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V Summary

Plants are colonized by a myriad of microbes which affect host development, fitness, and
reproduction. In recent decades, next-generation sequencing methods have enabled a substantial
increase of plant microbiome studies, which have demonstrated that multiple abiotic and biotic
factors influence mutualistic microbes on different plant compartments, between the phyllosphere
(above-ground) and rhizosphere (below-ground) compartments. As such, plant microbiomes have
been explored across a broad range of host species, including model organisms, crops and trees
along with natural conditions determining multifactorial environmental traits. However,
deciphering the structural impacts of host genetic factors on microbiota remain underexplored.
Plants have evolved a complex network of immune signaling to cope with a range of pathogenic
microbes that are known to affect microbial community assemblies. To obtain insights into the
effects of host resistance genes that might indirectly affect microbial consortia through permission
of resistance, | have focused on a highly polymorphic RPPI-like gene cluster in natural Arabidopsis
populations of Gorzéw Wielkopolski (formerly Landsberg an der Warthe) by combining
population genetics with targeted-based microbial profiling over three consecutive years. 16 site-
specific reference genomes were generated from individual plants combining short and long read
sequencing to obtain structural insights of the RPPI-like cluster on chromosome 3. In addition,
chromosome-level assemblies of two natural accessions of Landsberg La-0 were implemented as

untreated references.

Microbial community profiling of bacteria and eukaryotes was compared between various data
features such as i) sampling years, ii) geographical locations, iii) leaf compartments, and iv) nucleic
acid resources. The impact of the presence or absence of RPPI-like copy number variations were
linked to microbial diversities considering various microbiome sample features, such as
Nucleic Acid (NA), Geographical Location (GC) and Leaf Compartment (LC). Further, persistent
microbes were identified across Gorzéw Arabidopsis ecotypes, which constituted a microbial core
community. The present data suggest an enrichment of plant promoting Sphingomonas spp. in two
out of three geographical locations in respect to a high RPPI-like copy number (RPPI+), while I
observed an overall lower microbial diversity in RPPI+ compared to RPPI-. Overall, the
phyllosphere microbiome of natural Gorzéw Arabidopsis can be impacted by environmental cues,
as well as host genetic factors such as the presence or absence of polymorphism of the RPPI-like
cluster. While molecular functions of RPPI-like genes remain largely unknown, further
investigations are required to identify potential microbes that can be correlated to natural

observations.
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VI Zusammenfassung

Pflanzen sind von einer enormen Anzahl und Vielfalt an Mikroben besiedelt, welche Einfluss auf
die Entwicklung, Fitness und Vermehrung des Wirts haben konnen. Dabei werden die gesamten
pflanzen-assoziierten Mikroben als ,Mikrobiom® bezeichnet. In den letzten Jahrzenten, haben
verbesserte Technologien zur DNA-Sequenzierung (,Next-Generation Sequencing”) einen
betrichtlichen Anstieg an Mikrobiom-Studien verzeichnet, welche zur Identifikation von
abiotischen und biotischen Einflussfaktoren auf mikrobielle Gemeinschaften in verschiedenen
Nischen der Pflanze gefiihrt haben. Das Mikrobiom der Pflanze, oft unterteilt in Phyllosphire
(oberirische Pflanzenteile) und Rhizosphire (unterirdische Teile), wurde bereits an vielen
natiirlichen Spezies, einschliefllich Model Organismen, Nutzpflanzen und Biumen untersucht.
Wihrend Umweltfaktoren einen beachtlichen Anteil an Varianz innerhalb der mikrobiellen
Gemeinschaft erkliren, stellt der Einfluss des Wirtes weiterhin eine Herausforderung dar. Pflanzen
beherbergen ein komplexes Immunsystem zur Abwehr einer Vielzahl an Krankheitserregern,
welche einen fundamentalen Einfluss auf die strukturelle Organisation des Mikrobiom haben
konnen. Um Erkenntnisse iiber den direkten oder indirekten Einfluss der Wirtspflanze auf das
Mikrobiom der Phyllosphire zu erlangen, habe ich den Einfluss von Resistenzgenen untersucht. In
der vorliegenden Arbeit wurde die Anwesenheit des polymorphen RPP1-/ike Resistenzgen-Cluster
in natiirlichen Arabidopsis thaliana Populationen der polnischen Region Gorzéw Wielkopolski
(frither bekannt als Landsberg an der Warthe) auf die mikrobielle Gemeinschaft untersucht. Dazu
wurden populationsgenetische Ansitze mit Amplicon-basierter DNA- und cDNA-Sequenzierung
kombiniert. Durch die Genom-Sequenzierung von 16 reprisentativen Gorzéw Arabidopsis
Individuen, identifizierte ich strukturelle Variationen innerhalb des RPPI-like Resistenzgen-
Cluster auf Populations-Ebene. Des Weiteren wurden zwei natiirliche Landsberg Linien (La-0) auf
Chromosomen-Level  sequenziert, welche als Referenzgenome einbezogen  wurden.
Zusammengefasst bietet dieser Datensatz grofles Potential fiir die Untersuchung von Genom-

Analysen auf Populations-Ebene.

Die Untersuchung des phyllosphiren Mikrobioms auf natiirlichen Arabidopsis Populationen in
Gorzéw Wielkopolski ergab, dass die Faktoren Jahr, Standort und Blatt-Kompartiment den
grofiten Einfluss auf die mikrobiellen Gemeinschaft haben. Zur Bestimmung des RPP1-like Cluster
innerhalb der natiirlichen Populationen, etablierte ich einen Assay zur Genotypisierung, welcher

die RPPI-like Kopien-Anzahl im Genom bestimmt. Durch die Korrelation der RPP1-like Kopien

XIII



im Genom mit der mikrobiellen Diversitit konnte ich eine geringere Bakterien-Vielfalt und
Proben-Variabilitit in RPPI+ Haplotypen feststellen. Dadurch konnte der Einfluss der
Wirtspflanze auf das Mikrobiom der Phyllosphire festgestellt werden. Zudem wurde eine erhohte
Abundanz des nitzlichen Bakteriums Sphingomonas in RPPI+ Haplotypen festgestellt.
Zusammengefasst identifizierte ich mehrere Faktoren, wie Jahr, Standort, Blatt-Kompartiment und
Wirtspflanze als Einflussfaktoren auf die strukturelle Organisation des phyllosphiren Mikrobioms
in natiirlichen Arabidopsis Populationen aus der Region Gorzéw Wielkopolski. Wihrend die
molekulare Funktion des RPPI-like Clusters weiterhin unbekannt ist, kdnnen weitere Experimente

unter kontrollierten Bedingungen zur Identifikation beitragen.
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1 Introduction

Within the last few decades, the emergence of large-scale sequencing techniques and constant
development of bioinformatic tools have amplified our understanding of complex microbial
communities, such as with the culture-independent characterization of microbiota in humans,
animals and plants. The following subchapters 1.1 — 1.3 were written by myself and display partial-

or full-citation of the research publication of Runge et al. (2021).
1.1 Plant microbiome

“Terrestrial plants host distinct microbial communities on various plant organs, generally divided
between characterized as above-ground (phyllosphere) and below-ground (rhizosphere)
compartments. Many studies have been published that examine the phyllosphere and rhizosphere
microbiota (Castrillo et al., 2017; Latz et al., 2021a; Stopnisek & Shade, 2021). Both plant
compartments display unique and overlapping microbial pools. However, less is known about

functional traits that shape microbial community structures in plants.”
1.2 Driving factors of phyllosphere microbiota

“The phyllosphere is inhabited by a tremendous variety of diverse microorganisms in nature, such
as bacteria, archaea, fungi, algae, viruses and protists (nematodes, protozoa) (Agler et al. 2016).
Thereby, the phyllosphere is dominated by leaf surfaces featuring an oligotrophic environment
supporting microbe-microbe interactions (Schlechter, Miebach, and Remus-Emsermann 2019).
Bacteria are the most dominating microbial kingdom on leaves with around 10* — 10° bacterial
cells mm™ (Remus-Emsermann and Schlechter 2018). Less is known about yeasts, fungi and
protists on the phyllosphere, although there are an increasing number of studies profiling
eukaryotic microbes across various host species (Horton et al. 2014; Agler et al. 2016; Z. Cheng et
al. 2020; Yao et al. 2019). Colonizers of the phyllosphere originate from various sources, such as
soil, air, rain and insects (horizontal transmission), or through pollen or seeds (vertical
transmission) (Chaudhry et al. 2020; Finkel et al. 2019). Phyllospheric microbes are divided into
subgroups depending on if they are colonizers of the surface (epiphytes | phylloplane) and/or the
cytosolic compartment (endophytes | endosphere). Epiphytes have to continuously cope with
microhabitat conditions, such as light exposure (ultraviolet), high temperatures, and sparse nutrient

and water availability (Firrincieli et al. 2020; Gomes et al. 2018; J. Kumar et al. 2016; Pincebourde
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and Casas 2019; Remus-Emsermann and Schlechter 2018). In contrast, endophytes are living in a
more sustainable micro-environment and are likely to interact mutualistically with host cells that
support host-microbe interactions (Brader et al. 2017; Dudeja et al. 2021; Latz et al. 2021; Strobel
2018; C. Xiong et al. 2021). Contradictory research findings also support the hypothesis that host
genetics affect bacterial compositions of epiphytes on trees (Yao et al. 2020; Mina et al. 2020).
Besides abiotic stresses, biotic factors incorporating beneficial and pathogenic microbes influence
phyllosphere microbiota assemblies. In this context, the plant immune system indirectly affects
microbial consortia by restricting microbial proliferation to secure host health (Chaudhry et al.
2020; Horton et al. 2014; T. Chen et al. 2020). Moreover, hormone cross-talks between abiotic
and biotic stress responses have been shown to play a key role in the adaptation of plant species

(Bai et al. 2018; Berens et al. 2019; N. Igbal et al. 2013; Z. Igbal et al. 2021).”
1.3 Host species affecting microbial assemblies

“In recent decades, many approaches have been established to study binary host-microbe
interactions (Bartoli and Roux 2017; Xiao et al. 2017). While those studies have been enormously
fruitful for discovering functional mechanisms, next generation sequencing methods enable the
characterization of complex host-microbe interaction shaping microbiomes (Bélint et al. 2013; Latz
et al. 2021; Sapkota et al. 2015; Shakir et al. 2021). Besides the integration of environmental
factors, host-microbe and microbe-microbe interaction studies are required to understand
microbial community compositions. However, our knowledge about plant genotypes controlling
microbiota remains incomplete. Genome-wide association studies (GWAS) have been used to
identify certain host factors that impact microbial consortia (Horton et al. 2014; Beilsmith et al.
2019). Depletion of symbiosis genes of the wild legume Lotus japonicus, such as RAMI1, NFR5,
SYMRK and CCaMK; has shown an effect on the structuring of bacterial and fungal root-associated
communities (Thiergart et al. 2019). How microbial communities adopt to their host plant is an
important scientific question. (Batstone et al. 2020) elaborate an evolutionary approach on
Medicago truncatula to study the adoption of beneficial bacteria to encounter genotype-by-genotype
(GxG) interactions over one year. Their findings revealed that bacterial symbionts rapidly adapt to

local host genotypes.
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Fig. 1: Microbial colonization of the aerial part of the plant (phyllosphere), as well as
the below-ground part (rhizosphere). (A) The microbial colonization on the leaf takes
place on the leaf surface (epiphytes) from air-borne and soil-borne inoculum, and within
the leaf (endophytes). Microbial colonization can lead to exogenous intraspecies biofilm
formation on the leaf surface. (B) Microbe—microbe interactions occur inter-species and
inter-kingdom, referred to as quorum sensing. Quorum-sensing molecules impact
microbial recognition and biofilm formation on leaves. (C) Pathogenic microbes colonize
host plants by means of their virulence. The genetic make-up of both the host and
pathogen contribute to disease progression. However, other microbes in the host
phyllosphere can influence this plant—pathogen interaction by either facilitation or
antagonism. (D) Non-host-adapted pathogens are involved in PAMP-triggered immunity
(PTI) and recognized via pattern-recognition receptors (PRRs). Host-adapted microbes
are recognized via nucleotide-binding leucine-rich repeat receptors (NLRs), summarized
in effector-triggered immunity (ETI).

Further bacteria community applications on multiple tomato species, such as S. lycopersicum and
S. pimpinellifolium revealed robust habitats and genotype-specific selection on the phyllosphere
over time. In addition, stabilized bacterial communities are vigorous against bacterial invasion of

the start inoculum (Gong and Xin 2021; Morella et al. 2020).
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Current research suggests a key role of host species in establishing microbial communities on
various plant organs. Since pathogenic microbes have been identified as major factors in shaping of
microbial consortia (Agler et al. 2016), host “resistotypes” might be of particular interest to examine

genotype effects on microbiota.”
1.4 Role of the plant immune system in shaping the leaf microbiome

The section was written by myself and includes a direct citation of the published review of

Chaudhry et al., (2020).

“The plant innate immunity system comprises a large repertoire of plasma membrane-localized
(surface) and intracellular receptors which recognize microbial or modified host molecular
signatures in order to retain plant health and secure plant propagation. Surface immune receptors
(often referred to pattern recognition receptors, or PRRs) are members of a diverse family of ligand-
binding proteins that sense microbial, environmental, developmental, and nutritional cues (Saijo,
Loo, and Yasuda 2018; Y. T. Cheng, Zhang, and He 2019). In terms of shaping microbial
communities, it is the PRRs activity that are thought to gate microbial entry into leaf tissues, and
effectively ward off colonization by host non-adapted strains (Boutrot and Zipfel 2017). The
intracellular receptor panels (consisting mostly of nucleotide-binding/leucine-rich repeat (NLR)
proteins), are similarly diverse and are selected as triggers of strain-specific resistance to host-
adapted pathogens (Eitas and Dangl 2010; J. D. G. Jones, Vance, and Dangl 2016; C.-H. Wu et
al. 2017; Burdett et al. 2019; Van de Weyer et al. 2019).

The activation of plant immune responses by mobilizing a network of defence and stress hormone
pathways has been extensively characterized in binary plant-pathogen interactions (Noman, Ageel,
and Lou 2019; T. Zhao et al. 2019). Little is known about the impact of plant immunity signalling
networks on host-microbe interactions in leaf microbial communities (see Fig. 1C). High-
throughput DNA and RNA sequencing of leaf samples from natural environments have enabled
examination of complex microbial communities in plant-specific niches in time and space (Agler
et al. 2016). Analysis of microbial metadata and their integration with experimental testing should
provide a clearer picture of the role of plant immunity signalling in shaping leaf microbial
community structure and, in turn, how resident microbes influence host immunity. In this section,
I consider the present evidence that abiotic and biotic stress responses modulate microbial consortia

on leaves and discuss the consequences for plant fitness. It is becoming clear that microbial
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community structure throughout a plant host’s lifecycle is dynamic and modulated by the innate

immune system, which itself is affected by environmental changes.”
1.4.1 The role of pattern-triggered immunity in shaping leaf microbiota

Most microorganisms on plant leaves are non-pathogenic. However, a broad range of microbes are
able to prime innate plant immunity to counter subsequent pathogen attacks (Ritpitakphong et al.
2016; Vogel et al. 2016). Many microbes are recognized by terrestrial plants through their
microbial-associated molecular patterns (MAMPs) initiating pattern-triggered immune (PTT)
responses. PTT is an induced and often low-level but broadly effective resistance response involving
phytohormone signalling, secretion of antimicrobial compounds, generation of reactive oxygen
species (ROS) and MAP kinase cascades, and stomatal closure (Bigeard, Colcombet, and Hirt
2015; Bi and Zhou 2017). Notably, the phytohormone ethylene is required for ROS production
in PTT in Arabidopsis resistance to Pseudomonas syringae bacteria and rice resistance to rice blast
fungus Magnapothe oryzae (Mersmann et al. 2010; Guan et al. 2015; Helliwell, Wang, and Yang
2016; C. Yang et al. 2017). In Arabidopsis, an ethylene-insensitive2 (ein2) mutant displays an altered
bacterial leaf community compared to wild-type plants, suggesting that ethylene signalling is
important for modulating leaf microbiota (Bodenhausen et al. 2014; Nascimento, Rossi, and Glick

2018).

A recent study by (T. Chen et al. 2020) provided experimental evidence that PTI signalling controls
the diversity of endophytic leaf microbiota in microorganism-rich environments. An Arabidopsis
quadruple mutant (min/ fIs2 efr cerkl (mfec)) defective in PTT and the MIN7 vesicle trafficking
pathway (affecting aqueous apoplastic micro-environment), and a constitutively activated cell death1
(cadl) mutant, show altered endophytic bacterial leaf diversity (T. Chen et al. 2020). In particular,
the relative abundance of the bacterial phyla Firmicutes was significantly reduced, whereas
Proteobacteria became dominant bacterial community members in the mutant plants. The presence
of the PTT components MIN7 and CAD1 across major plant lineages suggests a number of common

pathways might govern endophytic microbial proliferation of certain taxa in leaves.

Further research has revealed the importance of resident Pseudomonas sp. (Proteobacteria) in
protecting Arabidopsis against infection by a fungal necrotrophic pathogen, Botrytis cinerea
(Ritpitakphong et al. 2016). Notably, prominent bacterial clades from soil microbiota such as
filamentous Actinobacteria (Strepotmycetes sp.) are able to activate plant biosynthesis of salicylic acid

and promote leaf defence responses against fungal pathogens (Vergnes et al. 2020). These studies
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emphasize that both commensal and pathogenic microbes are priming PTI as a barrier to
colonization of the leaf compartment by host non- or poorly adapted pathogens. Nevertheless,

these host-microbe interactions were examined mostly under controlled laboratory conditions.
1.4.2  Leaf effector-triggered immunity as a potential microbial gateway

Strain-specific resistance, known as effector-triggered immunity (ETI), is often mediated by
intracellular NLR receptors which recognize certain pathogen-delivered virulence factors (effectors)
to induce immunity (Monteiro and Nishimura 2018; Feehan et al. 2020; Seong et al. 2020).
Pathogen effector-activated NLRs accelerate and amplify many PTT responses, often resulting in
host localized cell death (a hypersensitive response) and rapid pathogen containment (Peng, van
Wersch, and Zhang 2018). Expressed NLR genes in roots are observed in dicot plant species like
the legume Lotus (Lai and Eulgem 2018). This is in contrast to tested Brassicaceae species including
Arabidopsis thaliana and the crop oilseed rape (Brassica napus), which favour NLR expression in the

phyllosphere (Munch et al. 2018).

Diverse microbial communities in leaves can be controlled directly through pathogen colonization
on the host or indirectly by host-microbe interactions involving the innate immunity network
(Agler et al. 2016). As such, pathogenic microbes can act as highly interconnected community
members (so called “hub microbes”) that dominate microbial community assemblies. For example,
the causal agent of white rust on Arabidopsis, Albugo sp., appears to act as a hub which alters
epiphytic and endophytic bacterial colonization of leaves (Agler et al. 2016; Ruhe et al. 2016).
Perturbations of microbial communities by host-adapted biotrophic pathogens such as A/bugo and
Hyaloperonospora arabidopsidis (Hpa) reduces microbial diversity within leaf habitats and stabilizes
microbial communities among wild plants (Karasov et al. 2019). Hence, microbial diversity can be

used as an indicator of microbial community imbalance (T. Chen et al. 2020).

Whether ETT reactions directly lead to defence priming is not well-studied, although in Arabidopsis
one important ETT branch does lead to a reinforcement and spread of pathogen resistance (so-
called basal immunity) in leaf tissues (Lapin, Bhandari, and Parker 2020). A recent study by (Levy
et al. 2018) analysed over 3,800 genomes of plant-associated (pathogenic and non-pathogenic)
bacteria. The analysis identified plant-mimicking protein domains (named as PREPARADOQOS) that
carry non-canonical ‘embedded’ nucleotide-binding leucine-rich repeat (NLR) domains. An
increasing number of NLR-fused domains are related to authentic effector targets. REPARADOS

are highly abundant in the bacterial families Bacteroides and Xanthomonadaceae (Frank 2019).
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These findings indicate potential interactions between commensal and/or pathogenic bacteria with
intracellular receptors in host plants. Additional studies are needed to test this hypothesis and

dissect functional relationships between NLR panels and the leaf microbiota.
1.4.3  Stability of microbial consortia against pathogen perturbation

The plant and its associated microbiota is not a static environment but is altered by numerous
factors including host genotype, environmental fluctuations, surrounding macro- and
microorganisms, and geographical location and associated local variables such as climate (Laforest-
Lapointe, Messier, and Kembel 2016; Poudel et al. 2016; Wagner et al. 2016; Singh et al. 2018).
The stability of a leaf microbial community is measured by the ability to maintain a stable
equilibrium state (homeostasis) under biotic or abiotic perturbations (Thébault and Fontaine
2010). Generally, higher community complexities reflect a more stable community structure
(Mougi and Kondoh 2012). Stable microbial communities or consortia have a greater ability to
resist perturbation (Ives, Klug, and Gross 2000; Luo et al. 2019; Morella et al. 2020). Studies using
culture-independent DNA sequencing revealed similar microbial community patterns in successive
year samplings (Copeland et al. 2015). In the phyllosphere, microbial communities can often
undergo drastic changes and establish a distinctive and less diverse community (Manching, Balint-
Kurti, and Stapleton 2014). Different computational and experiment-based approaches have been
used to capture microbial community homeostasis or deviations over time. Computational
microbial network analysis and mining of core microbes are valuable in understanding the factors
underlying microbial resilience to controlled perturbations (Astudillo-Garcia et al. 2017;
Lemanceau et al. 2017). Much less is known about the dynamics and stability of leaf microbiomes
in the field since there is a lack of high resolution experimental data linked to plant disease and
health with respect to time, space, and environmental scale. In recent studies, leaf diseases were
linked to disruption of microbial community network stability, resulting in ecosystem dysfunction
(Kerdraon et al. 2019; Luo et al. 2019; Leopold and Busby 2020). Understanding how a microbial
community cures under conditions of environmental stress is crucial to harness its potential in
probiotic applications against aggressive plant pathogens and to track plant-associated human

pathogen outbreaks.
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1.4.4 Does immunity-priming affect microbial leaf communities?

Various abiotic and biotic factors impact dynamic changes on microbial leaf communities as
depicted in the modes of microbial colonization, microbe-microbe and microbe-host interactions
(see Fig.1 and Tab.1). Nevertheless, fundamental mechanisms of microbial community assembly
remain poorly understood. One major goal of current microbiome research is to understand how
microbial consortia in nature secure plant protection during pathogen perturbation. Effects of
immunity priming (IP) through abiotic (applied chemical compounds) and biotic (biocontrol
agents) stimuli seem to play an important role in managing abiotic stress tolerance and disease
resistance (A. Kumar and Verma 2018). IP has been described as a “positive cost-benefit balance in
times of stress’ (Martinez-Medina et al. 2016). IP induction involves the phytohormones salicylic
acid (SA), jasmonic acid (JA), and pipecolic acid-derived signalling molecules that are known to
mediate systemic acquired resistance, as well as the non-protein amino acid defence primer -
aminobutyric acid (BABA) (Martinez-Medina et al. 2016). BABA is found naturally in Arabidopsis
experiencing abiotic stress (high salinity) and biotic stress and induces broad-spectrum pathogen
resistance (Thevenet et al. 2017; Buswell et al. 2018). Another interesting IP compound, (R)-b-
homoserine (RBH), primes ethylene and JA-pathways and is effective against necrotrophic
pathogens such as Botrytis cinerea in tomato and Plectosphaerella cucumerina (Buswell et al. 2018).
Brassinoteroids (BR) have also been discussed as factors in an IP mechanism that balances the trade-
off between immunity and growth (Yu, Zhao, and He 2018). These findings highlight the potential
utility of chemical compounds for IP. They also prompt studies of how IP impacts leaf microbial
diversity under conditions of abiotic and biotic stress. Effects of biocontrol agent (BCA) application
on crops such as potato against hemi-biotrophic (Phyrophthora infestans), and grapevine against
necrotrophic (Botrytis cinerea) fungi have been studied extensively in vitro (Bailly and Weisskopf
2017; De Vrieze et al. 2018; Bruisson et al. 2019). In contrast, applying Pseudomonas syringae
pathovar tomato (Psz) to Arabidopsis roots attracted Bacillus subtilis and led to IP upon Pst infection
(Rudrappa, Biedrzycki, and Bais 2008; Vannier, Agler, and Hacquard 2019). The ecological impact
of BCAs on the leaf microbiome while controlling disease resistance remains an open research
question. Current reports emphasize a link between certain bacterial taxa (Bacillus, Pantoea,
Sphingomonas, Pseudomonas and Trichoderma) affecting microbial diversity (Zhang et al. 2008;
Bruisson et al. 2019; Ulrich et al. 2020) and IP induction on leaves (Cawoy et al. 2014;
Ritpitakphong et al. 2016; C. Qin et al. 2019). In particular, highly diverse leaf communities are

negatively correlated with pathogen invasion and colonization and vice versa (Purahong et al. 2018;
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C. Qin etal. 2019). Other reports describe difficulties encountered in the application of biocontrol
agents such as Bacillus subtilis (Bs), which did not alter the microbial leaf community under rainy
field conditions (F. Wei et al. 2016). Therefore, use of BCAs under natural conditions might be
challenging and require further analysis. However, BCAs and IP-inducing compounds can
potentially be used to monitor disease control to improve crop yield and production in new
biological breeding strategies. There is clearly a need to increase efforts in this research field to
explore the effects and underlying mechanisms of abiotic and biotic stress on immunity-priming

and how they are transmitted to microbial leaf communities.”
1.5 NLR gene cluster formation

The evolution of the innate immune system relies on receptor diversities correlating with pathogen
recognition specificities to secure plant health. Plants harbour an enormous repertoire of immune
receptors, such as intracellular nucleotide binding leucine-rich repeat (NLR) immune receptors,
conferring resistance to various infectious diseases (Barragan and Weigel 2021). The abundant
NLR receptor family is known for heterogenicity showing vast sequence and structural
polymorphisms. Although gene cluster formations are rare in eukaryotes, NLRs tend to accumulate
in clusters (J. M. Lee and Sonnhammer 2003; R. R. Q. Lee and Chae 2020). The diversity of NLRs
and haplotypes, present in resistance gene clusters on a species or population level, might be
unresolvable when focusing on a single reference genome (Stam, Silva-Arias, and Tellier 2019;
Stam, Scheikl, and Tellier 2016; Noel et al. 1999; Kuang et al. 2004; Christopoulou et al. 2015).
A recent study examined the NLR-ome of 64 natural accessions of Arabidopsis thaliana using long
read-based resistance gene enrichment sequencing (REN-Seq) uncovered 75 novel domain
architectures (Van de Weyer et al. 2019). Hence, distinct accessions revealed high genetic diversity
within species. While NLRs display tendencies to occur in gene clusters, their functional
significance remains largely unknown (S. van Wersch and Li 2019). Within the model organism
Arabidopsis thaliana, many NLR gene clusters have been identified across various accessions such
as RPPI, RPP5, RPP8, B3 and B5 clusters (Yi and Richards 2007; Bevan et al. 1998; MacQueen
et al. 2019; Alcdzar et al. 2014; Holub 2001; Meyers et al. 2003; R. R. Q. Lee and Chae 2020).
Interestingly, NLR gene clusters vary highly in copy numbers, consisting of at least two genes (e.g.
head-to-head pair RPS4-RRS1) and have been identified with up to 11 NLRs, such as the B5
cluster (Holub 2001; Narusaka et al. 2009). In addition, one of the most variable NLR gene clusters
in Arabidopsis thaliana showing eight gene copies, such as (-77 Kb) and RPPI (- 87 Kb) cluster
(Alcdzar et al. 2014; Meyers et al. 2003; R. R. Q. Lee and Chae 2020).
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The diversity of NLRs and haplotypes present in resistance gene cluster are postulated to be
hotspots where diversification and generation of new R-genes occur at high acceleration rates (Jiao
and Schneeberger 2020; S. van Wersch and Li 2019; R. R. Q. Lee and Chae 2020). Although intra-
species variation of those highly polymorphic gene clusters has been conducted, further studies are
required to obtain intra-population structures of NLR clusters with high resolution sequencing

approaches.
1.6 NLR structures and signal transduction

Plant NLRs share similar architectures comprising three core domains: a C-terminal super-structure
forming repeat (SSFR) domain [typically leucine-rich repeats (LLR)], a nucleotide-binding site
(NBS), and a N-terminal coiled-coiled (CNL’s) or Toll/interleukin-1 receptor (TIR) domain
(TNL’s) (W. Song et al. 2021). Interestingly, a genome-wide survey of NLR repertoires between
38 model organisms spanning major kingdoms revealed the occurrence of core NLR domains in
eubacteria and archaebacteria, as well as in green algae chloroplasts suggesting structural and
functional convergence to distinguish self from non-self (implying immune responses) (Jacob,
Vernaldi, and Maekawa 2013; Shao et al. 2019; Ortiz and Dodds 2018). However, there is a high
degree of structural variability, including in C-terminal domains (WRKY DNA-binding domain),
integrated domains (IDs) and additional types of N-terminal domains, such as kinases and a/3
hydrolases (Sarris et al. 2016; Cesari et al. 2014; Andolfo et al. 2019; Le Roux C Jauneau A
Camborde L Trémousaygue D Kraut A Zhou B Levaillant M Adachi H Yoshioka H Raffaele S
Berthomé R Couté Y Parker JE Deslandes L. 2015).

In general, NLR proteins discern cytoplasmic pathogen invasion (Jeffery L. Dangl, Horvath, and
Staskawicz 2013). In this respect, several modes of action have been described for single or paired
NLRs activating local and systemic defences (Sun et al. 2021). In addition, plant NLRs are involved
in either direct or indirect effector recognition signalling. Direct interactions of plant NLRs,
especially with the LRR domain, have been observed in various studies including Pi-Ta/AvrPi-Ta
(Magnaporthe oryzae) in rice, St50/AvrSr50 in (Puccinia graminis) in wheat and multiple MLAs
recognising powdery mildew (Blumeria graminis f. sp. hordei) in barley (Dodds et al. 2006; Saur et
al. 2019; J. Chen et al. 2017; Krasileva, Dahlbeck, and Staskawicz 2010). Within the model system
Arabidopsis thaliana, a well-known pathosystem involves the TNL receptor RESITANCE TO
PERONOSPORA PARASITICA 1 (RPPI) and the biotrophic oomycete Hyaloperonospora
arabidopsidis (Hpa), which is recognized by the effector ATR1. A recent study revealed that co-
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expression of a natural variant of the TNL RPPI with its matching Hpa effector ATR1 leads to
NLR conformational activation by tetrameric RPPI oligomeric structures, forming a holoenzyme
for NAD+ hydrolysis (Ma et al. 2020). Interestingly, similar tetrameric complex formations were
observed for the TNL ROQ1 in Nicotiana benthamiana, recognising the effector XopQ1 from
Xanthomonas (Martin et al. 2020). These examples display direct recognition of secreted effector
molecules by NLRs activating downstream immune signalling cascades. However, there are
numerous NLR-Avr perceptions where physical interactions have not been observed, leading to the

assumption of indirect recognition.

First indications of indirect effector recognition were described by Van der Biezen and Jones
(1998). Specifically, in the case of the kinase Pro of Pseudomonas syringae interacting with the NLR
Prfin tomato (Van der Biezen and Jones 1998). While the kinase activity is not involved in AvrPto-
triggered immunity, Prf mediates a strong immune response leading to indirect pathogen detection
(J. L. Dangl and Jones 2001; S. van Wersch et al. 2020). Indirect pathogen recognitions by NLRs
are hypothesized by the guard and decoy model (Cesari et al. 2014). Hence, the guard model
postulates how multiple effectors could be tackled by single NLRs (also named as guardees), leading
to immune responses against a broad diversity of plant pathogens (J. L. Dangl and Jones 2001). In
addition, it was suggested that guardees are indispensable for the virulence of pathogen effector
lacking the R protein. Classical guardees have been described in Arabidopsis (RIN4, PBSI) and
tomato (RCR3, Pto) (van der Hoorn and Kamoun 2008; J. D. Jones and Dangl 2006). However,
recent studies support the notion that various effectors have multiple host targets (also named as
decoy), and that guardee proteins are frequently dispensable for effector virulence in absence of the
R protein (van der Hoorn and Kamoun 2008; Kourelis et al. 2020). In addition, the guard model
is in conflict with the presence/absence scenario (polymorphism) of R genes leading to opposing

natural selection forces in plant populations (van der Hoorn and Kamoun 2008).

Within the decoy model, a duplicated NLR pair form a heterocomplex receptor (often in head-to-
head configuration), where one member acts as an effector target (decoy) to divert pathogen
effectors from its main target, while the other induces defence resistance. Thus, the decoy (sensor)
represses immune signalling activates of the transducer until pathogen perception (Williams et al.
2014; Césari et al. 2014; van der Hoorn and Kamoun 2008). Famous examples include NLR-pairs
in Arabidopsis (RPS4-RRS1) and rice (RGA4-RGAS5, Pikp-1-Pikp-2) (Huh et al. 2017; Guo, Wang,
and Jones 2021; Césari et al. 2014; Zdrzatek et al. 2020).
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Independent of numerous NLR signal perceptions, downstream responses of ETI have been
described through multiple signalling nodes, such as NON-RACE SPECIFIC RESISTANCE 1
(INDRI), a plasma membrane-anchored integrin-like protein involved in CNL signalling, or lipase-
like proteins including ENHANCED DISEASE SUSCEPTIBILITY 1 (EDSI) and SENESCENCE-
ASSOCIATED CARBOXYLESTERASE 101 (SAG101) or PEPTIDYL ARGININE DEIMINASE
4 (PAD4), predominantly relevant in TNL signalling (Feys et al. 2005; Century, Holub, and
Staskawicz 1995; Parker et al. 1996). Downstream immune responses are not limited through these
signalling nodes as shown by RPP8 (CNL) that acts independently of NDRI (Aarts et al. 1998).
Further, chaperone proteins are required for NLR-mediated plant immune activation. For example,
HSP90, SGT1b, and RARI (Takahashi et al. 2003; Hubert et al. 2003; Liu et al. 2004; S. van
Wersch et al. 2020). NLR activation leads to cellular changes, such as Ca* influx, reactive oxygen
species (ROS) production, activation of mitogen-activated protein (MAP) kinases, salicylic acid
(SA) accumulation, altered endomembrane trafficking, transcriptional reprogramming, and
hypersensitive reaction (HR) cell death (Lolle, Stevens, and Coaker 2020; Cui, Tsuda, and Parker
2015).

Apart from NLR-mediated pathogen recognition, environmental factors have been suggested to
effect immune response outputs. While high temperature and humidity have been associated with
reduced disease resistance, low temperatures and high light are related to increased resistance (Y.
T. Cheng, Zhang, and He 2019; Panchal et al. 2016; Jambunathan 2001; Yi Wang et al. 2009; S.
H. Kim et al. 2010; Huang et al. 2010; Y. S. Kim et al. 2017; Miihlenbock et al. 2008). For
instance, nuclear accumulation of SNC1 and RPP4 is inhibited by high temperatures repressing

their immune responses (Y. Zhu, Qian, and Hua 2010; Mang et al. 2012).

In general, plant NLRs are steered under tense negative control to avoid self-damage in the absence
of pathogens. As such, loss-of-function in negative regulators or gain-of-functions in immune
receptor proteins lead regularly to autoimmunity. Phenotypic observations of autoimmune mutants
show dwarfism, spontaneous cell death, or lethality (R. van Wersch, Li, and Zhang 2016; Y. Wu
etal. 2020; Richard and Takken 2017; Liang, Tong, and Li 2020). While the contribution of NLR
activation to autoimmunity has been discussed in various studies, a comprehensive analysis of

autoimmunity on molecular bases is lacking.
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1.7 Arabidopsis thaliana accession Landsberg

Landsberg erecta (Ler-0) is the second-widest studied Arabidopsis thaliana accession after Columbia
(Col-0). The original Landsberg population (La-0 or La-1) was sampled among more than 150
natural accessions by Friedrich Laibach between 1930 and 1950. Laibach discovered the potential
of Arabidopsis as a model organism for genetic, developmental and physiological analyses (Laibach
1943). In the early 1950’s, Gyorgy P. Rédei recognized the new plant model system and transferred
four natural Arabidopsis accessions, including Landsberg and Graz, Limburg and Estland from
Europe to the University of Missouri (Columbia) where he started his own laboratory (George P.

Rédei 1992).

Rédei decided to choose Landsberg as his model line. In 1957, he used Landsberg for a mutagenesis
experiment using X-ray irradiation where he discovered the Landsberg erecta (Ler-0) mutant
(George P. Rédei 1992; G. P. Rédei 1962; Langridge 1994). Rédei realized through his mutagenesis
screen that the original Landsberg population was not a homogenous line, rather a mixture of
different lines. Therefore, Rédei selected a single plant from his untreated Landsberg seed stock and
named his new accession Columbia (Col-0) based on his location. While his original seed stocks

originate from Europe it seems a peculiarity that he named it according to the place of his lab.

Nevertheless, the mutant Ler-0 found its way back to Europe by Willem Feenstra in 1959, who
used it to study the growth habitat, and it became a standard line in the Department of Genetics
at University of Groningen (Netherlands) (Feenstra 1964). Feenstra introduced a mutant induction
program, which was continued by Jaap van der Veen and Maarten Koornneef (Innerebner, Knief,

and Vorholt 2011).

In 1975, Rédei highlighted the importance of Arabidopsis in an article titled ‘Arabidopsis as a genetic
tool” similar to Laibach in 1943. In respect of the people mentioned above, Arabidopsis got its
breakthrough in science as a model system in the 1980s (Koornneef et al. 1983; Somerville and
Ogren 1980). A third important article about Arabidopsis was published in the journal ‘Science’ in
1985 (Meyerowitz and Pruitt 1985). This incredible timeframe of 40 years from the first suggestion
to the general acceptance of Arabidopsis as a plant model system displays the importance of

Laibach’s-, and later on Rédei’s scientific perspective.

The distribution of various parental Landsberg seed stocks across laboratories in Europe prompted
an increasing interest in the European Arabidopsis standard accession. While most likely all seeds

originate from the same Ler-0 seed stock, some of the Landsberg accessions have been renamed

27



into Ler-1 and Ler-2 (Zapata et al. 2016). In the early 1990’s, Landsberg erecta was the dominated
Arabidopsis accession. However, this dramatically changed when Columbia (Col-0) was chosen as
a natural accession for the whole genome sequencing project of Arabidopsis (Arabidopsis Genome

Initiative 2000). Since then, Columbia was selected as the standard accession.

Nevertheless, the first whole genome investigations of Landsberg were published together with
Columbia in 2000 (Arabidopsis Genome Initiative 2000). Large-insert bacterial artificial
chromosomes (BAC) clones were used for the creation of physical maps and were integrated into
genetic maps. The comparison of Columbia and Landsberg revealed a great number of single
nucleotide polymorphism (SNPs) and insertion-deletions (InDels) (Arabidopsis Genome Initiative

2000).

The improvement of sequencing techniques led to the first de-novo sequencing of Landsberg using
[llumina short reads with a resolution of N50: 198 kb by Korbinian Schneeberger in 2011
(Schneeberger et al. 2011). The potential of long-read sequencing techniques released by Pacific
Bioscience’s (PacBio) led again to an improved de-novo assembly of Landsberg in 2015. Landsberg
was fully assembled in 38 contigs with an N50 of 11.2 Mb (Berlin et al. 2015). The first
chromosome-level assembly of Landsberg was published by (Zapata et al. 2016), combining the
advantages of long-read de-novo assembly and reference-based short read error correction to
generate a high-quality genome including genetic maps. Further annotation improvements and
description of genetic features, such as structural arrangements and sequence variations led to the

currently-best available Landsberg genome resource (Jiao and Schneeberger 2020).

In contrast to Columbia, Landsberg erecta is a mutant variant of the original Landsberg accessions
La-0 or La-1. Reference genomes the natural Landsberg accessions are still lacking and might be of

interest to determine the impact of mutagenesis treatment by Rédei more than 60 years ago.
1.8 Function of RPPI-like cluster in Arabidopsis

In various Arabidopsis accessions, RPPI loci have been identified as conferring strain-specific
resistance to Hpa. The RPPI-like cluster on chromosome 3 in Ler-0 represents multiple genes that
encode predominantly RPPI-like genes (R1 — R8), belonging to NLRs. While the molecular
functions of RPPI-like genes (R1 — R8) remain unknown, they have been linked to hybrid
incompatibilities (HI) between genetically distinct populations leading to reproductive isolation
(Atanasov et al. 2014). The offspring between Ler-0 (Poland) and Kashmir2 (Kas2, central Asia)

causes immune-related HI, due to an autoimmune response caused by a genetic interaction of
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multiple independent RPPI-like genes (favoured R2, R3, R4 and R8) (Ler-0), and non-NLR alleles
of Strubbeling-family receptor-like kinases (SRF3, Kas2) (Atanasov et al. 2014). Backcrossing of
SUPPRESOR OF LER/KAS2 INCOMPATIBILITY (sulki) mutants into the parental line
Ler/Kas2 revealed ten intragenic mutations in all three major NLR domains (TIR, NBS, LRR) of
RPPI-like R8, and a suppression of dwarfism and cell death responses at low temperatures (14 —

16 °C). In addition, partial suppression was observed for one mutation in the TIR-domain of

RPPI-like R3 (Atanasov et al. 2014).

Interestingly RPP1-like R8 is a homolog of DANGEROUS MIX 2H (DM2H) in genetic hotspots
of Arabidopsis accessions Uk-1 and Bla-1 (Chae et al. 2014), and shows homology to At3g44670
in Columbia (Col-0) (Alcdzar et al. 2014). Immune-related HI where both interacting alleles
encode for TIR-NLRs (TNL) have been described for Arabidopsis accessions of Umbkirch
(Germany) Uk-1 and Uk-3 (Tran et al. 2017; Bomblies et al. 2007). As such, TNL association of
the DM1 loci from Uk-1 and DM2d from Uk-3 form an autoimmune signalling complex.
Thereby, DM1 has been identified as a primary signal transducer, whereas DM2d triggers
activation of DM1 by complex formation (Tran et al. 2017). Interestingly, pathoassays with a local
Gorzéw Hpa strain (Hpa Gw) on Ler-0/Kas2 hybrids lead to the QTL mapping of RPP7 as the
causal locus (Atanasov et al. 2014), suggesting that known Hpa strains are currently not affected

by RPPI-like genes in pathogen perception.

Although NLR activation and downstream signalling mechanisms are extensively studied, the
extent to which this layer of protection against pathogens shapes plant microbial communities is
hardly understood. Further, intra-species inventories on NLRs revealed a tremendous receptor

diversity among accessions.
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1.9 Thesis aims

This thesis aims to identify microbial colonizers that affect microbial assemblies in the phyllosphere,
in relation to host-microbe and microbe-microbe interactions. I choose to focus on the ecological
relevance of a polymorphic NLR cluster on the phyllosphere assemblage in natural populations of
Arabidopsis thaliana. 1 aimed to verify the ecological effect of the RPPI-like gene cluster on the
phyllosphere community within natural Arabidopsis populations of Gorzéw Wielkopolski (former
Landsberg an der Warthe). To do so, structural variations of the RPPI-like cluster were identified
using whole genome sequencing of individual plants including natural Arabidopsis accessions of
Landsberg (La-0). Further, the impact of the RPPI-like cluster on the phyllosphere microbiome
was determined using an amplicon-based sequencing approach of bacterial 16S rRNA genes and
eukaryotic 18S rRNA genes, simultaneously in cDNA and DNA profiles. This study reinforces the
relevance of host genetic features, such as resistance genes affecting microbial consortia in the

phyllosphere of Arabidopsis.
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2 Results

In this study, I aimed to identify several factors, such as geographical location, sampling year and
host genetic factors impacting the phyllosphere community. To do so, I performed a
comprehensive study on the local Arabidopsis thaliana population in the area of Gorzéw
Wielkopolski (in history known as Landsberg an der Warthe, Poland) over three consecutive years.
We collected wild Arabidopsis samples in the centre of Gorzéw Wielkopolski on the Cemetery
“Cmentarz Swietokrzyski” (site 100 - 400), as well as north-east (500, Rézanki) and south-west

(600, Lupowo) of the city (see S-Fig. 1).
2.1 Whole genome sequencing of individual Gorzéw Arabidopsis isolates

[ established a Gorzéw Plant Collection (GCP) representing single Arabidopsis thaliana lines from
sampling sites 100 — 600, collected over three consecutive years (2016 -2018). To obtain insights
in the genetic background of Gorzéw Arabidopsis, 1 performed whole genome sequencing of sixteen
individual representative Arabidopsis plants, spanning all sampled sampling sites (100 — 600). In
addition, I sequenced two genetically distinct wild-type accessions. La-0 ' CS1298 and La-0 >
CS76538, derived from Landsberg an der Warthe. PacBio long-reads (22.2 — 139.8x), were used
to perform de novo assemblies from various geographical sites in the area of Gorzéw Wielkopolski.
Contigs featuring N50 values from 0.36 Mb to 42.78 Mb and L50 values from 3 to 177 indicating

a range of assembly qualities (see S-Tab. 1).

I arranged contigs according to the Ler-0 reference genome (Goel et al., 2019). Contigs were
concatenated to scaffold files representing pseudo-molecules named as chromosome 1 to 5 (chr 1-
5). lllumina short-reads (53.7 — 171.0 x) were used for sequencing correction and gap filling. Thus,

73.66 - 95.31 % of paired reads were mapped to the corresponding Arabidopsis genomes.

Comparing our genome assemblies with the reference Ler-0 (N50: 9.4 Mb, N50: 5, No. of
scaffolds: 49) revealed seven high quality genome assemblies, such as 100K, 100AA, 300AD, 400D,
400L, 400Y and La-0* (97 - 204 scaffolds). Further genome assemblies were generated showing
<500 scaffolds (100H, 100S, 100AD, 600H, 6001, La-0 ') and >500 scaffolds (100D, 100Y, 200E,
300A, 500R). The total genome length varied from 114.95 to 144.20 Mb, compared to 118.5 Mb

of the reference.
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Fig. 2: Contig maps of 18 Gorzéw Arabidopsis genomes including two La-0 references. Genome IDs
representing individual plants, labelled according to their sampling sites (100-600). Reference genomes are
displayed as La-0 ' (CS1298) and La-0 * (CS76538). The grey bars represent each of the chromosomes, whereas
centromeric repeats based on CEN180 are shown as black blocks. The RPPI-like cluster on chromosome 3, flanked
by AT3G44600 (LB) and AT3G44690 (RB), is labelled by yellow marks. Contigs > 1 Mb are displayed as green

bars, whereas contigs < 1 Mb are shown in blue. The locations of IDNA genes are marked with red ticks.
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In summary, I annotated 27,240 - 34,601 protein-coding genes in each genome assembly, which
is in the range of the gene annotations in the reference genome Columbia-0 (Col-0, 27,416
proteins) (Berardini et al. 2015). In addition, transposable elements were annotated in a range of

58.6 — 80.9 Kb.
2.1.1 PAN-genome analysis of a local Arabidopsis populations

I compared each genome assembly including Gorzéw lines (100 - 600), as well as two natural
accessions La-0' (CS1298) and La-0* (CS76538) of Landsberg an der Warthe (Gorzéw
Wielkopolski, Poland), against the reference genome Landsberg erecta (Ler-0, 2019, v2) to
determine structural and sequential variation among genomes (see Fig. 3). Synteny maps were
calculated for each genome on pseudochromosome-level. As an example, Fig. 3shows natural
accessions La-0 ' and La-0 ? against Ler-0. Synteny maps of each Gorzéw genomes are included in
S-Fig. 2. The maps reveal a large overlap between genomes, showing 97.6 - 111.5 Mb syntenic
regions against the reference. Whereas, non-syntenic regions varied from 2.2 - 10.4 Mb (see. S-
Tab. 5). In total, 105.2 - 115 Mb could be aligned against the reference, leading to 4.2 - 34.1 Mb

genome speciﬁc sequences.

Fig. 3: Synteny maps of La-0' (CS1298) and La-0*> (CS76538) against Ler-0 on pseudo-
chromosome-level. Syntenic and non-syntenic regions were identified using SYRI and are colored as
described in the figure legend.
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Interestingly, syntenic regions were dominated by highly diverged regions representing 27.1 -
817.9 Kb of the genomes (see Fig. 4 and S-Tab. 6). I identified 5.0 - 184.9 Kb deletions and 0.7 -
7.7 Kb insertions. Single nucleotide polymorphisms (SNPs) were identified on 6.8 - 51.6 x 10°
positions. In addition, I identified sequence divergence in syntenic regions varying in copy-gain-

(1.7 - 32.6 Kb) and copy-loss variation (0.8 - 87.7 Kb).

Translocated regions displayed overall similar sequence divergence compared to collinear regions.
However, variation across genomes was generally higher. As such, I specified 7.7 Kb - 1.75 Mb
highly diverged regions. Sequence variation belonging to deletions and insertions varying between
0.8 - 49.5 Kb and 0.3 - 3.5 Kb. SNPs in translocated regions were identified on 2.3 - 26.3 x 10°
positions, which is lower compared to collinear sequences. Copy-gain variations were two-fold
higher in average, ranking from 0.0 - 88.8 Kb. Copy-loss variation was comparable to syntenic

regions and varied from 0.0 - 114.9 Kb in translocated regions.

Fig. 4: Structural and sequence differences between Gorzéw genomes against Ler-0. (A) Structural differences of
alignments are displayed as syntenic (SYNAL), duplicated (DUPAL), inverted translocated (INVTRAL) and
translocated regions (TRANSAL). Local sequence variations are described in syntenic (B) and rearranged regions (C)
and displayed per kb. Variations are grouped into single nucleotide polymorphism (SNP), copy loss in query (CPL),
copy gain in query (CPG), deletion in query (DEL), highly diverged regions (HDR) and insertion in query (INS).

Taken together, these results demonstrate low intra-species variations between Gorzéw ecotypes.

In addition, I verified that La-0* (CS76538) shows the highest similarity in syntenic regions in

relation to the reference.
2.1.2  Resolving RPPI-like gene cluster structure

I next investigated structural variation of the RPPI-like resistance gene loci on chromosome 3 in
natural Gorzéw ecotypes (100-600) and Landsberg (La-0) accessions. For simplicity, I will refer to
genomes containing the Ler-0 RPPI-like alleles as RPP1+, while lacking the RPPI-like alleles as
RPP1-. In the current analysis, Columbia and Landsberg served as references accounting for RPP1-
(Col-0) and RPP1+ (Ler-0) haplotypes. Genomic sequences of potential RPP1-like loci, flanked by
border genes AT3G44600 and AT3G44690, were extracted and used to calculate genomic

distances (see 4.10). Notably, the sequence length of references sequences varied from 69.37 Kb in
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Columbia to 158.01 Kb in Landsberg. Principle component analysis was performed on genomic
distances of RPPI-like cluster sequences (see Fig. 5B). Interestingly, most RPP1-like sequences from

Gorzéw Arabidopsis ecotypes cluster to the reference sequences of Columbia (Col-0, RPPI-) and

Landsberg (Ler-0, RPP1+).

Fig. 5: Genetic distance of RPPI-like loci in Gorzéw Arabidopsis, natural Landsberg and
reference accessions. A) Genomic sequence extraction of RPPI-like loci on chromosome 3.
B) Principle component analysis displaying genomic distances of extracted RPPI-like cluster
sequences. Each datapoint represent one RPPI-like cluster sequence. K-means clustering
using the R package ‘ggfortify’, revealed genomic distances between three groups: RPPI+
(green), RPPI- (red) and Others (blue). Underscored labels show reference sequences of
Columbia and Landsberg. Bold labels display Gorzéw lines used for further structural
variation analysis.

Notably, RPPI-like loci of La-0' and La-0* were highly associated with Ler-0, indicating major
sequence collinearity between standard laboratory and natural Landsberg accessions. In addition,
Gw 100AA, Gw 100Y, Gw 200E and Gw 500R are affiliated to RPPI+ in the PCA. On the other
hand, the majority of RPPI-like loci have been associated to RPPI-. Interestingly, RPPI— depicts
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a higher distribution in the two-dimensional ordination, accounting for higher sequence divergence
to the standard Columbia. However, RPPI+ and RPPI- alleles are predominantly separated on the
PC2, showing 5.51 % explained variance. Further, an outgroup (named as ‘Others’) has been
separated on the PC1 (89.94 %), including Gw 100AD and Gw 400Y. Taken together, it seems
that the outgroup show less similarity to RPPI-like loci in Landsberg and Columbia based on
genomic distances. To obtain further insights in the gene structure of RPPI-like loci in Gorzéw
and Landsberg, b initio gene model annotations were used to identify RPPI-like genes, based on
RPP1-like protein sequences [Genbank: FJ446580.1] published by (Alcdzar et al. 2014). To do so,
contiguous sequences of Landsberg (Ler-0, La-0) and Gorzéw ecotypes (Gw) were included in the

following analysis.

Fig. 6: Synteny among RPPI-like loci of Gorzéw and reference genomes. Resistance gene loci were selected by
flanking border genes - AT3G44600 (LB) and AT3G44690 (RB) coloured in yellow arrows. RPPI-like gene
annotations including RPPI-like R1 - R8 are displayed in cyan. Other genes are labelled as grey bars. Sequence
similarities are based on protein sequences and range from 75-100% displayed as colour gradient between arrows.
Global alignments were performed between all protein-coding regions to identify homologs within
the RPPI-like loci (see Fig. 6). Interestingly, RPPI-like loci displayed heterogeneous sequencing
lengths of 60 to 158 Kb. These are comparable to the reference sequences in Columbia and

Landsberg, as shown above. Within the RPPI-like loci, I identified multiple RPPI-like protein

annotations. Nevertheless, due to high similarity of full length protein sequences, I was not able to
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identify single RPPI-like genes (R1 - R8). The RPPI-like locus of the reference Ler-0 showed
similarities to six out of eight RPPI-like genes. In Gorzéw ecotypes, I identified 4 - 13 RPPI-like
coding regions. Interestingly, eight RPPI-like coding regions were annotated in the natural
Landsberg accessions La-0 ' and La-02, as well as in Gw 100H and Gw 100K matching our

expectation of eight RPPI-like genes within the reference locus.

Taken together, a principle component analysis on genomic distances displayed high similarities
between RPPI-like loci of natural Landsberg (La-0) accessions and Ler-0. In addition, RPPI-like
loci in natural Gorzéw Arabidopsis showed two cluster formation, which were predominantly
associated with RPPI+ and RPPI- haplotypes, including Landsberg and Columbia as references.
Gene model annotations were used to identify RPPI-like coding regions within the extracted
sequences. Sequence length and RPPI-like copy numbers varied highly between individual Gorzéw

genomes, collected in three natural populations of Gorzéw Wielkopolski.
2.2 RPPI-like genotyping of wild Arabidopsis populations

The genotyping of local Arabidopsis populations around Gorzéw Wielkopolski was conducted
using a droplet digital PCR (ddPCR) approach targeting RPPI (-like) genes (see 4.8). To do so,
332 individual Arabidopsis plants from six sampling sites (100 — 600) were analysed in three
consecutive years (see Fig. 7A). RPPI (-like) copy numbers showing a binomial distribution in our
data set were obtained, correlating with an average RPP1-like CNV of 8 copies for Col-0 (negative
control, RPPI-) and 16 copies for Ler-0 (positive control, RPP1+). To estimate the number of
clusters, a gap statistic clustering (K-means) was performed (see Fig. 7B). These results displayed
high densities of RPP1- (absence of the RPPI-like cluster) and RPPI1+ (presence of the RPPI-like
cluster) in natural Gorzéw Arabidopsis. Since 1 identified a binomial distribution of RPPI (-like)
CNVs around RPPI- and RPPI+, I suggest a gene gain and gene loss of RPPI (-like) genes in
natural Gw Arabidopsis. 1 further investigated how RPPI-like gene copies are represented within

each geographical location.
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Fig. 7: RPPI (-like) copy number variation in Gorzéw Arabidopsis. A) Binomial distribution of
RPPI-like CNVs showing high densities of RPPI- and RPPI+. B) Optimal K-means clustering of RPPI-
like CNVs was calculated using gap statistics in R (packages factoextra ‘fviz_nbclust’). Red dot line
displays the optimal number of clusters.

Distribution of RPPI-like CNVs and their frequency per location are plotted as histograms (see

Fig. 8). Interestingly, central Gorzéw Wielkopolski sites (100 — 400) display a diverse repertoire of
RPPI-like CNVs among sites.

Fig. 8: Distribution of RPPI-like CNVs in local Arabidopsis populations over three consecutive
years. Sampling sites are displayed as 100 -400 (Gw), 500 (Ro) and 600 (Lu).
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While site 100 predominantly shows the RPPI-, site 200 and 300 frequently show RPPI+. Further,
site 400 shows RPPI- and RPPI+ in similar ratios. In addition, sampling sites outside of Gorzéw
Wielkopolski showed either an equal distribution of RPPI haplotypes (site 500) or else
preferentially RPPI- haplotypes (site 600). Our data suggest a complex RPPI-like gene cluster
displaying divergence in CNVs among local Arabidopsis populations.

2.3 Phyllosphere microbiota of Gorzéw Arabidopsis thaliana

This study aims to investigate how active phyllosphere microbiota vary in wild Arabidopsis
populations in the area of Gorzéw Wielkopolski. To do so, we collected surface-colonizing
microbes (epiphytes | phylloplane) and cytosolic microbes (endophytes | endosphere) from 180
individual Arabidopsis rosettes over three consecutive years (2016 — 2018). To obtain insights into
the active phyllosphere microbiome, a simultaneous extraction of DNA and RNA was performed
on each sample and conducted an amplicon sequencing approach (hereafter described as DNA-
and cDNA-seq) focusing on bacterial 16S V4/V5 regions and eukaryotic 185 rRNA V8/V9 regions.
A total 1440 sequencing libraries, were sequenced on four MiSeq runs. The whole sample set was
fully randomized over the process of data generation. In addition, an internal 18S rRNA spike-in
was included for further downstream analysis. Further, a DNA sequencing approach was performed
targeting bacterial 16S (V4/V5) rRNA, eukaryotic 18S (V8/V9) rRNA and fungal ITS2 regions to
compare our results with a standard DNA amplicon sequencing approach (see Supplementary

chapter 7.5).
2.3.1 Microbial richness and composition differs between local Arabidopsis population

Initially, I estimated the microbial richness of epiphytic and endophytic samples across all sampling
locations (100 - 600). Overall, similar patterns were observed in microbial richness between DNA
and RNA samples, suggesting that the active microbiome based on RNA amplicons reflects
microbial profiles of classical DNA sequencing. While I identified comparable microbial diversities
of Arabidopsis between closely related sampling sites in Gorzéw Wielkopolski (100 - 400), more
distinct sites around the city show higher diversities in general (500 - 600) in epiphytic and
endophytic samples (see Fig. 9). In detail, bacterial richness of epiphytic DNA samples revealed
higher richness in Ro (500) compared to Gw2 (200) and Gw3 (300) (see Fig. 9A). In line, bacterial
richness of endophytic DNA samples from Gwl — Gw4 (100 - 400) were significantly lower
compared to Ro (500) and Lu (600).
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Fig. 9: Microbial richness and taxonomic assignment in phyllosphere microbiota across sampling sites. Samples
are grouped by Nucleic Acid x Compartment x Sites. A) Bacterial richness displayed as Shannon index. Statistics
are calculated using Kruskal-Wallis test, p < 0.05. B) Taxonomic plots showing relative abundances of bacterial
phyla. Phyla showing < 1 % relative abundance were summarized as Others. C) Eukaryotic richness displayed as
Shannon index. D) Taxonomic plots showing relative abundances of eukaryotic phyla.

Microbial profiling of the active microbiome revealed higher bacterial richness of epiphytes in Ro
(500) and Lu (600) compared to Gwl and Gw3. Interestingly, site Gw4 (400) showed higher
bacterial richness of epiphytes was identified in Gw4 (400) compared to all other sites. Similar to
DNA samples, active endophytes from Gw2 to Gw4 (200 - 400) showed lower bacterial richness
compared to Ro and Lu (500 - 600). To obtain insights in the microbial community composition

on the phyllosphere, I performed a taxonomic assessment on phylum level (see Fig. 9B).
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I performed a statistical analysis using pairwise-Wilcoxon tests on Nucleic Acid x Compartment x
Site against each phylum. Proteobacteria (54.90 — 92.97 % [DNA], 48.26 — 88.58 % [RNA]),
Actinobacteria (3.80 —35.35 % [DNA], 3.85—40.11 % [RNA]), Bacteroides (2.16 —12.23 %
[DNA], 4.25 — 12.19 % [RNA]) and Firmicutes (0.21 —9.61 % [DNA], 0.22 — 6.83 % [RNA])
are the most abundant bacterial phyla in our data set. Low abundant microbes are represented by
unclassified bacteria (0.05-1.21% [DNA], 0.16 — 0.38 % [RNA]). By comparing the eukaryotic
richness of active and dormant microbes, I determined higher richness in epiphytic RNA samples.
This might be explainable by the nucleic acid input concentration of RNA samples, which was at
least twice as much as DNA samples. The nucleic acid concentration can impact PCR amplification
upon library preparation and affects the detection level of low abundant microbes. Nevertheless,
epiphytic samples displayed comparable richness between sampling sites in DNA and RNA
samples. Further, the eukaryotic richness of endophytic samples was significantly lower (p < 0.05)
in Gorzéw Wielkopolski (site 100-400) compared to Rézanki and Eupowo (500-600). Taxonomic
profiles on phylum level revealed a similar pattern between RNA and DNA samples, considering
leaf compartments and sampling sites. However, DNA samples displayed higher relative

abundances of unclassified eukaryotes (kingdom level), especially in epiphytic samples.

Opisthokonta (22.16 — 84.58 % [DNA], 49.67 —94.32 % [RNA]), Archaeplastida (0.76 —
9.45 % [DNA], 1.02 — 21.81 % [RNA]), Stramenopiles (0.33 — 29.60 % [DNA], 0.33 — 26.27 %
[RNA]) and Rhizaria (0.23-11.26 % [DNA], 0.02 - 13.36 % [RNA]) are the most abundant
cukaryotic phyla of Arabidopsis phyllosphere microbiota across all sampling sites. Further,
Amoebozoa (0.09 — 1.35 % [DNA], 0.35 — 3.35 % [RNA]) and Alveolata (0.09 — 1.34 % [DNA],
0.39 — 1.40 % [RNA]) could be identified, preferentially in epiphytic samples. Unclassified
microbes belonging to the kingdom Eukaryota were identified mainly in epiphytic DNA samples
(9.47 -54.05 % [DNA], 0.90 — 15.33 % [RNA]).

While I identified that microbial richness remains rather stable across Gorzow Wielkopolski
sampling sites (100 - 400), samples taken in Rézanki (500) and Lupowo (600) showed higher

microbial richness.
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2.3.2  Microbial diversity remains stable across sampling years and sites

In this chapter, I aimed to identify metadata traits affecting microbial community compositions. I
performed a multivariate analysis calculating Bray-Curtis dissimilarities. Thus, samples were
grouped by metadata features, such as nucleic acid x year, compartment or sampling site. OTU-
tables have been rarefied according to bacterial DNA (1001 reads) and RNA (1029 reads), as well
as eukaryotic DNA (15743 reads) and RNA (15159 reads). Notably, after rarefaction I removed
spike-in reads for the current analysis. Initially, I determined year-to-year variation in our dataset.
Thus, bacterial diversity was significantly different (p < 0.017 [DNA], p=0.001 [RNA]) accross
three consecutive years (2016 to 2018). While eukaryotic diversities remained similar for DNA
samples, RNA samples were significantly different between sampling years (p < 0.008). I further
determined sample variations across leaf compartments, previously described as epiphytes and
endophytes. The microbial diversity of bacteria and eukaryotes differ consistently between

epiphytes and endophytes (p < 0.001 [DNA, RNA]).

Fig. 10: Multivariate analysis of phyllosphere microbiome samples grouped by year, compartment and sampling
sites. Non-metric multidimensional scaling (NMDS) plot on Bray-Curtis dissimilarities representing NMDS1 and
NMDS?2 of the 2D ordination. Single dots representing microbiomes of individual samples. NMDS plots showing
bacterial 16S rRNA amplicons (A,C,E) and eukaryotic 18S rRNA amplicons (B,D,F). Color-coding displays sample
groups of sampling years (A, B), leaf compartments (C, D) and sampling sites (E, F).
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To capture the impact of geographical locations in the area of Gorzéw Wielkopolski, I grouped
samples according to sampling sites. Hence, bacterial diversities were consistently different between
all sampling sites across the three years (p < 0.05 [DNA, RNA]). Interestingly, eukaryotic diversities
were significantly different between Gorzéw sites (100-400) and Rézanki (500) (p < 0.006 [DNA],
p <0.01 [RNA]). In addition, Gw3 (300, p=0.021) and Rézanki (500, p=0.003) were significantly
different from Lupowo (600) in RNA samples. These results suggest that sampling years and leaf
compartment are major factors in shaping microbial communities. However, I also observed a large
effect on bacterial diversities between local Arabidopsis populations. In addition, eukaryotic
diversities remained stable across central Gorzéw Wielkoposlki sampling sites (small geographical
distances). Further, sampling sites in the surround area of Gorzéw Wielkopolski (Rézanki and

Lupowo) displayed significantly different eukaryotic diversities.

I performed a beta-dispersion analysis on Bray-Curtis dissimilarities (see S-Fig. 5 - 6) to validate
sample-to-sample variability for bacteria and eukaryotes across multiple sample groups (year,
compartment, site), which were described above. Considering the year-to-year variability, samples
collected in 2016 showed a lower distance to centroid for bacterial (see S-Fig. 5A) and eukaryotic
diversities (S-Fig. 6A) compared to 2017 (p < 0.05 [18S DNA], p < 0.001 [16S RNA]) and 2018
(p < 0.05 [18S DNA], p < 0.01 [16S RNA]). Notably, the year-to-year effect on sample
compositions was not significant in bacterial DNA-seq and eukaryotic cDNA-seq suggesting
certain inconsistency between both sequencing approaches. Further, the highest sample-to-sample
variation was observed between leaf compartments (see S-Fig. 5 - 6B). While bacterial epiphytes
unveiled lower sample variations contrasting to endophytes (p < 0.001 [DNA, RNA]), the opposite
trend was observed for eukaryotes (p < 0.001 [RNA]) showing lower sample variation within the
endophytic fraction. Nevertheless, sample variation in eukaryotic were higher compared to bacterial
profiles. Interestingly, sample-to-sample variation were comparable between different sampling
sites using cDNA-seq. In contrast, DNA-seq revealed a lower sample variability of outlier sites
(Rézanki, Lupowo) to particular sampling sites in Gorzéw Wielkopolski. Interestingly, the
sampling site Gw4 (400) displayed the most disparate distance to centroid to outlier sites (p < 0.05:
Ro, Lu [16S DNAJ, Ro, Lu [18S DNAJ), as well as to RPPI-like hotspot sites (p < 0.05: Gw1/2/3
[16S DNA], Gw3 [18S DNA] ) in the surrounding area.
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Those findings lead to the hypothesis that bacterial communities are more stable across
environmental features (year, sampling site) and leaf compartments. In general, higher fluctuations
were observed for eukaryotes. However, sample variability was predominantly determined to leaf
compartments, followed by site-to-site and year-to-year variation, depending on the sequencing

approach.
2.3.3 DPersistent microbial core communities across geographical locations

Although the majority of leaf-associated microbes underlie huge fluctuations in terms of occurrence
and abundance throughout a plant lifecycle, a small number of microorganisms occur consistently
across sampling years, sampling sites and leaf compartments. I aimed to identify persistent microbes
in Gorzéw Arabidopsis populations also known as the “core” phyllosphere microbiome. Microbial
core members are defined as bacterial and eukaryotic OTUs showing an occurrence of 2 85 % in
the whole data set. While I identified 17 bacteria and 2 eukaryotes as core members in RNA
samples, 3 bacteria and 2 eukaryotes were consistently found in DNA samples (see Fig. 11).
Bacterial core members were classified as Proteobacteria (13 OTUs), Actinobacteria (2 OTUs) and
Bacteroides (2 OTU). Among bacterial core members, I identified leaf-colonizing taxa, such as
Sphingomonas  (Otu0000002, Otu0000066, Otu0000084), Pseudomonas (Otu0000003,
Otu0000009), Methylobacterium (Otu0000005, Otu0000014) and Variovorax (Otu0000008) in
RNA samples. Consistently between RNA and DNA, I found Sphingomonas, Methylobacterium and
Variovorax to be present in the bacterial core community. In addition, I identified Flavobacterium
succinicans (Otu0000011), Devosia (Otu0000017), Brevundimonas (Otu0000018), Hymenobacter
(Otu0000020), Rhizobium (Otu0000022), Rathayibacter caricis (Otu0000025), Salinibacterium
(Otu0000049), Bosea (Otu0000046) and Awureimonas (Otu0000071) in RNA samples.
Multicellular core members were identified as the alfalfa weevil Hypera postica (OTU000002) and
a terrestrial green algae Chloroidium saccharophilum (OTU000065), which were consistently found
in DNA and RNA samples. Interestingly, the most abundant microbial core members across
Gorzéw Wielkopolski (100-400), Rézanki (500) and Eupowo (600) were Sphingomonas faeni
(Otu0000002), Methylobacterium adhaesivum (Otu0000005), Pseudomonas (Otu0000003),
Variovorax (Otu0000008), Hypera postica (OTU000002) and Chloroidium saccharophilum
(OTU000065) (see Fig. 11). These results indicate the majority of the phyllosphere microbiome
are subject to fluctuation, whereas a restricted number of microbes are able to persist on Arabidopsis

leaves across local populations.
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Fig. 11: Microbial core taxa of Gorzéw Arabidopsis thaliana. Persistent microbial taxa across sampling years and
sites are identified as OTUs showing > 85 % occurrence of all DNA or RNA samples. Phylogenetic trees are
calculated using representative sequences of OTUs. Bold description correspond to co-occurring core taxa in DNA

and RNA samples.

2.3.4 Host resistance genes mediating bacterial community in the phyllosphere

In the previous chapter, I described multiple traits affecting microbial community compositions,
such as sampling year, leaf compartments and geographical location. In addition, genotyping of
wild Arabidopsis thaliana plants from all sampling sites (sites 100 — 600), in respect of RPPI-like
gene copy numbers, revealed a complex resistance gene repertoire in the area of Gorzéw
Wielkopolski. In this chapter I aimed to identify the impact of host genetic factors, such as RPPI-
like gene copies on the phyllosphere microbiome. Therefore, I grouped samples (Nucleic Acid x
Compartment x RPPI) in RPP1+ (high RPPI-like copy number) and RPPI- (low RPPI-like copy
number) according to our RPPI genotyping (see 5.5). Microbial richness (Shannon index) was

calculated for bacteria and eukaryotes in DNA and RNA samples (see Fig. 12 A-B). Interestingly,
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bacterial richness of RNA samples was significantly lower (p < 0.05) in RPPI1+ compared to RPPI- .
Although similar trends were observed for bacterial richness in DNA samples, no differences were
observed for microbial richness of eukaryotes. Further, I performed a principal component analysis

calculating Bray-Curtis dissimilarities on RPPI samples (see Fig. 12 C-D).

Fig. 12: Microbial diversity of phyllosphere samples grouped by NucleicAcid x Compartment x RPP1. Shannon
indices bacteria (A) and eukaryotes (B). Principal component analysis on Bray-Curtis dissimilarities. Explained variance
are calculated on the first two axes PCA 1 and PCA 2 within the ordination system. Kruskal-Wallis Test: *p < 0.05.

I was able to confirm significantly different bacterial diversities between RPPI sample groups
(Nucleic Acid x Compartment x RPPI). Hence, bacterial diversity of epiphytic (Permanova,
P=999; p=0.001 [DNA], p=0.007 [RNA]) and endophytic compartments (Permanova, P=999;
p=0.024 [DNA], p=0.017 [RNA]) were significantly different, in respect of RPPI-like copy
numbers (RPP1+ | RPPI-). The microbial diversity of eukaryotes remained stable in RPPI+ and
RPPI- sample groups (Nucleic Acid x Compartment x RPPI). Further, a beta dispersion analysis
calculating distance to centroid (Geographical Location x Compartment x RPPI) unveil lower
sample variability in RPPI+ for bacterial profiles (see S-Fig. 7) in Lupowo (p < 0.05 [RNA])
independent of leaf compartments. In contrast, sample-to-sample variation was higher in RPPI+
for eukaryotic profiles (see S-Fig. 8) in Gorzéw. This results suggest lower bacterial diversities in
RPP1+ samples and affected bacterial diversities in respect of RPPI-like haplotypes in our Gorzéw
Arabidopsis dataset. In addition, sample-to-sample variability was lower in RPP1+ haplotypes of

Lupowo (bacteria), while higher in RPP1+ of Gorzéw (eukaryotes).

Since bacterial communities were affected between RPPI haplotypes, I aimed to identify bacterial
genera that might be affected in presence or absence of RPPI-like gene copies in local Arabidopsis
thaliana along geographical locations. Thus, I grouped samples according to Nucleic Acid x

Compartment x Geographical Location x RPPI. In detail, sampling sites were summarized into
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geographical locations, like Gorzéw Wielkopolski (Gorzéw, site 100 — 400), Rézanki (site 500)
and Lupowo (site 600). By calculating bacterial richness of RPPI-genotypes between geographical
locations, I obtained significantly (p < 0.05 [DNA, RNA]) lower diversities of endophytic bacteria
in Gorzéw Wielkopolski (see Fig. 13).

Fig. 13: Bacterial richness in relation to RPPI-like haplotypes among geographical location. Samples are

grouped by Nucleic Acid x Compartment x Sites x RPP1. Sampling sites are grouped by geographical location into

Gorzow Wielkopolski [Gorzéw (100-400)], Rézanki (500) and Eupowo (600).
Interestingly, I identified the bacterial genus Sphingomonas, which was significantly higher
abundant in endophytic compartments of Arabidopsis thaliana RPP1+ genotypes, collected Gorzéw
Wielkopolski (sites 100-400, Wilcoxon-Test, p=0.0081 [DNA], p=0.029 [RNA]) and Eupowo
(site 600, Wilcoxon-Test, p=0.0081 [DNA], p=0.0014 [RNA]). In terms of relative abundance,
samples taken from Gorzéw (23.38 % RPPI-, 24.83 % RPPI+) and Lupowo (26.14 % RPPI-,
34.56 % RPPI+) displayed higher abundances of Sphingomonas in RPP1+ genotypes. In contrast
to that I observed the opposite case in Rézanki (33.73 % RPPI-, 20.79 % RPP1+). We identified
99 OTUs belonging to Sphingomonas in our data set. Thus, 14 OTUs showed a relative abundance
> 1% of all Sphinomonas OTUs, such as Otu0000002, Otu0000066, Otu0000084, Otu0000095,
Otu0000139, Ot0000181, Otu0000229, Oru0000238, Otu0000262, Otru0000401,
Otu0000447, Otu0000466, Otu0001387, Otu0001521). The most abundant Otu0000002 made
up 80.28 - 91.13 % [DNA] or 78.82 — 89.06 % [RNA] of the Sphingomonas profile. Nevertheless,
significant effects on relative abundance between RPPI genotypes were only observed by
considering the majority of Sphingomonas OTUs. Further, Flavobacteria was found more than two
times more abundant in Rézanki (site 500, Wilcoxon-Test, p=0.027 [DNA]) RPPI- genotypes
(2.14% [DNA], 0.84 % [RNA]) compared to RPPI+ (5.01 % [DNA], 2.17 % [RNA]). In
contrast, an opposite trend was observed in Lupowo, showing higher abundances of Flavobacteria
in RPPI- genotypes (5.52 % [DNA], 1.55 % [RNA]) compared to RPPI* (2.72 % [DNA], 0.66 %
[RNA]). This data suggests an indirect impact of Arabidopsis RPP1+ haplotype from Gorzéw
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Wielkopolski and Eupowo on the abundance of Sphingomonas, as well as Flavobacteria in Rézanki.
RPPI- genotypes (2.14% [DNAJ, 0.84 % [RNA]) compared to RPPI+ (5.01 % [DNAJ, 2.17 %
[RNA]). In contrast, an opposite trend was observed in Lupowo, showing higher abundances of
Flavobacteria in RPP1- genotypes (5.52 % [DNA], 1.55 % [RNA]) compared to RPPI* (2.72 %
[DNA], 0.66 % [RNA]). This data suggests an indirect impact of Arabidopsis RPP1+ haplotype
from Gorzéw Wielkopolski and Eupowo on the abundance of Sphingomonas, as well as

Flavobacteria in Rézanki.

48









3 Discussion

Plants are concurrently facing a multilayer of ecological and biological stress factors along their
developmental stages in nature (Niinemets 2010; Chaudhry et al. 2020). Crosstalk between plants
and their respective environment leads to an evolutionary-driven genetic diversity, and adaptive
traits (Gentzbittel et al. 2015; De Kort et al. 2021). At the same time, plants harbour complex
microbial communities (collectively described as microbiota) that can affect growth, performance
and health of their respective host (Babalola et al. 2020; C. Song et al. 2020). The dissection of
plant-microbiome interactions are conceptually described as the “holobiont” (Cavalier-Smith
1992; Simon et al. 2019). While numerous studies have been published to understand binary plant-
pathogen interactions, establishing a broad context of host factors shaping microbiota remains a
challenge. Plants have evolved a complex innate immune system to cope with myriad pathogen
pressures. Plant-pathogenic microbes have been identified as important “hub microbes” showing
high degrees in complex microbial networks (Agler et al. 2016; Gao et al. 2021). The indirect
relation of pathogen-recognizing immune receptors and the impact of microbial consortia might
be a target to identify host-microbiome interaction (S. Yang et al. 2010). Here, I performed whole
genome sequencing on 16 individual Arabidopsis plants from local populations around Gorzéw
Wielkopolski and two natural Landsberg accessions (La-0) to address intra-population variation of
the RPP1-like cluster. In addition, microbial profiling was conducted to identify active and
dormant phyllosphere microbiota considering RPPI-like copy number variations among a sample

set collected over three consecutive years.

3.1 Whole genome sequencing of natural Gorzéw ecotypes unveils intra-population

variation

During the last decade, species-wide inventories of Arabidopsis helped to define genetic and
phenotypic diversity among natural accessions across various regions of the world (Horton et al.
2012; Weigel and Mott 2009). Several studies suggest a global-scale population structure and
genetic isolation by distance of Arabidopsis accessions (Sharbel, Haubold, and Mitchell-Olds 2000;
Nordborg et al. 2005; Ostrowski et al. 2006; Beck, Schmuths, and Schaal 2008). Within the C-S-
R (competitive C, stress tolerant S, ruderal R) theory, stress-tolerant plants evolve under high stress
and low disturbance, whereas ruderal plants are affiliated to low stress and high disturbance (Grime

1977). In this respect, fundamental intra-species variation of Arabidopsis has been allocated to
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climate adaptations (positive correlation to stress tolerance), such as temperature affecting flowering
time in an annual cycle and leaf dry weight (Grime 1977; May, Warner, and Wingler 2017). In
addition to stress reactions, local adaptation and co-variation have been shown to affect plant life
history and growth rates, as well as metabolomes (Takou et al. 2019; Katz et al. 2021). In contrast
to global-scale genetic pattern, population variation contributes to local adaptation (Montesinos et
al. 2009). In this respect, most research on intra-species variation has been SNP-based and lacking
structural genomic resolution (Gomaa et al. 2011; Alcdzar et al. 2014; May, Warner, and Wingler
2017; Takou et al. 2019; Exposito-Alonso et al. 2019; Sharbel, Haubold, and Mitchell-Olds 2000;
Horton et al. 2012; 1001 Genomes Consortium 2016; De Coster, Weissensteiner, and Sedlazeck
2021). Here, I present a comprehensive local-scale Arabidopsis genome dataset of Gorzéw
Wielkopolski (sub-) populations collected over three consecutive years. Local Arabidopsis
populations of Gorzéw Wielkopolski represent likely the ancestral population of Landsberg erecta
(Ler-0), which is ranked as the second most widely-used accession in the world. I have performed
whole genome sequencing on 16 individual Arabidopsis plants. Further, natural La-0 accessions
were included to compare genetic backgrounds of Gorzéw Arabidopsis with independent lines
collected in 1992 (ABRC: CS1298) and 2010 (ABRC: CS76538). The latter natural Landsberg
accession was part of the 1001 Genomes Project of Arabidopsis (1001 Genomes Consortium 2016).
The whole genome sequencing of single plant Arabidopsis genomes remained precarious, due to
restricted quantities of plant material. However, I generated seven high quality genomes from
Gorzéw Arabidopsis on pseudo-chromosome level. In addition, nine (here described as low-quality)
genomes were generated from Gorzéw Arabidopsis individuals. Challenges in de novo assemblies,
due to regional sequence collapse or expansion, might explain obtained variations in total genome
lengths (Asalone et al. 2020). Since second filial (F2) generations were used for individual genome
sequencing, haplotype - heterozygosity might be attributable to genome length variation in diploid
genome assemblies (Kronenberg et al. 2018). Thus, genome assembly contiguity could be proven
by implementing linkage information, such as with physical and genetic maps (Mozo et al. 1999;

Giraut et al. 2011; Jiao and Schneeberger 2020).

Gorzéw Arabidopsis genome annotations, based on @b initio gene models revealed a nearly complete
overlap (min. 99.4%) of protein-coding genes from the golden standard Columbia. However,
ambiguous protein-coding genes (up to 26.2 %) were predicted in several gene model that require
manual revision of gene models. It might be also true that genome assembly continuity displayed
in high contig numbers might directly affect annotation qualities (Florea et al. 2011). The

alignment of RNA-sequencing data to genomic sequences could clearly improve genome
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annotations, even if it might be not truly comprehensive due to low level or tissue-specific gene
expressions (Salzberg 2019). Nevertheless, high quality genomes displayed a significant consensus
of benchmarking universal single-copy orthologs (BUSCO) comparable to the Landsberg reference
(Jiao and Schneeberger 2020).

My data suggest a prodigious collinearity between Gorzéw Arabidopsis genomes and natural
accessions La-0 against the reference genome Ler-0. High collinearity might be explainable by the
hypothesis of natural re-colonization pattern of Arabidopsis after the glaciation epochs (Frangois et
al. 2008; 1001 Genomes Consortium 2016). While higher genetic diversities were observed in
southern European populations, genetic diversities declined in eastern populations, including Ler-
0 (Frangois et al. 2008). Changing climates, such as higher frequencies in droughts and rising
temperatures might also increase natural selection towards northern Europe in the future (Exposito-
Alonso et al. 2019). However, various proportions of genome-specific sequences were identified
among local Gorzéw Arabidopsis. Genome diversification in Gorzéw populations varied from
3.1 % to 31.0 %, which is in average comparable to (Stengien et al. 2004) who identified an overall
genome variability of 12 % within Arabidopsis populations in Norway. The genetic variation in a
local population permits flexibility and survival during variable environmental circumstances.
(Castilla et al. 2020) displayed isolation-by-distance (IBD -~ dispersal limitation, genetic drift), and
to a lower degree isolation-by-environment (IBE - local adaptation), accounting mainly for genetic

differentiation of local Arabidopsis populations from the Iberian Peninsula (Castilla et al. 2020).

In line with (Zapata et al. 2016), most of the non-syntenic sequences (2.2 — 10.4 Mb) originate
from duplications (1.1 -8.0 Mb). Duplication events occur highly frequently in plant genomes
contributing to adaptation and evolutionary novelties (Van de Peer, Maere, and Meyer 2009;
Conant and Wolfe 2008; Panchy, Lehti-Shiu, and Shiu 2016). Gene duplicates, also known as
paralogs, correspond to their homologous relationship and appear by numerous mechanism, such
as whole genome duplication (WGD), tandem, proximal, transposed and dispersed duplications
(Yupeng Wang et al. 2011; Mascagni et al. 2021; Kono et al. 2018; Lallemand et al. 2020).
Interestingly, duplication modes among dicots, including Arabidopsis, suggest tandem and
proximal duplicates are occurring with higher frequencies, while WGDs underlie purifying
selection (Mascagni et al. 2021; Xie et al. 2019). Notably, many tandem duplicate gene cluster have
been identified in various plants showing intra-species variation among accessions (Kono et al.

2018). In this respect, Ler-0 represents various hotspots of rearrangements that contain tandem
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duplications in defence-related genes that evolve race-specific resistances, such as the RPPI-like

locus on chromosome 3 (Zapata et al. 2016).

Large-scale rearrangements in non-syntenic sequences, such as translocation (0.2 -1.9 Mb) and
inversion (0.3 -1.5 Mb) making up 0.5 to 3.4 Mb in Gorzéw Arabidopsis genomes, which is
comparable to ~3.6 Mb in Ler-0 against Col-0 (Zapata et al. 2016). Respectively, obtained intra-
population variation of rearrangements were lower compared to intra-species variation based on
chromosome-level assemblies of seven Arabidopsis accessions, representing species-wide diversity

(Jiao and Schneeberger 2020).

Taken together, a comprehensive Gorzéw Arabidopsis genome dataset on a (sub-) population scale
revealed a prodigious collinearity between local individuals and natural accessions against the
Landsberg reference (Ler-0). Nevertheless, genome-specific variations in Gorzéw Arabidopsis may
provide the cause of the genetic diversification in local populations. Further investigations are
required to determine population variability on the base of proportion of polymorphic loci (2),
gene diversities (z) and heterozygosity (Stengien et al. 2004). Since I obtained multiple genomes
from consecutive sampling years, heritable variation can be estimated. This whole genome dataset

guides us towards long-read-based structural variation analysis on a population scale.
3.2 Heterogeneous RPPI-like gene cluster structure in local Gorzéw Arabidopsis

The architecture of the NLR gene cluster has been identified in multiple distinct accessions, leading
to the assumption of complex evolutionary tasks that generate distinct haplotypes (Van de Weyer
etal. 2019; R. R. Q. Lee and Chae 2020). Notably, the NLR gene cluster have been identified as
genetic rearrangement hotspots, showing high frequencies of gene duplication to quickly response
to biotic stress (Jiao and Schneeberger 2020). In this study, I examined the RPPI-like cluster
structure, also referred to the DANGEROUS MIX 2 (DM2) locus, among WGS of individual
Arabidopsis thaliana plants from Gorzéw Wielkopolski (former Landsberg an der Warthe, Poland)
to highlight structural variation on a local scale. The RPPI-like cluster is remarkably variable in
terms of cluster size and gene copy numbers even within natural population. Thus, the RPPI-like
cluster loci varied highly in size between 60 Kb and 159 Kb in our sampled populations. Notably,
the genomic region of Col-0, flanked by AT3G44600 and AT3G44690, displayed a similar
sequence length to RPPI- haplotypes. In contrast to Col-0, the laboratory accession Landsberg
(Ler-0) contains a ~ 100 Kb insertion within the region on chromosome 3, accounting for the

RPP1-like locus (total length of 158 Kb). Intra-species variation has been previously described for
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RPPI-like cluster in various Arabidopsis accessions (Goritschnig et al. 2016; Chae et al. 2014; R.
R. Q. Lee and Chae 2020; Van de Weyer et al. 2019). In this study, I provide evidence for high
heterogeneity within the RPPI-like loci on a local scale within natural Arabidopsis populations of
Gorzéw Wielkopolski based on whole genome sequences. Based on ab initio gene model
predictions, I identified immunity-related and -unrelated genes within the RPPI-like cluster loci
that varied pretty much between individual plants of local subpopulations. Hence, high sequence
divergence was observed favoured between sub-populations, in terms of RPPI-like cluster
organisation, number and size of immunity-related and unrelated genes, as well as general R-gene
cluster length. However, in order to precisely capture all paralogs, further investigations are required

to annotate single RPPI-like genes (R1 — R8).

A recent study by (R. R. Q. Lee and Chae 2020), using a species-wide inventory of NLR cluster
on 64 Arabidopsis accessions, suggested that larger NLR cluster, such as DM2/RPP1, DM8/RPP8
and DM8/RPP4/RPP5 generally unveil the highest heterogeneity varying in cluster size and copy
numbers (R. R. Q. Lee and Chae 2020). In addition, the DM2/RPPI cluster occurs in a
presence/absence scenario in some of the Arabidopsis accessions (R. R. Q. Lee and Chae 2020).
Although those findings were observed on an intra-species survey, my data suggest similar trends

on a local population scale.

Population studies of natural Arabidopsis individuals from Tibingen (Germany) unveiled high
homozygosity within a set of 436 SNP markers, which is mostly attributable for nearest-neighbour
plants (Bomblies et al. 2010). Similarly, I observed a major collinearity between individual Gorzéw
genomes against the reference Ler-0. However, structural variation of the RPPI-like loci suggested
high heterozygosity within NLR cluster, which were described as rearrangement hotspots, in

natural population or even between neighbouring plants (Jiao and Schneeberger 2020).

Genetic distances of RPPI-like loci favored the formation of two major cluster, here named as
RPPI1+ and RPPI-. Notably, the reference sequence of Landsberg (Ler-0) was affiliated to RPP1+,
while Columbia unveiled a high centrality in RPPI-. Considering the recorded origin of Col-0,
which was collected by Friedrich Laibach in Landsberg an der Warthe (Poland), it might be
assumable that the natural Arabidopsis population of Gorzéw Wielkopolski still harbors haplotypes
reflecting the genetic background of the current laboratory accessions Columbia and Landsberg in

our days (Somssich 2019).

In addition to the whole genome sequencing of Gorzéw Arabidopsis individuals, I performed a

population-wide RPP1-like genotyping of collected phyllosphere microbiome samples to correlate
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RPPI-like copy number variations to microbial community compositions. Interestingly,
genotyping of 332 individual plants from six sampling sites, representing three geographical
locations (Gorzéw, Rézanki, Lupowo), unveiled a binominal distribution of RPPI-like CNVs in
natural Arabidopsis populations around Gorzéw Wielkopolski. Similar to structural variation of the
RPPI-like cluster in genomes, two major RPPI-like CNV clusters were correlated to Columbia
(RPPI-, - 8 copies) and Landsberg (RPP1+, ~ 16 copies). Since a binominal distribution of RPPI-
like CNV’s was detected, there was no clear cut between RPP1+ and RPPI- haplotypes, suggesting
a segregation of the RPPI-like loci in Gorzéw Wielkopolski.

Notably, a previous study, based on SNP-genotyping already unveiled copy number variations
within Gorzéw Arabidopsis (Alcézar et al. 2014; Atanasov et al. 2014). Sampling sites in central
Gorzéw Wielkopolski had been described as RPPI-like hotspots (Alcdzar et al. 2014). In line with
these previously reported findings, three (200, 300, 400) out of four central Gorzéw sites could be
confirmed as RPPI-like hotspots in my screening of 332 individual plants. Genotyping of a wild
Arabidopsis population in Rézanki (north-east of Gorzéw Wielkopolski) displayed a various mix of
RPPI-like CNV’s, while Lupowo (south-west of Gorzéw Wielkopolski) favoured RPPI-
haplotypes. In addition, high fluctuations of RPPI-like CNV’s were observed between sampling

years, even within sampling sites.

Taken together, whole genome sequencing and ddPCR genotyping unveiled a complex and highly
diverged RPPI-like cluster structure in natural Gorzéw Arabidopsis that suggest high heterozygosity
attributable for cluster size and copy numbers in individual plants among sampling sites and years.
Arabidopsis sampling of central Gorzéw Wielkopolski were confirmed as RPPI-like hotspots in
three out of four sites. This study supports that the NLR cluster, such as the RPPI-like locus on
chromosome 3 in Gorzéw / Landsberg accessions of Arabidopsis represents highly divergent cluster
formations even on local population (max. plant distance: 20 km) or sub-population levels (plant
distance: 3 m radius). An in depth analysis using multi-sequence alignments and domain structure
predictions found that RPPI-like genes are necessary to substantiate structural variation of
characteristic functional regions within the NLR cluster (Proell et al. 2008). Initial results of an
evolutionary sequence analysis calculating dN/dS ratios [dN: number of nonsynonymous
substitutions per non-synonymous site, dS: number of synonymous substitutions per synonymous
site] (Runge et al. unpublished data provided by Daniel Gémez-Pérez) unveiled that only a few
RPPI-like genes are under positive selection (Mondragén-Palomino et al. 2017, 2002; Howe et al.
2016; Stam, Silva-Arias, and Tellier 2019; Koenig et al. 2019). These data suggest that the RPPI-
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like cluster is actively maintained in Arabidopsis populations by positive or balancing selection,
while genetic drift alone is much more unlikely. In addition, our whole genome dataset could be
used to obtain structural insights of additional NLR cluster in natural Gorzéw Arabidopsis

population.

3.3 Phyllosphere microbiota of natural Arabidopsis populations around Gorzéw

Wielkopolski altered by environmental cues

Microbial consortia on the phyllosphere are facing a challenging habitat, which undergoes
drastically fluctuations in environmental conditions, poorly available nutrient repertoires and inter-
kingdom competitions related to plant pathogenic microbes (Perreault and Laforest-Lapointe
2021; Y. T. Cheng, Zhang, and He 2019). Previous studies on phyllosphere microbiota in natural
Arabidopsis populations have unveiled general colonization pattern (Remus-Emsermann et al.
2014; Bodenhausen, Horton, and Bergelson 2013; Agler et al. 2016). However, characterizations
of the phyllosphere microbiomes of the most common Arabidopsis accessions have yet to be
established. In this study, I present the first observation of phyllosphere microbiota in natural
Arabidopsis from Gorzéw Wielkopolski, which still harbors Landsberg-like genotypes (Alcdzar et
al. 2014) and might represent the ancestral population of the second-most widely studied

Arabidopsis accession.

To assign which factors drive microbial assemblies on the Arabidopsis phyllosphere on a population-
scale, I analyzed amplicon-based sequencing data (targeting bacteria and eukaryotes),
simultaneously obtained from DNA and cDNA-sequencing of individual plants taken over a time
period of three years. Here, the factor ‘leaf compartment’ explained a significant part of the species
richness and beta diversity consistent in DNA- and cDNA-sequencing. A recent study, unveiled
higher species richness of epiphytes in a culturable approach (Bruisson et al. 2019), while lower
diversity in endophytes can be linked to spatial niche colonization (Bulgarelli et al. 2013), which
might require tight host adaptation. In addition, plant phyllosphere compartmentation of
grapevine and lotus (L. corniculatus) plants exhibited diverging patterns for root, shoot, leaf, flower
and seed microbial communities (Zarraonaindia ez al., 2015, Lutap et al. (unpublished)). Similar

observations were made for compartmentation of the rhizosphere (soil, root) (Hou et al. 2021).

In addition, the year and geographical location of sampled Arabidopsis populations significantly
impacted the microbial community assemblage. This had been already suggested across agro-

climatic zones in various host species, such as grapevine and tomato (Singh et al. 2018; Runge et
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al. 2021; Agler et al. 2016). The effect of sampling sites in the geographical area of Gorzéw
Wielkopolski on the phyllosphere microbiome may be related to microbial soil inoculum available
for colonization that vary in space and time among sampling sites (Zarraonaindia et al. 2015; Shade
et al. 2014; Goss-Souza et al. 2017; Brown et al. 2020). In addition, local colonization patterns are
affected by different microclimates (Noh et al. 2020; Al Ashhab et al. 2021; Lindstréom and
Langenheder 2012), as well as by natural host genotype variation (Runge et al. 2021; Balint et al.
2013; Singh et al. 2018). Recent studies also highlight the impact of host developmental stages on
the microbial community progression over the lifecycle (Edwards et al. 2018; Almario et al. 2021;
Berens et al. 2019; Wagner et al. 2016), which might partially account for the observed year-effects
in this dataset. Overall, this highlights how phyllosphere microbiota are shaped upon constantly

fluctuating environmental conditions in space and time over the growth period.

The taxonomic composition of phyllospheric microbiota of Gorzéw Arabidopsis displayed common
bacterial phyla, such as Proteobacteria, Actinobacteria, Firmicutes and Bacteroides. While bacterial
taxa in epiphytic compartments were dominated by Proteobacteria and Actinobacteria, endophytic
compartments were predominantly composited of Proteobacteria. In contrast to endophytes
present in populations from sampling sites in Gorzéw, endophytes in Ro 500 and Lu 600 showed
higher abundances of Actinobacteria accompanied by a reduced abundance of Proteobacteria.
Interestingly, endophytic Actinobacteria play an important role in plant growth promotion
showing an enormous capacity of bioactive compounds, such as antimicrobials and antifungal

compounds (Passari et al. 2017; P. Chen et al. 2019; S. Qin et al. 2011).

Overall, eukaryotes have been shown to display a lower species richness compared to bacteria
(Stone, Weingarten, and Jackson 2018; Lindow and Brandl 2003). In line with these observations,
DNA- and cDNA - sequencing revealed similar richness trends across sampling sites. Observation
of species richness on eukaryotic epiphytes unveiled high similarities between geographical
locations. Thus, Gorzéw Arabidopsis was dominated by eukaryotic phyla, such as Opisthokonta,
Archaeplastida, Stramenopiles and Rhizaria. Interestingly, the phylum Opisthokonta was
dominating epiphytic and endophytic compartments in cDNA-seq, while many OTU’s remained
as unclassified Eukaryota in epiphytic compartments using classical DNA-seq. As such, eukaryotic
species richness seems to be higher in cDNA-seq in contrast to DNA-seq. In contrast to epiphytes,
eukaryotic endophytes displayed higher species richness in natural Arabidopsis populations of
Rézanki and Lupowo. In addition, those outlier sites (Rézanki, Lupowo) showed higher

abundances of Stramenopiles.
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Taken together, while species richness of epiphytes was rather comparable between Arabidopsis
populations, endophytic microbes displayed higher species richness in Rézanki and Eupowo.
Further investigations on soil properties and microbial assessments of soil inoculate might be
relevant to indicate whether high species richness occurs due to environmental cues or host-species

dependent on individual Arabidopsis populations.
3.4 Common and atypical persistent core microbiome

Various studies have attempted to identify taxa within plant microbiome that are persistent on
single compartments, nutrient levels or abiotic stresses on population-scale or among populations
of various hosts (Toju et al. 2018; Runge et al. 2021; Noble et al. 2020). Since, environmental cues
are major factors impacting microbial communities, core members were stringently determined
across the whole dataset to perceive persistent taxa (Miiller et al. 2016). In this study, the microbial
core community consists of 3 - 17 (DNA, cDNA) bacteria and 2 eukaryotes, which accounts for
34.6 % of bacterial to 55.1 % of eukaryotic relative abundance of total reads including high
abundant OTUs. Here, the most abundant bacterial core members were taxonomically assigned as
Sphingomonas faeni (OTU2), Methylobacterium adhaesivum (OTUS, 14), Variovorax spp. (OTUS)
and Pseudomonas spp. (OTU3, 9). Notably, bacterial genera, like Sphingomonas, Methylobacterium
and Pseudomonas have been identified as microbial taxa universally present on various host species
(Rastogi et al. 2012; Guittar and Shade 2019; Runge et al. 2021; X. Chen et al. 2021; Agler et al.
2016; Vorholt 2012). In natural Arabidopsis thaliana, Sphingomonas and Pseudomonas have been
identified as major taxa on the phyllosphere (Lundberg et al. 2021). Pan-genome analysis of the
bacterial genus Sphingomonas has unveiled high genomic diversity (Y.-]. Kim et al. 2020). Genetic
features of endophytic Sphingomonas showed plant-protective properties, as well as frequently
presence of protein secretion systems hints to host-microbe interaction (Lundberg et al. 2021).
Plant protection has been described for the endophytic S. melonis shaping disease resistance against
Pseudomonas syringae DC3000 in Arabidopsis and Burkholderia plantarii in rice (Matsumoto et al.
2021; Innerebner, Knief, and Vorholt 2011). Here, the most abundant bacterium Sphingomonas
faeni has been previously described as an air- and dust-borne bacterium (Busse et al. 2003). Further,
S. echinoides has been shown to have a root growth stimulating ability via phytohormone
production (Khan et al. 2014). A recent study has indicated that single strains of Sphingomonas and
Microbacterium showed the highest potential to affect microbial community structure (Carlstrom
et al,, 2019). Facultative methylotrophic bacterial core members were closely assigned to

Methylobacterium adhaesivum, which was identified as a novel species in a drinking water
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distribution system (Gallego, Garcia, and Ventosa 2006). Similar to this study, Methylobacterium
adhaesivum has been shown to be a core member of epiphytic phyllosphere microbiota of wild
tomato species in central Peru (Runge et al. 2021). Further, M. adhaesivum has been described as
phyllosphere colonizer showing plant protective properties (Wellner, Lodders, and Kimpfer 2011;
Peredo and Simmons 2018; Sy et al. 2005; Yoshida et al. 2017; Sanjenbam et al. 2020). In
particular, growth promotion provided by Methylobacterium was measurable on biomass and fruit
yield in tomato (Innerebner et al., 2011; Senthilkumar & Krishnamoorthy, 2017). Interestingly,
Methylobacterium adbaesivum and Rathayibacter spp. showed higher abundances in dysbiotic
tomato samples (Runge et al. 2021). In addition, Rathayibacter and Flavobacterium are commonly
present on the phyllosphere of Arabidopsis and other host species (Dorofeeva et al. 2002;
Bodenhausen, Horton, and Bergelson 2013; Sivakumar et al. 2020). While member of
Flavobacterium have been associated with the ability to degrade complex organic compounds

(Kolton et al. 2016), their functional role in microbial community assemblies remain unknown.

Furthermore, Variovorax was also found as a microbial core member. Variovorax has been identified
as a key player of the root microbiome, affecting auxin degradation processes in Arabidopsis and
tomato (Décamps & Lebreton, 2011). On the phyllosphere, Variovorax is involved in degradation
of isoprene carbon sources, which might be produced by the plant under stress conditions (Crombie

et al., 2018; Fini et al., 2017; Jardine et al., 2020).

The bacterial genus Pseudomonas has been widely described as a colonizer of various ecological
niches, including the phyllosphere microbiome (Dong et al., 2019) and comprises common plant
pathogens, as well as non-pathogenic strains (Desrut et al. 2020; Vacheron et al. 2018; Chahtane
et al. 2018; Chu et al. 2019; Karasov et al. 2019). Pseudomonas species are strong competitors in
the environment, such as P. viridiflava found to be a dominant pathogen on natural Arabidopsis
and present on other host species (Goss, Kreitman, and Bergelson 2005; Karasov et al. 2018). Here,
our taxonomic resolution uncovered common core OTU’s belonging to the Pseudomonas genus
using amplicon sequencing. While Pseudomonas spp. were among the highest abundant OTUs,

their function on the phyllosphere microbiome remains elusive, since strain resolution could not

be achieved for most OTU’s.

Persistent microbial taxa that frequently occur may have a functional or adaptive role in their
microbiome. Nevertheless, rare taxa have been shown to be as important in microbe-microbe
interaction to remain host health (Velazquez et al. 2019). In this study, rare core taxa have been

taxonomically assigned to Hymenobacter spp. (OTU20), Rathayibacter caricis (OTU25),
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Salinibacterium (OTU49), Devosia spp. (OTU17) and Bosea spp.(OTU46). A previous study on
various plant compartments of wild strawberry microbiomes unveiled significantly enriched
Salinibacterium and Hymenobacter on flowers (N. Wei and Ashman 2018). Devosia spp. were found

as endophytes in potato roots (Manter et al. 2010) and Bosea spp. have been identified as

biodegrades (Shin et al. 2012).

Eukaryotic core microbes, comprising Arthropoda and green algae were represented by 18S rRNA
amplicons. Abundant core microbes, represented by DNA and ¢cDNA amplicons of the small
component of eukaryotic ribosomes were Hypera postica (OTU2) and Chloroidium saccharophilum
(OTUG65). The alfalfa weevil H. postica is a species of beetle and an invasive legume pest, feeding
on Medicago, Vicia, Trifolium and Astragalus species (Fabaceae) (Tuda et al. 2021; Iwase et al.
2015). The geographical distribution of H. postica on its native hosts has been described for western
Europe, including southern Poland. Herein, H. postica was firstly described to occur highly
abundant (>3 mio. total reads, OUT2, OTU565, OTUG612) on natural Arabidopsis population
(Tuda et al. 2021). Notably, we never observed any adults or larvae on leaf rosettes during sample
collections. While taxonomy assignment accurately matched H. postica (OTU2), misassignments
on partial 18S rRNA gene sequences or database biases cannot be completely ruled out.
Interestingly, other weevils of the same family Curculionidae, such as Ceuzorhynchus atomus and C.
contractus have been described as major insect herbivores on natural Arabidopsis plants (Arany, de
Jong, and van der Meijden 2005). However, further investigations are required to unveil the
occurrence of H postica on the non-host plants Arabidopsis thaliana. Nevertheless, multiple studies
have shown that insect eggs are able to activate plant immune responses, such as systemic acquired
resistance, in order to defend themselves against other pathogens, like Pseudomonas syringae, Botrytis
cinerea BMM and Hyaloperonospora arabidopsidis Noco2 (Hilfiker et al. 2014; Alfonso et al. 2021).
Whether the highly abundant A. postica on Arabidopsis leads to SAR has to be examined. Further,
a photopic green algae Chloroidium saccharophila was detected as a microbial core member on
Gorzéw Arabidopsis population. Notably, Chloroidium spp are ubiquitous in various ecosystems
(Darienko et al. 2010; Stewart et al. 2021; Nelson et al. 2017) and have been detected on the
phyllosphere of trees (H. Zhu et al. 2018; Ching-Su, Yu-Hsin, and Jiunn-Tzong 2012). A recent
study on rhizosphere protists using network analysis unveiled a positive correlation between the
presence of C. saccharophila and plant health in tomatoes (W. Xiong et al. 2020). The identification
of persistent plant-associated microbes highlights current knowledge for the majority of the

achieved taxa, while multiple microbes have been barely or never described on Arabidopsis thaliana.
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3.5 RPPI-like copy number variation alters bacterial diversity in nature

The RPPI-like locus displays a highly polymorphic NLR cluster found in a handful of Arabidopsis
thaliana accessions (Alcdzar et al. 2009; R. R. Q. Lee and Chae 2020; Chae et al. 2014). Most
studies have described structural organizations of NLR clusters on the intra-species level. Notably,
previous studies on Arabidopsis and tomato unveiled high heterogeneity within the NLR repertoire,
even on a population scale (Stam, Scheikl, and Tellier 2016; Alcdzar et al. 2014). For the RPPI-
like locus, (Alcdzar et al. 2014) unveiled that natural Arabidopsis thaliana from Gorzéw
Wielkopolski harbor predominantly two RPPI-like haplotypes within a population (Alcdzar et al.
2014). In detail, roughly 30 % of Arabidopsis individuals from Gorzéw displayed similarities to the
Ler RPP1-like locus, while the majority of tested individuals (- 70%) showed no amplification of
Ler RPPI-like genes or non-Ler RPPI-like genes, respectively (Alcdzar et al. 2014). These data
suggest predominantly two major Gw RPPI-like haplotypes, such as Gw+ (- RPPI+) and Gw-
(-RPP1-), which were confirmed in my RPPI-like genotyping for central Gorzéw Arabidopsis
population. I observed notable differences in RPPI-like CNV’s in natural Gorzéw populations.
However, the presence / absence polymorphism within the RPPI-like cluster enabled us to study
the impact of on phyllosphere microbiota in nature. While polymorphisms in NLR clusters might
occur more frequently on a local-scale, this is the first study that has actually the potential to
correlate microbial community assemblies in respect of NLR cluster variation in natural Arabidopsis
populations. Here, I linked RPPI-like polymorphism, grouped in RPPI+ (high copy number) and
RPPI- (low copy number), to microbial community compositions of the phyllosphere of natural
Arabidopsis populations over three consecutive years. Interestingly, bacterial species richness was
lower in RPPI+ haplotypes, consistent in epiphytic and endophytic compartments of cDNA-
sequencing. Similar observations were made in DNA-seq, yet, after testing the were not statistically
significant. Further observation on bacterial richness were made on sample groups, considering
Nucleic Acid x Compartment x Geographical Location x RPPI, leading to a reduced species
richness in bacterial endophytes of Gorzéw Wielkopolski (DNA, cDNA) considering RPPI+
haplotypes. In addition, sample-to-sample variation of bacterial profiles decreased in RPPI+
haplotypes for leaf compartments in cDNA-seq. Those data show that bacterial richness and sample
variation decreases in presence of the RPPI-like cluster in natural Arabidopsis population. Recent

studies have suggested to use lower microbial diversities as a predictor of microbial dysbiosis in

plant and animals (Karasov et al. 2019; Runge et al. 2021; Kriss et al. 2018; Briissow 2020).
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However, I was not able to distinguish healthy and dysbiotic samples in our dataset referring to

phenotypical or microbial diversity measurements.

Further, RPPI+ haplotypes displayed an elevated abundance of the bacterial genus Sphingomonas.
Therefore, 1 hypothesize that the presence of the RPPI-like cluster (RPPI+) suppresses the
proliferation of certain bacterial species, which might indirectly result in a higher abundance of
Sphingomonas. While NLR signaling affecting microbiome composition haven’t been described in
plants, animal NLR’s, such as NOD1/2, NLRP12 and NLRP3 are activated by conserved MAMPs
and have been suggested to affect host microbiota in the human gut (L. Chen et al. 2017; Y.-Y. Li
et al. 2017). Although animal NLR’s are known for mainly sensing conserved MAMPs and show
functional relations to animal PRR’s (Maekawa, Kufer, and Schulze-Lefert 2011). For example,
NOD1/2 can sense bacterial cell-wall peptidoglycan (Strober et al. 2006; Wolf and Underhill
2018). In contrast, plant NLR’s are known to recognize highly variable effector proteins in the
cytoplasm (described as ETT), whereas plant PRR’s are surface-localized receptor mediating PTI
signaling, historically (Lu and Tsuda 2021a; J. D. Jones and Dangl 2006). While plant NLR’s and
PRR’s showing distinct functional activation mechanism, current research suggest an intimate
association of PTI-ETT signaling to potentiate immune responses against bacterial pathogens (Lu
and Tsuda 2021b; Naveed et al. 2020; Yuan, Ngou, et al. 2021; Ngou et al. 2021; Yuan, Jiang, et
al. 2021). As an example, ETT triggered by oestradiol-inducible treatments of AvrRpp4 (recognized
by RPP4) lead to an accumulation of PTI-related proteins, such as BAK1, SOBIR1, BIK1,
RBOHD and MPK3, but not for other PTI-related proteins, such as CERK1, FLS2. MPK4 and
MPKG6 (Ngou et al. 2021). Note, the plant NADPH oxidase RBOHD, responsible for ROS
production during PTT and ETI, has been identified as a crucial host factor for homeostasis in
phyllosphere microbiota (Pfeilmeier et al. 2021). Moreover, plant NLR’s have been widely
described in host resistance, while evidence for NLR non-host resistance (NHR) emerged from
Arabidopsis WRR4 and maize Rxol (Redkar et al. 2021; Borhan et al. 2008; Cui, Tsuda, and Parker
2015; H.-A. Lee et al. 2017; Cevik et al. 2019). Thus, Rxol shows resistance to pathogenic and
non-host bacteria (B. Y. Zhao et al. 2004).

In contrast to bacteria richness, no differences were observed in eukaryotic profiles in respect of
RPPI-like haplotypes. However, I observed a slight shift in eukaryotic richness in RPPI+
haplotypes using cDNA-seq suggesting a consistent advantage of cDNA-seq compared to DNA-

seq to resolve the impact of host-genotype effect in natural populations.
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Overall, these results highlight the fact that the host-genotype, considering RPPI-like haplotypes,
affect the phyllosphere microbiome in natural Arabidopsis populations, besides other effects, such
as leaf compartments and environmental cues. Nevertheless, the molecular function of RPPI-like
genes in natural Gorzéw Arabidopsis, as well as in natural and laboratory Landsberg accessions (Ler-
0, La-0) still remains unknown. In the future, correlations between the microbiome composition
and RPPI-like haplotypes will have the potential to identify key microbes that will allow us to
validate our findings /7 planta under controlled conditions. Therefore, highly associated microbes
will be tested on Landsberg (Ler-0, RPPI+) and Ler-0 ADM2 (RPPI-, deletion of the RPPI-like

cluster in Ler-0 background).
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3.6 Conclusions

The current study aimed to determine the RPPI-like cluster structure and whether the presence of
the RPPI-like genes impacts the phyllosphere microbiota in local Gorzéw Arabidopsis populations
(see Fig. 14A). Here, I supplied a comprehensive dataset comprising whole genome sequences of
16 single Arabidopsis thaliana genomes from natural sampling sites in the area of Gorzéw
Wielkopolski (former Landsberg an der Warthe). Furthermore, two natural Arabidopsis accessions
from Landsberg (La-0) displayed high collinear regions in relation to the reference Ler-0. In respect
of the RPPI-like loci, high heterogeneity was observed in terms of sequencing length and gene copy
variation (see Fig. 14D). RPP1-like genotyping revealed two major RPPI-like haplotypes, described
as RPP1- and RPPI+ across natural Arabidopsis populations (see Fig. 14B). Hence, three out of
four central Gorzéw sites (200, 300, 400) were confirmed as RPPI-like hotspot, while outlier sites
displayed a complex mixture of RPPI-like haplotypes. By studying the composition of
phyllospheric microbes using simultaneously DNA- and cDNA - amplicon sequencing has
unveiled environmental cues, such as sampling year and sampling sites, as well as leaf compartments
affecting microbial community assemblies (see Fig. 14C). Natural variation of RPPI-like copy
numbers allowed correlations between RPPI-like haplotypes and resulted in lower bacterial
richness, as well as lower sample-to-sample variability in RPP1+. While environmental cues were
leading factors in shaping phyllosphere microbiota, natural NLR polymorphism, displayed on
RPP1-like haplotypes altered bacterial communities in wild Gorzéw Arabidopsis on a local-scale. In
addition, I determined persistent plant-associated microbes across the whole dataset and I resolved
the presence of common taxa, as well as uncommon ones that had not yet been described on
Arabidopsis thaliana. These results support the currently established knowledge about sampling
timepoints and geographical locations impacting microbial consortia. In addition, I overserved a
host species effect on the diversity of microbial community compositions, mainly affected in
bacteria and protist profiles. In terms of diversity, fungal community compositions remained rather

stable across data features, like sampling year, geographical locations and host species.
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Fig. 14: Overview of major conclusions. A) Geographical location of natural Arabidopsis population around Gorzéw
Wielkopolski. B) Distribution of RPPI-like haplotypes simplified as RPPI- and RPPI+. C) Ecological factors
impacting phyllosphere microbiota. D) Structural variation of RPPI-like cluster in Ler-0, La-0 and Gw individuals.
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3.7 Future perspectives

Scientific results obtained in my thesis rises a plethora of new research questions and objectives.
The whole genome sequencing of single Arabidopsis plants from Gorzéw Wielkopolski revealed
heterogenous RPPI-like gene cluster structures. The RRPI-like genotyping of individual plants

gave a first indication of copy number variations among the whole samples set.

From this study, whole genome sequences of
various individual Arabidopsis plants whole
genome sequencing of Gorzédw Arabidopsis plants
call for further investigations about the RPPI-like
gene cluster organization among Arabidopsis
subpopulations  of  Gorzéow  Wielkopolski,
Rézanki and Lupowo. However, to study RPPI-
like gene cluster structures and the impact of
single RPPI-like genes on the phyllosphere
microbiome, it would be useful to apply a
metagenomic approach on the endophytic sample
set (see Fig. 15A). On one hand, plant reads could
be used for a mapping approach of the RPPI-like
gene cluster against the reference Ler-0 and our
Gorzéw Arabidopsis genome collection to verify
gene cluster organisation and single nucleotide
polymorphism in non-synonymous amino acids
Fig. 15: Future perspectives to verify the impact of
on a population-scale. On the other hand, | RPPI-like haplotypes on the phyllosphere
microbiota. A) Metagenomics of endophytic
compartments will be used to obtain structural

variation of the RPPI-like cluster. B) Linear

discriminant analysis and co-occurrence networks will
be used to identify RPPI-like-associated microbes. C)
Microbial reconstruction experiments using Ler-0

sequencing reads of endophytic microbes could be
used to extent the microbiome study to an
untargeted approach. To further understand the
complex colonization and succession of the | (RPPI+) and LerADM2 (RPPI-) are suggested to

confirm obtained conclusions under controlled
phyllosphere microbiome in respect to the plant, | conditions.

metagenomic data could be used for a microbial genome wide association study (microbial-
GWAS), implementing further genomic features to identify host-genetic factors on whole genomes
(Deng et al. 2021; Clouse and Wagner 2021; Brown et al. 2020; F. Li et al. 2019). Thus, evidence
of positive selection pressure on whole genome information on a local-scale can be used to identify
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candidate genes or families that have the potential to unveil host-microbe interactions to undergo
functional relation of host genetics and microbial compositions (Mondragén-Palomino et al. 2002;

Dyachkova, Chekalin, and Danilenko 2019).

In this project, I observed higher bacterial diversities in the absence of the RPPI-like gene cluster
in Gorzéw Arabidopsis. Hence, the cause might be directly- or indirectly - related to the presence
of RPPI-like genes. Therefore, modelling approaches and co-occurrence network calculations can
be used to identify RPPI-like-related microbes (see Fig. 15B). In planta experiments using a Ler-0
ARPPI-like mutant (Deletion of the RPPI-like gene cluster in Ler-0) or Col-0 RPP1-like (R1-R8)
complementation lines could be useful to perform functional analysis of this NLR cluster under
the use of highly diverse synthetic microbial communities, so called SynCom’s (see Fig. 15C).
SynCom’s are ideal to narrow down functional relations of the RPPI-like haplotypes, since we
established a profound microbial Gorzéw Culture Collection (GCC), representing several
hundreds of bacteria, yeasts and fungi. In addition, co-occurrence network analysis and supervised
linear learning models, based on support-vector machine algorithm are considered for the future to
limit experimental efforts. I hypothesize that potential resistance genes, such as RPPI-like genes
might play a role in phyllosphere microbiome dynamics by implementing ETT signalling pathways.
However, the molecular function of the RPPI-like genes on chromosome 3 remains unknown.
Further research is needed to obtain insights in the signalling events mediated by RPP1-like genes

in Gorzéw and Landsberg Arabidopsis.
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4 Material and Methods

4.1 Sampling sites and local sample processing

Natural Arabidopsis thaliana populations were collected on six sites within the region of Gorzéw
Wielkopolski (former Landsberg an der Warthe) in three consecutive years (2016 — 2018). The
geographical location of sampling sites were determined by Rubén Alcdzar and were summarized
in Tab. 1. Arabidopsis leaf rosettes (10 samples per site) were collected in April of each sampling
year representing 180 individual plant samples. From each plant rosette, leaf-surface colonizing
microbes (epiphytes) and cytoplasmic microbes (endophytes) were separated along the sampling
site according to (Agler et al. 2016). Leaf compartments were directly frozen on dry ice and stored

at -80°C for microbiome studies.

Tab. 1: Geographical location of local Arabidopsis population around Gorzéw Wielkopolski.

Sampling Sites Location Latitude Longitude

100 Gorzéw Wielkopolski 52.73493 N 15.25088 E
200 Gorzéw Wielkopolski 52.73542 N 15.25115E
300 Gorzéw Wielkopolski 52.73654 N 15.25004 E
400 Gorzéw Wielkopolski 52.79430 N 15.32715E
500 Rézanki 52.79430 N 15.32715E
600 #1 Lupowo 52.70058 N 15.12207 E
600 #2 Lupowo 52.70059 N 15.12220 E

4.2 Gorzéw plant collection

During our samplings, we established a Gorzéw plant collection (GPC) comprising 145 single
Arabidopsis lines, collected according to sampling sites from 2016 to 2018. Arabidopsis plants were
transplanted to the greenhouse for seed propagation. From each parental line, offspring generations
(F1, F2) were generated for further genotyping and whole genome sequencing. A full list of the

Gorzéw plant collection is displayed in Tab. 2.

Tab. 2: Description of the Gorzéw plant collection (GPC).

Sites GPCID Sampling Year
100 - 600 A-] 2016
100 - 600 K-S 2017
100 - 600 T-AC 2018
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4.3 Simultaneous DNA and RNA extraction

Homogenization of leave and microbial samples was done with the Precellys Evolution bead beater
(Bertin Coorp.) with Cryolys at 6300rpm [2x30s, 15s break] at -20°C. The epiphytic and
endophytic fraction was homogenized with a zirconium bead combination [0.1mm, 0.5mm
2.8mm]. The simultaneous extraction of high quality DNA and RNA from epiphytic and
endophytic samples has been obtained with an established method, based on the AllPrep
DNA/RNA Kit (Qiagen, Germany). The protocol was started according to the manufacturer's
protocol with the adding of 600ul Lysis Buffer. The supernatant was transferred to a QIAshredder
column, to remove plant cell debris and optimize the homogenization procedure. Further, the
simultaneous extraction of DNA / RNA was conducted according to manual recommendation,
including a DNAse I on column digestion. RNA samples were treated additionally with Turbo™
DNAse (Thermo Fisher Scientific, USA). The complete sample set was fully randomized on 96-
well plates. Finally, nucleic acids were purified using an in-house bead clean-up protocol (provided
by D. S. Lundberg, MPI Tiibingen) to gain sample quality. Quality check was performed using

QuantiFluor dsDNA and RNA System. Measurements were taken on a plate reader.
4.4  Amplicon sequencing spike-in

I established an internal control for amplicon sequencing libraries using 18S rRNA from zebrafish
(Danio rerio). Wild-type zebrafish embryos (ABTL, 5h old) were provided by Aristides Arrenberg
(Werner Reichardt Centre for Integrative Neuroscience, Tiibingen, Germany). Approximately 100
embryos were snap frozen and homogenized with the Precellys Evolution bead beater (Bertin
Coorp.) with Cryolys at 6500rpm [2x30s, 15s break] at -20°C using zirconium beads [0.1mm,
0.5mm 2.8mm]. Genomic DNA was isolated with our custom phenol-chloroform isoamyl alcohol
protocol, described by (Agler et al. 2016). Ribosomal RNA gene primers were designed (see below),
based on the Danio rerio GRCzll reference genome (Genbank: CM002889.2, RefSeq:
NC_007116.7). Amplicons were tacked with a T7 promotor (fw) and poly-A-tail (rv) and 18S
rDNA amplicons were generated using PCR [5x Q5 reaction buffer, 5x High GC Enhancer, each
2.5 mM dNTP’s, each 10 uM Oligonucleotides, 100 ng gDNA, 1 U NEB Q5 High-Fidelity DNA
Polymerase, nuclease-free water] cycling [95 °C 2 min; 35 times 95 °C 30's, 65 °C 45 °C, 72 °C
60 s; 72 °C 2 min]. 18S rRNA gene amplicons were purified using NucleoSpin' Gel and PCR

Clean-up mini kit (Macherey-Nagel, Germany).
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An in-vitro transcription with PCR products was performed using MEGAscript T7 transcription
Kit (Thermo Scientific Fisher, USA) according to manufacturer recommendations, to generate
RNA spike-in control. Deoxynucleic acids were degraded using Turbo™ DNase (Thermo Fisher
Scientific, USA). Ribonucleic acids were purified using NucleoSpin" RNA Clean-up (Macherey-
Nagel, Germany). RNA quality check was performed using RNA native agarose gel electrophoresis,
NanoDrop (Thermo Fisher Scientific, USA), QuantiFluor’RNA system (Promega, USA) and
Agilent 2100 Bioanalyzer system (Agilent, USA).

Tab. 3: In-vitro transcription oligonucleotides

ID Name Sequence 5’ - 3’

nPR116 | T7prom-18SDr F TAATACGACTCACTATAGGGTACCTGGTTGATCCTGCCAGTAA

nPR117 | 185 DrR2 30(T)_Acll | AACGTTTTTTITTTTTTTTTTTTITTTTTTTTTTTTTTAAAAACG
GGCGGTCGGC

Fig. 16: Quality assessment of amplicon-sequencing spike-in control. Electropherogram of 18S rRNA spike-in
on a high sensitivity RNA microfluidics-based detection system ( Agilent 2100 bioanalyzer) shows one clear peak
(A), as well as bioanalyzer image shows one major band (B) indicating good quality RNA. Concentration: 185
tRNA Danio rerio ~ 375.8 ng/ul (#181024-2)

4.5 Amplicon library preparation invoking spike-in control

Custom amplicon sequencing libraries were prepared using simultaneously extracted DNA and
RNA samples. Ribonucleic acid samples were transcribed into complementary DNA (cDNA) using
SuperScript IVI™™ Reverse Transcriptase (Thermo Scientific Fisher, USA). The reaction was set up
as recommended by the manufacturer. Oligonucleotides are displayed in Tab. 4. The input nucleic

acid was normalized to an equal amount and a ratio of nucleic acids (DNA, RNA) between epiphytic
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and endophytic samples were set to 1:100. In addition to each template nucleic acid, I added an
internal control (spike-in) to each sequencing library. Thus, 25 pg spike-in was added to each DNA
(18S rDNA) and ¢cDNA (18S rcDNA) sequencing library. From that point forward, custom
libraries were prepared as published by (M. Agler et al., 2016). Bacterial amplicons targeting 16S
rRNA genes (referred to rDNA) V4/V5 regions and protist amplicons were targeting 18§ rDNA
V8/V9 regions. Sequencing of the sequencing library pools (total 1440 libraries) was performed at

the Genome Center of the Max Planck Institute for Developmental Biology Tiibingen, Germany

(https://www.eb.tuebingen.mpg.de/ infrastructure/genome-center/) using an Illumina MiSeq

platform (MiSeq V3 kits). Basecall BCL files were converted into fastq files using bcl2fastq.

Tab. 4: Oligonucleotides for complementary DNA

ID Name Sequence 5’ -3 Reference

T052 B806R | GGACTACHVGGGTWTCTAAT (Bodenhausen et al., 2013)
T027 1193R | ACGTCATCCCCACCTTCC (Bodenhausen et al., 2013)
G002 R1200 | CCCGTGTTGAGTCAAATTAAGC (Hadziavdic et al., 2014)
G004 R1797 | TGATCCTTCTGCAGGTTCACCTAC (Hadziavdic et al., 2014)
TO025 799F AACMGGATTAGATACCCKG (Bodenhausen et al., 2013)
G003 F1422 | ATAACAGGTCTGTGATGCCC (Hadziavdic et al., 2014)
5M30-F AGATCAGGGGCTCAGCTAACGCGTGAACAC (Agler et al. 2016)
CI1BV5 TTTTGGCAGGGCGTACTAAACCCACTTACT (Agler et al. 2016)

GC006 TGATGTATTCAACGAGTTCACACCTTGGCCGACAG | Mari et al., unpublished
GC008 TCTAAATGATAAGGTTTAGTGGACTTCTCGCGACG | Mari et al., unpublished

4.6 Amplicon quality processing, clustering and classification

Raw sequencing data were processed using the mothur pipeline (v. 1.42.2). Paired-reads were
quality filtered with screen.seqs (parameter= minoverlap=5, maxambig=0, maxhomop=10,
minlength=100, maxlength=600) and demultiplexed according to their 12 bp barcode-indices.
Chimeric sequences were removed using uchime and sequences were grouped into operational
taxonomic units (OTUs) (Edgar et al. 2011). Taxonomic assignment was performed based on
reference databases for bacterial 16S rRNA genes (Greengenes gg_13_8_99) and protists (PR2, v.
4.11.0) (Guillou et al. 2013; DeSantis et al. 2006). Reference databases were completed with the
full phage genomes of PhiX (sequence and taxonomy files), an internal Illumina sequencing
standard and spike-in sequence (18S rRNA full length gene of Danio rerio). Final OTU-tables were
converted into biom-files and further processed using Qiime2 (Bolyen et al. 2019) and in-house R
scripts. R packages such as qiime2R, phyloseq and microbiome were implemented to calculate

microbial diversities. A beta-dispersion analysis was conducted on Bray-Curtis dissimilarities using
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rarefied relative abundance OTU-tables to calculate sample-to-sample variability. The multivariate
homogeneity of group dispersions analysis was conducted within the R package Vegan using

‘betadisper’.
4.7 ldentification of microbial core community

Persistent core microbes across sampling sites and years were calculated using CORE-function in
giime2. Core microbes, represented by operational taxonomic units, had to be present in > 85% of
all samples to be counted, applied to all amplicons. Multi sequence alignments using Clustal
Omega (v.1.2.4) were conducted based on representative sequences of each core OTU. Multi
Sequence alignments (ClustalW-format) of single amplicons were used to calculate rooted
phylogenetic trees using iqtree (parameter: igtree -s clustalo_output -st DNA -m TEST -bb 1000
-alrt 1000).

4.8 Genotyping determining RPPI-like CNV in Gw Arabidopsis

Genotyping of RPPI-like genes in Arabidopsis thaliana was established using a droplet digital PCR
(ddPCR) approach. Thus, copy number variations (CNVs) of RPPI-like genes (target) were
calculated, based on UBQ5 (At3G62250, reference) genes. Oligonucleotides and Taq-Man probes
were designed for target and reference genes (see Tab. 4). Each duplexed ddPCR reaction was
performed in triplicates and included unique oligonucleotides for target and reference genes. The
ddPCR reactions [20 pl] were set up as follow: 2 x ddPCR™ Supermix for Probes (Bio-Rad, Ref:
1863023), each 900nM RPPI-like Fw / Rv, 250nM FAM-Taq-Man probe, each 900nM UBQ5
Fw / Rv, 250nM Hex-Taq-Man probe, 0.5 ng gDNA / HindIII, NFW. Droplets were generated
using a QX200 Droplet Generator (Bio-Rad, Ref: 1864002) and transferred to 96-well PCR plates
for thermocycling [98 °C for 600 s; 40 cycles of 94 °C ( ramp 2 °C/s) for 30 s, 60 °C for 20 s and
72 °C for 15 s, 98 °C 600 s]. Quantitative measurements were conducted with a QX200 Droplet
Reader (Bio-Rad, Ref: 1864003) and analyzed using Quanta Soft (v. 1.0) and in-house R scripts.
FAM-detected droplets of RPPI-like copies were normalized to Hex-detected droplets of UBQ5

copies to perform an absolute quantification.
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Fig. 17: Oligonucleotide and probe design of RPP1-like genotyping using
droplet digital PCR.

Tab. 5: Oligonucleotides for ddPCR genotyping in Gorzéw Arabidopsis populations.

ID Sequence 5’ -> 3’ Description

nPR118 | ACA CAA GTG CCT SCM TGC TTC AAT RPPI-like Fw primer
nPR119 | TGA TAC AAG CCT TAA ATC TCA AGG RPPI-like Rv primer
nPR137 | FAM-TTGAAAATCAAGTTGAAGGAGTCG-BHQI RPPI-like probe
nPR124 | GAAGGCGAAGATCCAAGACAAGGAA UBQ5 Fw primer
nPR125 | GGAGGACGAGATGAAGCG UBQ5 Ry primer
nPR136 | Hex-AACAGCTTGAAGACGGCCG-BHQ1 UBQ)5 probe

4.9 Whole genome sequencing, assembly and annotation

The isolation of high-molecular weight DNA (HMW-gDNA) from Arabidopsis bud collections of
individual plants (up to 10 cycles) was performed using an optimized Phenol-Chloroform-Isoamyl
alcohol extraction protocol, described by (Schwessinger and Rathjen 2017) or followed
manufacturer recommendations using Plant Midi II Kits (Macherey-Nagel, Germany). Nucleic

acids were further purified using an in-house magnetic bead clean protocol, provided by D. S.

Lundberg (MPI Ttiibingen). Quality controls of HMW-gDNA was conducted using NanoDrop
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(Thermo Fisher Scientifics, USA), QuantiFluor dsDNA system (Promega, USA) and Bioanalyzer
2100 system (Agilent Scientific Instruments, USA).

Long read whole genome sequencing was performed by the Max Planck-Genome-centre Cologne,

Germany (https://mpgc.mpipz.mpg.de/home/). Each Arabidopsis genome was sequenced on two

SMRT-=- cells and raw data were delivered via FTP-server. Illumina short reads (150PE) were

generated for each Arabidopsis genome by Novogene (Norwich, UK).

Genome assemblies using long reads were performed with Canu (v. 1.8) (Koren et al. 2017). A
reference-based scaffolding was conducted with RagTag (v.2.0.1) (Alonge et al. 2019). The
assembly of Ler-0 (accession: GCA_900660825) published by (Goel et al. 2019) was used as a
reference. Obtained scaffolds were polished with Illumina short reads using Pilon (v. 1.23) to
reduce sequencing errors (Walker et al. 2014). Quality checks of assemblies and scaffolded genomes

were conducted using QUAST (v. 5.02) (Gurevich et al. 2013).

Coding genes were annotated implementing a6 initio gene predictions, such as Augustus (v. 3.2.3),
GlimmerHMM (v. 3.0.4) and SNAP (Majoros, Pertea, and Salzberg 2004; Leskovec and Sosi¢
2016; Stanke and Morgenstern 2005). Reference protein sequences from Araportl1 annotation
(Columbia-0) were used for protein sequence alignments within each genome annotation using
Exonerate (v. 2.2.0) (C. Y. Cheng et al. 2017; Slater and Birney 2005). Gene predictions and
annotations were concatenated and integrated into consensus gene models based on Evidence
Modeler (v. 1.1.1) (Haas et al. 2008). Noncoding genes were annotated using tRNAscan-SE (v.2.0)
incorporating Infernal (v1.1) (Chan et al. 2021; Nawrocki and Eddy 2013). In addition, ULTRA
was used to locate short tandem repeats (Olson and Wheeler 2018). Transposable elements were
annotated using RepeatMasker (v. 4.1.2-p1) (Smit 1993). Resistance genes were further annotated
using RGAugury (v.) (P. Li et al. 2016). Centromeric regions were identified by searching (blastn,
hmmer) for the consensus sequence of 178-bp tandem repeats published by (Naish et al. 2021).

Arabidopsis gene models were used for further downstream analysis.
4.10 Pan-genome analysis

Synteny maps and genomic rearrangements were analysed using SYRI (Synteny and Rearrangement
Identifier) (Goel et al. 2019). Downstream analysis was performed with in-house R scripts
implementing packages, such as karyoploteR, rtracklayer, RIdeogram and Gviz (Gel and Serra
2017; Lawrence, Gentleman, and Carey 2009; Hao et al. 2020; Hahne and Ivanek 2016).
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RPPI-like resistance gene loci were extracted using border gene locations of AT3G44600 (left
border) and AT3G44690 (right border) in gene model annotations. The RPPI-like loci in the
reference Landsberg erecta (Ler-0, 2019, v2) was extracted using blastn to locate border genes.
Genomic sequences of RPPI-like loci were extracted using bedtools (v. 2.26.0) getfasta function
(Quinlan and Hall 2010). Genomes showing both border genes were considered for further
downstream analysis. Genomic distances of RPPI-like loci were calculated by genome skimming
using Skmer (v. 3.0.2) (Sarmashghi et al. 2019). Visualization and statistics of genomic distance
matrices were conducted in R (v using R packages ‘ggfortify’ and ‘vegan’ (Tang, Horikoshi, and Li

2016; “Vegan: Community Ecology Package” n.d.).

Gorzéw gene models and reference genomic feature files were used to extract gene annotations
within the RPPI-like loci. Genomic feature files were converted into genbank files using seqret
(Rice, Longden, and Bleasby 2000) and visualized with the gene cluster comparison tool Clinker
(Gilchrist and Chooi 2021). Protein translations within RPPI-like loci were extracted from Clinker
global alignments (all vs. all). Thus, border proteins and RPPI-like proteins were identified using
blastp from Diamond against a self-made database including AT3G44600, AT3G44690 (TAIR10)
and RPPI-like R1-R8 [ACJ64856.1] proteins) (Buchfink, Xie, and Huson 2014).

4.11 Statistical analysis

Statistics were performed with either customized scripts using R (pairwise-Wilcoxon-Test,

PERMANOVA) or qiime2-implemented functions (Kruskal-Wallis-Test, PERMANOVA).
4.12 Data and code availability

Supporting data of the current work are available within the paper and appending Supplementary
Information files. The datasets generated and analyzed within this study are available from the
corresponding author upon request. Raw sequencing data of phyllosphere microbiota and
Arabidopsis whole genome sequencing, including assemblies and annotations are accessible in the

European Nucleotide Archive.

Custom scripts are freely accessible at github/RUNGEP.
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5 Supplementary Data

5.1 Arabidopsis sampling sites around Gorzéw Wielkopolski

S-Fig. 1: Geographical location of natural Gorzéw Arabidopsis sampling sites. Map (A) and representative views
(B) of sampling sites. Sites are located on the cemetery gwiqtokrzyski in central Gorzéw Wielkopolski (100-400), as
well as north east in Rézanki (500) and south west in Eupowo (600).

5.2 Whole genome sequencing data

S-Tab. 1: Whole genome sequencing overview using long-read PacBio (LR) and short-read (SR) Illumina
sequencing. The majority of LR sequences were generated on two SMRT-cells per genome. PacBio coverage was
calculated on high-quality sequences within the trimming phase of Canu (v.1.8) assemblies. Illumina SR (PE150)
coverage was calculated on an average Arabidopsis thaliana genome size of 135Mbp. Long-reads were assembled into
contigs using Canu and scaffolded on the reference genome Landsberg erecta (Ler-0) using RagTag (v. 2.0.1). lllumina
reads were used for sequencing correction and gap filling using samtools (v. 1.10) and pilon (v. 1.24).
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5.3 Contig assembly statistics

S-Tab. 2: PacBio long reads of one to three SMRT- cells were assembled into contigs using Canu (v. 1.8). Contig
assembly statistics were calculated using QUAST (v. 5.0.2).

5.4 DPolished scaffolds statistics

S-Tab. 3: The completeness of Gorzéw Arabidopsis genomes were validated using Benchmark Universal Single-
Copy Orthologs (BUSCO, v. 5.2.2) of the lineage dataset “embryophyta_odb10” including the reference genome
Landsberg erecta (Ler-0, 2019, v2) published by (Jiao and Schneeberger 2020).
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S-Tab. 4: Reference-based scaffolding of contigs was conducted using chromosome-level assemblies of Arabidopsis
thaliana ecotype Landsberg erecta (Ler-0, 2019, v2) published by (Jiao and Schneeberger 2020). Scaffolds were
generated using RagTaq (v. 2.0.1) and polished including Illumina short reads using pilon (v. 1.24). Scaffold statistics
of pseudomolecules (split into scaffolds) were calculated using QUAST (v. 5.0.2).
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5.5 Synteny maps of Gorzéw genomes

S-Fig. 2: Synteny map of Gorzéw genomes against the reference genome Landsberg erecta (Let-0).
Synteny was calculated using SYRI (Goel et al. 2019). Graphics were created using R (package
Rideogram, v 0.2.2) (Hao et al. 2020).
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5.6 Number and total length of rearranged regions

S-Tab. 5: Aligned regions in megabases of Gorzéw genomes against the reference genome Ler-0 using SYRI.
Annotations are described as alignment in syntenic region (SYNAL), translocated region (TRANSAL), inverted
translocated region (INVTRAL) and duplicated region (DUPAL). Total displays full alignment length.

S-Tab. 6: Syntenic and non-syntenic (translocated) regions of Gorzéw genomes and La-0 against the reference
genome Ler-0 using SYRI. Syntenic and non-syntenic regions are described as single nucleotide polymorphism (SNP),
Deletion in query (DEL), highly diverged regions (HDR), Copy gain in query (CPG), Copy loss in query (CPL) and
Insertion in query (INS).

5.7 Year distribution of RPP1I-like CNVs

S-Fig. 3: Distribution of RPPI-like copy numbers across sampling years, obtained by ddPCR
genotyping.
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5.8 Validation of RPPI-like genotyping

The genotyping of local Gorzéw Arabidopsis thaliana using ddPCR was verified by sanger
sequencing of RPPI amplicons from control lines Columbia (Col-0) and Landsberg (Ler-0). The
ddPCR assay was performed on controls as described in the method section (see 4.8). After PCR
cycling, ddPCR reactions were used for DNA extraction using a Phenol-Chloroform-Isoamyl
alcohol protocol described by Agler et al. (2016). Obtained DNA was purified using an in-house
magnetic bead clean-up protocol (provided by D. S. Lundberg, MPI Tiibingen) and quantified
using QuantiFluor dsDNA system (Promega, USA). Purified RPPI amplicons from Col-0 and
Ler-0 were cloned in the blunt-end vector pJET1.2 according to manufacturer recommendation
(0.15 pmol ends - 6 ng [121bp amplicons]) (ThermoFisher, USA). Plasmids were transformed
into E.coli Top10 competent cells and streaked onto selective media (LB + Amp100) ON at 37 C.
High-copy plasmid DNA was extracted using NucleoSpin® Plasmid Mini kit (Macherey-Nagel,

Germany). Plasmids were sent for sanger sequencing including primer of T7 promoter (nPR131).

S-Fig. 4: Validation of ddPCR genotyping for Gorzéw
Arabidopsis populations. Barplot representing local blastn results
of control-based (Col-0 - RPPI-, Ler-0 - RPPI+) ddPCR

amplicons.

In total, I obtained sequences of 24 plasmids (pJET1.2-RPPI) for control lines Col-0 (RPPI-) and
Ler-0 (RPPI+). Sequencing results were analysed with local blastn (ncbi-blast-2.2.30+) using a
RPPI-specific database (makeblastdb -in ddPCR_amplicons.fasta -dbtype nucl -out
ddPCR _amplicons_mydb.fa), including ddPCR amplicons of RPPI and RPPI-like genes from
Col-0 and Ler-0. Blast results were considered with sequence identities > 97 %. In addition, RPPI-

like blast hits in Col-0 were considered as false positives. Interestingly, all Col-0 amplicons are

80



related to RPPI-like genes (AT3G44630, AT3G44670). RPP1 amplicons obtained from Ler-0
showed high similarities to Gw RPPI-like genes (see S-Fig. 4). Our results display a high specificity
of the ddPCR genotyping approach applicable for natural Gorzéw Arabidopsis populations.

5.9 Beta-dispersion analysis on Bray-Curtis dissimilarities to compare sample-to-sample

variation accounting for environmental factors and RPPI-like alleles

S-Fig. 5: Beta-dispersion analysis on Bray-Curtis dissimilarities to compare sample-to-sample
variation on environmental features for 16S rRNA amplicons using simultaneously DNA-seq (left)
and ¢cDNA-seq (right). Samples are grouped by A) sampling year, B) leaf compartment, B) and C)
sampling sites. Statistics: Dunn test. Horizontal lines accounting for statistical significance between
sample groups. Circle diameter reflect p-values.
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S-Fig. 6: Beta-dispersion analysis on Bray-Curtis dissimilarities to compare sample-to-sample
variation on environmental features for 18S rRNA amplicons using simultaneously DNA-seq (left)
and cDNA-seq (right). Samples are grouped by A) sampling year, B) leaf compartment and C) sampling
sites. Statistics: Dunn test. Horizontal lines accounting for statistical significance between sample
groups. Circle diameter reflect p-values.
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S-Fig. 7: Beta-dispersion analysis on Bray-Curtis dissimilarities to compare sample-to-sample variation in
RPP1 haplotypes for 16S rRNA amplicons using simultaneously DNA-seq (left) and cDNA-seq (right).
Samples are grouped by A) Compartment x RPPI-like allele and B) Location x Compartment x RPPI-like allele.
Statistics: Dunn test. Horizontal lines accounting for statistical significance between sample groups. Circle diameter
reflect p-values.

S-Fig. 8: Beta-dispersion analysis on Bray-Curtis dissimilarities to compare sample-to-sample variation in
RPP1 haplotypes for 18S rRNA amplicons using simultaneously DNA-seq (left) and cDNA-seq (right).
Samples are grouped by A) Compartment x RPPI-like allele and B) Location x Compartment x RPPI-like allele.
Statistics: Dunn test. Circle diameter reflect p-values.

83



5.10 DNA amplicon sequencing

S-Fig. 9: Microbial richness and taxonomic composition of classical DNA-sequencing. A) bacteria
B) fungi and C) eukaryotes. Kruskal-Wallis test p < 0.05.
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S-Fig. 10: Multivariate analysis of (DNA) microbiome samples considering year, compartment and
geographical location (sites). Non-metric multidimensional scaling plots on Bray-Curtis dissimilarities
displaying NMDS1 and NMDS2 representing the first two axis of the two-dimensional ordination.
Plots are from left to right: 16S rRNA (bacteria), ITS2 (fungi) and 18S rRNA (eukaryotes). Microbiome
features are displayed for sampling year (A), leaf compartments (B) and geographical locations (C).
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S-Fig. 11: Microbial diversities of wild Arabidopsis microbiome samples from six geographical
locations around Gorzéw Wielkopolski across three consecutive years. Considering amplicons of 16S
rRNA, ITS2 and 18S rRNA (left to right). Samples are grouped by [Compartment x RPPI]. A) Shannon
indices were calculated for sample groups. B) Principle component analysis (PCA) of taxonomic

composition according to sample groups. The explained variance relies on the first two ordinations
PCAL1 and PCA2 within the ordination system.
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S-Fig. 12: Microbial composition of sample groups [Compartment x RPPI]
remains stable across geographical locations.
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