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Abstract

Abstract

Life on earth is never solitary. No individual is ever alone, but always appearing in intra- or
interspecies communities, or both. Every multicellular organism possesses a microbiota,
which consists of prokaryotes, unicellular eukaryotes and viruses. The community
composition of the microbiota is highly dependent on the host species and its
environment. This unit of a host and the entity of all associated microbes in a given
environment is called a metaorganism. The metaorganism acts as a biological entity, which
can help its host to adapt to a changing environment, fight a microbial intruder or digest
molecules indigestible for the host itself. With the emergence of high throughput
sequencing, the huge diversity and the capabilities of microbes living in and on
macroscopic organisms were revealed. The microbial community assembly and microbial
community establishment is a very young and a highly discussed field.

Nematostella vectensis is an emerging model organism especially in interdisciplinary
research fields and offers the possibility to research host-bacteria interactions during
development and in a changing environment. The microbiome of Nematostella is
development-specific, each developmental stage from planula larva over juvenile to adult
polyp exhibits a distinct bacterial colonization pattern.

In this thesis, | wanted to identify factors contributing to the development-specific
microbiome of Nematostella. For this, | performed recolonization experiments with
juvenile and adult polyps, in which | recolonized polyps with complex microbiomes
extracted from specific developmental stages, or with commensal bacterial strains. 16S
rRNA sequencing revealed that the bacterial succession during recolonization recapitulates
the bacterial succession pattern occurring during natural development. The calculation of
bacterial co-occurrence networks indicated dynamic bacteria-bacteria interactions during
development. Whole transcriptome sequencing of host RNA and calculation of the
metabolic potential of the microbiome revealed host mechanisms as regulator of early
recolonization, and bacteria-bacteria interactions as a driver of late recolonization.
Additionally, chitin was identified as a promising candidate influencing the community
assembly and succession, as Nematostella increased its chitin production upon
recolonization, while the microbiome was able to degrade chitin and possibly cross-feed

on the metabolites.
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Introduction

1 Introduction

1.1 Metaorganism Concept

Animals evolved in a world already inhabited by all forms of unicellular life, making it
unsurprising that microorganisms also colonized animals (Sieber et al. 2021). This
colonization sometimes developed into such a tight relationship that it became an obligate
and mutualistic symbiosis, while others remained facultative. With the emergence of
genomic tools to study the molecular nature of organisms, the view on microscopic life
changed from microbes being primarily pathogens to them also providing benefits to their
macroscopic interaction partners (Jaspers et al. 2019). From this, the metaorganism
concept emerged, which considers every multicellular organism as a metaorganism: The
multicellular host lives in close association with bacteria, archaea, fungi, viruses and other
microbial and eukaryotic species in a given environment (Figure 1-1) (Bosch and McFall-

Ngai 2011).

Associated
/ \
prokaryotes o

i /)*"’//'b
e
®
2,
Associated
il viruses\
Host — = Associated

r
S~ eukaryotes
‘/

Figure 1-1 The Metaorganism Concept. The metaorganism consists of a macroscopic host and all associated
prokaryotes, eukaryotes and viruses in a given environment (Jaspers et al. 2019).
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With advancement of genomic tools and sequencing technologies, especially in regard to
cost, sequencing quantity and sequencing length, with the emergence of metagenomes,
meta-transcriptomes and single cell sequencing, it is now possible to study the microbial
diversity and the interactions within metaorganisms on a fine scale (Simon et al. 2019).
Microbes can colonize each of the host’s surfaces, which interact with their environment,
like the skin, gut, mouth and other mucosal epithelia (Huttenhower et al. 2012). However,
the host is not a neutral habitat waiting for microbes can settle. Environmental- and host-
factors, but also bacteria-bacteria interactions all contribute to shape the host-specific
microbiota. For instance, it is not necessarily possible to predict how two commensals will
grow on a host by calculating population dynamics of their in-vitro growth, as was shown
for two bacterial colonizers of the model organism Hydra. Here, the commensal
Curvibacter sp. was able to outcompete another commensal during host-colonization,
even though in-vitro growth experiments suggested the opposite (Li et al. 2015). It was
also shown that when the gut microbiome of mice and fish were reciprocally transplanted,
the resulting microbiome will more closely resemble the microbiome of the acceptor than
the donor, underlining the selective pressures within the gut of the host (Rawls et al. 2006).
Examples for mechanisms through which the host can exert influence on its microbiome
include quorum quenching, to interfere with bacterial signaling and the production of
species-specific sets of antimicrobial peptides (AMPs) which support and maintain a
species-specific microbiome (Franzenburg et al. 2013; Pietschke et al. 2017; Weiland-
Brauer et al. 2019).

The metaorganism however is not a static state. It is dependent on factors which confer a
nature of fluidity (Jaspers et al. 2019). Therefore, the assemblage of the microbiome is
dependent on factors like developmental age (O’'Toole and Jeffery 2015), nutrition (David
et al. 2014a), antibiotic intake (Schubert, Sinani, and Schloss 2015) and other stress (Karl
et al. 2018).

In humans, the microbiome contains one hundred times more genes than the host itself,
centuplicating the genomic potential of the human host (Gilbert et al. 2018).The influence
of the microbiome on the host is so extensive that some are even talking about the
microbiome as an “organ” (Backhed et al. 2004; Baquero and Nombela 2012; Clarke et al.
2014; O’Hara and Shanahan 2006). It is complementing its host in many regards of life.

Within the metaorganism, microbes can contribute to manifold aspects of the host’s life:

2
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It can influence development and reproduction, metabolism and digestion, pathogen
defense and immune system maturation, but also ageing, behavior and even speciation

(Figure 1-2) (Esser et al. 2019).

Metaorganism

FUNCTIONS

-ation of the ™M

duction

Figure 1-2 The metaorganism with, examples of hosts and possible members of the microbiome, as well es the functions
exhibited by members of the metaorganism (Esser et al. 2019). The hosts range from early-emerging metazoans like
sponges and cnidarians to highly complex vertebrates like apes and humans. The functions include influence on behavior
development and aging, as well as pathogen protection and colonization resistance.

It can help with digestion by e.g. degrading dietary polysaccharides, proteins and pyruvate
and provide the host with short chain fatty acids (SCFAs), butyrate, propionate and acetate
(Oliphant and Allen-Vercoe 2019). It can also influence the fitness of its host by e.g.

influencing the fecundity or the length of the life span (Gould et al. 2018).The microbiome
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is also highly correlated in metabolism by e.g. regulating gut hormone release or by
influencing the body weight (Martin et al. 2019; Turnbaugh et al. 2006). Another important
role is in development. Some animals can’t undergo its full developmental life cycle in a
germ-free state (Weiland-Brduer et al. 2020). The absence of specific bacteria can also
cause neurobehavioral traits like contraction frequency in Hydra (Murillo-Rincon et al.
2017). The impact of the microbiome on the brain is so extensive that the gut-brain-axis
concept was expanded to the microbiota-gut-brain axis (Cryan et al. 2019). But the
microbiome also influences, primes and trains both the innate and adaptive immune
system (Zheng, Liwinski, and Elinav 2020), but also provides a direct defense against
pathogens by providing colonization resistance, disease tolerance or even pathogen
detainment (Chiu et al. 2017; Fraune et al. 2015; Longford et al. 2019). Bacteria can also
act as a factor that allows fast adaptation. So do bacteria confer thermal resistance on a
rapid scale in corals by undergoing a rapid change upon environmental changes (Reshef et
al. 2006) It is also shown that the absence of bacteria causes developmental and
immunological defects (Luczynski et al. 2016; Round and Mazmanian 2009). If these
defects are mediated by removal of the microbiome, the wildtype phenotype can often be
rescued by conventionalization of the germ-free animals (Nichols and Davenport 2020).
Bacteria can also be utilized as a treatment for diseases like recurrent clostridium difficile
infection where antibiotic treatment is unsuccessful. In these cases, the microbiome of
healthy subjects can be transplanted into infected individuals, curing them in doing so (van

Nood et al. 2013).

1.2 Microbial colonization and bacterial interactions

Although there’s a lot of descriptive work which bacteria are present in which
metaorganism under which circumstances, the assembly and maintenance of specific
microbial communities is generally poorly understood (Bang et al. 2018). Most well-
established theories regarding the assembly of ecological communities were created
mainly from research about animals and plants on a macroscopic scale. Research of
community assemblies on a microbial scale was scarce up until recently (Liu et al. 2019).

Bacteria exhibit common ecological relationships like competition and cooperation (Bauer

et al. 2018). These ecological interactions fall under one of the three categories: Either they
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are positive, negative, or neutral (Faust and Raes 2012). Positive interactions are
interactions, in which both partners benefit. This kind of interactions is commonly referred
to as mutualism. If two species exhibit negative interactions, it is called competition. If one
species benefits while another one has a disadvantage, it is called parasitism or predation.
If one species benefits while the other species is not affected, it is called commensalism.
And if one species is not affected while the other one has a disadvantage, it is called

amenalism (Figure 1-3).

Parasitism or predation

Commensalism | ~Amenalism
\\\ : ,,/
3 1 I + Positive (win)
Sl = Negative (loss)
Mutualism - ElE--------- oy --------- Bl - Competition 0 Neutral
AN B Species 1
7 } B Species 2
/ | N
Commensalism’ : Amenalism

Parasitism or predation

Figure 1-3 Ecological intra-action compass for all possible pairwise interactions (Faust and Raes 2012; Lidicker, 1979).
When two species exhibit pure positive interactions, this is called mutualism. Purely negative interactions are called
competition. If one species gains while the other one loses, it is called parasitism or predation. In commensalism one
species gains while the second species neither gains nor loses. In amensalism one species loses while the other neither
gains nor loses.

These pairwise interactions are important to understand the assembly, succession and
stability within a complex bacterial community. Interaction types like competition,
mutualism and predation are important factors not just in two-species communities but
also in shaping multi-species communities. It was shown that a bacterial community with
a high diversity is more likely to be stable if the interactions within the whole community
are mostly competitive (Coyte, Schluter, and Foster 2015). Mixed-species biofilms profit
from mutualistic interactions, for example by facilitating colonization and aggregation, by

metabolic cooperation, and by mediating antibiotic resistance (Elias and Banin 2012). The
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presence of predatory bacteria like Bdellovibrio and Like Organisms (BALOs) also seems to
be positively correlated with microbiome diversity (Johnke et al. 2019).

While these ecological relationships are important for the assembly of microbial
communities, these factors alone are not enough to grant a full understanding of the
relationships inside a metaorganism. On this microscopic scale, metabolic dependencies
are a crucial part of interspecies interactions (Zelezniak et al. 2015). Primary resources are
metabolized first by primary degraders and then by secondary consumers. Metabolic end
products can then again be used for primary production of e.g. polysaccharides (Figure

1-4).

A B
Solar energy
F 4 ] Primary resource
Polysaccharides
£ . . e, QO
= | Primary production e fa ﬂ R L Primary degraders
E L '™ P Oligo- or monosaccharides
S [ ] ...
- L) YY)
= | Complex organic matter < © < <
+ | Cellulose, lignin, ?‘Q w o® LY % ° g d
o chitin, laminarin, etc econdary consumers
g ‘><1 Acetate, lactate, amino acids
2 b o ¥ 8 ol
S | Microbiome o & o @] cﬁféé? o l
2| Ocean, animal gut, Q. © OQ % CO. H.S.CH Metaboli d d
£l soil, etc. ‘L2 , %, LN 0 . ,, H,S, CH,, etc. etabolic end products

Current Biology

Figure 1-4 Microbiomes and their metabolic dependencies in the context of the global ecosystem (Gralka et al. 2020). In
the global ecosystem, primary production results in complex organic matter which can be used as energy resource by the
microbiome. The primary resource consisting of polysaccharides can be degraded by primary degraders, resulting in oligo-
and monosaccharides. Secondary consumers can process the byproducts of the primary degraders. Metabolic end
products then again act as primary sources for primary production.

The metabolic networks and the interactions within a community are complex. Therefore,
first approaches were taken up to create and unify a conceptual framework of microbial
community assembly by combining several ecological models like neutral theory, null
models, stochastic and deterministic models into one framework and applying them from
the macrobial to the microbial scale (Dumbrell et al. 2010; Vellend 2010; Weiher and Keddy
1995). Nemergut et al expanded Vellend’s try to unify terms into a model, in which
community assembly can be represented by four processes: Selection, Diversification,

Dispersal and Drift (Figure 1-5) (Nemergut et al. 2013; Vellend 2010).
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A. Selection i P C. Diversification
: L :

Local | 00 P 00 Local
communities E é ; g g communities
i o :

Environment | I n i
............................ Environment
Homogeneous Heterogeneous

selection selection )
D. Drift

Local
communities

OO0
B. Dispersal |

Q00
(Ge0)
Q00
(e%0)

Environment | 1 ] ]
Local oe oe o 9
communities | @0 @0 o ©0 ' E. Deterministi Stochasti
' @o Qe @ 0 . Deterministic vs Stochastic
T

; Deterministic Selection
Environment | | I | 1 [ dispersal
Homogenizing Priority Dispersal Diversification
dispersal effect limitation
Drift

Figure 1-5 Schematic representation of the four processes influencing community assembly (Zhou and Ning 2017).
Choosing from a regional species pool, bacteria can be selected in a specific environment via homogenous or
heterogeneous selection (A). They can disperse through different environments in a homogenizing way, or dispersion can
be limited. If priority effects take place, bacteria can just initially disperse and establish themselves (B). After arriving in a
specific environment, the community can diversify over time (C). Bacteria can also drift within their local communities
and environments (D). Selection is a deterministic effect, while drift is a stochastic one. Dispersal and diversification are
intermediate between deterministic and stochastic (E).

Selection and diversification fall under the two processes that are deterministic, while
dispersal and drift are mainly stochastic effects. Stochastic effects include events like birth,
death, colonization, extinction and speciation (Zhou and Ning 2017). They can be seen in
early colonization events in guts but are often accompanied by deterministic effects
(McCafferty et al. 2013). If it is not chance that dictates the process of the first colonization
events, it is shaped by deterministic factors like the host transcriptome, the environment
or the bacteria themselves, as already described in the metaorganism concept (Chapter

1.1).

1.3 Nematostella vectensis

1.3.1 Phylogeny and morphology
Nematostella vectensis is a small, burrowing sea anemone of the order Actinaria within the
class of Anthozoa. It belongs to the Phylum of Cnidaria and therefore forms the sister group

to all Bilateria (Figure 1-6 A)(Collins 2002; Medina et al. 2001; Wainright et al. 1993).
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A. Cnidarian phylogeny B. Nematostella morphology
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Figure 1-6 Nematostella’s phylogenetic position among the Cnidaria (A) and its adult appearance (B) (Rottinger 2021).
Nematostella belongs to the phylum Cnidaria and locates within the Anthozoa and Hexacorallia. The adult polyp
possesses a head region with tentacles and pharynx, a column region with the mesenteries, and a physal region.
Ten=tentacles, pha=pharynx, mes=mesenteries, phy=physa. The star marks the mouth opening.

In contrast to Bilateria, Cnidaria possess only two germ layers instead of three (Martindale,
Pang, and Finnerty 2004). The outer epidermis is considered to be derived from the
ectoderm, while the blind gut and the inner linings of the tentacles are comprised of
endoderm. Both cell layers are connected via a largely acellular matrix, the mesogloea
(Martindale et al. 2004; Tucker, Shibata, and Blankenship 2011). Within the cnidarians,
they belong to the class of Anthozoa, in contrast to Medusozoa (Collins 2002; Medina et
al. 2001). The most obvious difference between those two phylogenetic groups is the
absence of a medusa stage in anthozoans (Collins 2002). With the medusa generally
considered as the sexually reproducing life form in medusozoans, in anthozoans the polyp
unifies the sexual and asexual life style (Technau and Steele 2011). The nervous system of
cnidarians is considered to be a nerve net with regionalization in some species, however,
this regionalization is not considered to be homologous to the centralized nervous system
as it is present in bilaterians (Watanabe, Fujisawa, and Holstein 2009). Cnidarians also

possess one of the most elaborate cellular secretion product, the nematocyte (Tardent
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1995). Nematocytes contain cysts, which can be discharged upon triggering. These cysts
are either specialized in stunning and killing prey by toxin piercing its bodies and releasing
toxins, or in producing sticky tubules which are used for sticking to substrate and
locomotion (Berking and Herrmann 2006).

Nematostella, like all cnidarians, possesses a very simple body plan. It is comprised of a
head region, a body column and a foot region (Stefanik, Friedman, and Finnerty 2013)
(Figure 1-6 B). Its head normally carries 16 tentacles, which are fully retractable into the
body column. If sexual reproduction is not induced regularly, they can grow more than 18
tentacles (Ilkmi et al. 2020). The whole animal is translucent so that its pharynx and
mesenteries, which stretch from pharynx into the foot region and divides the animal into
eight radial segments, are clearly visible (Ikmi et al. 2020). The foot region carries a small
pore on the polar end which can eject fluids from the body column (Amiel et al. 2015).
Although cnidarians are generally seen as radially symmetrical, many cnidarians exhibit
subtle bilateral traits (Finnerty et al. 2004). So are the mouth opening, the pharynx and the
mesenteries of Nematostella organized in such a way that it breaks the radial symmetry of
the directive axis in favor of a bilateral symmetry (Berking 2007; Finnerty et al. 2004). This
bilateral symmetry can also be observed on the level of gene expression: several pattern-
forming genes like bone morphogenic protein (BMP) genes and homeobox (Hox) genes but
also less obvious genes like red fluorescent protein (RFP) genes show an asymmetrical
expression (Genikhovich et al. 2015; Ikmi and Gibson 2010).

The mesenteries of Nematostella and anthozoans generally are subdivided into a basal
muscular, a median gonadal (or in non-gonadal regions a trophic) and a distal septal
filament region (Steinmetz 2019). The tips of the septal filaments contain cnidocytes and
zymogen cells, producing chitinase- and trypsin- like enzymes, with the extracellular
digestion probably being contact-dependent (Steinmetz 2019). This part of the
mesenteries is also comprised of the pharyngeal ectoderm. Intracellular digestion via
phagocytosis is exhibited by the non-gonadal gastrodermal part of the mesenteries
(Steinmetz 2019). The mesenteries are also the production site of nematosomes, which
are small, multi-cellular free-floating bodies in the gastrovascular tract which are only
found in Nematostella and other members of the Edwardsiidae family. Nematosomes can
also sometimes be found resting on the inner lining of the body wall and are packed into

the jelly of the egg packages laid by females upon sexual induction (Frank and Bleakney
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2007; Hand and Uhlinger 1992). They are comprised of mostly cnidocytes, phagocytes, and
cells equipped with two types of cilia which share morphological similarities to cnidocyte
support cells (Babonis, Martindale, and Ryan 2016). Their biological role is not well
understood, but is hypothesized to be involved in immobilization of prey, clearing of the
gastrovascular cavity from foreign objects, and immune responses (Babonis et al. 2016;

Williams 2007).

1.3.2 Natural habitat

Nematostella inhabits estuarine habitats like salt marshes and saline lagoons (Darling,
Reitzel, and Finnerty 2004). It lives burrowed in the sediment, with just its head with the
tentacle crown and small parts of the body column sticking out (Hand and Uhlinger 1994).
It is widely distributed across the North American Atlantic coast, ranging from Nova Scotia
to the Gulf of Mexico, and across the US American Pacific Coast and Canada, as well as the

English southeastern coast (Figure 1-7) (Hand and Uhlinger 1994).
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Figure 1-7 Distribution of Nematostella vectensis along the North American (A) and the English (B) coast. Nematostella
occurs on both, the Pacific and Atlantic coast of North America, as well as on the southeastern coast of England. Blue dots
mark sites where Nematostella polyps could be found. Map from https://www.marlin.ac.uk/species/detail/1136,
accessed on 13.10.2021.

However, amplified fragment length polymorphism fingerprinting analysis implies that the
populations along the Atlantic coast of North America are the only native populations of
Nematostella, while the populations along the Pacific coast and in England were dispersed

there, probably through anthropogenic influences (Reitzel et al. 2008). This is remarkable
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as the first descriptions of Nematostella were published in 1935 by Stephenson on the Isle
of Wight, pinpointing down its dispersal to the English coast prior to the 1930s
(Stephenson, 1935).

Nematostella tolerates a wide range of pH, salinity and temperature, with pH ranging from
<7 to >9, with salinities from 2 %o to 52 %o and with temperatures from -1.5°C to 28.5°C
,contributing to its wide distribution and vulnerability to dispersal, (Hand and Uhlinger
1994; Stefanik et al. 2013) .Temperature tolerance is even reported to go as high as 39°C
(Reitzel et al. 2013). Although animals reach just 1-2 cm in the wild, they can grow up to

several centimeters when cultured in the lab (Stefanik et al. 2013).

1.3.3 Reproduction and life cycle

Nematostella vectensis is a valuable cnidarian model organism since it is one of the few
anthozoans which reproduces sexually under laboratory conditions (Fritzenwanker and
Technau 2002). Nematostella is dioecious with no sign of sex reversal (Reitzel et al. 2007).
Although the appearance of males and females is identical, sexes can be distinguished
upon sexual reproduction when females release egg packages and males release sperm
from their mouth opening (Hand and Uhlinger 1992). Upon fertilization, the Nematostella
undergoes a complex life cycle with a larval stage, a metamorphosis and a juvenile stage,
before the animal enters the sexual mature adult stage (Figure 1-8) (Hand and Uhlinger
1992).

Freshly spawned eggs are embedded into a gelatinous matrix which also contains
nematosomes (Hand and Uhlinger 1992). Fertilization occurs externally. The zygote
undergoes a series of radial and holoblastic cleavages before the blastula enters the
gastrula stage with several invagination-evagination cycles (Fritzenwanker et al. 2007;
Layden, Rentzsch, and Rottinger 2016). After 24 to 48 hours, planula larvae emerge from
the egg jelly (Fritzenwanker and Technau 2002; Reitzel et al. 2007). The planula larva is
free swimming and possesses an apical tuft on its future aboral end. During the next 5-10
days, the larva elongates and loses its apical tuft, before it finally settles to undergo a subtle
metamorphosis and develops 2-4 tentacle buds on its future oral end, 2 mesenteries and
a pharynx (Layden et al. 2016; Reitzel et al. 2007). During the development of the juvenile

polyp into a sexual mature adult polyp, the juvenile will grow in size and will develop its

11



Introduction

complete set of 16 tentacles, 8 mesenteries and an abundant number of nematosomes
(Hand and Uhlinger 1992). The time in which the juvenile reaches the adult stage is
nutrient- and temperature-dependent and can range from as little as 8 weeks, but is mostly

reported as around 3 months (Darling et al. 2005; Rottinger 2021).
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Figure 1-8 Sexual und asexual life cycle of Nematostella vectensis (Kelava, Rentzsch, and Technau 2015). Upon induction
of sexual reproduction, females will spawn egg masses while males will release sperm. After external fertilization, a
planula larva will develop from the zygote. The planula larva will undergo metamorphosis to a primary polyp which then
develops again into a sexual mature adult polyp. One form of asexual reproduction is the physal pinching, where a bud is
pinched off of the physal region. The bud will regenerate the head region within a few days.

Besides sexual reproduction, Nematostella can also reproduce asexually (Figure 1-8). The
most observed form is by physal pinching. Hereby the foot region gets pinched off, which
will regenerate a head region within just a few days (Darling et al. 2005). Another less
frequent form is by polarity reversal, where the animal will develop a second crown of
tentacles on its foot region. The animal will divide at its midpoint at least once and all parts
will eventually regenerate a foot region (Darling et al. 2005; Hand and Uhlinger 1995).
Another form of asexual reproduction stems from Nematostella’s enormous regeneration
potential, where detached body parts can regenerate into fully functional whole polyps

(Darling et al. 2005; Rottinger 2021). This regeneration potential can be triggered by
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natural (predation) or artificial (bisection) influences, rendering it very suitable for e.g.

regeneration research (Rottinger 2021).

1.3.4 Nematostella as model organism

Nematostella possesses several characteristics which make it so suitable as a model
organism for a variety of research questions (Darling et al. 2005). Firstly, Nematostella is
easy and cheap to culture with little requirements. They can be cultured in simple artificial
salt water in numbers of thousands in very little space, with no need for water circulation
or additional substrate (Hand and Uhlinger 1992; Stefanik et al. 2013). It readily undergoes
its whole life cycle under lab conditions, with a generation time of 2-3 months
(Fritzenwanker and Technau 2002; Hand and Uhlinger 1994; Stefanik et al. 2013). In
addition, due to its fast regeneration time from just small pieces of tissue, clonal lines can
be established in order to erase the background of genetic diversity (Genikhovich and
Technau 2009; Réttinger 2021).

Another advantage of Nematostella as a model organism is its ecological context. As it is
inhabiting estuarine habitats, samples from the wild are easily collectible with little to no
equipment (Stefanik et al. 2013). It can be found along the Pacific and Atlantic coast of
Northern America as well as the eastern coast of England, exhibiting a strong tolerance to
a wide range of habitats, salinities and temperatures (Darling et al. 2004; Reitzel et al.
2008, 2013). This facilitates its culture and makes it suitable for research questions
investigating mechanisms of local adaptation (Darling et al. 2005; Fraune, Forét, and
Reitzel 2016).

Its phylogenetic position at the base of the animal tree and as an outgroup to bilaterians
make it suitable for evolutionary research questions (Dunn et al. 2008; Layden et al. 2016;
Martindale et al. 2004). The genome was sequenced in 2007 and revealed an unexpected
degree of complexity and conservation with bilaterian and vertebrate genomes on gene
content and organization, but also genetic and epigenetic regulation (Putnam et al. 2007;
Schwaiger et al. 2014). Recently, the genome was sequenced again, generating a
chromosome-level genome (Zimmermann et al. 2020). Several transcriptomes are also
available, including a single-cell transcriptome of adults and larvae and specific

transcriptomes for regeneration and embryogenesis (Helm et al. 2013; Sebé-Pedrés et al.
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2018; Tulin et al. 2013; Warner et al. 2018). Additionally, several other sequencing
technologies like ChlP-seq and microarrays have been established, as well as data on
microRNAs, genome methylations and histone modifications (Grimson et al. 2008; Layden,
Boekhout, and Martindale 2012; Moran et al. 2013, 2014; Rottinger, Dahlin, and
Martindale 2012; Schwaiger et al. 2014; Zemach et al. 2010). Based on this information, a
diverse portfolio for injection-based functional studies was established, including
protocols for gene manipulation by morpholinos, RNAi, CRISPR/Cas9, TALEN and inducible
promoters (Ikmi et al. 2014; Renfer et al. 2010; Rentzsch et al. 2008).

For all these reasons is Nematostella vectensis one of the leading cnidarian model
organisms for developmental, ecological, evolutionary and interdisciplinary research
(Darling et al. 2005; Fraune et al. 2016; Genikhovich and Technau 2009; Layden et al. 2016;
Rottinger 2021). It is a valuable addition to other cnidarian models like Hydra, Aiptasia or
Acropora for its willingness and to predictably undergo its complete life cycle under
laboratory conditions (Darling et al. 2005). For its enormous regeneration potential, it was
also established as a model for regeneration (Layden et al. 2016; Rottinger 2021). More
recently, Nematostella was also established as a model for phenotypic plasticity and local
adaptation, especially in the interdisciplinary context of genomic, epigenetic and bacterial

research (Fraune et al. 2016).

1.3.5 Bacterial colonization of the metaorganism Nematostella

The first review about Nematostella vectensis as an emerging model organism was
published in 2005 (Darling et al. 2005). Research about Nematostella’s microbiome is an
even younger field with its first publications published in 2015 (Har et al. 2015; Mortzfeld
et al. 2016). Nonetheless, today Nematostella is on the verge of establishing itself as a
model organism for microbiome research.

Nematostella possesses a microbiome that undergoes a specific succession during
development (Mortzfeld et al. 2016). The microbiome is distinct for each of the three

developmental stages until the polyp reaches adulthood (Figure 1-9 A).
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Figure 1-9 The microbiome of Nematostella vectensis is specific for its developmental age (Mortzfeld et al. 2016). (A)
PCoA plot of the different microbial communities in early, juvenile and adult developmental stages. (B) PCoA plot of the
microbiome depending on salinity and temperature.

It is indicated that during sexual reproduction, bacteria are mostly transmitted maternally
to the offspring, with a small fraction of transmission occurring paternally (Baldassarre et
al. 2021). Horizontal transmission of bacteria during early life is also speculated as the
alpha-diversity in planula larvae is enriched and specific bacteria don’t seem to occur in
adult polyps and gametes but in the medium and early life stages (Baldassarre et al. 2021).
Besides Nematostella’s microbiome being highly specific for the developmental stage, it
also loosely depends on salinity and temperature of the medium (Figure 1-9). It also
changes along the gradient of the US-American east coast, with the changes persisting
even if the animals were maintained in the lab for years prior to sampling (Mortzfeld et al.
2016). Also pollutants like phthalate and nitrate show a negative effect on the microbiome
composition of Nematostella, but not on the evenness and richness of the microbiome
(Klein et al. 2021). This study also shows a dependency of the microbiome on the media in
which the animals are grown, however, they used unfiltered salt marsh water as a
comparison to artificial sea water, therefore generating an influx of environmental
bacteria, without showing if these bacteria could manifest themselves as steady colonizers.
The microbiome is also highly variable on a much shorter timely scale than the whole
developmental process. So do single bacterial OTUs vary strongly over a 24-hour period, in

presence and absence of light (Leach, Carrier, and Reitzel 2019). Single bacterial taxa also
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exhibit a gradual colonization of the body column. So do Spirochaetes almost exclusively
colonize the head of the adult polyp with an almost absence in the rest of the body column
and foot region (Bonacolta et al. 2021).

Because data on Nematostella’s microbiome and its succession over the course of the
development are publicly available, these date were also used for theoretical frameworks
(Mortzfeld et al. 2016). In one publication, data on Nematostella’s microbiome were
searched for the presence of sequences of Bdellovibrio and like organisms (BALOs) (Johnke
et al. 2019). BALOs are predatory bacteria which feed on gram negative bacteria. They
found that BALOs are present in the microbiome of Nematostella and calculated that they
have an elevating effect on the alpha-diversity of the community, but no effect on beta-
diversity (Johnke et al. 2019).

In another publication, the theory of the neutral model was tested (Sieber et al. 2019). It
is often assumed that a host can actively shape its bacterial community by its immune
system or by providing a special niche. In contrast to that, a neutral model proposes that
the microbial community structure within a host is the result of stochastic population
dynamics, immigration and local extinction (Sieber et al. 2019). When a theoretical neutral
expectation is fitted onto the microbiome of Nematostella, it results in a poor fit, indicating
that Nematostella’s microbiome composition underlies selective pressures e.g. the host’s
immune system rather than neutral processes (Sieber et al. 2019) .

Besides these observatory and theoretical studies of the microbiome of Nematostella,
there is also one functional study investigating the microbiome’s role in thermal
acclimation of the host (Baldassarre et al. 2022). Interestingly, the study could show that
the microbiome of long-term acclimated animals could confer thermal tolerance if
transplanted on non-acclimated animals. The microbiome conferred heat-tolerance to a
non-acclimated animal if the donor animals were acclimated at a higher temperature, but
the microbiome also conferred thermal susceptibility if the donor animals were acclimated

at a lower temperature.
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1.3.6 Immune system
The immune system and microbes were long perceived in a dualistic way, with the immune
system as “good” and microbes as “bad”. This dualistic viewpoint framed bacteria as a
cause of diseases and the immune system as the protector. In the 20™ century, this
viewpoint shifted and recognized the benefits of e.g. lactic acid-producing bacteria. This
lead to the hypothesis that the immune system is not a “killer” but a force that is able to
shape the microbiome and as a result also shapes the metaorganism (Eberl 2010).
The immune system is comprised of the innate immune system and the adaptive immune
system. While the innate immune system is encoded by genes and acts rapidly against
molecular patterns associated with pathogens and toxins, the adaptive immune system
acts slowly because its response is encoded by gene elements which need to be rearranged
and proliferated in specific cells (Chaplin 2010). Therefore, the innate immune system
reacts relatively unspecifically against microbe-associated molecular patterns (MAMPs),
while the adaptive immune system reacts with a high specificity against unique foreign
structures (Chaplin 2010). The adaptive immune system is evolutionarily young and seems
to be restricted to vertebrates, while innate immune mechanisms are found in even the
most primitive life forms, as even unicellular organisms need to discriminate self from non-
self (Buchmann 2014).
A central signaling pathway of the innate immune system is the Toll-like receptor (TLR)
pathway. The Toll-like receptor itself is a pattern recognition receptor (PRR), which upon
recognizing MAMPs activates a signaling cascade, which results in the activation of the
transcription factor NF-kB, initiating immediate host defensive responses (Kawasaki and
Kawai 2014). The Toll-like receptor recognizes MAMPs via its extracellular leucine-rich
repeats (LRRs) and transduces the signal to MyD88 via its intracellular Toll/Interleukin-1
receptor (TIR) domain (Kawai and Akira 2010). Together with TLRs, the IL-1 receptors (IL-
1Rs) form the TIR family of transmembrane proteins. IL-1 receptors possess the same
intracellular domain as TLRs, the TIR domain, but instead of extracellular LRRs, they
possess immunoglobulin-like (IL) domains (Martin et al. 2002). While components of the
TLR pathway are already present in both phyla Porifera and Cnidaria, a bona fide TLR is
missing in sponges, but not cnidarians. However, both cnidarians and sponges possess
receptors with an intracellular TIR domain and extracellular IL-1R-like domains (Hentschel
et al. 2012; Miller et al. 2007; Riesgo et al. 2014). Cnidarians possess a variety of TLR-like
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and IL-1R-like receptors, with varying quantities of LRRs or IL-1R-like domains in its
extracellular domain (Poole and Weis 2014). The vast complexity of TIR-only proteins, with
no extracellular domains, especially in corals, opened the hypothesis that TIR-only proteins
might be a way of cnidarians to fine scale differentiation between beneficial and

pathogenic microbes (Poole and Weis 2014).
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Figure 1-10 Predicted TIR domain-containing receptors in the genome of Nematostella vectensis. It possesses four
receptors with extracellular IL-1R-like domains (IG domains, TIR1 — TIR4) and one receptor with extracellular LRRs (TLR).

For Nematostella, one classical TLR and four IL-1R-like receptors are described (Figure
1-10, MA H.Domin) (Miller et al. 2007). As sponges don’t possess a classical TLR, the other
IL-1R-like receptors in sponges and cnidarians pose an interesting candidate as effectors
of the TLR signaling pathway. Functional studies to Nematostella’s immune system,
however, are sparse. One study investigated Nematostella’s sole TLR, and showed its
ability to activate NF-kB, at least in human cell cultures (Brennan et al. 2017). They could
also show that NVTLR and NF-kB colocalize in a subset of nematocytes and that NVTLR is
also expressed in nematosomes, strengthening the potential role of nematosomes in

immunity (Chapter 1.3.1).
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Aims
In order to understand the interplay of Nematostella and its bacteria, | addressed following
tasks:

- Identify bacteria involved in positive, neutral, or negative bacteria-bacteria
interactions within the community and test their ability to influence the whole
bacterial community

- Track the recolonization pattern of gnotobiotic polyps with the bacterial
communities of three different developmental stages of Nematostella

- Measure host’s response upon recolonization with the three different
developmental stages to identify host-mediated mechanisms to influence the
community

- Calculate the metabolic potential of the microbiome over the course of the
recolonization to identify potential metabolic drivers

- Test the ability of native bacterial strains typical for different developmental stages

for their ability to recolonize adult polyps

19



Results

2 Results

2.1 Bacterial Networks

2.1.1 Bacteria—Bacteria Co-occurrence Networks During Host Development

To infer potential bacteria—bacteria interactions in the bacterial community of N. vectensis,
network links were inferred using SparCC methodology to the relative abundance of 508
OTUs over the whole ontogeny (Friedman and Alm 2012; Mortzfeld et al. 2016). Using
bacterial abundance data, network correlations were inferred from: (1) all sampling time
points together, leading to the representation of the most important interactions along
the whole development of the animal and (2) the three developmental stages separately,

which characterize the most relevant correlations during each developmental stage.
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Figure 2-1 Microbial co-occurrence network among OTUs during the whole development of N. vectensis. Nodes (N = 66)
are the OTUs involved in at least one strong interaction during the whole development or the three developmental stages;
their color reflects taxonomic affiliation. The size of the nodes is proportional to the log10 of the median reads (relative
abundance of the OTUs) along the whole development. OTUs are arranged by taxonomy and relative abundance. Links
represent the interactions (i.e., significant co-occurrences; pseudo p-value < 0.05) with absolute correlation values above
0.5. Red links are negative interactions, while blue links stand for positive interactions; the thickness of the links is
proportional to the strength of the interactions.
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For the construction of the co-occurrence networks, the strongest significant interactions
(i.e., those with pseudo p-value < 0.05 and an absolute correlation value larger than 0.5)
in each of the datasets were selected. A list of 66 nodes (N = 66), representing 66 bacterial
OTUs, was obtained from the union of all OTUs that were found at least once in one of the
four datasets of the significant and strong correlations. Using these 66 nodes, the four co-
occurrence networks were constructed. Figure 2-1 is the co-occurrence network along the

whole developmental process of N. vectensis.
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Figure 2-2 Microbial co-occurrence networks for (A) larval stage, (B) juvenile stage, and (C) adult polyps of N. vectensis.
Nodes (N = 66) are the same as in Figure 2-1 and Suppl. Figure 1, their order in the circular arrangement was preserved.
OTU numbers are provided in Suppl. Figure 1. The colors inform about the taxonomic affiliation of the nodes. The size of
the nodes is proportional to the relative abundance of the OTUs (measured as log10 of median reads) in each
developmental stage. Links are significant correlations (pseudo p-value < 0.05) with absolute values above 0.5; their color
allows distinguishing among negative (red) and positive (blue) interactions, while the thickness is proportional to the
strength.

None of the constructed networks has more than 56 interactions (L = 56) or involves more
than 29 OTUs (NC < 29), resulting in a low density across all networks (Table 2-1). All
networks have more positive than negative interactions (LP > LN), which is reflected in the
mean correlation values calculated considering the total set of links (Table 2-1). All
networks are composed of two or more subnetworks, but this could be a consequence of
the chosen correlation cut-off rather than a biological property. The four networks

together have 145 interactions and only one shared interaction between different
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developmental stages (i.e., the interaction OTU1601-0TU1657 is present in both larval

and adult stages).

Table 2-1 Network descriptors used to characterize the properties of the correlation networks. Indices were calculated for
both the whole development network (i.e., based on all correlations among OTUs, irrespective of the various stages of
polyp growth) and the networks that refer to three developmental stages (i.e., larva, juvenile, and adult). All networks
are composed of the same 66 OTUs (N = 66).

Descriptors Whole Larvae Juvenile Adult
development
Number of links (L) 22 35 56 37
Number of connected nodes (N¢) 20 25 29 29
Density of the network (D) 0.010 0.016 0.026 0.017
Number of positive links (Lp) 12 25 39 27
Number of negative links (Ly) 10 10 17 10
Proportion of positive links (%Lp) 0.545 0.714 0.696 0.730
Proportion of negative links (%Ly)  0.455 0.286 0.304 0.270
Mean of total correlations (m:) 0.045 0.250 0.218 0.260
Mean of positive correlations (mp)  0.535 0.569 0.559 0.559
Mean of negative correlations (m,) -0.544 -0.548 -0.565 -0.547
Number of subnetworks (nsus) 4 2 6 5
Mean degree (d) 2.200 2.800 3.862 2.552
Maximum degree (dmax) 7 8 14 7
OTUs with maximum degree 1473 1903 1643 1948, 1601,
1256

The co-occurrence network spanning the whole host development (Figure 2-1) has the
lowest number of connected nodes (NC = 20; Table 2-1). Here, a spirochaete bacterium
(OTU1473) has the highest degree of links indicating a potential role as organizer along the
whole development of N. vectensis (Suppl. Table 1 and Figure 2-1). Interestingly, when
analysing the different developmental phases separately, the structure of the interactions
(Figure 2-2) and the degree of the nodes (Suppl. Table 1) vary during animal development.
Thus, the set of nodes with the highest degrees (i.e., OTUs with the higher number of direct
links in the co-occurrence network; Table 2-1) is also modified, which reflects how the
importance of the various phylogenetic groups changes through development. At the
larval stage, the strongest correlations are mainly found between Actinobacteria,
Bacteroidetes, Lentisphaerae, and Alphaproteobacteria (Figure 2-2A), but these links

change during the onset of development. During the juvenile stage, Gammaproteobacteria
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become greatly important, interacting mainly with Alphaproteobacteria and Bacteroidetes
(Figure 2-2B). However, at the adult stage, almost all interactions are between
Alphaproteobacteria, Bacteroidetes, and an unknown taxon (Figure 2-2C). While at the
larval stage, the bacterium with the highest degree belongs to Actinobacteria (OTU1903),
at the juvenile stage, it is replaced by a Gammaproteobacterium (OTU1643). At the adult
stage, three different bacteria are the most connected: one bacterium from the
Bacteroidetes (OTU1948), one from the Alphaproteobacteria (OTU1601), and one
unknown bacterium (OTU1256; Suppl. Table 1). Interestingly, the network constructed
from the bacterial data of juvenile animals shows the highest number of links (L = 56; Table
2-1). This suggests that in this developmental phase of the animal, the bacteria—bacteria
interactions may be of greater importance for shaping the bacterial community

composition than during the two other developmental phases.

2.1.2 Experimental Testing of Predicted Bacteria—Bacteria Interactions

In order to test the role of predicted bacteria—bacteria interactions in the assemblage of
the juvenile microbiota in vivo, five bacterial strains were selected for recolonization
experiments. The bacterial isolates representing OTU194 (Ruegeria sp.) and OTU1209
(Vibrio sp.) are characterized by mainly negative correlations and therefore may act as
competitive bacteria. Both isolates belong to the group of most abundant colonizers in
juvenile polyps (Figure 2-2, Figure 2-3), while in the bacterial community of larvae, they
are underrepresented (Mortzfeld et al. 2016). In contrast, the isolate representing OTU670
(Acinetobacter sp.) exerts mainly positive correlations, thus seeming to be a cooperative

bacterium (Figure 2-3).
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Figure 2-3 Dominant microbial co-occurrence subnetwork in juvenile polyps. The colors inform about the taxonomic
affiliation of the nodes. The size of the nodes is proportional to the relative abundance of the OTUs (measured as log10
of median reads) in juvenile polyps. Links are significant correlations (pseudo p-value < 0.05) with absolute values above
0.5; their color allows distinguishing among negative (red) and positive (blue) interactions, while the thickness is
proportional to the strength. OTUs with representative isolates available are labeled in red.

Using these three bacterial isolates, it was tested if predicted bacteria—bacteria
interactions influence the assemblage of the juvenile microbiota in vivo. Therefore, the
experiments with antibiotic-treated juvenile polyps were conducted by recolonizing with:
(1) larval bacteria; (2) juvenile bacteria; and (3) larval bacteria mixed with single bacterial

isolates in excess (Figure 2-4).

competitive cooperative neutral control control

antibiotic treated
juvenile polyps

+ + + + +

n=5 bacteria of bacteria of bacteria of bacteria of bacteria of
larvae larvae larvae larvae juvenile
Ruegeria sp. Acinetobacter sp. Aeromonas sp.
(OTU194) (OTUBTO) (OTU1325)
or or
Vibrio sp. Pseudomonas sp.
(OTU1209) (OTU941)

Figure 2-4 Experimental setup for the recolonization experiments. For each treatment, juvenile polyps were treated with
antibiotics and then recolonized with different bacterial inocula. For recolonizations with competitive, cooperative, or
neutral bacteria, the selected OTUs were mixed with bacteria of larvae. For the two controls, antibiotic treated juveniles
were recolonized with bacteria of larvae or juveniles alone.
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Two isolates without any correlations at the juvenile stage, 0TU1325 (Aeromonas sp.) and
0OTU941 (Pseudomonas sp.), were selected as controls. The recolonization with larval
bacteria was chosen as the tested bacterial isolates are not overrepresented in this
bacterial community and this allows their overrepresentation in the recolonization
experiments. All treatments were conducted with five independent replicates, sampled at
3- and 7-day post-recolonization (dpr) and analysed by 16S rRNA gene profiling.

Juvenile polyps which were inoculated with either juvenile (bJ) or larval bacteria (bL)
showed a different community composition after 3dpr in comparison to the inocula and to
each other (Figure 2-5A, ADONIS R? = 0.95, p < 0.001). After 7 days of recolonization, both
bacterial communities shifted back in the direction of the native bacterial situation
characterizing juvenile polyps. The animals recolonized with bacteria of juveniles
resembled hereby the native situation significantly better than animals recolonized with
bacteria from larvae (Figure 2-5B). Similar results were obtained when calculating
weighted UniFrac distances instead of Bray-Curtis distances (Suppl. Figure 2). In contrast,
the recolonized animals showed no difference in their bacterial alpha-diversity, even
though they were recolonized with bacterial inocula that differed significantly in their

alpha-diversity (Figure 2-5C).
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Figure 2-5 Juvenile polyps recolonize differentially with larvae (bL) or juvenile bacteria (bJ). (A) Bacterial communities
were clustered using PCoA of the Bray—Curtis distance matrix. The percent variation explained by the principal coordinates
is indicated on the axes. bL, source bacteria of larvae; bJ, source bacteria of juvenile polyps; J+bL, bacterial community of
polyps recolonized with bL after 3dpr and 7dpr; J+bJ, bacterial community of polyps recolonized with bJ after 3dpr and
7dpr. (B) Bray—Curtis distances to bJ after 3dpr and 7dpr. (C) Estimated number (Chaol) of OTUs of the source
communities and recolonization communities. Statistical analysis was conducted using analysis of variance (ANOVA; #xp
<0.01, »*#p < 0.001).
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These results indicate that juvenile polyps can be recolonized with different source
bacterial communities, but over time they develop back to the native juvenile community
composition. However, only around 70% of the total bacterial diversity of juvenile polyps
(bJ) could be restored within 7dpr (Figure 2-5C), independently of the alpha-diversity of
the bacterial inoculum.

Before testing the effect of bacterial isolates on the composition assemblage in juvenile
polyps, it was first checked if the overrepresented bacterial isolates are able to colonize
the polyp. Over the course of the experiment, all five isolates remained overrepresented
(Suppl. Figure 3). At 3dpr, the isolates were overrepresented between 3- and 27-fold
(Suppl. Figure 3B). While both competitive bacteria (OTU194; Ruegeria sp. and OTU1209;
Vibrio sp.) showed the highest initial colonization efficiency, one of the neutral isolates
(OTU1325; Aeromonas sp.) recolonized with the lowest efficiency (Suppl. Figure 3B). At
7dpr, all bacterial isolates showed a similar overrepresentation of two to fivefold
compared to the control (Suppl. Figure 3C). Therefore, it was possible to recolonize the
juvenile polyps with an overrepresentation of bacterial isolates.

To test for the effect of bacterial isolates on bacterial community assemblage in juvenile
polyps, the colonization dynamics with isolates were compared to the control colonization
without isolates. At 3dpr, the community composition was significantly affected by the
addition of all five different isolates compared to the control (Suppl. Figure 4A).
Surprisingly all isolates, cooperative (OTU670; Acinetobacter sp.), competitive (0TU194;
Ruegeria sp. and OTU1209; Vibrio sp.), or neutral (OTU1325; Aeromonas sp. and OTU941;
Pseudomonas sp.), shifted the community composition in a similar pattern (Figure 2-6A).
Additionally, the distances between juvenile bacteria and recolonized juvenile polyps
became significantly smaller if bacterial isolates were added (Suppl. Figure 4A), indicating
a slightly better reconstitution of the original juvenile microbiota in the presence of the
isolates. Moreover, the competitive bacteria (OTU194; Ruegeria sp. and OTU1209; Vibrio
sp.) caused a significantly greater alpha-diversity compared to the control; in contrast,
cooperative and neutral isolates had no effect on the alpha-diversity of the bacterial

community (Figure 2-6B).
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Figure 2-6 Recolonization patterns in the presence of selected isolates. Bacterial communities at 3dpr (A) and 7dpr (C)
were clustered using PCoA of the Bray—Curtis distance matrix. The percent variation explained by the principal coordinates
is indicated at the axes. bL, source bacteria of larvae; bJ, source bacteria of juvenile polyps; J+bL, bacterial community of
polyps recolonized with bL after 3dpr and 7dpr; J+bJ, bacterial community of polyps recolonized with bJ after 3dpr and
7dpr; b+blL+isolates, bacterial community of polyps recolonized with bL and one of the selected isolates. Estimated
number (Chaol) of OTUs after 3dpr (B) and 7dpr (D). Statistical analysis was conducted using analysis of variance (ANOVA;
# < 0.05, *4p <0.01, n =5).

However, the effect of the isolates on the Bray—Curtis distances (Figure 2-6B and Suppl.
Figure 4B) and the alpha-diversity (Figure 2-6D) vanished after 7dpr. Therefore, all bacteria
caused only temporary shifts in the community composition and only competitive bacteria

were able to induce a significant but temporary increase in alpha-diversity.
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2.2 Bacterial recolonization experiments on host and on a neutral surface

2.2.1 Bacterial recolonization of adult Nematostella polyps is dependent on time
In order to understand the diversity of the microbial communities during development, |
tracked the reassembly of the microbiome after removal of the native microbiome and
recolonization of adult Nematostella polyps with three different bacterial inocula,
respectively. The inocula were prepared by homogenizing whole tissue of larvae (6 days
old, bl), juveniles (54 days old, b)) and adult polyps (from long-term culture, bA).
Recolonization was tracked over one month and samples were taken 2 days post

recolonization (dpr), 7 dpr, 14 dpr and 28 dpr (Figure 2-7, Figure 2-8).

larval stages (L) juveniles (]J) adults (A)

d=E
A

bL b) b

A+bL A+b] A+DbA

Lol

RNA seq and 16S RNA profiling (n=5)

Figure 2-7 Experimental design for the recolonization experiment. Bacterial inocula from the three different
developmental stages were used to recolonize gnotobiotic adult polyps. Samples for RNSA seq were taken after two
days of recolonization (dpr). Samples for 16S rRNA profiling were taken 2 dpr, 7 dpr, 14 dpr and 28 dpr. bL =bacteria of
larvae, bJ = bacteria of juveniles, bA = bacteria of adults.

As control, adult polyps with their native microbiome were kept in sterile NM and sampled
at the same time points. Additionally, samples were taken 2 dpr for analysis of the host’s

transcriptomic response upon recolonization.
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Figure 2-8 PCoA plot of the bacterial recolonization of gnotobiotic adult Nematostella polyps over the course of one
month. (A) bacterial composition of the three inocula (dark green) und after 2 days of recolonization (egg shell), after 7
dpr (orange), after 14 dpr (brown), and after 28 dpr (dark brown). Basis for the calculations was the Bray-Curtis
dissimilarity. (B) UPGMA tree of the same samples and colored with the same color code, showing the similarities between

samples.
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The analysis revealed that bacterial composition is mainly driven by time rather than by
the bacterial source (Figure 2-8, Table 2-2). After 2 days, the bacterial communities of all
three treatments shifted towards one another and continued to cluster together for the
remainder of the experiment. However, the identity of the three treatments changed over
the course of the experiment. After 2 days, the identity of the three communities from the
different inocula clustered the closest to the bacterial community specific for larval stages.
This becomes even more apparent 7 dpr. After 14 dpr however, the bacterial identities of
the three treatments approached the bacterial community specific for juvenile stages, with
28 dpr getting even more close to the juvenile identity, while also shifting towards the
adult community identity. This can also be illustrated with an UPGMA tree (Figure 2-8B)

and with the Bray-Curtis distances (Figure 2-9).
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Figure 2-9 Bray-Curtis Distances of the recolonization dynamics in comparison to (A) the larval inoculum, (B) the juvenile
inoculum and (C) the adult inoculum.
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All three treatments show the lowest Bray-Curtis distances to the larval bacterial
community 2 dpr and 7 dpr, while the lowest Bray-Curtis distance was measured to the
juvenile bacterial community 14 dpr and 28 dpr. Although there was an approaching visible
in the PCoA plots, there wasn’t a measurable decrease of the Bray-Curtis distance of the
three treatments to the adult bacterial community (Figure 2-8A, Figure 2-9C). However,
there is an indication that on beta-diversity level, the recolonization dynamics show a
succession from larval identity to juvenile identity and eventually towards adult identity.

These results don’t just hold true for the Bray-Curtis distances, but also five other metrices.
The changes in beta-diversity are significant between the three different inocula and also
between the different time points, showing an influence of time and inoculum on the
recolonization progression also with different metrices (Table 2-2). The influence of time

is however always stronger than the influence of the inoculum.

Table 2-2 Statistical analysis for the significance of the effect of inoculum and time after recolonization. Both an adonis
as well as an anosim was calculated for six different beta-diversity measures.

Parameter | Metric Adonis R2 | Adonisp  AnosimR | Anosimp

inocula Bray-Curtis 0.15902 0.001*** | 0.2363 0.001***
Jensen-Shannon 0.20891 0.001*** | 0.2576 0.001***
Divergence
Weighted Unifrac 0.13448 0.001*** | 0.1912 0.001***
Unweighted Unifrac = 0.16308 0.001*** | 0.3468 0.001***
Jaccard 0.13066 0.001*** | 0.2363 0.001***
Binary Jaccard 0.15872 0.001*** | 0.3612 0.001***

dpr Bray-Curtis 0.40159 0.001*** | 0.5814 0.001***
Jensen-Shannon 0.51878 0.001*** | 0.5831 0.001***
Divergence

Weighted Unifrac 0.42372 0.001*** | 0.6094 0.001***

Unweighted Unifrac | 0.18852 0.001*** | 0.2783 0.001***
Jaccard 0.31023 0.001*** | 0.5814 0.001***
Binary Jaccard 0.18240 0.001*** | 0.3044 0.001***
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In addition to the beta-diversity, the recolonization dynamics were also followed on alpha-
diversity level. On alpha-diversity level, a first drop during the first 7 days of recolonization
was observed, before a recovery towards the chaol measure of the adult community was

visible (Figure 2-10).
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Figure 2-10 alpha-diversity measured by Chaol over the course of the experiment. Left: alpha-diversity of the three
inocula. Right: alpha-diversity over the course of the recolonization, visually divided by inoculum.

Interestingly, the adult polyps recolonized with the larval and juvenile bacterial community
show the strongest recovery of alpha-diversity during recolonization, while adult polyps
recolonized with the adult bacterial community show the strongest drop in alpha-diversity
and the slowest recovery. After 28 days of recolonization, the alpha-diversity hasn’t even
recovered to the Chaol level of the juvenile bacterial community. Compared to Figure 2-8,
it also appears as if the polyps recolonized with the adult community moved the slowest

towards the juvenile community and ultimately the adult community. This is surprising as
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it would have been logical to assume that the adult bacteria could settle immediately on
the adult gnotobiotic animals. However, the opposite was the case — the recolonizations
with the adult bacteria show the slowest recovery and the lowest alpha- and beta-
diversity.

Next, | checked if the bacterial abundances increased on the recolonized polyps, which
could be an indication for bacterial growth. For this, | measured via qRT-PCR the proportion

of host DNA to bacterial DNA with host- and bacterial-specific primers (Figure 2-11).
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Figure 2-11 Bacterial load over the course of the recolonization process. Shown is the log10 fold change per 50ng of DNA.

Here, the amount of amplificate with the universal bacterial primers 27F-338R was normalized to host tissue with
elongation factor al primers (EF1a). The deltaCT values were normalized to the 28 dpr value of wildtype samples.

As a comparison, wildtype control animals were used, which were incubated in sterile
medium during the course of the antibiotic treatment and the recolonization process. In
comparison to the wildtype control animals, bacterial DNA was overrepresented during
the whole duration of the recolonization. However, over time the level of bacterial DNA
decreased towards the level of the wildtype controls. This indicates an adaptation of the

bacterial load on the recolonized polyps to the bacterial load in wildtype animals.
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2.2.2 Under sterile conditions, the microbiome of Nematostella changes under

starved conditions

Although it could be seen in Figure 2-8 that the bacterial communities of the three inocula

seem to approach the adult bacterial community identity, the dynamics from 14 dpr to 28

dpr could also indicate a halt in community progression. Therefore, the data were

reanalysed, this time adding the wildtype controls to the analysis. These are the animals

from the long-term culture which were kept in sterile medium during the antibiotic

treatment and the recolonization process. All animals weren’t fed during the experiment,

neither the wildtype animals nor the recolonized ones. In Figure 2-12 it is visible that the

microbiome of these wildtype animals also changed over time.
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Figure 2-12 PCoA plot of the effect of starvation on the recolonization dynamics. The wildtype control (wt_ctl) is comprised
of animals taken from the standard lab culture, but were kept in sterile medium over the course of the time of the
antibiotic treatment and the recolonization experiment. Basis for the calculations was the Bray-Curtis dissimilarity.
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The community identity of these wildtype animals scattered around the native identity of
the adult polyps, which weren’t kept unfed in sterile medium. Time seems to drive this
change as the samples move from the right to the left of Axis.1. After 28 days of
recolonization, the adults recolonized with juvenile bacteria seem to be congruent with
the wildtype animals which remained in sterile medium for the same amount of time. |
infer from that that the community identity of the recolonized animals can’t reach the
initial community identity of the adult inoculum because starvation also plays a role in the

bacterial community composition of Nematostella.

2.2.3 Bacterial colonization of a neutral surface like silicone tubes is dependent

on the inoculum

In order to disentangle the microbial recolonization effect from Nematostella’s
transcriptomic response, | challenged a neutral surface with the three inocula. For this, |
cut hollow silicone tubes with an inner diameter of 3 mm, an outer diameter of 5 mm and
a wall thickness of 1 mm into pieces of approximately 1 cm length. This should imitate a
polyp with an inner (gastrodermic) and an outer (ectodermic) surface. | sampled in shorter
time intervals during the first week as | sampled for the recolonization of Nematostella
polyps but tracked over the same time period of 28 days. The experimental setup was
otherwise equivalent to the recolonization of adult polyps (Chapter 6.2.7). For sampling, |
bisected the silicone tubes longitudinally to isolate gDNA from one half and dye the second
half with crystal violet to track biofilm formation.

As in previous results, the three inocula again clustered differentially (Figure 2-13).
However, the recolonization succession differed from the one on Nematostella polyps
observed in Figure 2-8. During recolonization of silicone tubes, the inoculum as well as the

time shows influence on the recolonization dynamics (Figure 2-13).
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Figure 2-13 PCoA plot of the recolonization of silicone tubes with inocula from three different developmental stages. For
this experiment, instead of adult gnotobiotic polyps, approximately 1cm of silicone tube was inoculated with the three

developmental-specific bacterial communities. The colonization was tracked over the course of 28 days. Basis for the
calculations was the Bray-Curtis dissimilarity.

The inocula were divided in the dimension plotted on Axis.1. The three inocula stayed
distinctly separated over the course of the 28 days of recolonization with no mixing or
approaching one another. However, the inocula isolated from adult polyps and from larvae
clustered more closely to one another while the inoculum isolated from juveniles stayed
isolated to both. The three different inocula showed the same shifts over time, where they
first move down on Axis.2 before they all moved up on the same axis. Therefore, the
dimension plotted on Axis.2 explains the effect of time on the recolonization, while the

dimension plotted on Axis.1 explains the effect of the different bacterial sources.
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Figure 2-14 Amount of biofilm on silicone tubes quantified by the intensity of crystal violet staining. The intensity was
quantified by rising the Crystal Violet off of the silicone tubes and measuring the absorbance at 550 nm. Rise in biofilm
formation between 2dpr and 28 dpr was significant in all three treatment groups (p<0.0001). Biofilm formation was just
significantly different if bL is compared to bA (p<0.05).

In addition to the 16S rRNA data, biofilm production on the silicone tubes was measured.
For this, halves of the silicone tubes were first dyed with crystal violet, before it was
washed and then diluted in ethanol. The intensity of crystal violet was then measured at
550 nm in a Tecan microplate reader (Figure 2-14).

Firstly, in all samples a biofilm formation could be observed. Therefore, bacteria seem to
be able to also settle on a transcriptional inactive surface. The crystal violet intensity and
therefore biofilm formation also rose significantly over time for all three inocula. However,
just the silicone tubes recolonized with bacteria of larvae showed a significantly higher
biofilm formation if compared to the silicone tubes recolonized with adult bacteria. So
although the three inocula showed a different timely progression on beta-diversity level,
the biofilm formation just showed a significantly different effect in regards of time, but just

a subtle difference in biofilm amount across the three inocula.
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2.2.4 Nematostella shows a strong transcriptomic response to bacterial
recolonization

In order to elucidate the host short-term response to bacterial recolonization, RNA was

sampled two days post recolonization (2 dpr). The samples of the three different

inoculated animals were compared to one another and gnotobiotic controls. In total, 4103

genes were differentially regulated in comparison to gnotobiotic animals, representing

almost 16% of the whole transcriptome with 25729 genes (Figure 2-15).
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Figure 2-15 Venn diagram of the differentially expressed genes 2 days post recolonization. To enhance the statistical
power, the three comparisons of bL, bJ and bA vs GF were pooled and separately calculated again against GF. This way,
1352 additional genes were found which are differentially regulated in all three recolonizations. Calculations were done
by Dr. Jan Taubenheim.

The response to the recolonization of the three developmental-specific inocula was highly
specific. Interestingly, the highest transcriptomic response was exhibited by the adult

polyps which were inoculated with adult bacteria with 426 genes. This is in line with the
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observations during the beta-diversity development, as the adult inoculum shows the
highest distance to the larval inoculum, but showed the biggest drop of distance upon
recolonization (Figure 2-8, Figure 2-9). Therefore, the adult inoculum undergoes the
biggest restructuring upon recolonization and also triggers the highest transcriptomic
response in the host. The polyps also respond to the adult inoculum with the upregulation
of the single TLR gene present in Nematostella (log2FC -0.41, padj < 0.05) (Brennan et al.
2017). The polyps recolonized with larval and juvenile bacteria just showed 91 and 82
differentially regulated genes, respectively. The common response of the polyps towards
recolonization with bacteria in general with 189 genes was also not as strong as the
response to recolonization with adult bacteria alone. However, with enhancement of the
statistical power, 1352 more genes were found which react to bacterial recolonization in
general, rendering this the strongest response.

Looking at the KEGG clusters of the differentially regulated genes, several clusters are

regulated (Figure 2-16).
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Figure 2-16 Regulation of KEGG clusters of differentially regulated genes upon recolonization versus the gnotobiotic
treatment. The barplots show the counts of the single KEGG clusters while the dots show the ratio between count and
cluster size with the dot size showing the amount of counts. Calculations were done by Dr. Jan Taubenheim.

Particularly high numbers of counts are exhibited by clusters belonging to cell regulation
like the regulation of the actin cytoskeleton, focal adhesion, the PI3K-Akt signaling pathway
and endocytosis. One enriched KEGG cluster not directly involved in cell regulation is
carbon metabolism. If the ratio of counts to cluster size is calculated, other clusters
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become apparent, like clusters involving the immune response like antigen processing and
presentation, or leukocyte transendothelial migration. But also here, cell regulatory
pathways like the ErbB signaling pathway protein translation are showing an upregulation.
Next, | looked more closely into single regulated genes instead of gene clusters. The 20 top
upregulated genes which react to all three bacterial inocula can be found in

Table 2-3, showing the gene ID, its log2 fold change and the p-value. If known, the Top
BLASTP hit of the ncbi database is also stated.

Table 2-3 Top 20 upregulated genes upon recolonization with bacteria, independent of the inoculum. The upregulation is
shown as the Log2 fold change (Log2FC). The p-value is smaller than 5.204e-11 for all of these 20 genes and therefore

not separately stated. Calculations were done by Dr. Jan Taubenheim.

Top GenelD Log2 fc | Top blastp hit

1 NVE6003 | 2.722 -

2 NVE1384 @ 2.617 -

3 NVE23862  2.597 -

4 NVE4826 | 2.574 Phthiocerol synthesis polyketide synthase type |
5 NVE23912 | 2.502 Sorting nexin-12

6 NVE24772 | 2.390 Phthiocerol synthesis polyketide synthase type |
7 NVE123 2.387 Stromal membrane-associated protein 2

8 NVE22726 2.377 Caskin-1

9 NVE8785 | 2.230 -

10 | NVE23583  2.216 -

11 | NVE16014  2.151 -

12 | NVE4825 | 2.134 Highly reducing polyketide synthase sdnO

13 | NVE11847 | 2.113 Carbamoyl-phosphate synthase

14 | NVE6997 | 2.108 von Willebrand factor A domain-containing protein 7
15 | NVE8298 | 2.076 Failed axon connections homolog

16 | NVE4304 | 2.039 -

17 | NVE14301 | 2.036 Chitin synthase 1

18 | NVE1302 | 2.035 -

19 | NVE17842 2.035 -

20 | NVES085 | 1.988 Hepatic leukemia factor

The Log2 fold change of the highest regulated gene is with 2.72 relatively low and therefore
shows a generally low regulation of the genes. However, considering the amount of
differentially regulated genes, the animals seem to react to the bacterial recolonization

with a weak regulation of a big variety of genes instead of with a strong regulation of just
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a few genes. Almost half of the genes could not be assigned to any known proteins and
just showed hits to hypothetical proteins or unknown proteins from other organisms if
blasted. Here, genes belonging to the clusters from Figure 2-16 is just apparent in the
regulation of NVE23912, NVE123 and NVE 22726, which are involved in intracellular
trafficking, in NVE14301, a chitin synthase involved in carbon metabolism, and in NVE6997,
which is involved in immunity. Other hits include lipid metabolism (NVE4826, NVE24772),
axonal development (NVE8298) and DNA binding (NVE8085).

2.2.5 Bacteria show a distinct recolonization success on adult polyps depending
on their abundance during specific developmental time points
During recolonization with bacterial inocula isolated from three different developmental
life stages of Nematostella, the source of the inocula did not appear to have a decisive
influence on the subsequent dynamics of recolonization. Instead, it seemed like the
bacterial had to “reset” to a starting point that resembled the larval bacterial community
before the bacterial communities of the three bacterial inocula could move towards an
adult identity. This led me to the hypothesis that bacteria specific for larval developmental
stages possess a higher potential for recolonization of a gnotobiotic animal than bacteria
specific for adult developmental stages. For this, | recolonized gnotobiotic adult polyps
with single bacterial strains that were isolated from Nematostella. | chose the bacteria for
their appearance during the recolonization experiment, regardless of their appearance
during ontogeny. If they occurred predominantly in early recolonization, they were defined
as early-appearing bacteria. If the bacteria occurred predominantly during late
recolonization, they were defined as late-appearing bacteria. Gnotobiotic polyps were
recolonized with single bacterial strains and homogenized and spread on MB plates two

days after recolonization (Figure 2-17).
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Figure 2-17 Mono-associations for early (red) and late (blue) colonizers. On the left, the CFUs for all early and all late
colonizers are pooled. On the right, The CFU counts are shown separately for each bacterial strain. Bacteria were classified
as early or late colonizers according to their appearance during early or late recolonization. Polyps were recolonized for
seven days before plating out and colonies were counted after 3 days of incubation (n=5). CFUs are shown on a log10
scale. The recolonization of early-appearing bacteria is significantly higher than the recolonization of late-appearing
bacteria (Kruskal Wallis rank sum test, chi-squared = 16.528, df = 1, p-value < 0.0001).

Polyps recolonized with bacterial isolates which appear early during development
generally show a higher bacterial load after 7 days of recolonization than polyps recolonize
with late-appearing bacteria. This generally hints towards a mechanism which facilitates
the first colonization events for early-appearing bacteria or inhibits the direct settling of
late-appearing bacteria. This mechanism could either be bacteria-bacteria-specific or it
could be bacteria-host-specific. As the late-appearing bacteria are mostly bacteria that
show a higher abundance in adult stages, it is unlikely that the adult host actively selects
against those strains. However, for both scenarios, the metabolic potential of early- and
late-appearing bacteria could shed light on the requirements of these bacteria to their

environment.
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2.3 Bacteria-Bacteria interactions during the recolonization process

2.3.1 Modelled bacterial metabolic potential is changing over the course of the

recolonization process
In order to evaluate if and how the metabolic potential of the bacteria influence the
community dynamics, potential metabolic pathways were calculated across the whole
recolonization process. For this, the relative bacterial abundance data were combined with
genomic data inferred from genomes sequenced directly from bacteria isolated from
several developmental stages of Nematostella, or from genomes found in the NCBI
database. The corresponding bacteria showed an at least 97% identity on 16S rRNA level
to bacteria occurring over the course of the recolonization time frame. A complete list of

the bacterial genomes can be found in the Appendix (Suppl. Table 2).
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Figure 2-18 Principal component analysis (PCA) of the distribution of metabolic subsystems predicted to be present in
bacterial isolates by metabolic pathway analysis. Each dot represents one bacterium. Dot size codes for the relative
abundance, dot color codes for the time point when the bacterium shows the highest relative abundance. The arrows
indicate the subsystem, which correlates the strongest with principal components. Calculations were done by Dr. Johannes
Zimmermann, Institute for Experimental Medicine, Kiel.

43



Results

The metabolic potential present in the recolonizing bacteria hereby showed a distinct
temporal pattern (Figure 2-18). During early recolonization (2-7 dpr), carbohydrate
degradation and vitamin biosynthesis are enriched, while during late recolonization (14-28
dpr) sulphite oxidation and aromatics degradation are prevalent. As Nematostella
possesses a mucus layer and a glycocalyx which are composed of a carbohydrate-rich
matrix, carbohydrate degradation was looked into more specifically as a driver of early

recolonization.

2.3.2 Chitin as a possible driver of the recolonization dynamics
Looking more closely into the potential of carbohydrate degradation during early
colonization, chitin degradation stood out as a carbohydrate that showed an enrichment

2 dpr in the recolonizations with all three inocula (Figure 2-19).
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Figure 2-19 Predicted pathway abundance of chitin degradation based on the genome data of the bacterial isolates and
their abundance over the course of the recolonization black = mean, grey = standard deviation. Calculations were done
by Dr. Johannes Zimmermann, Institute for Experimental Medicine, Kiel.

The pathway abundance of chitin degradation is enriched by 30-40% in the recolonizations

with all three inocula during early recolonization. Therefore, the model suggests that early
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colonization is driven by chitin degradation by the colonizing bacteria, independent of the
inoculum.

Because these calculations are based on the metabolic potential of the bacteria and not
their actual metabolic activity, bacterial colonizers of Nematostella were checked for their
actual chitin degradation capability. For this, tissue homogenates of adult polyps and of
larvae, and single bacterial strains isolated from Nematostella were spread on agar plates
enriched with chitin flakes. As chitin is not water-soluble, it produces murky agar plates.
Chitin degradation results in a clearing of the agar. In Figure 2-20 this clearing can be

observed for an exemplary single bacterial strain (A) and for the larval tissue homogenates

(B).

Figure 2-20 Chitin degradation of (A) a single bacterial isolate and (B) a complex tissue homogenate of Nematostella
larvae that were one week old.

Independent of if the bacterial strain was streaked out separately or if whole tissue
homogenates were plated, bacterial growth could be observed on these plates as well as
a clear halo around the colonies. This shows the bacterial ability to grow on and to digest
chitin under the given circumstances.

Several other bacterial strains isolated from different developmental stages of
Nematostella were checked for their ability to degrade chitin. Especially strains predicted
to be able to degrade chitin from their metabolic potential were checked. All tested

bacterial strains which were either predicted to degrade chitin or exhibited chitin
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degradation without prior prediction can be found in Table 2-4. A complete list of all tested

strains can be found in the Appendix (Suppl. Table 3).

Table 2-4 Chitin degradation of single bacterial isolates of Nematostella.

Genome | Cryo ID Species Predicted | Chitin early/late
ID Degrading

G21603 | NA_ 2 V. alginolyticus X late
G21623 | NA_62 V. alginolyticus X late
G21624 | NA_65 V. alginolyticus X late
G21639 | NA_29 V. alginolyticus X early
G21641  NA_33 V. alginolyticus X late
G21644 | NJ_12 V. alginolyticus X late
G21621 | NA_54 V. alginolyticus X late
G21615 | NP_8 V. alginolyticus X X late
G21600 | NA_12 Aeromonas hydrophila X adult/rare
G21616 | NA_15 Sulfitobacter sp X X late
G21653 | A_MB_4 | Ruegeria pelagia X juv/rare
G21606 | NA_7 V. pomeroyi X late
G21625 | NA_68 V. shilonii X early
G21612 | NP_3 V. diazotrophicus X late

Chitin degradation potential was exhibited by a wide variety of Vibrio alginolyticus strains,
although its potential was just predicted for a single strain. Just two other tested strains
were able to degrade chitin under the given circumstances, one Aeromonas and one
Sulfitobacter species. For other predicted bacterial strains, the chitin degradation potential
could not be verified.

In order to find candidates for an interplay between host and bacteria, which may drive
the recolonization dynamics seen when gnotobiotic animals are inoculated with the three
development-specific bacterial communities, metabolically enriched pathways in bacteria
were compared to differentially regulated genes in the host’s transcriptome.
Interestingly, one of the top 20 upregulated genes upon bacterial challenge was chitin

synthase 1 (NVE14301, Table 2-3, Figure 2-21B). Besides chitin synthase 1, Nematostella
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possesses a second chitin synthase, which didn’t show a differential regulation,

independent of inoculum (NVE8515, Figure 2-21A).

A B
0 NVE8515 P NVE14301
S 2600 - S Z
8 3 I
J 1000
g 2400 9 |
: : =
T 2200 o
7] - .
8 £ 800 f
© d [v]
2 2000 e i i
= c
1800 -
= S ==
= =
© 1600 - T 004 o
= = L
= ko
e} - @ e}
GJ -1400 T T T T T GJ T T T T T
= wt GB bL  bJ  bA = wt GB bL  bJ DA
Condition Condition

Figure 2-21 Expression of the two chitin synthases (A) NVE8515 and (B) NVE14301 in wildtype (wt), gnotobiotic (GB) and
recolonized adult polyps. While NVE8515 is not differentially expressed, NVE14301 is significantly upregulated during
recolonization in comparison to GB animals. In wildtype animals, expression is slightly elevated in comparison to GB
animals.

As the transcriptome results just show the transcription of a gene into mRNA, | next stained
the protein product of the chitin synthase, without discriminating between the two
synthases. For this, whole polyps were first fixed in paraformaldehyde (PFA), before they
were stained with a fluorescently labelled probe coupled to a chitin-binding domain (CBD),
which was gifted by the Moerschbacher group from the Westfalische Wilhelms-University
in Miinster. After staining, the whole polyps were observed under the confocal system
Fluoview 3000 from Olympus. Staining could only be observed within the tentacles,

seemingly in nematocytes (Figure 2-22A, B).
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Figure 2-22 Staining with a fluorescently labelled probe binding to chitin. (A, B) Tip of a tentacle stained with Hoechst and
a fluorescent probe specific for chitin. (C, D) Free-floating single nematosome inside of the body column stained with a
fluorescent probe specific for chitin. (A, C) under fluorescent light. Blue: Hoechst. Green: GFP coupled to a chitin-binding
domain (kind gift of the Moerschbacher group, WWU Miinster). (B, D) Same structures in bright field.

This shows that Nematostella not just possesses genes for a chitin synthase but that
Nematostella is actually capable of producing chitin. For the localization, the staining is
limited to a subset of nematocytes. The staining could just be observed in the nematocytes
located in the tentacles, but not in nematocytes in the body column or nematosomes
(Figure 2-22 C, D), probably representing spirocytes with a staining of the tubules inside of
the cyst (Zenkert et al. 2011).
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3 Discussion

3.1 Bacterial co-occurrence networks show highly dynamic bacterial

interactions

Co-occurrence networks were constructed to quantify the importance of specific bacteria
based on community-level interactions (Faust and Raes 2012). The goal was to focus on
the co-occurrence networks to infer the ecological role of the bacteria (i.e., cooperation
and competition) and identify the hubs (i.e., bacteria with many direct connections of the
same sign). The reestablishment of the whole bacterial community in the presence of
cooperative, competitive, or neutral bacteria was tested with in vivo recolonization
experiments. The bacteria with strongest predicted interactions changed the community
composition during the early recolonization steps of N. vectensis, but only the communities
inoculated with competitive bacteria exhibited a significant but temporary increase in
alpha-diversity. Our study shows that co-occurrence network inference can be used to
retrieve ecologically relevant interactions.

The network approach allows identifying the most important bacteria by their potential
role in the community rather than solely relying on their relative abundance (e.g., (Jordan
et al. 2015)). In our work, the degree of the nodes (OTUs) was used to study the direct
effects of the bacteria in the community (Scotti and Jordan 2010), under the assumption
that co-occurrence networks can be informative of ecological processes. While at large
phylogenetic levels, the abundance can still be a good descriptor of the microbial
community associated to N. vectensis (Mortzfeld et al. 2016), the most abundant OTUs are
not always those displaying the higher number of links (see Figure 2-1; Figure 2-2).
Network analysis suggested potentially important bacteria and enabled designing in vivo
experiments to test whether the predicted interactions are ecologically relevant.
Generalized Lotka—Volterra equations were previously applied to predict interactions in
microbial communities, and the validity of model results was confirmed by culture
experiments (Mounier et al. 2008). However, studies based on dynamical modelling
routinely involve only a small number of species, and the validation of network inference
(e.g., based on 16S rRNA sequencing data) with culture experiments is in its infancy (Faust

and Raes 2012). The novelty of our study stems from the ability to culture single bacterial
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isolates, representing certain OTUs, which allows experimental testing of their ecological
roles predicted by analysis of co-occurrence networks.

The microbial networks, inferred using the bacterial data from larvae, juvenile, and adult
polyps, demonstrate that bacterial interactions during host development are highly
dynamic. On the one hand, aspects determining changes in the bacterial networks might
be linked to physiological and immunological factors of the host that are remodelled during
development as shown during metamorphosis in amphibians (Faszewski et al. 2008;
Rollins-Smith 1998) and insects (Vigneron et al. 2014). Especially, effector molecules of the
innate immune system like AMPs (Séren Franzenburg et al. 2013; Login et al. 2011;
Mukherjee et al. 2014; Salzman et al. 2010) or the provision of selective nutrients by the
host (Ley, Peterson, and Gordon 2006) may directly influence the bacterial interactions. In
addition, the specific composition of complex carbohydrates on the boundary between
epithelium and environment may have a huge impact on individual bacterial fitness and
interactions between bacterial species (Kashyap et al. 2013; Pickard et al. 2014). On the
other hand, observed changes within the bacterial interactions could be explained by
successions driven by ecological bacterial interactions alone. Studying the succession of
plant colonization of new habitats was part of ecological research for a long time already,
but recently this approach also gained popularity to study successional patterns of
microbial communities (Fierer et al. 2010). It was shown that microbial community
successions in a host are accompanied by changes in the metabolic potential, adapting to
environmental changes like diet (Koenig et al. 2011), but are also predictable after
infection and recovery (David et al. 2014b). However, the changes in microbial succession
and metabolic potential also occur in the absence of a host, leaving these successions

exclusively to ecological interactions between bacteria alone (Datta et al. 2016).

3.2 The microbiome of Nematostella is stable and resilient against

overgrowth of single members
In the experiment, we show that the early recolonization dynamics depend on the initial
bacterial inoculum, but after 7dpr all recolonizations result in a similar bacterial
community composition (Figure 2-5, Figure 2-6). Three days after recolonization, the

community composition observed for all treatments (i.e., those inoculated with
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cooperative, competitive, or neutral OTUs) was significantly different from both the native
larval (bL) and the native juvenile (b)) bacteria (Figure 2-6). Nevertheless, 7dpr all
treatments resembled more the native microbiota of juveniles than the larval source used
to assemble the communities (Figure 2-5). This process was more efficient when juveniles
were recolonized with juvenile microbiota rather than with bacteria extracted from larvae.
Even when starting from different initial conditions, all recolonization treatments that
included isolates followed recolonization paths that were similar to that of native larval
bacteria. Recolonization with competitive, cooperative, or neutral bacteria always
developed toward attaining the native juvenile bacterial state, thus showing the resilience
of the system to perturbations. One explanation, why even neutral bacteria showed an
effect on the assembly of the community, could be that the neutral bacteria were chosen
based on network inference (e.g., the decision of considering strong correlations as those
with absolute values above the 0.5 threshold, or the use of the SparCC algorithm for
correlation detection). Although neutral bacteria do not present strong correlations in the
larval and juvenile networks, they still have the potential to influence the community
during initial establishment of the community or the later development of the host (Figure
2-2).

The convergence of all communities toward the native juvenile bacterial state shows that
the initial composition is crucial for the stability of the system. The tested communities in
our experiment showed resilience irrespective of the interaction strategy of the OTUs
added in excess. Although the interaction mode of overrepresented OTUs does not alter
the long-term equilibrium of the community, the competitors are the only OTUs
challenging the stability of the system. As described in the literature (Coyte et al. 2015;
Czaran, Hoekstra, and Pagie 2002), the addition of competitive OTUs significantly
increased community diversity, even though such an effect was transient.

Competitive interactions between members of the bacterial community are expected to
increase community diversity (Coyte et al. 2015; Czardn et al. 2002), spatial structure (Hyun
et al. 2008), stability (Kelsic et al. 2015), and functioning (Wei et al. 2015). After 7dpr, all
communities have transited to a more stable composition, as the number of OTUs is almost
the same among treatments (Figure 2-6) and overrepresented OTUs declined. In our
recolonization experiment, mainly the spatial structure got abrogated by the antibiotic

treatment and homogenization of the inocula. While with our experiment, we cannot
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assess the spatial structure or the functioning of the community, we can clearly see that
only competitive bacteria increase community diversity, which is predicted by ecological
theory (Coyte et al. 2015). The temporal increase in alpha-diversity could be explained by
the fact that during the initial phase, the spatial structure of the bacterial community is
not yet re-established. In this initial phase bacteria can exert contact-dependent
competition, which is particularly relevant in the treatments with overrepresented
competitive bacteria, leading those communities to higher diversity. With the
reestablishment of spatial structure, contact-dependent competition might be less
pronounced. This is often described in literature as a real-life game of “rock-paper-
scissors” (Kerr et al. 2002; Reichenbach, Mobilia, and Frey 2007), in which coexistence of
competing communities is ensured by local interaction and dispersal (van Nouhuys and
Hanski 2005).

Neither the larval nor the juvenile bacterial communities are the final state of the system.
Both are transient configurations from which the adult stable community develops (Fieth
et al. 2016; Mortzfeld et al. 2016). Although stability has been described in marine
ecosystems for microbial communities associated to various host taxa (Hester et al. 2016;
Schmitt et al. 2012), there are examples (i.e., microbiota communities of corals) that do
not present high resilience to perturbations (Pogoreutz et al. 2018; Rosenberg et al. 2009).
Previous research has shown that environmental perturbations trigger slight changes in
the composition of N. vectensis microbiota (Mortzfeld et al. 2016), but these effects were
minor compared to the ones associated to the host development. Therefore, it is possible
that the bacterial community associated to N. vectensis is able to buffer internal shifts such
as the overrepresentation of single members of the community, as was simulated with our
experiment.

Our study cannot exclude that host—bacteria interactions played a role in the succession
of the microbial community, like the innate immune system (Franzenburg et al. 2012;
Soéren Franzenburg et al. 2013), spatial restriction (Hyun et al. 2008; Welch et al. 2017), or
diet (David et al. 2014a). Therefore, further investigations are needed to understand
whether bacteria—bacteria interactions, host—bacteria interactions, or both modulate the
resilience of the bacterial community. In the same way, we cannot discard that working
with the strongest inferred correlations could mask some network properties (e.g.,

network connectivity and degree of each node) of particular relevance when choosing an
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OTU to implement an experiment. With the increasing number of isolates, exploration of
other network properties or centrality measurements might be possible, and we could
even gain the capacity to study only a few interactions at a time in a synthetic community

approach (Bodenhausen et al. 2014).

3.3 The initial recolonization steps are controlled by the host

The establishment and succession of the species-specific microbiome plays a crucial role
in early development and disturbances during these early time points are linked to
susceptibility to several diseases (Arrieta et al. 2014). In order to understand the processes
involved in the community assembly of Nematostella vectensis, a broad approach was
taken by stripping adult polyps of their microbiome and recolonizing them with bacteria
from their different developmental stages. Additionally, silicone tubes were inoculated
with the same bacteria from the different developmental stages in order to elucidate
potential host effects, and to identify priority effects and other indirect effects.

The recolonization of adult Nematostella polyps seemed to proceed independently of the
inoculum. During early recolonization (2-7 dpr), the bacterial identity of the three
treatments approached one another and resembled the identity of the larval inoculum.
After 14 dpr, the distance of three treatments increased to the larval inoculum and
approached the identity of the juvenile inoculum. After 28 dpr, the identity of the three
treatments did not quite reach the adult inoculum. However, that could be a starvation
effect, as it approached the starved adult wildtype control. Therefore, all three treatments
undergo the same bacterial succession during recolonization, which resembles the
ontogenetic colonization pattern during natural development (Figure 2-8; Figure 2-12).
Therefore, the results show that the host is interacting with the three different
microbiomes in such a way to restore an adult-specific microbiome. This is supported by
the RNAseq results, which show a differential response to all three bacterial inocula (Figure
2-15), indicating an inoculum-specific restructuring of the bacterial community towards an
adult-like community. As the highest number of genes are regulated upon challenge with
the adult community, this also indicates the highest restructuring effort of this inoculum
to reset the community to a larval one. The involvement of the host in this restructuring

of the communities is undeniable when looking at the recolonization of a neutral surface
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with the same three inocula as here all three inocula stay distinct from one another (Figure
2-13). However, there is also a variety of genes which are generally regulated upon
bacterial inoculation and probably represent genes which are generally involved in the
selection of bacterial colonizers and can therefore represent genes involved in general

host-bacteria interactions, which can be direct or indirect.

3.3.1 Direct host-microbe interactions shape the early recolonization pattern
Direct host-microbe interactions include selective pressures applied by the host upon
challenge with specific bacteria belonging to e.g. immunity or cell renewal (Rawls et al.
2006).

One of the mechanisms mediated by the host directly influencing the microbiome is the
expression of different pattern-recognition receptors (PRRs). PRRs like TLRs (Toll-like
receptors), NLRs (NOD-like receptors), CTLRs (C-type lectin receptors), PGRPs
(peptidoglycan recognition proteins), scavenger receptors and GPCRs (G protein-coupled
receptors) all can recognize microbe-associated molecular patterns (MAMPs) like flagellin,
LPS (lipopolysaccharides), peptidoglycans and other glycans, while some can even
discriminate between pathogens and commensals (Dierking and Pita 2020). In Cnidarians,
TLRs and other TIR-domain containing receptors are conserved and functionally
characterized as receptors involved in pathogen recognition (Bosch et al. 2009; Brennan et
al. 2017; Poole and Weis 2014; Williams et al. 2018). In Nematostella, a single TLR is known
and its function was verified as a receptor involved in immunity via NF-kB signal
transduction, in pathogen detection, and in development (Brennan et al. 2017). This one
TLR gene could also be found in the transcriptome data as a regulated gene upon
recolonization with the adult microbiome in comparison to the gnotobiotic control.
Another mechanism of interaction between a host and its microbiome is the production of
AMPs by the host. AMPs are often expressed on epithelial surfaces in order to enhance the
functionality of the barrier function of epithelia (Zasloff 2002). They can either be
constitutively expressed or are effector proteins of e.g. the TLR pathway (Cunliffe and
Mahida 2004)- They do not only play a role in the defence against pathogens but are also
important for the maintenance of the species-specific microbiome (Bosch 2012;

Franzenburg et al. 2013). Several Hydra species not only show a species-specific bacterial
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colonization but also a species-specific expression of AMPs stemming from the arminin
family. It was shown that arminins are involved in the selection of the species-specific
microbiome (Franzenburg et al. 2013).

Another possibility for direct host-microbe interaction lies in the modification of quorum
sensing (QS). Classically, quorum sensing is used as a mean of communication within
bacterial species to regulate processes like e.g. virulence, competence motility and biofilm
formation by sensing cell population density (Miller and Bassler 2003). However, QS can
also be used as a mean of interspecies and even interkingdom communication (Wu and
Luo 2021). Especially in the context of the gut, bacteria can use QS signals to induce host
cell apoptosis or to regulate immune mediator secretion. However, the communication
can also work the other way around, with the host producing QS signals itself, or by
interfering with the bacteria-bacteria communication by modifying QS signals (Wu and Luo
2021). In Hydra it is shown that Hydra modifies 3-oxo-homoserine lactones via an
oxidoreductase, influencing the gene expression of its main bacterial colonizer Curvibacter
sp. and its colonization efficiency (Pietschke et al. 2017).

The transcriptomic response of the host towards the bacterial recolonization was observed
two days post recolonization. Besides a specific response of each inoculum of the three
different developmental stages, the host also exhibited a strong common response upon
recolonization. As the recolonization of a neutral surface does not result in an assimilation
of the three inocula, this underlines the importance of the direct transcriptomic effect of
the host during early recolonization. One explanation for this initial reset of the three
inocula during early recolonization could be a host-driven restructuring towards a
“foundation guild”, which is necessary to create the adult-specific microbiome. A guild in
macro-ecology is a functional group, which members exhibit similar functions within a
community tend to show co-abundance patterns, but the term was already applied to
microbial communities as well (Wu et al. 2021). In this recolonization experiment, this
initial guild could be selected by the host through the upregulation of chitin-related genes,
so that it can modify the habitat through chitin degradation to open the habitat for

subsequent and adult-specific bacteria.
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3.3.2 Indirect host mechanisms that shape early recolonization

The dynamics during early recolonization cannot exclusively be explained by direct host-
microbe interactions. This is indicated by the mono-association experiments, which show
a higher success of colonization for early-appearing bacteria than late-appearing bacteria,
although late-appearing bacteria are more abundant in adult polyps and therefore should
be specialized in colonizing adult polyps. As Nematostella probably does not actively select
against adult-specific bacteria during early recolonization, another indirect host-microbe
mechanism seems likely. Indirect host-microbe interactions can be very diverse and
therefore hard to identify.

Firstly, the interaction can be in the form that the bacteria are selecting their habitat by
selecting for the substrate provided by the host. In a study with marine bacteria and chitin
beads it was shown that bacterial communities undergo rapid successions when colonizing
chitin beads (Datta et al. 2016). They divide the colonization process into three phases,
each phase is characterized by specific taxa and a specific capability. The first phase is
characterized by taxa being able to attach to chitin, the second phase by taxa that are able
to metabolize chitin and by a rapid dispersal ability, and the third phase is characterized
by an inability to metabolize chitin but an ability to metabolize other carbon sources most
likely provided by the taxa from the second phase. So here the bacterial colonization and
succession is not driven by a direct interaction but by the energy sources, e.g. carbon-rich
products like chitin, which the host provides. As Nematostella also shows an upregulation
of a chitin synthase during early recolonization and is shown to actually produce chitin, this
might be a host-microbe interaction that shapes the microbial succession during early
recolonization.

Related to this indirect interaction of providing a certain energy source, metabolic
interactions can also be a form of indirect interaction as here the interaction is mediated
by a metabolic substrate instead of being a directed interaction triggered by the presence
or absence of one of the interaction partners. One famous example of a metabolic
interaction between a host and a microbe is the aphid-Buchnera symbiotic relationship. In
this system, the plant sap-feeding lifestyle of aphids leaves them deficient of essential
amino-acids, resulting in retarded growth and sterility. They compensate this deficiency
through maintaining an endosymbiotic relationship with Buchnera sp., which they provide
with non-essential amino acids. In return, Buchnera is providing essential amino acids and
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other nutrients to the aphid (Buchner 1965; Douglas 1998). Similarly to this metabolic
interaction in insect symbiosis, the gut microbiome is tightly regulated by exhibiting a
certain metabolic microenvironment within the gut, characterized by a pH gradient,
varying speed of the lumenal flow, production if immunoglobulin A and antimicrobial
compounds, and targeted provision of certain nutrients (Walter and Ley 2011). So is the
bacterial colonization and microbiome structure in the gut controlled by e.g. the provision
of glycans or the limitation of nutrients and of electron acceptors to force anaerobic
fermentation (Koropatkin, Cameron, and Martens 2012; Reese et al. 2018; Winter, Lopez,
and Baumler 2013). Glycans can either be taken up by the host or can stem from host
mucosal secretions, which can be fermented by the microbiome to short chain fatty acids
(SCFAs) (Koropatkin et al. 2012). These SCFAs play an important role in maintaining colonic
Treg cell homeostasis and therefore inhibiting intestinal inflammation and maintaining gut
homeostasis (Litvak, Byndloss, and Baumler 2018; Smith et al. 2013).

One promising candidate for a metabolic substrate in the metaorganism Nematostella
could be represented by chitin. Complex carbohydrates are shown in microbial systems to
be the primary energy source which drives a subsequent community restructuring by
creating a specific metabolic microenvironment. In this publication of Chng et al., they
show an enrichment of metabolic pathways during microbiome recovery belonging to
carbohydrate degradation and energy metabolism, conforming to the findings of the
metabolic pathway analysis for the recolonization on Nematostella (Figure 2-18) (Chng et
al. 2020). In Nematostella’s case, chitin could function as primary carbohydrate source, as
chitin degradation pathways are enriched and the gene of one chitin synthase of
Nematostella is upregulated (Figure 2-20; Figure 2-21). Chitin could be the driving force of
a metabolic cascade that determines a succession of bacteria specialized in the
degradation of chitin metabolites as it is shown with marine bacteria and chitin beads
(Datta et al. 2016).

Nutrient limitation likewise is an important mechanism to maintain gut homeostasis as
nutrient limitations can define ecological niches which can just be occupied by specialists,
promoting competition (Pereira and Berry 2017). It is e.g. shown that mammalian hosts
limit dietary nitrogen within their guts by absorption before it can be utilized by the
bacteria, and that the limitation of dietary nitrogen for microbes is even beneficial for the

host (Holmes et al. 2017; Reese et al. 2018). For microbes, in order to coexist, it is also
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important how they are spatially distributed, as with spatial distance, they can avoid direct
competition like substrate competition or direct harm reduction (Deines, Hammerschmidt,
and Bosch 2020b). Another important factor are rare microbes which are hypothesized to
be important for the more abundant microbiome members to realize their specific niche
(Deines, Hammerschmidt, and Bosch 2020a).

The recolonization dynamics therefore could also represent a process in which the
microbial members find and occupy their specific niches, while avoiding or promoting
other members of the community. This happens without a direct influence of the host on
the microbiome, but indirectly by providing a habitat on which the microbes can settle.
The mono-association results also hint towards a mechanism, in which certain bacteria
can’t settle unless they are promoted by other bacteria as adult-specific bacteria can’t
readily settle on the adult polyp (Figure 2-17). However, there seem to be no priority
effects in Nematostella like e.g. in human birth (Sprockett, Fukami, and Relman 2018).
Priority effects come into play when the order of arrival of species influences the following
colonization patterns (Drake 1991). In humans, the delivery of a baby via C-section instead
of vaginally disrupts the transmission of maternal bacterial strains and promotes the
colonization of opportunistic pathogens (Shao et al. 2019). In Nematostella however, the
composition of the bacterial inoculum is not the crucial factor for the bacterial succession.
Instead, the bacterial inoculum is reshaped into a larval-specific microbiome during early
recolonization, before it is reshaped into an adult-specific microbiome during late
recolonization, independent of the developmental stage from which the inoculum was
isolated. This indicates that the order of arrival of bacterial species is not important but
that specific bacteria from the inocula are selected like e.g. the provision of chitin by the

host.

3.4 The bacterial succession during late recolonization is influenced by

bacteria-bacteria interactions
While the early recolonization seems to be defined by mainly direct and indirect host-
microbe interactions, the late recolonization seems to be orchestrated by bacteria-
bacteria interactions. | come to this conclusion because the recolonization experiments

with the silicone tubes which were recolonized three developmental stage-specific
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bacterial communities showed that each bacterial community underwent a distinct
recolonization pattern (Figure 2-13). However, in the recolonization experiments with
adult polyps, all three communities underwent the same recolonization pattern with an

Ill

initial “reset” and then the recapitulation of the ontogenetic colonization pattern (Figure
2-8). This initial “resetting” step seems to be controlled by the host, but the subsequent
recolonization is controlled by bacteria-bacteria interactions.

Mortzfeld et al. stated that the bacterial colonization of Nematostella is dependent on its
developmental age (Mortzfeld et al. 2016). However, as in my recolonization experiments
the bacterial communities still underwent this ontogenetic pattern without the
developmental background and in a much faster time scale (1 month in the recolonization
experiment versus 6 months during development), the conclusions Mortzfeld et al. drew
from their observations seem to be false. The colonization pattern during the development
of Nematostella is not caused by the ontogeny but is only correlative.

During recolonization on adult polyps, the bacterial communities shift from a larval to a
juvenile community identity, before it approaches the adult community without actually
reaching it (Figure 2-8). This could be due to the limited time of the experiment of one
month or because of the loss of single bacterial strains as indicated in the alpha-diversity
measure (Figure 2-10). However, looking at the wildtype controls which were sampled in
the same time frame, it shows that the beta-diversity of the wildtype controls also varies
over time and cluster closely to the 28 day post-recolonization time point of the
recolonized samples (Figure 2-12). As the experiments were conducted without feeding,
this might pose a starvation effect. As the recolonized samples and the wildtype controls
seem to linger or approach the bacterial community composition of the juvenile inoculum,
it can be hypothesized that the starvation triggers a “rejuvenation” of the microbiome. In
a study comparing the microbiome of undernourished children and the microbiome of fed
children, it was shown that malnutrition (here, undernutrition) of children is correlated
with an immature microbiome compared with their nourished counterparts (Subramanian
et al. 2014). The immature microbiome in turn causes growth impairments which can be
rescued via transplantation of the microbiome of healthy children (Blanton et al. 2016;
Roswall et al. 2021). In the context of Nematostella, this could mean that the starvation
period of one month during the experiment, the undernutrition leads to an “immature” or

juvenile microbial identity.
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In transplantation experiments in mice, the microbiome could be rejuvenated on beta-
diversity level. The transplanted microbiome could be sourced either from a young or an
old microbiome and could be transplanted by fecal microbiome transplantation into old
mice and resulted in both cases not only in a rejuvenation of the microbiome, but also in
the rejuvenation of cognitive brain functions (Boehme et al. 2021). Concluding from this it
is logical to assume that in Nematostella, also when recolonizing with an adult-like
microbiome, the microbiome appears rejuvenated.

Recently the neutral theory was applied on metaorganisms, competing with the
assumption that the metaorganism is an actively shaped symbiotic unit (Sieber et al. 2019).
Instead, the neutral theory assumes that a community can just form or develop through a
continuous cycle of immigration, births and deaths, disregarding differences between
species and their response to their environment (Sloan et al. 2006). Applying the neutral
theory on Nematostella reveals that the colonization of Nematostella deviates from full
neutrality, but showing a trend towards a higher fit to a neutral model during later life,
although statistically this is not significant (Sieber et al. 2019). This indicates a mechanism
forming the later recolonization that goes beyond simple stochastic processes like
dispersal predicted by the neutral model. This fits my results, in which | show that the
bacterial recolonization is not a stochastic process as the recolonization of silicone tubes
is distinct from the recolonization of adult polyps. During the recolonization of adult
polyps, non-neutral processes like host-bacteria interactions and bacteria-bacteria
interactions shape the succession of the bacterial community.

Although there are no studies to my knowledge where developing wildtype groups are
compared to germfree-but-recolonized counterparts, there are several longitudinal
studies showing the impact of disturbances during early or later life and how these
disturbances can influence the host (Laforest-Lapointe and Arrieta 2017). One study shows
that after disturbances like antibiotic admission, recolonization with a pair of keystone
species can facilitate the successful recovery of microbial abundance, microbial diversity
and reconstruction of the pre-antibiotic microbiome (Chng et al. 2020). Although for
Nematostella, | removed the microbiome instead of disturbing it, and recolonized with
complex microbiomes instead of with single bacterial isolates, this study can give insight in
the mechanisms behind the recolonization dynamics and the role of synergistic effects

within the microbiome.
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3.4.1 Chitin as a driving force of recolonization

As one of the most upregulated genes upon recolonization is a chitin synthase, this gene
poses a promising candidate for a mechanism which influences recolonization by providing
a substrate which can be utilized by early colonizers, and which metabolic degradation
products are essential for the establishment and maintenance of an adult-specific
microbiome.

Chitin is long known as an important substance in the marine context as an important
source of carbon and nitrogen (Souza et al. 2011). Generally, nutrients in aquatic systems
are often aggregated in form of particulate organic matter (POM), which with a particle
size of >500 um are also called marine snow (Simon et al. 2002). POM on the one hand
ensures cycling of nutrients from the water surface to the floor, but are also the place for
the formation of microenvironments (Simon et al. 1990). Marine snow creates a
microenvironment especially for microbes, which form complex communities on its
surface undergoing distinct population dynamics (Thiele et al. 2015). As marine sediments
only contain traces of chitin, it must be that chitin in marine snow is metabolized before
the snow can reach the ocean floor (Souza et al. 2011). It was shown that especially Vibrio
strains possess a complex machinery to sense and adhere to chitin oligosaccharides, which
not only influences the degradation of chitin but also induces natural competence in Vibrio
(Bassler, Gibbons, and Roseman 1989; Meibom et al. 2005; Meiborn et al. 2004). Chitin or
chitin oligomers therefore can be seen as colonization signal for Vibrio strains, which is a
mechanism that can also be utilized by eukaryotic organisms. For example, the squid
Euprymna scolopes uses chitobiose as a colonization signal to attract Vibrio fischeri to
utilize the Vibrio-produced bioluminescence for camouflage, forming a close symbiosis.
Besides playing a role as a colonization signal, chitin is also a driver of bacterial
communities, and that not only in the marine context. Chitin acts as modulator of the gut
microbiome as well, where it promotes the growth of specific bacteria and improves
metabolic syndrome in high-fat-diet-fed mice and by reversing dysbiosis by improving a
disturbed glucose metabolism (Zheng, Cheng, et al. 2018; Zheng, Yuan, et al. 2018). Chitin
also acts as a modulator of the immune responses and the physiological gut architecture

by promoting beneficial bacterial communities (Udayangani et al. 2017). Chitin therefore
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is also an important driver of the microbial community within a metaorganism. When
looking into the chitinolytic potential of host-associated communities, it is shown that the
general chitinolytic community structure is surprisingly diverse, indicating a versatile chitin
degradation potential (Raimundo et al. 2021). This study also shows an indication of chitin
cross-feeding in the host-associated microbiomes, in which some bacteria like Vibrio and
Aquimarina catabolize the polymer while other bacteria like Alphaproteobacteria species
feed on the hydrolysis products (Raimundo et al. 2021). That cross-feeding on chitin is a
possibility for microbial communities is also shown with marine bacteria and chitin beads
(Datta et al. 2016). Here, the cross-feeding involves a specific bacterial succession which is
characterized by the chitinolytic potential. In my experiments, | could verify the ability of
some native bacterial strains of Nematostella to degrade complex chitin, laying the basis
for the possibility of cross-feeding on chitin (Figure 2-20, Table 2-4). As | could not verify
chitin degradation for every bacterium predicted in the metabolic potential calculations, it
should be noted that | just tested their degradation capability of deacylated shrimp chitin
but not other chitin degradation products. Also pH and presence or absence of specific
ions could influence the chitin degradation capability of the bacterial strains. Therefore, |
can’t deny the chitin degradation potential of the predicted bacteria, they just can’t
degrade chitin under the given circumstances.

Upon recolonization of Nematostella, one of the most upregulated genes is a gene for a
chitin synthase. Calculating the metabolic potential of the microbiome of Nematostella
during recolonization, early recolonization is characterized by chitin degradation.
Therefore, it stands to reason that chitin is a driver of early recolonization in Nematostella,
causing cross-feeding events and an accompanying succession in the microbiome, before
a balance between production and degradation is achieved in form the adult-specific
microbiome. Chitin is mainly expressed in the spirocysts of Nematostella, which are mainly
located in the tentacles (Zenkert et al. 2011). Therefore, they probably are used for
capturing prey by wrapping around it. However, one other study could localize three chitin
synthase genes in Nematostella, which are differentially expressed during development
and within the body, one of which is mostly expressed in spirocysts (Vandepas 2018).
However, chitin seemed to be present all along the body column both in ecto- and
endodermal tissue, providing a perfect basis for the colonization by chitin-degrading

bacteria and forming niches for cross-feeding and co-habitating bacteria.
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4 Conclusion

To conclude, | identified several potential mechanisms which are influencing the bacterial
community assembly and succession during recolonization. Generally, there seem to be
two successional driving forces. Early recolonization is mainly driven by host-bacteria
interactions, while late recolonization is dominated by bacteria-bacteria interactions

(Figure 4-1).

Ontogeny 1 week 4 weeks 8 weeks 12+ weeks >
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Host-bacteria interactions

chitin synthesis
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cell regulation

;
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maintenance

competition
7. . L ) metabolic dependencies
Bacteria-bacteria interactions

Figure 4-1 Comparison of the bacterial succession during ontogeny and during recolonization. Larvae possess a
microbiome which is distinct from its parents. Over the next few weeks, it develops into a juvenile polyp, which is
accompanied by a succession of the microbiome. Upon reaching adulthood, the microbiome changes into an adult-specific
form which is maintained through life if no disturbances occur. Upon recolonization of an adult polyp that was stripped
of its microbiome with the three development-specific bacterial communities, all three communities get reshaped into a
larval-like community (2 dpr). These changes are mediated by host-bacteria interactions like the provision of chitin by the
host, the host’s immune system and its cell cycle. Subsequently, the larval-like microbiome changes into a juvenile-like
microbiome before it approaches the adult-like microbiome (28 dpr). During later recolonization, bacteria-bacteria
interactions replace host-bacteria interactions as the driving force of the succession. Especially metabolic dependencies
within the bacterial community and competition drive the succession towards an adult community and its maintenance.
Starvation is a host-dependent mechanism which can rejuvenate the adult microbiome. Image created in BioRender.
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In order to come to this conclusion, | identified bacteria involved in positive, neutral, or
negative bacteria-bacteria interactions within the community and tested their ability to
influence the whole bacterial community. Surprisingly, the competitive bacteria were able
to shortly elevate the alpha-diversity, but the community proved resilient enough to
counteract this short-term effect. | also tracked the recolonization pattern of gnotobiotic
polyps with the bacterial communities of three different developmental stages of
Nematostella. Additionally, | measured the host’s transcriptomic response to the
recolonization and calculated the metabolic potential during recolonization. The bacterial
succession during recolonization was very similar for all three communities of the three
developmental stages. During early recolonization all three communities resembled a
larval-specific microbiome. The community quickly shifted towards a juvenile-specific
microbiome before it approached an adult-like community again. The shift towards an
adult-like community during late recolonization underlines again the resilience of the
community against changes, even if the source community had a drastically different
composition than the adult microbiome. As soon as the resilient state of the adult
microbiome is reached, also starvation can only minorly influence the microbiome by
shifting it towards a juvenile-like community.

Recolonization of silicone tubes and polyps with the three development-specific
communities show different succession patterns. On silicone tubes the three distinct
bacterial communities stayed separated and did not approach a similar state, while the
early recolonization polyps showed an approximating of the three different communities
to the larval-like state. This points towards a host-controlled response controlling the initial
colonizers. This point is underlines by looking at the transcriptomic response during early
recolonization: The host shows a strong common response to all three bacterial
communities involving the immune system and cell cycle control. Additionally, it shows the
strongest response to its own native microbiome. This is also the developmental stage
microbiome, which is restructured the most during recolonization in order to resemble the
larval-like community. Therefore, | hypothesized that the host actively controls this initial
step of selecting the bacterial species which act as foundation species. The subsequent
restructuring into an adult-like microbiome however is controlled by the microbiome via

e.g. metabolic dependencies. This hypothesis is supported by the mono-association
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experiments and the metabolic potential calculations. The mono-associations show that
bacteria specific for the adult developmental stage can’t recolonize adult polyps as
efficiently as early-appearing bacteria, although they are most abundant in adults. The
metabolic potential calculations showed a variety and a succession of metabolic
dependencies during recolonization, being a promising candidate for the explanation of
this curious recolonization pattern of adult-specific bacteria on adult polyps. With a chitin
synthase being upregulated in the host and chitin degradation being enriched in the
microbiome during early recolonization, chitin makes a promising candidate for the
community succession. Host-produced chitin could pose as a substrate for early-appearing
bacteria, while chitin degradation products could act as substrate for late-appearing
bacteria.

Summing up, chitin is a well-known molecule involved in immune barrier function and in
bacterial signalling, and therefore, it is a promising candidate to research bacterial
interactions (Nakashima et al. 2018; Raimundo et al. 2021). Further analyses will reveal the
exact role and precise localization of chitin in Nematostella, as well as its role and of its
metabolites as a host-controlled mechanism in (re)colonization.

Additionally, as microbiomes are very complex to analyse, minimal microbiomes are a
promising reductionist tool to understand bacterial interactions in a microbiome (Clavel,
Lagkouvardos, and Stecher 2017; Shetty et al. 2022). Recolonization with bacterial pairs in
di-association and with a minimal microbiome will further clarify bacteria-bacteria

interactions and their implications in bacterial assembly.

65



Material

5 Material

5.1 Organisms

Investigated organism

Prey organism
Electro-competent bacteria
Nematostella-associated bacteria

5.2 Chemicals

Acetic Acid

Agar-Agar

Agarose

Ammonium chloride (NH4Cl)
Ampicillin
Beta-Mercaptoethanol
Bovine Serum Albumine (BSA)
Chitin

Crystal Violet
Dimethylsolfoxid (DMSO)
Disodium phosphate (Na;HPO4)
DNA Loading Dye (6x)
dNTPs (10mM)

EDTA

Ethanol

Glucose

Glycerol

HCI (37%)

Hoechst

Isopropanol

L-Cysteine

Magnesium chloride (MgCl2)
Magnesium sulfate (MgS04)
Marine bouillon

Monopotassium phosphate (KH2POa4)

Mowiol

Neomycin sulfate
Paraformaldehyde
Potassium chloride (KCl)
R2A Agar

R2A Broth

Rifampicin

Sea salt (Red Sea Salt)

Nematostella vectensis
Artemia salina
E.coli

A-MB-5, A-LB-1, P-R2A-1,

JB_053_A2-LB-5, NA_68, NJ_1,

A-LB-4,
NP_16,

NP_22, NA_11, NA_74, NA_15, NA_29,

NJ_43, NP_26

Roth

Roth

Roth

Roth
Sigma, Roth
Roth

Roth

Roth

Sigma

Roth, VWR
Roth
Promega
Thermo Fisher Scientific
Sigma

Roth

Merck

Roth

Merck
Thermo Fisher Scientific
Roth

Roth

Merck
Merck

Roth

Roth

Roth

Roth

Roth
Chemsolute
Roth
Neogen
Roth, Duchefa
Red Sea
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Sodium chloride (NaCl)
Sodium hydroxide (NaOH)
Spectinomycin
Streptomycin sulfate

Tris base

Tris HCI

Triton X-100

Tryptone

Yeast extract

5.3 Maedia and buffers

Artemia Medium
LB Medium

LB plates
MB Medium

MB Plates
mPBS buffer

Nematostella Medium
R2A Medium

R2A plates

TAE Buffer (50x)

5.4 Kits

DNeasy Blood & Tissue Kit
Qubit RNA BR Assay Kit
RNeasy Plant Kit

5.5 Enzymes

DNase
GoTaq® DNA Polymerase
Proteinase K

Phusion® Hot Start || DNA Polymerase

5.6 DNA size ladders

GeneRuler™ DNA Ladder Mix

Roth
AppliChem
Roth, TCI
Roth, J+K
Roth

Roth

Roth
Roth

31.8 g sea salt. ad 1 L Millipore H,0

10 g NaCl, 10 g tryptone, 5 g yeast extract,
ad 1L Millipore H;0

1L LB Medium, 15 g Agar Agar

40.1 g Marine bouillon, ad 1 L Millipore
H.O

1 L Marine bouillon Medium, 15 g Agar-
Agar

26.3gNaCl, 0,2 gKCL, 1,42 g Na;HPO4, 0,27
g KH2PO4, ad 1 L Millipore H;0 [pH 7.4]
18.4 g sea salt, ad 1 L Millipore H,0

3.1 g R2A Broth, ad 1 L Millipore H.0O

18.1 g R2A Agar, ad 1 L Millipore H.0

242 g Tris base, 57.1 mL acetic acid, 100 mL
0.5 M EDTA, ad. 1 L Millipore H20 [pH 8.0]

Qiagen
Thermo Fisher Scientific
Qiagen

Qiagen

Promega

Qiagen

Thermo Scientific

Thermo Scientific
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5.7 Oligonucleotides

Name
1492R

Sequence (5’ -> 3’)
GGHTACCTTGTTACGACTT

Tm[°C]
53.1

Nv_EFla 942 F
Nv_EFla 1222 R
27F

338R

5.8 Devices

5.8.1 Centrifuges

Centrifuge 5415 D
Centrifuge 5417 R
Centrifuge 5420
Centrifuge 5425 R

Z 366 K

Mini Spin

Multifuge 3 S-R
Multi-Spin MSC-6000

5.8.2 Fluorometer

NanoDrop® ND-1000
Implen NP90

5.8.3 Gel electrophoresis chambers

Separation system B1A
Separation system B2
Separation system D3

5.8.4 Incubators/shakers

Certomat Incubator

HIS25 (Mini Shaking Incubator)

KS10 (Rotation Shaker)

New Brunswick Innova 42
REAX 2000 (Vortex Shaker)

Thermomixer compact
ThermoStat plus

GTAGGCCGTGTTGAGACTG 58.8
CACGCTTGATATCCTTCACAG 58.8
AGAGTTTGATCCTGGCTCAG  57.3
TGCTGCCTCCCGTAGGAGT 61.0

Eppendorf
Eppendorf
Eppendorf
Eppendorf

Hermle

Eppendorf

Heraeus Instruments
Kisker Biotech

Thermo Scientific
Implen

Owl Separation Systems
Owl Separation Systems
peglab

B. Braun

Grant Boekel
Edmund Bihler
Eppendorf
Heidolph
Eppendorf
Eppendorf
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5.8.5 Microscopy

MS 5 Binocular
SZX 16 Binocular
Fluoview FV3000

5.8.6 PCR thermocyclers

peqStar 2x

Primus 25

Primus 96 advanced
Primus plus
QuantStudio 3
Real-Time Cycler 7300
SimpliAmp

5.8.7 UV and blue/green LED devices

FAS-Digi PRO
Gel-Doc™ XR+
UV-table Chroma 43
UV-Stratalinker® 1800

5.8.8 Other devices

1205 MP Weighing scale
Accumet AE150

ECDO1E (Climate Chamber)
Electrophoresis Power Supply Consort EL
231

Kern 770 Weighing scale
LaminAir® HB 2448 Clean bench
Microplate reader Tecan 10M
Milli-Q Academic System
MSC-Advantage

Omni THQ Homogenizer

PCB Weighing Scale

pH 211 pH-Meter

Qubit Fluoremeter

SBA 33 Weighing Scale

Scanlaf Mars

Leica
Olympus
Olympus

peglab
MWG-Biotech
peglab
MWG-Biotech
Applied Biosystems
Applied Biosystems
Applied Biosystems

Nippon
Bio-Rad
Vetter GmbH
Stratagene

Sartorius

Fisher Scientific
Snijders Scientific
peglab

Kern

Heraeus instruments
Tecan

Millipore

Thermo Fisher

Omni International
Kern

Hanna Instruments
Thermo Fisher Scientific
Scaltec

Labogene
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5.9 URLs

BioRender

Compagen

DOE Joint Genome Institute
Marine Biological Association

NCBI
SMART
UniProt

5.10 Software

BioEdit 7.2.5

DNAMAN 4.15

FigTree 1.4.4

Imagel 1.52

Inkscape 0.92

Oracle VM Virtual Box 6.0
R3.5

R4

QIIME 1.9

QIIME 2

https://biorender.com/
http://www.compagen.org/
http://www.jgi.doe.gov/
https://www.marlin.ac.uk/species/detail/
1136

http://www.ncbi.nlm.nih.gov/
http://smart.embl-heidelberg.de/
http://www.uniprot.org/

QuantStudio Design & Analysis Software v1.5.1
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6 Methods

6.1 Cultivation

6.1.1 Cultivation of Nematostella

All cultures were F1 offspring of the laboratory culture of CH2XCH6 individuals collected
from the Rhode River in Maryland, USA (Hand and Uhlinger 1992; Miller et al. 2007). All
cultures were kept under constant, artificial conditions in absence of substrate and light at
18°C. The cultures were kept in artificial sea water with a salinity of 16 %o created with Red
Sea Salt® and Millipore water or distilled water. Animals were fed at least twice a week
with freshly hatched Artemia salina nauplii larvae and washed once a week to remove
biofilm and accumulated waste.

To create offspring, male and female cultures were kept in separated culture dishes and
induced with a shift of temperature to 25°C and exposure to light for 10 hours. Freshly
spawned eggs were fertilized with freshly spawned sperm. If necessary, egg packages were
dissolved with a 4% L-cysteine solution (pH 7.4) in NM for 20 minutes on an orbital shaker.
The dejellied eggs were washed several times with fresh NM to remove any residual L-
cysteine. Development of eggs occurred at 18°C. Primary polyps were fed with
homogenized Artemia salina nauplii larvae until they were big enough to feed on whole
Artemia larvae (after around 5 weeks of development). If fed with homogenized Artemia

larvae, cultures were washed the next day to avoid rotting events.

6.1.2 Cultivation of Nematostella-associated bacteria

Bacteria were isolated from different developmental life stages of Nematostella by
homogenizing the polyps or larvae and spreading them on agar plates prepared with LB-
medium, MB-medium, R2A-medium or counting agar. After incubation at 4°C, 18°C or
37°C, bacteria were picked, sequenced and a cryostock or glycerol stock (25%) was
prepared. Bacteria were spread on the respective plates to revitalize them and single
colonies were used for liquid cultures. Bacteria were always tested for their ability to grow
on MB before experiments. If not stated otherwise, all bacteria used in this thesis were
grown on MB at 18°C for experiments. OTU1325 (Aeromonas sp.) and OTU941
(Pseudomonas sp.) were grown in LB medium, and OTU670 (Acinetobacter sp.) in R2A

medium.
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6.2 Standard laboratory methods

6.2.1 Polymerase Chain Reaction

With a Polymerase Chain Reaction (PCR), specific DNA fragments can be amplified with
sequence-specific primers and subsequently visualized with an agarose gel or sequenced
with e.g. Sanger Sequencing.

PCR was used as sterility check after antibiotic treatment of Nematostella polyps. For that,
gDNA was extracted (see Chapter 6.2.5 and 756.2.6) and used as template for a PCR with

the 16S rRNA-specific primers 27F/338R. Following PCR program was used:

Table 6-1 Program for a PCR sterility check after antibiotic treatment.

Step Temperature [°C] Time [min]
Initial denaturation 95 3
Amplification (30x)

Denaturation 95 0.5
Annealing 55 0.5
Elongation 72 0.5

Final elongation 72 5

If bacterial identity should be confirmed, gDNA was extracted from pure bacteria cultures
and a PCR with the 16S rRNA-specific primers 27F/1492R was performed with the same
program as in Table 6-1 but with an elongation time of 1.5 minutes and with 35
amplification cycles.

PCR was also used as colony check after ligation and transformation (see Chapter Error! R
eference source not found. and Error! Reference source not found.). For this kind of PCR,
the success of the ligation is assessed by checking the correct size of the bands of the
desired insert. For this PCR, the plasmid-specific primers (for pGEM™-T they are called

Sp6/T7) are used and following protocol is run:

72



Methods

Table 6-2 Program for a PCR colony check after ligation and transformation. Elongation time depends on the expected
size of the insert. For the Taq polymerase, elongation is calculated with 1 min/1kbp.

Step Temperature [°C]  Time [min]
Initial denaturation 95 3
Amplification (35x)

Denaturation 95 0.5
Annealing 55 0.5
Elongation 72 depends
Final elongation 72 5

The elongation time depends on the expected size of the insert. If the Taq polymerase is

used, elongation time is calculated with one minute for every 1000 base pairs (bp).

6.2.2 Quantitative Real Time PCR (qRT PCR)

With a quantitative Real Time PCR (qRT PCR) the expression of genes can be relatively
guantified. This is achieved by measuring the fluorescence intensity of a fluorescent dye
that intercalates into double-stranded DNA. The fluorescence intensity increases with the
amount of PCR product. Here, gRT PCR was used to check the proportion of bacterial DNA
to Nematostella DNA during recolonization. The gene targeted for bacterial DNA was the
16S rRNA gene, while the gene targeted for Nematostella DNA was elongation factor
lalpha (EFlalpha). The expression level was calculated with the comparative AACT method
(Schefe et al. n.d.). For gRT-PCR, the GoTaq gPCR Master Mix (Promega) in MicroAmp® 0.2
mL optical strips (Applied Biosystems) and a QuantStudio 3 gPCR system (Applied
Biosystems) was used according to the manufacturer’s protocol with the following running

protocol:

Table 6-3 Program for a qRT-PCR targeting EF1a of Nematostella and the V1/V2 region of bacteria. Data was collected
during the third step pf stage 2.

Stage Temperature [°C] Time
1 95 2 min
2 (40x) 95 15 sec
95 30 sec
60 30 sec
3 95 15 sec
60 30 sec
95 15 sec
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6.2.3 Agarose gel electrophoresis

In order to separate DNA or RNA bands after e.g. PCR, an agarose gel electrophoresis was
conducted. For this, agarose in a concentration of 1% was prepared in TAE buffer by boiling
it until dissolved. Dying of bands was done by either adding peqGreen or Midori Xtra into
the agarose solution before casting the gel. Bands were visualized with either UV light or
by a blue/green LED Transilluminator (Nippon). To estimate size, the marker GeneRuler™

DNA Ladder Mix (Thermo Fisher) was applied on the gel together with the samples.

6.2.4 Total RNA extraction

Total RNA was extracted from whole adult polyps with the RNeasy Plant Mini Kit (Qiagen).
For this, whole animals were sampled and immediately frozen in liquid nitrogen. Animals
were either stored at -80°C until RNA isolation or directly processed. For this, frozen
animals were transferred into a mortar on ice filled with a few mL of liquid nitrogen. With
a precooled pestle, animals were pulverized. The pulverized animal was transferred into a
15 mL falcon with perforated lid to allow evaporation of liquid nitrogen. As soon as all
nitrogen was evaporated but the pulverized animal was not thawed, 450 uL buffer RLT
with 5 plL beta-mercaptoethanol was added to the falcon. Afterwards, the lysated tissue
was added to the QlAshredder spin column and further extraction occurred according to
the manufacturer’s protocol with an on-column DNase digest with DNase | from Qiagen.
RNA was eluted into 30 uL RNase-free water, reapplied to the column and eluted once
more. RNA concentration was measured with a Nanodrop ND-1000. RNA was stored at -

80°C until further processing.

6.2.5 gDNA extraction

Genomic DNA (gDNA) was isolated from whole larvae, polyps or from bacterial cultures for
checking the sterility, 16S rRNA sequencing or Sanger sequencing. For this, whole polyps
were homogenized with an immersion blender and centrifuged at 4°C and 20.000 xg for
20 minutes. The supernatant was discarded and the pellet either directly processed or
stored at -20°C until extraction. Larvae or bacterial pellets don’t need homogenization

before freezing or extraction. Extraction occurred with the DNeasy Blood & Tissue Kit
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(Qiagen) according to the manufacturer’s protocol for extraction from animal tissue. gDNA

was eluted in 50 L buffer AE and frozen at -20°C until use.

6.2.6 Setup for sterile Nematostella

In order to obtain sterile adult Nematostella polyps, the protocol for sterile Hydra polyps
was adapted (Franzenburg et al. 2012). Polyps were incubated in a cocktail of five different
antibiotics in NM for two or four weeks before they were let to recover in sterile medium
for three days. The cocktail of antibiotics consists of ampicillin, neomycin, spectinomycin,
streptomycin and rifampicin in a final concentration of 50 pg/mL each. Animals were either
pooled in a 50 mL volume at 10-12 animals each for antibiotic treatment, or pooled in a
12-well plate with 4 mL volume with 2 animals each. The antibiotic medium was exchanged
either every two days (50 mL volume) or every day (12-well plate). The vessel was
exchanged every second day. Animals were starved during antibiotic treatment. After two
weeks of treatment, animals were checked for their sterility. For this, at least one polyp
per vessel was homogenized and half of the animal was spread on MB plates to control for
bacterial growth, while gDNA was extracted from the other half (see Chapter 6.2.5). The
extracted gDNA was used as template for a PCR with the 16S rRNA primers 27F/338 to
check for an amplicon for bacterial DNA (see Chapter 6.2.1). Before animals were used for
experiments, they were incubated in sterile, antibiotic-free NM for 3-4 days to flush out

residual antibiotics in the body column.

6.2.7 Recolonization of juvenile polyps with complex microbiome
complemented with single strains
The bacterial load of larvae and juveniles was estimated by colony forming units (CFUs) of
larvae and juveniles. Larvae (6 days old) and juveniles (8—10 tentacle stages) were
homogenized and spread on MB plates. The plates were incubated at 18°C for 3 days
before counting colonies. One smashed larva resulted in ~200 colonies grown on MB
plates and one smashed juvenile spread on an MB plate yielded ~2,000 colonies. To ensure
successful recolonization, the polyps were exposed to double the amount of their native
microbiota (e.g., ~4,000 colonies per juvenile). The bacterial isolates were grown to an

0D600 of 0.2, spread out on MB plates, and counted in order to calculate the cell number.
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Prior to recolonization, the juvenile polyps were treated with antibiotics for 4 weeks and
remained in sterile antibiotic-free medium for 4 days before recolonization. The animals
were starved during the whole experiment. For each recolonization treatment and
replicate, 10 juvenile polyps were put into a 2 mL Eppendorf tube and filled up with 2 mL
of one of the following solutions: (1) native larval bacteria; (2) native juvenile bacteria; or
(3) a mix of native larval bacteria and one single bacterial isolate in overrepresentation.
Complex bacterial mixtures were obtained by smashing whole larvae or juvenile polyps in
sterile NM. The homogenates were centrifuged and the pellet washed twice in sterile NM.
Samples were collected for the three types of treatments at two time points. Five
replicates per treatment and time point were used and each replicate consisted of five
pooled animals.

The juveniles were recolonized with a mix of native larval bacteria together with single
isolates with the aim of adding the single isolates in a 1:3 ratio of larval bacteria to single
isolates. By sequencing the 16S rRNA genes of inocula, we estimated the
overrepresentation of all isolates. Although it was not possible to obtain any mix of larval
bacteria and bacterial isolates with the 1:3 target ratio, the five selected OTUs were still
overrepresented at the start of each treatment, i.e., at least 10-fold their initial abundance
in the control. The fold change of each isolate was estimated by comparing the sequencing

reads of control (bL) to treatment.

6.2.8 Recolonization with complex microbiome

For recolonization with a complex microbiome, a protocol for conventionalized
recolonized Hydra polyps was adapted (Fraune et al. 2015). Animals were sampled at 2
dpr, 7 dpr, 14 dpr and 28 dpr and therefore four gnotobiotic polyps per treatment were
pooled into one 50 mL vessels. The complex microbiomes were prepared from whole-body
tissues of larvae, juvenile polyps and adult polyps, respectively. For this, one adult sterile
polyp was recolonized with one whole homogenized adult polyp from the long-term
cultures. For recolonization with a juvenile and larval microbiome, approximately 0.1 mL
of juvenile polyps or larvae were homogenized per four polyps and replicate. Larvae were
6 days old, juvenile polyps were 54 days old. The experiment was conducted in five

independent replicates. Recolonization was allowed for 24 hours, before the medium was

76



Methods

exchanged in order to remove tissue debris and non-associated bacteria. Another 24 hours
later, the first time point, 2 dpr, was collected. For this, one polyp per vessel was removed
and washed three times with sterile NM. For gDNA extraction, the animal was
homogenized with an immersion blender and 1/50 was spread on MB plates. The rest was
pelleted at 4°C and 20.000 xg for 20 minutes and frozen until extraction. For total RNA
extraction, whole polyps were frozen in liquid nitrogen and stored at -80°C until extraction.
Due to problems with the RNA extraction, the experiment needed to be repeated for
sampling for RNA extraction.

If silicone tubes instead of living Nematostella polyps were to be recolonized, hollow
silicone tubes with an inner diameter of 3 mm and outer diameter of 5 mm and a wall
thickness of 1 mm were cut into approximately 1 cm length. Samples were taken 2, 4, 7,
14, 21 and 28 dpr. The experimental setup was otherwise equivalent to the recolonization
of adult polyps For sampling, | bisected the silicone tubes longitudinally to isolate gDNA

from one half and dye the second half with Crystal Violet to track biofilm formation.

6.2.9 Recolonization with single bacterial strains

For recolonization with single bacterial strains, adult polyps were first treated with
antibiotic to obtain gnotobiotic polyps. Bacteria for mono-association were chosen for
their succession pattern during recolonization. Bacteria were grown in an overnight culture
before fresh medium was inoculated with the overnight culture and regrown to an OD600
of 0.1. Each polyp was recolonized with a calculated OD of 0.001 (approximately 50000
cells) of a single bacterial strain. Recolonization was performed in five independent
replicates. After 24 hours, the medium was exchanged with fresh sterile NM. After seven
days of recolonization, samples were taken and animals were washed three times,
homogenized with an immersion blender and plated on MB plates in 3 different

concentrations. Colonies were counted 3 days after plating and incubation at 18°C.

6.2.10 Analysis of biofilm formation
In order to visualize and quantify biofilm built on recolonized silicone tubes, the tube was
divided longitudinally with a sterile scalpel. One half was used for 16S rRNA sequencing

The other half was used for the analysis of biofilm formation. The tube was washed twice
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with MilliQ, before it was incubated in 1ImL of 0.1% crystal violet solution for 15 minutes.
Crystal violet was removed and tubes were washed three times with MilliQ, before tubes
were let dry over night. The next day, crystal violet was removed from the tubes with 500uL
of 95% ethonal with slight agitation for 10-15 minutes. Afterwards, the absorbance at

550nm was measured with the Tecan Spark 10M.

6.2.11 Chitin Staining

For staining, whole adult polyps first were fixed in 4% paraformaldehyde (PFA) in mPBS for
1 h at 4°C on a roller, before they were washed three times in 0.1% Triton X-100 in mPBS
for 15 minutes each at 4°C on a roller. Animals were blocked in 2% BSA in mPBS for 2 h and
again washed three times in 2% BSA and 0.1% Triton X-100 in mPBS. Animals were stained
overnight at 4°C in 5% BSA and 0.1mg/mL of a probe consisting of a chitin-binding domain
coupled to GFP. After staining, 2ug/mL of Hoechst was added and incubated for another
15 min. Animals were then washed five times in 0.1% Triton X-100 in mPBS for 10 minutes
each. Animals then were embedded in Mowiol with DABCO and slides were dried
overnight. Stained polyps were observed under the Olympus Fluoview FV3000 confocal

microscope.

6.3 Preparation for and Analysis of Microbiome Sequencing

6.3.1 Inference of Bacteria—Bacteria Co-occurrence Networks

Network links were inferred using correlation analysis among 508 OTUs representing the
relative bacterial abundance in N. vectensis (Mortzfeld et al. 2016). SparCC methodology
was chosen as the inference method because it was explicitly designed for compositional
(i.e., based on relative information) and sparse (with a small amount of non-zero values
compared to the maximum possible) data, two key features displayed by the sequencing
data used in our study (Friedman and Alm 2012). As the amount of significant correlations
(pseudo p-value < 0.05) was large, only the strongest correlations were considered for
network construction and analysis (i.e., strong correlations are those exceeding 0.5 in
absolute value).

SparCC methodology assigns a pseudo p-value to each correlation through a bootstrap

approach. The pseudo p-value represents the proportion of times a correlation from
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permutated datasets is at least as extreme as the observed “real”. To calculate the pseudo
p-values, 1,000 permutated datasets with a two-sided distribution were used.

The links in the co-occurrence networks can be either negative or positive. The value
assigned to the interactions (i.e., interaction strength) ranges between -1 and +1, and the
sign can provide proxies on the type of interaction (e.g., positive correlations can stand for
cooperative activities, while negative correlations can indicate competition (Shade et al.
2012)). The number of nodes (the size of the network, which corresponds to the total
number of OTUs; N), the number of links (the total number of significant correlations
exceeding 0.5 in absolute value; L), the number of connected nodes (the OTUs with at least
one interaction; Nc), the density [the ratio between L and the maximum number of links
that an undirected network can have: Lmax = N (N - 1)/2; D = L/Lmax], the numbers and
proportions of positive (Lp, %Lp) and negative (Ln, %Ln) links, the mean correlation values
based on total (m:), positive (mp), or negative (mn) interactions, and the number of
subnetworks (networks composed by isolated subsets of N, where the nodes of each
subnetwork show no connections outside the subset; nsu) were taken as network
descriptors. The degree (d) of the nodes was used as an indicator of centrality to identify
the most important OTUs in the network (Wasserman and Faust 1994). Thus, an OTU i was
considered to be important when it had a high degree (di is large if the node i is directly
linked to several OTUs) and most connections of the same sign (i.e., to discriminate among
cooperators or competitors). Also the mean (d) and the maximum (dmax) degrees of the

networks were calculated as global descriptors starting from single node values.

6.3.2 Genome Sequencing, Assembly and Annotation

Genomic DNA was isolated from single bacterial cultures with the Genomic DNA
Purification Kit (Promega) using the protocol for gram positive bacteria. Libraries were
prepared with the Nextera DNA Flex Kit (Illumina) and sequencing occurred on an lllumina
NextSeq 1500. Read length was 2*150bp to approximately 60-80X coverage per genome.
Genomic paired-end reads were first trimmed with TrimGalore to remove the remaining
adapter sequences and reads shorter than 75 base pairs (Krueger 2021). Cleaned reads

then were assembled into draft genomes with Spades and all-default settings (Bankevich
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et al. 2012). Finally, gene models were annotated for each draft assembly using Prokka and

its built-in reference database (Seemann 2014).

6.3.3 Metabolic pathway analysis

Because giime2 creates the abundance table according to exact sequence variants (ESVs)
and not operational taxonomic units (OTUs) on a specific identity percentage anymore, we
manually clustered the ESVs into OTUS with 97% identity with cd-hit-est with a word size
of 10 (Fu et al. 2012; W and A 2006). The output sequences were called clusters instead of
ESV or OTU.

Metabolic pathway analysis on 97% clusters was performed by Dr. Johannes Zimmermann
from the Institute for Experimental Medicine, CAU Kiel.

With metabolic pathway analysis, bacterial metabolic capacities were inferred as well as
the potential pathway abundances over time were compared. Metabolic pathways were
predicted by using gapseq (Zimmermann, Kaleta, and Waschina 2021). As input, the
assembled genomes sequenced directly from Nematostella bacterial symbionts were used,
as well as bacterial genomes published with NCBI which showed 97% identity to
Nematostella bacterial. gapseq was run with default parameters (bitscore threshold of
200) with pathway definitions derived from MetaCyc (Caspi et al. 2018). Abricate was used
to infer other bacterial traits, which were potentially relevant in host interactions and the
virulence factor database VFDB (Chen et al. 2016; Seemann 2020). For each timepoint,
bacterial source and replicate the relative bacterial abundance was calculated. With the
relative bacterial abundance data and the genomic capacities, the potential pathway
abundances were calculated. For each potential pathway the sum of relative abundances
from all bacteria were determined, which were predicted to possess the corresponding
pathway. From this, the relative cumulative pathway abundances were obtained, from

which changes in metabolic capacities could be compared over time.

6.3.4 Library prep, Sequencing method for 16S

For sequencing, the hypervariable regions V1 -V2 of the bacterial 16S rRNA gene were
amplified. The forward primer (5-AATGATACGGCGACCACCGAGATCTACAC XXXXXXXX
TATGGTAATTGT AGAGTTTGATCCTGGCTCAG-3’) contained the lllumina Adaptor p5 and the
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reverse primer (5-CAAGCAGAAGACGGCATACGAGAT XXXXXXXX AGTCAGTCAGCC
TGCTGCCTCCCGTAGGAGT-3’) contained p7. Both primers contain a unique 8 base index to
tag each PCR product, here indicated with XXXXXXXX. The PCR was performed with 100 ng
of template DNA (measured with Qubit) in a 25 pL PCR reaction. For amplification, the
Phusion Hot Start Il DNA Polymerase (Finnzymes, Espoo, Finland) was used. DNA was
diluted with certified DNA-free PCR water (JT Baker). The cycling conditions were as
followed: (98C—-30s, 30 [98C—9 s, 55C—-60s, 72C —90 s], 72C — 10 min. Products were
controlled on a 1.5% agarose gel. The concentration of the amplicons was estimated using
a Gel DocTM XRC System coupled with Image LabTM Software (BioRad, Hercules, CA,
United States). As internal standard, 3 pL of O’GeneRulerTM 100 bp Plus DNA Ladder
(Thermo Fisher Scientific, Inc., Waltham, MA, United States) was applied to the gel for band
intensity measurement. The samples of individual gels were pooled to obtain
approximately equimolar subpools, judged by band intensity and the measurement with
the Qubit dsDNA br Assay Kit (Thermo Fisher Scientific). Subpools again were mixed
equimolarly and stored at -20°C until sequencing. Sequencing itself was performed on the
Illumina MiSeq platform with v3 chemistry (Rausch et al., 2016). The raw data for the
recolonization of juveniles are deposited at the Sequence Read Archive (SRA) under the

project ID PRINA433067.

6.3.5 16S rRNA data analysis with QIIME1.9

The sequence analysis for the recolonization of juveniles was conducted using the QIIME
1.9.0 package (Caporaso et al. 2010). Paired end reads were assembled using SeqPrep.
Chimeric sequences were identified with Chimera Slayer (Haas et al. 2011). OTU picking
was performed using the pick_open_reference_otus.py protocol with at least 97% identity
per OTU and annotation was conducted with the UCLUST algorithm (RRID:SCR_011921;
(RC 2010)) against the GreenGenes database v13.8 (RRID:SCR_002830; (DeSantis et al.
2006)) implemented in QIIME. OTUs with less than 50 reads were removed from the
dataset to avoid false positive OTUs that may originate from sequencing errors (Faith et al.
2013). The number of reads was normalized to 10,000 reads for the analysis. Alpha-
diversity was calculated with the Chaol metric implemented in QIIME using ten replicates

of rarefication per sample. Beta-diversity was depicted in a PCoA by 100 jackknifed
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replicates using Bray—Curtis and weighted UniFrac metrics. For statistical analysis of

clustering the method ADONIS was used.

6.3.6 16S rRNA data analysis with QIIME2

Analysis of the 16S rRNA Sequencing was performed for recolonization of adult polyps with
QIIME2 (Bolyen et al. 2018; Caporaso et al. 2010). For this, samples were quality filtered
with DADA2 and taxonomically classified with the g2-feature-classifier plugin for giime2
with the Greengenes 13_8 97% OTU data set as reference (Bokulich et al. 2018; Callahan
et al. 2016; DeSantis et al. 2006). Downstream analysis was performed with the R package
phyloseq (McMurdie and Holmes 2013). Data were visualized with the R package ggplot2
(Wickham 2009). Statistical analysis was performed with the R package vegan (Oksanen et
al. 2020).

6.4 Preparation and Analysis of RNA Sequencing

6.4.1 Quality Assessment, Depletion of rRNA, Library prep, Sequencing method

RNA quality was assessed on a 1.5% agarose gel for RNA degradation and on with the Qubit
RNA BR (Broad-Range) Assay Kit (Thermo Fisher Scientific) for concentration and quality.
RNA libraries were constructed with the TruSeq stranded mRNA (incl. p-A enrichment)
protocol and were sequenced on a HiSeq4000 with a 2x75bp data yield and a paired-end

mode.

6.4.2 RNA data analysis with DeSeq2

RNA data analysis was performed by Dr. Jan Taubenheim. First, the RNA-sequencing reads
were trimmed for their adapters and for quality using trimmomatic in paired end mode
using the following options: ILLUMINACLIP:{adapter.fasta}:2:30:10 LEADING:3 TRAILING:3
SLIDINGWINDOW:4:20 MINLEN:36 (Bolger, Lohse, and Usadel 2014). As mapping
reference, the Vienna reference Nematostella transcriptome was used using the Bowtie2
software with default parameters (Fredman et al. 2020; Langmead and Salzberg 2012). The
resulting sam files needed to be converted to bam format, for which the samtools suite
was used (Li et al. 2009). The Salmon software package using default parameters and the

-1 ISR option was used for estimation of the read counts per transcript (Patro et al. 2017).
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Differential analysis of the count data were performed using the R package DESeq2 (Love,
Huber, and Anders 2014). Differential gene estimation was performed by first performing
a log-fold change shrinkage and then tested for difference with a Wald-p-test (betaPrior =
TRUE). Genes were considered differentially regulated if the adjusted p-value was lower

than alpha = 0.05, irregardless of fold change.
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median reads

@ Actinobacteria © Alphaproteobacteria
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Suppl. Fig. 1 Microbial co-occurrence network among OTUs during the whole development of N. vectensis. Nodes (N =
66) are the OTUs involved in at least one strong interaction during the whole development or the three developmental
stages; their color reflects taxonomic affiliation. The size of the nodes is proportional to the log10 of the median reads
(relative abundance of the OTUs) along the whole development. OTUs are arranged by taxonomy and relative abundance
(numbers refer to OTU-numbers in Mortzfeld et al., 2016). Links represent the interactions (i.e. significant co-occurrences;
pseudo p-value < 0.05) with absolute correlation values above 0.5. Red links are negative interactions, while blue links
stand for positive interactions; the thickness of the links is proportional to the strength of the interactions.
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Suppl. Fig. 2 Juvenile polyps are recolonized differentially with larvae (bL) or juvenile bacteria (bJ). (A) Bacterial
communities were clustered using PCoA of the Weighted UniFrac distance matrix. The percent variation explained by the
principal coordinates is indicated at the axes. bL — source bacteria of larvae, bJ — source bacteria of juvenile polyps, J+bL
—bacterial community of polyps recolonized with bL after 3dpr and 7dpr, J+bJ — bacterial community of polyps recolonized
with bJ after 3dpr and 7dpr. (B) Weighted UniFrac distances to bJ after 3dpr and 7dpr. Statistical analysis was conducted
using analysis of variance (ANOVA; ***p < 0.001, n = 5).
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Suppl. Fig. 3 Overrepresentation of isolates in inocula (A), 3dpr (B) and 7dpr (C) in comparison to control colonization.
Fold changes were calculated based on normalized sequencing counts of the representative OTUs (on 97% similarity).
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Suppl. Fig. 4 Bray-Curtis distances to bJ after 3dpr (A) and 7dpr (B) upon recolonization with a mixture of larval bacteria
and single bacterial isolates. Statistical analysis was conducted using analysis of variance (ANOVA; ***p < 0.001).

111



Appendix

Suppl. Table 1 Number of links in the co-occurence network of larvae, juvenile and adult polyps for all OTUs.

#OTU whole larva  juvenile adult taxon
development

1903 8 Actinobacteria

983 2 Actinobacteria

2298 4 5 1 Bacteroidetes

898 2 2 8 Bacteroidetes

219 1 Bacteroidetes

583 4 1 Bacteroidetes

1172 1 Bacteroidetes

1948 2 7 Bacteroidetes

250 6 8 Bacteroidetes

1353 4 1 Bacteroidetes

1560 3 Bacteroidetes

522 6 1 Bacteroidetes

1363 1 Bacteroidetes

1152 5 Bacteroidetes

1745 1 Bacteroidetes

1226 3 Bacteroidetes

3 2 Chlorobi

556 1 Firmicutes

1042 1 5 1 Lentisphaerae

2294 1 Planctomycetes
1727 2 Planctomycetes
2214 1 2 1 Proteobacteria-alpha
194 1 8 1 Proteobacteria-alpha
864 1 6 Proteobacteria-alpha
541 5 1 Proteobacteria-alpha
1601 1 4 7 Proteobacteria-alpha
1304 1 1 Proteobacteria-alpha
2006 2 5 Proteobacteria-alpha
1657 6 5 Proteobacteria-alpha
2271 1 Proteobacteria-alpha
1540 1 Proteobacteria-alpha
2057 8 Proteobacteria-alpha
249 1 9 Proteobacteria-alpha
1741 1 Proteobacteria-alpha
383 1 Proteobacteria-alpha
393 1 Proteobacteria-alpha
1828 4 Proteobacteria-alpha
1787 1 Proteobacteria-alpha
767 4 4 1 Proteobacteria-beta
2266 1 1 1 Proteobacteria-beta
1147 1 Proteobacteria-beta
1209 5 4 Proteobacteria-gamma
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1576 1 2 Proteobacteria-gamma
2325 1 2 Proteobacteria-gamma
1643 1 14 2 Proteobacteria-gamma
1325 1 Proteobacteria-gamma
1020 3 Proteobacteria-gamma
856 1 Proteobacteria-gamma
2149 3 Proteobacteria-gamma
1925 4 Proteobacteria-gamma
228 4 Proteobacteria-gamma
352 1 Proteobacteria-gamma
670 5 Proteobacteria-gamma
1320 1 Proteobacteria-gamma
698 4 Proteobacteria-gamma
941 3 Proteobacteria-gamma
346 1 Proteobacteria-gamma
2157 2 Proteobacteria-gamma
2280 2 Proteobacteria-gamma
692 6 Proteobacteria-gamma
612 1 2 Proteobacteria-gamma
1485 2 Proteobacteria-gamma
243 2 Proteobacteria-gamma
1473 7 1 Spirochaetes

2187 2 1 1 Unknown

1256 1 7 Unknown

Suppl. Table 2 Clusters with Genome IDs of sequenced bacterial strains of Nematostella, and NCBI database IDs for
blasted genomes (97% identity).

cluster genome assembly (NCBI) cluster genome assembly (NCBI)
isolates isolates
cluster0 G21637- cluster1824 GCF_001886735.1
S1
clusterl G21616- cluster1825 GCF_000016285.1
S1
cluster10 G21612- cluster1828 GCF_001402915.1
S1
cluster100 GCF_002893805.1 cluster1889 GCF_002237555.1
cluster1030 GCF_003076415.1 cluster2 G21638-
S1
cluster1036 GCF_900187235.1 cluster20 G21628-
S1
cluster1040 GCF_006094415.1 cluster212 GCF_000010185.1
cluster107 GCF_900474605.1 cluster23 G21630-
S1
clusterll G21609- cluster24 G21631-
S1 S1
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cluster1101
clusterll64

cluster1168
cluster1170

cluster1171
cluster1172
cluster1173
cluster1174
cluster1176
cluster1177

cluster1179
cluster1182
cluster1183

cluster1186
cluster1187
cluster1191

cluster1192
cluster120

cluster1260
cluster1265
cluster1272
cluster1305

cluster1307
cluster1309

cluster1311
cluster1313
cluster1315
cluster1316
cluster1318
cluster1323
cluster1331
cluster1472
clusterl5

cluster159
cluster1599

JB_10

G21654-
S1

G21599-
S1

GCF_008693925.1
GCF_000349845.1

GCF_006970865.1
GCF_000260985.4

GCF_001895265.1
GCF_003952785.1

GCF_900637825.1

GCF_001703595.1
GCF_002310835.1

GCF_003860605.1
GCF_002944765.1
GCF_003019815.1

GCF_003070865.1
GCF_002752675.1
GCF_003860525.1

GCF_900638245.1
GCF_000020605.1
GCF_000015305.1
GCF_000177535.2
GCF_003122385.1
GCF_002310795.1

GCF_002966495.1

GCF_003614435.1
GCF_000954115.1
GCF_001941825.1
GCF_000739375.1
GCF_002442575.1
GCF_002910775.2
GCF_000497265.2
GCF_000833295.1

GCF_002073435.2
GCF_003330885.1

cluster241
cluster25

cluster260
cluster27

cluster3

cluster30

cluster31

cluster32

cluster34

cluster35

cluster352
cluster367
cluster38

cluster388
cluster389
cluster39

cluster390
cluster392
cluster393
cluster394
cluster395
clusterd

cluster40

clusterd40

cluster444
cluster445
cluster44?7
cluster449
cluster452
cluster455
cluster456
cluster459
cluster50

cluster51
cluster551

G21632-
S1

G21646-
S1
G21629-
S1
G21597-
S1
G21626-
S1
G21636-
S1
G21625-
S1
G21617-
S1

G21619-
S1

G21618-
S1

G21635-
S1
G21606-
S1

GCF_000208405.1

GCF_001688845.2

GCF_002763715.1
GCF_000217835.1

GCF_008330165.1
GCF_002215535.1

GCF_000972725.1
GCF_902387545.1
GCF_900478415.1
GCF_003410415.1
GCF_003595625.1

GCF_001688725.2

GCF_000478255.1
GCF_002173495.1
GCF_004006295.1
GCF_003966935.1
GCF_000698885.1
GCF_001590685.1
GCF_002356415.1
GCF_900635935.1
GCF_003072625.1

GCF_002119645.1
GCF_000027165.1
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clusterl6

cluster160

cluster1605
cluster1615
clusterl621
cluster1657
cluster1660
cluster1696
cluster1697
cluster1698
cluster1699

clusterl?

cluster1700
cluster1701
cluster1703

cluster1704
cluster1715
cluster1718

clusterl719
cluster1727
clusterl734
cluster1737
cluster1738
clusterl743
cluster1745
clusterl746
cluster1747
cluster1748

clusterl749
cluster1751
cluster1753
cluster18

cluster1820
cluster1822

G21598-
S1

G21627-
S1

G21655-
S1

G21611-
S1

G21615-
S1

GCF_001689125.2
GCF_006385135.1
GCF_004564135.1
GCF_001543345.1
GCF_000013885.1
GCF_000067045.1
GCF_001678945.1
GCF_001620265.1
GCF_006740765.1
GCF_006517275.1

GCF_006351965.1
GCF_002222635.1

GCF_002850435.1
GCF_000021865.1

GCF_004328555.1
GCF_004795895.1
GCF_000013565.1
GCF_002865605.1
GCF_003711185.1
GCF_004010775.1
GCF_003285265.1
GCF_002741015.1
GCF_001889025.1
GCF_002002865.1

GCF_007998985.1
GCF_000444995.1
GCF_004354345.1

GCF_001011155.1
GCF_001676765.1

cluster608

cluster612
cluster62

cluster667
cluster668
cluster672
cluster674
cluster703
cluster708
cluster749
cluster750

cluster752

cluster753
cluster754
cluster759

cluster761
cluster764
cluster8

cluster80
cluster817
cluster87
cluster875
cluster876
cluster880
cluster887
cluster893
cluster897
cluster9

cluster90
cluster9l
cluster95
cluster958

cluster965
cluster967

G21653-
S1

G21610-
S1

G21601-
S1

GCF_900638255.1

GCF_000196315.1
GCF_003316915.1
GCF_003721455.1
GCF_900465055.1
GCF_001729525.1
GCF_003030985.1
GCF_002234495.1
GCF_900638535.1
GCF_001653935.1

GCF_000597785.2

GCF_006149185.1
GCF_007833295.1
GCF_002209245.2

GCF_002257605.1
GCF_000185965.1

GCF_003288115.1
GCF_001275345.1
GCF_006704185.1
GCF_001010505.1
GCF_004295665.1
GCF_003006155.1
GCF_001266795.1
GCF_000709495.1
GCF_003611035.1

GCF_900186885.1
GCF_000023045.1
GCF_000281195.1
GCF_003344865.1

GCF_000024225.1
GCF_001590605.1
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Suppl. Table 3 All bacterial isolates tested for their chitin degradation activity with indication if they were predicted chitin

degraders and their species level.

Genome Cryo ID

ID
G21603-
S1
G21623-
S1
G21624-
S1
G21639-
S1
G21641-
S1
G21644-
S1
G21621-
S1
G21615-
S1
G21600-
S1
G21616-
S1
G21653-
S1
G21606-
S1
G21625-
S1
G21612-
S1
G21614-
S1
G21635-
S1
G21648-
S1
G21633-
S1
G21617-
S1
G21630-
S1
G21632-
S1

NA_2
NA_62
NA_65
NA_29
NA_33
NJ_12
NA_54
NP_8
NA_12
NA_15
A_MB_4
NA_7
NA_68
NP_3
NP_5
NP_25
NP_18
NP_22
NA_85
NJ_41

NJ_43

OoTU

1209

1209

1209

1209

1209

1209

1209

1209

1135

1828

194

524

243

2325

2325

2325

2325

2325

776

1304

1486

Predicted Species

Vibrio
alginolyticus
Vibrio
alginolyticus
Vibrio
alginolyticus
Vibrio
alginolyticus
Vibrio
alginolyticus
Vibrio
alginolyticus
Vibrio
alginolyticus
Vibrio
alginolyticus
Aeromonas
hydrophila

Sulfitobacter sp

Ruegeria
pelagia

Vibrio pomeroyi

Vibrio shilonii

Vibrio

diazotrophicus

Vibrio

diazotrophicus

Vibrio

diazotrophicus

Vibrio

diazotrophicus

Vibrio

diazotrophicus
Sphingomonas

sp
Kiloniella
laminariae
Henriciella
barbarensis

Chitin
Degrading
X

x

early/late
late

late

late
early
late

late

late

late
adult/rar
e

late
juv/rare
late

early

late

late

early

early

late
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G21610-
S1
G21646-
S1

G21626-
S1
G21627-
S1
G21607-
S1
G21596-
S1
G21601-
S1

NJ_3
NP_16
JB_053_A2
-LB-5
NA_71
NA_74
NA_9

NA_44

NA_14

2324

386

941

2280

93

2214

2226

941

Roseovarius
arcticus
Shewanella
affinis
Pseudomonas
peli
Marinobacter
algicola
Hoeflea
alexandrii
Sulfitobacter sp

Microbacteriu
m koreense
Pseudomonas
peli

early
early
late
late
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