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Summary

Microorganisms are commonly found living in multicellular organisms. Taxonomically,
individual symbionts and communities of microbes, microbiotas, of a variety of animals and
plants have been well-described and it has become clear that they can have profound effects
on their hosts' biology. The bacterial side of the association, however, has received
comparatively little attention. In particular how microbes adjust to life with a host, and what
drives the emergence and maintenance of microbe-host associations remains understudied.

In this thesis, my main objective is therefore to improve our understanding of the traits and
life history strategies that facilitate microbe-host associations. To that end I combine
experimental study of bacterial isolates from the natural microbiota of the nematode
Caenorhabditis elegans as a model system with predictions from mathematical models.

In the first part of the thesis I focus on the functional ecology of the natural C. elegans
microbiota. Integrating whole genome sequencing of bacterial isolates, metabolic modeling,
and experiments, we found that the microbiota can synthesize all amino acids and vitamins
essential to the worm. Further, we demonstrate that their predicted traits and metabolic
repertoires lead to distinct life history strategies, shape interactions within the microbiota as
well as worm colonization and worm population growth.

The second part of the thesis addresses the evolution of bacteria in host-association. The first
step is the development of the concept of a biphasic life cycle as an evolutionary intermediate
between a free-living and a host-associated lifestyle. At this transition, matrix population
models predict that bacteria can optimize fitness either by increasing replication rates or by
modulating migration rates between host and environment. Experimentally evolving the
microbiota isolate Pseudomonas lurida MYb11 in a biphasic life cycle with C. elegans, we find
that a key step to associating is to simply stick to the host. Specifically, we observe the
evolution of wrinkly colony types that show improved persistence in worms and a greater
ability to form biofilms than the ancestral MYb11. This goes hand in hand with genetic
mutations in regulators of the universal second messenger cyclic di-GMP, previously linked
to the life history transition from motile to sessile and stress-tolerant. These findings
highlight that bacteria can adapt to a host that they encounter periodically during a biphasic
life cycle. Finally, I extend the focus to a two-member microbiota of MYb11 and Ochrobactrum
vermis MYb71 and study interactions between these species and differences in their life
history strategies when co-associating in C. elegans. This confirms that interactions within the
microbiota are context-dependent and shift along the stages of the biphasic life cycle. Further,
it demonstrates that different life history strategies co-exist in the microbiota, with the one
centered on stress-tolerance being the most advantageous.

Overall, this thesis emphasizes the importance of bacterial traits and life history to shaping
life in association with a host. It thereby provides fundamental insights into the driving forces
and possibly origin of microbe-host associations.
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Zusammenfassung

Mikroorganismen leben oft in Assoziation mit mehrzelligen Organismen. Einzelne
Symbionten und komplexere Mikrobengemeinschaften (Mikrobiotas), die einen starken
Einfluss auf das Leben ihres Wirtes haben konnen, sind fiir viele Tiere und Pflanzen gut in
ihrer Artenzusammensetzung beschrieben. Im Gegensatz dazu ist vergleichsweise wenig
dazu bekannt welchen Einfluss das Leben im Wirt auf die Mikroben selbst hat. Insbesondere
die Frage, wie sich Mikroben an das Leben mit einem Wirt anpassen und was die Entstehung
und Aufrechterhaltung von Mikroben-Wirt-Assoziationen ermdglicht, ist weitgehend
unerforscht. In dieser Doktorarbeit besteht mein Hauptziel darin, unser Verstindnis der
mikrobiellen Merkmale und lebensgeschichtlichen Strategien zu verbessern, die Mikroben-
Wirt-Assoziationen ermoglichen. Zu diesem Zweck kombiniere ich die Experimente mithilfe
des Modellsystems aus dem Nematoden Caenorhabditis elegans und Bakterienisolaten aus
seiner natiirlichen Mikrobiota mit Vorhersagen aus mathematischen Modellen.

Der erste Teil dieser Arbeit beschiftigt sich mit der funktionellen Okologie der natiirlichen
Mikrobiota von C. elegans. Mithilfe einer Kombination aus genomischer Sequenzierung einer
Grofdzahl an Bakterienisolaten aus der Wurmmikrobiota, metabolischer Modellierung und
Laborexperimenten konnten wir zeigen, dass die assoziierten Bakterien gemeinsam alle fiir
den Wurm essenziellen Aminosduren und Vitamine synthetisieren kénnen. Dartiber hinaus
fithren die unterschiedlichen, im Genom angelegten Merkmale und metabolischen Profile zu
unterschiedlichen Lebensstrategien und Bakterieninteraktionen innerhalb der Mikrobiota
und beeinflussen die Besiedlung und das Populationswachstum des Wurmwirtes. Im zweiten
Teil der Arbeit liegt der Fokus auf der Evolution von Bakterien in Wirtassoziation. Zunéchst
stelle ich das Konzept eines biphasischen Lebenszyklus vor, der ein evolutionires
Zwischenstadium zwischen einem freilebenden und einem wirtassoziierten Lebensstil
darstellt. Ein darauf abgestimmtes Matrixpopulationsmodell sagt vorher, dass
Bakterienpopulationen innerhalb eines solchen Lebenszyklus ihre Fitness entweder durch
erhohte Replikationsraten oder eine Veranderung der Migrationsraten zwischen Wirt und
Umwelt optimieren konnen. Gleichzeitig konnten wir im Rahmen eines
Evolutionsexperimentes mit dem Mikrobiotabakterium Pseudomonas Iurida MYb11
beobachten, dass das Verbleiben im Wirt ein Schliisselschritt in der Wirtsanpassung ist.
Nachdem wir MYb11 im Labor an einen biphasischen Lebenszyklus mit C. elegans als Wirt
haben anpassen lassen, entstanden aufgefaltete Kolonietypen, die besser im Wurm
verbleiben und stirker Biofilme bilden als das urspriingliche Bakterium. Diese neuen
Kolonietypen, die mit genetischen Mutationen in Regulatoren des sekundaren Botenstoffs
cyclic-di-GMP einhergehen, scheinen daher eine Anpassung an einen sessilen, stress-
toleranteren Lebensstil im Wurm zu sein. Dies zeigt, dass schon ein biphasischer
Lebenszyklus, in dem sich Bakterium und Wirt nur periodisch treffen, fiir die bakterielle
Anpassung an den Wirt ausreicht. In Experimenten mit einer simplen
Mikrobiotagemeinschaft aus MYb11 und einem weiteren Mikrobiotaisolat, Ochrobactrum
vermis ~ MYb71, untersuche ich  weiterhin die Kontextabhdngigkeit von
Bakterieninteraktionen und die Diversitdt von Lebensstrategien in der Wurmmikrobiota.
Dies zeigt, dass Bakterien mit unterschiedliche Lebensstrategien zwar koexistieren kénnen,
sich eine stresstolerante Strategie jedoch am vorteilhaftesten ist.

In ihrer Gesamtheit unterstreicht diese Doktorarbeit die Bedeutung bakterieller Merkmale
und Lebensstrategien in der Anpassung an einen Wirt. Sie liefert damit grundlegende
Erkenntnisse iiber die treibenden Krafte und den moglichen Ursprung von Mikroben-Wirt-
Assoziationen.
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INTRODUCTION

Bacterial life in host association
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Invisible to the naked eye exists a strikingly complex world of microbes living with
multicellular organisms. Modern sequencing approaches have revealed that bacteria, a large
group of microorganisms, can be found associating with animals and plants across
biospheres, including the gut of tiny nematode worms living in backyard composts. Often
communities of bacteria from different taxa, so-called microbiotas, reside within and on hosts.
Yet, while we know a lot about the bacterial taxa found in different hosts, and appreciate that
they can shape how animals and plants develop, grow and even reproduce, much less is
known about the life and evolution of bacteria in host association. In this dissertation, I
therefore take the bacterial perspective and investigate bacterial function and adaptation to
life inside a host.

This first chapter introduces microbe-host associations, highlighting what we have
yet to learn about bacterial adaptation and strategies to cope with life in a host. It further
discusses why the natural microbiota of the nematode Caenorhabditis elegans is a useful
model system to investigate bacterial life history. I then conclude with a brief summary of
aims for each thesis chapter and spanning from microbiota function (chapter 1) to
theoretical and experimental exploration (chapters 2-5) of microbiota evolution.

Living together - an introduction to microbe-host associations

The diversity of life on Earth is paralleled with a myriad of interactions between organisms
of different kinds. Organisms sharing time and space can shape each other’s lives greatly, as
seen in clownfish inhabiting anemones, spiders spinning nets on plants or ants tending aphids
(Litsios et al, 2012; Stadler and Dixon, 2005; Styrsky, 2014). Such living together of
organisms with different names has been called symbiosis since de Bary popularized this
term describing lichens, a union of fungi and cyanobacteria or algae, in the late 1870s (De
Bary, 1879; Oulhen et al., 2016). It usually consists of a host and a hosted organism; the latter
being called the symbiont. Notably, this ancient phenomenon even precedes the origin of
animals and plants, as eukaryotic cells are assumed to be the outcome of a bacterium living
inside an archaeon (Sagan, 1967). Today, we are uncovering novel associations as we proceed
to study life invisible to the naked eye. Microbes, including bacteria, which I focus on in this
thesis, are cosmopolitan and thus found in association with organisms across all the world.
This includes mussels near deep-sea hydrothermal vents (Picazo et al,, 2019), the roots of
plants in soil below our feet (Berendsen et al., 2012), or the inside of our guts (The Human
Microbiome Project Consortium et al., 2012). With technologies to visualize organisms and
sequence their genetic material, it has become clear that microbes inhabit most animals and
plants, where they can be found on the surface, inside hosts or intracellularly (McFall-Ngai et
al,, 2013). Some organisms have intimate relationships with primarily single bacterial species,
but often many different bacterial taxa can be found in a host. Following the early study of
mostly one-to-one symbioses, high throughput sequencing technologies have allowed
detecting such microbiotas in the 21st century. From this we have learned that host organisms
may host specific microbiotas that vary in diversity and are usually distinct from the
environmental microbial communities (e.g. (Johnke et al, 2020; Thomas et al, 2016)).
Notably, with the technological advances, an important semantic distinction was made
between the microorganisms associated with a host, the microbiota, and the microbiome,
being their genetic content (Berg et al., 2020; Egan et al., 2020). Previously used for both and
still favored by many, the term microbiome may refer to the organismal community, too
(Lederberg and McCray, 2001). In this thesis, I will stick to the microbiome-microbiota
distinction, and will further treat one-to-one and many-to-one microbe-host associations as a
continuum rather than distinguishing symbiosis and microbiota research per se.
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BACTERIAL LIFE IN HOST ASSOCIATION

Interactions between microbes and their hosts

Microbes may vary in their impact on the host and are of key importance to host biology by
providing a variety of services. Different types of interaction may be classified based on the
net impact a symbiont has on its host. When the symbiont provides a benefit to the host, it is
considered a mutualist. In case of no detectable difference to the host it is a commensal, and
when there is a cost to the host, the symbiont can be a parasite or pathogen.

In beneficial associations, of main interest in this thesis, there are numerous ways in
which bacteria may provide services to their hosts. Firstly, bacteria may supply and exchange
nutrients with the host. Bacteria may act as food themselves, as providers of (essential)
nutrients and break down substrates their hosts could otherwise not use (Consuegra et al,,
2020; Flint et al.,, 2012; Reis et al,, 2020; Salem et al., 2017; Shukla et al., 2018a; Zhu et al.,
2011). Plant-sap feeding insects and their symbionts illustrate that the exchange can go both
ways, as here bacteria trade sugars with amino acids required by the host (Douglas, 2018).
Secondly, associated microbes can protect their hosts against pathogens. In the simplest case
via colonization resistance, i.e. by occupying a niche an incoming pathogen would otherwise
have invaded (Stecher and Hardt, 2008). Further, symbionts may provide direct protection
against harmful organisms via toxin production, e.g. antibacterial compounds, or other
mechanisms of bacterial competition (e.g. (Ford et al., 2016; Kissoyan et al,, 2019)). In
addition to protecting against pathogenic organisms, associated microbes may neutralize
toxins, and degrade or modify incoming chemicals of potential harm (Wang et al., 2020).
Another, quite flamboyant, service is the provision of luminescence by bacterial symbionts.
Most famously described in counter-illumination provided by Vibrio fischerii to the Hawaiian
bobtail squid (Nyholm and McFall-Ngai, 1998), but also produced by Cryptopsaras couesii in
deep-sea angler fishes (Baker et al., 2019), bacterial metabolism may output light that in turn
provides a possible selective advantage to the respective host. Finally, host biology from
immunity, to development and reproduction, can be fundamentally impacted by the
associated microbes (see (Douglas, 2018) for a synthesis). Therefore bacteria might to a
certain extent be considered to extend the host’s phenotype, linking to Richard Dawkins’ idea
of the extended phenotype (Hunter, 2018). A similar line of thought has led to the idea that
host and associated bacteria should be considered as one unit, the holobiont or
metaorganism, and possibly even under selection as such (Bosch and Miller, 2016; Rosenberg
and Zilber-Rosenberg, 2016; Zilber-Rosenberg and Rosenberg, 2008). Next to debates about
the realism and value of considering hosts and microbes as a functional unit (Bordenstein and
Theis, 2015; Douglas and Werren, 2016), these concepts highlight an anthropocentric focus
on the host perspective that manifests in a bias of research about microbial influence on hosts
unparalleled by the inverse. Although generally helpful to distinguish interaction types, it
becomes difficult to infer the impact of individual microbiota members on a host in many-to-
one associations. This is due to possible changes in the influence of bacteria in the presence
of other species, as well as possible emergent effects the microbiota community may have on
the host (Mushegian and Ebert, 2016). A bottom-up approach to understanding the
interactions between host and microbiota, is therefore to study individual symbiont taxa in
host association followed by investigation of successively more complex communities.

From the bacterial perspective, the host can be considered a habitat defined by a
certain set of abiotic and biotic characteristics. It importantly provides spatial niches, which
bacteria may colonize and in which they proliferate (33). Although bacteria can be found on
most organismal epithelia, the gut microbiota is often the focus of research, as this is where
the majority of associated bacteria reside in humans and where the most influential
interactions with the host appear to take place (34). In the gut, abiotic challenges include
gradients of oxygen supply and pH, mechanic digestion and peristalsis (33,35). Further,
bacteria are exposed to digestive enzymes and host immune effectors. In this habitat, spatial
structure, shaped by host crypts and microvilli for example, and temporal variation,
introduced by peristalsis or circadian rhythms, present higher order abiotic challenges. In the
digestive tract, on other host surfaces, or within host cells, bacteria may proliferate on
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nutrients acquired through host feeding, or exchange nutrients with the host and other
symbionts (36). Additionally, hosts may also serve as a vector for bacterial dispersal
otherwise inaccessible to microbes of limited size and motility (Chase et al., 2019; Diaz and
Restif, 2014; Moeller et al., 2018).

Classic symbiosis research has provided a general framework to classify the
interactions between host and symbiont including the strength of association between the
partners, the transmission or inheritance of symbionts, as well as the impact of the partners
on each other.

% HORIZONTAL

e.g. Xenorhabdus and Photorhabdus +
entomopathogenic nematodes

e.g. Rhizobia + legumes

FACULTATIVE \: i OBLIGATE
e

e.g. Wolbachia + insects 9. Buchnera + pea aphids

VERTICAL

Figure 1 Microbe-host associations along gradients of association strength and inheritance.
Examples microbe-host associations include: rhizobia and legumes (Beringer et al, 1979), Xenorhabdus
and Photorhabdus associated with entomopathogenic nematodes (Ciche et al, 2006), Wolbachia and
insects (Werren et al, 2008) and Buchnera and pea aphids (Douglas, 2018). This figure was inspired by
(Fisher et al., 2017). Images of hosts were collected from phylopic.org.

The strength of association between host and symbiont(s) ranges from sporadic
encounters to complete reliance on each other (Figure 1). The closest form of living together
are obligate symbioses, in which neither partner can live without the other. Classic examples
of this are bacterial Buchnera symbionts in pea aphids (Russell et al., 2013) as well as Sulcia
and Nasuia, obligately associated with the leafhopper Macrosteles quadrilineatus (Mao et al.,
2018), all endosymbionts living inside host cells. On the other end of the spectrum lie
facultative symbioses. In these symbionts and hosts can live both in association as well as
independently, as is the case for leguminous plants and rhizobia bacteria (Beringer et al.,
1979).

Further, microbe-host associations differ in their mode of establishment and
inheritance. They may be acquired from an environmental source anew at every host
generation, i.e. horizontally acquired, or transmitted directly from host to host, and thus
vertically acquired. Commonly, facultative symbionts transmit horizontally, while obligate
symbioses are stabilized via vertical transmission. This appears to be the case for bacteria
found in rotting plant material that facultatively colonize the gastro-intestinal tract of the
model nematode Caenorhabditis elegans (Dirksen et al., 2016), and the insect endosymbiont
Buchnera (Douglas, 2018), respectively. Burying beetles that use vertebrate carcasses as a
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BACTERIAL LIFE IN HOST ASSOCIATION

habitat and food source for offspring have a mixed transmission strategy (Shukla et al., 2018b;
Wang and Rozen, 2017). During parental care, oral and anal secretions are transferred to
larvae and the carcass, thereby being transmitted vertically. Additionally, larvae can acquire
bacteria from the carcass horizontally. In these cases, it is especially important to consider
the free-living environment as an important alternative habitat. For this, the concept of nested
ecosystems has been proposed, which places the microbiota inside a host, yet inside the
external environment (Douglas, 2018; McFall-Ngai et al., 2013). Importantly, the strength of
the association and the mechanism of inheritance do not always align (Fisher et al., 2017).
Notably, the obligate symbioses between Photorhabdus or Xenorhabdus and
entomopathogenic nematodes (Ciche et al., 2006), or between sulfur-oxidizing bacteria and
the giant tube worm Riftia pachyptila are established horizontally (Dubilier et al., 2008; Fisher
et al,, 2017), while Wolbachia symbionts of a variety of different arthropod and even
nematode hosts may be vertically inherited, yet associates only facultatively (Werren et al.,
2008). Notably, the position of a given microbe along gradients of association strength and
routes of transmission can shape the traits, life history and evolutionary trajectories taken.

Bacteria-bacteria interactions

In addition to abiotic challenges and interaction with the host, bacteria usually encounter
other microbes in the host. Within these consortia of associated microbes, bacteria can
interact with each other in different ways. During cross-feeding for example, one bacterium
may take up and grow on the metabolic side-products of another bacterium, as in pectin
degradation by Bacteroides from the human colon or symbionts of reed beetles (Luis et al,,
2018; Reis et al,, 2020). Sharing similar substrates, bacteria may also compete for resources
in the host, directly or indirectly (Coyte and Rakoff-Nahoum, 2019). Again, these biotic
interactions may be classified according to their impact on the participating species (Douglas,
2018). A mutualism occurs when both bacteria benefit from the interaction and antagonism
or competition when neither does. In case one partner is gaining a benefit at the cost of the
other, we speak of parasitism. Further, commensalism and amenalism describe the cases, in
which one partner is unaffected, while the other receives a benefit or has a cost from the
interaction. To infer these interactions, co-occurrence networks can be inferred from 16S
rRNA or metagenomic sampling of microbiomes (Faust et al,, 2012; Johnke et al., 2020).
Repeated co-existence would be interpreted as positive, and complementary absences as
negative interactions. Yet, what determines these patterns often remains unanswered from
co-existence networks. A better understanding of bacterial functional repertoires should
improve their biological interpretation and prediction, as shared substrates for growth for
example, might provide a mechanistic explanation for co-existence.

Responding to the life in the host

To proliferate, or atleast survive, bacteria may respond to the challenges faced inside the host
phenotypically or evolutionarily. One of the fastest responses bacteria can mount is
metabolic. Without a change in gene expression, cells may adjust their physiology to the
nutrient environment. Depending on the enzymes and pathways at their disposal, bacteria
may thus shift their physiological state inside a host to use the available substrates. Whole
genome or metagenomic sequencing can provide insights into the possible metabolic
functions bacteria in a given microbiota encode. Such an approach has indicated that
Poribacteria, symbiotic to sponges, should be able to digest their host’s extracellular matrix
(Kamke et al., 2013). Furthermore, symbionts of reed beetles were predicted to provide
amino acids and riboflavin (vitamin B2) to sap feeding larvae, and aid adult beetles feeding
on specific plants in the digestion of pectin (Reis et al.,, 2020). Predictions exceeding the
catabolism of single substrates are possible with system-level reconstructions of metabolic
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networks (Bordbar et al., 2014). These can be used to predict bacterial metabolism in a given
environment taking into account their overall metabolic constraints. Using flux balance
analysis, a constraint-based modeling technique, it is further possible to predict nutrient
exchanges and growth of a cell given its metabolic network, including bacterial metabolism
in symbiosis (Ankrah et al., 2017, 2020; Basile et al., 2020; Orth et al., 2010).

For other cellular responses tailored to the experienced environment, bacteria need
to sense the conditions first to then act accordingly. Two component systems (TCS) allow
exactly that. A sensor histidine kinase usually detects an environmental stimulus and relays
this input to a specific cytoplasmic response regulator via phosphorylation (Capra and Laub,
2012; Hoch, 2000). In turn, signaling cascades, often affecting multiple downstream targets,
are kicked off, allowing the bacterium to respond to the stimulus. Such TCSs are both common
and diverse within and across bacteria (Galperin, 2005). Notably, they are also involved in
mediating a life history transition from motile to sessile in bacteria (Bantinaki et al., 2007;
Hengge, 2020; Priif3, 2017). As [ will discuss in chapters 2 and 4 in more detail, this is a key
transition allowing bacteria to stay associated with a host in contrast to a free-living lifestyle.
In the long term, bacteria may adapt to a host-associated lifestyle evolutionarily. Growing
clonally by cell division, one of the major modes of genetic change is via de novo genomic
mutations (incl. point mutations, insertions, deletions, frameshift mutations, as well as
duplications and genomic rearrangements). Additionally, bacteria may exchange genetic
material with other bacteria via horizontal gene transfer (e.g. via plasmids, phages, or other
mobile genetic elements; see e.g. (Botelho and Schulenburg, 2020; Frazao et al., 2019; Jahn et
al, 2019)). Next to changes in the genome, bacteria may inherit biochemical gradients or
protein concentrations that determine their physiological state, and thus response function
(e.g. (Ackermann, 2015; Kordes et al., 2019)). Such changes experienced by the individual cell
can improve offspring to better match life inside a host. In the context of host adaptation, most
research has been focusing on understanding the evolutionary fit between pathogens and
their hosts (Chaguza, 2020; Otto, 2014; Sheppard et al., 2018). More recently, however,
beneficial microbe-host associations have gained interest. Comparative as well as release-
and-resequence approaches have started uncovering genes more commonly found in host-
associated bacteria than those isolated from other sources, including genes involved in
adhesion (e.g. type IV pili), virulence (e.g. type 6 secretion systems), immune evasion (e.g.
capsular polysaccharides) and metabolic pathways (e.g. carbohydrate digestion, nitrate
respiration) (Burghardt et al,, 2018; Kwong et al,, 2014; Martino et al., 2016; Newell et al,,
2014; Winans et al,, 2017; Zhang et al., 2020). Further, experimental evolution, a controlled
approach of understanding bacterial change under defined conditions, has proven useful to
understand bacterial responses to diverse selection pressures in the lab (Ford et al,, 2016;
Jansen et al,, 2015; Lebov et al., 2020; Martino et al., 2018a; Remigi et al., 2019; Robinson et
al,, 2018; Soto et al,, 2014). Few studies have leveraged this approach to study bacteria in host
association (Hoang et al, 2016). Thus far, serial passaging experiments of Shewanella
oneidensis and Aeromonas veronii in zebrafish(Lebov et al., 2020; Robinson et al., 2018),
Lactobacillus plantarum in fruit fly hosts (Martino et al.,, 2018a), and Vibrio fischerii the light
organs of bobtail squid (Soto et al,, 2012, 2014), have shown that generally, bacteria improve
host colonization over time, going hand in hand with changes in the motile-sessile continuum
depending on the specific host, or changes in substrate use. Unfortunately, the insights gained
are limited to few bacterial clones from evolving populations of bacteria and thus may miss
important variation at the true scale of complexity of the evolved microbiota. From
experiments passaging Escherichia coli in mice, it has become evident, that within host-
evolution is indeed accompanied by clonal diversification (Frazdo et al., 2019; Sousa et al,,
2017), but to what extent this has consequences for overall strategies bacteria may use to
associate with the host, remains diffuse. Evolution experiments tracking microbiota
communities in Arabidopsis thaliana and Brassica rapa, have shown that whole communities
may also adjust to living with the plant host (Panke-Buisse et al., 2015). Changes in taxonomic
composition accompanied a functional shift in the microbiota, but it remains unclear if and
how individual microbiota members adapt over time. Thus, we need to both consider the
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relevant scale(s) of the evolving microbiota (Gorter et al., 2020), be it bacterial populations
or communities, to understand how individual members respond in the complexity of the
microbiota. Moreover, these studies usually focus on the host only, and thus neglected that
bacteria in most symbioses are not only nested in but also exposed to an alternative, free-
living environment. Thus, to provide a more holistic understanding of host association given
the complete set of environments, or life cycle, experienced, I develop the concept of a
biphasic symbiosis life cycle in this thesis (chapter 2). I then go on and show predictions
(chapter 3) and tests of its impact on bacterial responses to life with a host both at an
ecological as well as evolutionary time scale (chapters 4 + 5). For this life history theory
provides a helpful framework to understand how microbe-host associations emerge and are
maintained.

Understanding bacterial life histories

On the way to a more holistic understanding of host-associated microbes, we have to move
from viewing microbiotas as communities of different taxa towards groups of organisms with
shared life histories (Fierer, 2017). To that end life history theory provides helpful concepts
that may be applied to understand bacterial evolutionary ecology better. Life history theory
is concerned with ways in which organisms balance reproduction and survival, two key
components of fitness, from birth to death. This includes the strategies organisms may use to
optimize the trade-offs between the two in a given environment and the trait correlated with
this. Over time, a variety of concepts have been proposed to describe and distinguish different
life history strategies.

The r/K selection theory is a classic and well-known example, which assumes that
organisms fall on a continuum between two extreme reproductive strategies (MacArthur and
Wilson, 1967; Pianka, 1970). Ranging from r-selected organisms that invest into producing
many offspring yet have a short life expectancy, to K-selected organisms with few offspring
but a high life expectancy. This theory on the trade-off between reproduction and survival has
been widely applied to animals and plants. In unicellular organism reproducing clonally, such
as bacteria, this trade-off manifests between growth in terms of cell divisions and survival,
maintenance and resilience of cells (Hengge, 2020). Similarly, this juxtaposes quantitative and
qualitative strategies.

The Universal Adaptive Strategy Theory (UAST) assumes that environments are
characterized by competition, stress and disturbance and therefore, partitions adaptive
strategies into competitive, stress-tolerant and ruderal (Grime, 1974, 1977). Organisms with
a competitive strategy are characterized by their ability to outcompete other organisms for
resources or space, stress-tolerators can survive and persist under adverse abiotic conditions
or low resources, while ruderals are apt at taking over a novel niche or uncolonized habitat
in which they grow rapidly (Grime, 1974, 1977). Initially proposed for the study of plants, and
in that context called CSR framework (Grime, 1977), it has more recently proven valuable in
describing microbial strategies in response to climate change (Evans and Wallenstein, 2014;
Fierer, 2017; Malik et al., 2020; Wallenstein and Hall, 2012). In this thesis, I move forward
and compare bacterial strategies in host association in light of the UAST framework.
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Figure 2 Bacterial life history strategies according to the Universal Adaptive Strategy Theory.
Following Grime, organisms may follow three adaptive strategies, namely competitive, stress-tolerant and
ruderal depending on the environment experienced. Here gradients of competition, stress and
disturbances shape the corresponding strategy or mix of strategies. Their contributions are also
highlighted by contours within the triangular model of bacterial life history strategies (stress = red,
competition = green, disturbance = blue). Traits contributing to the different strategies that can be
inferred from genomic data are highlighted in boxes. Adapted from (Fierer, 2017; Grime, 1974).

Genomic and metagenomic sequence data has been used to infer growth rates (e.g.
from codon usage patterns), stress tolerance (e.g. from genes for sporulation and EPS
production), and nutrient acquisition (e.g. from enzyme genes) ((Fierer, 2017); Figure 2).
Attractive in its promise, it remains open how well these genomically predicted strategies
map onto realized bacterial strategies. For this, a direct comparison between predicted traits
and traits measured in situ is required. This should happen in traits co-varying with the
strategies along the CSR axes of variation, as has been done in plants with plant specific leaf
area, plant height and seed mass (Westoby, 1998).

For a trait-based understanding of host-associated microbes, bacterial attributes
should be both inferred from genomic sequences and validated empirically. Put together, this
will provide a window into key traits and strategies required for successful host association.
Thus, life history theory may advance our current understanding of microbe-host
associations and indicate what allows their emergence and maintenance.

Modeling microbe-host associations using C. elegans and its naturally
associated bacteria

To study function and strategies of bacteria in host association, as well as its emergence and
maintenance, the nematode Caenorhabditis elegans and members of its naturally microbiota
present an ideal model system. Importantly, this system has all attributes required to
experimentally test hypotheses on the ecology and evolution of bacteria inside a host.
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Figure 3 Discovering the natural microbiota of C. elegans. (A) In nature, the nematode
Caenorhabditis elegans lives in rotting plant material, including compost heaps. (B) Bacteria from the
natural microbiota consortium CeMbio colonize the gastrointestinal tract of N2 C. elegans. In this confocal
images, bacterial (in red) are stained using fluorescence in situ hybridization with the eubacterial probe
EUB338 and worm nuclei (in blue) using DAPI. Image taken from (Dirksen et al,, 2020). (C) In association
with the worm, bacteria can act as food, pathogens, or parasites as well as commensals and mutualists.
Adapted from (Schulenburg and Félix, 2017).

Like most animals and plants, the nematode harbors a microbiota in its natural
habitat, although its role has been neglected and its physiology and evolution remain largely
unclear. In nature, C. elegans lives in microbe-rich habitats such as compost heaps, rotting
fruits and decaying plant matter (Félix and Braendle, 2010; Schulenburg and Félix, 2017). Yet
most of the worm's biology has been studied in the context of bacteria not found in these
habitats. Classically a model organism in biological disciplines including genetics,
development, or neurobiology, the worm is traditionally maintained on Escherichia coli OP50
in the lab. This is a Gram-negative bacterium, which does not colonize worms until old age, as
it is easily digested by worms crushing cells in their grinder (Avery and You, 2012).
Furthermore, this bacterium grows only thinly on nematode growth agar, therefore making
experimental handling and microscopy easy. E. coli OP50 is, however, not found in worms or
their substrate in natural habitats (Dirksen etal., 2016; Samuel et al.,, 2016; Zhang et al., 2017).
In a natural settings, C. elegans have been shown to host a diverse and species-rich microbiota.
Crawling through composts and rotting plant material, worms pick up bacteria from an
environmental source pool, thus acquiring a microbiota horizontally from the substrate.
Importantly, microbiota bacteria can survive digestion to different extents and thus colonize
the worm (Dirksen et al, 2016). Three studies published in 2016 have described the
taxonomic composition of the microbiota independently, all taking slightly different, yet
complementary approaches. Bacteria were either sampled from habitats C. elegans was found
in (Samuel et al,, 2016), wild worms captured in rotting plant material (Dirksen et al., 2016)
or worms exposed to compost microcosms in the lab (Berg etal.,, 2016). A meta-analysis found
strong overlap in bacterial communities across these studies indicating a specific assembly of
bacterial taxa in the worm (Zhang et al.,, 2017). On the family level, Xanthomonadaceae,
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Pseudomonadaceae, Enterobacteriaceae, Comamonadaceae, Sphingomonodaceae,
Sphingobacteriaceae, Weksellaceae and Flavobacteriaceae can be found in worms from all
study approaches (Zhang et al, 2017). These findings are also supported by additional
experiments with worms in lab microcosms (Berg et al., 2019), as well as sampling of natural
worms in the Kiel Botanical Garden over successive seasons (Johnke et al.,, 2020). On the
species and strain level, however, great variation exists between samples, indicating that
there is no stringent co-evolution of specific isolates with this worm species. This raises the
question what other factors may shape the fit between microbe and host, which will be
addressed in chapter 1 using functional inference from bacterial genomes and using
colonization experiments and experimental evolution in chapters 4 and 5.

In the experiments presented in this thesis, I used bacterial isolates from wild C.
elegans captured in Northern Germany paired with their natural worm host (Dirksen et al,,
2016). Specifically, a culture collection of 77 isolates of the microbiota community was used
for functional profiling, characterization of colonization and impact on host fitness (chapter
1). To fundamentally assess the evolutionary fate of bacteria following a life history with C.
elegans as a host as compared to their evolution without the worm (chapters 4 and 5), two
isolates from bacterial genera of particular interest were selected as model organisms. These
are Pseudomonas lurida (MYb11) and Ochrobactrum vermis (MYb71). Both MYb11 and
MYb71 are enriched in worms compared to their substrate, and can be cultured in the lab
(Dirksen et al., 2016; Sieber et al.,, 2019), making experiments both in worms and on agar
feasible. More importantly, P. lurida MYb11 is both member of one of the core families of the
worm microbiota as well one of the best researched bacterial genera, thus a biologically
relevant microbiota member whose evolutionary change may be well interpreted with the
help of comparative annotation. Although not relevant in the scope of this thesis, MYb11 has
further raised interest for protecting C. elegans from infection by fungal and bacterial
pathogens (Dirksen et al., 2016; Kissoyan et al., 2019). The second isolate, MYb71 presents a
model for a host-adapted bacterium, as it is very abundant when sampled in worm microbial
communities (Sieber etal., 2019), and has been shown to modulate C. elegans metabolism and
reproduction, visible also in changes in the transcriptome and proteome as compared to E.
coli OP50 (Cassidy et al., 2018; Yang et al., 2019). Further, Ochrobactrum is a genus also
reported in symbiosis with entomopathogenic nematodes (Babic et al.,, 2000). It is thus of
interest to learn about functions relevant and maintained in the interaction with C. elegans or
lost in the absence of the host. Given their co-isolation from a single worm, these two isolates
further allow investigating bacteria-bacteria interactions within the microbiota and their
impact on adaptation to the worm in a small two-member model community (chapter 5).
Both MYb11 and MYb71 are also part of a more recently established microbiota consortium,
the CeMbio, including 12 bacteria representing the core microbiota of C. elegans (Dirksen et
al,, 2020), thus making the work presented here relatable to future research. Taken together,
the natural microbiota provides bacterial isolates that for my purposes function as models to
investigate fundamental questions of microbiota ecology and evolution.

In addition to association with a variety of bacterial taxa, it is known that C. elegans
can interact with bacteria in different ways. Being a bacterivore, C. elegans uses bacteria as a
food source. For this, the worm uses the grinder in the pharynx, low pH, and digestive
enzymes to kill bacteria and access them as nutrients. Here C. elegans can use different
bacterial species as food of varying quality to support development (Avery and You, 2012;
Fang-Yen et al, 2009; Grewal, 1991; Shtonda and Avery, 2006). Notably, also naturally
colonizing bacteria serve as food for growth and development, and thus generally serve a dual
role as symbiont and food. Briefly addressed in chapter 2, an association between bacteria
and worms can still be maintained in spite of digestion, as only a part of the bacteria taken up
are digested, while the remaining live cells may interact with worms and can even be released
back into the environment where they may grow again, a process sometimes even interpreted
as farming (Hoang et al., 2019; Thutupalli et al,, 2017). Next to serving as food, live bacteria
may also influence worm physiology and fitness as mutualists. Bacteria may synthesize and
provide essential nutrients and cofactors required for worm development, survival and
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reproduction (e.g. (Chaudhari et al., 2016; MacNeil et al., 2013a; Na et al,, 2018; Virk et al,,
2016; Warnhoff and Ruvkun, 2019)). Furthermore, bacteria, including members of the
natural microbiota, can protect the worms from pathogen infection (Ford et al., 2016; King et
al,, 2016; Kissoyan et al,, 2019). Finally, some bacteria are also pathogens to C. elegans. This
includes classic human pathogens such as Pseudomonas aeruginosa or Salmonella enterica,
but also bacteria from natural habitats of the worm such as Bacillus thuringiensis, Serratia
marcescens or Leucobacter species (Samuel et al, 2016; Schulenburg and Félix, 2017).
Although intriguing in their effect on the worm, pathogens are not a focus of this thesis. Most
research on bacterial impact on the worm, particularly a metabolic perspective, has been
obtained with bacteria not found to associate with C. elegans naturally. So, it remains unclear
what the natural microbiota can do and how relevant these interactions would be in a natural
context. In this thesis I therefore build on the taxonomic description of the natural microbiota
and investigate functional repertoires of its members as well as their impact and response to
host adaptation (see chapter 1).

C. elegans and its natural microbiota are a great model system to study the early stages
of microbe-host association. This is because specific taxa reliably associate with the worm yet
colonize it anew every generation. [t thus presents an intermediate between well-established
obligate symbioses, and naive pairs of microbes and hosts. This makes selection towards a
more stringent host association, as well as the loss of host adaptive traits in its absence,
possible. Furthermore, this experimental system allows us to study both defined association
of naturally associating bacteria with axenic hosts and bacterial culture in vitro under
controlled lab conditions (Berg et al., 2016; Dirksen et al., 2016, 2020; Samuel et al., 2016;
Zhang et al, 2017). Well-established techniques for synchronizing worms in their
development and rendering them sterile before exposing them to bacteria make this an easy
to handle system to assess microbe associations under defined conditions (Douglas, 2019;
Stiernagle, 2006; Zhang et al., 2017). At the same time, bacteria can be subjected to
experimental evolution scaffolded along the complete host life cycle of only a few days. The
worm’s short generation time makes it possible to expose bacteria to worms across
developmental stages and has proven valuable in studying bacterial within-host evolution (in
the context of pathogens) as well as co-evolution of host and pathogen, or host and symbionts
(Hoangetal, 2016; Jansen etal., 2015; King et al., 2016; Masri etal., 2015; Papkou et al., 2018;
Rafaluk-Mohr et al.,, 2018; Schulte et al., 2010; Zhang et al., 2017). Finally, being one of many
fascinating microbe-host associations, this system further benefits from C. elegans being a
model organism in biology and having been studied extensively, thus providing a framework
in which to interpret bacterial ecology and evolution (Petersen et al,, 2015). At the same time,
however, we currently have a limited understanding of what the bacteria in the worm can do
or how they adjust to life in the worm.

Objectives and overview of this thesis

In this thesis, [ aim to explore the bacterial perspective to association with C. elegans as a host,
to more generally learn about bacterial life history strategies in host association. Structured
in two parts, I first present work on the functional ecology of host-associated bacteria and
then focus on bacterial evolution in this context. In a general discussion at the end, the insights
gained will be synthesized in light of bacterial life histories in the context of host association.
Here I briefly introduce all thesis chapters and their aims.

Part I. Functional ecology of microbiotas
Chapter 1 is aimed at enhancing our understanding of the functional repertoire of bacteria

naturally associated with the nematode C. elegans. Taking a bottom up approach, the
metabolic competencies of 77 bacteria from the natural microbiota of C. elegans were
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predicted from whole genome sequences and experimentally validated. This showed that
together the community of bacteria may synthesize all nutrients essential to the worm host,
but cholesterol. Notably, the interactions between bacteria in the community are context-
dependent and carbon sources may be used to specifically modulate them. Finally, predicted
bacterial life history strategies and traits are related to worm colonization and worm fitness.
Here bacteria that invest mainly in stress-tolerance and competition appeared most abundant
in worms, while the capacity to degrade hydroxyproline linked to increased host fitness.

Part II. Evolution of bacteria in host association

In chapter 2, I present an opinion piece with the aim of providing a novel framework for the
emergence and maintenance of microbe-host associations from the microbial perspective. In
it, we argue that microbes in many extant microbiotas, but also at the origin of host
association, follow a biphasic life cycle switching between hosts and free-living life.
Connecting bacterial function to life history strategy, the traits required along the life cycle
and their contributions to microbial fitness are examined and provide a basis for novel
approaches to model microbial side of symbiosis. It is then discussed how bottlenecks along
the life cycle and consequences for the host may shape microbial adaptation in an
evolutionary time frame.

In the following chapter 3, I present a theoretical study that aims to identify which life history
traits optimize microbial fitness in a biphasic life cycle. For this, a deterministic model
describing a population of microbes transitioning between host association and free-living
life in the environment is described. Using population growth rate as a proxy for fitness shows
that greater fitness can be attained either by investment in increased replication or increased
migration between host and the environment. Particularly when population size in the host,
and thus growth inside it, are limited, microbes should invest in migration towards the host
rather than replication.

In chapter 4, I present a study that aims to understand how the bacterium Pseudomonas
lurida, a member of the natural C. elegans microbiota, adapts to the worm upon
experimentally imposing a biphasic life cycle. Here, biphasically evolved populations showed
greater colonization and persistence in worms than ancestral, while the absence of a host
bacteria improved dispersal autonomy in terms of colony expansion. Further, a wrinkly
colony type specialized on host association emerged and dominated biphasically evolved
populations. Via genetic changes in the regulation of the second messenger c-di-GMP, wrinkly
types improve biofilm formation and persistence in worms. This illustrates sticking to a host
as a key step in the emergence and establishment of microbe-host-association.

Chapter 5 is aimed at understanding how two microbiota members, Pseudomonas lurida and
Ochrobactrum vermis co-colonize, sub-specialize and evolve together in C. elegans as a host.
Both part of the natural microbiota of the C. elegans, they can colonize the worm alone and
together. Here the bacteria can be distinguished in their ability to compete in the agar plate
environment, quickly enter as well as persist inside the host. From this we infer distinct life
history strategies of P. lurida and O. vermis in association with the worm. We further consider
how shifts in the composition of the two-member community feed back on host development
and fitness.

Finally, I provide a general discussion of bacterial responses to life inside a host and present
perspectives for future research in the epilogue. Specifically, I review the role of biofilms in
beneficial microbe-host associations, discuss what we have learned about bacterial life
history strategies in host association, and provide a perspective on how to apply the insights
gained to manipulate microbe-host associations.
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Abstract

The microbiota is generally assumed to have a substantial influence on the biology of
multicellular organisms. The exact functional contributions of the microbes are often
unclear and cannot be inferred easily from 16S rRNA genotyping, which is commonly used
for taxonomic characterization of bacterial associates. In order to bridge this knowledge
gap, we here analyzed the metabolic competences of the native microbiota of the model
nematode Caenorhabditis elegans. We integrated whole genome sequences of 77 bacterial
microbiota members with metabolic modeling and experimental characterization of
bacterial physiology. We found that, as a community, the microbiota can synthesize all
essential nutrients for C. elegans. Both metabolic models and experimental analyses
revealed that nutrient context can influence how bacteria interact within the microbiota.
We identified key bacterial traits that are likely to influence the microbe’s ability to
colonize C. elegans (i.e., the ability of bacteria for pyruvate fermentation to acetoin) and
affect nematode fitness (i.e., bacterial competence for hydroxyproline degradation).
Considering that the microbiota is usually neglected in C. elegans research, the resource
presented here will help our understanding of this nematode’s biology in a more natural
context. Our integrative approach moreover provides a novel, general framework to
characterize microbiota-mediated functions.



Introduction

Multicellular organisms are continuously associated with microbial communities. The
ongoing interactions have likely influenced evolution of the involved microbes and hosts,
affecting bacterial growth characteristics or host development, metabolism, immunity, and
even behavior (McFall-Ngai et al, 2013). Host organisms and their associated
microorganisms (i.e., the microbiota) are thus widely assumed to form a functional unit, the
metaorganism, where microbial traits expand host biology (Bosch and Miller, 2016). To date,
most microbiota studies focus on describing bacterial taxonomic composition, using 16S
rRNA amplicon sequencing (Pascoe et al., 2017). These studies revealed that specific taxa
reliably associate with certain hosts, for example Bacteroidetes and Firmicutes with humans,
Snodgrassella and Gilliamella with honeybees, or Lactobacillus and Acetobacter with
Drosophila (Moran etal.,, 2012; The Human Microbiome Project Consortium et al.,, 2012; Wong
et al, 2011). 16S profiling, however, is insufficient to identify bacterial functions relevant for
the interaction (Louca et al,, 2016). More insights can be obtained from bacterial genome
sequences. For example, genomic analysis of bee microbiota members revealed
complementary functions in carbohydrate metabolism, suggesting syntrophic interactions
among bacteria (Kwong et al,, 2014). Further, the systems biology approach of constraint-
based modeling permits inference of genome-scale metabolic models and prediction of
microbial phenotypes (Bordbar et al., 2014), as demonstrated for whiteflies and their
endosymbionts (Ankrah et al, 2017; Luan et al, 2015) and also hosts with complex
microbiotas (Bauer et al.,, 2015; Magnusdottir et al.,, 2017).

The nematode Caenorhabditis elegans is an important model organism in biomedical
research. Yet, almost all C. elegans research has been without microbiota. In fact, the
nematode’s microbiota was only characterized recently, consisting mostly of
Gammaproteobacteria (Enterobacteriaceae, Pseudomonaceae, Xanthomonodaceae) and
Bacteroidetes (Sphingobacteriaceae, Weeksellaceae, Flavobacteriaceae) (Berg et al.,, 2016;
Dirksen etal., 2016; Samuel et al., 2016; Zhang et al., 2017), some of which persistin the worm
intestine (Berg et al., 2019; Dirksen et al., 2016; Kissoyan et al, 2019). The microbiota
composition is influenced by both host genotype and environment, and appears similar
across geographic regions ((Berg et al., 2016; Dirksen et al., 2016); see meta-analysis in
(Zhang et al.,, 2017)). The few studies on microbiota functions highlight an influence on C.
elegans fitness, stress resistance, and pathogen protection (Dirksen et al., 2016). Previous
studies also combined C. elegans with soil bacteria, revealing that these can provide specific
nutrients (Chaudhari et al.,, 2016; MacNeil et al., 2013b; Shapira, 2017; Virk et al., 2016;
Watson et al., 2014). Bacterial metabolism can also affect the worm’s response to drugs
against cancer and diabetes (Cabreiro et al., 2013; Garcia-Gonzalez et al., 2017; Norvaisas and
Cabreiro, 2018; Scott et al,, 2017). To date, the functions of the native microbiota have not
been systematically explored.

Our aim was to establish the natural C. elegans microbiota as a model for studying
microbiota functions. We extended previous 16S rRNA data (Dirksen et al, 2016) by
sequencing whole genomes for 77 bacteria, which are associated with C. elegans in nature,
most likely as part of the intestinal microbiota, and also Escherichia coli OP50, the nematode’s
standard laboratory food. We reconstructed metabolic networks from the genomes to explore
the bacteria’s metabolic competences and microbe-microbe interactions. We additionally
characterized bacterial physiology and assessed which bacterial traits shape colonization
ability and influence C. elegans fitness.
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Materials and methods

Materials

Microbiota strains were previously isolated from natural C. elegans isolates or corresponding
substrates in Northern Germany ((Dirksen et al., 2016); Supplementary Table S1). Briefly,
bacteria from worms were obtained after nematodes were thoroughly washed and broken up
by vortexing with Zirconium beads. Most bacteria are likely from the intestines, yet an
association with the nematode cuticle cannot be excluded (Dirksen et al, 2016). A
representative set of 77 strains was chosen for genome sequencing, covering 79.5% of the
diversity and abundance of the top ten genera and still 54.6% of that of the top 20 genera
from the native C. elegans microbiota (some common microbiota members such as
Flavobacteria could not yet be isolated (Dirksen et al., 2016)). For physiological analysis,
bacteria were cultured in tryptic soy broth (TSB) at 28 °C. We performed experiments with
the main C. elegans laboratory strain N2 (see below), thus allowing us to use previous
literature and concurrent experiments with the standard food E. coli OP50 as a reference. For
these experiments, bacterial TSB cultures (500 ul at 0D600 = 10) were spread onto peptone-
free medium (PFM). Maintenance and bleaching, to obtain gnotobiotic, agesynchronized
worms, followed standard methods (Stiernagle, 2006).

Genome sequencing

Total bacterial DNA was isolated using a cetyl-trimethylammonium-bromid (CTAB) approach
(Schulenburg et al,, 2001). Sequencing was based on Illumina HiSeq and in a subset of nine
strains additionally PacBio (Supplementary Table S1). For PacBio, SMRTbell™ template
library was prepared following manufacturer’s instructions (Pacific Biosciences, US; Protocol
for Greater Than 10 kb Template Preparation). SMRT sequencing was performed on the
PacBio RSII (Pacific Biosciences, US), applying 240-min movie lengths. PacBio data was
assembled using the RS_HGAP_Assembly.3 protocol (SMRT Portal version 2.3.0).
Chromosomes and chromids were circularized, unusual redundancies at contig ends and
artificial contigs were removed. Error correction was performed by Illumina reads mapping
onto genomes using BWA (Li and Durbin, 2009) with subsequent variant calling using
VarScan (Koboldt et al., 2012). QV60 consensus concordances were confirmed for all
genomes. Annotations were obtained with the NCBI Prokaryotic Genome Annotation Pipeline
(PGAP). For samples with only Illumina data, low-quality reads and adaptors were trimmed
with Trimmomatic v0.36 (Bolger et al., 2014). Genomes were assembled using SPAdes v3.8.0
(Bankevich et al., 2012) and contigs greater than 1000 bp annotated with PGAP and Prokka
v1.11 (Seemann, 2014). Genomes were compared with BRIG (Alikhan et al., 2011). BUSCO
(Simao et al,, 2015) analysis revealed high-genome completeness, irrespective of sequencing
technology (mean completeness of 96.81%; Supplementary Figs. S12 and S13). As assembly
quality of the available OP50 genome was low (NCBI project PRJNA41499; >2900 contigs,
73% completeness), we sequenced and assembled it again (218 contigs, 98.7%
completeness). All sequences are available from NCBI Genbank, Bioproject PRINA400855.

Reconstruction of metabolic networks

Metabolic networks were reconstructed following two steps (Fig. 1a). First, genomes were
used to create draft metabolic models, using ModelSEED version 2.0 (Henry et al., 2010) and
associated SEED reaction database. Second, we corrected errors and extended drafts by (i)
finding futile cycles, (ii) allowing growth with the isolation medium (TSB), (iii) improving
biosynthesis of biomass components, (iv) extending capacities to use different carbon
sources, and (v) checking for additional fermentation products. Curation was based on
combining topological- and sequenced-based gap-filling using gapseq (version 0.9;
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https://github.com/jotech/gapseq), pathway definitions of MetaCyc release 22 (Caspi et al,,
2018), and UniProt (Consortium, 2014). The presence of enzymatic reactions was inferred by
BLAST with bitscore of 250 (=150 for more conservative estimation), and 75% minimum
query coverage. Moreover, reactions were assumed to be present if overall pathway
completeness was >75% or if it was >66% and key pathway enzymes were present. Host-
microbe interaction genes were identified with the virulence factor database (Chen et al,,
2016). The resulting curated models (Supplementary data S1) were used for further
metabolic network analysis. Genome incompleteness did not have a large effect on pathway
reconstruction (Supplementary Fig. S14). Computations were done with GNU parallel (Tange,
2011).
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Fig. 1 Genomes of bacterial isolates, reconstruction and validation of metabolic networks. a
Pipeline for metabolic network reconstruction. Sequenced genomes were used to create draft metabolic
models. Draft models were curated using topological- and sequenced based gap-filling. The resulting
models were validated with physiological data (BIOLOG GNZ2; see Fig. 3); these models represent the
metabolic networks of microbiome isolates and were used for functional inference. b Model improvements
by curation, leading to an increase in accurate prediction of uptake of carbon sources, and decreases in
the prediction of non-producible biomass components and the number of components needed for growth.
¢ Model curation improved agreement with experimental data, as for example the BIOLOG results.

Phylogenetic correlation and clustering of metabolic pathways

We assessed the correlation between metabolic pathway similarity and phylogenetic
relationships, using pairwise comparisons of bacteria. We specifically focused on 16S rRNA
sequences to calculate phylogenetic similarities, in order to enable comparisons with the
standard microbiota analysis approach, based on 16S amplicon sequencing. 16S similarity
was scored as percent identity with biostrings (Pages et al., 2018), using data from the SILVA
database (Quast et al, 2013) based on best hits of extracted genomic 16S rRNA using
RNAmmer (Lagesen et al., 2007). To determine overall metabolic distances between isolates,
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metabolic networks were treated as vectors, clustered horizontally, followed by computation
of Euclidean distances between vectors. Cluster similarity was estimated by average linkage
and assessed via multi-scale bootstrapping (10,000 replications) using pvclust (Suzuki and
Shimodaira, 2006).

BIOLOG experiments

We used BIOLOG GN2 plates to assess metabolic competences of selected bacteria, including
MYb10, MYb11, MYb71, MYb237, and OP50. Bacterial cultures were washed thrice using
phosphate-buffered saline (PBS) and density adjusted to OD600 = 1.150 pl bacterial
suspension per well of BIOLOG plate was incubated at 28 °C for 46 h. Tetrazolium dye
absorption (0OD595) was measured every 30 min (three replicates per strain). Substrate
reduction was inferred from fold-change in tetrazolium absorbance:

0Dy46 = 0Dy

foldchange = 0Dy

- ODcontrol

Fold-changes in water were subtracted as background. Hierarchical clustering of strains was
based on average foldchange profiles (Ward’s clustering; Euclidean distance) and
bootstrapping (n = 100). We analyzed metabolic specialization by k-means clustering of
substrates (k = 7, n = 103; (Hartigan and Wong, 1979)) (Supplementary Fig. S1). Statistical
analyses were performed in R version 3.3.1 (R Core Team, 2013) and ggplot2 (Wikham,
2016).

Bacterial growth experiments

To validate BIOLOG results, we assessed growth of MYb11, MYb71, and their co-culture in
defined media with either alpha-D-glucose or D-(+)-sucrose as carbon sources. We focused
on these two isolates, because they are members of two common taxa of the native microbiota
of C. elegans (Dirksen et al., 2016) and because detailed information is available on the
interaction of these two isolates with C. elegans, including their ability to colonize the
nematode gut, persist under stressful conditions, influence nematode population growth, and
provide protection against pathogens (Dirksen et al., 2016; Kissoyan et al., 2019). Our defined
medium is related to S medium (Stiernagle, 2006): 0.3% NaCl, 1 mM MgS04, 1mM CaCl,,
25mM KPOy, 0.1% NH4NOs, 0.05 mM EDTA, 0.025 mM FeS04, 0.01mM MnCl;, 0.01mM ZnSO4,
0.01 mM CuSOs, and 1% carbon source. Medium without carbon source served as negative
and TSB as positive control. Overnight cultures were washed and adjusted to 3.94 x 107 CFUs
for growth experiments. Microtiter plates were incubated as BIOLOG plates above. 0D600
was measured every 30 min, and cultures plated after 48 h. Selective plating of MYb71 using
kanamycin (10 pg/ml) allowed to quantify MYb11/MYb71 proportions in co-culture. Three
independent runs with technical replicates were assessed with Mann-Whitney U-tests and
Pvalue adjustment by false discovery rate (fdr, Benjamini Yoav et al. (Benjamini and
Hochberg, 1995)).

Simulation of bacterial in silico growth

We used the curated models to simulate growth of MYb11 and MYb71 with sucrose as carbon
source using BacArena (Bauer et al,, 2017). Sucrose invertases were identified with gapseq
(https://github.com/jotech/gapseq) and secreted peptides with SignalP 4.1 (Petersen et al.,
2011). The MYb71 extracellular sucrose invertase was modeled as independent species with
a single sucrose invertase reaction and exchange reactions for sucrose, glucose, and fructose.
Carbon source utilization and metabolic by-products were predicted using flux balance and
variability analysis in R with sybil (Gelius-Dietrich et al., 2013). Flux balance analysis is a
constrained-based method to estimate intra-cellular reaction activities by linear optimization
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(Orth et al,, 2010), permitting inference of bacterial growth. A carbon source was assumed
utilizable if the minimal solution of the corresponding exchange was negative and a
byproduct producible if the maximal solution of exchange positive.

Simulation of ecological interactions

We assessed possible interactions among bacteria using joined models, assuming a common
compartment for metabolite exchange between microbes. Activity of individual reactions (i.e.,
fluxes) was linearly coupled to biomass production to prevent unrealistic exchange fluxes,
such as those that solely benefit the partner but not the producer (Heinken et al., 2013). The
objective function was set to maximize the sum of fluxes through both biomass reactions. Two
growth media were used for simulations, TSB (Supplementary Table S2) and a glucose
minimal medium with thiamine and traces (0.001 mM) of sucrose and methionine to allow
initial bacterial growth (Supplementary Table S3). Joined growth rates (j1, j2) were compared
to single growth rates (s1, s2). Mutualism was defined as j1 > s1 and j2 > s2, competition as
j1 < s1 and simultaneously j2 < s2, parasitism as j1 < s1 and simultaneously j2 > s2 (orj2 < s2
and j1 > s1), and commensalism as j1 =s1 and j2 >s2 (orj2 =s2 and j1 > s1).

Experimental analysis of bacterial colonization and bacterial effects on C. elegans population
growth

We examined bacterial colonization of C. elegans (i.e., bacteria attached to worms after the
washing protocol, thus mainly consisting of intestinal bacteria) by quantifying CFUs extracted
from young adults exposed to bacteria for 24 h. In detail, L4 larvae were raised on OP50 lawns
and placed on each of the considered bacteria (500 pl, OD600 = 10; only one bacterium
present). After 24 h, they were washed in a series of buffers (2 x M9 buffer with 25mM
tetramisole, 2 x M9 with 25mM tetramisole and 100 pg/ml gentamicin, 1 x PBS with 0.025%
Triton-X) to remove bacteria from nematode surfaces, and homogenized in the GenoGrinder
2000 using 1 mm zirconia beads (1200 strokes/min, 3 min). Worm homogenate and
supernatant control were plated onto tryptic soy agar for quantification. We further
measured worm population growth as a proxy for worm fitness. Three L4, raised on OP50
lawns, were transferred onto lawns with the considered bacteria and total worm numbers
counted after five days at 20 °C.

Regression models

We analyzed the association between phenotypic measurements (i.e., bacterial colonization,
worm fitness) and metabolic or virulence characteristics using Spearman rank correlation
and random forest regression analysis. Significance of correlations was assessed with
permutation tests (100 randomly generated features, FDR-adjusted Pvalues). For random
forest regression, the R package VSURF served to select features via permutation-based score
of importance (Genuer et al., 2015) and otherwise default settings (ntree = 2000, ntry = p/3).

Adaptive strategies

According to the universal adaptive strategy theory (UAST) (Fierer, 2017; Grime, 1977),
heterotrophic bacteria follow one of three strategies: (i) rapid growth and thus good
competitor, (ii) high resistance and thus stress-tolerator, or (iii) fast niche occupation and
thus ruderal. We categorized bacterial isolates using published UAST criteria for genomic data
(Fierer, 2017), which are based on three scores, inferred from genome sequences and
metabolic models. In detail, the components of a competitive strategy were large genome size,
antibiotics production (presence of pathways belonging to “Antibiotic-Biosynthesis” category
in MetaCyc), high-catabolic diversity (Metacyc: “Energy-Metabolism”), and siderophore
biosynthesis (Metacyc: “Siderophores-Biosynthesis”). The criteria for stress-tolerators were
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auxotrophies, slow growth rates in TSB, few rRNA copies, and exopolysaccharides production
(MetaCyc pathways: PWY-6773, PWY-6655, PWY-6658, PWY-1001, PWY-6068, PWY-6082,
PWY-6073). Those for a ruderal strategy were fast growth in TSB, multiple rRNA copies, and
low catabolic diversity (Metacyc: “Energy-Metabolism”). The characteristics of each isolate
were related to the other bacteria, yielding a relative score, thereby assuming that different
strategies are present in the microbial community as a whole. For each isolate, we assessed
whether the inferred value belonged to the lower or upper quantile of this criterium (in case
of growth rates we used the mean instead). The total adaptive score per strategy was scaled
by the number of features considered per strategy. An isolate was assumed to follow the
strategy, for which it produced the highest score. If two strategies had the same score, then
we assumed a mixed strategy. The UAST classification remained stable with the same
qualitative order, irrespective of genome completeness or sequencing technology
(Supplementary Figs. S15 and S16).
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Results

Genomes of bacterial isolates, reconstruction and validation of metabolic networks

We obtained whole genome sequences for 77 bacterial isolates of the C. elegans microbiota
(Table 1). Of these, nine were sequenced with PacBio technology, allowing their full assembly,
yielding either a single-circular chromosome (four strains) or three chromosomes/chromids
in case of the five isolates of the genus Ochrobactrum, which is known to have more than one
chromosome (Chain et al., 2011) (Supplementary Table S1). The remaining isolates were
sequenced with [llumina only, resulting in assemblies with 11 up to 243 contigs. For four
genera (Ochrobactrum, Pseudomonas, Arthrobacter, Microbacterium), we included more than
five strains and identified substantial intrageneric genome variation (Supplementary Fig. S2).

Table 1 Overview of bacterial isolates from the natural microbiota of C. elegans included in this

study

Phylum Order Genus Isolate

Proteobacteria  Xanthomonadales  Stenotrophomonas MYb238, MYb57

Proteobacteria  Pseudomonadales  Pseudomonas MYb1, MYb114, MYb115, MYb117,
MYb12, MYb13, MYb16, MYb17,
MYb184, MYb185, MYb2, MYb22,
MYb3, MYb60, MYb75, MYb11,
MYb187, MYb193

Proteobacteria  Pseudomonadales  Acinetobacter MYb10

Proteobacteria  Enterobacterales Erwinia MYb121

Proteobacteria  Enterobacterales Escherichia MYb137, MYb5, OP50

Terrabacteria Actinobacteria Micrococcaceae MYb211, MYb213, MYb214, MYb216,

group MYb221, MYb222, MYb224, MYb227,
MYb229, MYb23, MYb51

Terrabacteria Actinobacteria Microbacteriaceae  MYb24, MYb32, MYb40, MYb43,

group MYb45, MYb50, MYb54, MYb62,
MYb64, MYb66, MYb72

FCB group Bacteroidetes Flavobacteriales MYb25, MYb44, MYb7

Proteobacteria  Caulobacterales Brevundimonas MYb31, MYb33, MYb46, MYb52

Terrabacteria Bacilli Paenibacillaceae MYb63

group

Proteobacteria  Rhizobiales Ochrobactrum MYb6, MYb14, MYb15, MYb18,
MYb19, MYb29, MYb49, MYb58,
MYb68, MYb71, MYb237

Proteobacteria  Burkholderiales Achromobacter MYb9, MYb73

Terrabacteria Bacilli Bacillaceae MYb48, MYb56, MYb67, MYb78,

group MYb209, MYb212, MYb220

Bacteroidetes Sphingobacteriales Sphingobacterium MYb181

Actinobacteria  Actinomycetales Rhodococcus MYb53

Strains with PacBio sequencing data are given in bold

To study the microbiota’s functional repertoire, we reconstructed genome-scale
metabolic models (Fig. 1a and Supplementary Data S1). The initial metabolic models were
curated by screening for transporter proteins and filling of missing reactions (gap-filling).
Curation increased model quality, including doubling of utilizable carbon sources, reduced
absence of essential biosynthesis pathways (e.g., for nucleotides or amino acids) from 60% to
below 10%, and reduction in the required additional compounds for growth on defined media
from on average six to one (Fig. 1b). To validate our metabolic models, we experimentally
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quantified the ability of five selected bacteria to utilize 46 carbon sources using the BIOLOG
approach. The results produced 49.6% overlap with the initial and 70% overlap with the
curated models (Fig. 1c and Supplementary Fig. S9). A 70% overlap is generally consistent
with previous studies with model organisms like Salmonella enterica, E. coli, Bacillus subtilis,
or Pseudomonas putida (AbuOun et al., 2009; Kumar and Maranas, 2009; Oh et al., 2007).
Notably, the models in these studies were manually reconstructed, highlighting the quality of
our automated reconstructions.

Metabolic diversity within the microbiome of C. elegans

We used the curated metabolic networks to assess the relationship between metabolic and
phylogenetic similarities and the bacteria’s metabolic potential. For phylogenetic
relationships, we specifically focused on 16S rRNA sequences, as they are most commonly
used to characterize microbiota communities (Pascoe et al., 2017). We found that pairwise
16S phylogenetic relationships are generally indicative of metabolic network similarities (Fig.
2a; Spearman rank correlation, RS = 0.6199, P<0.0001). Phylogenetic similarities appeared to
be larger than metabolic similarities, suggesting some variation in metabolic competences
within taxa. Such variation even occurred among isolates with 16S identity above 97%, often
used as a species cut-off. This was confirmed through hierarchical clustering of inferred
metabolic networks (Fig. 2b), for example for the genus Pseudomonas with three clearly
separated clusters (see similar patterns for Enterobacter, Ochrobactrum, or Microbacterium).
We conclude that variation in metabolic competences is generally related to bacterial
phylogeny albeit some variation being present within genera.
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Fig. 2 Metabolic network clustering and distribution of important pathways. a Correlation between
pairwise similarities in 16S rRNA sequences and metabolic networks is shown. Red indicates pairs with a
16S rRNA identity above 97% and metabolic identity below 97% and vice versa. b Hierarchical clustering
of metabolic networks based on pathway prediction. P-values were calculated via multi-scale bootstrap
resampling. In case of full support (i.e., P = 100), P-values are not shown (For a complete list of different
unbiased P-values and bootstrap values see Supplementary Fig. S11). ¢ Prediction of bacterial capacity to
produce metabolites favoring C. elegans growth. Filled squares in light purple indicate that the metabolic
networks predict the presence of the biosynthetic pathway required to produce essential amino acids and
co-factors. Black dots within the filled squares indicate that pathway presence is supported by more
conservative parameters (BLAST bitscore > 150). Different bacterial genera in b and c are indicated by
different colors of the strain names (Table 1).
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We next assessed the bacteria’s metabolic competences (Supplementary Table S4). In
general, the inferred metabolic competences are consistent with the aerobic and
heterotrophic lifestyle of the C. elegans host. The glycolysis, at least the partial pentose
phosphate pathway, the tricarboxylic acid cycle, and enzymes enabling oxidative
phosphorylation (cytochrome oxidases) were present in all genomes. Almost all isolates
possessed enzymes enabling tolerance to microaerobic conditions (e.g., cytochrome bd
oxidase). Some Bacilli, Pseudomonas, and Ochrobactrum showed competences for
chemolithotrophiclifestyle (nitrite and formate oxidation) and anaerobic respiration (nitrate,
arsenate reduction). Pathways related to CO2 fixation (reductive TCA or anaplerosis) were
found in several Pseudomonas, Microbacterium, or Bacilli. Two Bacillales strains showed
capacity to degrade polysaccharides, such as starch, cellulose, mannan, rhamnogalacturonan
(e.g., Paenibacillus MYb63, Bacillus MYb67). The microbiota members are able to produce all
essential substances required for C. elegans growth, which the nematode cannot synthesize
on its own (i.e., all essential amino acids and vitamins; Fig. 2c). Most variation among isolates
was observed in the biosynthetic pathways of B12, pantothenate, phenylalanine, and
siderophores (Fig. 2c). Simulation of in silico growth (Supplementary Fig. S9) suggests that all
bacteria can use simple sugars, such as glucose, ribose, or arabinose, while only some can
degrade lactose, maltodextrin, or sucrose. Short-chain fatty acids can be generated by all
bacteria (Supplementary Fig. S9), while they vary in succinate, cysteine, and valine
production. Several microbes possess potential virulence genes, especially Pseudomonas and
Escherichia isolates (Supplementary Table S5).

We subsequently focused on Ochrobactrum and Pseudomonas isolates. These two
genera are enriched in the native microbiota of C. elegans, comprising 10-20% of the
associated bacteria, they are particularly well able to colonize the nematode gut (Dirksen et
al, 2016), and some isolates can protect C. elegans from pathogens (Dirksen et al., 2016;
Kissoyan et al., 2019). Most Pseudomonas isolates can provide all required substances for
nematode growth. Ochrobactrum isolates can produce vitamin B12, like Pseudomonas
isolates, but unlike most other microbiota members (Fig. 2c). Moreover, the Ochrobactrum
isolates vary from other microbiota members in degradation pathways, energy metabolism,
vitamin biosynthesis, and potential virulence factors (Supplementary Table S6). They
apparently lack thiamine and panthothenate vitamin biosynthetic pathways, essential for C.
elegans. They possess a unique Brucella-like putatively immune-modulating LPS
(Supplementary Table S5).

In summary, C. elegans harbors a microbial community with diverse metabolic
competences, which can supply all essential nutrients for C. elegans and includes several
Ochrobactrum and Pseudomonas isolates capable of producing important vitamins such as
B12.

Nutrient context influences ecological interactions within the microbiota

To study how metabolic repertoires affect bacterial growth and interactions within the
microbiota, we characterized carbon source utilization of selected isolates and tested growth
in different nutrient environments in vitro and in silico. Using the BIOLOG approach, we
focused on prominent C. elegans microbiota members that colonize worms and affect host
fitness, including MYb71, MYb237 (both Ochrobactrum), MYb10 (Acinetobacter), MYb11
(Pseudomonas lurida), and E. coli OP50 as control (Supplementary Fig. S3; ref. (Dirksen et al.,
2016)). For a first insight into bacterial interactions, we additionally included a MYb11-
MYb71 mixture (two strains that can co-exist in C. elegans (Dirksen et al., 2016)).
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Fig. 3 Realized carbon metabolism and growth. a Profiles of carbon substrate use of Acinetobacter sp.
(MYb10), Pseudomonas lurida (MYb11), Ochrobactrum sp. (MYb71), Ochrobactrum sp. (MYb237), and E.
coli OP50 in BIOLOG GN2Z plates over 46 h. The fold-change in indicator dye absorption from 0 to 46 h
indicates that the particular compound is metabolized. k-means clustering (k = 7) of substrates by fold-
change highlights metabolic differences between strains. See Supplementary Fig. S5 for cluster VII with
substrates used poorly across most strains. b Colony-forming units per ml (CFU/ml) of MYb11 and MYb71
in mono- and co-culture at 48 h in alpha-D-glucose and sucrose-containing minimal media. The horizontal
and dashed lines indicate mean and SD of CFU/ml at inoculation. Statistical differences were determined
using Mann-Whitney U-tests and corrected for multiple testing using fdr, where appropriate. Significant
differences are indicated by stars (** for P<0.01; * for P < 0.05). Data from three independent experiments
is shown. c In silico growth of MYb11 and MYb71 in mono- and co-culture in sucrose-thiamine medium
using BacArena with an arena of 20 x 20 and five initial cells per species. d Bacterial interaction types
observed during in silico cocultures of all combinations of the 77 microbiota isolates and OP50.
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Metabolic repertoires of the strains differ and the four microbiota isolates deviate
from OP50 in carboxylic and amino acid metabolism (Fig. 3a, cluster II; and Supplementary
Fig.S4). MYb10 was least versatile at using carboxylic acids and sugar alcohols (Fig. 33, cluster
IV), while MYb11 and both Ochrobactrum could additionally metabolize unique sets of
carboxylic acids and sugar alcohols, respectively (Fig. 3a, cluster V and III). Notably, the
disaccharides sucrose and turanose were only metabolized by MYb71 (Fig. 3a, cluster III),
although sucrose invertases were present in the genomes of both MYb71 and MYb11 (cf.
pathway: sucrose degradation I, Supplementary Table S4). In co-culture, the metabolic
repertoires of MYb11 and MYb71 appeared additive.

We next assessed whether the differences in MYb1ll and MYb71 metabolic
competences shape bacterial interactions in growth media with only a single carbon source.
We focused on these two isolates as a model and proof-of-principle, because their interaction
with C. elegans has been characterized in detail, including efficient colonization of nematodes,
persistence under stressful conditions, an effect on nematode fitness, and protection against
pathogens (Dirksen et al.,, 2016; Kissoyan et al., 2019). We considered growth in the presence
of two sugars, which are characteristic for the C. elegans natural habitat (e.g., rotting fruits
and plant matter). We did not observe any growth in a control medium without carbon source,
and thus the tested bacteria are not chemoautotrophic (Supplementary Fig. S6). In minimal
medium with alpha-D-glucose, both MYb11 and MYb71 grew, yet exhibited distinct growth
dynamics (Fig. 3b and Supplementary Fig. S6). MYb71 produced more CFUs than MYb11 in
co-culture (Fig. 3b), suggesting that MYb71 has a growth advantage and/or interferes with
MYb11 in some other way. In agreement with the BIOLOG results, a medium including only
sucrose supported growth of MYb71 but not MYbll in monoculture (Fig. 3b and
Supplementary Fig. S6). Surprisingly, MYb11 grew in co-culture, indicating parasitic growth
(Fig. 3b). Thus, the presence of different carbon sources can change the interaction type
between two isolates.

We subsequently assessed the basis for co-growth of MYb11 and MYb71 in sucrose
medium, using genome sequence information and in silico growth simulations. Interestingly,
we found a secreted sucrose invertase in the genome of MYb71 but not MYbll
(Supplementary Fig. S10). In silico simulations demonstrated that MYb71 can grow in sucrose
medium, MYb11 alone does not, while both grow in co-culture (Fig. 3c), confirming our in
vitro results. Genome sequence information strongly suggests that growth of both in co-
culture is mediated by a secreted enzyme from MYb71. Taking a more global perspective, we
next investigated in silico the potential ecological interactions among bacteria. We compared
bacterial growth characteristics in monoculture and co-culture in different nutrient
environments. In rich medium (TSB), the exclusive interaction type was competition,
indicated by lower growth rates in co- vs. monoculture (Fig. 3d). This changed completely in
glucose minimal medium: 50% interactions were parasitic (i.e., the growth rate for one isolate
was higher in co-culture than in monoculture, while this pattern was opposite for the other
isolate of a pair), 30% were competitive, and 8% mutualistic (i.e.,, growth rates for both
isolates higher in co-culture than the monocultures; Fig. 3d). Under these minimal medium
conditions, the most frequently exchanged metabolites across bacteria were glyceraldehyde,
acetate, and ethanol (Supplementary Fig. S7). We conclude that the nutrient context
modulates bacterial growth, consistently identified in silico and in vitro, and thereby shapes
bacteria-bacteria interactions.
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Specific metabolic competences predict bacterial colonization ability and bacterial effects on
nematode fitness
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Fig. 4 Relationship of bacterial metabolic competences with their colonization ability and their
effects on nematode fitness. Presence of metabolic traits (light purple color), which were found to be
associated with the bacteria’s ability to colonize C. elegans or affect nematode population growth as a
proxy for worm fitness (green color). Regression models suggested that the pathway of pyruvate
fermentation to acetoin influences bacterial load while the presence of hydroxyproline degradation is
associated with C. elegans population growth. Colonization and population growth data was normalized;
darker colors indicate increased capacities. Different bacterial genera are indicated by the different colors
of the strain names (Table 1).

We next characterized traits involved in the interaction between bacteria and C. elegans,
especially the bacteria’s colonization ability and their effects on worm fitness. We focused on
18 microbiota isolates based on (i) their abundance in the C. elegans microbiota, (ii)
enrichment in worms, and (iii) effects on worm population growth [15, 63]. OP50 was
included as control. The bacteria varied substantially in their ability to colonize C. elegans and
their effects on nematode fitness (Fig. 4; Supplementary Fig. S3; and Supplementary Table
S7). Importantly, these two microbiota characteristics were significantly related with certain
metabolic competences. Pyruvate fermentation to (S)-acetoin was significantly associated
with bacterial load and the degradation of trans-3-hydroxyproline with nematode population
growth (Fig. 4 and Supplementary Table S8).
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Fig. 5 Different adaptive strategies within the microbiota and their relationship to worm
colonization. We applied the universal adaptive strategy theory proposed for soil bacteria [58] to
categorize the bacterial isolates. a Based on genomic and metabolic features, each isolate obtained a score
for the competitive (C), stress-tolerating (S), and ruderal (R) strategy, which is represented in the 3D-
coordinate system. b Bacterial colonization behavior in comparison to adaptive strategies. Isolates that
were categorized as ruderal produced the lowest bacterial load, whereas stress-tolerator and competitors
had the highest values. The difference in bacterial load between ruderal and other strategies was
significant (Wilcoxon rank-sum test, P = 0.01)

To further explore the potential behavior of all microbiota isolates in an ecological
context, we interpreted their genomic and metabolic traits in light of the universal adaptive
strategy theory [57, 58]. Twenty-six isolates were associated with a competitive, nine with a
stress-tolerating, and 37 with a ruderal (fast niche occupiers) strategy (Fig. 5a and
Supplementary Table S9). The remaining six isolates showed a mixed strategy (same score
for competition and stress-tolerance). Interestingly, isolates with different adaptive
strategies also varied in their colonization ability (Fig. 5b): bacteria with competitive or
stress-tolerance strategies showed higher bacterial load than those with ruderal strategy
(Wilcoxon rank-sum test, P = 0.01). Moreover, for the competitive and stress-tolerance
isolates, bacterial load was significantly correlated with the inferred score (Spearman, RS =
0.37, P = 0.1; Supplementary Fig. S8). Taken together, the competitive and stress-tolerating
strategies are most prevalent within the C. elegans microbiota and relate to bacterial
colonization capacity.

Discussion

We here present the first overview of the functional repertoire contained within the native
microbiota of C. elegans and provide a metabolic framework for functional analysis of host-
associated microbial communities. Whole-genome sequences were used to reconstruct the
metabolic network of 77 microbiota members. We found that bacterial metabolic
competences vary and that the community as a whole can produce nutrients essential for C.
elegans growth. We identified a significant correlation between metabolic similarities and
phylogenetic relationships inferred from 16S rRNA sequences, which are commonly used for
bacterial classification. Metabolic variation was larger than evident from 16S data alone,
suggesting that metabolic competences can be derived to only limited extent from 16S
sequences and should ideally be reconstructed from whole genome information. For selected
bacteria, we validated the model predictions using physiological analyses. Moreover, both in
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vitro and in silico approaches demonstrated that the nutrient environment can modulate
bacterial interactions, for example, from competition to mutualism. We further identified
specific metabolic modules that appear to shape the interaction with the host. Finally, we
considered a combination of genomic, metabolic, and cellular traits to infer bacterial life
history strategies according to the universal adaptive strategy theory (Fierer, 2017; Grime,
1977), finding that bacterial colonization ability is associated with a competitive or stress-
tolerant strategy. In the following, we will discuss in more detail (i) the diversity of metabolic
competences in the microbiota and possible implications for C. elegans biology, (ii) how
metabolic networks shape bacteria-bacteria interactions, and (iii) how bacterial traits affect
colonization and C. elegans fitness.

Our analysis revealed that the microbiota members are jointly able to synthesize all
essential nutrients required by C. elegans. The considered isolates varied in their capacity to
produce vitamins essential to C. elegans, such as folate, thiamine, and vitamin B12, which are
known to affect nematode physiology and life history (Bito et al.,, 2013; Cabreiro et al., 2013;
Chaudhari et al., 2016; MacNeil et al., 2013b; Virk et al,, 2016; Watson et al., 2016). For
example, vitamin B12 influences propionate breakdown, it can accelerate development, and
reduce fertility (MacNeil et al., 2013b; Watson et al., 2016). Of the characterized bacteria, only
Pseudomonas and Ochrobactrum strains had the pathways to produce vitamin B12. Their
enrichment in the microbiota should therefore affect the metabolic state and fitness of C.
elegans.

Our study demonstrated that the nutrient environment can change bacterial
interactions. In our simulations, competitive interactions dominated in rich medium, while
parasitic and mutualistic interactions in minimal medium. Interactions between
Pseudomonas lurida MYb11 and Ochrobactrum MYb71 shifted from parasitic to competitive
in a sucrose- vs. glucose-supplemented medium. We detected a secreted sucrose invertase in
the MYb71 genome, which otherwise lacks sucrose transporters. Thus, we propose that
MYb71 breaks down sucrose extracellularly, and the monosaccharides glucose and fructose
become exploitable by MYb11. While a similar phenomenon was described for yeast with
engineered auxotrophies (Hoek et al, 2016; Zomorrodi and Segre, 2017), it was here
observed for naturally coexisting host-associated bacteria. This emphasizes the relevance of
nutrient context in host microbiota interactions. Importantly, no single growth medium might
reliably predict all possible interaction types. It is therefore essential to consider the nutrient
context to fully understand bacterial interactions within the microbiota (e.g., ref. (Coyte et al,,
2015)).

Our analysis further identified two bacterial traits that appear to influence the
interaction with the host. Colonization ability was associated with pyruvate fermentation to
(S)-acetoin. This fermentation pathway includes the ketone diacetyl as an intermediate,
whose buttery odor attracts C. elegans and promotes feeding behavior (Ryan et al., 2014). In
detail, diacetyl binds the transmembrane odor receptor odr-10 and affects odortaxis (Ryan et
al,, 2014; Sengupta et al,, 1996; Zhang et al., 1997). As a result, worms are more attracted to
bacterial lawns with this particular smell (Ryan et al., 2014). Indeed, lactic acid bacteria in
rotting citrus fruits were more attractive to worms when releasing diacetyl (Choi et al,, 2016).
Similarly, entomopathogenic Steinernema nematodes were more attracted to insect cadavers
infected with the diacetylproducing bacterial symbionts of the nematode (Baiocchi et al,,
2017). Thus, if worms are attracted to diacetyl-producing bacteria, they should spend more
time in their presence. This alone could increase bacterial uptake and colonization.

We also found that trans-3-hydroxyproline degradation in bacteria is associated with
increased nematode fitness. In worms, hydroxyproline is present in collagen type IV, a major
component of the extracellular matrix in the pharynx, intestine, and cuticle (Graham et al,,
1997; Hutter et al., 2000; Page and Johnstone, 2007). The breakdown of hydroxyproline can
generate reactive oxygen species (Cooper et al,, 2008). These may act as signaling molecules,
which could affect cellular proliferation (Halliwell, 2007) and C. elegans reproduction (De
Henau et al,, 2015). Whether ROS in the gut increases brood size is unknown. Alternatively,
bacteria with the degradation pathway may utilize the amino acid as a carbon source,
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consistent with the “microbiome on the leash” hypothesis, characterized by host-selection of
beneficial bacterial traits (Foster et al., 2017).

In conclusion, our study provides a resource of naturally associated bacteria, their
whole-genome sequences, and reconstructed metabolic competences that can be exploited to
study and understand C. elegans in an ecologically meaningful context. This resource may help
to further establish C. elegans as a model for studying host-microbe interactions.
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Supplementary Fig. S1. Diagnostic plots of k-means clustering. (a) Within group sum of squares (SS)
across clustering with different k. Grey shaded region highlights number of clusters where within group
SS starts decreasing less rapidly with an increase in k. (b) Silhouette width of clustering with different k.
A silhouette width = 0 indicates points of several clusters overlapping, while a silhouette width = 1 implies
a point being exclusive to one cluster. (c) Mean silhouette width across clustering with different k 100
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Aligned to MYb137

Aligned to MYb52

Supplementary Fig. S2. Genome
comparison of selected bacterial
taxa using circular plots. Selected
taxa include: (a) Ochrobactrum, (b)
Pseudomonas, (c) Chryseobacterium,
(d) Brevundimonas, (e)
Stenotrophomonas, o)
Microbacterium, (g) Bacillus, (h)
Achromobacter, (i) Escherichia, and
(j) Arthrobacter. For each taxon, the
genome sequence with highest quality
(ie, genome sequence with the
smallest number of contigs) was
identified and then used as a reference
for alignment of the remaining
genomes. GC content, coverage, and
predicted bacterial phage
information are given for the
reference genome of each taxon. The
color intensity in each ring indicates
BLAST match identity. The genomes
within a particular taxon are usually
highly similar, except in the case of
Bacillus, which produces higher
diversity across the included isolates.
Predicted phage regions tend to be
highly diverse across isolates within a
taxon, except for Chryseobacterium,
Brevundimonas, Stenotrophomonas,
Achromobacter, and Escherichia,
which may be due to the small number
of species in these taxa.
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Supplementary Fig S3. Variation in population growth and colonization levels of C. elegans in
mono-association with natural microbiome isolates. Three L4 larvae were exposed to bacterial lawns
on PFM plates for five days, and F2 population sizes quantified (n = 3-6). To count colony forming units
per worm, L4 larvae were transferred from NGM plates with OP50, exposed to microbiota lawns for 24 h,
washed and the associated bacteria extracted (n = 5). Dashed lines show the mean population size and
bacterial load of the canonical food bacteria E. coli OP50.
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Supplementary Fig. S4. Hierarchical clustering of strains based on BIOLOG profiles. Clustering is
based on Ward'’s algorithm and Euclidean distance measures. Bootstrap support (nboot = 1000) is shown

on nodes.
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Supplementary Fig. S5. Cluster 7 of BIOLOG profiling. Profiles of carbon substrate use of Acinetobacter
sp. (MYb10), Pseudomonas lurida (MYb11), Ochrobactrum sp. (MYb71), Ochrobactrum sp. (MYb237), and
E. coli OP50 in BIOLOG GN2 plates over 46 h. The fold-change in indicator dye absorption from 0 to 46 h
indicates that the indicated compound is metabolized. K-means clustering (k = 7) of substrates by fold-
change highlights metabolic differences between strains. Clusters I - VI are shown in figure 3 in the main

text.
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Supplementary Fig. S6. Culture of MYb11 and MYb71 in defined media with single carbon
substrates. Growth of MYb11 and MYb71 in chemically defined media with a single carbon source (i.e.,
alpha-D-glucose or sucrose), or no-carbon control (over 46 h in 96-well plates).
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Supplementary Fig. S7.
Metabolites exchanged in
in silico pairwise
interactions on a minimal
medium. Substances which
were exchanged between
bacterial isolates in
simulation of ecological
interactions. In a minimal
medium, metabolic
byproducts could influence
the growth rates of
organisms. The figure shows
metabolites, which were
predicted to be exchanged
most frequently and in
highest quantity.
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Supplementary Fig. S9. Prediction of carbon sources and metabolic byproducts. In simulation of
bacteria metabolism, we predicted substances which could be used as carbon sources (left panel) and
substances that may be secreted as metabolic byproducts during for example fermentative processes
(right panel). Microbiome isolates are given along the x-axis and compounds along the y-axis.
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Supplementary Fig. S10. External sucrose invertase in MYb71. (a) Amino acid sequence of the sucrose
invertase found in the MYb71 genome. (b) We used SignalP to check for secretory signatures. We found
that a discrimination score of D = 0.518 (i.e. weighted average of the mean S and the max. Y scores) which
indicates a signal peptide (signalP: Name=Sequence SP="YES' Cleavage site between pos. 35 and 36: LSC-
VF D=0.518 D-cutoff=0.420 Networks=SignalP-noTM).
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Supplementary Fig. S11. Hierarchical clustering of metabolic networks based on pathway prediction. Metabolic networks were clustered according to their
pathway completeness score by Euclidean distances and similarity of clusters was estimated by average linkage. The quality of the clustering was tested by multiscale
bootstrap resampling. Green values next to branches indicate the bootstrap probability (number of 90 means e.g. that the cluster exists in 90 of 100 runs). In addition to
this, the approximately unbiased p-value from multiscale bootstrap is shown in red (see (1) for details).
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. Complete (C) and single-copy (S) . Complete (C) and duplicated (D)

Fragmented (F) . Missing (M)
MYb1 | C48[S:148 D0 FO, MO m:f48
MYb10
MYb1
MYb114
MYb115
MYb117
MYb1 | Cci4g[si148 Do) Fo.MOOmA48
MYbi21 L S B e

=
=<
=%
=
w
=

MYb15
MYb16 | Ci48[si148 Do) Fo MO 148
MYb17
MYb1
MYb181 G40 [Si140, DiO), Fit, M7, 0148
MYb184 BmEHa7[S187, DO F:A, MB ncide
MYb185 B Ci46[Si146, DOL F:O, M2 mstd8
MYb187 | CH48[S:148, Di0) FiO, MO N4
MYb1 ENCH45[S144, DL O MB. 48
MYb193 | Ci48(Si48 D0} FO, MO, RIS
MYb2 [ ci47[8147, Do), PO, MEA, ct48
MYb209 [ ci148[8:145, D:3) Fo. MO, 148
MYb211 NCHE0 [S:188, Di1], F:0, MO, 148
MYb212 BNEHA7[S:142, DS], FOOMA netds
MYb213 [NCHE8 [8:138, DO}, O MAO.MT48
MYb214 [EEH40[S:140, DO, F:O, M8 mitd8
MYb216 [meH8o [S:138, D:1], o, MO, 0148
MYb: | Cif48[Si148 D0} Fo MO n:48
MYb220 IE47 [S142: DS] FOLMET td8
MYb221 [eHge [s188, Di1), o, M9, nifas
MYb222 [UCHE8 [S:1136, DO, Pt MaAT nitd8
MYb224 CEE0 [Si188, Di1) 0, M9 s
MYb227 [EeH40 [S:140, D:0), Fio, M8 148
MYb229 [NCHE9 [S:138, D:1). F:O, M9, 148
Yb G40 [S:139, Dt Fit, MZ.nstd8
MYb237 B0 [CH44SH43, Dif] Bt MEB itd8T
MYb238 [e:142 (8142, DO} FO, B, 0148
MYb24 [EeHes [Si138, Do), Fit, MO, 148
MYb25 INCHAO [S:140, DO, FO, M8, nitds
MYb29 IC145 (8144, D) FO, M3 it48
MYb3 I CH47[S:147, D:0) F:O.M:A, n:ld8
MYb31 EECHB[S:109, Do}, O M9, ntas
MYb32 [EmeHes [Si188, Do), Fit M9, nil48
MYb33 NCHBY [S:139, D:O) PO, MO, nta8
MYb40 [mEEes [S:188, DO, Fid, M9, nitds
MYb43 [eHes [Si138, Do), Fit M9, 148
MYb44 PNCH40[S:140, DO) FO. M8 nld8
MYb45 [NCH 39 (8139, Di0, Fif, MiB nifd8
MYb46 [meHBe (8189, D0}, Fo, M9, 148
MYb48 [Ci145(S144, D:A). FO, M3, ncte8
MYb49 [NC:144 [S:143, Di1], F:0, Med, nitd8
MYb5 [ Cif47[s147, D0} FO,MeA, 148
MYb50 [eHes [Si138, D:O). Fil MO, 148
MYb51 [INCI40 [Si139, Dit), Fif, M7, ncta8
MYb52 [ECHB9 [S189, D:O] FO. MO nite8
MYb53 0 Cia3[s:1se, DAl F2 M3, 148
MYb54 ImCHes [S:138, Di0), F:1, M9, n:t48
MYb56 [C:148[S:144, Dia] Foo, MO, ncta8
MYb57 [C143 [S:148, DO} F:0, MiS, mi148.
MYb58 0 CA44[S42 DAL EL M3 R4S
MYb6 [C:145[8i144, Di1], Fo, M3, ncte8
MYb60 | CoH48[S:448 D:O) FO,MO, A48
MYb62 INEEH40 [S:140, D:O). FO, M8 n:td8
MYb63  Cod7[sner, Do) R MOm48
MYb64 [NEHe7 (8137, DO), F2, M9, n148
MYb66 ENGH40[S:140, DO} FO, MB 148
MYb67 | CH47[SH47, DL B, MEO,RAAS
MYb68 [C145[S:144, D:1], FO, M3, 148
MYb [UCH40 [S:140, D:0), F:0, M8, 148
MYb70 I [C144 (8143, Dit], Ft, MEB, sfd8
MYb71 144 [81148, 1) FO, M4, itd8
MYb72 [UCia9 [S:139, Di0), F:0, M9, n:148
MYb73 BNICi144 [Si144, Di0, F:O, Me4, nitd8
MYb75 | Ci148[8:148, DO FOo MO nl48
MYb78 [NEH48 [S:140, Di8), F:O. MO, n:ld8
Yb [EC:144 [S1148, Di1], Fo, Mid it
OP50 _'g—’—l———l—’_
0 20 40 60 80 100

%BUSCOs

Supplementary Fig. S12. Genomic completeness as assessed with BUSCO. Overview of complete,
fragmented and missing matches that were found for all sequenced genomes. The following categories
are considered by BUSCO (2): i) complete and single copy: high scoring (i.e.: 90% of the minimum bitscore
from an HMM search) and large alignment length matches with one copy; ii) complete and duplicated:
high scoring and large alignment length matches with several copies; iii) fragmented: high scoring but
shorter alignment length matches; and iv) missing: low scoring matches. The mean completeness level
was 96.81% with a standard deviation of 2.65%. For further details, see the BUSCO user guide
(http://gitlab.com/ezlab/busco/raw/master/BUSCO_v3_userguide.pdf).
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Supplementary Fig. S13. Comparison of genome completeness for different sequencing techniques.
Complete, fragmented and missing matches found by BUSCO were compared between genomes
reconstructed with either Illumina or PacBio technology, in order to assess to what extent sequencing
technique influenced draft genome quality. The four BUSCO categories are the same as those explained in
the legend to Supplementary Figure S12. The difference in inferred values between Illumina- and PacBio-
sequenced genomes was tested with a Wilcoxon rank sum test. None of the comparisons was significant.
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Supplementary Fig. S14. Pathway similarity of incomplete genomes. To assess the influence of
incomplete genome coverage on inferred metabolic pathways, we downloaded four high quality genomes
of our two focal genera (Pseudomonas and Ochrobactrum) from NCBI. We used the following, published,
high quality genomes for this analysis: i) Ochrobactrum anthropic ATCC49188 (RefSeq assembly accession
numbers: GCF_001652485.1_ASM165248v1);  ii) Ochrobactrum  pseudogrignonense K8
(GCF_000017405.1_ASM1740v1); iii) Pseudomonas fluorescens F113 (GCF_000237065.1_ASM23706v1);
and iv) Pseudomonas lurida (GCF_002966835.1_ASM296683v1). We used these genomes to randomly
remove sequence chunks. For this, we simulated similar levels of genome completeness as in our data by
drawing from a normally distributed sample parameterized by the results of our BUSCO genome analysis
(mean = 96.81%, sd = 2.65%,; Supplementary Figure 12). The presence of metabolic pathways for
randomly shortened genomes was compared to the prediction for the original reference genomes. The
overlap ranged from 97.8 to 100%. The overall mean pathway similarity between 400 randomly
shortened genomes and their complete counterparts was 99.4%.
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Supplementary Fig. S15. Stability of adaptive strategy predictions. The robustness of UAST
classification was tested with randomly shortened representative genomes. High-quality reference
genomes were randomly shortened to the same extent as found by BUSCO for the genomes of this study.
See legend to Supplementary Figure S14 for more details. For each taxon, 100 shortened genomes were
generated and then reclassified according to the universal adaptive strategies (UAST) as done for all other
genomes of this study. The bars show how many times a certain strategy was predicted for the incomplete
genomes of a particular taxon. The analysis identified the same strategy in at least 94% of shortened
genomes for Ochrobactrum anthropic ATCC49188, Ochrobactrum pseudogrignonense K8, and also
Pseudomonas fluorescens F113. For Pseudomonas lurida, 72% of shortened genomes were consistent with
strategy 2 and 20% still with both strategies 1 and 2. A description of the strategies and their definitions
is given in (Fierer, 2017).

Supplementary Fig. S16. Bacterial colonization
4 Stress—tolerator 3 Competitor 43 Ruderal  phehavior in comparison to adaptive strategies for
Illumina genomes. Since sequencing technique could

61 0.33 impact rRNA copy number detection, which is used for
0.11 adapted strategies classification, we repeated the

* ' analysis regarding the colonization potential for

5. ——— - ‘ Illumina genomes only (69 isolates). Here we found
the same qualitative results that competitive and

stress-tolerating strategies were associated with
higher colonization phenotypic data.

N

w
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Supplementary tables

All supplementary tables can be found at https://www.nature.com/articles/s41396-019-
0504-y and only title legends are reprinted here for reference.

Table S1: Genome characteristics (Samples_all.xIsx). Genomic overview of all bacterial isolates. Based
on sequence identity, the closest related species/strains are shown in column B. Genome and assembly
statistics (contigs, N50, GC, ...) can be found in columns G:M. The corresponding bioproject to access data
via NCBI is shown in column N.

Table S2: In silico TSB-based medium (In silico TSB medium.csv). Compounds and maximal uptake
rates for Tryptic soy broth (TSB) medium used to simulate bacterial growth.

Table S3: In silico glucose minimal medium with thiamine (in silico glucose minimal medium with
thiamine.csv). Compounds and maximal uptake rates for glucose minimal medium with thiamine used
to simulate bacterial growth.

Table S4: Predicted pathways (predicted_pathways.xIsx). For each bacterial isolate (column A) the
predicted presence (column D and column E for with more conservative bitscore cutoff) for all considered
metabolic pathways (column C) is given. Here, a number of 1 means present and 0 means not available.
In column G the hierarchy (i.e. subsystem) of the pathway is shown.

Table S5: Predicted virulence (Predicted_virulence.xIsx). In this table the presence of virulence traits
based on homology with the virulence factor database is shown. In column A the isolates are given and
columns B:AV show the presence of virulence factors (1 for true and 0 for false).

Table S6: Traits with differences in Ochrobactrum (ochrobactrum.xls). Table consists of metabolic
pathways and virulence factors which showed to be significantly changed in isolates belonging to the
Ochrobactrum genus (based on a Wilcoxon signed rank test). For each trait (column B) a FDR corrected
P-value (column C) and the mean for Ochrobactrum (column D) and all other isolates (column E) is given.

Table S7: Experimental phenotypic data: bacterial load and C. elegans population growth.
(TableS_phenotypes.xlsx) Sheet 1 shows the number of colony forming units per worm (column D) shown
across microbiome isolates (column A) and experimental repetitions of the analysis (i.e., runs; column C).
Sheet 2 shows the mean number of worms counted (3 samples counted per population) per population of
worms (column C) and standard deviation (column D) on the respective microbiome isolates (column A).

Table S8: Regression analysis to infer metabolic competences associated with bacterial
colonization and host fitness. (colonization_regression.xlsx) Two regression approaches were used to
find traits which were associated with experimental data of bacterial load in C. elegans and the fitness of
C. elegans when the worm was grown together with the bacterial isolates. In this table, the
significant/important traits of both approaches are listed.

Table S9: Traits and scores used to categorize isolates according to adaptive strategies.
(adaptive_strategies.xlsx) Table of metabolic traits and model features associated with stress-tolerating,
competitive, or ruderal strategies. For each isolate the scores and classification for each strategy are
listed.

Supplementary data
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Supplementary data can be found at https://www.nature.com/articles/s41396-019-0504-y
and only file names are reprinted here for reference.

Supplementary data S1. Genome-scale metabolic models of the microbiome of C. elegans. Zip
archive of metabolic models for each isolate in Systems biology markup language (SBML) format. In
addition to this, an R file with a list of all models is provided.
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Abstract

Microbiota-host associations are ubiquitous in nature. They are often studied using a host-
centered view. We here put the spotlight on the microbes and how they optimize their
fitness in association with the host. We propose that on the route to exclusive host
association, free-living bacteria follow a biphasic life cycle, alternating between hosts and
free-living habitats, as still observed for many extant microbiota-host interactions. We
develop a new integrative measure of microbial fitness across the distinct stages of the life
cycle and explain how microbes are subjected to selection at different levels of biological
organization. Together, our approach provides a new life-history framework to assess
emergence and maintenance of microbiota-host associations with a particular focus on
microbial fitness.



Highlights

A microbial perspective is needed for full understanding of microbiota-host symbiosis
A biphasic life cycle likely shapes the origin of a microbe’s association with host
Microbes must thus succeed in the host, the environment and reciprocal transmission
Symbiosis is driven by microbial fitness integrated across the entire life cycle

A new formalized integrative fitness measure can guide novel research on symbiosis

On the origin of microbiota-host associations

Microbiota-host associations are widespread in nature and thus essential for our
understanding of life (Browne et al., 2017; Dodds et al.; McFall-Ngai et al.,, 2013). Host and
microbial partners can benefit from the association in different ways. The microbes may act
as food, provide essential nutrients, catabolize otherwise indigestible food (Consuegra et al.,
2020; Zhu et al,, 2011; Zimmermann et al., 2019), protect the host from pathogens and toxic
substances (Kissoyan et al., 2019; Wang et al., 2020), or regulate host physiology, including
immunity, development and even host social behavior (e.g. (Douglas, 2018; Sarkar et al.)).
Microbes, too, can profit from the association, although this has been much less studied. For
them, the host can be a habitat (Donaldson et al., 2016), or a vector for their transmission
between habitats otherwise inaccessible (Diaz and Restif, 2014; Moeller et al., 2018). But how
did these associations originate and which selective processes favored their emergence and
maintenance? These questions are usually addressed by taking a host perspective and
pointing to the various, above listed benefits provided by the microbes (e.g. (Berg et al,, 2019;
Franzenburg et al, 2013; Kaltenpoth et al, 2014)). Here, we argue that a microbial
perspective is similarly if not more important for a full understanding of the evolution these
associations. The main reason is that microbes usually show a much higher evolutionary
potential than their hosts because of their comparatively shorter generation times, larger
populations, and/or often haploid genomes. Thus, they should be able to adapt much faster
to a host environment and also avoid hosts, if there is no benefit. Moreover, if we assume that
a host-free lifestyle in some environmental habitat is ancestral, then a loose temporal
association of the microbes with a more complex organism is likely the first step in symbiosis
(Figure 1). Consequently, a characterization of the selective benefits across such a biphasic
life cycle will likely help our understanding of the evolutionary origins of these associations.
Below, we first highlight the distribution of biphasic life cycles in symbiosis. We then explore
how microbial fitness is shaped across the different stages of the biphasic cycle and in box 1
we use a mathematical approach to develop a corresponding, integrative measure of
microbial fitness that is analogous to the parasite fitness parameter Ry. We further discuss at
which levels of biological organization selection acts upon the microbes and point to
promising future research avenues. To enhance clarity, we on purpose focus on the
interaction between a single microbial taxon and its host, as this allows us to specifically
highlight the selective constraints central for the association with the host. We thus neglect
ecological dynamics shaped by microbe-microbe interactions, although these can be added in
future extensions of our framework. For simplicity, we mainly use bacterial symbionts as
examples; yet most arguments also apply to other microbial associates.
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free-living biphasic host-associated

Figure 1 Evolution from free-living to host-associated life via a biphasic life cycle. Bacteria may
follow a purely free-living (left), exclusively host-associated (right) or biphasic life history (middle),
transitioning between host and free-living habitat. The biphasic cycle presents both a steppingstone for
free-living bacteria towards host association, but also a symbiosis strategy on its own. Images of hosts
were collected from phylopic.org.

Transitioning between host and environment is common for many
microbiota-host associations

A biphasic life cycle is widespread among extant symbioses. In fact, some form of a biphasic
cycle occurs for all but strictly vertically transmitted symbionts, which account for about a
third of all symbioses (Russell, 2019), and even here bacteria may transition across different
within-host habitats. For example, the obligate association of entomopathogenic nematodes
(EPNs) with their bacterial symbionts relies on symbionts shifting between colonization of
nematode larvae during dispersal to new insect prey and proliferation and production of
virulence factors in the prey (Cao and Goodrich-Blair, 2017; Ciche et al., 2006). Similarly,
Vibrio fischeri, the luminescence-providing symbiont of the bobtail squid Euprymna, is
recruited from sea water early during host development and the majority of symbionts
growing at excess is expelled into the water again daily (Nyholm and McFall-Ngai, 1998).
Presumably a biphasic life cycle also exists for members of the human microbiota traversing
the built environment, therefore resulting in co-housed humans being more similar in
microbiota composition (Browne et al., 2017).

A bi- or multiphasic life cycle likely applies also to many cases of so-called
phylosymbiosis. Here, microbiotas of closely related host species resemble each other more
than those of distantly related hosts (e.g. (Berg et al., 2016; Brooks et al., 2016; Moeller et al,,
2019)), leading to congruent host and microbiota phylogenies (Brooks et al., 2016; Theis et
al, 2016). One interpretation of phylosymbiosis is past coevolution of microbes and hosts.
Empirical support for this interpretation, however, has been mixed, and an overlap in
ecological factors including diet, habitat, or geography appears to be rather involved in
shaping the observed patterns (Kohl, 2020). Moreover, strict coevolution, due to reciprocal
adaptations between host and microbes, should manifest at the strain or at least species
rather than the family or genus level. While this might be true for intracellular symbionts
(Douglas and Werren, 2016), evidence for strict coevolution is lacking for most other
associations. From honey bees, deep-sea mussels, and C. elegans to humans, host individuals
vary substantially in associated bacterial species and strains, thus shifting taxonomic
conservation across microbiotas above the genus level (Ansorge et al., 2019; Ellegaard and
Engel, 2019; Schloissnig et al., 2013; Zhang et al,, 2017). This suggests that host individuals
are colonized by a set of non-coevolved microbes from the environment at some or several
time-points during their life. The pattern of phylosymbiosis is produced, because microbes
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evolved to exploit a certain type of host habitat and related hosts simply provide similar
habitat types (Douglas, 2018). Alternatively, related hosts have evolved to select similar (i.e.,
related) microbes from the environment, in order to acquire specific functions from the
microbes (Douglas, 2018). Irrespective of the explanation, microbes always transition
between a host and an environmental habitat in these cases.

4 " LIFEIN
Stages of the 4 "\ THEENVIRONMENT
. *Habitat-specific
survival/growth

biphasic life cycle

|
|

DISPERSAL ENTRY
« Bacterial exit * Bacterial motility
* Release by the host * Attraction to hosts

LIFEINTHE HOST
*Survival/ growth
* Adhesion to the host
* Metabolism

Figure 2 Microbial fitness is defined by four stages across the biphasic life cycle. Assuming that a
free-living lifestyle is ancestral, then three of the four stages are driven by adaptations to the host habitat
(inred), including (i) microbial entry into the host (transmission from environment to host), (ii) life in the
host, and (iii) dispersal to the environment (transmission from host to environment). The free-living phase
(turquoise) is characterized by persistence and replication in the specific environment. Some of the traits
required at the individual stages are indicated in bullet points.

Along the biphasic life cycle, microbial fitness is influenced by persistence and proliferation
in either of the two habitats and successful transmission between the two. This framework is
related to the concept of nested ecosystems, describing microbes as nested within hosts
nested in the environment, which already accounts for interrelated levels of organization and
the importance of the environment (Douglas, 2018; McFall-Ngai et al., 2013). Our framework
specifically emphasizes the importance of four distinct stages across the lifecycle that jointly
define microbial fitness and permit us to formalize an integrative fitness measure (Box 1). We
assume that a free-living life-style is ancestral and thus propose that three of the four stages
are mainly driven by adaptation to the host habitat, including entry into the host, maintenance
and replication within the host, and release from the host (Figure 2). Different trait functions
are likely key for bacterial success during each stage.

Firstly, microbes need to enter a host. Here motility and attraction of a host can play
a role. By actively moving, microbes may influence their chance of meeting and entering a
host. This includes entry from the environment and within-host migration (Raina et al., 2019).
The mechanisms used by bacteria (e.g. flagellar-propelled motion, gliding, twitching, or
surfing (Raina et al,, 2019)) are shaped by host and environmental structure, and bacterial
identity (Lebov et al, 2020; Robinson et al., 2018; Soto et al, 2014). Instead of moving
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Glossary

Microbiota = sum of
microorganisms
associated with a host

Symbiosis = association,
or “living together” (De
Bary, 1879), of at least two
different organisms

Biphasic life cycle =
microbial life history
including a host-
associated and a free-
living phase connected by
transmission between
them

Phylosymbiosis =
congruence in phylogeny
of host and associated
microbiota

Bet hedging = concept of
fitness optimization:
under fluctuating
conditions, individuals
vary in phenotype
stochastically to reduce
variation in fitness over
time and thus increase
their geometric mean
fitness

Phenotypic plasticity =
ability to express distinct
phenotypes in response to
the environmental
conditions

SIR model = Mathematical
framework to describe the
epidemiology of infectious
disease by dividing the
host population into three
groups, consisting of
susceptible (hosts
susceptible to the disease,
S), infectious (infected
individuals which can
infect others, I), and
recovered hosts (hosts
which are now immune,
R), and dissecting the rate
of change among these
groups dependent on
parasite transmission

towards hosts, microbes may also attract them and thereby
indirectly stimulate their uptake. This can involve
settlement in areas attractive to hosts, secretion of odors, or
even modulation of host preferences (0’Donnell et al., 2020;
Zimmermann et al., 2019).

After entering a host, microbes need to survive and
persist in the host, where metabolism may fuel growth. This
usually includes evading a variety of abiotic stressors, host
digestion and immunity. Here bacteria, which have
experienced similar conditions in a previous habitat, are
more likely to succeed. One strategy is formation of a
protective barrier using biofilms (Flemming et al.,, 2016).
Biofilms can further help to stick with the host, ideally in a
location fulfilling bacterial resource needs (Brooks et al.,
2014; Donelli et al., 2012; McLoughlin et al., 2016; Powell et
al, 2016). To improve fitness, microbes may grow by
metabolizing resources from the host, its diet, or other host-
associated microbes (Douglas, 2020; Fisher etal., 2017; Ford
et al.,, 2016; Mazumdar et al., 2020). Notably, symbioses can
be stable even when hosts digest microbial partners, so long
as part of the symbiont population survives, as for example
known for EPN symbioses (Cao and Goodrich-Blair, 2017;
Ciche etal, 2006; Hoang et al.,, 2019).

To complete the life cycle, microbes need to exit the
host and enter the environment again. While dispersal has
been extensively studied for pathogens, less is known for
microbiota taxa. Generally, microbial release may be caused
by the host, via peristalsis (Dimov and Maduro, 2019) or
regurgitation (Ciche et al.,, 2006), possibly even induced by
the microbes. Alternatively, microbes actively exit the host,
for example via increased motility (McLoughlin et al., 2016),
aggregate formation (Bansept et al, 2019), or direct
association with gut content exiting the host.

Closing the circle, microbes also have to survive and
proliferate in the environmental habitat. This is likely
dependent on the bacteria’s ability to metabolize nutritious
substances and activate defense responses (in case of abiotic
stressors). The exact favorable life history strategy depends
on the particular environmental conditions and may thus
rely on phenotypically plastic responses.

Overall, a detailed and integrative analysis of
bacterial fitness across the life cycle will be of central
importance for our understanding of microbiota-host
associations, including both their initial emergence and their
long-term maintenance. Such an analysis may benefit from
host models that are amenable to experimental
manipulation, thus allowing control of the relevant abiotic
and biotic parameters (Bosch et al.,, 2019; Douglas, 2019). As
a complement, the involved parameters may also be
explored with the help of mathematical models, for example
those based on a re-formalization of epidemiological
models, which focused on parasite fitness in terms of the
basic reproductive number, Ry, and which were crucial in



understanding the emergence, spread and distribution of infectious disease (see Box 1).

Box 1: A mathematical framework for an integrative microbial fitness measure

The basic reproduction number Ry used in epidemiological modeling recapitulates the
chances of success for a parasite or pathogen to start an epidemic based on the key
parameters of its life cycle. We derive a similar quantity for the chances of microbial
spread in a model which captures the essential components of a biphasic life cycle. The
model resembles a coupled SI model with two types of habitats for microbial
populations: hosts (H) and environments (E), both of which can either be microbe-free
(Hs and Es) or colonized by microbes (H; and E;). Environments are colonized upon
encounter with an infected host with transmission rate 4, and susceptible hosts are
colonized with transmission rate ® when they enter an infected environment. We
assume a constant renewal rate I' of microbe-free environments. Hosts grow
logistically with equal intrinsic growth rate for colonized and microbe-free hosts (g),
and there is no vertical transmission of microbes, i.e. all hosts are initially microbe-free.
All habitats also decay at constant rates — m for the hosts and o6 for the environments -

which leads to the following equations:

( J0Es
E=F_7\.E5H1_ SES
JE,
_=}\,E5H1_6EI
) at
oH,
E= a)HsEI - mHI
J0H H; + H
a—ts=g(H,+Hs)(1—ITS> — wHE; — m H;.

Figure 3A shows a numerical example for these dynamics. Analyzing the stability of the
microbe-free state (ES = g, E,=0,H =0,Hs =K — KTm) allows us to determine when

the microbes can spread and be maintained across the two habitat types. This stability
is determined by the product of the transmission rates A®, which works as analogous
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to Ro in our model. Below the critical value A.®. = ——————, the microbial

IK (1/m-1/g)’

population does not spread among the habitats. Above the critical value, the microbial
population can spread (Figure 3B), in which case an equilibrium with colonized and
microbe-free hosts and environments is reached (Figure 3A). That the chance of
successful spread of the microbes depends on the product of the transmission rates
suggests that microbes can trade off the two transmission routes, for example by
increasing their ability to colonize hosts while decreasing their release rate into the
environment. Figure 3C shows how a bias in favor of one or the other of the
transmission rates shifts the distribution of infected habitats towards hosts or

environments.
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Box 1 (continued)
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Figure 3 Analysis of microbial fitness in the context of a biphasic life cycle. A. Example of
habitat dynamics with microbial spread: a new equilibrium with microbes present in both host
(Hi) and environment (Ei) is reached over time. Parameter values: g = 2,m = 0.6, 8 = 0.5,K =
1,I' =1, A = ® = 1. Initial conditions chosen close to the microbe-free equilibrium (with an
introduction of 5% of infected hosts). B. Proportion of infected habitats in equilibrium as a
function of the product L@ (points: numerical solution at time t=100; lines: analytical stationary
solution). Colonization of the habitats is only observed above the critical value A.@,. Other
parameters as in A. C. Proportion of infected environments and hosts in the new equilibrium
with microbes (derived analytically), in function of , for fixed values of A@. Other parameters
as in A. As expected, if transmissions are biased towards the host, it increases the proportion of
infected hosts while it decreases the proportion of infected environments.

Evolving within the biphasic life cycle

Free-living microbes can adapt to the outlined biphasic life cycle over evolutionary time
scales. In addition to the encountered selective constraints, variation in population genetic
characteristics are likely to determine the evolutionary dynamics. Of particular importance
are bottlenecks at transmission stages, especially during host entry, because these affect the
level of genetic diversity (Wein and Dagan, 2019) and thereby the process of adaptation
(Figure 4). Because of the recurrent bottlenecks and thus increased levels of drift, selection
across the life cycle may in the long run favor robust expression of one of the following non-
exclusive strategies. Firstly, a generalist strategy, where bacteria are robustly adapted to the
specifics of both host and environmental habitats. Secondly, bacteria may switch between
host and environment by alternating physiological states, for example via phase variation (a
genetically based switch to regulate protein expression), as observed for Photorhabdus and
Xenorhabdus associating with EPNs (Cao and Goodrich-Blair, 2017). Thirdly, memory effects,
possibly due to inherited protein concentrations, can further help to tune gene expression to
the respective habitat, as described for P. aeruginosa colonizing Galleria mellonella moths
(Kordes et al., 2019). Fourthly, if transitions between life cycle stages are unpredictable,
bacteria within a population may vary between the phenotypic states stochastically, thus
following a bet hedging strategy. Finally, a reliable progression of events may favor the
expression of phenotypic plasticity, as for example in environmentally induced spore-
formation.

A completely different strategy relies on specialization within the microbial
population (Figure 4). Here, distinct sub-populations exist that are specifically adapted to
different stages of the life cycle. Their abundances would be expected to fluctuate according
to cycle progression. This strategy could be considered a division of labor similar to that in
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biofilm formation (Gestel and Nowak, 2016). Importantly, multiple cells must survive at each
stage of the cycle for the collective to be stable. A single type that gives rise to specialized
offspring via development, however, can generate diversity under single cell bottlenecks.
Here a genetic switch could evolve allowing a single cell to respond to changes along the life
cycle, making this an early form of multicellularity (Gao et al.,, 2019; Hammerschmidt et al,,
2014). In natural microbiota communities, these routes of diversification may contribute to
the commonly observed strain-level diversity (e.g. (Ansorge etal.,, 2019; Ellegaard et al., 2020;
Picazo et al,, 2019)).

-
Bottleneck(s) \ \
along life cycle: \ b VS. \ b
single cell population
Evol. strategies: generalist (phenotypic) switching sub-specialization
2 e.g. bet hedging, multicellularity -2 e.g. division of labor

Figure 4 Possible evolutionary strategies in response to different transmission bottlenecks during
the biphasic life cycle. When only single cells are transmitted from environment to host or vice versa,
selection may favor generalists in the long run or the ability of microbes to adapt phenotypically (e.g.,
phenotype switching). The latter may represent a bet hedging strategy or help establishment in the new
habitat through a form of a multicellular lifestyle (e.g., biofilm formation). When multiple cells, or
populations, are transmitted, they can diversify via (phenotypic) switching or sub-specialize, which may
lead to division of labor.

Taken together, we predict that the evolutionary path of a bacterium entering a
biphasic life cycle will strongly depend on the bottlenecks experienced and the diversity of
selective constraints imposed across the life cycle. Moreover, long-term persistence of the
initial association will be important, as it may permit selection to act on the geometric mean
of fitness across the life cycle and thus to favor a life history strategy that optimizes fitness
along all four stages (in analogy to selection favoring a bet hedging strategy in fluctuating
environments (Beaumont et al., 2009)).

Perspectives

We propose that an enhanced conceptual understanding of microbial fitness across the
biphasic life cycle will generally advance our knowledge of microbial life histories and the
origin and function of microbiota-host symbiosis. A key strategy to help specify, test, and
generalize hypotheses lies in the combination of theory and experiment. Here, advances have
been made using mechanistic models of bacterial metabolism to infer interactions with the
host, while classic ecological theories helped explain microbiota composition and dispersal
(Miller etal., 2018; Sieber et al., 2019). What is lacking, is the consideration of the full life cycle
and models of the evolutionary transitions towards host association. A first step would be
models depicting the complete life cycle (Box 1) and testing what traits bacteria should
optimize to succeed. Further, conceptual models may focus on conditions under which
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bacteria might invest in host association. Here different aspects of bacterial biology under
selection can help predict how bacteria should balance investment in host vs. environment,
respectively. For example, the recent currency-exchange-inheritance model (Wein et al,,
2019) proposes that, if bacteria are able to trade a currency (e.g. metabolites) with a novel
host, they should invest even more into efficient or stable exchange, thereby biasing the life
cycle towards host association. Alternatively, bacteria might use hosts as a vector for
transmission, in which case greater chances of increased bacterial uptake should be
selectively favored, which can be achieved via growth in the host, but also via an
environmental reservoir (Wein et al.,, 2019).

Theoretical expectations should be compared with empirical observations in nature
and the lab. Comparative studies of natural populations, release-and-resequence approaches,
and mutagenesis screens, can help to identify traits and the underlying genetic basis required
by bacteria in or from natural contexts. To study the origin and first steps in a biphasic life
cycle, experimental evolution (EE), a tool previously used to study different aspects of
bacterial evolution (e.g. (Ford et al., 2016; Jansen et al., 2015; Lebov et al,, 2020; Martino et
al, 2018a; Robinson et al, 2018; Soto et al, 2014)), can be employed. Combined with
functional genetics, this can be powerful approach to identify relevant evolutionary paths and
their heritable underpinnings. Although EE has provided first insights into host association,
these studies usually neglected bacterial fitness in the environment or the transitory aspect
of bacterial life histories. A further, important extension is to consider microbial adaptation
in the presence of a diverse microbial community, shaped by distinct, often context-
dependent microbe-microbe interactions (Chatzidaki-Livanis et al., 2016; Rakoff-Nahoum et
al,, 2016; Stephens et al,, 2015). These interactions and the resulting ecological dynamics are
likely to have an additional influence on individual bacterial fitness at each of the four stages
of the life cycle. For example, adaptation to host association may slow down if negative
interactions (i.e., competition or exploitation) predominate in the community. In this case, the
selective advantages obtained while in association with a host and also the ability to transmit
may become particularly important to establish long-term symbiosis. At the same time,
genetic exchange within the microbial community can also fuel the adaptive potential of
individual members, as observed for the evolution of virulence or antibiotic resistance in
bacteria (Botelho and Schulenburg, 2020; Frazdo et al.,, 2019). To experimentally explore
these ideas, microbiota-host associations in the lab should not rely on single microbial
isolates (Lebov et al., 2020; Martino et al., 2018a; Robinson et al., 2018), but rather use more
complex communities (Brugiroux et al., 2016; Dirksen et al., 2020).

Outstanding questions

e  Which specific traits determine microbial fitness in each of the different stages of a
biphasic life cycle in different microbiota-host systems?

e Which trait combinations are key for an integrative measure of microbial fitness across
the entire life cycle?

e Howimportantare the population genetic characteristics for microbial adaptation to host
association, especially the possible bottlenecks experienced during transmission?

e  Which specific life history strategies provide a selective advantage to the microbes across
the biphasic life cycle? How important are bet hedging strategies or the simultaneous
presence of distinct phenotypes within the microbial population?

e  Which type of microbiota-host models are needed for a critical, experimental analysis of
a biphasic life cycle and the evolution of symbiosis?

e How can we integrate a more complex microbial community into the theoretical and
empirical analysis of biphasic life cycles and individual microbial fitness? Which
community interactions are most important at which stage of the life cycle?
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Abstract

While in the context of microbiology, the notion of fitness is often assimilated to a single
fitness component, like the replication rate in a given habitat, in reality, each step of the
microbial life cycle can contribute to reproductive success. This is of particular importance
for microbes experiencing life cycles that involve a phase of host association, which
translates to a selection pressure not only on the replication rates, but also on the
phenotypic traits associated to migrating from the external environment to the host and
vice-versa. Here, we investigate a simple model of a microbial population living,
replicating, migrating and competing in and between two compartments: a host and an
environment. We perform an elasticity analysis on the global growth rate to determine the
selection gradient experienced by the microbial population, and focus on the leading
direction of the selection gradient at each point of the traits space, defining an optimal
strategy for the microbial population to maximize its fitness. We show that depending on
the initial values of the traits, the initial distribution of the population within the
compartments, the intensity of competition, and the time scales involved in the life cycle
versus the time scale of adaptation (which determines the adequate probing time to
measure fitness), it may be more optimal for the microbial population to act either upon
its replication rates or its migration rates.



Introduction

Fitness is a central notion in evolutionary biology, and more precisely, in the theory of natural
selection. Fitness measures how well a phenotype performs in terms of reproductive success,
i.e. in terms of its ability to survive and reproduce. Natural selection is then nothing else than
the "survival of the fittest" phenotype, allowed by reproduction and inheritance of the
phenotypic traits. However, despite the ubiquity of this notion, when it comes to the study of
particular experimental or modeling systems, the question of how to measure fitness is often
subtle and may vary. For example, fitness may be quantified as a proportion of habitats
successfully colonized or as a replication rate measured over a limited period of time in fixed
laboratory conditions. But none of these fitness components taken alone provides an
inclusive view of what fitness is under natural conditions. Indeed, in nature individuals
undergo complex life cycles to produce new offspring, which makes fitness a multi-
dimensional notion resulting from all the life history traits characterizing that organism’s life
cycle. This may include, in addition to offspring production, the ability of that offspring to
migrate or disperse to the appropriate environments, or the ability to find mates in the case
of sexual reproduction.

The importance of taking into account life cycles complexity to characterize fitness
has been highlighted in different, rather practical contexts. Historically, it has been studied in
the context of human demography (Caswell, 2001). In the context of species conservation or,
at the other end of the spectrum, pest management, it has proved useful to find the "Achilles
heel" of a species life cycle and design efficient strategies to act upon it, in order to shape and
preserve biodiversity. This idea has further been developed theoretically, within the
conceptual framework of metapopulation dynamics (Andow et al, 1990; Hanski, 1998).
Finally, it is also a concept central to the study of the onset of multicellularity, to understand
why and how group replication can be selected for (Pichugin et al., 2017, 2019).

Microbial communities that associate with hosts - microbiotas - are of particular
interest in the study of how life cycles components contribute to fitness. Nature abounds with
examples of intricate life cycles, where microbes can for example use hosts as vectors
between different habitats (Ciche et al., 2006; Goodrich-Blair and Clarke, 2007). Having a
living host as a habitat adds one layer of complexity to the assessment of fitness, given that
the presence of the microbes impacts host fitness and vice-versa. It is in fact the whole life
cycle of host-associating microbes that is intertwined with that of their host. Research has
often been biased towards the host perspective, and has focused on how microbes can
contribute to host fitness by extending the host functional repertoire, performing digestive or
immune tasks (Hrcek et al., 2018; Wiles et al., 2016). An exception is epidemiology, that has
also demonstrated the impact of the host fitness on the pathogen, in the form of trade-offs
between transmission and within-host virulence. In this context, cross-scale modeling has
proved particularly useful (Park et al, 2013; Schreiber et al, 2018). But what about
commensal relationships? In this context, what are the factors that determine a microbial
population fitness?

Here we propose an analysis framework to assess the gradient of selection acting
upon the life history traits of a microbial population which life cycle includes host association.
The gradient of selection gives the direction in the phenotypic space that evolution should
follow to maximize fitness. Our general aim is to provide a tool to compare the relative
importance of the different life history traits of a microbial population, starting only from the
equations that describe the population dynamics experienced throughout the life cycle. We
explore a simple two-compartment model that allows microbes to migrate from the
environment to the host and back. We use a continuous time version of the elasticity analysis
method (Caswell, 2001; Grant and Benton, 2000; Tienderen, 2000) to infer the strength of the
population growth rate dependence on the traits we are considering. In the baseline version
of the model, we consider unconstrained growth, before extending our framework
numerically to non-linear dynamics including competition terms. We define the local leading
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direction of the selection gradient as the optimal strategy for a microbial population to adapt
to its life cycle, starting from the local values of the traits. We show the existence of defined
regions of different optimal strategies in the phenotypic space, that are modified by the
modeling assumptions such as competition, and the probing time chosen to measure fitness.

Model

We focus on a single microbial type and ask how the growth rate of the population is affected
by its life history traits. We study the population in two compartments corresponding to
communicating habitats: the host and the environment. Note that in more complex models,
the number of compartments could be increased, to represent for example several hosts,
several anatomical compartments in a host or several extra-host environments. Let us write
ny for the number of host-associated microbes and ng for the number of environmental ones.
We define the life history traits of the microbial population as the rates at which individuals
of the compartmental populations reproduce and die, compete and migrate from one
compartment to another (Figure 1A). rrand ru are the netreplication rates in the environment
and within the host, respectively. They thus could encompass both offspring production and
death. mg and my are the migration rates from the host to the environment and from the
environment to the host. We start with exponentially growing populations and later
introduce competition of intensity k; felt by the microbes of compartment i due to the
abundance of microbes in the compartmentj. We assume that the number of microbes is large
enough to be described by differential equations and assume that all rates introduced above
are constant. This leads to the general equations:

ony 2
ot TH'H + myng —mgny — kygngng — kypny
Eq. 1 ong 5
- = Teng + Mgny —myng — kgyngny — Kggng

In the following, we will first consider unconstrained growth, where there is no
competition (kg = kyy = kgy = kyg = 0), before adding global competition (kg = kyy =
kegy = kyg = k), competition limited to one of the compartments (kgy = kyy =0 and
kgg or kyy #+ 0), and finally, equal competition in each of the compartments (kgy = kyg = 0
and kgg = kyy = k). While in nature it is likely that none of the k;; vanishes and that a wide
range of values are possible, the study of these limit cases gives a powerful insight into what
is to be expected in a wide range of situations.

Results

1. Baseline model: no competition (kgg= kuyn= ken= kug = 0)

We start by neglecting competition and consider unconstrained growth in each of the two
compartments. In this case, the equations describing our model become linear and can be
rewritten in matrix form as follows:

Eq.2 <?Z§>: (rHr;;nE rEr—nTP;lH) (Z:)

at

Y
projectidn matrix
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The dominant eigenvalue A of the above defined projection matrix gives the asymptotic
growth rate of the whole population, thus representing a good proxy for fitness. The dominant
right eigenvector represents the stable distribution in the two compartments of the
exponentially growing population. A can be evaluated at each point of the trait space defined
by the ranges of possible values that could be taken by the life history traits {rg, 1y, mg, my}.
The dependence of 4 on these traits tells us at which points of the trait space fitness is
maximized (locally or globally).
From the projection matrix, we derive the dominant eigenvalue, which is

1
A= E(\/(—rE — 1y +mg+my)? —4(gry —rgmg —rymy) + 15 + 1y —mg — mH)

Note that if microbes replicate at the same rate in the host and in the environment, i.e. if ry; =
ry =1, A simplifies to r, regardless of the migration rates my and mg. When there is an
asymmetry between the two replication rates however, which is very likely to be the case in
nature, we see that also migration rates affect the population growth rate. In the following
sections, we study this effect as compared with the effect of replication rates, by arbitrarily
setting ry < 1. In biological terms, this corresponds to the situation where the microbial
population is initially more adapted to the environment than to the host. But mathematically,
in this model host and environment are symmetrical, i.e. they only differ by the rates defined
above. Thus, the chosen direction of this inequality does not carry any strong meaning, and
there is no loss of generality in making this choice.

1.1. Symmetric migration rates

Let us first study the case where the migration rates from and towards the environment are
equal,i.e.my = my =m > 0. Letusdenotep = :—H < 1theratio of the replication rates. Then,
E

setting rz = 1 to scale time (and thus, measuring all further rates in units of the replication
rate of the microbe in the environment), A rewrites as

1
Asym =§(1+p—2m+\/(1—p)2+4m2)

For any fixed positive value of m, A, is a strictly increasing function of p, ranging from
%(1 —-2m+ m) (where p = 0, i.e. microbes do not replicate inside the host) to 1
(where p = 1, i.e. host and environment are identical). For any fixed positive value of p, Agy,
is a strictly decreasing function of m, ranging from 1 (m = 0, no transfer) to %(1 +p)(m -

). Figure 1B shows the value of A on the reduced trait space {p, m}. Thus, the maximum
possible value for A is 1 (in units of r). This value is achieved either by increasing the ratio of
replication rates between host and environment, so that both microbial populations grow
nearly at the same rate (strategy 1), or by reducing migration between host and environment
(strategy 2). This second strategy allows microbes to spend a longer time in the environment
on average. The distribution of the time between two emigration events is exponential of
mean 1/my = 1/m. Note however, that this strategy is limited, since setting m to zero
decouples the two compartments completely, in which case the expression of A looses its
meaning.

How strong is the selection on these traits? This question can be approached by
inferring the strength of the population growth rate dependence on the traits we are
considering. One standard approach to measure this is elasticity (Caswell, 2001; Grant and
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Benton, 2000; Tienderen, 2000). One defines the elasticity of the population growth rate A to
the life history trait x; as

_ Xi(X) oA

A oxl ]

€ (%)

which gives the proportional change in the value of A that results from a proportional
increment of the trait x;. As elasticities sum to one (Caswell, 2001), they can also be
interpreted as the relative contribution of each of the traits to the fitness, measured here as
the global growth rate. This quantity is dimensionless and is a local property that can be
calculated for each point x of the trait space. The vector of the elasticities at point x gives the
direction of the selection gradient on the fitness landscape. In other words, to phenotypically
adapt, the population should move in the trait space following the direction of this gradient.

If the population can invest in phenotypic adaptation only by tuning one of its life
history traits at a time, then it should act upon the trait that has the largest elasticity at the
current position of the population in the trait space. This reasoning allows to divide the trait
space into regions of distinct optimal strategies, as shown in Figure 1B. In the limit of elevated
migration rates (i.e. when the switch between the compartments is rapid, so that the
population is almost experiencing the average environment), strategy 1 (increasing p)
becomes almost always optimal, except for small replication ratios, so when there is almost
no replication in the host. In summary, migration rates are important when replication in the
host is slow compared to the environment, and when migration itself is slow.

A
H i e
ry : within-host replication rate
re : environmental replication rate
me : migration rate from the host to the environment
my my : migration rate from the environment to the host
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Figure 1 Optimal strategies in the baseline model (with no competition). (A) Schematic diagram
and definition of the rates in the 2-compartments baseline model of a microbial population migrating
between a host and its environment and replicating in each compartment. (B) Population growth rate A
(in color scale) on the trait space {p, m}. The population growth rate A is maximized for small m or for
large p. The contour line shows the line of the traits space that equalizes the absolute values of the two
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(Figure 1 continued) elasticities, |€,,| = |€p , delimiting the regions of optimality of the two different
strategies. Note that we take the absolute values of the elasticities, because in the baseline model the

<

elasticity of A to changes in m is always negative, while it is always positive to changes in p. When Z—m

p

1, the optimal strategy is to increase the replication rates ratio (strategy 1). When

i_—m| > 1,the optimal
P

strategy it is to decrease the migration rate (strategy 2). (C) Change in the contour line delimiting the
regions of optimality of the two strategies defined in panel B with a, the ratio of the migration rates. The
dashed line shows a = 1, i.e. the symmetric case identical to the contour shown in panel B. Increasing
the migration towards the host is unfavorable for the considered population. With high values of a, one
needs to decrease m more to achieve similar results on A, thus decreasing the area of optimality of strategy
2.

1.2 Asymmetric migration rates

Let us now add an asymmetry between the migration rates. Setting mg = m and my = amng,
the expression of the population growth rate becomes

1
Aa=E<1+p—(1+oc)m+J(m(1+a)—1—p)2—4(p—m(1+ap))>

The resulting shape of the fitness landscape is qualitatively unchanged: A is still
maximized for low values of the migration rates and for high values of the replication rates
ratio, and the maximum value for the population growth rate A is still 1 (in units of 1).
However, the depth of the landscape changes with a: the larger a (i.e. the more migration
towards the host is favored compared to migration into the environment), the larger the
amplitude of the landscape, and the steeper the slope to climb to reach the maxima. How does
it translate in terms of optimal strategy? Figure 1C shows how the contour delimiting the
optimality of the two strategies is modified. When « is increased the range of optimality of
strategy 2 is narrower. This is expected, as the most important factor to maximize A is to stay
in the environment - where replication is faster - as long as possible, and thus to reduce my.
In the unfavorable condition of a large @, one needs to reduce m more to achieve the same
effect on my. Thus, strategy 2 to decrease migration rates becomes less efficient.
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2. Model with limited overall population size (kuy = ker = kgy = kug= k)
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Figure 2 Optimal strategies in the model with a limited overall population size. (A) Change in the
contour line delimiting the regions of optimality of the two strategies (strategy 1: increasing the
replication rates ratio; strategy 2: decreasing migration) with t,, .., the time chosen to measure the final
population size. Initially all the microbes are in the environment. With t,,,, long enough, one recovers the
contour line of the baseline model calculated analytically (black line). The continuous lines show the case
with k = 0, i.e. no competition, while the dashed lines show increasing values of k the competition rate. In
the case of global competition, the results are barely different from the linear case. (B) Extension of A with
all the microbes in the host initially. In this case the convergence to the linear case appears to be slightly
slower, while increasing k values seems to accelerate this convergence.

In the baseline model there are no constraints on population growth. In nature, however,
microbial populations do face limits to their growth. Since the equations above are linear and
can only give rise to exponential growth or exponential decay, they can only describe the
dynamics of a population over a limited period of time. In order to account for saturation and
competition during growth, we keep a continuous time description and extend elasticity
analysis numerically. This has previously been proposed to treat density dependence in
discrete times (Grant, 1997; Grant and Benton, 2000).

In this section we study the case of a microbial population limited in size by global
competition occurring at rate k. This situation could correspond to a microbiota living in
direct contact with an external environment, like on the skin. Alternatively, what we call the
"environment" in our model could represent another host compartment in direct contact with
the other, like the gut lumen and the gut epithelium. In that case, microbes living in
association with the host are in direct contact with those in the environment and can mutually
impact each other's growth. It is of particular relevance if both microbial subpopulations rely
on and are limited by the same nutrients for growth. The equations we consider are

ony
? = anH + mHnE - mEnH - an(nE + nH)
ong
? =Tgng + MmNy —MyNg — knE(nE + TlH)

From the microbial abundances in the different compartments obtained by numerically
solving the equations, one can build a proxy for the population growth rate. To remain
coherent with the previous section, we define
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Eq.3 Alx) = - ! log (nE(tmax)+nH(tmax))

max ng(0)+ny(0)

i.e. the effective exponential growth rate of the whole microbial population over a defined
period of time [0, t,,,4]. There are several fundamental differences between A in a non-linear
system and A in a linear one, the dominant eigenvalue of the projection matrix as defined in
the baseline model. First, while 1 was the asymptotic growth rate of both subpopulations in
the baseline model, A only provides a measure of growth for the whole population. Second, it
does not correspond to an asymptotic growth rate either: in the case of global saturation, the
asymptotic growth rate for the whole population is zero, because replication stops when the
carrying capacity is reached. Therefore, the choice of the probing time t,,, has an impact on
A, which we will see in more detail below. Third, the choice of the exact form of A now implies
biological assumptions on the selection pressure felt by the population: choosing the effective
exponential growth rate over the whole population as we do implies that selection is acting
on the whole population evenly. There may be some situations, for example experiments in
which the population of one of the compartments is artificially selected for, where it would
make more sense to define A as the effective exponential growth rate over just this
subpopulation. One must thus adapt A to the specifics of the modeled system.

Using the Euler method, we now define the non-linear elasticity in the direction of the
trait x; as

A, X0, X1, X XX g 1, X N) = A(X 1, XD, X N)

Eq. 4 e =

SA(x1,X2,...XN)

with 6 the discretization parameter, and N the number of traits defining the phenotypic space
{x4, ..., x5 }. Note that contrary to the previous section, the elasticities do not necessarily sum
to one anymore. One advantage of using elasticities that is particularly useful for non-linear
systems, is that it allows to compare traits of different dimensions, and different orders of
magnitude, since it characterizes proportional changes.

For numerical solving, additional choices need to be made. First, the trait space needs
to be discretized. Then, to calculate Eq. 3, one needs to choose a set of initial conditions and a
final time at which to measure the population sizes, as exposed in details for the linear case
in (Stott et al.,, 2011). Finally, we need to choose the discretization parameter 8. In the
following, we always choose § sufficiently small for convergence, i.e. so that it does not
significantly impact the numerical values of the elasticities, and focus on the choices of the
other parameters and the influence of the competition intensity k. One strategy to explore the
possible sets of initial conditions is to use "stage biased vectors" (Stott et al.,, 2011), i.e.
extreme distributions of the population. This correspond to initial conditions where microbes
either exist only in the host or only in the environment.

In Figure 2, we show how the contour lines delimiting the two optimal strategies
change with the final time t,,,, chosen to measure the population growth rate and with the
intensity of competition k, for these two extreme cases ({npo = 0,ny0 = 1} and {ngy =
1,ny 0 = 0}). In all cases, with sufficiently long t,,,,, the contours converge to the contour
plot of the baseline model in the previous section. This is expected, since competition here
affects all the microbes in the same way, so that the equilibrium distribution is the same as
the asymptotic distribution of the baseline model (given by the dominant eigenvector). In the
case where all the microbes are initially in the host (Figure 2A), the convergence to the linear
case requires higher values of t,,,;,, than in the case where all the microbes are initially in the
environment (Figure 2B). Intuitively, this corresponds to the fact that convergence to the
baseline distribution requires population growth, and growth is slower if all the microbes are
initially in the host compartment - where replication is slower. There is thus a time delay
between these two situations, corresponding to the time it takes for migration to carry
microbes into the environment - where replication is faster. Additionally, with the "all in the
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host" initial condition, we note the persistence of a lower horizontal branch of the numerical
contour that does not exist in the baseline model. This is an artifact introduced by the
discretization of the parameter space. When m = 0, no microbe ever migrates to the
environment, which therefore remains empty. Thus, when m = 0, a proportional increase of
m has no effect on A, the elasticity of migration is zero, and the strategy 1 of increasing the
ratio of replication rates is necessarily optimal.

Finally, we observe that the intensity of competition has only a small effect on the
contours when all the microbes are initially in the environment but a larger effect with the
opposite initial conditions. In both cases, adding a k appears to accelerate convergence to the
baseline contour. This is because during the transient dynamics, the distribution has to
balance to the expected asymptotic distribution from the initial conditions. In most cases, this
equilibrium distribution is a mixed state, where a part of the population lives in the
environment and another in the host. To reach this balance quickly from a pure biased state
necessitates immigration to and replication in the initially empty compartment, while ideally
immigration to and replication in the other compartment remain slow in comparison.
Competition limits the growth in the compartment that is not initially empty, and thus helps
this balancing process. This effect is even stronger if the initially empty compartment happens
to be the environment, where microbes replicate faster. This explains why the effect of k is
stronger in this case (Figure 2B).

3. Model with limited population size in one of the compartments only
(k_EHZ kHEZ 0 and k_EE or kHH?f 0)

In this section we consider competition happening inside one of the compartments only (i.e.
kgy = kyr = 0 and kgg or kyy # 0). We will start by considering competition in the host
only, as it seems likely, from the biological point of view, that resources may be more limited
in the host than in the environment. However, we also later consider competition in the
environment only. Although this situation is biologically less plausible, given the symmetry of
our model definition, a simple inversion of all the H and E indices allows to also cover the
situation where the host is the fast-replicating compartment, e.g. when the microbial
population is better adapted to the host than to the environment, and competition is limited
to the host.

In the case where competition is limited to only one of the compartments, we do not
expect an equilibrium population size to be reached, nor an asymptotic growth rate like in the
baseline model. What we know should happen, is that the population in the unconstrained
compartment keeps growing exponentially, while the subpopulation in the compartment
with competition reaches an equilibrium size. The contribution of this subpopulation to the
global population thus rapidly becomes negligible and we expect the disappearance of one of
the two strategies at sufficiently long times. However, and although the theoretical
perspective often focuses on long term behaviors, it can be of high practical relevance to study
the transient optimal strategies, as it is not always the case that experimental times
correspond to long-term behaviors.

3.1. Competition in the host (slow-replicating compartment)

When there is competition in the host only, then growth inside the host becomes irrelevant,
so that the elasticity of parameter p should tend to zero, and only the migration rates should
continue to matter. We thus expect the contour lines to disappear, whatever be the other
parameters (initial conditions, intensity of competition) with ¢,,,, large enough.
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Figure 3 verifies this verbal argument: as expected, for a fixed t,,,,, we recover the
shape of the fitness landscape of the baseline model for small values of k. Strategy 1 of
increasing the replication rates ratio, however, is disappearing with increasing values of k
(Figure 3A). The values of 4 also become smaller overall: growth is slower due to competition.

As expected, for a fixed value of k, the contours delimiting the two optimal strategies
disappear with large values of t,,,, (Figure 3B-C). As previously, there is one exception: when
the initial population is located in the host and m = 0 there is no growth in the environmental
population at all. Here the only remaining strategy has to be strategy 1, i.e. increasing p.
Additionally, the disappearance of strategy 1 is slightly faster when initially the microbes are
in the environment, the fast-replicating compartment, because this initial distribution is
closer to the final one, where the host subpopulation is of negligible size. On the other hand,
when the initial distribution is completely opposite to the equilibrium relative distribution
(Figure 3C), we can observe the transient appearance of a third optimal strategy: increasing
the migration rate. This strategy becomes optimal intermediately for small values of p and
small values of m: in these extremely unfavorable conditions, increasing the microbial flux
towards the environment becomes more important than limiting the flux of microbes leaving
it.

The impact of increasing k at fixed t,,,, on the contour lines delimiting the two
optimal strategies is clear in Figure 3D and E. We see that increasing k and increasing t,,,
have very similar effects: with small values of k, the baseline case is recovered, as expected.
When increasing k sufficiently, the contour line disappears with strategy 1 of increasing the
replication rates ratio. This is because if growth is limited in the host, increasing growth in
the host can have only limited effect, which makes strategy 2 comparatively more efficient.
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Figure 3 Optimal strategies in the model with limited growth in the host only. (A) Change in the
fitness landscape with k, the intensity of competition within the host compartment. Other parameters
values are t,,, = 30, ng(t = 0) =1, ny(t = 0) = 0. Black line: contour line of equal elasticities. (B-E)
Change in the contour lines delimiting the regions of optimality of the strategies. Solid line: between the
two strategies 1. increasing the replication rates ratio and 2. decreasing migration, and dashed line:
between the strategies 1. increasing the replication rates ratio and 3. increasing migration with (B-C)
tmax (the probing time chosen to measure the final population size) (and k = 10~8) and (D-E) k (the
intensity of within-host competition) (and t,,,, = 20), in the case of initial conditions where all the
microbes are in the environment (B and D, ng(t = 0) = 1, ny(t = 0) = 0) or in the case where all the
microbes are initially in the host (C and E,, ng(t = 0) = 1, ny(t = 0) = 1). In the case of competition
limited to the host, whatever be the value of the initial populations and the intensity of competition, at
sufficiently large times, the strategy 1 (increasing the replication rates ratio) tends to disappear.
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3.2. Competition in the environment (fast-replicating compartment)

When there is competition in the environment only, the size of the environmental population
becomes negligible compared to that of the host-associated after some time. As a
consequence, strategy 1 that increases the replication rate within the host becomes more
important, so that we should see its area of optimality extend. Figure 4 shows that this is
indeed what is happening. For a fixed t,,,,, with a small value of k we recover the shape of
the fitness landscape from the baseline model with no competition, but increasing k shifts the
contour line to the left until the strategy 2 of decreasing migration disappears. Like in the
previous section, we also observe the transient appearance and disappearance of a third
optimal strategy, increasing migration, in the most unfavorable case of a low migration and a
low replication rates ratio. For a fixed value of k, with increasing t,,,, the contour line starts
by getting closer to the baseline model contour, before diverging from this limit and
disappearing to the left of the panel. This finally leaves strategy 1 as the only optimal strategy
at sufficiently long times (Figure 4B, C). Increasing k for a fixed value of t,,,, (Figure 4D, E)
has a very similar effect on the contour, except for the initial dynamics towards the baseline
model: strategy 2 disappears.
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Figure 4 Optimal strategies in the model with limited growth in the environment only. (A) Change
in the fitness landscape with k, the intensity of competition within the environment. Other parameters
values are t,q, = 30, ng(t = 0) =1, ny(t = 0) = 0. Black line: contour line of equal elasticities. (B-E).
Change in the contour lines delimiting the regions of optimality of the two strategies: increasing the
replication rates ratio (strategy 1) and decreasing migration (strategy 2) with (B-C) t;.. (the time

chosen to measure the final population size) (and k = 1078) and (D-E) k (the intensity of within-host

competition) (and tp,, = 20), in the case of initial conditions where all the microbes are in the
environment (B and D, ng(t = 0) = 1, n,(t = 0) = 0) or in the case where all the microbes are initially
in the host (C and E, ng(t = 0) = 0, ny(t = 0) = 1). In the case of competition limited to the environment,
whatever be the value of the initial populations and the intensity of competition, at sufficiently large times,
the strategy "2. decreasing migration" tends to disappear.
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Figure 5 Optimal strategies in the model with limited growth in the host and the environment. (A)
Change in the fitness landscape with k, the intensity of competition within the host and within the
environment. Other parameters values are t, 4, = 30, ng(t = 0) = 1, ny(t = 0) = 0. Black line: contour
line of equal elasticities. (B-E) Change in the contour lines delimiting the regions of optimality of the two
strategies "1. increasing the replication rates ratio” and "2. decreasing migration" with (B-C) t,,q, (the
time chosen to measure the final population size) (and k = 1078) and (D-E) k (the intensity of within-
host competition) (and t,,, = 20), in the case of initial conditions where all the microbes are in the
environment (B and D, ng(t = 0) = 1, ny(t = 0) = 0) or in the case where all the microbes are initially
in the host (C and E, ng(t = 0) = 0, ny(t = 0) = 1). In the case of competition in the host and in the
environment, the effect of the competition in the environment (the fast-replicating compartment) seems
to dominate, so that at sufficiently large times, the strategy 2 (decreasing migration) tends to disappear.
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When there is competition of equal intensity in the host and the environment (i.e. kgy =
kyr = 0and kgp = kyy = k), we observe very similar results as in the previous section, with
competition in the environment only (see Figure 5): increasing k or increasing t,,,,lead to
the disappearance, at long times, of strategy 2, decreasing migration. This suggests that the
effect of competition in the fast-replicating compartment has a dominating effect on the global
population growth rate.

Discussion

While in the context of microbiology, the notion of fitness is often limited to a single fitness
component, like a replication rate measured in a single habitat, we emphasize that in reality,
each step of the microbial life cycle can contribute to reproductive success. This is particularly
true for microbes experiencing life cycles that involve a phase of host association, which
translates as a selection pressure on phenotypic traits associated to migrating from external
environment to the host and vice-versa. A framework to study fitness inclusive of all its
components is needed. Here, we investigate a model of a microbial population living,
replicating, migrating, and competing in and between two compartments: a host - assumed to
be, throughout the paper, the slow-replicating compartment, and an environment. To
determine the selection gradient felt by the microbial population experiencing this biphasic
life cycle — with phases in the environment and phases in the host - we perform elasticity
analysis. We focus on the leading direction of the selection gradient at each point of the trait
space, defining an optimal strategy for the microbial population to maximize its fitness. We
show thatin the case of unconstrained exponential growth in both of the compartments, there
are two optimal strategies: increasing the ratio of replication rates in the host versus the
environment (strategy 1), and decreasing the migration rates (strategy 2) so as to maximize
the time spent in the fast-replicating compartment. The first is optimal at initially high ratio
of replication rates and high migration rates, while the latter is optimal at initially small
migration rates and small ratio of replication rates. Next, we extend the model to a scenario
where microbial growth is limited by competition. We start with global competition, a case
which could describe competition for a resource homogeneously distributed across the host
and the environment. Biologically, this corresponds to communities of microbes that are
associated with hosts, microbiotas, but have extensive contact with the environment, as the
skin or other epithelial microbiotas for example (Chen et al., 2018; Fraune and Bosch, 2007).
In this case, we show that apart from a transient effect, the optimality of the strategies is
conserved from the case without competition. With competition in the host only (the slow-
replicating compartment), at longer probing times or at higher competition intensities, the
strategy 1 (increasing the ratio of replication rates) disappears, to leave strategy 2
(decreasing the migration rates) as the sole optimal strategy. Inversely, with competition in
the environment only (the fast-replicating compartment), or with competition of same
intensity within the host and within the environment, the strategy 2 disappears, leaving
strategy 1 as the only optimal strategy. Unsurprisingly, this suggests that competition within
the fast-replicating compartment dominates the effect on the selection gradient.

While this analysis provides crucial information on the selection gradient that shapes
microbial adaptation to life cycles involving host association, it does not take into account the
evolvability of the traits themselves. Although the selection gradient is a good indicator of the
expected evolutionary path in the phenotypic space, the underlying genotype/phenotype
mapping does not always allow for this path to be taken (Houle, 1992; Lande, 1982; Orr, 2005;
Tienderen, 2000). The discrete nature, the non-additivity and non-linearity of genetic
information, as well as the existence of trade-offs and costs may prevent the predicted
continuous change on the phenotypic trait. In addition, using elasticities is built on the
assumption that adaptation generates multiplicative changes in life history traits. Although
this is the most common assumption because it allows for a fair comparison of traits of
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different dimensions and different orders of magnitude, different assumptions are sometimes
made. For example, additive changes of the traits are assumed in sensitivity analysis (Caswell,
2001). These fundamental assumptions can sometimes result in different inferred selection
gradients (S. Giaimo, personal communication).

Stepping back, we can evaluate the predictions of our model in the light of
experimental work. Evolution experiments where microbial populations are sequentially
passaged through a host and an environment are of particular interest here, to assess the
response to selection resulting from biphasic life cycles. The key role of immigration in early-
evolved adaptation in zebrafish has for example been highlighted in Robinson et al., (2018).
In Drosophila and in C. elegans (Jansen et al., 2015), host selection for more subtle microbial
life history traits that directly impact host fitness is shown. In the first case, there is evolution
towards by-product mutualism, and in the second, which concerns an initially pathogenic
population, evolution towards less virulence and an increased -carrying capacity.
Conceptually, our elasticity analysis approach could provide a complementary insight to the
patch invasion approaches developed to analyze such evolution experiments, for example in
(Hurford et al., 2010; Miller and Bohannan, 2019; Miller et al., 2018). While patch invasion
relies on assessing the chances of successful invasion of an established population at
equilibrium by a new mutant strain of defined traits values, elasticity analysis provides a
more systematic framework to exhaustively explore the possible traits space. In addition, it
is a framework that can be applied to out-of-equilibrium systems. Both frameworks rely on
different proxies to assess a fitness inclusive of its different components - in one case, the
frequency of patches where the microbe is present, and in the other, the microbial population
growth. Both frameworks converge on the key role of migration between compartments.

In future work, we could extend our framework in different directions to capture
additional characteristics of host-associating microbial populations life cycles. The first
extension could concern the number of compartments: while the question of fluctuating
environments had been studied before, in discrete times or in a different context (Grant and
Benton, 2000; Pichugin et al, 2019), in our context it may be profitable to consider and
include host population dynamics. This would notably allow to include microbial traits that
affect the host fitness in our analysis. A second direction could be to include stochasticity and
non-homogeneities. Indeed, our deterministic description is valid only if the size of the
microbial population is sufficiently large at all times and can only describe the average
selection gradient experienced by the population. Introducing stochasticity would allow to
study differentiation, which may play a role in the response to complex life cycles.
Differentiation, in the form of speciation, phenotypic plasticity, or bet-hedging, is indeed
observed in microbial evolution experiments and in natural microbial populations
(Hammerschmidt et al., 2014; Medina and Langmore, 2015; Rainey and Travisano, 1998; Xue
and Leibler, 2016; Zhang and Rainey, 2010) and is thus expected during evolution of life
cycles that include a host association phase. Finally, a key aspect that we have so far excluded
is spatiality. Effects of spatiality on the selection pressure are known for example in a simple
Petri dish system, where the existence of an optimal expansion speed for a given habitat size
has been shown (Liu et al., 2019; Mattingly and Emonet, 2019). Generally, hosts are highly
structured habitats with variation in nutrients and chemical and physical gradients shaping
for example the gut (Donaldson et al., 2016; Schlomann, 2018; Schlomann et al., 2018). The
introduction of several compartments or sub-compartments within the hosts could represent
a first stepping stone in this direction.

Thus, our model provides the key ingredients to study the onset of host association,
and meets the need to conceptualize fitness inclusively of all the aspects of microbial life
cycles. With the development of this framework, we hope to better understand the mutual
benefits that microbes and hosts can retrieve from such associations.
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Graphical summary

1 c-di-GMP,
R4 T host adaptation

biofilm formation

Upregulation of the second messenger c-di-GMP as a strategy for biofilm-mediated host-
adaptation. Increased cellular levels of c-di-GMP induce biofilm formation and wrinkly colony
morphology in Pseudomonas lurida MYb11. This appears to lead to improved host adaptation via
greater association and persistence. The structural formula of c-di-GMP was generated using
molview.org/?cid=135440063.

Abstract

Bacteria associate with animals and plants as symbionts or microbiota communities and
fundamentally shape their host’s biology. It is unclear, however, which bacterial traits
enable the transition from a free-living to a host-associated lifestyle. At this transition,
microbes follow a biphasic life cycle and switch between hosts and the environment. This
lifestyle is also widespread among microbe-host associations in nature. We here dissect the
specific adaptations and molecular processes defining the biphasic symbiosis life cycle
combining evolution experiments, whole genome sequencing and functional genetics of the
bacterium Pseudomonas lurida MYb11 and its nematode host Caenorhabditis elegans as a
study system. We find that biphasically evolved MYb11 increased colonization of and
persistence of C. elegans, whereas absence of the host favored dispersal autonomy (colony
expansion) and growth. MYb11l populations diversified, and unexpectedly, wrinkly
morphotypes uniquely emerged and spread in the biphasic, host-associated populations.
Wrinkly types increased biofilm formation, and persistence in worms, thereby improving
transition across the life cycle. We causally link the emergence of the wrinkly type to
underlying molecular changes in regulation of the second messenger cyclic-di-GMP. This
study integrates the environmental context into microbe-host interactions and provides an
eco-evolutionary perspective on the first steps towards symbiosis.



Introduction

Microbes accompany hosts across the tree of life. From single bacterial species colonizing the
roots of legumes as symbionts to complex communities of microbes found in humans as
microbiotas, microbes can have a profound effect on their hosts’ biology. They can provide
essential nutrients (Consuegra et al,, 2020; Flint et al,, 2012; Zhu et al,, 2011; Zimmermann et
al,, 2019), guide host development and physiology (Douglas, 2018; Sarkar et al.), and protect
against abiotic stressors and pathogens (Kissoyan et al., 2019; Stecher and Hardt, 2008; Wang
etal,, 2020). For microbes, hosts present a habitat, that too can offer nutrients (Fischer et al,,
2017), or serve as a vector for dispersal (Chase et al., 2019; Diaz and Restif, 2014; Moeller et
al, 2018). Despite the well-described prevalence and importance of microbe-host
associations, little is known about the drivers allowing their emergence and maintenance.
Specifically, the microbial perspective in the association has been largely neglected. To
understand the early steps involved in bacteria becoming symbionts, we here study bacterial
traits required to initiate the association and provide the basis for its maintenance.

In the early stages of symbiosis, free-living bacteria shifted to a host-associated
lifestyle. A first, loose association with a host arises via a biphasic life cycle, in which bacteria
alternate between host and the free-living environment (chapter 2). Moreover, it appears
that this biphasic life cycle can arise easily or at least be maintained efficiently, as it is still
widespread among microbe-host associations. Famously, the bacterial symbiont providing
bobtail squid with ventral illumination, Vibrio fischeri, colonizes every host anew from sea
water, as do microbiota members of corals (van Oppen and Blackall, 2019) and angler fish
(Baker et al., 2019). In terrestrial symbioses also, as that of Photorhabdus and Xenorhabdus
bacteria colonizing entomopathogenic nematodes or the microbiota of burying beetles (Ciche
etal., 2006; Shukla et al,, 2018b), bacteria need to survive and/or proliferate in both the host
and an alternative free-living habitat. Thus, understanding what allows bacteria to follow a
biphasic life cycle will provide fundamental insights microbe-host associations.

Here, we aim to understand how bacteria transition from a free-living to a host-
associated lifestyle via the biphasic symbiotic life cycle. To study the traits involved in
following such a life cycle, we use the bacterium Pseudomonas lurida (MYb11) and its natural
host, the nematode Caenorhabditis elegans. As a culturable isolate of the worm'’s microbiota
(Dirksen et al.,, 2016, 2020), MYb11 can be specifically associated with sterile worms in the
lab to follow the biphasic life cycle. This system thus presents an intermediate between well-
established obligate symbioses and naive pairs of microbes and hosts, thus allowing to select
for a more stringent host association, as well as the loss of host adaptive traits. Aiming to
pinpoint key traits required for MYb11 to associate with C. elegans, we experimentally
allowed bacterial populations to evolve in a biphasic life cycle alternating between the worm
as a host and an agar plate environment. As a free-living contrast, replicate populations were
kept monophasically on agar only. After ten cycles mapping to ten worm generations, we
analyzed phenotypes relevant across the life cycle and whole genomes of the evolved
bacterial populations and isolates thereof. To understand molecular changes, we used
functional genetics and established casual relationships between mutated genes and the
observed phenotypic change. Together, we provide insights into the fundamental properties
of bacteria allowing to stick to and interact with a host.
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Materials and methods

Bacterial and worm strains

Pseudomonas lurida (MYb11), member of the natural microbiota of Caenorhabditis elegans
(Dirksen etal., 2016), was used as a model bacterium in this study. In assays including worms,
Escherichia coli OP50, the standard lab food of C. elegans, served as non-colonizing food
bacterium that does not form biofilms(Arata et al., 2020; Portal-Celhay et al., 2012; Stiernagle,
2006). The natural C. elegans isolate MY316, recovered from a rotting apple in the Kiel
Botanical Gardens and original host of MYb11 (Dirksen et al., 2016), was used as a host
organism in the evolution experiment and all subsequent assays described in this study.

A hermaphrodite-enriched population of worms was stored at -80°C and aliquots
thawed and raised on nematode growth medium (NGM) and E. coli OP50 lawns (0.5ml,
ODeoo=3) at 20°C. A standard bleaching protocol was used to collect sterile eggs, and
synchronize hatched L1 larvae in M9 buffer overnight (Stiernagle, 2006).

Evolution experiment

Bacterial populations were serially passaged in biphasic life cycle, i.e. maintained on agar
plates with exposure to C. elegans in regular intervals, or a monophasic life cycle, i.e.
maintained on agar plates only (Fig. 1A). Specifically, MYb11 was added to nematode growth
medium agar (NGM: 2.5g/1 peptone from meat, 51.7mM NaCl, 1 mM MgSO4, 1mM CaClz, 25mM
KPOs4, 0.0005% cholesterol) as a bacterial lawn and allowed to grow for 3.5 days. In the host-
associated phase, ten C. elegans L4 larvae (raised until this stage on E. coli OP50) were added
to NGM plates allowing bacteria to associate with worms for until the worms’ F1 generation.
In the monophasic treatment, bacteria were maintained on NGM agar only for a full cycle. At
the end of every cycle, a bottleneck of 10% of the bacterial population associated with the
worm hosts was imposed, i.e. 10% of host-associated bacteria were transferred to the next
cycle. To impose a comparable bottleneck on free-living populations, the mean number of
colony forming units (CFUs) extracted from host populations in the biphasic treatment of the
previous cycle was used as a bottleneck for free-living populations. To generate a fossil
record, samples of bacterial populations were collected at every bottleneck in 10% DMSO and
frozen at -80°C. To allow bacteria to evolve, replicate populations of MYb11 were passaged
for ten cycles, when a notably greater abundance of bacteria was found to associate with
worm populations (Fig. S1).

Population recovery and evolution experiment re-run

Following the evolution experiment, evolved populations from cycle ten were recovered from
frozen stocks and a re-run of one cycle of the evolution experiment was done as during the
evolution experiment to minimize any potential effects of freezing populations. In
preparation for following assays (host-association: colonization of, persistence in and release
from C. elegans hosts; environmental performance: growth assay, colony expansion and
swarming on NGM agar; DNA isolation for whole genome sequencing), populations were
collected from either worm populations or NGM agar plates, adjusted to a common optical
density (as a proxy for biomass) and grown on NGM agar for two days as a common garden
treatment.

Isolation of morphotypes
After observing distinct colony morphologies emerging in the evolution experiment, they
were isolated from cycle ten evolved populations. For this, evolved populations were

recovered from frozen fossil record, serially diluted, and plated on TSA. Colonies that
appeared to have a unique combination of surface texture, margin, opacity, and variation in
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colony size were re-streaked on TSA (48h, 20°C) and stored at -80°C in glycerol. This was
repeated for six biphasically (B1-B6) and six monophasically evolved populations (M1-M6;
Table S1). To assess true breeding, colony morphotypes were thawed, and re-streaked once.

Culturing of isolated morphotypes in preparation for phenotypic assays

Ancestral MYb11 and evolved morphotypes were stored at -80°C in glycerol stocks. For
phenotypic assays, 10 ml tryptic soy broth (TSB; Roth) in 50 ml Falcon tubes were inoculated
with single colonies grown on tryptic soy agar (TSA; Roth) and incubated at 28°C and 150rpm
overnight. Cultures were centrifuged (10 min, 4000 rpm; Eppendorf large centrifuge),
washed in M9 buffer and the optical density adjusted using M9 buffer.

Biofilm assay

To quantify the morphotypes’ ability in forming biofilms, a biofilm assay was conducted in
microtiter plates (based on (O’'Toole, 2011)). For this, bacterial overnight cultures were
adjusted to an ODggo = 1 in M9 buffer and 1:10 dilutions in TSB were pipetted into 96-well
plates in a randomized layout. These were and incubated at 20°C for 48h with orbital shaking
(180 rpm) in an Epoche2 BioTek plate reader. Subsequently, non-adherent cells and medium
were washed off with deionized water. The remaining biofilms were stained with 0.1% crystal
violet, rinsed four times with 300 pl water each and dissolved in 200 ul 30% acetic acid for
one hour. Absorption of dyed biofilm solutions was measured at 550 nm.

Host-association: colonization, persistence, and release assays

The different stages during host association (Fig. 1D), namely colonization of L4 stage worms
and adults, short-term persistence in L4 stage larvae, long-term persistence until adulthood
in the presence of no food source, as well as release into the free-living environment were
assayed as described below.

For all assays, bacterial lawns from 125 pl bacterial suspension at ODgpo=2 were
prepared on NGM agar (6cm plates) from ancestral MYb11 and evolved populations (post
common garden) or morphotypes (post overnight culture). Depending on the assay, 30-40
synchronized L1 stage C. elegans larvae (assays: L4 and adult colonization, all persistence and
release assays) or 10-15 L4 stage larvae raised on lawn of E. coli OP50 (assay: early
colonization), were added to the lawn. Worms could associate with bacterial populations
while plates were incubated for 48h at 20°C. To quantify bacterial load per worm, worms
were washed off after incubation with M9 buffer containing 0.025% Triton-100 and 25mM
tetramisole, a paralyzing antihelminthic. Worms were then washed three times in buffer
using a custom-made filter tip washing system(Papkou et al.,, 2018). To assay long-term
persistence, L4 worms were then transferred to fresh and empty NGM plates and collected
for bacterial sampling after an additional 24h. Across assays, washed worms were collected
in M9 buffer with Triton-100 (release: 300ul, all other assays: 200ul) into sterile 2ml
Eppendorf tubes and the number of worms per sample counted under the stereo microscope.
Next, 100 pl worm-free supernatant was collected as a background sample. To extract
bacteria, worm, and supernatant samples (treatment control) were ruptured using bead
beating with 1mm zirconia beads in the GenoGrinder. Bacterial suspensions were serially
diluted in M9 buffer, samples plated on tryptic soy agar and colonies counted after one day
incubation at 20°C. The CFUs/worm during colonization were calculated as the difference in
CFUs between worm and supernatant samples. To quantify bacterial release, supernatant
sample of 100pul was taken to quantify CFUs remaining in the buffer after washing
(supernatant 1). After 1 h, 100 pl worm-free supernatant containing released bacteria
(supernatant 2) was collected. Subsequently CFU quantification was done as described for the
other assays. The CFUs released per worm were calculated as the difference in CFUs in
supernatant 2 and supernatant 1.
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To highlight the evolutionary response of biphasically and monophasically evolved
populations, the ratio CFU/worm or CFU/released of the evolved vs. ancestral populations is
plotted. A relative value > 1 thus indicates a greater number of CFUs reached by the evolved
populations, whereas a value < 1 indicates a lower number reached by evolved populations.

Environmental performance: Growth assay, colony expansion and swarming

To measure bacterial growth, bacterial populations from the common garden treatment or
washed over night cultures of the isolated morphotypes were adjusted to ODgp0=0.1 and 50
ul spotted centrally to 6cm NGM agar plates. After 24h and 3 days at 20°C respectively,
bacterial lawns were washed off in 1 ml M9 buffer. A sterile spreader was used to help scrape
off tightly adhering lawns, which were then homogenized by repeated pipetting in M9 buffer.
Bacterial suspensions were serially diluted in M9 buffer, samples plated on tryptic soy agar
and colonies counted after one day incubation at 20°C. Swarming was assayed NGM with 0.5%
agar, while colony expansion was tested on NGM with 3.4% agar, analogous to the evolution
experiment the morphotypes emerged in. In both cases, 0.5ul of cell suspension (ODsoonm = 1)
were spotted centrally onto 6 cm, surface-dried (30 min in clean bench at RT) agar plates.
After 24h, 3 days and 7 days at 20°C, plates were photographed (iPad mini, HR modus), and
maximum colony expansion measured using Fiji/Image]J2 (Rueden et al., 2017; Schindelin et
al,, 2012). All morphotypes were assayed in technical triplicate.

Competition assays

To compare fitness of ancestral MYb1l1l and evolved morphotype isolates, short-term
persistence and growth on agar were measured in competition. For this, representative
morphotype isolates were selected from population 3 (MT11 - MT14) and competed against
ancestral, red-fluorescently labeled MYb11 (dTomato). Short-term persistence and growth
assays were performed as described above. However, in preparation, bacterial isolates were
grown in overnight cultures (TSB, 28°C, 150 rpm) and mixed in even proportions based on
optical density at 600nm before inoculation.

Fluorescent labeling of bacteria

E. coli OP50 and the evolved, wrinkly morphotype MT12 were labeled with red fluorescent
dTomato. Fluorescent labels were introduced using Tn7 transposon-based chromosomal
insertion as in (Wiles et al., 2018). Briefly, bacterial strains of interest were mixed with the E.
coli SM10 containing pTNS2 (helper strain with transposase) and the E. coli SM10 containing
pTn7xKS dTomato (donor strain with dTomato gene and kill-switch) and incubated for a
triparental mating. Subsequently, modified clones were selected based on fluorescent signals
and growth on gentamicin-selective plates (10pg/ml). Correct insertion of dTomato at the
attTn7 site was confirmed via PCR.

Microscopy

Colonization of E. coli OP50::dTomato, MYb11::dTomato and MT12::dTomato in C. elegans
MY316 was visualized using confocal laser scanning microscopy. For this, synchronized L1
larvae were raised on the respective bacterial lawns until L4 stage as described in the
colonization assays yet on PFM agar inoculated with 750ul bacterial suspension at
0D600=10. Worms were collected in 5ml of M9 buffer and washed 3 times by exchanging
the buffer. For imaging, worms were anaesthetized in M9 with 25mM tetramisole and
0.025%Triton (~2h) and placed on agar patches on microscopy slides directly before
imaging. Bacterial colonization was visualized using a Zeiss CLSM 700 using a 20X objective.
Images were false colored and scale bars added using the Leica Zen 3.2 software.
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Genome sequencing and analysis

Total DNA was isolated using a cetyl-trimethylammonium-bromid-based (CTAB) protocol
(Schulenburg et al.,, 2001). For Illumina HiSeq400 (paired-end, 300bp) sequencing, libraries
were prepared using the Nextera DNA Flex kit using manufacturer’s instructions. Genomic
analyses were performed on the NEC HPC-Linux-Cluster. Python scripts were written and
computed using Python version 3.7.4 (https://www.python.org/). Read quality of individual
raw and trimmed sequences (fastq.gz files) was inspected using FastQC v0.11.8 (Andrews et
al,, 2018) and an overview of quality across samples was synthesized using MultiQC (Ewels
etal, 2016). Reads were trimmed using Trimmomatic v0.3.9 (Bolger et al., 2014) to remove
adapters and low quality bases/ sequences. Paired reads were aligned to the MYb11 reference
genome (RefSeq: GCF_002966835.1) using Bowtie2 version 2.3.3 (Langmead and Salzberg,
2012). Duplicate regions were removed using MarkDuplicates in Picardtools (version
2.22.2)(Broad Institute, 2019). Conversion from .sam- to .bam-file was done using samtools
v1.5(Li et al,, 2009). Genome-wide coverage was calculated using bedtools v2.29.2 (Quinlan
and Hall, 2010). Average genome coverage was computed using R v3.6.1 in the RStudio
environment(R Core Team, 2016; RStudio Team, 2015) as follows:

average coverage Y.(coverage depth; x number bases;)

genome genome length

To call variants using BCFtools version 1.10.2 (Li, 2011), zlib version 1.2.11 (Gailly and Adler,
2017), bzip2 version v2-1.0.6 (Seward, 2010) and xz Utils version 5.2.4 (Collin, 2018) were
installed. Variants were called using VarScan v2.3.9 (Koboldt et al., 2012) Curlh from curl
version 7.68.0 (curlProject, 2020) was used to support the installation of BCFtools. Called
variants were annotated using snpEff (Cingolani et al., 2012a, 2012b). Synonymous variants
and those present in the ancestral MYb11 were filtered in R and excluded from the analysis.
Gene ontology was based on GO entries of genes in the Pseudomonas database (Winsor et al,,
2016). When no GO annotation was present, GO of homologous genes, as defined as top blast
hits (NCBI blastn) in Pseudomonas fluorescens SBW25, was noted. Amino acid sequence
similarity of wspE from MYb11 to SBW25 was compared using EMBLs MUSCLE (Madeira et
al,, 2019) alignment using ClustalW and standard settings. InterPro (Mitchell et al., 2019)
using standard settings was used to predict domains of the MYb11 wspE.

Allelic exchange

To confirm the phenotypic effect of mutations identified from genome sequencing, we used
the two-step allelic replacement method as previously described (protocol updated by David
Rogers and Joanna Summers; Bantinaki et al.,, 2007; Hmelo et al,, 2015; Rainey, 1999). Here
we introduced the mutant alleles into the WT background and reverted mutations by
introducing WT alleles in the mutant background. Briefly, we used PCR to amplify ~700 bp
surrounding each mutation, cloned products into pUIsacB plasmids, and confirmed via Sanger
sequencing. Assembled pUIsacB plasmids were transformed into competent E. coli cells and
transferred to MYb11 isolates via conjugative mating on LB agar. MYb11 transconjugants
were selected on LB agar containing 25 pg/mL tetracycline and 100 pg/mL nitrofurantoin.
Subsequently, counterselection for cells that lost the pUIsacB plasmid and thus tetracycline
resistance was performed using sucrose in TYS10 plates (Huang and Wilks, 2017). Loss of
tetracycline resistance was confirmed using selective plating. Single tetracycline resistant
colonies were isolated, and the region containing the mutation in selected clones was
amplified and sequenced to confirm successful allelic replacement.
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Statistical analyses

All analyses were done using R (v.3.6.1.)(R Core Team, 2016) in the R Studio
environment(RStudio Team, 2015). Graphs were plotted using ggplot2(Wickham) and
compiled for publication in InkScape (version 0.92.2). The assumptions of parametric models
(normality and homogeneity of variances) were checked by inspecting box plots and qqplots
of the data and by using Shapiro-Wilk and Levene tests. When these were not met, non-
parametric tests were applied. Within bacterial treatments, two-sided t-tests with false-
discovery rate correction were used to test for differences of phenotypes of evolved
populations vs. ancestral bacteria. Changes in morphotype proportions over time were tested
for using beta-regressions in the package gamlss(Rigby and Stasinopoulos, 2005). Differences
between morphotype phenotypes were detected using ANOVAs and Generalized linear
models followed by Tukey post-hoc comparisons using the package Ime4(Bates et al., 2015),
and functional specializations of morphotypes were detected using principal component
analyses using the packages ggbiplot(Vu, 2020) and missMDA(2020) and plotted using
ggbiplot. Principal component analysis was performed to distinguish whether treatment
groups of evolutionary life cycle or isolate morphologies showed different sets of phenotypes.
In addition to plotting confidence ellipses (one standard deviation, i.e. 68%) surrounding the
treatment groups, we performed permutational analysis of variances (package
vegan(Oksanen et al, 2019): adonis and pairwise.adonis (Arbizu, 2020)) followed by
pairwise comparisons of groups (fdr-corrected(Benjamini and Hochberg, 1995)) to test for
differences in phenotype sets of ancestral and evolved groups (with 1000 permutations each).

Results

Bacterial fitness in host and environment respond given the evolved life cycle

To understand how bacteria transition to symbiosis, we experimentally evolved a biphasic
life cycle alternating between host and free-living environment. Specifically, we allowed
Pseudomonas lurida (MYb11), naturally associated with the model nematode Caenorhabditis
elegans, to adapt to either a biphasic life history, with worms and on agar plates, or a
monophasic, free-living only life history (Fig. 1A). As a member of the worm’s microbiota,
MYb11 provides insight into both the adaptation to defined host association in the biphasic
life cycle, as well as the potential loss of traits relevant for interaction with C. elegans during
the monophasic life cycle. As illustrated in Fig. 14, initially clonal populations of MYb11 were
exposed to C. elegans L4 larvae, which developed and proliferated to the F1 generation for
half a cycle (3.5 days). Samples of 10% of the bacterial population associated with washed
worms, were then transferred to nematode growth medium agar (NGM) and allowed to
proliferate for the isochrone free-living phase (Fig. 1A). Bottlenecks imposed in the
monophasic treatment had the same magnitude as those experienced by biphasic populations
in the previous cycle. After passaging bacterial populations for 10 cycles, when bacterial load
in worm populations had notably increased (Fig. S1), we examined the fitness consequences
the evolved life cycles had on bacteria in hosts and the environment.
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Fig. 1 Evolving a biphasic life cycle with C. elegans as a host improves host association, while a
monophasic free-living life supports bacterial growth in the environment. (A) Pseudomonas lurida
MYb11 as a symbiont and C. elegans MY316 as a host were used as a model. In an evolution experiment,
initially clonal bacteria were passaged for 10 cycles in either a biphasic or monophasic life cycle (6
replicates each). This included in the former case the alternation between a host-associated phase with a
free-living phase on growth agar, or in the latter case an exclusive free-living phase under otherwise
identical conditions (see methods). At the end of the evolution experiment, bacterial populations were
frozen and later used for phenotypic and genomic analysis. Bacterial performance across the life cycle
was assessed for (B) the ability to colonize worm hosts (average number of colony forming units, CFUs,
per host) and (C) the ability to proliferate on nematode growth agar for 24h hours (shown as average
CFEUs). To compare the direction of evolutionary change, the inferred number of CFUs in evolved
populations was divided by those in ancestral populations, which were always characterized in parallel.
The dashed line indicates no difference between ancestral MYb11 and evolved populations. Evolutionary
shifts from the ancestral phenotype were detected using one-sample t-tests (fdr-corrected; *** (p < 0.001),
**(p < 0.01), * (p < 0.05)). Green and yellow frames around graphs indicate whether data was collected
in a host or free-living habitat. (D) The impact of experimental evolution on bacterial phenotypes along
the biphasic life cycle was measured in a series of additional experiments with worm hosts of defined,
synchronized developmental stage (L4 larvae and adults). The stages include I) entry and colonization of
the worm, 1I) persistence in association with the worm (1h and 24h), 11I) release into the free-living
environment and V) motility in the environment. (E) Principal component analysis on phenotypes along
the life cycle of ancestral, biphasic, and monophasic evolved populations. Individual data points refer to
replicate populations colored according to evolved life cycle.

Biphasically evolved populations show a significantly greater association with populations of
C. elegans than ancestral MYb11, as we observe on average more colony forming units per
worm (Fig. 1B; t(5)=4.887, p= 0.009). In contrast, monophasic populations did not shift from
the ancestral level of association (Fig. 1B; t(5)=0.749, p=0.488). In the free-living
environment, we find that bacterial population size after 24h of growth is overall comparable
to ancestral levels, although the majority of monophasic populations exceeds ancestral
population sizes (Fig. 1C; tar-anc(5)=0.127, p=0.064; tmono-anc(5)=2.398, p=0.127). At later time
points, namely about a half or full cycle (3 and 7 days respectively), population densities reach
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a plateau (Fig. S3D) and evolved and ancestral population sizes cannot be distinguished (Fig.
S3B-C; half cycle: tg-anc(5)=0.634, p=0.554; tmono-anc(5)=1.329, p=0.482; full cycle: taranc(5)=-
1.314, p=0.309; tmono-anc(5)=-1.132, p=0.309).Thus, bacterial fitness is generally maintained,
or improves with respect to the habitat the evolving populations experienced at the time of
selection.

Along the stages of the life cycle, host association is improved via persistence in worms and
plate life promotes colony expansion

Observing a shift in fitness in worms and on plates, we investigated which stages of the life
cycle were most affected by bacterial life history evolution. Here, we considered i) bacterial
ability to enter, ii) colonize and iii) persist in worms, as well as iv) to be released into the free-
living environment and v) disperse (Fig. 1D). In the host associated phase, we generally
observe that biphasically evolved populations do not always exceed ancestral bacterial loads
per worm, and monophasic populations do not always show lower abundances in worm
association than ancestral populations (Fig. S4B-H). Here, we specifically consider association
with L4 stage C. elegans, as they are both the founding development stage in the evolution
experiment and present in F1 worm populations at the time of bacterial selection and can be
easily identified. The colonization of worms (L4 stage) by evolved and ancestral populations
of MYb11, so the number of bacteria found in worms exposed to the different bacteria since
hatching, cannot be distinguished statistically (Fig. S4B; tzi(5)=1.36, p=0.464; tmono(5)=0.13,
p=0.901). Still, in biphasic populations we note an almost 10x greater median colonization
than ancestrally (Fig. S4B). Focusing on sustained persistence of bacteria in worms in the
absence of additional uptake, we find that biphasic populations most commonly maintain
higher bacterial loads compared to ancestral and monophasic populations (Fig. S4C,D). While
there are no statistical differences in the short-term persistence in worms within one hour
(Fig. S4C; tei(5)=1.04, p=0.722; tmono(5)=-0.592, p=0.722), we find that evolved biphasic
populations can maintain greater densities in worms kept on empty agar plates for 24h (Fig.
S4D; tgi(5)=6.77, p=0.002; tmono(5)=2.29, p=0.071). Notably, some biphasically evolved
populations can maintain more than 100x greater bacterial load than the ancestral MYb11
(Fig. S4D). This suggests that bacterial populations, in particular biphasic ones, improve host
association via greater persistence in worms. Finally, we quantified bacterial release from
worms, thereby connecting the host and the environment. Here, we again observe great
variation between replicate populations and no directional change from the ancestor across
evolved populations (Fig. S4E; tgi(5)=0.899, p=0.722; tmono(5)=-0.074, p=0.944). In the free-
living environment, we see clear consequences for the dispersal strategies of the evolved
populations. Both mono- and biphasic populations showed significantly decreased swarming
ability, with the strongest decrease seen in biphasic populations (Fig. S4F; tgi(5)=-6.07,
p=0.004; tmono(5)=-4.3, p=0.008). On the contrary, monophasic colonies expanded more
strongly on the dense agar experienced during the evolution experiment (Fig. S4G;
tei(5)=1.79, p=0.134; tmono(5)=4.77, p=0.01). Here, monophasic populations used the plate
surface better and showed about 1.4 times greater colony diameter than the ancestral MYb11
(Fig. S4G).

Considering general phenotypic shifts across the stages of the biphasic life cycle, a
principal component analysis shows that biphasic populations have significantly diverged in
phenotype from the ancestral MYb11 (Fig. S4K, Table S3, Table S2, PERMANOVA (fdr-
corrected), F(1)=8.856 , p=0.012). Similar to monophasic populations, they differ in their
swarming ability, but show distinct behavior in colonization, short-term persistence in and
release from worms (Fig. S4K, Table S2). Mapping to PC1, monophasic populations show the
greatest colony expansion (Fig. S4K, Table S2), but cannot be distinguished from ancestral
MYb11 (Fig. S4K, Table S3, Table S2, PERMANOVA (fdr-corrected), F(1)= 2.970, p=0.093).
Thus, making worm presence a key driver of phenotypic evolution. We therefore conclude
that experimental evolution of a biphasic life cycle led to greater association with and
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persistence in the worm, while experimental evolution of a monophasic life cycle promoted
greater dispersal autonomy of bacteria.
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(see left) Fig. 2 Distinct bacterial colony morphotypes emerge during experimental evolution and
enhance performance across the imposed life cycle. (A) Distinct colony morphologies observed in
ancestral and bi- and monophasically evolved populations of MYb11. Images were taken after 48 h at 20°C
on tryptic soy agar. (B, C) Morphological composition of MYb11 populations from the end of the evolution
experiment under either (B) a biphasic or (C) a monophasic life cycle, and subsequently passaged through
C. elegans hosts for half a life cycle (i.e. 3.5 days as in the evolution experiment). (D, E) Morphological
composition of the same populations from either (D) biphasic and (E) monophasic evolved MYb11
populations, which were grown on NGM agar for 24h, ~half a cycle (3 days), and a full cycle (7 days) of.
Beta-regressions were used to test for a change in proportions over time (fdr-corrected p-values: *** (p <
0.001), ** (p < 0.01), * (p < 0.05)). (F, G) Functional differentiation of morphologies analyzed using
principal component analyses (PCA) of the phenotypes (biofilm formation, short-term persistence in
worms, colony expansion and swarming). Morphotypes isolated from (F) biphasically evolved and (G)
monophasically evolved populations are shown as individual data points, colored according to
morphology.

Populations of Pseudomonas lurida MYb11 diversify in a life cycle-specific manner

During experimental evolution of the bacterial life cycles, diverse colony morphologies
emerged within passaged populations. While colonies of the ancestral MYb11 have smooth
edges, are round, turbid and slightly yellow, markedly different morphotypes emerged in
both bi- and monophasic populations (Fig. 2A). In the biphasic treatment, MYb11l we
observed the strongest morphological change with wrinkly colonies, which appear rather
dark caramel under the dissecting scope appearing across replicate populations (Fig. 2A).
These wrinkly colonies only emerged in the biphasic life history, which uniquely allows
bacteria to associate with worm hosts. Under both bi- and monophasic treatments, we further
noted a colony type with fuzzy edges and grained colony interior (Fig. 2A), as well as a variety
of colony morphologies with smooth edges and yellow appearance, much like the ancestral
MYb11 (Fig. 2A). Differentiation in colony morphology was observed as early as cycle 2 of the
evolution experiment and consolidated in populations collected after cycle 10 (Fig. S5).
Given the overlap of smooth and fuzzy emergence across evolutionary treatments, yet
uniquely biphasic emergence of wrinkly types in biphasically evolving populations, we
hypothesized that morphologies map to habitats of the biphasic life cycle, and thus checked
their relative proportions in worms and on plates. Within worm populations, wrinkly
morphotypes dominated all biphasically evolved populations, while the relative
contributions of fuzzy and smooth types varied across replicates (Fig. 2B). Within
monophasic populations, the proportions of smooth and fuzzy types in worms varied across
replicate populations between roughly even proportions and smooth dominance greater than
90% of the populations (Fig. 2C). Thus, wrinkly types appear most adapted to worms,
showing a consistent competitive advantage, whereas no clear difference in relative
abundances of smooth and fuzzy types appears. In the free-living habitat of the NGM agar
plate, we tracked the populations’ morphological composition over time (Fig. 2D, E). In
biphasic populations, which experience at least half of their life cycle on agar, wrinkly
morphotypes consistently dominate over a period of seven days (Fig. 2D). At inoculation,
which was preceded by a re-run of a biphasic life cycle and a two day common garden on NGM
agar, more than 88 % of wrinkly types were detected in all replicate populations (Fig. 2D).
Over time, however, the proportion of wrinkly types significantly drops (Fig. 2D, Fig. S6A,B;
beta-regression: $=-0.011, t(5)=-6.121, p=2.09x10-5). Concomitantly, the proportion of both
fuzzy and smooth types in the population increases significantly (Fig. 2D, Fig. S6A,B; beta-
regressions: Bruzzy=0.010, t(3)=2.872, p=0.023; Bsmootn=0.006, t(4)=2.370, p=0.032). The
morphological composition of monophasic populations does not vary over time (Fig. 2E). As
within worms, the replicate populations appear to differ in their proportions of the two
morphologies, but no directional change can be detected over time (Fig. 2E, Fig. S6C,D; beta-
regression: Bsmooth=-0.004, t(5)=0.003, p=0.163). These quasi-competition experiments thus
show that wrinkly types are strong competitors within worms, yet have a slight disadvantage
on agar plates, manifesting after half a cycle. In contrast, fuzzy and smooth types are both
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stronger competitors on agar but remain at stable proportions within monophasic
populations within one cycle.

To wunderstand whether the morphological diversification has functional
consequences, we isolated morphologically distinct colony types, and screened them for
phenotypes relevant in the biphasic life cycle. Notably, these isolates generally breed true to
type, expect for MT21, MT22 and MT43 (all pop. B5),and MT5, in which reversal from wrinkly
or fuzzy to ancestral morphology was noted after 3 days of experimentation, and which are
not further characterized here. In defined competition experiments with the ancestor,
representative isolates of the three morphologies from population 3 recapitulate these
observations (Czerwinski MSc thesis, unpublished). Under identical starting conditions,
wrinkly morphotypes (MT12 and MT14) do outcompete ancestral MYb11 as well as co-
evolved smooth and fuzzy isolates in worms, but not on agar plates (Czerwinski MSc thesis,
unpublished).

Isolated morphotypes were further assayed for phenotypes relevant in the host-
associated phase of the life cycle, namely biofilm formation and short-term persistence inside
C. elegans MY316, as well as swarming and colony expansion on agar plates. Generally, we
find significant phenotypic variation within populations, found across all phenotypes tested
(Fig. 2F,G; Fig. S7-Fig. S11). Thus, in addition to morphological differentiation, we also
observe functional differentiation. Across populations, principal component analyses reveal
general differentiation between the morphologies, especially in the biphasically evolved
isolates (Fig. 2F,G; Table S4). In a principal component analysis on biphasic isolates, the first
principal component (explaining 62.9% of the variance) shows that morphotypes either show
great short-term persistence in the worms and biofilm formation, or the ability to disperse
(Fig. 2F). Notably, wrinkly morphotypes form a distinct cluster, with both the highest levels
of biofilms and persistence, and thus the prime morphology, which can be statistically
distinguished from the ancestral MYb1l1l (PERMANOVA (fdr-corrected), F(1)=28.098,
p=0.003). Fuzzy types, too, appear distinct from the ancestral MYb11 (PERMANOVA (fdr-
corrected), F(1)=5.165, p=0.039). On PC2, smooth and ancestral morphotypes have a
tendency for better swarming, while fuzzy types show greater investment into colony
expansion. In the monophasic treatment, evolved morphotypes largely overlap (Fig. 3G). Still,
the fuzzy isolates appear on the far right of PC1, again showing the greatest colony expansion,
but cannot statistically distinguished from the ancestor (PERMANOVA (fdr-corrected),
F(1)=4.189, p=0.130). In contrast to the biphasic treatment, biofilm formation and short-term
persistence are not aligned for the monophasic treatment but are almost orthogonal to each
other. Thus, biphasic populations show a greater phenotypic divergence than monophasic
morphologies, with wrinkly types standing out in their ability to form biofilms and to persist
in worms and fuzzy types in their colony expansion. Thus, diverging morphologies indeed
mirror functional differentiation with wrinkly types being most derived. Yet, smooth
morphotypes resembling the ancestral MYb11 can, but do not always overlap in phenotypic
traits with the ancestor.
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Fig. 3 Adaptive diversification is underpinned by specific genomic changes. (A) Genomic variants
detected in evolved (A) biphasic and (B) monophasic isolates of MYb11. Each data point represents a
variant detected, color indicates morphology and shape replicate population the isolate came from.
Number of isolates per morphology is shown in brackets next to morphology, and genes linking to c-di-
GMP regulation are printed bold.

Life cycle evolution results in genomic changes, including morphotype-specific genetic variants

The genetic basis of life cycle adaptation was investigated using whole genome sequencing.
Generally, we find novel genomic variants in all evolved populations (Fig. 3, Fig. S15), showing
that there is a genetic component to bacterial life cycle evolution. These include both
intragenic missense variants, frameshifts and deletions, as well as intergenic variants
including gained stop codons and upstream gene variants (Fig. S12, Fig. S14). In isolates from
biphasic populations, these affect various cellular functions and components including two-
component regulatory systems, RNA modification, DNA binding, metabolism, fatty acid
signaling, catalytic activities, cell division and the outer membrane (Fig. 3). Similarly, two-
component regulatory systems, metabolism, fatty acid signaling, catalytic activity and cell
division are affected in isolates from monophasic populations (Fig. 3).

Comparing the isolates with different morphologies, we detect genomic variants
unique to each morphology. Most notably, only wrinkly morphotypes from biphasic
populations B3 and B6 show variants in a histidine sensor kinase and a chemotaxis response
regulator protein-glutamate methylesterase (CLM75_RS06090 and CLM75_RS06095),
homologous to wspE and wspF in Pseudomonas fluorescens SBW25 (Fig. 3A). Using an
alignment of CLM75_RS06090 to wspE from P. fluorescens SBW25 shows 96.82% identity,
and allows assigning the frameshift mutation (p.Glu458fs) to the cheW-like domain of the
protein (Fig. S16). Wrinkly types in population 6 further show changes upstream of a
phosphodiesterase, while those from population 5 show missense mutations in the
ribonuclease PH. In comparison to wrinkly types, neither fuzzy nor smooth isolates show
great parallelism across replicate populations or evolved life cycles. Most notably, we
detected mutations in the genes minC and D, both involved in cell division, in fuzzy isolates
from both life cycle treatments (Fig. 3A, B). Smooth isolates, although resembling the
ancestral MYb11 most closely, show diversity of mutations which belong to different gene
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E. coli OP50::dTomato

ontological families (Fig. 3 A,B). Further, we note that while there is great overlap in the
variants detected in isolates and their respective populations of origin, there are a few
differences, highlighting that sampling based on distinct morphologies did not exhaustively
capture the present genetic variation (Fig. 3, Fig. S15). Taken together, we note diverse
genetic differences between morphotypes evolved under the two life history regimes, with
wrinkly isolates showing the greatest parallelism.

Focusing on the basis for host-adaptation in wrinkly isolates, we used functional
genetics to causally link the detected mutations to the phenotypic evolution. By means of
allelic exchange, we both introduced specific mutations detected using whole genome
sequencing of evolved morphotypes and reverted mutants by re-introducing wild type alleles.
We confirm that mutations observed in wspF (c.231_236delTATCGT; in MT12) and rph
(c.398G>A; in MT22 and MT21) indeed lead to morphological shifts from smooth to wrinkly
(Czerwinski MSc thesis, unpublished). Thus, wrinkly morphotypes that evolved when
experimentally evolving in the biphasic life cycle have a genomic basis, that can be
recapitulated by genetic modification.

fluorescence DIC + fluorescence DIC + fluorescence (7x)

food bacterium

ancestral MYb11
MYb11::dTomato

evolved wrinkly
MT12::dTomato

Fig. 4 Ancestral MYb11 and wrinkly morphotype MT12 colonize the C. elegans gut. Confocal laser
scanning images of C. elegans MY316 maintained on E. coli OP50::dTomato, ancestral MYb11::dTomato
and the evolved, wrinkly MT12::dTomato (wspF inframe deletion mutant), respectively. White arrows
point to localization of single cells in the pharynx, pre- and post-grinder, and the intestine where
applicable. Insets show a 7x zoom of the grinder and beginning of the intestine. Length of the scale bar:
100pum. Microscopic images were collected by Melinda Kemlein (MD thesis, unpublished).
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Finally, we checked whether wrinkly formation has visible consequences for colonization. For
this we exemplarily fluorescently labeled and visualized the wrinkly wspF mutant MT12
associated with worms and compared this to the ancestral MYb11 and the food bacterium E.
coli OP50. We confirm, that the food bacterium E. coli OP50::dTomato does not colonize the
intestine of worms as no fluorescent signal was reliably detected post grinders (Fig. 4, top
panel). In contrast, in worms exposed to either the ancestral MYb11::dTomato and the
wrinkly morphotype MT12::dTomato, single cells and diffuse fluorescent signal were
detected in the pharynx, post-grinder, in the anterior part of the gut (defined by the first
intestinal ring) and along the remainder of the intestine (Fig. 4, middle and bottom panels).
Surface colonization of worms could be excluded by manually checking sections, thus limiting
bacterial colonization to the worm gut. No differences in localization patterns of single cells
could be found when comparing MYb11::dTomato and MT12::dTomato colonization across
worms (Kemlein, unpublished MD thesis). However, the intestines of worms on MT12
appeared to be more distended than those on the ancestral MYb11 (Kemlein, unpublished MD
thesis). Together, this emphasizes the role of MYb11 and evolved morphotypes as gut-
associated symbionts of the worm.

Discussion

We here provide novel insights into the early transition of bacteria towards host association,
using experimental evolution of Pseudomonas lurida MYb11 in its host, the model nematode
C. elegans. Passaging bacterial populations in a biphasic life cycle shared with the host, we
find that persistence within worms is key to establishing and maintaining an association with
the host. On the contrary, bacteria maintained free-living on agar plates improved their
dispersal ability in this environment, thus rather investing in dispersal autonomy. Across
evolving populations, we observe diversity on the level of colony morphology, which
manifests functionally as well as genetically. Notably, wrinkly colony types unique to the
biphasic life cycle with host association outcompete ancestral and co-evolved types within
worms and appear best adapted to the host. We link this to improved biofilm formation,
which is enabled by mutations in regulators of the intracellular second messenger c-di-GMP.
Based on these insights, we now discuss (i) the evolutionary emergence of host-specialists in
populations evolving in a biphasic life cycle, (ii) molecular paths to c-di-GMP-mediated
biofilm formation and (iii) biofilm formation as a life history adaptation to host association.

Evolutionary emergence of host-specialists within biphasically evolving populations

On the path to host association, evolving populations of P. lurida MYb11 included multiple
functionally distinct morphotypes in the biphasic life cycle. While wrinkly types are unique to
the biphasic life cycle and best adapted to worms, they did not outcompete smooth or fuzzy
types in the agar environment. After ten worm generations, we thus observe multiple
morphological types with heritable bases rather than the emergence and complete invasion
of a single specialist strain that matches both host and environment optimally. The
coexistence of distinct morphotypes during adaptation can have the following two possible
explanations. On the one hand, our evolution experiment did not last long enough to produce
the single genotype that can outcompete all others across all stages of the life cycle. Our
results might thus be snapshot from the middle of an adaptive process, where distinct
genotypes emerged, but are not yet competitively superior across the entire life cycle. On the
other hand, adaptation to the biphasic life cycle as a whole may proceed on the level of the
population and coexistence of different genotypes is the product. This might be considered
an adaptive radiation, as wrinkly types appear to specialize on worms, while smooth and
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fuzzy types have a slight advantage on agar over time. The latter explanation is consistent
with the common observation of high strain-level diversity in microbiota communities, for
example in Bathymodiolus mussel, honey bee, human and C. elegans hosts(Ansorge et al.,
2019; Ellegaard and Engel, 2019; Schloissnig et al,, 2013; Zhang et al., 2017). In the latter case,
adaptation to a bacterial life history as complex as the biphasic life cycle in symbiosis cannot
be achieved by a single genotype, but rather prompts diversification and niche specialization
and therefore underlies a component of microbiota complexity.

Molecular paths to c-di-GMP-mediated biofilm formation

In our evolution experiments, we observed wrinkly colonies well-adapted to association with
C. elegans hosts. Despite phenotypic parallelism in wrinkly formation, we observed a certain
degree of molecular diversity in achieving it. Multiple wrinkly isolates showed mutations in
wspF, a methylesterase encoded in the wrinkly spreader phenotype (wsp) operon, which
regulates c-di-GMP levels via a negative feedback loop(Bantinaki et al., 2007; Lind et al,, 2015;
McDonald et al, 2009). Moreover, we observed wrinkled wspE mutants, not previously
implicated in wrinkly formation (Bantinaki et al.,, 2007; Lind etal., 2015). We hypothesize that
the observed frameshifts in wspE could either disrupt the downstream wspF, or alternatively
lose their capacity to interact with WspF as a negative regulator of c-di-GMP while keeping its
stimulatory effect on WspR, which in turn upregulates c-di-GMP production. The latter case
is supported by the frameshift occurring in the cheW domain of WspE. This would present a
novel genetic route to wrinkly formation via the wsp operon not previously described in P.
fluorescens SBW25.

Next to mutations in wspE and wspF, we detected lesions in the ribonuclease PH in
wrinkly (Fig. 3). There are two potential ways in which ribonuclease may affect c-di-GMP
levels. The ribonucleases could bind c-di-GMP, and thus act as riboswitches, which promote
or inhibit translation of specific biofilm-associated mRNAs (Jenal et al., 2017). Alternatively,
ribonucleases could be involved in c-di-GMP degradation (Cohen etal.,, 2015; Orr et al., 2015,
2018), and their mutation would thus allow increased c-di-GMP levels then inducing biofilm
genes. In cases of wrinkly formation without detectable genetic changes, more transient
“memory effects” could lead to similar host adaptation. In P. aeruginosa passaged in Galleria
melonella larvae, a “cellular memory” was invoked, that increased with the number of host
passages and decreased with environmental passages (Kordes et al., 2019). Thus, in addition
to genetic mutations, transcriptomic changes, changes in protein concentrations or other
cellular asymmetries developing over time could support the host association. This should be
addressed in future research. Thus, we see diverse mutations converge on increased c-di-GMP
levels resulting in biofilm formation and greater association with worm hosts.

Biofilm formation as an adaptation to association to the worm host

The emergence of wrinkly morphotypes that effectively form biofilms highlights the
importance of sticking to the host, which enables persistent and recurring contact to the host
and is thus fundamental to symbiosis initiation. Wrinkly bacterial types sticking to each other
or surfaces has been described for a variety of bacteria. In static liquid culture, Pseudomonas
fluorescens SBW25, for example diversifies into wrinkly, smooth and fuzzy types, with wrinkly
types forming a biofilm pellicle at the air liquid interface (Bantinaki et al., 2007; Rainey and
Travisano, 1998). Introducing spatial structure by adding beads or increasing medium
viscosity led to similar observations in Burkholderia cenopacia and Pseudomonas aeruginosa
(Schick and Kassen, 2018; Traverse et al., 2013). Furthermore, wrinkly, rugose or red-dry-
and-rough (radr) morphologies have been described in pathogens especially during chronic
infections, including Pseudomonas aeruginosa (Starkey et al., 2009), Salmonella enterica
(Anriany et al., 2001), E. coli (Bokranz et al., 2005), Vibrio cholerae 01 El Tor (Yildiz and
Schoolnik, 1999) and Mycobacterium tuberculosis (Koch, 1884). In line with our observations
here, this morphological variant is often triggered by increased intracellular levels of the
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second messenger c-di-GMP. These, in turn, lead to biofilm formation and other structural
changes linked to cellular attachment, including production of exopolysaccharide and
proteinaceous structural components of biofilms, type IV pili, required for adhesion as well
as stress resistance (reviewed in (Hengge, 2020; Jenal et al.,, 2017)).

Although better characterized in the context of pathogenic bacterial infections,
biofilm formation has also been noted for the human intestinal microbiota (de Vos, 2015),
symbionts of entomopathogenic nematodes (An and Grewal, 2011), and P. fluorescens and
Burkholderia species colonizing plant and insect host (Kaltenpoth and Flérez, 2020; Liu et al.,
2018; Romero-Gutiérrez et al., 2020) as well as V. fischeri passaged in bobtail squid light
organs (Pankey et al., 2017). Further, mutations in two-component systems linking to c-di-
GMP in Helicobacter pylori isolates in human stomachs (Ailloud et al., 2019) and Lactobacillus
plantarum experimentally evolved in Drosophila (Martino et al., 2018a) hint that a biofilm
strategy is more prevalent across microbe-host associations than assumed thus far.

More fundamentally, wrinkly formation may be an indicator for a shift in life history
strategy towards stress-tolerance and survival in the host. C-di-GMP-mediated biofilm
formation may shape bacterial fitness by providing protection or homeostasis to limit death
rates (Hengge, 2020). Inside the worm host, bacteria are exposed to mechanical and chemical
stress of the C. elegans digestive tract, where they have to surpass the grinder to enter the gut,
are exposed to waves of low pH during peristalsis (Bender et al., 2013), and an arsenal of
digestive enzymes (Dimov and Maduro, 2019). Such self-protection may also be viewed in
light of the universal adaptive strategy theory (Fierer, 2017; Grime, 1977), in which bacteria
may be categorized into stress-tolerating, competitive or ruderal (i.e. fast niche occupiers)
types based on their functional repertoires. Most interestingly, MYb11 had previously been
classified as competitive (Zimmermann et al,, 2019). Upon experimental adaptation to the
host-associated biphasic life cycle, this strain has now evolved a stress-tolerating strategy,
dominated by the wrinkly types which produce biofilms and show slow colony expansion on
agar. Such a stress-tolerating strategy has previously linked to greater worm host
colonization for other members of the C. elegans microbiota (Zimmermann et al., 2019). The
consequence of being able to survive and persist within the host should be especially
beneficial when resources or competition limit growth in the environment, and hosts present
an alternative habitat or vector for dispersal. In combination with the loss in autonomous
motility of wrinkly types, host association then increases reliance on the host, and potentially
collectivization of host and bacterium (Militello, 2019).

Taken together, our study shows that bacteria can improve host association via a
biphasic life cycle. They do so by shifting from a motile to a sessile, stress-tolerating life
history using the universal second messenger c-di-GMP. This life history transition presents
a key adaptation to initiate and maintain contact with the host. A bacterial pre-adaptation to
settle can therefore explain the early steps toward symbiosis and microbiota emergence.
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Fig. $S1 Bacterial fitness during the evolution experiment. (A) Bacterial fitness in worms, as number
of colony forming units associated with a worm population founded by 10 L4 larvae over 3.5 days. (B)
Bacterial fitness on nematode growth agar, as CFUs collected per population after growth for one
monophasic cycle of 7 days. Replicate populations are shown as separate lines, thick line shows mean and
standard deviation across replicates. Data was collected during the evolution experiment, always at the
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Fig. S2 Mean number of colony forming units (CFU) per worm in a worm population. Five L4 C.
elegans larvae proliferated on evolved and ancestral bacterial lawns for 3.5 days (reaching F1 generation)
and CFUs were extracted from the whole worm population. CFUs per population were divided by the
estimated number of worms in the population. Replicate populations are shown as individual data points.
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Fig. S3 Bacterial growth on nematode growth agar. (A-C) Evolved shift in bacterial population
growth on nematode growth agar at (A) inoculation, (B) after ~half a cycle (3 days), and (C) after a full
cycle (7 days). Quotients of evolved over ancestral MYb11 replicate populations are shown as individual
data points. The dashed line indicates no difference between ancestral MYb11 and evolved populations.
Evolutionary shifts from the ancestral phenotype were detected using one-sided one-sample t-tests (fdr-
corrected; *** (p < 0.001), ** (p < 0.01), * (p < 0.05)).(D) Absolute CFUs detected per population over time.
Replicate populations are shown as individual data points in population-specific shapes.
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Fig. S4 Evolutionary life history shapes adaptation to the stages of the biphasic life cycle. (A) For
bacteria, the stages of the biphasic life cycle imposed include I) colonization of the worm, 1) persistence
in association with the worm, IlI) release into the free-living environment and IV) motility in here. Shifts
in phenotypes from the ancestral MYb11 to the evolved populations associated with worms of defined
developmental stage were analyzed. This includes change in (B) colonization of L4 larvae (exposed to
bacteria since L1 stage), (C) short-term persistence in L4 larvae kept in M9 buffer for 1h (raised on
bacteria), (C) persistence in worms kept on empty NGM agar for 24h post-exposure, and (D) release from
L4 larvae into buffer within 1h (previously raised on bacteria from L1 to L4), and (E) swarming distance
on 0.5% agar within 24, as well as (F) colony expansion on 3.4% agar within 72h. Quotients of evolved
over ancestral MYb11 replicate populations are shown as individual data points. The dashed line indicates
no difference between ancestral MYb11 and evolved populations. Evolutionary shifts from the ancestral
phenotype were detected using t-tests (fdr-corrected; *** (p < 0.001), ** (p < 0.01), * (p < 0.05)). Green and
yellow frames around graphs indicate whether data was collected in a host or free-living habitat.
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Fig. S5 Emergence of novel colony morphologies across experimental evolution. Proportions of
morphologies (smooth, wrinkly, fuzzy) scored during colony counting after the regular bottlenecks of the
evolution experiment for biphasic (BI) or monophasic (MONO) populations. First appearance in this graph
indicates the cycle when the morphotype was first observed during the evolution experiment. Replicate
populations are differentiated by shape and colors indicate morphology.
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Fig. S7 Biofilm formation of evolved morphotypes from the different replicate populations. Biofilm
formation of isolates from (A) biphasic (in green), and (B) monophasic populations (yellow) was
measured after 2 days as absorption of stained biofilm previously attached to wells of a multititer plate.
Different isolates are numbered consecutively (MT1, MTZ2, etc). For each population, they are shown in
different shapes, while technical replicates (n=5) are given as individual data points. Mean and standard
error of ancestral MYb11 are shown as dashed line and shaded grey area, respectively. Differences
between morphologies and ancestral MYb11 were detected using ANOVA and Tukey post-hoc tests.
Morphologies with significantly different phenotypes are labeled with different letters. Additionally,
asterisks above an isolate highlight significant deviation from the ancestral phenotype (p < 0.05).
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Fig. S8 Short-term persistence of evolved morphotypes from the different replicate populations.
(A) Isolates from biphasic (green), and (B) monophasic populations (yellow). Short-term persistence in C.
elegans hosts previously raised on the respective morphotypes were measured as colony forming units
(CEUs) remaining in L4 stage worms after 1 hour in bacteria-free buffer. Different isolates are numbered
consecutively. For each population, they are shown in different shapes and technical replicates (n=3) are
given as individual data points. Mean and standard error of ancestral MYb11 are shown as dashed line
and shaded grey area, respectively. Differences in log10(CFU/worm) between morphologies and ancestral
MYb11 were detected using Generalized linear models (family=Gamma) and Tukey post-hoc tests.
Morphologies with significantly different phenotypes are labeled with different letters. Additionally,
asterisks above an isolate highlight significant deviation from the ancestral phenotype (p < 0.05).
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Fig. S9 Bacterial colony expansion of evolved morphotypes from the different replicate
populations. Expansion was measured on NGM agar (3.4% agar) after 72h. (A) Isolates from biphasic,
and (B) monophasic populations are shown. Different isolates are consecutively numbered. For each
population, they are shown in different shapes and technical replicates (n=3) are given as individual data
points. Mean and standard error of ancestral MYb11 are shown as dashed line and shaded grey area,
respectively. Differences between morphologies and ancestral MYb11 were detected using ANOVA and
Tukey post-hoc tests. Morphologies with significantly different phenotypes are labeled with different
letters. Additionally, asterisks above an isolate highlight significant deviation from the ancestral

phenotype (p < 0.05).
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Fig. S10 Bacterial swarming of evolved morphotypes from the different replicate populations.
Swarming was measured as maximum spot diameter after 24h on 0.5% agar. (A) Isolates from biphasic
(in green), and (B) monophasic populations (yellow). Different isolates are consecutively numbered. For
each replicate population, they are shown in different shapes and technical replicates (n=3) are given as
individual data points. Mean and standard error of ancestral MYb11 are shown as dashed line and shaded
grey area, respectively. Differences between morphologies and ancestral MYb11 were detected using
ANOVA and Tukey post-hoc tests. Morphologies with significantly different phenotypes are labeled with
different letters. Additionally, asterisks above an isolate highlight significant deviation from the ancestral
phenotype (p < 0.05).
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Fig. S11 Growth of morphotypes from the different evolved replicate populations on nematode
growth agar (3.4%). Number of colony forming units collected for the (A, B) biphasic isolates (in green)
after 24h and 3 days (~half a cycle), as well as (C, D) monophasic isolates (in yellow). The isolated
morphotypes are numbered consecutively (MT1, MT2, etc). The different isolates per replicate population
are shown in different shapes and technical replicates (n=3) are given as individual data points. Mean and
standard error of ancestral MYb11 are shown as dashed line and shaded grey area, respectively.
Differences between morphologies and ancestral MYb11 were assessed using ANOVA and Tukey post-hoc
tests. Morphologies with significantly different phenotypes are labeled with different letters. Additionally,
asterisks above an isolate highlight significant deviation from the ancestral phenotype (p < 0.05).
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Fig. S12 Genomics changes in isolated morphotypes from evolved populations. Average number of
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while monophasic isolates include 14 smooth and 6 fuzzy isolates. Types of mutational changes are
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Fig. S13 Venn diagrams of genes with evolved variants detected in wrinkly, fuzzy, and smooth
morphotypes considering isolates from (B) biphasic and (C) monophasic populations.
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Fig. S15 Genomic changes in evolving populations of MYb11. (A) Genomic variants detected in evolved
biphasic and monophasic populations. Datapoints indicate genomic variants in the respective genes that
differ from the ancestral MYb11. Color shows the mutation frequency (i.e. percentage of population
carrying the novel genomic variant) with low frequencies in yellow ranging to high in dark blue and black.
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Fig. S16 Interpretation of sensor histidine kinase (CLM75_RS06090). (A) Amino acid alignment of
CLM75_RS06090 of ancestral MYb11 (RefSeq: NZ_CP023272.1) with wspE from Pseudomonas fluorescens
SBW 25 (Genbank: AM181176.4) using ClustalW. (B) Interpro protein domain annotation of wspE.
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Supplementary tables

Table S1 Isolated morphotypes emerging in life cycle evolution experiment. Morphotypes were
numbered consecutively given their origin in biphasic, then monophasic evolved populations. MT15 and
MT18 were excluded from analyses, as sequencing reveled them to be food E. coli OP50, which had
hitchhiked along the passaging regime and are thus not of interest in this study.

Morphotvpe Replicate
pID typ population of | Evo. life cycle | Morphology Description
origin
MT48 - ancestral anc ancestral
MT1 1 biphasic smooth ancestral-like
MT2 1 biphasic fuzzy fuzzy
MT3 1 biphasic smooth ancestral-like, more wet
colony
MT4 1 biphasic wrinkly crumbly
MT5 1 biphasic wrinkly crumbly
MT6 1 biphasic smooth ancestral-lll.(e,.colony size
variation
MT7 1 biphasic smooth ancestral-like
MT28 1 monophasic smooth very wet and flat colony
MT29 1 monophasic smooth ancestral-like, more wet
colony
MT8 2 biphasic wrinkly crumbly
MT9 2 biphasic wrinkly crumbly
MT30 2 monophasic smooth ancestral-lllfe,.colony size
variation
MT31 2 monophasic smooth very wet and flat colony
MT32 2 monophasic fuzzy fuzzy
MT10 3 biphasic smooth ancestral—hl;e, .colony size
variation
MT11 3 biphasic fuzzy ancestral-like, slightly
fuzzy
MT12 3 biphasic wrinkly crumbly
MT13 3 biphasic smooth ancestral-lll.(e,.colony size
variation
MT14 3 biphasic wrinkly slightly crumbly
MT15 3 biphasic fuzzy fuzzy
MT16 3 biphasic smooth ancestral-like, more wet
colony
MT33 3 monophasic smooth ancestral-lllfe,.colony size
variation
MT34 3 monophasic smooth ancestral-lll.(e,.colony size
variation
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MT35 monophasic fuzzy fuzzy

MT36 monophasic fuzzy fuzzy

MT17 biphasic wrinkly crumbly

MT18 biphasic fuz.ecol resembles E. coli OP50
(fuzzy)

MT19 biphasic smooth ancestral—lllfe,.colony size

variation

MT20 biphasic wrinkly crumbly

MT37 monophasic smooth very wet and flat colony

MT38 monophasic fuzzy fuzzy

MT39 monophasic smooth very wet and flat colony

MT40 monophasic smooth ancestral-like, more wet
colony

MT21 biphasic wrinkly crumbly

MT22 biphasic wrinkly crumbly

MT23 biphasic smooth ancestral-like, more wet
colony

MT24 biphasic smooth ancestral-like, more wet
colony

MT41 monophasic smooth ancestral—lllfe,.colony size

variation

MT42 monophasic smooth very wet and flat colony

MT43 monophasic fuzzy fuzzy

MT25 biphasic wrinkly crumbly

MT26 biphasic wrinkly crumbly

MT27 biphasic fuzzy fuzzy

MT44 monophasic smooth ancestral-like, more wet
colony

MT45 monophasic smooth ancestral-like, more wet
colony

MT46 monophasic fuzzy fuzzy

MT47 monophasic smooth ancestral-like, more wet

colony
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Table S2 Principal component analysis (PCA) of the phenotypes of ancestral MYb11 and evolved
biphasic and monophasic populations along the stages of the biphasic life cycle. This includes early
colonization, colonization, short-term persistence (1h) and long-term persistence (24h) in worms without

access to additional bacteria, as well as release from C. elegans and swarming and colony expansion on

NGM agar.
PC1 PC2 PC3 PC4 PC5 PC6
Standard 1.5621 1.3558 0.9912 0.6874 0.4264 0.2914
deviation
Proportion of 0.4067 0.3064 0.1637 0.0788 0.0303 0.0142
Variance
Cumulative 0.4067 0.7131 0.8768 0.9556 0.9859 1.0000
Proportion
Colonization -0.4335 -0.2690 0.5708 -0.2582 0.5325 0.2524
Short-term 04754 | -02076 | -05819 | -00360 | -0.1707 0.6015
per51stence
Release -0.5944 -0.1599 -0.1283 -0.2249 -0.1957 -0.7181
Long-term -0.3018 0.5514 -0.2680 0.4254 0.5817 -0.1169
per51stence
Swarming 0.3761 -0.4088 -0.4928 -0.3249 0.5566 -0.1821
Colony expansion | 0.0158 0.6227 -0.0667 -0.7713 -0.0269 0.1091

Table S3 Pairwise comparison of evolved vs. ancestral phenotype sets following permutational
analysis of variance. P-values were adjusted using fdr.

pairs Df Sum of F-value R2 p-valze Ad).
Squares p-value
anc vs bi 1 0.1056 8.8564 0.4697 0.0040 0.0120
ancvs
mono 1 0.0445 2.9695 0.2290 0.0310 0.0929
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Table S4 Principal component analysis (PCA) of the phenotypes (biofilm formation, short-term
persistence in worms, colony expansion and swarming) of morphotypes isolated from biphasically
evolved and monophasically evolved populations.

Biphasic
morphotypes
PC1 PC2 PC3 PC4
Standard
1ca 1.5868 0.9246 0.6383 0.4688
deviation
Proportion 0.6295 0.2137 0.1019 0.0549
of Variance
Cumulative 0.6295 0.8432 0.9451 1.0000
Proportion
Biofilm -0.3918 0.7854 0.4364 0.1979
formation
Swarming -0.4518 -0.6020 0.6568 0.0462
Colony 0.5573 0.1295 0.5452 -0.6127
expansion
Short-term | 3915 0.7854 0.4364 0.1979
per51stence
Monophasic
morphotypes
PC1 PC2 PC3 PC4
Standard
1ca 1.2095 1.1068 0.9949 0.5678
deviation
Proportion 0.3657 0.3062 0.2475 0.0806
of Variance
Cumulative 0.3657 0.6720 0.9194 1.0000
Proportion
Biofilm 0.1688 -0.3133 0.9131 -0.1989
formation
Swarming -0.7707 -0.0147 -0.0014 -0.6370
Colony 0.4302 -0.6288 -0.4054 -0.5052
expansion
Short-term | 4347 0.7115 0.0439 -0.5472
per51stence
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Table S5 Pairwise comparison of morphologies within biphasic and monophasic isolate
phenotype sets following permutational analysis of variance. P-values were adjusted using fdr.

Biphasic
morphotypes
pairs Df Sum of F-value R? p-valze Adi
Squares p-value
smooth vs 1 0.0075 0.3502 | 0.0309 | 0.7303 | 0.7303
ancestor
fuzzy vs 1 0.0959 51650 | 0.4246 | 0.0260 | 0.0390
ancestor
wrinkly vs 1 0.2619 28.0978 | 0.6372 | 0.0010 0.0030
ancestor
Monophasic
morphotypes
pairs Df Sum of F-value R? p-valze Adi
Squares p-value
smooth vs 1 0.0475 2.3348 | 0.1208 | 0.1349 | 0.1349
ancestor
fuzzy vs 1 0.0680 | 41882 | 03436 | 0.0649 | 0.1299
ancestor
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DISTINCT LIFE HISTORY STRATEGIES

Abstract

Commonly microbiotas are composed of bacteria from different taxa that may differ in
their functional repertoires. To associate with the host, they must enter and persist in a
host, and often grow or survive in environmental reservoirs, thus following a biphasic life
cycle. To what extent species co-inhabiting a host differ in their life history and fitness
strategies, however, is unknown. We here use a two-member model microbiota based on
two key members of the natural microbiota of the nematode Caenorhabditis elegans to
infer bacterial strategies of host association. Specifically, we compare Pseudomonas lurida
strain MYb11 and Ochrobactrum vermis strain MYb71 in mono- and co-culture in worms
and during growth on nematode growth agar. While on agar the two species show
antagonistic interactions. These are attenuated during co-colonization of their native host
strain C. elegans MY316. Tracking bacterial fitness along a biphasic life cycle with a host-
associated and a free-living phase in worms and on agar, we find the species use distinct
fitness strategies. While MYb11 specializes on rapid growth in the free-living phase, quick
entry into and long-term persistence within worms, MYb71 invests in competition on agar
and accumulation in worms over time. Experimentally co-evolving in such a biphasic life
cycle emphasizes these interspecies differences and leads to MYb11l dominating the
community on agar and increasing its proportion during worm association. Finally, we
examine the effect of microbiota composition on host development and fitness. Here
MYb11 and MYb71 have largely similar effects, though worms grown on MYb71 alone are
slenderer than on the co-culture. Together, this shows how intra-microbiota dynamics are
context-dependent and highlights a diversity in life history strategies across bacterial
species from the same microbiota. It therefore presents an important building block in
understanding the complexity and fate of interspecies interactions in microbiotas.
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Introduction

Bacteria from different taxa live together and interact with each other in host-associated
communities, so-called microbiotas. Yet, while the taxonomic composition of microbiotas from
wild wheat (Hassani et al.,, 2020) to gutless tube worms (Dubilier et al., 2001), and different body
sites of humans (The Human Microbiome Project Consortium et al.,, 2012) has been described, we
are only starting to understand the reasons for microbial adaptation to their host. Moving from
sequencing of 16S rRNA genes, which allows identifying operational taxonomic units or amplified
sequence variants, towards metagenomics and whole genome sequencing approaches has helped
in predicting bacterial functions and relate them to life with a host. From this we learned for
example, that bacteria can synthesize and exchange nutrients with the host (Kwong et al., 2014;
Martino et al, 2018b; Zimmermann et al., 2019). Such functional catalogues, however, only
provide a basis to imagine the ecological reality of bacteria in the microbiota. What aspects of host
association certain bacterial taxa specialize in, how interactions within the microbiota affect the
success of individual species, and how this related to bacterial fitness in a symbiotic life history
cannot easily be inferred from such sequence data.

Naturally, most microbiota bacteria follow a biphasic life cycle, in which they must both
grow and survive in a free-living environment as well as associate with a host (see chapter 2). In
such a biphasic life cycle, bacteria transition through different stages of association from initiation
and establishment of host association to release back into the environment, and possibly dispersal
to a novel host. Such a life cycle has been described in many facultative symbioses, including the
famous association of Vibrio fischeri and the bobtail squid (Nyholm and McFall-Ngai, 1998), and is
also experienced by horizontally acquired microbiota bacteria (Martino et al,, 2016; Shukla et al.,
2018b). Experimentally quantifying bacterial abundances along the life cycle can allow us to infer
key stages of the life cycle that contribute to fitness. Here bacteria must balance resource
allocation to survival and reproduction, two key fitness components, along the stages of the life
cycle (Fierer, 2017). How they balance this trade-off along their life then indicates bacterial life
history strategies in host association and may reveal variation in strategies between microbiota
members.

In this study, we aim to understand how different species adjust to association with the
same host and how their interaction shapes host association. We address this in a simplified
community of two species co-isolated from the natural microbiota of the model nematode
Caenorhabditis elegans (Dirksen et al., 2016). Here we chose the culturable isolates Pseudomonas
lurida MYb11 and Ochrobactrum vermis MYb71 capable of colonizing and persisting in worms and
shown to interact with each other in a context-dependent fashion in vitro (Dirksen et al., 2016;
Zimmermann et al., 2019). Notably, both belong to core taxa of the C. elegans microbiota (Zhang
etal, 2017) and are of key relevance for C. elegans, as both, especially MYb11, can protect worm
hosts from pathogen infection (Dirksen et al., 2016; Kissoyan et al., 2019), and MYb71 was shown
to induce physiological changes in the worm spanning from development to metabolism (Cassidy
etal,, 2018; Yang et al,, 2019). For the current study, we associate MYb11 and MYb71 with worms,
alone and in combination, and compare their strategies of host association. Further, we consider
how these species interact along the symbiotic life cycle composed of a host-associated and a free-
living phase and how community composition is affected by the life cycle. For this, we allow the
two isolates (alone and in co-culture) to experimentally evolve in a biphasic life cycle with a free-
living and a host-associated phase vs. a monophasic free-living lifestyle along ten worm
generations and study evolved microbiota composition along the life cycle. Finally, we compare
the effect of the MYb11 and MYb71 on C. elegans to understand how microbiota composition feeds
back on host development and fitness. Together, this provides an eco-evolutionary perspective on
bacterial adaptation to host association.
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Materials and methods

Worm and bacterial strains

This study includes two key members of the C. elegans microbiome, Pseudomonas lurida MYb11
and Ochrobactrum vermis MYb71, isolated from the natural C. elegans strain MY316 (Dirksen et
al, 2016). Both bacteria can colonize worms and be maintained on nematode growth medium
(NGM) agar. Based on antibiotic resistance profiles of the strains, selective plating of co-cultures
using kanamycin (10 pg/ml) was used to determine proportions of MYb11 (kanamycin-sensitive)
and MYb71 (kanamycin-resistant). Further, Escherichia coli OP50 was used as a food bacterium
to maintain C. elegans in preparation for microbiota experiments (Stiernagle, 2006). As E. coli
OP50 does not colonize C. elegans larvae and young adults, and does not form biofilms (Arata et
al., 2020; Portal-Celhay et al., 2012), it does not affect microbiota establishment. The natural C.
elegans isolate MY316, recovered from a rotting apple in the Kiel Botanical Gardens (Dirksen et
al,, 2016), is used as a host organism.

Growth on agar

Bacterial growth of MYb11, MYb71 or a 1:1 co-culture (inoculation based on optical density) was
quantified as colony forming units grown on nematode growth agar (NGM) at 24h, 72h and 168h
as described in chapter 4 of this thesis.

Motility

Bacterial motility, in terms of colony expansion on 3.4% NGM and swarming at 0.5% agar, was
assayed as described in chapter 4 of this thesis.

Worm association or colonization assays

Bacterial colonization of C. elegans was measured along the stages of association. This includes
early colonization of C. elegans MY316 L4 larvae (after 1.5h exposure), established colonization of
L4 larvae (exposed to bacteria since L1 stage), short-term persistence in L4 larvae kept in M9
buffer for 1h (raised on bacteria), long-term persistence in worms kept on empty NGM agar for
24h post-development on co-culture from L1 to L4, and release from L4 larvae into buffer within
1h (previously raised on bacteria from L1 to L4. For experimental details, please refer to chapter
4 of this thesis, in which the same protocols were used for MYb11 in mono-association with C.
elegans.

Evolution experiment

Bacterial populations were serially passaged in biphasic life cycle, i.e. maintained on agar plates
with exposure to C. elegans in regular intervals, or a monophasic life cycle, i.e. maintained on agar
plates only (Figure 3A).

Specifically, MYb11 was added to nematode growth medium agar (NGM) as a bacterial
lawn and allowed to grow for 3.5 days. In the host-associated phase, ten C. elegans L4 larvae
(raised until this stage on the non-colonizing food bacterium Escherichia coli OP50) were added
to NGM plates allowing bacteria to associate with worms until the worms’ F1 generation. In the
monophasic treatment, bacteria were maintained on NGM agar only for a full cycle. At the end of
every cycle, a bottleneck of 10% of the bacterial population associated with the worm hosts was
imposed, i.e. 10% of host-associated bacteria were transferred to the next cycle. To impose a
comparable bottleneck on free-living populations, the mean number of colony forming units
(CFUs) extracted from host populations in the biphasic treatment of the previous cycle was used
as a bottleneck for free-living populations. To generate a fossil record, samples of bacterial
populations were collected at every bottleneck in 10% DMSO and frozen at -80°C. To allow
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bacteria to evolve, replicate populations of Pseudomonas lurida (MYb11) were passaged for 10
cycles.

Analysis of evolved bacteria

Following the evolution experiment, evolved populations from cycle 10 were recovered from
frozen stocks and adaptation to the host-associated phase of the biphasic life cycle was measured
in terms of colonization of and release from C. elegans hosts (see Figure 2). A re-run of one cycle
of the evolution experiment was done to minimize any potential effects of freezing populations.
Subsequently, they were adjusted to a common optical density (as a proxy for biomass) and grown
on NGM agar for two days as a common garden treatment. Subsequently, growth on agar and
different stages of colonization were measured as described above.

Automated measurement of worm size

Sizes of individual worms were measured from photographs of washed, frozen, and thawed worm
populations. For this 5 L4 stage MY316 worms were placed onto bacterial lawns and incubated at
20°C. After 3.5 days, worms were washed off as described for the colonization assays, and washed
on filter tips. Post-washing, a sample of worms in 150ul M9 buffer were frozen at -20°C in a 24-
well plate. Photos were taken with the Leica fluorescence dissecting scope. To measure worm
sizes, images were imported into Image]2 (Rueden et al.,, 2017) and detected as particles using a
custom-written Macro (Figure S5).

Briefly, detected particles were approximated as ellipses and ellipse major and minor axis
length taken as proxies for worm length and width. Worm area was calculated as the product of
minor and major axis length, while worm breadth is the quotient of minor and major axis length.
Particles with dimensions observed for C. elegans (major axis between 0.18-1.3 mm, minor axis
<= 0.1 mm; as in(Morck and Pilon, 2006)) were counted and measured. As a measure of detection
quality, numbers of worms counted automatically were correlated by counts of two independent
humans (Figure S5).

Measuring eggs laid and worm population size

As measures of reproduction, eggs laid by worms within 24h and populations sizes reached after
3.5 days (half a life cycle) of exposure to bacterial lawns were quantified. For this 5 L4 stage
MY316 worms were placed onto bacterial lawns and eggs counted under the stereomicroscope
after 24h. Worm population sizes at 3.5 days were based on the number of worms detected by the
image analysis algorithm above (automated measurement of worm size).

Statistical analysis
All statistical analyses were performed using R 3.6.1 in the RStudio environment(R Core Team,
2016; RStudio Team, 2015). All plots were generated using the ggplot2 package (Wickham). The

assumptions of parametric models (normality and homogeneity of variances) were checked by
inspecting box plots of the data. When these were not met, non-parametric tests were applied.
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Results

As a simplified model microbiota, we used two isolates from the natural microbiota of C. elegans,
Pseudomonas lurida MYb11 and Ochrobactrum vermis MYb71 (Figure 1A). In the following we
compare their abundances in worms and on agar plates as a proxy for bacterial fitness in mono-
and co-culture.
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Figure 1 Interaction of two-member microbiota during growth on agar and colonization of C. elegans
as a host. (A) Two bacterial isolates from the natural microbiota of Caenorhabditis elegans MY316,
Pseudomonas lurida MYb11 and Ochrobactrum vermis MYb71, serve as a model for microbe-host associations.
The two bacterial species were studied in monoculture and as a two-member community in co-culture. (B)
Bacterial growth was measured as colony forming units (CFUs) collected from nematode growth agar after
72h of incubation at 20°C. (C) Worm colonization was measured as CFUs collected per washed L4 C. elegans
larva raised on the respective bacterial lawns since L1 stage. Replicates are shown as individual data points.
Differences between monocultures of MYb11 and MYb71 and the co-culture detected using Dunnett tests (***
(p <0.001), ** (p < 0.01), * (p < 0.05)).

Interspecies interactions are context-dependent

Both microbiota members can be cultivated on nematode growth agar where they acted
antagonistically in co-culture (Figure 1B). In detail, after 72 hours of growth, where both species
reached median population sizes around 1010 cells per bacterial lawn (on plates of 6 cm in
diameter), both Pseudomonas MYb11l (Dunnett, t(4)=3.323, p=0.014; Table S1) as well as
Ochrobactrum MYb71 (Dunnett, t(4)=2.716, p=0.039; Table S1) showed significantly greater
population sizes when growing alone than together in co-culture. Thus, they both suffered a
growth cost indicating a competitive interaction between the two. On nematode growth agar used
to maintain C. elegans, both bacterial species grew over a period of seven days, at which they
exhibited a growth plateau (Figure S1). As expected based on their co-isolation from natural C.
elegans, MYb11 and MYb71 could colonize worms alone and in combination (Figure 1C). In worms
raised on bacterial lawns of MYb11, MYb71 or both, until L4 stage, around 1000 bacteria were
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found per worm (Figure 1C). Here no significant differences between MYb11 and MYb71 mono-
associations and the abundance of the two-member community in worms could be detected
(MYb11: Dunnett, t(5)=0.023, p=1; MYb71: Dunnett, t(5)=0.439, p=0.871; Table S2). Thus,
colonization of L4 larvae by MYb11 and MYb71 appeared additive. Based on these observations,
we conclude that the interaction between the two species changes between habitats.

The two bacteria express distinct strategies across the biphasic symbiosis life cycle

To understand the change in interaction and bacterial fitness in more detail, we characterized
species interactions along a biphasic symbiotic life cycle with C. elegans as a host and a free-living
phase on nematode growth medium (NGM) agar. In this life cycle, bacterial communities progress
from early to established colonization, are challenged to persist in worms in the short and long
term (24h) without influx of additional cells, release back into the agar environment, and may
grow there (Figure 2). Using selective plating, we quantified species abundances within the co-
cultures and thus assessed variation in bacterial performance along the life cycle.
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Figure 2 Pseudomonas lurida MYb11 and Ochrobactrum vermis MYb71. have distinct fitness
strategies along the symbiotic life cycle. Bacterial fitness, in terms of colony forming units per worm or agar
plate, was measured in competition along the symbiotic life cycle. The stages of the life cycle include early
colonization of C. elegans MY316 L4 larvae (after 1.5h exposure), established colonization of L4 larvae
(exposed to bacteria since L1 stage), short-term persistence in L4 larvae kept in M9 buffer for 1h (raised on
bacteria since L1), long-term persistence in worms kept on empty NGM agar for 24h post-development on co-
culture from L1 to L4, release from L4 larvae into buffer within 1h (previously raised on bacteria from L1 to
L4) and growth on nhematode growth agar over a period of seven days (sampled at Oh, 24h, 72h and 168h).
Paired t-tests were used to compare species abundances (*** (p < 0.001), ** (p < 0.01), * (p < 0.05)).

In the early phase of colonization, i.e. after 1.5 hours of worm exposure, similar numbers of MYb11
and MYb71 were found per L4 stage worm, although often MYb11 dominated (Figure 2A; paired
t-test, t(4)= 2.295, p=0.083). Similarly, established bacterial communities in L4 larvae raised on a
mixed lawn for 48 hours showed on average roughly even species composition (Figure 2B; paired
t-test, t(5)=-2.315, p=0.068), with MY71 dominating in more samples than did MYb11. Persisting
in worms in the stage of the life cyle, when no additional bacteria are taken up, we observed clear
differences between the species, almost reversing the ratios seen during colonization. While
Ochrobactrum MYb71 was more abundant in worms in the short term (i.e. one hour in buffer;
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Figure 2C; paired t-test, t(5)=-3.596, p=0.016), Pseudomonas MYb11 could persist at significantly
greater levels in the long term (i.e. 24 hours on empty agar plates; Figure 2D; paired t-test,
t(4)=3.354, p=0.028). Here MYb11 appeared particularly good at maintaining the level of
colonization around 1000 cells per worm, while MYb71 abundance dropped by about one order
of magnitude (Figure 2D). This relates to the number of live bacteria that were released from
worms into the environment. Here more MYb71 than MYb11, or commonly only MYb71 cells were
detected after keeping worms in buffer for one hour (Figure 2F; paired t-test, t(5)=-3.487,
p=0.018), thus indicating lowered bacterial load to a certain extent due to emigration of cells.

Bacteria further showed distinct growth strategies in the environment of the nematode
growth agar. Starting growth in the co-culture at roughly even CFU densities (adjusted based on
optical density of inocula; Figure 2E; paired t-test, t(5)=-2.139, p=0.085), Pseudomons MYb11
outgrew Ochrobactrum MYb71 at 24 hours (paired t-test, t(5)=3.403, p=0.019) as well as after
three days of incubation (paired t-test, t(4)=3.023, p=0.040). This indicates, that Ochrobactrum
suffered the greatest growth cost in the co-culture on plate already observed in the sum of cells
grown in the co-culture after three days (Figure 1). After 7 days on plate, however, both strains
showed even abundances again (Figure 2E; paired t-test, t(5)=1.304, p=0.249), indicating an
earlier exponential growth phase of MYb11 compared to MYb71 but a similar, or shared carrying
capacity. In addition to growth rates, Pseudomonas MYb11 and Ochrobactrum MYb71 also differed
in their spatial growth strategies. In terms of spatial expansion of colonies on nematode growth
agar (3.4% agar), as well as swarming on agar plates with lower density (0.5% agar), MYb11
showed significantly greater motility than MYb71 (Figure S2, Table S3). A co-culture of the two
appeared most similar to MYb11, where motility was likely exhibited mostly by this species
(Figure S2, Table S3). Taken together, we observed clear differences in fitness between the species
along the stages of a biphasic symbiosis life cycle.
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Figure 3 Microbiota composition responds to a biphasic symbiosis life cycle evolutionarily. (A) In an
evolution experiment, a community of Pseudomonas lurida MYb11 and Ochrobactrum vermis MYb71 was
passaged either in a biphasic life cycle (with a host-associated phase with C. elegans MY316 and a free-living
phase on nematode growth agar), or an only free-living, monophasic life cycle on NGM. At each transition
between the ten cycles of evolution (here: ten worm generations), a bottleneck equivalent to 10% of the
bacterial population associated with worms was imposed. Evolved microbiota communities from the end of the
evolution experiment were recovered from frozen fossil record and fitness along the life cycle was assayed in
comparison to ancestral co-cultures of MYb11 and MYb71. (B) Proportions of MYb11 and MYb71 in ancestral,
evolved biphasic and evolved monophasic microbiota communties along the life stages of the biphasic
symbiosis cycle. Median proportions from five to six replicates are shown using a heatmap. Differences in
species proportions across co-cultures from different life cycles (ancestral (ANC), biphasically (BI) and
monophasically (MONO) evolved) were detected using Generalized Linear Models with a binomial distribution.
Proportions differing between evo. life cycles (vertical axis) at each of the considered life stages (horizontal
axis) are indicated by different letters based on Tukey post-hoc tests.
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Microbiota composition changed in response to the experimentally evolved bacterial life cycle

Expanding the scope from ecological interactions of the two species to the impact of evolved life
histories, we imposed either a biphasic life cycle with worm hosts or a purely free-living life cycle
on agar only. Here we aimed to understand whether microbiota composition responds to the
evolved life history. Especially in the biphasic life cycle shared with C. elegans as a host, species
proportions might further reveal whether the distinct strengths of the two species might stabilize
the community or lead to dominance of either species. After the ten cycles of experimental
evolution (scaffolded along ten worm generations (Figure 3A), The evolved co-cultures where
compared in species composition along the biphasic symbiotic life cycle.

Across the stages within the life cycle, the proportions within the two species microbiota
varied with MYb11 clearly establishing dominance on agar and sometimes even in hosts,
depending on the evolution treatment. Starting with an even species ratio, co-cultures on agar
were dominated by MYb11 within the first 24 hours of growth in the ancestral co-culture (Figure
3B). Across evolved co-cultures, MYb11l dominated co-cultures on agar across sampled time
points, including the time of inoculation (Figure 3B). This suggests that the dominance of this
species at the end of the first evolutionary cycle was maintained and carried over to the next cycles
of the evolution experiment.

In worms on the other hand, microbiota composition only shifted in certain stages of the
association with the worm. Species proportions in worms during establish colonization and short-
term persistence differed depending on the evolved life cycle. Here, the ancestral communities
were dominated by MYb71, while biphasically evolved populations became dominated by MYb11
(Figure 3B, Table S4). Monophasically evolved co-cultures showed similarity to both ancestral and
biphasic co-cultures, indicating a more subtle increase in MYb11 proportions (Figure 3B, Table
S4). Similar trends were observed for species proportions during release, however, they could not
be confirmed statistically due to limited sample sizes (see Figure S3). During early colonization of
C. elegans, as well as long-term persistence in worms, MYb11 dominated co-cultures across
evolutionary treatments (Figure 3B, Table S4). Here the habitat presented a strong filter favoring
MYb11, as the population could not be distinguished from the ancestral state (Figure 3B, Table
S4). Thus, microbiota composition on agar as well as inside worms can respond to the evolved life
cycle in a habitat and life stage sensitive-manner.

Effects of species sorting on the host

Finally, we aimed to understand the influence MYb11 and MYb71 on the development and fitness
of C. elegans, and to what extent their co-existence or life history affects this. Comparing worm
populations grown on mono-lawns of MYb11 and MYb71 or a co-culture until reaching the F1
generation after 3.5 days, we generally found the effect of the co-culture to be similar to that of
the component species (Figure 4A-E). We did not observe statistical differences in worm size in
terms of worm area (Figure 4B; Dunnettmybi1:co-culture, t(5)=-0.693, p=0.720, Dunnettmyb71:co-culture,
t(4)=1.282, p=0.368; Table S5), the number of eggs laid at 24 hours (Figure 4D; Dunnettuyb11:co-
culture, £(5)=-0.143, p=0.986, Dunnettmyb71:co-culture, t(4)=1.121 p=0.459; Table S5) or the population
size of reached after 3.5 days (Figure 4E; Dunnettmybi1:co-culture, t(5)=0.728, p=0.695, Dunnettmyb71:co-
culture, £(4)=-0.233, p=0.961; Table S5) between worm developing in mono-associations or the co-
cultures. Still, worm area and population size reached on the co-culture resembled that of MYb71
more than that of MYb11 (Figure 44, E). The breadth of worms, however, was lower in worms
grown on MYb71 than on the co-culture (Figure 4C; Dunnett, t(3)=-3.340, p=0.012; Table S5). This
suggests that worms on MYb71 were slenderer than those in co-culture, and that MYb11 thus had
a dominant effect over MYb71 in shaping worm breadth. From this, we take that the two species
have largely similar effects on C. elegans MY316, with the exception of worm breadth mostly
shaped by MYb11.
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Figure 4 Indirect effects of microbiota composition and bacterial life cycle on C. elegans hosts. (A) In a
worm population growth assay 5 L4 stage C. elegans MY316 were grown monocultures of Pseudomonas lurida
MYb11, Ochrobactrum vermis. MYb71, or a co-culture of both. After 24h, the number of eggs laid were counted
and after 3.5 days worm populations sizes (PO + F1 offspring) and the dimensions of worms therein were
quantified. As a measure of worm development, (B) worm area (major*minor axis length) and (C) worm
breadth (minor/major axis length) were calculated, while (D) eggs laid at 24 h and (E) worm population sizes
after 3.5 days are indicative of host fitness. (F) To compare the impact of bacterial life histories, a worm
population growth assay was performed with ancestral and biphasically and monophasically evolved co-
cultures of MYb11 and MYb71. Again, (G) worm area, (H) worm breadth, (I) eggs laid at 24h post exposure
and (J) worm population size were measured. Replicate worm populations are shown as individual data points.
Differences between treatments (species or evovled life cycles) were tested using ANOVAs with Dunnett post
hoc comparisons of mono-associations with the co-culture or ancestral with evolved co-cultures respectively
(*** (p < 0.001), ** (p < 0.01), * (p < 0.05)).
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Next, we tested whether evolution of a biphasic life history by the microbiota would change the
impact on C. elegans hosts (Figure 4F). Knowing that co-cultures passaged in a biphasic symbiosis
life cycle or monophasically on agar differed in their species composition from ancestral co-
cultures (Figure 3), we expected worm phenotypes to respond accordingly. In line with the
similarity in worm area, eggs laid at 24h and worm population sizes on MYb11 and MYb71, these
phenotypes did not show significant responses to the evolved life cycle (Figure 4G, |, ]; Table S6).
Careful inspection of the data, however, indicated a slight tendency of worms on biphasically
evolved co-cultures to be smaller (Figure 4G) and to have laid fewer eggs than on ancestral co-
cultures (Figure 41), despite reaching slightly greater population sizes on evolved bacteria (Figure
4]). The majority of monophasically evolved replicate co-cultures, too, yielded greater worm
population sizes (Figure 4]) with worms more similar to those on ancestral co-cultures (Figure
4G-I). Worm broadness, however, was significantly decreased on biphasically evolved bacteria in
comparison to ancestral co-cultures (Dunnett, t(5)=2.313, p=0.048; Table S6). Given the increase
in MYb11 in the microbiota in the biphasic life cycle (Figure 3B), which was the species prompting
less broad worms (Figure 4C), this cannot be due to species sorting only, but must, at least
partially, have an evolutionary basis. Taken together, we find that the life history background of
the microbiota does, very mildly, affect worm development and possibly fitness.

Discussion

Biotic interactions are key to the importance and functioning of host-associated microbial
communities. We here studied a simplified two-member community of Pseudomonas lurida
MYb11 and Ochrobactrum vermis MYb71 in their natural host C. elegans. Tracking bacterial fitness,
in terms of abundance, along the symbiotic life cycle, from initiation and establishment of host
colonization after growth in the environment, persistence and release back into the environment
provides insight into co-existing life history strategies within microbiotas. We found that the two
species have distinct life history strategies while living in the same host. In the following, we
discuss the shift in interspecies interactions of MYb11l and MYb71 along the phases of the
symbiotic life cycle and contextualize the impact of the two-member community on C. elegans
hosts.

It has been proposed that, in theory, stable microbiotas are characterized by antagonistic
(here: competitive) interactions (Coyte et al, 2015). The reasoning here being that during a
disturbance cooperating species that rely on each other will be lost together, while competing
species will iteratively benefit from each others decline and thereby be maintained together. Too
strong competition can also lead to species displacement by competitive exclusion (Gause, 1934).
In this study, we observed two species interacting anatagonistically on agar plates, as previously
reported during growth in vitro (Zimmermann et al., 2019), while antagonism is reduced inside
worm hosts. Similar to our observations here, the two main colonizers of the fresh water polyp
Hydra, the bacteria Duganella and Curvibacter only stably co-exist on hosts, while Duganella
outcompetes Curvibacter in vitro (Deines et al., 2020). For this, three alternative explanations
emerge: either the theoretical prediction is simply incorrect, MYb11 and MYb71 are not members
of a stable microbiota, or these species’ competition is context-dependent and niches in the host
are sufficiently different to attenuate the antagonism observed during growth in vitro. Firstly, the
data here is insufficient to reject the theory as such, as we are looking at a two-member
community only, and do not simulate disturbances . Further, we can approximate that MYb11 and
MYb71 do stably co-associate with worms, as they (i) were co-isolated from a worm (Dirksen et
al,, 2016), (ii) shown to co-exist in different microbiota configurations in C. elegans experimentally
(Dirksen et al., 2016, 2020), and (iii) both belong to core taxa found to associate with C. elegans
naturally (Zhang et al., 2017). There is evidence, however, that different characteristics of MYb11
and MYb71 during the phases of host association may reduce competition by providing different
temporal and possibly spatial niches, which may be considered niche differentiation.
Pseudomonas lurida MYb11 shows comparatively rapid growth and spatial expansion on agar,
possibly explaining the high proportion of MYb11 in worms during early colonization. Further,
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this bacterium is capable of persisting in worms over extended periods of time, either by evading
host digestion and immunity and thereby maintaining bacterial load, or by growing inside wormes.
These observations link to a the life history history strategy previously attributed to MYb11 based
on genomic traits interpreted in the Universal Adaptive Strategy Theory (UAST) framework
(Fierer, 2017; Grime, 1977; Zimmermann et al., 2019). Predictions suggest that MYb11 is mainly
following a competitive strategy, but also has attributes relating to a ruderal and to a lesser extent
a stress-tolerant strategy (Zimmermann et al., 2019). Our observations confirm this. Specifically,
the advantage on agar and the capacity to dominate in worms after biphasic evolution illustrate
its competitive ability. Further, the rapid initial growth and early colonization match a ruderal
strategy successful at colonizing a novel habitat early on in successions. Persistence in worms,
especially in the long term highlight attributes of a stress-tolerant strategy. Ochrobactrum vermis
MYb71, on the contrary, was predicted to have a mixed ruderal and competitive strategy
(Zimmermann et al., 2019). Its competitive ability is apparent from both growth and colonzation
experiments, as this species increases its proportion over time in the co-culture despite MYb11
having a growth advantage with an earlier exponential phase. Whether the accumulation of
MYb71 over time, also observed in the domesticated C. elegans strain N2 (Dirksen et al., 2020), is
due to fewer cells entering and colonizing a worm at any given moment or growth within worms
remains open. To experimentally distinguish these scenarios, future investigations may use pulse
chase assays, in which MYb11 or MYb71 labeled with different fluorescent proteins can be
sequentially exposed to the worms and growth or replacement dynamics in the worm monitored
based on fluorescent signals. Ruderal attributes can be confirmed, too, as during early colonization
abundances of around 103 MYb71 CFUs per worm are comparable to those of established MYb11
abundances. In contrast to genomic predictions, our experimental data further indicates that
MYb71 can also persist in worms, although to a lesser extent than MYb11, also previously shown
in N2 strain C. elegans hosts (Dirksen et al, 2016). For a better comparison of genomically
predicted and experimentally inferred strategies, the scoring of strategies should thus be more
quantitative. For this, comparing a panel of bacterial spieces with a range of phenotypes should
help. Already now, however, the mapping of predicted strategies and observeds strategies largely
overlaps.

While these different strategies of MYb11 and MYb71 may reduce their temporal overlap
and thus the strength of competition, it cannot completely explain the lost signal of competition
inside the worm. Alternatively, it is possible that the realized functions inside the worm are
sufficiently different from those in the environemnt, that the two species no longer compete here.
Additionally, spatial sorting within the host may attenuate competition (Amarasekare, 2003).
Previous work suggests that during mono-colonizations, MYb11 predominantly colonizes and
persists in the pharynx, while MYb71 can be found in the intestine (Dirksen et al., 2016). Such
specialization on specific within host or even within gastrointestinal tract habitats has also been
described in other microbiotas, for example honey bees, Drosophila flies or humans (Kwong and
Moran, 2016; Pais et al, 2018; The Human Microbiome Project Consortium et al, 2012).
Differential patterns of colonization could not only explain the lack of competition when species
do not interact directly, but possibly link to the different strategies of colonization matching
different within-host challenges. As MYb11 has previously been described to colonize the
pharyngeal part of the worm gut, it might be more adapted to the lower pH here and the specific
immune environment of the first intestinal segment in C. elegans than MYb71, which has rather
been localized to the anterior and posterior intestine (Bender et al., 2013; Dierking et al., 2016;
Dirksen et al., 2016). This emphasizes the importance of in vivo studies of microbiota communities
and highlights hosts as potential reserviors for bacterial diversity.

Microbiota bacteria can differentially shape host development and reproductive
behaviour via nutrient provisioning and immune system communication (Grenier and Leulier,
2020; Jose et al,, 2019; MacNeil et al.,, 2013b; Metcalf et al., 2019). Here, we observed largely
overlapping impact of MYb11 and MYb71 on C. elegans development and reproduction. Both
sustain growth, developmental progression and generation of offspring. In contrast to previous
studies (Dirksen et al.,, 2016, 2020), we did not observe faster development or greater population
sizes on MYb11 than on MYb71. However, the measures here compound development with the
onset of egg laying and study population growth within one, but not across generations as
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previously shown (Dirksen et al,, 2016, 2020). While the observed differences may stem from
differences in experimental design, they could also relate to the genetic background of the C.
elegans host. Here we pair MYb11 and MYb71 with the worm isolate MY316 from compost
(Dirksen et al.,, 2016), which is thus their natural host, and not the domesticated lab strain C.
elegans N2. If there are indeed differences in the influence of these two host genetic backgrounds,
it would be of great interest to compare their basis. For this, whole genome sequencing of MY316
and inclusion of this strain in panels for genome-wide association studies, such as the CeNDR
resource (Cook et al.,, 2017), could allow identifying host genes involved in responding to these
microbiota members. Similarly, the molecular response to of MY316 could be assessed via
transcriptomic or proteomic approaches, which have shown N2 respond to MYb71 in metabolism,
development and reproduction, as well as immune function (Cassidy et al., 2018; Yang et al,,
2019).

Furthermore, we here observed worms growing on MYb71 to be slenderer than those on
the co-culture, while those on MYb11l grew equally broad to worms on the two-member
community. This might simply be due to different patterns of colonization, or possibly virulent
behaviours, leading to specific patterns of gut lumen distension, observed in aging C. elegans
abundantly colonized by E. coli OP50 or under infection with the pathogen Pseudomonas
aeruginosa (Garigan et al,, 2002; Singh and Aballay, 2019). Alternatively, worm breadth could
relate to fat storage and therefore indirectly to differential nutrient provisioning or sharing by the
two bacterial species (Brooks et al., 2009). Based on their genomes, they should both be capable
of synthesizing essential folate, vitamin B12 and tryptophan, for example (Zimmermann et al.,
2019). Yet, only MYb11 has the complete pathways to produce thiamine (vitamin B1) and
pantothenate (vitamin B5) while MYb71 does not (Zimmermann et al., 2019). These vitamins are
taken up from the bacterial diet, and might therefore play a role in determining worm breadth.
Instead MYb71 might use some of the nutrients taken up by the worm, thus compete for resources,
and thereby lead to slenderer worms, In addition to worm breadth, we observed the subtle
tendency to have smaller, but more numerous offspring in worms growing on biphasically
evolved, and thus presumably host-adapted co-cultures. This might hint at a bacterially induced
shift in a trade-off between offspring quality (size) and quantity in worms (see (Metcalf et al,,
2019)). For this, extending the population growth assay to the F2 generation might magnify
potential differences between the co-cultures of different life history backgrounds. Lastly, the
general similarity in the impact the individual species and the co-culture have on the worm,
suggests that bacterial influence on the host is additive. Whether this holds true across different
species, even when they have more distinct influences on the worm, and to what extent this is
scalable to communities with more than two species, remains open. This fundamental aspect is
also of applied value, as it could inform the design of bacterial communities in microbiota
transplants, for example when aiming to keep or enrich a protective microbe in the community
(Dahan et al,, 2020). More fundamentally, the phenotypic plasticity bacteria may provide to or
provoke in their hosts may also shape host evolutionary trajectories (Kolodny and Schulenburg,
2020).

In conclusion, this study provides a bottom-up perspective to interspecies interaction
within the natural microbiota of C. elegans and its implications for worm hosts. Using co-culture
experiments of two key species, we show that bacterial strategies can be inferred from host entry,
colonization and persistence and differ between co-existing microbiota members. It therefore
presents a first initiative and important contribution to unravel the importance of bacterial life
history strategies during host association and the implications for the stability of microbe-host
systems.
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Supplement

Table S1 Comparing MYb11 and MYb71 growth in monocultures with growth in co-culture using
ANOVA followed by Dunnett post-hoc test.

ANOVA
Df Sum Sq MeanSq F-value P-value

Strain 2 3.348 1.674 3.495 0.071
Replicate population (pop) 1 0.333 0.333 0.696 0.424
Strain:Pop 2 3.745 1.872 3.908 0.056
Residuals 10 4.791 0.479 NA NA
Dunnett post-hoc
Hypothesis Estimate  Std.Error t-value P-value
MYb11 - co-culture == 2.493 0.918 2.716 0.039
MYb71 - co-culture == 0 3.307 0.995 3.323 0.014

Table S2 Comparing MYb11 and MYb71 colonization of L4 C. elegans larvae in monoculture and in co-
culture using ANOVA followed by Dunnett post-hoc test.

ANOVA
Df Sum Sq MeanSq F-value P-value
Strain 2 3.843 1.921 1.924 0.189
Replicate population (pop) 1 0.516 0.516 0.517 0.486
Strain:Pop 2 0.261 0.130 0.131 0.879
Residuals 12 11.986 0.999 NA NA
Dunnett post-hoc
Hypothesis Estimate  Std. Error t-value P-value
MYb11 - co-culture == 0.030 1.316 0.023 1.000
MYb71 - co-culture == 0.578 1.316 0.439 0.871
-«
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Figure S1 Growth of Pseudomonas lurida (MYb11; pink), Ochrobactrum vermis (MYb71; green) and a
co-culture of the two (grey) on nematode growth agar over time. Colony forming units (CFUs) collected
from bacterial lawns are shown, with replicate populations or co-cultures shown as individual data points. The
dashed line connects of median CFUs per species treatment, collected from independent plates, over time.
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Figure S2 Motility of Pseudomonas lurida MYb11, Ochrobactrum vermis MYb71 and a co-culture of the
two on nematode growth agar. (4) Colony expansion on 3.4% agar was measured as maximum colony radius
after 24h of spotting and (B) 72 hours after spotting. (C) Swarming motility was assayed on 0.5% agar and
max. colony diameter measured after 24h. Technical replicates are shown as individual data points. Species
were compared using ANOVAs followed by Tukey post-hoc tests (*** (p < 0.001), ** (p < 0.01), * (p < 0.05).
Images of representative replicates are shown on the x-axis.
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Table S3 Comparing MYb11 and MYb71 motility (colony expansion and swarming) in monocultures
and in co-culture using ANOVA followed by Tukey post-hoc tests.

Colony expansion (24h)

ANOVA

Df Sum Sq MeanSq F-value P-value
Strain 2 0.009 0.004 23.228 0.001
Residuals 6 0.001 0.000 NA NA
Tukey post-hoc
Hypothesis Estimate  Std.Error t-value P-value
MYb11 - co-culture == 0 0.039 0.011 3.526 0.029
MYb71 - co-culture == -0.037 0.011 -3.288 0.038
MYb71 - MYb11 == -0.076 0.011 -6.814 0.001
Colony expansion (72h)
ANOVA

Df Sum Sq MeanSq F-value P-value
Strain 2 0.024 0.012 14.643 0.005
Residuals 6 0.005 0.001 NA NA
Tukey post-hoc
Hypothesis Estimate  Std.Error t-value P-value
MYb11 - co-culture == 0 0.009 0.023 0.378 0.925
MYb71 - co-culture == -0.104 0.023 -4.486 0.010
MYb71 - MYb11 == -0.113 0.023 -4.864 0.007
Swarming (24h)
ANOVA

Df Sum Sq MeanSq F-value P-value
Strain 2 10.819 5.409 47.566 0.000
Residuals 6 0.682 0.114 NA NA
Tukey post-hoc
Hypothesis Estimate Std.Error t-value P-value
MYb11 - co-culture == 0.063 0.275 0.230 0.971
MYb71 - co-culture == -2.293 0.275 -8.329 <0.001
MYb71 - MYb11 == -2.357 0.275 -8.560 <0.001
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Table S4 Tukey post hoc contrasts of generalized linear model (binomial) comparing the proportions
of MYb11 and MYb71 in ancestral and evolved (bi- and monophasically) co-cultures.

Growth (tOh)

Hypothesis  Estimate  Std.Error z-value P-value
bi - anc 3.193 0.672 4.752 0.000
mono - anc 2.232 0.482 4.630 0.000
mono - bi -0.961 0.710 -1.354 0.360
Growth (24h) Hypothesis  Estimate  Std.Error z-value P-value
bi - anc 1.964 0.787 2.496 0.033
mono - anc 1.312 0.689 1.904 0.134
mono - bi -0.652 0.947 -0.689 0.766
Growth (72h) Hypothesis  Estimate  Std.Error z-value P-value
bi - anc 0.379 0.638 0.594 0.823
mono - anc 0.015 0.615 0.024 1.000
mono - bi -0.364 0.655 -0.555 0.844
Growth (168h) Hypothesis  Estimate  Std.Error z-value P-value
bi - anc 0.106 0.519 0.204 0.977
mono - anc 0.173 0.611 0.284 0.956
mono - bi 0.067 0.634 0.106 0.994
Early colonization Hypothesis  Estimate  Std.Error z-value P-value
bi - anc 2.192 1.742 1.259 0.406
mono - anc -0.051 0.902 -0.057 0.998
mono - bi -2.244 1.738 -1.291 0.388
Colonization . .
(L4s / established) Hypothesis  Estimate  Std.Error z-value P-value
bi - anc 1.451 0.556 2.610 0.025
mono - anc 0.773 0.551 1.403 0.339
mono - bi -0.678 0.524 -1.294 0.398
Short-term persistence Hypothesis  Estimate  Std.Error z-value P-value
bi - anc 1.533 0.504 3.040 0.007
mono - anc 1.028 0.499 2.059 0.098
mono - bi -0.505 0.467 -1.080 0.526
Long-term persistence Hypothesis  Estimate  Std.Error z-value P-value
bi - anc -3.139 1.850 -1.697 0.196
mono - anc -1.990 2.003 -0.994 0.569
mono - bi 1.149 1.060 1.083 0.512
Release Hypothesis  Estimate  Std.Error z-value P-value
bi - anc 3.382 1.843 1.835 0.154
mono - anc 3.765 1.822 2.066 0.094
mono - bi 0.383 1.196 0.320 0.944
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Figure S$3 Proportions of MYb11 and MYb71 in ancestral and evolved co-culture across the stages of
the biphasic life cycle. Species proportions were quantified at (A) inoculation of bacterial lawns at t=0h, (B)
after growth on nematode growth agar (3.4% agar) after 24h, (C) after 72h, (D) after 168h, (E) during early
colonization of C. elegans MY316 L4 larvae (after 1.5h exposure), (F) during colonization of L4 larvae (exposed
to bacteria since L1 stage), (G) during short-term persistence in L4 larvae kept in M9 buffer for 1h (raised on
bacteria), (H) long-term persistence in worms kept on empty NGM agar for 24h post-development on co-
culture from L1 to L4, and (I) released from L4 larvae into buffer within 1h (previously raised on bacteria from
L1 to L4. Replicate co-cultures are depicted as individual data points.
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Figure S4 Comparison of mono- and co-cultures of MYb11 and MYb71 along the stages of the biphasic life cycle. Colony forming units quantified at (A) inoculation of
bacterial lawns at t=0h, (B) after growth on nematode growth agar (3.4% agar) after 24h, (C) after 72h, (D) after 168h, (E) during early colonization of C. elegans MY316
L4 larvae (after 1.5h exposure), (F) during colonization of L4 larvae (exposed to bacteria since L1 stage), (G) during short-term persistence in L4 larvae kept in M9 buffer for
1h (raised on bacteria), (H) long-term persistence in worms kept on empty NGM agar for 24h post-development on co-culture from L1 to L4, and (I) released from L4 larvae
into buffer within 1h (previously raised on bacteria from L1 to L4. Replicate co-cultures are depicted as individual data points.

156



1) Thaw + photograph worms

2) Adjust image to B/W + deduct background

N

L |

3) Set pixel threshold 4) Detect particles
. . P

)

Overall: rho =0.86, p =2.45e-15 PS

KK: rho = 0.92, p = 1.53¢-10 o b
§ NO: rho = 0.93, p = 2.13e-11
35100
P )
8 human
O ® KK
.% L A A o
%) ° -
g PY V'Y A
[e) ) o0
= A ) *‘x M A
H* o o LA

8, A
20 40 60

# worms detected in ImageJ

Figure S5 Workflow to count and measure C. elegans populations from photographs. (A) 1) Samples
of worm populations were collected in 48-well plates, washed, frozen and thawed to straighten.
Photographs of worm samples were taken using a Leica fluorescence dissecting scope. A custom Image]
macro was used to 2) adjust images to black and white (B/W) and deduct background noise, 3) set a pixel
threshold to emphasize high contrast particles (incl. worms) and 4) detect particles and define by ellipses
in an automated manner. Ellipse dimensions were taken as a proxy for particle dimensions and filtered
given expected worm dimensions. (B) Correlation of automatically detected worms using Image] and
human counts. These counts were correlated with those from two humans (KK and NO) who independently
counted the number of worms present in a photograph. Counts from 25 different images were correlated
using Spearman’s rho.
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Table S5 Comparing worm development and fitness on monocultures of MYb11 and MYb11 with a
co-culture of the two species using ANOVA followed by Dunnett post-hoc tests.

Worm area

ANOVA Df Sum Sq Mean Sq F-value P-value
Strain 2 0.000 0.000 5.076 0.027
Replicate population (pop) 1 0.000 0.000 0.078 0.785
Strain:Pop 2 0.000 0.000 1.221 0.332
Residuals 11 0.000 0.000 NA NA

Tukey post-hoc

Hypothesis Estimate  Std.Error t-value P-value

MYb11 - co-culture == -0.003 0.005 -0.693 0.720

MYb71 - co-culture == 0.006 0.005 1.282 0.368

MYb71 - MYb11 == -0.003 0.005 -0.693 0.720

Worm breadth

ANOVA Df Sum Sq Mean Sq F-value  P-value
Strain 0.001 0.000 15.432 0.001 0.001
Replicate population (pop) 0.000 0.000 0.700 0.421 0.000
Strain:Pop 0.000 0.000 0.663 0.535 0.000
Residuals 0.000 0.000 NA NA 0.000

Tukey post-hoc

Hypothesis Estimate  Std. Error  t-value P-value

MYb11 - co-culture == 0 -0.014 0.007 -2.003 0.123

MYb71 - co-culture == -0.025 0.007 -3.340 0.012

MYb71 - MYb11 == -0.014 0.007 -2.003 0.123

Eggs laid at 24h

ANOVA Df Sum Sq Mean Sq F-value  P-value
Strain 2 1959.927 979.963 0.458 0.644
Replicate population (pop) 1 957.653 957.653 0.448 0.517
Strain:Pop 2 2389.811 1194905 0.559 0.587
Residuals 11 23524.874 2138.625 NA NA

Tukey post-hoc

Hypothesis Estimate  Std.Error t-value P-value
MYb11 - co-culture == -9.810 68.440 -0.143 0.986
MYb71 - co-culture == 69.930 62.390 1.121 0.459
MYb71 - MYb11 == -9.810 68.440 -0.143 0.986

Worm population size (L4 + 3.5 d)

ANOVA Df Sum Sq Mean Sq F-value  P-value
Strain 2 716.262 358.131 2.906 0.097
Replicate population (pop) 1 28.041 28.041 0.227 0.643
Strain:Pop 2 10.563 5.281 0.043 0.958
Residuals 11 1355.843 123.258 NA NA
Tukey post-hoc

Hypothesis Estimate  Std. Error  t-value P-value

MYb11 - co-culture == 10.639 14.617 0.728 0.698

MYb71 - co-culture == -3.496 14.978 -0.233 0.961

MYb71 - MYb11 == 10.639 14.617 0.728 0.698

DISTINCT LIFE HISTORY STRATEGIES
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Table S6 Comparing worm development and fitness on co-cultures of MYb11 and MYb71 with
different life histories (ancestral, biphasically or monophasically evolved) using ANOVA followed

by Dunnett post-hoc tests.

Worm area

ANOVA Df Sum Sq Mean Sq F-value P-value
Evo. life cycle 2 0.000 0.000 6.282 0.004
Replicate population (pop) 1 0.000 0.000 0.441 0.510
Strain:Pop 2 0.000 0.000 0.086 0.918
Residuals 43 0.001 0.000 NA NA
Tukey post-hoc

Hypothesis Estimate  Std. Error t-value P-value

mono - anc == -0.002 0.003 -0.570 0.797

bi - anc == -0.004 0.003 -1.334 0.320

Worm breadth

ANOVA Df Sum Sq Mean Sq F-value  P-value
Evo. life cycle 2 0.000 0.000 3.013 0.060
Replicate population (pop) 1 0.000 0.000 0.029 0.866
Strain:Pop 2 0.000 0.000 1.971 0.152
Residuals 43 0.003 0.000 NA NA
Tukey post-hoc

Hypothesis Estimate  Std. Error t-value P-value

mono - anc == 0.002 0.007 0.242 0.959

bi - anc == 0.016 0.007 2.313 0.048

Eggs laid at 24h

ANOVA Df Sum Sq Mean Sq F-value  P-value
Evo. life cycle 2 5551.930 2775.965  0.930 0.403
Replicate population (pop) 1 1731.556 1731.556  0.580 0.451
Strain:Pop 2 1366.628 683.314 0.229 0.796
Residuals 41 122372.655 2984.699 NA NA
Tukey post-hoc

Hypothesis Estimate  Std. Error t-value P-value

mono - anc == 21.250 44.540 0.477 0.851

bi - anc == -35.250 47.010 -0.750 0.679

Worm population size (L4 + 3.5 d)

ANOVA Df Sum Sq Mean Sq F-value  P-value
Evo. life cycle 2 1411.862 705.931 4.005 0.025
Replicate population (pop) 1 155.273 155.273 0.881 0.353
Strain:Pop 2 69.647 34.824 0.198 0.821
Residuals 43 7578.654 176.248 NA NA
Tukey post-hoc

Hypothesis Estimate Std. Error t-value P-value

mono - anc == 16.757 10.411 1.609 0.201

bi - anc == 7.731 11.002 0.703 0.711
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Many multicellular organisms provide a habitat and interaction partner for microbes. The
associated microbes, the so-called called microbiota, may consist of single taxa or harbor
complex microbial communities (Fisher et al., 2017; McFall-Ngai et al., 2013). These microbe-
host associations are an ancient phenomenon common to many eukaryotic hosts (McFall-
Ngai et al,, 2013; Pascoe et al,, 2017; The Human Microbiome Project Consortium et al., 2012;
Zhang etal,, 2017). Yet what drives the emergence and maintenance of these associations and
how living with a host shapes bacterial traits and life history, remains underexplored (Koch
and McFall-Ngai, 2018). In this thesis I have studied bacteria naturally associated with the
nematode Caenorhabditis elegans to understand the functional repertoires of host-associated
bacteria and the evolutionary forces shaping their establishment and maintenance in the host.
To this end empirical insights from a combination of phenotypic characterization, genomic
analysis, and evolution experiments were compared with predictions from mechanistic
constraint-based metabolic models as well as more phenomenological matrix population
models. In summary, the main findings emerging are:

(i) The natural microbiota of C. elegans includes bacteria with distinct functional
repertoires that together may synthesize all essential vitamins and amino acids
for the worm. Their interaction depends on the context, including the nutrient
context (chapter 1) and the habitat, i.e. the worm or the free-living agar
environment (chapter 5).

(ii) Bacterial isolates from the natural microbiota of C. elegans vary in their life history
strategies predicted in the context of the Universal Adaptive Strategy Theory
(UAST) framework (chapter 1). Exemplified by the two microbiota isolates
Pseudomonas lurida MYb11 and Ochrobactrum vermis MYb71, the stress-tolerant
fares best in the host (chapter 1).

(iii)  In theory, evolving host association in a biphasic life cycle, bacteria should
ultimately invest either into greater replication or migration rates (chapter 3).

(iv) Rather than generally increasing its replication, the microbiota isolate MYb11
increases its stress-tolerance via improved biofilm formation when
experimentally evolving with C. elegans as a host in a biphasic life cycle, (chapter
4+5). This provides a competitive advantage in co-culture with MYb71 in the host
and the free-living environment (chapter 5).

(v) Attachment to the host via biofilm formation presents a key mechanism allowing
for extended contact between symbiont and host in the early stages of association.
In C. elegans, the microbiota isolate Pseudomonas lurida MYb11 achieves this via
regulation with the second messenger cyclic di-GMP (chapter 4).

(vi) Composition of a two-member microbiota composed of MYb11 and MYb71 shifts
under experimental evolution of a biphasic life cycle. These changes indirectly
affect the host phenotype, as they have a mild impact on worm development.

(vii)  Periodic interaction with the host within a biphasic life cycle is thus sufficient to
select for improved host association and can thus be considered an evolutionary
route for free-living bacteria towards symbiosis (chapters 2-4).

From this I conclude that key aspects of bacterial association with C. elegans as a host are
firstly species-specific, resulting in distinct life history strategies co-existing in the natural
microbiota, and secondly include simply sticking to the host to establish and maintain contact.
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Overall, this project provides a bacterial perspective on the evolution of microbe-host
interactions, taking into account a biphasic symbiosis life cycle. It uses the natural microbiota
of C. elegans as a model, thereby allowing us to specifically associate bacteria and study the
consequences for both the symbiont and host. Conceptually, it advances microbiota research
by adding the relevant dimension of the free-living environment in the biphasic symbiosis life
cycle. Further, it provides an example of how to infer and compare life history strategies both
from genomic data and metabolic reconstructions, but also (co-)culture experiments with the
host. Methodologically, the combination of modeling and empirical approaches, has yielded
proximate mechanisms of bacterial colonization and persistence and ultimate insights into
life history strategies for host association. Together, this thesis therefore contributes to eco-
evolutionary study of microbe-host associations.

In the following sections, I will step back and frame these insights considering the current
literature and outline emerging research directions. I will focus on three aspects: (i) biofilm
formation in beneficial microbe-host associations, (ii) bacterial life history strategies in the
microbiota and (iii) the transition from prediction to observation and finally manipulation of
bacteria in host association.

Getting stuck - biofilms in beneficial microbe-host associations

To establish contact with the host and allow for persistent colonization, bacteria need to stay
inside the host. Within this thesis, [ showed that attachment to the host via biofilm formation
can be a first step to engage in symbiosis. Studying Pseudomonas lurida MYb11 adapt to C.
elegans in a biphasic life cycle experimentally, I found that wrinkly bacterial types, with
improved ability to form biofilms and greater persistence in the worms, evolved in host
association (chapter 4).

Biofilms are bacterial aggregates embedded in an extracellular matrix that allows
cells to adhere to each other (Geesey et al., 1977; Vert et al., 2012). Commonly, it is a sessile
form of bacterial life that may take a variety of shapes. The matrix surrounding the bacterial
cells is made up of different extracellular polysaccharides, structural proteins, and
extracellular DNA (Flemming et al,, 2016). These not only allow bacteria to attach to each
other, but also to different substrates, such as host surfaces (Flemming and Wuertz, 2019).
Furthermore, the biofilm matrix presents a protective structure buffering for example
changes in pH or to keep homeostasis as a protective barrier against abiotic, digestive, and
immune attack (Flemming et al, 2016). The close contact between cells also facilitates
interaction and communication, and thereby a multicellular form of bacterial life (Flemming
and Wuertz, 2019).

In the context of host association, biofilms have mostly been studied in pathogenic
bacteria and have received less attention in beneficial associations. Pathogens may use
biofilms to adhere to hosts, especially in chronic infections. This has been well-documented
in Gram-negative pathogens such as Salmonella enterica (Anriany et al., 2001), Pseudomonas
aeruginosa (Starkey et al., 2009) or different Escherichia coli isolates (Bokranz et al., 2005),
in which also wrinkly colony types have been documented. These can form biofilms in
different within-host habitats from burn wounds of the skin, to lung tissue and the
gastrointestinal tract (Hall-Stoodley et al., 2004). Genetically encoded biofilm formation can
be upregulated during extended contact to the host and can be linked to pathogen virulence
(Hall-Stoodley et al., 2004; Kordes et al., 2019; Moreillon et al., 1995; Sullam et al.,, 1996). In
C. elegans, biofilms of P. aeruginosa have also been shown to entrap worms (Chan etal., 2020)
or those of Yersinia pestis block the worms’ mouth (Darby et al., 2002), thereby exerting their
pathogenic effect. For beneficial associations much less is known about biofilms. So far,
insights have come from genomic predictions and experimental observations in only a few
host organisms. This includes the identification of genes for biofilm formation in Lactobacillus
and Acetobacter associated with Drosophila (Martino et al., 2016; Newell et al., 2014; Winans
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et al, 2017), Gilliamella apicola and Snodgrassella alvi in honey bees (Kwong et al., 2014),
Burkholderia associated with the orchid rhizosphere and Vibrio fischerii, which aggregate on
their way to the squid light organ (Bongrand et al., 2020; Visick, 2009). Inside hosts, biofilms
of Lactobacillus have been observed in the anterior parts of murine and avian guts (Lebeer et
al, 2011) and shown to improve colonization of Photorhabdus in the entomopathogenic
nematode Heterhabditis (An and Grewal, 2011) as well as Burkholderia colonization of the
bean bug midgut (Kim et al., 2014). In C. elegans, biofilms of Bacillus subtilis have been
implicated in protection against pathogens and accumulation of alpha-synuclein aggregates
(Goya etal., 2020; Smolentseva et al., 2017). Two main sampling biases could explain the lack
of studies on beneficial biofilms. Firstly, biofilms are likely not localizing to non-mucosal
surfaces, which have gained a lot of attention in microbiota research. It has been argued that
the rapid turnover of mucous in the human colon exceeds that of biofilm formation, and thus
makes biofilm formation here unlikely (de Vos, 2015). This matches the observation of
biofilms localizing in the anterior sections of gastrointestinal tracts in bees, flies, chickens and
mice (Kwong and Moran, 2016; Lebeer et al., 2011; Pais et al,, 2018). The C. elegans gut with
its low pH and limited space for mucous might therefore be closer to such a habitat, and
therefore select for biofilm formation in P. lurida MYb11 (chapter 4; (Bender et al,, 2013;
Dimov and Maduro, 2019)). Secondly, the use of fecal samples to study microbes in host
association prevents understanding the persistent fractions of bacteria, which remain as
biofilms in the host (discussed in chapter 2).

Importantly, this leaves open the following questions: where (in the gastrointestinal
tract) do biofilms localize in (C. elegans) hosts? What are the causes and consequences of
bacterial aggregation inside the host? And what is the origin of biofilm formation in beneficial
microbe-host associations? The last question might link to the evolutionary routes towards
host association. Both the evolution of mutualists from pathogens (Sachs et al., 2011; Wein et
al, 2019), as well as the transition of environmental bacteria, which may need to form
biofilms to persist in alternative habitats such as streams (Geesey et al., 1977; Sachs et al,,
2011), would explain a pre-adaptations to biofilm formation. The questions on the
localization of and potential mechanisms for biofilm formation can be addressed in C. elegans
as a model host in future research. The transparency of the worm is ideal to track both the
spatial localization and assembly of biofilms and their components, as well as their regulation
using in vivo fluorescence microscopy. Such in vivo studies can then be used as a general tool
to understand the progression of symbiont establishment. Future research should further
consider biofilms across host systems and aim to understand the functional consequences for
both partners in the microbe-host association.

Strategic adaptation to life with the host

In a life cycle with a host, bacteria may follow or evolve life history strategies suitable for the
association. Using the UAST framework, bacterial life history strategies in the microbiota can
be classified into competitive, stress-tolerant and ruderal (Fierer, 2017; Grime, 1977). As
shown in chapter 1, the trait sets inferred from the genomes of 77 bacterial isolates from the
natural microbiota of C. elegans yielded a variety of different adaptive strategies. Similar to
Grime’s original application in plants, some isolates showed specialization in a single of these
three primary strategies, while most appeared to follow intermediate strategies (chapter 1;
(Grime, 1974)). Such a mix of strategies may well be attributed to the complexity of the host
and the biphasic life cycle experienced by the microbiota. As each stage in the life cycle
contributes to survival and reproductive, a bacterial strategy should thus integrate fitness
along the life cycle and its respective habitats (as argued in chapter 3).

Certainly, the basis for the different predicted life history strategies are the distinct
yet overlapping functional repertoires of bacteria in the natural microbiota of C. elegans. This
confirms two attributes commonly observed for microbiotas and organismal communities in
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general: functional redundancy and niche differentiation (Moya and Ferrer, 2016). The
functional redundancy in part stems from basic cell functions but extends to the synthesis of
amino acids and vitamins (chapter 1). In the context of the microbiota, this results in an
insurance effect allowing worms to maintain functions despite disturbances that affect
species abundances or composition (Moya and Ferrer, 2016). Similarly, functional
interactions, such as cross-feeding of MYb11 and MYb71 on sucrose (chapter 1), may be
maintained in the community if multiple species share the same pathways. Niche
differentiation, manifesting from the trait sets and transferring to the adaptive strategies,
likely facilitates the co-existence of taxa in the microbiota. This is in part due to the different
metabolic profiles, which provide sufficient information to classify distinct niche spaces (see
also (Fahimipour and Gross, 2020)). These should allow for co-existence via sub-
specialization along the stages of the biphasic life cycle, as well as the different habitats passed
therein. Comparable sub-specialization has been noted in two Photorhabdus species that
differ in the production of secondary metabolites during the worm associated and free-living
(inside the insect cadaver) phase of their symbiotic life cycle with EPNs (Maher et al., 2020).
Observing co-existence along the life cycle with varying species proportions between MYb11
and MYb71 (in chapter 5), confirms that distinct adaptive strategies can help maintain
species diversity in the microbiota.

A Prediction from genomes B Inference from worm colonization

COMPETITIVE (C)

STRESS-TOLERANT (S) RUDERAL(R) S R

stress persistence

Bacterial species: @ Pseudomonas lurida MYb11 @ Ochrobactrum vermis MYb71

= = = p General direction of evolutionary change during biphasic life cycle

Figure 1 Inferred bacterial life history strategies in the microbiota of C. elegans. The life history
strategies of Pseudomonas lurida MYb11 and Ochrobactrum vermis MYb71 were (A) predicted from
genomically inferred traits (chapter 1) and (B) roughly approximated from experimental observations of
worm colonization in a relative approach (chapters 4 and 5). The experimental inferences were based on
the genomic predictions as a starting point. They were shifted along the axes where the relative strength
in colonization of the species differed from the genomic predictions. Species positioning are shown in
transparent colors to highlight the non-quantitative nature of inference from the experimental
observations. The contributions of competition/co-colonization, stress-tolerance/ persistence in worms
and disturbance/early colonization in strategy space are shown as contours. The position of the species
was determined using approximate triangular ordination. The general direction of evolutionary change
based on phenotypic observations (chapters 4 and 5) is indicated by arrows colored by species.

Practically, the co-culture experiments and measures of bacterial entry, co-
colonization, and persistence, provide an empirical approach to infer bacterial life history
strategies in the microbiota. Using this small set of traits, the strategies predicted for MYb11
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and MYb71 based on genomic data (chapter 1) could be roughly confirmed (chapter 5)
(Figure 1). For this, the ability of the bacterial species to successfully colonize, compete and
persistin the worms was inferred from bacterial counts in worms and compared between the
two species. While the placement of bacteria into strategies based on these empirical
observations is very rough (see Figure 1), this suggests that these three components of
association with C. elegans can be used analogously to the LHS (specific leaf area, plant height,
and seed mass) scheme used to infer strategies in plants (Westoby, 1998). Still, important
differences between strategies predicted from genomes and those inferred from empirical
observations emerged. While genomic traits suggested that MYb11 and MYb71 should be
equally good at dealing with post-disturbance habitats for example, MYb11 colonized empty
worms more quickly (chapters 1 and 5). This might be due to a number of reasons. Firstly,
the set of two bacterial species is too limited to infer adaptive strategies from experimental
data in a relative approach. Secondly, the specific bacterial habitat and context likely matter,
and traits or their relative importance assumed in in silico predictions might not be of key
relevance during worm colonization. Thirdly, predicted traits and those realized in
association with the worm might differ. Therefore, to validate this approach, entry co-
colonization and persistence should be measured for all 77 isolates from the natural
microbiota of C. elegans for which strategic predictions exist, tested and calibrated. The
empirical approach might then serve as a practical tool to quantify bacterial life history
strategies in C. elegans.

The different life history strategies predicted are expected to lead to varying levels of
colonization, and thus fitness, in the host. For this, an important assumption must be met: the
bacterial side matters. In the most simple scenario, bacterial colonization is completely
stochastic and bacterial identity, traits or strategy do not affect colonization. In this case, all
bacteria should colonize worms to the same or a completely random amount in mono-
colonization experiments. Further, under such neutral conditions microbiota communities
across worms should start to resemble each other over time and even out in species
proportions (Sieber et al,, 2019; Vega and Gore, 2017). As we can observe species-specific
differences in colonization (chapter 1 and 5; e.g. (Dirksen et al., 2016, 2020)) and deviations
from evenness and neutrality have been described (e.g. Berg et al,, 2016; Dirksen et al., 2016,
2020; Sieber et al., 2019), bacterial identity and therefore traits and strategy at least partially
affect the success of host association. In chapter 1 of this thesis, we found that bacterial
isolates from the worm microbiota with stress-tolerating and competitive strategies showed
greater abundance in worms than those with a ruderal strategy in mono-colonization
experiments. As has been argued for the soil microbiota (Malik etal., 2020), a ruderal strategy
might be less relevant in worm hosts as bacteria will rarely colonize empty hosts and thus be
less adapted to the worm. However, Ochrobactrum vermis MYb71 whose primary strategy
(based on genomic predictions) is ruderal, is known for its ability to both reach high levels of
colonization alone and in a microbiota community (chapters 1; (Dirksen et al., 2016, 2020;
Sieber et al.,, 2019). Limiting the correlation of life history strategies and colonization levels
to the primary strategies might be too simplified. The success of a ruderal strategy might also
depend on the environmental conditions and the level of stochasticity in worm colonization.
When worms are exposed to low densities of bacteria, the rate of colonization events is low
compared to that of bacterial growth inside worms, and ruderal strategists that benefit from
the empty worm are likely able to establish and dominate (Vega and Gore, 2017). On the
contrary, high bacterial densities in the environment and a greater rate of colonization reduce
this priority effect and species proportions should be balanced in the absence of non-neutral
processes (Vega and Gore, 2017). This might explain why MYb11 started to outcompete
MYb71 after multiple cycles of experimental evolution in a lab context (chapter 5).
Furthermore, not only the in-host replication rate, but also the migration rate towards the
host determine the success of colonization (chapter 3). Thus, a combination of quick growth
and spatial exploration (not included in the ruderal strategy so far) of a new habitat should
be traits required for colonization success. In line with a niche-based, deterministic account
of host association, a stress-tolerant strategy is best suited for life in the worm. In a context

167

Epilogue



OBSERVING AND MANIPULATING MICROBE-HOST ASSOCIATIONS

with possibly low resource levels and predation pressure, stress tolerance may favor
maintenance over cellular growth (Hengge, 2020). Under these circumstances, investment
into a qualitative rather than quantitative strategy should lead to success. This was confirmed
by MYb11 strengthening its stress-tolerance by evolving improved biofilm formation when
experimentally evolving in the biphasic life cycle (chapter 4; Figure 1B). Further, MYb11
increased in proportion to MYb71 within the biphasically evolved co-culture (chapter 5;
Figure 1B), suggesting that this strategy can be dominant in this life cycle. This in turn links
back to C. elegans as a host environment, in which bacteria are subjected to low and variable
pH, immune attack and digestion (Bender et al., 2013; Dierking et al., 2016; Dimov and
Maduro, 2019). Finally, the lack of competition between the two species in co-colonization as
opposed to the antagonism observed on the agar plate (chapter 5), indicates that the
competitive ability might not be selected for during co-colonization. Thus, highlighting the
importance of context for both bacteria-bacteria interactions and life history strategies.
While one-to-one symbioses in a simple model host provide tractable mechanistic
insights, we need to scale up to more natural complexity. Firstly, this means comparing life
history strategies of a variety of bacteria in a C. elegans host. Strategies could be predicted for
bacteria non-native to the worm to test the value of stress-tolerance across microbial taxa
and origins. Secondly, one should check to what extent adaptive strategies influence co-
existence in microbiotas containing more than two species and whether this is equally
difficult to predict as community composition based on pairwise interactions (Lopez et al,,
2019). Finally, it should be tested to what extent the stress-tolerating strategy is superior in
other hosts, too. As a first step, Drosophila is a good choice, as here too, bacteria can readily
be collected from well-studied host organisms along the stages of host association (Douglas,
2019). Together, these insights can inform our fundamental understanding of bacterial
adaptation to hosts and advance microbiota transplants and other manipulative approaches.

Perspective: From observation to prediction to manipulation

Depending on their functional repertoires, bacteria can influence the physiology of their
hosts. Predicting and leveraging such differences can be used to selectively modulate host
health and fitness. In the scope of this thesis, I collected evidence that members of the natural
microbiota of C. elegans vary in their functional repertoires and strategies of host association.
This includes differential production of essential vitamins and amino acids required by the
worm (chapter 1), and slight differences in the impact on worm development and population
growth (chapters 1 + 5). Furthermore, they differ in their ability to protect worms against
bacterial or worm pathogens, with Pseudomonas lurida MYb11 protecting worms from
infection both directly and indirectly (Dirksen et al., 2016; Kissoyan et al., 2019). In addition,
[ could show that supplementation of the growth medium with specific carbon sources can be
used to manipulate the relative abundances of Ochrobactrum vermis MYb71 and Pseudomonas
lurida MYb11 in co-culture in a directed manner (chapter 1). Together, this could be
leveraged to specifically enrich beneficial microbes in the host based on the known metabolic
profiles.

For the success of targeted dietary modulation of the microbiota, the beneficial effect
of a focal bacterium needs to be dose-dependent and stable in the context of the microbiota
community. A recent study investigating the protective effects of Enterococcus faecalis against
Staphylococcus aureus infection in C. elegans showed that in this case protection could be
maintained in the context of a complex microbiota (Dahan et al., 2020). However, the specifics
likely depend on the beneficial contribution in questions. In the case of MYb11, protection
against the pathogen Bacillus thuringiensis occurs via production of the antimicrobial peptide
massetolide E (Kissoyan et al., 2019). To enrich a protective effect, massetolide E should be
produced constitutively and proportional to MYb11 abundance when in the worm. The same
would need to be true for the synthesis of certain vitamins, as for example vitamin B12, which
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may be used to modulate worm developmental speed or reproduction (Watson et al., 2014).
An appropriate experimental test would be to check for a protective, or developmental effect
in worms exposed to microbiota communities with varying proportions of MYb11. For this,
the CeMbio, a 12-member microbiota consortium derived from the natural microbiota of C.
elegans, presents a tractable and well-characterized model system (Dirksen et al.,, 2020).
Already established metabolic models of these bacterial isolates can be used to predict
nutrients that can serve as a prebiotic, i.e. nutrients favoring the growth of selected
microbiota members. This is work currently ongoing in collaboration of the Schulenburg
group with Georgios Marinos and Christoph Kaleta, who are leveraging metabolic models as
presented in chapter 1 to predict candidate prebiotics. This approach can be extended from
native microbiota members to the introduction of engineered bacteria to modulate hosts in a
specific way (Sun and Gao, 2020). An example would be the enrichment of Snodgrassella alvi
optimized to protect honey bees against infecting mites (Leonard etal., 2020). Iterative cycles
of prediction and empirical validation of dietary modulation will not only provide insight into
bacterial functioning in the microbiota but allow moving towards manipulation.

In the long term, a prebiotic can also support sustained or repeated co-existence of
host and microbe, and thus allow for symbiosis and possibly coevolution. Depending on
whether the probiotic can be found only in the host or also the free-living habitat, this should
determine the selection on bacteria to invest rather in migration toward the host or in
increased replication rates, respectively (chapter 3). If greater association with the host is
favored, other bacterial traits will further determine the success of the association. Emerging
from chapters 2 to 5, the capacities of bacteria to firstly associate with, possibly enter, and
certainly persist within the host, are key. This highlights the value of combining three
different theoretical frameworks, constraint-based metabolic modeling, matrix population
models and UAST framework to investigate key aspects of host association from different
perspectives. Proximately, metabolic models reveal specific mechanisms used by individual
bacteria and possible interactions between them. They can further be used to fine-tune
manipulation of the microbiota using prebiotics (chapter 1). Elasticity analysis of matrix
population models tracking host-associated and free-living bacteria, provided insight into
ultimate strategies leading to greater bacterial fitness in the biphasic life cycle (chapter 3).
Similarly, inferring life history strategies using the UAST framework gives insights into
ultimate strategies for host association, with stress-tolerance emerging as being most
relevant in the worm host (chapters 1, 4 and 5).

These insights can be applied to introduce, maintain, or re-establish microbiotas.
Introducing novel microbiota members or communities can be of value in a medical,
agricultural, or industrial context to provide novel functions to a host, e.g. protection against
a pathogen or specific catabolism of toxins and other pharmaceuticals in the host (Kissoyan
etal, 2019; Leonard et al,, 2020; Norvaisas and Cabreiro, 2018; Scott et al., 2017; Wang et al,,
2020). Prebiotic supplementation and knowledge on traits and strategies used by the
introduced and resident microbes can help maintain new additions to the microbiota stably.
This knowledge could be developed further to aid conserving microbial diversity that appears
to be lost in the human microbiota along a gradient of industrialization (Sonnenburg and
Sonnenburg, 2019). Furthermore, it can help in re-establishing native microbiotas, or
transplanting those with desired impact on the host, for better treatment of disturbed
microbiotas after by antibiotic treatment for example (Pamer, 2016). Therefore, studying the
fundamental aspects of bacterial adaption to host association has great potential to inform
applied microbiota modulation.

Concluding remarks

Taken together, this thesis has investigated bacterial function and evolution in the microbiota
of C. elegans. Venturing beyond lists of species, the survey of metabolic repertoires has
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provided a window into the activities and interactions of bacteria to be found in this tiny
worm. What these bacteria can do, informs us also about life history strategies they follow to
live and associate with the worm host. Experimentally evolving Pseudomonas lurida (MYb11)
with the worm, it became obvious that simply sticking to the host is a key first step to ensure
extended contact to the worm. In the community of bacteria naturally associated with C.
elegans, we found bacteria to follow a variety of different strategies to survive and compete
in the host, thereby likely allowing them to co-exist. Combining experiment and theory
revealed traits and strategies involved in the emergence and maintenance of microbe-host
association. Reading my thesis, I thus hope you are convinced that taking the bacterial
perspective can enrich our fundamental understanding of microbe-host association and its
origin.
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