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Abstract
Symbiotic associations are widespread across all domains of life. These associations
exert essential effects on ecology, evolution and physiology of organisms. They im-
pact the natural development of ecosystems and have a decisive influence on their
ecological stability. To gain a better understanding of the driving forces of symbiotic
associations, I studied the Hydra holobiont model system, with a particular focus
on the bacterial symbiont Curvibacter. To investigate symbiosis-related traits in
Curvibacter, I compared host-associated genomes with those of free-living species.
Among the symbiont-specific genes, I identified a gene cluster linked to extracel-
lular polymeric substance production. Bioanalytical and microbiological analyses
confirmed that Curvibacter secretes sugar-containing polymers. Knockouts of two
members of this gene cluster further revealed that these genes modulate exopoly-
mer composition, bacterial growth, and recolonization efficiency in Hydra. To fur-
ther elucidate the symbiont-associated characteristics and their underlying genetic
traits, I analyzed publicly available Curvibacter transcriptomes. Integrated with the
symbiont-specific gene set, this analysis revealed that transporter proteins are con-
served in symbiotic strains and differentially regulated during host colonization. Fur-
thermore, growth experiments in defined media revealed a vitamin B12-dependent
methionine auxotrophy in Curvibacter. Notably, the bacterium proliferates in associ-
ation with Hydra without external methionine supplementation, implicating the host
as the primary source of methionine provision. Together, these findings highlight key
genetic and metabolic adaptations that enable Curvibacter to thrive in symbiosis,
particularly through polymer secretion, nutrient dependency, and host-responsive
gene regulation. To support both computational and experimental investigations,
I developed a bioinformatics tool to streamline ortholog identification within cus-
tom databases, featuring a user-friendly interface and dynamic post-processing for
in-depth sequence analysis. Complementing this, we established a high-throughput
workflow to functionally characterize endogenous Curvibacter promoters using cell
sorting and growth assays. Our pipeline facilitates the identification of novel ex-
pression systems and enables transcriptome-independent gene activity profiling. To-
gether, these tools enhance genetic analysis by streamlining ortholog comparison and
enabling efficient functional characterization of endogenous promoter sequences.
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Zusammenfassung
Symbiotische Assoziationen sind in allen Domänen des Lebens weit verbreitet. Diese
Assoziationen haben wesentliche Auswirkungen auf die Ökologie, Evolution und
Physiologie von Organismen. Sie beeinflussen die natürliche Entwicklung von Ökosys-
temen und haben einen entscheidenden Einfluss auf deren Stabilität. Um ein besseres
Verständnis der treibenden Kräfte symbiotischer Assoziationen zu erlangen, habe
ich das Holobionten-Modellsystem Hydra untersucht, mit Fokus auf den bakteriellen
Symbionten Curvibacter. Um Symbiose bezogene Merkmale in Curvibacter zu unter-
suchen, habe ich Wirt-assoziierte Genome mit denen freilebender Arten verglichen.
Unter den Wirt-assoziierten Genen identifizierte ich solche, die mit der Produk-
tion von extrazellulären Polymer-Substanzen in Verbindung stehen. Bioanalytische
und mikrobiologische Analysen bestätigten, dass Curvibacter zuckerhaltige Poly-
mere sekretiert. Gen-Deletionen zeigten weiter, dass diese Gene die Polymerzusam-
mensetzung, das Wachstum der Bakterien und die Kolonisationseffizienz in Hydra
beeinflussen. Um weitere Symbiose bezogene Merkmale zu erforschen, analysierte
ich öffentlich verfügbare Curvibacter -Transkriptome. In Kombination mit dem Wirt-
assoziierten Gen-Set ergab diese Analyse, dass Transporterproteine in symbiotischen
Stämmen konserviert sind und während der Wirt-Kolonisierung unterschiedlich reg-
uliert werden. Wachstumsexperimente in definierten Medien ergaben eine Vitamin
B12-abhängige Methionin-Auxotrophie in Curvibacter. Bemerkenswerterweise kann
Curvibacter in Assoziation mit Hydra auch ohne externen Methionin-Zusatz wach-
sen. Diese Ergebnisse heben genetische und metabolische Anpassungen hervor, die es
Curvibacter ermöglichen in Symbiose zu prosperieren, insbesondere durch die Sekre-
tion von Polymeren, Nährstoffabhängigkeit und Wirt-reaktive Genregulation. Für
die Analyse von Protein Sequenzen entwickelte ich ein Bioinformatik-Tool, welches
die Identifikation von Orthologen innerhalb benutzerdefinierter Datenbanken vere-
infacht. Das Tool bietet eine benutzerfreundliche Oberfläche und dynamische Nach-
bearbeitungsfunktionen für eine detaillierte Sequenzanalyse. Ergänzend dazu haben
wir ein Hochdurchsatz-Verfahren etabliert, um endogene Curvibacter -Promotoren
funktionell zu charakterisieren, wobei Zellsortierung und Wachstumsexperimente
eingesetzt wurden. Unser Ansatz ermöglicht die Identifizierung neuer Expression-
ssysteme und die Analyse der Genaktivität in Curvibacter. Diese Werkzeuge opti-
mieren Gen Analysen, indem sie die Identifizierung von Orthologen erleichtern und
eine präzise sowie effiziente Charakterisierung von Promotorsequenzen ermöglichen.

ii



Contents

1 Introduction 1
1.1 General Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 The holobiont theory of symbiosis . . . . . . . . . . . . . . . . . . . . 2
1.3 The dynamic nature of symbiotic interactions . . . . . . . . . . . . . 4
1.4 The Hydra holobiont as a model system for the investigation of sym-

biotic interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Hydra maintains a stable microbiome that influences host functions . 8
1.6 Curvibacter AEP is the main colonizer of Hydra vulgaris AEP . . . . 11
1.7 Drivers that influence the transition from free-living to host-associated

microbes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.8 Evolutionary and comparative genomics . . . . . . . . . . . . . . . . 15
1.9 A short history of comparative genomics . . . . . . . . . . . . . . . . 16
1.10 Evolutionary reconstructions and functional annotations through ho-

mologous sequence categorization . . . . . . . . . . . . . . . . . . . . 17
1.11 The inference of orthologous proteins . . . . . . . . . . . . . . . . . . 18

2 Aims of this study 20

3 List of Manuscripts and Contributions 21

4 Manuscript 1 23
4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.3 Material & Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.3.1 Animal culture . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.3.2 Isolation of Curvibacter strains . . . . . . . . . . . . . . . . . 27
4.3.3 Phylogenetic . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.3.4 Generation of germfree Hydra . . . . . . . . . . . . . . . . . . 28
4.3.5 Recolonization experiments . . . . . . . . . . . . . . . . . . . 28
4.3.6 Genome sequencing . . . . . . . . . . . . . . . . . . . . . . . . 29
4.3.7 Comparative genomic analysis . . . . . . . . . . . . . . . . . . 29

i



CONTENTS

4.3.8 Preparation of defined medium . . . . . . . . . . . . . . . . . 30
4.3.9 Generation of Curvibacter AEP1.3 knockout strains . . . . . . 32
4.3.10 CLARIOstar growth experiments . . . . . . . . . . . . . . . . 33
4.3.11 Scanning Electron Microscopy . . . . . . . . . . . . . . . . . . 34
4.3.12 Isolation, separation and staining of bacterial lipopolysaccha-

rides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.3.13 EPS extraction . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.3.14 Analysis of total sugar abundance . . . . . . . . . . . . . . . . 36
4.3.15 Monosaccharide analysis . . . . . . . . . . . . . . . . . . . . . 37
4.3.16 Computational scripts . . . . . . . . . . . . . . . . . . . . . . 38
4.3.17 Supplementary data . . . . . . . . . . . . . . . . . . . . . . . 38

4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.4.1 Co-speciation of Curvibacter and Hydra . . . . . . . . . . . . 38
4.4.2 Comparative genomics of free-living and Hydra associated Curvibac-

ter strains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.4.3 Symbiont specific genes reveal associations with an extracel-

lular polymeric substance (EPS) operon . . . . . . . . . . . . 43
4.4.4 Curvibacter AEP1.3 is producing extracellular polymeric sub-

stances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.4.5 EPS gene knockouts impact growth behavior, monosaccharide

composition, and recolonization efficiency . . . . . . . . . . . . 50
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.5.1 Host-symbiont co-speciation and phylosymbiosis . . . . . . . . 54
4.5.2 Bacterial genomic adaptations to host organisms . . . . . . . . 55
4.5.3 Role of exopolysaccharides in symbiont adaptations . . . . . . 56

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.7 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.7.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.7.2 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . 59
4.7.3 Funding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.7.4 Data availability . . . . . . . . . . . . . . . . . . . . . . . . . 59

References for Manuscript 1 60

5 Manuscript 2 71
5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.3 Material & Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

ii



CONTENTS

5.3.1 Preparation of defined medium . . . . . . . . . . . . . . . . . 75
5.3.2 Bacterial cultivation and growth experiments . . . . . . . . . . 77
5.3.3 Bioinformatics . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.4.1 Metabolic adaptations of Curvibacter to its host habitat . . . 80
5.4.2 Methionine auxotrophy in Curvibacter . . . . . . . . . . . . . 84
5.4.3 Methionine anabolism in Curvibacter . . . . . . . . . . . . . . 85
5.4.4 Genetic variations and domain loss in methionine synthase

loci of Curvibacter . . . . . . . . . . . . . . . . . . . . . . . . 88
5.4.5 Vitamin B12 stimulates Curvibacter growth . . . . . . . . . . 90

5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.5.1 Metabolic adaptation in Curvibacter upon colonization of Hydra 91
5.5.2 Cobalamin dependent methionine auxotrophy in Curvibacter

as adaptation to its host environment . . . . . . . . . . . . . . 92
5.5.3 Domain structure disruption does not render MetH nonfunc-

tional . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

References for Manuscript 2 96

6 Manuscript 3 105
6.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.3.1 Identification of Homologous Sequences . . . . . . . . . . . . . 116
6.3.2 Multiple Sequence Alignments and Phylogenetic Reconstruction116
6.3.3 Genomic Structure and Synteny Analysis . . . . . . . . . . . . 118
6.3.4 Interactive Filtering . . . . . . . . . . . . . . . . . . . . . . . . 119
6.3.5 Conserved Domain Database Analysis . . . . . . . . . . . . . 120
6.3.6 Reproducibility . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.3.7 Benchmarking . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.4.1 Docker-Based Software Deployment and Container Orchestra-

tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.4.2 Django Web Framework . . . . . . . . . . . . . . . . . . . . . 128
6.4.3 Web Development Tools . . . . . . . . . . . . . . . . . . . . . 129
6.4.4 Project Creation . . . . . . . . . . . . . . . . . . . . . . . . . 129
6.4.5 Pipeline Execution with the Snakemake Workflow Engine . . . 129

iii



CONTENTS

6.4.6 Database Creation . . . . . . . . . . . . . . . . . . . . . . . . 130
6.4.7 BLAST and Identification of Reciprocal Best Hits . . . . . . . 131
6.4.8 Post-Processing Software . . . . . . . . . . . . . . . . . . . . . 132

6.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.5.1 Usability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.5.2 Strength and Drawbacks in Homolog Identification in CATHI 134
6.5.3 Database Content and Customization . . . . . . . . . . . . . . 136
6.5.4 Modular Expandability . . . . . . . . . . . . . . . . . . . . . . 137

6.6 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
6.7 Supplementary Data . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

References for Manuscript 3 142

7 Manuscript 4 148
7.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
7.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
7.3 Material & Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

7.3.1 Extraction of promoter sequences in the genome of Curvibac-
ter sp. AEP1-3 . . . . . . . . . . . . . . . . . . . . . . . . . . 153

7.3.2 Transcriptome Read Mapping . . . . . . . . . . . . . . . . . . 154
7.3.3 Library Golden Gate Cloning . . . . . . . . . . . . . . . . . . 155
7.3.4 Conjugation of library vectors into Curvibacter sp. AEP1-3

glmS::GFP . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
7.3.5 Flow Cytometry and Cell sorting . . . . . . . . . . . . . . . . 156
7.3.6 Bulk Fluorescence Intensity Measurements . . . . . . . . . . . 157
7.3.7 Curvibacter growth media . . . . . . . . . . . . . . . . . . . . 157
7.3.8 Mathematical operations for RFU assessment . . . . . . . . . 157
7.3.9 Inference of transcription factor binding motifs . . . . . . . . . 158

7.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
7.4.1 Development of a streamlined workflow for 5’ UTR mining . . 159
7.4.2 Representativeness of extracted 5′ UTRs in Curvibacter sp.

AEP1-3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
7.4.3 Curvibacter strains carrying functional reporter constructs show

a range of expression levels . . . . . . . . . . . . . . . . . . . . 162
7.4.4 Activity level of candidate 5’ UTRs shows distinct temporal

expression dynamics over growth phases . . . . . . . . . . . . 164
7.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

iv



CONTENTS

7.5.1 25 novel promoters for the use in Curvibacter show distinct
temporal expression dynamics . . . . . . . . . . . . . . . . . . 166

7.5.2 Temporal expression dynamics of highlighted 5′ UTRs may
correspond with their biological functions . . . . . . . . . . . . 169

7.6 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
7.7 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

7.7.1 Author Contributions . . . . . . . . . . . . . . . . . . . . . . . 172
7.7.2 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . 172
7.7.3 Material Availability . . . . . . . . . . . . . . . . . . . . . . . 172
7.7.4 Online Supplement . . . . . . . . . . . . . . . . . . . . . . . . 172
7.7.5 Funding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
7.7.6 Conflict of interest statement . . . . . . . . . . . . . . . . . . 173

7.8 Supplements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

References for Manuscript 4 176

8 Discussion 181
8.1 General Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
8.2 Adaptations of host-associated Curvibacter as response to the Hydra

host environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
8.2.1 Patterns of phylosymbiosis in the Hydra-Curvibacter model

system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
8.2.2 Conserved genomic traits in host associated Curvibacter . . . 184
8.2.3 Extracellular polymeric substances contribute to host colo-

nization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
8.2.4 Bacterial EPS and their role in adaptive lifestyle processes . . 186

8.3 Nutrient provisioning and exchange in the Hydra-Curvibacter symbiosis188
8.3.1 Metabolic flexibility in freshwater systems . . . . . . . . . . . 188
8.3.2 Nutrient availability affects Hydra’s microbiome composition . 188
8.3.3 Nutrient mediated interactions in the Hydra holobiont . . . . 190

8.4 Bacterial transporter systems facilitate lifestyle adaptations . . . . . . 191
8.5 Ortholog inference as a gateway to understanding symbiotic interactions192
8.6 Native promoter sequences for expression studies in Curvibacter AEP 194
8.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

9 Conclusion 196

General References 198

v



CONTENTS

10 Acknowledgements 222

11 Statement on AI Assistance 223

12 Eidestattliche Erklärung 224

vi



1 Introduction

1.1 General Introduction

The evolution of species has led to the development of a vast diversity of life forms,
each shaped by complex and dynamic interactions with their surrounding environ-
ment and organisms. Driven by ecological and evolutionary processes, these in-
teractions have led to the development of mutual dependencies among community
members. Ultimately, this has resulted in the formation of symbiotic associations,
which can still be observed in the present day. To comprehensively describe such
communities of interacting organisms, the term "symbiosis" was introduced by Anton
de Bary in the late nineteenth century, which he defined as a "cohabitation of unlike
organisms" (Bary 1879). It is a fundamental and integral part of nature and many,
if not all, species are involved in organismic interactions. Symbiotic interactions
can manifest between macroscopic and microscopic organisms or between both. In
this dissertation, I will focus mainly on interactions between animal hosts and bac-
terial symbionts. To evaluate the impact of symbiosis on the fitness of interacting
organisms, scientists introduced three primary categories of symbiosis: parasitism,
mutualism, and commensalism (Egerton 2015). These classifications offer a more
structured framework for systematically analyzing organismic interactions and their
ecological consequences. Parasitism describes a relationship where one species ex-
ploits the other to their own benefit, at the others organisms’ expense (Roberts et
al. 2009). In contrast other species rely on collaborative interactions such as com-
mensalism, where one species benefits without significantly affecting the other, or
mutualism, where both species derive mutual advantages (Bronstein 1994; Douglas
2010; Wiesmann et al. 2023). Symbiotic associations are characterized by an ongoing
development of specialized traits, driven by selective adaptations within community
members, enabling the participating organisms to effectively fulfill their roles within
the relationship (Groussin et al. 2020; Wade 2007). For example, pathogenic bacte-
ria possess specific traits that allow them to evade the host’s innate immune response
(Finlay and McFadden 2006). Conversely, hosts need to counteract these strategies
and develop their own defense mechanisms while simultaneously maintaining a suit-
able habitat for beneficial microbes (Aleru and Barber 2020; Sackton et al. 2007;
Zamioudis and Pieterse 2012). While the terms of parasitism, commensalism, and
mutualism can effectively describe the current mode of symbiosis for the organisms

1



CHAPTER 1. INTRODUCTION

under consideration, the boundaries between these categories are not always as rigid
as these definitions might suggest (Dale and Moran 2006).

1.2 The holobiont theory of symbiosis

To accurately describe the selective changes within symbiotic associations and in-
teractions, a more precise terminology was introduced. The holobiont theory seeks
to explain species evolution as a holistic, multi-level selection process, one that in-
cludes all participating organisms, not just isolated individuals (Rosenberg et al.
2007; Zilber-Rosenberg and Rosenberg 2008). The holobiont theory emerged as a
generalization of the "coral probiotic hypothesis", which proposes that the rapid
adaptation of corals is shaped by the dynamic interplay between the environment
and their associated microorganisms, ultimately leading to the evolutionary selec-
tion of the most advantageous coral holobionts (Reshef et al. 2006).

The term holobiont is derived from the Greek word holos, meaning "whole" or "en-
tire", and biont, which refers to a distinct biological entity or lifeform that can be
clearly differentiated from its surrounding environment. The holobiont theory inte-
grates the host and all associated symbiotic partners (s. Figure 1.1) into a unified
biological entity capable of transmitting evolutionary information in the form of a
hologenome (s. Figure 1.2) from one generation to the next (Rosenberg and Zilber-
Rosenberg 2018; Zilber-Rosenberg and Rosenberg 2008). The hologenome refers to
the collective genetic composition of the holobiont at a given point in time, acknowl-
edging that some associated organisms can dynamically associate with or dissociate
from the host (Theis et al. 2016). This association and dissociation is described
as facultative (non-host-restricted) symbiosis, where the facultative symbiont can
transition between a free-living and a host-associated existence. In contrast, ob-
ligate (host-restricted) symbiosis is characterized by a mutual dependence, where
both the host and the symbiont are typically unable to survive independently (Ku-
cuk 2020). This selective association may result from factors such as prolonged
co-evolution between specific microbes and hosts, or priority effects, where early-
arriving microbes, especially those transmitted directly from parent to offspring,
gain a competitive advantage in colonization (Chen et al. 2024; Fisher et al. 2017).
This mode of transmission is referred to as vertical transmission, and it typically
occurs during reproduction. In contrast, horizontal transmission involves the ac-
quisition of symbionts from the surrounding environment (Bright and Bulgheresi
2010). Thus, microbial symbionts and their contributions to the holobiont and its

2



CHAPTER 1. INTRODUCTION

Figure 1.1: Schematic representation of the coral holobiont as a model for the holobiont
theory (Voolstra et al. 2021). Corals can be considered as “founder species” in the context of
reef ecosystems and are of immense ecological importance. The coral host exists within a dynamic
environment composed of diverse microorganisms, including fungi, archaea, algae, protists, viruses,
and bacteria. These microbial partners interact both with the coral host and with each other
through various biological processes, denoted by numbered labels (1-7), explained in the bottom
right of the figure. Bold numbers represent interactions with experimentally confirmed functional
roles. Letters (C,N,P and S) indicate the contributions of specific organisms to key metabolic
cycles, with definitions provided in the upper right corner. The figure was taken from Voolstra
et al. (2021).

hologenome can be either stable or transient (Casadevall and Pirofski 2015). The
holobiont concept integrates these diverse and dynamic interactions within symbio-
sis, thereby enabling a more precise description of their various modes of action.

Interacting organisms in the holobiont share a common environment and often ex-
hibit a certain degree of functional integration of their metabolic capacities, thereby
influencing the biological processes of both the host and other associated microor-
ganisms. This process tends to create an environment that favors dynamic co-
speciation, in which the microbiome reflects the phylogenetic relationships of the
host organisms. This phenomenon, known as phylosymbiosis , suggests that micro-
bial communities associated with the host have evolved in parallel with their host
species, resulting in a microbial composition that mirrors the host’s evolutionary

3



CHAPTER 1. INTRODUCTION

Figure 1.2: Schematic overview of the hologenome concept (Theis et al. 2016). The
hologenome encompasses the combined genomes of the host and its associated symbiotic micro-
biome. This collective genomic content has different evolutionary origins, which are represented
by the colors red, blue and grey in the figure. Some host and symbiont genes, depicted here as
red alleles and microbes, have not co-evolved within the holobiont but can nonetheless influence
its phenotype, either independently or through their interaction. Blue alleles and microorganisms
represent genes that have co-evolved within the holobiont and directly shape its phenotype. Addi-
tionally, certain host genes and microbial symbionts, shown in grey, do not appear to impact the
holobiont phenotype. Finally, environmental microorganisms that do not colonize the holobiont
have no direct effect on the hologenome. Nevertheless, facultative microbes have the capacity to
transition from a free-living environmental state to a host-associated state. At this point, they
may become part of the holobiont and contribute to the hologenome. The figure was taken from
Theis et al. (2016).

history (Brooks et al. 2016; Liang et al. 2024). To summarize, the concept of the
holobiont and its hologenome escapes the boundaries of traditional definitions of
symbiosis by incorporating all organisms at a given time that shape the fitness and
phenotype of a life form composed of a diverse community.

1.3 The dynamic nature of symbiotic interactions

Holobionts are biological entities, and the interactions among their components rep-
resent dynamic processes. The relationships observed today may have emerged from
a dynamic and stochastic series of events, involving all participating organisms, driv-
ing the evolution of the holobiont (Hussa and Goodrich-Blair 2013; Lood et al. 2015).

Symbiotic interactions can evolve in a way where interaction partners transition
from one type of symbiosis to another. For example, under certain conditions, or-
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ganisms that were previously mutualists or commensals can become pathogenic (Dey
2024). A prominent example is the opportunistic transmission of Escherichia coli,
a typically harmless resident of the human gastrointestinal tract, which can cause
infections when it colonizes other body sites, such as the urinary tract (Alteri and
Mobley 2015). Furthermore, alterations within the microenvironment (i.e. the eco-
logical niche in which host-associated microorganisms reside) can mediate profound
effects on the symbiotic status of microorganisms (Kopac and Klassen 2016; Lood
et al. 2015). The human gut serves as an ecological niche for a diverse community
of microbes (Cresci and Bawden 2015). Inflammatory responses triggered by vari-
ous factors, including diet, stress, medications, and immune system dysregulation,
can alter the chemical properties of this microenvironment. These alterations are
associated with an increased proliferation of previously mutualistic or commensal
Enterobacteriaceae, accompanied by a simultaneous decline in other beneficial mi-
crobial species (Zeng et al. 2017). This imbalance in the gut microbiota can in turn
have a variety of effects on human health and gut homeostasis (Grundmann 2020;
Zhao et al. 2023). Thus, the abundance and population density of species within
symbiotic systems can be a critical factor, influencing the balance of fitness costs
and benefits across the entire holobiont (Parker 2021).

While harmless or even beneficial bacteria can transition into pathogenic forms,
the reverse can also occur. A notable example was described by Jansen et al. (2015)
who performed selective evolution experiments with the Gram-negative bacterium
Pseudomonas aeruginosa (P. aeruginosa) and its host nematode Caenorhabditis el-
egans (C. elegans). Originally pathogenic to C. elegans, the P. aeruginosa strains
evolved into commensal organisms due to mutations in the genes of the global tran-
scriptional regulator lasR and the polymerase subunit rpoB (Jansen et al. 2015).
The observed mutations had pleiotropic effects due to the impact on global tran-
scriptional regulation, which led to an attenuation of virulence and lower mortality
of the host C. elegans. The evolved P. aeruginosa populations exhibited enhanced
fitness within C. elegans, which in turn produced more offspring compared to colo-
nization with the pathogenic ancestors of P. aeruginosa (Jansen et al. 2015).

Interchangeable occurrences of events that support either a shift to parasitism or
mutualism have the capacity to alter the symbiotic status of the associated organ-
isms in a more dynamic manner. Wolbachiae, a Gram-negative, obligate intracellular
symbiont, is associated with over half of the world’s described insect species, as well
as some nematodes (Hilgenboecker et al. 2008). Different populations of Wolbachiae
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can confer mutualistic benefits to the host (Hosokawa et al. 2010; Zug and Hammer-
stein 2015), with some strains also exhibiting varying degrees of reproductive para-
sitism (Hurst and Frost 2015). It is hypothesized that these association-dependent
symbiotic interactions are mediated by the events of lateral gene transfer, through
which Wolbachia can acquire genetic elements that drive evolutionary shifts toward
either parasitism or mutualism (Gerth and Bleidorn 2016; Nikoh et al. 2014; Zug
and Hammerstein 2015).

To study the different modes of symbiotic interactions, it is essential to simplify
these highly complex holobionts into subunits that allow us to explain symbiotic
interactions at a smaller scale. Although the holobiont resembles a community of
organisms that collectively shape symbiotic interactions, it is crucial to disentangle
these relationships to describe them effectively. This descriptive process requires
adopting a holistic perspective, one that considers interactions not only between the
host and individual microbes, or among microbes themselves, but with the holobiont
as an integrated system.

1.4 The Hydra holobiont as a model system for
the investigation of symbiotic interactions

For this reason, model systems have been employed to address some of the most
intriguing questions in microbiome and organismic interaction research (Douglas
2019). One such model organism is Hydra, a freshwater diploblast belonging to the
Hydrozoa class within the Cnidarian phylum (Kovačević et al. 2024; McFall-Ngai
and Bosch 2021). This section will provide a comprehensive overview of the lifestyle
and physiology of the Cnidarian Hydra polyp. Following this overview, the next
section will introduce Hydra as a model system for organismic interactions.

The Cnidarian phylum is phylogenetically positioned as the sister group to the Bi-
lateria (Collins 2002; Collins et al. 2006). Cnidarians, such as jellyfish, corals and
sea anemones, share common features. Members of this phylum possess a diploblas-
tic body organization, characterized by the presence of two primary germ layers,
the ectoderm and endoderm (Chipman 2024; Nielsen et al. 1996). The third germ
layer, the mesoderm, is believed to have first evolved after the divergence of Cnidari-
ans. It first appears within the lineage that gave rise to the triploblastic Bilaterians.
Cnidarians are the first animal phylum to develop true epithelia with tight junctions
and a simple nervous system. A specialized and complex cell type, the cnidocyte
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Figure 1.3: Overview of the phylogenetic position of the phylum Cnidaria, with a
specific focus on the genus Hydra. Taken and modified from Bosch (2013).

(or nematocyte), is embedded within the epithelial cell layer (s. Figure 1.4) and is
used for capturing prey (Steele 2002). The study of Cnidarians is essential for un-
derstanding the complex processes that have shaped the evolution and development
of metazoans (Holstein 2022; Lousada et al. 2022).

Most members of this phylum are primarily marine organisms, while some, such
as species from the Hydra genus, are found in freshwater ecosystems (Bathia et al.
2024; Taubenheim et al. 2022). Hydra species live as solitary polyps with no medusa
stages or gonophores, which are common in other hydrozoans. Their diet consists of
small aquatic animals, which they capture using their tentacles. If one of these small
animals touches a tentacle, it gets stuck and is paralysed or killed by the poison of
the cnidocyte (Klug et al. 1989). As a result, the tentacles bend and transport the
prey towards Hydra’s hypostome. From there it reaches the gastrovascular tract of
the polyp, where it is digested by secretional activity of specialized gland cells and
absorbed by nutrient muscle cells (endocytosis). Hydra species possess a substantial
regenerative ability. The ectodermal and endodermal epithelial cells, along with
the interstitial stem cells (s. Figure 1.4), are continuously involved in the mainte-
nance and renewal of the Hydra body (Bosch et al. 2010). Although the ectodermal
and endodermal epithelial cells are fully differentiated and function as muscle cells,
they retain the ability to self-renew within the body column (Buzgariu et al. 2015).
Interstitial stem cells are pluripotent and give rise to a variety of specialized cell

7



CHAPTER 1. INTRODUCTION

Figure 1.4: Schematic overview of the Hydra holobiont with its body organization and
epithelial cell layer. (A) The Hydra polyp is anatomically composed of tentacles, a hypostome,
which facilitates the transfer of captured prey into the gastrovascular cavity, a body column, and
a foot region (peduncle) for substrate attachment. Asexual reproduction occurs through budding,
a process that takes place within the body column and gives rise to genetically identical offspring.
(B) Hydra exhibits a diploblastic organization, consisting of an outer ectoderm and an inner
endoderm, which are separated by an acellular, gelatinous layer known as the mesoglea. Specialized
secretory cells and neurons are embedded within the endoderm, contributing to the production
and release of digestive enzymes into the gastrovascular cavity. Ganglion (motor) neurons, which
control coordinated body movements, are localized at the basal surface of the epithelial muscle
cells. Sensory neurons project outward from this neural network and are responsible for detecting
and responding to environmental stimuli. Interstitial stem cells and nematocytes reside within the
epithelial muscle layer and contribute to tissue dynamics and defense, respectively. The ectodermal
epithelial cells secrete glycoproteins and glycosaminoglycans that form a mucous-like layer termed
the glycocalyx. This layer functions not only as a protective barrier but also as a habitat for
microorganisms.

types, including neurons, gland cells, and germ cells (Bosch et al. 2010). Initially,
Hydra’s remarkable regenerative ability drew significant research interest, and to-
day, it serves as a model organism for various applications, including developmental
biology, animal physiology, environmental toxicology, innate immune system and
holobiont research, owing to its association with a diverse microbiome (Kovačević
et al. 2024).

1.5 Hydra maintains a stable microbiome that
influences host functions

Hydra’s microbiome plays a crucial role in mediating pathogen resistance and mod-
ulating various host processes (Minten-Lange and Fraune 2020). The epithelial cell
layer of Hydra secretes a glycoprotein and glycosaminoglycan-rich meshwork (s. Fig-
ure 1.5C) known as the glycocalyx (Böttger et al. 2012). This glycocalyx functions as
an environmental niche for a stable community of species-specific bacterial microbes
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(Franzenburg et al. 2013; Fraune and Bosch 2007). It provides a dynamic inter-
face for host-microbe and microbe-microbe interactions (Deines et al. 2017). The
depletion of epithelial gland and neuronal cells disrupts the epithelial homeostasis,
leading to significant shifts in Hydra’s microbial community structure (Fraune et
al. 2009). Hydra polyps can actively shape and maintain their resident microbial
species through the spatially controlled secretion of various species-specific antimi-
crobial peptides (AMPs) (Augustin et al. 2010, 2009; Bosch et al. 2009; Franzenburg
et al. 2013; Fraune et al. 2010; Jung et al. 2009). AMPs are short molecules that have
the capacity to act against a broad spectrum of microorganisms. This capacity is
typically realised through membrane disruption or the penetration and impairment
of intracellular functions (Savitskaya et al. 2023). The secretion of these peptides
is controlled by a conserved Toll-like receptor (TLR)-mediated immune pathway,
which detects bacterial molecules such as flagellin and activates the conserved NF-
κB transcriptional pathway (Bosch et al. 2009; Franzenburg et al. 2012; Hemmrich
et al. 2007). The repertoire of AMPs is diverse, with each group exhibiting activity
against distinct microbial compositions (Klimovich and Bosch 2024).

Figure 1.5: The Hydra holobiont. (A) Phenotypic appearance of the freshwater polyp Hydra
vulgaris AEP. The figure was taken from Fraune and Bosch (2007). (B) Raster electron micro-
graph of rod and coccus shaped bacterial cells on the ectodermal epithel of Hydra. (C) The five
distinct cell layers of Hydra’s glycocalyx (c1-c5) and the plasma membrane (pm) of epithelial mus-
cle cells. (D) Hydra polyps with an intact microbiome exhibit resistance to fungal infection, (E)
whereas microbiome-depleted Hydra show significantly increased susceptibility to infection by the
environmental fungus Fusarium. Figures B-E were taken from Fraune et al. (2015).
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The natural habitat of Hydra polyps are aquatic freshwater systems, where diverse
environmental microorganisms such as bacteria and viruses influence and shape the
resident Hydra microbiome (Fraune and Bosch 2007). In experiments involving
Hydra oligactis populations collected from various Hungarian lakes, shifts in bacte-
rial beta-diversity were observed when treated with non-native or native lake water
samples. Over a period of four weeks, these polyps gained and lost certain bacte-
rial taxa, whereby the changes were influenced by the water source (Bathia et al.
2024). This shift in associated microbes can have profound effects on the host or-
ganism and its microbial community. It has been shown that aposymbiotic Hydra
viridissima polyps, in which endosymbiotic algae of the Chlorella genus have been
depleted, are more susceptible to colonization by invasive species such as Legionella
(Bathia et al. 2022). In addition to the biotic factors that influence microbiome
dynamics, seasonal variations and environmental perturbations have the capacity to
alter abiotic conditions, such as nutrient availability or temperature. These factors
can profoundly affect the microbiome of the polyps (Bathia et al. 2024; Bosch et al.
2015; Lachnit et al. 2025; Taubenheim et al. 2022). Consequently, host identity and
biogeography play an essential role in shaping the composition of Hydra’s microbial
community.

In Greek mythology, the Lernaean Hydra was a serpentine water monster with mul-
tiple heads, renowned for its extraordinary regenerative ability, whenever one head
was severed, two would grow in its place (Encyclopaedia Britannica 2024). Interest-
ingly, the modern Hydra species exhibits remarkable similarities in terms of regen-
eration and longevity. Hydra’s regenerative processes are driven by a population of
stem cells that activate proliferation following injury. One of the key regulators of
stem cell function is the FoxO transcription factor, which not only controls stem cell
proliferation but also modulates the expression of AMPs (Boehm et al. 2012; Bosch
2019). A deficiency in FoxO signaling disrupts the selective maintenance of native,
beneficial microbial partners, leading to increased colonization by foreign bacteria
(Mortzfeld et al. 2018). This intricate connection between microbial composition
and stem cell proliferation underscores the pivotal role of the microbiome in Hydra’s
regenerative processes. Interestingly, not only do regenerative processes influence
microbiome composition, but tumorigenesis in Hydra is also associated with alter-
ations in the microbiome. Tumor-bearing Hydra oligactis individuals were found to
be associated with intracellular bacteria from the Chlamydiales genus, which formed
large vacuoles within the host cells (Boutry et al. 2023). Rathje et al. (2020) iden-
tified an environmental Spirochete (Turneriella sp.) linked to tumor formation in
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Hydra, with its virulence being modulated by the presence of a beneficial microbe
from the Pseudomonas genus. Recent findings demonstrated that supplementing
Hydra’s medium with L-arginine induces a shift in the Pseudomonas strain toward
a pathogenic phenotype, resulting in severe physiological disruption and host mor-
tality (Lachnit et al. 2025). These interactions have the capacity to influence the
structure of the microbial community, mediate developmental processes, impact dis-
ease outcomes, and consequently affect the fitness of the Hydra host.

With its simple body plan and well-defined cell populations, Hydra also serves as
a valuable model in neuroscience research. Since AMP production is tightly regu-
lated by neurons, these cells play a crucial role in shaping the microbial composition
of Hydra polyps (Fraune et al. 2009). Hydra’s neuronal system is controlled by
pacemaker neurons, which generate rhythmic bursts of action potentials that drive
neuronal activity (Klimovich et al. 2020). These rhythmic bursts trigger coordinated
body contractions and are essential for regulating the polyp’s feeding behavior (Giez
et al. 2023; Murillo-Rincon et al. 2017; Nawroth et al. 2023). This neuronal activity
is also influenced by Hydra’s microbiome. Germ-free polyps exhibit lower spon-
taneous contraction frequencies (Murillo-Rincon et al. 2017; Nawroth et al. 2023),
shorter feeding response durations, reduced mouth-opening behavior (Giez et al.
2023), and decreased expression of pacemaker-specific genes (Klimovich et al. 2020).
These results highlight the crucial interplay between microbial signals and neuro-
physiological functions in Hydra.

1.6 Curvibacter AEP is the main colonizer of
Hydra vulgaris AEP

To unravel the influence of microbial species on the Hydra holobiont, both a holis-
tic perspective on microbiome interactions and a focused examination of individual
microbial partners are essential. To this end, specific colonizers known for their
intimate interactions with the host, such as the green algal symbiont Chlorella and
the Gram-negative, rod-shaped bacterium Curvibacter, were selected for closer in-
vestigation. To analyze genetic traits and adaptive processes, I focused on the most
abundant bacterial colonizer of Hydra vulgaris AEP (hereafter Hydra AEP), the
bacterial symbiont Curvibacter sp. AEP1.3 (hereafter Curvibacter AEP) (Fraune
et al. 2015). Curvibacter AEP belongs to the phylum of β-Proteobacteria from
the Comamonadaceae family (Fraune et al. 2015; Minten-Lange and Fraune 2020).
This species thrives within the ecological niche provided by Hydra, with its abun-
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dance being regulated by epithelial homeostasis (Fraune et al. 2009). Curvibacter
is vertically transmitted to the next generation during reproduction (Fraune et al.
2010). The Hydra-Curvibacter interaction is bidirectional, with Hydra modulating
Curvibacter’s quorum-sensing signals (Pietschke et al. 2017), while Curvibacter is
inducing the expression of host peptides that function as antagonists of the Wnt
signaling pathway (Taubenheim et al. 2020). This evolutionary conserved signaling
pathway is involved in a variety of developmental processes, stem cell regulation and
tissue homeostasis (Chen et al. 2008).

The Hydra microbiota plays a crucial role in protecting the polyp from infections
caused by a filamentous fungus of the Fusarium genus (Fraune et al. 2015). Inter-
estingly, this antifungal defense is only effective when Hydra is co-associated with
Curvibacter AEP and Duganella sp. C1.2 (hereafter Duganella). Neither of these
symbionts alone is sufficient to confer protection against fungal infection (Fraune et
al. 2015). In in-vitro co-cultivation experiments, Duganella outcompetes Curvibac-
ter AEP in terms of abundance (Deines et al. 2020), while both species exhibit
frequency-dependent, non-linear growth dynamics (Li et al. 2015). Interestingly,
Duganella and Curvibacter AEP abundances on the polyp were higher in wild-type
Hydra compared to mono- or di-association experiments, with Curvibacter AEP
emerging as the dominant colonizer on Hydra AEP (Deines et al. 2020). This vari-
ation in the bacterial carrying capacity of Hydra polyps may be influenced by the
presence of a bacteriophage isolated from Curvibacter AEP, which can infect and
lyse Duganella (Li et al. 2017), as well as by interactions between those microbes
and other rare members of the native Hydra microbiome (Deines et al. 2020, 2017).
Not only Duganella but also Curvibacter AEP may serve as a target for bacterio-
phages, highlighting the complex interplay between microbial competition and viral
predation within the Hydra microbiome (Ulrich et al. 2022). Furthermore, nutrient
exchange and availability within the holobiont has an effect on the composition of
the microbial community (Lachnit et al. 2025). In experiments involving external
nutrient supplementation, the relative abundance of Curvibacter decreased signif-
icantly - from approximately 60% to just 7% - compared to its levels in Hydra’s
standard, nutrient-poor culture medium (Lachnit et al. 2025). In addition, Giez et
al. (2023) demonstrated that Curvibacter AEP secretes the amino acid glutamate,
which is subsequently taken up by other microbial members, such as Duganella and
Undibacterium, highlighting metabolic interactions within Hydra’s microbiome.
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Hydra and Curvibacter can be easily maintained in the laboratory, and a variety of
methods and techniques are available for the genetic manipulation of both Hydra
and Curvibacter. Genome sequences are available for Curvibacter AEP and other
members of Hydra’s microbiome, enabling targeted analysis and manipulation of
genetic sequences, such as gene knockouts or the introduction of plasmid systems
carrying fluorescent proteins (Wein et al. 2018). Additionally, transcriptional anal-
ysis of Curvibacter AEP in its different lifestyles has been conducted, allowing the
examination of its transcriptional activity both on its Hydra host and in free-living
states (Giez et al. 2023; Ulrich et al. 2022). In Hydra, not only has the genome been
fully sequenced, but a single-cell expression atlas is available, allowing transcript
abundance analysis at the resolution of individual cells (Cazet et al. 2023; Siebert
et al. 2019). Transgenic Hydra can be generated through microinjection techniques
in the embryo, facilitating functional gene analysis (Juliano et al. 2014). Fluores-
cent reporter lines can be established with labeled proteins, enabling the tracking
of specific cell types (Wittlieb et al. 2006). In situ hybridization experiments allow
for the spatial localization of specific RNA transcripts within Hydra tissues (Bode
et al. 2008; Hansen et al. 2000). Stem cell culture and transplantation experiments
provide a platform for studying interstitial stem cell function and enable lineage
tracing to investigate stem cell fate and differentiation (Bosch et al. 2010). Further-
more, Hydra’s neuromuscular activity and signal transduction in nerve cells can be
examined using electrophysiological techniques (Ji and Flavell 2017; Szymanski and
Yuste 2019).

This fundamental knowledge about Hydra and Curvibacter, combined with the avail-
ability of advanced methods and techniques for studying both, highlights the Hydra-
Curvibacter relationship as an emerging model system for symbiosis and its broader
impact across various research fields. However, Curvibacter AEP is a facultative
symbiont that can survive independently of its host. Notably, several other species
within the Curvibacter genus exist as free-living organisms or associated with bacte-
rial communities and other hosts (Ding and Yokota 2004; Ma et al. 2016; McKenzie
et al. 2012). This raises the question of the genetic adaptations that drive Curvibac-
ter AEP to form a symbiotic relationship with Hydra AEP.
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1.7 Drivers that influence the transition from
free-living to host-associated microbes

In general, the symbiotic status of bacterial genera is influenced by a variety of fac-
tors. Within a specific bacterial genus, not all species are associated with animal or
plant hosts (Hammer et al. 2019; Itoh et al. 2019). In fact, most known bacterial
species exist in free-living states, often interacting with other microbial species to
varying degrees, ranging from loose associations to close partnerships and stable
communities. The classic distinction between free-living, pathogenic, commensal,
or mutualistic bacterial species primarily focuses on comparisons of their genetic
adaptations. Despite their diverse interactions in the holobiont, all microbes share
a fundamental trait: they adapt to the unique environment shaped by the host’s
niche (Steinert et al. 2000). Research on the evolutionary mechanisms underlying
host-microbe interactions, particularly through comparative genomics, provides key
insights into the genetic adaptations that drive these associations.

Genetic traits that drive successful symbiotic associations are those that allow
microbes to colonize and persist within the environmental niche provided by the
host. These colonization strategies include the use of quorum-sensing signals, two-
component regulatory systems (Bélanger et al. 2009; Visick and Skoufos 2001;
Williams 2007), and mechanisms that help the microbes suppress host defenses
(Miwa and Okazaki 2017), particularly those mediated by innate immune responses
(Wiesmann et al. 2023). Following initial colonization, microbes can contribute
to an environment that supports the growth and reproduction of their population.
The rate of proliferation must be tightly regulated to maintain a balanced, home-
ostatic relationship with other members of the holobiont. Traits that enable such
interactions include pathways for the production of essential nutrients and vitamins
(Tarracchini et al. 2024), the secretion and sensing of specialized molecules (Dale
and Moran 2006; Mandel et al. 2012; Ortíz-Castro et al. 2009), and the regulation
of homeostasis within the micro-environment, such as pH and oxygen availabil-
ity (Becker et al. 2004; Nourabadi and Nishiguchi 2021). A well-known example,
which can be found in various symbiotic model systems, is the production of mi-
crobial extracellular polysaccharides (EPS), which are known to interact with the
host environment or directly with host cells (Acosta-jurado et al. 2021; Shibata et
al. 2012; Yip et al. 2005). EPS contribute to biofilm formation, which facilitates
immune evasion through direct interactions with immune cells or by sequestering
harmful substances such as AMPs, thereby promoting bacterial persistence within
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the host (Alhede et al. 2014; Otto 2006). Moreover, studies have demonstrated that
EPS-mediated biofilms can provide a protective niche that serves as a substrate
for commensal bacteria, potentially benefiting the host by supporting a balanced
microbiota and contributing to overall homeostasis (Acosta-jurado et al. 2021; Ma
et al. 2020).

While the host-provided environmental niche is generally stable, microbial species
must adapt to rapidly changing conditions at the microscale (Cao and Goodrich-
Blair 2017). This requires the ability to sense and communicate with the environ-
ment, making genetic pathways involved in such signaling processes key favorable
traits for successful symbiotic interactions. Advances in genome comparisons have
revealed the presence of genome reductions in mutualistic bacterial genera (Nikoh et
al. 2011). These species lose genes unnecessary for independent survival while retain-
ing those essential for interactions with their host organism (Nikoh et al. 2011). In
contrast, pathogenic species are known to frequently acquire and exchange virulence
factors through horizontal gene transfer (Gyles and Boerlin 2014). By integrating
comparative genomics with functional analyses in the laboratory, we can dissect the
genetic basis of symbiotic interactions at both the genetic and evolutionary levels,
as well as at the functional level by describing and annotating gene functions.

1.8 Evolutionary and comparative genomics

Investigating the various modes of symbiotic interactions often requires the study
of species-specific genetic traits, such as AMPs in the Hydra genus (Klimovich and
Bosch 2024) or nod factors in the legume-Rhizobia interaction (Ghantasala and
Choudhury 2022). These analyses rely on comparing the identified genes and their
products either among each other or against biological sequence databases such as
RefSeq, SwissProt, or GenBank. The results of such sequence comparisons can
subsequently be used for functional and evolutionary studies, facilitating precise
classification and categorization. Furthermore, the bioinformatic analysis of genes
and genomes serves as the foundation for further biological research, enabling the
formulation of hypotheses and theories that can be experimentally tested in the lab-
oratory. Consequently, comparative and evolutionary genomics play a fundamental
role in the study of symbiotic systems.
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1.9 A short history of comparative genomics

Deoxyribonucleic acid (DNA) is the primary carrier of genetic information, orga-
nized into sequences that form the genome, the combined genetic information of
a species. This genome encodes the hereditary blueprint of an organism. DNA is
transcribed into messenger ribonucleic acid (mRNA) and then translated into amino
acid sequences. These sequences fold into functional polypeptides, undergoing post-
translational modifications such as phosphorylation and glycosylation to acquire
their three-dimensional structures. This process, from DNA to mRNA to protein
is known as the Central Dogma of Molecular Biology (Crick 1958, 1970). Proteins,
particularly enzymes, drive essential cellular processes, including metabolism and
gene regulation, forming the molecular foundation of life. Variations in amino acid
sequences across species provide valuable insights into evolutionary processes. All
living organisms share a common ancestor, from which the amino acid sequences
observed today have evolved. Through comparative analysis of these sequences, we
can infer evolutionary relationships, thereby shedding light on genetic divergence
and the ancestral lineage of species (Koonin 2005).

A comparative analysis of protein sequences is defined as a direct comparison of
amino acid sequences of interest (Pearson 2013). Various strategies exist for se-
quence comparison, most of them are using sequence alignment as key method.
In general, sequences are aligned using either local (Smith and Waterman 1981)
or global (Needleman and Wunsch 1970) alignment algorithms. Global alignments
measure the overall similarity across entire sequences, while local alignments focus on
identifying regions of local similarity to determine alignment scores. The substitu-
tion matrices employed in this process serve as the foundation for deriving alignment
scores, as they provide a quantitative representation of the probability of one amino
acid mutating into another (Henikoff and Henikoff 1992; Thorne 2000). While align-
ing two sequences can be challenging, especially within huge sequence databases, the
complexity increases significantly when comparing multiple sequences. Multiple se-
quence alignment (MSA) algorithms address a Non-deterministic Polynomial-time
hard (NP-hard) problem (Cai et al. 2000; Feng and Doolittle 1987; Wang and Jiang
1994). To solve such problems, the optimal solution must be found in a huge solution
space. For MSA, this means that the sequences must be arranged to maximize simi-
larity based on an evaluation function that takes insertions, deletions and mutations
into account and thus reflects their evolutionary relationships. However, advanced
algorithms have been developed to handle this complexity efficiently and to yield
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consistent and robust alignment results even for large datasets (Altschul et al. 1990,
1997; Buchfink et al. 2015; Kent 2002; Pervez et al. 2014; Reddy and Fields 2024;
Steinegger and Söding 2017).

Coupled with advancements in sequencing technologies (Goodwin et al. 2016), it has
been possible since the release of the first commercial next-generation sequencing
machine in 2005 (Margulies et al. 2005), to compare entire genomes across diverse
organisms (Gresham et al. 2008; Saada et al. 2024). Insights derived from these
comparisons led to the exploration of (a) evolutionary histories of species, including
holobionts, (b) functional similarities among protein sequences, (c) transcription fac-
tor motifs and regulatory regions across species and (d) clade specific genetic traits
(Fagorzi et al. 2020; Nobrega and Pennacchio 2004; Sivashankari and Shanmughavel
2007).

1.10 Evolutionary reconstructions and functional
annotations through homologous sequence
categorization

Protein sequences used for such comparisons can be systematically categorized, en-
abling a more robust and sophisticated reconstruction of evolutionary relationships
and functional roles. The foundation of this classification is the concept of homol-
ogy, which refers to sequences that share a common evolutionary origin (Fitch 1970,
2000). Homologous sequences can be classified into paralogous and orthologous se-
quences. Paralogous sequences arise from gene duplication events within the same
genome, whereas orthologous sequences originate through speciation events from
a common ancestral gene in the compared species (Koonin 2005). Sets of orthol-
ogous proteins characteristically exhibit analogous functionality. Consequently, a
fundamental objective of comparative genomics is the identification of groups of or-
thologous sequences.

These sequences serve as the foundation for most genetic and evolutionary studies,
where functional conservation and phylogenetic accuracy are crucial. Moreover, sets
of orthologous sequences can be annotated based on their known or predicted func-
tions, using frameworks such as Gene Ontology (GO) terms or Kyoto Encyclopedia
of Genes and Genomes (KEGG) categories, which systematically describe protein
function through standardized terminology (Lin et al. 2024). This annotation facil-
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Figure 1.6: Schematic phylogeny of homologous gene sequences. The classification of
homologous sequences into paralogous and orthologous groups is fundamental to understanding
gene evolution. A duplication event of Gene 1 in the common ancestor of species X and Y gave rise
to the paralogous genes Gene 1a and Gene 1b. While these paralogs may retain similar functions,
they typically undergo functional divergence over time. Following speciation, these duplicated
genes are inherited by the descendant lineages, leading to the formation of orthologous genes. For
instance, Gene 1a in the descendant X is orthologous to Gene 1a in the descendant Y. Orthologous
genes generally maintain their ancestral function, often even across distantly related clades. The
illustration is adapted according to Elena Aledo (2025).

itates gene set enrichment analyses (Klopfenstein et al. 2018; Yu et al. 2012), which
can be employed to investigate the effects of specific treatments on transcriptional
regulation or to assess the impact of evolutionary histories that may lead to the
retention or loss of particular genetic traits (Black et al. 2012; Fagorzi et al. 2020).

1.11 The inference of orthologous proteins

Orthologous sequences can be identified using various computer-aided tools for
the comparison of entire proteomes of organisms or by searching in special se-
quence databases (Kristensen et al. 2011). Performing local alignments and us-
ing the top hits as putative orthologous sequences is often an insufficient solution,
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a more refined approach is required to distinguish true orthologs from paralogous
sequences (Hernández-Salmerón and Moreno-Hagelsieb 2020; Tekaia 2016). One re-
liable method is the bidirectional BLAST technique, where identified homologous
sequences are compared against the complete set of sequences from the target or-
ganism (Moreno-Hagelsieb and Latimer 2008). A sequence is considered a putative
ortholog if it produces the best reciprocal alignment with the original query se-
quence. Another option is the search within curated biological sequence databases
such as the KEGG or Cluster of Orthologous Genes (COG) databases (Kanehisa
et al. 2016; Tatusov et al. 2000). These databases contain functional characterized
sequences that enable reliable annotations for homologous sequences. The available
tools for the classification of sequences are mostly command line based or require
special installation routines. Thus, the identification of orthologs is hindered by the
complexity of the task. In addition, downstream analysis and post-processing of the
results obtained can pose a challenge.

The tasks required to perform homology searches and downstream analyses are ideal
for streamlining, as the initial sequence comparisons and post-processing techniques
such as assigning conserved domains or inferring phylogenies are in most cases re-
peatable and similar across different experimental setups. This is ideal for the use of
workflow management systems. These systems are used for the sequential execution
of tasks, enabling a reproducible, fast and efficient task execution (Köster and Rah-
mann 2012; Tommaso et al. 2017). With the ever-growing biological databases and
the constant updating of available biological sequences, it is becoming increasingly
important to develop standardized workflows that enable a differentiated analysis of
the genetic information of species. In combination with simple installation routines
and graphical user interfaces, bioinformatic workflows can aid in various analyses
(Chen et al. 2020; Koh et al. 2023). In the context of this thesis I developed a
bioinformatics software tool, for the easy-to-use search of homologous and putative
orthologous protein sequences in user-defined databases with the integration of var-
ious post-processing steps (Becker et al. 2023). Our Comparative Analysis Tool for
Homolog Identification (CATHI) is based on an intuitive web interface that allows
users to run bioinformatic pipelines to identify and process homologous protein se-
quences. In conjunction with other bioinformatic tools, this approach facilitated a
detailed analysis of some genetic characteristics in Curvibacter AEP, which play a
role in the association with its host organism, the freshwater polyp Hydra AEP.
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2 Aims of this study
Studies of the Hydra-Curvibacter symbiotic interaction have already identified sev-
eral traits that are involved in this interaction, including Curvibacter’s ability to
confer antifungal resistance (Fraune et al. 2015), its role in inter-kingdom communi-
cation - where Hydra interacts with Curvibacter through its quorum sensing system
(Pietschke et al. 2017) - and its capacity to induce the expression of host peptides
(Taubenheim et al. 2020). However, these factors alone do not fully explain why
Curvibacter AEP has developed such a close association with Hydra AEP, nor do
they fundamentally clarify the evolutionary drivers behind the emergence of this
symbiotic relationship.

As mentioned earlier, several host-associated and environmental Curvibacter species
have been identified, and genomic sequences are available for some of them. These
genomic resources can be leveraged to investigate genetic adaptations that enable
these bacteria to thrive in their specific environmental niches, such as the glycocalyx
of Hydra. To gain insight into symbiont-associated traits and the genetic adapta-
tions that drive facultative free-living species like Curvibacter AEP to establish close
interactions with host organisms, I addressed the following research questions:

1. What are genetic traits that enable the transition of Curvibacter AEP from a
free-living state to host-association?

• What functional role do these genetic traits possess within the Hydra
holobiont?

• Does Curvibacter AEP have nutrient dependencies that influence its dy-
namic interactions within the Hydra host environment?

2. How can we bioinformatically improve the investigation of genetic traits and
gene products involved in adaptation processes?

This also raises the question of how these traits are regulated, leading to
the emergence of the following sub-question:

• What are the regulatory mechanisms underlying these genetic traits, and
how is their expression controlled?

20



3 List of Manuscripts and Contri-
butions

The following manuscripts have been attached and formatted as chapters as part of
this cumulative thesis:

• Manuscript 1: "Extracellular Polymeric Substances Drive Curvibacter Host
Adaptation and Co-Speciation with Hydra". By Becker et al., is being pub-
lished as part of this thesis.
Contributions: Sebastian Fraune (SF) made contributions to the supervi-
sion, conceptualization, initial writing, reviewing, and editing of this mansu-
cript, in addition to providing resources. IA contributed to the project’s con-
ceptualization, the review process, supervision, and the provision of resources.
MP contributed to the review process, editing and provided resources. Sylvain
Foret was responsible for the sequencing and post-processing of the C.Hmag1.1
and C.Hvul1 genomes. TM conducted the phylogenetic analysis and monocol-
onization of Hydra and Curvibacter, as illustrated in Figure 1. JB, MK and
NW (formerly NS) contributed to the reviewing process of the manuscript and
provided domain-specific insights. LF made contributions to the methodology
and reviewing of the manuscript. LB contributed to the conceptualization,
methodology, investigation, validation, data curation, initial drafting, and the
review and editing of the manuscript.

• Manuscript 2: "Host Colonization Triggers Amino Acid Transporter Upreg-
ulation in the Cobalamin-Dependent Methionine Auxotroph Curvibacter". By
Becker et al., is being published as part of this thesis.
Contributions: SF made contributions to the supervision, conceptualiza-
tion, initial writing, reviewing, and editing of this mansucript, in addition to
providing resources. IA contributed to the conceptualization of the project,
the review process, and the provision of resources. SL and LF made contri-
butions to the methodology of this manuscript. JB provided domain-specific
insights. LB contributed to the conceptualization, methodology, investigation,
validation, data curation, initial drafting, and the review and editing of the
manuscript.

21



CHAPTER 3. LIST OF MANUSCRIPTS AND CONTRIBUTIONS

• Manuscript 3: "CATHI: An interactive platform for comparative genomics
and homolog identification". By Becker et al., has been published on bioRxiv
at the time of submission of this thesis. DOI: https://doi.org/10.1101/20
23.09.04.556229
Contributions: NS made contributions to the supervision, conceptualization,
initial writing, reviewing, and editing of this mansucript, as well as the design
of Figure 2. IA and SF contributed to the conceptualization of the project, the
review process, and the provision of resources. GK and PS contributed to the
review process of the manuscript. LB contributed to the conceptualization,
methodology, investigation, validation, data curation, initial drafting, and the
review and editing of the manuscript.

• Manuscript 4: "Oligonucleotide Library Assisted Sequence Mining Reveals
Promoter Sequences With Distinct Temporal Expression Dynamics For Ap-
plications In Curvibacter sp. AEP1-3". By Mager and Becker et al., has been
submitted, reviewed and accepted by SynBio - Synthetic Biology at the time of
submission of this thesis. DOI: https://doi.org/10.1093/synbio/ysaf001
Contributions: SF made contributions to writing, reviewing, editing and
funding acquisition. NS made contributions to methodology and resources.
IA contributed to supervision, writing, reviewing, editing and funding acquisi-
tion. MM contributed to conceptualization, methodology, investigation, writ-
ing, reviewing, editing and visualization. LB made contributions to conceptu-
alization, software, formal analysis, investigation, writing, reviewing, editing
and visualization. LB and MM contributed equally to this article.

22

https://doi.org/10.1101/2023.09.04.556229
https://doi.org/10.1101/2023.09.04.556229
https://doi.org/10.1093/synbio/ysaf001


4 Manuscript 1
Extracellular Polymeric Substances Drive Curvibacter Host
Adaptation and Co-Speciation with Hydra

Lukas Becker1,2, Liam Fürbach1, Timo Minten1, Jay Bathia1,
Marius Karbach3, Sylvain Foret†,4, Nicolas M. Winterfeldt2,

Markus Pauly3,Ilka M. Axmann2, Sebastian Fraune1*

1Institute for Zoology and Organismic Interactions, Department of Biology,
Heinrich Heine University Düsseldorf, 40225 Düsseldorf, Germany

2Institute for Synthetic Microbiology, Department of Biology, Heinrich Heine
University Düsseldorf, 40225 Düsseldorf, Germany

3Institute for Plant Cell Biology and Biotechnology, Heinrich-Heine-University
Düsseldorf, 40225 Düsseldorf, Germany

4Research School of Biology, Australian National University, Canberra, ACT,
Australia
†Deceased

*Corresponding author: Sebastian Fraune (fraune@hhu.de)

Keywords: Phylosymbiosis, comparative genomics, symbiosis, exopolysaccharides,
EPS operon, glycosyltransferase, microbiome, biofilm

23

mailto:fraune@hhu.de


CHAPTER 4. MANUSCRIPT 1

4.1 Abstract

The interactions between hosts and their microbial symbionts play a crucial role in
shaping biological diversity and ecosystem function. Bacteria can adapt to specific
host environments over evolutionary timescales, leading to co-speciation and the
formation of specialized host-microbe relationships. Understanding the molecular
mechanisms underlying these adaptations provides key insights into the evolution
of symbiosis and the stability of microbial communities. This study investigates the
co-speciation and molecular adaptations of Curvibacter to its host Hydra, a well-
established model for the study of host-microbe interactions. We provide strong
evidence of co-speciation, as demonstrated by phylogenetic congruence between dif-
ferent Hydra species and their corresponding Curvibacter symbionts, along with
preferential recolonization of germ-free Hydra by their native Curvibacter strains.
Comparative genomic analyses reveal that host-associated Curvibacter strains ex-
hibit distinct metabolic and biosynthetic adaptations compared to their free-living
relatives. Specifically, the enrichment of proteins involved in sugar metabolism and
transport, as well as the selective purification of proteins linked to macromolecule
biosynthesis, highlights the specialization of Curvibacter symbionts within the Hy-
dra glycocalyx. Functional experiments identify a symbiont-specific extracellular
polymeric substances (EPS) operon as key factor for microbial adhesion and host
colonization, underscoring its role in facilitating symbiont specificity and stability.
These findings provide insights into the molecular mechanisms driving host-microbe
co-evolution and highlight the evolutionary forces shaping microbial specialization
within host-symbiont relationships.

4.2 Introduction

Microbial communities that colonize host organisms enhance the fitness of the host
by supporting a range of functions, including the provision of nutrients, the matura-
tion of the immune system and the development of resistance to pathogens (Fraune
and Bosch 2010; Mcfall-Ngai et al. 2013). In return, microbial communities benefit
from the ecological niche provided by the host (Kopac and Klassen 2016; Obeng
et al. 2021). Consequently, the host and its associated microbiota constitute a com-
plex, integrated biological entity, designated as ’holobiont’ or ’metaorganism’ (Bosch
and McFall-Ngai 2011; Rosenberg and Zilber-Rosenberg 2018; Zilber-Rosenberg and
Rosenberg 2008), which is shaped by evolutionary pressures that drive mutual adap-
tation and specialization over time. Studying the underlying evolutionary processes
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is critical for understanding of how bacteria affect metaorganism maintenance and
fitness. The phenomenon of phylosymbiosis, whereby the similarity of associated
microbial communities correlates with the evolutionary history of their hosts, has
been documented across diverse host clades (Brooks et al. 2016; Franzenburg et al.
2013; Hayward et al. 2021; Lim and Bordenstein 2020). This observation implies
that host evolution exerts a long-term influence on the composition of their symbiont
communities. However, the extent to which shared environments or co-evolutionary
processes between host and symbiont determine the observed microbial patterns re-
mains unclear in most cases (Moran and Sloan 2015).

Due to its simplicity, we use the freshwater polyp Hydra and its symbiont Curvibacter
as host-microbe model to study mechanisms of symbiont adaptation and specificity
(Minten-Lange and Fraune 2020). Hydra is a small freshwater polyp belonging to
the phylum Cnidaria, a sister group to all bilaterians. Hydra features a relatively
simple body plan and lifestyle, facilitating efficient experimental analysis. Com-
paring the bacterial communities of different Hydra species maintained in the lab
revealed a high degree of pyhlosymbiosis (Franzenburg et al. 2013). In addition, Hy-
dra polyps sampled from the field are associated with similar bacterial communities
as polyps from the laboratory (Fraune and Bosch 2007; Taubenheim et al. 2022).
These associated microbial species are located either epibiotic within the glycocalyx
of Hydra or endosymbiotic within the epithelial cells (Fraune et al. 2015; Fraune
and Bosch 2007). The innate immune system of Hydra relies on a rich repertoire
of antimicrobial peptides and an evolutionary conserved set of pattern recognition
receptors (Augustin et al. 2009, 2017; Bosch et al. 2009; Franzenburg et al. 2012,
2013; Fraune et al. 2010; Jung et al. 2009; Klimovich and Bosch 2024). This innate
immune repertoire protects the metaorganism Hydra against pathogens and main-
tains a homeostasis with beneficial microbes. Conversely, the Hydra microbiota has
multiple effects on the host. Polyps with their microbiota experimentally removed
(germ-free animals) exhibit behavioral changes (Murillo-Rincon et al. 2017), and
are prone to fungal infection (Fraune et al. 2015). In addition, members of the
microbiome can induce tumor development (Boutry et al. 2023; Rathje et al. 2020),
asexual reproduction (Rahat and Dimentman 1982) and pattern formation which is
mediated via the activation of host peptides antagonizing the Wnt signaling pathway
(Taubenheim et al. 2020). The most abundant bacterial colonizer of Hydra vulgaris
is Curvibacter, a Betaproteobacterium belonging to the family of Comamonadaceae
(Fraune et al. 2015). Curvibacter colonizes the mucus-like layer of the ectodermal
epithelial cells of Hydra together with several other microbial colonizers (Fraune
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et al. 2015). Curvibacter is involved in antifungal activity (Fraune et al. 2015) and
induces the production of the Eco host peptides, which act as Wnt antagonists and
thereby influence the pattern formation and behavior of stem cells (Taubenheim et
al. 2020). To sustain long-term bacterial functions vertical transmission of beneficial
bacterial cells is crucial. In Hydra, Curvibacter is transferred during asexual repro-
duction by budding, whereby the bacterial cells passively migrate from the mother
polyp to the bud (Franzenburg et al. 2013; Fraune et al. 2010). During embryogene-
sis, however, Curvibacter is absent in early stages, due to the antimicrobial peptide
Periculin but colonizes the embryo in later stages, likely from the mother’s tissue
to the embryo’s cuticle (Fraune et al. 2010). After hatching, Curvibacter attaches
from the eggshell to newly hatched polyps, ensuring transmission to the next sexual
generation (Franzenburg et al. 2013; Minten-Lange and Fraune 2020). In addition,
Curvibacter can effectively colonize germ-free Hydra polyps when added to the sur-
rounding medium (Fraune et al. 2015; Wein et al. 2018). This demonstrates that
Curvibacter has maintained the ability to have a biphasic life cycle in which it can
alternate between a host-associated and a free-living phase.

In this study, we address the specificity of different Curvibacter strains for their re-
spective Hydra hosts. We observed strong congruent phylogenetic patterns between
Curvibacter and its Hydra hosts, supporting the presence of co-speciation (Kawaida
et al. 2013). Reciprocal recolonization experiments with three different Hydra species
and their associated Curvibacter strains showed that all strains performed best in
recolonizing their native Hydra hosts, emphasizing the evidence for co-speciation.
To further investigate host adaptation within the Curvibacter genus, a comparative
genomic analysis of free-living and host-associated species was performed, which
revealed greater genetic similarity among host-associated Curvibacter strains com-
pared to their free-living relatives. This analysis also identified an extracellular
polymeric substances (EPS) operon more prevalent in host-associated Curvibacter
strains. Knockout mutants lacking components of the EPS operon (∆epsH and
∆wcaJ ) exhibited altered levels of three EPS-associated monosaccharides and re-
duced ability to recolonize host tissue. The findings indicate that Curvibacter has
evolved specific adaptations to thrive within the Hydra host species, facilitated by
exopolysaccharides that reinforce the symbiotic relationship with the host.
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4.3 Material & Methods

4.3.1 Animal culture

Experiments were carried out using Hydra vulgaris (AEP), Hydra oligactis (strain
10/02), Hydra viridissima (strain A99), Hydra magnipapillata (strain 105), Hydra
vulgaris (strain Basel), and Hydra circumcincta (strain M7). All animals were cul-
tured under constant, identical environmental conditions including culture medium,
food (first-instar larvae of Artemia salina, fed three times per week) and temperature
according to standard procedures (Lenhoff and Brown 1970). For all experiments,
adult polyps without buds or gonads were used.

4.3.2 Isolation of Curvibacter strains

Single Hydra polyps from each species were placed in a 1.5-ml reaction tube and
washed three times with 1 ml sterile filtered Hydra medium. After homogenization
with a pestle, 100 µl (equates to 1/10 of a polyp) was plated on Reasoner’s 2A
(R2A) agar plates (Sigma-Aldrich). After incubation at 18 ◦C for 5 days, single
colony-forming units (CFUs) were isolated and cultivated in liquid R2A medium.
The bacteria were identified by Sanger sequencing of the 16S rRNA gene using the
universal primers Eub-27F and Eub-1492R (Weisburg et al. 1991) and stocks were
stored in Roti-Store cryo vials (Carl Roth, Karlsruhe, Germany) at −80 ◦C.

4.3.3 Phylogenetic

For Hydra, COI sequences of the desired lineages were acquired from the NCBI
database: H. vulgaris (AEP) (EF059935), H. carnea (EF059940), H. magnipapil-
lata (EF059934), H. vulgaris (EF059936), H. oligactis (EF059937), H. circumcincta
(EF059938) and H. viridissima (EF059941). Sequence alignment for the cytochrome
oxidase genes was generated using Clustal W incorporated in MEGA11 sequence
analysis software package (Tamura et al. 2021). A model test was used to esti-
mate the best-fit substitution models for phylogenetic analyses. For the maximum-
likelihood analyses, genes were tested using the General Time Reversible (GTR +
I) model. A bootstrap test with 1,000 replicates for maximum likelihood using a
random seed was conducted.
For Curvibacter, sequences for 16S rDNA were acquired of all isolates via Sanger-
sequencing using the universal primers Eub-27F and Eub-1492R (Weisburg et al.
1991). Evolutionary analysis was conducted in MEGA11 (Tamura et al. 2021). All
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sequences were aligned using the integrated Clustal W alignment option with de-
fault parameters. The evolutionary history was inferred by using the Maximum
Likelihood method and Hasegawa-Kishino-Yano model (Hasegawa et al. 1985). A
discrete Gamma distribution was used to model evolutionary rate differences among
sites. Bootstrap values were calculated based on 100 replicates.

4.3.4 Generation of germfree Hydra

Polyps were transferred to a sterile beaker containing 30 ml of sterile S-medium
supplemented with antibiotic solutions (50 µg/ml each of ampicillin, rifampicin,
spectinomycin, streptomycin, and neomycin). To assess any potential impact of
DMSO, which was used as a solvent for rifampicin, control polyps were treated with
DMSO (1 µl/ml). The beaker was sealed airtight and stored at 18 ◦C in the dark.
Over ten days, the medium and antibiotic solution were replaced every two days un-
der sterile conditions as previously described (Franzenburg et al. 2012). Following
antibiotic treatment, the GF polyps were washed with sterile S-medium, transferred
to a fresh beaker, and incubated for an additional two days. As a contamination
control, two polyps from each batch were homogenized in 100 µl of sterile S-medium
using zirconia beads in a screw-cap tube and plated on R2A-Agar (ROTH) plates.
After 3 days of incubation at room temperature, absence of CFUs indicated success-
ful antibiotic treatment (Franzenburg et al. 2012). For culture-independent analysis,
total DNA was extracted from single polyps using the DNeasy Blood & Tissue Kit
(Qiagen). The 16S rRNA genes were amplified using the universal primers Eub-27F
and Eub-1492R (Weisburg et al. 1991) in a 30-cycle PCR. Sterility was verified by
the absence of a PCR-product.

4.3.5 Recolonization experiments

Curvibacter isolates were cultured in liquid R2A medium for 3 days at 18 ◦C.
Following centrifugation at 1380 × g for 10 min, the bacterial pellet was resus-
pended in sterile Hydra medium and optical density (OD600) was measured. For
mono-association experiments, polyps were recolonized in Hydra-Medium with 5,000
Curvibacter cells per ml. For the recolonization experiments with the Curvibacter
AEP1.3 mutants, polyps were recolonized with 50,000 Curvibacter cells per ml. Non-
associated bacteria were removed by washing with sterile Hydra medium after 24
hours. After 7 days of recolonization, the S-medium was removed, and the Hydra
polyps were carefully washed with sterile S-medium to eliminate residual bacteria.
Each polyp was then transferred to an individual 1.5 ml screw-cap tube containing
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100 µl of sterile S-medium. Subsequently, zirconia beads (1 mm) were added to the
tubes, and the polyps were homogenized using a shaking homogenizer (BeadBug™).
Homogenates were serially diluted (1:20 and 1:40), and 100 µl of each dilution was
plated onto R2A-Agar plates. The plates were incubated at room temperature for 72
hours, after which colony-forming units (CFUs) were counted and adjusted for the
respective dilution factors. For the mono-association experiments, statistical analy-
sis of the bacterial load was conducted using one-way analysis of variance (ANOVA).
Dunnett’s test was used as a post hoc test to compare treatment with control sam-
ples. For the recolonization experiments with the Curvibacter AEP1.3 mutants,
statistical analysis was performed using one-way ANOVA to compare group means,
followed by pairwise t-tests with Bonferroni correction.

4.3.6 Genome sequencing

For sequencing the genomes of the two Curvibacter isolates Curvibacter Hmag1.1
and Curvibacter Hvul1 paired-end libraries were prepared using an Illumina TruSeq
LT kit with a median fragment size of 402 bp. Mate-pair libraries were prepared us-
ing an Illumina Nextera mate-pair kit with an insert size of 7.3 kb. The libraries were
sequenced on a MiSeq instrument at the Biomolecular Resource Facility, The Aus-
tralian National University, Canberra, Australia. The reads were quality trimmed
and adaptors were clipped using libngs https://github.com/sylvainforet/libn
gs. Mate-pair libraries were processed using NextClip (Leggett et al. 2014), keeping
only read pairs in which the Nextera adaptor was found. The processed reads were
assembled with SPAdes v3.5.0 (Bankevich et al. 2012). Gaps were filled using Gap-
Filler v1-11 (Nadalin et al. 2012). Genes were predicted using Prokka (Seemann
2014). Genome sequences were uploaded to NCBI as nucleotide FASTA files and
are deposited under the BioProject identifier PRJNA1232435.

4.3.7 Comparative genomic analysis

The E-Direct (22.1) software from NCBI was used to search and retrieve information
on available Curvibacter assemblies. In total there were 48 assemblies. These assem-
blies were then filtered by the assembly completeness level, all assemblies annotated
as "Contigs" were removed, resulting in a set of 18 Curvibacter assemblies. The
Curvibacter assemblies (Supplementary Table S1, S8) were downloaded from NCBI.
The downloaded nucleotide FASTA files were used as input for Prokka (1.14.6)
to generate GenBank and proteome FASTA files (Seemann 2014). The resulting
proteomes together with the two proteome FASTA files of Curvibacter Hmag1.1
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and Curvibacter Hvul1 were used as input for CATHI (Becker et al. 2023) and
OrthoFinder (2.5.5) (Emms and Kelly 2015, 2019). The synteny analysis was per-
formed using clinker (0.0.27) (Gilchrist and Chooi 2021). Clinker requires GenBank
files that exclusively contain the gene regions of interest. To meet this requirement,
we developed a custom Python script designed to extract relevant gene regions
from the GenBank files generated by Prokka. The script identifies these regions
based on reciprocal best hits (RBHs) obtained through the CATHI pipeline, par-
ticularly we checked the synteny status of the genetic loci around RBHs of EpsE
(WP_087496560.1), EpsF (WP_087496559.1) and EpsG (WP_087496558.1). Gene
sequences within the synteny, that do not share identities above 25% with Curvibac-
ter AEP1.3 were subjected to an additional BLAST analysis. This BLAST analysis
was conducted using CATHI with a subset of the Reference Proteins database, con-
taining only high-quality bacterial proteomes (assembly status "Complete Genome"
or "Chromosome"), and an e-value cut-off of 0.05. The species tree was generated
based on a set of orthologous gene trees by OrthoFinder, which is using the STAG
algorithm (Emms and Kelly 2018). OrthoFinder results were further used for an
orthogroup (OG) overlap analysis, to check the evolutionary conservatism among
the tested Curvibacter strains. To minimize bias arising from differences in total
OG count, the number of shared OGs between each pair of strains was normal-
ized by dividing it with the total number of OGs in each strain, reciprocally. The
inference of the symbiont specific OG set was done using a custom Python script
using the OG table provided by OrthoFinder. Kyoto Encyclopedia of Genes and
Genomes (KEGG) annotations were retrieved using the BlastKOALA (Kanehisa
et al. 2016) webservice with the Curvibacter AEP1.3 proteome as input file. Gene
Ontology (GO) terms were retrieved by parsing the public available Reference Se-
quence database GFF annotation file of Curvibacter AEP1.3 (GCF_002163715.1).
The KEGG enrichment analysis was performed using the clusterProfiler package
(3.20) (Yu et al. 2012) of R, the GO analysis was performed using the goatools
(Klopfenstein et al. 2018) Python package.

4.3.8 Preparation of defined medium

The defined medium was formulated using the M9 recipe as a template, with salt
concentrations adjusted to match those of R2A. To support Curvibacter growth, nine
amino acids and ammonium were added. The medium was buffered with HEPES
to counteract acidification caused by Curvibacter metabolism. The M9 salt, trace
elements, biotin, thiamine, NH4Cl, HEPES, MgSO4, CaCl2 solutions, along with
distilled water, were autoclaved. The 40% glucose and L-amino acid solutions were
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filter-sterilized using a 0.22 µm filter. All chemicals were stored at 4 ◦C prior to use.
The resulting solution was sterilized by filtration using a 0.22 µm bottle-top filter
to remove any potential microbial contaminants.

Table 4.1: Components of the defined medium

Chemical Concentration in media
Na2HPO4 337 µM
KH2PO4 220 µM
NaCl 880 µM
NH4Cl 935 µM
Glucose ~22,2 µM
CaCl2 300 µM
MgSO4 1 mM
HEPES (C8H18N2O4S) 10 mM
NH4Cl 10 mM

Histidine 100 mg/L
Methionine 100 mg/L
Asparagine 100 mg/L
Arginine 100 mg/L
Tryptophane 100 mg/L
Isoleucine 100 mg/L
Phenylalanine 100 mg/L
Threonine 100 mg/L
Aspartate 100 mg/L
Biotin 1 mg/L
Thiamin 1 mg/L

EDTA 134 µM
FeCl3-6H2O 31 µM
ZnCl2 6,2 µM
CuCl2-2H2O 0,76 µM
CoCl2-2H2O 0,42 µM
H3BO3 1,62 µM
MnCl2-4H2O 0,081 µM
H2O -
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4.3.9 Generation of Curvibacter AEP1.3 knockout strains

Pre-cultures of Curvibacter AEP1.3 for genomic knockout experiments were grown
in liquid R2A medium at 30 ◦C and 170 RPM in a New Brunswick Innova 42 incu-
bator for approximately two days before reaching stationary phase. Escherichia coli
(E. coli) DH5α and E. coli DH5α WM3064 (E. coli ∆DAP) strains were revived
from cryo-cultures onto LB-Agar plates. For the E. coli ∆DAP strain, 0.1 mM Di-
aminopimelic acid (DAP) was additionally included to support growth. For plasmid
isolation, conjugation, and knockout experiments, E. coli cultures were inoculated
from LB-Agar plates into liquid LB medium. The medium was supplemented with
the appropriate antibiotics and/or DAP. E. coli cultures grew overnight at 30 ◦C
with continuous shaking at 170 RPM.
The deletion of the epsH and wcaJ gene regions was performed using a homolo-
gous recombination strategy as described in Wein et al. (2018). Flanking regions
for the knockouts of the epsH and wcaJ genes were designed using approximately
1000 base pairs of adjacent genomic sequences. To construct the desired plasmid,
the first flanking region was introduced into the vector pGT42. The insertion was
performed by restriction digestion with AleI followed by ligation, designed to restore
the stop codon of the ampicillin resistance gene. The resulting plasmid solution was
transformed into chemically competent E. coli DH5α using the heat-shock method.
Transformants were screened on LB-agar plates supplemented with 500 µg/ml ampi-
cillin and 25 µg/ml chloramphenicol. Colony PCR was performed to confirm success-
ful integration of the first flanking region. Positive clones were cultured overnight in
liquid LB medium supplemented with ampicillin. Plasmid DNA was isolated using
the NucleoSpin Plasmid Quick Pure Kit (Macherey-Nagel, Germany) and verified
by sequencing. Next, the second flanking region was introduced into the validated
pGT42 plasmid via a similar restriction-ligation process using HpaI. Cultures were
treated with kanamycin for selection, and the resulting plasmid sequence was con-
firmed via colony PCR, bacterial growth of positive clones in liquid LB medium
supplemented with 25 µg/ml KanR, plasmid isolation, and sequencing as described
above. The validated pGT42 vectors, containing both flanking regions, were intro-
duced into E. coli ∆DAP cells using the heat-shock method. Transformants were
screened via colony PCR, and positive clones were subsequently used for biparental
mating with Curvibacter AEP1.3. The epsH and wcaJ gene targeting vectors are
provided as GenBank files in the GitHub repository of this project. For conjuga-
tion, Curvibacter AEP1.3 (5 ml) and the E. coli ∆DAP donor strain (3 ml) were
grown in liquid R2A medium to stationary phase. The E. coli ∆DAP culture was
centrifuged at 3,000 g for 3 minutes, washed with liquid R2A, and centrifuged again.
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The Curvibacter AEP1.3 culture was then added, and the combined suspension was
centrifuged at 3,000 g for 3 minutes. The pellet was resuspended in 700 µl R2A
supplemented with 0.1 mM DAP and incubated for 3–6 hours at 30 ◦C without
shaking. A 100 µl aliquot of the conjugation suspension was spotted onto R2A-
Agar plates with 0.1 mM DAP and incubated for 16–24 hours at 30 ◦C. Cells were
then scraped from the plate, resuspended in 600 µl R2A (without DAP), and 100 µl
of the suspension was spread on R2A-Agar containing 5 µg/ml kanamycin. After
48 hours, Curvibacter AEP1.3 clones were isolated and screened for integration of
the kanamycin and SacB cassettes from pGT42, as well as for successful removal of
the targeted gene regions by colony PCR.

4.3.10 CLARIOstar growth experiments

Pre-cultures of Curvibacter AEP1.3 for growth assays were grown in defined medium
at 18 ◦C and 170 RPM in a New Brunswick Innova 42 incubator before reaching
stationary phase. Growth experiments were performed using the CLARIOstar plate
reader (BMG Labtech). Pre-cultures for growth assays were diluted to an OD600 of
0.05 in 800 µl defined medium per well and inoculated into 48-well plates. The plate
reader was programmed to measure OD600 values every 10 minutes throughout the
experiment. For each growth experiment, at least three wells were inoculated with
800 µl of defined medium alone to serve as controls for contamination assessment
and to measure blank values. The experiments were conducted at room temperature
(~21 ◦C – 24 ◦C – due to shaking) with continuous shaking of 500 RPM between
measurements. The generation time g was calculated based on the standard expo-
nential bacterial growth model, assuming bifurcations.

n = log(OD6000.1) − log(OD6000.05)
log(2) (4.1)

g = time

n
(4.2)

The number of generations during the time of bacterial growth is denoted by the
number n, time of bacterial growth is based on the duration of how long the bacteria
grow from an OD600 0.05 to 0.1. Statistical analysis included the Shapiro test to
assess normal distribution, the Levene test to evaluate variance differences, and one-
way ANOVA to determine differences in mean values. Pairwise comparisons were
conducted using Tukey’s HSD (honestly significant difference) test.

33



CHAPTER 4. MANUSCRIPT 1

4.3.11 Scanning Electron Microscopy

Curvibacter AEP1.3 wt and the mutant strains ∆epsH and ∆wcaJ were grown in
liquid defined medium at 18 ◦C for 72 hours. Before Scanning Electron Microscopy
(SEM) sample preparation, bacterial cultures were diluted to an OD600 of 1.6. For
bacterial cell fixation, cover glasses (1 cm diameter) were coated with Poly-L-Lysine.
Prior to coating, the cover glasses were washed with 70% ethanol and dried using
compressed air. Cover glasses were then placed into 24-well plates and incubated
for 5 minutes in a 0.1% (w/v) Poly-L-Lysine solution prepared in distilled water.
The coated cover glasses were dried with compressed air and transferred to a new
24-well plate with the coated side facing upwards. Each well was filled with 1 ml of
defined medium. Subsequently, 20 µL of bacterial cultures or defined medium (as a
control) was added to the wells containing the coated cover glasses. The solutions
were gently mixed by pipetting. The 24-well plate was then centrifuged at 1,500 g
for 15 minutes at 4 ◦C.
The medium was removed, and samples were incubated for 1 hour in 1 mL of fixation
solution (0.1 M sodium cacodylate buffer, 2.5% glutaraldehyde, 2% formaldehyde in
distilled water). Samples were then washed four times with washing solution (0.1 M
sodium cacodylate buffer in distilled water). To ensure lipid fixation, an additional
step was performed using 1 mL of osmium tetroxide fixation solution (1% OsO4, 0.1
M sodium cacodylate buffer in distilled water) per sample, incubating for 1 hour at
4 ◦C in the dark. Afterward, samples were washed four more times with washing
solution and dehydrated through a graded ethanol series (30%, 50%, 70%, 80%,
90%, 96%, and 100%). Each ethanol solution was applied twice for 15 minutes,
starting with 30%. After dehydration, samples were immersed in 100% ethanol and
subjected to critical point drying. Therefore, samples were washed six times with
liquid CO2 and the remaining CO2 was slowly evaporated in a pressurized chamber
to remove all traces of liquid EtOH.
Next, samples were transferred to a sample holder with an adhesive pad using tweez-
ers. The samples were subjected to sputter coating, during which a gold layer was
deposited using plasma at a pressure of 0.08–0.09 mbar in an argon atmosphere.
Finally, the gold coated samples were transferred to the SEM Zeiss SUPRA 55VP
machine for imaging.
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4.3.12 Isolation, separation and staining of bacterial lipo-
polysaccharides

Lipopolysaccharides (LPS) from Curvibacter sp. JS11-12 and Curvibacter AEP1.3
were isolated and separated using the method described in (Michael R. Davis and
Goldberg 2012). The bacterial cultures were incubated for 72 hours. The culture
was diluted to OD600 of 0.5 and an aliquot of 1.5 ml was centrifuged at 10,600
g for 10 minutes and the pelleted bacteria were subjected to the LPS extraction
protocol. Bacterial pellets were resuspended in 200 µl of 1×SDS lysis buffer (2%
β-mercaptoethanol (BME), 2% SDS, 10 % glycerol in 50 mM Tris-HCl (pH 6.8) and
bromophenol blue dye) by gentle pipetting to ensure complete resuspension. The
samples were boiled in a water bath at 100 ◦C for 15 minutes and cooled to room
temperature. To each sample, 5 µl each of DNase I and RNase solutions (238 µg/ml
each) were added, followed by incubation at 37 ◦C for 30 minutes. Proteinase
K solution (455 µg/ml) was then added and incubated at 59 ◦C overnight. Ice-
cold Tris-saturated phenol (200 µl) was added to each sample. Tubes were tightly
capped and vortexed for 5–10 seconds. The samples were incubated at 65 ◦C for 15
minutes with occasional vortexing, cooled to room temperature, and mixed with 1
ml of room-temperature diethyl ether. The samples were vortexed for 5–10 seconds
and centrifuged at 20,600 g for 10 minutes. The bottom blue layer was carefully
extracted, avoiding contamination from the upper clear layer. A small amount of
the blue layer was intentionally left behind to minimize contamination risk. This
extraction process was repeated two times. If samples remained cloudy, additional
extractions were performed as needed. Following extraction, 200 µl of 2×SDS lysis
buffer was added to each sample and stored at 4 ◦C. Samples were separated on 15%
SDS-polyacrylamide gel, using 12 µl of prepared LPS per lane for visualization.
LPS fractions were stained using the Pro-Q™ Emerald 300 Lipopolysaccharide Gel
Stain Kit (Thermo Fisher Scientific). The E. coli O55 LPS standard (provided
within the Gel Stain Kit) was diluted 10-fold (to 250 µg/ml) in 2×SDS. The 15%
SDS-polyacrylamide gel was immersed in a fixation solution (50% methanol and
5% acetic acid in distilled water) with gentle agitation on an orbital shaker for
45 minutes to fixate LPS. The fixation solution was carefully removed, and the
process was repeated. The gel was incubated in the wash solution (3% glacial acetic
acid in distilled water) for 15 minutes with gentle agitation on an orbital shaker.
The washing solution was then removed, and the step was repeated. To oxidize
LPS carbohydrates, the gel was immersed in the oxidizing solution (periodic acid as
provided in the Kit and 250 ml of 3% acetic acid) by gentle agitation for 30 minutes.
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Following oxidation, the gel was washed twice as described earlier. A staining buffer
was prepared by adding 500 µL of Pro-Q® Emerald 300 stock solution to 25 ml of
staining solution. The buffer was applied to the gel and incubated for 120 minutes
with gentle agitation in the dark. The gel was then washed twice with the washing
solution, following the previously described procedure. The LPS fractions were
visualized using the Image Lab (Bio-Rad) software and the ChemiDoc XRS+ (Bio-
Rad) imaging system.

4.3.13 EPS extraction

The growth of Curvibacter AEP1.3 for EPS extraction for carbohydrate analysis
were carried out in a 50 ml culture in Erlenmeyer flasks at 18 ◦C, with continuous
shaking at 170 RPM in a New Brunswick Innova 42 incubator for 72 hours. For
the monosaccharide analysis, Curvibacter AEP1.3 growth for EPS extraction was
conducted using the Multi-Cultivator (MC) MC-1000-OD (PSI). Each vial was in-
oculated with 60 ml of Curvibacter AEP1.3 pre-culture at an OD600 of 0.1. For each
experiment, at least one vial was filled with defined medium as a control. Growth
in the MC device was carried out in the dark at 18 ◦C. Cultures grew for nine days
to ensure higher concentrations of EPS. After growth, each sample was divided into
two 50 ml falcon tubes and centrifuged at 4,500 g for 10 minutes. Next, the super-
natant was filtered through a 0.22 µm filter and transferred to a fresh 50 ml falcon.
The samples were stored at −20 ◦C until further use. The cell-free supernatant was
freeze-dried. Each lyophilized sample was then redissolved in 700 µl of autoclaved,
distilled H2O before combining pairs of samples. The resulting 1.4 mL solution
was subjected to size exclusion chromatography (SEC) by applying the sample to a
Superose 12 10/300 GL (Cytiva) column, separating small molecules from the de-
fined medium and bacterial macromolecules. Fractions containing macromolecular
components were pooled and vacuum-dried for carbohydrate analyses.

4.3.14 Analysis of total sugar abundance

Vacuum-dried samples were redissolved in 1 ml of autoclaved distilled water. Total
sugar abundance was quantified using the Phenol-Sulfuric Acid method, as described
by (Masuko et al. 2005) using a glucose standard curve. In a 96-well plate, 50 µl of
each sample or standard was added in triplicate. To each well, 150 µl of concentrated
sulfuric acid was added, and the solution was mixed by pipetting. Subsequently,
30 µl of a 5% phenol solution was added to each well, and the mixture was again
pipetted to ensure homogeneity. The plate was incubated at 90 ◦C for 10 minutes
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to facilitate the reaction and then cooled to room temperature for approximately
30 minutes. Absorbance values for the samples and the standard series were mea-
sured across a wavelength range of 400–550 nm using a CLARIOstar plate reader to
determine total sugar concentrations. Glucose concentrations in the samples were
calculated based on the absorbance at 490 nm.

4.3.15 Monosaccharide analysis

Monosaccharide composition analysis was conducted using high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAD).
Pooled macromolecular fractions containing the EPS were subjected to trifluoroacetic
acid (TFA) hydrolysis. For the hydrolysis the samples were dissolved in 2 M aque-
ous TFA and heated at 121 ◦C for 90 minutes, after which they were cooled on ice
and centrifuged at 12,000 RPM for 5 minutes. The remaining acid was evaporated
under a constant airflow at 40 ◦C for approximately 80 minutes. Following this,
300 µl of isopropanol was added, the solutions were vortexed and dried again under
a constant airflow at 40 ◦C for 15 minutes. This step was repeated a second time.
The samples were then dissolved in 500 µl water and subjected to anion-exchange
chromatography utilizing a Knauer Azura HPAEC system (Knauer, Berlin). The
CarboPac PA20 3×30 mm column was used as pre-column, while the CarboPac
PA20 3×150 mm column was used as main column (Thermo Fisher). As a flow rate
0,4 ml/min was used. The gradient profile for eluents is described in the following
table.

Table 4.2: Gradient profile of the HPAEC-PAD analysis

Time in minutes 2 mM NaOH in H2O as % 150 mM NaOH in H2O as %
Initial 100 0
21 100 0
22 0 100
25 0 100
26 100 0
35 100 0

Data acquisition and integration were performed using the ClarityChrom software
(7.4.2.107, Knauer). The obtained data was subjected to a two-way ANOVA statis-
tical test followed by a Bonferroni post-test.
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4.3.16 Computational scripts

All custom mathematical and plotting operations were performed with Python
3.8.16. Scripts and additional information can be found on the GitHub repository
of this project: https://github.com/Kanomble/eps_project. Software versions
and all utilized packages and third-party tools are implemented in a public Docker
image (kanomble/eps_project:1.2).

4.3.17 Supplementary data

The supplementary data for this manuscript are available as a compressed .zip
archive in the data folder of the project’s GitHub repository: https://github
.com/Kanomble/eps_project. Tables S1, S2, and S8, along with all supplementary
figures, are provided in a separate PDF file, while the remaining supplementary
tables are included in a Microsoft Excel spreadsheet.

4.4 Results

4.4.1 Co-speciation of Curvibacter and Hydra

Recognizing that Curvibacter is a consistent part of the microbiome of many Hy-
dra species (Franzenburg et al. 2013), we performed a cultivation effort to isolate
Curvibacter strains from all species available in the laboratory. In total, this iso-
lation procedure yielded 16 additional Curvibacter strains from six different Hydra
species (Figure 4.1A). To investigate potential co-speciation between Curvibacter
and Hydra, we compared the phylogeny of the six Hydra species (Figure 4.1A, left)
with those of 16 corresponding Curvibacter strains and the already described strain
Curvibacter AEP 1.3 (Pietschke et al. 2017) as well as the Curvibacter strain co-
sequenced with the Hydra magnipapillata genome (NCBI:txid667019) (Figure 4.1A,
right). Phylogenetic analysis of the 16S rRNA nucleotide sequences from Curvibac-
ter revealed six distinct clusters, each of which aligns congruently with its respective
Hydra host, as reflected in the phylogeny of the cytochrome C oxidase subunit I gene
of the six Hydra species. The closely related Curvibacter species within each of the
six clusters originate from the same Hydra species. This high congruency suggests
a co-speciation of Curvibacter and Hydra since early Hydra evolution.
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Figure 4.1: Co-speciation of Hydra and their associated Curvibacter strains. (A) Com-
parison of the phylogenetic trees of Hydra (left) and the associated Curvibacter species (right).
(Left) Phylogenetic tree of Hydra species based on cytochrome oxidase genes (maximum likeli-
hood, general time reversible (GTR+I)). Bootstrap values are shown at the corresponding nodes.
The branch-length indicator displays 0.02 substitutions per site. (Right) Phylogenetic tree of
Curvibacter isolates based on the 16S rRNA genes (maximum likelihood, Hasegawa-Kishino-Yano
model). Bootstrap values are shown at the corresponding nodes. The branch-length indicator
displays 0.002 substitutions per site. Note: the phylogenies of the Hydra hosts and their associ-
ated Curvibacter strains are congruent, indicating co-speciation. (B-D) Mono-colonization rates,
measured as CFU per polyp, for three Curvibacter strains across three different Hydra species after
7 days. (n=12). Statistical significance (ANOVA, followed by a Bonferroni post-test) is indicated
by asterisks, *p < 0.05, **p < 0.01.

To test whether the investigated Curvibacter strains have co-adapted to their Hy-
dra hosts we performed reciprocal recolonization experiments with three different
Hydra species and their corresponding Curvibacter isolates (Figure 4.1B-D). All
tested Curvibacter strains recolonized their native Hydra host best (Figure 4.1B-
D). The highest differences in colonization rate were evident for the recolonization
with Curvibacter AEP1.3. Interestingly, the isolates Hmag1.1 and Hvul1 estab-
lish similar colonization rates on H. magnipapillata and H. vulgaris (Figure 4.1C,
D). This observation is consistent with the close relationship of both Hydra species
(Figure 4.1A).
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4.4.2 Comparative genomics of free-living and Hydra asso-
ciated Curvibacter strains

In the next step we aimed at analyzing the co-speciation of Curvibacter to the Hy-
dra host on the genomic level. For this purpose, we sequenced the genomes from
two isolates of Hydra associated Curvibacter strains (Hmag1.1, Hvul1) in addition
to the already available genome from the strain AEP1.3 (Pietschke et al. 2017).
In public databases several free-living Curvibacter species are reported and their
genomes are available (Ding and Yokota 2004; Hahn et al. 2010; Lyu et al. 2024; Ma
et al. 2016). Based on the genomes of three free-living strains (Curvibacter delica-
tus (GCA_041639495), Curvibacter lanceolatus (ATCC 14669) (GCF_000381265),
Curvibacter gracilis (ATCC BAA-807) (GCF_000518645) and our three Hydra-
associated strains (Curvibacter AEP1.3 (GCF_002163715), Curvibacter Hmag1.1,
and Curvibacter Hvul1) a comparative genomic analysis was conducted (Table S1).
To assess genetic differences among all selected Curvibacter strains, an all-vs-all or-
thogroup (OG) overlap analysis was performed (Figure 4.2A). The three symbiotic
Curvibacter strains exhibit the highest similarities to each other with 84 to 99%
of common OGs. This pattern is also evident for the two free-living Curvibacter
strains, C. lanceolatus and C. gracilis, which both possess 97% of common OGs.
Both strains show less similarities when compared to the symbiotic species with 51
to 52% of shared OGs. The C. delicatus genome contains the fewest protein coding
genes, resulting in the lowest number of OGs (Table S2). C. lanceolatus and C.
gracilis, which have the highest number of OGs, share the fewest OGs with C. deli-
catus. In contrast, the OG distribution of C. delicatus exhibits the highest similarity
compared to the other two free-living species, sharing 90% and 91% of its OGs, re-
spectively. This result is potentially driven by the reduced protein-coding sequences
of C. delicatus. In comparison, it shares 82 to 83% of its OGs with host-associated
Curvibacter strains.
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Figure 4.2: Ortholog and KEGG/GO analysis of Curvibacter proteomes. (A) Heatmap
of orthogroup (OG) overlaps expressed as a percentage relative to the total OG count. The over-
laps were normalized by dividing the OG overlap between two species by the total OG count of
the species on the left axis. Highest similarities are observed within host-associated strains (C.
AEP1.3, C. H.mag1.1 and C. Hvul1) and among the two free-living species C. lanceolatus and C.
gracilis. (B) Selection of KEGG and GO enrichment analyses with the set of 693 protein sequences
of Curvibacter AEP1.3 obtained from the symbiont specific set of OGs. The figure highlights a
selection of the most notable categories, wherein the top four represent purified GO terms, and
the remaining three correspond to enriched categories. The analyses reveal a significant enrich-
ment of transporter-specific proteins (KEGG: ABC transporters; GO: carbohydrate transport and
transmembrane transport). While three pathways related to sugar metabolism are enriched among
the KEGG terms, the GO analysis highlights the enrichment of the organic hydroxy compound
catabolic process, along with a purification of GO terms associated with the metabolic and biosyn-
thetic pathways of macromolecules.

Subsequently, the OG data was filtered to identify OGs exclusive to the symbi-
otic strains. This analysis revealed 647 symbiont specific OGs (Table S3), with
693 of these genes present in Curvibacter AEP1.3. To assess functional enrichment
within the symbiont specific OGs, a gene enrichment analysis was performed us-
ing the symbiont-specific protein sequence set of Curvibacter AEP1.3, incorporating
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both GO terms and KEGG Orthology (KO) (Figure 4.2B). Overall, four KEGG
categories show significant enrichment, while 15 and 20 GO categories were iden-
tified as enriched and purified, respectively (Table S4 and S5). Some GO terms
form parent-child relationships within the GO hierarchy. Both enrichment anal-
yses revealed a significant enrichment of transporter-specific proteins, particularly
in the categories related to ABC transporters (KEGG), as well as carbohydrate
and transmembrane transport (GO) (Figure 4.2B). Nearly 50% of transporters as-
sociated with carbohydrate transport (GO:0008643) are enriched, along with 45-
75% of proteins involved in three KEGG pathways for sugar metabolism (ko00040,
ko00052, and ko00051) (Figure 4.2B). Remarkably, all proteins within Curvibac-
ter AEP1.3 associated with the organic hydroxy compound catabolic process cate-
gory (GO:1901616) reside within the symbiont specific dataset. Additionally, pro-
teins associated with macromolecule metabolism and biosynthesis (GO:0043170 and
GO:0009059) exhibit significant purification. Taken together GO and KEGG terms
associated with metabolic and transport pathways are significantly enriched and/or
purified within the symbiont-specific gene set of 693 Curvibacter AEP1.3 genes, in-
dicating that Curvibacter has undergone specific metabolic adaptations to thrive
within its ecological niche in the glycocalyx of Hydra.
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4.4.3 Symbiont specific genes reveal associations with an
extracellular polymeric substance (EPS) operon

Within the symbiont-specific OGs we identified one gene annotated as epsH/exosort-
ase B (WP_087496557.1) among the purified GO category ’macromolecule metabolic
process’ that is part of an operon potentially linked to the biosynthesis and transport
of extracellular polymeric substances (EPS) (Haft et al. 2006; Yoshida et al. 2003).
The complete operon consists of eleven genes (Figure 4.3A, Table S6). Among those
eleven genes, five genes reside in the symbiont-specific gene set (Table S3, EpsA,
EpsL, EpsD, EpsH and EpsI).
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Figure 4.3: Putative functional roles of the EPS operon enzymes and a species-level
phylogeny of Curvibacter reflecting the syntenic conservation of this operon.
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The following section describes the content of Figure 4.3: (A) Locus of the EPS
operon of Curvibacter AEP1.3. (B) Putative functions of the EPS operon and
neighboring genes in Curvibacter AEP1.3 suggest involvement in exopolysaccharide
production and biofilm formation, with components such as EpsF, EpsG, EpsE,
and WcaJ sharing homology with known Wzy-polymerase biosynthesis pathway pro-
teins (Cuthbertson et al. 2009; Yoshida et al. 2003). The figure was created with
https://BioRender.com. (C) Orthofinder species tree inferred by the STAG
algorithm from sets of gene trees. The values at each bipartition represent the per-
centage of occurrences of that specific bipartition across the set of inferred species
trees. The phylogeny is in direct comparison to a syntenic EPS region (D). The syn-
teny graph displays the conservation status of the eleven EPS operon genes of the
three host-associated Curvibacter species and five representatives of the free-living
Curvibacter species. The percentage identity of these genes decreases in free-living
species. The red marked branch of the phylogeny shows a cluster of Curvibacter
species without putative orthologous genes of the EPS operon. (1) WcaJ may act
as a priming glycosyltransferase and performs initial glycosylation (Pal et al. 2019;
Patel et al. 2012). (2) In the Wzy-Polymerase biosynthesis pathway, the growing
glycan is transported across the inner membrane into the periplasm by the Wzx
flippase. There is no homologous protein within the EPS operon, but a neighbor-
ing enzyme, located nine genes downstream of the O-acetyltransferase of the EPS
operon, has a WzxC domain (WP_087496544.1) and may act as a flippase. (3)
The enzymes EpsF and EpsG share structural similarities with polysaccharide co-
polymerase (PCP) proteins. EpsF contains a Wzz domain, while EpsG features
a Wzc domain. The Wzz protein functions as a regulator of glycan chain length
during polysaccharide synthesis, whereas the Wzc protein may modulates the over-
all activity and export readiness of the polysaccharide synthesis machinery through
changes in its phosphorylation state (Kintz et al. 2008; Larue et al. 2009; Reid and
Whitfield 2005; Wugeditsch et al. 2001). (4) The EpsD enzyme is annotated as
peptidyl-prolyl cis-trans isomerase, and it likely assists in the proper folding and
stabilization of polysaccharide synthesis machinery proteins. (5) The EPS operon
contains two glycosyltransferases, WcaJ and WecB, alongside four additional glyco-
syltransferases located in proximity (Figure S1 and Table S7). These enzymes are
probably responsible for the sequential glycosylation of the polysaccharide, with each
glycosyltransferase typically catalyzing the addition of a specific monosaccharide to
the growing polymer chain, thereby contributing to the diversity and complexity of
the polysaccharide structure. (6) Export of the polymer is likely mediated by the
activity of EpsG and EpsE, which possesses a Wza domain. Wza acts as an outer
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membrane polysaccharide exporter, forming a channel for the translocation of the
completed polysaccharide chain (Nesper et al. 2003). (7) The EpsH exosortase is
proposed to cleave the N-terminal PEP-C-term motif of proteins. These proteins are
typically associated with clusters of EPS synthesis (Haft et al. 2006). Along with
other enzymes such as acetyltransferases or oxidoreductases, it is hypothesized that
they act as EPS modifying enzymes. (8) EpsL is an outer membrane transporter
with a beta barrel domain and a signal peptide. It is likely located at the outer mem-
brane of Curvibacter AEP1.3 where it forms a pore for diffusion of other enzymes or
molecules. The Wzy-polymerase itself is not present within the EPS operon, how-
ever, in the genome of Curvibacter AEP1.3 two genes possess Wzy_C_2 domains,
the corresponding enzymes may act similar to Wzy. However, the exact polymer-
ization process of the EPS produced by the operon remains unknown.

The first gene in the operon, epsA, encodes a transcriptional regulator that contains
an internal LuxR domain at its C-terminus but lacks an autoinducer-binding domain
(Figure 4.3A). The second gene is homologous to wcaJ, a glycosyltransferase from E.
coli, which functions as the priming glycosyltransferase in colanic acid polysaccharide
synthesis (Pal et al. 2019; Patel et al. 2012). Many of these enzymes share similar
domains with known components of the Wzy-polymerase biosynthetic machinery
(Cuthbertson et al. 2009; Whitfield 2006), including those responsible for regula-
tion (EpsA), transport (EpsL and EpsE), chain length control (EpsF and EpsG),
protein modification (EpsD and EpsH/EpsI), glycosylation (WcaJ and WecB), and
acetylation (OatA) (Figure 4.3B).

To assess the presence of this potential EPS synthesis and transport operon within
different Curvibacter strains in a higher resolution, we retrieved 14 additional assem-
blies from free-living Curvibacter strains (Table S8). Using the CATHI software tool
(Becker et al. 2023), a reciprocal BLAST analysis of the eleven EPS operon protein
sequences was conducted against a database consisting of the 20 Curvibacter protein
coding genes. The analysis revealed that nine of the eleven protein sequences have
reciprocal best hits (RBH) within all three Hydra-associated Curvibacter strains.
Furthermore, only the minority of free-living species possessed RBHs to the eleven
protein sequences (Table S9).

Combining the OrthoFinder and synteny analysis we inferred a genome level phy-
logeny (Emms and Kelly 2018) (Figure 4.3C) as well as the conservation of the
synteny of the EPS operon of all 20 Curvibacter strains (Figure 4.3D). All three Hy-
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dra-associated strains form a monophyletic cluster and exhibit a high synteny con-
servation of the EPS operon (Figure 4.3C, D). Together with four free-living strains
the Hydra-associated strains form a sister group to all other Curvibacter strains
(Figure 4.3C). Interestingly, these four free-living species, similar to the symbiotic
species, show homology to nine genes within the operon. However, the percentage
identity of corresponding enzymes is highly reduced compared to identities observed
in Hydra-associated strains. The syntenic status of the EPS operon is reduced to
three genes within six other free-living Curvibacter, while seven Curvibacter species
within this cluster lack the entire operon (Figure 4.3C, D).

Taken together, most enzymes in the EPS operon, except for EpsE, EpsF and EpsG,
lack syntenic conservation in free living Curvibacter strains. Furthermore, conserved
proteins exhibit lower sequence identity in free-living species compared to symbiotic
strains. These results suggest potential functional divergence driven by different
evolutionary pressures in free-living and symbiotic environments. This conclusion is
supported by the fact that many protein sequences which are syntenically conserved
exclusively within the free-living Curvibacter strains (Figure 4.3D, white arrows)
also shared homologies with enzymes associated with EPS production (Table S10).
In addition, in symbiotic strains several neighboring genes are predicted to be in-
volved in EPS production, primarily comprising glycosyltransferases, oxidases, and
acetylases, which are essential for determining the final EPS structure (Table S10).

4.4.4 Curvibacter AEP1.3 is producing extracellular poly-
meric substances

Based on the predicted functions (Figure 4.3B), it can be hypothesized that this
operon is involved in the production of exopolysaccharide structures, such as capsu-
lar polysaccharides, glycosylated proteins and/or lipopolysaccharides (LPS). How-
ever, the exact functions of these genes remain unknown. Notably, two neighboring
enzymes in the cluster are annotated as LPS biosynthesis protein (WP_087496544)
and O-antigen ligase (WP_087496545). Consequently, an isolation of LPS was per-
formed using the free-living Curvibacter strain JS11-12 and the symbiotic Curvibac-
ter AEP1.3 (Figure 4.4A). The LPS was isolated from cultures grown in liquid R2A
at 18 ◦C, reaching the stationary phase. While Curvibacter AEP1.3 exhibits distinct
bands corresponding to lipid A and core oligosaccharides in E. coli O55, bands cor-
responding to the long chain O-antigen are absent (Figure 4.4A). Interestingly, the
LPS extraction of the free-living species, Curvibacter sp. JS11-12, shows distinct
bands corresponding to the long chain O-antigen polysaccharide in E. coli.

47



CHAPTER 4. MANUSCRIPT 1

Figure 4.4: Analysis of EPS obtained from Curvibacter AEP1.3.

The following section describes the content of Figure 4.4: (A) 15%-SDS gel elec-
trophoresis of Hot-Phenol-Ether isolated lipopolysaccharide (LPS) fractions. E. coli
LPS O55, provided by the gel staining kit, was used as a standard (left lane), while
the two additional LPS samples were extracted from the free-living Curvibacter
sp. JS11-12 strain (obtained from the DSMZ) and Curvibacter AEP1.3. The upper
bands of E. coli O55 and Curvibacter sp. JS11-12 represent long chain O-antigen re-
gions, corresponding to varying numbers of O-antigen repeat units. The lower bands
indicate intermediate and short-chain O-antigen or oligosaccharides, while the low-
est bands correspond to the lipid A core region of LPS (Jacobson et al. 2018; Wang
et al. 2002). Separation of LPS from Curvibacter AEP1.3 does not result in visible
bands for the long-chain O-antigen region. (B) Growth curve of Curvibacter AEP1.3
cultured in the standard bacterial-freshwater medium R2A (black curve) and in a
defined media (green curve) at room temperature. Although the generation times
are longer in the defined medium (Figure S2), Curvibacter AEP1.3 achieves higher
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OD values in this medium compared to R2A. (C) Size-Exclusion-Chromatographic
analysis of the lyophilized and re-dissolved cell-free supernatant from Curvibacter
AEP1.3 cultures (black), compared to lyophilized and re-dissolved defined medium
as a negative control (green). In contrast to the negative control, both the Refractive
Index Detector (RID) and the UV 280 nm detector (Figure S3) detected a signal
in the higher molecular weight fractions of the SEC for the Curvibacter AEP1.3
wt supernatant. (D) Sugar content of Curvibacter AEP1.3 wt supernatant (white
bars) and the defined media (green bars) as control of the higher molecular weight
fractions obtained from the SEC measured with the Phenol-Sulfuric-Acid assay with
glucose as standard (n=3). The detection of sugars in these fractions suggests that
the high-molecular-weight molecules present in the supernatant are composed of
polysaccharides.

Therefore, it is unlikely that the identified operon is responsible for the production
of the O-antigen of LPS. In addition, the annotation and similarity of the potential
EPS operon to the enzymes described by Yoshida et al. (2003) suggest the produc-
tion of an exopolysaccharide that is not necessarily associated with the membrane.
Therefore, we tested whether Curvibacter AEP1.3 secretes any sugar containing
polymeric substances into the media. The growth medium R2A is not ideal for this
purpose due to the presence of yeast extract and other polymeric substances, which
influence the downstream analysis of the secreted substances. Therefore, we devel-
oped a defined growth medium for Curvibacter AEP1.3. Surprisingly, while exhibit-
ing slightly reduced growth rates compared to R2A during logarithmic growth, the
defined medium outcompetes R2A in terms of maximum OD600 values (Figure 4.4B).

In the next step, the defined medium was used to cultivate Curvibacter AEP1.3 at
18 ◦C for 76 hours until the stationary phase was reached. Subsequently, all secreted
polymeric substances were isolated through centrifugation, filtration, freeze-drying,
and size-exclusion chromatography (SEC). SEC revealed two distinct peaks mea-
sured by the refractive index detector (RID). The first, smaller peak appeared at the
onset of the exclusion at fraction 10 and extended to fraction 21 (Figure 4.4C, black
curve). As this peak is not present in the media control (Figure 4.4C), it is likely
that molecules eluting at this retention time correspond to high-molecular-weight
molecules secreted specifically by Curvibacter AEP1.3. The second, broader and
larger peak appeared also in the medium control and may correspond to monosaccha-
rides and amino acids present in the medium. In addition, there were also two peaks
detected with the UV detector in the Curvibacter AEP1.3 sample (Figure S3). The
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first peak, similar to the RID peak, indicates the presence of high-molecular-weight
molecules that can absorb light at 280 nm, such as proteins or protein aggregates.
The analysis of the carbohydrate concentration revealed a significantly higher sugar
concentration in the Curvibacter AEP1.3 samples compared to the media control
(Figure 4.4D). To summarize, while Curvibacter AEP1.3 has no distinct bands for
long chain O-antigen polysaccharides, it produces and secretes polysaccharide based
molecules into the medium.

4.4.5 EPS gene knockouts impact growth behavior, monosac-
charide composition, and recolonization efficiency

To investigate the role of the EPS operon in the interactions with Hydra, knock-
out mutants of Curvibacter AEP1.3 were generated for the epsH and wcaJ genes
(Figure 4.5A, B). The epsH gene was selected due to its presence in the enrichment
analysis and because it is present within the other symbiotic strains and similarly
has a very low number of RBHs in the reciprocal BLAST analysis (Figure S4 and
Table S9). The wcaJ gene knockout was chosen due to its annotated function as a
priming glycosyltransferase for the synthesis of the exopolysaccharide colanic acid
(Pal et al. 2019; Patel et al. 2012).
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Figure 4.5: Comparison of morphology, growth and monosaccharide abundance of
Curvibacter AEP1.3 wt and two mutant lines.

The following section describes the content of Figure 4.5: (A, B) Visualization of
gene knockouts within the EPS operon of Curvibacter AEP1.3 mutant lines ∆wcaJ
(A) and ∆epsH (B). (C) Generation times for the wt, ∆wcaJ, and ∆epsH strains of
Curvibacter AEP1.3 (n=6) were calculated using the logarithmic growth model dur-
ing the exponential growth phase. Specifically, generation time in hour was assessed
during the initial logarithmic growth phase, defined as the increase in optical density
from OD600 0.05 to OD600 0.1. The mean generation time is significantly higher in
∆epsH mutant and significantly lower in the ∆wcaJ mutant compared to the wt
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strain. Statistical analyses were conducted using a one-way ANOVA, pairwise com-
parisons were conducted with Tukey’s HSD test to identify significant differences.
Statistical significance is indicated by asterisks, with the following meanings: *p <
0.05, **p < 0.01, ***p < 0.001. The OD600 growth curve is provided within the
supplementary material (Figure S5). (D) Relative monosaccharide abundance of
isolated ∆epsH, ∆wcaJ and wt EPS. The abundances reflect the relative sugar con-
centrations obtained from both ∆wcaJ and wt cultures (n=7), along with ∆epsH
(n=3). Significant differences can be observed in the Mannose and Glucose abun-
dances between wt and ∆wcaJ. Statistical analyses were conducted using a two-way
ANOVA, p-values were adjusted using the Bonferroni correction method. Statisti-
cal significance is indicated by asterisks, with the following meanings: *p < 0.05,
**p < 0.01, ***p < 0.001. (E - G) Scanning-Electron-Microscopy (SEM) graph of
Curvibacter AEP1.3 strains. There are no visible morphological differences among
the Curvibacter AEP1.3 wt (E) and the mutant lines ∆epsH (F) and ∆wcaJ (G).

The epsH and wcaJ knockouts were generated using the pGT42 vector-mediated
double crossover technique (Wein et al. 2018), resulting in mutant strains that con-
tain a kanamycin resistance gene and a sacB gene inserted at the loci of the epsH
and wcaJ genes (Figure 4.5A, B, green and red arrows, respectively). Interestingly,
the knockout strains exhibited significant differences in growth behavior compared
to the wt strain (Figure 4.5C). While the ∆epsH strain growth faster, the ∆wcaJ
strain growth significantly slower compared to the wt-strain. To investigate poten-
tial alterations in EPS sugar composition in the ∆epsH and ∆wcaJ mutants, we
subjected the content of the high molecular polymer peak isolated by SEC (Fig-
ure 4.4C, region within dashed lines) to HPAEC-PAD analysis, determining the
EPS monosaccharide composition.

The analysis revealed significant differences in the relative sugar abundances of the
∆wcaJ mutant (Figure 4.5D) with a higher relative abundance of glucose and galac-
tose and a lower relative amount of mannose, xylose and rhamnose compared to the
wt. In contrast, the ∆epsH mutant exhibited no significant changes in sugar com-
position, aside from a slight reduction in fucose levels. This finding suggests that,
rather than directly affecting the synthesis and structure of EPS, EpsH may play a
critical role in the proper assembly or secretion of surface proteins mediated by the
selective cleavage of PEPC-term containing proteins. SEM (Figure 4.5E-G) revealed
no visual morphological differences in the mutant strains compared to the wt strain.
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To test the hypothesis that the EPS operon is involved in adaptation of Curvibacter
to Hydra, mono-colonization experiments of germfree Hydra AEP were conducted
(Figure 4.6A). The ∆epsH and ∆wcaJ mutants recolonized the germfree Hydra AEP
polyps significantly worse compared to the wt strain (Figure 4.6B), supporting the
hypothesis that the symbiont-specific EPS operon contributes to the co-speciation
of Hydra and Curvibacter.

Figure 4.6: The recolonization efficiency of Curvibacter AEP1.3 mutant lines is im-
paired compared to the wt. (A) Scheme of recolonization of germ-free Hydra AEP polyps
with Curvibacter AEP1.3 wt and the mutant strains ∆wcaJ and ∆epsH. (B) Recolonization rates
after seven days recolonization, measured as CFU per polyp, for wt, ∆wcaJ and ∆epsH strains
of Curvibacter AEP1.3. CFUs were counted for 20 polyps (n=20) per recolonization. The mu-
tant strains exhibited significantly poorer performance compared to the wt strain; however, no
significant differences were observed between the mutant lines themselves. Statistical analysis was
performed using one-way ANOVA to compare group means, followed by pairwise t-tests with Bon-
ferroni correction (***p < 0.001).

53



CHAPTER 4. MANUSCRIPT 1

4.5 Discussion

4.5.1 Host-symbiont co-speciation and phylosymbiosis

The results presented in this study strongly support the concept of host-symbiont
co-speciation between Hydra and its associated Curvibacter symbiont. Phyloge-
netic analyses revealed a congruent evolutionary pattern between the Hydra species
and their bacterial symbionts of the genus Curvibacter, suggesting that evolution-
ary pressures have shaped the symbionts’ genomes, driving them towards mutual
adaptation. This result aligns with observations obtained from the Hydra viridis-
sima – Chlorella symbiosis, in which similar congruent phylogenies were reported
(Kawaida et al. 2013). Native strains consistently outperformed non-native strains
in recolonization experiments, emphasizing their specialized adaptations for coloniz-
ing their respective hosts. Since Curvibacter colonizes the surface of the ectodermal
epithelium of Hydra polyps (Fraune et al. 2015), while it is in direct contact with
the aquatic environment, it is of great interest to understand how the symbiosis
between Curvibacter and Hydra is established and maintained.

Our findings shed light on broader implications for phylosymbiosis and coevolu-
tion in host-microbe systems (Moran and Sloan 2015). Phylosymbiosis, the pattern
where microbial community composition correlates with host phylogeny, has been
observed across diverse host clades (Brooks et al. 2016). In mammals (Knowles et al.
2019), insects (Jackson et al. 2023; Qin et al. 2023), and invertebrates (O’Brien et al.
2020; Pollock et al. 2018), intraspecific microbiome variation is consistently lower
than interspecific variation, and microbial community similarities show significant
topological congruence with host phylogenies (Brooks et al. 2016). Phylosymbiosis
appears to be driven by host-microbiome interactions, as evidenced by reduced sur-
vival and performance in interspecific microbiota transplants (Brooks et al. 2016).
While host selection of the microbiome is often cited as a mechanism, other ecolog-
ical and evolutionary processes such as dispersal, drift, and diversification may also
contribute to phylosymbiotic patterns (Kohl 2020). In contrast to the community-
level focus of phylosymbiosis, individual bacterial species often undergo coevolution
with their hosts, resulting in highly specialized interactions. For instance, Buchnera
aphidicola has co-evolved with aphids, providing essential nutrients that the host
cannot obtain from its diet (Douglas 1998). This association, dating back 150 mil-
lion years, has led to coevolution and codependence between the partners (Bennett
and Moran 2015). However, this obligate symbiosis also presents potential draw-
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backs, including metabolic costs, and symbiont genome degeneration, which may
ultimately limit the ecological range and adaptability of aphid species (Bennett and
Moran 2015). Similarly, great ape species show complex co-evolutionary dynamics
with individual bacteria. Several bacterial lineages in human and ape guts have
co-evolved with their hosts over the last 15 million years, with divergence times
consistent with hominid evolution (Moeller et al. 2016). These distinct examples
of phylosymbiosis and individual bacterial coevolution highlight the complexity and
diversity of evolutionary processes shaping host-microbe relationships, from broad
community-level patterns to specific, finely tuned symbiotic interactions.

In the case of Hydra, the innate immune system’s ability to modulate microbial
composition likely plays a pivotal role in maintaining phylosymbiosis (Franzenburg
et al. 2013). By selectively fostering specific microbial communities by species-
specific antimicrobial peptides, the host ensures compatibility and functional inte-
gration of its microbiota. On the other hand, individual bacterial symbionts, like
Curvibacter, adapted to these host conditions ensuring the maintenance of associa-
tion. By advancing our understanding of Hydra-symbiont co-speciation, this study
contributes to the broader discourse on the evolutionary mechanisms underpinning
host-microbiome dynamics. It raises compelling questions about how environmen-
tal pressures and host-specific traits influence microbial specialization, offering a
framework for exploring the origins of phylosymbiosis within the Hydra-Curvibacter
association.

4.5.2 Bacterial genomic adaptations to host organisms

The comparative genomic analysis of symbiotic and free-living Curvibacter strains
highlights key adaptations that enable Curvibacter to thrive within the Hydra host
environment. Further evidence of these adaptations is the identification of or-
thogroups that are unique to symbiotic strains, many of which are associated with
functional categories relevant to host colonization and survival. Host-associated
strains exhibit a distinct enrichment of genes involved in carbohydrate transport.
These adaptations likely support the acquisition and utilization of host-derived re-
sources, enabling the symbionts to sustain their populations within the Hydra envi-
ronment. Furthermore, genes involved in macromolecule biosynthesis and metabolic
processes exhibit significant purification, reflecting distinct evolutionary pressures
acting on a specific subset of these genes. This genomic specialization may un-
derscore the importance of metabolic plasticity in facilitating the transition from
free-living to host-associated lifestyles. It is also known from other host-bacteria
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models that host-associated microbes can undergo genetic diversification to exploit
specific ecological niches. For instance, the coevolution of Helicobacter pylori with
humans has resulted in lineage-specific adaptations that allow it to persist in the
acidic environment of the stomach. The bacterium adapts to stomach acidity by
increasing the use of positively charged amino acids in its membrane proteins (Xia
and Palidwor 2005). H. pylori exhibit niche-specific adaptations within the stomach
allowing the colonization of approximately 50% of the human population (Ailloud
et al. 2019), causing overt gastric disease in only a subset of infected individuals
(Salama et al. 2013).

Similar to Curvibacter, Lactobacillus reuteri strains exhibit host-specific genomic
traits that enhance their ability to colonize the gastrointestinal tracts of various
mammals. Comparative genomic analyses have revealed broad genetic diversity
among L. reuteri strains from different hosts, with distinct phylogenetic clades
showing host specificity (Frese et al. 2011; Yu et al. 2018). Experimental studies in
gnotobiotic mice have shown that L. reuteri has evolved host specialization, with
rodent-associated strains possessing a specific genomic content that enhances their
ecological performance in the mouse gut (Frese et al. 2011). The genomic events
shaping host specificity also include the acquisition of genes encoding cell surface
proteins, active carbohydrate enzymes, and other functional genes that contribute
to adaptation to specific intestinal habitats (Frese et al. 2013; Wegmann et al. 2015;
Yu et al. 2018). In summary, the genomic adaptations observed in Curvibacter, in
addition to the known parallels to other host-associated bacteria, underline a central
role in genetic specialization for symbiotic relationships and niche adaptation within
the host environment.

4.5.3 Role of exopolysaccharides in symbiont adaptations

Exopolysaccharides play a critical role in mediating the specificity and stability of
the Hydra-Curvibacter symbiosis. The identification of a conserved EPS operon in
host-associated Curvibacter strains underscores its importance in facilitating micro-
bial adhesion and colonization within the host’s glycocalyx. Functional analyses of
this operon, particularly the epsH and wcaJ genes, revealed impaired recolonization
capabilities of the corresponding mutant strains, suggesting that the production of
specific glycans or glycoproteins is integral to maintaining the symbiotic relationship.
These findings align with previous studies highlighting the role of EPS in microbial
adhesion, biofilm formation (Vu et al. 2009), and immune evasion (Castro-Bravo
et al. 2018; Fanning et al. 2012; Watters et al. 2016) in other host-microbe systems
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(Gunn et al. 2016). EPS, primarily composed of polysaccharides and proteins form
the matrix of microbial aggregates and biofilms (Sheng et al. 2010; Vu et al. 2009)
mediate initial cell attachment to surfaces and protect bacteria from environmental
stresses (Vu et al. 2009). In the context of host interactions EPS not only contribute
to microbial adhesion and colonization but also play a crucial role in modulating
host immune responses. Studies have shown that EPS can help symbiotic bacteria
evade host immune detection by masking microbial-associated molecular patterns
and inhibiting host immune receptors. For example, Bifidobacterium breve produces
surface-associated EPS that enable evading adaptive B-cell responses and persistence
in the gut (Fanning et al. 2012). Similarly, EPS from Lactobacillus rhamnosus forms
a protective shield against host innate immune factors, enhancing its survival in the
gastrointestinal tract (Lebeer et al. 2011). Furthermore, EPS produced by probi-
otic bacteria has been associated with various health benefits, including immune
tolerance induction, anti-inflammatory effects, and protection against pathogens
(Bhandary et al. 2023). Understanding the immunomodulatory properties of EPS
in the Hydra-Curvibacter system could provide further insights into the evolution of
host-microbe mutualisms and the molecular mechanisms underlying host immune
tolerance.

EPS have also been shown to play pivotal roles in other host-symbiont interactions.
In the squid-Vibrio symbiosis, for example, the EPS produced by the syp genes is
essential for host colonization and biofilm formation (Shibata et al. 2012; Yip et al.
2005). Mutational studies have shown that most syp genes are required for successful
colonization of the squid, with varying degrees of impact (Shibata et al. 2012). Sim-
ilarly, in plant-rhizobia interactions, rhizobial EPS is essential for nodule formation
and successful nitrogen fixation in leguminous plants (Acosta-jurado et al. 2021).
The plant receptor Epr3 can recognize and distinguish compatible and incompatible
EPS in bacterial competition studies (Kawaharada et al. 2015). The EPS produced
by Lactobacillus plantarum play a crucial role in strain-specific probiotic effects and
host interactions. L. plantarum strains possess multiple gene clusters responsible for
EPS production, with varying impacts on surface glycan composition (Remus et al.
2012). The removal of EPS can alter bacterial surface properties, stress survival,
and immunomodulatory capacities in a strain-specific manner (Lee et al. 2016).
The strain-specific nature of EPS contributes to the variability in probiotic efficacy
observed among different strains (Bron et al. 2013).
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Similarly, the conservation of EPS-related genes in symbiotic Curvibacter strains
(Figure 3C,D) illustrates their adaptation to the Hydra niche. Comparative ge-
nomic analyses revealed that these genes are absent or poorly conserved in free-
living strains, indicating their evolutionarily recent acquisition or specialization in
host-associated strains. This specialization likely enhances the symbiont’s ability to
persist in the host’s dynamic environment, which is characterized by antimicrobial
peptides and other selective pressures. Moreover, the distinct sugar compositions of
EPS from mutant strains, as well as the significant differences in generation times
compared to the wt suggest that these polysaccharides play a specific role in me-
diating host-symbiont interactions, potentially influencing factors such as microbial
adhesion and host immune modulation. Future studies should be aimed at deter-
mining the specific structure of the Curvibacter EPS polymer in more detail.

4.6 Conclusion

This study elucidates the intricate dynamics of the Hydra-Curvibacter symbiosis,
highlighting the evolutionary and molecular mechanisms that underpin this rela-
tionship. The evidence for host-symbiont co-speciation underscores the deep evolu-
tionary connections between hosts and their symbionts, while the identification of
specialized adaptations such as the EPS operon showcases the molecular innovations
that enable Curvibacter to thrive in host environments. By integrating genomic and
functional analyses, this research advances our understanding of the evolutionary
processes that underpin host-microbe associations, offering valuable insights into the
dynamics of microbial adaptation and the resilience of host-microbiome systems.
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5.1 Abstract

Nutrient exchange among hosts and microbes is essential for maintaining mutu-
alistic interactions, wherein each partner provides metabolites that the other is
incapable of synthesizing autonomously. While many bacteria rely on the provi-
sion of such nutrients from other members of the host microbiome, some rely di-
rectly on their hosts. These symbiotic nutrient dependencies can drive evolutionary
specialization, leading to specific adaptations and interdependencies that, in turn,
influence the stability and efficiency of mutualistic partnerships. This study inves-
tigates the metabolic dependencies of the Gram-negative symbiont Curvibacter sp.
AEP1.3, which is associated with the freshwater polyp Hydra vulgaris AEP of the
Cnidaria phylum. We provide strong evidence for a metabolic shift in Curvibac-
ter towards the uptake of amino acids from the environment upon colonization of
Hydra. Various transporter sequences, including amino acid transporters, are dif-
ferentially upregulated when Curvibacter is associated with Hydra, compared to
Curvibacter cultures in liquid media. In addition, we demonstrate that Curvibacter
exhibits a cobalamin-dependent methionine auxotrophy, resulting from a nonfunc-
tional cobalamin-independent methionine synthase MetE. Furthermore, we observe
that upon Hydra mono-colonization, the cobalamin-dependent methionine synthase
MetH and transporter for cobalamin are significantly downregulated. These findings
suggest that methionine is supplied within the environmental niche, specifically the
glycocalyx of Hydra, where Curvibacter and other members of the Hydra microbiome
reside.

5.2 Introduction

Symbiotic interactions occur across all clades of life and are defined as close, long-
term associations between taxonomically distinct organisms. These relationships
shape the evolution of partners by mediating resource availability and selective
pressures within a shared environment. Symbiotic partners often develop metabolic
interdependencies, exchanging nutrients or compounds that one partner cannot syn-
thesize on its own (Douglas 1998; Opatovsky et al. 2018; Ponnudurai et al. 2017;
Rozmoš et al. 2022; Ryback et al. 2022). This exchange plays a crucial role in the
evolution of such interactions and leads to co-adaptions of both partner (Brochet
et al. 2021; Graf and Ruby 1998; Grant et al. 2014; Zhang et al. 2022). These
co-adaptations can support survival, replication, and transmission, while simulta-
neously influencing host biology (Mandel et al. 2012; Wolschin et al. 2004; Zientz

72



CHAPTER 5. MANUSCRIPT 2

et al. 2004). Studying these nutrient dependencies is essential for understanding the
ecological and biological dynamics underlying host-microbe relationships. Studying
these nutrient dependencies is essential for understanding the ecological and biolog-
ical dynamics underlying host-microbe relationships.

Metabolic interdependence arises when bacteria living in nutrient-rich, stable en-
vironments, such as those provided by host organisms, lose the ability to biosyn-
thesize certain nutrients de novo and instead rely on the direct uptake of these
compounds from their surrounding environment (D’Souza et al. 2014; Ramoneda
et al. 2023). This phenomenon is particularly widespread in endosymbiotic bac-
teria (Douglas 1998). A common feature of some of these endosymbionts is the
substantial reduction of their genome size, with the retention of genes essential for
survival and interaction within the host. As a result, most endosymbiotic bacteria
have lost genes for certain biosynthetic pathways, rendering them unable to pro-
duce important metabolites such as specific amino acids, nucleotides, and vitamins
(Grant et al. 2014; Heinken et al. 2014; Prell et al. 2010; Ramoneda et al. 2023;
Shigenobu et al. 2000; Soto-Martin et al. 2020). This metabolic dependency in
turn promotes specialization, which enables one symbiosis partner to concentrate
on the production of the required metabolites, while the other can use its resources
for complementary biological functions (Sørensen et al. 2020; Uchiumi and Sasaki
2020). Such division of labor not only stabilizes the symbiotic relationship but also
facilitates the adaptation of each partner to specific ecological roles, enhancing the
efficiency and resilience of the whole symbiotic system. The biosynthesis of essen-
tial metabolites through dedicated pathways is an energy-intensive process, often
imposing a significant metabolic cost on the producing organism. Interestingly, it
has been demonstrated that, in comparison with amino acids that are less expensive
to biosynthesize, these cost-intensive amino acids tend to promote stronger coop-
erative interactions among a bacterial community consisting of auxotrophic E. coli
strains (Mee et al. 2014). Consequently, the provision of nutrients in symbiotic sys-
tems represents a pivotal aspect of the evolution of mutual dependencies and fitness
enhancing-strategies among all participating organisms.

In this study, we investigated the Hydra-Curvibacter host-microbe model system for
the presence of metabolic interdependencies. Curvibacter is a Gram-negative bac-
teria belonging to the Commamonadaceae family. The genus Curvibacter comprises
bacteria that inhabit diverse ecosystems, with a predominant presence in aquatic en-
vironments (Ding and Yokota 2004; Jakus et al. 2021; Ma et al. 2016; Philippi et al.
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2021; Yang et al. 2021; Zhang et al. 2017). Certain species of Curvibacter function as
ectosymbionts, forming symbiotic associations with members of the cnidarian genus
Hydra (Fraune and Bosch 2007; Minten-Lange and Fraune 2020). Hydra species
secrete a glycoprotein and polysaccharide network from their outer epithelial cell
layer, termed as glycocalyx. This glycocalyx serves as a stable ecological niche for a
microbiome that mediates fungal resistance (Fraune et al. 2015), and modulates host
behavior and development (Giez et al. 2023; Murillo-Rincon et al. 2017; Nawroth
et al. 2023; Rathje et al. 2020; Taubenheim et al. 2020).

The composition of Hydra’s microbiota is influenced by host genetics and environ-
mental factors (Taubenheim et al. 2022). Especially, nutrients available in the envi-
ronment influence the composition of Hydra’s microbiome. For instance, nutrient-
rich conditions reduced the abundance of key beneficial taxa, such as Curvibacter,
while altering the overall microbial community structure. These changes were as-
sociated with impaired host fitness, highlighting the potential for external nutri-
ent supply to disrupt the balance of microbial symbioses in Hydra (Lachnit et al.
2025). However, recent research indicates that the nutrient composition of freshwa-
ter ecosystems exerts only a limited effect on microbiome stability in Hydra (Bathia
et al. 2024). This stability is likely mediated by molecular exchanges within Hydra’s
glycocalyx, which serves as a regulatory interface facilitating both microbe-microbe
and host-microbe stability (Fraune et al. 2009, 2015).

To investigate potential metabolic dependencies within the Hydra holobiont, we
analyzed the genome of Curvibacter sp. AEP1.3 (hereafter referred to as Curvibac-
ter AEP1.3), the primary colonizer of Hydra vulgaris AEP (hereafter Hydra AEP)
(Fraune et al. 2015), focusing on its metabolic capabilities and possible auxotro-
phies. We demonstrate that Curvibacter AEP1.3 upregulates several amino acid
transporter genes upon colonization of Hydra AEP, suggesting a metabolic adap-
tation to the host-provided environmental niche. Furthermore, our findings reveal
that Curvibacter AEP1.3 exhibits a cobalamin-dependent methionine auxotrophy.
Interestingly, Curvibacter AEP1.3 is capable of proliferating on Hydra AEP under
laboratory conditions (Deines et al. 2020, 2017; Fraune et al. 2015; Wein et al.
2018), without external supplementation of methionine or cobalamin in the Hydra
culture medium, indicating that methionine is likely supplied by the host. This host-
derived methionine may play a regulatory role in shaping the specific abundance of
Curvibacter AEP1.3 within the microbial community.
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5.3 Material & Methods

5.3.1 Preparation of defined medium

The defined medium was formulated using the M9 recipe as a template, with salt
concentrations adjusted to match those of R2A. To support Curvibacter growth, nine
amino acids and ammonium were added. The medium was buffered with HEPES
to counteract acidification caused by Curvibacter metabolism. The M9 salt, trace
elements, biotin, thiamine, NH4Cl, HEPES, MgSO4, CaCl2 solutions, along with
distilled water, were autoclaved. The 40% glucose and L-amino acid solutions were
filter-sterilized using a 0.22 µm filter. All chemicals were stored at 4 ◦C prior to use.
The resulting solution was sterilized by filtration using a 0.22 µm bottle-top filter
to remove any potential microbial contaminants.
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Table 5.1: Components of the defined medium

Chemical Concentration in media
Na2HPO4 337 µM
KH2PO4 220 µM
NaCl 880 µM
NH4Cl 935 µM
Glucose ~22,2 µM
CaCl2 300 µM
MgSO4 1 mM
HEPES (C8H18N2O4S) 10 mM
NH4Cl 10 mM

Histidine 100 mg/L
Methionine 100 mg/L
Asparagine 100 mg/L
Arginine 100 mg/L
Tryptophane 100 mg/L
Isoleucine 100 mg/L
Phenylalanine 100 mg/L
Threonine 100 mg/L
Aspartate 100 mg/L
Biotin 1 mg/L
Thiamin 1 mg/L

EDTA 134 µM
FeCl3-6H2O 31 µM
ZnCl2 6,2 µM
CuCl2-2H2O 0,76 µM
CoCl2-2H2O 0,42 µM
H3BO3 1,62 µM
MnCl2-4H2O 0,081 µM
C63H88CoN14O14P 0.05 mM
H2O -
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5.3.2 Bacterial cultivation and growth experiments

Curvibacter sp. AEP1.3 was revived from cryo-cultures on Reasoner’s 2A (R2A)
agar plates (Sigma-Aldrich). For growth experiments, Curvibacter pre-cultures were
inoculated in defined media supplemented with all nine amino acids (Table 5.1) and
placed in a New Brunswick Innova 42 incubator set at 18 ◦C and 170 RPM. Cultures
grew for approximately three days until the late exponential phase, before entering
stationary phase.

Prior to each experiment, fresh defined media containing the amino acids visual-
ized in Figure 3B were prepared in 50 ml falcons. Growth experiments to assess the
impact of amino acid supplementation were performed using a CLARIOstar plate
reader (BMG Labtech). Pre-cultures for growth assays were inoculated to an OD600

of 0.05 in 800 µl of defined medium per well of a 48-well plate. The plate reader
was programmed to measure OD600 values every 10 minutes throughout the experi-
ment. For each growth experiment, at least two wells were inoculated with 800 µl of
defined medium alone to serve as controls for contamination assessment and to mea-
sure blank values. The experiments were conducted at room temperature (~21 ◦C –
24 ◦C – due to shaking) with continuous shaking of 500 RPM between measurements.

The generation time g was calculated based on the standard exponential bacterial
growth model, assuming bifurcations.

n = log(OD6000.4) − log(OD6000.1)
log(2) (5.1)

g = time

n
(5.2)

N is the number of generations during the time of bacterial growth, this time is based
on the duration of how long the bacteria need to grow from an OD600 0.1 to 0.4.
Statistical analysis included one-way ANOVA against the fully supplemented media
to determine differences in mean values. Pairwise comparisons were conducted using
Tukey’s HSD (honestly significant difference) test.

The growth experiment with cobalamin (Cyanocobalamin, Carl Roth, s. Table 5.1)
and defined media without amino acids was conducted in a Tecan Infinite M Nano+
plate reader. Briefly, pre-cultures were assessed for their optical density and an
appropriate amount of pre-culture solution to reach a starting OD600 of 0.05 was
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pipetted into 2 ml Eppendorf reaction tubes. Bacteria were then centrifuged for 4
minutes at 4,000 g. The supernatant was discarded, and the pellet was washed with
defined media not containing any amino acids. This procedure was repeated two
times. Finally, the Curvibacter AEP1.3 cell pellets were treated with defined me-
dia without amino acids and defined media without amino acids but supplemented
with cobalamin. 400 µl of the bacterial cultures were then pipetted into 48-Well
plates. The plate reader was programmed to measure OD600 values every 10 min-
utes throughout the experiment. For each growth experiment, at least two wells
were inoculated with 400 µl of the respective media alone to serve as controls for
contamination assessment and to measure blank values. Before each measurement,
the plate was subjected to shaking at 500 RPM for 10 seconds. To obtain a constant
temperature of 18 ◦C the plate-reader was placed into a refrigerator and set to hold
the temperature between 17.5 and 18.5 ◦C.

5.3.3 Bioinformatics

For the Gene Ontoloy (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis the Curvibacter sp. AEP1.3 proteome (GCF_002163715.1) was obtained
from NCBI. The proteome FASTA file was used as input for the PANNZER2/SPANZ
tool (Törönen and Holm 2022), to infer functional annotation and GO terms. The in-
ferred GO terms were filtered using the ARGOT_PPV value, following the authors’
recommendation of applying a threshold value of 0.6. For the KEGG analysis, the
proteome FASTA file was used as input for the BlastKOALA web service (Kanehisa
et al. 2016). Obtained KEGG Ontology (KO) identifiers for each protein sequence
were used as input for the KEGG Mapper Reconstruct tool to retrieve information
on metabolic and biosynthesis pathways. The inference of the biosynthesis path-
ways for all proteinogenic amino acids as well as the bacterial secretion pathways
was done by evaluating the Reconstruct output. The inference of the amino acid
transporter sequences was done by screening the GO term dataset for GO:0006865,
the term for amino acid transport.

For the transcriptome analysis, the publicly available dataset associated with the
BioProject identifier PRJNA1025169 was utilized. Specifically, Supplementary File
S3 was downloaded and integrated into the analysis (Giez et al. 2023). Differentially
expressed genes were identified by filtering the dataset based on an adjusted p-value
(≤ 0.05). For gene enrichment analysis, differentially upregulated genes were se-
lected by applying an additional filter using only log2 fold changes ≥ 1.0. For the
gene enrichment analysis, the GOATOOLS software (1.2.12) was used (Klopfenstein
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et al. 2018). For Figure 2B, Transcripts-Per-Million (TPM) values were calculated
using the raw reads and the gene lengths provided within the supplementary file S3
of Giez et al. (2023). Briefly, gene lengths were converted to kilobases by dividing
their lengths by 1,000. Next, the raw read counts for each gene were divided by
the corresponding gene length in kilobases to obtain reads per kilobase (RPK). The
sum of all RPK values was then computed. Finally, the TPM value for each gene
was calculated by dividing its RPK value by the total RPK sum and multiplying
the result by one million.

Protein domain analysis was performed using InterProScan from the European
Bioinformatics Institute (EMBL-EBI) (Jones et al. 2014). InterProScan was as-
sessed programmatically with custom Python scripts using the E. coli K12 protein
sequences NP_418443 for MetH and NP_418273 for MetE, as well as the Curvibac-
ter AEP1.3 protein sequences WP_087495570 for MetH, WP_087497305 for the
Homocysteine S-Methyltransferase domain containing protein and WP_087494645
for MetE. The protein sequences were obtained from NCBI’s reference sequence
database. All custom scripts and bioinformatic analyses are available in the project’s
GitHub repository: https://github.com/Kanomble/amino_acid_project.
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5.4 Results

5.4.1 Metabolic adaptations of Curvibacter to its host habi-
tat

To investigate metabolic capacities and potential auxotrophies of Curvibacter AEP1.3
in its symbiotic relationship with Hydra AEP, a KEGG and GO annotation of its
genome was performed. This resulted in the identification of 1848 KO and 3359
GO categories. Next, we concentrated on the examination of amino acid synthesis
pathways to identify potential auxotrophies. This analysis revealed that Curvibacter
AEP1.3 has the biosynthetic potential to synthesize all proteinogenic amino acids
(Figure 5.1, Synthesis of amino acids).

Figure 5.1: Amino acid synthesis and transport systems of Curvibacter AEP1.3.
Curvibacter AEP1.3 has proteins for the synthesis of all proteinogenic amino acids (light green
boxes). Besides the presence of biosynthetic pathways for amino acids, Curvibacter AEP1.3
possesses 55 sequences annotated with the Gene Ontology (GO) term of amino acid transport
(GO:0006865). By traversing child GO terms associated with amino acid transport, as well as
for branched-chain amino acid transport (GO:0015803) and branched-chain transmembrane amino
acid transport (GO:0015658), a comprehensive set of GO terms related to amino acid transport
was compiled. Using this dataset, we identified groups of the 55 transporter genes, sharing a sim-
ilar distribution of GO terms. The groups and the number of sequences within those groups are
visualized as a pie chart (Distribution of amino acid (AA) transporter).
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To further investigate amino acid acquisition and molecular exchange capacity of
Curvibacter AEP1.3 with its environment, GO and KO categories related to amino
acid transporters were analyzed. In total, we identified 55 protein sequences of
Curvibacter AEP1.3 associated with amino acid transporters (Figure 5.1, Distribu-
tion of amino acid transporter). Of these transporter sequences, 29 were exclusively
associated with the GO term for amino acid transport (GO:0006865), with no fur-
ther child transporter GO terms that may enable more precise annotation. Six
transporters were associated with amino acid transmembrane transport, while nine
sequences were specifically linked to branched-chain amino acid transport. The
remaining eleven transporter sequences possessed additional amino acid transport
GO child terms, enabling a more precise functional classification of their specific
transport roles. These transporter sequences include three sequences associated
with L-alanine transport, two neutral amino acid transporters, two L-leucine trans-
porters, and one transporter sequence each for cysteine, valine, aspartate, and the
import of amino acids.
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Figure 5.2: Transcriptomic analysis of Curvibacter AEP1.3 on mono-colonized Hydra
AEP compared with cultures grown in liquid R2A media. (A) GO-term enrichment
analysis of significantly upregulated genes of Curvibacter AEP1.3 monocolonizing Hydra AEP. The
displayed GO terms represent a subset of 10 enriched categories, selected to reduce redundancy due
to overlapping gene sets. (B) Heatmap of TPM (Transcripts Per Million) values of 37 significantly
differential expressed amino acid transporter from Curvibacter AEP1.3. The left section of the
heatmap represents the TPM values for Curvibacter AEP1.3 cultured in liquid R2A medium at
18 ◦C, while the right section displays the TPM values for Curvibacter AEP1.3 colonizing Hydra
AEP. TPM values are normalized using the Z-score transformation implemented in the seaborn
clustermap function, standardizing each gene across samples. The values are scaled to range
between -2.5 and 2.5, with the color gradient transitioning from red (-2.5) to blue (2.5).
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To further analyze the role of transporter systems and amino acid biosynthesis of
Curvibacter AEP1.3 in relation to its host organism Hydra AEP, we analyzed a
publicly available transcriptome dataset containing Curvibacter AEP1.3 samples
grown in liquid R2A media and monocolonized on Hydra AEP (Giez et al. 2023).
A GO-term enrichment analysis was performed on the transcripts from the host-
associated Curvibacter AEP1.3 strain that had been overexpressed in comparison
to liquid R2A cultures (Figure 5.2A). Among others, this analysis revealed the en-
richment of transporter (GO:0006810) genes, with a significant enrichment of amino
acid (GO:0006865) and organic anion (GO:0015711) transport genes (Figure 5.2A).
Among the 55 amino acid transporter genes (Figure 5.1, Distribution of amino
acid (AA) transporters), 37 transporter sequences are differential expressed (Fig-
ure 5.2B). 25 transporters are significantly upregulated in response to the host envi-
ronment, while three transporter genes are significantly downregulated. Nine trans-
porters exhibit less (log2 fold change > -1 and < 1) but significant (p-value < 0.05)
differential regulation. This result indicates an alteration in the amino acid transport
of Curvibacter AEP1.3 in the glycocalyx of Hydra compared to cultures grown in
liquid medium. In addition, genes associated with the GO-term “outer membrane-
bounded periplasmic space” (GO:0030288) are significantly enriched. This GO-term
is associated with proteins acting in the periplasm, such as TRAP (tripartite ATP-
independent periplasmic) transporters and solute binding proteins. These proteins
could facilitate the removal of host-derived toxic compounds such as antimicrobial
peptides or metabolic waste produced by Hydra AEP as well as enhancing nutrient
uptake (Davies et al. 2021; Joo et al. 2016). Additionally, genes associated with the
monocarboxylic acid metabolic process (GO:0032787) and lipid catabolic process
(GO:0016042) are significantly enriched among the upregulated genes, suggesting
an increased utilization of host-derived lipids and organic acids. In summary, the
results indicate a metabolic adaptation process of Curvibacter AEP1.3 within the
host microenvironment.
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5.4.2 Methionine auxotrophy in Curvibacter

To investigate potential amino acid dependencies, growth experiments with Curvibac-
ter AEP1.3 were performed using a previously developed defined medium. The
defined medium was supplemented with different combinations of amino acids (Fig-
ure 5.3) to assess their impact on generation time. While Curvibacter AEP1.3 could
grow in media supplemented with nine amino acids, Curvibacter AEP1.3 showed no
sign of growth in media lacking methionine (Figure 5.3). In addition, defined me-
dia lacking isoleucine exhibited significantly reduced generation times, while media
without tryptophan resulted in significantly prolonged generation times compared
to media supplemented with all nine selected amino acids (Figure 5.3).

Figure 5.3: Generation times of Curvibacter AEP1.3 grown in defined media sup-
plemented with various amino acid compositions. Box-plots showing generation times
of Curvibacter AEP1.3 cultures grown in liquid defined media at room temperature (n=4-12).
Generation time was assessed in logarithmic phase from OD600 0.1 to OD600 0.4 in a defined me-
dia containing selected amino acids. The dashed line represents the median generation time of
Curvibacter AEP1.3 grown in a defined medium supplemented with nine amino acids (leftmost
box-plot: fully supplemented media). To evaluate significant differences, a one-way ANOVA for
each group vs. the defined medium containing all nine amino acids was performed, followed by
Tukey’s HSD test to identify significant differences. Statistical significance is indicated by asterisks,
with the following meanings: *p < 0.05, **p < 0.01, ***p < 0.001. The abbreviation N.G. indi-
cates no growth of Curvibacter AEP1.3. The matrix displays the amino acid composition within
the defined media. Green boxes indicate the presence of a specific amino acid, while white boxes
denote its absence. Each column corresponds to the amino acids in the respective liquid medium
for which the generation times were calculated.
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5.4.3 Methionine anabolism in Curvibacter

To identify the cause of methionine auxotrophy in Curvibacter AEP1.3 we analyzed
the methionine anabolism in detail at the genomic level. In bacteria methionine
biosynthesis typically starts with the uptake of inorganic sulfur-containing molecules,
such as sulfate (SO4

2-) or thiosulfate (S2O3
2-), from the surrounding environment

(Figure 5.4A). This process is mediated by ABC transporters or proton/sulfate sym-
porters. In Curvibacter AEP1.3, multiple homologous proteins facilitate sulfur up-
take, including CysW and CysT, which form a tandem permease system within the
sulfate ABC transporter complex. In E. coli, this system is capable of transporting
sulfate, thiosulfate, selenate, and selenite (Seiflein and Lawrence 2001), suggesting
a similar function in Curvibacter AEP1.3. Once inside the cell, the inorganic sul-
fur source undergoes a series of reduction reactions, ultimately producing hydrogen
sulfide (H2S) (Figure 5.4A) (Seiflein and Lawrence 2001). Analysis of the Curvibac-
ter AEP1.3 genome revealed KEGG homologs for all essential enzymes involved in
sulfur assimilation and activation. Hydrogen sulfide serves as the biologically active
form of sulfur and can be incorporated into sulfur containing molecules such as cys-
teine, which in turn acts as a precursor for methionine and other sulfur-containing
biomolecules (Figure 5.4B).
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Figure 5.4: Inorganic sulfur uptake/activation and methionine synthesis pathway in
Curvibacter AEP1.3. (A) Curvibacter AEP1.3 possesses the complete enzymatic repertoire
required for the assimilation of external inorganic sulfur sources, such as MgSO4, which is supplied
in the defined medium. Inorganic sulfur is transported into the bacterial cell via specialized sul-
fate/thiosulfate ABC-transporter systems (CysW, CysP, CysU, CysA and sbp). Before sulfate can
be utilized and incorporated into other biomolecules, it must undergo activation through a series of
enzymatic steps. Initially, sulfate is transferred to an ATP molecule by the sulfate adenylyltrans-
ferase (CysN and CysD), forming adenosine 5’-phosphosulfate (APS). Subsequently, APS is phos-
phorylated by adenylylsulfate kinase (CysC) to generate 3’-phosphoadenosine 5’-phosphosulfate
(PAPS). PAPS is then reduced to sulfite by CysH, which is further reduced to sulfide by the ferre-
doxin containing CysI. The resulting sulfide can then be assimilated into various biomolecules. (B)
Methionine biosynthesis in bacteria begins with L-aspartate, which is phosphorylated by aspar-
tokinase (LysC) to form L-aspartyl-4-phosphate. This intermediate is then reduced by aspartate
semialdehyde dehydrogenase (Asd) to L-aspartate-4-semialdehyde, which is subsequently converted
to L-homoserine by homoserine dehydrogenase (Hom). From this point, methionine biosynthesis
diverges into two distinct pathways: the direct sulfurylation pathway and the transsulfuration
(indirect sulfurylation) pathway. In Curvibacter AEP1.3, enzymes involved in the direct sulfuryla-
tion pathway are present, whereas MetC (cystathionine γ-synthase) is the only identified homolog
associated with the transsulfuration pathway. In the direct sulfurylation route, L-homoserine is
first acetylated by O-acetylhomoserine acetyltransferase (MetX) to generate O-acetylhomoserine.
This intermediate then undergoes sulfur incorporation, catalyzed by MetY or MetZ, leading to
the formation of L-homocysteine. Subsequently, 5,10-methylenetetrahydrofolate is reduced to 5-
methyl-tetrahydrofolate by 5,10-methylene-tetrahydrofolate reductase (MetF). This methyl donor
is then utilized by either the cobalamin-dependent methionine synthase (MetH) or the cobalamin-
independent methionine synthase (MetE) to catalyze the remethylation of L-homocysteine to L-
methionine. The pathway for de novo cobalamin (Vitamin B12) synthesis based on sirohydrochlorin
(KEGG Module: M00294) or precorrin 2 (M00295) is absent in Curvibacter AEP1.3. Interestingly,
genes for the synthesis of cobalamin from the precursor molecule cobyrinate a,c-diamide are present
(M00122). However, for the MetH enzyme to function, Curvibacter AEP1.3 must acquire cobal-
amin from external sources. The illustrated pathways are based on information from Deng et al.
(2018), Seiflein and Lawrence (2001), Ferla and Patrick (2014) and Rodionov et al. (2003).
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The backbone of methionine is synthesized from L-homoserine, which is derived
from L-aspartate through three enzymatic steps involving homologs of aspartoki-
nase (LysC), aspartate semialdehyde dehydrogenase (Asd), and homoserine dehy-
drogenase (Hom). All of these enzymes are present in the Curvibacter AEP1.3
genome (Figure 5.4B). From L-homoserine, the pathway diverges into two alterna-
tive routes: the indirect (trans-sulfurylation) pathway and the direct sulfurylation
pathway (Ferla and Patrick 2014). Most Betaproteobacteria predominantly utilize
the direct sulfurylation pathway, and the analysis predicts that Curvibacter AEP1.3
follows this route, as it possesses homologs of all the enzymes necessary for this
pathway. In this process, L-homoserine undergoes succinylation or acetylation by
homoserine O-acetyltransferase/O-succinyltransferase (MetX), producing either O-
succinyl-L-homoserine or O-acetyl-L-homoserine (Ferla and Patrick 2014). These
intermediates are then directly sulfurylated by either MetZ (O-succinylhomoserine
sulfhydrylase) or MetY (O-acetylhomoserine (thiol)-lyase), leading to the forma-
tion of L-homocysteine (Ferla and Patrick 2014). In the final step, L-homocysteine
is methylated to L-methionine using methyl donor molecules, such as 5-methyl-
tetrahydrofolate. This reaction is catalyzed by either of two methionine synthases:
the cobalamin-dependent enzyme MetH or the cobalamin-independent enzyme MetE
(Ferla and Patrick 2014). Curvibacter AEP1.3 possesses homologs of both methio-
nine synthases. While MetE has no need for cobalamin, it is an important co-factor
for the MetH methionine synthase. Interestingly, the genome of Curvibacter AEP1.3
lacks a complete set of coding sequences for the initial step of de novo cobalamin
biosynthesis but contains the necessary sequences for synthesizing cobalamin from
the precursor cobyrinate a,c-diamide. Therefore, it is likely that for the synthe-
sis of methionine facilitated by MetH, Curvibacter AEP1.3 must acquire cobalamin
or cobyrinate a,c-diamide from the surrounding environment. However, Curvibac-
ter AEP1.3 should be able to assimilate the inorganic sulfur sources present in
the defined media (Table 5.1) and synthesize L-methionine with the cobalamin-
independent methionine synthase MetE, but this contradicts the observed methio-
nine auxotrophy in the growth experiments.
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5.4.4 Genetic variations and domain loss in methionine syn-
thase loci of Curvibacter

A closer inspection of Curvibacter AEP1.3 proteins involved in methionine synthe-
sis revealed differences in the domain structure of the methionine synthase proteins
MetH and MetE in comparison to the functional sequences from E. coli (Figure 5.5).
The homocysteine S-methyltransferase domain (PF02574) of MetH, which is catalyz-
ing the methylation of L-Homocysteine, is missing within the enzyme of Curvibacter
AEP1.3 (Figure 5.5A). Interestingly, a protein sequence containing the PF02574
domain is located two genes in the 5’direction of MetH (Figure 5.5B). This re-
sult suggests that the insertion of the genes may have caused a disruption to the
MetH activity, which may have resulted in the production of an enzyme that is
non-functional. In addition, the Curvibacter AEP1.3 MetE enzyme lacks the N-
terminal cobalamin-independent synthase domain (Figure 5.5C, PF08267). Parallel
to PF02574, PF08267 mediates the methyl transfer by binding the cofactor. The
loss of this domain is likely resulting in a nonfunctional MetE. In contrast to MetH,
the missing PF08267 domain of MetE is absent in Curvibacter AEP1.3.
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Figure 5.5: Domain structures of the methionine synthases MetH and MetE in
Curvibacter AEP1.3 compared to E. coli, along with their genomic loci in Curvibacter
AEP1.3. (A) Domain structure of the cobalamin-dependent methionine synthase enzyme MetH
of E. coli (upper domain architecture) and Curvibacter AEP1.3 (lower domain architecture). The
protein family (Pfam) domain identifier descriptions are as follows: PF02574 corresponds to the
Homocysteine S-methyltransferase domain, PF00809 represents the Pterin-binding enzyme do-
main, PF02607 and PF02310 are associated with Vitamin B12-binding domains, and PF02965 is
identified as the MetH activation domain. (B) Genomic locus of metH in Curvibacter AEP1.3.
The homocysteine S-methyltransferase domain is separated from metH through an insertion of two
other genes encoding a hypothetical protein and a Gfo/Idh/MocA family protein. (C) Domain
structure of the cobalamin-independent methionine synthase enzyme MetE in E. coli (upper do-
main architecture) and in Curvibacter AEP1.3 (lower domain architecture). Pfam domain identifier
descriptions are as follows: PF08267 is the MetE N-terminal domain and PF01717 is the MetE
catalytic domain. (D) Genomic locus of metE in Curvibacter AEP1.3. The missing N-terminal
domain (PF08267) in metE is absent within the genome of Curvibacter AEP1.3.

89



CHAPTER 5. MANUSCRIPT 2

5.4.5 Vitamin B12 stimulates Curvibacter growth

In the next step, MetH activity was assessed through growth experiments in de-
fined media supplemented with cobalamin. Interestingly, cobalamin supplementa-
tion stimulated the growth of Curvibacter AEP1.3 (Figure 5.6A). This result indi-
cates that the methionine synthase MetH is functional despite the aforementioned
gene insertion. Supplementation with methionine, cobalamin, or both had no mea-
surable impact on the generation time.

To evaluate which scenario of methionine synthesis is potentially realized during
growth on the host tissue, we analyzed the gene expression of genes related to
cobalamin transport and both genes associated with MetH function during host
colonization (Figure 5.6B). The transcript abundances of MetH and the cobalamin
transport system BtuB in Curvibacter AEP1.3 were significantly lower on the Hy-
dra polyp compared to liquid cultures grown in R2A (Figure 5.6B). In combination
with the upregulation of several amino acid transporter genes (Figure 5.2A,B), this
result suggests that active transport of methionine from the glycocalyx environment
into the bacterial cell is more likely rather than a cobalamin uptake. In contrast,
if cobalamin is present in the environment, Curvibacter AEP1.3. can grow without
methionine supplementation.

Figure 5.6: Cobalamin induced growth and differential regulation of two cobalamin
transporters and the methionine synthase MetH in Curvibacter AEP1.3 upon host
colonization. (A) OD600 growth curve of Curvibacter AEP1.3 at 18 ◦C in a Tecan Infinite M
Nano+ plate reader (n=5). Growth of Curvibacter AEP1.3 within the defined media can be induced
by supplementation of cobalamin. (B) The transcript abundance of the cobalamin transporter
system BtuB and the methionine synthase MetH in Curvibacter AEP1.3 is significantly reduced
upon host colonization.
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5.5 Discussion

5.5.1 Metabolic adaptation in Curvibacter upon coloniza-
tion of Hydra

Here, we demonstrate that Curvibacter AEP1.3 possesses a diverse repertoire of
amino acid transporter genes (Figure 5.1) that are differentially regulated upon
host colonization (Figure 5.2B). GO terms associated with these transporter genes
are enriched (Figure 5.2A) among the upregulated genes in the host organism Hy-
dra AEP, indicating metabolic adaptation from the free-living state to the host-
associated state of Curvibacter AEP1.3. Previous studies have provided evidence
for nutrient exchange in the Hydra holobiont (Giez et al. 2023; Hamada et al. 2018).
In the Hydra viridissima and Chlorella symbiosis, Hydra upregulates phosphonate
transport and glutamine synthetase genes, suggesting that the polyp supplies its
symbiotic partner with essential nutrients, while Chlorella provides nutrients de-
rived from its photosynthetic activity (Hamada et al. 2018). In the Hydra AEP
symbiotic model, Curvibacter AEP1.3 enhances glutamate synthesis and glutamine
uptake during host colonization (Giez et al. 2023). However, excessive glutamate
negatively affects Hydra’s mouth-opening behavior, a detrimental effect that is mit-
igated by glutamate-scavenging commensals such as Duganella and Undibacterium,
highlighting a dynamic exchange of nutrients within the host-provided microenvi-
ronment (Giez et al. 2023). The enrichment of upregulated genes in the host organ-
ism associated with the GO term "outer membrane-bounded periplasmic space" -
which includes several virulence-related transporter proteins, such as SiaP and other
substrate-binding Tripartite ATP-independent Periplasmic (TRAP) transporters -
suggests a significant shift in protein secretion and transport dynamics in response
to the host environment.

Taken together, upon host colonization Curvibacter AEP1.3 undergoes a transcrip-
tional shift, resulting in the upregulation of genes responsible for amino acid up-
take and protein secretion. Similar patterns of upregulation have been observed in
other symbiotic systems, including the upregulation of genes involved in amino acid
metabolism and transport in Buchnera endosymbionts of aphids (Nakabachi et al.
2005). Similarly, Burkholderia insecticola, a symbiont in the midgut of the bean bug,
upregulates transporters for several nutrients to ensure optimal nutrient exchange
(Ohbayashi et al. 2019). The results of this study indicate that Curvibacter AEP1.3
is shifting its amino acid metabolism by preferentially acquiring amino acids from its
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microenvironment, the glycocalyx of Hydra, rather than relying on de-novo biosyn-
thesis. This finding likely reduces the metabolic burden on Curvibacter AEP1.3, as
it minimizes the energy-intensive process of amino acid biosynthesis, enabling the
bacterium to thrive on its host organism and even outcompete other members of
Hydras microbiota (Deines et al. 2020).

5.5.2 Cobalamin dependent methionine auxotrophy in
Curvibacter as adaptation to its host environment

Domain structure analysis revealed inconsistencies in the MetH and MetE methio-
nine synthases of Curvibacter AEP1.3 compared to functional orthologs in E. coli
(Figure 5.5). While the cobalamin independent methionine synthase MetE lost its N-
terminal domain, the missing S-methyltransferase domain of MetH is encoded within
another protein located two sequences downstream. The loss of the N-terminal MetE
domain is probably the reason for the auxotrophy of methionine, as we could show
that growth occurs if the medium is supplemented with cobalamin (Figure 5.6A).
In recolonization experiments using Curvibacter AEP1.3 in germ-free Hydra polyps,
Curvibacter AEP1.3 can successfully proliferate on the host (Deines et al. 2020;
Fraune et al. 2015; Wein et al. 2018). Notably, the Hydra culture medium lacks
supplementation with methionine or cobalamin. Given that eukaryotic organisms
are incapable of synthesizing cobalamin de novo, the ability of Curvibacter AEP1.3
to grow under these conditions strongly suggests that methionine is supplemented
within the glycocalyx of Hydra. In Vibrio fischeri, it has been shown that the pro-
duction of quorum sensing molecules from the acyl-homoserine lactone (AHL) family
is regulated by the availability of S-adenosylmethionine (SAM), a key methyl donor
in AHL biosynthesis (Hanzelka and Greenberg 1996; Parsek et al. 1999). Since SAM
synthesis depends on intracellular methionine levels, quorum sensing in V. fischeri
is ultimately linked to methionine availability. Interestingly, Pietschke et al. (2017)
demonstrated that communication between Curvibacter AEP1.3 and Hydra AEP
involves quorum quenching mechanisms targeting bacterial AHL molecules. It is hy-
pothesized that the recognition of Curvibacter -derived AHLs by Hydra triggers the
expression of eco genes, ultimately modulating the Wnt signaling pathway through
repression of β-catenin expression (Taubenheim et al. 2020). These findings connect
the host-mediated provision of methionine to the production of AHL molecules by
Curvibacter AEP1.3, which in turn appear to influence key developmental processes
in Hydra.
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In general, vitamin or amino acid auxotrophies within aquatic environments have
been extensively reported for various microbial organisms (Johnson et al. 2020). In
the case of vitamin B12, a significant proportion of human gut-associated bacteria
have been shown to be auxotrophic for this vitamin. These bacteria depend on other
microbial members of the gut microbiome or dietary intake as their primary sources
of vitamin B12 (Starke et al. 2023). In the Buchnera-aphid symbiosis, the endosym-
biotic bacterium Buchnera aphidicola lacks the ability to synthesize methionine and
relies on other members of the microbiome or the host itself to provide this amino
acid (Hansen and Moran 2011). A comparable dependency is observed in domes-
tic ruminants such as cows and sheep, where certain symbiotic, rumen-associated
bacteria are cobalamin auxotrophs, relying on other microbiome members for their
vitamin B12 requirements (Franco-Lopez et al. 2020; Strobel 1992; Wang et al.
2022). In the squid-Vibrio symbiosis, the host provides at least nine amino acids
that are critical for growth and bioluminescence activity of the symbiotic bacteria in
the squid’s light organ (Graf and Ruby 1998). By fine-tuning and balancing nutrient
availability for microbial species in these systems, methionine and vitamin B12 aux-
otrophies are likely to serve as mechanisms for regulating sulfur and nitrogen cycling
(Elling et al. 2020; Macdonald et al. 2012; Russell et al. 2013). Furthermore, it plays
a crucial role in shaping the composition and stability of microbial communities by
promoting mutualistic relationships and facilitating nutrient exchange (Rodionov
et al. 2019; Starke et al. 2023). Interestingly, in Curvibacter AEP1.3, the transcript
abundance of the cobalamin-dependent methionine synthase MetH, as well as the
cobalamin transport system BtuB, is lower during Hydra mono-colonization com-
pared to cultures grown in liquid R2A medium (Figure 5.6B). In conjunction with
the upregulation of several amino acid transporters (Figure 5.6), we hypothesize
that Curvibacter AEP1.3 actively imports methionine from the glycocalyx.

5.5.3 Domain structure disruption does not render MetH
nonfunctional

The cobalamin-dependent methionine synthase MetH is a protein with four ma-
jor domains (Figure 5.5A). Individual domains can catalyze partial reactions when
provided with external methyl donors or cofactors, but a full domain ensemble is
required for methionine synthesis (Ferla and Patrick 2014; Goulding et al. 1997).
In Curvibacter AEP1.3 the S-methyltransferase domain PF02574 is separated from
the other domains by two gene insertions (Figure 5.5B). Despite extensive research
on the MetH methionine synthase, to our knowledge, no studies have identified
domain separations with preservation of MetH function. However, a similar phe-
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nomenon can be observed in the case of Toll-like receptors (TLRs) in Hydra, where
they serve as key receptors for activating the innate immune response (Bosch et al.
2009; Franzenburg et al. 2012; Klimovich and Bosch 2024). Typically, TLRs are en-
coded by large protein sequences comprising an extracellular Leucine-Rich Repeat
(LRR) domain and an intracellular Toll/interleukin-1 receptor (TIR) domain. The
LRR domain is responsible for pattern recognition, while the TIR domain facilitates
signal transduction by recruiting downstream proteins such as MyD88. In Hydra,
these domains are separated and encoded by distinct coding sequences (Hemmrich
et al. 2007), this likely contributes to an increased flexibility in the regulation and
expression of TLRs, thereby enabling the polyp to precisely modulate its immune
responses (Franzenburg et al. 2012). In the case of MetH, the PF02574 domain is
responsible for the methylation of homocysteine. Therefore, the separation of this
domain may enable Curvibacter AEP1.3 to finely regulate the methylation process,
preventing excessive methylation of homocysteine and ensuring controlled synthesis
of methionine.

5.6 Conclusion

In this study, we have shown that Curvibacter AEP1.3 undergoes a metabolic shift
upon colonization of Hydra AEP, leading to an increase in the abundance of amino
acid transporter genes. This upregulation can facilitate the direct uptake of amino
acids from the Hydra glycocalyx. Moreover, Curvibacter AEP1.3 is auxotroph for
the amino acid methionine if cobalamin is not present in the media, as the cobalamin
independent methionine synthase MetE is nonfunctional, and the genes required for
de novo cobalamin synthesis are incomplete. Among various sources of methionine,
such as glycoproteins or metabolic byproducts present within the Hydra glycocalyx,
active provisioning of methionine may be mediated by the organism itself. Previous
fluid dynamics experiments have shown that Hydra’s body contractions enhance the
transport of chemical compounds toward its epithelial surface, potentially facilitat-
ing nutrient delivery (Nawroth et al. 2023). These chemical compounds can then
serve as nutrients for the resident microbiome. Furthermore, external nutrient sup-
ply in the Hydra medium alters bacterial abundance, resulting in a dramatic decrease
in Curvibacter (Lachnit et al. 2025). Similarly, nutrient-dependent shifts in micro-
biome composition are evident in mammals such as humans and mice, where dietary
changes have been associated with increases in specific bacterial clades (Beam et al.
2021; Turnbaugh et al. 2008). Interestingly, in the case of the Hydra-Curvibacter
relationship, the availability of the single amino acid methionine appears to be a
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critical and highly favorable factor for the fitness of Curvibacter. This is further
supported by the observation that Curvibacter achieves the highest relative abun-
dance among the bacterial taxa inhabiting Hydra (Fraune et al. 2015; Lachnit et al.
2025). Thus, nutrient availability has a profound effect on the composition and sta-
bility of Hydra’s microbiome. The findings of this study suggest that the glycocalyx
of Hydra serves as a site of nutrient exchange, where the nutrient composition is de-
termined by the secretion of chemical compounds from the host and the metabolic
activity of a diverse microbiome, ultimately facilitating species-specific, long-term
associations (Franzenburg et al. 2013; Fraune and Bosch 2007).
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6.1 Abstract

Bioinformatics has established itself as a central pillar of modern biology. Specifi-
cally, comparative genomics enables scientists to study a vast number of genomes
efficiently. These comparative analyses shed light on the evolution and potential
function of genomes and genes, but are also increasingly used as a key tool for
metabolic engineering and synthetic biology by identifying appropriate targets for
modification. While numerous sophisticated tools for comparative genomics and
homolog identification exist, those tools predominantly target highly skilled bioin-
formatics users. Consequently, many biologists either defer such analyses to their
more versed bioinformatic collaborators or resort to suboptimal tools.
Here, we present an intuitive solution available on all major operating systems,
easily accessed through common web browsers. CATHI – Comparative Analysis
Tool for Homolog Identification – integrates a suite of best-practice bioinformatic
tools, encompassing BLAST for homology searches, MAFFT for multiple sequence
alignment, FastTree2 for phylogeny reconstruction, and clinker for synteny analy-
sis. Specifically tailored to biologists, CATHI orchestrates predefined settings and
automated pipelines, obviating the need for programming expertise. This plat-
form empowers researchers to confidently engage in detailed comparative genomics
studies by streamlining the analytical process. The interactive framework provides
users with a plethora of options. This includes real-time execution and progress
monitoring, facilitates dynamic result tracking, and a set of search functions across
NCBI databases like CDD or ProtFam. Users can interactively engage in data
exploration, filtering, and visualization through CATHI’s intuitive interface. Fur-
thermore, the seamless export of project data in standard formats (FASTA, Newick,
CSV, and HTML) facilitates the integration with further third-party tools such as
TreeViewer and Jalview. To benchmark CATHI, we revisited the comparative analy-
sis of cyanobacterial circadian clock proteins conducted by Schmelling et al. in 2017,
revealing consistent global patterns among identified homologs, while also highlight-
ing individual variations attributed to the expansion of available databases.

6.2 Introduction

Bioinformatics has emerged as a critical cornerstone of modern biological research,
reshaping the landscape of biological exploration and transforming it from tradi-
tional laboratory confines into a dynamic, data-driven, and multidisciplinary field.
Comparative genomics allows researchers to compare and contrast genomes from
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different species. Those analyses provide insights into evolutionary relationships,
identifying conserved genes and regions, and understanding genetic variations that
underlie phenotypic diversity. A key concept of evolutionary and comparative ge-
nomics is the dichotomous differentiation of homology into orthologous and paralo-
gous sequences (Koonin 2005; Kuzniar et al. 2008). Paralogs are genes related by an
ancestral gene duplication event, while orthologs are homologous genes in different
species descended from a single ancestral gene of a last common ancestor through
vertical inheritance and subsequent speciation (Fitch 1970). Sets of orthologous
genes are used to obtain information regarding gene function and phylogenetic re-
lationships. Thus, a clear distinction between orthologous and paralogous genes is
crucial for reliable and robust genome annotation and phylogenetic inference (Kuz-
niar et al. 2008; Tekaia 2016). However, those definitions were proposed before the
advent of the genomic era. Assigning orthology or paralogy for genomic sequences is
much more complex as sufficient information is still missing to “determine the tim-
ing of many of the speciation and gene duplication events” (Jensen 2001). Thus, it
is suggested to classify homologs based on sequence-structure-function relationships
as “isofunctional” or “heterofunctional” and “isospecic” or “heterospecic” homologs
(Jensen 2001).

Typically, orthologous and paralogous gene relationships are disentangled by ana-
lyzing sequence similarities and their distribution within phylogenies (Koonin 2005;
Kristensen et al. 2011). Different computational solutions are required depending
on the biological question (Descorps-Declère et al. 2008; Dunne and Kelly 2017).
Thus, various tools have been developed to infer orthologs (Nichio et al. 2017).
Some of these tools, like OrFin (Midha et al. 2012), OrthoMCL (Li et al. 2003),
and OrthoFinder (Emms and Kelly 2019), use a combination of existing bioinfor-
matic software, such as BLAST (Basic Local Alignment Search Tool; (Altschul et
al. 1990, 1997; Camacho et al. 2009)), DIAMOND (Buchfink et al. 2014), MM-
seqs2 (Steinegger and Söding 2017), Markov Clustering (MCL) (Enright et al. 2002),
or phylogenetic reconstructions. Other tools are based on different approaches to
identify orthologs, like SPOCS (Curtis et al. 2013), OrthoInspector (Linard et al.
2011) or JustOrthologs (Miller et al. 2019). SPOCS combines the results of pair-
wise species comparisons from the InParanoid (Remm et al. 2001) algorithm with
graph-based predictions of orthologs and paralogs (Curtis et al. 2013), and aims to
identify orthologs within species groups. OrthoInspector (Linard et al. 2011) vali-
dates the output of sequence similarity searches and creates groups of in-paralogs
that are compared pairwise to assign potential orthologs and/or in-paralogs, while

107



CHAPTER 6. MANUSCRIPT 3

JustOrthologs (Miller et al. 2019) uses coding sequence lengths and dinucleotide per-
centages to assign orthologs. Moreover, the focus of these tools or their respective
online databases are different. While morFeus (Wagner et al. 2014) is specifically
designed for identifying remotely conserved orthologs, SPOCS, on the other hand,
is aimed at identifying orthologs within closely related species (Curtis et al. 2013).
These tools differ in their installation, operating system compatibility, and usage
(Table 6.1).

In addition, various biological databases like the Cluster of Orthologous Groups
(COG) database (Tatusov et al. 2000), OrthoDB (Zdobnov et al. 2021) or InPara-
noidDB9 (Persson and Sonnhammer 2023) have been developed to store groups of
orthologous and/or paralogous sequences, allowing for rapid identifications of ho-
mologous relationships among genes and species. EukProt (Richter et al. 2022) and
PanOCT (Inman et al. 2019) are databases that primarily focus on identifying or-
thologs among eukaryotic and prokaryotic genomes, respectively. In contrast, more
generalized approaches like the triangular Reciprocal Best Hit (RBH) method used
in the COG database (Tatusov et al. 2000) take a broader approach to unravel the
homologous relationships among genes.

Still, in most of these tools or their respective databases, homologs are (at least
partly) identified through RBHs (Table 6.1). RBHs can be assigned by performing
a reciprocal or symmetric BLAST search (Fig. 6.1). BLAST rapidly searches large
sequence databases by finding local similarities. Local alignments identify regions of
similarity between two sequences, highlighting regions that might share a common
function. BLAST starts with a short sequence, searches for sequences sharing simi-
larities, and extends those alignments as best as possible by applying cut-off values
based on sequence substitution matrices (Altschul et al. 1990). In contrast, global
alignments use the complete sequences and try to best align them with one another
(Smith and Waterman 1981).
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Table 6.1: Brief comparison of a selection of analytical tools for the iden-
tification of homologs and orthologs.

Tool Advantages Disadvantages DOI
CATHI Reciprocal BLAST tech-

nique, platform independent,
no requirements except
Docker, web-interface, in-
teractive result analysis,
combination of different
bioinformatic tools for post-
processing (selection con-
strained phylogeny, synteny
etc.), customized databases,
API to NCBI via E-Direct:
interactive sequence/domain
search

Reciprocal BLAST algo-
rithm: large query sets will
require a long run time,
post-processing is user de-
pendent, projects limited by
one organism

This publica-
tion

morFeus Reciprocal BLAST tech-
nique, Orthology network
scoring, detection of dis-
tantly conserved orthologs,
command line execution with
one command

Web-server is offline, a lot of
additional software require-
ments (e.g. NetworkX and
BLAST+), RefSeq database
must be downloaded and for-
matted before use outside the
tool, UNIX only, additional
post-processing steps outside
morFeus

https://do
i.org/10.1
186/1471-2
105-15-263

OrthoMCL Grouping of orthologs using
reciprocal BLAST technique
with a subsequent Markov
Clustering (MCL) algorithm,
the OrthoMCL web-server
enables simple comparison of
those groups according to cer-
tain filter criteria

Many requirements (e.g.
BLAST+, Relational
Database, Perl, MCL),
UNIX only, no pipeline, 13
steps need to be performed
on the command line (https:
//orthomcl.org/orthomcl/
app/downloads/software
/v2.0/UserGuide.txt), the
tool outputs three text files
with three groups of homol-
ogous sequences (orthologs,
co-orthologs, paralogs),
which will require additional
post-processing steps outside
OrthoMCL

https://do
i.org/10.1
093/nar/gk
j123
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OrthoFinder Several workflow steps: as-
signs genes to orthogroups
(1) and infers rooted or-
thogroup trees by utilizing
DendroBLAST (Kelly and
Maini 2013) or MSA and
a combination of STAG
(Emms and Kelly 2018) and
STRIDE (Emms and Kelly
2017) (2), identification of
orthologs and paralogs by
applying a hybrid algorithm
based on the species-overlap
method (Huerta-Cepas et al.
2007) and the duplication-
loss-coalescent model (Wu
et al. 2014) (3)
No requirements except
Docker, command line exe-
cution with one command,
produces rooted species-
trees and identifies gene
duplication events, a lot of
customizable options

Only command-line ver-
sion available, no database,
inference of orthologs be-
tween provided FASTA files
(smaller search space but
more accurate), additional
post-processing steps (for
visualization, extraction of
results) must be performed
outside OrthoFinder

https://do
i.org/10.1
186/s13059
- 0 1 9 - 1 8 3
2-y

SPOCS Reciprocal BLAST technique
with subsequent graph-based
ortholog prediction method,
that combines pairwise
predictions from InPara-
noid (Remm et al. 2001),
MaxCliqueDyn for the iden-
tification of ortholog cliques
(Konc and Janežič 2007),
web-server and command
line tool

Boost C++ and BLAST+ re-
quirements, list of FASTA
protein sequence files as in-
put, no database, additional
post-processing steps must be
performed outside SPOCS,
local installation is UNIX
only, web-server offline

https://do
i.org/10.1
093/bioinf
ormatics/b
tt454

110

https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1093/bioinformatics/btt454
https://doi.org/10.1093/bioinformatics/btt454
https://doi.org/10.1093/bioinformatics/btt454
https://doi.org/10.1093/bioinformatics/btt454
https://doi.org/10.1093/bioinformatics/btt454


CHAPTER 6. MANUSCRIPT 3

Ortho-
Inspector

Three steps pipeline: Re-
ciprocal BLAST (1), com-
parison of in-paralog groups
and assignment to poten-
tial orthologs/in-paralogs (2),
best hits between organisms
that contradict orthology are
detected (3)
Graphical interface and com-
mand line option, web-server
option available, phylogenetic
profiling

Installation requires configu-
ration of a MySQL database,
Java JRE and BLAST+ re-
quirements, creation of cus-
tom databases requires some
additional work (e.g. down-
load of sequences), web-server
option with a limited num-
ber of organisms (e.g. 4132
prokaryotic species)

https://do
i.org/10.1
186/1471-2
105-12-11

JustOrthologs Lengths of coding sequence
regions and dinucleotide per-
centages are used for the as-
signment of orthologs, fast al-
gorithm with comparable pre-
cision

Command line tool, input are
altered FASTA files based on
CDS regions, no database but
two input FASTA files, ad-
ditional post-processing steps
must be performed outside
JustOrthologs

https://do
i.org/10.1
093/bioinf
ormatics/b
ty669

InParanoid
(DB)

Orthologs are inferred based
on pairwise similarity scores
identified using DIAMOND
(1), those orthologs are
grouped (seed orthologs) (2)
and additional sequences are
added, based on similarities
to those seed orthologs (3)
Database of orthologous
groups, accessible through a
dedicated web-server, origi-
nally designed for eukaryotic
orthologs (O’Brien et al.
2005; Remm et al. 2001),
nowadays also listing diverse
groups of organisms (Persson
and Sonnhammer 2023)

Ortholog database consist of
640 organisms, for some genes
orthogroups may not exist,
additional post-processing
steps must be performed
outside InParanoid

https://do
i.org/10.1
093/nar/gk
i107

OrFin Reciprocal BLAST tech-
nique, web-server tool

Web-server is offline, no
command line tool avail-
able, no sequence database,
comparison of two uploaded
FASTA files, not suitable
for large datasets, additional
post-processing steps outside
OrFin

https://do
i.org/10.6
026%2F9732
0630008738
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PARIGA Reciprocal BLAST tech-
nique, web-server tool,
interactive post-processing
through logical constraints

Web-server is offline, no
command-line tool avail-
able, no sequence database,
comparison of two uploaded
FASTA files, not suitable for
large datasets

https://do
i.org/10.1
371/journa
l.pone.006
2224

Within a reciprocal BLAST approach, the sequence(s) of interest (SOI) from a
specific species are used as input queries for the initial sequence similarity search,
also known as the forward BLAST (Fig. 6.1, left). The generated output is then
analyzed, and the sequences of all hits from the forward BLAST are extracted from
the underlying database. These extracted sequences then serve as queries for the
second sequence similarity search, also known as the backward BLAST (Fig. 6.1,
right). In this step, the BLAST is constrained by explicitly searching against all
sequences of the initial organism, also known as the query genome. Additionally, the
output is limited to reporting only the best hit or alignment. RBHs are assigned if
the query and subject sequences from the forward BLAST match against each other
in the backward BLAST (Fig. 6.1, right).

Figure 6.1: Schematic overview of reciprocal BLAST. Genome G is the target organism from
which the query sequence X originates. X is the input (query sequence) for the first BLAST, the
forward BLAST, left. The results of the forward BLAST (sequences A1 and A2) are the inputs
to a second BLAST, the backward BLAST, right, which uses the query genome G as a database.
A1 finds X as its best match, while A2 aligns best with Y. Thus, only A1 is a reciprocal best hit
(RBH) to X.
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Although sophisticated tools are available for identifying homologs (Table 1), to our
experience, many biologists still do not use them. Those tools predominantly target
bioinformaticians as their potential users. Thus, biologists leave those analyses to
their bioinformatic collaboration partners or use less suitable tools, like the online
BLAST tool available on NCBI, to identify homologs. While the online BLAST tool
on NCBI is tremendously helpful to biologists, it offers limited options for correctly
identifying homologs. Thus, it should instead only be used for the initial screening of
candidates. In our experience, biologists tend to use tools that (1) have a graphical
interface, (2) do not require any complicated installation process or command line
experience, (3) can be used without programming skills, and (4) already offer many
useful default settings. To overcome this discrepancy and also provide biologists
with sophisticated tools to perform high-quality comparative genomic analyses and
homolog identifications confidently, we combined a set of state-of-the-art tools and
best-practice analyses (see Results - Identification of Homologous Sequences; Multi-
ple Sequence Alignments and Phylogenetic Reconstruction; Genomic Structure and
Synteny Analysis; Conserved Domain Database (CDD) Analysis) into an easy-to-
use interactive tool with an intuitive graphical interface (see Results - Interactive
Filtering).

Here, we introduce an accessible solution that can be effortlessly installed on all
major operating systems, enabling straightforward usage through an interactive and
intuitive web interface. The default settings are selected to provide a starting point
for any homology search. However, more sophisticated users can change all set-
tings to their personal preferences. Further, we illustrate CATHI’s functionality
and reliability through a reproduction and benchmarking analysis of cyanobacterial
circadian clock proteins based on Schmelling et al., 2017 (Schmelling et al. 2017).
This analysis revealed that overall trends in homology detection are consistent even
with substantially increased database size. However, individual variations have been
identified highlighting the need to thoroughly interpret results of comparative ge-
nomics analysis, especially when using different databases.

6.3 Results

CATHI combines a suite of powerful bioinformatic tools, including BLAST+ (Ca-
macho et al. 2009) for homology searches, MAFFT (Katoh and Standley 2013) for
multiple sequence alignments (MSA), FastTree2 (Price et al. 2010) for phylogeny
reconstruction, and clinker (Gilchrist and Chooi 2021) for synteny analyses into
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an interactive platform for comparative genomics specifically tailored to biologists.
The predefined settings and pipeline automation streamline the process and enable
researchers to perform sophisticated comparative genomics analyses regardless of
their proficiency in programming or bioinformatics. The interactive and intuitive
web interface provides users with multifaceted capabilities, including execution and
monitoring, real-time result tracking, search function across diverse NCBI databases
(Protein, CDD, ProtFam), and dynamic data exploration, filtering, visualization,
and post-processing. CATHI runs on all major operating systems supporting Docker
(Merkel 2014) and is accessible via typical browser applications (e.g., Firefox or
Chrome). Through individual accounts, users have the option to create their custom
projects and retrieve their comprehensive project data in standard formats (FASTA,
Newick, CSV, HTML) suitable for further analysis with other third-party tools such
as TreeViewer (Bianchini and Sánchez-Baracaldo 2023), Jalview (Waterhouse et al.
2009), or vector design programs. In the following, we highlight the main features
of this platform and provide examples of potential use cases, illustrated through the
replication of the prior comparative study on cyanobacterial circadian clock proteins
by Schmelling et al., 2017 (Schmelling et al. 2017).
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Figure 6.2: Flowchart of CATHI’s pipeline, modules, and post-processing options. First,
users have to create an account to login to the platform. They can use the Database Module
to create a database from locally uploaded protein FASTA files or remotely available proteomes
of the RefSeq or GenBank. Users can initiate a new project by selecting or creating appropriate
databases, providing SOIs from one organism of interest per project and optionally customizing
the default settings. After database and project creation, users perform the reciprocal BLAST
analysis using the Homology Search Module. The underlying pipeline within the module will
then automatically perform the forward and backward BLAST, sequence extraction, and reciprocal
best hit (RBH) inference. The output of this module is directly forwarded to the Post Processing
Module, where the users have different options to interactively analyze and filter their RBH
data. Within the Post Processing Module, interactive results tables and statistics are available,
synteny analyses and conserved domain interference can be performed, as well as multiple sequence
alignments (MSA) and phylogenetic reconstruction. Furthermore, those different analyses can be
combined into interactive pipelines in which users can first filter their RBH data by interactive
graphs and tables before constructing MSAs and phylogenies.
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6.3.1 Identification of Homologous Sequences

The homology search module within CATHI represents the core of each project.
Users start each comparative genomics analysis by creating a new project through
the web browser dashboard (Fig. 6.2). Before project initiation, users either choose
from already formatted BLAST databases or create a new database using CATHI’s
database creation module (Fig. 6.2). Databases can range from the entire Gen-
Bank or RefSeq database from NCBI, over an individually filtered subset of those
databases, to directly uploading annotated genome files. The latter option allows
users to incorporate unpublished genome projects into their custom database. By
entering the SOI(s) of one organism per project, users start the reciprocal BLAST
analysis with either default (see Methods - BLAST and Identification of Recipro-
cal Best Hits) or custom settings. The automated pipeline then performs all steps
of forward and backward BLAST as well as filtering without any further input
from the user (Fig. 6.2 - Homology Search Module). Afterward, CATHI out-
puts a set of analysis statistics. Furthermore, the BioPython (Cock et al. 2009)
library extracts taxonomic information of the organisms listed in the RBH results
table from NCBI. Subsequently, these taxonomic data are integrated into the re-
sults table and written to the project directory (Fig. 6.2 - Interactive Results Ta-
ble). All data tables can be downloaded as CSV files or are conveniently accessible
within CATHI, facilitated by integrating the client-side JavaScript library DataT-
ables (http://datatables.net). This versatile library enriches user experience
with its suite of advanced functionalities, enabling seamless searching, sorting, pag-
ing, and dynamic interaction with extensive HTML tables. Through the homology
search module, users can perform reliable reciprocal BLAST analysis with just a few
clicks and inputs (Fig. 6.2).

6.3.2 Multiple Sequence Alignments and Phylogenetic Re-
construction

To identify conserved regions and patterns of similarity/difference within the iden-
tified RBHs and to elucidate the evolutionary relationship between them, post-
processing involves the construction of an MSA and phylogenetic tree for each set
of RBHs (Fig. 6.2 - MSA & Phylogeny). MAFFT (Multiple Alignment using Fast
Fourier Transform) is used to conduct the MSA (Katoh and Standley (2013); Fig.
6.2). Its primary purpose is to align multiple sequences with homologous regions
to identify conserved regions and evolutionary relationships, which makes it per-
fectly suitable for CATHI. Subsequently, the alignment undergoes a refining pro-
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cess using trimAl (Capella-Gutiérrez et al. 2009), a specialized tool that automates
the removal of inadequately aligned segments (Fig. 6.2). The trimming not only
enhances the precision of the alignment but also contributes to the refinement of
phylogenetic inference, ensuring a more robust and accurate analysis. To high-
light conserved regions within the MSA and create an interface that allows inter-
active visualization, an HTML document is created using the MView Brown et
al. (1998) tool. Phylogenetic inference is performed with FastTree2 (Price et al.
(2010); Fig. 6.2). It leverages sophisticated approaches to approximate maximum-
likelihood phylogenies. Subsequently, resulting phylogenetic trees are processed by
shiptv (https://github.com/peterk87/shiptv) to generate interactive HTML
visualizations (Fig. 6.3). This visualization integrates the RBH results table by
aligning the data to the phylogenetic tree leaf labels, facilitating a comprehensive
and insightful depiction of sequence relationships. Through the integration of the
data tables, users can interactively filter and adjust the phylogenetic tree based on
selection criteria such as taxonomic groups (Fig. 6.3).

Figure 6.3: Interactive Phylogeny Visualization. The interactive phylogeny visualization is
presented here as an exemplary illustration. This dynamic visualization was generated using a set
of bioinformatic tools: MAFFT provides accurate multiple sequence alignments, FastTree2 enables
rapid and efficient phylogeny reconstruction, and shiptv facilitates the creation of an interactive
dashboard view. The tree’s branches represent evolutionary relationships, while the distribution
of a selection of RBHs of the cyanobacterial circadian clock input factor Pex is highlighted across
three bacterial clades, clearly distinguishing between Cyanobacteria and Bacillota.
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6.3.3 Genomic Structure and Synteny Analysis

Beyond RBHs identification, MSA, and phylogenetic reconstruction, users can ana-
lyze the genomic structure and synteny surrounding the RBHs (Fig. 6.2 - Synteny).
Therefore, CATHI integrates the clinker tool, which allows researchers to compare
and visualize syntenic regions across different genomes (Gilchrist and Chooi 2021).
To perform this analysis, users can select up to ten RBHs of interest, and CATHI
will download the corresponding GenBank files from NCBI and extract gene loci
around each RBH. These sliced GenBank files are automatically passed to clinker
as input, enabling users to easily identify and analyze conserved gene clusters and
gene order between genomes directly from their RBH data (Fig. 6.4).

Figure 6.4: Exemplary illustration of the synteny analysis results using clinker as part
of CATHI’s post-processing module. In this analysis, the core circadian clock protein KaiC
was selected. Clinker performed the synteny analysis. The graph shows the conserved genomic
elements up- and downstream of KaiC that are represented in the selected genomes. The threshold
for sequence identity is set to 0.25 (25%). Interestingly, the synteny analysis reveals some intricate
information about the KaiABC cluster without any additional input that can easily be missed in
standard RBH analyses. First, the Anabaena/Nostoc KaiA has a smaller sequence length compared
to the KaiA sequences of Synechococcus elongatus PCC 7942 and Synechocystis sp. PCC 6803.
Additionally, the synteny reveals the presence of a conserved response regulator/transcription
factor in the genomes of the Bradyrhizobium and Rhodospirillium rubrum strains at a position
where normally KaiA can be found. This protein was recently identified as a novel KaiA homolog
and was named KaiA3 due to its functional similarity (Köbler et al. 2023).
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6.3.4 Interactive Filtering

CATHI offers a set of additional features to analyze the RBHs based on taxonomic
information and database entries (Fig. 6.2 - Interactive Selection). The number of
available genomes of an organism (e.g., E. coli) in the BLAST database may vary,
affecting the analysis of RBHs due to high data redundancy. Therefore, project-
specific database statistics are calculated based on the taxonomic information within
the RBH results tables and the underlying BLAST database. Each RBH is derived
from a genome file of one organism. CATHI calculates database-normalized percent-
ages of taxonomic units within identified RBHs. The resulting database statistics
are integrated into the RBH results table and visualized by an interactive chart
that combines RBH characteristics and a table of database entries. The table and
the chart are linked, and the table data is updated according to the specified user
selection (Fig. 6.5). This comprehensive graph empowers users to filter RBHs based
on various features, including bitscores, RBH sequence lengths, sequence identity,
e-value, and taxonomic nodes (Fig. 6.5).
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Figure 6.5: Interactive reciprocal best hits analysis and filtering. The interactive scatter
plot leverages the reciprocal best hit (RBH) results dataset, exemplified here with the Pex protein
dataset. The X and Y axes of the scatter plot are parameters of the dataset, such as bitscore,
e-value, sequence identity (pident), and sequence lengths, enabling the exploration of relationships
among these RBHs. The interactivity of the scatter plot is facilitated by Bokeh, a powerful
visualization library (Bokeh Development Team 2018). Users can dynamically manipulate the
dataset through filtering options informed by the taxonomic information associated with each RBH.
In addition, Bokeh provides a lasso tool to select specific RBHs within the graph. The lasso tool
can be selected from the Bokeh tool-panel displayed at the right side of the figure. This interactive
feature empowers researchers to dissect real-time taxonomic trends and relationships among RBHs,
unveiling underlying patterns and insights. In this example featuring the Pex protein dataset, the
scatter plot offers a multidimensional view of the RBHs landscape. As users navigate through
the data points, taxonomic affiliations emerge, shedding light on the distribution and relationships
of Pex protein homologs across various taxa. The provided interactivity not only enhances the
visualization experience but also grants researchers the capability to refine their analyses, making
the scatter plot an indispensable tool for exploring the taxonomic diversity of RBHs.

To facilitate user interaction, a lasso tool is provided, enabling the direct selection
of RBHs within the graph (Fig. 6.5). The database entry table is thereby filtered
by the selected RBHs. The selected RBHs can be downloaded or utilized for the
creation of multiple sequence alignments and phylogenetic inferences (Fig. 6.2).
By leveraging this interactive graph, users can effectively explore and analyze the
RBHs, gaining valuable insights and facilitating the identification of relevant se-
quences. The integration of RBH features and database statistics within the visual
representation enhances the usability and interpretability of the results. The num-
ber of representative proteins can be examined and compared in other organisms
and across phylae, classes, orders, families, and genera.

6.3.5 Conserved Domain Database Analysis

To gain further knowledge about SOI(s) CATHI offers the possibility to infer protein
domains for the SOI and the associated RBHs (Fig. 6.2 - Conserved Domain Inter-
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ference). The domains are inferred from a local copy of NCBI’s Conserved Domain
Database (CDD) (Marchler-Bauer et al. 2014). CATHI generates result tables of
protein domains that are transferred into interactive HTML tables for visualization
and analysis. Additionally, CATHI writes a FASTA file containing the concatenated
domain sequences of the RBHs. This FASTA file is then used for an additional MSA
and refined phylogenetic reconstruction, as highlighted before. Furthermore, a prin-
cipal component analysis (PCA) is conducted on a percent identity (RBH vs. CDD
entry) table of the conserved domains (Fig. 6.2). A graph of the first two princi-
pal components of the PCA in combination with a domain table is visualized in an
interactive chart, with the possibility to filter RBHs based on taxonomy, similar to
the interactive database statistic graph (Fig. 6.6). The selected RBHs can be down-
loaded for studies outside CATHI or used for a selection constrained phylogenetic
inference based on the identified protein domains (Fig. 6.2).

Figure 6.6: Interactive graph of inferred CDDs of Synechococcus KaiC RBHs. The figure
displays the first two principal components of a principal component analysis (PCA) calculated on
a percent identity table (RBH vs. CDD entry) of protein domains (displayed in the table next to
the graph) inferred from RBHs of the Synechococcus KaiC protein. The graph and table are linked,
selection of specific scatter-points will alter the percent identity table. Coloring within the graph is
based on the associated taxonomic class, coloring within the table is based on the percent identity
value. The figure displays a selection of organisms from the Cyanobacteria and Pseudomonadota
phylum. Some of the RBHs are known KaiC2/C3 cyanobacterial proteins, paralogs of the query
sequence KaiC. Interestingly, the cyanobacterial RBHs most similar to the bona fide KaiC form a
cluster in the lower right corner of the diagram. They exhibit differences in their domain structure
compared to the other RBHs.
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6.3.6 Reproducibility

The amount of biological data has increased dramatically and will continue to grow,
rendering data comparisons and analysis more complicated. Consequently, scalable
software tools and reproducible bioinformatic analysis are essential for modern com-
parative genomics (Wratten et al. 2021). Within CATHI we implemented a set of
measures to ensure and enhance the reproducibility and integrity of each analy-
sis. First, deploying individualized local accounts prevents the accidental merger
of projects and ensures a clear dashboard for each user. The platform enforces
unique project names by design to prevent inadvertent data overwrite. Further,
each BLAST database is created as a discrete and unmodifiable database, thereby
preserving the content of the database at the time of initiation and insulating it
from subsequent updates. This approach allows users to re-execute analyses at any
time, building a dynamic environment that promotes the iterative validation and
refinement of results. CATHI’s architecture is grounded in utilizing a PostgreSQL
database equipped with the inherent advantage of data persistence. This resilience
against local file deletion safeguards against inadvertent data loss, ensuring the
persistence of each dataset. Through containerization with Docker, the specific ver-
sion of the underlying tools is preserved and recorded, simplifying the reporting
of software versions. Furthermore, the orchestration with Snakemake (Köster and
Rahmann 2012) amplifies the automation of the pipeline and ensures the correct
execution, reducing potential errors from manual data manipulation and execution
of tools. To further increase reproducibility, Snakemake configuration files are writ-
ten into each underlying project folder, and corresponding Snakefiles and scripts can
even be used outside the tool.

Each created database and analysis is assigned a timestamp. In addition, log files
are generated, recording the exact steps and execution of each analysis. The result-
ing raw and processed data of each analysis are preserved in their entirety, while
any filtering or transformation generates discrete datasets that augment interactive
exploration and evaluation. This approach circumvents the overwriting of original
data, encouraging users to explore and manipulate data without fear of irrevoca-
ble data loss. Incorporating interactive HTML tables allows each data table to be
accessed through the platform. Further, each analysis result can be downloaded in
a standardized file format, such as CSV for data tables, FASTA for sequence and
alignment files, and Newick for phylogenetic trees. Conforming to standardized file
formats further enhances the reproducibility of findings across disparate computa-
tional pipelines, ensuring interoperability and knowledge exchange.
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6.3.7 Benchmarking

To assess the performance of CATHI’s reciprocal BLAST pipeline, we conducted a
comparative analysis of circadian clock proteins, as previously described in Schmelling
et al., 2017, Wiegard et al., 2013 and Axmann et al., 2014 (Axmann et al. 2014;
Schmelling et al. 2017; Wiegard et al. 2013). The cyanobacterial circadian clock
primarily consists of three key proteins: KaiA, KaiB, and KaiC. KaiC, in partic-
ular, plays a crucial role and exhibits ATPase, auto-phosphatase, and auto-kinase
activities. Activation of KaiC occurs through KaiA-mediated auto-phosphorylation
at specific amino acid residues, while KaiB acts as an antagonist by occupying po-
tential KaiA binding sites (Swan et al. 2018).

We performed the analysis on the same set of protein sequences used in the study
by Schmelling et al., 2017 (Schmelling et al. 2017) (Table S1). To achieve this,
we utilized CATHI’s database features to download and format RefSeq proteomes
into BLAST databases. The entries were filtered automatically by CATHI based
on the completeness levels “Complete Genome” and “Chromosome”, resulting in
a final database containing 53,657 proteome entries with 28,326 unique taxonomic
identifiers from 94 different phylae and 168,314,551 protein sequences. Within this
database, there are 280 proteomes from 265 different cyanobacterial species. The
database used in the analysis conducted by Schmelling et al., 2017 comprised 11,300
proteomes, including 94 cyanobacterial proteomes from 64 distinct cyanobacterial
organisms. Each of these proteomes was used as a single BLAST database, which
minimizes the e-value for possible homologous sequences, whereas CATHI uses a sin-
gle BLAST database consisting of all downloaded proteomes. Following CATHI’s
best practices, we created two reciprocal BLAST projects: one for 16 Synechococcus
query proteins and another for six Synechocystis query proteins (Table S1). The
proteins WP_011378436 and WP_041425845 used in Schmelling et al., 2017 have
been suppressed from NCBI as they are no longer annotated on any genome and are
excluded from this study. Instead of the suppressed WP_041425845, the updated
version under the accession number WP_010873802 was used, while WP_011378436
was excluded from the analysis. All remaining query proteins were extracted from
the result directories provided in Schmelling et al., 2017, and removed sequence
identifiers have been replaced with new identifiers. The reciprocal BLAST analysis
yielded 73,023 RBHs for the Synechococcus queries and 5,410 RBHs for the Syne-
chocystis queries. In comparison, the analysis by Schmelling et al., 2017 reported
24,027 RBHs for Synechococcus and 1,576 RBHs for Synechocystis. However, among
all RBHs identified in this study, only 251 Synechocystis RBHs were not included
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in the previous analysis, while 4,907 Synechococcus RBHs were missed. Of the 251
Synechocystis RBHs, 28 have been removed from NCBI, 196 have been suppressed
by NCBI, and 25 sequences do not reside in the database, leaving two sequences not
detected in this analysis. Those two sequences can be found in the results of the
forward BLAST, though. Of the 4,907 Synechococcus RBHs, 424 have been removed
from NCBI, 2,548 have been suppressed by NCBI, and 327 sequences do not reside
in the database, leaving 1,608 sequences not detected in this analysis. 118 of those
sequences have been detected within the forward BLAST, while 1,490 sequences do
not reside in the forward BLAST table.

The circadian clock proteins KaiA, Pex, LdpA, and CdpA have been exclusively
identified in Cyanobacteria (Schmelling et al. 2017). In the analysis conducted us-
ing CATHI, hits are observed outside the Cyanobacteria phylum for Pex and LdpA.
Pex functions as a transcriptional repressor of kaiA in Synechococcus elongatus PCC
7942, featuring a relatively concise sequence length of 126 amino acids. For Pex,
the CATHI pipeline identified 18 RBHs from 16 organisms beyond the Cyanobac-
teria phylum, displaying a mean bitscore value of 52 (Fig. 6.5). Moreover, none of
those organisms possess RBHs of the central cyanobacterial circadian clock genes
KaiABC. These results support the conclusion that these RBHs serve as indicators
of distant homologous sequences, providing a compelling illustration of the neces-
sity for user-driven post-processing — an aspect effortlessly facilitated through the
interactive capabilities offered by CATHI. The phylogenetic tree derived from the
analysis of those 18 non-cyanobacteria RBHs of Pex, in conjunction with a curated
set of cyanobacterial Pex sequences, effectively illuminates the more distant relation-
ship that exists among these sequences (Fig. 6.3). Notably, the redox-sensing pro-
tein LdpA demonstrates 268 non-cyanobacteria RBHs, characterized by a bitscore
mean value of 218, signifying close homologous relationships. An intriguing pat-
tern emerges within the 268 non-cyanobacteria hits for LdpA. A total of 248 hits
are found within the Streptophyta phylum, originating from a diverse array of 68
distinct genera (88.46% of all Streptophyta possess RBHs of LdpA). Similar to the
study conducted by Schmelling et al., 2017, RBHs of KaiA have been exclusively
detected within the Cyanobacteria phylum in CATHI. Furthermore, an analysis of
the KaiA protein sequence’s length distribution unveiled the same three distinct sub-
types of KaiA (Fig. 6.7). Consistent with the analysis by Schmelling et al., 2017,
the majority of KaiA RBHs exhibit a sequence length of approximately 300 amino
acids, while the remaining RBHs vary between 100 and 200 amino acids in length.
Our benchmarking analysis focused on the robustness and reproducibility of results
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when contrasted with previous analyses. While minor differences surfaced due to
updates within NCBI’s database, these deviations did not impede the overarching
tendencies (Fig. 6.7, Fig. S1). Notably, we noticed a large consistency within the
analysis results even as the dataset increased by a factor of five compared to the
previous study. This resilience underscores the enduring reliability of the method-
ology, firmly affirming its capability to withstand augmented data volumes without
compromising the integrity and consistency of results.
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Figure 6.7: Comparison between the benchmarking analysis and Schmelling et al., 2017
of the sequence length distribution for the core circadian clock proteins KaiA, KaiB,
and KaiC. This visual depiction offers an insightful comparison of sequence lengths for two of
the three core circadian clock proteins using scatter plots. Four distinct organismic groups -
Cyanobacteriota, Pseudomonadota, Euryarchaeota, and other bacteria — are the focal points of
analysis. The overlay of the two datasets serves to highlight overarching patterns, underscoring
the methodology’s robustness in elucidating sequence length dynamics across different organismic
groups. Notably, this comparison not only reaffirms established trends but also emphasizes the
enduring reliability of the analytical framework. This analysis showcases the consistency and
robustness of the methodology and its capacity to yield insights that withstand scrutiny and
validation. A) Results of the benchmarking analysis. B) Previous results from the reciprocal
BLAST analysis of (Schmelling et al. 2017).
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6.4 Methods

During the development of the application, all changes were consistently tracked
with the version control system git. The code, its developmental history, and addi-
tional material can be found under the following link: https://github.com/Kanom
ble/celery_blast.

6.4.1 Docker-Based Software Deployment and Container Or-
chestration

The Docker container virtualization system was utilized to package the underlying
software components into distinct images. Based on these images, seven contain-
ers were established, each designated for distinct tasks within CATHI. The images
utilized for container creation are available on DockerHub under the following link:
https://hub.docker.com/repositories/kanomble.

The base image of CATHI is constructed upon the Ubuntu Focal distribution and
includes essential components such as the Django web framework (Version 4.2.4, em-
ployed for constructing the web server), Miniconda (Version 4.9.2, for Python pack-
age administration), the BLAST+ (Version 2.11.0) and the E-Direct software suite
(Version 20.3.20230829) from NCBI, Snakemake workflow engine (Version 7.25.0),
MAFFT (Version 7.453), FastTree2 (Version 2.1.11-1), and other critical software
packages for running the web server and executing the pipeline. A comprehensive
table of all utilized software tools and Python packages can be found in Supple-
mentary Table S2. Four Docker containers are derived from this foundational base
image:

• The web container orchestrates the startup of the Django application (includ-
ing database migrations) and the Python WSGI server, Gunicorn (Version
20.1.0).

• The celery_worker container utilizes a local celery installation (Version
5.3.1), which handles long-running background tasks, such as the Snakemake
pipeline.

• The flower container is a monitoring interface for celery tasks and workers,
utilizing the Flower (Version 2.0.1) web server.

• The jupyter_notebook container launches the web-based interactive com-
puting platform Jupyter (Version based on IPython 8.12.0).
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The foundational database of the web server is encapsulated within a PostgreSQL
container. During the initial startup of the web container, database tables, and base
models are written into the database, a process facilitated through the use of the
Django web framework’s makemigration and migrate commands. These programs
translate Django’s model classes into SQL tables (known as Object Relational Map-
ping, ORM). The rabbitmq container is dedicated to launching the message broker
RabbitMQ (Version 3.9.4), which takes user-generated task instructions and con-
veys them to the celery framework. CATHI employs Nginx (Version 1.21.6) as a
reverse proxy, directing client requests to a Gunicorn backend server and relay-
ing the responses to clients. This pivotal role distributes incoming traffic, enhanc-
ing the system’s overall performance. The initiation of Nginx is executed through
the dedicated Nginx Docker container. To ensure proper container initialization,
a specific startup sequence is vital. The web container necessitates the database
container’s availability; similarly, the celery container relies on the functioning rab-
bitmq container. The wait-for script (Version 2.1.0), reliant on netcat (Version
1.206-1ubuntu1), is employed to manage this sequence. Written in BASH, this
script accepts a port number as input and continuously checks for the presence of
an application listening on that port. Once a port is occupied, the script ceases its
blocking function, allowing the container to initiate its operations. Once launched,
users can access the application via common browser applications using this address:
http://127.0.0.1:1337/blast_project/.

6.4.2 Django Web Framework

For an efficient, clean, and pragmatic design, the high-level Python web frame-
work Django (Version 4.2.4) was used for the development of this web application.
Django, a popular high-level web framework written in Python, accelerates web ap-
plication development through its Model-View-Controller (MVC) architecture, inte-
grated ORM, and dynamic template engine. Utilizing Django, the integration of ad-
ditional Django-based applications is achievable by including the respective software
packages within the INSTALLED_APPS environment variable, as specified in the
settings.py file of the project. The following third-party applications have been in-
corporated into CATHI: django_extensions (Version 3.2.3), django_celery_results
(Version 2.5.1), and celery_progress (Version 0.3). The django_extensions appli-
cation facilitates the execution of the startup.py script, which introduces database
models into the PostgreSQL (Version 13.4) database and procures the taxonomy
database from NCBI during the initial launch of the web container. In parallel, the
django_celery_results application extends functionality by enabling the storage of
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celery task outcomes through the utilization of the Django ORM framework.

6.4.3 Web Development Tools

CATHI uses Django’s built-in template language for HTML documents and employs
cutting-edge web technologies to create interactive and visually appealing websites.
The use of JavaScript and AJAX guarantees seamless web interactivity, comple-
mented by Bootstrap 5.0 for bolstering aesthetics through predefined Cascading
Style Sheet (CSS) components. Additionally, the HTML table plugin for JavaScript,
DataTables optimizes the presentation and manipulation of HTML tables, resulting
in a comprehensive toolkit specifically designed to create dynamic and user-friendly
web experiences. All third-party web libraries are integrated via their respective
content delivery networks (CDNs). Custom CSS and JavaScript code are located
within the static directory of CATHI.

6.4.4 Project Creation

Project creation is facilitated by Django’s built-in form validation. User input is
validated before a project is manifested into the PostgreSQL database. There are
certain input requirements for the reciprocal BLAST projects. The SOIs have to
come from only one organism per project and they have to reside in the backward
database. The best option is to upload the genome from which the user has obtained
the sequences with CATHI’s database creation module. The input is validated by
Django’s internal form validation functionality and accurate failure messages are
displayed if form validation fails. In addition to the SOIs and the species name of
the target organism, users have to enter a project title, which has to be unique, no
other project should use this title. In addition, users can adjust BLAST settings
(for forward and backward BLAST separately), apply a bitscore filter and limit the
maximum number of RBHs used to create a phylogeny, as well as change settings
of the post-processing programs trimAl (Capella-Gutiérrez et al. 2009) and MView
(Brown et al. 1998).

6.4.5 Pipeline Execution with the Snakemake Workflow En-
gine

The CATHI pipeline process leverages the Snakemake (Köster and Rahmann 2012)
workflow engine to streamline the entire process of RBH analysis. This integration
not only increases the reproducibility of results but also reduces the burden on the
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user by automating many of the necessary steps in the detection of putative ho-
mologs. The developed Snakemake pipelines integrate a diverse array of algorithms
and software tools. Three Snakefiles have been developed: one for the core reciprocal
BLAST pipeline, another for local BLAST operations, and a third for conducting
remote BLASTs on NCBI servers. Alongside supplementary scripts, these Snakefiles
reside within dedicated static subdirectories.
Snakemake is executed within a celery task encapsulated in a Python subpro-
cess.Popen call. The core Snakemake pipeline for detecting RBHs comprises the
following steps:

1. Forward BLAST

2. Backward BLAST preparation

3. Backward BLAST

4. Extraction of RBHs (this is done via pandas merging tools)

5. Post-processing of RBHs (inference of taxonomic information, statistics, HTML
and CSV tables, basic result plots)

6. Extraction of RBH-sequences separated by query sequences

7. MSA of each set of RBHs with MAFFT

8. Phylogenetic inference of each set of RBHs with FastTree2

9. Post-processing of the phylogenetic tree and the MSA with shiptv, trimAI and
MView

10. CDD domain search of target sequences

6.4.6 Database Creation

CATHI enables the creation of local BLAST databases based on publicly available
or uploaded protein sequences. For the publicly available sequences, CATHI utilizes
the RefSeq and GenBank assembly summary files, which inherit FTP paths to the
corresponding protein assemblies. The assembly summary files can be filtered at
two different levels. The first level includes the completeness status of the dedi-
cated assembly, which corresponds to the genome coverage and completeness of the
genome assembly. This is summarized by an assembly level of the corresponding
protein genome file. The second filtering step involves organism-specific filtering.
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For each organism and clade of the taxonomic classification (e.g., for genus, family,
or order), a taxonomic node is stored in the taxonomy database (Schoch et al. 2020).
These taxonomic nodes can be used to filter the assembly summary file to create
BLAST databases containing only organisms with the provided taxonomic nodes.
Taxonomic node files can be uploaded directly as part of the database formatting
process or created beforehand by using CATHI, which provides a dashboard for
translating higher taxonomic nodes to the underlying species-specific nodes. This
translation procedure is realized by executing the Perl script get_species_taxids.pl
provided by the BLAST+ command line tool.
Sometimes, it is necessary to work with unpublished genomes or sequences. CATHI
offers two options for uploading your own protein FASTA files, which are then for-
matted into BLAST databases. The user can upload a concatenated protein FASTA
file consisting of multiple genomes. This approach requires additional metadata;
the assembly identifier (combination of characters or numbers), organism names
(with valid taxonomic nodes), assembly levels (one out of four; “Contig,” “Scaf-
fold,” “Chromosome,” or “Complete” Genome), and a file that contains a mapping
of the provided sequence identifiers to the relevant taxonomic nodes (taxmap file).
This approach is error-prone and may lead to problems for inexperienced users.
Therefore, a second approach was developed, which allows the uploading of multiple
single protein FASTA files in combination with valid species names. Uploaded files
are then used to build BLAST databases with the makeblastdb program.
Prior to the formatting procedure using makeblastdb, protein FASTA files undergo
parsing, and the header of each sequence is slightly modified to incorporate the
genome assembly name, thus assigning a unique identifier to each sequence. This
approach mitigates the issue of multiple identical sequence identifiers within the
database, which could otherwise trigger an error during the makeblastdb database
formatting process. BLAST databases are divided into chunks, with each chunk
comprising 500 genome files. These individual database chunks are subsequently
compiled into a single .pal alias file, consolidating all database chunks into a unified
BLAST database. This method prevents excessive RAM consumption for extensive
databases and facilitates subsequent database updates.

6.4.7 BLAST and Identification of Reciprocal Best Hits

The forward and backward BLAST (Fig. 6.1) analysis of the user-provided SOI is
performed using the blastp program within the BLAST+ software suite (Version
2.11.0) (Camacho et al. 2009). The default settings for the forward BLAST are as
follows: e_value=0.001, word_size=3, num_alignments=10.000, max_hsps=500.
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The default settings for the backward BLAST are similar to the forward BLAST
settings, except for the num_alignment option, which is set to num_alignments=1.
Default settings can be customized by the user. Other tools within the BLAST+
software suite utilized in CATHI include the makeblastdb program, employed for
formatting protein BLAST databases; the blastdbcmd program, which facilitates the
retrieval of protein sequences identified during the initial BLAST analysis; and the
rpsblast program, which is used for the inference of CDDs among the RBHs. RBH
inference is executed using the Python library Pandas, which involves a comparison
between the outcomes of forward and backward BLAST analyses. Additionally,
the BioPython library is harnessed to deduce the underlying taxonomic details of
the organisms of the resulting RBH sequences, which are then documented in a
CSV file. All tables generated are conveniently accessible within CATHI, facilitated
by integrating the client-side JavaScript library DataTables (see Methods - Web
Development Tools).

6.4.8 Post-Processing Software

Python’s Biopython (Version 1.78) (Cock et al. 2009) library is used to extract tax-
onomic information from database entries. Moreover, Biopython is used to slice
protein GenBank files acquired through synteny analysis conducted by CATHI.
These segmented GenBank files are subsequently used as input for the clinker tool
(Version 0.0.27). Matplotlib (Version 3.7.2) serves to generate fundamental result
graphs, pandas (Version 1.2.4) facilitates the manipulation of tabular data and the
inference of RBHs, while scipy (Version 1.10.1) and scikit-learn (Version 1.3.0) are
utilized for Principal Component Analysis (PCA) within CATHI’s CDD detection
module. Bokeh (Version 2.4.3) is used to create interactive visualizations (based on
the database and the RBH result tables or the CDD result table). Third-party tools
MAFFT (Version 7.453) and FastTree2 (Version 2.1.11-1) are employed for MSAs
and the inference of corresponding phylogenetic trees. TrimAl (Version v1.4.rev22)
is used to trim the MSA by removing long gaps and uninformative segments from the
alignment. MView (Version 1.67) and shiptv (Version 0.4.1) transform the output
of these tools to generate interactive HTML documents for MSAs and phylogenies.
A comprehensive table of all employed software tools and Python packages can be
found in Supplementary Table S2.
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6.5 Discussion

Identifying closely and distantly related homologous sequences is an essential task
in the field of comparative genomics (Anisimova 2019; Koonin 2005; Kuzniar et al.
2008). Typically, orthologous and paralogous gene relationships are differentiated by
evaluating and contrasting sequence similarities and their distribution within phy-
logenetic contexts. However, diverse biological questions may necessitate distinct
computational approaches, leading to the development of various programs (Table
6.1) for homology inference (Kristensen et al. 2011; Nichio et al. 2017). Further-
more, over the past decades, biological databases with collections of orthologous
sequences have emerged, expediting the swift identification of orthologous relation-
ships within established sequences (Altenhoff et al. 2021; Li et al. 2006; Persson and
Sonnhammer 2023; Richter et al. 2022; Tatusov et al. 2000; Zdobnov et al. 2021).
The ever-increasing biological data demands flexible approaches to disentangle ho-
mologous relationships among genes, within newly sequenced genomes, which are
not part of these databases. CATHI is a platform for the interactive exploration
of the output of sequence similarity searches in custom databases that can be eas-
ily created via dedicated web-interfaces. The additional post-processing modules,
such as phylogeny, synteny, and inference of conserved domains among identified
homologous sequences, make CATHI a highly flexible tool that enables rapid and
interactive analysis of results without the need for additional bioinformatics tools.
In this chapter, we discuss CATHI’s usability and highlight advantages and disad-
vantages in comparison to other, similar computational resources.

6.5.1 Usability

There are versatile tools for inferring homologous sequences (Table 6.1). While
tools like PARIGA (Orsini et al. 2013) and orFin (Midha et al. 2012) are no longer
accessible, other tools like morFeus, JustOrthologs, and orthoFinder offer different
strategies for the identification of orthologs. The later tools are either accessible
through the command line or hosted on dedicated web-servers. In contrast, CATHI
introduces a unique paradigm. It presents an innovative approach by providing the
flexibility of both local and server site installations, coupled with an interactive inter-
face accessible via standard web browsers. Most tools provide comprehensive tables
of results listing the putative orthologous sequences identified in different organisms
(Table 6.1). However, a thorough analysis of these results often requires additional
software tools and further post-processing steps. Tasks such as MSAs and phyloge-
netic tree inference frequently entail programming expertise, posing challenges for
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many biologists attempting to address these complexities.

Drawing from our experience, a significant portion of biologists exhibit concerns
regarding coding prerequisites. Consequently, a notable demand exists for soft-
ware tools that provide graphical user interfaces, facilitating result analysis through
user-friendly cursor interactions and drag-and-drop functions. Furthermore, manual
intervention and examination are often necessary to analyze homologous sequences,
such as distinguishing distantly from closely related homologs. Hence, an intu-
itive interface that streamlines result analysis and integrates crucial post-processing
steps is essential for homologous sequence analysis. CATHI offers such interfaces
by using e.g. the capabilities of the interactive plotting library Bokeh. Users can
employ these interfaces to filter results based on taxonomy and BLAST statistics,
as well as interactively select RBHs for various subsequent analyses (Fig. 6.5).
Examining the RBHs of the Synechococcus Pex protein within the Bacillota and
Bacteriodota phylum, a total of 18 RBHs from 16 organisms of the Pex protein have
been found, characterized by relatively modest bitscores (mean of 52). While these
identified RBHs might represent homologous sequences, their lower bitscores and
reduced sequence identity could doubt their status as orthologous sequences. This
underscores the need for user intervention and careful consideration through evalu-
ating outcomes. CATHI enables such manual post-processing with a comprehensive
graphical display that allows effortless filtering and editing of results (Fig. 6.5). In
addition, CATHI uses standard bioinformatics algorithms whose software versions
are embedded in the Docker image. This arrangement increases the stability of the
pipeline in executing consistently, even if software versions change, and if a database
update is required, users can use CATHI’s database creation module and rerun the
pipeline, ensuring robust and reproducible gene relationship detection. Nonetheless,
bioinformatics software tools designed for orthologous sequence detection can assist
in estimating the potential presence of homologous sequences. However, to validate
a closely related homolog as a bona fide ortholog, it is essential to conduct wet lab
experiments focusing on protein functionality.

6.5.2 Strength and Drawbacks in Homolog Identification in
CATHI

The method of deducing RBHs as potential homologs may not invariably yield accu-
rate results (Nevers et al. 2022), particularly in cases involving ancient gene dupli-
cations followed by selective paralog loss (Sjölander et al. 2011), which can partly be
resolved by synteny analyses. Consequently, the extant paralog might erroneously
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be categorized as an ortholog. In a broader context, if the organisms of interest
harbor only a single homolog of the query sequence, and a prospective organism
possesses a solitary copy of a homologous gene, that single copy could manifest as
an RBH in the results, even if it represents a closely related homolog rather than
a genuine ortholog. There are other tools that implement more sophisticated ap-
proaches to detect the orthologous and paralogous relationship among genes (Table
6.1) (Nevers et al. 2022). In the upcoming section, we will contrast OrthoFinder
(Emms and Kelly 2019), one of the most advanced tools for ortholog detection, with
CATHI. This will allow us to highlight the strengths and limitations of these two
tools, emphasizing the key distinctions that prompted the development of CATHI.

OrthoFinder assigns genes to orthogroups using an orthogroup inference algorithm,
infers rooted trees using the STAG and STRIDE programs (Emms and Kelly 2018;
Emms and Kelly 2017), and then applies a hybrid algorithm based on the species-
overlap method (Huerta-Cepas et al. 2007) and the duplication-loss-coalescent model
(Wu et al. 2014) to identify orthologs and paralogs. In contrast to the RBH ap-
proach, this method leads to sophisticated ortholog and paralog assignments. How-
ever, the output of OrthoFinder are text files that need to be analyzed in additional
post-processing steps outside of OrthoFinder. Furthermore, OrthoFinder’s search
space is constrained by the number of input FASTA files, and it focuses on whole
genomes rather than individual sequences. It does not infer orthologs in compre-
hensive databases, which limits the potential to unveil certain features of the SOIs
when searching for homologs in extensive databases.

If the number of gene duplications is relatively high, such as in angiosperms (Mag-
adum et al. 2013), the RBH approach may not detect all orthologs, only those with
the best alignment scores are reported (Hulsen et al. 2006). In this case, OrthoFinder
and other tools that make use of calculating orthogroups yield more accurate results
compared to the RBH approach implemented in CATHI (Koski and Golding 2001;
Nevers et al. 2022). However, at least for prokaryotic genomes the RBH method
can still serve as a strong indication for gene orthology (Wolf and Koonin 2012).
In addition, CATHI’s custom databases can expand the search scope for identifying
novel orthologous or paralogous genes, particularly by allowing rapid, visual filtering
of results obtained from the analysis, whereas OrthoFinder is limited to the number
of FASTA files entered. CATHI also provides options for simple one-way BLAST
analyses that can help identify extended duplication events when there are multiple
homologous sequences in an organism with relatively high statistical significance

135



CHAPTER 6. MANUSCRIPT 3

(e.g., bitscores > 50 or e-values < 0.001) .

However, the exact classification of genes as orthologs or paralogs is difficult to
implement even for tools like OrthoFinder. To safely predict orthology, we would
need a complete history of all ancestral genomes. To date, our genomic informa-
tion is still insufficient and might be forever as genetic information throughout the
history of life has been irrevocably lost. Thus, predictions will only yield reliable
results to a certain extent. Even though it is an interesting and important question,
for most laboratory biologists those distinctions are not their main focus. They
rather use homology searches to better understand their protein/gene of interest
before examining it in more detail in the laboratory. Here, indications about po-
tential functions, involvement in metabolic or regulatory pathways, or location on
the genome within clusters or in proximity to other well characterized genes is far
more useful. In general, with CATHI it is possible for users inexperienced with com-
mand line tools or programming languages to gain insights about a gene of unknown
function by identifying homologs and analyzing the synteny, phylogeny, and domain
structure in an automated workflow, while exploring and filtering the data in an
interactive interface. That information will then guide laboratory experiments to
correctly describe the function of the gene.

CATHI utilizes some generalizations that introduce certain limitations, such as us-
ing the blastp program for conducting the sequence similarity search algorithm,
thus, restricting the acceptable query sequences to proteins. Furthermore, it uses
a reciprocal BLAST to search for close homologous sequences. While other tools
may be more accurate at identifying orthologs (Hulsen et al. 2006), CATHI provides
intuitive results analysis suitable for both experienced and less experienced users.
The automated pipeline creates a generalized workflow for homolog identification.
Nevertheless, CATHI may not be suitable for all SOIs due to the underlying recipro-
cal BLAST technique. However, it provides a great starting point for most projects,
thereby extending the accessibility of homologous sequence analysis to a broader
spectrum of users. Through interactive filtering, more experienced users can reduce
the initial BLAST cut-offs to allow for a broader homology search and later filter
those results using the extensive options in the post-processing module.

6.5.3 Database Content and Customization

Certain tools possess a restricted search space attributed to static databases (e.g.,
InParanoiDB9 or COG) and/or the necessity for pre-formatted databases (e.g., Or-
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thoInspector, morFeus or JustOrthologs), which subsequently remain "static" in a
manner that necessitates users to download and format each database in advance.

Due to the rapid growth of biological data, a flexible tool is needed that can au-
tomate rapid configuration of biological databases. CATHI provides the capability
to generate customized BLAST databases utilizing publicly accessible and locally
available protein sequences. Upon completing the database creation process, a ded-
icated webpage exhibits a table showcasing the database’s contents. This compre-
hensive table enumerates all organisms and genome entries encompassed within the
database, facilitating researchers in obtaining an overview of its contents. Further-
more, databases can be customized based on criteria such as completeness level,
taxonomy, and the option to download either from RefSeq or GenBank, conse-
quently facilitating more nuanced scrutiny of sequence similarity searches, which is
vital in detecting specific homologous sequences. Once the database is downloaded,
its entries remain unaltered, simplifying the monitoring of modifications in publicly
accessible databases. This feature serves to alleviate potential confusion stemming
from omitted or deleted sequence entries and to overcome limitations within the
provided search scope.

6.5.4 Modular Expandability

The use of Docker, Django, and Snakemake provides flexibility in extending the
pipeline to include additional functionality or analytics. The modular nature of
these technologies allows for seamless integration of new functionality and increases
the adaptability and future-proofing of the pipeline. Typically, bioinformatic tools
are bundled into software packages that are executed on the UNIX command line
(e.g. OrthoFinder). These packages often work independently and perform the de-
sired task with certain inputs provided by the user. However, customizing these
programs to meet specific requirements demands users to possess experience with
the underlying code of these tools. On the other hand, extending CATHI’s Snake-
make pipeline is relatively easy for sophisticated users, giving rise to the opportunity
to create novel bioinformatic workflows targeting specific research questions. Snake-
make defines a workflow using a directed-acyclic-graph (DAG) builded through a
set of rules whose execution is based on certain input files and some additional
parameters. These rules generate output files, which in turn can serve as input
files for other rules. Users can extend the provided Snakemake workflow by adding
additional rules that can make use of the infrastructure generated by CATHI.
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6.6 Outlook

In its current version, CATHI provides a simple entry point into comparative ge-
nomic analysis for biologists. However, thanks to its modular structure, the platform
can easily be extended. The platform’s homolog search module could evolve to allow
users to opt for different search tools like BLAST or DIAMOND (Buchfink et al.
2014), improving the efficiency of homology searches. The integration of advanced
techniques such as Markov clustering, hidden Markov models (HMMs) of sequence
alignments that can be used to detect distant homologs (Chen et al. 2018), and boot-
strapping into the homolog search process has the potential to enhance the precision
of homolog identification, advancing the accuracy of comparative genomics analyses.
Furthermore, the incorporation of iterative homology searches introduces a refine-
ment process. Users can initiate searches, refine them through filtering, and adapt
parameters based on evolving insights, ensuring a dynamic and adaptive analytical
workflow. Future iterations of CATHI can encompass sophisticated co-occurrence
analyses of RBHs, unveiling intricate patterns of protein relationships across di-
verse organisms. In addition, the inclusion of additional tools such as OrthoFinder
and TreeViewer holds the potential to enrich the analytical spectrum, broadening
the toolbox available to researchers. Last, the untapped potential of emerging AI
tools and capabilities holds the promise to further augment this platform’s function-
alities, potentially unearthing novel and unforeseen avenues for analytical insights.
Incorporating these enhancements will bolster the platform’s versatility, ensuring its
alignment with the evolving landscape of bioinformatics tools and methodologies.
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6.7 Supplementary Data

Table 6.S1: Protein input queries for the reciprocal BLAST benchmarking
analysis. Cyanobacterial circadian clock proteins were selected from Synechococcus
elongatus PCC 7942 and Synechocystis sp. PCC 6803, based on the previous analysis
by Schmelling et al. (2017).

Organism Name Protein Name RefSeq ID

Synechococcus

KaiA WP_011377921.1
KaiB WP_011242647.1
KaiC WP_011242648.1
Pex WP_011377679.1
LdpA WP_011377652.1
NhtA WP_011378346.1
PrkE WP_011243235.1
CdpA WP_011378107.1
CikA WP_011243194.1
SasA WP_011378322.1
LabA WP_011244514.1
LalA WP_011242719.1
Crm WP_011243720.1
RpaA WP_011377437.1
RpaB WP_011378039.1
CpmA WP_011377895.1

Synechocystis

KaiB1 WP_010874242.1
KaiC1 WP_010874243.1
KaiB2 WP_010872548.1
KaiC2 WP_010872549.1
KaiB3 WP_010874242.1
KaiC3 WP_010873229.1
LarB WP_041426075.1
RpaA WP_010873880.1
PIN/TRAM domain-containing
protein

WP_010872826.1

LdpA WP_010874023.1
LabA WP_010874237.1
DUF1269 domain-containing
protein

WP_010874319.1

DUF3370 domain-containing
protein

WP_010872486.1

histidine-kinase WP_010873372.1
ATP-binding protein WP_010872820.1
response-regulator WP_010873029.1
KaiB WP_010873802.1
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Table 6.S2: Selection of CATHIs software tools and version numbers.

Tool Version
BLAST+ 2.11.0
EDirect 20.3.20230829
MAFFT 7.453
FastTree2 2.1.11-1
PostgreSQL 13.4
RabbitMQ 3.9.4
nginx 1.21.6
MView 1.67
trimAl v1.4.rev22
netcat 1.206-1ubuntu1
wait-for 2.1.0
clinker 0.0.27
shiptv 0.4.1
Snakemake 7.25.0
bokeh 2.4.3
scikit-learn 1.3.0
scipy 1.10.1
pandas 1.2.4
matplotlib 3.7.2
biopython 1.78
IPython 8.12.0
Miniconda 4.9.2
conda 23.7.3
Django 4.2.4
django-celery-results 2.5.1
django-extensions 3.2.3
flower 2.0.1
gunicorn 20.1.0
celery 5.3.1
celery-progress 0.3
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Figure 6.S1: Comparison between CATHI and Schmelling et al., 2017 of the abundance
within the RBHs of the circadian clock core-, input- and output-factors of organisms
that harbor a KaiC homolog. For each circadian clock protein, the abundance value is calcu-
lated as the ratio of the number of RBHs for the circadian clock protein divided by the number of
organisms with RBHs for KaiC. While there are some differences between the studies, the overall
trend remains similar. Darker colors refer to the results of this benchmark analysis, while lighter
colors refer to the results of the initial study by Schmelling et al., 2017. Green: Cyanobacteriota;
Blue: Pseudomonadota; Red: Euryarchaeota; Other Bacteria.
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7.1 Abstract

The ß-proteobacterial species Curvibacter sp. AEP1-3 is a model organism for the
study of symbiotic interactions as it is the most abundant colonizer of Hydra vul-
garis. Yet, genetic tools for Curvibacter are still in an infancy; few promoters have
been characterized so far. Here we employ an oligonucleotide-based strategy to de-
velop novel expression systems Curvibacter. Potential promoters were systematically
mined from the genome in silico. The sequences were cloned as a mixed library into
a mCherry reporter vector and positive candidates were selected by Flow Cytome-
try to be further analyzed through plate reader measurements. From 500 candidate
sequences, 25 were identified as active promoters of varying expression strength lev-
els. Plate reader measurements revealed unique activity profiles for these sequences
across growth phases. The expression levels of these promoters ranged over two
orders of magnitudes and showed distinct temporal expression dynamics over the
growth phases: while three sequences showed higher expression levels in the expo-
nential phase, we found 12 sequences saturating expression during stationary phase
and 10 that showed little discrimination between growth phases. From our library,
promoters of the genes dnaK, rpsL and an AHL synthase stood out as the most
interesting candidates fit for a variety of applications. We identified enriched tran-
scription factor binding motifs among the sorted 33 sequences and genes encoding
for homologs of these transcription factors in close proximity to the identified mo-
tifs. In this work we show the value of employing comprehensive high-throughput
strategies to establish expression systems for novel model organisms.

7.2 Introduction

Curvibacter sp. AEP1-3 (hereafter Curvibacter) is a rod-shaped β-proteobacterial
species best known for its symbiotic interaction with Hydra vulgaris (hereafter Hy-
dra) (Fraune et al. 2015), a freshwater polyp of the basal metazoan phylum Cnidaria,
a sister group to the Bilateria. Together with other members of Hydras microbiota,
they form a complex system of bacteria-bacteria as well as bacteria-host interactions
(Minten-Lange and Fraune 2020; Pietschke et al. 2017; Taubenheim et al. 2020).
While the host provides an ecological niche to its colonizers, the microbiota affects
mobility, asexual reproduction as well as protection against a fungus of the genus
Fusarium (Fraune et al. 2015). This symbiotic relationship provides an invaluable
avenue for the study of inter kingdom interactions and allows for the exploration
of general principles of symbiosis in the natural world such as the remarkable host-
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microbe communication between Curvibacter and Hydra established through the
exchange of N-acetyl homoserine lactone (Pietschke et al. 2017).
The limited genetic accessibility of Curvibacter restricts advancements in the genetic
manipulation of its cells, thereby impeding progress in the field of interkingdom sym-
biosis. Genomic modifications over homologous recombination are cumbersome and
have a low success rate (Holden et al. 2020). Curvibacter cells are amenable to
transformation using RSF1010 vector (Scherzinger et al. 1984) constructs through
conjugation with E. coli donor cells but only a limited number of promoters are ac-
cessible for use and none of them have been characterized to date. In this study, we
set out to develop a strategy to create a tool kit of novel promoters for Curvibacter
to promote its use as a model organism.

The Anderson Collection of Synthetic Promoters is a good reference for the de-
velopment of orthogonal constitutive expression systems (http://parts.igem.org
/Promoters/Catalog/Anderson). The collection provides a range of expression
levels that have been well characterized in many species such as E.coli, V. natriegens
and some Cyanobacteria (Stukenberg et al. 2021; Vasudevan et al. 2019) but as or-
thogonal promoters they usually show the same temporal expression dynamics in
the form of a stable, constant activity over growth conditions, providing the same
transcript level over the entire time of cultivation. However, when expressed from a
plasmid, the total expression level of most promoters often increases significantly in
the stationary phase due to changes in the copy number of most plasmids: the copy
number generally increases with slower growth during stationary phase, leading to
higher transcript expression and increased protein levels (Akasaka et al. 2015; Berla
and Pakrasi 2012; Turgeon et al. 2008). While this may be either desirable for some
applications or irrelevant in experimental setups where cells are only observed dur-
ing logarithmic growth, such accumulation may prove detrimental, for example, in
long-term experiments. Therefore, for the development of plasmid-based expression
systems with stable expression in different growth phases, orthogonal promoters that
cannot absorb this burst of expression may not be the most suitable choice.

While hand picking or designing individual sequences with a predicted expression
strength is a valid strategy to develop expression systems, the use of entire sequence
libraries provides a promising alternative due to the high throughput of tested se-
quences (Cleary et al. 2004). Such libraries are generated by synthesizing oligonu-
cleotide sequences on highly sophisticated commercial DNA synthesis platforms that
allow the simultaneous generation of many sequences at the same time. These li-
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braries are collected and purified in a single sample and can be used for cloning
applications to create a library of plasmids each containing a different synthesized
sequence, as well as, in our case, a reporter sequence such as the red fluorescence
protein mCherry or the Green Fluorescence Protein (GFP). Downstream, the use
of flow cytometry and cell sorting can aid in picking positive candidates from such
libraries to avoid the extensive effort of manually picking and analyzing individ-
ual colonies. The aforementioned libraries can consist of sequences with varying
degrees of randomization, generated by using mixed nucleotides during synthesis
which allows for the incorporation of any base by chance (Oliphant et al. 1986).
This strategy is necessary for projects in which the investigators aim to obtain the
best suited sequences from a bias free sequence space or if there is no information
available that could reduce the degree of freedom. The GeneEE library of Lale et al.
(Lale et al. 2022) follows exactly this approach by using long stretches of randomized
nucleotides to find novel promoter sequences de novo.

An alternative strategy we employ here is the generation of highly curated sequence
libraries. Limiting the pool only to sequences with a high probability of success
simplifies downstream processes and can yield many more positive candidates in
significantly smaller libraries, making it an easier and more cost efficient method.
The generation of such libraries can be facilitated by neural networks, trained on
existing promoter sequences, extracted from curated libraries such as the Prokary-
otic Promoter Database (PDD) (Su et al. 2021) or as in our case simply by using
existing sequences harvested directly from the target species genome (Wang et al.
2020). The latter approach results in finding promoter sequences that won’t be
orthogonal, but it is a valid approach to also find expression systems which are
either inducible or show a desired temporal expression dynamic in certain growth
phases. Moreover, these sequences already inherit the genomic context for specific
regulation, to a degree. By extracting those sequences, it allows the identification
of different regulatory elements depending on the extracted length and culture con-
ditions.
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Figure 7.1: Schematic overview of the applied workflow. Design of the oligonucleotide library
starts by mining the host genome for suitable promoter sequences. Sequences are synthesized,
cloned and imported into the host species and sorted for activity by Flow Cytometry Cell Sorting.
In depth assays of individual sequences characterize each candidate promoter in detail.

Aim of this study is the discovery and characterization of novel expression systems
for the use in expression vectors for Curvibacter, with a special focus on promoters
that provide stable expression independent of growth phases in liquid media. To in-
crease the odds of individual promoter sequences, promoter and ribosomal sequences
were not further discriminated, but entire 5′ untranslated regions (5′ UTRs) were
used instead. Candidate sequences for this study were directly harvested (Figure
7.1) from the Curvibacter genome sequence (GCF_002163715.1). Sequences were
ordered as single stranded oligonucleotides and cloned into an expression vector with
mCherry as reporter gene. mCherry expression serves in this work as a quantifiable
proxy for expression strength of a given candidate sequence. Positive candidates
were selected with the aid of flow cytometry and cell sorting and were subsequently
analyzed via bulk fluorescence measurement. The extracted 5′ UTRs displayed a
wide range of activity levels that can be used for different applications. We dis-
covered different behavior of the selected candidates in terms of their activity over
growth phases: while most candidate 5′ UTRs showed typical increased activity in
late exponential- to stationary phase, we also found some 5′ UTRs to be slightly
more active in exponential than in stationary phase. Several sequences were found to
show similar expression levels during exponential- as well as stationary phase, high-
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lighting how useful oligonucleotide library based approaches are to find promoter
sequences with desired features.

7.3 Material & Methods

7.3.1 Extraction of promoter sequences in the genome of
Curvibacter sp. AEP1-3

To extract candidate promoter sequences suitable for our experiments, first we
retrieved the GenBank file for the Curvibacter genome from the GenBank FTP
site, serving as our primary source of genomic data. All subsequent data pro-
cessing and analysis was performed in the Python 3 programming environment
within the Jupyter Notebook development platform. To extract and manage ge-
nomic data, we utilized the BioPython library. The scripts and all relevant data
files, including supplementary material, can be found on our GitHub repository
(https://github.com/Kanomble/curvibacter_promotor_studies).

Local start and stop positions as well as the genomic orientation of all sequence
elements labeled as "genes" within the Curvibacter genome were structured into a
dictionary. Gene sequence identifiers were employed as keys but simultaneously also
stored in a list object, preserving their exact positions within the genome. This list
was instrumental for tracking sequence location and order. To provide context for
the gene sequences, we implemented a parsing process to retrieve information about
the current gene sequence, the previous gene sequence, and the next gene sequence
based on the current identifier. To refine our dataset, we filtered out sequences that
didn’t meet length criteria, specifically sequences with more than 170 base pairs (bp)
and less than 60 bp, ensuring that only appropriately sized 5′ UTRs were included
in the analysis. Further filtering steps involve removing sequences with opposing
orientations and overlapping segments. To remove potential tRNA and rRNA 5′

UTRs or 5′ UTRs without any activity the resulting data frame was merged with a
data frame of a previously conducted transcriptome analysis of an RNAseq exper-
iment with Curvibacter wildtype cells (Further details s. Pietschke et al. (2017)).
The merging step eliminated all potential promoter sequences from genes that are
not part of the transcriptome analysis, and as a result, these genes do not exhibit
any expression levels in the standard R2A growth media of Curvibacter. In addi-
tion, it excluded all genes labeled as tRNA or rRNA since they were not present
in the transcriptome data frame. This step was vital in eliminating conflicting or
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redundant information within the analyzed gene sequences. In a next step binding
sites for the restriction enzymes BsaI, BsmBI and BbsI were identified among the
sequences. Sequences containing these binding sites were excluded. After this 722
candidates remained in the data frame. As the sequence synthesis order was capped
to 500 sequences this selection was cut further: the 350 smallest sequences with
all sequences from 60 to 98 bp were included first, as the sequence synthesis order
was capped to a maximum length of 150 bp including added restriction sites on
each site. The remaining sequences were sorted by their read counts derived from
the RNAseq experiment mentioned above. As the read counts encompassed three
orders of magnitudes, the 50 5′ upstream regions from genes with reads of each or-
der of magnitude were picked to cover a wide range of potential expression levels.
All sequences were subsequently trimmed from the 5′ end to reach a length of 98
bp. Restriction sites for golden gate cloning were then added, followed by the inser-
tion of random bases behind the restriction site to meet the synthesis specifications,
ensuring that all sequences reached a uniform length of exactly 150 bp.

7.3.2 Transcriptome Read Mapping

Raw RNAseq reads were obtained as described in (Pietschke et al. 2017). Briefly,
RNA was isolated with the RNeasy Mini Kit (Qiagen) from Curvibacter grown
in R2A media at 18 ◦C to mid-exponential growth phase. cDNA libraries were
constructed using the TrueSeq Stranded mRNA LT-RiboZero Kit (Illumina) and
cDNA libraries were sequenced using a NextSeq 500 machine (Illumina) in paired-
ends mode. Before mapping the obtained sequences against the reference genome
of Curvibacter, the sequences were subjected to quality control and preprocessing.
Sequences were trimmed using trimmomatic (Version 0.39, (Bolger et al. 2014)).
Trimmed FASTQ files were analyzed for quality using FASTQC (Version 0.11.9, (An-
drews 2010)). Subsequently, the preprocessed sequences were mapped against the
reference genome of Curvibacter utilizing the kallisto mapper (Version 0.50.0, (Bray
et al. 2016)). RAW sequences are uploaded to NCBI as BioProject PRJNA1082616.
The relevant trimming and mapping procedure can be found in this GitHub repos-
itory: (https://github.com/Kanomble/curvibacter_transcriptomics). In
this work we used the results of the RNA-Seq analysis only to filter the extracted 5′

UTRs (see above section).
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7.3.3 Library Golden Gate Cloning

40 ng/kb of DNA library (but a minimum of five ng per reaction) were added to
20 ng/kb of entry vector (Genbank file available on GitHub https://github.c
om/Kanomble/curvibacter_promotor_studies) to maximize yield of successful
integration without compromising efficiency. Golden Gate Reaction was performed
according to the LVL2 Golden Gate assembly protocol as described by Marillonet
et al. (Weber et al. 2011), but the final digest duration was increased to one hour
to reduce entry vector religation. 50 µl of highly competent Dh5 Alpha cells were
transformed with 10 µl of Golden Gate reaction and plated on four selection plates to
reduce colony crowding. After 24 hours of growth, a minimum of 5.000 (for a library
with 500 sequences) colonies of equal size were obtained and scraped off the plates.
Plasmid DNA was extracted from the cell mixture using a standard MiniPrep kit
from Macherey Nagel. The E. coli donor strain for conjugation into Curvibacter
was retransformed with the plasmid library to yield a minimum of 5.000 colonies.

7.3.4 Conjugation of library vectors into Curvibacter sp.
AEP1-3 glmS::GFP

Curvibacter with a GFP insertion in the glmS locus was obtained from Nawroth
et. al. (Nawroth et al. 2023). The GFP carrying Curvibacter was inoculated
from a fresh plate into R2A+ media and grown for 36 hours to stationary phase
prior to conjugation. DAP auxotroph E. coli donor cells were directly scraped off
transformation plates, washed in LB media and used for conjugation. Three ml of
E. coli donor cells at OD1 and five ml of Curvibacter stationary phase at OD2 were
mixed and the conjugation mix was centrifuged at 5000 rpm for five minutes. Cells
were washed in one ml of R2A+ and centrifuged as before. Cells were resuspended
in 100 µl of R2A+ and spotted on four plates of R2A media without the addition
of diaminopimelic acid (DAP) or antibiotics.
Plates were incubated overnight at 30 ◦C and cell spots were scraped off and washed
in one ml of R2A+. 50 µl of the conjugation mixture was separately plated on a R2A
plate containing the respective antibiotic for quality control. The rest of the mixture
was centrifuged, resuspended in 200 µl of the remaining media and spread equally
over eight R2A plates containing the respective antibiotic. If the colony count on the
quality control plate was higher than 250, the total conjugation yielded over 5000
conjugation events and the plates could be used further. Conjugation plates were
scraped and Curvibacter cells were washed in one ml of R2A+. Cells were diluted
to OD 0.02 in R2A and sorted as described below.
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7.3.5 Flow Cytometry and Cell sorting

Curvibacter cells were sorted using the CytoFlex SRT Benchtop Cell Sorter. Forward
scatter (FSC) and side scatter (SSC) was measured using a 488 nm laser and a 488/8
nm Bandpass filter. Violet side scatter (VSSC) was measured using a 405 nm laser
and a 405/5 nm Bandpass filter. GFP fluorescence was measured using a 488 nm
laser and a 525/40 nm Bandpass filter. mCherry fluorescence was measured using a
561 nm laser and a 610/20 nm Bandpass filter. The gain settings described in Table
1 were used:

Table 7.1: Gain settings for flow cytometry

Filter Gain setting (X/3000)
FSC 76
SSC 299

VSSC 106
GFP 196

mCherry 1216

The cell population of interest was sorted based on a mCherry fluorescence higher
than the background signal. To determine the gate for background fluorescence, the
background strain Curvibacter sp. AEP1-3 glmS ::GFP was used and the gate was
set to exclude 99% of this population. To normalize the variation of fluorophore
signal strength variation based on factors such as cell size, polar aggregation of
fluorophores and/or cell cycles (Arnfinnsdottir et al. 2016), GFP signal strength
was used to contextualize RFP signal strength as follows: the subpopulation was
split into four quadrants based on their GFP and mCherry signal: green fluorescence
from the genomic GFP from 100.000 to 500.000 AU was considered “high green”
(HG), from 25.000 to 70.000 was considered “low green” (LG) fluorescence. Equally,
red fluorescence from 8.000 to 90.000 AU was considered “high red” (HR), from 3.500
to 4.000 was considered “low red” fluorescence. The quadrant of each sorted cell
is stated in the inventory list (see positive candidate table on GitHub). 2000 Cells
were sorted into four tubes containing 100 µl of R2A based on their combined red
and green fluorescence signal.
This mixture was plated on R2A plates and incubated at 30 ◦C for 48 hours. Colonies
of surviving cells were tested for successful promoter integration in the expression
vector using cPCR and Sanger Sequencing. Colonies were inoculated in one ml of
R2A+ containing the respective antibiotic and grown for 48 hours. One ml of 50%
(v/v) glycerol in distilled water was added and cultures were frozen at −80 ◦C for
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further use.

7.3.6 Bulk Fluorescence Intensity Measurements

Curvibacter cells containing one of the selected 5′ UTRs were inoculated from a fresh
R2A+ plate into R2A+ media and grown for 36 hours at 30 ◦C in 24 well plates
in a BMG labtech Clariostar plate reader until stationary phase. From these pre-
cultures, main cultures were inoculated to an OD of 0.05. Growth and fluorescence
was monitored over 36 hours. mCherry fluorescence from the reporter constructed
was monitored at 570/15 nm bandwidth excitation and 620/20 nm bandwidth emis-
sion and GFP fluorescence from the genomically integrated GFP was monitored at
470/15 nm bandwidth excitation and 515/20 nm bandwidth emission. The mea-
surements were performed in individual repetitions of three for each candidate of
the Curvibacter mutants.

7.3.7 Curvibacter growth media

R2A+ media was prepared by adding additional nutrients to premixed R2A from
Carl Roth according to Table 2.

Table 7.2: R2A+ media composition.

Ingredient Amount
R2A (premixed) 3 g

Peptone 4 g
Glucose 2.5 g

Yeast extract 1 g
distilled water up to 1 L

7.3.8 Mathematical operations for RFU assessment

Fluorescence intensity measurements were adjusted to eliminate background signals
by employing a media-only control well. The corrected fluorescence intensity for a
specific fluorophore was obtained by subtracting the signal in the presence of media
control from the signal of that fluorophore alone.

FI(fluorophore) = signal(fluorophore) − signal(media control) (7.1)

The fluorescence intensity FI(fluorophore) is the value for the emission intensity of
the measured fluorophore (mCherry or GFP, signal(fluorophore)) substracted by the
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background emission of the media control (R2A+, signal(media control).
To account for variations in biomass, relative fluorescence units (RFU) were further
normalized using the GFP intensity as a reliable proxy for biomass. This normal-
ization was carried out as follows:

RFU = FI(mCherry)/FI(GFP ) (7.2)

In order to assess changes in 5′ UTR activity across different growth phases, FI
values were compared between the mid-exponential and stationary phases. This
calculation was performed using the formula:

Differential activity = Normalized FI values(mid − exponential growth phase)
Normalized FI values(stationary growth phase)

(7.3)
Values below 0.7 indicated 5′ UTRs more active during the stationary phase, values
above 1.3 suggested greater activity in the exponential phase, and values falling in
between were indicative of 5′ UTRs that did not show a significant preference for
either growth phase. This method allowed for a comprehensive assessment of 5′

UTR behavior in relation to different growth phases.
The datasets obtained from the plate reader (BMG labtech clariostar), which in-
cluded Biomass and FI data points for mCherry and GFP, underwent a filtering
process to remove outliers and reduce noise. This smoothing step utilized the sav-
gol_filter function from the Python scipy package, implementing the Savitzky-Golay
smoothing technique (Savitzky and Golay 1964). The Savitzky-Golay smoothing fil-
ter is a data processing method commonly employed in signal processing and data
analysis. Its purpose is to smooth noisy data while preserving essential signal fea-
tures. This step was taken to enhance the accuracy of determinations regarding
stationary and exponential growth phases.
The time points for defining the mid-exponential and stationary phases were de-
termined by applying the Savitzky-Golay smoothing technique to the raw OD600
values and calculating the maximum slope for the mid-exponential phase, as well as
the maximum OD600 value for the stationary phase.

7.3.9 Inference of transcription factor binding motifs

To identify potential transcription factor binding sites and motifs (TF-Motifs), the
nucleotide sequences of the 33 5′ UTRs identified via Flow Cell Cytometry were used
as input sequences for the XSTREME algorithm (Bailey 2021). The XSTREME
algorithm conducts a comprehensive motif analysis. It was configured with default
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settings to search for binding motifs within the prokaryotic CollectTF database
(http://www.collectf.org/browse/home/), which contains known bacterial
transcription factor binding sites. The proteins corresponding to the TF motifs were
downloaded from UniProt and combined into a FASTA file. Using this combined
FASTA file as a query, a BLAST (Basic Local Alignment Search Tool; Altschul et
al. (1990, 1997)) search against the Curvibacter proteome was conducted with the
standalone BLAST tool from NCBI (Camacho et al. 2009). The parameters were
changed as follows: e_value=0.001, num_alignments=10000 and word_size=3.

7.4 Results

7.4.1 Development of a streamlined workflow for 5’ UTR
mining

We designed a synthetic biology approach for 5′ UTR mining in sequenced bacte-
rial species to develop novel expression systems. The details of the workflow to
filter transcriptionally active 5′ UTRs are described in the first methods section in
detail. Briefly, candidate 5′ UTRs for this study were directly harvested from the
Curvibacter genome sequence. As the Curvibacter genome contains 4096 predicted
genes, nearly the same amount of intergenic regions (as some genes overlap) exist
as potential regulatory sites. Filtering steps removed intergenic regions of divergent
genes; with a length <60 and >170bp; 5′ UTRs of tRNA and rRNA genes as well
as those intergenic regions containing restriction sites of BsaI, BsmBI and BbsI.
A table of all ordered sequences is available as candidate table together with the
complete workflow on GitHub (https://github.com/Kanomble/curvibacter_pr
omotor_studies) and can be adapted to any bacterial genomic sequence. In the
following we show how representative our selection is for the genome of Curvibacter
sp. AEP1-3.
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7.4.2 Representativeness of extracted 5′ UTRs in Curvibac-
ter sp. AEP1-3

Figure 7.2: Distribution of extracted 5′ UTRs within the genome of Curvibacter. The
innermost circle is composed of a density plot that showcases the GC content of the respective
genome regions. Positive GC-content refers to genomic regions where the GC-content is higher than
the genome-wide average, whereas negative GC-content refers to regions where it is lower. The two
following red and blue circles highlight the initially extracted 500 5′ UTRs. Blue lines correspond
to genes with a forward orientation (clockwise), red lines vice versa. The outer circle represents the
33 via Flow Cytometry sorted 5′ UTRs. 5′ UTRs of CDS regions labeled as "hypothetical protein"
or with protein names that are too long are not labeled.

The 33 5′ UTRs that were confirmed by Flow Cytometry (see next section) are
evenly distributed throughout the entire Curvibacter genome (see Figure 7.2). The
length of the confirmed 5′ UTRs ranges from 60 bp to 146 bp. Further, sequences of
these confirmed candidate sequences were analyzed for the occurrence of common
motifs (see Figure 7.3).
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Figure 7.3: Conserved sequence motifs within the analyzed 33 5′ UTRs of Curvibacter.
Sequence motifs are part of the CollectTF database. The figure highlights the 5 most prevalent
motifs, additional motifs can be found in Supplementary Table S1.

Among the 33 5′ UTRs, five distinct transcription factor binding site motifs (TF-
Motifs) have been identified using the XSTREME algorithm from the MEME-suite
portal, with a setup that enables searching for TF-Motifs within the CollectTF
database for bacterial transcription factor binding sites (Bailey 2021). The identified
motifs are found in several transcriptional regulators. For instance, the first motif (1)
exhibits similarities to TF-Motifs of the AmrZ and LasR proteins of Pseudomonas
aeruginosa (Croda-García et al. 2011; Jones et al. 2013). AmrZ serves as a tran-
scriptional activator and/or repressor of virulence factors, as well as genes involved
in environmental adaptation. LasR, on the other hand, serves as a transcriptional
activator of the elastase structural gene LasB (Gambello and Iglewski 1991) and
it is considered as a transcriptional activator for virulence genes in Pseudomonas
aeruginosa (Kiratisin et al. 2002). In 23 of 25 5′ UTRs that were further analyzed
by bulk fluorescence measurement (further referred to as candidate 5′ UTRs) (see
Figure 7.4a) at least one of the inferred TF-Motifs has been identified (see positive
candidate table on GitHub). A detailed description of all identified motifs can be
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found there as well.

BLAST analysis of the UniProt sequences obtained from the TF motifs revealed
38 unique homologous proteins from five of the eleven UniProt sequences within
Curvibacter (see BLAST result table on GitHub). The DosR (Mycobacterium tu-
berculosis), LasR (Pseudomonas aeruginosa), CcPa (Streptococcus pneumoniae),
LexA (Vibrio parahaemolyticus) and ExpR (Rhizobium meliloti) proteins, with 28,
five, five, three and five homologous protein hits in Curvibacter, respectively. Six
Curvibacter homologs appear multiple times in the result dataset. Transcription
factors, response regulators, autoinducer-binding domain containing and chemo-
taxis proteins are among the homologous protein hits. None of the query se-
quences share a direct homology to the associated proteins of the described 33 5′

UTR regions. However, the LasR protein is a homolog to the CurR1 and CurR2
(Refseq protein identifier: WP_087495460.1 and WP_087496729.1) proteins in
Curvibacter, which are described in Pietschke et al. and function directly as re-
sponse regulators for the acyl-homoserine-lactone (AHL) synthases Curl1 and Curl2
(WP_232460033.1 and WP_232459811.1) in Curvibacter (Pietschke et al. 2017).
Interestingly, with CPL0025 we identified an 5′ UTR that is associated to the AHL
synthase Curl2. Among the BLAST results, the response regulator transcription
factor sequence WP_157673178.1 was identified as homologous to the query pro-
tein LasR, while both WP_157673178.1 and WP_087495595.1 showed homology to
the DosR query protein. They are located near CPL0077, which encodes a protein
annotated as tRNA synthase MnmA, and CPL0071, which is annotated as a trans-
ferrin family substrate-binding protein (WP_087495999.1 and WP_087495596.1).
Both, the response regulator WP_087495105.1 and the substrate-binding domain-
containing protein WP_087495120.1 of Curvibacter are homologous to DosR and
CcPa and are located near the 5′ UTR of CPL0112 (associated with the ErpA pro-
tein WP_087495111.1).

7.4.3 Curvibacter strains carrying functional reporter con-
structs show a range of expression levels

Cells carrying one of 33 unique reporter constructs sorted by flow cytometry were
further analyzed for their expression level throughout different growth phases (see
Figure 7.4a) using bulk fluorescence measurement in a plate reader (full list of can-
didates is available on GitHub as candidate table). The candidates vary in length
and GC content. For instance, CPL0025 has a length of 76 bp with a GC content of
40%. In contrast, CPL0095 is 113 bp long with a GC content of 42%, and CPL0022

162



CHAPTER 7. MANUSCRIPT 4

spans 123 bp with a GC content of 46%. From 33 total sorted candidates, 25 showed
detectable expression levels and were therefore included in the following analysis.
All strains are based on the same Curvibacter background strain containing a ge-
nomic GFP integration (Nawroth et al. 2023) in the glmS locus with a constant
expression level relative to biomass until early stationary phase (see Supplementary
Figure S2). As this GFP signal was less noisy compared to OD measurements at
optical densities near OD 0.1 and as the fluorophore accumulation in the late sta-
tionary phase due to protein aggregation and the lack of growth phase dependant
regulation was nearly identical for both the reporter mCherry construct and the ge-
nomic GFP integration, the GFP signal was further used as a normalization factor
for the mCherry signal (see equation three in Mathematical Operations for RFU
Assessment). This reduces noise in low optical density cultures and leads to a stable
signal in the later stationary phase, making it easier to determine reporter activity
during exponential- and stationary phase. Relative fluorescence units are therefore
given as the fraction of mCherry/GFP intensity. Supplementary Figure S1-S4 con-
tain a comparison of biomass and raw GFP expression in the background strain
containing CPL0022 or CPL0017 in linear or log scale, respectively. Supplementary
Figure S2 shows the correlation between GFP and biomass of the background strain,
showing that GFP expression remains constant relative to biomass until stationary
phase is reached and linearly increases after reaching stationary phase in the same
way that it does in in trans expression systems, effectively negating this drift. Figure
7.5 a-d shows a linear relation for mCherry/GFP during the stationary phase as a
result of this.
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Figure 7.4: 5′ UTR expression levels as measured by mCherry/GFP levels. A: 5′ UTR
expression levels as measured by mCherry/GFP levels within the exponential growth phase and sta-
tionary growth phase. 5′ UTR sequences are sorted in decreasing order based on the mCherry/GFP
value during the exponential growth phase. The red marked CPL identifiers represent the high-
lighted sequences in the section below. B: Relative expression levels of 5′ UTRs during exponential
phase and stationary phase. 5′ UTRs with values under 0.7 are more active during the stationary
growth phase, while 5′ UTRs with values above 1.2 are considered to be more active during the
exponential growth phase. Dot size correlates with overall expression level. The red marked CPL
identifiers represent the highlighted sequences in the section below. Data points represent the
average of three repetitions. Error bars display the standard deviation.

Figure 7.4a shows the relative fluorescence units (RFUs) of mCherry normalized
to GFP for all candidates, which showed expression levels above the background
noise. The above values serve as a proxy for the relative expression levels of their
corresponding 5′ UTRs during the exponential phase and the stationary phase and
should guide investigators in picking expression systems for their specific use case.
Expression levels range from 0.61 to 0.005 relative to GFP in the stationary phase,
encompassing two orders of magnitude in terms of expression strength. Among
the 25 analyzed candidate sequences, 12 show less than 75% of activity during the
exponential phase compared to the stationary phase, while 10 display relatively
consistent expression strength regardless of the current growth phase (Figure 7.4b).
Additionally, three candidate sequences demonstrate at least 125% activity during
the exponential growth phase compared to stationary phase.

7.4.4 Activity level of candidate 5’ UTRs shows distinct
temporal expression dynamics over growth phases

In this section we provide detailed information of the measured fluorescence ac-
tivity over time of three (plus CPL0017 as control) selected candidate 5′ UTRs of
Curvibacter. We recommend these 5′ UTRs for further experimental use as they
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cover a range of different temporal expression patterns and strengths. Additionally,
we provide the graphical analysis of the 21 remaining 5′ UTRs in our GitHub repos-
itory (https://github.com/Kanomble/curvibacter_promotor_studies).

Figure 7.5: 5′ UTR expression levels for the highlighted sequences CPL0017 (control),
CPL0025, CPL0022 and CPL0095. Full and dotted lines represent time point of exponential
and stationary phase, respectively, which was used for Figure 7.4B. RFU (orange line) equals
mCherry intensity (candidate 5′ UTRs) normalized to GFP intensity (which is located on the
genome). Data points represent the average of three repetitions. The standard deviation of the
OD and RFU values is displayed as an error bar for every 20th value.

The CPL0025 (Figure 7.5b) sequence is the 5′ UTR of the gene AEP_RS11205,
expressing the AHL synthase (RefSeq protein identifier: WP_232459811), also de-
scribed as Curl2 in Pietschke et al. (Pietschke et al. 2017). The full promoter region
(519 bp) of the AHL synthase Curl2 is activated by homoserine lactones, bacterial
quorum sensing molecules which play a crucial role in regulating gene expression in
response to population density (Surette et al. 1999). Here we show that even the
smaller 5′ UTR region of 76 bp could drive the expression of our reporter construct.
The 5’UTR shows lower expression levels during exponential growth and elevated
expression levels after entering stationary phase. CPL0025 was the strongest can-
didate among all tested 5′ UTRs, surpassing even the expression level of the highly
active J23100-RBS* 5′ UTR (CPL0017), which was used as reference (Figure 7.5a).
A TF-Motif similar to the AHL activated transcriptional regulator LasR (see Sup-
plementary Table S1) was not detected within the 76 bp long 5’UTR of CPL0025.
The only motif found in this 5’UTR is similar to TF-Motifs found in Gram-positive
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bacteria, the motif is located within the positions 20 - 29 (TTACAAGAAA) of the
5’UTR. Specifically, similar to motifs of the global transcriptional regulator CodY
from Lactococcus lactis and Streptococcus pyogenes as well as for CcpA from Strep-
tococcus pneumoniae (see Figure 7.3 5. and Supplementary Table S1) (Abranches
et al. 2008; Ganesan and Weimer 2017; Lemos et al. 2008; Pellegrini et al. 2022).

Sequence CPL0022 (Figure 7.5c) is the 5′ UTR of the gene AEP_RS05045 ex-
pressing dnaK (RefSeq protein identifier: WP_087494375), a molecular chaperone
protein of the (Heat-shock-protein 70) Hsp70 family. The dnaK candidate 5′ UTR
shows a very constant expression level throughout all growth phases in Curvibacter
compared to all other tested 5′ UTRs, with minor bursts of transcriptional activity
during late exponential and early stationary growth phases. In comparison with
other sequences in this study, the dnaK shows a very constant expression level
throughout all growth phases, a relatively high expression level and very little bias
towards growth phases. CPL0022 contains 9 bp long TF-Motif for LasR binding
within the positions 12 - 21 (CACAACCAGC) of the 5’UTR sequence. Addition-
ally, CPL0022 contains a CodY motif from Bacillus anthracis and a ExpR motif
from S. melliloti (see Supplementary Table S1).

CPL0095 (Figure 7.5d) is the 5′ UTR of the gene AEP_RS11420 (RefSeq protein
identifier: WP_011466063) expressing rpsL. RpsL is a 12S protein component of
the 30S ribosomal subunit. This candidate 5′ UTR displays high activity during
the exponential phase, with a steady increase in activity until the mid-exponential
phase. The activity then decreases to approximately half of its maximum during
the stationary phase. CPL0095 contains a range of sequence motifs, such as a LasR
motif from P. aeruginosa, CodY from B. anthracis as well as S. pyogenes, and a
LexA motif from V. parahaemolyticus (see Supplementary Table S1).

7.5 Discussion

7.5.1 25 novel promoters for the use in Curvibacter show
distinct temporal expression dynamics

As Curvibacter is a promising model organism we set out in this project to ex-
tract novel expression systems for this species from a self designed oligonucleotide
library. This library was generated by mining the Curvibacter genome for 5′ UTR
sites in an automated fashion. Positive candidates were first picked via Flow Cy-
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tometry and subsequently individual sequences analyzed by bulk fluorescence mea-
surement. From our 500 initial candidate sequences we found 25 positive candidates
that showed expression based on our reporter plasmid. Among these, we could find
expression levels over two orders of magnitude and a variety of different temporal
expression dynamics over growth phases (s. Figure 7.4a). We found 12 candidate
5′ UTRs which show a higher expression level in the stationary phase compared
to the exponential phase. 10 candidate 5′ UTRs showed very little discrimination
between growth phases, maintaining a stable level of expression throughout the ob-
served duration and three candidate 5′ UTRs showed a higher expression level in
the exponential phase compared to the stationary phase (s. Figure 7.4b).

Not only can these new expression platforms be used as tools for expression during
different growth phases in liquid medium, but the expression strength assay may
also indicate the temporal expression dynamics of these genes in their native ge-
nomic context: As expected, many of the candidate 5′ UTRs with higher activity
levels in the exponential phase belong to genes expressing proteins involved in cen-
tral metabolism and proliferation (50S ribosomal protein L25/general stress protein
Ctc, RpsL, Ndk (s. Figure 7.4b)).

This is in accordance with previous findings which show that bacterial cells are
able to recall distinct global expression patterns based on their stage of growth
by the spatio-temporal regulation of chromosomal macrodomains (Sobetzko et al.
2012). While replication induced transient changes in actual copy numbers are a
factor directing genomic transcription biases along the oriC/ter axis (Teufel et al.
2023), the regulation of macrodomains occurs for functionally similar genes through
direct DNA topology and transcriptional control. While in trans expression systems
are per definition not affected by positional effects of the 5′ UTRs of interest (as
they are taken out of their natural, genomic context), they are partially affected by
DNA topology (Klein et al. 2021) (e.g. plasmid supercoiling) and fully affected by
transcriptional modulation, under the condition that the entire sequence relevant
for regulation is included in the expression system. On the other hand, we see a
variety of (often hypothetical proteins) gene functions associated with the candidate
5′ UTRs where the expression levels are higher in the stationary compared to the
exponential phase. This is a result of the general expression bias in plasmid-based
expression systems, which tend to exhibit higher expression levels in the stationary
phase. Consequently, a bias towards stationary phase expression can be observed,
complicating the interpretation of the native context of these genes and their tem-
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poral expression dynamics. This effect is primarily attributed to the enrichment
of plasmid copy numbers in the stationary phase relative to the number of cells
(Akasaka et al. 2015; Berla and Pakrasi 2012; Turgeon et al. 2008). While satura-
tion of protein density was normalized in our assay by utilizing GFP FI values as a
normalization factor for mCherry FI values, a bias introduced due to plasmid copy
number enrichment is not. We showed that by harvesting 5′ UTRs from the target
species genome we were able to create expression systems that behave differently
from most synthetic, orthogonal in trans expression systems. These expression sys-
tems can now be used to further study Curvibacter sp. AEP1-3.

The intial library encompassed 500 5′ UTR sequences from the Curvibacter genome.
As 25 of these showed detectable expression levels, the discovery rate is therefore
at a minimum of five percent (5%). Many potential promoters may not be active
under the artificial laboratory environment and hence show little activity, especially
considering that R2A is a complex media that already serves a lot of metabolites
and thus requires less de novo synthesis of many compounds. To eventually raise
the success rate of promoter prediction before manually curating the oligonucleotide
library, stretches of sequences around the extracted loci could be used as input
sequences for a neural network trained by known promoter sequences such as se-
quences from the PDD (Su et al. 2021). A similar approach was recently conducted
by Seo et al. for the cyanobacterial species Synechocystis sp. PCC 6803 (Seo et al.
2023). The AI generated prediction could further be used to extract and construct
more efficient oligonucleotide sequences. These sequences can be based not only on
a continuous DNA-sequence between gene regions but also on specific k-mers of 5′

UTR sites. Thus motifs responsible for RNA-polymerase recruitment can be located
upstream of the sequences ranging into the next gene sequence, which our approach
currently does not cover.

The TF-Motif discovery and enrichment analysis with the XSTREME software (s.
Method section 2.9) revealed the presence of five enriched transcription factor bind-
ing motifs among the 5′ UTR sequences. This analysis identified homologous pro-
teins in Curvibacter for five of the query transcription factors. Interestingly, some
of these homologous transcription factors are located in close proximity to certain 5′

UTR sequences. The 5′ UTR CPL0025 contains a TF-Motif for the Pseudomonas
aeruginosa protein LasR, among others. LasR is homologous to CurR2, which is
located two genes downstream of Curl2, the protein associated with CPL0025, sug-
gesting a potential regulatory role for CurR2 based on our dataset. This regulatory
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function was indeed demonstrated by Pietschke et al. (Pietschke et al. 2017). The
presence of homologous proteins and their close proximity to certain 5′ UTR se-
quences suggests that the motifs identified in the tested 5′ UTRs may be functionally
relevant. These motifs could serve as binding sites for the homologous Curvibacter
proteins, potentially influencing gene regulation in a manner similar to that observed
in the species from which the query proteins originate.

7.5.2 Temporal expression dynamics of highlighted 5′ UTRs
may correspond with their biological functions

For applications where a stable expression level is essential or accumulation of pro-
tein aggregates is a known issue, we recommend the use of the CPL0022 5′ UTR,
which drives expression of the dnaK gene in Curvibacter (Arsène et al. 2000). dnaK
in E. coli is constitutively expressed throughout all of its life cycle and the same
seems to account for the dnaK equivalent in Curvibacter (s. Figure 7.5c). The
DnaK protein is a molecular chaperon, a class of enzyme involved in guiding cor-
rect folding after translation as well as for already matured proteins. While this
maintenance is required constantly, it is generally upregulated when bacteria face
external stresses that lead to rapid protein degradation such as heat shocks. Thus,
DnaK in E. coli is part of the Hsp70 protein group. In Curvibacter, the CPL0022 5′

UTR also showed a relatively stable expression level throughout all growth phases
(s. Figure 7.5c). It would be interesting to see whether this 5′ UTR could be utilized
as an inducible expression system by applying heat shocks to the cells as a stimulus,
effectively acting as an inducible promoter. As Curvibacter is studied due to its sym-
biotic partnership with its host Hydra vulgaris, it would be interesting to see whether
this 5′ UTR also maintains stable activity when growing on the glycocalyx of Hydra.

Alternatively, protein aggregation can also be prevented by using a 5′ UTR that
drives lower expression levels during the stationary phase such as the CPL0095 5′

UTR. In its native context, this CPL0095 expresses RpsL, a 12S ribosomal protein
of the 30S subunit. This 12S subunit is added late in the biogenesis of the 30S
subunit and is essential (Mulder et al. 2010). Due to the high demand for protein
expression during the exponential phase, genes involved in translation are upreg-
ulated during that phase, explaining the unusual temporal expression dynamic of
this candidate promoter (s. Figure 7.5d). While the expression level of CPL0095
during the exponential growth phase is equal to the strongest sequence CPL0025,
it is almost five fold weaker during the stationary phase in comparison (compare to
Figure 7.5b). Further modification to reduce or enhance the general expression level
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of this promoter could fine tune its function for application in continuous cultivation
systems such as chemostats. It is likely that other promoters driving gene expres-
sion of proteins involved in the assembly of ribosomal subunits or translation are
upregulated in a similar fashion and could be a first avenue to find more promoters
that behave similarly to CPL0095.

For high levels of expression we recommend the use of CPL0025 (s. Figure 7.5b) or
CPL0017 (s. Figure 7.5a) which has been used in this study as a reference sequence.
CPL0025 had the highest level of expression among all tested sequences. Both pro-
moters are well suited for the expression of proteins with very little burden on the
host cell metabolism, such as fluorophore proteins for imaging. The gene expressed
from CPL0025 functions as an AHL synthase (Curl2), as described by Pietschke et
al. (Pietschke et al. 2017). They have shown that the full promoter region (519
bp) of CPL0025 is activated by AHLs produced by Curvibacter, as well as by AHLs
modified by Hydra vulgaris. Here we show, that the shortened promoter region of
76 bp is able to drive a strong expression of our reporter (s. Figure 7.5b). Within
the identified transcription factor binding motifs, a TF-Motif similar to a motif dis-
covered for the transcriptional regulator LasR of Pseudomonas aeruginosa has been
identified (Croda-García et al. 2011). LasR is a LuxR-type regulatory protein and
a key component in the quorum sensing system of Pseudomonas aeruginosa. LasR
binds to AHLs activating the expression of genes involved in various virulence fac-
tors and genes important for the adaptation to the environment (Brindhadevi et al.
2020). However, no LasR TF-Motif can be found within the CPL0025 5’UTR but
a binding motif for the transcriptional regulator CodY from Lactococcus lactis and
Streptococcus pyogenes as well as for CcpA from Streptococcus pneumoniae. Those
transcriptional regulators are known to regulate the expression of a wide range of
genes, e.g. genes responsible for carbohydrate and (p)ppGpp metabolism or vir-
ulence factors (Abranches et al. 2008; Lemos et al. 2008; Pellegrini et al. 2022).
Regarding the expression of the reporter driven by CPL0025 and the previous find-
ing that the promoter region of curl2 is activated by AHLs, it is possible that the
motif responsible for AHL induction is located within the 76 bp long 5’UTR of
CPL0025. It is unclear whether the high expression level of CPL0025 in the station-
ary phase are result of transcriptional changes directly related to the growth phase
or a result of increasing levels of AHLs in the media or both.
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7.6 Outlook

We created a scalable pipeline for the semi-automated discovery of expression sys-
tems that can be applied to any bacterial species of interest with an available genome
sequence and expression vector. Our workflow was able to find novel expression sys-
tems for Curvibacter (see Figure 7.5) which can now be utilized in a variety of
applications. It can be extended to specifically search for inducible 5′ UTRs, an-
other very relevant manipulation tool for novel model species. First, the entire
library could be sorted once under "induced" and once under default conditions and
sorted in bulk. After sequencing all 5′ UTRs in the expression vector of both pop-
ulations, the 5′ UTRs that appear only in the induced population serve as a list of
potential candidates for inducible expression systems. In the same way, this method
can be used to find 5′ UTRs that are active under any condition of interest e.g., for
Curvibacter in the presence of the host species Hydra vulgaris.

In our curated oligonucleotide library approach, we approximate the rate of RNA
polymerase activity by assessing the fluorescence of a reporter protein. In con-
trast, traditional RNA-seq transcriptome analysis involves counting and comparing
mapped read abundances of expressed genes. However, both experimental designs
share the common goal of detecting the rate of transcriptional activity under specific
environmental conditions. Comparing these strategies, we argue that both methods
show different scalability toward distinct scenarios: While for some applications, it
is desired to find transcriptional changes of a few genes under a multitude of differ-
ent circumstances, in other cases the focus may be on global changes in transcrip-
tion levels for only a handful of environmental circumstances. Traditional RNAseq
workflows allow for a global analysis of a transcriptome but the amount of samples
increases linearly with the amount of observed conditions. To maintain an adequate
sequencing depth of each individual sample, this leads to scaling sequencing costs
based on the amount of samples. Vice versa, our oligonucleotide based screening
workflow can be very well adapted to screen many conditions in a single workflow,
as cultivation capacities and the scalability of flow cytometry based sorting are the
only rate limiting factors. Another advantage is that once positive candidates are
sorted and sequenced, the vectors for further studies are already available.
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7.7.3 Material Availability

All Code used in this manuscript as well as raw data from bulk fluorescence mea-
surements is available under (https://github.com/Kanomble/curvibacter_pr
omotor_studies). A genbank file of the entry vector used to clone the promoter
library is available in the GitHub data repository, including highlights for restriction
sites.

7.7.4 Online Supplement

Online Supplement is provided. Supplementary Figure S1-S4 contains comparison
of biomass and raw GFP expression in the background strain containing CPL0022
or CPL0017 in linear or log scale, respectively. Supplementary Table S1 contains an
extended list of detected motifs in the sorted candidate sequences.
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Figure 7.S1: Comparison of change in biomass and GFP expression in Curvibacter
AEP1-3 glmS::GFP strain carrying CPL0022 reporter plasmid.
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Figure 7.S2: Comparison of change in biomass and GFP expression in Curvibacter
AEP1-3 glmS::GFP strain carrying CPL0017 reporter plasmid.

Figure 7.S3: Comparison of change in biomass and GFP expression in Curvibacter
AEP1-3 glmS::GFP strain carrying CPL0017 reporter plasmid, on log scale.
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Figure 7.S4: Comparison of change in biomass and GFP expression in Curvibacter
AEP1-3 glmS::GFP strain carrying CPL0022 reporter plasmid, on log scale.
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8 Discussion

8.1 General Discussion

The aim of this thesis was to investigate specific traits and adaptations of the
Curvibacter symbiont of Hydra in the context of host-microbe interaction. While
previous studies have demonstrated that Curvibacter maintains a stable relation-
ship with Hydra through various modes of interaction (s. Introduction 1.6), only
a limited number of published studies have explored these adaptations at both the
genetic and functional level. One such study by Wein et al. (2018) showed that
knockout mutants of the flagellar protein FlgC exhibit reduced colonization effi-
ciency in Curvibacter AEP, indicating that motility plays a crucial role in host
association. However, compared to other well-studied model microorganisms such
as P. aeruginosa or E. coli, the available microbiological tools and methodologies for
studying Curvibacter AEP are limited. This is primarily due to challenges such as
low conjugation efficiency and inefficient homologous recombination. Consequently,
an aspect of this thesis was the development of novel methodologies and techniques
to facilitate the investigation of Curvibacter AEP. As part of this effort, I estab-
lished a defined minimal medium, which enabled metabolic studies, leading to the
identification of Curvibacter AEP’s cobalamin-dependent methionine auxotrophy (s.
Manuscript 2). Furthermore, through the screening of putative promoter sequences,
we identified regulatory elements that can be utilized for gene expression studies
in Curvibacter AEP (s. Manuscript 4). The analysis of genetic traits underlying
adaptation involves genomic screening of putative target genes. To facilitate these
investigations, I developed the Comparative Analysis Tool for Homolog Identifica-
tion (CATHI), a software tool for the analysis of homologous protein sequences (s.
Manuscript 3) (Becker et al. 2023). With the aid of CATHI and other bioinformatic
tools, I identified several genes and gene clusters that are more prevalent in host-
associated Curvibacter species, one of which is responsible for the production of
extracellular polysaccharides (EPS) (s. Manuscript 1). By applying microbiological
and analytical methodologies, we demonstrated that Curvibacter AEP secretes EPS
that influence both its growth behavior and colonization efficiency. The following
discussion places these new methodologies, as well as the discovered adaptations
and genetic traits in a broader scientific context.
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8.2 Adaptations of host-associated Curvibacter as
response to the Hydra host environment

The Hydra-Curvibacter symbiosis is a valuable model for exploring interspecies in-
teractions and the role of the microbiome in holobionts (Bathia and Bosch 2020;
Kovačević et al. 2024; Minten-Lange and Fraune 2020). While some aspects of this
relationship have been elucidated, much of its complexity remains unknown. To
establish a basis for investigating the bacterial contribution in the Hydra holobiont,
I analyzed specific genetic traits and adaptations in symbiotic Curvibacter.

8.2.1 Patterns of phylosymbiosis in the
Hydra-Curvibacter model system

In general, symbiotic systems with organisms in close relationships adapt to each
other, which can be measured in terms of similar and congruent phylogenetic pat-
terns. An example provided by Liang et al. (2024) reveals significant patterns of
phylogenetic congruence between endosymbiotic Buchnera bacteria and their aphid
hosts, in which the phylogeny of the bacterial endosymbionts mirrors the phylogeny
of their corresponding aphid hosts (Liang et al. 2024). This similarity is termed phy-
losymbiosis and can be explained by multiple ecological, evolutionary, and molecular
mechanisms (Brooks et al. 2016). Patterns of phylosymbiosis are also evident within
the Hydra holobiont (s. Figure 8.1), as distinct Hydra species exhibit similar micro-
biome compositions (Franzenburg et al. 2013).

The microbiome composition is species-specific and robust, pairwise co-culture ex-
periments of Hydra species revealed that host-specific communities remain stable,
with minimal convergence in microbiome composition despite close physical associ-
ation (Franzenburg et al. 2013). The glycocalyx of Hydra serves as environmental
niche for its microbiome, promoting microbial adaptation that led to long-term as-
sociations (Fraune and Bosch 2007). The longer a bacterium persists within a host
environment the more likely it can become a niche-specialist, leading to reduced
adaptability to alternative environments (Buckling et al. 2003; Elena and Sanjuán
2003). In manuscript 1, we demonstrated that Curvibacter isolates cluster congru-
ently with their respective Hydra hosts, indicating not only phylosymbiosis as shown
by Franzenburg et al. (2013) but also co-speciation. Moreover, we demonstrated
that Curvibacter colonization efficiency is highest in their native Hydra strains,
highlighting that prolonged host-specific adaptation enhances Curvibacter’s ability
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Figure 8.1: Phylosymbiosis within the Hydra genus. The phylogeny of seven different species
from the Hydra genus remarkably mirrors a species-specific microbiome composition. The figure
was taken from Franzenburg et al. (2013).

to successfully colonize its host. This long-term and intimate association between
Curvibacter and Hydra may have shaped the evolution of specialized traits that en-
hance bacterial-host interactions and promote bacterial persistence within the host.
Phylosymbiosis is also evident among Bilateria (Brooks et al. 2016). The genetic
adaptations that have driven the co-speciation of symbiotic Curvibacter strains in
the basal metazoan holobiont Hydra provide a framework for extrapolating to Bila-
terian holobionts, offering insights into the processes underlying organismic interac-
tions even in higher animals, such as humans or mice.
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8.2.2 Conserved genomic traits in host associated Curvibac-
ter

To gain insights into these adaptations I analyzed the genomes of the three Hydra
associated Curvibacer strains - AEP1.3 (symbiont of Hydra vulgaris AEP), Hmag1.1
(symbiont of Hydra magnipapillata) and Hvul1 (symbiont of Hydra vulgaris) - and
compared them to their free-living relatives (s. Manuscript 1). The genome compar-
ison revealed a distinct dataset of 693 protein sequences in Curvibacter AEP, form-
ing a unique homologous protein group conserved within the symbiotic Curvibacter
strains. This dataset is referred to in the following sections as the symbiont spe-
cific orthogroup (OG) dataset. The observed phylosymbiosis may have shaped the
genetic repertoire of symbiotic Curvibacter strains, leading to the retention of pro-
teins that enhance symbiotic interactions or contribute to the fitness of Curvibacter
within the holobiont. However, with 693 protein sequences remaining, further refine-
ment was necessary to identify key players in the Hydra-Curvibacter symbiosis. A
previous transcriptome analysis revealed that the plasma membrane associated pro-
tein group was the largest among differentially regulated genes in sessile Curvibacter
AEP, compared to its planktonic-living and host-associated counterparts (Ulrich et
al. 2022).

This finding indicates that the outer membrane of Curvibacter AEP serves as an in-
terface for adaptive lifestyle processes. These processes typically include differential
regulation of nutrient uptake, the secretion of virulence factors, and the production
of extracellular polymeric substances. Consequently, I focused on proteins associated
with the bacterial outer membrane. This structure serves as the primary interface
with the environment (s. Figure 8.2), making it a key structural feature for mediat-
ing interactions with external conditions and other organisms (Galdiero et al. 2012;
Sharma et al. 2022). Gram-negative bacteria possess two membrane structures: an
inner membrane and an outer membrane, separated by the periplasm, which contains
structural components such as peptidoglycan (s. Figure 8.2). The outer membrane
acts as a primary barrier between the bacterium and its environment. It is composed
of various proteins and other molecules that are responsible for its functional role
(Hinchliffe et al. 2013; Whitfield and Trent 2014). Interestingly, annotation and gene
enrichment analysis of the symbiont-specific OG dataset revealed the enrichment of
transporter and other plasma membrane associated proteins, such as secretion sys-
tems and substrate-binding proteins. Thus, the persistence of these proteins in
symbiotic Curvibacter strains may facilitate environmental sensing and the initia-
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Figure 8.2: Schematic overview of the Gram-negative bacterial membrane system. A
diverse array of proteins and protein complexes are embedded within both the outer membrane
(OM) and inner membrane (IM). These membrane-associated proteins include channel and ABC
transporters, porins, and specialized secretion systems (Green and Mecsas 2016; Özkan et al. 2024)
such as the Wzy-dependent polymerase complex (Whitfield 2006). These enzymes can mediate the
biosynthesis and secretion of various molecules such as glycoproteins, lipoproteins, extracelullar
DNA, EPS and LPS (Vorkapic et al. 2016; Whitfield 2006; Zückert 2014).

tion of specialized adaptive responses, potentially mediated by host-derived cues or
interactions with other members of Hydra’s microbiome. This further strengthens
the hypothesis that Curvibacter’s plasma membrane serves as a primary interface
for mediating symbiotic interactions.

8.2.3 Extracellular polymeric substances contribute to host
colonization

A subset of the symbiont-specific OG dataset contains proteins associated with
the biosynthesis of extracellular polymeric substances, including exopolysaccharides
(EPS) and lipopolysaccharides (LPS). These molecules are either an integral part of
the bacterial plasma membrane or are secreted into the environment by specialized
transporter complexes (Whitfield 2006; Whitfield et al. 2020). The analysis of a gene
cluster linked to EPS production highlights the role of Curvibacter -derived EPS in
the Hydra-Curvibacter symbiosis (s. Manuscript 1). Using two knockout mutants of
this gene cluster, we demonstrated alterations in the composition of the produced
EPS, a reduced recolonization efficiency of germ-free Hydra AEP polyps, and sig-
nificant differences in bacterial growth rates when cultured in liquid media. The
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findings of this study align with observations from other symbiotic systems, where
EPS plays a crucial role in colonization dynamics and host-microbe interactions, as
extensively discussed in manuscript 1 (Downie 2010; Lebeer et al. 2011; Lee et al.
2016; Skorupska et al. 2006; Yip et al. 2005).

The precise role of this gene cluster in the Hydra-Curvibacter interaction remains
unclear. The Curvibacter -derived EPS may contribute to bacterial biofilm forma-
tion, facilitating adhesion to the host surface, or it may function as a structural
component of the glycocalyx, aiding Curvibacter AEP in immune evasion. In its
host-associated state, Curvibacter AEP resides within the Hydra glycocalyx, a com-
plex network of glycoproteins and glucosaminoglycans that forms five distinct cell
layers (Böttger et al. 2012). A study of Hydra’s glycocalyx identified proteins of
the sweet tooth (SWT) and putative peroxidase (PPOD) family located within this
extracellular layer. The PPOD proteins possess lectin like carbohydrate-binding
properties, conferring the ability to bind specific sugar molecules (Böttger et al.
2012). Hypothetically, this function may serve as a mechanism for microbiome
control by mediating interaction through selective binding of monosaccharides, as
well as with monosaccharides in the Curvibacter -derived EPS. However, most genes
within this EPS operon are not differentially regulated during host colonization
compared to free-living conditions (unpublished data). Therefore, in conjunction
with the observed alterations in growth rates, Curvibacter EPS may also serve as a
protective molecule, shielding the bacterium from bacteriophage predation or other
environmental stressors.

8.2.4 Bacterial EPS and their role in adaptive lifestyle pro-
cesses

In general, extracellular polymeric substances and particularly EPS contribute to
the formation of bacterial biofilms. Biofilms are dynamic and complex biological
systems, with various functions in bacterial life. By establishing a self-produced,
protective microenvironment, biofilms enhance survival under fluctuating environ-
mental conditions, providing stability and resilience against external stressors (Hall-
Stoodley et al. 2004). Biofilms represent an ancient and fundamental aspect of
the bacterial lifestyle (Limoli et al. 2015). In particular, the secreted extracellu-
lar polymeric substances such as EPS or other glycoproteins, play a crucial role in
bacterial survival on host organisms (Cohen 2015; Fanning et al. 2012). They fa-
cilitate bacterial attachment to host tissues and surfaces (Busscher and Mei 2012),
aid in modulating and evading host immune responses to prevent recognition as
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pathogens (Gunn et al. 2016), provide protection against environmental stressors
such as desiccation (Alp and Aslim 2010; Primo et al. 2020), and influence host
specificity (Fanning et al. 2012). The production of extracellular polymeric sub-
stances is tightly regulated and influenced by various environmental and genetic
factors (Janczarek 2011; Mueller and Gonzaĺez 2011; Skorupska et al. 2006). It is
typically triggered when bacteria encounter surfaces that necessitate attachment,
prompting a phenotypic transition from a motile, free-floating planktonic state to a
sessile one, which facilitates substratum colonization (Tischler and Camilli 2004).

Genes involved in the biosynthesis of these macromolecules are typically organized in
operons, as exemplified by the EPS gene cluster identified in Curvibacter AEP. The
transcription of these operon-associated genes is controlled by specific transcription
factors, which abundance is, in turn, regulated by global bacterial transcriptional
and translational regulatory networks (Chen et al. 2021; Netrusov et al. 2023). A
key example of this regulation is cyclic diguanylate (c-di-GMP)-mediated regulation,
where elevated c-di-GMP levels in response to favorable environmental conditions
trigger the expression of biofilm-promoting genes, leading to reduced motility and
a sessile lifestyle (Liang 2015; Tischler and Camilli 2004). Interestingly, the sym-
biont specific OG dataset (s. Manuscript 1) includes proteins annotated as c-di-GMP
phosphodiesterases (WP_087495319 and WP_087495309), which are known to reg-
ulate intracellular c-di-GMP levels (Andersen et al. 2021). These enzymes may play
a role in controlling EPS production in Curvibacter AEP and could serve as key
regulators of symbiotic interactions by modulating c-di-GMP levels in response to
the host environment. In other symbiotic systems, a regulatory role for c-di-GMP
has been demonstrated. For instance, in plant-Rhizobia associations, elevated c-di-
GMP levels enhance bacterial adhesion to plant roots, facilitating colonization and
symbiosis establishment (Pérez-Mendoza et al. 2014). In the squid-Vibrio interac-
tion, high levels of c-di-GMP can impair the colonization efficiency of V. fischeri.
Furthermore, in Pseudomonas lurida elevated c-di-GMP levels, arising from muta-
tions in multiple genes that collectively upregulate this secondary messenger, led to
reduced motility and enhanced biofilm production, ultimately facilitating a stronger
association with its host C. elegans (Obeng et al. 2023). These examples highlight
the complex regulatory role of c-di-GMP in microbial-host interactions (Isenberg
et al. 2022).
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8.3 Nutrient provisioning and exchange in the
Hydra-Curvibacter symbiosis

8.3.1 Metabolic flexibility in freshwater systems

In the context of the Hydra-Curvibacter relationship, the transition from free-living
planktonic forms to a host-associated lifestyle necessitates transcriptional changes
(Giez et al. 2023; Ulrich et al. 2022). Curvibacter must balance survival between
its free-living state - characterized by limited nutrients and fluctuating environmen-
tal conditions - and its host-associated lifestyle, which offers a stable, nutrient-rich
niche. These nutrient-rich environments often favor the loss of genes for biosyn-
thetic functions, as corresponding essential metabolites are readily available, pro-
viding a significant fitness advantage to auxotrophic mutants (D’Souza and Kost
2016; D’Souza et al. 2014). In obligate endosymbiotic bacteria, such genome reduc-
tions are commonly observed, leading to the selective loss of nonessential genes while
preserving those for maintaining the symbiotic relationship (Latorre and Manzano-
Marín 2017). In the analyzed Curvibacter strains, genome reduction does not appear
to have occurred, as their gene counts remain comparable to those of other free-living
freshwater bacteria. Curvibacter AEP and the other symbiotic strains are faculta-
tive host-associated bacteria, meaning they can survive independently. Their ability
to grow in a free-living form outside their typical niche depends on nutrient avail-
ability and the chemical composition of their environment. The retention of genes
supporting free-living survival in host-associated Curvibacter strains mirrors similar
adaptations observed in members of the human and Drosophila gut microbiomes,
enabling them to persist both within the host and in external environments (Winans
et al. 2017; Zaneveld et al. 2008). This metabolic flexibility may be essential for
Curvibacter and other facultative symbionts during host transmission.

8.3.2 Nutrient availability affects Hydra’s microbiome com-
position

External nutrient supplementation leads to a dramatic decrease in the relative abun-
dance of Curvibacter within Hydra’s microbiome (s. Figure 8.3B), from a domi-
nant 60–80% to below 7% (Lachnit et al. 2025). While the absolute abundance of
Curvibacter may remain relatively stable, the observed shift likely results from an
increase in the proliferation of less abundant microbial taxa. This effect may reflect
a disruption of Hydra’s nutrient-mediated microbial control, potentially mediated by
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host-driven mechanisms such as rhythmic body contractions (Murillo-Rincon et al.
2017; Nawroth et al. 2023) and the selective properties of the glycocalyx (Franzen-
burg et al. 2013; Fraune et al. 2009). Building on my first question and the previously
described findings, I sought to understand whether Curvibacter has nutrient depen-
dencies that influence its dynamic interactions within the Hydra holobiont.

Figure 8.3: Transcriptome analysis of Curvibacter AEP and the effect of nutrients on
the Hydra microbiome. (A) Pie diagram showcasing the percentages of differential expressed
genes of sessile Curvibacter AEP in comparison to planktonic and host-associated Curvibacter AEP.
In total the analysis identified 1169 differential regulated genes, with 43.88% of genes associated
with the plasma membrane. The pie chart was taken from Ulrich et al. (2022). (B) Stacked bar
plots illustrating the relative abundance of microbial taxa of laboratory-maintained Hydra AEP
polyps exposed to varying nutrient environments over a period of three days. In nutrient-deficient
water (ND-water), the relative abundance of Curvibacter AEP remains stable. However, in water
containing a protein source (P+) or a carbon source (C++), the relative abundance of Curvibacter
AEP declines. The stacked bar plot was taken from Lachnit et al. (2025).

The transcriptome study of Curvibacter AEP conducted by Ulrich et al. (2022)
revealed a differential regulation of plasma membrane-associated proteins in its dif-
ferent lifestyles (s. Figure 8.3A). This finding was further supported by the tran-
scriptome analysis of Giez et al. (2023), which I used to demonstrate significant
upregulation of several amino acid transporter genes of Curvibacter AEP in mono-
association with Hydra AEP. Furthermore, the retention and significant enrichment
of transporter-related genes in the symbiont specific OG dataset (s. Manuscript 1)
indicates a metabolic shift in Curvibacter towards the uptake of essential nutrients
during its association with Hydra. Curvibacter resides in the Hydra glycocalyx. This
extracellular layer serves as a source of metabolites and nutrients for the resident
microbiome, as certain bacteria, particularly Curvibacter, can proliferate on Hydra
even in the absence of external nutrient supplementation in the culture medium
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(Deines et al. 2020, 2017; Fraune et al. 2015; Wein et al. 2018). Thus, Curvibac-
ter must acquire these essential nutrients from the glycocalyx microenvironment in
order to proliferate and establish its abundance on the Hydra polyp.

8.3.3 Nutrient mediated interactions in the Hydra holo-
biont

An active nutrient exchange within the Hydra holobiont was observed by Giez et
al. (2023), who demonstrated that the availability of glutamate mediates microbe-
microbe interactions, particularly between glutamate-producing bacteria like Curvi-
bacter and glutamate-consuming bacteria such as Duganella and Undibacterium
(Giez et al. 2023). In other symbiotic systems a similar pattern can be observed,
where the synthesis of nutrients and upregulation of transporter genes facilitates a
nutrient exchange. For example, in the Aphid-Buchnera symbiosis, the endosymbi-
otic bacteria supply their aphid hosts with essential amino acids, which are other-
wise scarce in their phloem-based diet (Smith and Moran 2020). In the squid-Vibrio
symbiosis, the symbiotic bacterium V. fischeri relies on nutrients, such as sulfur
(Wasilko et al. 2019) and amino acids (Graf and Ruby 1998), that are provided
within the micro-environment of the host squid species E. scolopes. V. fischeri
upregulates the transcription of specific transporter genes exclusively in its symbi-
otic state (Jones and Nishiguchi 2006). Interestingly, one of the gene-products of
these transcripts is the protein sequence BtuD, which forms a complex responsi-
ble for vitamin B12 (cobalamin) transport (Bass et al. 2003; DeVeaux and Kad-
ner 1985). Cobalamin serves as an important cofactor for methionine synthesis,
catalyzed by the methionine synthase MetH (Ferla and Patrick 2014). In addi-
tion to its role in protein synthesis, methionine availability in V. fischeri influences
the levels of S-adenosylmethionine (SAM), a key metabolite for the bacterial quo-
rum sensing molecules of the AHL family (Hanzelka and Greenberg 1996). In the
Hydra-Curvibacter interaction, methionine availability appears to be a pivotal ele-
ment in determining the abundance of Curvibacter. My findings demonstrate that
Curvibacter AEP exhibits a cobalamin-dependent methionine auxotrophy due to a
nonfunctional cobalamin-independent methionine synthase (MetE) (s. Manuscript
2). In general, vitamin or amino acid auxotrophies have been reported for various
microbial organisms in aquatic environments (Johnson et al. 2020). Thus, while the
cobalamin-dependent methionine auxotrophy might explain a transition of plank-
tonic Curvibacter to a host-associated state, it might not be enough for establishing
the long-term association that we observe today (Franzenburg et al. 2013; Fraune
and Bosch 2007). Based on the identified cobalamin-dependent methionine aux-
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otrophy, other interactions may have evolved that favor the host-associated status
of Curvibacter AEP. One such interaction could be that Curvibacter and Hydra in-
teract through the AHL signalling molecules produced by Curvibacter (Pietschke
et al. 2017). As described in the example of V. fischeri (Hanzelka and Greenberg
1996), methionine availability regulates the SAM pool, which is essential for the
biosynthesis of quorum-sensing signals. Given that Curvibacter AEP proliferates
on Hydra AEP in the absence of methionine or cobalamin supplementation in the
Hydra-culture medium, it is reasonable to infer that the host environment supplies
methionine. This supplementation may occur either through the degradation of
glycoproteins in the glycocalyx mediated by Curvibacter, or via active secretion of
methionine by Hydra. Consequently, this nutrient-provisioning may modulate the
synthesis of AHLs by Curvibacter, through the availability of methionine and SAM.
This finding potentially links nutrient availability and exchange in the Hydra holo-
biont to the organismic interactions between the host and its resident Curvibacter
population. However, most metazoans are incapable of synthesizing methionine de
novo without cobalamin (Bromke and Hesse 2015; Matthews et al. 2003), which is
typically supplied by associated bacteria. Since Curvibacter is unable to produce
cobalamin in defined media (see Manuscript 2), the involvement of other micro-
bial taxa capable of synthesizing cobalamin should be considered in explaining the
methionine exchange networks within the Hydra holobiont.

8.4 Bacterial transporter systems facilitate
lifestyle adaptations

In several sections of the preceding discussion, bacterial transporter systems were
involved. The differential regulation of transporter genes, and in particular amino
acid transporters and plasma membrane-associated proteins, as well as the secre-
tion and transport of EPS, are associated with the contribution of Curvibacter to
the Hydra holobiont. Differential regulation of transport proteins is also evident
in other organismic interactions, such as in the opportunistic pathogen Burkholde-
ria cepacia during its association with Sprague-Dawley rat hosts (O’Grady 2011).
Interestingly, protein sequences associated with transport are significantly enriched
within the symbiont specific OG dataset (s. Manuscript 1). Half of the carbohy-
drate transporter genes in Curvibacter AEP are found within this dataset. The
retention of carbohydrate transporters in symbiotic Curvibacter species appears to
be a distinct genetic feature, particularly when compared to the lower abundance
of such transporters observed in other Hydra-associated symbionts (Chapman et al.
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2010). Similarly, genome comparisons between plant-associated bacteria and their
free-living relatives have revealed the retention of carbohydrate transporters in the
symbiotic strains (Pini et al. 2011). Another example for the role of carbohydrate
transporters in symbiotic interactions is provided by the facultative symbiosis be-
tween the cyanobacterium Nostoc punctiforme and higher plants, where the glucose
transporter GlcP is essential for symbiosis establishment (Ekman et al. 2013). In
combination with the previously described upregulation of amino acid transporters
in Curvibacter AEP (s. Section 8.3.2), this finding highlights the pivotal role of
bacterial transport systems in symbiotic interactions by mediating the bidirectional
exchange of nutrients with the surrounding environment. Accordingly, Curvibacter
AEP actively contributes to the shared nutrient pool and the availability of key
metabolites - either by utilizing host-derived compounds such as methionine or by
supplying nutrients like glutamate (Giez et al. 2023). Furthermore, the secretion
of exopolysaccharides, as demonstrated in manuscript 1, along with the export of
AHLs and putative virulence factors via specialized Curvibacter transporter sys-
tems, represent key components of the interaction within the Hydra holobiont.

Taken together, these results lead to the following considerations: Host-associated
Curvibacter strains dynamically interact with their environment by (a) the ability to
biosynthesize or catabolize important nutrients such as glutamate, by (b) possessing
specialized transport complexes for the secretion or uptake of various molecules such
as EPS or methionine and (c) adapting to the host environment through differential
regulation of these transport systems.

8.5 Ortholog inference as a gateway to under-
standing symbiotic interactions

In the previous chapters, I examined various genetic traits of microbial species in-
volved in holobiont interactions, with the special focus on the symbiotic relation-
ship between Curvibacter and Hydra. In general, symbiotic interactions mediated
by microbial species exhibit diverse modes of action. However, their underlying
mechanisms can often be traced back to specific genetic traits and their regulation
within the holobiont. Analyzing these genetic traits is challenging, as it requires
programming expertise and the use of various tools. The results obtained often re-
quire post-processing despite the potential for task streamlining, as discussed in the
introduction of this thesis and in manuscript 3. Thus, I asked the question: How
can we bioinformatically improve the analysis of genetic traits and gene products
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involved in adaptation processes?

The analysis of genetic traits and protein sequences is often the starting point for
biological research. This process involves identifying orthologous protein sequences
from proteins with known functions to obtain corresponding proteins in the target
organisms (Koonin 2005; Tekaia 2016). This is especially important for the anal-
ysis of non-model organisms as most protein functions remain unknown and, as in
the case of Curvibacter, research is limited to a smaller community. Thus, a de-
tailed bioinformatic analysis of protein sequences is a crucial component of most
biological research projects. Sophisticated, reliable, and fast algorithms, such as
BLAST (Altschul et al. 1990, 1997) and Diamond (Buchfink et al. 2015), are al-
ready available. Furthermore, the use of these algorithms on various websites with
user-friendly interfaces, along with a range of post-processing methods, further en-
hances the analysis of biological sequences. However, most tools are limited by (1)
the availability and transparency of biological databases, (2) changing software ver-
sions that can render certain tools non-functional, (3) the number of sequences that
can be analyzed simultaneously, (4) post-processing and visualization methods, (5)
the customization of settings and algorithmic workflows, (6) the need for special
dependencies before use, (7) programming expertise and (8) the structuring and
saving of projects for future utilization. Thus, the answer to the previous question
is straightforward; we need to ease the computational workflows for disentangling
orthologous sequences. To address these challenges and limitations, I developed the
CATHI software (s. Manuscript 3).

CATHI is based on the container-virtualization platform Docker, which enables
cross-platform compatibility and makes it accessible to a wide range of users in
the scientific community. Additionally, Docker’s encapsulated virtualization ensures
clear versioning of the software tools, allowing continued use of CATHI even if soft-
ware packages are updated or changed. CATHI streamlines bioinformatics workflows
using the Snakemake (Köster and Rahmann 2012) workflow management system and
provides an intuitive web interface for users without programming experience. The
development of bioinformatics software is ongoing, with new tools and algorithms
constantly emerging to replace older programs. With the use of Snakemake, CATHI
is easily modifiable, allowing for custom-tailored modifications and extensions. Its
integrated database and use of the system’s hard disk storage to save projects allow
for the reuse of these results in future analyses, eliminating the need to repeat cer-
tain bioinformatic tasks. The previously discussed genetic traits of host-associated
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Curvibacter species were initially identified through a comparative genomic approach
using OrthoFinder (Emms and Kelly 2019). However, further refinement and de-
tailed analysis of the identified orthologous protein sequences were carried out using
CATHI, demonstrating its effectiveness in analyzing such sequences and untangling
the complex evolutionary relationships among them.

8.6 Native promoter sequences for expression
studies in Curvibacter AEP

Another important aspect of bacterial genetic traits and their influence within the
holobiont is their differential transcriptional regulation. Transcriptome analyses by
Ulrich et al. (2022) and Giez et al. (2023) have already demonstrated the adaptive
transcriptional responses of Curvibacter AEP. To fully understand these regula-
tory networks, it is crucial to investigate the native promoter sequence systems.
Promoter sequences are usually located adjacent to the corresponding gene, with
specialized DNA motifs, such as the TATA-binding box, positioned relative to the
transcriptional start site. To investigate the native promoter sequences of Curvibac-
ter AEP, we isolated the native 5’ untranslated regions (5’UTRs) of its genome
and constructed an oligonucleotide library of these sequences to identify suitable
expression systems, as extensively discussed in manuscript 4. This approach iden-
tified a set of 25 promoter sequences that exhibited significant fluorescence from
the reporter gene (mCherry). Notably, one of the highest fluorescence levels, which
positively correlated with bacterial growth, was observed in a Curvibacter AEP mu-
tant carrying the 5’UTR of the AHL synthase LasI (WP_232459811), previously
described as Curl2 by Pietschke et al. (2017). The identification of suitable ex-
pression systems is crucial for designing genetic constructs that enable controlled
and predictable expression of target sequences. Therefore, this work expands the
current understanding of expression systems in Curvibacter AEP and facilitates the
study of gene regulation under controlled environmental conditions, such as varying
temperatures or during host colonization. Thus, using our technique, Curvibacter
AEP cells carrying the reporter plasmids can be cultured under various conditions
and cells exhibiting mCherry activity can be screened and sorted using a cell sorter.
This procedure enables the identification of active 5’UTRs that are specific to de-
fined environmental conditions. Unlike conventional RNA-sequencing approaches,
this method facilitates the in-vivo investigation of regulatory networks by allowing
real-time measurement of reporter gene expression at defined time points, thereby
providing temporal resolution of regulatory activity.
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8.7 Summary

Through comparative genomics of host-associated and free-living Curvibacter strains,
I identified several genetic traits conserved specifically within the host-associated
lineage. To further investigate their functional relevance, I generated Curvibacter
AEP knockout mutants targeting genes from a cluster implicated in EPS biosynthe-
sis. Next, I were able to show, that these knockouts lead to alterations in the EPS
monosaccharide distribution, in the bacterial growth and colonization behavior. On
a theoretical level, these results provide an answer to my first question - What are
genetic traits that enable the transition of Curvibacter AEP from a free-living state
to host-association? - on a functional level they partially answer the question, as fur-
ther analysis needs to be performed to effectively describe their functional role in the
symbiotic interaction. However, a detailed bioinformatic analysis of the EPS operon
and other symbiont-associated genetic traits was carried out using the CATHI soft-
ware. CATHI thus serves as a valuable tool that streamlines and enhances the
analysis of such genetic features, effectively addressing my second research question
concerning methodological improvements for trait analysis. Another advancement
for the microbiological analysis of Curvibacter AEP was achieved through the inves-
tigation of native promoter sequences. By constructing an oligonucleotide library
in which 5’UTR of Curvibacter AEP genes were fused to a mCherry reporter and
screened for activity, we enabled the identification of active promoter elements that
can be leveraged for future genetic engineering, such as the investigation of reg-
ulatory networks based on these promoter sequences under diverse environmental
conditions. During the analysis of the EPS I developed a defined media, thereby I
could show, that Curvibacter AEP has a cobalamin-dependent methionine auxotro-
phy. This finding suggests that methionine or cobalamin is supplied within the Hydra
holobiont, given the fact that Curvibacter is capable of growth on the host - even
under mono-association conditions. Furthermore, nutrient exchange - particularly
the transfer of amino acids - appears to play a key role in Hydra-Curvibacter inter-
actions. My findings demonstrate that symbiotic Curvibacter species retain genes
associated with transport functions and exhibit an upregulation of amino acid trans-
porters in response to the Hydra host environment. These results underscore the
significance of nutrient exchange in host-microbe associations. Overall, this work
provides new insights into key aspects of the Hydra-Curvibacter symbiotic model
system and introduces novel methodologies for its analysis.
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9 Conclusion
Bacterial species are an intriguing part of the Hydra holobiont. They are responsible
for diverse developmental and phenotypic effects of the Hydra host. Disentangling
these bacterially controlled processes can contribute to the understanding of symbi-
otic interactions. The retention of certain genetic traits, which can be explained by
a prolonged adaptation to the host environment, favors symbiotic interactions. In a
similar fashion, these evolutionary processes gave rise to intricate obligate symbiotic
relationships with the eukaryotic cell as an overarching example. The endosymbiosis
theory posits that this evolutionary process constitutes a form of obligate mutual-
ism, wherein the host archae-cell gets associated with a free-living bacterium, which
subsequently becomes the mitochondrion and ultimately results in the evolution of
a singular biological entity: the eucaryotic cell (Archibald 2015; Gray and Doolit-
tle 1982; Raval et al. 2024). Bacterial species adapt to their environment, and the
connection to the environment is facilitated by the interface of the bacterial plasma
membrane. In this interface, several protein complexes, including transporter and
secretory proteins, mediate the exchange of chemicals. In this thesis, I demonstrated
that this interface offers multiple anchoring points for organismic interactions, by (a)
secreting sugar-containing polymers and (b) absorbing key metabolites. However,
these adaptations are potentially driven by a co-evolution of Curvibacter and Hydra.
For instance, considering a free-living Curvibacter species, that is horizontally trans-
mitted to a Hydra polyp. Equipped with certain favorable traits, it can adhere to
the host environment and proliferate. These beneficial and other genes may evolve
over the course of evolutionary time, followed by selection in the host-environment.
This selection process can result in genes that exhibit altered functions, which in
turn support the host-associated lifestyle, whether in a pathogenic, commensal or
mutualistic manner. The ongoing evolution of Curvibacter on its Hydra host has
shaped its genetic repertoire in such a way that Curvibacter has a beneficial effect
within the Hydra holobiont. Considering the fact that this mutualistic relationship
is a tenuous thread with the potential to undergo rapid modification, it can con-
comitantly result in the establishment of a persistent association, which in turn can
precipitate further adaptation, thereby ultimately metamorphosing Curvibacter into
an obligatory symbiont. The selection processes are driven by stochastic phenom-
ena, which are in turn influenced by holistic effects such as interactions within the
holobiont and the environment. It is therefore imperative to consider the genetic
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traits that have been investigated as a mere glimpse in the evolutionary time of
Curvibacter. They are subject to the ongoing evolution of Curvibacter and form the
basis of the aforementioned selection processes. Their function, however, appears to
be that of typical traits necessary for organismic interactions.
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