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Summary

All multicellular organisms are colonized by a diverse range of microorganism, called the microbiota. The
host-associated microbiota influences and contributes to host phenotypes, for example, by alleviating abiotic
and biotic stresses. The microbiota contributes to resistance against pathogen invasion but can be altered to
a dysbiotic state that facilitates pathogen growth. Plants constitute the largest biomass of terrestrial
ecosystems and are an important source of food for humans. In the past, research on disease development
in plants was focused on uncovering the plant immune system involved in pathogen recognition — and how
pathogens evade detection. However, recent studies offer a more holistic view of potential functions beyond
plant-pathogen interactions, and provide first insights into the relevance of the host-associated microbiota
in order to limit pathogens. Individual members of the plant-associated microbiota were shown to harbour
plant protection capacity. However, their protective effects may depend on the context of the microbiota.
Higher order interactions within the microbiota may lead to different outcomes compared to when studied
individually. This highlights the importance of considering the interactions of the entire microbiota on
disease suppression.

In this thesis, synthetic communities built from a collection of 224 bacterial strains — called the At-
LSPHERE — were investigated for their protection potential against a foliar pathogen Pseudomonas syringae
pathovar tomato in the model plant Arabidopsis thaliana in a gnotobiotic system. In a first step presented in
Chapter 11, the stability of microbiomes was investigated through passaging of the synthetic community
over subsequent plant populations. During the first passage, a loss of species richness and diversity was
observed, which was accompanied by a loss in protection. After the first passaging, the microbiota was
stable and pathogen colonization remained at a comparable low level of colonization. The extent to which
an even more proficient health-associated microbiota could be selected for by challenging with the pathogen
in each passage was also investigated. A significant and reproducible distinction in microbiota composition
within microbiota passaged based on opposite extremes of plant phenotypes was found — that is healthy
versus diseased. However, it proved difficult to propagate differences in microbiota composition trough
passaging from plant to plant to achieve consistent plant phenotypes across plant generations.

In Chapter III, pathogen colonization was linked to changes in strain abundance and presence. The
synthetic community establishment was resilient against perturbation of initial strain abundances and
pathogen invasion. Drop-out experiments of the main bacterial phyla of the phyllosphere revealed that the
capacity to prevent pathogen colonization was most pronounced in the Proteobacteria. Synthetic community
experiments, in which strains were replaced for others, showed that synthetic communities can be altered
towards different disease outcomes. A limited number of microbiota members appeared to be crucial for
plant protection. In addition, strains with inherently higher levels of protection were found to be generally

more abundant in planta compared to strains with lower levels of protection.
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In Chapter IV, plant protection was investigated using 35 bacterial strains combined in 136 randomly
composed synthetic communities of five strains each. Through classification and regression analyses, three
strains were identified as the most important predictors of pathogen colonization outcomes. The prediction
accuracy of microbiota-mediated protection was 87-93% of correctly predicted protection, while a random
classifier correctly predicted 51-56%. The in silico pathogen prediction was confirmed by validation
experiments. The three most important strains conferred higher protection in combination. A refined data
analysis revealed another strain combination to be important for plant protection, while individually, they
were intermediate to non-protective.

In conclusion, the presence of a diverse set of beneficial microbes from a model microbiota contributes
to plant protection. The microbiota harbours diverse and redundant mechanisms to limit pathogen invasion
and growth. In some groups, particularly the Proteobacteria, these mechanisms were enriched. Our results
also suggest that protection is conferred by a limited number of members of the microbiota, and these
members are likely to be competitive colonizers. The approach presented here allows the identification of
microbial patterns important for protection in a community context. It can be adapted to identify features

relevant for microbiota function in other biological systems.
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Zusammenfassung

Alle multizelluldren Organismen werden von einer Vielzahl von Mikroorganismen besiedelt — kollektiv als
Mikrobiota bezeichnet. Die Wirt-assoziierte Mikrobiota beeinflusst den Phinotypen des Wirts, wie zum
Beispiel durch Linderung von abiotischen und biotischen Stressoren. Die Mikrobiota tragt zur Resistenz
gegen Kolonisierung von Krankheitserregern bei, kann jedoch in einen dysbiotischen Zustand geraten, der
das Wachstum von Krankheitserregern begiinstigt. Pflanzen machen den grossten Anteil der terrestrischen
Biomasse aus und sind eine wichtige Nahrungsquelle fir den Menschen. In der Vergangenheit konzentrierte
sich die Forschung zur Krankheitsentstehung bei Pflanzen auf die Erforschung des pflanzlichen
Immunsystems, welches Teile der Krankheitserreger erkennen, und darauf wie diese Krankheitserreger der
Erkennung entgegenwirken. Jiingere Studien bieten eine ganzheitlichere Sicht auf mogliche Funktionen, die
iiber die Interaktion zwischen Pflanzen und Krankheitserreger hinausgehen, und liefern Erkenntnisse iiber
die Bedeutung der wirtsassoziierter Mikrobiota fiir die Einddmmung von Krankheitserregern. Es wurde
gezeigt, dass einzelne Mitglieder der Mikrobiota die Pflanze gegen Krankheit schiitzen konnen. Ihre
Schutzwirkung kann jedoch von Wechselbeziehungen mit der iibrigen Mikrobiota abhédngen. Im
Zusammenhang mit der Mikrobiota fithre die Schutzwirkung einzelner Mikroben zu verschiedenen,
manchmal widerspriichlichen Ergebnissen, als wenn sie alleine untersucht wurden. Dies zeigt, wie wichtig
es ist, die Wechselwirkungen der gesamten Mikrobiota bei der Unterdriickung von Krankheiten zu
beriicksichtigen.

In dieser Arbeit, wurden synthetische Mikrobiota, die aus einer Sammlung von 224 Bakterienstimmen
— der A+LSPHERE genannt — gebildet und auf ihre Schutzwirkung gegen den Krankheitserreger
Pseudomonas syringae pathovar tomato in einem gnotobiotischen System mit der Modellpflanze
Arabidopsis thaliana untersucht. In einem ersten Schritt, der in Kapitel 2 beschrieben ist, wurde die
Stabilitdt der Mikrobiota liber mehrere aufeinanderfolgenden Zyklen untersucht. Wiahrend der ersten
Passage wurde ein Verlust an Artenreichtum und Diversitdt beobachtet, der mit einem Verlust an Schutz
vor dem Krankheitserreger einherging. Nach der ersten Passage war die Mikrobiota stabil, und die
Besiedlung mit dem Krankheitserreger blieb auf einem vergleichbar niedrigen Niveau iiber die nidchsten
Zyklen hinweg. Es wurde auch untersucht, inwiefern auf eine noch besser schiitzende Mikrobiota
selektieren werden konnte. Es wurde ein signifikanter und reproduzierbarer Unterschiede zwischen der
Mikrobiota der beiden Extreme der Pflanzenphénotypen gefunden — das heisst gesund oder erkrankt. Es
erwies sich jedoch als schwierig, Unterschiede in der Mikrobiota-Zusammensetzung zu propagieren, um
bestéindige Pflanzenphénotypen zu erlangen.

In Kapitel 3 wurde der Zusammenhang zwischen der Besiedelung der Krankheitserreger und der Prasenz
und Dichte der bakteriellen Stamme untersucht. Die Mikrobiota erwies sich als widerstandsfahig gegeniiber

Storungen von Unterschieden in der urspriinglichen Zusammensetzung der Bakterien und der Invasion von
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Krankheitserregern. Das Weglassen von Bakterien der wichtigsten Phyla offenbarte, dass die Fahigkeit, die
Besiedlung von Krankheitserregern zu verhindern, bei den Proteobakterien am ausgeprigtesten war.
Experimente mit synthetischen bakteriellen Gemeinschaften, bei denen Stdmme durch andere ersetzt
wurden, zeigten, dass der Schutzeffekt der Mikrobiota gedndert werden kann. Zusétzlich zeigten diese
Experimente, dass der Schutzeffekt wahrscheinlich von einer limitierten Zahl von Bakterien abhingig ist.
Staimme, die alleine einen hoheren Schutzeffekt zeigten, wiesen eine hohere Besiedlung der Pflanze auf.

Im vierten Kapitel wurde der Schutzeffekt von 35 Bakterienstimmen untersucht, die in 136 zufillig
zusammengestellten Gemeinschaften von jeweils flinf Bakterien auf die Pflanze gegeben wurden. Drei
bakterielle Stimme waren die wichtigsten Vorhersager des Schutzeffekts der Gemeinschaften in
Klassifikations- und Regressionsanalysen. The Analysen konnten in 94-100% der Félle den Schutzeffekt
korrekt einordnen, wéhrend nicht trainierte Analysen eine korrekte Einschétzung in 32% der Fille hatten.
Der Schutzeffekt der drei bakteriellen Stimme, die die wichtigsten Vorhersager des Schutzeffekts waren,
wurde in Validierungsexperimenten bestdtigt. Die drei wichtigsten Stdmme boten in Kombination einen
hoheren Schutzeffekt. Durch eine verfeinerte Datenanalyse konnte ein weiteres Paar von Stdmmen
identifiziert werden, die zusammen einen Schutzeffekt zeigen, wihrend sie einzeln nur mittelméifig bis gar
nicht schiitzend wirkten.

Zusammenfassend konnte gezeigt werden, dass das Vorhandensein von verschiedenen und diversen
Mikroben fiir den Schutzeffekt der Mikrobiota wichtig ist. Die Mikrobiota besitzt verschiedene und
iiberlappende Mechanismen um die Besiedelung und das Wachstums des Krankheitserregers zu limitieren.
Diese Mechanismen sind in gewissen Gruppen, wie den Proteobakterien, besonders ausgeprigt. Unsere
Ergebnisse weisen darauf hin, dass der Schutzeffekt der Mikrobiota von einer limitierten Zahl von Mikroben
abhingig ist, und diese Mikroben konkurrenzfahig auf der Pflanze sind. Der hier vorgestellte Ansatz
ermdglicht die Identifikation von mikrobiellen Mustern, die fiir den Schutzeffekt der Mikrobiota wichtig

sind. Das aufgezeigte Vorgehen kann auf andere biologische Systeme ausgeweitet werden.
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Chapter I

Introduction
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The host-associated microbiota has an intimate relationship with its host

Virtually all multicellular organisms are colonized by diverse microbes - bacteria, fungi and viruses -
collectively called the microbiota. In animals, microbes can colonize skin, mucosal tissue, and are most
numerous in the gut, which has been the focus of most studies so far 2. Research has shown that these host-
associated microbial communities are important for the development and health of their host. For instance,
the gut microbiota of healthy individuals confers some level of protection against pathogens 3, also referred

8-10 and is crucial for the digestion

to as colonization resistance ’, aids in the training of the immune system
of food 12, The composition of the early-life gut microbiota was even associated with long-term health and
disease outcome. Imbalances in the gut microbiota, called dysbiosis, can lead to asthma, diabetes, allergies
and cardiovascular diseases '>!%. A dysbiosis in the microbiota is also caused by inflammation or antibiotic
use, which open up niches for pathogens to invade and infect the host, while they are not able to colonize in
a healthy gut microbiome '°. While antibiotic treatment often resolve infection by pathogens, they do not
address the underlying dysbiosis issue '. Clinically, faecal microbiota transplantation has been used

successfully to treat recurrent infection with C. difficile '"'®, demonstrating that a healthy microbiome is

important for a functioning gut in humans and animals.

Importance of plants and its associated microbiota

Like animals, plants are colonized by diverse microbes that contribute to its fitness, and vice versa '°. The
microbiota affects plant growth, productivity, health, adaptation, physiology and germination, and has
contributed to diversification within the plant kingdom 2°2!. Like in the human gut, the plant-associated
microbiota is the first barrier of defence against pathogens ?2. Similarly, as was found in humans, a dysbiosis
state can lead to increase incidence of disease in plants 23-24Eracher, 20148354 “The jmportance of the plant-
associated microbiota is one reason to further our understanding of it. On the other hand, plants form the
fundamental basis of food chains and for ecosystem functions in nearly all terrestrial ecosystems,
highlighting the importance of plants as a host in research %. The phyllosphere — compromising all above-
ground parts of the plant including leaves, stems and flowers — is estimated to have a surface of more than
10® km?, making up a vast environment to host upwards of 10?® bacterial cells 2°. The phyllosphere is less
diverse than the underground compartment, the rhizosphere, but in both environments, these plant-
associated bacterial communities establish in a stable manner consistent in their taxonomic composition,
even in annual plants ?’. The emergence of next-generation sequencing and cultivation-independent analyses

allowed deep insights into the community composition of various hosts, including the model plant

27-29 31,32

Arabidopsis thaliana >, close relatives *°, as well as tree species *'*2, and various crop plants including

barley **, rice **, grapevine *°, tomato *¢ and soybean®’. These studies consistently revealed that the bacterial
communities are composed of only a few phyla, dominated by Proteobacteria, Actinobacteria,

27,28

Bacteroidetes, and Firmicutes . The leaf-associated communities were dominated by Proteobacteria,
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with the most abundant genera being Methylobacterium, Pseudomonas, and Sphingomonas *’. The
consistency of the plant-associated microbiota hints at a deterministic assembly, and it was shown that the

plant can attract microbes, i.e. through root exudates 3%3°.

Disease establishment dogma revisited — the microbiota as an important factor

In classical plant pathology literature, the emergence of disease was viewed as the equation of three factors
forming a triangle— a susceptible host, a virulent pathogen, and favourable environmental factors *° (Figure
1AB). A susceptible host’s immune system might not recognize the pathogen through its pattern recognition
receptors (PRR), while a resistant host will mount a suitable immune response protecting it from the
pathogen 22. The presence of appropriate virulence genes in the pathogen can determine whether it can evade
and suppress the host’s immune response ?2. Environmental factors, like humidity, temperature, and wind,
will contribute to the pathogen’s dispersal and survival during the infection period, creating favourable
conditions for infection *!. The interaction of the factors of these three players will determine the chance of
successful infection and disease establishment (Figure 1AB). However, research of the past decade has
shown that studying this so-called genotype-environment (GE) model is incomplete and must also include
the microbiota, as mentioned above. At least part of the plant immune system is also involved in cooperative
interactions between plants and microbes and influences the colonization of beneficial microbial
communities ?. Therefore, it was suggested to widen the dogma that plant health is determined by the host
genotype (G), the environment (E) and the microbes (M) and their respective interactions (GEM) ** (Figure
1C). By doing so, we will transform the disease triangle into a pyramid, with the four sides influencing each

39,43-45

other. It was shown that different plant genotypes exhibit a distinct microbiota and microbiota-plant

t 46

interactions can be genotype-dependent *°, while abiotic factors can influence the microbiota-plant

interaction as well 44748,
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Figure 1: Disease triangle adjusted to include the microbiota as an important factor of plant protection. A. The traditional
disease triangle takes into account the plant’s susceptibility and the pathogen’s virulence, and whether the environment is favourable
to infection. B. When the plant is more resistant, the pathogen less virulent or the environment less favourable to infection, the
disease area - i.e. the chance of development of disease — is reduced. C. The disease pyramid is schematically depicted by the four
sides — environment, plant, pathogen and microbiota. Their interactions are shown by arrows and important factors influencing each
part of the disease triangle are presented below their names. The figure is adapted from Brader et al. *!, Zhan et al. 4 and Hacquard

et al. 2.

Plant-associated microbes confer protection against pathogens

The plant-associated microbiota has been shown to be crucial for limiting pathogen colonization as a first
line of defence 3% (Figure 1C). Historically, the importance and effect of the microbes on plant health was
studied in a one-on-one relationship, with a limited selection of beneficial microbes being studied for their
plant protection against a few pathogens '°. Using culture-independent methods, it was possible to infer the
composition of the microbiota that is associated with plant-protection, though these correlations cannot
provide information about the specific underlying mechanisms driving observed patterns of relative
abundance 3. For this purpose, bacterial strains were isolated from natural communities, and analysed for
their protection potential **, Not all members of the microbiota confer the same level of protection when
tested individually in planta, some have a neutral effect on the host and do not confer protection, this
variation of protectiveness can vary within the same genus %, Mechanisms found to be important for
microbe-conferred protection include direct antibiosis of the pathogen *°%, competition for resources’**!

and activation of plant immune responses, where both induced systemic resistance or system acquired
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62,63

resistance genes were found to be upregulated, priming the plant against pathogen attacks®>*. Formation of

biofilms seems to be a feature of protective strains as well, as it might form a physical barrier that is

impenetrable by the pathogen 586465,

Higher order interactions affect protection potential of microbiota

While plant protection was found to be conferred by a few individual members, an increase in protection
potential could be shown when a consortia of strains was applied 3%, In general, higher diversity of the
microbiota was often associated with reduced invasion of a specific species or pathogen 3¢¢7-¢ (Figure 2).
When an environment is colonized by a low diverse microbiota, only a few resources will be used by the
resident microbes, leaving a repository of resources for the invader to grow on. However, higher diverse
microbes will use up a broader range of resources and even break down resources through interactions and

crossfeeding %"t

. It was shown that a community with more overlapping carbon source spectrum as
Ralstonia solanacearum, a soil-borne pathogen, reduced the pathogen more than a community with less
overlap 7. Another study found a correlation between higher microbial biomass and less diversity in
commensal microbiome with higher pathogen load 7. Introducing more diverse beneficial microbes thus

seems to be an efficient way of ensuring plant protection.

Microbiota
diversity

Resources

Invader
growth

Figure 2: Diversity of resident microbiota on invader success and growth is dependent on resource depletion. A diverse
microbiota will deplete the resources of an environment more efficiently, leaving less resources for the invader. In I, a microbiota
of low diversity will deplete only a few resources, leaving a niche for invaders, which can grow to high abundance. In II, a more
diverse community will deplete resource more efficiently, leaving a few for invader to grow on. Very diverse microbiota (III)
deplete the resources of their environment, helped by their interactions, and exclude invaders from the environment. The Figure is

adapted from Mallon et al. 7',

While some studies found that the consortium of strains reduced pathogens further than individual strains
on their own *1°%6° Two of these studies also found a synergistic formation of biofilm production, adding a
mechanism of protection to the consortia that was absent in individual strains >'*°, It could also be shown

that a strain that did not confer protection individually was the main contributor to protection conferred
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when it was applied to the plant in a small community ®°. A study showed that the consortia of strains had
no improvement over individual strains **. One reason for consortia showing no improvement over
individual strain could be the lack of compatibility of protective mechanisms, as was shown in another study
where individually protective strain inhibited each other’s mechanism of protection when applied in
combination with each other *. The various outcomes of protection upon combining microbes with known
individual traits, highlights the importance of studying the protection potential of strains within a community

context.

Application of biocontrol strains in agriculture to increase sustainability

The traditional treatment and management of pathogens, not only in plants (i.e. agriculture), but also in
human and animal medicine, have focused on administering antimicrobials 7, with little regards for the
maintenance of the beneficial members of the microbiome itself. Due to warming temperature that
accompany climate change and human activities, pathogens re-emerge and spread to new regions °.
Additionally, pollution increases antibiotic resistances found in microbial communities, suggesting that
current chemical treatment of pathogens will cease to be efficient soon "8, To reduce pathogens more
sustainably, possible biocontrol strains and the application of beneficial microorganism are more thoroughly
researched, and now represent a fast-growing sector in agronomy °. The majority of these probiotic
formulations comprise strains that are native to the plants 3°. However, while pathogen emergence and load

increase, we are also faced with loss of biodiversity 27

, accompanied with a loss of beneficial microbes
8182 This makes fundamental research important to understand the mechanisms of how beneficial microbes
persist within the community and counteract pathogens. We are limited in our understanding of how to
retain or restore a healthy microbiome . Investigating microbiome members that are important for plant
health could be harnessed to rescue threatened host species or ecosystems will improve our understanding

going forward 7°.

Synthetic community experiments — bridging gaps in fundamental understandings

Identification and characterization of mechanisms in complex host-associated communities is challenging,
but often require and depend on high throughput sequencing, which has opened up new possibilities to study
microbial communities without relying on cultivation of microbes '°. Despite the new insights from
description of microbiome structure, the conclusions drawn from observation of solely culture-independent
methods often depend on correlation and co-occurrence network. These analysis may be insufficient for

interpretation of underlying mechanisms *,

Synthetic microbial communities (SynCom) offer the
opportunity to test hypotheses through targeted manipulation in gnotobiotic systems '°. To investigate the
fundamental drivers of i.e. plant protection, SynCom experiments allow both the deconstruction of
communities top-down and to build them from bottom-up. Through this, keystone strains can be sought out.

This was highlighted recently through targeted removal and addition of parts of the community to establish
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causal relationships in community assembly . Another recent study showed the underlying cause of
dysbiosis in a plant mutant by removing a single strain from the SynCom *.

One prerequisite to conduct SynCom experiments is the availability of a representative strain collection.
For plants, several representative collections have been established from various plant species 2*%7%%. The
At-LSPHERE is a leaf-associated bacterial culture collection of wild Arabidopsis thaliana plants native to
Switzerland and Southern Germany 2. The 224 genome-sequenced bacterial isolates cover 54 % of the
taxonomic diversity found by culture-independent methods. In addition to the microbial collection, a
gnotobiotic growth system is required to control for environmental conditions and prevent contamination.
For Arabidopsis thaliana, several of these growth-systems were developed and include systems based on
agar %889 hydroponic ?!, inert inorganic matter like calcinated clay 25358692 or sterilized peat **. In addition
to the growth system, infection protocol have been established ®, disease assessment through pathogen
growth ® and disease severity scoring ** of the well-studied foliar pathogen Pseudomonas syringae pathovar
tomato DC3000 (Pst) *°. This pathogen model bacterium was modified to carry the luminescence operon
luxCDABE °®, enabling the visualization of growth and activity of the pathogen during the plant growth
period. Though the A--LSPHERE is extensive, it might still lack microbes harbouring particular functions,
thus, a gnotobiotic experiment will not provide a complete understanding of the entire natural ecosystem.
However, the ability to investigate causal relationships between traits conferred by the microbiota, such as
plant protection, provides a valuable basis for uncovering the principles underlying microbiota function.
The findings of the gnotobiotic experiments can be translated to more natural systems through investigation

of metatranscriptomic and metagenomic approaches .

Aim and scope of this thesis

The phyllosphere harbours a diverse microbiota that is dominated by bacteria 2. The structure of the
microbiota is not random, but establishes in a dynamic, but reproducible manner each growth season and
between geographic locations ?7. The plant-associated microbiota can protect the plants against infection of
pathogens that are detrimental to their health and productivity ®2. However, the discovery of the beneficial
members and their trait consistency within the community are little studied, and found to be inconsistent
when applied 2.

The aim and scope of this thesis was to investigate factors that contribute to a healthy leaf-associated
microbiota in terms of protection from a foliar bacterial pathogen, and which members are important for
plant protection of the microbiota. In order to so, we took advantage of a gnotobiotic growth system 52
and a bacterial culture collection, the At-LSPHERE *® to conduct synthetic community experiments to link
microbiota makeup to plant health outcomes.

In Chapter II, the stability of the microbiota over plant passages is described, and the influence of

pathogen challenge on its composition. Additionally, the extent to which a plant health phenotype is
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impacted by microbiota-conferred protection and microbiota composition was investigated. In Chapter III,

the correlation of plant health phenotype and the microbiota composition was analysed, through a bottom-

up approach. The microbiota inocula were perturbed by changing strain abundances and presence. In

Chapter 1V, a randomly composed community screen was conducted with machine learning algorithms to

find microbiota patterns associated with pathogen colonization outcomes, and ultimately to identity of

strains, that contribute to pathogen reduction.
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