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Summary

Summary

Every metaorganism consisting of a host and its associated microbes needs to maintain
its homeostasis. Bacteria are controlling their community wide behavior, as virulence and
biofilm formation, by their communication system, called quorum sensing (QS). As a host
is interested in suppressing such processes, the interference with QS systems (quorum

quenching, QQ) could be an instrument for a host to regulate the behavior of its bacteria.

In this thesis, it could be proven that six commensal bacteria of Hydra vulgaris (AEP) and
six bacteria isolated from the Hydra environment are producing N-acyl-homoserine-
lactones (AHLs), a class of QS signaling molecules. By analyzing the QS system of
Curvibacter sp., the main colonizer of Hydra vulgaris (AEP), it could be shown that it can
detect long-chain 3-hydroxy-HSLs (30OH-HSLs) as well as long-chain 3-oxo-HSLs (30-
HSLs) and is able to produce 3OHC12-HSLs. In contrast, a new host mechanism could be
identified, which enables Hydra to modify specifically long-chain 30-HSLs via an
oxidoreductase activity to the 3OH-HSL counterpart. Consequently, Hydra’s QQ activity
promotes Curvibacter's 30OH-HSL regulated processes. Transcriptional expression data
revealed that the Curvibacter sp. possess a differential response to 3OHC12-HSLs
compared to 30C12-HSLs. While genes involved in flagella biosynthesis were
significantly induced by 30C12-HSLs, the 30HC12-HSLs promote the expression of a
trans-AT polyketide synthase cluster potentially exhibiting antibacterial or antifungal
activity. Therefore, host QQ represses bacterial motility and promotes the production of

bioactive compounds of its commensal bacteria.

Interestingly, investigating the impact of AHL modification on metaorganism assembly in
vivo revealed, that 30OHC12-HSLs promote, while 30C12-HSLs repress colonization of
the host by its main colonizer Curvibacter sp. Similar to 30-HSLs, also flagellin led to a
strong reduction of the bacterial load. These findings indicate that 30-HSLs induce the
production of flagella in Curvibacter sp., which cause a response in Hydra, finally resulting
in a decreased bacterial community within the metaorganism Hydra. These insights show
for the first time, that a host organism is manipulating bacterial QS signals in vivo and
thereby maintain symbiotic function of its bacterial colonizers, which contribute to the

homeostasis of the metaorganism.

In cooperation with Xiang-Yi Li the interaction between the two main colonizers of Hydra
vulgaris (AEP) was investigated by a biological and a theoretical approach. In a double
culture experiment it could be shown that the two bacteria are interacting with each other
during their growth. Such cooperations are necessary to get an overall understanding of

the complex regulatory network within metaorganisms.
Vil



Zusammenfassung

Zusammenfassung

Jeder Metaorganismus, bestehend aus einem Wirt und seinen assoziierten Mikroben,
muss seine Homoostase erhalten. Bakterien kontrollieren ihr Gemeinschaftsverhalten, wie
beispielsweise die Regulation von Virulenz und Biofilmbildung, mittels ihres
Kommunikationssystems, dem so genannten Quorum sensing (QS). Da ein Wirt daran
interessiert ist solche Prozesse zu unterdriicken, kdnnte das Eingreifen in QS-Systeme
(Quorum quenching, QQ) eine Mdoglichkeit darstellen um das Verhalten seiner Bakterien

zu regulieren.

In dieser Arbeit konnte gezeigt werden, dass sechs commensale Bakterien von Hydra
vulgaris (AEP) und sechs Bakterien, die aus der Umgebung von Hydra isoliert wurden, N-
Acyl-Homoserin-Lactone (AHLs) produzieren, eine Klasse von QS-Signalmolekilen.
Durch Analyse des QS-Systems von Curvibacter sp., der Hauptkolonisierer von Hydra
vulgaris (AEP), konnte gezeigt werden, dass er sowohl langkettige 3-hydroxy-HSLs (30H-
HSLs) als auch langkettige 3-oxo-HSLs (30-HSLs) erkennen kann und in der Lage ist
30HC12-HSLs zu produzieren. Des Weiteren, wurde ein neuer Wirtsmechanismus
entdeckt, wodurch Hydra in der Lage ist spezifisch langkettige 30-HSLs mittels einer
Oxidoreduktase-Aktivitat zu ihrem 30H-HSL Gegenstiick zu maodifizieren. Folglich fordert
Hydras QQ-Aktivitdt Curvibacters 30H-HSL regulierte Prozesse. Transkriptionsdaten
ergaben, dass Curvibacter sp. eine unterschiedliche Reaktion gegeniiber 30HC12-HSLs
im Vergleich zu 30C12-HSLs aufweist. Wahrend Gene, die an der Flagellenbiosynthese
beteiligt sind, durch 30C12-HSLs signifikant induziert werden, fordern 30OHC12-HSLs die
Expression des trans-AT-Polyketid Clusters, welches potentiell eine antibakterielle oder
antifungale Aktivitat aufweist. Somit unterdriick das QQ durch den Wirt die bakterielle
Motilitat und fordert die Produktion von bioaktiven Substanzen seiner kommensalen

Bakterien.

Interessanterweise hat die Untersuchung des Einflusses dieser AHL-Modifizierung auf
den Metaorganismus in vivo gezeigt, dass 30H-HSLs die Kolonisierung durch den
Hauptkolonisierer Curvibacter sp. férdern, wahrend 30-HSLs inhibierend wirken. Ferner
fuhrt die Zugabe von 30-HSLs oder Flagellin zum Metaorganismus Hydra zur starken
Reduktion des Bakteriengehalts. Diese Ergebnisse deuten an, dass 30-HSLs die
Flagellenproduktion von Curvibacter sp. induzieren, wodurch eine Antwort in Hydra
ausgelost wird, dass schlieBlich zu einer Reduktion der bakteriellen Gemeinschaft des
Metaorganismus Hydra fihrt. Diese Erkenntnisse zeigen zum ersten Mal, dass ein

Wirtsorganismus in vivo bakterielle QS-Signale manipuliert und dadurch die

VI



Zusammenfassung

symbiotischen Eigenschaften seiner bakteriellen Kolonisierer erhalt, wodurch er zu

Homoostase des Metaorganismus beitragt.

In Zusammenarbeit mit Xiang-Yi Li wurde die Interaktion zwischen den beiden
Hauptkolonisieren von Hydra vulgaris (AEP) mittels eines theoretischen und eines
biologischen Ansatzes untersucht. In einem Kulturexperiment mit diesen beiden Bakterien
konnte gezeigt werden, dass Sie wahrend des Wachstums miteinander interagieren.
Solch eine Kooperation ist notwendig um ein allumfassendes Verstandnis des komplexen

Regulationsnetzwerkes innerhalb eines Metaorganismus zu erlangen.
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Introduction

1 Introduction

1.1 The concept of a metaorganism

Every multicellular organism has to be considered as a metaorganism, consisting of a
host with its associated microorganisms, which can range from bacteria to archaea,
viruses and fungi. This metaorganism is interacting with its environment as a unit of
selection in evolution (Figure 1) (McFall-Ngai et al., 2013; Rosenberg et al., 2009; Zilber-
Rosenberg and Rosenberg, 2008). In contrast to the concepts “holobiont”, which is
originally used for cnidarians (Rohwer et al., 2002; Vega Thurber et al., 2009), and
“superorganism”, which describe social insects like ants (Behmer, 2009) and bees
(Seeley, 1989), the idea of a “metaorganism” can be applied to every taxonomical group.
The term metaorganism was first used by Bell, who applied it to organisms, which are
between two levels of organization (Bell, 1998). Meanwhile the term is used for the entity
of a multicellular organism and its coevolved associated microorganisms. Also humans
with their symbiotic relationship to their gut microbiota has to be assigned as
metaorganism (Biagi et al., 2012; Bosch, 2012; Bosch and McFall-Ngai, 2011).

environment

bacteria

Figure 1: Interactions in a metaorganism

Multicellular organisms are metaorganisms, which consist of a host and its synergistic interactions
with bacteria, archaea, fungi, viruses and symbiotic microbes or other eukaryotes. This consortium
is interacting with its environment as a unit of selection in evolution (Bosch and McFall-Ngai, 2011;
Fraune et al., 2011; Zilber-Rosenberg and Rosenberg, 2008) (the figure was provided by T. C. G.
Bosch).

If one has a closer look at the host-microbe interaction, it is becoming clear that bacteria
have a strong effect on the host phenotype, by influencing its physiological and ecological

features (Backhed et al.,, 2005; Fraune and Bosch, 2010). For example, the intestinal

1



Introduction

bacteria fulfill a metabolic function, i.e. they are responsible for the synthesis of essential
amino acids (Gustafsson, 1959; Smith et al., 2007). For instance, termites are only able to
use cellulose as nutrient, because of their synergistic interaction with different
microorganisms (Scharf et al., 2011). Additionally, by altering their population of symbiotic
bacteria, corals can adapt rapidly to changing environmental conditions (Reshef et al.,
2006). These microorganisms confer benefits to their coral host by various mechanisms,
including photosynthesis, nitrogen fixation, the provision of nutrients and infection
prevention (Rosenberg et al., 2007). Furthermore, it seems that the commensal bacteria
are also involved in speciation. The severe hybrid lethality in larvae of different Nasonia
species occurs because of gene-microbe interactions with beneficial members of the gut
microbiome (Brucker and Bordenstein, 2013). The mating choice in Drosophila
melanogaster is dependent on genotype but also on infection status by its symbiotic
bacteria Wolbachia (Markov et al.,, 2009). Thus, the interactions between host and
symbionts affect the fithess of the metaorganism within its environment. Furthermore,
under environmental stress, the bacterial community can change rapidly compared to the
host, thereby allow fast adaptation by the metaorganism. Consequently, the unit of host
and its microorganisms are selected in evolution (Zilber-Rosenberg and Rosenberg,
2008).

As the commensal bacteria play a fundamental role in the host physiology, the host has to
strictly regulate the bacterial composition. It has to fulfill the challenging task that on one
hand the host has to attract beneficial and repel potential pathogenic bacteria, while on
the other hand it has to prevent beneficial bacteria, from becoming harmful. How this
regulation network is functioning is not completely understood, but some regulation

mechanisms are already known.

An important mechanism for the bacterial recognition takes place by Toll-like-receptors
(TLRs). These are evolutionary conserved receptors, which are present from basal
metazoan, as cnidarians, to mammalians (Beutler, 2004; Miller et al., 2007; Poltorak et al.,
1998). In contrast to their structure, the function of the TLRs evolutionary is not
conserved. The Toll-receptor was identified in Drosophila melanogaster, where it possess
mainly a developmental function (Anderson et al., 1985a, 1985b), but it was also shown
that it is involved in the immune response to the fungus Aspergillus fumigatus (Lemaitre et
al.,, 1996). However the vertebrate TLRs are classical pattern recognition receptors
(PRRs) and play an important role in the innate immune system, among others in the
bacterial recognition (Athman and Philpott, 2004; Vandewalle, 2008). In mice, the TLR-
signaling pathway is used to induce the expression of c-type lectins (Brandl et al., 2007).
The human c-lectin REG3a is mainly located in the paneth cells, which are secretory cells

in the small intestinal epithelium. The orthologues in mice, lectin REG3a and REG3y, are
2
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able to bind peptidoglycan, a component of the bacterial cell wall, and possess a
bactericidal effect on Gram-positive bacteria (Bevins and Salzman, 2011a; Cash et al.,
2006). Furthermore, it could be shown that the lectin REG3y promotes the spatial

separation of host and microbiota in the mice gut (Vaishnava et al., 2011).

The role of nucleotide-binding oligomerization domain (NOD) like receptors (NLRS),
especially in the bacterial interaction, is not completely understood. So far it could be
shown that the human NOD2 receptor is able to recognize muramyl dipeptide, which is a
component of the bacterial cell wall (Girardin et al., 2003; Inohara et al., 2003). The
knockout of the NOD2 receptor in mice leads to a diminished ability to control the
colonization of commensals and pathogens, resulting in a breakdown of the homeostasis
(Petnicki-Ocwieja et al., 2009; Rehman et al., 2011). Furthermore, genetic variations in
the NLRs are associated with inflammation diseases (Fukata et al., 2009; Rosenstiel et
al., 2008).

The regulation of the bacteria composition by production of antimicrobial peptides (AMPSs)
is widely distributed and can be found in all three kingdoms of the tree of life. But because
of their high diversity they cannot be classified based on their primary structure. The only
common feature is their amphipathic structure (Zasloff, 2002). The antimicrobial activity is
mostly based on their strong cationic charge, promoting the interaction with the negatively
charged phospholipids of the bacterial cell membrane (Shai, 1999; Zasloff, 2002).
Multicellular organism use AMPs not only for protection but also for the regulation of its
commensal bacteria (Nakatsuji and Gallo, 2012). For example, Salzman et al. could show
that human a-defensin regulates the bacterial composition in the mice gut (Bevins and
Salzman, 2011b; Salzman et al., 2010) and the Arminin peptide family is involved in
selecting the species-specific bacterial community of different Hydra species

(Franzenburg et al., 2013a).

The coevolution between host and its bacteria can lead to such a strong adaptation, that
the bacterial composition of a metaorganism resembles the phylogenic tree of the host
species, what is known as phylosymbiosis (Brucker and Bordenstein, 2012). So far this
could be shown for termites (Hongoh et al., 2005), hominids (Ochman et al., 2010), the
parasitic wasp Nasonia (Brucker and Bordenstein, 2012) and the freshwater polyp Hydra

(Franzenburg et al., 2013a).
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1.2 Quorum sensing — the bacterial communication sy  stem

As described in chapter 1.1, some mechanisms, which enable a host to recognize its
bacteria and to regulate the composition of its bacterial community, are already known,
but for the specific regulation by a eukaryote of bacterial community wide behavior, like
formation of biofilms and secretion of virulence factors, only few is known. Bacteria use
their communication system, called quorum sensing (QS), for the coordination of
processes, like biofilm formation, virulence, sporulation and take-up of DNA from the
environment, which are crucial for the survival of bacteria. For an effective utilization of
these mechanisms, they have to be coordinated. Quorum sensing enables bacteria to
communicate with each other. Due to the production and detection of signaling molecules,
called autoinducers (Als), they are able to sense the cell density of their bacterial
population. In a density dependent manner they can synchronize their gene expression,
allowing them to act as a unit, like a multicellular organism (Schauder and Bassler, 2001).
The basal steps, which are necessary for the detection and the response to a changed
cell density, are analogue in all known QS systems. In the beginning Als are synthesized
intracellularly, which either diffuse passively into the environment or are actively secreted.
Consequently, an increasing cell density leads to an accumulation of extracellular Als. At
a critical threshold concentration of signaling molecules, a receptor binds to the molecules
and induces a signal transduction cascade, which causes a population wide change in

gene expression (Ng and Bassler, 2009).

1.2.1 Quorum sensing in Gram-negative bacteria

Gram-negative bacteria use homologues of the Luxl/LuxR quorum sensing system for
their communication (Figure 2A) (Ng and Bassler, 2009). Thereby N-acyl homoserine
lactones (AHLS) serve as signaling molecules. They consist of a homoserine lactone ring
(HSL) and an acylated fatty acid (Figure 2B). The specificity of this system is based on the
variance in the acyl-side chain, their length differs from four to eighteen carbon molecules
and the nature of the substituent on the third carbon is varying from hydrogen to an oxo or
a hydroxy group, and in addition the acyl-side chain can be unsaturated (Figure 2B)
(Fuqua et al., 2001).

The first AHL autoinducer and its corresponding regulation mechanisms were
characterized in the marine bacterium Vibrio fischeri (Ruby, 1996). This bacterium
colonizes the light organ of the Hawaiian bobtail squid Euprymna scolopes and provides
bioluminescence for its host. By this the squid can mask its shadow and gets an

advantage during hunting.
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Figure 2: Quorum sensing in Gram-negative bacteria

(A) Gram-negative bacteria communicate with each other via the LuxI/LuxR QS system. The LuxI-
synthase produces the AHLs, which can diffuse through the membrane. The extracellular AHL
concentration increases with an increase in bacterial density. At an AHL threshold concentration
the LuxR-receptor binds to the molecules and activates the transcription of target genes, including
luxl. (B) The specificity of a QS system is based on the variance in its signaling molecules. AHLs
are composed of a homoserine lactone ring and an acyl-side chain of 4 to 18 carbons. The third
carbon can be modified by an oxo- or a hydroxy-group and the acyl-side chain can be unsaturated
(Federle and Bassler, 2003; Ng and Bassler, 2009). (C) Synthesis of the QS signaling molecules of
Gram-negative bacteria AHLs by Luxl. The AHLs are synthesized from the acyl-ACP and SAM by
LuxI-type synthases. This catalytic reaction is performed by a two-step mechanism, first the acyl-
ACP transfers its acyl-group to the amino group of SAM, followed by lactonization of the
methionine part, which leads to the formation of an AHL and the release of MTA (taken from
Dickschat, 2010 and modified). AHLs, N-acyl-homoserine lactones; Luxl, AHL-synthase; LuxR,
AHL-receptor; ACP, acyl-carrier-protein; SAM, S-adenosyl-L-methionine; Ade, adenosine; MTA,
methylthioadenosine.

The two proteins Luxl and LuxR are critical for this system. Luxl is the synthase of the
AHLs. It was shown that Luxl of Vibrio fischeri catalyze the acylation and lactonization
reactions between the substrates S-adenosylmethionine (SAM) and hexanoyl-acyl carrier
protein (ACP) (Figure 2C) (Schaefer et al., 1996a). There is a huge variety of acyl-ACPs,
originating from the fatty acid biosynthesis, but the Luxl homologues often show a
preference for a specific acyl-ACP. The AHL-synthases mostly except also similar chain
lengths and/or oxidation states in the 3-position, leading to one dominant AHL and small
proportions of similar AHL species (Dickschat, 2010; Hoang et al., 2002). After the
synthesis, the AHLs can diffuse through the cell membrane (Kaplan and Greenberg, 1985;
Williams, 2007). An increasing cell density entails an increase in the extracellular AHL

concentration. At a critical threshold concentration of the signaling molecules, the
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cytoplasmic AHL-receptor LuxR binds to the molecules and the resulting complex
activates the transcription of target genes. In addition this complex induces the expression
of the luxl gene, which creates a positive feedback loop in the system (Figure 2A)
(Engebrecht et al., 1983). In the absence of AHLs, the LuxR protein is unstable and
degrades relatively fast (Koch et al., 2005; Zhu and Winans, 1999, 2001).

1.2.2 Quorum sensing in Gram-positive bacteria

For communication, Gram-positive bacteria use modified oligopeptides, so called
autoinducing peptides (AIPs). So far the mechanisms for the peptide modification, which
determines the specificity of the system, are poorly understood (Figure 3A).

AP GBAP AP
(S. aureus) (E. faecalis) /\/O AD No AD
o o 0 o
P P @/\@\J 4 NO
@ °\ ® °\ % ®
Q/E‘J [ . [ ) F)
POCEO® COCR8YO  Cyedeo - .
Group | Group Il LR \ \
1
H) H| Histidine kinase
¢ % A
L B -
g \ é\ \ ANAAAA ‘ PO,
DOOEa ERODE® AAAAA

Group lll Group IV ANAAAA @ Response regulator

Linear Peptide Signals Precursor peptide

Target genes

LVTLVFV <CF10 (€. faecalis) P.
SKPDIVG NprX (B. thuringiensis) r

ADLPFEF PapR (B. thuringiensis) Autoinducer

EMRLSKFFRDFILQRKK CSP (S. pneumoniae) peptide gene

Figure 3: Quorum sensing (QS) system of Gram-positi  ve bacteria

(A) Gram-positive bacteria are using autoinducing oligopeptides (AIPs) as QS signaling molecules.
So far different types of AIPs were identified, but their modification is only basically understood
(LaSarre and Federle, 2013) (B) The precursor peptides of the autoinducing oligopeptides (AIPS)
get processed before they can be transported out of the cell. The AlP-concentration increases in a
cell-density dependent manner. Peptide recognition takes place by a two-component system. The
extracellular oligopeptides get recognized by a membrane bound histidine kinase receptor. At a
AlIP-threshold concentration the intrinsic autophosphorylation activity of the receptor leads to the
phosphorylation of the response regulator, which activates the transcription of target genes (taken
from Ng and Bassler, 2009 and modified).

Like in Gram-negative bacteria, the extracellular autoinducer concentration is proportional
to the bacterial cell-density. Because peptides cannot diffuse through biological
membranes they have to be secreted by transporters (Solomon et al., 1996). Another
difference to the LuxI/LuxR system is the localization of the autoinducer receptor. The
detection of the oligopeptides takes place by a two-component system (Skerker et al.,
2005; Stock et al., 1989), which typically consists of a membrane bound histidine kinase
receptor and a cytoplasmic response regulator, which acts as a transcriptional regulator
(Figure 3B). Binding of the peptides activates the intrinsic autophosphorylation activity of

the histidine kinase receptors, which leads to the phosphorylation, under ATP
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consumption, of the conserved histidine residue of the cytoplasmic part of the receptor.
The phosphate group gets immediately transferred to the conserved aspartate residue of
the response regulator. The phosphorylation activates the response regulator, which is
now able to act as DNA binding transcription factor to modulate the expression of target
genes (Figure 3B) (Ng and Bassler, 2009).

1.3 Mechanisms to disturb the bacterial communicati on (quorum

guenching)

As quorum sensing (QS) is a key regulator of bacterial behavior, including virulence and
motility (chapter 1.2), it is interesting for bacteria and eukaryotes to interfere with bacterial
QS. In theory any interference with a key process of QS can be used to disturb bacterial
communication, these processes are called quorum quenching (QQ). Different aspects
make interference with the bacterial QS system attractive for bacteria and eukaryotic
hosts. As QS regulate many bacterial behaviors, it is linked to high costs. Therefore,
bacteria need mechanisms to regulate their own QS system. For example, Agrobacterium
tumefaciens degrades its signaling molecule 30C8-homoserine lactone (HSL) in a growth
dependent manner, thereby regulating the tumor-inducing (Ti) plasmid conjugation
transfer, which is necessary to become virulent for the host plant (Piper et al., 1993;
Zhang et al., 2002). Pseudomonas aeruginosa specifically degrades at the early
stationary phase its 30C12-HSL, which regulates many virulent factors, but not its
communication molecule C4-HSL, responsible for a broad range of processes (Huang et
al., 2003).

But bacteria can also get an advantage if they interfere with the QS system of their
competitors. Variovorax paradoxus use N-acyl-homoserine lactones (AHLS) as a carbon
source and by this indirectly inhibits bacteria in the same niche (Leadbetter and
Greenberg, 2000). The pathogenesis of Staphylococcus aureus is regulated by the
accessory gene regulator (agr) quorum sensing system. The unique feature of this system
is the huge variance of autoinducing peptides (AIPs), resulting in at least four specificity
groups within S. aureus. All strains within a group produce the same AIP. Those AIPs
have two biological functions; they can activate the virulence response within its own
specificity group and inhibit the virulence response in other groups (Ji et al., 1997; Lyon et
al., 2002).



Introduction

A nice example for an inter-phylum interference between Firmicutes (Gram-positive) and
Beta-/Gammaproteobacteria (Gram-negative) were described by Chu et al. (Chu et al.,
2013). The two compounds yayurea A and B, produced by members of the
Staphylococcus “intermedius group” (Firmicutes), including Staphylococcus delphini,
inhibit the expression of QS controlled toxins and other compounds as well as the growth
in Gram-negative bacteria. This suggests that QQ plays an important role, in natural
environments shared with Gram-negative bacteria, in self-protection and competitiveness
(Figure 4A) (Chu et al., 2013).
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Figure 4:Quorum guenching molecules

(A) QS-inhibitor N-[2-(1H-indol-3-yl)ethyl]-urea (yayurea A) and N-(2-phenethyl)-urea (yayurea B)
isolated from Staphylococcus delphini (Chu et al., 2013). (B) Halogenated furanones produced by
the red alga Delisia pulchra (taken from Harder et al., 2012 and modified).

For eukaryotes it is crucial to suppress the QS regulated behavior virulence, motility and
biofilm formation (Cullender et al., 2013; Cvitkovitch et al., 2003; Smith and Iglewski,
2003; Yang and Defoirdt, 2015) of colonizing bacteria, as this would lead to dysbiosis. QQ
could be an instrument for a eukaryotic host to control these behaviors of its commensal
bacteria, but so far there are only two well-characterized examples, halogenated
furanones of the red algae Delisia pulchra and the mammalian paraoxonases. D. pulchra
is able to interfere with QS by the production of a broad range of halogenated furanones
(Figure 4B) (Harder et al., 2012; Hartmann and Schikora, 2012). It could be shown that
the addition of halogenated furanones in a natural concentration to the surfaces of algal
thalli deter the settlement of ecologically relevant fouling organisms and have strong
effects on the species composition of the bacterial community on the alga's surface
(Dworjanyn et al., 2006; Maximilian et al., 1998). This ability of halogenated furanones to

affect the bacterial composition is a strong hind that the furanones play an important role
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in the eukaryote-bacterial interactions (Teplitski et al., 2011). Furthermore, it could be
shown that the produced furanones enable D. pulchra to control virulence genes and
corresponding behaviors of Pseudomonas aeruginosa (Hentzer et al., 2002). It was
shown that these effects of furanones on bacteria are based on their possibility to
destabilize the AHL-receptor LuxR (Manefield et al., 2002). Many other compounds were
identified, which have the potential to interfere with the bacterial QS system, but the in
vivo relevance is not proven so far (reviewed in Teplitski et al., 2011; LaSarre and
Federle, 2013). Beside theses QQ molecules, three classes of enzymes, lactonases,

acylases and oxidoreductases, are known to inactivate AHLs (Figure 5).
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Figure 5: Quorum quenching (QQ) enzymes

(A) AHL-lactonases inactivate AHLs by hydrolyzing the lactone ring, which leads to the formation of
an N-acyl-homoserine. They are widely distributed in the bacterial kingdom, while only one
example, the paraoxonases, is known in eukaryotes (Chun et al., 2004; Dong et al., 2000;
Draganov et al., 2005; Koch et al., 2014; Simanski et al., 2012). (B) AHLs get degraded by AHL-
acylases by cleavage of the amine bond of the AHLs. They were only found in bacteria (Leadbetter
and Greenberg, 2000; Shepherd and Lindow, 2009). (C) Few is known about QQ by AHL-
oxidoreductases. They modify the acyl-side chain of the AHLs by converting an oxo-group into a
hydroxy-group. So far they were only reported in the Gram-positive bacteria Rhodococcus
erythropolis and Bacillus megaterium and one was found in a soil metagenome (Bijtenhoorn et al.,
2011; Chowdhary et al., 2007; Uroz et al., 2005) (reviewed in LaSarre and Federle, 2013).

The first QQ enzyme was found in a Bacillus sp. Cloning of the identified AHL-lactonase
AiiA into plants reduce the pathogenicity of Erwinia carotovora (Dong et al., 2002, 2000,
2001). AHL-lactonases inactivate AHLs by hydrolyzing their lactone ring, which leads to
the formation of the corresponding N-acyl-homoserine (Figure 5A). This hydrolysis occurs
at alkaline pH, while an acidic pH can restore it (Yates et al., 2002). AHL-lactonases have
relatively broad substrate specificity, based on the fact that they target the conserved
homoserine lactone ring. They are widely distributed over the bacterial clade and can be

found in Gram-positive and -negative bacteria (Carlier et al., 2003; Huang et al., 2012;
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Koch et al., 2014; Krysciak et al., 2011; Mei et al., 2010; Park et al., 2003; Uroz et al.,
2008; Wang et al., 2010, 2012). For the two AHL-lactonases DIhR and QsdR1, identified
in the nitrogen fixing symbiont Rhizobium sp. strain NGR234, it is suggested that they are
involved in the colonization of roots in the rhizospheres of cowpea plants (Krysciak et al.,
2011).

Furthermore, the only identified eukaryotic QQ enzyme is a lactonase and belongs to the
paraoxonase (PON) family. PON like proteins are evolutionary conserved and can be
found in many metazoans (Draganov and La Du, 2004) and were recently identified in
prokaryotes (Bar-Rogovsky et al., 2013). Chun et al. could show that different mammalian
cells have the ability to inactivate 30C12-HSL. It seems that cells, which have contact
with the environment and potentially see bacteria, show a higher inactivation rate of
30C12-HSL. The authors claimed that the human PONs are responsible for this activity
(Chun et al., 2004; Draganov et al., 2005). In the meantime it could be shown that the
human PON2 is also responsible for the QQ activity of human keratinocytes (Simanski et
al., 2012).

Also acylases could be identified as common bacterial QQ enzymes. They degrade AHLs
by cleaving their amine bond, which leads to the formation of a homoserine lactone (HSL)
and the corresponding fatty acid (Figure 5B). The first AHL-acylase activity was identified
in the Betaproteobacteria Variovorax paradoxus, which uses different AHLs as a source
for energy and nitrogen (Leadbetter and Greenberg, 2000). Homologues to the AHL-
acylase AiiD, characterized in Ralstonia strain XJ12B (Lin et al., 2003), were found in
many other bacteria, where the QQ activity could be confirmed (Chen et al., 2009; Huang
et al., 2003, 2006; Koch et al., 2014; Shepherd and Lindow, 2009; Sio et al., 2006;
Wahjudi et al., 2011).

So far, only four examples for quorum guenching by use of an oxidoreductase activity are
known. In contrast to AHL-lactonases and -acylases, AHL-oxidoreductases do not
degrade the AHLs; they modify the acyl-side chain by reduction or oxidation (Figure 5C).
The first AHL-oxidoreductase activity was described in Rhodococcus erythropolis. This
bacterium is able to use a broad spectrum of AHLs as carbon source and it could be
shown by high-performance liquid chromatography (HPLC) analysis that R. erythropolis is
reducing the 30C14-HSL in vivo to the corresponding derivate 30OHC14-HSL (Uroz et al.,
2005). The responsible enzyme has not yet been identified. Burkholderia strain GG4,
isolated from the ginger rhizosphere, also reduced 3-oxo-HSLs to the corresponding 3-
hydroxy-HSLs, however the enzyme of the strain was not identified (Chan et al., 2011).
The enzyme CYP102Al1 from Bacillus megaterium, a P450 monooxygenase, was

identified to efficiently oxidize in vitro AHLs at the w-1, w-2 and w-3 carbons of the acyl-

10



Introduction

side chain (Chowdhary et al., 2007), but the in vivo relevance has not been proven so far.
The fourth AHL-oxidoreductase was identified in a soil metagenome. The NADH-
dependent enzyme BpiB09 was able to modify 30C12-HSL by reducing the 3-oxo-moiety
to the corresponding hydroxy-AHL (Bijtenhoorn et al., 2011).

1.4 The freshwater polyp Hydra as model organism

The Swiss zoologist Abraham Trembley was the first who scientifically studied and
described Hydra (Trembley, 1744). Since then this polyp was established as model
organism for different biological questions. Because of its size and transparency it is
suitable for observing developmental processes. Hydra possesses a remarkable
regeneration capacity, which makes it interesting to study fundamental properties of stem
cells and developmental process, for example axis formation (Gierer and Meinhardt, 1972;
Meinhardt and Gierer, 1974, 2000). Hydra is an attractive model organism, because
beside the extensive knowledge about its cytology, humerous methods such as in-situ-
hybridization and the generation of transgenic animals are already established.
Furthermore, since 2010 the genome of Hydra magnipapillata is available (Chapman et
al., 2010) and transcriptomes of several species, Hydra oligactis (Domazet-LoSo et al.,
2014), Hydra viridissima (unpublished data) and Hydra vulgaris (AEP) (Hemmrich et al.,
2012) were sequenced. Additionally, it is easy and cheap to cultivate and has a high

reproduction rate.

1.4.1 Phylogeny of Hydra

The freshwater polyp Hydra belongs to the phylum Cnidaria, which is named after their
stinging cells, so called cnidocytes, which they used for prey capture. Cnidarians own a
true tissue structure and possess nerve and muscle cells, which they distinguishes from
Parazoa (Porifera and Placozoa) and assigns them to the Eumetazoa. In contrast to the
Bilaterians, the Cnidarians are diploblastic, possessing only an endo- and an ectoderm.
The phylum Cnidaria is divided into five classes: Anthozoa, Staurozoa, Hydrozoa,
Cubozoa and Scyphozoa (Figure 6A). The Anthozoa form a sister group to the
Medusozoa, which consist of the four other classes of the Cnidarians. Within the
Medusozoa the Staurozoa forms a sister group to the others, within this group the
Hydrozoa build a sister group to the sister group of Scyphozoa and Cubozoa (Collins et al.
2006; Van lten et al. 2006).
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Figure 6: Phylogeny of Hydra

(A) Schematic phylogenetic tree of Metazoan, where the position of the Cnidarians is highlighted
(taken from Collins et al., 2006; Van Iten et al., 2006; Khalturin et al., 2009 and modified). (B)
Phylogenetic relations of eight Hydra species, based on molecular and morphological data. In the
branches holotrichous isorhizas of the different groups are schematically depicted (taken from
Hemmrich et al., 2007 and modified).

At the beginning of the 20" century the genus Hydra, which belongs to the Hydrozoa, was
divided, based on their morphology, into four groups: the viridissima group (“green
hydra”), the braueri group (“gracile hydra”), the oligactis group (“stalked hydra”) and the
vulgaris group (“common hydra”) (Campbell, 1987; Schulze, 1917). Molecular analyses of
the phylogenic relationships within the Hydra species, based on mitochondrial and nuclear
DNA sequences, have shown that Hydra viridissima forms a sister group to the other
Hydra species (Martinez et al., 2010; Schwentner and Bosch, 2015). This species is the
only one, who lives in endosymbiosis with algae, belonging to the genus chlorella.
Furthermore, molecular analyses have shown that the species Hydra vulgaris (AEP),
which is used for the production of transgenic animals, is closer related to Hydra carnea

than to its eponymous species Hydra vulgaris (Figure 6B) (Hemmrich et al., 2007).
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1.4.2 Morphology and histology of Hydra

The 0.5 to 1.0 cm tall freshwater polyp Hydra has a radial symmetric body plan with an
oral-aboral axis. The body is structured into three parts: head, body column and foot
(Figure 7A). The head is characterized by its tentacle zone with four to twelve tentacles
and the hypostome. Because the hypostome is the only orifice of Hydra, it is used for
nutrition uptake as well as for the excretion of digestion products. The body column is
constructed as a tube, the inside consists of a gastrovascular cavity and outside gonads
can be formed (Shimizu et al., 2007). In the lower third of the body column buds can be
formed for asexual reproduction. The foot possesses a basal disc, which enables the
Hydra polyp to attach to substrate. Hydra is a diploblastic organism, consequently it
possesses only two epithelial cell linages, the endo- and the ectoderm. Both cell layers
are separated by a noncellular layer, called mesoglea. The mesoderm, known from
bilateria, is missing (Figure 7B). The ectoderm is covered by a layer made of
polysaccharides, which is called glycocalyx. It is structured into five layers, while the inner
layers are firm and the outer, fifth layer is loose (Figure 7C) (Bottger et al., 2012; Fraune
et al., 2014; Holstein et al., 2010).
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Figure 7: The bodyplan of Hydra
(A) Schematic longitudinal cross section of an adult Hydra polyp. The oral-aboral body axis is
structured into three parts, head, body column and foot. The head is characterized by its tentacle
zone and the hypostome. In the lower region of the body column a bud is formed. At the end of the
foot is a basal disc located, which is used for the attachment to the substrate. Arrows indicate the
cell flow to the extremities. (B) Cross section of the diploblastic epithelium of Hydra, where the
endoderm and ectoderm are separated by the mesoglea, a noncellular layer. On top of the
ectoderm a layer out of glycoproteins, called glycocalyx, is located (illustrated with pink strips).
endo epi: endodermal epithelia cells, gland: gland cell, i-cells: interstitial cells, ect epi: ectodermal
epithelial cells. (C) The glycocalyx, a layer of glycoproteins, is located on the ectoderm (ecto). The
four inner layers (cl-4) are firmly structured, while the outer layer (c5) is looser. pm, plasma
membrane (taken from Bosch, 2007a; Fraune et al., 2014 and modified).
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The Hydra polyp consists of 20 cell types, which originate from three stem cell linages.
Besides the unipotent ectodermal and endodermal epithelial stem cells, Hydra also
possess multipotent interstitial stem cells (i-cells) (Figure 8A) (Hemmrich et al., 2012).
Both epithelial stem cells give rise to epithelial muscle cells, which form the framework of
the epithelial layers. The epithelial muscle cells are particular, as they combine features of
epithelial cells and muscle cells. In contrast, i-cells can differentiate into different somatic
cells, as nerve cells, gland cells and different types of nematocytes, but also into germ
cells (Figure 8A) (Bode et al., 1987; David and Murphy, 1977). Consequently, Hydra
polyps do not have a separate germline (Bosch, 2007b; Bosch and David, 1987). Most
cells originating from i-cell linage are embedded into the ectoderm. Only gland cells and

some nerve cells types are located in the endoderm (Figure 8B).
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Figure 8: Histology of Hydra

(A) The three stem cell lineages in Hydra give rise to 20 cell types. Besides the unipotent
ectodermal (ecto epi) and endodermal epithelial stem cells (endo epi), which differentiate into
epithelial muscle cells, Hydra also possesses multipotent interstitial stem cells (i-cells). I-cells can
differentiate into different somatic cells, as nerve cells (nv), gland cells (gld) and different types of
nematocytes (nem), but also into germ cells. (B) Schematic diploblastic organization of the Hydra
epithelium. The endo- (end) and the ectoderm (ect) are separated by a extracellular matrix, called
mesoglea (M) Stem cell lineages are colored; derivatives of the interstitial cell lineage are shown in
gray (taken from Hemmrich et al., 2012 and modified).

The permanent proliferation of the stem cell linages creates a continuous cell flow from
the body column to the bud and the extremities. Excessive cells get released at the basal
disc, the hypostome and the ends of the tentacles (Figure 7A) (Bosch, 2003; Campbell,
1967). Consequently, mature nematocytes are located in the tentacles. There, always 8 to

24 cnidocytes are integrated into a so called battery cell, which differentiate out of an
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ectodermal epithelial muscle cell. This is characteristic for Hydra’s cell system: the stem
cells are located in the body column, whereas the progenies can be found in foot and
head.

1.4.3 Feeding, reproduction and life cycle of Hydra

In contrast to most Cnidarians, Hydra polyps can exclusively be found in freshwater and
are sensitive to pollution and salt. They are widely distributed in the temperate and tropical
regions in the Northern and in the Southern Hemisphere (Martinez et al., 2010). By use of
its tentacles, which harbors nematocytes, they are able to capture small Crustacean like
Daphnia or Copepods. Reproduction occurs mainly through budding, but Hydra is also

able to reproduce sexually via the production of eggs and sperms (Figure 9).
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Figure 9: Life cycle of Hydra

Hydra mainly reproduces asexual by budding. Environmental cues induce the sexual reproduction.
Approximately four weeks after fertilization a polyp hatches (taken from Bosch, 2009; Fraune, 2008
and modified).

The alteration of generations (metagenesis), from polyp to medusa, is typical for
Cnidarians, but does not occur in the genus Hydra (Holstein and Emschermann, 1995).
Sexual reproduction is induced by various environmental factors. Lowering the
temperature induces Hydra oligactis to reproduce sexually, while Hydra vulgaris (AEP)
and Hydra viridissima need a longer starvation period. Hydra species have different
reproductive strategies; species like Hydra viridissima are hermaphrodites, which develop
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at the same time testes and an egg patch, while other species as Hydra oligactis are
gonochorous, meaning that a polyp has only one sex. The species Hydra vulgaris and
Hydra magnipapillata spontaneously change their sexes, they are designated as unstable
gonochorous (Bosch and David, 1986; Holstein and Emschermann, 1995). The eggs,
attached to the female polyps, get fertilized by free swimming spermatozoa, which were
released from the testes into the water. In the early phase of embryogenesis the embryo
stays at the egg cup of the mother polyp, but it drops down before the gastrulation is
completed. By the development of a thick cuticle (the embryotheca) the embryo can stay
in a period of dormancy up to 52 weeks before the polyp finally hatches (Figure 9) (Martin
et al., 1997).

1.4.4 Host-microbe interactions in the metaorganism Hydra

As, with every multicellular organism, Hydra also has to be considered as a metaorganism
(Bosch and McFall-Ngai, 2011). In the last years Hydra has been established as a model
organism for host-microbe interactions. It could be shown that different Hydra species
possess a species specific microbiota, even though they were cultivated independently for
over 30 years under constant environmental conditions (Figure 10) (Franzenburg et al.,
2013a; Fraune and Bosch, 2007). In general they possess a simple bacterial composition
with around ten bacterial species and are interestingly dominated by Gram-negative

bacteria (Franzenburg et al., 2013a).
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Figure 10: Species specific bacterial community of seven Hydra species

Comparison of the phylogenetic tree of different Hydra species and their bacterial communities.
The species specific bacterial communities of Hydra are dominated by Gram-negative bacteria
(taken from Franzenburg et al., 2013a and modified).
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90% of the bacterial community associated with Hydra vulgaris (AEP), which is used for
the generation of transgenic animals, is represented by six cultivated bacteria species,
Curvibacter sp., Acidovorax sp., Pelomonas sp., Undibacterium sp., Duganella sp. and
Pseudomonas sp. (Fraune et al., 2014). Curvibacter sp. is the main colonizer of Hydra
vulgaris (AEP); it makes up to 75% of the bacterial community. After hatching, the
bacterial composition of a Hydra polyp starts to form, resulting after four weeks in a
bacterial community dominated by Curvibacter sp. (Figure 11A) (Franzenburg et al.,
2013b). Using an modeling approach, it could be shown that the colonization pattern
during ontogeny of Hydra is only explainable, if one considers a host factor and a
frequency dependent fitness for the bacteria (Figure 11B) (Franzenburg et al., 2013b).
The mutual dependency of the host and its bacteria can be seen, once Hydra’'s epithelial
homeostasis is disturbed, as it causes a drastic change in the bacterial composition of
Hydra (Fraune et al., 2009). This indicates that there have to be many regulatory
mechanisms that keep the metaorganism Hydra in homeostasis.

A B

100 Replicate 1 100 Replicate 2

& =x; (f; — f)
£
At — — ;i fi
30 (5 -2t
n: number of types
x;: frequency of type i
change of z; over time

relative abundance [%)]

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 7

Replicate 3 Replicate 4 fi: fitness of type i
=100 100 7. -
= f: average fitness
g & 80 7+ average fitness without i
© . .
£ 60 60 A(t): colonization rate
o 40 40
2
K 2oy\ /\L 20|
0 AA(—\\ > e T 0 < N ——

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

weeks

e=== Flavobacterium (1217)

emmm Curvibacter (942)

weeks

Comamonadaceae (1605) e===» Flavobacterium (1747)

Hydrogenophaga (1948) Flavobacteriaceae (2228)

Burkholderiales (424)
e Acidovorax (1608)
== Methylophilus (12)

e=== Pseudomonas (49)
» Nevskia (297)
undef. Bacteria (1669)

Proteobacteria (14)

=== Comamonadaceae (979)

Oxalobacteraceae (2227) Time

Figure 11: Dynamics in the microbiota composition.

(A) Relative abundances of bacterial OTUs on a Hydra vulgaris (AEP) polyp over the first 15 weeks
post hatching. After week four Curvibacter sp. is dominating the bacterial community (Franzenburg
et al.,, 2013b). (B) Mathematical modeling of the bacterial colonization process in Hydra.
Frequency-dependent growth rates of the bacteria are not enough to explain the dynamics, an
external modulation of the colonization process, e.g. by the host, is additionally required (taken
from Franzenburg et al., 2013b and modified).
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It could be shown that the presence of bacteria is sensed via the Toll signaling pathway.
In Hydra magnipapillata, a functional Toll-like receptor (TLR) was identified, which is
composed of two components, HyTRR-1 and HyLRR-2. Hydra’s TLR could be stimulated
by flagellin (Bosch et al., 2009). Also, the other components of the vertebrate TLR
signaling cascade could be identified in Hydra. Through a knockdown of the key adapter
protein myeloid differentiation primary response gene 88 (MyD88), it could be shown that
Hydras TLR is responsible for the recognition of bacteria (Franzenburg et al., 2012).
Furthermore, nucleotide-binding oligomerization domain (NOD) like receptors (NLRS)
could be identified in Hydra, which are known from mammalians to be involved in the
cytosolic bacteria recognition (Philpott and Girardin, 2004). In Hydra the NLRs are
upregulated in the presence of LPS and flagellin, but a direct bacteria interaction has not

be shown so far (Lange et al., 2011).

In the selection of beneficial microbes for the metaorganism Hydra, antimicrobial peptides
(AMPs) are playing a major role. So far three AMP peptide families could be identified in
Hydra: Hydramacins, Periculins and Arminins (Augustin et al., 2009; Bosch et al., 2009).
Hydramacin-1 is a 60 amino acid long secretory peptide with a cationic charge, which is
upregulated by microbe-associated molecular patterns (MAMPs) and LPS in a
concentration dependent manner (Bosch et al., 2009; Jung et al., 2009). It is expressed in

the endoderm.

Periculin-1 expression gets stimulated by a broad range of signals; flagellin, LPS and
double stranded RNA. In contrast to Hydramacin-1, Periculin-1 is not only regulated by
exogenous signals, also an elevated apoptosis rate influence the Periculin-1 expression
(Bosch et al.,, 2009). Analysis of the amino acid sequence revealed that Periculin-1 is
structured into an anionic N-terminal and a cationic C-terminal part and possess a signal
peptide (Bosch et al., 2009). After proteolytic cleavage of the cationic C-terminal part from
the pro-peptide, the cationic fragment possesses bactericidal activity (0.2 uM to 0.4 uM).
The ectopic expression of the Periculin-1a has drastic quantitative and qualitative effects
on the Hydra associated bacterial community (Fraune et al., 2010). Furthermore, it seems
that Periculin-1a plays a role in the pathogen defense in the early Hydra embryo, as the
expression of the AMP strongly increases during oogenesis in the female polyp (Fraune et
al., 2010).
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The AMPs from the Arminin peptide family are secreted peptides that also exhibit an
anionic N-terminal and a cationic C-terminal part. The C-terminal fragment of Arminin-la
develops, antimicrobial activity after the proteolytic cleavage of the N-terminal part, and
possess strong bactericidal activity in nanomolar range (Augustin et al., 2009).
Franzenburg et al. could show that different Hydra species possess a species specific set
of Arminins. In Hydra vulgaris (AEP) almost all Arminins were expressed in the endoderm,
except Arminin6560, which is located in the ectoderm (Franzenburg et al., 2013a).
Furthermore, they could show that Arminin-deficient polyps are less able to select the
native bacterial composition than the control polyps. This indicates that the AMP peptide
family Arminin is involved in the selection of the Hydra species specific microbial
communities (Franzenburg et al., 2013a). These findings show that the antimicrobial
peptides are mainly expressed in the endoderm or during embryogenesis and are playing

an important role in the selection and regulation of the total bacterial community of Hydra.

The metaorganism Hydra possess different potential niches for the colonization of
bacteria, the surface of the endoderm, the mesoglea and the surface of the ectoderm
(Figure 7). In the gastric cavity so far no bacteria could be localized, most probably they
are regulated by the endodermal expressed AMPs and can get taken up by phagocytosis
(Bosch et al., 2009). In the mesoglea spirochaetes were reported, but because they are
only rarely present they can be considered as tourist of the Hydra bacterial community
(Davis and Haynes, 1968; Hufnagel and Myhal, 1977). The surface of the ectoderm is
covered by five layers out of glycoproteins, the so called glycocalyx (Figure 7). The outer,
loose layer of the glycocalyx serves as a habitat for the commensal bacteria of Hydra
(Figure 12A-C) (Fraune et al., 2014).

Hydra is investing high metabolic costs in the bacterial habitat and in their regulation but in
exchange it gains an antifungal protection provided by its commensal (Figure 12D-F).
Interestingly the two main colonizer Curvibacter sp. and Duganella sp. alone cannot
protect Hydra from infection by Fusarium sp., but a di-association of these bacteria leads
to almost full antifungal protection (Figure 12F) (Fraune et al., 2014). These results show
that bacteria-bacteria interactions are essential for the metaorganism homeostasis.
Furthermore, it could be shown that the Hydra species possess also a species specific
virome. These viromes consist of eukaryotic viruses but is dominated by bacteriophages,
indicating that Hydras microbial community get also regulated by phages, revealing

another weal of the metaorganism machinery (Grasis et al., 2014).
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Figure 12: Bacterial colonization of the Hydra poly p

(A-C) Hydra’'s ectodermal glycocalyx is colonized by a complex bacterial community. (A) Staining of
bacteria with SYBR gold. (B) Raster electron micrograph (REM) of bacterial cells located on the
surface of ectodermal cells. (C) Transmission electron micrograph (TEM) of a rod-shaped
bacterium (red arrows) located within the outer loose layer (c5) of the glycocalyx; c1-4, four firm
layer of the glycocalyx; pm, plasma membrane (modified after Fraune et al., 2014). (D-F) Hydra’s
commensals provide antifungal protection. (D) Raster electron micrograph (REM) of a control polyp
showing no fungal infection. (E) Raster electron micrograph (REM) of a germfree (GF) Hydra polyp
infected by Fusarium sp. (F) In vivo infection rates with Fusarium sp. of Hydra polyps recolonized
by different bacterial isolates: conv, conventionalized; Curv., mono-association with Curvibacter
sp.; Duga., mono-association with Duganella sp.; Curv.:Duga., di-association with Curvibacter sp.
and Duganella sp. Different lowercase letters indicate significant differences between treatments:
‘a’ indicates significantly different from control (P<0.01), ‘b’ indicates significantly different from GF
(P<0.01), ‘c’ indicates significantly different from control and GF (P<0.01) (taken from Fraune et al.,
2014 and modified).
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1.5 Aims of the thesis

A metaorganism, consisting of a host and a multitude of associated microbes, needs a
fine regulated network to keep this system in homeostasis. It is fundamental to understand
the underlying regulatory mechanisms, as an unbalanced system is the cause of
diseases. On one hand there have to be mechanisms to regulate the interactions within
one group of a metaorganism, while on the other hand the different groups within the
system are influencing each other, which also have to be regulated. In this thesis only the

host-bacteria interaction is investigated.

In previous studies, it could be shown that bacteria are colonizing Hydra’s glycocalyx
(Fraune et al., 2014) and that these bacteria get selected by the species specific secretion
of antimicrobial peptides by the host (Franzenburg et al., 2013a). The presence of the
bacteria is sensed by a TLR-pathway (Bosch et al., 2009; Franzenburg et al., 2012).
Additionally, it could be shown that the commensal bacteria provide an antifungal
protection for their host (Fraune et al., 2014). But a host does not only has to decide which
bacteria it allows to colonize, even more important is that it suppresses potentially harmful
behavior of its commensal bacteria, as biofilm formation, motility and virulence, but so far

no mechanism are known how Hydra could influence such bacterial behavior.

Bacteria are regulating their community wide behaviors, as biofilm formation, by their
communication system, called quorum sensing (QS), consequently interfering with the
bacterial QS (quorum gquenching, QQ) could be a starting-point for Hydra to control its

commensal bacteria.

The aim of this thesis was to investigate, whether Hydra possesses a quorum quenching
(QQ) mechanism, which enables Hydra to influence the behavior of colonizing bacteria
and if this mechanism is involved in the maintenance of homeostasis within the
metaorganism. Therefore, the involved QQ mechanism was investigated, and the
bacterial QS in the neighborhood of Hydra was analysed. Especially the QS system of
Curvibacter sp., the main colonizer of Hydra vulgaris (AEP), was studied. Finally, the
consequences of the QQ for the metaorganism Hydra were investigated. Additionally, the
interaction between Curvibacter sp. and Duganella sp., the two main colonizers of Hydra

vulgaris (AEP), was investigated as their interactions result in an antifungal activity.
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2 Results

2.1 Quorum guenching in Hydra

Bacteria from very different habitats, in soil (Dessaux et al., 2010), fresh water (Feng et
al., 2013), marine ecosystem (Miller et al., 2005) and even on eukaryotic hosts (Alagely et
al., 2011; Golberg et al., 2011; Hartmann and Schikora, 2012; Ransome et al., 2014), are
communicating via quorum sensing (QS). Many bacteria developed mechanisms to
interfere with their own QS system, but also with that of their competitors (quorum
quenching, QQ). If one considers that a eukaryotic host and its bacteria evolved together,
it is likely, that also the host developed mechanisms to interfere with the bacterial
communication system. But so far, little is known about eukaryotic QQ mechanisms
(chapter 1.3).

2.1.1 Hydra sp. possess a general quorum quenching activity ag ainst long-

chain N-acyl-homoserine lactones

To investigate whether or not Hydra is able to interfere with the bacterial communication
system, quorum sensing (QS), Hydra vulgaris (AEP) polyps were incubated for 24 hours
with different, commercially available N-acyl-homoserine lactone species (AHLs), the QS
signaling molecules of Gram-negative bacteria. The remaining AHLs were analysed with a
bacterial reporter system (chapter 5.30.1). The statistical analysis was performed with a
Two-Way ANOVA and a Bonferroni post-test. Hydra vulgaris (AEP) is able to specifically
modify long-chain 3-oxo-homoserine lactones, i.e. 30C10- and 30C12-HSLs, which get
inactivated within four hours, while 30C6- and 30C8-HSLs are not affected by Hydra's
QQ activity (Figure 13). The unmodified short-chain C4-, C6- and C8-HSLs, as their 3-
oxo-counterparts, get also not modified by Hydra. Because of the low sensitivity of the
AHL-bioreporters used for unmodified long-chain AHLs, it could not be investigated if
Hydra is able to modify these kinds of AHLs. Also 3-hydroxy-HSLs, another class of
signaling molecules of Gram-negative bacteria, cannot be detected with the employed
bacterial AHL-reporter strains (appendix 8.1). The measured QQ activity within the first
four hours was used to calculate the reaction rate of the AHL modification by Hydra;
accordingly one Hydra vulgaris (AEP) polyp is able to modify within one hour 23 pmol
30C10-HSLs or 18 pmol 30C12-HSLs.
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Figure 13: Quorum quenching activity of ~ Hydra vulgaris (AEP)

Hydra vulgaris (AEP) polyps were incubated with 10 uM of seven different AHL species (C4-, C6-,
30C6-, C8-, 30C8-, 30C10-, and 30C12-HSL) for 24 h at 18°C. The remaining AHLs were
extracted with ethyl acetate and semi-quantification was performed with bacterial reporter strains.
For statistical analysis a Two-Way ANOVA with a Bonferroni post-test was used (*P < 0.05; **P <

0.01; **P < 0.001, n = 3).

Because many bacteria have QQ activity reported, it had to be clarified, if the AHL
modification by the Hydra metaorganism is based on a QQ activity of its commensal
bacteria or of the host. Therefore, the inactivation of the two long-chain AHLs 30C10- and
30C12-HSL by wild type and germfree (chapter 5.1.3) Hydra vulgaris (AEP) polyps was
compared (chapter 5.30.1). The QQ activities, shown in Figure 14, do not significantly
differ (Two-Way ANOVA with Bonferroni post-test) between control and germfree polyp,

showing that the Hydra polyp, and not its bacterial community, is responsible for the AHL
inactivation.

150+ 150+

= wt polyps 3 wt polyps
1GF polyps CIGF polyps
125 poyp 125+ I
=39 T N R
0 51004 ] O = 1004
o ° O °
™ € @ £ I
> 8 754 28 757
g Qo € 9
£ 2 501 £ 2 50-
s ®®
0 1 1 |I|I|=| IIIl 0 1 1 1 IjI
0 4 8 24 1[h] 0 4 8 24 [h]

Figure 14: Quorum quenching activity of germfree Hydra vulgaris (AEP)

Wild type (wt) or germfree (GF) Hydra vulgaris (AEP) polyps were incubated for 24 h at 18°C with
10 uM of the long-chain AHLs 30C10-, or 30C12-HSL. The remaining AHLs were extracted with
ethyl acetate and the semi-quantification was performed with bacterial reporter strains. The

differences between QQ by wild type and germfree Hydra polyps were calculated with a Two-Way
ANOVA with Bonferroni post-test (P > 0.05, n = 3).
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To investigate if the QQ activity of Hydra is species-specific, the experiment was repeated
with the phylogenetic distant related Hydra species Hydra viridis (strain A99) and Hydra
oligactis (strain St. Petersburg). Interestingly, the QQ activity toward long-chain 3-oxo-
HSLs is a general phenomenon of the three distantly related Hydra species (Figure 15).
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Figure 15: Quorum quenching activity of different H ydra species

Hydra polyps of the two species Hydra viridis (strain A99) and Hydra oligactis (strain St.
Petersburg) were incubated with 10 uM of seven different AHL species (C4-, C6-, 30C6-, C8-,
30C8-, 30C10-, and 30C12-HSL) for 24 h at 18°C. The remaining AHLs were extracted with ethyl
acetate and the semi-quantification was performed with bacterial reporter strains. For statistical
analysis a Two-Way ANOVA with a Bonferroni post-test was used (*P < 0.05; **P < 0.01; ***P <
0.001, n = 3).

H. viridis and H. oligactis, like H. vulgaris (AEP) exhibit the highest reaction rate for
30C10-HSLs (12 pmol/hour/polyp H. viridis, 23 pmol/hour/polyp H. oligatis) and 30C12-
HSLs (15 pmol/hour/polyp H. viridis, 24 pmol/h/polyp H. oligatis). In contrast to H. vulgaris
(AEP), H. viridis and H. oligactis are also able to alter unmodified short-chain AHLs, even
though their reaction rate is much lower. Both modify 6 pmol (H. viridis) or rather 8 pmol

(H. oligactis) C8-HSLs within one hour per polyp. Furthermore, H. oligactis is able to
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modify C6-HSL (12 pmol/hour/polyp). If the alteration of unmodified short-chain AHLS is

caused by the Hydra polyps or by their microbiota remains to be investigated.

2.1.2 The paraoxonase of Hydra vulgaris (AEP) has no quorum quenching

activity, as its homologues in human

It was shown that Hydra possesses quorum quenching (QQ) activity. Consequently, it was
the question, which kind of mechanism enables Hydra to modify N-acyl-homoserine
lactones (AHLSs). In eukaryotes only paraoxonases were described to possess a QQ
activity (chapter 1.3). Therefore it was analysed if the QQ activity in Hydra is also
possessed by a paraoxonase. At first an in silico approach was used to investigate, if
Hydra possesses a paraoxonase. The amino acid protein sequence of the human
paraoxonase PON1 (GenBank: EAL24133.1) were BLASTed against the transcriptome of
Hydra vulgaris (AEP) (db454_haep_celera_v02). Thereby the contig 6197 could be
identified to be similar to the human paraoxonases, which will be named in the following
as HyPON. The cDNA sequence of the HyPON (appendix 8.2.1), was translated into the
amino acid sequence (appendix 8.2.2). The protein domain prediction was performed by
the program SMART. As shown in Figure 16, an arylesterase/paraoxonase domain, as
known from the human paraoxonases PON1-3 (Primo-Parmo et al., 1996), was identified
on the HyPON sequence. Finally a BLASTp search led to the identification of contig 6197

in Hydra’s transcriptome as a homologue to the human paraoxonases.

A phylogenetic tree of metazoan paraoxonases was constructed to analyse the
relationship of the HyPON to the other metazoan PONs (Figure 16). The human
paraoxonases cluster together with other mammalian PONs, while PONs of
Caenorhabditis elegans, Strongylocentrotus purpuratus and Nematostella vectensis form
a sister clade to the other metazoan PONs. The HyPON is basal to the metazoan PON
clade, but compared to the outgroup it cluster together with the other PONSs. In total, the
phylogenetic tree of the metazoan PONs recapitulates phylogenetic trees of other

phylogenetic markers.
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Figure 16: Classification of Hydra's paraoxonase Hy = PON

(A) The SMART program identified an arylesterase/paraoxonase domain (PF01731) in the HyPON
amino acid sequence. As indicated in red, the HyPON possesses a signal peptide, which was
confirmed by a SignalP analysis. (B) Phylogenetic tree of metazoan paraoxonases (PON). The
program MEGA was used to construct the phylogenetic tree (neighbor-joining algorithm, bootstrap
1000). The following PON nucleotide sequences were used: human (HUPON1, M63012 (Adkins et
al., 1993; Hassett et al.,, 1991); HUPONZ2, L48513 (*); HUPON3, L48516 (*)), mice (MusPON1,
L42938 (Cole et al.,, 2011); MusPON2 (*), L48514; MusPON3 (*)), rabbit (RabPON1, M63011
(Hassett et al., 1991)), dog (DogPON1, XM_845126; DogPON2, L48515 (*)), turkey (TurPONZ2,
L47572 (*)), chicken (GalPON2, L47573 (*)), frog (Xenopusl, NM_001087180.1), salmon (Salmo,
NM_001141506.1), sea urchin (Strongyloc, XM_782720.2), worm (Celegans, AF295927.1), sea
anemone (Nematostel, XM_001630782.1), Hydra vulgaris (AEP) (HyPON, (**)), lactonohydrolase
from fungi Fusarium oxysporum AKU 3702 (FoxyLH, AB010465 (Kobayashi et al., 1998)).
* Sequences are taken from the following reference (Primo-Parmo et al., 1996). ** The sequence of
the HyPON can be found in appendix 8.2.

To analyse if the HyPON possess, as its human homologous, a quorum quenching (QQ)
activity, its in vivo activity was analysed by a loss of function experiment. Transgenic
Hydra vulgaris (AEP) with a knockdown of the HyPON were generated. Therefore a
HyPON hairpin construct was built (Figure 17A) and introduced into embryonic Hydra

vulgaris (AEP) via microinjection (chapter 5.22).
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Figure 17: In vivo quorum quenching activity of Hydra’s paraoxonase H yPON

(A) Plasmid for the generation of transgenic Hydra, which express the hairpin construct for the
paraoxonase of Hydra (HyPON). After the transcription of the fusion gene the complementary parts
HyPON_s (s = sense) and HyPON_as (as = antisense) form a hairpin structure. Both pieces are
connected by the linker. The transgene is under the control of the Hydra actin promoter. For the
selection of positive transgenic polyps the eGFP gene was put upstream of the hairpin. Arrows
indicates which restriction enzymes (AsiSI, BsiWI, EcoRI) were used for the connection of the
different fragments of the construct. The LigAF1l vector was used as a backbone. (B-C) Live
images of a transgenic HyPON hp. C1_endo_ecto polyp (left) and a control polyp (HyPON hp.
C1_control) (right), recorded with white light (B) or a GFP-filter (C). (D) Cross section of a
transgenic HyPON hp. C1_endo_ecto polyp, showing an eGFP signal in the endoderm and
ectoderm. (E) Confirmation of the HyPON knockdown by gRT-PCR. The HyPON transcript is ca.
50% down regulated in HyPON hp. C1_endo_ecto polyps compared to the control. (F) Analysis of
the quorum quenching (QQ) activity of HyPON knockdown polyps. The transgenic Hydra vulgaris
(AEP) polyps were incubated with 10 puM 30C10-HSL for 8 h at 18°C. The remaining AHLs were
extracted with ethyl acetate and semi-quantification was performed with bacterial reporter strains.
The differences between QQ by control and HyPON knockdown Hydra polyps were calculated with
a Two-Way ANOVA with Bonferroni post-test (P > 0.05, n = 3).
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After injection of 33 Hydra embryos only one transgenic polyp (C1) with mosaic eGFP
expression in the endoderm and ectoderm hatched. Due to the clonal proliferation and
screening for GFP positive cells, out of the mosaic polyp three lines could be established.
The line C1_ecto expresses the hairpin construct in all cells of the ectodermal epithelial
stem cells, while line C1_endo possesses a transgenic endoderm, which can be detect by
the eGFP expression. Furthermore, a control line C1_control, which lost all transgenic
cells, was generated (Figure 17B-C). All three lines inherit the same genetic background.
To generate a polyp with a transgenic endo- and ectoderm, the transgenic tissues of line
C1l _endo and C1_ecto were transplanted. Therefore the tissue layers of line C1_endo and
C1_ecto, each 10 polyps, were separated by procaine treatment (chapter 0). Only one
transgenic endoderm could be successfully transplanted into the transgenic ectoderm
(chapter 5.3). After a week a complete Hydra with transgenic endo- and ectodermal stem
cells was arisen out of the transplant. The polyp was used to raise a clonal line
C1l _endo_ecto (Figure 17B-D). In this transgenic line 75% of the HyPON transcripts can
be targeted by the hairpin construct, the rest are present in the unaffected interstitial stem
cell line (distribution of the HyPON transcript in the 454 transcriptome of the Hydra stem

cell linages: ectodermal: 31, endodermal: 6, interstitial: 12).

The down regulation of the HyPON transcript, in the transgenic animals by RNA
interference (Gao and Zhang, 2007), in comparison to the control polyps, was checked by
gRT-PCR (chapter 5.6.4). Therefore mRNA was isolated out of 15 transgenic and control
Hydra and transcribed into cDNA (chapter 5.4.1). As demonstrated in Figure 17E, by the
introduction of the HyPON hairpin construct into the ecto- and endoderm, an overall

knockdown of the HyPON about 50% was achieved.

Because of the reduced HyPON transcript level in the transgenic Hydra, it was analysis if
the QQ activity of transgenic animals, compared to control polyps, was extenuated.
Therefore transgenic and control polyps were incubated for 8 hours in 100 pl S-medium
with 10 uM 30C10-HSL. This AHL was chosen based on its high degradation rate by
Hydra polyps (chapter 2.1.1). As a control for the natural AHL degradation process,
30C10-HSL incubated in S-medium without Hydra. At three time points (after O h, 4 h,
and 8 h) the remaining AHLs were extracted with ethyl acetate out of three replicates. The
reporter strain pSB1075, which recognize long-chain AHLs, was used for the AHL
detection (chapter 5.30.1). As shown in Figure 17F Hydra vulgaris (AEP) is inactivating
30C10-homoserine lactones, but there is no significant difference (Two-Way ANOVA with
Bonferroni post-test (P > 0.05, n = 3)) in the quenching activity between control and

knockdown animals.
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2.1.3 Hydra is using an oxidoreductase activity to modify bacterial

signaling molecules.

Beside the human paraoxonases (Chun et al., 2004; Draganov et al., 2005; Simanski et
al., 2012) no other enzymes are known to quench N-acyl-homoserine lactones (AHLS) in a
eukaryotic system. Hydra possesses a homologue to the human paraoxonases (HyPON),
but the knock-down of the paraoxonase in Hydra by transgenesis did not lead to reduced
QQ activity (chapter 2.1.2). Therefore the maodification of one AHL should be analysed to
conclude the reaction mechanism, used by Hydra polyps for their quorum quenching
(QQ). Hydra vulgaris (AEP) polyps were incubated with 100 uM of the long-chain AHL
30C10-HSL for 24 hours, remaining AHLs were extracted with ethyl acetate. This AHL
species was chosen, as it gets inactivated by different Hydra species (chapter 2.1.1). As a
control, the experiment was conducted in parallel with the same AHL concentration in S-
medium and Hydra polyps without supplement (chapter 5.30.2). Two different mass
spectrometry analyses were used to identify the quorum quenching product (in

collaboration with Christian Treitz and Prof. Dr. Andreas Tholey).

As a first step, MALDI-TOF mass spectrometry was used for high-throughput
measurements (chapter 5.26.1). Furthermore, the QQ products were fractionized by high-
performance liquid chromatography (HPLC) coupled to electrospray ionization (ESI) using
the orbitrap velos mass analyzer to identify the quorum quenching product (chapter
5.26.2). Figure 18A illustrates, that the substrate 30C10-HSL with an [M+H]" ion at an m/z
of 270 stayed stable over 24 hours in control, while in the presence of Hydra polyps it was
strongly decreased over time. In parallel, two [M+H]" ions at an m/z of 272 and 254
occurred. A similar pattern could be observed in the presence of germfree polyps.
Furthermore, the data show that the metaorganism Hydra did not produce 30C10-HSLs
on its own (Figure 18A, control (w/o 30C10-HSL)).
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Figure 18: Hydra’'s QQ mechanism

(A) MALDI-TOF analysis of Hydra’s QQ activity. The substrate 30C10-HSL (m/z 270) and the
substances with an [M+H]" ion at a m/z of 272 and 254 were measured after 0, 8 and 24 h in
different samples: control (w/o Hydra), medium with 10 uM 30C10-HSL; control (w/o 30C10-HSL),
Hydra vulgaris (AEP) without 30C10-HSL addition; wt, wild type Hydra vulgaris (AEP); GF,
germfree Hydra vulgaris (AEP). (B-E) Liquid chromatography coupled to electrospray ionization
mass spectrometry (LC-ESI-MS) were used to analyse AHLs and their derivatives in samples of
Hydra vulgaris (AEP) wild type (wt) or medium (control) incubated with 100 pM 30C10-HSL for 8 h.
Only the changed [M+H]" ions with an m/z of 270 (30C10-HSL), 272 and 254 are depicted (B)
Time ion chromatograms (TIC) for the respective ions of interest in the control sample after 8 h. (C)
MS2 spectrum of the [M+H]" ion at an m/z of 270, corresponding to the substrate 30C10-HSL,
originating from the MS1 in B. (D) Shows the respective TIC in the Hydra sample after 8 h. (E) MS2
spectrum of the [M+H]" ion at an m/z of 272, origination from D. 30HC10-HSL was identified by
comparison with reference spectra of commercial molecule. Loss of a water from 30OHC10-HSL in
source fragmentation explains the [M+H]" ion at an m/z of 254, which was found in the MALDI-
TOF-MS and in the LC-ESI-MS.
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To clarify the identity of the QQ products, an LC-ESI-MS was used. The MS1 data
confirmed the results of the MALDI-TOF MS, as the same [M+H]" ions at an m/z of 270,
272 and 254 could be detected (Figure 18B, D). The fragments of the substrate 30C10-
HSL, corresponding to the homoserine lactone (m/z 102.05) and the acyl-side chain (m/z
169.12), were detected as the main fragments in the MS2 (Figure 18C). The quorum
guenching product with an m/z 272 was fragmented in the MS2 into two main fragments
with m/z 102.05 and 153.12 (Figure 18E). Through comparison with fragment spectra of
AHL standards the fragments could be assigned as a homoserine lactone and a 3-
hydroxy-decanoyl-side-chain, after the loss of water. By this the [M+H]" ion at an m/z of
272 could be identified as a 3-hydroxy-decanoyl-homoserine lactone (SOHC10-HSL)
(Figure 18E). The [M+H]" ion at a m/z of 254 correspond to an unsaturated C10-HSL,
which originate from 30HC10-HSL after water elimination, probably due to in source
fragmentation (Figure 18D-E) (Hsu et al., 2006).

The two different mass spectrometry analyses revealed that Hydra modify the long-chain
AHL 30C10-HSL (m/z 270) into its 3-hydroxy-counterpart 30OHC12-HSL (m/z 272). The
reduction of an oxo-group to a hydroxy group can be performed by an enzyme comprising
an oxidoreductase activity (Figure 5C). This is to the author’s knowledge the first report for
a eukaryote, using an oxidoreductase activity to modify the quorum sensing signaling

molecules of Gram-negative bacteria (AHLS).

2.2 Quorum sensing in the special neighborhood of Hydra
vulgaris (AEP)

In previous studies, it was shown that the different Hydra species possess species
specific bacterial communities, which are dominated by Gram-negative bacteria
(Franzenburg et al., 2013a, 2013b; Fraune and Bosch, 2007). For many eukaryotes it was
shown that their commensal bacteria are producing several quorum sensing (QS)
molecules (Cha et al., 1998a; Golberg et al., 2011; Ransome et al., 2014) and furthermore
that these molecules are influencing the host physiology (Hartmann and Schikora, 2012;
Hartmann et al., 2014; Mathesius et al., 2003; Shiner et al., 2005). Therefore it was

investigated if Hydra's Gram-negative bacteria are also using QS.
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2.2.1 Commensal and environmental bacteria of  Hydra vulgaris (AEP) are
producing N-acyl-homoserine lactones

To estimate the relevance of quorum sensing (QS) in the metaorganism Hydra, thin-layer
chromatography (TLC) combined with the Agrobacterium tumefaciens NTL4 reporter was
used to detect N-acyl-homoserine lactones (AHLS), the signaling molecules of Gram-
negative bacteria (Ng and Bassler, 2009). Bacterial cultures of six commensal bacteria of
Hydra vulgaris (AEP) and six environmental bacteria were screened for the production of
AHLs (chapter 5.26). The selected commensal bacteria represent 90% of the bacterial
community of H. vulgaris (AEP) (Fraune et al., 2014), while the environmental bacteria are
present in the Hydra culture dishes, but are not able to colonize Hydra polyps (chapter
5.1.4). All analysed bacteria produced different AHLS, which varies in their chain lengths
(from six to sixteen carbons) and in concentration, as shown in Figure 19A and Figure
20A.
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Figure 19: AHL production by commensal bacteria of Hydra vulgaris (AEP)

(A) AHLs, produced after 48 h in a 50 ml liquid culture of the six commensal bacteria, which
represent 90% of Hydra’'s bacterial community, analysed by a thin-layer chromatography (TLC)
combined with the AHL-reporter Agrobacterium tumefaciens NTL4. As an AHL standard the
following concentration of commercially available AHLs were used: 100 pmol C6-, 10 fmol C8-, 100
pmol C10-, 10 fmol 30C6-, 0.1 fmol 30C8-, 1 pmol 30C10-, 1 pmol 30C12- and 100 pmol 30C14-
HSL. (B) Mass spectrometry analysis of AHLs, produced by Curvibacter sp. after 96 h. Only one
AHL, 30HC12-HSL, could be identified. (C) Molecule structure of 3OHC12-HSL, which could be
identified by MS in a liquid culture of Curvibacter sp.

The main colonizer of Hydra vulgaris (AEP), Curvibacter sp. produces five different AHLS;
by comparison to the migration patterns of the AHL standards, one can assume that the
acyl-side chain of Curvibacter's AHLs varies between six to fourteen carbons. Compared

to the other commensal bacteria Curvibacter sp. produced, under the analysed conditions
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(48 h culture inoculated with 1x10° CFU/ml), the most AHL species and the highest AHL
concentrations (Figure 19A). For further characterization of the produced N-acyl-
homoserine lactones they were analysed by a LC-ESI-mass spectrometry (chapter
5.26.2). In the culture of Curvibacter sp. only the AHL 30OHC12-HSL could be clearly
identified (Figure 19B-C).

The Pelomonas sp. has as similar TLC pattern to Curvibacter sp., but C6- and C8-AHLs
are missing and the intensity of the signal is less (Figure 19A). The AHLs of the three
commensals Acidovorax sp., Undibacterium sp. and Pseudomonas sp. show similar
migration patterns, with a stretched spot at the position of AHLs with 14 and more
carbons. Their AHLs run similar as those of Curvibacter sp., but they exhibit another spot-
pattern, indicating that they have another side-modification (Figure 19A) (Shaw et al.,
1997). Duganella sp. is the only strain which is producing exclusively short-chain AHLs
under these conditions (48 h culture inoculated with 1x10°> CFU/ml) (Figure 19A).

environmental bacteria

Figure 20: AHL production in the neighborhood of Hydra vulgaris (AEP)

AHLs, produced after 48 h in a 50 ml liquid culture of six environmental bacteria of Hydra analysed
by a thin-layer chromatography (TLC) combined with the AHL-reporter Agrobacterium tumefaciens
NTL4 (* = Chryseobacterium sp. strain 5, > = Chryseobacterium sp. strain 8). As an AHL standard
the following concentration of commercially available AHLs were used: 100 pmol C6-, 10 fmol C8-,
100 pmol C10-, 10 fmol 30C6-, 0.1 fmol 30C8-, 1 pmol 30C10-, 1 pmol 30C12- and 100 pmol
30C14-HSL.

Environmental bacteria are also producing AHLs, but their migration pattern in the TLC
differs from that of the commensal bacteria (Figure 20A). Pseudomonas sp. and
Chryseobacterium sp. strain 8 are producing high amounts of AHLs showing similar
migration pattern as AHLs with an acyl-side chain length of eight and ten C-atoms.
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Furthermore, small amounts of AHLs, which are running at the position of 30C6- and
30C14-HSL, could be detected (Figure 20A). The AHLs produced by Flectobacillus sp.
show a very similar pattern, but because of slightly different position in the chromatogram
and the shape of the spots, they possess most probably different side-modifications
(Figure 20A). For Acinetobacter sp. and Chryseobacterium sp. strain 5 small amounts of
four AHLs in the same range, as those of Flectobacillus sp., could be identified (Figure
20A). Variovorax sp. exhibits the highest concentration for AHLs with a chain length of 14

carbons (Figure 20A).

These data show that the Hydra polyp is surrounded and even colonized by bacteria,
which are using a broad spectrum of AHLs for quorum sensing. But based on the
produced AHL species, one cannot distinguish commensal and environmental bacteria.
Furthermore, it seems that different bacteria are using the same AHL species for their
communication; consequently, it would be interesting to see if similar genes or rather

similar bacterial behaviors are regulated by theses AHLSs.

2.3 Characterization of the quorum sensing system o f
Curvibacter sp. strain AEP1.3

To get a deeper understanding of the role of quorum sensing (QS) within the
metaorganism Hydra, the QS system of Curvibacter sp. (strain AEP1.3), representing up

to 80% of the bacterial community of Hydra vulgaris (AEP), was investigated.

2.3.1 In silico analysis of Curvibacter's quorum sensing system

So far it could be shown that the main colonizer Curvibacter sp. is able to produce N-acyl-
homoserine lactones (AHLS), but the genetic background of this bacterium has not yet
been investigated. In the genome of Curvibacter sp. (unpublished data) two operons could
be identified, each encoding for an AHL-synthase (curll, curl2) and an AHL-receptor
(curR1, curR2) (Figure 21A); the sequences of the corresponding operons can be found in
the appendices 8.3.1 and 8.3.4.

The AHL-synthases and -receptors of Curvibacter sp. were compared by an alignment
with three well studied quorum sensing (QS) systems, Luxl/LuxR of Vibrio fischeri
(YP_206882.1/YP_206883.1), Lasl/LasR and RhII/RhIR of Pseudomonas aeruginosa
(P33883/NP_250121.1, P54291/NP_252167.1) and Tral/TraR of Agrobacterium
tumefaciens (P33907/NP_396657.1) (Figure 21B).
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Figure 21: AHL-synthases Curl1/Curl2 and AHL-recept  ors CurR1/CurR2 of Curvibacter sp.
(A) Operon of the AHL-synthases curll and curl2 and the AHL-receptors curR1 and curR2 of
Curvibacter sp. (B) Alignment of Curvibacter's AHL-synthases Curll and Curl2 with the AHL-
synthases of Vibrio fischeri (Luxl, YP_206882.1), Pseudomonas aeruginosa (Lasl, P33883 and
Rhll P54291) and Agrobacterium tumefaciens (Tral, P33907). The eight conserved residues of the
AHL-synthase family are highlighted in solid colors, and those that are additionally conserved
among these AHL-synthases are boxed. Protein domains of Curll and Curl2, predicted by SMART,
are indicated below the alignment of the primary structures. (C) Alignment of Curvibacter’'s AHL-
receptors CurR1 and CurR2 against the AHL-receptors of V. fischeri (LuxR, YP_206883.1), P.
aeruginosa (LasR, NP_250121.1 and RhIR NP_252167.1) and A. tumefaciens (TraR,
NP_396657.1). The conserved WYDPWG-motif of the AHL binding domain and the conserved
residues (E, L, G) in the DNA-binding domain of the AHL-receptors are highlighted in solid colors
and red asterisks, and those that are additionally conserved among these AHL-receptors are
boxed. Protein domains of CurR1 and CurR2, predicted by SMART, are indicated below the
alignment of the primary structures.
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Curvibacter sp. AHL-synthases can be assigned to the Luxl-type AHL-synthase family
because they inherit the eight conserved amino acid residues of this protein family
(Churchill and Chen, 2011; Hanzelka et al., 1997; Parsek et al., 1997), as shown in Figure
21B. The protein domain prediction was performed by the program SMART and is
indicated below the alignment of the primary structure in Figure 21B. Thereby, the AHL-
synthases were classified as an “Autoinducer synthase” (PF00765), while for the AHL-
receptors their essential domains “Autoinducer-binding domain” (PF03472) and a “helix-
turn-helix, Lux-Regulon” (SM00421) were identified (Koch et al., 2005). The two AHL-
receptors CurR1 and CurR2 possess the conserved WYDPWG-motif in the AHL binding
domain and also the DNA-binding domain contains the conserved amino acids (E, L, G)
(Brameyer and Heermann, 2015; Patankar and Gonzélez, 2009). These structural
features of the coding sequences of Curvibacter's AHL-synthases and AHL-receptors

suggest that they could be functional.

2.3.2 The AHL-synthases of Curvibacter sp. are producing a set of common

and distinct N-acyl-homoserine lactones

To test the functionality of the two Curvibacter AHL-synthases, both genes (curll and
curl2) were cloned and heterologously expressed in E. coli cells. Expression was
determined by SDS-PAGE and Western blot (Figure 22A) (chapter 5.28). To test the
functionality of the synthases, the cell free fraction after expression was extracted,
separated by thin-layer chromatography (TLC) and potentially produced N-acyl-
homoserine lactones (AHLs) were detected with the A. tumefaciens NTL4 reporter (Figure
22B) (chapter 5.28). Through this it could be proven that the heterologous expression led
to functional AHL-synthases, which catalyze the synthesis of AHLs. The TLC predicts for
both synthases production of three different AHLs with chain-lengths between eight and
sixteen carbons, but the different migration patterns indicate that the produced AHLs

possess different modifications at their acyl-side chain.

To confirm these results and to obtain a better resolution for the AHL species, the
expression extract was additionally analysed by mass spectrometry (Christian Treitz and
Prof. Dr. Andreas Tholey from the Institute for Experimental Medicine of the Christian
Albrechts University of Kiel), as described elsewhere (Gould et al., 2006) (chapter 5.26.2).
Both AHL-synthases are producing saturated, mainly 30OHC10-, 30HC12- and 30HC14-
HSLs, fitting to the three observed AHL spots in the TLC (Figure 22B). Furthermore,
unsaturated long-chain 3-hydroxy-AHLs could be identified in both samples, but Curl2 is
producing much more of the unsaturated AHLs 30HC12:1- and 30HC14:1-HSL than
Curll (Figure 22C-D), which could be an explanation for the differences in their AHL

pattern in the TLC (Figure 22B).
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Figure 22: AHL-synthases of Curvibacter sp.

(A) The AHL-synthases curll and curl2 of Curvibacter sp., introduced into the pET22b vector
(PET22b-curll, pET22b-curl2), were heterologously expressed in E. coli Rosetta 2 (DE3) pLysS
cells for six hours at 25°C. Every hour (ty-tg) an aliquot of 10 pg protein was taken for Western blot
analysis. Numbers indicate the size of the proteins, belonging to the protein ladder, in kDa. (B)
After heterologous expression of Curvibacter's AHL-synthases Curll and Curl2, the cell free
fraction was extracted with ethyl acetate, concentrated and a volume equivalent to 1 ml culture was
analysed with a thin-layer chromatography (TLC) combined with the AHL-reporter A. tumefaciens
NTL4. As an AHL standard the following concentration of commercially available AHLs were used:
10 pmol C8-, 1 pmol 30C8-, 10 pmol 30C10-, 1 nmol 30C12- and 1 nmol 30C14-HSL. (C-D) After
heterologous expression of Curvibacter's AHL-synthases Curll and Curl2, AHLs were extracted
and characterized by LC-ESI-MS. (C) MS of AHLs produced by Curll heterologously expressed in
E. coli. (D) MS of AHLs produced by Curl2 heterologously expressed in E. coli. # Retention time
and m/z value of the MS analysis predicted these molecules, but no AHL standard was measured
for these substances.
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To estimate if both AHL-synthases in Curvibacter sp. are expressed in the context of host
colonization, mRNA expression of the AHL-synthases of Curvibacter sp. was analysed by
RT-PCR. To do so, the outer layer of the glycocalyx with colonizing bacteria was detached
from Hydra polyps with PBS-treatment. Total RNA was isolated from the colonizing
glycocalyx bacteria and cDNA was synthesized (chapter 5.4.3). Expression of the two
AHL-synthases of Curvibacter sp. curll and curl2 were compared to expression of two
housekeeping genes recombinase A (recA) and isocitrate lyase (aceA) by a RT-PCR
(Figure 23) (chapter 0).

Figure 23:. Expression of Curvibacter's AHL-synthase s Curll and Curl2 while host
colonization.

Through PBS-treatment, colonizing bacteria were detached from the Hydra polyps and were used
to isolate RNA. After cDNA synthesis, gene expression of the two AHL-synthases (curll, curl2)
was compared to that of the two house-keeping genes recombinase A (recA) and isocitrate lyase
(aceA) by PCR.

These results show that Curvibacter sp. is expressing both AHL-synthases, while
colonizing the Hydra polyp and have the potential to produce AHLs. Therefore, it could be
proven that both AHL-synthases are functional and are potentially producing saturated

and unsaturated long-chain 3-hydroxy-AHLs in the context of host colonization.

2.3.3 Curvibacter's AHL-receptors CurR1 and CurR2 r  ecognize both 3-oxo-
and 3-hydroxy-HSLs.

Some bacteria not only recognize their own produced N-acyl-homoserine lactones
(AHLSs), but are also able to respond to the presence of AHLSs, synthesized by bacteria in
their neighborhood (Schauder and Bassler, 2001). Consequently, the affinity of the AHL-
receptors doesn't have to coincide with the AHL spectrum of the AHL-synthases.
Therefore, the autoinducer responses of the two AHL-receptors CurR1 and CurR2 of
Curvibacter sp. were analysed in a reporter strain assay. A cassette of AHL-receptor and
promoter of the corresponding AHL-synthase was cloned in front of the lux operon of the
pSB401 plasmid (Winson et al., 1998) to create the reporter constructs pCPcurR1 and
pCPcurR2 (Figure 24A-B). Through this construct, the efficiency of AHL binding to the
receptor and activation of transcription of the AHL-synthase can be read out by emission
of light (chapter 5.19). The functionality of the receptors was verified by measuring dilution
series of the heterologous expression extracts of the AHL-synthases Curll and Curl2
(chapter 5.29) (Figure 24C-D). Both AHL-extracts induced similar bioreporter responses,

but the CurR2 leads to a higher light emission than the CurR1.
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(A) A 1986 bp section, including the open reading frame (ORF) of curR1 and 152 bp of curll, was
cloned by EcoRl restriction into the pSB401 plasmid (Winson et al., 1998), harboring the lux operon
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(luxCDABE), to create the reporter construct pCPcurR1. (B) For the pCPcurR2 construct, a 1762
bp fragment of the curR2/curl2 operon was introduced into the pSB401 plasmid, like in the
pCPcurR1 construct. (C-D) To test the functionality of the two AHL-receptor constructs pCPcurR1
and pCPcurR2 the two AHL-synthases Curll and Curl2 were heterologous expressed (pET22b,
pPET22b-curll, pET22b-curl2). The produced AHLs were extracted and a dilution series (10'4-10'10)
were measured by pCPcurR1 (C) and pCPcurR2 (D) in a bioreporter plate assay. (E-H) For further
characterization of the AHL specificity of the CurR-receptors, dilution series (10°-10"" M) of
commercially available 3-oxo- and 3-hydroxy-HSLs (30C6-C14, 30OHC8-C14) were measured with
pCPcurR1 (E, G) and pCPcurR2 (F, H) in a plate assay. Only AHLs which led to a specific
activation of the reporter constructs are indicated, the complete set can be found in appendix 8.4.

To decode the recognition of AHLs by the two AHL-receptors (CurR1/CurR2) in more
detail, dilution series of commercially available AHLs with oxo- and hydroxy-modification
at the third carbon of the acyl chain were measured with the CurR-reporter constructs
pCPcurR1 and pCPcurR2. Figure 24E-H shows that only AHLs with an acyl-side chain of
ten or more carbons lead to a specific activation of the transcription of the Curl-synthases
(data for all measured AHL-species can be found in appendix 8.4, Figure 36) (chapter
5.29). Similarly, long-chain 3-oxo- and 3-hydroxy-HSLs lead to an activation level as the
extract of the heterologously expressed Curll and Curl2, indicating that the used AHLs
are the native ligands of the receptors. Both receptors have a similar affinity, but it seems
that the sensitivity is slightly changed. CurR1 exhibits the highest activation with 30C12-
and 30HC14-HSL, while CurR2 shows the strongest response to 30HC12-HSL and
30C14-HSL. Interestingly the sensitivity for AHLs with twelve and fourteen carbons is
inverted for both receptors. These different sensitivities could indicate that the AHL-

receptors regulate different sets of genes.

2.4 The main colonizer of Hydra vulgaris (AEP) Curvibacter sp.

responds differentially to 3-oxo- and 3-hydroxy-HSL s

Because of the observed differences in the sensitivities of the AHL-receptors CurR1 and
CurR2 toward AHLs with an oxo- or a hydroxy-modification and based on the fact that
Curvibacter's AHL-synthases Curll and Curl2 are only producing long-chain AHLs, the
response of Curvibacter sp. to 3-oxo- and 3-hydroxy-long chain-HSLs was investigated. A
culture of Curvibacter sp. strain AEP1.3 in an early exponential growth phase (ODggo =
0.1) was washed to remove already produced AHLs and split 15 times into 50 ml cultures.
Five cultures each were treated with 10 uM 30C12-HSL, 10 uM 30OHC12-HSL or with the
AHL solvent ethyl acetate (control). The cultures were incubated for 4 hours (18°C , 225

rpm) and the optical density (ODgg) Were monitored every hour (Figure 25) (chapter 5.31).
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Figure 25: Effects of AHLs on growth of  Curvibacter sp.

Curvibacter sp. in an early exponential growth was incubated with 10 pM 30C12- or 30OHC12-HSL
for four hours at 18°C and 225 rpm. As a control Curvibacter sp. incubated with 1:2000 ethyl
acetate, the AHL solvent. The optical density (ODgq) wWas monitored every hour. Already after one
hour all samples of one time point differ significantly (Two-Way-ANOVA with Bonferroni post-test; P
< 0.001, only control vs. 3OHC12 after one hour has a P < 0.01).

Statistical analysis by a Two-Way-ANOVA with a Bonferroni post-test showed that the
addition of 10 uM 30C12-HSL significantly reduced the growth rate of Curvibacter sp.
within one hour (P < 0.001, n = 5). After 4 h incubation total RNA was isolated from 1x10°
CFU and used for transcriptomic sequencing in cooperation with the Max Planck Institute
for Evolutionary Biology (Dr. Sven Kinzel) (chapter 5.16.2). The cDNA libraries for
sequencing were constructed with the TrueSeq Stranded mRNA LT - RiboZero Kit
(lumina) and were sequenced using a NextSeq 500 machine (lllumina). The primary

bioinformatics analysis was done by PhD Sylvaine Forét (chapter 5.16.2).

The sequencing yield for most samples was between 10 and 20 million reads, which were
mapped to the genome of Curvibacter sp. strain AEP1.3 (unpublished). Around 80% of
the reads mapped uniquely to the reference genome and around 90% of the reads were
mapped (appendix 8.5). Only reads which mapped uniquely were used for further
analysis. All 4115 genes of Curvibacter sp. could be identified at least with five reads in
five conditions. Even if one only considers the genes with at least 10 counts in all 15
conditions, 4085 of the 4115 genes of Curvibacter sp. are detected, so an overwhelming
majority of the genes could be identified. Because of a low biological variance, a very
large number of statistical differentially expressed genes can be found in the comparisons
of the three treatments, but most of these changes are associated with a small fold
change. Therefore, a fold change of at least two (logFC = 1) was used as cut-off.
Differentially regulated genes in 30C12-HSL and 3OHC12-HSL compared to control are
graphically illustrated in Figure 26A.
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Figure 26: 3-oxo- and 3-hydroxy-HSLs have strong ef  fects on Curvibacter’s transcriptome

(A) Graphic representation of differentially regulated (=2-fold change) genes in 30C12-HSL and
30HC12-HSL compared to control Curvibacter sp. Down-regulated genes are highlighted in red,
up-regulated genes in green. (B) Curvibacter sp. was incubated for 4 h with 1:2000 ethyl acetate
(D), 10 uM 30C12-HSL (E) or 10 uM 30HC12-HSL (F). The experiment was conducted in five
replicates. The transcriptome of these samples were sequenced and a multidimensional scaling
(MDS) plot was used to visualize the relationships between all samples.

In both treatments around 90 genes are differentially regulated compared to control and
around 75 genes are specifically regulated for one of the two AHL species. The
dissimilarity of the three treatments is visualized by a multidimensional scaling (MDS) plot
(Figure 26B). The MDS pilot illustrates that the two AHL species lead to two distinct

responses in Curvibacter sp.

For further characterization of the specific responses, a pathway analysis with the GoSeq
package (Young et al., 2010) was used to identify KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways enriched in the differentially expressed genes. As shown in
Table 1 ten classes of KEGG pathways were differentially regulated under the two

conditions compared to control.

Addition of 30C12-HSL led to the up-regulation of genes involved in the pathways
“Flagellar assambly”, “Ribosome” and “Citrate cycle (TCA cycle)”. In contrast, genes in
“Glycan biosynthesis and metabolism”, especially “Lipopolysaccharide biosynthesis” and
“Peptidoglycan biosynthesis”, were down-regulated. Indicating that 30C12-HSL induced
the formation of flagella, which entails an elevated metabolism (TCA cycle) and translation
rate (Ribosome) and for integration of the flagella into the bacterial cell wall
peptidoglycans and lipopolysaccharides have to be reduced (Johnson et al., 2013;
Scheurwater et al., 2008). In contrast, 30OHC12-HSL causes the down-regulation of
“Ribosome” related genes and the up-regulation of the following KEGG classes: “Cell
motility”, “Signal transduction”, “Carbohydrate metabolism”, “Lipid metabolism”, “Amino

acid metabolism”, “Carbon metabolism” and “Fatty acid metabolism”.
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The transcriptional changes, induced by 30OHC12-HSL, does not lead to such a clear
phenotype as those induced by 3O0C12-HSL. Interestingly, both Curvibacter sp.
phenotypes invest in “Cell motility”. While the 30C12-HSL phenotype is characterized by
its flagella motility, 3OHC12-HSL induces “Bacterial chemotaxis”.

Table 1: KEGG pathways effected by 30C12- and 30OHC1 2-HSLs

KEGG pathway 30C12 30HC12
Entry Name Class up down| up down

ko00020 Citrate cycle (TCA cycle) Metabolism; Carbohydrate metabolism + - + -
ko00071 Fatty acid degradation Metabolism; Lipid metabolism - - + -
ko00072 Synthesis and degradation of ketone bodies Metabolism; Lipid metabolism - - + -
ko00280 Valine, leucine and isoleucine degradation  Metabolism; Amino acid metabolism - - + -
ko00540 Lipopolysaccharide biosynthesis Metabolism; Glycan biosynthesis and metabolism - + - -
ko00550 Peptidoglycan biosynthesis Metabolism; Glycan biosynthesis and metabolism - + - -
ko00620 Pyruvate metabolism Metabolism; Carbohydrate metabolism - - + -
ko00630 Glyoxylate and dicarboxylate metabolism  Metabolism; Carbohydrate metabolism - + -
ko00640 Propanoate metabolism Metabolism; Carbohydrate metabolism - - + -
ko00650 Butanoate metabolism Metabolism; Carbohydrate metabolism - - + -
k001200 Carbon metabolism Metabolism; Overview - - + -
ko01212 Fatty acid metabolism Metabolism; Overview - - + -
k002020 Two-component system Environmental Information Processing; Signal transduction - - + -
k002030 Bacterial chemotaxis Cellular Processes; Cell motility - - + -
k002040 Flagellar assembly Cellular Processes; Cell motility + - - -
ko03010 Ribosome Genetic Information Processing; Translation + - - +

The pathway analysis tool GoSeq identified KEGG pathways enriched by significantly differentially
expressed genes in both conditions. Regulation is indicated as: +, up-regulation; +, down-
regulation; -, unaltered expression.

By looking manually through the list of differentially regulated genes and to further
characterize both phenotypes, one operon attracted attention, as it was reversely
regulated by 30C12- and 30OHC12-HSL. In the presence of 30C12-HSL, the genes were
down-regulated, while 3SOHC12-HSL led to an induced expression of these genes (Table
2).

In this operon several polyketide synthases were identified. To prove this, secondary
metabolite analysis using the AntiSMASH program version 3.0.1 (Weber et al., 2015), of
the Curvibacter sp. strain AEP1.3 genome (unpublished) was performed. This analysis
confirmed that the differentially regulated operon was lying in a trans-AT polyketide
synthases (trans atpks) cluster. Polyketides are structurally complex organic compounds,
which could possess a wide range of biological activities, including bactericidal activity
(Piel, 2010).

Taking these findings together, the 30C12-HSL phenotype of Curvibacter sp. is
characterized by its flagella production, while in the presence of 3OHC12-HSL, genes
involved in bacterial chemotaxis and polyketide production are up-regulated in Curvibacter
sp.
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Table 2: Differentially regulation of the polyketid e operon by AHLs

30HC12-HSL 30C12-HSL antiSMASH - antibiotics & Secondary Metabolite Anal  ysis Shell
toeustag FC FDR FC Predicted function
AEP_03681 1,14 0,0206 0,63 2-amino-4, 5-dihydroxy-6-oxo-7-(phosphonooxy)heptanoate synthase
AEP_03682 1,29 Long-chain-fatty-acid--CoA ligase
AEP_03683 1,35 Peroxiredoxin OsmC
AEP_03684 1,45 Polyketide synthase PksN
AEP_03685 1,39 Polyketide synthase PksN
AEP_03686 1,33 Polyketide synthase PksL
AEP_03687 1,29 Anthranilate 3-monooxygenase oxygenase component
AEP_03688 1,31 hypothetical protein
AEP_03689 1,18 0,0023 0,90 0,0549 |hypothetical protein
AEP_03690 1,13 0,0204 0,88 0,0091 [hypothetical protein
AEP_03691 1,22 0,0281 0,78 0,0045 |4'-phosphopantetheinyl transferase sfp
AEP_03692 1,14 0,1265 0,79 0,0018 |Linear gramicidin dehydrogenase LgrE
AEP_03693 1,32 0,78 0,0021 |Polyketide biosynthesis malonyl CoA-acyl carrier pr otein transacylase PksC
AEP_03694 1,28 0,88 0,0451 |PqqC-like protein
AEP_03695 1,21 0,0031 0,84 0,0049 |hypothetical protein

The program antiSMASH - antibiotics & Secondary Metabolite Analysis SHell Version 3.0.1 was
used to analyse the genome of Curvibacter sp. strain AEP1.3 for production of secondary
metabolites. By this a trans-AT polyketide synthases (trans atpks) operon could be identified. The
fold change (FC) of these genes in 30HC12- or 30C12-HSL compared to control are indicated and
the false discovery rate (FDR). A significantly down-regulation is marked in green, while an up-
regulation is indicated by a red mark. The significance is indicated in different shade of grey (dark
grey, FDR < 0.001; middle grey, FDR < 0.01,; light grey, FDR < 0.05).

2.4.1 Curvibacter's swarming is dependent on 3-oxo-  HSLS in vivo

The analysis of the Curvibacter sp. (strain AEP1.3) transcriptomes revealed that
Curvibacter sp. possess all genes to produce flagella and furthermore that they are
regulated by AHLs. A host has to suppress the flagella motility of its commensals, as
epithelial contact with the MAMP (microbe-associated molecular pattern) flagellin, a
principal component of bacterial flagella, induces the host immune system and causes
inflammation (Cullender et al., 2013; Hayashi et al., 2001; Letran et al., 2011; Lodes et al.,
2004). As Curvibacter’s flagella production is AHL dependent, quorum quenching (QQ)
could be an instrument to regulate the bacterial motility. Therefore, Curvibacter's motility
was further investigated. On closer examination of the KEGG pathway “Flagellar
Assembly” it became apparent that almost all genes necessary for the assembly of the
flagellum are up-regulated by 30C10-HSL, confirming a specific regulation of the flagella
production (Figure 27A). Furthermore, the monotrichous flagellum of Curvibacter sp. could
be visualized by transmission electron microscopy (TEM) (Figure 27B) (chapter 5.31).
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Figure 27: 30C12-HSL dependent motility of ~ Curvibacter sp.

(A) Differentially regulation of the KEGG pathway “Flagellar assembly” in Curvibacter sp. in the
presence of 30C12-HSL. Relative differential expression of the involved genes is indicated in
shades of red (up-regulation) and green (down-regulation) (the figure is an output of the Gage
analysis (chapter 5.16.2)). (B) Transmission electron microscopy (TEM) image of Curvibacter sp.
was taken by Dr. Friederike Anton-Erxleben. A single flagellum attached to one cell pole can be
seen. Cells were fixed with glutaraldehyde and stained with uranyl acetate. (C-D) Curvibacter sp. (1
pl) was spotted on swarming plates supplemented with 10 uM 30C12-HSL, 10 pM 30HC12-HSL
or 1:2000 ethyl acetate (control). Between four and seven days the colony area was measured. (C)
Colony expansion of Curvibacter sp. between four and seven days. (D) After seven days the colony
area of 30C12-HSL treated Curvibacter sp. is significantly different to the 30HC12-HSL treatment
and control. A One-Way-ANOVA with Bonferroni post-test was used for statistical analysis (***, P <
0.001; ns, not significant, n = 10). Images of the corresponding Curvibacter sp. colonies are
depicted under the graph.

To analyse if the induced flagellar gene expression by 30C12-HSL has consequences on
the in vivo motility, it was investigated if the addition of 30C12-HSL leads to swarming of

Curvibacter sp. (strain AEP1.3). Therefore 1 ul of a liquid culture of Curvibacter sp. was
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spotted on swarming plates, supplemented with 10 pM 30C12-HSL, 10 pM 30OHC12-HSL
or 1:2000 ethyl acetate. Between four and seven days after spotting, the colony area was
measured (chapter 5.32). Only in the presence of 30C12-HSL was a continuous
expansion of Curvibacter’'s colony observed (Figure 27C & D). A One-Way-ANOVA with
Bonferroni post-test was used for statistical analysis (P < 0.001; n = 10). Through these
experiments, the 3-oxo-HSL-dependent induction of the flagella production and motion

was confirmed in vivo.

2.5 Response of the metaorganism Hydra to 3-oxo- an d 3-
hydroxy-HSLs

On one hand it had been shown that the AHLs 30C12- and 30HC12-HSLs have
drastically different effects on Curvibacter’s physiology in suspension (chapter 2.4), on the
other hand Hydra’s quorum quenching (QQ) mechanism converts long-chain 3-oxo-HSLs
to 3-hydroxy-HSLs (chapter 2.1.3). These findings indicate, that while colonizing Hydra,
certain Curvibacter genes, regulated by 30C12-HSL, are suppressed, while other genes
controlled by 30OHC12-HSL get supported. To investigate this hypothesis, the effects of
30C12- and 3OHC12-HSLs addition on the metaorganism Hydra were investigated.

First, recolonization of germfree Hydra vulgaris (AEP) by the main colonizer Curvibacter
sp. after four days were compared in the presence and absence of these two N-acyl
homoserine lactones (AHLs) (Figure 28A). Thereby, one had to ensure that a saturated
concentration of 30C12-HSL was used, because Hydra is modifying the 30C12-HSL into
30HC12-HSL. Based on the calculated reaction rate for Hydra vulgaris (AEP) (18 pmol
30C12-HSL/hour/polyp) (chapter 2.1.1) is was determined that after 16 h incubation 9
nmol 30C12-HSL will be transformed into 30HC12-HSL by the Hydra polyps.
Consequently, 10 puM (100 nmol/10 ml) 30C12-HSL concentration was used to
compensate Hydra's QQ activity. Recolonization efficiency was determined by counting
colony forming units (CFUs) per Hydra polyp after four days of colonization (chapter 5.33).
In the presence of 30C12-HSL, only one sixth of Curvibacter sp. was able to recolonize
the germfree polyps compared to control. The addition of 30OHC12-HSL had no significant
effect on the colonization compared to control (Figure 28A). Statistical analysis was
performed with a One-Way-ANOVA including a Bonferroni’'s Multiple Comparison Test (*,
P < 0.05; n = 15). These data shows that 30C12-HSL induced changes in Hydra sp. or
Curvibacter sp. reduce Curvibacter’s ability to colonize the Hydra polyp. As the addition of
30HC12 HSL had no effect compared to control, it seems that the 30OHC12-HSL induced

phenotype is the normal state for colonization.
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Figure 28: Effects of AHLs on the metaorganism Hydr a

(A) Germfree Hydra vulgaris (AEP) polyps were colonized with Curvibacter sp. in the presence of
10 uM 30C12-HSLs, 10 uM 30HC12-HSLs or 1:2000 acidified ethyl acetate (control). After four
days the recolonized polyps were plated and colony forming units (CFUs) were counted after three
days. (B) Effects of AHLs on the bacterial load of the metaorganism Hydra. Hydra vulgaris (AEP)
polyps were incubated for five days with 5 pM 30C12-HSLs, 5 pM 30HC12-HSLs or 1:4000
acidified ethyl acetate (control), afterwards polyps were plated on R2A agar and CFUs were
counted after three days. (A-B) Statistical analysis was performed with a One-Way-ANOVA
including a Bonferroni’s Multiple Comparison Test (*, P < 0.05; ns, not significant; (A) n = 15, (B) n
=6).

Furthermore, it was investigated whether 30C12-HSL has a similar effect on the complete
bacterial community of Hydra vulgaris (AEP) compared to Curvibacter’s recolonization.
Therefore, Hydra vulgaris (AEP) polyps were treated with the two AHL species for 5 days,
followed by determination of CFUs/polyp (Figure 28B) (chapter 5.34). Statistical analysis
was performed with a One-Way-ANOVA including a Bonferroni’'s Multiple Comparison
Test (*, P = 0.05; n = 6). The treatment with 30C12-HSL reduced the bacterial community
within five days to about two thirds, while 30HC12-HSL displayed no effect in this assay

(Figure 28B).

An explanation for the observed phenomena could be that the 30C12-HSL induced
flagella, including the MAMP flagellin, of Curvibacter sp. leads to an immune response of

Hydra, which results in a reduced bacterial load of the metaorganism Hydra.

To test the hypothesis that an immune reaction triggered by Curvibacter's 30C12-HSL
induced flagella is responsible for decreased bacterial load, Hydra vulgaris (AEP) polyps
were treated for 24 h with different concentrations of flagellin (0.02, 0.1 and 0.5 pug/ml).
The flagellin effect was determined by counting the CFUs/polyp (chapter 5.35). Flagellin of
Salmonella typhimurium led to a concentration dependent decrease of the bacterial load
of Hydra vulgaris (AEP) polyps, while only 0.5 pg/ml caused a significant reduction (P <
0.05, n =5) (Figure 29).
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Figure 29: Flagellin induced reduction of bacterial load of Hydra vulgaris (AEP)

Hydra vulgaris (AEP) polyps were incubated for 24 h with three concentration of flagellin of
Salmonella typhimurium resuspended in S-medium (0.02, 0.1 and 0.5 pg/ml). As a control Hydra
polyps incubated in S-medium with 0.2% PBS, as the flagellin was lyophilized in PBS. Afterwards
1/10 of a polyp was plated on R2A plates and CFUs were counted. Statistical analysis was
performed with a One-Way-ANOVA including a Dunnett's Multiple Comparison Test (*, P < 0.05;
ns, not significant, n = 5).

These results indicate that 30C12-HSL induces the production of flagella in Curvibacter
sp. strain AEP1.3 to trigger a so far undetermined immune response in Hydra vulgaris
(AEP), which causes the reduction of the bacterial load of the metaorganism Hydra. In
contrast, 3OHC12-HSL showed no differences to control, indicating that the 30OHC12-HSL
Curvibacter sp. phenotype is adapted to host colonization. Consequently, Hydra is

promoting by its quorum quenching activity the colonizing phenotype of Curvibacter sp.

2.6 Combination of a modeling and experimental appr  oach will
help to understand the complex interactions in a

metaorganism

Due to its simplicity, the model organism Hydra is well-suited, for the investigation of the
basal regulatory network underlying the metaorganism, however for studying the network
in its full complexity one needs cooperation with computer scientists and mathematicians
to establish fundamental models, which can be applied on other metaorganisms. The
problem is that assumptions taken by theoreticians and by biologists differ substantially.
For example, classic evolutionary game theory models typically assume constant
population size, which often does not hold for microbial populations. Consequently,
theoreticians and biologists have to work together, to develop models for the fundamental
interactions within the different partners of a metaorganism, before one can start to build

models for the system in its full complexity.
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In cooperation with Xiang-Yi Li and Prof. Dr. Arne Traulsen (Department of Evolutionary
Theory, Max Planck Institute for Evolutionary Biology, PIon), the interactions between the
two species of Betaproteobacteria Curvibacter sp. AEP1.3 (C) and Duganella sp. C1.2 (D)
were studied by a theoretical (Xiang-Yi Li) and a biological (Cleo Pietschke) view (the data
were published in Li et al., 2015). Both bacteria belong to the order of Burkholderiales,
while C represents a Comamonadaceae and D an Oxalobacteraceae (Fraune et al.,
2014). These two bacteria were chosen because (i) they are the two most abundant
species in the bacterial community of the freshwater polyp Hydra vulgaris (AEP) (C:
75.6% and D: 11.1%) (Fraune et al., 2014); (ii) the synergistic interaction between the two
bacteria species effectively provides anti-fungal protection for the host (Fraune et al.,
2014); and (iii) the morphology of their colonies can be distinguished from each other on

agar plates (Figure 30).

dilution 1 dilution 2

after 2 days

after 4 days

Figure 30: Determination of colony forming units (C FUs) of Duganella sp. and Curvibacter
sp. in di-association
At each time point, a sample of the bacterial culture was taken and two dilution steps were plated
on R2A plates. After 2 days, already clear and distinct colonies were formed by the fast-growing
Duganella sp. (indicated by cyan arrows), which were counted to determine the colony forming
units per sample. Colonies formed by the slow-growing Curvibacter sp. (indicated by green arrows)
were counted after 4 days (taken from Li et al., 2015).

49



Results

To investigate the interations between Curvibacter sp. (C) and Duganella sp. (D) double
culture experiments were performed, where a total initial concentration of 1.0 x 10°
CFU/ml was kept and a gradient of different initial frequencies of species C and D were
applied. Over the course of 3 days, three times a day, the optical density (ODgq) Of the
cultures was measured and two dilutions were plated on R2A agar plates. After 2 days,
the number of colonies of D and after 4 days those of C were counted. This difference in
counting times was due to different growth rates of the two bacteria on agar plates (Figure
30). The results showed that only if Curvibacter sp. possessed a high initial frequency it

was able to dominate the culture (Figure 31).
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Figure 31: Change in the frequency of  Curvibacter sp. in double cultures with  Duganella sp.
The frequency of Curvibacter sp. approaches the 0 or 1 boundaries over time, depending on the
initial frequency of both types. If the culture was inoculated with a high frequency of Curvibacter
sp., the frequency of it remains high (green trajectories), otherwise Duganella sp. quickly outgrows
and eventually pushes the frequency of Curvibacter sp. towards O (blue trajectories). This
resembles the dynamics in a coordination game, where the two homogeneous populations are
stable (taken from Li et al., 2015).

This was confirmed experimentally by determining that the maximum growth rates of the
two bacteria did not change with the initial density in monoculture experiments (Figure
32A). The maximum growth rates of Curvibacter sp. and Duganella sp. in monoculture
inoculated with a gradient of initial densities fit to constant functions rc = 0.146 (R? =
0.998) and rp = 0.420 (R? = 0.996). The frequency-dependent growth rate of Curvibacter
sp. in double culture fit to a linear function rc = 0.049x + 0.128 (adjusted R? = 0.970), and
the growth rate of Duganella sp. in double culture fit to a quadratic function rp = -0.825x +
0.898x + 0.080 (adjusted R? = 0.972), shown in Figure 32B. This suggests that differences
in the growth rate in double cultures depend on the frequency combinations of the two

species, rather than their absolute densities.
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Figure 32: Growth rates of Curvibacter sp. and Duganella sp. in mono- and di-association

(A) The growth rates of Curvibacter sp. and Duganella sp. do not dependent on the initial density in
monoculture experiments. rc = 0.146 (R2 = 0.998), rp = 0.420 (R2 = 0.996). (B) The growth rate
during the exponential growth phase changes with initial frequencies in double cultures. This
depends on the frequencies of both types, not necessarily in a linear fashion. The frequency-
dependent 2grovvth rates of Curvibacter sp. were fitted to a linear function rc = 0.049x + 0.128
(adjusted R” = 0.970), and those of Duganella sp. were fitted to a quadratic function rp = -0.825x% +
0.898x + 0.080 (adjusted R® = 0.972). The presence of Duganella sp. affects the growth rate of
Curvibacter sp., but not substantially. By contrast, Curvibacter sp. has strong inhibiting effects on
the growth rate of Duganella sp., across a wide range, even at very low frequency (taken from Li et
al., 2015).

From comparison between growth rates in monoculture and double culture experiments
(Figure 32), one can observe the presence of Duganella sp. does not profoundly influence
the growth rates of Curvibacter sp., across a wide range of initial frequencies.
Interestingly, the presence of Curvibacter sp. greatly influences the growth rate of
Duganella sp., even at very low frequency (2%). When the initial frequency of Curvibacter
sp. approaches 0 in double culture experiments, the growth rates of Duganella sp. do not
converge to its growth rate when cultured alone. This large effect of Curvibacter sp. on
Duganella sp. could be an explanation, why Curvibacter sp. is the main colonizer of Hydra
vulgaris (AEP) even though Duganella sp. possessess a 3 fold higher growth rate in

mono-culture than Curvibacter sp.

These experimental findings were used by Xiang-Yi Li to develop a model for this
bacteria-bacteria interaction (Li et al., 2015). Parameters measured in the experiments
were inserted into her equations and the obtained phase plane dynamics are illustrated in
Figure 33. Thereby she was able to recapitulate the formation of two fix endpoints, as it
was observed in the double culture; Curvibacter sp. or Duganella sp. will dominate the

culture (Figure 31).
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Figure 33: Growth trajectories plotted on the phase plane predicted by the model.

The green trajectories lead to the unstable interior fixed point where Curvibacter sp. dominates in
frequency. The cyan trajectories lead to the stable interior fixed point where Duganella sp.
dominates. Filled and empty circles are stable and unstable fixed points, respectively. The red line
is the invariant manifold C + D = K. The darkness of the contour plot represents the speed of
change. The fast region along the diagonal represented by light colors separates the trajectories
and pushes them to the two distinct fixed points in the interior. Near the fixed points the speed of
change is very low; therefore, the two bacteria can coexist for a long time even near the internal
unstable fixed point (taken from Li et al., 2015).

Beside the modeling of the experimental findings, she furthermore predicted that the
observed pattern is only explainable if one assumes at least the interactions of three
partners. As an interaction of two bacterial species was analysed, most probably no
biologist would has assumed that the studied interaction takes place between more than
two partners. The only explanation could be that at least one of the phages located in the
genomes of Curvibacter sp. and Duganella sp. (unpublished data) are involved in this
interactions. These results illustrate the advantages of the collaboration of theoreticians
and biologists to understand biological systems.
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3 Discussion

Every multicellular organism possesses an associated bacterial community, influencing
each other in evolution, leading to the formation of a finely regulated homeostasis
between the two partners (McFall-Ngai et al., 2013; Zilber-Rosenberg and Rosenberg,
2008). The host is dependent on its bacteria, as they are crucial for maturation of the host
immune system (Clarke et al., 2010), organ morphogenesis (Wagner et al., 2008) and
metabolism (Tremaroli and Béackhed, 2012). Consequently, an imbalance of the system is
associated with many diseases; in humans a dysregulated microbiota is involved in
inflammatory bowel diseases (Frank et al., 2007; Hoffmann et al., 2015; Sartor and
Mazmanian, 2012), obesity (Backhed et al., 2004; Ley et al., 2006), neurological disorders
(Collins et al., 2012; Gonzalez et al., 2011) and cancer (Garrett, 2015; Lupton, 2004; De
Martel et al., 2012) (reviewed in Sommer and Béackhed, 2013). Therefore it is crucial to
understand the regulatory network responsible for host-bacteria homeostasis and
dysbiosis. Furthermore, in the last decades bacterial associated diseases were attempted
to be cured with antibiotics, which led to multi-resistant bacterial strains (WHO, 2014) and
often did not result in the desired recovery. Therefore, it is fundamental to understand not
only the regulatory network within the host, but also the involved bacterial processes.
Bacterial behavior, including virulence and biofilm formation, are mostly regulated by their
communication system, called quorum sensing (QS). Influencing QS could be a
mechanism to repress bacterial pathogenicity and to restore homeostasis in a bacterial
community. However, the complexity of the human microbiota makes it difficult to study
the fundamental regulatory circuits of the host-microbe homeostasis. The freshwater polyp
Hydra vulgaris (AEP) has been established in previous years as a model organism for
host-microbe interactions. It is a convincing model because of its simple body plan and its
low bacterial diversity, consisting of six bacteria, which represent 90% of colonizing

bacteria.

In the present thesis, it could be shown that Hydra possesses a quorum quenching (QQ)
mechanism to modify the QS molecules of Gram-negative bacteria. Thereby, Hydra is
able to manipulate bacterial behavior. The QQ activity of Hydra vulgaris (AEP) suppresses
the flagellar motility but promotes chemotaxis and production of polyketides of its main
colonizer Curvibacter sp. Therefore, Hydra allows its colonization by Curvibacter sp. and

contributes to the homeostasis within the metaorganism Hydra.
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In discussion, five different aspects of the thesis will be elucidated in more detail: (i)
Hydra’s QQ activity compared to already known QQ mechanisms, (ii) the role of QS in
metaorganisms, (iii) the function of the 3-oxo- and 3-hydroxy-HSL phenotype of
Curvibacter sp. (iv) the importance of QQ mechanisms for the host-bacteria homeostasis
within a metaorganism and (v) importance of the interactions between Curvibacter sp. and

Duganella sp. for the metaorganism Hydra.

3.1 Hydra sp. is using a novel eukaryotic quorum quenching

mechanism

In this thesis it has been shown that the three distantly related Hydra species Hydra
vulgaris (AEP), Hydra oligactis (strain St. Petersburg) and Hydra viridis (strain A99)
possess a general quorum quenching (QQ) activity against long-chain-3-oxo-HSL
(30C10- to 30C14-HSL). Additionally, H. oligactis and H. viridis are able to degrade
unmodified AHLs with a mid-chain length, as C6- and C8-HSL. An explanation for these
additional QQ activities can most probably be found within their species-specific bacterial
communities. For the antimicrobial peptide Arminin it is known that different Hydra species
possess a species-specific set of Arminins to regulate their bacterial community
(Franzenburg et al., 2013a), thus the species specific QQ activities could be explained by
an adaptation of the Hydra species to their distinct bacterial community. Furthermore, as
many bacteria are known to possess a QQ mechanism (Dong et al., 2001; Fetzner, 2015),
the observed QQ activity could also be caused by Hydra’s microbes. To investigate these
hypotheses, the QQ activities of wild type and germfree H. oligactis and H. viridis have to
be compared, as it has been done for H. vulgaris (AEP). Here, the detectable QQ activity

originates clearly from the host epithelium.

The only eukaryotic enzymatic QQ mechanism so far described was reported for the
human paraoxonases (PON) (Simanski et al., 2012). They use lactonase activity to
degrade N-acyl-homoserine lactones (AHLS), the signaling molecules of Gram-negative
bacteria. First, it was discovered that the human airway epithelia cells are able to
inactivate the quorum sensing (QS) molecule of Pseudomonas aeruginosa 30C12-HSL
(Chun et al., 2004). Recently it was shown in vitro, that the PON2 of human keratinocytes
can also degrade 30C12-HSL (Simanski et al., 2012) and that PON2 deficient human
airway epithelia cells possess impaired AHL degradation, which led to enhanced QS of P.
aeruginosa (Stoltz et al., 2007). Through loss-of function experiments using Hydra
vulgaris (AEP) polyps with an endodermal and ectodermal knockdown of Hydra's
homologue to the human paraoxonases (HyPON), it was analysed if the QQ activity is an

ancient function of PONs and responsible for the QQ of Hydra. In Hydra, no QQ activity
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could be assigned to the HyPON. Although the paraoxonases are conserved enzymes, as
they can be found along the phylogenetic tree of metazoans, their function seem to be
diverged. Most probably the QQ activity, as identified in humans, is restricted to
mammals, where the ancestral PON gene has twice been duplicated to give three
mammalian paralogues, PON1, 2, and 3. The human PONs possess similar but distinct
activities, but it has yet to be elucidated if other mammals also possess QQ activity (Bar-
Rogovsky et al., 2013; Costa et al., 2014; Draganov et al., 2005; Mackness and
Mackness, 2015; Reddy et al., 2001; Simanski et al., 2012). By identifying oxidoreductase
activity as a QQ mechanism of Hydra, it could be confirmed that HyPON is not

responsible for Hydra's QQ activity, as it is a lactonase.

It was interesting to identify an oxidoreductase activity responsible for the modification of
3-o0x0-HSLs to 3-hydroxy-HSLs in Hydra sp., as this is the first report of a eukaryote using
an oxidoreductase activity to modify N-acyl-homoserine lactones (AHLs). Furthermore,
little is known about QQ by an oxidoreductase in general. The bacteria Rhodococcus
erythropolis and Burkholderia strain GG4 show a similar oxidoreductase activity as Hydra
sp., as they also target the oxo-group at the C3-carbon of the acyl-side chain, but have
different substrate specificities. R. erythropolis modify similar AHLs (30C6- to 30C14-
HSLs) as Hydra sp., but beside AHLs also alters molecules without the lactone ring or an
additional phenyl group (Uroz et al., 2005). It has to be investigated if Hydra sp. is also
able to modify a broader substrate spectrum than AHLs. The QQ activity of Burkholderia
strain GG4 differs from Hydra'’s activity in that way, it is able to modify the short-chain 3-
0xo-HSL, 30C4-, 30C6- and 30C8-HSLs (Chan et al., 2011). Furthermore, in a soil-
metagenome an oxidoreductase called BpiB09 was identified, which converts 3-oxo-C12-
HSL to 3-hydroxy-C12-HSL (Bijtenhoorn et al., 2011). BpiB09 was characterized as short-
chain dehydrogenase/reductase (SDR), which probably uses NADPH as co-substrate.
Heterologous expression in P. aeruginosa influenced expression of QS-regulated genes
and attenuated virulence on Caenorhabditis elegans. However, because of the low
turnover of 30C12-HSL by BpiB09, the authors assumed that 30C12-HSL is probably not
the native substrate (Bijtenhoorn et al., 2011). The monooxygenase CYP102A1 from
Bacillus megaterium oxidize the acyl-side chain of the AHLs, which led to the introduction
of a hydroxy group at the w-1, w-2 or w-3 carbon (Chowdhary et al., 2007). As the
CYP102A1 oxidize the AHLs and do not act on the oxo-group at the third carbon, it clearly
differs from the other AHL-oxidoreductases and Hydra’s oxidoreductase activity. None of
the so far described AHL-oxidoreductase activities reflect completely the QQ mechanism
observed in Hydra. The identification of the corresponding gene is difficult, as

oxidoreductases are quite abundant and no good comparable example is known. The
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development of methods for the identification of in vivo relevant QQ enzymes is important

to get a deeper understanding for the evolution and relevance of QQ in metaorganisms.

3.2 Bacterial quorum sensing — a common language in

metaorganisms

To characterize the distribution of N-acyl-homoserine lactones (AHLs) and the relevance
of quorum sensing (QS) in the metaorganism Hydra, the production of AHLs by
environmental and commensal bacteria of Hydra vulgaris (AEP) were investigated.
Surprisingly for all twelve analysed bacterial strains the production of AHLs could be

demonstrated.

In general, relatively few information could be found in the literature about bacterial
species related to Hydra’s commensal bacteria. To my knowledge this is the first report of
an AHL production for the species Curvibacter sp., Pelomonas sp., Undibacterium sp. and
Duganella sp. By mass spectrometry analysis, one AHL, produced by the main colonizer
Curvibacter sp., could be identified as 30OHC12-HSL. Even though little is known about
these bacteria, it is striking that for all four bacterial species, closely related bacteria were
reported to colonize eukaryotic host organisms, while reports about pathogenicity are
missing. Related species to Curvibacter sp., the main colonizer of Hydra vulgaris (AEP),
can also be found in the bacterial community of the coral Montastraea annularis (Barott et
al., 2011), Daphnia magna (Gorokhova et al., 2015), leech (Ott et al., 2015), different
amphibian species (McKenzie et al.,, 2012) and benthic algae (Barott et al., 2011).
Pelomonas sp. belongs to the core microbiota of Arabidopsis thaliana (Schlaeppi et al.,
2014), while Undibacterium sp. was identified in the gut intestine of tiger shrimps
(Rungrassamee et al., 2014) and Duganella sp. can be found in the rhizosphere of sugar
cane (Madhaiyan et al., 2013).

The production of 30OHC8- and 30OHC10-HSL was described for strains of Acidovorax sp.,
colonizing rhizospheres of wheat (Fekete et al., 2007) and tobacco (d’Angelo-Picard et al.,
2005). Through use of thin-layer-chromatography (TLC), similar AHL molecules were
identified in this thesis, but additionally further molecules with a longer acyl-side chain
were detected. A comparable AHL spectrum was identified in Acidovorax citrulli, which is
a cucurbits pathogen, including growth rate, swimming motility and virulence were shown
to be controlled by QS (Fan et al., 2010). In contrast to the other commensal bacteria,
much is known about Pseudomonas sp., as it includes the human pathogen P.
aeruginosa. It is known to produce the N-acyl-homoserine lactones C4- and 30C12-HSL
and possess a huge, but well-characterized virulence machinery (reviewed in Jimenez et

al., 2012). Besides pathogenic Pseudomonas sp., many commensal Pseudomonas sp.
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have also been identified; for example, P. fluorescens, which inhabits rhizospheres,
suppresses plant pathogens by secretion of bioactive secondary metabolites and
furthermore promotes plant growth (Paulsen et al., 2005; Rainey, 1999). In
Pseudomonads, a broad spectrum of AHLs were identified, ranging from unmodified to 3-
oxo- and 3-hydroxy-HSLs, with chain lengths between C4 and C14 (Rehm, 2008).
Concerning the chain-length, similar AHLs were identified in Hydra's commensal

Pseudomonas sp.

The described results are in line with findings in sponges (Mohamed et al., 2008; Taylor et
al.,, 2004), corals (Golberg et al., 2011; Ransome et al., 2014), squid (Verma and
Miyashiro, 2013) and plants (Cha et al., 1998b), showing that many eukaryotes are
colonized by bacteria using quorum sensing for their communication and demonstrating

the high relevance of QS in a metaorganism.

The environmental bacteria of Hydra vulgaris (AEP) produced at least low amounts of four
AHL species with 6 to 14 carbons at their acyl-side chain. Only the bacteria Flectobacillus
sp., Pseudomonas sp. and Chryseobacterium strain 8 showed a high production of AHL

species with an acyl-side chain between eight and twelve carbons.

To my knowledge this is the first report of an AHL production for the species Flectobacillus
sp. and Chryseobacterium sp. The AHL production by the two Chryseobacteria are
intriguing, as both strains are identical on 16S-rDNA, but differ drastically in their AHL
spectrum. This fact illustrates how different the produced AHLs from two different strains
of one species could be. For Pseudomonads and Acinetobacter sp., production of a broad
spectrum of AHLs were reported, while Pseudomonads synthesize AHL ranging from
short to long chain AHLs, with or without modification of the third carbon (see above)
(Rehm, 2008), Acinetobacter sp. mainly produces 3-hydroxy-C12-HSLs, but also small
amounts of unmodified AHLs (C10-, to C16-HSLs) and 3-oxo-C13-HSL (How et al., 2015;
Kalia, 2015; Niu et al., 2008). Acinetobacter sp. of Hydra’s environment exhibit only a low
AHL production, but the produced AHLs were within a similar range as reported for other
Acinetobacter sp. The AHL spectrum of the environmental Pseudomonas sp. is
interesting, as it significantly differs to its commensal counterpart. Its AHL production is
characterized by higher amount of produced AHLs and is dominated by two mid-chain
AHLs, while the commensal Pseudomonas sp. produces more long-chain AHLs and
possesses an overall lower AHL production. These differences could indicate a possible

adaptation to the two different live stages, planktonic versus symbiotic.

For Variovorax paradoxus, production of 3-hydroxy-C8-HSLs was reported before
(d’Angelo-Picard et al., 2005), however for the environmental Variovorax sp. only long-

chain AHL was detected. Furthermore, Variovorax paradoxus and Chryseobacterium sp.
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strain StRB126 are known to possess quorum quenching activity (Leadbetter and
Greenberg, 2000; Wang et al., 2012), it would be interesting to see if bacterial QQ could

also be found in the neighborhood of Hydra.

In contrast to Hydra’s commensal bacteria, five of six environmental bacteria are related
to bacterial species which are associated with pathogenicity. Flectobacillus roseus is a
pathogen for Rohu Carps (Adikesavalu et al., 2015), Pseudomonas aeruginosa (de
Bentzmann and Plésiat, 2011; Fuijii et al., 2014), Acinetobacter baumannii (Antunes et al.,
2014; Falagas et al.,, 2008) and Chryseobacterium gleum (Lo and Chang, 2014) are
human pathogens, which are responsible for severe infections in hospitals. But of course
not all species of the genera are pathogens, for example Flectobacillus sp. belongs to the
microbial community of the coral Porites astreoides (Rohwer et al.,, 2002) but is
furthermore known to be a freshwater bacterium (Sheu et al., 2009), fitting to its isolation
source, Hydra’'s culture dish. Chryseobacterium sp. is part of the cucumber spermosphere
and rhizosphere (Green et al., 2007), while Variovorax paradoxus is a soil bacterium (Pehl
et al., 2012).

Taken together, Hydra is colonized by bacterial species mostly known to be in symbiosis
with eukaryotic hosts, while the characterized environmental bacteria tend to live in a non-
symbiotic stage, colonizing water and soil or becoming pathogenic. But based on the AHL
pattern, one cannot distinguish between the commensal and environmental bacteria of
Hydra vulgaris (AEP). This indicates that bacteria are regulating different set of genes with
the same AHL species, resulting in different bacterial phenotypes. Consequently,
eukaryotes would only allow colonization by specific bacterial phenotypes, which have to

be characterized.

3.3 3-oxo0- and 3-hydroxy-HSLs regulate distinct Curvibacter sp.
phenotypes

The general principal of a quorum sensing (QS) system is common to all bacteria, but
which AHL species are produced and which genes are regulated by AHLS, at least slightly
differ between the different bacterial species. In this thesis two Luxl/LuxR type QS
systems of Curvibacter sp., the main colonizer of Hydra vulgaris (AEP), were identified
and characterized. Through mass spectrometry analysis of a Curvibacter sp. culture, the
3-hydroxy-HSL, 30HC12-HSL, could be identified. QS is a very dynamic process and is
regulated by many factors, such as cell density (Choi et al., 2011; Darch et al., 2012),
nutrient disposability (Kalia, 2015; Lazazzera, 2000) and oxygen concentration
(Rutherford and Bassler, 2012; Wagner et al., 2003). As AHL production is dependent on

fatty acid biosynthesis (Hoang et al., 2002), which is influenced by the aforementioned
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conditions, the amount and species of AHLs can vary during bacterial growth. Therefore,
heterologous expression of Curvibacter's AHL-synthases Curll and Curl2 was performed
to determine a broader view on Curvibacter's AHL spectrum. It was expected that
heterologous expression of AHL-synthases in E. coil may lead to the production of
additional AHLs with unusual chain length (Gould et al., 2006), which is most probably
caused by a different metabolism in E. coli compared to Curvibacter sp., resulting in a
different mixture of available fatty acids for AHL production (Hoang et al., 2002).
Nevertheless, the AHLs identified in the heterologous E.coli system are comparable to
AHLs found in vivo, in liquid culture of Curvibacter sp., indicating that the specificity of the
Curls is quite high. Both AHL-synthases are producing long-chain 3-hydroxy-HSLs, while
Curl2 synthesizes higher amounts of unsaturated long-chain 3-hydroxy-HSLs than Curl1l.
Similar AHL patterns of the two AHL-synthases suggest that the 3-hydroxy-HSLs fulfill an
important function for Curvibacter sp. On the other hand, the production of the AHLs in
different amounts by the two AHL-synthases lets one suppose that both synthases

perform different functions.

Through use of reporter constructs for the two AHL-receptor of Curvibacter sp., CurR1
and CurR2, it was analysed if the different AHL spectra have an effect on the expression
level of Curll and Curl2. Both extracts of heterologously expressed Curl led to similar
activation, suggesting that 3-hydroxy-HSLs are necessary for the activation of AHL-
synthase transcription. The activation of CurR1 was only half as strong as for the CurR2,
indicating that CurR2 is the key regulator of the AHL-synthases. Whether CurR1 has
higher activation potential for other genes remains to be elucidated. By measuring single
AHL species, it could be shown that the activation pattern of CurR1 can be recapitulated
by addition of long-chain 3-oxo- and 3-hydroxy-AHLS, whereas 30C12- and 30HC14-HSL
showed the highest response. The same AHL species led to a similar activation for
CurR2, but 30OHC12-HSL, which could be identified in the liquid culture of Curvibacter sp,
was responsible for the doubled activation compared to CurR1. In contrast to CurR1,
CurR2 preferentially recognizes 30C14- and 30HC12-HSL, showing that the AHL-
receptors also exhibit, as with the AHL-synthases, a slightly different activity. As already
the analysed AHL species could recapitulate the observed activation pattern by the
expressed Curls, it would be interesting to analyse if unsaturated AHLs exhibit the same
expression pattern like the saturated AHLs or are responsible for different gene regulation.
It is known that the binding of AHLs by the AHL-receptor is dependent on the
modifications of the acyl-side chain of the AHLs, which also have different impacts on the
strength of the gene expression (Schaefer et al., 1996b). These in vitro results indicate
that the two Curl/CurR sets possess different activities and combined with different AHLs

also cause different regulation of Curvibacter’s genes.
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An in vivo study, where the expression profile of Curvibacter sp. in the presence of a 3-
oxo-HSL or a 3-hydroxy-HSL was analysed, confirmed the in vitro results. Thereby, it
could be shown that the 3-oxo-HSL 30C12-HSL induces the development of flagella,
resulting in a higher motility, while 30OHC12-HSL led to the up-regulation of genes, related
to chemotaxis and production of polyketides, which are known for their bioactivity (Piel,
2010; Teta et al., 2010; Trindade-Silva et al., 2013). Taking Hydra's quorum quenching
mechanism into account, which modify 3-oxo-HSLs into 3-hydroxy-HSLs, and the
production of 3-hydroxy-HSLs by Curvibacter sp. itself, Curvibacter's 30OHC12-HSL
phenotype would represent its symbiotic lifestyle, while the 30C12-HSL transcript profile

reflects the non-symbiotic Curvibacter sp.

Flagella motility and chemotaxis are essential behavior for bacteria-host interactions.
Possession of a flagella increases motility and thereby is beneficial for acquisition of
nutrition, avoidance of toxic substances, ability to change hosts and find the proper niche
within a host (Fenchel, 2002; Ottemann and Miller, 1997). Otherwise it is connected with a
high metabolic cost for the synthesis of the flagella machinery (Macnab, 2003; Martinez-
Garcia et al., 2014) and furthermore it possesses antigens, recognized by the immune
system (Lodes et al.,, 2004; Wang et al., 2003). Chemotaxis is necessary to sense
changes in the environment, which could cause change in the direction of the bacterial
motility (Wadhams and Armitage, 2004). Both mechanisms play important roles in the
establishment of a host-bacteria interaction, but also in the development of bacterial

pathogenicity.

On one hand for many pathogens it is known that they need motility and chemotaxis to
colonize their host and establish their virulence. For example free-living Vibrio
anguillarium, known to be a fish pathogen, can sense components of the fish intestine
mucus (O'Toole et al., 1999), the plant pathogen Agrobacterium tumefaciens gets directed
to wounded plants by chemotaxis (Kim and Farrand, 1998) and Clostridium difficile, the
main cause of hospital-acquired infections (Lofgren et al., 2014), needs its flagella for
adherence and gut colonization (Tasteyre et al., 2001). On the other hand, chemotaxis
and flagella motility are also known to be essential for symbiotic interactions. For example,
free-living rhizobia find legume root-hairs, where nodules will be formed and the bacteria
fix nitrogen for its host, also by chemotaxis (Pandya et al., 1999) such as with Vibrio
fischeri will find its way to the prospective light organ of the squid Euprymna scolopes also
only by use of chemotaxis and its flagella. Interestingly, after establishment of symbiosis
in the squid light organ, the Vibrio will become non-motile (Millikan and Ruby, 2003; Ruby
and Asato, 1993). Recently it was shown that coral reef bacteria show a high chemotaxis
towards compounds released by corals and its symbionts, indicating that chemotaxis play

an important role for the establishment of the coral-bacteria association (Tout et al., 2015).
60



Discussion

It would be interesting to see if components of Hydra act as chemoattractant for

Curvibacter sp. and the other commensal bacteria.

If one assumes that the 30HC12-HSL phenotype of Curvibacter sp. corresponds to its
symbiotic life stage, than one could conclude that Curvibacter sp. colonizing Hydra is non-
motile but has a high chemotaxis activity. Interestingly, the phenomenon that potentially
motile bacteria stay non-motile in association with host, can also be found in human gut.
In metagenomes of the human gut many flagella motility related genes can be found (Gill
et al., 2006; Kurokawa et al., 2007; Turnbaugh et al., 2006). But by analyzing the
metatranscriptome data, it becomes apparent that cell motility related genes are almost
not expressed in the gut (Verberkmoes et al., 2009), indicating a suppression machinery
by the host or an adaptation of the bacteria to the host colonization. In a healthy gut,
flagella become recognized by Toll-like receptor 5 (TLR5) (Hayashi et al., 2001), which
leads to the expression of flagellin specific immunoglobulins (Cullender et al., 2013; van
der Waaij et al., 1996), causing the repression of bacterial motility (Cullender et al., 2013).
A knockout of TLR5 in mice leads to an up-regulation of flagella motility genes in
commensal bacteria, which enabled them to penetrate the crypts and villi in the small
intestine, bringing them in direct contact with epithelial cells and activating the immune
system (Cullender et al., 2013). These findings could explain the phenomenon, that a high
level of flagellin is associated with mucosal barrier breakdown and inflammation in the gut
(McCole and Barrett, 2003; Sanders et al., 2006). Cullender et al. showed that innate and
adaptive immune system interact to modulate the gut microbial gene expression and
control bacterial behavior and localization (Cullender et al., 2013). Applying these results
on the Hydra-Curvibacter system, one can conclude that Hydra suppresses flagellar
production of Curvibacter by quenching 3-oxo-HSLs and thereby tolerates colonization

and maintains homeostasis.

3.4 Hydra’s quorum quenching activity promotes the symbiotic

functions of its main colonizer = Curvibacter sp.

Based on the two different Curvibacter sp. phenotypes induced by the different AHLs, it
was hypothesized that Hydra’'s quorum quenching (QQ) activity promotes Curvibacter’s
symbiotic functions, by suppression of flagella production and induction of polyketide
synthesis. Therefore, Hydra allows its colonization by Curvibacter sp. and keeps the
metaorganism in homeostasis. To test this hypothesis it was first investigated if the
30C12-HSL-phenotype of Curvibacter sp., representing the non-symbiotic lifestyle, can
recolonize Hydra as well as the symbiotic phenotype, induced by 3OHC12-HSL.
Interestingly, the 30C12-HSL phenotype of Curvibacter sp. has only poor ability to
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recolonize Hydra compared to wild type Curvibacter sp. and the 30OHC12-HSL phenotype.
To investigate the role of QQ in keeping the metaorganism in homeostasis, Hydra was
incubated in a saturated concentration of 30C12-HSL. Through this it could be shown that
30C12-HSLs also reduced the total bacterial colonization of Hydra, indicating a dysbiosis
of the metaorganism Hydra. The dysbiosis can be induced by a phenotypical change of
the bacteria or by a host response to 30C12-HSL. It was shown that 30C12-HSL induced
the flagella production of Curvibacter sp. and it was hypothesized that a flagellin induced
immune response in Hydra caused the reduction of its bacterial community. To support
this hypothesis, Hydra was incubated with different concentrations of flagellin and the
bacterial colonization was evaluated. The addition of 100 ng/ml flagellin led to a 50%
reduction of Hydra’s bacterial load, similar to the effect seen when Hydra was incubated
with 30C12-HSL. These findings indicate that indeed Curvibacter's induced flagella are
responsible for triggering a reaction in Hydra that leads to the elimination of half of the
symbiotic bacteria. Although the underlying mechanisms have to be elucidated, it is likely
that Hydra's innate immune system is involved in the reaction. One possibility, how Hydra
can sense the phenotypical change of is main colonizer Curvibacter sp., is by its Toll-like
receptor (TLR), which is known to possess the ability to bind flagellin (Bosch et al., 2009).
This is supported in mice and in humans, where flagellin get recognized by the TLR5 and

is known to induce inflammation (Cullender et al., 2013; Hayashi et al., 2001).

The missing link in this system is the as yet undetermined production of 3-oxo-HSLs in the
neighborhood of Hydra. The fact that Curvibacter sp. is recognizing both AHLs (30C12-
and 30HC12-HSL) and thereby induces two different phenotypes makes it unlikely that in
the direct environment of Curvibacter sp. no 3-oxo-HSLs can be found. There are two
possibilities, as to why 3-oxo-HSL production by Curvibacter sp. could not be shown. First,
Curvibacter sp. is producing 3-oxo-HSLs, but the right conditions have not yet been
tested; this is possible as it is known that the produced AHL species can vary with
different growth conditions (Wang et al., 2006) and the heterologous expression in E. coli
can possess a bias (Gould et al., 2006). The second explanation could be that Curvibacter
sp. lost the ability to produce 3-oxo-HSLs during coevolution with its host. Because of
permanently quenching of 3-oxo-HSLs by Hydra, 3-oxo-HSLs cannot fulfill their function in
Curvibacter sp. colonizing the host; consequently Curvibacter sp. had only high costs for
the AHL production, but no benefits, resulting in the loss of the ability to produce 3-oxo-
HSLs. In this case Curvibacter sp. would be dependent on other bacteria, producing 3-
oxo-HSL, for production of flagella in high amounts. The specific transcriptional response
of Curvibacter sp. towards 30C12-HSL makes it unlikely that there are no 3-oxo-HSLs in

Hydra’s environment, but the source has to be elucidated.
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The fact that flagellated Curvibacter sp. can be detected in liquid mono-culture without the
addition of 3-oxo-HSLs indicates that Curvibacter sp. even possesses flagella in the
absence of 3-oxo-HSL. Therefore, one has to assume that the flagella concentration of
Curvibacter sp., while colonizing Hydra sp., is under a certain threshold to induce a

reaction in Hydra.

These results are supported by recent findings about the role of quorum sensing (QS) in
white band disease of the coral Acropora cervicornis. Certner and Vollmer could show that
the Cytophaga-Flavobacterium spp., which are present in small numbers in a healthy
coral, are able to grow unlimitedly on a diseased coral. Interestingly, both the addition of
cell free extract of a diseased coral and addition of AHLs to a healthy coral cause the
onset of the white band disease, resulting in tissue loss (Certner and Vollmer, 2015).
These results support the hypothesis that environmental changes cause a compromised
host, resulting in an inactivation of the host QQ, which entails a phenotypical change of
the bacteria and results in a dysbiosis. Addition of AHLs can simulate the development of
disease. Furthermore, black band disease could be associated with active QS and a

bacterial dysbiosis (Zimmer et al., 2014).

Taking these results together, one can conclude that in a healthy metaorganism, Hydra
suppresses, by use of its QQ mechanism, flagella production of its main colonizer
Curvibacter sp. to increase immune tolerance and thereby promotes bacterial colonization
and their symbiotic functions. If environmental factors lead to an inactivation of the host
QQ, 3-oxo-HSLs can occur and induce the production of bacterial flagella, resulting in
inflammation and dysbiosis of the metaorganism Hydra (Figure 34). As QS can be found
in many metaorganisms, it is likely that also the regulation of the bacterial behavior by QQ
is a general mechanism in host-microbe interactions, but this has to be further

investigated.
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Figure 34: Role of quorum quenching in the metaorga  nism Hydra

In a healthy metaorganism, Hydra suppresses, by use of its quorum quenching enzyme, flagella
production of its main colonizer Curvibacter sp. to increase immune tolerance and thereby
promotes bacterial colonization and their symbiotic functions. If environmental factors lead to an
inactivation of the host QQ, 3-oxo-HSLs can occur and induce the production of bacterial flagella,
resulting in inflammation and dysbiosis of the metaorganism Hydra.

3.5 Consequences of the interactions between Curvibacter sp.
and Duganella sp. for the metaorganism Hydra

By analyzing the bacterial colonization during ontogeny of Hydra vulgaris (AEP) by a
modeling approach it was predicted that a host factor and a frequency dependent fitness
of the colonizing bacteria are necessary for the modeling of the colonization process
(Franzenburg et al., 2013b). Before the complex network within the metaorganism Hydra
can be deciphered, the basal interactions of this network was needed to be understand by
analyzing the interaction of two bacterial species. The two Burkholderiales Curvibacter sp.
and Duganella sp. were chosen, as they are the main colonizers of Hydra vulgaris (AEP)
(Franzenburg et al., 2013a; Fraune et al., 2014). Furthermore, it could be shown that the
interaction of these two species provides anti-fungal protection for their host Hydra
(Fraune et al, 2014) and consequently influence the homeostasis within the
metaorganism Hydra. To understand the relationship of these two bacterial species, their

frequency dependent fitness in mono-culture and in double culture were analysed.

Interestingly, Duganella sp. has three times higher growth rate than Curvibacter sp. in
mono-culture, although Curvibacter sp. is dominating with almost 80% the bacterial
community of Hydra vulgaris (AEP) and Duganella sp. represents only around 10%. An
explanation for the dominance of Curvibacter sp. in Hydra’s bacterial community can be
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found in the double culture experiment, where the growth of Duganella sp. is strongly
inhibited by Curvibacter sp. The developed mathematical model of Xiang-Yi Li
(Department of Evolutionary Theory, Max Planck Institute for Evolutionary Biology, Plon)
(Li et al., 2015) predicted that the studied interaction in double culture takes place with at
least three partners, with phages perhaps being involved in the interaction between
Curvibacter sp. and Duganella sp. The role of phages in the Curvibacter sp. - Duganella
sp. interaction has to be elucidated. Furthermore, it could be shown that Curvibacter sp. is
producing polyketides, which are known for their bioactivity (chapter 2.4). These
polyketides could be responsible for Curvibacter’s antifungal activity (Fraune et al., 2014)

or perhaps they are also used to suppress other bacteria, while colonizing Hydra.

Further analyses will reveal the role of phages in the bacteria-bacteria interaction and the
function of the polyketides. The most interesting approach will be the analysis of bacteria-
bacteria interactions in a host context. Thereby it will be interesting to identify factors,
which are responsible for Curvibacter's dominance and relatively low abundance of
Duganella sp. in the metaorganism Hydra, in contrast to the their growth in culture
medium. These studies will help to understand the complex network of interaction within a

metaorganism.
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4 Material

4.1 Organisms

4.1.1 General organisms

Analysed organisms Hydra vulgaris (AEP),
Hydra oligactis (strain St. Petersburg),
Hydra viridis (strain A99)

Feed Artemia salina

Recipient Escherichia coli DH5a
Escherichia coli Rosetta™ 2 (DE3)
pLysS

4.1.2 AHL-reporter strains

For the detection of N-acyl-homoserine lactones (AHLS) bacterial reporter strains were
used. Such a reporter is a host, in this case Escherichia coli IM109 or Agrobacterium
tumefaciens NTL4, possessing a plasmid, on which a gene of interest is fused to a

reporter system.

The E. coli JIM109 strains harbor a plasmid, in which a quorum sensing (QS) system,
consisting of the AHL-receptor and the promoter of the AHL-synthase, is fused to the
luciferase operon (luxCDABE). In the presence of the proper AHLs, the AHL-receptor
binds to the molecules and activates the transcription of the luciferase genes. The
resulting light emission is proportional to the AHL concentration. The AHL-reporters
pSB401, pSB534 and pSB1075 were provided by Dr. Karen Tait from the Plymouth

Marine Laboratory.

The AHL detection by the A. tumefaciens bioreporter is performed by the products of two
plasmids; the pCF218-plasmid harbors the gen of the AHL-receptor traR, while the fusion
of the tral-promoter with the gene for the p-galactosidase lacZ is located on the pCF372
plasmid. The reporterfusion allows a detection of AHLs by a blue-white screening; in the
presence of compatible AHLs the B-galactosidase gets transcribed and converts X-gal (5-
bromo-4-chloro-3-indolyl-p-D-galactopyranoside) into a blue dye. The A. tumefaciens
NTL4 bioreporter (Fugua and Winans, 1996, 1994; Luo et al., 2001) was kindly provided
by Prof. Dr. Wolfgang Streit. The used AHL-reporter strains are described in Table 3.
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Table 3: AHL-reporter strains

strain

E. coli JIM109
pSB536

E. coli JIM109
pSB401

E. coli IM109
pSB1075

A. tumefaciens NTL4
(pCF218)(pCF372)

QS system
based on

Ahyl/R
(A. hydrophyla)

LuxI/R
(V. fisheri)

Lasl/R
(P. aeruginosa)

Tral/R
(A. tumefaciens)

response to

C4-HSL

C6-HSL
30C6-HSL
C8-HSL
30C8-HSL

30C10-HSL
30C12-HSL

C6-C12-HSL
30C6-30C14-HSL
30HC8-30HC14-HSL

reference

Swift et al. 1997

Winson et al. 1998

Winson et al. 1998

Fuqua & Winans
1994, 1996;
Luo et al. 2001

4.2 Chemicals

4.2.1 Antibiotics

Table 4: Antibiotics

abbreviation
Amp
Cam
Kan

Neo
Tet

Rif

Sp

Strep

antibiotic

ampicillin
chloramphenicol
kanamycin sulfate
neomycin sulfate

tetracycline
hydrochloride

rifampicin
spectinomycin
dihydrochloride
pentahydrate

streptomycin sulfate

stock
solution

100 mg/ml
34 mg/ml
50 mg/ml
50 mg/ml

10 mg/ml,
5 mg/ml

50 mg/ml

60 mg/ml

50 mg/ml

resolvent

water
ethanol
water

water

water

DMSO

water

water

provider
Sigma-Aldrich GmbH
Sigma-Aldrich GmbH
Sigma-Aldrich GmbH
Roth

Boehringer
Mannheim GmbH
Sigma-Aldrich GmbH

AppliChem

Roth
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4.2.2 N-acyl-homoserine lactones (AHLS)

Table 5: N-acyl-homoserine lactones (AHLS)

abbreviation name i?f::ﬂﬁ:' m\cl)vlgi(;ﬂ?r
C4-HSL  N-butyryl-DL-homoserine lactone CgH13NO3 171.19
C6-HSL  N-hexanoyl-DL-homoserine lactone C1oH17NO3 199.25
30C6-HSL  N-(3-oxohexanoyl)-L-homoserine lactone C1oH15sNO, 213.23
C8-HSL  N-octanoyl-DL-homoserine lactone C1oH21NO3 227.30
30C8-HSL  N-(3-oxooctanoyl)-L-homoserine lactone C1oH1gNO, 241.28
30HC8-HSL  N-(3-hydroxyoctanoyl)-L-homoserine lactone C12H21NOy 243.30
C10-HSL  N-decanoyl-DL-homoserine lactone C14H5NO3 255.35
30C10-HSL  N-(3-oxodecanoyl)-L-homoserine lactone C14H23NO, 269.34
30HC10-HSL  N-(3-hydroxydecanoyl)-L-homoserine lactone C14H25NOy 271.35
C12-HSL  N-dodecanoyl-DL-homoserine lactone C16H29NO3 283.41
30C12-HSL  N-(3-oxododecanoyl)-L-homoserine lactone C16H27NO, 297.39
30HC12-HSL  N-(3-hydroxydodecanoyl)-DL-homoserine lactone C16H29NOy 299.41
30C14-HSL  N-(3-oxotetradecanoyl)-L-homoserine lactone C1gH31NO, 325.44
30HC14-HSL  N-(3-hxdroxytetradecanoyl)-L-homoserine lactone C1gH33NO, 327.46
All N-acyl-homoserine lactones were acquired from Sigma-Aldrich.
4.2.3 General chemicals
Acetic acid Roth
Acetonitrile, LC-MS Grade Roth
Agar-Agar Roth
Agarose Low Melt Roth
Agarose NEEO Ultra Roth
Ammonium persulfate (APS) Roth
Ammonium sulfate Roth
B-Mercaptoethanol Merck
Boric acid Roth
Bromophenol blue Fluka
BSA FraktionV Roth
Calcium chloride dihydrate Roth
dNTPs (100 mM) Thermo Scientific
DMSO (Dimethylsulfoxid) Roth
EDTA Sigma

Eiken agar
Ethanol

Eiken Chemicals

Roth
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Glucose

Glutaraldehyde (50%)

Glycerol

Glycine

IPTG

Iron(ll) sulfate heptahydrate
Isopropanol

LB Broth Base

Magnesium chloride
Magnesium sulfate heptahydrate
Manganese(ll) sulfate heptahydrate
Methanol

NBT / BCIP

Pepstatin A

peqGREEN

Potassium carbonate
Potassium chloride

Potassium dihydrogen orthophosphate
Potassium hydroxide

Procaine hydrochloride
R2A-Agar

R2A Broth

RapidGel-XL-40 % Concentrate
RNAprotect® Bacteria Reagent
Roti®-Blue

Rotiphorese® Gel 30

Sodium chloride

Sodium citrate

Sodium dodecyl sulfate (SDS)
Sodium hydrogen carbonate
Sodium pyruvate

TEMED

TES

Tris acetate

TRIzol®

Tryptone / Peptone from casein

Tween®20

Roth
Sigma
Roth
Roth
Roth
Sigma
Roth
Roth
Roth
Roth
Sigma
Roth
Roth
Roth
Peqglab
Roth
Roth
Merck
Roth
Sigma
Roth
Lab M
Roth
Qiagen
Roth
Roth
Roth
Roth
Merck
Roth
Sigma
Merck
Sigma
Roth
Invitrogen
Roth
Roth
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Uranyl acetate
X-gal
Xylene cyanol

Yeast extract

4.3 Media

4.3.1 Media for the rearing of Hydra
Artemia medium

S-medium

Sterile S-medium
Stock solution 1 (1000x):

Stock solution 2 (100x):

Sigma
Sigma
Fluka
Roth

polyps
31.8 g seasalt/ 1| Millipore H,O

0.29 mM CaCl, x 2 H,0, 0.33 mM MgSQO, x 7
Hzo, 0.5 mM NaHCO3, 0.08 mM K2C03

42.18 g CaCl, x 2 H,O / 1 | Millipore H,O

8.116 g MgSO, x 7 H,0, 4.238 g NaHCOs3,
1.0958 g K,CO3 / 1 | Millipore H20

The sterile S-medium was always freshly made; a 1fold solution 1 was autoclaved and a

sterile filtered solution 2 was 1fold added.

4.3.2 Media for the cultivation of bacteria

According to requirements, antibiotics were added to the plates and media for bacteria.

AT buffer (20x)

AT medium

AT salt solution (20x)

AT soft agar

LB medium

214 g KH,PO,, ad 1 | Millipore H,O, KOH pH
7.0

1x AT salt solution, 1x AT buffer, 0.5%

glucose in Millipore H,O

40 g (NH4)2804, 3.2 g MgSO4 X7 Hzo, 0.2 g
CaCl, x 2 H,0, 0.1 g FeSO,4 x 7 H,0, 0.04 g
MnSO, x 7 H,O, ad 1 | Millipore H,O

1 g Eiken agar in 89 ml Millipore H,O
(autoclaved, 42°C), 5 ml AT buffer (20x), 5 ml
AT salt solution (20x), 1 ml glucose solution
(50%)

10 g NacCl, 10 g tryptone, 5 g yeast extract, 1
| Millipore H,O
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LB plate
R2A medium
R2A plate

SOB medium

SOC medium

Swarming plate

4.4 Buffer and solutions

4.4.1 General solutions
APS stock solution

DNA loading dye

IPTG stock solution

PBS

PBT
TAE buffer (50 x)

TBE buffer (10 x)

X-Gal stock solution

11LB medium, 15 g agar-agar
3 g R2A Broth / 1 | Millipore H,O
18 g R2A-Agar / 1 | Millipore H,O

20 g tryptone, 5 g yeast extract, 0.58 g NaCl,
0.19 g KClI, 1 | Millipore H,O, 100 ul MgCl,,
10 mM MgSO,

10 ml SOB medium, 100 yl 2 M glucose

solution (sterile filtered)

11 R2A medium, 5 g Agarose Low Melt

10% (w/v) in Millipore H,O

10 mM EDTA pH 8.0, 0.1% SDS, 0.025%

bromophenol blue, 0.025% xylene cyanol
1 M in Millipore H,0, store at -20°C

150 mM NaCl, 80 mM Na,HPO,, 21 mM
NaH,POy,, pH 7.2 in Millipore H,O

PBS + 0.1% Tween 20
2 M Tris acetate, 1 mM EDTA, pH 8

162 g Tris Base, 27.5 g boracic acid, 50 ml
0.5 M EDTA, add 1 | Millipore H,O

20 mg/ml in DMSO

4.4.2 Buffer and solutions for SDS-PAGE and Western blot

blocking solution

loading dye (2x)

running buffer (5x)

PBT, 3% BSA

135 mM Tris-HCI (pH 6.8), 20% glycerol, 4%
SDS, 2% B-mercaptoethanol, 0.001%

bromophenol blue

125 mM Tris, 0.96 M glycine, 0.5% SDS
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NTM buffer

NTMT buffer

stacking gel (4%)

stacking gel buffer
SDS stock solution
transfer buffer

separation gel (10%)

separation gel buffer

100 mM NaCl, 100 mM Tris-HCI, 5 mM
MgCl,, pH 9.5

NTM, 0.1% Tween20

0.88 ml 30% acrylamide/0.8% bisacrylamide,
1.66 ml stacking gel buffer, 66.6 ul 10% SDS,
13.2 pyl TEMED, 66.8 pyl 10% APS, 4.08 ml
Millipore H,O

0.5 M Tris-HCI (pH 6.8)
10% (w/v) in Millipore H,O
25 mM Tris, 192 mM glycine, 10% methanol

4.44 ml 30% acrylamide/0.8% bisacrylamide,
3.34 ml separation gel buffer, 133.4 pl 10%
SDS, 13.2 pyl TEMED, 133.2 pl 10% APS,
5.28 ml Millipore H,O

1.5 M Tris-HCI (pH 8.8)

4.4.3 Buffer and solutions for Procaine treatment

dissociation medium

solution A

solution B

4.5 Kits

DNeasy” Blood & Tissue Kit

First Strand cDNA Synthesis Kit
NucleoSpin® Gel and PCR clean-up-Kit
NucleoSpin®Plasmid QuickPure-Kit

pGEM®-T Vector System

3.6 mM KCI, 6.0 mM CaCl,, 1.2 mM MgSQs,,
6.0 mM sodium citrate, 6.0 mM sodium
pyruvate, 12.5 mM TES, pH 6.9, sterile
filtered

1:1:1 dilution of 1% procaine-HCI in Millipore

H,0O, dissociation medium, S-medium, pH 4.5

1:1:1 dilution of 1% procaine-HCI in Millipore

H,0O, dissociation medium, S-medium, pH 2.5

Qiagen

Thermo Scientific
Macherey-Nagel
Macherey-Nagel
Promega

72



Material

PureLink® RNA Mini Kit

QuantiTect® Reverse Transcription Kit
SYBR®Green PCR Kit

QIAfilter Plasmid Midi Kit (25)
RNeasy® Mini Kit

Roti®-Store Cryoréhrchen

4.6 Enzymes

4.6.1 General enzymes

DNAse |

GoTaq® DNA polymerase

Platinum® Taq DNA Polymerase

Platinum® Taq DNA Polymerase High Fidelity
Proteinase K

PureLink® DNase

RNase H

T4 DNA ligase

4.6.2 Restriction enzymes
AsiSI

BsiwI

EcoRlI

EcoRI-High Fidelity (HF)

Ncol

Xhol

Invitrogen
Qiagen
Qiagen
Qiagen
Qiagen
Roth

Roche
Promega
invitrogen
invitrogen
Qiagen
Invitrogen
invitrogen

New England Biolabs

New England Biolabs
New England Biolabs
Thermo Scientific
New England Biolabs
Thermo Scientific

Thermo Scientific
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4.7 Vectors

LigAF-1

PET 22b
pET 28a(+)

pGEM®-T

4.8 Antibodies

mouse anti-His-tagged-protein

sheep anti-mouse-Ig-AP

4.9 DNA and protein ladders

GeneRuler™ DNA Ladder Mix (100-10.000 bp)

modified HOTG vector, by K.

Khalturin
Novagen
Novagen

Promega

Calbiochem

Millipore

Thermo Scientific

SeeBlue® Plus2 Pre-Stained Standard (4-250 kDa) Invitrogen

4.10 Oligonucleotids (Primer)

Table 6: Oligonucleotids (Primer)

description identifier sequence (5'-3") Tm [°C]

standard primers

Eubacteria Eub_27F AGRGTTTGATCMTGGCTCAG 57,3
Eub_1492R GGHTACCTTGTTACGACTT 53,1

eGFP GFP_F(625) CGAAAGATCCCAACGAAAAGA 55,9

Hydra actin

terminator HAT_R(2342) GGACGTCTTTTATATTACAGC 54,0

PpGEM®-T Sp6 CTATTTAGGTGACACTATAG 51,2

pGEM®—T T7 TAATACGACTCACTATAGGG 53,2
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primers for the generation of expression constructs

paraoxonase
hyPON

AHL-synthase
curll

AHL-synthase
curl2

AHL-receptor
curR1

AHL-receptor
CurR2

SF_paraox_F

SF_paraox_R

SF_paraox_F_Nco

SF_paraox_R_Xho

SF_PON_F_s Asi

SF_PON R s_S_E

SF_PON_F_as_Spl

SF_PON_R _as Eco

Ahl_syn1 Ndel_F

Ahl_synl Xho R

Ahl_syn2_Ndel_F

Ahl_syn2_Xho R

AEP1.3 luxR1_F

AEP1.3 luxR1_R

AEP1.3 luxR1_sR

CPIluxR1/401_F

CPIluxR1/401_stpR

AEP1.3 luxR2_F

AEP1.3 luxR2_R

GTGGGAGTTCAGTTTTATAATGTC

TTATCTGTGCGGCAGTAAACC

ATATACCATGGCtGTGGGAGTTCAG

TAATGCTCGAGGATATTATCTGTGCGG

ACAAAGCGATCGCGTAATGGGAGTTCA

GTTTTATAATG

TGTGAATTCATTCGTACGGTAAACTATA

TTAGATGTGGGCA

TTTACCGTACGGACTAAAACTACTGGG

TAATATACTGTTACT

ATTGTGAATTCTGGGAGTTCAGTTTTAT

AATGTCTATCCTGG

ATATACATATGCATTGCGTTGCTGG

TATTACTCGAGTTGCCACACCTC

ATATACATATGGGGAATTTCGTGGA

TAATACTCGAGTGCCAAGCAGTC

CTGATTTCTTTGTAACGCACG

GCGTCAGGCCCATCG

TGTAAATCCAGAGATAGCGG

ATGAATTCCTGATTTCTTTGTAACGC

TAGAATTCATGCGTCAGGCC

CCGCACTTCTTGAGACTCG

GTTTCAATGCCGTGCTCGC

57,6

57,9

63,0

63,4

68,4

68,4

68,5

68,5

59,7

60,6

58,1

60,6

55,9

56

55,3

58,5

57,3

58,8

58,8

75



Material

AEP1.3_luxR2_sF

CPIluxR2/401_F

CPIluxR2/401_stpR

primers for qRT-PCR

Hydra actin

Hydra elongation

factor

paraoxonase
hyPON

Curvibacter
recombinase A
(recA)

Curvibacter
isocitrate lyase
(aceA)

AHL-synthase
curll

AHL-synthase
curl2

SF_actin RT_F

SF_actin RT_R

EFla_F_gRT

EFla_R_gRT

SF_paraox_RT_F2

SF_paraox_RT_R2

CP_recA gRT_F

CP_recA gRT_R

CP_aceA _gRT_F

CP_aceA gRT_R

Ahl_synl gRT_F

Ahl_synl gRT_R

Ahl_syn2 gRT_F

Ahl_syn2 gRT_R

TGACCAGCAAACGGGTGG

ATGAATTCCCGCACTTCTTGAG

TAGAATTCATGTTTCAATGCCGTG

GAATCAGCTGGTATCCATGAAAC

AACATTGTCGTACCACCTGATAG

GCAGTACTGGTGAGTTTGAAG

CTTCGCTGTATGGTGGTTCAG

GGCAGTAAGAAACTTAACTCTCA

GCGGCAGTAAACCAATGTGTTA

TTCGGCAAGGGCACCATC

ACGACTCCGGGCCATAGA

CGCATTCGGTGCGATCTC

ACCGAGTCGTAGGCGTAC

TTGTTAGAGAAAGTATTTCCATCGC

GCTGCAATCCGAACCACC

GCATCTGAAATCATTGGATTAGG

TTGGCATTGAAGTCCACTGC

58,2

58,4

57,6

58,9

58,9

57,9

59,8

57,1

58,4

58,2

58,2

58,2

58,2

58,1

58,2

57,1

57,3

All primers were ordered from the company Eurofins MWG Operon.
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4.11 Devices

4.11.1 Centrifuges

Centrifuge 5424

Centrifuge 5415 D

Centrifuge 5417 R (refrigerated centrifuge)
Mini Spin

Multifuge 3 S-R

Multi-Spin MSC-6000

Sorvall RC 5B

Speed Vac® Plus

Universal Vacuum System Plus

4.11.2 Devices for gel electrophoresis

PerfectBlue™ Twin L

Electrophoresis Power Supply Consort EV 231

Electrophoresis Power Supply EPS 500/400
SE250 PAGE gel chamber

Separation system B1A

Separation system B2

Separation system D3

4.11.3 Devices for microinjection
CellTram air pump

CellTram vario pump
Micromanipulator

Micromanipulator 5171

Vertical Pipette Puller 700 C

Eppendorf
Eppendorf
Eppendorf
Eppendorf

Heraeus Instruments
Kisker-Biotech

Du Pont Instruments
Savant

Savant

Peqglab

pegLab

Pharmacia Fine Chemicals
Hoefer Scientific Instr.

Owl Separation Systems
Owl Separation Systems

pegLab

Eppendorf
Eppendorf
Leitz

Eppendorf

Kopf Instruments
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4.11.4 Electroporation devices
Gene Pulser |l
Pulse Controller Plus

Capacitance Extender Plus

4.11.5 Incubators / shakers
Certomat® R (shaker)
Certomat® H (incubator)

KS 4000 ic control (incubator)
KS10 (shaker)

RC 2 basic (cooler)

REAX 2000 (vortex)

RM 5 (rolling mixer)
Thermo-Inkubator
Thermomixer compact

VF2 (vortex)

Vortex Genie 2

4.11.6 PCR thermal cyclers
Primus 25

Primus 96 advanced

Primus 96 plus

Real-Time Cycler 7300

Robocycler Gradient 96

4.11.7 Photometers
BioPhotometer
NanoDrop ND-1000

Tecan GENios Plus

Biorad
Biorad

Biorad

B. Braun

B. Braun

IKA

Edmund Buhler

IKA

Heidolph

Karl Hecht

Heraeus Instruments
Eppendorf

Jankel and Kunkel

Scientific Industries

MWG-Biotech
pegLab
MWG-Biotech
Applied Biosystems

Statagene

Eppendorf
Eppendorf

Tecan
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4.11.8 UV-devices
Molecular Imager® Gel Doc™ XR+
UV-bulb Chroma 43

UV-Stratalinker 1800

4.11.9 Miscellaneous devices
1205 MP balance

Freezer -20°C

Freezer -80°C

HI9321 (pH-Meter)

Ice machine Scotsman AF 10
IKA-Combimag RCT (magnetic stirrer)
IKA-Combimag RET (magnetic stirrer)
Julabo 5B (water bath)

Julabo MB (water bath)

Kern 770 (balance)

LaminAir® HB 2448 (cleanbench)
Milli-Q Academic System

pH 211 (pH-Meter)

Refrigerator

Rotavapor R-114 (rotating evaporator)
SZX 16 (Binocular)

Transmission electron microscope EM 208 S
Vakuum-Controller CVC 24

VARIOKLAV Typ 400 (steam-sterilizer)

Bio-Rad
Vetter GmbH

Stratagene

Sartorius

Liebherr

Forma Scientific
Hanna Instruments
Mathner Kalte-Klima
Jankel and Kunkel
Jankel and Kunkel
Eydam

Eydam

Kern

Heraeus Instruments
Millipore

Hanna Instruments
Liebherr

Buichi

Olympus

Philips

vacuubrand

EV H+P Labortechnik GmbH
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4.12 Webpages

AntiSMASH
BLAST
Compagen
ExPASyY
MWG

NCBI
Ribosomal Database Project (RDP)
SignalP
SMART
Translatorx
Unifrac

UniProt

4.13 Computer programs

Image editing

[llustration

Microscopy

Sequence analysis

http://antismash.secondarymetabolites.org/
http://blast.ncbi.nim.nih.gov/Blast.cgi
http://compagen.zoologie.uni-kiel.de/
http://au.expasy.org/
http://www.eurofinsdna.com/de/home.html
http://www.ncbi.nim.nih.gov
http://rdp.cme.msu.edu/
http://www.cbs.dtu.dk/services/SignalP/
http://smart.embl-heidelberg.de/
http://translatorx.co.uk/
http://bmf2.colorado.edu/unifrac/index.psp

http://www.uniprot.org/

Adobe Photoshop CS4
Imaged

Adobe lllustrator CS4
Microsoft Powerpoint 2010
CELL*

BioEdit

DNAMAN 4.15

MEGA 5
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5 Methods

5.1 Cultivation of organisms

5.1.1 Rearing of Hydra polyps

Experiments were carried out using Hydra vulgaris (AEP) (Hemmrich et al., 2007), Hydra
viridis (strain A99) and Hydra oligactis (strain St. Petersburg). All laboratory-cultured
strains are available at the University of Kiel. The animals were cultured under constant
environmental conditions, including culture medium (S-medium: 0.29 mM CacCl, x 2 H,0,
0.33 mM MgSO, x 7 H,O, 0.5 mM NaHCO3;, 0.08 mM K,CO3), temperature (18°C), light
(12 h/12 h light/dark rhythm) and food (naupli of Artemia salina, fed three times a week),
after standard protocol (Lenhoff and Brown, 1970).

5.1.2 Cultivation of Artemia salina

Freshly hatched nauplii of the aquatic crustacean Artemia salina were used to feed Hydra
polyps. For the breeding two teaspoons of Artemia salina cysts were incubated for 24
hours in 500 ml Artemia medium at 30°C. After hatching, the larvae were kept at room-
temperature with permanent aeration. Bevor the Artemia could be used up as prey for
Hydra polyps, they were washed with water to remove salts and transferred into S-

medium.

5.1.3 Generation of germfree Hydra polyps

For the generation of germfree Hydra polyps, up to 50 polyps were transferred in a 50 ml
sterile plastic tube, 40 ml of sterile S-medium with 50 pug/ml of five different antibiotics
(Amp, Neo, Rif, Sp, Strep) were added and air tight sealed. The polyps incubated for ten
days at 18°C under light protected conditions. After three, five and seven days the vessel
and the sterile S-medium with antibiotics were exchanged. After 10 days the polyps were
transferred in a sterile 50 ml tube, washed with sterile S-medium and incubated for 24 h in
50 ml sterile S-medium. As a control, from every 50 ml batch one polyp were
homogenized with a pestle in 100 pl sterile S-medium and plated on a R2A plate.
Absence of colony forming units (CFUSs), on the plates after incubation for three days at
18°C, indicated a successful antibiotic treatment. The remaining animals were directly

conducted to the experiments.
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5.1.4 Cultivation of Hydra-associated bacteria

Commensal bacteria of Hydra vulgaris (AEP) were cultivated and identified previously
(Table 7) (Fraune et al., 2014). For isolation of environmental bacteria of Hydra, the
biofilm of a culture dish of Hydra vulgaris (AEP) was plated on R2A plates. A fragment of
the 16S-rDNA of the bacterial colonies was amplified by colony-check PCR and used for
sequencing to identify the environmental bacteria (Table 7) (chapter 0 and 5.16.1). By
comparison with sequencing data for the bacterial colonization during ontogeny and for
the different Hydra species (Franzenburg et al., 2013a, 2013b), it could be excluded that

these strains are commensals of Hydra vulgaris (AEP).

Hydra-associated bacteria were cultivated for three days at 18°C and 225 rpm in 5 ml R2A
broth (LabM). They were diluted 1:10 in R2A and after an additional growth for 10 to 16 h,
1x10° colony forming units (CFUs) per ml of each bacterium (Table 7) was inoculated in
50 ml R2A. The cultures incubated at 18°C and 225 rpm. The incubation time varies
between the experiments. The colony-forming units (CFUs) per milliliter at an optical
density of ODgoonm = 0.1 were determent for the bacteria by plating 100 pl of dilution series
on R2A plates and counting the bacterial colonies after 3 days incubation at 18°C (Table
7).

Table 7: Commensal and environmental bacterial stra ins cultivated from Hydra's
neighborhood
Bacterium Class Order Family Clone CFUs/m|?
commensal bacteria °
Curvibacter sp. Betaproteobacteria Burkholderiales Comamonadaceae AEP1.3 1.0x10°
Acidovorax sp. Betaproteobacteria Burkholderiales Comamonadaceae AEP1.4 9.0 x 10’
Pelomonas sp. Betaproteobacteria Burkholderiales Comamonadaceae AEP2.2 9.0 x 10
Undibacterium sp. Betaproteobacteria Burkholderiales Oxalobacteraceae Cil.1 2.3x10
Duganella sp. Betaproteobacteria Burkholderiales Oxalobacteraceae Cl.2 2.0 x 107
Pseudomonas sp. Gammaproteobacteria Pseudomonadales = Pseudomonadaceae C2.2 7.0 x 107
environmental bacteria
Flectobacillus sp. Sphingobacteria Sphingobacteriales  Cytophagaceae Biofilm 1 1.8x 10’
Pseudomonas sp. Gammaproteobacteria Pseudomonadales = Pseudomonadaceae  Biofilm 3 1.3x10°
Acinetobacter sp. Gammaproteobacteria Pseudomonadales  Moraxellaceae Biofilm 4 1.2 x 10°
Chryseobacterium sp. Flavobacteria Flavobacteriales Flavobacteriaceae Biofilm 5 7.0x 10°
Chryseobacterium sp. Flavobacteria Flavobacteriales Flavobacteriaceae Biofilm 8 7.4 x 108
Variovorax sp. Betaproteobacteria Burkholderiales Comamonadaceae Biofilm 10 1.0 x 10°

4colony-forming units (CFUs) per ml at ODgyonm = 0.1

®hacterial strains were cultivated previously (Fraune et al., 2014).
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5.1.5 Monoculture and double culture experiments

To determine the growth rate in monocultures, each bacterium was inoculated in 50 ml
R2A medium with 10 concentrations between 2.0 x 10° and 1.0 x 10° CFU/ml of
Curvibacter sp. (C) or Duganella sp. (D) of an overnight culture. The cell numbers of each
bacteria were estimated by counting the colony forming units (CFUs) and were
crosschecked with optical density (OD) measurements at ODgy = 0.1 (1.0 x 108 CFU/mI
for C and 2.0 x 10’ CFU/ml for D). In double culture experiments, a total initial
concentration of 1.0 x 10° CFU/ml was kept and applied a gradient of different initial
frequencies of species C and D. Over the course of 3 days, three times a day, the ODgg
of the cultures was measured and two dilutions, which were adjusted individually to the
OD, were plated on R2A agar plates. After 2 days, the number of colonies of D and after 4
days those of C were counted. This difference in counting times was due to different

growth rates of the two bacteria on agar plates.

5.1.6 Cultivation of standard bacterial strains

Escherichia coli was grown at 37°C in Luria-Bertani broth (LB) with the appropriate
antibiotic. E. coli DH5a (Invitrogen) were used for standard cloning. Heterologous
overexpression were executed with E coli strain Rosetta 2 (DE3) pLysS (Novagen), its
plasmid was selected with 34 pg/ml chloramphenicol. The plasmid pET22b (Merck
Millipore) was used to express curll and curl2, by addition of 100 pug/ml ampicillin the
plasmids were selected. The hyPON, introduced into pET28a(+) vector (Novagen), was

selected with 50 pg/ml kanamycin.

5.1.7 Cultivation of bacterial AHL-reporter strains

The AHL-bioreporters Escherichia coli JM109 pSB401, pSB536 and pSB1075 strains
were grown under continuously shaking (250 rpm) at 37°C in Luria-Bertani broth (LB)
supplemented with the corresponding antibiotic (10 pg/ml tetracycline (pSB401 and
pSB1075) or 100 pg/ml ampicillin (pSB401)). The Agrobacterium tumefaciens NTL4
(pCF218)(pCF372) AHL-reporter strain was grown at 29°C and shaking (225 rpm) in
different media supplemented with 60 pg/ml spectinomycin and 5 pg/ml tetracycline. An
overnight culture of the reporter strain in LB was used to inoculate AT medium containing
0.5% glucose (Krysciak et al., 2014; Tempé et al., 1977).
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5.2 Separation of endoderm and ectoderm by procaine treatment

A modified protocol after Epp et al. and Bode et al. for the separation of endoderm and
ectoderm of Hydra was used (Bode et al., 1987; Epp et al., 1979). Head and foot of Hydra
vulgaris (AEP) polyps were removed with a scalpel. The trimmed polyp incubated at 4°C
for 5 min in solution A and 1.5 min in solution B. The tissue was transferred into 18°C
warm dissociation medium. The ectodermal tissue layer coil up, which led to the formation
of a ring (ectoderm) and a rod (endoderm) shaped structure. Both tissue layers could be

separated with forceps.

5.3 Transplantation of endoderm and ectoderm

For the transplantation of an endoderm and an ectoderm of two different transgenic Hydra
lines, first their tissues were separated by procaine treatment (chapter 0). While still laying
into 18°C dissociation medium, the rod shaped endoderm was introduced with forceps
into the ring shaped ectoderm. Afterwards, the dissociation medium has been gradually
decreased in the S-medium. The transplant was kept for 4 h in 75% dissociation medium
and then transferred into 50% dissociation medium, where it incubated for 16 h. The now
rounded transplant incubated first for 4 h in 25% dissociation medium, then 4 h in 10%
dissociation medium and finally the dissociation medium was reduced to 5%. After three
days an intact Hydra polyp with a transgenic endo- and ectoderm was grown out of the

transplant and transferred into S-medium.

5.4 Isolation of RNA and cDNA synthesis

Dependent on the raw material different kits were used for the RNA isolation and the

synthesis of cDNA.

5.4.1 Isolation of total RNA out of Hydra polyps an  d cDNA synthesis

Fifteen Hydra polyps, if not indicated differently, were applied to the total RNA isolation
after the protocol of the TRIzol® Reagent with the PureLink® RNA Mini Kit (Invitrogen)
combined with the on-column PureLink® DNase (Invitrogen) Treatment. The First Strand
cDNA Synthesis Kit (Thermo Scientific) was used to synthesize cDNA out of 500 ng total
RNA with Oligo (dT)18 Primer according to the manufacturer’s protocol. A 1:20 dilution of

cDNA was used for the experiments.
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5.4.2 lIsolation of total RNA out of bacterial cells

For the isolation of total RNA out of bacterial cells, first two volumes of RNAprotect®
Bacteria Reagent (Qiagen) was added to 1x10° colony forming units (CFU) per milliliter
bacterial cells, if not indicated differently. The RNA was isolated after the manufacture’s
protocol of the RNeasy Mini Kit (Qiagen). The CFU/ml of the cultures was calculated
based on the value for an ODgg of 0.1 (Table 7).

5.4.3 Isolation of total RNA out of Hydra colonizin g bacteria and cDNA

synthesis

For the bacterial isolation, 1200 Hydra vulgaris (AEP) polyps, washed three times with
sterile S-medium, incubated for 3 min in 3 ml sterile PBS and were inverted every minute.
Afterwards the supernatant was taken and an aliquot, equivalent to 1/10 of a polyp, was
plated on R2A plates to determine the colony forming units per milliliter (CFU/mlI).
Additionally, two volumes of RNAprotect® Bacteria Reagent (Qiagen) was added to an
aliquot of the bacterial fraction and after determination of the CFU/ml, total RNA was
isolated out of 5x10° CFU (chapter 5.4.2). The cDNA synthesis was performed after the
manufacturer's protocol of the QuantiTect® Reverse Transcription Kit (Qiagen). The

maximal about of RNA was applied.

5.5 Isolation of bacterial genomic DNA

Genomic DNA was isolated out of a liquid culture of Hydra associated bacteria after the

protocol for Gram-negative bacteria of the DNeasy Blood & Tissue Kit (Qiagen).

5.6 Polymerase chain reaction (PCR)

The polymerase chain reaction (PCR) is used for the exponential amplification of DNA. In
general, the PCR is structured into three steps: denaturation, annealing and elongation. In
the denaturation step, the PCR reaction gets heated up to 95°C that the two strands of the
template-DNA get separated. In the following the oligonucleotides hybridize with the
single-stranded template-DNA at a primer specific temperature (annealing). The last step
is for the binding of the DNA polymerase and the synthesis of the complementary strand

(elongation). One PCR-cycle leads to the duplication of the template-DNA.
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5.6.1 Standard PCR

A standard PCR is the simplest application of the principle of a polymerase-chain-reaction
(PCR) for the amplification of a DNA fragment. It was applied with the conditions indicated
under Table 8 and Table 9. The GoTaq® DNA polymerase from Promega was used, if not

indicated differently.

Table 8: Reaction for a standard PCR

component volume final concentration
GoTaq® Reaction Buffer (5x) 2,00 pl 1x
dNTP-Mix (10 mM) 0,20 pl 0,2mM
upstream primer (10 uM) 1,00 pl 1,0 uM
downstream primer (10 uM) 1,00 pl 1,0 uM
GoTaq® DNA Polymerase (5 U/ul) 0,05 pl 0,25 U
template DNA Xul ~100 ng
Millipore H,O 575 ul - Xl
total volume 10,00 ul

Dependent on the concentration of the template DNA, the total volume varied between 10 pl and
25 pl. Indicated is an exemplary 10 pl reaction.

Table 9: Thermal cycling conditions of a standard P  CR

step temperature time number of cycles
initial denaturation 95°C 2 min 1
denaturation 95°C 30 sec
annealing To-1 30 sec 30-40
elongation 72°C 1 min/kb
final elongation 72°C 5 min 1
soak 8°C 0 1

The theoretical melting temperature of the primers is indicated with T,, (chapter 4.10). The time of
elongation was calculated with the assumption, that the DNA polymerase synthesizes 1 kb per
minute.
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5.6.2 Colony-check PCR

Colony-check PCR was mainly used to check if bacterial colonies, resulting from a
transformation, comprise the plasmid with the inserted fragment of interest. Therefore the
bacterial colony was picked from plate with a tip and streaked on another plate for further
usage before the bacterial cells serve as template for the standard PCR instead of DNA
(Table 8). The cycling conditions were used from a standard PCR with forty cycles for the

amplification (Table 9).

5.6.3 Insertion of restriction sides by PCR

Polymerase-chain-reaction (PCR) can also be used to add restriction sides or overhangs
to DNA fragments. For the adding of a cutting side, one has to create a primer, which
binds partially to the template DNA and the overhang contains the sequence of the
restriction side. In the beginning the primer is only able to bind incompletely to the DNA,
as a consequence the first ten cycles have a lower annealing temperature (T,,;), which is
calculated based on the hybridizing nucleotides. After the third cycle, the PCR reaction
contains DNA fragments, which can be bound completely by the primer, consequently the
last 30 cycles have the melting temperature of the complete primer (Tn,) (Table 11). For
DNA synthesis, a DNA polymerase with proof reading, like the Platinum® Taq DNA

polymerase High Fidelity from Invitrogen, was use (Table 10).

Table 10: Reaction for a PCR to insert restriction sides

component volume final concentration
High Fidelity PCR Buffer (10x) 5,00 pl 1x
dNTP-Mix (10 mM) 1,00 pl 0,2 mM
MgSO, (50 mM) 2,00 pl 2mM

upstream primer (10 puM) 5,00 pl 1,0 uM
downstream primer (10 pM) 5,00 pl 1,0 uM
Platinum Taq High Fidelity (5 U/pl) 0,25 pl 0,25U
template DNA 5,00 pl ~100 ng

Millipore H,O 24,50 pl

total volume 50,00 pl
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Table 11: Thermal cycling conditions for the insert ion of restriction sides by PCR

step temperature time number of cycles
initial denaturation 94°C 2 min 1
denaturation 94°C 30 sec
annealing Tm-1 30 sec 10
elongation 68°C 1 min/kb
denaturation 94°C 30 sec
annealing Tmo-1 30 sec 30
elongation 68°C 1 min/kb
final elongation 68°C 5 min 1
soak 8°C 0 1

The theoretical melting temperature of the primers is indicated with T, (chapter 2.10), while T,; is
the temperature for the partially binding primer and T, is the temperature for the complete
sequence of the primer. The time of elongation was calculated with the assumption, that the DNA
polymerase synthesizes 1 kb per minute

5.6.4 quantitative Real-Time PCR

The quantitative Real-Time PCR (gRT-PCR) is a method to amplify nucleic acids on the
principle of a polymerase chain reaction (PCR, chapter 5.6) with the additional
guantification of DNA. The quantification can be achieved by fluorescence measurement
during a PCR cycle. The fluorescence is proportional to the amount of the PCR product,
because the fluorescent dye SYBR-Green binds to the newly generated double stranded
DNA. Due to the additional measurement of a reference gene the probes can be relatively
quantified. The gRT-PCR is used for the determination of the relative expression level of a
gene in different samples. Therefore, cDNA is needed as raw material, which was
synthesized out of total RNA (chapter 5.4). The gRT-PCR was performed after the
manufacturer's protocol of the GoTag gPCR Master Mix kit (Promega, Madison, USA).
The real-time PCR cycler 7300 of Applied Biosystems (ABI, Foster City, USA) was used
for measurement. The comparative AAC: method was applied for the relative

quantification of transcripts (Schefe et al., 2006) (primer can be found in Table 6).
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5.7 Agarose gel electrophoresis

The agarose gel electrophoresis is a standard method for the separation of DNA. Its
principle is based on the size dependent migration kinetics of charged molecules in an
electric field. DNA is negatively charged, consequently it migrate from the cathode to the
anode. For the determination of the size the standardized DNA ladder GeneRuler™ DNA
Ladder Mix (Thermo Scientific, Rochester, USA) was also separated. Dependent on the
size of the nucleic acids, different percent agarose gels (0.8 % — 1.2 %) were used. The
appropriate amount of agarose was dissolved in 1x TAE buffer by heating and after short
cooling 1:20,000 peqGREEN (Peglab) was added. The gel was poured into horizontal gel
chambers. After the polymerization of the gel, the chamber was filled with 1x TAE buffer,
which served as running buffer of the gel electrophoresis and electrically connects anode
and cathode. The samples, added with 1x DNA loading dye, and the standard DNA ladder
were filled into the gel pockets. The electrophoretic separation in the gel was performed at
3-5 V/cm? (direct-current voltage). The DNA fragments were documented with the
Molecular Imager® Gel Doc™ XR+ (Bio-Rad); the excitation with UV light leads to the
emission of fluorescence (530 nm) by the peqGREEN intercalated into the DNA.

5.8 Extraction of DNA fragments out of agarose gels

The extraction of DNA fragments was performed according to the manufacturers'
instructions of the NucleoSpin® Gel and PCR clean-up kit (Macherey-Nagel, Diiren,

Germany).

5.9 Restriction digest

Endonucleases recognize specific sequences of four to eight base pairs in the DNA
double helix. They cut both DNA strands at these specific, palindromic sequences;
according to restriction enzyme this leads to blunt or sticky ends. All restriction enzymes
were ordered from Thermo Scientific (Rochester, USA) or New England Biolabs (chapter
4.6.2). Incubation and inactivation of the restriction enzymes were performed after
manufacturers' instructions. A standard reaction of a restriction digest is indicated in Table
12.
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Table 12: Reaction for a standard restriction

volume
component final concentration
approach 1 approach 2
vector Xul / 2 ug
DNA fragment for insertion* / Xl
reaction buffer (10x) 4,0 pl 6,0 pl 1x
restriction enzyme 1 (10 u/ul) 1,5 ul 1,5 ul 15U
restriction enzyme 2 (10 u/ul) 1,5 ul 1,5 ul 15U
Millipore H,O 40,0 pl - X pl 60,0 pl - X pl
total volume 40,0 pl 60,0 pl

*. The DNA fragment was previously isolated out of a 50 pl PCR reaction.

5.10 Ligation

Dependent on the application different ligations methods were used.

5.10.1 Vector-insert ligation

A vector and a DNA fragment, which were cut before like described in chapter 5.9, were
applied in a molar vector:insert ratio of 1:3 to the ligation. The T4 DNA ligase from New
England Biolabs ligated the fragments while incubating over night at 4°C. A standard
ligation reaction is shown in Table 13. The reaction was inactivated by incubating for 20
min at 70°C.

Table 13: reaction of a standard ligation

component volume
T4 ligations buffer (10x) (NEB) 1,0 ul
T4 DNA ligase (NEB) 1,0 ul
vector Xul
insert Y ul
Millipore H,O 8,0 ul - (X+Y)
total volume 10,0 ul

The volume for X and Y varies, dependent on the molar vector:insert ratio of 1:3.
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5.10.2 Ligation into the pGEM ®-T vector

The pGEM®-T vector belongs to the pGEM®-T Vector System from Promega (Promega,
Madison, USA). The advantage is, that PCR products can be directly ligated into the
vector without a previous restriction. The plasmid is already cut and has a thymidine
overhang at his 5 ends. The Tag DNA polymerase has an intrinsic polyadenylation
activity, which leads to the adding of adenosine nucleotides to the ends of the amplified
DNA fragment. The T4 DNA ligase hybridizes the thymidine overhangs of the vector with
the adenosine ends of the insert. The used ligation reaction is described in Table 14. The
ligation incubated over night at 4°C. The reaction was inactivated by incubation for 20 min
at 70°C.

Table 14: Reaction for the ligation into the pGEM ®_T vector

component volume

rapid ligation buffer (2x) 2,5 ul
pGEM®-T vector (50 ng/ul) 0,5 pl
T4 DNA ligase (3 U/pl) 0,5 pl
PCR product 1,5 ul

total volume 5,0 ul

5.11 Dialysis

For some method, for example electroporation, it is necessary that the plasmid DNA is
embedded only in a low salt concentration. To reduce the salt concentration DNA dialyzed
for one hour against Millipore water; the filter for dialysis Type VS 0.025 pm from the

company Millipore was used.

5.12 Production of competent cells

Only competent cells are able to take up DNA through their membrane, which is
necessary for transformation. Some bacterial strains possesses a natural competence,
other ones has to get prepared for it. Electro and chemically competent E. coli cells were

used.

5.12.1 Production of electro competent cells

For the production of electro competent cells E. coli DH5a cells from Invitrogen were
used. The cells were inoculated in 20 ml SOB medium and cultivated over night at 37°C
and 220 rpm. From the starter culture, 6 ml was transferred into 450 ml SOB medium and

incubated at 37°C and 220 rpm till it reached the logarithmic growth phase with an optical
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density (ODgqo) Of 0.6 to 0.8. The cells were pelleted by centrifugation at 3,600 g and 4°C
for 15 min. The pellet was washed three times with 50 ml ice cold, sterile water, followed
by one washing step with an ice cold 15 % (v/v) glycerin solution. By this salts should be
removed to avoid a short circuit in the electroporation. After a repeated centrifugation the
cell pellet was resuspended with 3.6 ml 15 % (v/v) glycerin solution, spitted into 40 pl

aliquots, froze into liquid nitrogen and stored at -80°C.

5.12.2 Chemically competent cells

The chemically competent E. coli Rosetta 2 (DE3) pLysS cells from Novagen were used.

5.13 Transformation of Escherichia coli

Transformation is the insertion of free, soluble DNA into a bacterial cell. Only competent
bacteria are able to take up DNA through their membrane. Electro and chemically

competent E. coli cells were used (chapter 5.12).

5.13.1 Transformation of Escherichia coli by electroporation

In the process of an electroporation an electric impulse is used to temporarily make the
membrane of electro competent cells permeable, which leads to the diffusion of DNA into
the bacterial cell. Therefore 1 pl - 4 pl of a dialyzed plasmid DNA (chapter 5.11), resulting
from a ligation (chapter 5.10), or less than 1 ng/pl of pure plasmid DNA were added to 40
pl electro competent E. coli DH5a cells (chapter 5.12.1). This mix was added to a
prechilled, sterile cuvette for electroporation with a gap width of 1 mm. The devices Gene
Pulser Il and Pulse Controller Il from Biorad were used for the electroporation. Thereby an
electric impulse with a capacity of 25 uF, a parallel resistance of 200 Q and a voltage of
1.8 kV were applied for ca. five seconds. Afterwards the cells were resuspended with 1 ml
preheated SOC medium and incubated for 1 hour at 37°C on a shaker. For the screening
50 ul and up to 500 ul of the bacterial suspension were plated on a LB agar plate with

appropriate antibiotics and incubated overnight at 37°C.
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5.13.2 Transformation of Escherichia coli by heat shock

1 pl plasmid DNA (1-400 ng) was added to 25 pl competent E. coli Rosetta 2 (DE3) pLysS
cells (chapter 5.12.2). They incubated for 15 min on ice and were than heat shocked by
incubation for 30 s at 42°C in a water bath, followed by an additional incubation on ice for
2 min. The cells were resuspended with 500 ul pre-warmed SOC medium and incubated
for 1 hour, while continuously shaking, at 37°C. Afterwards, 50 ul and up to 500 pl of the
culture were plated on LB plates with the corresponding antibiotic. They incubated over
night at 37°C.

5.14 Isolation of plasmid DNA

The method to isolated plasmid DNA was chosen dependent on the amounts of plasmid

DNA, which is needed for a specific application.

5.14.1 Mini-plasmid preparation

Plasmid DNA was isolated out of a 5-10 ml bacterial overnight culture according to the
manufacturer’s protocol of the NucleoSpin® Plasmid Quick Pure kit (Macherey & Nagel,
Duren, Germany). The DNA was eluted with 50 pul NE Buffer.

5.14.2 Midi-plasmid preparation

For the preparation of around 2 pg/ul plasmid DNA the QIAfilter Plamsid Midi kit (Qiagen)
was used. A 100 ml bacterial overnight culture was applied to the plasmid DNA isolation
after manufacturer’s introduction. The DNA was resuspended with 100 pl Millipore water.
To increase the purity, the DNA was precipitated by adding 1/10 volume 3 M sodium
acetate and 2.5 volumes of 100% ethanol followed by an incubation for one hour at -20°C.
After centrifugation for 30 min at 15000 g and 4°C, the pellet was washed with 1.5 ml 70%
ethanol, followed by an extra centrifugation step and then air-dried. The DNA was

resuspended with 50 ul Millipore water overnight at 4°C.

5.15 Measurement of nucleic acid concentration

The nucleic acid concentration was determined with the spectrophotometer NanoDrop

ND-1000. For the measurement 2.5 ul of a RNA or DNA probe was applied.
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5.16 Sequencing technics

5.16.1 DNA sequencing

Sanger sequencing of plasmid DNA was performed in cooperation with the Institute of

Clinical Molecular Biology of the CAU Kiel.

5.16.2 Transcriptomic sequencing with NextSeq (lllu ~ mina)

The transcriptomic sequencing was conducted in cooperation with the Max Planck
Institute for Evolutionary Biology in Plén (Dr. Sven Kinzel). The cDNA libraries for
sequencing were constructed after manufacturer's protocol of the TrueSeq Stranded
MRNA LT - RiboZero Kit (Illumina). The resulting cDNA libraries were sequenced using a
NextSeq 500 machine (lllumina) in paired-ends mode and running 150 cycles for high
output. The Illlumina basecaller bcl2fastq2-v2.16.0.10 was used to convert the raw data
into FASTQ format. The primary bioinformatics analysis was done by PhD Sylvaine Forét
from Research School of Biology at the Australian National University, Canberra. RNA-
seq reads were mapped to the genome assembly of Curvibacter sp. strain AEP1.3
(unpublished) using Subreads (Liao et al., 2013). The number fragments per gene was
calculated using FeatureCounts (Liao et al., 2014). Differential gene expression was
assessed using edgeR (Robinson et al., 2009), modelling the treatments (solvent control,
30C12, 30HC12) as a single factor with three levels. Gene enrichment analysis was
carried out with Gage (Luo et al., 2009) and GoSeq (Young et al., 2010).

5.17 Short term response of Curvibacter sp. to AHL addition

For the investigation of the short term response of Curvibacter sp. to 3-oxo- and 3-
hydroxy-AHLs 500 ml R2A broth were inoculated with 1x10°> CFU/ml Curvibacter sp. of a
fresh culture (chapter 5.1.4, Table 7) and incubated at 18°C and 200 rpm till an optical
density (ODgqo) Of 0.145 was reached. The culture was centrifuged for 15 min at 3600 g at
18°C and the cell pellet was resuspended with 2 volume of R2A medium to discard
already produced AHLs. After an additional centrifugation the cells were resuspended with
R2A medium till an ODggq of 0.1 was reached. The culture was split into 15 times 50 ml
per 100 ml flask. To each five replicates 10 uM 30C12-HSL, 10 uM 30HC12-HSL or
1:2000 acidified ethyl acetate were added. The AHL resolvent acidified ethyl acetate was
diluted in all fifteen cultures 1:2000. The 15 cultures incubated for four hours at 18°C and
225 rpm, while every hour the ODgy Was measured. After the incubation an aliquot of
1x10® CFU was taken and used for the isolation of total RNA (chapter 5.4.2). RNA was

applied to transcriptomic sequencing (chapter 5.16.2).
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5.18 Generation of expression constructs

5.18.1 Cloning of the AHL-synthases curll and curl2  of Curvibacter sp.

The AHL-synthases from Curvibacter sp. (curll and curl2) were cloned into the pET22b-
vector. The curll and curl2 genes were amplified out of genomic DNA (chapter 5.5) of
Curvibacter sp. and restriction sides Ndel and Xhol were fused to the fragment with
primers (primers can be found in Table 6) (chapter 5.6.3). The restriction sides were used
to clone the sequences of the AHL-synthases into the pET22b-vector (chapter 5.18.1).
The plasmids were introduced into E. coli DH5a cells by electroporation for amplification.
The construct was checked by a colony-check PCR and sequencing (chapter 0 and 5.16).
For heterologous expression the plasmids were transformed into E. coli Rosetta 2 (DE3)

pLysS.

5.18.2 Cloning of the AHL-receptors curR1 and curR2  of Curvibacter sp.

The sequences of the AHL-receptors of Curvibacter sp. curR1 and curR2 were amplified
out of genomic DNA of Curvibacter sp. (chapter 5.5) and cloned into the pGEM®-T-vector
(chapter 0). For amplification the plasmid was inserted into E. coli DH5a cells by
electroporation (chapter 5.13.1). The construct was checked by a colony-check PCR and

sequencing (chapter 0 and 5.16) (primer can be found in Table 6).

5.18.3 Cloning of the paraoxonase hyPON of Hydra vulgaris (AEP)

The paraoxonase sequence of Hydra vulgaris (AEP) (hyPON) was cloned into the
pET28a(+)-vector. The hyPON-sequence was amplified out of cDNA of Hydra vulgaris
(AEP) (chapter 5.4.1). Restriction sides for Ncol and Xhol were fused to the sequence by
PCR (chapter 5.6.3) and used for cloning into the pET28a(+)-vector (chapter 5.9, 5.7, 5.8,
5.10.1 and 5.11). Electroporation was used to insert the plasmid into E. coli DH5a cells for
amplification. The construct was checked by a colony-check PCR and sequencing
(chapter 0 and 5.16).

5.19 Construction of a reporter for Curvibacter's A HL-receptors
CurR1 and CurR2

For the construction of a bacterial reporter for Curvibacter sp. AHL-receptors CurR1 and
CurR2 the plasmid of the AHL-bioreporter pSB401 (Winson et al., 1998) was used as
backbone. The luxRI’ of Vibrio fischeri of the pSB401 were cut out with the endonuclease
EcoRIl. To create the CurR1- and CurR2-reporters (pCPcurR1, pCPcurR2) an EcoRI-
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flanked fragment, consisting of the curR open reading frame (ORF) and the beginning of
the AHL-synthase curl ORF (curl’), including the curl-promoter, was cloned in the cut
pSB401 plasmid. A stop codon terminating the curl’ was inserted with the used primers.
For pCPcurR1, a 1986 bp fragment, ranging from -418 bp of the curR1 to +152 of curll
(Figure 24A), and for the CurR2-reporter (pCPcurR2) a fragment of 1762 bp (-389 bp of
the curR2 to +140 of curl2 (Figure 24B)), were introduced into the open pSB401. Both
plasmids were introduced into E. coli DH5a and could be selected by 10 pg/ml
tetracycline. The constructs were checked by sequencing (chapter 5.16) (primer can be
found in Table 6).

5.20 SDS-PAGE and Western blot

For the analysis of a heterologous expression in E. coli culture, every hour an aliquot of 10
KUg protein was taken. The proteins were separated by a tris-glycin-polyacrylamide gel
electrophoresis with a 12% separation gel and a 4% stacking gel (Laemmli 1970).
Proteins were stained with Roti® Blue (Roth). The Semidry blot-System (Peglab) was used
to transfer the proteins to a polyvinylidene fluoride (PVDF) membrane. The blotting was
performed for 75 min with a current of 130 mA for one SDS-gel or 280 mA for two SDS-
gels. Blocking of unspecific antibody bind sides was achieved by incubation in PBT with
3% BSA overnight. The immune detection was performed with a monoclonal mouse anti-
His-Tagged Protein antibody (Calbiochem) and a polyclonal sheep-anti-mouse-Ig antibody
with a coupled alkaline phosphatase (Millipore). The antibodies were diluted 1:2000 in
PBT with 1.5% BSA and incubated for 1 h with the PVDF membrane. For staining the
PVDF membrane incubated with NBT / BCIP (Roche), 1:200 diluted in NTMT.

5.21 Heterologous expression

5.21.1 Heterologous expression of Curvibacter's AHL  -synthases Curll and
Curl2

The AHL-synthases from Curvibacter sp. (curll and curl2) were cloned into the pET22b-
vector (chapter 5.18.1) and expressed in E. coli Rosetta 2 (DE3) pLysS, as described
previously (Gould et al., 2006). E. coli, harboring the expression constructs or the control
vector, were grown in 5 ml Luria-Bertani (LB) broth supplemented with 100 pg/mi
ampicillin and 34 pg/ml chloramphenicol at 37°C while shaking for 12 to 16 h. Each
culture was diluted 1:50 into 50 ml fresh LB broth with 100 pg/ml ampicillin and 34 pg/ml
chloramphenicol. They incubated at 37°C and 250 rpm until an optical density (ODgqo) Of
0.6 to 0.8 was reached, afterwards the temperature was lowered to 25°C. Cultures were
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induced by addition of 0.5 mM IPTG (isopropyl-B-D-thiogalactopyranoside) and incubated
for 6 h at 25°C. The success of the overexpression was monitored by SDS-PAGE and
Western blot (chapter 5.20).

5.22 Generation of transgenic  Hydra vulgaris (AEP)

5.22.1 Hairpin construct for the down regulation of Hydra’s paraoxonase
HyPON

Hydra vulgaris (AEP) polyps with a knock down of the paraoxonase (HyPON) were
produced by a hairpin approach (Franzenburg et al., 2012). The sequence for the HyPON
were amplified out of cDNA and cloned into the pET28a(+)-vector (chapter 5.18.3). A 545
bp sense fragment of the hyPON was introduced behind the reporter gene egfp into the
modified HOTG vector (LigAF1 vector) (Hemmrich et al., 2012) using AsiSI and EcoRI
restriction sides. For the ligation of the antisense fragment connected by a 290 bp linker
into the construct both were cut with the endonucleases BsiWI and EcoRI. The construct
was checked by sequencing (chapter 5.16) and purified by a midi-plasmid preparation

(chapter 5.14.2) (primer can be found in Table 6).

5.22.2 Microinjection of embryonic  Hydra vulgaris (AEP)

The transfection of the paraoxonase (hyPON) hairpin construct into Hydra vulgaris (AEP)
embryos via microinjection were done by Jorg Wittlieb (Wittlieb et al., 2006). Constructs (2
ug/ul) were injected into Hydra vulgaris (AEP) embryos (2- to 8-cell stage), hold by a
CellTram Air pump (Eppendorf), using a fine glass needle and the CellTram Vario pump

(Eppendorf).

5.22.3 Generation of transgenic Hydra vulgaris (AEP) lines

Two weeks after microinjection of a hairpin construct into Hydra vulgaris (AEP) embryos,
first polyps hatched and were screened for a positive eGFP signal. Out of 33 injected
embryos one hatchling was positive and due to selection this polyp with a mosaic eGFP
signal gave rise to a line with a fully transgenic endoderm and a line with an eGFP signal
in the complete ectoderm. Furthermore, a line with no eGFP signal was selected as
control line. Consequently, all three Hydra lines are genetically identical. To generate a
Hydra line with a transgenic endoderm and ectoderm, the tissue layers of the existing
lines were separated (chapter 0) and the correspondent transgenic tissues were
transplanted with each other (chapter 5.3). The knock down was tested by quantitative
RT-PCR (chapter 5.6.4) (primer can be found in Table 6).
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5.23 Extraction of N-acyl homoserine lactones

Before extraction of N-acyl homoserine lactones (AHLS), Hydra polyps were homogenized
with a pestle. Bacterial cultures assigned to mass spectrometry were pelletized by
centrifugation at 3600 g for 10 min at 18°C; the supernatant were decanted into a 24 ml
syringe and passed through a 0.2 um filter. Samples smaller than 1 ml were extracted with
two volumes of acidified ethyl acetate (with 0.01 % acetic acid), while for the extraction of
samples with a bigger volume one volume acidified ethyl acetate were used. The samples
with a volume up to 1 ml were shaken for 10 min at room temperature (RT), centrifuged
for 1 min at 15000 g (RT), bigger volumes were centrifuged for 10 min at 3600 g (18°C).
The organic phase containing AHLs was collected for analysis. Extracts from bacterial
cultures were completely dried with a rotating evaporator in 50 ml glass flasks and

samples were stored at -20°C or -80°C until further use.

5.24 Quantification of AHLs with bacterial reporter strains

The detection of N-acyl-homoserine lactones (AHLs) was performed with the help of
bacterial reporter strains. Dependent on the length of the acyl-side chain of the AHLs
three different AHL-bioreporters (pSB536 (C4-HSL), pSB401 (C6-, 30C6-, C8-, 30C8-
HSL), pSB1075 (30C10- and 30C12-HSL) (Swift et al., 1997; Winson et al., 1998)) were
used. For the semi-quantification of AHLs, a serial dilution of an AHL standard (Sigma-
Aldrich) was performed and treated as the samples. The CurR reporter constructs
pCPcurR1 and pCPcurR2 were also analysed by this assay. Extracted AHLs, in 8-well-
strips, evaporated overnight under a hood. The next day an overnight culture of the
bacterial reporter strain was diluted to an optical density (ODgy) Of 0.1. To every dried
AHL probe 200 pl of the diluted bioreporter was added. They incubated for 8 h at 37°C
and 220 rpm. After 1 to 2 hours the probes were transferred into a transparent 96-well-
plate with flat bottom (Sarstedt) and sealed with PARAFILM® M (Eydam). Before
measurement, bacterial pellets, which formed during incubation, were resolved by
pipetting up and down and air bubbles were removed. The plate reader Tecan GENios
Plus was used for the measurement of the ODgyy and the bioluminescence. To measure
the bioluminescence, the probes were transferred into a white 96-well-plate with flat
bottom (Greiner Bio-One). The values of the bioluminescence were correlated with the
measured ODggo; in the following every probe owns a value of relative light units. On the
basis of these relative light units and the AHL standard one can determine the AHL

concentration in the samples.
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5.25 Thin-layer chromatography coupled with a bacte  rial AHL-
reporter

Samples extracted with acidified ethyl acetate were resuspended with acidified ethyl
acetate and applied to C18 reverse-phase thin-layer chromatography (TLC) sheets
(ALUGRAM RP-18W [/ UV254; 20 x 20 cm; Macherey-Nagel). A mobile phase of
methanol/water (60:40, v/v) was used to separate N-acyl-homoserine lactones (AHLS)
based on the length of their acyl-side chain and the substitution at the third carbon, as
described by Shaw et al. (Shaw et al. 1997). AHL standards (Sigma-Aldrich) were
prepared in acidified ethyl acetate and also spotted. To detect AHLs, the TLC plate was
overlaid with AT soft agar, supplemented with 60 pg/ml spectinomycin, 60 pug/ml X-Gal (5-
bromo-4-chloro-3-indolyl-B-D-galactopyranoside) and 1x10° CFU/ml Agrobacterium
tumefaciens NTL4 (pCF218)(pCF372) (Zhu et al. 1998). The plate incubated for 24 h at
29°C under light protected condition; afterwards hydrolysis of X-Gal was documented with

the Molecular Imager® Gel Doc™ XR+ (Bio-Rad).

5.26 Identification of N-acyl-homoserine lactones (AHLS) by mass

spectrometry

5.26.1 ldentification of AHLs by MALDI-TOF mass spe  ctrometry

N-acyl-homoserine lactone (AHL) extracts (chapter 5.30.2) were lyophilized, resuspended
in 50 pl acetonitrile and 1 pl was spotted onto on a 384-well Opti-TOF MALDI Insert (AB
SCIEX, Darmstadt, Germany) with 1 pl CHCA matrix solution (10 mg/ml a-cyano-4-
hydroxycinnamic acid in 60% acetonitrile, H,0). The MALDI-TOF-MS (matrix assisted
laser desorption ionization time of flight mass spectrometry) analysis was performed by
Christian Treitz (Institute for Experimental Medicine of the Christian Albrechts University of
Kiel) on an AB SCIEX TOF/TOF 5800 mass spectrometer (AB SCIEX, Darmstadt,
Germany), accumulating 2000 shots over an m/z-range from 100 to 500. The instrument
was calibrated with an AHL standard solution (C4-, C6-, C8-, C10- and C12-HSLs) to
cover the prospective m/z range. MS spectra were manually evaluated for potential AHL
degradation products and an inclusion list containing targets for MS/MS acquisition was
assembled. Fragment spectra were acquired with a medium CID pressure of 2 x 107°

Torr, minimum signal-to-noise filter of 10 and a precursor mass tolerance 200 ppm.
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5.26.2 Identification of AHLs by LC-ESI-MS

The mass spectrometry analysis was performed by Christian Treitz (Institute for
Experimental Medicine of the Christian Albrechts University of Kiel). Ethyl acetate extracts
(chapter 5.23) were further purified by solid-phase extraction (SPE) for mass spectrometry
analysis as described by Gould et al. (Gould et al., 2006). Each sample was dissolved in
500 pl methanol (Roth), 5 ml isooctane-ethyl ether was added and then applied to an
activated Sep-Pak silica cartridge (3 cc Vac RC Cartridge with 500 mg Sorbent (Waters)),
which were fitted with a 10 ml glass reaction vial and attached to the vacuum manifold.
The activation of the cartridges was performed by successive washings with 6 ml of each
solvent in the following sequence: isooctane, ethyl ether, acidified ethyl acetate, isooctane
and ethyl ether. The SPE cartridge was washed twice with 6 ml of isooctane-ether and
then 5 to 8 ml of acidified ethyl acetate were used to elute the AHLs into a glass tube. The
purified samples were dried by lyophilization. The samples were dissolved in 50 or 100 pl

of acetonitrile and transferred to a HPLC vial.

LC-MS analysis was perform with a Dionex Ultimate 3000 HPLC system, equipped with a
Dionex Acclaim PepMap100 nano-column (75 pm x 15 cm, 3 pum, 100 A, (Thermo
Scientific, Germany). The LC was coupled to an LTQ Orbitrap velos mass spectrometer
(Thermo Scientific, Germany). Reversed phase HPLC separation was performed with a
gradient of Eluents A (Milli-Q water with 0.1% formic acid) and B (80% acetonitrile, 0.1%
formic acid). Five microliter of each sample were injected and washed for 5 minutes on a
PepMap C18 guard column (300 um x 10 mm; Thermo Scientific, Germany) with 0.1%
aqueous TFA at a flow rate of 30 pl x min™ and then separated over an isocratic gradient
of 55% B for 50 min at a flow rate of 250 nl x min™*, followed by a sharp increase to 95%
eluent B in 1 min and a 5 min washing step. The column was then equilibrated with 5% B

for 15 min. UV detection was performed at 214 nm.

HPLC-flow was coupled to the LTQ Orbitrap velos (Thermo Scientific, Germany) using a
nanospray ion source with 1.3 kV capillary spray voltage and 210°C capillary temperature
with a 30 um PicoTip emitter (New Objective, USA). After a delay time of 5 min, full scans
of 50 to 500 m/z range were recorded in positive ion mode with a resolution of 30000
(AGC target 1E6; maximum inject time 500 ms, preview mode for FTMS master scans
and Wideband activation were used). Top 5 precursors with a minimum signal intensity of
400 and charge state of 1, were selected from MS/MS acquisition from targets on a parent
mass list which included 85 m/z values for 30H-HSL, 30-HSL, acyl-HSL and singly

unsaturated-AHL molecules with side chain lengths from C4 to C20.

100



Methods

5.27 Characterization of bacterial AHL production

Commensal and environmental bacteria of Hydra vulgaris (AEP) were cultivated (chapter
5.1.4) for 48 h at 18°C. The cultures were extracted with one volume acidified ethyl
acetate (chapter 5.23) and analysed by a TLC combined with the A. tumefaciens NTL4
AHL-reporter (chapter 5.25). Samples of Curvibacter sp. strain AEP1.3 (96 h) were further

analysed by mass spectrometry (chapter 5.26).

5.28 Characterization of Curvibacter's AHL-synthase s Curll and
Curl2

The functionality of the AHL-synthases was tested after heterologous expression in E. coli
(chapter 5.21.1). Bacterial cells were pelletized by centrifugation at 3600 g for 10 min at
18°C, followed by decanting of the supernatant into a 24 ml syringe and passing through a
0.2 um filter. The culture supernatants were extracted with one volume of acidified ethyl
acetate (chapter 5.23) and dried with a rotating evaporator to complete dryness in a 50 ml
glass flask. N-acyl-homoserine lactones (AHLs) were resuspended with acidified ethyl
acetate, separated by a thin-layer chromatography (TLC) and detected with the A.
tumefaciens NTL4 reporter (chapter 5.25). Furthermore, AHL samples were processed for

a mass spectrometric analysis (chapter 5.26).

5.29 Characterization of Curvibacter's AHL-receptor s CurR1 and
CurR2

The functionality of the AHL-receptors CurR1 and CurR2 was analysed with help of the
reporter constructs pCPcurR1 and pCPcurR2 (chapter 5.19). The AHL-synthases (Curll
and Curl2) and the control plasmid (pET22b) were heterologous overexpressed (chapter
5.21.1), extracted with one volume acidified ethyl acetate (chapter 5.23) and concentrated
with a rotating evaporator in this way that 3 ul extract correspond to 100 pl overexpression
culture. Dilution series of the extract (1x10™ to 1x10™ | culture) in acidified ethyl acetate
were performed. Always six dilution series of the three extracts were analysed by the two
CurR reporter constructs (pCPcurR1 and pCPcurR2) with a plate bioassay (chapter 5.24).
To decode the CurR activity, dilution series (1x10° to 1x10™** M) of all commercially
available N-acyl-homoserine lactones (AHLS) with oxo- or hydroxy-modification (30C6-
30C14-HSL, 30HC8-30HC14-HSL (Sigma)) were measured in three to five replicates
with the plate bioassay (chapter 5.24).
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5.30 Characterization of quorum quenching

5.30.1 Analysis of the quorum quenching activity of Hydra polyps

To investigate the quorum quenching (QQ) activity of Hydra polyps, they incubated for 24
h in 100 pl S-medium with 10 puM AHLs at 18°C. For every probe 10 polyps (H. vulgaris
(AEP), H. oligactis (strain St. Petersburg)) or, because of their much smaller size, 15
polyps of H. viridis (strain A99) were used. For the analysis of transgenic Hydra vulgaris
(AEP) the experiment was only conducted for 8 h. The remaining AHLS were extracted
with acidified ethyl acetate after O h, 4 h, 8 h and 24 h (chapter 5.23). Every time point
was covered by three replicates. As a control the experiment was conducted in parallel
with the same AHL concentration in S-medium. The extracted AHLs were identified and

semi-quantified with AHL-bioreporters (chapter 5.24).

5.30.2 Analysis of the quorum quenching mechanism o  f Hydra polyps by

mass spectrometry

To identify Hydra’s quorum quenching (QQ) mechanism, Hydra polyps were incubated for
24 h in 500 pl S-medium with 100 puM AHLs at 18°C. For every sample, 50 germfree
(chapter 5.1.3) or wild type H. vulgaris (AEP) polyps were used. The remaining AHLs
were extracted with acidified ethyl acetate after O h, 8 h and 24 h (chapter 5.23). Every
time point was covered by five to fifteen replicates. As a control the experiment was
conducted in parallel with the same AHL concentration in S-medium and Hydra polyps
without supplement. The extracted AHLs were analysed by MALDI-TOF mass
spectrometry (chapter 5.26.1) and LC-ESI-MS (chapter 5.26.2).

5.31 Sample preparation for transmission electron m icroscopy

Transmission electron microscopy (TEM) was used to visualize Curvibacter’s flagella.
Curvibacter sp. cells of a freshly grown culture were fixated by addition of glutaraldehyde
in a final concentration of 3.5% and 20 min incubation at room-temperature. Afterwards
cells were pelletized by centrifugation for 10 min at 5000 rpm and washed three times with
one volume MilliQ water and centrifugation for 10 min at 5000 rpm. Finally cells were
resuspended with 50 ul MilliQ water. For contrast 5 ul of the cell suspension was spotted
on a TEM grid, incubated for 10min at room-temperature before liquid was taken off with
filter paper and then 5 pl of 1% uranyl acetate was added. After 30 sec liquid was taken
off and the grid was applied to TEM, which was performed by Dr. Friederike Anton-

Erxleben.
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5.32 Characterization of Curvibacter’'s motility

The effect of different N-acyl-homoserine lactones (AHLsS) on Curvibacter's motility on
plate should be investigated. Therefore Curvibacter sp. strain AEP1.3 was cultivated in
liquid culture (chapter 5.1.4). The overnight culture was used to spot always 1 ul on
swarming plates, supplemented with 10 uM 30C12-HSL, 10 uM 30HC12-HSL or 1:2000
ethyl acetate. The plates incubated for eight days at 18°C. Between four and seven days

the colony area was measured with ImageJ.

5.33 Effects of AHLs on bacterial recolonization of Hydra polyps

To analyse the effect of 3-oxo- and 3-hydroxy-HSLs on the bacterial colonization of Hydra
polyps, germfree Hydra vulgaris (AEP) polyps were recolonized for four days with
Curvibacter sp. in the presence of 10 uM 30C12-HSL, 10 uM 30HC12.HSL or the AHL
solvent acidified ethyl acetate. Always 30 germfree Hydra vulgaris (AEP) (chapter 5.1.3)
were incubated for 10 h with 5000 CFU/ml of Curvibacter sp. (Table 7) in 10 ml S-medium
and one of the supplements at 18°C. The concentration of the acidified ethyl acetate was
in all samples 1:2000. Afterwards the solutions were exchanged by S-medium with the
corresponding supplement twice a day, with a minimum of 8 h in between. The
experiment was conducted in triplicates. After 4 days 5 polyps per treatment and replicate
were washed twice with 500 ul sterile S-medium. The polyps were homogenized with a
pestle in 1 ml sterile S-medium and one tenth of a polyp were plated on a R2A agar plate

and incubated at 18°C. After three days the bacterial colonies were counted.

5.34 Effects of AHLs on bacterial community of Hydr  a polyps

The effect of 3-oxo- and 3-hydroxy-HSLs on the bacterial community of Hydra polyps
should be analysed. Therefore always 15 Hydra vulgaris (AEP) polyps were incubated for
five days with 5 uM 30C12-HSL, 5 uM 30HC12-HSL or the AHL solvent acidified ethyl
acetate in 10 ml S-medium at 18°C. The concentration of the acidified ethyl acetate was in
all samples 1:4000. The solutions were exchanged twice a day, with a minimum of 8 h in
between. The experiment was conducted in duplicates. After 5 days 3 polyps per
treatment and replicate were washed three times with 500 pl sterile S-medium. The polyps
were homogenized with a pestle in 1 ml sterile S-medium and one tenth and one twentieth
of a polyp were plated on a R2A agar plate and incubated at 18°C. After three days the

bacterial colonies were counted.
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5.35 Effects of flagellin on bacterial community of Hydra polyps

The effect of flagellin on the bacterial community of Hydra polyps should be analysed.
Therefore always 16 Hydra vulgaris (AEP) polyps were incubated for 24 hours in each 50
ul S-medium with 0.5, 0.1 or 0.02 pug/ml flagellin of Salmonella typhimurium (Sigma) or
1:2000 PBS pH 6.8 as control at 18°C. After 24 h the polyps were washed three times
with 500 pl sterile S-medium. The polyps were homogenized with a pestle in 1 ml sterile
S-medium and one tenth of a polyp were plated on a R2A agar plate and incubated at

18°C. After three days the bacterial colonies were counted.
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Appendix

8 Appendix

8.1 AHL-bioreporters
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Figure 35: Sensitivity of AHL-recognition by the em poyed AHL-bioreporters

The AHL-bioreporter pSB536 (Swift et al., 1997) was used for the detection of C4-HSLs. While
bioreporter pSB401 (Winson et al., 1995) possess the highest sensitivity towards mid-length AHLS,
as C6-, C8- and 30C8-HSLs. For detection of long-chain AHLs the bioreporter pSB1075 (Winson
et al., 1995) was taken. The pSB1075 has a high sensitivity for 3-oxo-HSLs, but unmodified- and 3-
hydroxy-HSLs cannot be detected (chapter 4.1.2). For all measurements commercially available
AHLs were used, which were extracted with acidified ethyl acetate (chapter 5.23).

8.2 Sequence of Hydra’'s paraoxonase hyPON

8.2.1 cDNA sequence of Hydra’s paraoxonase hyPON

The hyPON cDNA sequence from the transcriptome of Hydra vulgaris (AEP) can be found
in the following. The section, marked in red, indicates the coding sequence, while the

underline denotes the sequence of the signal peptide.

>db454 haep_cel era v02_6197 |l ength: 1612 nunreads: 170 (ext:59 wt: 29
ecto: 31 endo: 6 nanos: 12 pa: 13 I ps: 11 flag:9)

GGCGCGGGACGGAAAAAAACACATACTGAAACT TTTTAGTCCCTGTGTAATAAGATTAAACTTTAG
ATATATTTATTTTTAAACACGAAACT TACTCTAACCT GCATGAAAGT CATTTGAAGCTCTAAAAAT
GATAAATTTCAAAAGCATTGI TGTAACTGTGTTGTCTGCTATCCTTATACCCAAAATTTACTTATG
GTTAACAAGTAACGCTGTGGGAGT TCAGT TTTATAATGT CTATCCTGGAATGTGTAAATCTATTCC
TGGTATTGT CTGCGGGT CTGAAAAAATTACAGT GACTTCCGATGGACTTGCTTTTTTTACTAGI GG
AATGAAAGGT GCATCAAATTGTGATCATCGT TATCTGCATGGTCGTATTTATTTATTTGATTTTAA
AGATCCAGAAAAAGGAGCAACAGAACTTTTTTTGAAGAGTAACAGTATATTACCCAGTAGTTTTAG
TCCCCACGGGATGGACTTGTTTGAAGATTTAAAAAATAATTTAATTAAACT GCTGGTGATCAATCA
TGCTAATCATAGCGAGAGTGTTGAAGT TTTTATTTTTAAACGTAGTGAACCTTCTTATTTGGATCA
TGTAAAAACTTTAACTGATAAAAAGT TTGTTTGTCTTAATGATATTGCTGT TATAAATGAAAATAT
ATTTTATGITACTAATTATCTGAAGTACTGTCAATATAACGAATTTGCTTCATTGCTTTTTGAAAT
TGGTTTAAAAATGCCCACATCTAATATAGT TTACTATAATGAAGGAAGCACT TTAGT TGCAGCAGA
CGGGTACTCCTCATTAAACGGTATAGCCATAAGTAAAGATTTCTCCATTGTTTTTGTATCTTCAAC
TGCAAATAATACTTTATCTGT TTTTAAACGCGAAGCTAAATCAGGAAAACTTTTACTTCATAATGC
AATTGATATTTCATATAGICCTGACAATGTTTACATTGATCATCAAACTGGTTTTTTATATGITGC
AGTCTTAAAAAAACCACTTCATTTCTTCTTGGCAGTAAGAAACT TAACTCTCAACACTGGAACT GG
GATAAAAATTGT GCCTGACTCTAATCAATGGAAAAATGCTGATGTAACTGAAGT TTTTCATGATAA
TGGTCAGCTTATTCAAAGT GCAAGCATGATAGTI TTTTTACAAAAATCAATATTTAATTGGT TCGGT
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TTATAACACATTGGT TTACTGCCGCACAGATAATATCTAAATGATATTATTTGTGCACATAAATCT
TATTGTTAAATGAGATTTTATCTTCAACTCTTTTTCGCCCCTTCTCCTTAAACCTTCCATGCCTTT
TTAAAAAAAAGAAAAAAGT TTATATTTTTTCAAAGAAATTTGT TTTCTAGGAAATAATCTGATTTC
TTTCTGAAAAAGGT TTCTTAGATACACATTTGI TAAATGCTCTTTTAATACTCTTTGTGTGITGTGT
GI'GTGTGCGT GT GCECCCECGT GTGTGTGGTGTGTGT GTCAACTTAACACTCTTTTATAACTTTAA
AGTTTAATGITGTATTTTTCTTACGTATTTTATAAATCACCAGCTCGI TTTTTTATAAAATAAGAT
CTTTTTAATACCAAAAAAAAAAAAAAAA

8.2.2 Protein sequence of Hydra’s paraoxonase HyPON

The protein sequence of the HyYPON was generated with help of DNAMAN out of the
cDNA sequence from the transcriptome of Hydra vulgaris (AEP). The sequence can be

found in the following. The signal peptide is marked by an underline.

M NFKSI WTVLSAI LI PKI YLW. TSNAVGVQFYNVYPGVCKS! PG| VCGSEKI TVTSDGLAFFTS
GVKGASNCDHRYLHGR! YL FDFKDPEKGATEL FLKSNSI LPSSFSPHGVDLFEDLKNNLI KLLVI N
HANHSESVEVFI FKRSEPSYLDHVKTLTDKKFVCLNDI AVI NENI FYVTNYLKYCQYNEFASLLFE
| GLKMPTSNI VYYNEGSTLVAADGYSSLNG Al SKDFSI VFVSSTANNTL SVFKREAKSGKLLLHN
Al DI SYSPDNVY! DHQTGFL YVAVLKKPLHFFLAVRNL TLNTGTG KI VPDSNQWKNADVTEVFHD
NGQLI QSASM VFYKNQYLI GSVYNTLVYCRTDNI

8.3 Curvibacter’s quorum sensing system

8.3.1 Quorum sensing operon - AHL-synthase curll an d AHL-receptor
curR1

Operon consisting of the AHL-synthase curll and the AHL-receptor curR1 of Curvibacter
sp. Curll is marked in red, while curR1 is indicted with a green mark. Binding sides for the
primer AEP1.3 |luxR1_F and AEP1.3 luxR1l_R, which were used for the CurR1-reporter

pCPcurR1, are marked with boxes.

GCAAAAGACCGACT ACCAAGCGGECCT TTCCAAAGGT TACGCCGAGGTATAT GCCT GATGGCAAGCG
TTTGATGT TGGCGGCAGAGGAT TATCCAAAACGACCCAACGACGCTGATTTCT TTGTAACGCACGA
AAGAACCGGGAGGT CATTTCGAACCGACT ACACGGEGAAAGT TCGECAGAAACATGACGGT TGTCAT
TGAAGGT CTCCGAGACCCCGTACGECCGTACT TTCCTACGCT CAAGAAGGT GGAGAAAGACGGECCA
AGTCCTTTGEGAGCCGGT GGACGATCACAT GT GGT TGAT CGT ACGGEGAT GT CTCCAGAGACGGEGAA
GCTTGCTGI CTATGACGACAGAGGTATCCGAATGTGI TTCCGT TATTTAGATCAGCCGCTTCGT CA
TGAAGAGTGCTTTTCCAGAGCATCCTTTGGT TTGTATTGCTGI TGT CGEECCGCACCCCGCACCCC
GCACCCCGCCGGET CECAEGET GRACGEEECT GTGCTCT CGT GATGGT TCACGEECT TGGAGCGECGGET
ATGAAAAGT TGGCAAGAAGATTTACT TGACCT TGCGT CTGGCAAGGCAACGT GTGAACGTGAGATT
TTTAGACGAGT TGAAGAGCCTGCTTTAGCGCT TGGEGT TCGAACATGTGECCTACGGT TTTCAGT CG
CCCACGCCGT TCAGTAGACCGAAAAT TACACT GCTGAACAGCTACCCT CTGT CGT GECAAGAGCGC
TATGCCCAAGCGGEGATACCT TCAAGT CGATCCAACCGT CGCTCACGGACGT CGT TCTCAAGAGCCG
ATTGTCTGGACAGACCAAGT TTTTGCGAATGCACAGAGT CTTTGGGAT GAAGCCAGAGAGCACGGA
CTGAGGGT CGECTGEGCACAGT CCAGT CTGGATGT CT TGEGT TCGEGAGECATGCTTACGCTGT CA
AGGTCTTGCGAGI TTTTAAATCCCCAGGAGCT TGAAGCCAAACAACAAAAAAT GCGGTGECTCGI T
CAGGTGGECTCACCTAGCGT TTTCGCGCT TGCT TCGGT GTAAT CAAACAAAT GGATCGCACAGECTC
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TCAGCCCGEGAGT TGGAGGT CTTGAAGT GGT CT GCCGACGGEGAAGT CGGCGCAGGATATAGCGGAC
ATTCTGAACGTATCAAAGAACACGGT GGACT TTCACATCAAGAACT CCGTGECTAAAATGCAGGT A
GCCAATAAGACAGCGGECAGT GGTACGCGCTGCATTGCTCGEGT TACTCTATTGACGCACCGTGITT
GCGT TCTCCGEGTAGTAATGCTTATCT CTGAGT GCAGCAGT GTAT GTAGACCGCAGGAAAAGT GGG
CACGCGAAAAT GCATGI TTCCGAAT CGEGCCAAGT TCGAGCGACAGT CGACGATCTCTTGAGI GTC
TATTTTTTTCACCATTTTTCCGGECT TAGATATTGAAGT TGGCGAT CCT TCAAAAGGCT GCGGT CGT
CCAACCGCTATCTCTGGATTTACAGAATGGEGT TGGTCACTCTTTGI TTCAGATCTCCATCGGT TGG
GATTGCCATTTGGAAGT GGAAGGAGACAT CGT TCGCT TGATGCGAGCCGAT TGCCCTCGAACT AAT
GITCAGCTTATCAATTCAGAT GEGECGGEGAT TTCGCCT GGGAACAAAAT CTTCAGAT TCTCGGEGACG
ATTGTTGACGCGT TACCT TGGGECGAT CTCGGTAGAGACCCAT TTTCT TCCATCAGACGACGGEGECTC
GTATCGATGTGACGAGI TTTCTCCCCCGAGCAT TCCCCCGT TCCGCCCGAGGEECGACCTCTTCTA
GAGT GCGECGECGT CCGACCAT CTGACGCGCACT CAGT GCACCTCATCTCTTGGT CGT GCCTGCGGA
TTGTTTCGCCGCCGT GAACATGAACCTACTTTTTTTAGTAGGT TACACCACCCCAAACCTTGAACA
CAATAACCCCAATTGTAAAGGGGT GEGTATATGCAT TGCGT TGCT GGTAGGCGAGAGGAAT TGCCG
CCGCACCT GAT GGAAGCGGT GGEECGCTATCGT CACAAGGT TTTTGTCAGTCACCTTGGT TGGT CA
TTGCGAT CCTCGGGAGAGGT TGAGBCAGACGAGT TICGAT GGECCTGACGOTGTATACGT CTCCTCG
CAAGACAAGCATGGT CACGT TAACGGCGT AGCGCGCCTAT TGCCGACAACGGT TCCTTACTTGI TA
GAGAAAGTATTTCCATCGCTTTGEEGT GGACT TGAGT TGCCGCGCAGCGCT GAAGTATGEGAGTI TG
TCGAGATTTGCTGCTGTCGATTTTGATACT TGCGCATCCCTGGCAAAT CAGGCTTCAGCAAGT CAC
GCGCCAAGT CTATTTCAACAGGT GGT TCGGAT TGCAGCAGAGCATGGAGCCCGCACTCTGATTACC
GTATCGCCGGT CGGAAT GGAGCGT CTACT CCGAGT CAACGGAT TTCGAGCTATACGAGCAGGGEGT T
CCTGCACAACAGGECGEGTGCTCTGTI TGT TGCGCTCAGTATTCCCCT CAGT GAATACATGGAGGT G
TGGECAATGAACCGT TCAAAACT AACT CCCTGGT CACGCGT CGT GAACCCT CAGACCAATCGCGGAC
TGCTCATCCCGATTGATCATGGCCT TACGT CGEGT GAGATGGACGGT CTCCTCCACTCGTCGATGC
CGGCACGCTGGT TGAGT CACCCAGCGAT CACGGECGGT GGTGGECGCATAAGGGTATGGT CGCCCGEC

8.3.2 AHL-synthase curll and AHL-receptor curR1 -c DNA sequence

>AEP_03680 | asl _2 Acyl - honoseri ne-| act one synt hase

ATGCATTGCGT TGCT GGTAGGCGAGAGGAAT TGCCGCCGECACCT GATGGAAGCGGT GGGGECGCTAT
CGTCACAAGGTTTTTGI CAGT CACCTTGGT TGGT CATTGCGAT CCTCCGGAGAGGT TGAGGCAGAC
GAGT TCGATGGEGECCTGACGCT GTATACGT CTCCTCGCAAGACAAGCAT GGTCACGT TAACGGCGTA
GCGCGCCTATTGCCGACAACCGT TCCTTACT TGT TAGAGAAAGTATTTCCATCGCTTTGEGGTGGA
CTTGAGI TGCCGCGCAGCGCT GAAGT ATGCGAGT TGTCGAGATTTGCTGCTGTCGATTTTGATACT
TGCGCATCCCTGGCAAAT CAGGCT TCAGCAAGT CACGCGGCAAGT CTATTTCAACAGGT GGTTCGG
ATTGCAGCAGAGCAT GGAGCCCGCACTCTGATTACCGT ATCGCCGGT CGGAATGGAGCGT CTACTC
CGAGTCAACGGATTTCGAGCTATACGAGCAGEEGT TCCTGCACAACAGCECGEGTGCTCTGTTGT T
GCGCTCAGTATTCCCCT CAGT GAATACATGGAGGT GTGGCAATGA

>AEP_03679 sdi A 2 Regul atory protein Sdi A

ATGAAAAGT TGGCAAGAAGATTTACT TGACCT TGCGT CTGGCAAGGCAACGT GTGAACGTGAGATT
TTTAGACGAGT TGAAGAGGCTGCTTTAGCCCT TGGGT TCGAACATGT GECCTACGGT TTTCAGT CG
CCCACGCCGT TCAGTAGACCGAAAATTACACTGCTGAACAGCTACCCT CTGT CGTGECAAGAGCGC
TATGCCCAAGCGGEGATACCT TCAAGT CGATCCAACCGT CGCTCGCGGACGT CGT TCTCAAGAGCCG
ATTGTCTGGACAGACCAAGT TTTTGCGAATGCACAGAGT CTTTGGCGAT GAAGCCAGAGAGCACGGA
CTGAGGGT CGECTGEGCACAGT CCAGT CTGGATGT CTTGGGT TCGEGAGGECATGCTTACGCTGT CA
AGGTCTTGCGAGT TTTTAAAT CCCCAGGAGCT TGAAGCCAAACAACAAAAAAT GCGGTGECTCGT T
CAGGTGGCTCACCTAGCGT TTTCGCCCT TCCT TCGGT GTAATCAAACAAAT GGATCGCACAGECTC
TCAGCCCGGGAGT TGGAGGT CTTGAAGT GGT CT GCCGACGGGAAGT CGECGCAGGATATAGCGGAC
ATTCTGAACGTATCAAAGAACACGGT GGACT TTCACATCAAGAACT CCGT GGCTAAAATGCAGGTA
GCCAATAAGACAGCGGECAGT GGTACGCCCTGCATTGCTCGEGT TACTCTATTGA
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8.3.3 AHL-synthase curll and AHL-receptor curR1 —a mino acid sequence

>AEP_ 03680 | asl _2 Acyl - honoseri ne-| actone synt hase

MHCVAGRREEL PPHL MEAVGRYRHKVFVSHL GASL RSSGEVEADEFDGPDAVYVSSQDKHGHVNGY
ARLLPTTVPYLLEKVFPSLWGEG. EL PRSAEVWEL SRFAAVDFDT CASL ANQASASHAASL FQQVWR
| AAEHGARTLI TVSPVGVERLLRVNGFRAI RAGVPAQQGGCSWWALSI PLSEYNVEVW

>AEP 03679 sdi A 2 Regul atory protein Sdi A

VKSWQEDL L DLASGKATCEREI FRRVEEAAL AL GFEHVAYGFQSPTPFSRPKI TLLNSYPLSWER
YAQAGYL QVDPTVARGRRSQEPI VW DQVFANAQSL WDEAREHGL RVGMNAQSSLDVLGSGGWLTLS
RSCEFL NPQEL EAKQKMRW. VQVAHL AFSRL L RCNQTNGSHRL SAREL EVL KWSADGKSAQDI AD
| LNVSKNTVDFH KNSVAKMQVANKTAAVWRAALLGLL Y*

8.3.4 Quorum sensing operon - AHL-synthase curl2 an d AHL-receptor
curR2

Operon consisting of the AHL-synthase curl2 and the AHL-receptor curR2 of Curvibacter
sp. Curl2 is marked in red, while curR2 is indicted with a green mark. Binding sides for the
primer AEP1.3 |luxR2_F and AEP1.3_|luxR2_R, which were used for the CurR2-reporter
pCPcurR2, are marked with boxes.

GAAAAAACGGT ATGACAGCATCTAAAT TCT GGAAACGECAAGCCCT TGECGCAGCGT TAGGCTGCA
GTCTGGGCATTTATTCTGGECGAAGGCCTCAATGT GGCGGT CAAAT CGCCGCACTTCTTGAGACTCG
AAACCTGTCTTGATAAGCAGGT ACCGATGECCAATAT TGGAT TCGAAATGTCAGATTTTGTAACCC
ACCATTTTTAATAGGT GACAGCTATCCCGAAAGATTTTTTGGAACT TAGCTACCAAGATTGGTAGG
TTTCAAAGCCACCCAAGT GACGT CCAATAGCGCAGT TACCTCTGAATCAGTCCTCTTGGT TGAGGG
CGAGGGAACCGCCCTTCTAGCGATTACATACT TGCCGAATTTGT TCCACTGGATGCTTGGCAGGAG
CATCAGGTATTCATTGGCGGAAAATTCTGT CAAACT GCTCTGCATAAAAAT GCATGT CGECCATAC
AGATTGGT CTACCGAT CGCACAGGCGAAAT CEEEEGTAGI TATGCAGAGCTGGT TCGAGCAATTGAT
TTGCAATCTGGACAGCACCAAGGAT GAAAAGGAAAT TTATGCCTATAT CGCAGCAGCGGCACGTGA
CCTCGGTTTTGAATACTGCGCGT TTGECCTGCAGT TCCCT TAT CCGCT GACCAGCAAACGEGTGGT
TCTCCTGAATAACT ACCCCCAAGT CTGGCAAGAGCATTACCAAAAACAAAACT ACGT GAACCAAGA
CCCTACCGT ACT GCAAGGGCGCAGGAGCAATACGCCAT TCCTCTGGAACGACGGATTGT TCAGCGA
TGCCACCGATAT GT GGGAAGAGGCGCAGGCCCAT GECCTGAGT CAGEGGTGGTCTCAGT CCAGT TT
GGATGGAT CGEGAGCCGCCAGCT TGCTCACGCT GGCACGCT CCAACGACAAGATTTCT GCGCTGGA
GI' TGCAGECCAACGAAAGCCGCAT GCGT TEECTGGT GT CGGT CGCACACCT GT CGCTCTCCAACGT
CTACCAGT CGGACCTGCGCGCGCAATTTAATCCCAACCT TACGGAGCGAGAGCTCGAGGTCTTGCG
CTGGAGT GCAGAT GGCAAGT CAGCGGGAGAGATTTCTGACATTCTGT CCATCTCCAAAAACACTGT
GGACTTTCACATCAAAAAT GCAGT GCACAAGCT CCGAACCT CCAACAAGACAGCCGCCGTAGT GCG
TGCCGTCATGATGEECCTGI TGT TCTGATGCTCGCCT TTGGT GAAAAGAGCCTTCCCATGAAACTT
ATTGAAAATGGTCTCGTAT TGGT CGGAAT CCCCGAACT GATGCAGGT CCCTTTCAAGCATCTGGT G
ACATCTCTGGACGAAGATAAGGACAACAGCCT GT CCAAT TGCGEECCGT GCTGCCACCAT CACGEEC
TATACGGAGT GGT TTTCGGAAACACAACCCTACCT GACCGT GGGATGCGAT TGEGT GATCGATGAA
CGCGECCCAAGGCAGCGCECCT TGECGT TTGEECT CGCCGCGCACCAATGT CAATCTTGT TGGCAAC
GATGGT CGGGECAT TGCCGT GGGAGGCAAGT CTGGAAAAAT TGEGEGCAGCTGATGGATGCCCTGCTT
CCTTGGCAGCAAACCGT CCATGCCTTTGAAGT GCCCCAACCGGTAGCTCAAAATCGAGCATCTTCT
CCCGCTGAAAACATCTTGTGACCCTGCTAAAAATAGT AGGT TACAAGAAAGAAGAGCT TCGATGTA
ATACCGT CCAACAAGAT GGATGCECGAAT TTCGT GGAT TTCAGEECAGGAACGGTAAATAGCTTTTC
GAGTGAATATTTTCAGGGEGECTTTCGCAATACCGECATCGCGT TTTTGT GGAGATGCTGEECTGGEA
GT TGCAAT|GCGAGCACGGCAT TGAAACGGACCAGT TCGACCGT AACGACACGGT CTATGTGGTGGC
CCACGACGACGCATCTGAAAT CAT TGGAT TAGGEGECGCT TGCTGCCAACCACCAAGCCTTACTTGCT
GGGAGAAGT CTTCCCTGAGCT TCTCAAT GGCAAGACACCGCCCAGCT CACCAGATGT GT GGGAGCT
CTCCCGGT TCGCAGCAGT GGACT TCAAT GCCAACGCGACT AGCGCCCT GEGECAGT TCTCCAGCEA
GATTGCGATAGAGCTGI TGCACCAAT CCAT TGCGACCGCCCGEECCCAT GGT GCCAAGGAATTGAT
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TACGGT CTCCCCATTGCGEGAAT TGAACGT CT GT TECGECCECGECT GGAT TCAAGGECGCATCGCGECT GG
GCCGCCCAAGATGTACGGACGCCATGCAGTATTTGCCAATGTCATTGACT GCT TGGCATAGAAACT
GAACTTACAAAAGAAGCCCGCACGAAT CCEEECT GAACCT TCGAAGAT GECCT CGT TCAGGGAGCT
AAAACGAGGGEECATACGCCCATCCGATATTTTAGAAGACT TGAGGCCAAACCAT TGAGACCGT AAG

8.3.5 AHL-synthase curl2 and AHL-receptor curR2 - ¢ DNA sequence

>AEP 02249 lasl _1 Acyl - honoseri ne-| actone synt hase
ATGGGCGAATTTCGTGGATTTCAGGGCAGGAACGGTAAATACCTTTTCGAGT GAATATTTTCAGGEGEG
CTTTCGCAATACCGGCATCGCGT TTTTGT GGAGAT GCTGGGCT GGGAGT TGCAAT GCGAGCACGEC
ATTGAAACGGACCAGT TCGACCGTAACGACACGGT CTATGT GGTGGCCCACGACGACGCATCTGAA
ATCATTGGATTAGGGCGCT TGCTGCCAACCACCAAGCCTTACTTGCTGGGAGAAGTCTTCCCTGAG
CTTCTCAATGGCAAGACACCGCCCAGCT CACCAGATGT GTGGGAGCTCTCCCGGT TCGCAGCAGT G
GACTTCAATGCCAACGCGACT AGCGCCCTGGGEGECAGT TCTCCAGCGAGATTGCGATAGAGCTGI TG
CACCAATCCATTGCGACCGCCCGGEGECCCAT GGTGCCAAGGAATTGATTACGGT CTCCCCATTGGGA
ATTGAACGT CTGT TGCGCCGCGCTGGAT TCAAGGCGCAT CGCGCT GGGCCGCCCAAGATGTACGGA
CGCCATGCAGTATTTGCCAATGTCATTGACTGCTTGGCATAG

>AEP 02251 sdi A 1 Regulatory protein Sdi A

ATGCAGAGCTGGT TCGAGCAATTGAT TTGCAAT CTGGACAGCACCAAGGATGAAAAGGAAATTTAT
GCCTATATCGCAGCAGCGGECACGT GACCTCGGT TTTGAATACTGCGCGT TTGECCTGCAGI TCCCT
TATCCGCTGACCAGCAAACGGGTGGT TCTCCTGAATAACTACCCCCAAGT CTGGCAAGAGCATTAC
CAAAAACAAAACT ACGT GAACCAAGACCCTACCGTACT GCAAGGGCGCAGGAGCAATACGCCATTC
CTCTGGAACGACGGATTGT TCAGCGATGCCACCGATAT GT GGGAAGAGGCGCAGGCCCATGECCTG
AGTCAGGGGT GGTCTCAGT CCAGT TTGGAT GGAT CGEGAGCCGCCAGCT TGCTCACGCTGGECACGC
TCCAACGACAAGATTTCTGCGCTGGAGT TGCAGGCCAACGAAAGCCGCATGCGI TGECTGGTGTCG
GTCGCACACCTGTCGCTCTCCAACGT CTACCAGT CGGACCTGCGCGCGCAATTTAATCCCAACCTT
ACGGAGCGAGAGCTCGAGGT CTTGCGCT GGAGT GCAGATGGCAAGT CAGCGGGAGAGATTTCTGAC
ATTCTGTCCATCTCCAAAAACACT GTGGACT TTCACATCAAAAAT GCAGT GCACAAGCTCCGAACC
TCCAACAAGACAGCCGCCGTAGT GCGTGCCGTCATGATGEECCTGTITGTTCTGA

8.3.6 AHL-synthase curl2 and AHL-receptor curR2 —a mino acid sequence

>AEP_02249 | asl _1 Acyl - honoseri ne-1 actone synt hase
MGN\FVDFRAGTVNSFSSEYFQGL SQYRHRVFVEMLGWEL QCEHG ETDQFDRNDTVYVVAHDDASE
| I GGRLLPTTKPYLLGEVFPELLNGKTPPSSPDVWEL SRFAAVDFNANATSAL GQFSSEI Al ELL
HQSI ATARAHGAKEL| TVSPLG ERLLRRAGFKAHRAGPPKMYGRHAVFANVI DCLA*

>AEP 02251 sdi A 1 Regulatory protein Sdi A

MBWFEQLI CNLDSTKDEKEI YAYl AAAARDL GFEYCAFGL QFPYPLTSKRVVLLNNYPQVYWQEHY
QKQNYVNQDPTVL QGRRSNTPFLWADGL FSDATDMAEEAQAHGL SQGNSQSSLDGSGAASLLTLAR
SNDKI SAL EL QANESRVRW.VSVAHL SL SNVYQSDL RAQFNPNL TEREL EVL RASADGKSAGEI SD
| LSI SKNTVDFHI KNAVHKL RTSNKTAAVVRAVVMGL L F*
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8.4 Recognition of AHLs by the AHL-receptors CurR1
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Figure 36: AHL response of the AHL-receptor reporte
For characterization of the AHL-specificity of the CurR-receptors, dilution series (10°-10™ M) of
commercially available 3-oxo- and 3-hydroxy-HSLs (30C6-C14, 30OHC8-C14) were measured with
pCPcurR1 (A,B) and pCPcurR2 (C, D) in a plate assay.
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8.5 Transcriptome statistics

Table 15: Overall statistics of the analysed  Curvibacter sp. transcriptomes.

sample number condition number of reads  unique mapping all mapping
1 D1 9709184 80.4 90.2
2 D2 10034646 79.0 90.0
3 D3 12830930 79.5 89.8
4 D4 10677771 78.1 88.6
5 D5 11055096 80.3 90.2
6 El 12416134 81.8 89.3
7 E2 8603225 79.9 91.0
8 E3 10909520 79.7 87.6
9 E4 21957314 77.9 88.4
10 E5 12639194 77.2 88.0
11 F1 11988092 78.8 89.6
12 F2 11357462 77.0 87.6
13 F3 11092341 77.2 87.5
14 F4 9898320 78.0 89.4
15 F5 10483339 77.4 89.1

Curvibacter sp. was incubated for 4 h with 1:2000 acidified ethyl acetate (D), 10 uM 30C12-HSL
(E) or 10 uM 30OHC12-HSL (F) (n=5).
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