (before the appearance of the second pair
of leaves) and rosette size (alpha = 0.01).

Finally, to better understand the causes of an increased rosette size in hybrids, a
correlation analysis between the growth rates and rosette sizes of hybrids was done.
Only the initial growth rate, between the first and second time points analysed,
showed a significant positive correlation with the rosette size of hybrids (Fig. 5C).
Therefore, the final size of the hybrids seemed to be determined early after
germination, before the appearance of the second pair of leaves; posterior growth

rates didn’t show any correlation with hybrid rosette size.
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Table 1. Metabolites correlated with the final rosette size. Pearson correlation of all metabolites
with the final rosette size (alpha = 0.05). Primary metabolites are highlighted in light blue and the mass
and retention times of secondary metabolites are included, respectively, inside parenthesis.

No.

No.

No.

No.

No.

No.

No.

No.

No.

No

No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

Metabolite
68 Unknown (463.3, 12.1)
73 Disinapoyl glucoside-Il (591.3, 19.15)
79 Phenylprop, hydroxyferuloyl Glc (372.23, 10.4)
84 3-Methylsulfinylpropyl gluc (358.36, 7.08)
85 Glucosinolate (478.2, 12.8)
76 7-Methylthioheptyl glucosinolate (462.3, 23.8)
82 Sinapoyl glucoside (385.4, 13.4)
94 Glucosinolate, neoglucobrassicin (477.3, 17.3)

97 Glucosinolate (679.4, 17.0)

. 22 Glucose 1-6-anhydro beta

75 Unknown (585.1, 24.7)

87 Glucosinolate, glucobrassicin (447.3, 15.3)

91 Glucosinolate, 8-methylthiooctyl gluc (476.4, 27.7)
93 Indole-3-carboxylate hex (323.30, 11.1)

96 Possible flavonoid (565.19, 4.50)

70 Disinapoyl glucoside-I (591.3, 18.2)

71 Most likely anthocyanin (841.5, 29.3)

92 Flavonoids, 3-Rha-7-Rha-Kae (577.6, 15.8)

13 Fructose-6-phosphate

44 Proline

54 Spermidine

77 Kaempferol 3-galactoside-7-rhamnoside (593.7, 14.9)
98 Indolic glucosinolate (477.2, 20.1)

100 Unknown (371.2, 11.6)

Correlation

0,51

0,47

0,45

0,43

0,46

0,36

0,37

0,37

0,4

0,35

0,34

0,34

0,35

0,33

0,32

0,31

0,3

0,31

-0,29

-0,29

0,3

0,3

0,29

0,29

P_Value

0,01

0,01

0,01

0,01

0,02

0,02

0,02

0,02

0,02

0,03

0,04

0,04

0,04

0,05

0,05

0,05

0,05

0,05

0,05
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3.2 The role of ACDG6 in hybrid necrosis

In the second part of my thesis | investigated hybrid incompatibilities caused by allelic
interactions at the ACD6 locus among crosses from the Tubingen collection site in
Germany first identified in (Swiadek et al., 2017). To further understand the possible
role of ACD6 within the plant defense response pathways, physiological responses
linked to senescence and flowering were measured in both the necrotic hybrids and
their corresponding parents. Additionally, early metabolic and ionic changes induced
by ACDG6 activation were monitored in both groups, together with changes in
cytoplasmic Ca?* in response to cold. In parallel, different GFP-tagged constructs of
ACD6 were developed with the objective of identifying candidate interacting partners
through pull-down assays. The following chapters summarize the main findings of

this research.

3.2.1 Necrotic hybrids senesce earlier than parents

Due to the reported link between defense and senescence regulation (Eulgem et al.,
2000; Feys, 2005; Quirino et al., 1999; Robatzek & Somssich, 2002; Robatzek &
Somssich, 2001), we wanted to investigate the possible role of ACDG6-activated
defense responses and physiological senescence on necrosis in hybrids. First, we
wanted to find out if and at what stage of development where defense and
senescence-associated molecular markers expressed. For this, the expression of
molecular senescence markers, SENESCENCE-ASSOCIATED GENE 12 (SAG12)
(Weaver, Gan, Quirino, & Amasino, 1998) and WRKY53 (Miao, Laun, Zimmermann,
& Zentgraf, 2004), were screened together with the defense marker
PATHOGENESIS-RELATED PROTEIN 1 (PR1) in the Alt-5xBod-6 necrotic hybrid

and its parents across different developmental stages.

Both molecular senescence markers were expressed earlier in hybrids than in the
parents, with SAG12 induced exclusively in hybrids at the 16-leaf stage and WRKY53
showing higher levels of expression since the 8-leaf stage (Fig. 6). In comparison,
parents only showed SAG72 expression until the flowering stage and though
expression levels of WRKY53 were also detected in parents at the 8-leaf stage, they
were significantly lower than those seen in hybrids (Fig. 6). Something interesting to
note is that defense was activated before senescence in necrotic hybrids, as

evidenced by a significant increase in PR1 at the 4-leaf stage (Fig. 6A).
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Even though senescence was induced earlier in necrotic hybrids than in both
parents, premature flowering in hybrids was not observed. Intrigued by this, the
expression of different flowering markers was assessed. Though most reported
flowering markers didn’t show any clear expression differences between the hybrid
and both parents (Fig. S1), two NF-YA transcription factors involved in endoplasmic
reticulum (ER) stress and drought tolerance (Nelson et al., 2007; Wenkel et al., 2006)
were found to be upregulated in necrotic hybrids. Interestingly, upregulation of these
transcription factors has been linked to a delayed flowering response (Wenkel et al.,

20086).
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Figure 6. Senescence was induced earlier in necrotic hybrids than in parents. Analysis of the
relationship between hybrid necrosis caused by ACD6 and senescence, together with flowering time,
using molecular markers. (A) The defense marker PR1 was used as a positive control for the active
defense response in necrotic hybrids. (B) The senescence marker SAG12 was expressed exclusively
in hybrids at the 16-leaf stage. Parents only accumulated this transcript during the flowering stage. (C)
The early-leaf senescence marker WRKY53 was significantly higher in hybrids since the 8-leaf stage.
(D) Subunits of the NF-Y/HAP transcription factor complex involved in ER stress, flowering and
drought tolerance were upregulated in hybrids with respect to parents at the 16-leaf stage. Other
genes involved in flowering (FLC, FT and CBF1) didn’t show clear differences between hybrids and
parents (Fig. S1). a = 0.05. Wilcoxon Test. Red line: Alt-5. Green line: Bod-6. Blue line: Hybrids.
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3.2.2 Temperature induces abiotic stress compounds early during hybrid
necrosis

To better understand the causes of hybrid necrosis triggered by a temperature-
dependent activation of ACDG6, the early metabolic changes induced by temperature
were compared between hybrids and parents. For this, the Alt-5 and Bod-6 parent
lines were grown with their reciprocal hybrids at constant 21°C and subjected to a
temperature switch of constant 17°C after plants reached the 8-leaf stage. Six
biological replicates were used per plant and three timepoints corresponding to 21°C
(control), 15min. and 220min. after the switch were collected. A total of 72 samples
were analysed by GC-MS and ion chromatography, yielding 165 metabolites and 9

ions (5 cations and 4 anions) respectively.

A PCA of the metabolic dataset revealed that the temperature shift generated
different patterns of variation between hybrids and parents 220 minutes after the
switch, with PC1 separating hybrids after the temperature switch from the rest of the
individuals (Fig. 7A). When plotting the metabolic dataset of hybrids and parents
separately, hybrids had 83 out of 128 metabolites showing a significant contribution
to the observed change due to temperature explained by PC1. In contrast, parents
showed much less variation due to the temperature shift, with only 17 metabolites
showing a significant contribution to the observed variation. Among these, fourteen
were shared with hybrids, leaving hybrids with 69 unique metabolites showing a

unique pattern of variation induced by temperature (Fig. 7B).
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Figure 7. PCA of the metabolic changes induced by ACD6. (A) PCA of the different genotypes
represented by their metabolism before and after the temperature switch. (B) Venn diagram showing
the number of metabolites with a significant contribution to the two principal components, for hybrids
and parents.
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Although PCAs were a useful tool to compare datasets between parents and hybrids,
it did not give information about metabolites whose levels were significantly different
between time points and individuals. Therefore, multiple multivariate analyses of
variance (MANOVA) were performed in order to find metabolites that were both
significantly regulated by temperature in hybrids and with a final level different from
both parents (taking the level of each parent separately). No metabolites were
detected to be changing significantly 15 minutes after the temperature switch, hence
all the results discussed focus on the second timepoint (220 minutes after the
temperature switch). These analyses revealed a total of 60 metabolites unique for
hybrids, 45 of which were shared with metabolites contributing significantly to the
variation induced by temperature in hybrids (from the previous PCA results) (Fig. 7B).
Among the 60 metabolites, acids and sugars were among the most abundant,
comprising more than 30% of the detected compounds. Acids included intermediates
of the tricarboxylic acid (TCA) cycle (Citrate, Succinate, Malate), together with
compounds involved in biotic/abiotic stress tolerance (Shikimic Acid, Salicylic Acid)
and glutathione metabolism (Ascorbate). Sugars included simple sugars (Glucose,
Fructose) and compatible solutes (Glucose-6-phosphate, Trehalose) involved in
osmoprotection (Fig. 8). Important to note is that 37% of the detected metabolites
had no annotation and, therefore, their biological and molecular roles during the
emergence of hybrid necrosis remain unknown for now. Overall, the biological
processes that seem to be induced early by temperature in necrotic hybrids include
the synthesis of ATP, compatible solutes and antioxidants, together with abiotic

stress signaling molecules (Table 2).

When looking at the early ionic changes induced by temperature in hybrids,
ammonium and sulfate were found to be significantly upregulated (Fig. 9A, C).
However, their final levels in hybrids where not significantly different from the Alt-5
parent, casting doubt as to their biological impact on the emergence of the phenotype
(Fig. 9B, Fig. S2). Growing hybrids in soil under different ammonium concentrations

did not trigger the necrotic phenotype (Fig. S3).
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Figure 8. Metabolite classes induced early after the temperature switch in necrotic hybrids.
Early metabolic changes induced by temperature in necrotic hybrids were analyzed to identify
molecular causes of hybrid necrosis associated to ACD6 activation. Multiple MANOVAs revealed 60
metabolites significantly upregulated in necrotic hybrids 220 minutes after a switch from 21 to 17°C.

Table 2. Abiotic stress compounds induced early after the temperature switch in necrotic
hybrids. The physiological responses that could be affected by specific groups of metabolites induced
by temperature are presented. MANOVA analyses were run with an alpha of 0.05 and all p-values
were corrected according to the false discovery rate (FDR). Six biological replicates were used.

Upregulated Analytes

Involved In

Bibliography

Fructose-6-phosphate (1MEOX) (6TMS) MP,
Glucose-6-phosphate (1MEOX) (6TMS) MP

Glycolysis; ATP Production

Miura et al. 2014, Sadava et al. 2017

Citrate (4TMS), Succinate (2TMS), Malate
(3TMS)

TCA Cycle; ATP Production

Sadava et al. 2017

Putrescine (4TMS)

Positive Regulation TCA Cycle; Abiotic Stress

Gill & Tuteja 2010, Shu et al. 2011, Zhong et

al. 2016

Maltose (1MEOX) (8 TMS) MP, Glucose (1MEOX)
(5TMS) BP, Fructose (1IMEOX) (5TMS) BP

Gluconeogenesis; ATP Production

Kerepesi & Galiba 2000, Sadava et al. 2017

Shikimic Acid (4TMS), Salicylic Acid (2TMS)

Biotic and Abiotic Stress; Systemic Acquired Resistance
(SAR); Stomata Closure

Kang et al. 2013, Khan et al. 2010, Miura &

Tada 2014, Nazar et al. 2011, Noreen &

Ashraf 2010, Sawada et al. 2006, Shah 2003

Pyroglutamate (2TMS), Glutamate (3TMS),
Ascorbate (4TMS)

Glutathione Metabolism; Antioxidant Activity

Kang et al. 2013

Trehalose, alpha,alpha’- (8TMS)

Osmoprotection

Nuccio et al. 2015, Pilon-Smits et al. 1998
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Figure 9. ACD6 activation increases intracellular ammonium in necrotic hybrids. (A) The
concentration of ammonium in necrotic hybrids increased after the temperature switch. (B) A random
permutation analysis revealed that the final intracellular ammonium level in hybrids was not
significantly different from the Alt-5 parent. (C) Random permutations also corroborated that the
increase in ammonium between the two timepoints was significant for hybrids.

3.2.3 Cytoplasmic calcium signaling and PIF4 expression are not altered in
necrotic hybrids in response to temperature fluctuations

Since calcium (Ca?*) has been shown to be involved in the perception and response
to different abiotic and biotic stimuli, including temperature changes (Nomura et al.,
2012), we wanted to know if Ca?* signaling could be altered in necrotic hybrids when
compared to the parents. For this reason, we measured cytoplasmic Ca?* using
FRET-based yellow cameleon sensors described in (Krebs et al., 2012). Unlike the
previous ionic measurements, which gave us the total ionic content of a tissue in a
specific timepoint, FRET-based cameleon sensors allowed us to monitor intracellular
ionic changes within organelles across time. For this, cytoplasmic Ca?* sensors were
transformed into necrotic hybrids and their corresponding parents, and the Ca?*
influxes in response to cold were assessed by confocal laser-scanning microscopy
for each individual. The differences between the ranges of the FRET/CFP
measurements was then calculated between the hybrid and each parent, and a
random distribution of 10000 iterations was generated to establish the significance of
the observed differences. Results revealed that the Ca?* peak of hybrids was not
significantly different from the Alt-5 parent (a = 0.05), indicating that Ca?* signaling in
response to cold was not altered between parents and necrotic hybrids (Fig. 10).
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Figure 10. Intracellular calcium signaling in response to cold is not affected in necrotic hybrids.
(A) The calcium spikes elicited by response to cold in Alt-5 (red), Bod-6 (green) and hybrids (blue). (B)
Differences between the ranges for the FRET/CFP measurements were calculated between the hybrid
and each parent and a random distribution with 10000 iterations was generated in order to establish
the significance of the observed differences. The Ca peak of the hybrid was not significantly different
from the Alt-5 parent. a = 0.05.

In a further attempt to understand the molecular mechanisms being triggered by
ACD6 in a temperature-dependent manner, the expression of Phytochrome
Interacting Factor 4 (PIF4) was compared between hybrids, their corresponding
parents, and the gain-of-function mutant acd6-1. Parental lines were screened both
at 21°C and 17°C to corroborate the existing knowledge that PIF4 expression
decreases in a temperature-dependent manner (Gangappa et al., 2017). PIF4 is a
thermosensory negative regulator of plant defense and its decreased expression at
low temperature is associated with an activation of defense responses, reduced
growth and increased resistance to P. syringae pv. Tomato (Pto) DC3000 (Gangappa
et al., 2017). As expected, PIF4 accumulated in a temperature-dependent manner in
both parent lines (Fig. 11). However, hybrids grown at 17°C did not show any
difference in PIF4 expression when compared to parents grown at the same
temperature (Fig. 11). Therefore, the activation of defense genes at lower
temperatures in necrotic hybrids is not due to an altered expression of the

thermosensory growth and immunity regulator PIF4.
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Figure 11. PIF4 expression is not affected by ACD6 activation. PIF4 expression was
downregulated by a lower temperature as reported previously. However, necrotic hybrids at 17°C did
not show reduced levels of expression compared to the parent plants Alt-5 and Bod-6.

3.2.4 GFP-tagged ACDG6 constructs localize to the nucleus and cytoplasm
Although certain interacting partners have already been described for ACD6 in the
gain-of-function mutant acd6-1 (Zhang et al.,, 2014, 2017), its role in plant cell
immunity remains elusive. Therefore, with the aims of characterizing novel interacting
partners of ACD6, two approaches were taken. In the first approach, N-and C-
terminal GFP tags were added to the coding sequence of ACD6 from the Alt-5
accession using the vectors described in (Grefen et al., 2010). These vectors were
agro-transformed into the Bod-6 genetic background and seedlings were screened
for fluorescent signals using confocal laser scanning microscopy. Unfortunately, very
few T1 plants expressing a strong GFP signal were found (Fig. 12A).
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Due to the low number of seedlings with strong GFP signal, a larger group of
transgenic lines with a lower GFP signal was used for protein extraction to determine
if it was already possible to pull-down the GFP-tagged ACD6. Unfortunately, after
enriching GFP-bound proteins from the membrane fraction of a protein extract with
the Nano-Trap®_A beads from Chromotek (Munich, Germany), blotting of the final
protein extract with anti-GFP only revealed a signal in our positive control (data not
shown). The second generation of the T1 lines with strong GFP signal did not
produce a high proportion of seedlings with GFP expression (Fig. 12B), indicating
that the transgenic T1 lines were heterozygous. Hence, screening a T3 generation
from the confirmed T2 seedlings was necessary to harvest sufficient material for the
pull-down of GFP-bound ACDG6 proteins.

When confirming the positive transgenic lines harbouring the ACD6 constructs via
confocal laser-scanning microscopy (CLSM), it was difficult to discern whether the
GFP-tagged ACD6 was localizing at the plasma membrane (Fig. 12). For this reason,
a cell plasmolysis experiment and staining of the plasma membrane with the
endocytic marker FM4-64 was carried out (Fig. 13). In the latter experiment, it was
clear that the GFP signal was not overlapping with the signal from the plasma
membrane, confirming that the transgenic ACD6 proteins were only localizing to the
cytoplasm. Since wild-type ACD6 is also known to be at the cytoplasm and its
migration to the plasma membrane has be shown to be triggered by SA (Zhang et al.,
2014), we wondered if our ACD6 constructs could still be functional. Therefore, we
grew positive transgenic T3 lines confirmed by CLSM at constant 17°C to see if the
necrotic phenotype could be induced. The results indicated that the positive lines,
with a clear cytoplasmic ACD6 signal, did not acquire a hybrid necrotic phenotype
(Fig. S8).
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Figure 12. N and C-terminal GFP-tagged ACDG6 localized to the cytoplasm and nucleus. (A) T1
transgenic lines expressing N-terminal GFP-tagged ACDG6. (B) T2 transgenic lines expressing C-
terminal GFP-tagged ACD6.
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Figure 13. Cell plasmolysis and FM4-64 staining of transgenic Bod-6 plants harboring GFP-

tagged ACD6 confirmed a cytoplasmic localization. Confocal laser scanning microscopy image of
pUBN-GFP::ACD6 from leaf cells (A) and plasmolyzed leaf cells using 0.5 M sucrose for 45 min (B).
Staining with the FM4-64 dye enabled to differentiate the cytoplasmic GFP signal (green) from the

plasma membrane (red) (C).
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Due to the unexpected prolongation of the GFP pull-down experiment, a yeast two-
hybrid screen of ACD6 fused to the Gal4 DNA-binding domain (DNA-BD) was done
using the Matchmaker® Gold Yeast Two-Hybrid System from Clontech. For this,
Y2HGold yeast strains were transformed with the pGBKT7-BD construct containing
the coding sequence of ACD6 from Col-0O or the acd6-1 mutant. To confirm that
ACD6 would not autonomously activate the reporter genes in Y2HGold in the
absence of a prey protein, transformed colonies were plated on SD/-Trp/X-a-Gal. It
was expected for the transformed colonies to grow with a white or very pale blue
colour. Nevertheless, this was not the case and most of the isolated colonies turned
blue (Fig. 14B). To reconfirm that ACD6 was indeed auto-activating the reporter
genes in Y2HGold, the empty vector carrying the Gal4 activation domain (pGADT7-
AD) was transformed to Y187 yeast cells and transformants from Y2HGold and Y187
were mated. Diploid clones were confirmed on SD/-Trp/-Leu media and SD/-Trp/-
Leu/X-a-Gal/Aureobasidin  A. Under the assumption that ACD6 was not
autoactivating the reporter genes, no cells were expected to grow in the presence of
Aureobasidin A. Additionally, colonies could only acquire a blue tone in the presence
of X-a-Gal if the a-galactosidase reporter gene was activated. The presence of

colonies with a slight bluish tone (Fig. 14A) indicated that identifying ACD6 interacting

partners by yeast two-hybrid was not a viable approach.

Figure 14. Autoactivation of the yeast two-hybrid reporter genes by ACD6. (A) Diploid cells of a
mating between Y2HGold cells transformed with pGBKT7::ACD6 and Y187 cells transformed with the
empty vector pGADT7, plated on SD/-Leu/-Trp/X-a-Gal/AbA. (B) Y2HGold cells transformed with
pGBKT7::ACD6 plated on SD/-Trp/X-a-Gal.
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To conclude, the different GFP-tagged ACD6 constructs developed in this work
showed a similar cytoplasmic and nuclear localization. The proportion of positive
transformants in the T1 generation was low, making the screening by laser scanning
confocal microscopy a long process. The T2 seedlings coming from the confirmed T1
lines didn’t show a high number of positive individuals either, indicating that the
confirmed T1 individuals were heterozygous. The T3 generation produced a sufficient

number of positive individuals.

To confirm whether the GFP-tagged ACDG6 proteins are also localizing to the plasma
membrane, root cells from seedlings of the T3 generation will be stained with a
cytoplasmic dye and plasmolyzed with sucrose. Leaf cell plasmolysis of confirmed T2
seedlings using 0.5 M sucrose for 45 min was previously done but separation

between the cytoplasm and plasma membrane was not discernable (Fig. S5).
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4. Discussion

In my thesis, | presented two different studies. The first one analyzed the impact of
hybridization on plant metabolism and growth within a local Arabidopsis collection
site by means of a full diallel crossing scheme. In the second study, physiological and
molecular changes associated to ACD6 activation were characterized in incompatible

hybrids emerging from crosses between individuals within the same collection site.

4.1 Hybridization increased overall metabolic variation in Arabidopsis,
impacting mostly secondary metabolites related to stress responses
Nonadditive inheritance refers to the effect of being above or below the midparent
(additive) inheritance value (Falconer & Mackay, 1996). Nonadditive effects can also
be referred to as epistatic interactions since epistasis helps explain how two alleles
can give rise to phenotypes that challenge the expected Mendelian outcomes. In this
sense, nonadditive inheritance can lead to novel phenotypes, which can impact traits
desired by plant breeders or affect the adaptation of a plant to its environment.
Nonadditive inheritance can therefore lead to both heterotic and disadvantageous
phenotypes (Z. J. Chen, 2013) and makes prediction of hybrid phenotypes more
challenging. Omic studies on hybrid vigour have identified nonadditive changes
associated to transcriptomics, proteomics and metabolomics. Of special interest, it
was shown that nonadditive gene expression changes in Arabidopsis hybrids
correlated with an increased capacity for photosynthesis (Fujimoto, Taylor,
Shirasawa, Peacock, & Dennis, 2012), and biomass heterosis of Arabidopsis
intraspecific hybrids was correlated with increased levels of metabolic activity during
early developmental stages (Meyer et al., 2012). Furthermore, Korn and collaborators
were able to predict Arabidopsis freezing tolerance based on a limited number of
metabolites (Korn et al., 2010), opening the possibility of using metabolic inheritance
patterns to predict hybrid vigour. Nevertheless, a general model to explain the basis
of nonadditive genetic variation is missing and hybrid phenotype prediction based on
parental information remains an unsolved challenge (Seymour et al., 2016). Thus, the
nonadditive effects on genetic variation remain largely unknown and should be
further studied.
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Previous literature has already highlighted the use of F1 hybrids generated by diallel
crossing to investigate the non-additive inheritance patterns underlying hybrid vigour
in Arabidopsis inbred lines (Seymour et al., 2016). However, not much is known
about the role of hybridization in the variation of plant metabolism in a single growth
habitat. Even though the parent lines used in our study were mostly inbred, with
heterozygosity ranging from 1 — 5.4%, hybridization among these natural local
accessions was able to drastically change the metabolite abundance patterns in
hybrid secondary metabolism. Hybrid secondary metabolism also varied greatly
depending on the cross and direction of the cross (Fig. 3B-C), with fourteen showing
non-additive inheritance in at least 50% of their secondary metabolism (i.e. 26) (Fig.
3B-C). In contrast, only six hybrids showed non-additive inheritance in more than
50% of their primary metabolism (i.e. 43). Since only two of the twenty crosses
exhibiting more than 50% non-additive inheritance were reciprocal (Alt6xAlt1 and
Alt6xAlt2), the direction of the cross was an important factor when determining the

extent of non-additive inheritance.

Overall, hybridization increased the variation in hybrid secondary metabolism, with
almost 40% of the crosses exhibiting significant deviations from the expected
midparent values. The secondary metabolites that exhibited the greatest variation
from the expected midparent values were related with plant stress responses (Fig.
3A), mainly glucosinolates and flavonoids. In contrast, primary metabolism was more
robust, with not a single primary metabolite showing a significant non-additive
inheritance pattern across all hybrids (p-value < 0.01). These observations go in
hand with the notion that primary metabolism plays a central role in developmental
processes. Consequently, while changes in primary metabolism exert pressure on
vital processes such as growth, secondary metabolism variation is more prone to
positive selection based on environmental factors (D. Kliebenstein, Kroymann,
Brown, & Figuth, 2001; Kroymann, 2011; Manzaneda & Prasad, 2010; Schranz,
Manzaneda, Windsor, & Clauss, 2009; Windsor, Reichelt, Figuth, & Svatos, 2005).
Therefore, an increased variation in secondary metabolism due to heterozygosity
could provide mainly selfing plant populations/species such as Arabidopsis with more
options to cope with rapid changes in their environments.
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Although secondary metabolism showed a greater number of non-additive cases
than primary metabolism, hybridization increased both primary and secondary
metabolism variation (Fig. 1A-B). Even growth exhibited on average higher
fluctuations in hybrids when compared to the parents (Fig. 1C). Hybrids from highly
inbred maize parents, known to cause heterosis, were previously shown to display a
reduced metabolic variation than their progenitors (Lisec et al., 2011). Given the
hypothesis that metabolic profiles associated with better growth should be similar, the
decreased variability among a heterotic hybrid population that was artificially selected
for its phenotypic similarity should come as no surprise. In contrast, our study
highlights that within a natural population with no prior artificial selection,
hybridization increases metabolic variability, with special emphasis on secondary
metabolites linked to environmental stress responses. This, in turn, increased the

phenotypic diversity in hybrids as well (Fig. 1C-D).

4.2 Final rosette size was correlated with the earliest growth rate and both
primary and secondary metabolites

In our study, we used growth as an indirect measurement of plant fitness and
possible existing relationships between specific metabolic patterns and growth were
of particular interest. Curiously, no specific inheritance patterns were shared among
the biggest or smallest hybrids within our study. Yet, even though different metabolic
profiles could give rise to big phenotypes, only the earliest growth rate was
significantly correlated with the final rosette size (Fig. 5, Fig. S4). In contrast, smaller
hybrids typically increased their growth rate at a later stage, between the

development of their second and third pair of leaves (Fig. S5).

The fact that mostly secondary metabolites, particularly glucosinolates, were
positively correlated with the final rosette size strengthened the notion that the trade-
off between energy investment in defense compounds and growth is more complex
than what we acknowledge. Several recent studies have highlighted how the trade-
off between plant defense and growth has been flagrantly oversimplified, while
identifying additional positive correlations between glucosinolates and growth
(Joseph et al., 2013; Kliebenstein, 2016; Mauricio, 1998). In this respect, it's worth
highlighting that different investigations have not been able to identify a significant

association between glucosinolate-deficient genotypes and absolute growth (Joseph
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et al.,, 2013; Paul-Victor, Zist, Rees, Kliebenstein, & Turnbull, 2010; Zust et al.,
2011). On the contrary of what one would expect, it has even been shown that
exogenous allyl glucosinolate increases the biomass of several Arabidopsis
accessions; an effect that was modulated by the sucrose concentration in the media
(Francisco et al., 2016). These observations go in line with the idea that growth-
limiting factors are determined by the specific growing conditions of the plant (D. J.
Kliebenstein, 2016). In this sense, defense compounds could affect plant growth
either positively or negatively depending on the nutrient balance of the environment.
Besides secondary metabolites, two primary metabolites were also positively
associated with the final rosette radius: 1,6-anhydrobetaglucose, a by-product of
cellulose degradation (Riedelsheimer et al., 2012) and spermidine, a polyamine
capable of promoting plant growth under abiotic stress conditions (Paschalidis,
Roubelakis-Angelakis, Perez-Amador, & Carbonell, 2005; Radhakrishnan & Lee,
2013). Hence, though it is usually expected that primary metabolites will positively
correlate with plant growth, as they are involved in central metabolic pathways
involved in carbohydrate assimilation, several secondary metabolites associated to
plant stress responses were also found to be positively correlated to growth within
the hybrid individuals of this study.

The connection between overall metabolic variation and growth is not well
established yet. Though biomass has already been correlated with specific
metabolite combinations in Arabidopsis (Meyer et al., 2007), the implications on how
metabolic diversity can impact growth is still not understood. In our study, both
positive and negative dominance in secondary metabolism was associated with big
rosette sizes (Fig. 5A, Fig. S4), going in hand with the notion that different metabolic
signatures can be associated with higher growth. In this sense, carrying more
metabolic signatures could increase the probabilities of having a signature related to
higher growth within a population under specific conditions. Although we observed
more significant positive dominant cases related to rosette size, five out of twelve
hybrids showed negative dominance (Fig. 5A). Whether these smaller hybrids would
actually show a reduced fitness in the field is something worth to investigate in future
experiments. All parental individuals used in this experiment were part of a natural
wild population collected in Tubingen (southern Germany). Unlike inbred lines or
induced mutation-based studies, natural populations are more suitable to understand

mechanisms underlying variability and adaptation. Our study revealed that
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hybridization increased the metabolic variation of a local Arabidopsis thaliana
collection site. We also saw that the same genetic background could yield completely
different metabolic phenotypes, as evidenced in certain reciprocal hybrids which
showed clearly different profiles in their secondary metabolism (Fig. 4). In these
cases, the hybrids involved included the top four biggest hybrids within our study.
Therefore, different metabolic inheritance patterns were associated with big size
within our hybrids, indicating that larger fluctuations in secondary metabolism won't
always hinder growth. Additionally, if natural environments are in constant change,
having more metabolic diversity might increase the probabilities of resiliency in terms
of optimal growth. These results therefore add intriguing insights to our
understanding of the nature of non-additive inheritance in a natural Arabidopsis

population; information that may also hold in major crop species.

4.3 Characterizing the role of ACD6 by studying molecular and physiological
changes associated with its activation in necrotic hybrids

Among crosses from the local individuals collected at Tubingen area (Germany),
different cases of hybrid necrosis were detected. This hybrid incompatibility
characterized by stunted growth and necrotic lesions was attributed to different allelic
interactions of ACD6 (Swiadek et al., 2017). Previously, Todesco and collaborators
identified incompatible interactions between ACD6 alleles from different global
Arabidopsis accessions (Todesco et al., 2014). The fact that ACD6 alone is able to
generate hybrid incompatibilities between local and global individuals suggests it is a
central regulator of plant defense responses. Furthermore, the existence of many
different ACD6 alleles in a single population suggests this locus is under balancing
selection, a pattern often seen in disease resistance (R) genes (Todesco et al., 2010;
Van der Hoorn, De Wit, & Joosten, 2002). The reason to why such a high degree of
sequence polymorphisms could be maintained within a locus might therefore be
explained by a strong fluctuating selective pressure. Most loci involved in hybrid
incompatibilities are actually well-described nucleotide-binding leucine-rich repeat
(NLRs) proteins (Chae et al.,, 2014) in charge of detecting effectors secreted by
phytopathogenic bacteria and fungi. The strong selective pressure exerted by the
arms race between pathogen effectors and plant NLRs drives a surge in sequence
diversity (Buttner & Bonas, 2010; Kay & Bonas, 2009; Koebnik et al., 2006); one that

increases the probability of encountering genetic incompatibilities (Chae et al., 2014).
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Sequence diversity in the ACD6 locus has also been observed (Swiadek et al., 2017;
Todesco et al., 2014), but the role of this non-NLR protein in plant defences remains
largely unknown. Therefore, to better understand the role of ACD6 within the plant
stress pathways, molecular and physiological responses related to its activation were

characterized in necrotic hybrids.

4.4 Senescence is induced earlier in necrotic hybrids when compared to its
parents

Known to be involved in a positive feedback loop with salicylic acid (SA), ACD6 is
able to induce hybrid necrosis through the activation of defense genes linked to the
systemic acquired resistance (SAR) response (Swiadek et al., 2017; Todesco et al.,
2014). The involvement of defense genes in senescence has been reported
previously, with members of the WRKY transcription factor family, brassinosteroids,
and novel genes like HYS1/CPRS5 promoting both disease resistance and
senescence (Bartwal, Mall, Lohani, Guru, & Arora, 2013; T Eulgem et al., 2000;
Yoshida, 2003; Zentgraf et al., 2001). Furthermore, it has been revealed that
expression of senescence-related genes is impaired in pad4 and npr1 mutants
unable to trigger a normal defense response through SA (Morris et al., 2000). This
might be due to the fact that both defense and senescence share common molecular
pathways, amongst them programmed cell death (Brodersen & Petersen, 2002;
Piffanelli, Zhou, & Casais, 2002; S Robatzek & Somssich, 2002; Silke Robatzek &
Somssich, 2001). Therefore, it should be more efficient to relay this activation to a
common set of genes rather than having unique isolated pathways to turn on similar
biological processes. To better understand the relationship between defense and
senescence in necrotic hybrids with an active version of ACD6, molecular markers for
both pathways were monitored in a time-course manner. Our results indicated that
senescence was induced earlier in necrotic hybrids than in parental lines, but it was
only after the induction of the SAR marker PR1 (Fig. 6). Therefore, these findings
suggest that the earlier onset of senescence could be a by-product of the sustained

defense response in hybrids.

Fitness costs related to an early senescent phenotype can be dramatic, especially if
plants don’t have enough time to produce seeds. An interesting observation in our

experiments was that although hybrids displayed earlier senescence, flowering did
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not occur earlier. This raised further questions around the genes controlling flowering
time in hybrids. It has already been reported that plants with an active defense
response show stunted growth and an earlier flowering phenotype (S Robatzek &
Somssich, 2002; Steventon, Okori, & Dixelius, 2001; Veronese & Narasimhan, 2003).
Nevertheless, cases were necrotic hybrids are not able to reach flowering and the
involvement of stress-related genes in flowering time have also been reported
(Alcazar et al., 2009; Bomblies et al., 2007; Liu & Howell, 2010; G.-F. Wang et al.,
2011). However, key regulatory genes involved in flowering, among them CBF1,
FLC, and FT were not differentially expressed in hybrids when compared to parents.
Yet, NF-YA1 and NF-YA4, two genes coding for the HAP2 subunit of the CCAAT-
binding Heme Activator Protein (HAP) transcription factor complex were found to be
significantly upregulated in hybrids when compared to parents (Fig. 6). Involved in
stress responses that confer drought tolerance and trigger the unfolded protein
response (UPR), the HAP complex has also been shown to delay flowering time
when over-expressed in Arabidopsis (Liu & Howell, 2010; Nelson et al., 2007;
Wenkel et al., 2006). Hence, it seems plausible that the upregulation of these genes
linked to abiotic stress tolerance might be interfering with the flowering time in
necrotic hybrids. This might be happening through the reported interaction between
the HAP complex and the CCT domain-containing protein CONSTANS (CO), which

promotes flowering in Arabidopsis (Wenkel et al., 2006).

4.5 Carbohydrate metabolism intermediates and sugars are upregulated in
necrotic hybrids shortly after the temperature switch

As mentioned earlier, a key characteristic of hybrid necrosis is its temperature-
dependency. To better understand early metabolic changes linked to the appearance
of hybrid necrosis, metabolites induced in hybrids 220 minutes after a switch to 17°C
were analyzed. Production of simple sugars and compatible solutes, including
glucose-6-phosphate (G6P) and trehalose, together with several intermediates of the
TCA cycle and glutathione metabolism seemed to indicate a very early response to
abiotic stress (Miura et al. 2014, Zhong et al. 2016). The immediate increase in G6P
and fructose-6-phosphate (F6P) together with several TCA intermediates indicated
that ACD6 activation could be triggering glycolysis and the tricarboxylic acid (TCA)
cycle. This might lead to an increase in the ATP-producing pathway of cellular
respiration (Sadava, Hillis, Heller, & Hacker, 2017). The fact that the polyamine (PA)
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putrescine was also significantly accumulated in necrotic hybrids shortly after the
temperature switch could be linked to the upregulation of the citric acid cycle. PAs
have been shown to enhance molecular protective effects in plants undergoing
drought stress by adjusting the glycolytic metabolism and the TCA cycle (Zhong et
al., 2016). In fact, Putrescine can be converted to y-aminobutyric acid (GABA), a
regulator of the TCA cycle (Gill & Tuteja, 2010). It has also been shown that
exogenous putrescine can alleviate the inhibition of glycolysis and TCA resulting from
salt stress in chickpea and cucumber plants (Shu et al., 2011; Zhong et al., 2016) by
increasing the contents of TCA intermediates, specifically in citrate, succinate and
malate. The early metabolic changes associated to ACDG6-induced defense
responses in necrotic hybrids included a significant increase in putrescine, citrate,
succinate and malate, together with G6P and F6P, known intermediates of the
glycolysis metabolism. However, since photosynthesis is interrupted during abiotic
conditions, including drought or high salinity, new sugar sources should be available
if a plant wishes to maintain the glycolysis and TCA pathways steady for ATP
production. Hence, accumulation of simple sugars, including glucose and fructose, is
usually observed in genotypes tolerant to drought under osmotic stress conditions
(Kerepesi & Galiba, 2000). In this regard, sugars, including glucose and fructose,
were also significantly upregulated in necrotic hybrids 220 minutes after the

temperature switch.

Shikimic acid, a precursor of salicylic acid (SA), and SA were also upregulated
exclusively in necrotic hybrids. SA regulation is widely known to be linked both to
biotic and abiotic stress responses (Kang et al., 2013; Miura & Tada, 2014; Shah,
2003). Regarding abiotic stress conditions, SA has been shown to alleviate the toxic
levels of hydrogen peroxide (H202) accumulated under salt or drought stress in
different plant species (Khan, Syeed, Masood, Nazar, & Igbal, 2010; Nazar, Igbal,
Syeed, & Khan, 2011; Noreen & Ashraf, 2010; Sawada, Shim, & Usui, 2006). This
protective effect has been attributed to an increase in ascorbate and glutathione, two
non-enzymatic antioxidants involved in the ascorbate-glutathione cycle (Kang et al.,
2013). Necrotic hybrids in our experiment also showed increased levels of both
ascorbate and glutathione intermediates shortly after the temperature switch (Table
2). Another role of SA during both biotic and abiotic stress responses is the closure of
stomata in an ABA-independent manner. This avoids both pathogen colonization and

water transpiration (Miura & Tada, 2014). In fact, it was already reported that acd6
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gain-of-function mutants exhibited stomatal closure and drought tolerance due to SA
accumulation (Miura et al., 2013; Okuma et al., 2014). Additionally, necrotic hybrids
also displayed increased levels of trehalose, a known osmoprotectant, in comparison
to parents after the temperature-dependent activation of ACD6. Trehalose is a
disaccharide and a compatible solute that protects cells against osmotic stress, and
its accumulation in plants is linked to enhanced drought tolerance (Nuccio et al.,
2015; Pilon-Smits et al., 1998). Hence, taken together, our results support the
findings of (Miura et al., 2013) and (Okuma et al., 2014), adding novel information as
to the timing of molecular changes associated with hybrid necrosis. The amount of
primary metabolites affected 220 minutes after the temperature switch, from 21°C to
17°C, contrast with the lack of changes observed 24 hours after the switch (Swiadek
et al., 2017). Hence, the metabolic changes that induce hybrid necrosis seem to be
occurring very early after temperature perception. It would be interesting to consider

secondary metabolism during this short time frame as well.

4.6 Low temperature did not induce any ionic changes in hybrids in
comparison to parents

ACDG6’s migration to the membrane has been linked to its activation and is increased
by SA (Zhang et al., 2014). Though it might be tempting to think that ACD6 activation
is an effect of SA signaling, it has been shown that BTH, a synthetic SA analogue, is
not sufficient to trigger the necrotic phenotype without an active ACD6 allele (Rate et
al., 1999). The notion that ACD6 activation is temperature-dependent raises further
questions as to its possible role as a membrane protein. To further understand any
possible ionic changes coupled to the activation of ACDG6, ionic chromatography of
the same samples used for the temperature shift experiment was done. These results
did not yield any clear differences between the hybrids and both parents. Although
ammonium and sulfate showed a significant increase in hybrids after the temperature
switch, their final levels were not significantly different from the Alt-5 parent (Fig. 9,
Fig. S2). It might be possible that the bigger biological variation observed for the Alt-5
parent could have influenced this result. Nevertheless, repeating the same
experimental design using an alternate extraction protocol yielded the same results
for ammonium, but not for sulfate (Fig. S7). Therefore, there seems to be a lot of
biological variation in the total ionic concentrations of these samples, particularly the

Alt-5 parent. Until this experiment is repeated with more than six biological replicates,
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it remains difficult to estimate the significance of this ammonium rise in necrotic
hybrids. Since an accumulation of intracellular ammonium has been reported to
induce production of ROS, which in turn leads to SAR in rice plants (Ahn, 2007), we
hypothesized whether the significant increase in intracellular ammonium could be
triggering the SAR phenotype in necrotic hybrids. For this, the ACD6 gain-of-function
(acd6-1) and loss-of-function (acd6-2) mutants were grown together with Columbia
(Col-0) seedlings under different ammonium concentrations in soil and synthetic
media. We thought acd6-1 plants would show reduced symptoms when grown on
lower ammonium concentrations. However, this was not the case and the ammonium
concentration in the nutrient substrates did not correlate with the severity of the

symptoms in any of the cases (Fig. S3).

The second ionic compound that was significantly increased in hybrids due to
temperature was sulfate. Sulfate is the oxidized form of sulfur and is used as a sulfur
carrier to generate sulfur-containing compounds (Bohrer & Takahashi, 2016). Sulfate
has been previously linked with autophagy induction during senescence in mammal
cells (Patel et al., 2013). Additionally, it was also shown that sulfate-reducing
enzymes are usually activated after dark-induced senescence in Phaseolus vulgaris
seedlings (Schmutz, Wyss, & Brunold, 1983). Hence, sulfur assimilation into sulfur-
containing amino acids would decrease the sulfate pool in senescent tissues. Sulfur
remobilization from old leaves to younger leaves has also been seen during leaf
senescence, and is accompanied by decreased sulfate in senescent leaves
(Dubousset et al.,, 2009). Since whole rosettes were harvested for the ionic
measurements in our study, it was not possible to discern between senescent and
non-senescent leaves. Nevertheless, an increased sulfate level within the whole
rosette could be an indicator of catabolic processes that release sulfur. Whether
these catabolic processes might include autophagy is not possible to determine with
the current data. Hence, more experiments would need to be done to identify the
source of this increased ion. Yet, taking into account that the final levels of both
ammonium and sulfate were not significantly different than the Alt-5 parent, its
significant rise due to temperature might not be linked to the hybrid necrotic
phenotype.
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4.7 Ca?* signaling in response to cold was not altered in necrotic hybrids

The fact that we could not detect major ionic changes in necrotic hybrids after the
temperature-dependent ACD6 induction did not meant that important ionic changes
were not happening. lon chromatography captures ionic changes at the whole
cellular level. Therefore, most intracellular signaling events will be masked unless
they generate substantial ionic changes. Since membrane proteins such as
mechanosensory calcium (Ca?*) and potassium (K*) channels are known to
transduce signaling events in response to temperature changes (Alcazar & Parker,
2011; Cheong et al., 2003; Finka, Cuendet, Maathuis, Saidi, & Goloubinoff, 2012;
Kim, Cheong, Grant, Pandey, & Luan, 2003), we didn’t discard the possibility that
ACD6 could mediate intracellular calcium signaling in response to a decrease in

temperature.

It has already been reported that intracellular Ca?* regulates SA-mediated plant
immunity in Arabidopsis (Du et al., 2009). Therefore, to monitor the changes in free
cytosolic Ca?* in response to temperature, fluorescence resonance energy transfer
(FRET)-based yellow cameleon sensors, described in (Krebs et al.,, 2012), were
transformed into necrotic hybrids and their corresponding parents. The differences
between the ranges of the FRET/CFP measurements was calculated between the
hybrid and each parent, and a random distribution with 10000 iterations was
generated to establish the significance of the observed differences between the
calcium peaks. Results revealed that the Ca peak of the hybrids was not significantly
different from the Alt-5 parent with an a = 0.05 (Fig. 10). Just like with ammonium,
hybrids showed a significant difference only with respect to the Bod-6 parent. Among
the local Tubingen collection of Arabidopsis individuals, Alt-5 displayed the largest
number of crosses involved in hybrid necrosis (Swiadek et al., 2017). Nevertheless,
we didn’'t observe any particular differences in the expression of defense marker
genes when compared to other Altenriet individuals from the same collection site.
Particularly interesting in this expression study was that the Altenriet 7 (Alt-7)
individual was the only one displaying an increased expression of PR1, a molecular
marker of the SAR response (Fig. S6). However, this individual was not involved in
any hybrid incompatibility with other plants from the same collection site (Swiadek et
al., 2017). Even though Alt-5 had similar intracellular ammonium and Ca?*
accumulation in response to cold when compared to necrotic hybrids, its phenotype
at 17°C remained healthy. This strengthens the notion that ACD6 alleles can show
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different levels of activation among different individuals. In fact, Todesco and
collaborators did see that interactions between different combinations of ACD6
alleles could elicit different levels of defense responses in hybrids, indicating that

ACDG6-indcued reactions are not binary by nature (Todesco et al., 2014).

4.8 PIF4 expression did not explain the temperature-dependent activation of
defense responses in necrotic hybrids

A well-described thermosensory regulator of plant defense responses is the
Phytochrome Interacting Factor 4 (PIF4). Known to suppress plant immunity at
elevated temperatures, pif4 mutants show activation of SAR-related genes including
PR1 and PR5 (Gangappa et al., 2017). The temperature-dependent negative
regulation of plant defenses through PIF4 is mediated by the Phytochrome B (PHYB)
photoreceptor. In this sense, PHYB promotes light-dependent degradation of the
PIF4 transcription factors. It has also been shown that the immune and growth
regulation exerted by PIF4 is dependent on its expression level, with bigger plants
susceptible to P. syringae pv. Tomato (Pfto) DC3000 showing increased PIF4
expression (Gangappa et al., 2017). Therefore, to know whether the temperature-
dependent regulation of immunity and growth was being mediated by PIF4 in necrotic
hybrids, the expression of this gene was monitored in necrotic hybrids, their
corresponding parents, and the ACD6 gain-of-function mutant acd6-7. Results
indicated that PIF4 expression was reduced after a decrease in temperature, as
expected. However, levels of PIF4 in both parents decreased to the same levels
observed in necrotic hybrids. Furthermore, the ACD6 gain-of-function mutant acd6-1
showed expression levels of PIF4 comparable to the Alt-5 parent grown at 21°C (Fig.
11). These results indicated that the temperature-dependent upregulation of the

defense response in necrotic hybrids was not caused by a downregulation of PIF4.

4.9 GFP-tagged ACD6 constructs showed cytoplasmic and nuclear localization

Since it is known that transcript expression levels of ACD6 don’t generate necrosis
(Todesco et al., 2010), the phenotype observed in necrotic hybrids is most likely
caused at the protein level. In this sense, identifying candidate interacting partners of
ACD6 would yield new clues as to its role during hybrid necrosis. Zhang and

collaborators already reported that ACD6 migrates to the membrane in protein
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complexes with the pattern recognition receptors (PRRs) Flagellin Sensing 2 (FLS2)
and BR1-Associated Receptor Kinase 1 (BAK1) upon SA induction. The active
version of acd6 (acd6-1), however, was already present at the membrane in larger
amounts prior to SA stimulation (Zhang et al., 2014). The localization of ACD6 at the
membrane points to a possible role in signal perception. No ligands related to
pathogen-associated molecular patterns (PAMPs) have been described to interact
with ACD6 so far. However, the fact that PRRs are reduced in plants lacking ACD6
(Tateda et al., 2014), and that these plants show more susceptibility to P. syringae
due to an attenuated flg22 response (Tateda et al., 2014) indicates that ACD6 could
play an indirect role in PAMP-mediated defense signaling. Even though Zhang and
collaborators were able to identify more membrane-associated proteins as candidate
interactors of ACD6, among them receptor-like kinases (RLKs), the function of this
protein remains unknown (Zhang et al., 2017). Important to note is that Zhang and
collaborators used the hemagglutinin (HA) epitope-tagged gain-of-function ACDG6-1
construct described in (Lu et al., 2005) for their immunoprecipitation assays. Several
identical regions of the short HA peptide sequence can be found within the
Arabidopsis proteome, incrementing the risk of pulling down false interactors with an
HA-antibody. In fact, only a soluble cytoplasmic portion from a single candidate
interactor described by (Zhang et al., 2017) could be confirmed by yeast two-hybrid.
For this reason, we were interested in identifying novel interacting partners by

creating a novel ACD6 construct fused to GFP.

N and C-terminal constructs were created and GFP signals were detected by laser
scanning confocal microscopy in T1 and T2 transgenic lines (Fig. 12). Nevertheless,
the GFP-fused ACDG6 protein did not show a plasma membrane localization, as
evidenced after FM4-64 staining (Fig. S5). Therefore, it seemed the GFP tag was
altering the expected plasma membrane localization. Enriching SDS-PAGE bands
during immunoprecipitation (IP) of ACD6-GFP from microsomal fractions did not
reveal a GFP signal after immunoblotting with anti-GFP. Therefore, it seemed that

the recombinant protein was not at the membrane.

A Y2H screen of ACDG6 fused to the Gal4 DNA-binding domain was planned. Hence,
ACDG6 was cloned into the vector pGBKT7 DNA-BD and its ability to autoactivate the
reporter genes from Clontech’s Y2HGold yeast strain was assessed. Transformed

yeast strains turned blue in the presence of the chromogenic substrate X-a-Gal and

68



grew on the toxic drug Aureobasidin A, indicating the activation of the reporter genes
(Fig. 13). A second autoactivation test was done to reconfirm the results, but this time
a Y187 strain carrying the empty vector pGADT7 AD was mated with the transgenic
Y2HGold strain carrying the pGBKT7::ACD6 construct. Again, colonies grew,
indicating the ACD6 bait could autoactivate the reporter genes; screening against a

library of prey proteins was not done to avoid identification of false positives.

5. Conclusions

In conclusion, we used a full diallel crossing scheme to identify inheritance patterns
induced by hybridization in a local collection site of Arabidopsis. We were able to
observe that hybridization increased the overall variation in metabolism and size
within hybrids when compared to parents, with several secondary metabolites
showing significant non-additive inheritance patterns across most hybrids. Secondary
metabolites also showed an increased non-additive mode of inheritance in hybrids
when compared to primary metabolites (39% versus 28%, respectively). Interestingly,
the highest midparent deviation was attributed to secondary metabolites linked to
plant defense responses, mainly glucosinolates and flavonoids. Additionally, certain
crosses were more likely to show non-additive inheritance in metabolism, with the
direction of the cross determining the extent of non-additive inheritance. We believe
therefore that an increased metabolic diversity induced by hybridization could provide
hybrids with a needed source for phenotypic variation in natural changing

environments, especially among inbred individuals growing at a single growth habitat.

To better characterize the role of ACD6 in plant defense responses, physiological
and metabolic changes induced during hybrid necrosis were compared between
necrotic hybrids and their corresponding parents. With this work, it was possible to
establish that senescence markers were induced earlier in necrotic hybrids than in
parents and that an active defense response preceded this early senescence
induction. Additionally, the HAP2 subunit of the CCAAT-binding Heme Activator
Protein (HAP) transcription factor complex was found to be significantly upregulated
in necrotic hybrids; an upregulation in this transcription factor was previously linked

with drought tolerance in corn and delayed flowering time in Arabidopsis.
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Early metabolic changes induced in necrotic hybrids 220 minutes after a temperature
switch to 17°C included accumulation of salicylic acid, trehalose, simple sugars and
putrescine, together with several by-products of the TCA cycle and glutathione
metabolism. Our findings therefore strengthen the notion that ACD6 could play a role
in abiotic tolerance, besides its more widely discussed role in biotic stress.
Strengthening this idea is the fact that ACD6 gain-of-function mutants have displayed
an enhanced tolerance to drought (Miura et al., 2013; Okuma et al., 2014).

Since calcium signaling has been reported to be involved in response to temperature
changes, influx of cytosolic calcium in response to cold was compared between
necrotic hybrids and parents using yellow cameleon sensors. We concluded that
cytoplasmic calcium signaling was not altered in necrotic hybrids in response to cold

when compared to parents.

This work gave further insights into the role of hybridization within a natural local
Arabidopsis collection site at the metabolic and phenotypic scale. Physiological and
metabolic responses linked to the temperature-dependent induction of ACD6 were
analyzed and new knowledge about the molecular processes affected by this protein

was generated.
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6. Supplementary Figures
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Figure S1. Known flowering regulators didn’t show alterations in necrotic hybrids when
compared to both parents. Only subunits of the NF-Y/HAP transcription factor complex involved in
ER stress, flowering and drought tolerance were upregulated in hybrids with respect to both parents at
the 16-leaf stage. Other known flowering regulators (CBF1, FLC, FT) didn’'t show differences between
hybrids and parents. a = 0.05. Wilcoxon Test. Red line: Alt-5. Green line: Bod-6. Blue line: Hybrids.
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Figure S2. Sulfate increased significantly in hybrids after the temperature switch. (A) Sulfate
increased significantly in hybrids after the temperature switch. Nevertheless, the accumulation pattern
seen in parents could not be replicated when repeating the experiment (Fig S8). (B) A random
permutation analysis revealed that the final sulfate level in hybrids was significantly different from both
parents. (C) Random permutations also showed that the increase in sulfate between the two
timepoints was significant in hybrids.
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Figure S3. Ammonium (NH4) concentrations in soil did not affect the retarded growth of ACD6
gain-of-function mutants (acd6-1) in comparison to Col-0 and ACD6 loss-of-function mutants
(acd6-2). The retarded growth characteristic of acd6-1 mutants is maintained both in high and low
NH4 concentrations, rejecting our hypothesis that higher NH4 concentrations could aggravate the
phenotype triggered by ACD6 activation.
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Figure S4. Secondary metabolism showed more deviations from the midparent levels than
primary metabolism. Blue lines indicate the midparental level and orange lines the observed levels.
Overall, secondary metabolism showed more variation from the midparent levels when compared to
primary metabolism. The three biggest hybrids (inside dotted blue boxes) showed different inheritance
patterns in their secondary metabolism relative to the midparent levels.
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Figure S5. Biggest hybrids display similar growth rate patterns. Percent growth rate per hybrid
across all timepoints revealed that the first growth rate was the highest one among larger hybrids (e.g.
15, 32, 64 enclosed in blue boxes). Small hybrids (e.g. 13, 26, 31 enclosed in red boxes) displayed a
different growth rate pattern characterized by a pyramid-like arrangement, with a low initial growth rate
followed by the highest one. The five timepoints reflect the following developmental stages based on
the rosette-leaf number: 2-leaf, 4-leaf, 6-leaf, 8-leaf, and 10-leaf. N =5 - 8.
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Figure S6. Expression of defense genes was altered in the Alt-7 individual. The expression levels
of different defense genes involved in SAR were monitored within the Altenriet individuals collected in
Tubingen, Germany. Except for Alt-7, most individuals didn’t show any upregulation in any defense
marker. The Col-0 accession was taken as reference. Asterisks denote a significant change was

detected within the Altenriet group. Test: Kruskal-Wallis. N = 3.
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Figure S7. A second ionic measurement experiment corroborated that ammonium and sulfate
were not accumulating significantly higher in hybrids than in / relative to parents. As seen
before, ammonium (A) and sulfate (B) increased in hybrids due to temperature. However, even though
an additional timepoint of 72 hours was added, both ammonium and sulfate failed to reach a
significant difference with respect to both parents. A random permutation analysis with 10000
iterations and an alpha of 0.05 was used to identify significance. N = 6.
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Figure S8. T3 lines confirmed by microscopy and grown at 17°C. After confirming T3 transgenic
lines with GFP-tagged ACDG6 constructs by CLSM, three different lines from each construct were
grown at constant 17°C. The ACDG6 allele used to generate these constructs came from the Alt-5
individual and it was transformed in the Bod-6 genetic background. Therefore, if the GFP-tagged
ACD6 was functional, hybrid necrosis should be visible at 17°C. Yet, none of the transgenic plants
displayed stunted growth.
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Table S1. Primers used throughout the study for the different target and housekeeping genes.

Name
18S_rRNA_F
18S_rRNA_R
GAPDH3'_F
GAPDH3'_R
GAPDH5'_F
GAPDH5'_R
ACT2-155_F
ACT2-155_R
ACT2-633_F
ACT2-633_R
SAND_50_F
SAND_50_R
SAND_862_F
SAND_862_R
UBQ-5_F
UBQ-5_R
EF_F

EF_R
TUB2_F
TUB2_R

CDS(ACDS6)-
pJL_F

CDS(ACD6)-
pIL_R

Ct-
CDS(ACD6)pIL_
R

Sequence
GCGACGCATCATTCAAATTTC
TCCGGAATCGAACCCTAATTC
TTGGTGACAACAGGTCAAGCA
AAACTTGTCGCTCAATGCAATC
TCTCGATCTCAATTTCGCAAAA
CGAAACCGTTGATTCCGATTC
AACTCTCCCGCTATGTATGTCGC
CAATACCGGTTGTACGACCACTG
ACTTTCATCAGCCGTTTTGA
ACGATTGGTTGAATATCATCAG
TCGCCGATCCAAATCCTAGC
TTGCTAACTCCGCCTTCGTT
ATGACACCCTTGCTTGGAGG
ATAAGACACCAGACGCGCAA
CCAAGCCGAAGAAGATCAAG
ATGACTCGCCATGAAAGTCC
TGAGCACGCTCTTCTTGCTTTCA
GGTGGTGGCATCCATCTTGTTACA
CAACGCTACTCTGTCTGTCC
TCTGTGAATTCCATCTCGTC

AAATTCTCGAGTTATGGACAGTTCTGGAGC
AGA

AATATGCGGCCGCTTATTCGGAACACGCC
ACAC

AATATGCGGCCGCTTCGGAACACGCCACA
C

Description

Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping
Housekeeping

Housekeeping

ACDG6 CDS for insertion in pJL-Blue

ACDG6 CDS for insertion in pJL-Blue

ACDG6 CDS for insertion in pJL-Blue (no

stop codon)



ACD6Prom_F AAATTCTCGAGGAGTTTGTAGCCTATTCAA  ACD6 promoter for GUS constructs
AGGC

ACD6Prom_R AATATGCGGCCGCCGCAAACCTAAAATAA  ACD6 promoter for GUS constructs

TCACAC

FT_F AGTCCTAGCAACCCTCACCT Flowering marker

FT_R CCTGCAGTGGGACTTGGATT Flowering marker

FLC_F GGCTAGCCAGATGGAGAATAATCA Flowering marker
FLC_R AGTCACCGGAAGATTGTCGG Flowering marker
CBF_F TGTGATACGACGACCACGAA Flowering marker
CBF_R AAACGCACCTTCGCTCTGTT Flowering marker
NF-YA1 F GGAAAGTCATCCGGGACAGAAAGC Late-flowering marker
NF-YA1 R TTTCTTCGCAAACCGGCCTCCA Late-flowering marker
NF-YA4 F CAGATTCCCAAACCCGACCA Late-flowering marker
NF-YA4 R CTGCAATTGGACCCCAGGAT Late-flowering marker
GSR2_F CACATCAGTGCCTACGGTGA Ammonium assimilation
GSR2_R ACGTCCCACACGAATAGAGC Ammonium assimilation
PAL1 F ACACTGTCTCTCAAGTGGCG Ammonium assimilation
PAL1 R ACGTTGCGCTACAAGGATCA Ammonium assimilation
CSY4_F TGACGACCCTCTTTTCCAGC Ammonium assimilation
CSY4 R CAAGACCCCACTGTGAGCAT Ammonium assimilation
ACO3_F GACTGGTCACGAACGCTACA Ammonium assimilation
ACO3_R GCGGACTGTGCAAGTGAAAG Ammonium assimilation
AOX2_F CGCGGTTAGCTCATAGGGTC Ammonium assimilation
AOX2_R AATCAATAGCAATCGCGGGC Ammonium assimilation
GLUL1_F GTTCGTGCCGTTATCGACCT Ammonium assimilation
GLU1 R GAAACTTTGCACGTTGGGTGT Ammonium assimilation
GDH1_F GGTGGATCGCTAGGGAGAGA Ammonium assimilation

GDH1_R GATGACAAAACGCTGCCCTG Ammonium assimilation



IDH1_F
IDH1_R
CICDH_F
CICDH_R
EDS1_F
EDS1_R
NPR1_F
NPR1_R
PAD4_F
PAD4_R
PR1_F
PR1_R
PDF1.2_F
PDF1.2_R
PR5_F
PR5_R
SAG12_F
SAG12_R
WRKY53_F
WRKY53_R
PIF4_F

PIF4_R

ACCATGCGGTATTCGAGCAA

TTTCGTCCGGCACTTTCCTT

AAGTGTGCCACCATCACTCC

ATGCAGATGGGCTTTGTCCA

TCCTGAGGAATG TCCTGT GA

GAACCGTGTTCAGTTTCCTTG

CGTTTCTCAGCAGTG TCGTC

CCGTCT CACTGG TACGAAGA

GGC GGT ATC GAT GAT TCA GT

GGT TGA ATG GCCGGT TATC

CGT TCA CAT AAT TCC CACGA

AAG AGG CAA CTG CAG ACT CA

CTGCTCTTGTTCTCT TTG CT

GTG TGC TGG GAA GACATA

CGG AAA CGG TAG ATG TGT AAC

GTT GAG GTC AGA GAC ACA GCC

CGA AGG CGG TTT AAT GGA TACTGC

TTA ACC GGG ACATCCTCATAACCTG

AGCCGCAGACTTCTTGTTGT

GCGAATACGTCTTTGCAGGA

ACAGAGCCCGGTACAGTTAC

CCATCGGCTGCATCTGAGTC

Ammonium assimilation
Ammonium assimilation
Ammonium assimilation
Ammonium assimilation
Defense marker
Defense marker
Defense marker
Defense marker
Defense marker
Defense marker
Defense marker
Defense marker
Defense marker
Defense marker
Defense marker
Defense marker
Senescence marker
Senescence marker
Senescence marker
Senescence marker
Thermosensory immunity regulator

Thermosensory immunity regulator
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Table S2. Pairwise comparison of genetic similarity among Altenriet individuals. The amount of
heterozygosity for each Altenriet parent is indicated in the first row. A total of 1985 SNPs were used.

Alt1 Alt2 Alt3 Alt4 Alt5 Alt6 Alt7

Heterozygosity | 1.66% 1.21% 2.37% 1.01% 1.21% 2.67% 5.39%

Alt2 66.5%

Alt3 65.5% 68.8%

Alt4 72.7% 66.4% 64.3%

AltS 73.6% 67.0% 67.5% 79.7%

Alt6 97.5% 65.6% 65.2% 72.6% 73.2%

Alt7 60.3% 68.8% 67.5% 65.0% 69.5% 60.3%
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Table S3. Metabolites identified in the first project. Sixty-six analytes from primary metabolism and
thirty-four from secondary metabolism were identified and quantified using gas chromatography mass
spectrometry (GC-MS) and liquid chromatography mass spectrometry (LC-MS). Mass and retention
times of secondary metabolites (Met_ID 67-100) are included respectively inside parenthesis.

Met_ID Metabolite Class
1 Adenine Amines
2 Alanine Amines
3 Alanine_beta Amines
4 Arginine Amines
5 Ascorbic_acid Acids

6 Asparagine Amines
7 Aspartic_acid Acids

8 Benzoic_acid Acids

9 Citric_acid Acids
10 Cysteine Amines
11 Dehydroascorbic_acid_dimer Acids
12 Fructose Sugars
13 Fructose_6_phosphate Sugars
14 Fucose Sugars
15 Fumaric_acid Acids
16 GABA Sugars
17 Galactinol Sugars
18 Galactonic_acid Acids
19 Gluconic_acid Acids
20 Glucose Sugars
21 Glucose_6_ phosphate Sugars
22 Glucose_1_6_anhydro_beta Sugars
23 Glutamic_acid Acids
24 Glutamine Amines
25 Glutaric_acid 2 oxo Acids
26 Glyceric_acid Acids
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27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

Glycerol
Glycerol_3 phosphate
Glycine

Guanidine
Homoserine
Inositol_myo
Isoleucine
Isomaltose

Lysine

Malic_acid
Maltose
Methionine
Nicotinamide
Nicotinic_acid
Ornithine
Phenylalanine
Phosphoric_acid
Proline

Putrescine
Pyroglutamic_acid
Pyruvic_acid
Raffinose
Rhamnose
Ribose 5 phosphate
Serine
Serine_O_acetyl
Shikimic_acid
Spermidine

Succinic_acid

Sugars
Sugars
Amines
Amines
Amines
Sugars
Amines
Sugars
Amines
Acids

Sugars
Amines
Sugars
Acids

Amines
Amines
Acids

Amines
Amines
Acids

Acids

Sugars
Sugars
Sugars
Amines
Amines
Acids

Amines

Acids
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56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

Sucrose

Threitol

Threonine

Trehalose alpha.alpha

Tryptophan

Tyramine

Tyrosine

Uracil

Urea

Valine

Xylose

Coniferin; Coniferoside (333.31, 2.48)
Unknown (463.3, 12.1)

L-Glutathione (306.23, 3.22)
Disinapoyl.glucoside-l (591.3, 18.2)
Most likely Anthocyanin (841.5, 29.3)
Unknown (721.3, 26.3)
Disinapoyl.glucoside-Il (591.3, 19.15)
Trans-sinapoyl malate (341, 2.16)

Unknown (585.1, 24.7)

7-Methylthioheptyl glucosinolate (462.3, 23.8)

Kaempferol 3-galactoside-7-rhamnoside (593.7, 14.9)

Quercetin.Glc.Rha (609.3, 14.2)

Phenylpropanoid, hydroxyferuloyl Glc (372.23, 10.4)

Phenylpropanoid, cis or trans, sinapoyl malate (339.3, 21.5)

Glucosinolate.SO (422.29, 4.6)
Sinapoyl.glucoside (385.4, 13.4)

Anthocyanin (1685.4, 24.8)

3-methylsulfinylpropyl Gluc (358.36, 7.08)

Sugars

Sugars
Amines
Sugars

Sugars
Amines
Amines
Sugars

Sugars
Amines
Sugars
Glucosides
Unknown
Glucosinolates
Glucosides
Flavonoids
Unknown
Glucosides
Glucosinolates
Unknown
Glucosinolates
Flavonoids
Flavonoids
Phenylpropanoids
Phenylpropanoids
Glucosinolates
Glucosides
Flavonoids

Sugars
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85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

Glucosinolate (478.2, 12.8)

Unknown (406.2, 11.81)

Glucosinolates, glucobrassicin (447.3, 15.3)
Sinapoyl + sugar (289.1, 3.74)

Glucosinolates, methylsulfinyloctyl Gluc (492.5, 14.5)
Glucosinolates, 3-methylbutyl Gluc (387.53, 2.16)
Glucosinolates, 8-methylthiooctyl Gluc (476.4, 27.7)
Flavonoids, 3-Rha-7-Rha-Kae (577.6, 15.8)
indole-3-carboxylate hex (323.30, 11.1)

Glucosinolates, neoglucobrassicin or 4-
methoxyglucobrassicin (477.3, 17.3)

Benzenoids, protocatechoyl Xyl (285.2, 7.6)
Possible flavonoid (565.19, 4.50)
Glucosinolate (679.4, 17.0)
Indolic.glucosinolate (477.2, 20.1)
Kaempferol.Glc.Rha.Rha (739.5, 13.5)

Unknown (371.2, 11.6)

Glucosinolates
Unknown
Glucosinolates
Sugars
Glucosinolates
Glucosinolates
Glucosinolates
Flavonoids
Unknown

Glucosinolates

Glucosinolates
Flavonoids
Glucosinolates
Glucosinolates
Flavonoids

Unknown

99



annisod annedon annisod annisod annesan annsod onneBan oAnppy anisod nnisod aAneBoN anippy ansod anippy onneBaN anuelN  Aepuodss GTFTzE oW
anisog. annisog anneda 1ppY snnedan annisod  annedan snnedan annisod annisoq shnippy Alepuodss (5'€T '5°6€£) eyy-eyy-19 [0 sapdwaey

anisog annippy 1oy annedon nneson ansod aniippy annippy annippy anippy. anppy Aiepuodas (1022 L) 21eious0anE1j0pul

annisod Py onneBaN APy 1pbY anippy onnedon annsod onnedon annisod anippy onneBon Aiepuodas (021 v'6£9)2rei0us0onio

annisog. annefoN  annedaN  aanedaN 1pPY annesan annedan annisod annedan annedan snnedaN  annippy Alepuodss, (05'7 '6T°595) piouoney 3|qissod

2 SNGBoN  oneSaN  aneBON  odeSN  9AppY nnedon annedoy aAIppY. onueBaN  onnppy  Asepuosas (92 °2'582) IAX ihoya31e30301d ‘sprouazuag

ansod  anasod Py anisod v annisod Atepuosss (€21 €
anisod  ansod PV annedan nnedan anisog annedon Aepuosas (171 ‘0 £26) oy 1e/Ax0Ge2-£-3(0pul
ansod  anasod 2 anesan anesan anisog AP Arepuosas (85T 9'205)9e3euy-L-ouy-¢ splouoneiy
ansod ansod Py onnedon onnedon annisod Aepuosas (22" 9v) 19 a2001pALRU- Sareious0an|o.
annisog onneBan  annefaN  aAneBaN nnedan nnedon annisog onnedan annedan Aepuosas (91°2 "€5°£8€) 19 IANGIALBU-E ‘Sa1e(0UIS0INID)
ansod anuippY ansod PV annesan anisod nppY Aiepuosas (59T '5°261) 2019 20Uy nsIAyIaW ‘Sa3eiours0aNID
2 annesan P anippy. PPy anedon onnegon Aiepuosas (ve° T682) ieBns.+ jodeurs
annisod annsod onnedon nnedon annisod anippy Aiepuosas (51 "€ £vv) undisseiqoon 8 ‘sarelouisoanio
PPy onsog annedan 9PV Aiepuosas (1871 ‘2900 umouyun
ansod  anssod onnedon onneson onnegon nnegon anesay Aepuosas (821 ‘T'800)oreiousoaniy
ansod  ansod anippy’ onnedon onnedon nnsod annedaN onnedon annippy onnedon onnedon Aepuosas (80 "9€°85€) 219 Adosd AUy s AU
annisog annedon anisog nnippy. annedon B Aiepuosas (£'52"v°5897) uivekoouy
anneson nnedon nneson anisog anippy Aiepuosas (3761 ''s8¢) apisoan ¥ fhodeurs
anippy’ nnedon onnedan onnedon onnedon annsod onneson onneson Aepuosas (o' ‘62 221) Os 1eloutsoa|o
annisog. annedan annedan snnedan snnedan annis0d  annedeN snnedan snnedan snnedan Aiepuosas (572 ‘g '6E€) relew | 105>
anpsod anuippY anesay o aneday anesay anippy Arepuosas (01 '£2°225) 19 IKoInsajhrosphy prouedodihuaud
PPy anisod annisod ppv onnisod  anneBon onnedon angsod Aiepuosas (1 €'609) ey ol u21M0
annsod  ams0d anIsOd BAIPPY snnedan snnedan SAIPPY annisoq Kiepuosss (69T 'L'€65) 3PISOURL-£-3P1S018[eT-€ [0:3)d ey
anpsod  snafod annedon annegon annisog nippY. nnegon Aiepuosas (62 € 29%) a1el0u1s0oN 8 [daUOIIIAION-L
ansod  anassod nnedon onnedon v onnedon onnegon Aiepuosas 2'T'585) umouyun
anippy: P anneson onnedon onnedon Aepuosas (912 “Tve) a1ejews jhodeurs-sueay
annsog oo annesan anippy Arepuosas (ST'61 ‘€ 165) opsoan @ Hhodeussiq
Py nnedon nneBon onnegon Aiepuosas (92 "€ 122 umourun
anisod annisod 1ppv Aepuosas (£'62 5 1v8) uerouuy.
ansod  smsod anuippY anisog anisog 9PV Asepuosas (2’81 °€T65) 1opisoan @ hodeussia
annIsod onnsOd anIsOd anIsog snisog annisog annesa annesan Kiepuosas (2z'¢ ‘€2'90€) auoyreInio-1
anisod nneaN  annisod annedon annedon annisog anisod annippy anippy annippy annedon Aiepuosas (121 "€ g9v) umowrun
Py annesan anisoq annedan annedan annedan Kiepuosas (8% ‘TE €£€) apISOIYIU0)
Py Py anesay anesay nneson B B 1ppy anneBan Asewiig
annedon annsod annesn annedon onnedon anippy onnedon a B PPy aANIPRY Aoewnig
SAnIPPY. PPV SAIPPY snnedan snnean SAIPPY B B PPy annedan Aewig
anpsod PPV 2 nneson a B PPV Y Aewiig
nnedon v anisod P Pv B a 1ppy onneBan Aewnig
annedan 3ARIPPY annedan 1PPY annedan annedan a a Arewiig Bujwesy
anisog anippy anisog 1oy anippy annippy a a Aewg ueydoidhis
onnedon onnedon 1oy nnedon onnedon a a Mg eydieeudieasofeyalL
annedon 9PV annedon nnedan  annedan a» onnedan a» Aeuiig suuooi
nippy aAasod nnedan anippy annegon onneBon  anaesan nnsod  anneBoN ansod Aoewig o
ansod anippy’ nnedon nnedon onnedon  onneson onnegon Aewnig asosns
annisog annedan P PPy anesan annedan Aewnig pE SIS
annedan PY annsoq ppv anedan annesan Aeug suppiwids
nnedon annedon 1opy ppv aneson pY onnegon Aewiig pre RIS
annedon annedan nnedon 9PV anpPY | BANIPPY. annedan anneson Aeuing 1h23¢"0"2upies
annsog PPV SAIPPY. PPV onedon  annedan B annetn annsog onppy Aewng ous
1ppY anpgog onneBon onnegon an anisod anuppy oAppY Mg aeydsoud < asoqn
annedan nnedon 9PV nnedon nnedon anppy anneton annsod anippy Aewnig asouweyy
APy 9PV ansod v onesaN Aewiig asougey
anedan anpsog anneso anippy Py annippy anippy Mg pIEa A
nnedon 1pbv aneBan aneBay onneBay  anneon onnedon Aewnig poeoweIn@od
anedan 9PV annedan nnedan  annedan Aewng aupsanng
ansod  anassod 1oy onneson anippy Aewg aujoig
ansod ansod anippy 1ppY Py onnedon annsod annippy Mg P aL0uds0ud
annsog annesan 9PV annedon annedan Py annedon annedon Aewng suelelhuaug
APy 1oy annesan annippy PY Aewng auuo
onnedon 1oy onnedon anippy onnedon Mg PIEa R0
annedan annedon annisog nnedan annedon annedon Aewnig
nnegon annippy anneBon Aoewig
ansod anasod ansod annsod onnedon Aewnig
aniippy annisod annedan annippy annedan onnedan Aeuiig
anisog oneday  annisog anippY anisog eson annippy Aeug
PPy anippy’ Mg
PPy annedan annisog annedan Aewnig
ansod anaippY annippy anippy annippy anneBon an " Aewng
PPy annsog anpsoq anippy anisod nnegon nneson Aewiig
PPy anneson annedon anisod anippy’ nnedon pPY Mg
PPy ansog 9PV annippy onnedon PPy Aeuiig
ansod anasod 1oy annippY| SANIPPY. ppv anippy nppy anneBay Aewg
aneBa  annedan anippy’ oY aneBaN  onnippY pov onaeson onnedon onnedon oy Aewnig
Sniippy annsog annedan PPy annisog annedon nnedaN  annedan Aewiig
ansod  amassod anisog nneson a nnegon Aewig oxoZ P auEnlo
anisod  ansod anippy’ onnedan onnedon anippy Aewnig auweinio
anisod  anasod annedan annedon annedan Y PV annedan Aoewnig PRI
APy Py nnedon anesay nippy anneday pv Aeug elq oIpAYUEg T 3503010
ansod anasod onnedon nnedon onneson  anneson anneson Mg aeydsoydgasoanio
anippY anippy Aoy annedo anippy Aewnig 5019
anisog anesay nippy anneday nnegon Aewg pRE 3D
ppY nnedon onneson  annefon onnedon Aewig poEIIO1EIED
PPy annisog annedan Aewnig jounseieo,
anisog pv annippy Aeug vavo
nnedon onnedon anippy Mg piepewng
annedan annedan Aewnig asoany
ansod anisog annedon Py Aeuiig aeydsoud g asorniy
ppv annippy nneson 1ppy anedaN anippy anippy Mg asoniy
annedon anippy’ anisod nnedon annippY annedan nnedon Mg WP PIE31G103500IPAYA
PPY 2nnedaN BARIPPY. annesaN Arewiig auRish)
PPy anaIsod aANIPPY. annesan Koewiig PETD
annedan P anedan anneday anisod onnedon annippY Aewnig pie 2102008
ansod  snasod APy PV SAIpRY SAIpPY. annedon Aewng P ey
opy annsog anedan annippy annedan Aewug suBesedsy
PPy aanisod nnedon annsod PPy oy Aewnig
3ANISOd  3AISO4 BARIPPY 3ARIPPY annedan BARIPPY annedan annedaN Arewiig
anisog P annedon nnedon anippy 1oy anaippy nnegon Aewiig
ansod nnedon onnedon annedon 1oy onnedan onnedon Aewiig
annedan annedan 1PPY NPPY  3AneSaN Aewud
9 ) w o uoneaysse) wioqeian

"10°0 = eyd|y ‘aAnebau Jo aAlIsod se palISsSe|o Jae| ay) ‘eoue)lIayUI SAIIPPE-UOU J0 aANIppe Buiaey se paljisse|o alam ‘sashjeue uoneinwiad wopuel
uo paseq ‘(sadiN) suoneinsp [ejuasedpiw uesIUBIS UIm Sa)Ijogels|N ‘pazAjeue pLIgAY yses Joj ajijogelaw Jad asuelayul Jo sepow [enpIAIpU| ‘pS djqel



10T

(SINLE) pioe onedsy 60000 YONZHYO  ££0000N pioe onedsy Sploy oulwy

(SIL2) auibeledsy VN VYN  €L0000WN aulbeledsy Sploy oulwy

(SINLE) -eleq ‘auluely 660000 ZONZHED  /ZO00OW -ejaq ‘suluely Sploy oulwy

(SINLZ) -oueko-¢ ‘auiuely Z16200 COZNOHYD  99%000N -oueho-¢ ‘auluely Sploy oulwy

(SINLE) duluely L0000 ZONZHED 920000 auluely Sploy oulwy

(SILL) loyoolejhzuag 965000 O8H.O  2Z¥000W |oyooje|Azuag s|oyoo|y

(SIWLZ) pioe ojuoong Z¥000D yO9HYO  ¥.0000WN ploe ojuloong sploy

(SINL¥) proe olwiiys £6%000 GOOLHZD  Z09000W ploe olwIIys sploy

(SILZ) poe olfoljes G08009D €O9H.D  0ZZOOOW pioe oljkoljes sploy

(SINLL) (XO3WL) proe o1aniAd 2200090 €OYHED  LZOOOOW p1oe o1AnIAd sploy
(SINLZ) pioe dllAxoqled-g-sjolikd VN VYN 968000 p1oe dl|Axoqued-z-ajolAd sploy
(SILL) proe olfxoqgleo-z-suipuiadid VN VYN  8ZS000W pioe ol|Axoqued-z-auipuadid sploy
(SINLE) -Aurew-z ‘pioe oljepy Z192090 GOSHSD  990000W -lAyrew-z ‘pioe olje|\ sploy
(SINLE) poe aley 61000 GO9HYD  S90000W proe dljejy sploy

(SINLZ) proe oleley ¥8€100 yOYHYO 920000 pioe o1s|e|\ sploy

(SINLZ) pioe opoeT 981000 €O9HED  00LOOOW ploe o1joeT sploy

(SINLZ) pioe 21109419 091002 €O¥YHZO  988000W p1oe 21100419 sploy

dINl (SNLZ) (XO3N 1) -ox0-g ‘ploe dueN|S 920002 GO9HSD  LZSO00W -0X0-Z ‘ploe ouen|9 sploy
(SINLE) -AxoipAy-g ‘pioe ouen| 96100 GO8HSD 608000 -Ax01pAy-g ‘pioe ouen| sploy
(SINLZ) poe ouewnd 2z10090 yOYHYO 290000 proe ouewn4 sploy

dg (XO3Ne) pioe oigiooseolphyaq VN VYN  ZS0000W pioe olqiooseolphysq sploy
(SIL¥) proe oo 861000 LO8H9D 690000 p1oe oulD sploy

(SINLE) proe oliog VN VYN  LESLOOW ploe oliog sploy

(SINLZ) -AxoipAy-1 ‘pioe olozueg 951002 €O9H/ZD  €9¥000 -Ax01pAy- ‘pioe olozuag sploy
(SILL) proe olozuag 081000 CO9H.LO  ¥E000N ploe olozuag sploy

(SINLZ) pioe dl|Axoquedlp-t* | -auszuag VN VYN  OLZLOOW ploe ol|Axoquedlp-t* | -auszuag sploy
ajeAlaQ aroo3y enwio4j wng  dl-dNIdIN aweN sse|)

"Jaselep SIYy} Wolj paynusapl alem spugiy d1jo1o8u Ul (Do L-12) ysums ainjesadws) ayy Aq paonpul sajijogelsin “(SIN-09) Ajewouoads
ssew Aydeibojewouyo seb Buisn paynuenb pue paijuapl aiem wsijogelaw Atewrd wolj salAjeue Gg| "3oaloid puodas ay} ul payipuapl sayjogeId|N "sS ajqel



[40)}

(SWLp) sreydsoyd-g-j01004|9
dIN (SINL9) (XO3INL) eyeydsoyd-9-esoon|o
dINl (SIL9) (XO3W1) sreydsoyd-g-asojonid

(SIL¥) @reydsoydauiweljoueyyg
(SINLZ) -sue ‘pioe oideuls
(SW.LZ) -so ‘poe oideurs
(SNLZ) Ioein

(S L) eulplwiadg

(SI.LY) sutosannd

(SIN1Z) suiwelkp0

(SWL1) aluo)ede-g-ajopuj
(SINLE) dulweloueyyg
(SWL2) [EHN-] suluibly
(SINLE) [EHN-] sunewby
(SINLL) pioe olouedapena |
(SWLL) pioe dloueospejoQ
(SINLL) p1oe olouedapexaH
(SINLZ) dulep

(SINLE) Buluoaiy |

(SWLZ) -1K1eoe-O ‘eunies
(SINLE) eules

(SW.L2) proe olwein|bolhd
(SI1Z) [200+] duloid
(SIL1) auluejelAusyd
(SILE) eulynuIo

(SINLZ) duiuolyidsy

(SNLE) suishq

(SINLZ) duonajos|

(SLE) duIRAlD

diN (S12) [OZH-] suiweno
(SINLE) p1oe dlweln|

€60000
¢60000
G80000

VN
¢8¥000

VN
901000
G1L€000
¥€1000

VN

VN
681000

VN

VN
Y2900
0€5100
612000
€81000
881000
6.6000
G90000
8€¢c00

VN
6.0000
1220000
€20000
L¥0000
£L0¥000
£€0000

VN
620002

d906HED
d6OELH9D
d6O€LH9D
VN
GOCILHL1LD
GOCLHL1LD
COCZNVHYO
ENGIHLO
¢NCIHPD
VN

VN
ONZHZO
VN

VN
¢O8CHYLO
¢O9€H8LD
¢OCEHILD
C¢ONLLHSO
EONGHYO
YONGHSO
€ONZLHED
€ONLHSGO
VN
C¢ONLLH6D
¢OZNCILHSO
SCONLLHSO
COZNVIH9D
¢ON€ELH9D
¢ONGHZO
VN
YONGHSO

8¢€000N
€1G000N
01LS000N
LELLOON
010000
879000\
961000
901000
981 000N
¥€6000N
€65000N
960000
GEB000N
¥€2000N
0817000\
G81000N
€81000N
0€0000N
910000
20000
G10000N
LE0000N
620000
| LOOOOW
820000
810000
710000\
/10000
L0000
¢€0000N
9€0000N

ajeydsoyd-¢-|0182A|19
ajeydsoyd-g-aso0on|9
a)eydsoyd-g-asojoni4
ajeydsoydauiwejoueyig
-sueJ) ‘pioe oideulg
-s10 ‘pioe oideulg
[1oein

aulpiwiads
aulosalnd
aulwelA100
9|}lUO}aoe-¢-3|0pU|
aujwelouey}3
aululbay

aunewby

ploe olouedsped)a |
ploe dlouedspe}d
ploe dlouedapexsH
SulleA

auluoaly |

-|[Q1eoe-Q ‘aullag
auleg

pioe olweln|boiAd
auljold
auluejejlAuayd
sulypuo

SuluoIyIBIN

BuISAT]

auIoNa|os|

auIA|D

aulwejn|o

pioe Jlwen|o

sejeydsoyd
sejeydsoyd
sajeydsoyd
sejeydsoyd
spiouedoud|Ausyd
splouedoud|Ausyd
spunodwo) -N
spunodwo) -N
spunodwo?) -N
spunodwo) -N
spunodwo) -N
spunodwo?) -N
spunodwo) -N
spunodwo) -N
sploy Ajped
spioy Aned
spioy Ajed
SpRY oulwy
SpRY oulwy
SpRY oulwy
SpRY oulwy
SpRY oulwy
SpRY oulwy
SPRY oulwy
SpRY oulwy
SpRY oulwy
SPRY oulwy
SpRY oulwy
SpRY oulwy
SPRY oulwy
SpRY oulwy



€01

dg (SIWLG) (XO3IN L) 8soroni4 660000 90ZLH9D 909000 8so0joni4 siebng

(SINLS) apisouelAdoon|b-pioe o1jkoles VN VYN  ZSLLOOW apisouelAdoon|b-pioe olholeg  sejebnluo) Jebng
(SINL6) lounoeles GeZ1L0D LLOZZHZLD  £29000WN lounoees) sejebnluoy Jebng

dN (SINL8) (XO3WL) . "a-eydie, VN VN  G8LLOOW oeeb-a-(¢'L)-IAsouelhdojoelen-g-eydie sejebnluoy Jebng

(SINLP) louady L VN YOOLHYD 69000 |oualy | s|oAjod

(SINL9) lougios ¥6.00D 90¥LH9D  SS0000N |o)gJos s|oAjod

dN (SINLY) (XO3N L) esolniAx + asojnqgry VN VN  6.8000/ aso|njAx + 8sojnqgry s|oAjod
(SINL9) -oAw ‘|lousouy /€100D 90ZLH9D 090000 -0Aw ‘|oysou| s|oAjod

(SINLE) 019041 911009 €O8HED  £S0000WN [0190A|1D s|oAjod

(SNLP) lomyihig €0500D YOO0LHYD  #S0000N loyikig s|oAjod

(SINLS) [ongely 06100 GOZLHSD  88S000N |oNgesy s|oAjod

(S Lg) suojoe|-{*|L-pioe oluoaly | VN YO9HYD  S6S000N auojoe|-‘ | -pioe dluoaly | spioy
AxoipAyAlod

(SILP) proe oluosiy | 029109 GOSHYD 820000 pioe ojuoaly | sploy

AxoipAyAjod

(SINLE) Buojoel-* | -pioe JIUOXAT VN VN  08LLOOW 8U0}oe|-' | -ploe DIUOXAT spioy
AxolpAyAlod

(SINLE) pioe ousoA|9 862009 YO9HED  £20000N pioe ousoA|9 sploy

AxoipAyAjod

(S L¥) suoioe|-G*L-pioe 21uoon|9 861000 900LH9D  8£9000N 8u0}oe|-G‘ | -pIoe 21uodN|9) spioy
AxolpAyAlod

(SINL9) proe o1uoon|9 152002 LOZLH9D  80S000N pioe o1uoon|9 spioy

AxoipAyAjod

(SINL9) poe oluojoeles) 088009 LOZLH9D  96S000N pioe ojuojoe|es) spoy

AxolpAyAlod

(SILP) proe oiuoiyihig VN GO8HYD  ¥S¥000N pioe oluoiyikig spioy

AxolpAyAlod

dN (XO3Ng) Jewip pioe oiglooseolpAysg 22vS00 909H9D 280000 Jawip pioe o1quooseolpAys( sploy
AxoipAyAjod

(SINLY) proe 2igioosy VN VN  LOOOOOW pIoe 21gJoosy spioy

AxolpAyAlod

(SINLZ) 1e1s8 |Aylswiouow pioe aloydsoyd VN VN J0S000N J9]so [Aylewouow pioe ouoydsoyd sojeydsoyd
(SINLE) proe oloydsoyd 600000 d¥O€H  SZ0000W proe ouoydsoyd sejeydsoyd

dN (SINL19) (XO3IN L) 81eydsoyd-g-ssouuely G/200D d6OELH9D L2000 8leydsoyd-g-ssouuey| sejeydsoyd
(SINLG) 104804 |6oydsoydoiadh|o ¥12€00 d8OSLH9D  #€8000N |01904|Boydsoydoladh|o sajeydsoyd



0T

L0L-20019LV VN VYN 000000 L0L-20019LV S1SIN
/£0-169-)ssgumousun VN VYN 000000 L0L-81009LV S1SIN
L0L-2006S LV VN VYN 000000 L0L-2006S LV S1SIN

L0L-€00/5LV VN VYN 000000 L0L-€00.5LV SIS

Go¥SS1Ld VN VYN 000000 LOL-710SS LV SIS

LOL-800LSLY VN VYN 000000 LOL-800LSLY SIS

L0L-90087LV VN VYN 000000 L0L-90087 LV SIS

(umouxun payisse|d) | L0y LVYN VN VYN 000000 LOL-L10LYLY SIS
LOL-G00.LY LV VN VYN  000000W LOL-G00.L¥ LV SIS

LOL-L00LY LY VN VYN 000000 LOL-100.¥ LV SIS

GLOSYLVN VN VYN 000000 LOL-GLOSY LY SIS

(umouxun payisse|0) 9,067 LVYN VN VYN 000000 LOL-9L0S¥ LV SIS
L0L-800S¥ LV VN VYN 000000 L0L-800S¥ LV SIS

(SINLZ) pioe opedsy o) Jejiwis VN VYN 000000 LOL-200¥7LV SIS
LOL-C00EV LY VN VYN  000000W LOL-€00EY LY SIS

LOL-€002¥ LV VN VYN 000000 LOL-€002¥ LV SIS

LOL-7008E LV VN VYN 000000 LOL-7008€ LV SIS

LOL-9006€ LV VN VYN 000000 L0L-9006€ LV SIS

¢ L0-9ed-yiggumourun VN VYN 000000 LOL-7109L LV SIS
LOL-€002L LV VN VYN 000000 LOL-€002L LV SIS

dIN (SINLY) (XO3INL) 8solAX 181000 GOOLHSD  6.S000N 9solAx siebng
(SINL8) -eydije‘eydie ‘esojeyas L €801L00  LLOZZHZLD  LZ9000W -eydje‘eyd|e ‘esojeysi siebng
dINl (SLS) (XO3N L) @sojebe | VN VYN  ZZ9000W asojebe | siebng
(SIN18) @soiong 680000  LLOZZHZLD #0000 9s0IoNg slebng

diN (SIWLP) (XO3W L) esouweyy ,0S00D GOZLH9D  06S000N asouweyy siebng
(SINLL 1) @soulyey Z6¥000  9LOZEH8LD 670000 asoulyey siebng

dINl (SINLS) (XO3INL) esouuepy 9£6000 90ZLH9D  €££9000W dsouue siebng
dINl (SIL8) (XO3 L) @soyen /68000  LLOZZHZLOD 870000 9so}e\ siebng
dINl (SILY) (XO3N L) 8SOoXAT 9/¥00D GOOLHSD  9/S000W 9SOXAT siebng
d4g (SW1S) (X031 ) @soonio 1£0000 90ZLH9D  0%0000N 2s0on|9 slebng

dN (SINLS) (XO3N L) esojoejen ¥2100D 90ZLH9D  £70000N asojoelen siebng



S0t

L0L-100822V
z9veeea
L0L-200.L2V
LOL-¥00¥ L2V
LOL-€00¥ L2V
L00ELZVYN
L00L LZVYN
L0L-¥00602V
L0L-€00£02V
L0L-¥0066 LV
101-90096 LV
L0L-12006LV
L0L-200L6LV
101-G00/8LV
L0L-€00S8LV
¥0008LVN
L0L-€008.LV
L0L-0L09LLV
(umouxun payisse|d) L009/ZLVN
L01L-800S. LV
LOOVZLVN
L0L-G00V.LLY
eoglzla
LOL-GOOLLLY
LOL-€00LLLY
(umouxun payisse|d) L000ZLVYN
LOL-€00.9LV
L0L-¥00.9LV
£6¥691a
L0L-G00.9LV
LOL-¥00€9LV

VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN

VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN

000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000

101-10082CV
101-80022¢¢cV
101-200LLCV
L0L-¥00V LV
L0L-€00¥ LV
L0L-100€LCY
L0L-100LLeV
101-¥00602V
101-€00€02V
101-¥00661V
101-900961V
101-120061V
101-20016LV
101-G00481LV
L0L-€00G8LYV
101-¥00081V
101-€008LLY
L0L-0109.LLV
101-1009LLV
101-800G.LLV
LOL-L00V.LLYV
L01-GO0V.LLVY
L01-GCOLLLY
L0L-GOO0LLLY
L0L-€00LLLY
101-10004LV
101L-€0029LV
101-¥00L9LV
L0L-1L0S9LY
101-G00L9LV
L0L-¥00€9LY

SIS
SIS
S1SIN
SIS
SIS
SIS
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS



90T

L0L-90062EV
LOL-1L00¥ZEV
LOL-€00.LEV
LOL-L00ELEV
LOL-200LLEV
L0L-€0080EV
L0L-€0020EV
jouljoejes) O] Jejiwls
1£68.2d
L0L-G006.2V
G008.2VN
L0L-8009.2V
Z8¥092d

6l _‘-_@o-gww#cgocch
L0L-200¥S2V
LOL-€00152V
L0L-100052V
LOL-7000¥2V
mlc_._m_c_w O] Jejlwis
V' uubluis oy Jejlwis
800.Z2VN

VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN

VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN
VN

000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
0€¥ 100N
0€V 100N
000000

101-90062€V
L0L-100vCEV
L01-€00LLEV
L01-100€LEV
101-¢00} LEV
101-€0080€V
101-€00C0EV
L0L-10000EV
101-€108L2V
101-G006.2V
101-G008.L2V
101-8009.2V
101-90009¢V
L0L-210GG2Y
L01-200¥GeY
L01-€001GCV
L0L-1000G2V
L01-¥0001CV
101-¢1S000V
L0L-Z1S000V
101-80042¢V

SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS
SIS
S1SIN
SIS



	Title
	Imprint

	Table of Contents
	Abstract
	Zusammenfassung
	Abbreviations
	1. Introduction
	1.1 Natural variation in Arabidopsis thaliana
	1.2 Metabolism and growth
	1.3 The impact of hybridization on metabolism
	1.4 Hybrid necrosis in A. thaliana
	1.5 The role of ACD6 in hybrid necrosis
	1.6 Defense and senescence
	1.7 Significance and aims of the work

	2. Materials and Methods
	2.1 Impact of heterozygosity in a single growth habitat
	2.1.1 Plant material, growth conditions and phenotyping
	2.1.2 Metabolic profiling
	2.1.3 Statistical analyses

	2.2 The role of ACD6 in hybrid necrosis
	2.2.1 Growth conditions and phenotyping
	2.2.2 Metabolic profiling
	2.2.3 Statistical analyses
	2.2.4 Intracellular calcium signaling
	2.2.5 Quantitative real-time PCR
	2.2.6 Interaction studies using GFP-tagged ACD6 constructs
	2.2.7 Protein extraction, pull-down and Western blot
	2.2.8 Yeast two-hybrid assay


	3. Results
	3.1 Impact of heterozygosity in a single growth habitat
	3.1.1 Hybridization increases the overall metabolic and phenotypic variation in a local collection site of Arabidopsis
	3.1.2 Hybridization increases non-additive inheritance patterns in secondary metabolism
	3.1.3 Primary metabolism shows high resiliency during hybridization events
	3.1.4 Final rosette size is determined by the initial growth rate and correlates to specific metabolites

	3.2 The role of ACD6 in hybrid necrosis
	3.2.1 Necrotic hybrids senesce earlier than parents
	3.2.2 Temperature induces abiotic stress compounds early during hybrid necrosis
	3.2.3 Cytoplasmic calcium signaling and PIF4 expression are not altered in necrotic hybrids in response to temperature fluctuations
	3.2.4 GFP-tagged ACD6 constructs localize to the nucleus and cytoplasm


	4. Discussion
	4.1 Hybridization increased overall metabolic variation in Arabidopsis, impacting mostly secondary metabolites related to stress responses
	4.2 Final rosette size was correlated with the earliest growth rate and both primary and secondary metabolites
	4.3 Characterizing the role of ACD6 by studying molecular and physiological changes associated with its activation in necrotic hybrids
	4.4 Senescence is induced earlier in necrotic hybrids when compared to its parents
	4.5 Carbohydrate metabolism intermediates and sugars are upregulated in necrotic hybrids shortly after the temperature switch
	4.6 Low temperature did not induce any ionic changes in hybrids in comparison to parents
	4.7 Ca2+ signaling in response to cold was not altered in necrotic hybrids
	4.8 PIF4 expression did not explain the temperature-dependent activation of defense responses in necrotic hybrids
	4.9 GFP-tagged ACD6 constructs showed cytoplasmic and nuclear localization

	5. Conclusions
	6. Supplementary Figures
	7. Bibliography
	8. Supplementary Tables



