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Summary 
 

All animals are holobionts consisting of a multicellular host and its associated 

microbiota. The microbiota occupies different niches within a host and benefits the health of 

the host in various ways. The mechanisms shaping the composition and the spatial distribution 

of the microbiota to maintain homeostasis within a holobiont are not well understood. In this 

thesis different aspects of symbiotic interactions in the holobiont Hydra were investigated.  

As a member of the ancient phylum Cnidaria, Hydra’s entire body is formed of an 

epithelial bilayer. The ectodermal epithelium facing the aquatic environment is covered by a 

multilayered glycocalyx. In this thesis the outer mucus-like layer of Hydra’s glycocalyx was 

identified as the natural habitat of the bacterial microbiota. To investigate the molecular 

composition of the glycocalyx an integrative transcriptomic and proteomic approach was 

applied and resulted in the identification of 79 candidate genes. Among these a family of 

putative antimicrobial peptides (AMPs) was identified and further characterized. 

Antimicrobial activity is not restricted to epithelium-derived peptides in Hydra. 

Members of all major neuropeptide classes were shown to possess antimicrobial activity. In 

particular, a specific neuropeptide, termed NDA-1, was shown to affect the spatial distribution 

of Hydra’s main colonizer, the Gram-negative Curvibacter sp., suggesting a role for distinct 

nerve cells in the spatial organization of the microbiota along the Hydra’s body axis. 

The green hydra, Hydra viridissima, is not only host to bacteria, but in addition harbors 

unicellular photosynthetic algae of the genus Chlorella in its endodermal epithelial cells. 

Genome sequencing of Chlorella sp. A99 revealed a degenerated nitrate assimilation pathway 

and a large number of amino acid transporters suggesting that the alga depends on the import 

of host-derived amino acids as a nitrogen source. Indeed, in vitro growth of otherwise obligate 

symbiotic Chlorella was supported by supplementing the medium with glutamine. Microarray 

transcriptional profiling of the hydra host identified, among others, a glutamine synthetase that 

is specifically up-regulated by photosynthetic activity of Chlorella as well as by supplying 

exogenous maltose. These results indicate a metabolic co-dependence with Chlorella providing 

the photosynthetic product maltose to Hydra, which in turn up-regulates glutamine synthetase 

expression to supply the algae with nitrogen in form of glutamine. 

Interestingly, photosynthesis activity of Chlorella seems to affect not only host gene 

expression, but also the bacterial microbiota. This work provides the first detailed description 

of the H. viridissima microbiota and shows that the bacterial community composition fluctuates 

in light-dependent manner indicating that the photosynthetic activity of endosymbiotic 

Chlorella algae modulates the bacterial microbiota in the green Hydra holobiont. 
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Zusammenfassung 
 

Alle Tiere sind Holobionten bestehend aus einem multizellulärem Wirt und der mit ihm 

assoziierten Mikrobiota. Die Mikrobiota besetzt verschiedene Nischen im Wirt und unterstützt 

seinen Gesundheitszustand auf verschiedenste Weise. Die Mechanismen, die die Zusammen-

setzung und räumliche Verteilung der Mikrobiota modellieren, um die Homöostase im 

Holobionten zu wahren, sind nicht komplett verstanden. In dieser Arbeit wurden verschieden 

Aspekte symbiotischer Interaktionen im Holobiont Hydra untersucht. 

 Als Mitglied des Phylums Cnidaria besteht der gesamte Körperbau von Hydra aus zwei 

Epithelien. Das ektodermale Epithelium steht in Kontakt mit der aquatischen Umwelt und ist 

von einer mehrschichtigen Glykokalyx bedeckt. In dieser Arbeit wurde die äußere, Mukus-

ähnliche Schicht als das natürliche Habitat der bakteriellen Mikrobiota identifiziert. Um die 

molekulare Zusammensetzung der Glykokalyx zu ermitteln, wurde eine kombinierte 

Transkriptom- und Proteom-Analyse durchgeführt, die zur Identifizierung von 79 Kandidaten-

genen führte. Unter diesen wurde eine Familie putativer antimikrobieller Peptide 

charakterisiert. 

Antimikrobielle Aktivität beschränkt sich in Hydra nicht nur auf epitheliale Peptide. Es 

konnte gezeigt werden, dass Mitglieder aller Hauptklassen von Neuropeptiden antimikrobielle 

Aktivität besitzen und ein spezielles Neuropeptid, NDA-1, die räumliche Verteilung des Gram-

negativen Hauptkolonisierers Curvibacter sp. beeinflusst. Dies deutet auf eine Funktion von 

Neuronen bei der räumlichen Organisation der Mikrobiota entlang der Hydra Körperachse hin. 

 Die grüne Hydra, Hydra viridissima, ist nicht nur Wirt für Bakterien, sondern beherbergt 

auch einzellige, photosynthetische Algen der Art Chlorella in den endodermalen Epithelzellen. 

Die Genomsequenzierung von Chlorella sp. A99 zeigte, dass einerseits die Gene für den Stoff-

wechselweg der Stickstoff-Assimilation unvollständig sind und anderseits eine große Anzahl 

von Aminosäuretransporter-Genen vorliegt. Dies könnte darauf hinweisen, dass die Alge auf 

den Import von Aminosäuren als Stickstoffquelle angewiesen ist. Tatsächlich wurde gezeigt, 

dass die Supplementierung des Mediums mit Glutamin die in vitro Kultivierung der obligat 

symbiotischen Alge unterstützt. Die Transkriptionsanalyse (Microarray-Analyse) des Hydra 

Wirts identifizierte u.a. eine Glutaminsynthetase, die in Abhängigkeit der photosynthetischen 

Aktivität von Chlorella sowie durch exogene Zugabe von Maltose spezifisch hochreguliert 

wird. Diese Ergebnisse weisen auf eine metabolische Abhängigkeit hin, wobei Chlorella das 

Photosyntheseprodukt Maltose an Hydra liefert, woraufhin der Polyp die Glutaminsynthetase-

Expression hochreguliert, um die Alge mit Stickstoff in Form von Glutamin zu versorgen.  
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Interessanterweise beeinflusst die photosynthetische Aktivität von Chlorella nicht nur 

die Genexpression des Hydra Wirts, sondern auch die bakterielle Mikrobiota. Diese Arbeit 

beinhaltet die erste detaillierte Beschreibung der H. viridissima Mikrobiota, wobei die 

bakterielle Zusammensetzung Licht-abhängigen Fluktuationen unterliegt. Dies deutet darauf 

hin, dass die photosynthetische Aktivität der endosymbiotischen Alge die bakterielle 

Mikrobiota im H. viridissima Holobiont moduliert. 
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General Introduction 

From foes to friends: Rethinking host-microbe interactions 

Approximately 350 years ago, the invention of primitive microscopes enabled two men, 

Robert Hooke and Antoni van Leeuwenhoek, to observe microorganisms for the first time 

(Gest, 2004). The discovery that there were forms of life, which are invisible to the naked eye, 

opened the door to a whole new microscopic world: the field of microbiology was born.  

In 1835 the Italian entomologist Agostino Bassi discovered that the white muscardine 

disease of silkworms was caused by a small, parasitic fungus and thereby, gave the first proof 

that microorganisms are capable of causing disease. Bassi suggested that similar living agents 

might cause other contagious diseases. However, the idea of tiny invisible organisms in the air 

was considered to be a fanciful tale and although supported by the work of Bassi and others 

such as Edward Jenner, John Snow, and Ignaz Semmelweis the emerging ‘germ theory of 

disease’ was mostly rejected. It was only in the 1860s that the ‘germ theory of disease’ was 

strongly promoted by the experiments of Louis Pasteur, followed by the pioneering studies of 

Robert Koch and Joseph Lister. Pasteur demonstrated that fermentation of wine and souring of 

milk are caused by living microorganisms, thereby disproving the doctrine of spontaneous 

generation. With the discovery of the roots of food spoilage Pasteur adopted a related view on 

the cause of diseases. He proposed that hindering microorganisms from entering the human 

body may prevent certain diseases. Based on this idea Joseph Lister promoted the concept of 

antiseptic surgery and successfully introduced carbolic acid to clean wounds and sterilize 

surgical instruments. In 1876 Robert Koch discovered the bacterium Bacillus anthracis as the 

causative agent of anthrax and with the publication of his findings the ‘golden age’ of 

bacteriology had begun. In a span of just 30 years the principal bacterial pathogens of human 

infectious disease were isolated including anthrax, gonorrhea, typhus, tuberculosis, cholera, 

diphteria, tetanus, plague and syphilis (Blevins and Bronze, 2010). In 1905 Robert Koch 

received the Nobel Prize in medicine for his research on tuberculosis, which led him to frame 

his famous postulates that have guided the understanding of the nature of infectious diseases. 

There is no doubt, that the eminent contributions of Louis Pasteur, Robert Koch and 

their fellow scientists revolutionized the medical field and had important implications for the 

way in which people cleaned their homes, selected and prepared food. However, the 

identification of microbes as causative agents of disease and food spoilage also paved the way 

for the idea that healthy organisms are defined as living entities free of bacteria and viruses. 
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Suspicion and mostly irrational fear of microbes have sustained until today, when many people 

regularly use antibacterial products such as soaps, detergents and hand sanitizers that claim to 

kill microbes on telephones, keyboards, doorknobs and even in the air. At the end of the 19th 

century the relationship between microbes and man was declared as a battlefront and the 

development of vaccines and in particular the discovery of antibiotics in the 20th century were 

anticipated to herald the end of infectious disease. Nowadays, we are aware that this assumption 

was overoptimistic and premature, thereby underestimating the outstanding ability of 

microorganisms to evolve effective strategies to escape drug lethality. Excessive overuse and 

misuse of antibiotics in medicine as well as the use of antibiotics for non-therapeutic purposes 

in food-producing animals promoted the emerge of multidrug-resistant bacteria. Today, many 

decades after the first patients were treated with antibiotics, resistance has been observed for 

almost all antibiotics that have been developed and bacterial infections have become a major 

public health threat again. Furthermore, we face the emerge of complex diseases such as 

irritable bowel syndrome, ulcerative colitis, Crohn’s disease, and atopic dermatitis. 

Intriguingly, these disorders cannot be attributed to a newly arrived pathogen, instead they are 

accompanied by an imbalance in the ever-present bacteria, a condition termed ‘dysbiosis’ 

(Petersen and Round, 2014). Indeed, when we draw the battle line between ‘them’ (the 

microbes) and ‘us’ (the host) in the early 20th century an important fact was overlooked: we are 

inhabited by trillions of microorganisms and only a tiny fraction of them act as pathogens, while 

most are innocuous and even beneficial to us.  

Bacteria were colonizing the earth already for 2 billion years, when first multicellular 

eukaryotes emerged  and thus, metazoan evolution took place in a ‘bacterial suspension’ (Knoll, 

2011; McFall-Ngai et al., 2013). From this point of view, it comes not as a surprise that strong 

interactions evolved between multicellular organisms and microbes and clearly, these 

coevolutionary relationships encompass not only parasitism and pathogenicity, but also 

mutualism and commensalism. Today, it is widely recognized that all animals are colonized by 

host-specific microbial communities including bacteria, archaea, fungi, algae, protozoa and, 

although not an organism in the strictest sense, viruses (Fraune and Bosch, 2007; Ley et al., 

2008; Ochman et al., 2010; McFall-Ngai et al., 2013). All microbes associated with a distinct 

host at a given timepoint are summarized as microbiota (Lederberg and McCray, 2001), while 

the entirety of their genetic material is defined as microbiome. The microbiota colonizes the 

oral cavity, the skin or specialized organs, such as female reproductive tissues (Funkhouser and 

Bordenstein, 2013), the surface mucus of reef-building corals, the light organ of the Hawaiian 

bobtail squid Euprymna scolopes, and other surfaces exposed to the environment, with the 



GENERAL INTRODUCTION 

3 

 

gastrointestinal tract reaching the highest bacterial densities in mammals (Turnbaugh et al., 

2007; Schloissnig et al., 2013).  

Over the last two decades, numerous studies in a wide range of animals have revealed 

that the microbiota is involved in essential physiological processes including organ 

development and morphogenesis (Sommer and Bäckhed, 2013), digestion (Hooper et al., 2001), 

metabolism (Nicholson et al., 2012; Tremaroli and Bäckhed, 2012) and immunity (Hooper and 

MacPherson, 2010). For instance, larval settlement and further development in many marine 

invertebrates is regulated by biofilm bacteria (Hadfield, 2011; Freckelton et al., 2017). In 

zebrafish and mice the gut microbiota was shown to be essential for proper morphogenesis of 

the digestive tract (Bates et al., 2006; Smith et al., 2007), while in the squid Euprymna scolopes, 

the development of the light organ is triggered by the presence of lipopolysaccharide (LPS) and 

peptidoglycan fragments of the bacterial symbiont Vibrio fisheri (Koropatnick et al., 2004). In 

amphibians such as salamanders the skin microbiota secretes antimycotic compounds, thereby 

protecting the host against fungal infection (Harris et al., 2006). Many invertebrates have 

intracellular bacterial symbionts, whose genes encode metabolic capabilities lacking in animals, 

such as the synthesis of essential amino acids (Baumann, 2005), photosynthesis (Venn et al., 

2008), or chemosynthesis (Dubilier et al., 2008). Similarly, the extracellularly located 

mammalian gut microbiota provides an extensive repertoire of enzymes (Gill et al., 2006) and 

determines the host capacity to harvest energy from the diet (Ley et al., 2006; Turnbaugh et al., 

2006, 2008, 2009). In addition, several studies have revealed the central role of microbial 

symbiosis in the normal development and maturation of the mammalian immune system 

(Mazmanian et al., 2005; Bouskra et al., 2008; Round and Mazmanian, 2009; Salzman, 2011; 

Olszak et al., 2012). 

More than 50 years ago, Abrams and Bishop reported that mice devoid of live microbes 

show a decreased gut motility, thereby providing the first hint of a link between the intestinal 

microbiota and the enteric nervous system (Abrams and Bishop, 1967). However, 

neuroscientists have only recently revealed that the gut microbiota is indeed involved in normal 

development (Collins et al., 2014; Kabouridis and Pachnis, 2015) and function (Mao et al., 

2013; McVey Neufeld et al., 2013) of the enteric nervous system. Within the past decade several 

microbial metabolites with neuroactive properties have been described (Bienenstock and 

Collins, 2010; Nicholson et al., 2012) and there is accumulating evidence that the influence of 

the gut microbiota reaches far beyond the gastrointestinal tract and affects the host’s central 

nervous system (Sampson and Mazmanian, 2015; Vuong et al., 2017). Studies in germ-free 
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mice have demonstrated that these animals display significant differences in brain development 

and neurochemistry accompanied with an increased stress response and reduced anxiety-like 

behavior, indicating that the gut microbiota is involved in shaping behavioral phenotypes of the 

host (Sudo et al., 2004; Heijtz et al., 2011; Neufeld et al., 2011a, 2011b). These insights led to 

the concept of the ‘microbiota-gut-brain axis’, a multifaceted bidirectional communication 

system involving neural, endocrine, immune, and metabolic signaling as well as epigenetic 

regulation (Stilling et al., 2014; Carabotti et al., 2015). 

Disturbances in the microbial community composition, in particular the loss of 

microbial and metabolic diversity, have been associated with a large array of human diseases 

including inflammatory bowel diseases (IBD) (Laing et al., 2018), irritable bowel syndrome 

(IBS) (Kennedy et al., 2014), metabolic diseases such obesity and type 2 diabetes (Hur and Lee, 

2015), asthma and allergic disease (Bisgaard et al., 2011) and recently also neurological and 

psychiatric disorders such as multiple sclerosis (Jangi et al., 2016), Parkinson’s disease 

(Sampson et al., 2016), autism (Mayer et al., 2014) and depression (Foster and McVey Neufeld, 

2013). However, yet it remains unclear whether dysbiosis manifests as a direct cause or merely 

as a consequence of these diseases. There is accumulating evidence that dysbiosis can be 

promoted by diet (David et al., 2014), antibiotic exposure (Dethlefsen and Relman, 2011), 

disruption of circadian rhythm (Thaiss et al., 2014) and other environmental factors. It is 

proposed that resilience, the ability of a bacterial community to resist or compensate 

perturbations and return to the stable state, is tightly connected to the development of dysbiosis-

related diseases (Greenhalgh et al., 2016; Sommer et al., 2017). The molecular mechanisms that 

underlie resilience of the microbiota are unknown so far, but host genetics and the individual 

microbiota composition, which varies across different stages of life are thought to play a role 

(Yatsunenko et al., 2012; Raymond et al., 2016). For example, the human gut microbiota 

appears to be particularly vulnerable to antibiotic-induced perturbations during the first two 

years of infancy, which is the time before a stable adult-like microbial community has 

developed (Cox et al., 2014; Zeissig and Blumberg, 2014; Scott et al., 2016). Therefore, overuse 

of antibiotics not only increases the risk of emerging resistance, but also may have lasting 

effects on the symbiotic partnership with our commensal bacteria.  

In summary, research of the last two decades revealed that a homeostatic interaction 

with the microbiota is essential for many aspects of host fitness and a complete understanding 

of the biology of any eukaryotic organism requires knowledge of its microbiome. Advances in 

sequencing tools, such as high-throughput genomics, transcriptomics and metabolomics, have 
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been major drivers of progress in microbiome research. Combined with the study of germ-free 

animal models they provided some of the most persuasive evidence for the role of the 

microbiota in health and disease. However, there are still many challenges, In addition, the 

proposed multifactorial origin of dysbiosis-related diseases necessitates new considerations for 

the development of therapies and preventive treatments that target the microbiota to restore and 

maintain human health. 

The vast majority of work investigating microbial communities has been carried out in 

humans or in mice as a proxy. However, investigating the biology of simpler model organisms 

may allow us to answer questions that are unreachable in human or mice due to the complexity 

of their microbiomes. A number of non-mammalian model systems have provided major 

insights of general significance such as the squid for integration of microbial function into the 

host circadian rhythm (Heath-Heckman et al., 2013), Hydra for the role of interactions between 

commensal bacteria in colonization resistance (Fraune et al., 2015) and the killifish for 

microbial determinants of lifespan (Smith et al., 2017). 

Taken together, the long-held notion that most microbes are pathogens changed 

dramatically with the realization that fundamental physiological processes rely on the symbiotic 

partnership with them. Since the discovery of microorganisms in the 17th century, our 

knowledge on them extended substantially and reached a new peak with the emerge of powerful 

sequencing tools. The microbiome field has come a long way in a short time, but despite 

extensive gains in knowledge, we are only just beginning to untangle the complex interactions 

that connect our microbial partners inextricably to our health. The challenge of future research 

will be to identify the mechanistic concepts that underlie the complex relationship between the 

host and its microbiome, and how they change due to early-life antibiotic exposure, Western 

diet, shift work and stress of our fast-paced, modern lifestyle. 

The holobiont / metaorganism concept 

In 2006 Reshef and colleagues observed that certain corals can acquire pathogen 

resistance by incorporating a new bacterium into their microbiota (Reshef et al., 2006). This led 

them to propose the ‘coral probiotic hypothesis’, stating an important biological principle: 

adjusting their associated microbiota allows organisms to adapt much faster to changing 

environmental conditions than by genetic mutation or recombination of the host alone (Reshef 

et al., 2006; Rosenberg et al., 2007). Considering host-microbe interactions as significant 

drivers of animal evolution led to the development of the ‘hologenome theory of evolution’ 
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implying that instead of a single animal organism an ecological consortium consisting of the 

multicellular host and its associated microbiota is interacting with the environment and 

therefore, represents a unit of natural selection (Zilber-Rosenberg and Rosenberg, 2008).  

The multipartite entity of a host and its associated microbial communities is termed 

‘holobiont’ (Rohwer et al., 2002; Zilber-Rosenberg and Rosenberg, 2008) or synonymously 

‘metaorganism’ (Bosch and McFall-Ngai, 2011). A holobiont displays a dynamic assemblage 

in which microbes can be constantly or inconstantly associated with the host and colonize 

different niches depending on developmental stage, diet or other environmental factors (Zilber-

Rosenberg and Rosenberg, 2008). The traits that microbes encode are context-dependent and 

may result in benefit, damage, or no consequence to the holobiont (Theis et al., 2016). Clearly, 

the holobiont arises not solely from cooperation and neither excludes competition and cheating 

between its members. 

The genetic information provided by the host, united with the genomes of its microbiota 

are collectively defined as the hologenome (Rosenberg and Zilber-Rosenberg, 2013; 

Bordenstein and Theis, 2015), which is several fold more complex than the genomes of the 

single organisms (Bäckhed et al., 2004). Variation in the hologenome can arise by mutation and 

recombination in the host and the microbiome, but also by changes in microbial abundance, 

horizontal gene transfer among microbes, loss of symbionts, and acquisition of new microbial 

strains from the environment. Thus, the dynamic attributes of a holobiont translate directly to 

the hologenome (Figure 1).  

The microbiome can be vertically and horizontally transmitted or selected from the 

environment. Although most animals and plants come in contact with billions of 

microorganisms during their life time, only few become stably incorporated in the holobiont. 

Thereby, the underlying mechanisms of accurate transmission and selection that ensure the 

continuity of partnerships over generations of holobionts still remain a mystery. 

Recent discourse on the hologenome theory of evolution is mainly founded on the 

statement that ‘a holobiont forms a unit of selection in evolution’ (Moran and Sloan, 2015; 

Douglas and Werren, 2016). Indeed, the holobiont is posited to be a unit of selection (Zilber-

Rosenberg and Rosenberg, 2008), but notably not the only or necessarily primary unit of 

selection. Not all microbes of a holobiont share an evolutionary history with the host and large 

parts of both the host genome and the microbiome can evolve neutrally or be in conflict 

(Rosenberg and Zilber-Rosenberg, 2013; Bordenstein and Theis, 2015). The members of a 

holobiont face and respond to environmental pressures as individuals and as a community and 
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thus, holobionts can be formed through neutral processes and through selection at multiple 

levels (Douglas and Werren, 2016; Theis et al., 2016). 

 

 
 

Figure 1. The hologenome concept.  

Holobionts are dynamic entities comprised of an individual host and its microbial community, including 

cellular microorganisms and viruses. Thereby, both microbes that have coevolved with host (blue) and 

those which have not (red) can affect the holobiont’s phenotype, while others again do not affect the 

holobiont’s phenotype at all (gray). Microbial symbionts can be vertically or horizontally transmitted, 

can be constant or inconstant and therefore, the holobiont phenotype can change as microbes come into 

and out. Microbes in the environment are not part of the holobiont (white).  

Hologenomes encompass the genomes of the host and all of its microbes at any given time point, with 

individual genomes and genes falling into the same three functional categories of blue, red, and gray. 

Taken from (Theis et al., 2016). 

Innate immunity and the microbiota 

For each living organism self-nonself discrimination is of tremendous importance to 

recognize invading microbes or degenerated cells and subsequently initiate defense strategies 

that ensure the reproductive success and survival of the species (Khalturin and Bosch, 2007; 

Rosenstiel et al., 2009). However, the recent advances in the microbiome field have shown that 

all animals are stably associated with a specific and diverse microbiota, which has fundamental 

impact on many aspects of host fitness and normally does not trigger inflammation (Bäckhed 

et al., 2005; Dethlefsen et al., 2007; Nyholm and Graf, 2012; McFall-Ngai et al., 2013). In this 

framework, it is clear that the immune system must allow a certain amount of tolerance towards 

the microbiota to avoid constant activation and chronic inflammation. Therefore, the healthy 

immune system must be able to distinguish not only between ‚self‘ and ‚nonself‘, but also 

between ‚friend‘ and ‚foe‘.  
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An introduction to immunity 

In the broadest sense the immune system displays a mechanism that allows organisms 

to discriminate between ‚self‘ and ‚non-self‘. In jawed vertebrates including humans two 

immunologic subsystems are distinguished; the innate and the adaptive (acquired) immune 

system. The adaptive immune system responses relatively slow but mediates a long-term 

memory of past infections that protects the organism against attacks of the same pathogen in 

the future (Cooper and Alder, 2006). Thereby, the somatic rearrangement of antigen receptor 

genes allows the generation of highly-specific receptors for virtually any protein or 

carbohydrate. Since invertebrates lack adaptive immunity, they exclusively rely on the 

primordial defense strategies comprised by the innate immune system (Beutler, 2004). The 

innate immune system is activated fast and encompasses the non-specific barrier function of 

epithelia, recognition of microbes via germline-encoded receptors, activation of phagocytes and 

humoral components such as the complement system and antimicrobial peptides (AMPs) 

(Takeuchi and Akira, 2010).  

A critical first step in initiating an innate immune response is the sensing of microbes, 

which is mediated by germline-encoded pattern recognition receptors (PRRs) present in the 

extracellular milieu and endosomal compartments of immune and non-immune cells. PRRs 

encompass structurally divergent proteins, which are divided into five families based on protein 

domain homology: the Toll-like receptors (TLRs), the C-type lectin receptors (CLRs), the 

retinoic acid-inducible gene (RIG)-I-like receptors (RLRs), the nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLRs) and the absent in melanoma 2 (AIM2)-

like receptors (ALRs) (Takeuchi and Akira, 2010). Each of these receptor families detects 

conserved microbe-associated molecular patterns (MAMPs) such as lipopolysaccharide (LPS), 

flagellin, peptidoglycans and CpG DNA in a multicellular host and triggers different 

intracellular signaling cascades leading to transcriptional expression of inflammatory mediators 

that coordinate the elimination of invading microbes and infected cells. In addition to MAMPs, 

some PRRs are capable to sense damage associated molecular patterns (DAMPs), which display 

endogenous molecules released from damaged cells such as histones, genomic and 

mitochondrial DNA, ATP and heat-shock proteins (Matzinger, 2002; Takeuchi and Akira, 

2010). Thus, an innate immune response can also be initiated in absence of microbes, resulting 

in so-called ‘sterile inflammation’ that arises from non-physiological cell death, damage, or 

stress (Kono and Rock, 2008; Rock and Kono, 2008).  
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Beyond pathogen defense – innate immunity in homeostasis and tolerance 

When exploring symbiotic host-microbe interactions in the past decade, much has been 

learned about the organization and function of the immune system. Intruigingly, the microbiota 

was shown to play a fundamental role in the development, maturation and normal function of 

the host immune system (Belkaid and Hand, 2014). For instance, studies in mice revealed that 

the microbiota promotes lymphoid organogenesis, activates regulatory T cells and balances 

pro- and anti-inflammatory cytokines (Mazmanian et al., 2005; Round and Mazmanian, 2009; 

Round et al., 2011). Furthermore, key players of the innate immune system, such as PRRs and 

AMPs appear to act not only in pathogen defense, but also in establishment of a homeostatic 

relationship between the host and its microbiota. For example, TLR-signaling was shown to 

play a critical role in the maintenance of intestinal homeostasis (Rakoff-Nahoum et al., 2004; 

Lee et al., 2006; Mukherji et al., 2013). Knockout of the key adaptor protein MyD88 in mice 

led to impaired antimicrobial activity, diminished mucus levels, differences in the microbial 

composition, bacterial translocation and increased colitis susceptibility (Frantz et al., 2012). 

MAMPs display ubiquitous molecular signatures present in pathogenic as well as in commensal 

microorganisms and thus, should trigger the same response in both cases (Pasare and 

Medzhitov, 2005; Akira et al., 2006; Medzhitov, 2007). However, it was shown that the 

permanent recognition of the microbiota by TLRs induces tolerance instead of inflammation, 

which is crucial for intestinal homeostasis (Rakoff-Nahoum et al., 2004; Lee et al., 2006). The 

underlying mechanisms of this phenomenon are not completely understood, but research of the 

last decade has shed light on some aspects of it. One strategy in promoting microbial tolerance 

is the compartmentalization of TLR expression to specific cell types and locations in the gut 

(Cario, 2008, 2010; Yu and Gao, 2015). For instance, in the human colon TLR3 and TLR5 are 

abundantly expressed, while TLR2 and TLR4 expression is low, but inducible (Cario, 2008, 

2010). In addition, individual TLRs induce different sets of cytokines, thus there are many 

levels of regulation that allow fine-tuning of the immune response.  

Taken together, animal host have developed an array of immune responses that on the 

one hand allow establishing a profitable homeostatic coexistence with thousands of different 

microbes, while on the other hand enable effective combating of pathogen invasion. In addition, 

the microbiota itself seems to contribute to immune tolerance. Numerous members of the order 

Bacteroidales, which display the dominant Gram-negative bacteria in the healthy human gut 

microbiota, produce antagonistic forms of LPS that inhibit TLR-4 signaling and thus, dampen 

innate immune activation (Vatanen et al., 2016; d’Hennezel et al., 2017). 



GENERAL INTRODUCTION 

10 

 

Antimicrobial peptides – small molecules with many faces 

Antimicrobial peptides (AMPs) are evolutionarily ancient components of the innate 

immune system that are produced by almost all plants and animals and show direct 

microbiocidal activity against Gram-positive and Gram-negative bacteria (Zasloff, 2002), 

viruses (Albiol Matanic and Castilla, 2004) or fungi (De Lucca and Walsh, 1999) in micromolar 

concentrations (Matsuzaki, 1999; Jenssen et al., 2006). In vertebrates, most AMPs are produced 

by epithelial cells of the respiratory, gastrointestinal and urogenital tract, keratinocytes of the 

skin and immune cells such as macrophages and neutrophils (McCormick and Weinberg, 2010). 

The temporal and spatial expression of different AMPs is tightly regulated with some being 

constitutively produced, while others are only expressed at high levels upon activation of PRRs 

during infection (Cash et al., 2006). Some AMP families are widely conserved throughout 

evolution, such as the defensins that are found in a several phyla including vertebrates, 

mollusks, arthropods, plants and fungi (Wong et al., 2007). However, most AMPs are 

considered as taxonomically restricted genes (TRGs) (Khalturin et al., 2009) meaning that they 

are present only in a few species belonging to close phylogenetic groups, which indicates that 

they have undergone an extensive co-evolution with the diverse world of microorganisms. 

AMPs are extremely variable in amino acid composition and show a wide range of secondary 

structures with β-sheets, α-helices, loop structures, and extended structures being the most 

prominent (Jenssen et al., 2006) (Figure 2). Nevertheless, classical AMPs share similar 

characteristic features such as small size (6 to 59 amino acids), positive charge, and amphipathic 

secondary structures, i.e. molecular conformations with both hydrophilic and hydrophobic 

domains. Most eukaryotic AMPs are synthesized as prepropeptides and stored in secretory 

vesicles as inactive propeptides after removal of the signal peptide. The mature AMP is finally 

generated through a second proteolytic cleavage. Thereby, the microbicidal activities of many 

AMPs are limited under physiological salt concentrations (Scott and Hancock, 2000), but are 

exerted on the external surfaces of the skin and the mucosal epithelia lining the gut, the 

respiratory and reproductive tract (Ganz and Lehrer, 1998). 

The mechanism of antimicrobial action is often due to large cationic patches on the 

molecular surface of AMPs, which enables electrostatic interaction with the anionic 

phospholipids of the microbial cell membrane (Epand and Epand, 2009). Thereby, many AMPs 

permeabilize the membrane by pore formation leading to collapse of the transmembrane 

potential and finally resulting in cell death (Hale and Hancock, 2007; Wimley, 2010). For this 

reason, they are less likely to induce resistance in microbes (Hale and Hancock, 2007) than 
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conventional pharmaceutical antibiotics, which are typically directed towards single, mostly 

enzymatic targets (Nguyen et al., 2011; Fjell et al., 2012). In addition, multicellular organisms 

simultaneously produce various AMPs that belong to multiple structural classes and exhibit 

different modes of action. Thus, the development of a single resistance mechanism, most likely 

is not sufficient to avoid the lethal assault of a diverse group of AMPs (Zasloff, 2002). In 

addition, AMPs can accumulate at infection sites to extremely high local concentrations, which 

cannot be completely overcome by most microbial resistance strategies (Diamond et al., 2000; 

Ghosh et al., 2002).  

 

 

Figure 2. Common structural classes of antimicrobial peptides. 

(A) α-helical magainin-2. (B) β-sheeted polyphemusin. (C) looped cathelicidin LL-37. (D) extended 

indolicidin. (E) mixed secondary structure of plectasin. Disulfide linkages are indicated by yellow 

bonds. Taken from (Jenssen, 2009; Ong et al., 2014).  

 

Although AMPs were initially recognized as potent natural antibiotics determined to 

kill pathogens, it is becoming clear that they also play an essential role in shaping the 

composition and location of the commensal microbiota (Bevins and Salzman, 2011; Nakatsuji 

and Gallo, 2012). Several studies provide compelling evidence that experimental manipulation 

of AMPs affects the resident microbiota by changing their composition (Vaishnava et al., 2008; 

Salzman et al., 2010; Franzenburg et al., 2013b) or behavior (Login et al., 2011). Furthermore, 

AMPs such as the mammalian antibacterial lectin RegIIIγ were shown to regulate the spatial 

relationship between the microbiota and the host (Vaishnava et al., 2011). In a healthy gut 

environment with bacteria restricted to the outer mucus layer, while RegIIIγ is localized in the 

bacteria-free inner mucus layer. RegIIIγ defiency results in loss of this spatial separation 

between bacteria and the intestinal surface, which is reflected by a dramatic increase in bacterial 

translocation and chronic intestinal inflammation (Vaishnava et al., 2011; Loonen et al., 2014). 
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Interestingly, several studies have shown that the microbiota itself promotes the 

production of AMPs (Hooper et al., 2003; Schauber et al., 2003; Cash et al., 2006; Brandl et 

al., 2007; Vaishnava et al., 2008). For instance, studies on the skin innate immune system 

revealed that secreted factors of the cutaneous microbiota induce AMP expression via TLR-2 

and NF-κB activation (Wanke et al., 2011). These data indicate that the commensal microbiota 

is involved in maintenance of AMP steady-state production and thus, enhances the 

antimicrobial shield that provides resistance to infection and overgrowth of pathogens. 

Strikingly, the predominant members of the human gut microbiota were shown to have an 

increased tolerance to host AMPs compared with foreign bacteria, which likely contributes to 

the temporal stability of the resident gut microbiota during host inflammatory response (Cullen 

et al., 2015; Kwong et al., 2017). 

Furthermore, there is increasing evidence that AMPs are pleiotropic, multifunctional 

molecules with immunomodulatory properties. Several mammalian AMPs were shown to 

interact with various receptors, thereby influencing cellular processes in the host (Lai and Gallo, 

2009). For example, some AMPs were shown to modulate TLR-dependent inflammatory 

responses (Biragyn et al., 2002; Mookherjee et al., 2006; Di Nardo et al., 2007) and promote 

wound healing (Mangoni et al., 2016). Furthermore, the mammalian AMPs of the cathelicidin 

as well as the α- and β-defensin families were shown to have chemotactic function on 

monocytes, immature dendritic cells and T cells (Yang et al., 1999, 2000; De Yang et al., 2000; 

García et al., 2001; Rohrl et al., 2010). While micromolar concentrations exert the antimicrobial 

activity against invasive microorganisms, nanomolar concentrations of distinct AMPs may 

form a gradient in the tissue to attract phagocytes to endangered sites and thus, amplify the 

immune response by calling for help. The multiple indirect functions of AMPs not only 

complement their antimicrobial action but may be important for limiting the evolution of 

microbial resistance. Conventional pharmaceutic antibiotics are acting through a single 

approach and thus, can be completely evaded by a single resistance system. In contrast, AMPs 

may have retained their efficacy over evolutionary time scales because their role in host defense 

is much broader than that of endogenous antibiotics. Clearly, many pathogens succeeded in 

developing resistance against the direct antimicrobial activity of AMPs (Gruenheid and Le 

Moual, 2012; Nawrocki et al., 2014). However, these AMPs may still contribute to host defense 

by triggering recruitment and activation of various immune cells to favor resolution of infection 

and repair of damaged epithelia.  
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Numerous studies have provided compelling evidence that AMPs play a role in a variety 

of human diseases, including atopic dermatitis, psoriasis, cystic fibrosis and inflammatory 

bowel diseases (IBD) (Zaiou, 2007). However, it is important to note that until today not a 

single disease has been proven to be directly caused by AMP deficiency, dysregulation or 

overproduction. Instead, it seems to require multiple genetic lesions that target other immune 

mechanisms in addition to the defects in AMP production. To gain a better understanding of 

how AMPs are involved in complex inflammatory diseases, it will be crucial to acknowledge 

not only their antimicrobial action, but also their role as multifunctional mediators, which act 

in shaping the commensal microbiota and influence diverse processes including cytokine 

release, chemotaxis and wound healing and adaptive immune induction.  

The freshwater polyp Hydra 

Hydra was introduced as model organism in developmental biology as early as 1744 

(Trembley, 1744). Its enormous regeneration capacity together with its simplistic anatomy 

described below predestined the polyp to study axial patterning, neurogenesis, cell 

differentiation, stem cell function, endosymbiosis and recently also host-microbe interactions. 

In 2010 the genome of Hydra magnipapillata was sequenced (Chapman et al., 2010) revealing 

that Hydra possesses most of the gene families found in bilaterians and therefore has retained 

many ancestral genes that have been lost in model ecdysozoan species like D. melanogaster 

and Caenorhabditis elegans (Miller et al., 2005; Technau et al., 2005).  

Phylogeny of Hydra 

The freshwater polyp Hydra belongs to the oldest eumetazoan phylum, the 

diploblastically organized Cnidaria. The phylum consists of approximately 9,000 species and 

is the proposed sister group of the Bilateria, which are composed of three blastodermic layers 

(Wainright et al., 1993; Medina et al., 2001; Schierwater et al., 2009) (Figure 3). The Cnidaria 

separate from the Parazoa (Porifera and Placozoa) by the possession of a nervous system and 

epithelia of polarized cells, which are connected by septate junctions (Faurot, 1895, 1903; 

Cleave and Hyman, 1940; Jägersten, 1955; Schierwater et al., 2009). The members of the 

phylum are distinguished from all other animals by possession of a specific stinging cell, the 

nematocyte (cnidocyte), which can be used for predation, adhesion or defense (Holstein, 1981; 

Tardent and Holstein, 1982; Lengfeld et al., 2009) and is considered to be one of the most 

complex cell types in animal kingdom (Tardent, 1995).The phylum Cnidaria is subdivided into 
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five classes; the Anthozoa including corals and sea anemones, followed by the classes of 

Staurozoa, Scyphozoa, Cubozoa and Hydrozoa (Collins et al., 2006). 

The genus Hydra belongs to the Hydrozoa and was, based on their morphology, divided 

into four species groups: the viridissima group (‘green’ hydra), the braueri group (‘gracile’ 

hydra), the oligactis group (‘stalked’ hydra) and the vulgaris group (‘common’ hydra) 

(Campbell, 1987). Only members of the viridissima group live in a stable endosymbiosis with 

unicellular algae of the genus Chlorella, while members of the other three groups do not harbor 

intracellular algae and are summarized as ‘brown’ Hydra. Sequence analyses of mitochondrial 

and nuclear marker genes support the four groups proposed and unraveled the phylogenetic 

relationships of Hydra species within the distinct groups (Hemmrich et al., 2007a; Schwentner 

and Bosch, 2015) (Figure 3). The ‘green’ Hydra of the viridissima group appeared to be the 

most ancestral group followed by the braueri group. The vulgaris group was identified to be 

the most derived as well as the most diverse group within the genus Hydra (Figure 3) (Martínez 

et al., 2010; Schwentner and Bosch, 2015). The laboratory strain Hydra vulgaris (AEP), which 

is utilized for the generation of stable transgenic animals (Wittlieb et al., 2006), was shown to 

be conspecific with H. carnea (Hemmrich et al., 2007a; Schwentner and Bosch, 2015). 

 

 

Figure 3. Phylogenetic classification of Hydra.  

(A) Schematic representation of an eumetazoan phylogenetic tree. Cnidaria are shown as the sister group 

to the Bilateria. The phyolgentic position of the Ctenophora is still discussed (Pisani et al., 2015). 

Modified from (Murillo-Rincon et al., 2017). (B) Phylogenetic tree of the genus Hydra based on 

genomic analyses. Illustrated after (Schwentner and Bosch, 2015). 
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Biology and reproduction of Hydra 

While most hydrozoans reside in marine environments, polyps of the genus Hydra are 

exclusively found in freshwater ponds or lakes, where they attach to substratum of organic and 

anorganic material. Hydra polyps are globally distributed in the temperate and tropical regions 

of the Northern and Southern Hemisphere with sometimes multiple species living in same 

location in close proximity (Martínez et al., 2010). While all Hydra species are sensitive to salt, 

some species are tolerant to huge temperature shifts and survive temperatures between 5 °C and 

30 °C (Schroeder and Callaghan, 1981). The polyps feed on small crustaceans, nematodes and 

insect larvae, which they capture with their nematocytes equipped tentacles (Trembley, 1744). 

The prey is ingested through the mouth opening into the gastric cavity, where extracellular 

digestion via peristalsis and proteolytic enzymes released by the gland cells begins. Finally, the 

endodermal epithelial cells take up the pre-digested food through phago- and pinocytosis. 

Indigestible material is ejected through the mouth opening 6 to 9 hours after feeding (Shimizu 

et al., 2004).  

 

 
Figure 4. The life cycle of Hydra.  

Asexual reproduction takes place by budding, while gamete formation is triggered by different 

environmental cues. Modified from (Bosch, 2012). 
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Hydra reproduces mainly asexually but can also form eggs and sperms for sexual 

reproduction (Bosch and David, 1987). Asexual reproduction by budding is tightly linked to 

food supply (Figure 4). Under well-fed conditions the doubling time of a single polyp can reach 

three to four days, facilitating clonal propagation of laboratory cultures (David and Campbell, 

1972; Bosch and David, 1984). Sexual reproduction is induced by different environmental cues, 

e. g. temperature decrease in H. oligactis or a starvation period in H. viridissima and H. vulgaris 

(AEP) (Littlefield et al., 1991). Concerning the determination and maintenance of sex various 

strategies can be observed in different Hydra species. While H. viridissima polyps are 

hermaphrodites and develop testes and eggs at the same time, other species such as H. oligactis 

are gonochoric (exclusively male or female). H. magnipapillata and H. vulgaris are designated 

as unstable gonochoric, since they can spontaneously change their sex (Bosch and David, 1986). 

During sexual reproduction testes and egg patches are formed on the external wall of the body 

column of the polyp (Figure 5B). An egg patch contains thousands of germ cells with only one 

cell giving rise to the oocyte, while the rest differentiates into nurse cells (Miller et al., 2000). 

The oocyte is fertilized by free-swimming sperm that are released from the testes into the 

surrounding water. The embryo stays attached to the mother polyp in the early phase of 

embryogenesis, but usually detaches before gastrulation is completed. Gastrulation is followed 

by a cuticle stage, which is characterized by a thick outer layer protecting the embryo from the 

external environment (Martin et al., 1997). Under laboratory conditions hatching occurs two to 

four weeks after fertilization. However, protected by the thick cuticle, embryos can overwinter 

unfavorable conditions in a period of dormancy up to 52 weeks (Martin et al., 1997). Finally, a 

small Hydra polyp hatches directly from the cuticle stage without the occurrence of any larval 

stage. The young polyps are able to capture, uptake and digest prey immediately after hatching 

and rapidly grow to adult size. 

Morphology and histology of Hydra 

The 0.5 cm sized Hydra polyps show a simple radially symmetric body plan, which can 

be subdivided into three regions along the oral-aboral body axis: head, body column and foot 

(Figure 5A). The oral pole contains the head structures with the dome-shaped hypostome, 

which is surrounded by a ring of 4 to 12 tentacles used to capture prey (Liu and Chang, 1946). 

The center of the hypostome harbors the mouth opening, which is used for both food uptake as 

well as excretion of waste products of digestion. In contrast to most animals, the mouth of 

Hydra is not a permanent opening, but when closed, it presents a continuous epithelial sheet 
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sealed with septate junctions (Campbell, 1987). The tube-like body column encloses the gastric 

cavity and represents the zone of gonad and bud formation. The aboral foot consists of a stalk 

region and the basal disc with the mucus-producing cells that allows the polyps to attach to 

different substrates. Although Hydra’s gastric cavity is commonly believed to display a blind 

sac with only one opening at the oral pole, there is also a narrow opening in the center of the 

basal disc at the aboral pole (Shimizu et al., 2007). The function of the so-called aboral pore 

remains unclear. 

 

 

Figure 5. The morphology of Hydra.  

Schematic drawing of Hydra polyps. (A) Asexual phenotype. (B) Sexual phenotype. Modified after 

(Campbell and Bode, 1983). 

 

The cnidarian body plan is diploblastically organized, thereby consisting of only two 

germ layers; the endoderm and the ectoderm. A third germ layer, the mesoderm, is a 

characteristic feature of the Bilateria and thus, not present. The cnidarian endoderm and 

ectoderm represent epithelial monolayers with the endoderm lining the gastric cavity and the 

ectoderm facing the external environment. They are separated by an extracellular matrix, 

termed mesoglea, which functions as a basal lamina. The mesoglea is secreted by both epithelial 

layers and allows ecto–endodermal cell contacts through small pores (Shimizu et al., 2002, 

2008; Seybold et al., 2016). 

The whole Hydra polyp is built up by about 100,000 cells, which comprise 

approximately 20 cell types that are derived from three stem cell lineages (Bosch, 2009; 

Hemmrich et al., 2012). Two separate lineages of stem cells give rise to the ectodermal and 

endodermal epitheliomuscular tissue, which harbor contractile myofibrils at their basal part, 

while they are connected to neighboring cells by apical junctional belts and exhibit the 
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characteristic apical-basal polarity of epithelial cells. In the ectoderm the myofibrils run parallel 

to the oral-aboral body axis and thus form a longitudinal muscle for contraction of the body, 

whereas the endodermal myofibrils are oriented circumferentially functioning as a ring muscle. 

The third stem cell lineage is represented by a population of multipotent interstitial cells (i-

cells) interspersed among the ectodermal epithelium throughout the gastric region. The 

multipotent i-cell stem cell lineage gives rise to several different cell types (David and Murphy, 

1977; Bode et al., 1987); (i) the neurons, which are interspersed among both epithelial layers 

forming a net within the entire body (Bode et al., 1973). (ii) the endodermally located gland 

cells that secrete mucus and digestive enzymes into the gastric cavity. (iii) the ectodermally 

located proliferating nematoblasts, which form clusters of 4, 8 or 16 cells and terminally 

differentiate into nematocytes when reaching the tentacles, where they are incorporated into 

differentiated ectodermal epithelial cells, so-called battery cells (Slautterback and Fawcett, 

1959; Dübel et al., 1987). (iv) the ectodermally located germ cells, whose formation is triggered 

by different environmental cues (Figure 5B and Figure 6A). Consequently, there is no 

separate germ line in Hydra (Bosch and David, 1987; Bosch, 2007).  

All three stem cell lineages are permanently proliferating and conform to a well-defined 

spatial distribution across the whole body column, which can be considered as Hydra’s stem 

cell niche. Thus, there is a continuous cell flow from the body column to the head, the foot and 

to the developing bud. Excessive cells are sloughed off at the basal disc, the hypostome and the 

tips of the tentacles (Figure 6A) (Campbell, 1967; Holstein et al., 1991; Bosch, 2003). 

Depending on their position along the body axis the cells differentiate and change in 

morphology and function, e. g. ectodermal epitheliomuscular cells transdifferentiate into 

mucus-secreting cells at the basal disc, whereas they form battery cells when reaching the 

tentacles. 

A characteristic feature of most animal epithelial cells is a dense forest of highly diverse 

and constantly renewed transmembrane glycoproteins, proteoglycans and glycolipids at the 

apical cell surface, referred to as the glycocalyx (Moran et al., 2011; Ouwerkerk et al., 2013). 

In Hydra only the ectodermal apical surface is covered by a glycocalyx, while the endoderm 

does not possess a comparable structure. Instead, endodermal epithelial cells are ciliated with 

pseudopod-like protrusions on the apical surface reflecting their phagocytotic function 

(Figure 6B). The ectodermally derived glycocalyx extends up to 1.5 µm from the cell surface 

and is composed of at least five morphologically distinguishable layers (Figure 6C) (Holstein 

et al., 2010; Böttger et al., 2012). All layers as well as the large secretory vesicles underneath 



GENERAL INTRODUCTION 

19 

 

the apical membrane, were shown to be highly periodic acid-Schiff stain (PAS) reactive, 

indicating a high carbohydrate content (Böttger et al., 2012). Although the structure was 

initially termed glycocalyx, the characteristic feature of being membrane-bound does not 

account for all of its parts. The outer layer, which accounts for more than 50% of the glycocalyx, 

is made of a loose meshwork that can be removed completely by a hypertonic salt wash, 

whereas the four inner layers display a dense composition and are firmly attached to the 

epithelial surface (Böttger et al., 2012). Therefore, the outer layer of Hydra’s glycocalyx has 

mucus-like properties rather than being a part of the membrane-anchored glycocalyx.  

 

 

Figure 6. Hydra’s diploblastic body plan. 

(A) Schematic longitudinal cross section of a Hydra polyp showing the cellular composition of the 

epithelial bilayer of the body column. Arrows indicate the direction of tissue displacement. Endo, 

endodermal epithelium; M, mesoglea; Ecto, ectodermal epithelium. Modified after (Holstein and 

Emschermann, 1995; Bosch, 2007). (B) Transmission electron microscopy (TEM) graph of the apical 

surface of an endodermal epithelial cell engulfing bacteria. Modified after (Bosch et al., 2009). (C) TEM 

graph showing the ectodermal epithelium. The apical surface is covered by a glycocalyx composed of 

five distint layers (c1-c5). Pm, plasma membrane. Modified after (Fraune et al., 2015). 
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Innate immunity in Hydra 

Many components of the innate immune system were shown to be conserved throughout 

metazoan evolution (Hibino et al., 2006; Hemmrich et al., 2007b; Rosenstiel et al., 2009) and 

in the last decade Hydra has been proved as a valuable and genetically tractable model to study 

the basic principles of epithelial defense. As a limnic organism Hydra is permanently 

surrounded by microorganisms like bacteria, protists, fungi, oomycetes and viruses. Despite the 

absence of motile immune effector cells Hydra has developed an effective innate immune 

system including physical and chemical barriers as well as humoral and cell-mediated 

components.  

The first line of defense is represented by the epithelial cells, which are tightly 

interconnected by septate junctions and act as a physical barrier. Microbial-epithelial 

interactions may differ between the ectodermal and endodermal epithelium due to 

morphological differences. Noteworthy, the ectoderm is protected from direct contact with 

microbes by a multilayered glycocalyx that extends up to 1.5 µm from the cell surface (Holstein 

et al., 2010; Böttger et al., 2012). Upon exposure to filtrates of adherent grown Pseudomonas 

aeruginosa, ectodermal cells form numerous blebs at the apical surface and secretory vesicles 

underneath the cell membrane strongly increase (Bosch et al., 2009). Thus, Hydra’s ectodermal 

epithelial cells respond to microbial stimuli by cytoskeletal rearrangement and increased 

secretory activity, most likely reinforcing the mucosal barrier represented by the glycocalyx. In 

contrast, the endoderm does not possess a comparable structure that restricts microbial access 

to the epithelium and thus, directly faces various kinds of microbes, which are ingested together 

with the polyp’s prey. The endodermal epithelial cells act as stationary phagocytes and engulf 

not only pre-digested food particles, but also bacteria and unicellular algae present in the gastric 

cavity (Bosch et al., 2009). Beside phagocytosis, the cellular innate immune mechanisms in 

Hydra include tissue repair, regeneration and apoptotic reactions (Bosch et al., 2009).  

The detection of microbes in Hydra is mediated via pattern recognition receptors 

(PRRs). All conserved components of the vertebrate TLR signaling cascade were identified in 

Hydra including the key adaptor protein MyD88 and NF-B (Hemmrich et al., 2007b; Miller 

et al., 2007). Noteworthy, the TLR identified in Hydra is not a bona fide one, since it is 

composed of two proteins; an intracellular TIR-transmembrane domain protein hyTRR-1 and 

an extracellular hyLRR-2 domain protein. Using a HEK293 cell based in vitro assay it was 

shown that hyTRR-1 and hyLRR-2 can form a functional unit upon stimulation with flagellin 

(Bosch et al., 2009). Finally, in vivo experiments using transgenic MyD88 knockdown polyps 
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demonstrated that TLR signaling in Hydra is involved in bacterial recognition, thereby 

mediating both defense against bacterial pathogens as well as host-mediated recolonization by 

commensal bacteria (Franzenburg et al., 2012).  

In the cytosol the presence of MAMPs and DAMPs is detected by NOD-like receptors 

(NLRs), which induce the formation of different multimeric protein complexes termed 

inflammasomes (Fritz et al., 2006; Meylan et al., 2006). Despite the presence of a large and 

complex repertoire of putative NRLs, their role in Hydra’s immunity is still discussed. In the 

H. magnipapillata genome 290 nucleotide binding domain (NBD) containing loci were 

identified, but none of the putative proteins contains a C-terminal ligand-binding region 

composed of leucine-rich repeats (LRRs) present in classical NLRs (Lange et al., 2011). 

However, in vitro studies using a heterologous expression system demonstrated that HyNLR 

type 1 protein is able to recruit two Hydra caspases suggesting a potential role in apoptosis 

regulation downstream of NLR activation (Lange et al., 2011). Nevertheless, further 

investigations are required to elucidate if Hydra’s NLRs contribute to a cytosolic MAMP-

sensing system capable of modulating the host cell survival.  

The humoral immune response in Hydra involves the secretion of a variety of 

antimicrobial peptides (AMPs), which are almost exclusively produced in the endoderm 

(Augustin et al., 2009a; Bosch et al., 2009; Jung et al., 2009; Fraune et al., 2010). In addition, 

zymogen gland cells, which are interspersed in the endodermal epithelium releases kazal 2-type 

serine protease inhibitors with bactericidal activity (Augustin et al., 2009b). Until today, three 

families of potent AMPs have been identified in Hydra; the hydramacins, the periculins and the 

arminins. Whereas the hydramacins show a high degree of sequence identity with two other 

AMPs in leech, namely theromacin and neuromacin (Tasiemski et al., 2004; Schikorski et al., 

2008), the members of the arminin and periculin AMP families do not show any homology with 

other peptides. Therefore, they are classified as taxonomically restricted genes (TRGs), a 

feature that applies to many immune effector molecules (Khalturin et al., 2009).  

The first AMP isolated from Hydra was hydramacin-1, which comprises a 60 amino 

acid long, secreted cationic peptide containing eight cysteines (Jung et al., 2009). Hydramacin-1 

is expressed in endodermal epithelial cells and becomes up-regulated by LPS in a concentration 

dependent manner (Bosch et al., 2009). The peptide was shown to be potently active against a 

wide range of Gram-positive and Gram-negative bacteria at concentrations lower than 1 µM.  

Another Hydra AMP is periculin-1, which was initially identified among up-regulated 

genes in a suppression subtractive hybridization (SSH) comparing polyps exposed to filtrate of 
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adherent grown Pseudomonas aeruginosa with control polyps. In both H. magnipapillata and 

H. vulgaris (AEP) the periculin peptide family is represented by five paralogues. All members 

are synthetized as prepropeptides of 129–158 amino acids containing a signal peptide, an 

anionic N-terminal and a highly conserved cationic C-terminal region, that includes eight 

cysteine residues. After proteolytic cleavage the cationic C-terminal fragment is released and 

was shown to possess bactericidal activity. Periculin-1 is expressed in the endodermal 

epithelium as well as in a distinct population of i-cells that resembles the egg-fleck, which gives 

rise to the female germ line. Male polyps show no Periculin-1 expression in the i-cell lineage 

(Bosch et al., 2009; Fraune et al., 2010). Exogenous signals such as LPS, flagellin and viral 

dsRNA lead to an up-regulation of Periculin-1 expression (Bosch et al., 2009). Different 

Periculin paralogues are sequentially expressed during oogenesis and embryogenesis. 

Periculin-1 is produced by the nurse cells of the developing egg and is secreted immediately 

after fertilization forming a chemical barrier on the epithelial surface of the early embryo. After 

mid-blastula transition zygotic expression of Periculin-2b starts and complements the 

maternally derived periculin-1. In Hydra the embryo develops outside the mother polyp and 

thus, is directly exposed to the environment and potentially pathogenic microbes before the 

cuticle layer has formed. The periculin peptides are proposed to have a protective function 

against invading bacteria when expressed in the endodermal epithelium as well as during 

oogenesis and embryonic development. In addition to their role in host defense, they might be 

involved in shaping the microbial community colonizing the embryonic cuticle (Fraune et al., 

2010).  

The third and largest AMP family in Hydra is represented by the arminin peptides. Like 

the periculins, the arminins are short, secreted peptides with a negatively charged N-terminal 

part and a highly cationic C-terminal region, which is predicted to be cleaved off. The 

synthetically produced C-terminal fragment of arminin-1a was shown to exhibit broad-

spectrum activity against several bacteria, including multiresistant human pathogenic strains in 

concentrations equal or lower than 0.4 μM (Augustin et al., 2009a). Interestingly, each Hydra 

species is equipped with a unique repertoire of arminin peptides, which is represented by ten 

paralogues in H. magnipapillata, nine in H. vulgaris (AEP), six in H. oligactis and four in 

H. viridissima. In contrast to the periculins, the C-terminal region of different arminins shows 

a high sequence variability, which may result in differential bactericidal activity.  Except for 

one paralogue that is ectodermally expressed, in H. vulgaris (AEP) all arminins were shown to 

be expressed in the endodermal epithelium of the body column (Franzenburg et al., 2013b). 

Thus, like the hydramacin and periculin peptides, the arminins are likely to be secreted into the 
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gastric cavity. Some arminins show a remarkably high expression level, which even exceeds 

the expression of the housekeeping gene β-actin, indicating the biological relevance of this gene 

family in Hydra (Franzenburg et al., 2013b). 

Interestingly, humoral immunity in Hydra is interconnected with the stem cell 

transcription factor forkhead box O (FoxO). FoxO is highly conserved across metazoans and 

plays an important role in life-span extension by contributing to cell survival, stem cell control 

and tissue homeostasis in various organisms (Monsalve and Olmos, 2011; Webb et al., 2016). 

Besides its well-known function as major tissue regulator, FoxO was also shown to be involved 

in transcriptional modulation of immune effector molecules such as AMPs in many model 

organisms including C. elegans (Libina et al., 2003), Drosophila (Becker et al., 2010), mouse 

(Seiler et al., 2013) and Hydra (Boehm et al., 2012). In the latter, it was demonstrated that 

knockdown of FoxO in the endodermal epithelium led to down-regulation of distinct AMPs 

and the Kazal-2 serine protease inhibitors (Boehm et al., 2012; Mortzfeld et al., 2018). As a 

phenotypic consequence the FoxO knockdown polyps were impaired in selecting for bacteria 

resembling the native microbiota and more susceptible to colonization by foreign bacteria 

(Mortzfeld et al., 2018). 

The holobiont Hydra 

Understanding the mechanisms of establishment and maintenance of bacterial 

communities in complex systems could have far-reaching applications, ranging from coral reef 

conservation and restoration to the improvement of human health. Untangling the complex 

interactions to elucidate the fundamental principles requires well-established, genetically 

tractable animal models, which are colonized by a limited number of bacteria. One such model 

is the freshwater polyp Hydra. 

Hydra’s career as a model for host-bacteria interactions started in 2007 with the 

discovery that polyps of various species differ greatly in their microbiota, although they have 

been cultivated for more than 20 years in the laboratory at constant temperature and with 

identical food (Fraune and Bosch, 2007). 16S rRNA gene sequencing of seven different Hydra 

species revealed that all of them are colonized by distinct bacterial communities, which are 

remarkably stable even during co-cultivation with other Hydra species (Fraune and Bosch, 

2007; Franzenburg et al., 2013b). Furthermore, the bacterial community composition mirrors 

the phylogenetic relationship of their hosts (Figure 7) (Franzenburg et al., 2013b), a pattern 

termed phylosymbiosis (Brucker and Bordenstein, 2013). In all Hydra species the microbiota 
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is dominated by Gram-negative bacteria, which mostly belong to different orders of the 

Betaproteobacteria (Fraune and Bosch, 2007; Franzenburg et al., 2013b). Compared to 

mammals, Hydra’s bacterial communities show a relatively low complexity with approximately 

100 phylotypes present in H. vulgaris (AEP) and notably, most of them can be cultivated 

(Franzenburg et al., 2013a; Fraune et al., 2015).  

  

Figure 7. Hydra’s species-specific microbiota. 

(Left) Phylogenetic tree of Hydra species. (Right) Environment cluster tree of 21 bacterial communities 

of seven different Hydra species. Pie charts represent mean relative abundances of bacterial orders. Note 

that the phylogenetic tree of the Hydra species resembles the phylogenetic relations of the associated 

microbiota. Modified from (Franzenburg et al., 2013b). 

 

Commensal microbes provide a variety of benefits to their host and among the longest 

known is the ability of an uncompromised microbiota to prevent pathogen infections, a 

phenomenon termed ‘colonization resistance’ (Stecher and Hardt, 2008). Germ-free Hydra 

polyps were shown to be prone to lethal fungal infection indicating that the commensal 

microbiota displays an integral part of antifungal immunity and supports survival of the polyps 
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(Fraune et al., 2015). The protection from fungal infections could be restored in germ-free 

polyps by re-introducing the complex microbiota, but not by addition of single bacterial isolates 

indicating that additive and synergistic interactions of commensal bacteria are contributing to 

full fungal resistance.  

To preserve colonization resistance the host needs to control the proper establishment 

and maintenance of its specific microbiota. Profiling of the assembly of Hydra’s bacterial 

community after hatching revealed that the colonization process follows a robust, temporal 

pattern with distinct and reproducible stages (Franzenburg et al., 2013a). Thereby, a high 

diversity and interindividual variability in the first week is followed by the transient occurrence 

an adult-like profile, which disappears again in the third week. From week four on the 

progressive emergence of the stable adult-like pattern begins, which is characterized by low 

species diversity and the preponderance of the Betaproteobacterium Curvibacter. Interestingly, 

a similar pattern with a transient adult-like microbiota profile was observed when profiling the 

postnatal bacterial colonization of the human gut (Palmer et al., 2007).  

The arising question, which factors and rules influence the community assembly, 

composition and diversity was subsequently addressed using a mathematical modeling 

approach, which suggested that both frequency-dependent bacteria-bacteria interactions and 

host factors are shaping the succession of microbial colonization in Hydra (Franzenburg et al., 

2013a). One such host factor is comprised by the AMPs of the arminin family, which show a 

unique composition and expression profile in each Hydra species (Franzenburg et al., 2013b). 

Transgenic polyps with simultaneous decreased expression of several arminins showed 

impaired ability to select for bacteria resembling their native microbiota strongly indicating a 

role for the arminin AMPs in shaping Hydra’s species-specific bacterial communities 

(Franzenburg et al., 2013b). Besides epithelial-derived host factors, a previous study in Hydra 

indicated a potential role for neurons in host-microbe interactions (Fraune et al., 2009). 

Thereby, it was demonstrated that the depletion of nerve cells is accompanied with significant 

changes in Hydra’s microbiota, while the absence of interstitial stem cells and nematocytes had 

no effect on the bacterial composition. Indeed, neurons possess an elaborate secretion system 

and thus, some of their products may be involved in host-microbe cross-talk.  

Furthermore, a recent study provided evidence that the hydra host not only influences 

the composition of its microbiota, but also the bacterial behavior (Pietschke et al., 2017). More 

precisely, it was shown that Hydra can modify quorum sensing signals of its bacterial 

colonizers, which leads to repression of bacterial motility and promotes the production of 
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bioactive compounds by the commensal bacteria (Pietschke et al., 2017). While Hydra appears 

to be capable of manipulating the bacterial behavior, it was shown that vice versa the microbiota 

affects the spontaneous contractile behavior of their host (Murillo-Rincon et al., 2017). 

Thereby, germ-free polyps show reduced and less regular contraction frequencies, an effect that 

could be partially rescued by restoring the native microbiota, which demonstrates a direct 

impact of bacterial colonization on the neural activity of Hydra (Murillo-Rincon et al., 2017).  

Finally, besides host factors and bacteria-bacteria interactions, bacteriophages have 

been suggested as a potential regulator of Hydra’s bacterial microbiota. The analysis of the viral 

communities in different Hydra species revealed that the viromes are species-specific and 

majorly consist of bacteriophages (Grasis et al., 2014). Strikingly, the predicted bacterial host 

range of these bacteriophages consisted mainly of Gamma- and Betaproteobacteria classes, 

which dominate the microbiota of most Hydra species. Therefore, a role for bacteriophages in 

the establishment and maintenance of Hydra’s bacterial microbiota was proposed (Grasis et al., 

2014). 

 

 

Figure 8. Interactions in the Hydra holobiont. 

The holobiont consists of the Hydra host and its associated bacteria, viruses and, in case of Hydra 

viridissima, eukaryotic unicellular algae of the genus Chlorella. This consortium is liable to selection 

and constantly interacting with the environment (Zilber-Rosenberg and Rosenberg, 2008; Bosch and 

McFall-Ngai, 2011; Fraune et al., 2011). Figure modified from (Bosch, 2013).  
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Taken together, Hydra has been proven to be a valuable model to analyze host-microbe 

interactions in the last decade. The low complexity and high stability of Hydra’s species-

specific microbiota together with the availability of transgenic and germ-free polyps as well as 

the cultivability of the bacterial colonizers result in an attractive experimental system to 

decipher the contribution from each partner in the holobiont. As an evolutionary ancient 

metazoan, Hydra can provide insights into the basic molecular toolkit required for 

establishment and maintenance of a holobiont and thus, may help to elucidate the mechanisms 

in more complex systems such as the mammalian gut.  

The Hydra viridissima – Chlorella endosymbiosis 

The Hydra viridissima holobiont involves not only the animal host and its associated 

bacterial and viral communities, but also unicellular photosynthetic algae, which are harboured 

in the endodermal epithelial cells. Among the four species groups within the genus Hydra, algal 

stable endosymbiosis only occurs in the most ancestral viridissima group, which was recently 

shown to comprise at least five different phylogenetic species, that are all referred to as 

H. viridissima (Martínez et al., 2010; Schwentner and Bosch, 2015). Since there is no report on 

a naturally occurring algae-free H. viridissima strain, algal endosymbiosis has been considered 

as the key characteristic of the viridissima group (Campbell, 1983). Indeed, recent phylogenetic 

analyses indicate that algal symbiosis was established after the divergence from non-symbiotic 

‘brown’ Hydra (Martínez et al., 2010; Schwentner and Bosch, 2015). Based on morphological 

observation and molecular phylogenetic analyses the unicellular photosynthetic algae 

associated with green hydra are attributed to the genus Chlorella, which are small (2-10 μm), 

nonmotile, unicellular organisms of spherical or elliptical shape (Douglas and Huss, 1986; Huss 

et al., 1999; Lewis and Muller-Parker, 2004; Pröschold et al., 2011; Kawaida et al., 2013). 

Chlorella algae typically harbor a single chloroplast and reproduce exclusively asexual by the 

formation of so-called autospores. Most Chlorella species are free-living in freshwater 

environments as well as on land, while some species occur as endosymbionts of ciliates, 

freshwater sponges, bivalves and cnidarians (Smith, 1991; Venn et al., 2008).  

The Hydra-Chlorella endosymbiosis is characterized by the persistent residence of 

Chlorella algae at the basal part of the endodermal epithelial cells with each algal cell being 

enclosed within an individual perialgal vacuolar membrane termed ‘symbiosome’ (Muscatine 

et al., 1975; Jolley and Smith, 1980). The number of algae per host cell stays relatively constant 

with each endodermal cell containing 20 to 40 endosymbionts, thereby the cells in the gastric 
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region contain more algae then endodermal cells in the head and foot region (Pardy and 

Muscatine, 1973; Pardy, 1974a; Habetha et al., 2003). All endosymbiotic algae found in a single 

host polyp are clonal and a recent phylogenetic analysis of six different green hydra strains and 

their symbiotic Chlorella algae revealed that the phylogenetic trees of the Hydra hosts and the 

algal symbionts are congruent indicating co-speciation (Kawaida et al., 2013). Yet, Hydra’s 

symbiotic algae such as Chlorella strain A99 could not be cultivated outside the host 

(Muscatine, 1965; Park et al., 1967) indicating loss of autonomy and thus, are assumed to be 

obligate endosymbionts, which are vertically transmitted to the next generation of Hydra 

(Habetha et al., 2003). In asexually reproducing polyps the endosymbionts are inherited by 

budding while during sexual reproduction the Chlorella algae are maternally transmitted. 

Thereby, the endosymbiont leaves the endoderm via exocytosis and transmigrates through the 

mesoglea to reach the oocyte before fertilization (Muscatine and McAuley, 1982; Campbell, 

1990). Since it was shown that algae increase in the endoderm underneath the ovary, it was 

suggested that the ovary secrets a chemoattractant that is sensed by endodermal cells and 

induces the exocytosis of the algae (Campbell, 1990). 

 

 

Figure 9. Morphological features of the Hydra viridissima-Chlorella endosymbiosis.  

(A) Phase-contrast micrograph of a polyp’s budding zone. The arrow head marks the mesoglea which 

separates ectoderm from endoderm. Scale bar, 0.1 mm. Flourescence microscopy of the same area 

shown in A. Algae appear red, Hydra tissue green. (C) Phase contrast micrograph of a single mazerated 

endodermal epithelial cell containig symbiotic algae in the basal part below the nucleus (stained blue). 

Scale bar, 5 µm. (D) Electron micrograph of symbiotic Chlorella within an endodermal epithelial cell. 

Scale bar, 1 µm. an, nucleus of alga; c, chloroplast; ec, ectoderm; ed endoderm; pn, nucleus of the 

polyp’s cell. 

 

Although algae-free H. viridissima have never been observed in nature, they can be 

artificially generated by strong light exposure and incubation with the photosynthesis inhibitor 

3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) (Pardy, 1976; Habetha et al., 2003). These 
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so-called aposymbiotic animals show the same morphology as symbiotic animals and can be 

easily maintained under laboratory conditions, thereby providing a useful tool to study the 

Hydra-Chlorella symbiosis. Despite rare cases of polyps hatching without algae have been 

reported (Pardy and Muscatine, 1973; Muscatine and McAuley, 1982), aposymbiotic 

H. viridissima apparently do not occur naturally indicating that there is a fitness benefit for 

polyps hosting the algal endosymbiont (Smith et al., 1969). Indeed, comparison of aposymbiotic 

and symbiotic polyps revealed that the presence of Chlorella has a profound impact on Hydra´s 

fitness with regard to growth rate and sexual reproduction. While symbiotic and aposymbiotic 

animals show the same budding rate during daily feeding, aposymbiotic polyps form 

significantly less buds at low feeding regime and thus, symbiotic animals are more tolerant to 

starvation (Muscatine and Lenhoff, 1965; Habetha et al., 2003). Furthermore, sexual 

reproduction in H. viridissima is induced by starvation, thereby aposymbiotic polyps were 

shown to form significantly less oocytes than symbiotic animals, whereas spermatogenesis was 

not impaired by the absence of Chlorella algae (Habetha et al., 2003). 

Furthermore, it is possible to reinfect aposymbiotic polyps by injecting suspensions of 

Chlorella algae into the gastric cavity. The recolonization of the endodermal epithelium by 

native symbiotic Chlorella involves four stages (Pardy and Muscatine, 1973); (i) phagocytosis 

of symbionts at the apical side of the endodermal epithelial cells, (ii) avoidance of digestion by 

inhibition of phagosome-lysosome fusion (‘sorting’) (Hohman et al., 1982), (iii) migration of 

algae-containing endosomes to the basal part of the cell (iv) restoration of the normal number 

of algae per host cell (Muscatine et al., 1975). It is still debated whether the initial engulfment 

occurs nonspecifically or if the take-up of symbiotic algae is enhanced by a recognition 

mechanism at the cell surface such as lectin-glycan interaction (Pool, 1979; Jolley and Smith, 

1980; Meints and Pardy, 1980). However, only potential symbionts pass the sorting and 

migration phases (McAuley and Smith, 1982), whereas non-symbiotic algae usually become 

digested or expelled within a few days (Jolley and Smith, 1980). Notably, a few heterologous 

Chlorella strains, which are symbionts of other invertebrates such as the ciliate Paramecium 

bursaria, can form stable associations with Hydra that persist indefinitely (Douglas and Smith, 

1984). Nevertheless, it remains unclear to which extent these associations resemble the 

physiological interrelationship of H. viridissima and its native Chlorella endosymbiont.  

Beyond the initial steps of algal recognition, sorting and migration, there must be a 

complex series of interactions that regulate the long-term harmonious co-existence of the host 

and the endosymbiotic algae. Pioneering studies in the 1960s and 1980s provided evidence that 
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a mutually beneficial metabolic interrelationship occurs between Hydra and Chlorella. 

Thereby, the endosymbiont supplies H. viridissima with photosynthetically fixed carbon in 

form of maltose, enabling its host to survive periods of starvation (Muscatine and Lenhoff, 

1963, 1965; Roffman and Lenhoff, 1969; Habetha et al., 2003). In the meanwhile, the algae 

benefit from the predator-free zone within the hydra cell and are supplied with both organic 

(Thorington and Margulis, 1981) and inorganic (Cook, 1981) nutrients from the host. Yet, 

despite over 40 years of research, the exact molecular mechanisms mediating the metabolic 

exchange between Hydra and Chlorella have not been determined. 

The maintenance of a stable symbiont / host cell ratio is crucial for a homeostatic co-

existence with an intracellular symbiont. If the algal endosymbiont proliferates too fast, it may 

overgrow and finally kill the host. On the other hand, the symbiont may be diluted out, if its 

growth rate falls behind that of the host. Since the Chlorella endosymbionts produce not two 

but four autospores with each division (Oschman, 1967), a synchronous cell replication of the 

endosymbiont and Hydra would result in overgrowth of the host. During host cell division the 

algal symbionts are partitioned randomly and unevenly between the two daughter cells, but 

ultimately attain similar densities with maximal 40 algae per cell (McAuley, 1990; McAuley 

and Darrah, 1990). Thus, there must be regulatory mechanism to equilibrate the proliferation 

rate of Hydra and the Chlorella algae. It was suggested that host-derived factors may regulate 

algal mitosis or cell division in a density-dependent manner (Pardy, 1974b, 1974a; McAuley, 

1981). Thereby, the algal cell cycle would be diminished in host cells with a full complement 

of symbionts, whereas inhibition would be diminished in recently divided host cells with fewer 

symbionts. Besides a mechanism directly interfering with algal mitosis, several studies 

indicated that algal proliferation might be regulated by the availability of host-derived inorganic 

nutrients such as nitrogen (McAuley, 1986, 1987; McAuley and Muscatine, 1986; Rees, 1986, 

1989, 1990a, 1990b; Rees and Ellard, 1989; Rees et al., 1989). Furthermore, expulsion or 

digestion of algae as well as the production of a density-dependent inhibitor by the algae 

themselves were discussed as regulatory mechanisms (Muscatine and Pool, 1979; Muscatine 

and Neckelmann, 1981; McAuley, 1982). Nevertheless, the question by which mechanism algal 

proliferation is regulated remains unanswered so far. 

Taken together, previous studies of the Hydra-Chlorella endosymbiosis have clearly 

shown that there is a great deal of adaptation and specificity between the two partners. The 

selection of a suitable symbiont seems to involve much more than the recognition of a single 

algal character, but rather depends upon a number of algal properties that enable a successful 



GENERAL INTRODUCTION 

31 

 

interplay with the host. Like all animals H. viridissima is also host to a distinct bacterial 

microbiota (Franzenburg et al., 2013b), a fact that has been widely neglected in previous 

research, but makes the H. viridissima holobiont an attractive model to study tripartite 

interkingdom associations between an animal host, bacterial colonizers and endosymbiotic 

algae. 

Aims of the study 

A holobiont can be considered a dynamic ecological unit consisting of the host and a 

multitude of associated microorganisms. Maintenance of the delicate homeostasis within this 

system requires an elaborate cross talk between the host and microbes. Despite its simple body 

plan and the lack of adaptive immunity, Hydra has developed complex mechanisms that 

regulate the establishment and maintaince of a specific and diverse bacterial community 

(Fraune and Bosch, 2007; Franzenburg et al., 2012, 2013a, 2013b).  

Research of the last decade has shown that all Hydra species are associated with specific 

bacterial communities, which are remarkably stable even during co-cultivation with other 

Hydra species (Fraune and Bosch, 2007; Franzenburg et al., 2013b). However, the exact 

localization of Hydra’s microbiota remained unknown. Several attempts to visualize the 

bacterial colonizers by confocal and electron microscopy failed, likely due to ineffective 

fixation methods. Therefore, the first aim of this study was (i) the localization of Hydra’s 

microbiota and further on characterization of their habitat. 

As a member of the ancient phylum Cnidaria, Hydra’s entire body is formed of an 

epithelial bilayer interspersed by one of the anatomically simplest nervous systems. 

Interestingly, a previous study indicated that the depletion of neurons in Hydra leads to 

disturbances in the bacterial community (Fraune et al., 2009). Since some neuropeptides have 

been shown to possess a direct antimicrobial activity in vitro (Minter et al., 2005; Hansen et al., 

2006; El Karim et al., 2008; Holzer and Farzi, 2014), the question arose whether or not the 

absence of neuropeptides was responsible for the observed microbial shift in nerve-cell depleted 

Hydra. Therefore, in the second part of this thesis (ii) the antimicrobial activity of Hydra’s 

neuropeptides and their role in shaping the microbial composition was investigated. 

The green hydra, Hydra viridissima, is not only colonized by a distinct bacterial 

microbiota, but in addition harbors unicellular photosynthetic algae of the genus Chlorella in 

its endodermal epithelial cells. Although the H. viridissima-Chlorella endosymbiosis has been 
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a focus of research for many decades, little is known on the underlying molecular mechanisms 

(Habetha and Bosch, 2005). In the third chapter of this thesis (iii) the molecular basis of 

symbiotic adaptations in the Hydra-Chlorella relationship was investigated by genome 

sequencing of the native endosymbiont Chlorella sp. A99 and by microarray transcriptional 

profiling of symbiotic and aposymbiotic polyps. 

While host-algal interactions in the H. viridissima holobiont have been extensively 

studied in the past, the role of the bacterial microbiota has been widely neglected in the past. In 

the fourth part of this study the H. viridissima holobiont was used to investigate symbiotic 

interactions in a tripartite animal–algal–bacterial model system, thereby addressing the question 

(iv) if the presence of intracellular photosynthetic algae affects the composition of the bacterial 

microbiota. 
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Abstract 

Epithelial tissues serve as protective barriers and as interfaces with the environment 

including the microbiota. As a member of the phylum Cnidaria, the entire body plan of Hydra 

is organized as an epithelial bilayer composed of an ectoderm and an endoderm. The ectodermal 

epithelium is covered by a complex multi-layered glycocalyx extending up to 1.5 µm from the 

cell surface. The visualization of Hydra’s glycocalyx has been challenging due to its fragile 

organization that is highly sensitive to preparation procedures for electron microscopy analysis. 

In a methodological approach a chemical fixation was developed, which preserves details of 

the glycocalyx architecture previously detected only by high-pressure freezing/freeze 

substitution fixation (HPF/FS). This study provides the first description of how the glycocalyx 

is formed during ontogenetic development and shows that Hydra polyps hatch without a 

glycocalyx. Within 48 h posthatching a fully structured glycocalyx will be formed. Microscopic 

analysis identified the outer mucus-like layer of Hydra’s glycocalyx as the habitat of a diverse 

bacterial community. To characterize the glycocalyx as bacterial habitat the aim of this study 

was to identify protein components of the glycocalyx with a combined approach of gel-

enhanced liquid chromatography-tandem mass spectrometry (GeLC-MS/MS) and cell line-

specific transcriptome analysis. This integrative approach resulted in the identification of 79 

candidate genes / proteins. Among those, the members of a cysteine-rich peptide family were 

identified as putative antimicrobial peptides and have been characterized with regards to gene 

expression patterns, protein localization and antimicrobial activity. 

 

Introduction 

All animals are holobionts consisting of a multicellular hosts and its associated bacteria, 

archaea, protozoa, algae, fungi, and viruses, collectively termed microbiota (Zilber-Rosenberg 

and Rosenberg, 2008; Bosch and McFall-Ngai, 2011; McFall-Ngai et al., 2013). The microbiota 

occupies different niches within a host, thereby colonizing the external and internal epithelial 

surfaces of various body parts. Sometimes the host organism has developed specialized cells, 

tissues or organs to harbor distinct microbial partners, e.g. the bacteriocytes in the aphid–

Buchnera symbiosis (Moran et al., 2008; Douglas, 2009) and the light organ in the bobtail 

squid–Vibrio symbiosis (Nyholm and McFall-Ngai, 2004; Visick and Ruby, 2006). While 

intracellular symbioses with bacteria or photosynthetic algae are widespread in invertebrates, 

vertebrates host their microbes exclusively extracellular with one known exception of beneficial 

algae that live inside salamander cells (Kerney et al., 2011).  
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The best-characterized microbial habitat is the vertebrate gut where trillions of microbes 

live in a symbiotic relationship with their host. The epithelial surface in the gastrointestinal tract 

is covered by a highly hydrated mucus gel that protects the underlying epithelium against 

chemical, enzymatic, microbial and mechanical insults. By shielding the underlying epithelium 

from luminal bacteria and food antigens permanent overactivation of the immune system is 

prevented and thus, mucus plays a critical role in the maintenance of gut homeostasis (Shan et 

al., 2013). The intestinal tract contains a number of distinct microbial habitats that differ in 

mucus structure and select for heterogeneous spatial and functional organization of the 

microbiota (Tropini et al., 2017). The density and diversity of bacteria increase along the 

longitudinal axis of the gut, with the small intestine favoring facultative anaerobic, proteolytic 

bacteria, and the colon favoring anaerobic, saccharolytic bacteria (Turnbaugh et al., 2009; Faith 

et al., 2013; Gu et al., 2013; Seedorf et al., 2014). Along the transverse axis, the mucus gel can 

be divided into two layers: a loosely associated layer that forms the natural habitat for bacteria 

and a firmly attached layer, which is impenetrable for bacteria in the healthy gut (Johansson et 

al., 2008, 2010). Underneath the mucus layers cells present a dense ‘forest’ of highly diverse 

glycoproteins and glycolipids, which form the glycocalyx.  

The muscus gel is formed by high-molecular-mass oligomeric glycoproteins referred to 

as mucins. Mucins are responsible for the viscous properties of the mucus gel and provide an 

adhesive matrix for a diverse array of antimicrobial molecules like defensins, lysozyme, 

lactoferrin and RegIIIγ (Vaishnava et al., 2011; Antoni et al., 2013). The positively charged 

antimicrobial peptides remain attached to the negatively charged mucin glycoproteins and 

generate a gradient within the mucus layer restricting their bactericidal action mostly to bacteria 

coming too close to the epithelial surface (Meyer-Hoffert et al., 2008; Vaishnava et al., 2011; 

Dupont et al., 2015). The segregation of antimicrobial activity within the mucus is important to 

enable the colonization of the outer mucus layer by the microbiota, which is crucial to inhibit 

the persistence or growth of pathogenic bacteria, which is referred to as ‘colonization 

resistance’ (Stecher and Hardt, 2008). Taken together, the mucus represents not only the first 

line of defense between bacteria and the epithelium, but also serves as the interface for host-

microbe interactions. 

As a member of the Cnidaria, Hydra’s entire body plan is formed by an epithelial bilayer 

composed of the endoderm lining the gastric cavity and the ectoderm permanently exposed to 

the aquatic environment. The endodermal epithelial cells are ciliated with pseudopod-like 

protrusions reflecting their phagocytotic function, while the apical surface of the ectodermal 
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epithelium is covered by a fibrous multi-layered structure extending up to 1.5 µm from the cell 

surface. Based on its ultrastructural similarity with the extracellular surface coats of mammalian 

epithelia lining the intestine and the lumina of blood vessels, this extracellular layer was termed 

glycocalyx (Kuznetsov et al., 2002). Hydra’s glycocalyx is composed of at least five 

morphologically distinguishable layers (Holstein et al., 2010), which were shown to be highly 

reactive to periodic acid-Schiff stain (PAS), indicating a high carbohydrate content (Böttger et 

al., 2012). Although the entire structure is termed glycocalyx, the characteristic feature of being 

membrane bound does not account for all of its layers. The outer layer that builds up more than 

50% of Hydra’s glycocalyx consists of a loose meshwork that can be removed completely by a 

hypertonic salt wash (Böttger et al., 2012). Therefore, the outer layer of Hydra’s glycocalyx 

was proposed to have mucus-like properties rather than being a part of the membrane-anchored 

glycocalyx (Schröder and Bosch, 2016). 

Research of the last decade has shown that all Hydra species are associated with distinct 

bacterial communities, which are remarkably stable even during co-cultivation with other 

Hydra species (Fraune and Bosch, 2007; Franzenburg et al., 2013). However, the exact 

localization of Hydra’s microbiota remained unknown. Spirochaetes were reported to colonize 

the mesoglea occasionally (Davis and Haynes, 1968; Hufnagel and Myhal, 1977), but this 

seems to be the exception rather than the rule, because mostly there are no bacteria present in 

the mesoglea. While H. oligactis harbors bacteria within the ectodermal epithelial cells (Fraune 

and Bosch, 2007), H. vulgaris (AEP) and H. magnipapillata do not possess intracellular 

bacteria suggesting an extracellular localization for the colonizing bacteria. However, so far 

several attempts to visualize Hydra’s extracellular bacterial colonizers by electron microscopy 

failed, which may be due to ineffective fixation methods. Therefore, the aims of this study were 

the localization of Hydra’s microbiota and, subsequently, the characterization of their habitat. 

Results 

Microscopic analyses of Hydra’s glycocalyx 

The ectodermal epithelial surface of Hydra is covered by a multi-layered glycocalyx 

(Holstein et al., 2010; Böttger et al., 2012). In the past, electron microscopic (EM) visualization 

of the glycocalyx has been challenging with conventional chemical fixation. In 

paraformaldehyde-fixed preparations, and even after fixation with glutaraldehyde and osmium 

tetroxide, the outer layer of the glycocalyx was found collapsed, fragmented or detached from 
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the ectodermal surface. So far, the complex multi-layered structure was demonstrated only 

bythe highly sophisticated and technically challenging high-pressure freezing / freeze-

substitution (HPF/FS) fixation (‘cryo-fixation’) (Holstein et al., 2010).  

As a first attempt to improve the structural integrity of the glycocalyx during chemical 

fixation 0.15% ruthenium red (RR) was included in the conventional fixative, which contains 

3.5% glutaraldehyde in 50 mM sodium cacodylate buffer (pH 7.4). RR is a hexavalent cationic 

dye with high affinity for anionic mucopolysaccharides and generates a detectable electron 

density in the presence of osmium tetroxide. Prior to fixation Hydra polyps were relaxed by 

2 min incubation in 2% urethane, a commonly used invertebrate anesthetic (Macklin, 1976). 

Analysis of thin sections by transmission EM (TEM) showed that although the RR treatment 

provided a good contrast enhancement, the glycocalyx still appeared to be poorly preserved. 

While the outer loose layer of the glycocalyx was almost completely absent, the firmly attached 

inner layers were still present extending ~300 nm from the plasma membrane (Figure 1A). 

Strikingly, when polyps were not subjected to urethane treatment before fixation the outer 

glycocalyx layer was preserved and appeared as a filamentous mesh-like structure (Figure 1B). 

Thus, the urethane relaxation step prior fixation is responsible for almost complete loss of the 

outer glycocalyx layer. Therefore, in further investigations the urethane treatment was omitted, 

while the addition of RR was maintained to improve the contrast.  

Although the outer glycocalyx layer was detectable when omitting the urethane step, it 

appeared as a sparse filamentous mesh-like structure (Figure 1B) rather than the fluffy layer 

observed in cryo-fixed samples (Figure 1F). Furthermore, the outer layer strongly varied in 

dimension ranging from 300 nm to 700 µm width indicating that the altered fixation conditions 

were suboptimal. Next, chemical fixation was performed using ‚Karnovsky‘s fixative‘ 

consisting of 2.5% glutaraldehyde and 2% paraformaldehyd (Karnovsky, 1965). TEM analysis 

revealed outer glycocalyx layers with a width of ≥700 nm consistently, which is in line with the 

results form cryo-fixation. In addition, a considerable increase in fibrous material in the outer 

layer was observed (Figure 1C). However condensed structures with large electron-lucid 

spaces in between were seen (Figure 1C), which are absent in the cryo-fixed glycocalyx 

(Figure 1F). To overcome this limitation Karnovsky’s fixative was supplemented with 75 mM 

L-lysine, which has been successfully used to visualize the fibrous anionic matrix of bacterial 

glycocalyces (Jacques and Graham, 1989). Together with glutaraldehyde the diamine L-lysine 

can form large polymers of various length by crosslinkages and therefore, may improve the 

preservation of the outer glycocalyx layer architecture. Indeed, hydra tissue treated with this 
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fixative formulation revealed in TEM analysis a homogenous, fluffy appearance of the outer 

glycocalyx layer (Figure 1D) comparable to cryo-fixed samples (Figure 1F). The average 

width of the total glycocalyx varied from 1 µm to 1.5 µm, which is in line with previous results 

from cryofixation (Holstein et al., 2010; Böttger et al., 2012). Notably, the addition of RR is 

not required for stabilization of the outer glycocalyx layer, but enhances the contrast 

(Figure 1D and E).  

A limitation of glutaraldehyde as a fixing agent is that it forms irreversible cross-links, 

which often affect the accessibility of epitopes and hence impair the binding of antibodies. 

Indeed, immunohistochemistry using actin staining by phalloidin and eGFP antibodies was not 

compatible with Karnovsky’s fixative. Therefore, the here-introduced formulation of the 

fixative should be chosen primarily if the visualization of the tissue morphology without further 

staining is of prime interest. 

 

 
Figure 1. Preservation of Hydra’s glycocalyx under different chemical fixation methods. 

Transmission electron microscopy (TEM) of the ectodermal surface. (A) Urethane treatment prior fixation. 

Fixative containing 3.5% glutaraldehyde and 0.15% ruthenium red (RR). (B-F) no urethane treatment prior 

fixation. (B) Fixative containing 3.5% glutaraldehyde and 0.15% RR. (C) Karnovsky’s fixative (2.5% 

glutaraldehyde, 2% paraformaldehyde) containing 0.15% RR. (D) Karnovsky’s fixative containing 75 mM 

L-lysine. Note the increase in fibrous material in the outer layer. (E) Karnovsky’s fixative containing 

75 mM L-lysine and 0.15% RR. (F) For comparison a TEM graph of high-pressure freezing / freeze 

substitution (HPF/FS) fixation is shown. Note the excellent preservation of five distinct layers (c1–c5). 

Modified from (Fraune et al., 2015). Scale bars 500 nm. Dashed yellow line indicates the plasma membrane. 
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As a next step scanning EM (SEM) was performed on Hydra polyps fixed with 

Karnovsky’s fixative including L-lysine and RR. SEM analysis revealed that the glycocalyx 

appears as a homogenous coat covering the entire surface of the polyp with the exception of the 

aboral end of the polyp. Notably, the ectodermal epithelial cells of the peduncle (the region 

between the basal disc and the budding zone) are completely covered by the glycocalyx, which 

then abruptly ends by forming a sharp border to the cells of the basal disc (Figure 2A and B). 

The basal disc is formed by glandulomuscular cells that arise from ectodermal epithelial cells 

of the peduncle region as a result of terminal differentiation under tight positional control 

(Campbell, 1967; Bode et al., 1986; Dübel et al., 1987; Böttger and Hassel, 2012). The cells of 

the basal disc are known to produce a sticky mucus allowing Hydra to attach to the surface of 

different substrates (Rodrigues et al., 2016). The foot mucus was shown to contain acidic 

mucopolysaccharides and differs in histochemical properties from the vesicles of the 

ectodermal body wall that secrete the glycocalyx (Burnett, 1966; Davis, 1973).  

 

 

Figure 2. Hydra’s glycocalyx ends with a sharp border at the basal disc. 

(A) Scanning electron microscopy of a Hydra polyp. Red box indicates the foot region shown in (B). 

Note the abrupt ending of glycocalyx coated ectodermal cells (g) and numerous apical blebs at the 

surface of basal disc cells (bd) indicating their secretory function. Scale bar 20 µm. 

Bacteria colonize the outer mucus-like layer of Hydra’s glycocalyx 

The first aim of this study was the localization of Hydra’s microbiota. Indeed, the 

successful establishment of a chemical fixation method preserving Hydra’s multi-layered 

glycocalyx revealed that bacteria colonize the loose outer layer (c5) of the glycocalyx 

(Figure 3A). Strikingly, bacteria were observed to penetrate the inner layers of the glycocalyx 
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(c1–4) indicating that these firmly attached layers may function as a protective barrier for the 

epithelial cell surface. Confocal laser scanning microscopy (CLSM) using SYBR Gold staining 

as well as scanning EM (SEM) uncovered a dense and morphologically heterogeneous 

community of bacteria colonizing the outer surface of the ectodermal epithelium 

(Figure 3B-D). In all specimens examined, rod-shaped as well as cocci bacteria were found 

attached to the ectodermal epithelial cells.  

 

 

Figure 3. Hydra’s glycocalyx is colonized by a complex bacterial community. 

(A) Transmission electron micrograph of a rod-shaped bacterium (red arrows) located within the 

outer layer (c5) of the glycocalyx covering ectodermal epithelium. (B) Total bacterial community 

colonizing the surface of the ectodermal epithelium in Hydra stained with SYBR gold. (C and D) 

Scanning electron microscopy (SEM) analysis of Hydra’s ectodermal. Pictures have been 

published in (Fraune et al., 2015). 

 

Furthermore, the same microscopic techniques (TEM, SEM and CLSM) were used to 

examine the endodermal epithelium lining Hydra’s gastric cavity. Whereas the ectodermal 

epithelium appears to be protected from direct contact with bacteria by the glycocalyx the 

endodermal epithelium does not possess a comparable glycocalyx-like structure (Figure 4A). 
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Instead, the endodermal cells are ciliated and the surface exhibits pseudopod-like structures 

pointing to their phagocytotic function where a dense glycocalyx would be detrimental 

(Figure 4B and C). Despite the use of various fixation and preparation techniques, so far no 

evidence that bacteria stably colonize the endodermal epithelial surface. As it seems, Hydra’s 

digestive system might not possess a stable bacterial community. 

 

 
Figure 4. Electron microscopic analysis of Hydra’s endoderm. 

(A) Transmission electron microscopy of the endodermal cell surface. Note the absence of a glycocalyx. 

(B and C) Scanning electron microscopy of the endodermal surface in the gastric cavity. Panel B and C have 

been published in (Schröder and Bosch, 2016). 

Hydra polyps hatch without a glycocalyx 

The successful development of a chemical fixation method preserving the fragile 

structure of Hydra’s glycocalyx revealed that the outer mucus-like layer is the habitat for 

bacteria, while the firmly attached inner layers act as a barrier separating bacteria from direct 

contact with the epithelial cells. Since there are no reports on the development of Hydra’s 

glycocalyx during embryogenesis, the question arose when does the formation of the interface 

for host-microbe cross-talk take place during ontogenetic development.  

Although Hydra mainly propagates asexually by budding, the animals also go through 

seasonal sexual phases with eggs and sperm produced from interstitial stem cells (Bosch and 

David, 1987). Hydra’s embryonic development begins with radial cleavages forming a 

coeloblastula about 8 hours after fertilization followed by gastrulation, which is completed 

approximately 24 hours postfertilization. At that time, cells of the outer epithelial layer develop 

filopodia and finally secrete cuticular material, which forms a thick protective layer, referred to 

as embryotheca (Martin et al., 1997). The embryo stays in the so-called cuticle stage during a 

variable time of dormancy, in H. vulgaris (AEP) usually ranging from 2 to 6 weeks, until a 

young polyp hatches. During the last two days before hatching specification of the three cell 
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lineages occurs, the gastric cavity forms and the interstitial stem cells proliferate and 

differentiate into neurons, nematocytes, and secretory cells (Martin et al., 1997). Finally, the 

embryotheca cracks and the young polyp hatches with the head end appearing first. 

To address the question, if Hydra polyps already possess a glycocalyx when they hatch, 

embryos were collected and monitored to capture the beginning of the hatching process that 

becomes visible by breaking of the thick outer shell of the embryotheca. In vivo observation of 

hatching Hydra revealed that young polyps remain enveloped by a delicate, transparent 

membrane during the hatching process (Figure 5A and B). The thin envelope remains for 

approximately 6 to 12 hours and will be pierced eventually by the elongating polyp leaving the 

embryotheca. 

Some of the hatching polyps were subjected to chemical fixation for subsequent TEM 

analysis. The embryotheca that surrounds the young polyp is a 10 µm thick multi-layered 

structure that can be roughly separated into two parts, the thick outer shell and an inner part of 

about 2 µm (Figure 5C and D). At the beginning of the hatching process the inner part of the 

embryotheca is in close contact to the ectodermal epithelium of the polyp and comprises five 

distinguishable layers, which differ morphologically from the glycocalyx of adult Hydra 

(Figure 5C and D). The thick outer shell of the embryotheca cracks at the beginning of the 

hatching process and detaches from the inner part of the embryotheca, which starts to swell and 

detaches from the ectodermal epithelium that is devoid of a glycocalyx (Figure 5E and F). 

TEM analysis revealed that the swollen inner part of the embryotheca forms the delicate 

envelope surrounding the hatchling, which was previously observed in vivo (Figure 5A, B 

and F). Notably, bacteria were frequently seen attached to the surface of the membranous 

envelope (data not shown), but never inside suggesting that it represents a protective barrier for 

the young polyp that is devoid of a glycocalyx at this time point (Figure 5F). 

As a next step the ectodermal surface of young polyps was analyzed by TEM to examine 

when glycocalyx formation takes place. A few hours after polyps had liberated completely from 

the embryotheca the ectodermal epithelium shows a thin extracellular coat of approximately 

150 nm width without any stratification (Figure 6A). A morphological correlate of the 

multi-layered glycocalyx was observed 48 hours after hatching. Comparable to adult Hydra the 

four inner layers of the glycocalyx exhibit about 200 nm (Figure 6B and C). Notably, the outer 

mucus-like layer is significantly thinner than in adult polyps suggesting that the formation of 

the glycocalyx has not completed at this time point (Figure 6B and C).  
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Figure 5. The ectodermal surface in hatching Hydra polyps. 

(A and B) Hatching Hydra polyps. Light overexposure reveals that the thick outer shell of the 

embryotheca has cracked, while the polyp is still covered by a thin membrane (yellow arrow heads). 

Red boxes indicate the regions analyzed by transmission electron microscopy (TEM). Scale bars 

0.5 mm. (C) TEM graph of the cuticle. The polyp’s ectodermal epithelium is in close contact to the 

inner part of the embryotheca (yellow line), which presents a ~2 µm thick multi-layered structure 

morphologically distinct from the glycocalyx of adult polyps. Scale bar 5 µm, red box indicates the 

region depicted in (D) High-resolution TEM graph of the ectodermal surface. Scale bar 300 nm. (E) 

TEM graph showing the edge of the breaking embryotheca. Note that the inner part completely detaches 

from the ectodermal surface, which is devoid of a glycocalyx. Scale bar 5 µm. (F). TEM graph of a 

polyp starting to hatch through a crack of the thick outer shell (os). Yellow arrow heads mark the delicate 

membrane (see A and B) that originates from the inner part of the embryotheca, which start swelling 

after removal of the thick embryotheca shell. Scale bar 8 µm. 
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Figure 6. The ectodermal surface in young Hydra polyps after hatching. 

Transmission electron microscopy analysis of the ectodermal surface. (A) A few hours after hatching the 

ectoderm is covered by a ~250 nm thick structure lacking distinguishable separate layers. (B) 48 h after 

hatching the dense inner layers of the glycocalyx have appeared and the outer mucus-like layer starts to form, 

although still thinner than in adult polyps. (C) The glycocalyx of an adult polyp with ~1 µm in height. The 

yellow dashed line marks the plasma membrane. Scale bars 500 nm.  

 
Taken together, hatching Hydra polyps are devoid of a glycocalyx and instead covered 

by a delicate membranous structure during the first 6 to 12 hours after hatching. A few hours 

after the polyp left the embryotheca the ectodermal epithelium starts to secret extracellular 

material, which forms into a morphological correlate of the adult glycocalyx after 48 hours. 

Mass-spectrometric analysis of the glycocalyx – a candidate gene approach 

Microscopic analysis demonstrated that Hydra’s glycocalyx is colonized by bacteria and 

thus, displays an interface for host-microbe cross-talk. Little is known about the molecular 

composition of the glycocalyx. A previous study demonstrated the presence of chondroitin and 

chondroitin-6-sulfate as well as few proteins such as PPODs (putative peroxidases) in the 

glycocalyx of H. magnipapillata (Böttger et al., 2012).  

To further investigate the protein components of Hydra’s glycocalyx, a mass 

spectrometry approach was conducted using the species H. vulgaris (AEP), which in contrast 

to H. magnipapillata is genetically tractable and allows gain- and loss-of-function studies of 

candidate genes. For glycocalyx extraction Hydra polyps were subjected to a hypertonic salt 

wash, which did not injure the animals and essentially all of them recovered after a few minutes. 

Subsequent EM analysis revealed the extensive removal of the outer glycocalyx layer 
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(Figure 7). In contrast, the four inner glycocalyx layers are not released by the salt wash, but 

stay firmly attached to the cell surface. However, soluble components of the inner layer may 

still be extracted. 

 

 
Figure 7. Removal of the outer layer of the glycocalyx by a hypertonic salt wash. 

(A) Scanning electron micrograph (SEM) of the ectodermal surface after the salt wash. (B) 

Higher magnification of (A) for detailed structures. (C) Transmission electron micrograph 

(TEM) of the ectodermal surface after the salt wash. The loose outer layer of the glycocalyx 

has been almost completely removed. Red arrow indicates small remaining parts of the outer 

mucus-like layer. Scale bar 1 µm. 

 

To identify the glycocalyx proteins released by the salt wash gel-enhanced liquid 

chromatography-tandem mass spectrometry (GeLC-MS/MS) was performed in collaboration 

with Dr. Christian Treitz and Prof. Dr. Andreas Tholey of the Institute for Experimental 

Medicine of the Christian Albrechts University of Kiel. For analysis of the LC–MS/MS data a 

protein database was constructed by translation of the H. vulgaris (AEP) transcriptome. The 

database search was performed with help of the proteome discoverer 1.4 using the Mascot, 

SEQUEST-HT and MS Amanda algorithms, which resulted in the identification of 4451 
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peptide hits. The high number of peptide hits most likely does not reflect the protein compexity 

of Hydra’s glycocalyx. The protein pool obtained by the primary analysis contains as well 

cytosolic proteins, which could be explained by the fact that Hydra polyps constantly slought 

off excessive tissue at the basal disc, the hypostome and the tips of the tentacles and therefore 

those cells and cellular fragments are present in the salt wash fraction. To overcome this 

limitation a rigorous filtering method was apllied to the primary mass spectrometry results using 

as a key element cell line-specific transcriptome data.  

 

 

Figure 8. Identification of glycocalyx candidate genes by an integrative transcriptomic and 

proteomic approach. 

Hydra’s glycocalyx was removed by a hypertonic salt wash and subjected to high-performance liquid 

chromatograph-electrospray ionization tandem mass spectrometry (HPLC-ESI MS/MS) analysis 

resulting in 4451 peptide hits. In a previous study cell-line specific transcriptomes of H. vulgaris (AEP) 

were generated (Hemmrich et al., 2012), which allowed to filter the 4451 hits from the primary mass 

spectrometry analysis for ectoderm-specific expression (at least 10 reads and ≥2.5-fold higher gene 

expression than in the endodermal and i-cell lineages). The resulting 347 ectoderm-specific hits were 

filtered for two parameters; the presence of at least two peptide hits and a signal peptide. This resulted 

in the identification of 79 candidate genes. 
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In a previous study by Hemmrich et al. cell line-specific transcriptomes of H. vulgaris 

(AEP) were generated providing information on the expression level of each contig in the 

ectodermal, endodermal and interstitial stem cell lineage (Figure 8) (Hemmrich et al., 2012). 

Since the glycocalyx is produced by the ectodermal epithelium all contigs matching one of the 

4451 peptide hits were filtered for predominant expression in the ectoderm (≥ 10 reads in the 

ectoderm and ≥2.5-fold higher expression in the ectoderm than in the endodermal and i-cell 

lineage). This resulted in 347 ectoderm-specific contigs exhibiting at least one peptide hit in the 

mass spectrometry analysis. The glycocalyx components are supposed to be membrane-bound 

and soluble extracellular proteins requiring a signal peptide in most cases. Thus, the 347 contigs 

were filtered for signal peptide prediction using the SignalP 4.1 server. Contigs that were not 

full-length at the 5’-end were validated, if possible, by screening the corresponding orthologue 

in the H. magnipapillata genome or otherwise retained in the candidate list. Conservative 

criteria recommend that ≥2 unique peptides need to be identified within a single protein for its 

positive identification (‘double-hit rule’) (Carr et al., 2004; Omenn et al., 2005). However, in 

this study a translated transcriptome was used as database, which involves the presence of 

several nearly-identical sequences and proteins, respectively. Due to contig redundancy it is 

likely that many proteins will not to fulfill the double-hit rule, which therefore was alleviated 

to ≥2 peptides instead of ≥2 unique peptides. Finally, 79 contigs were identified as candidates 

for glycocalyx constituents (Figure 8). 

 

 

Figure 9. Protein domains and families in the glycocalyx candidate genes.  

Pie chart representing the distribution of protein domains and families predicted by HMM Pfam in the 

79 glycocalyx candidate genes. TSP, thrombospondine; Rha, rhamnose; Man, mannose. 

 

Most of the 79 identified glycocalyx candidates represent contigs of unknown 

functionality with no homologue detected in other species than Hydra and thus, can be assigned 
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as taxonomical restricted genes (TRGs) (Table 1). For more than 26% of the candidate proteins 

no protein domain or domains of unknown function (DUF) could be detected. Interestingly, the 

remaining contigs (>73%) were enriched for distinct protein domains such as galactose-binding 

and mannose-binding lectin domains, calcium-binding EGF domains and thrombospondine 

domains (Figure 9). Three contigs contained regions with high proportions of proline, 

threonine and serine, referred to as PTS-regions, which were interspersed by short cysteine-rich 

domains. Due to these characteristic features the three contigs were assigned as mucin protein 

candidates. Furthermore, the candidate genes also included PPOD (putative peroxidase) 

proteins, which have been previously identified as glycocalyx constituents and serve as an 

extraction control in this approach (Böttger et al., 2012).  
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Identification of a putative antimicrobial peptide family 

Among the glycocalyx candidate genes a significant proportion (16%) was represented 

by small cysteine-rich peptides (CRPs) (Figure 9 and Table 1). CRPs encompass a large and 

widespread group of secreted molecules, heterogeneous in primary sequence and structural 

arrangement, and with different functional roles (Gruber et al., 2007; Taylor et al., 2008; 

Marshall et al., 2011). However, invertebrate CRPs have been frequently related to immune 

defense with many of them representing AMPs (Dimarcq et al., 1998; Mitta et al., 2000; Bulet 

et al., 2004). Mucosal interfaces often represent a reservoir for host AMPs, a phenomenon not 

only observed in the mammalian gut (Antoni et al., 2013), but also in the epidermal mucus of 

fish and frogs (Subramanian et al., 2009; Grazia et al., 2015). Interestingly, so far almost all 

AMP genes identified in Hydra were expressed in the endodermal epithelium lining the gastric 

cavity (Augustin et al., 2009b, 2009a; Bosch et al., 2009; Franzenburg et al., 2013). To examine 

the possibility that ectoderm-derived AMPs are secreted into Hydra’s glycocalyx, the CRPs 

identified in this study were screened for characteristic features of AMPs. 

Among the glycocalyx candidate genes 13 CRPs were identified, which form three 

distinct families (Table 1). One of these peptide families, CRP family 1, stands out by 

remarkably high expression levels of its members (Table 1). Sequence analysis revealed the 

presence of a signal peptide followed by 110 amino acids resulting in a predicted molecular 

weight of 12.7 kDa. The peptides contain six cysteine residues with the potential to form three 

disulfide bonds. The strongly positively charged C-terminus (pI 9.7) is separated from the signal 

peptide by a negatively charged N-terminal region (Figure 10A). This domain architecture 

comprising a signal peptide, a negatively charged pro-region, and the positively charged mature 

peptide has been described for many AMPs including the arminins and periculins of Hydra 

(Augustin et al., 2009a; Bosch et al., 2009; Fraune et al., 2010). Thus, the members of CRP 

family 1 display promising candidates for AMPs and were termed ‚custodins‘ with regard to 

their putative function (latin ‘custos’= guard). 

Further analysis revealed that the five contigs identified in the mass spectrometric 

analysis can be assigned to three custodin peptide isoforms (contig 6017 and 5608 represent 

custodin-1a, contig 2345 and 1506 represent custodin-1c and contig 47542 represents 

custodin-2). In addition, EST data bank search identified a fourth peptide, custodin-1b, which 

was not detected in the glycocalyx of H. vulgaris (AEP). Screening the H. magnipapillata 

genome and transcriptomes of H. oligactis and H. viridissima revealed the presence of four 

custodin orthologues in H. magnipapillata, two in H. oligactis and one in H. viridissima. An 
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amino acid alignment of all custodin paralogues showed that they share the domain composition 

described above (Figure 10A and B).  

 

 

Figure 10. Protein sequence alignment of the custodin peptides. 

Clustal-W alignment of the custodin protein sequences of H. vulgaris (AEP), H. magnipapillata, 

H. oligactis und H. viridissima. The consensus sequence has been calculated with a threshold of 80%. 

The predicted signal peptide is framed and the six cysteine residues are highlighted in yellow. Other 

amino acids are highlighted in blue (positively charged), red (negatively charged), grey (hydrophobic), 

purple (aromatic) and green (helix-breaking).  

 

A phylogenetic tree based on the amino acid sequence alignment places the members of 

custodin peptide family in two isoform groups, the custodin-1 group and the custodin-2 group 

(Figure 11). H. vulgaris (AEP) possesses three isoforms that cluster in the custodin-1 group, 

while H. magnipapillata exhibits two custodin-1 isoforms and H. oligactis only one. The two 

isoforms of custodin-1a and custodin-1b of H. magnipapillata and H. vulgaris (AEP) form two 

distinct clades. The custodin-2 group is formed by one isoform of H. vulgaris (AEP), 

H. magnipapillata and H. oligactis each. H. viridissima possesses only one custodin 

homologue, which forms an outgroup. 
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Figure 11. The custodin peptides, a novel gene family in Hydra.  

Phylogenetic analysis of the custodin peptide family in four Hydra species. The custodin peptides 

can be divided in two groups, the custodin-1 peptides (highlighted in grey) and the custodin-2 

peptides (highlighted in blue). Hydra viridissima exhibits only one custodin paralogue that forms an 

outgroup.  

Characterization of custodin expression patterns in different Hydra species 

To verify the proposed ectodermal gene expression of the custodin genes whole mount in 

situ hybridization was performed with species-specific RNA probes for H. vulgaris (AEP), 

H. oligactis and H. viridissima. In H. vulgaris (AEP) custodin-1a is expressed in the ectodermal 

epithelium including the basal disc and the bud (Figure 12A). The expression patterns of 

custodin-1b and custodin-1c could not be analyzed separately due to high nucleotide sequence 

identities and the probe designed for custodin-1c most likely detects both transcripts. 

Custodin-1b/c were found to be expressed in ectodermal epithelial cells along the body column, 

but in contrast to custodin-1a, the basal disc and the bud showed no expression (Figure 12B). 

H. oligactis possesses only one custodin-1 isoform, which is expressed in the ectodermal 

epithelial cells of the stalk region (Figure 13A). Interestingly, some individuals showed 

increased custodin-1 expression that gradually expands in direction of the oral pole 

(Figure 13B and C). No expression was detected in the basal disc and tentacles. 

Interestingly, in both H. vulgaris (AEP) and H. oligactis, the custodin-2 transcript was 

exclusively detected in the ectodermal cells of the basal disc (Figure 14A). Analysis of polyps 

in various stages of budding demonstrates that custodin-2 transcripts are also detectable in the 

foot region of late buds (Figure 14B). Shortly after bud detachment the mother polyp still 

shows strong custodin-2 expression at the bud detachment site (Figure 14C).  
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Figure 12. Expression of custodin-1a and custodin-1b/c in H. vulgaris (AEP). 

(A) Custodin-1a is strongly expressed in the ectodermal epithelium along the body column 

including the basal disc and the bud. In the head region and tentacles no signal was detected. (B) 

Custodin-1b/c are expressed in the ectodermal epithelium along the body column, but in contrast 

to custodin-1a in the basal disc and in the bud no expression of custodin-1b/c was detected.  

 

 

 

 
Figure 13. Expression of custodin-1 in H. oligactis. 

H. oligactis possesses a single Custodin-1 homologue, which is expressed in ectodermal 

epithelial cells along the body column with significant inter-individual differences. (A) 

Custodin-1 expression exclusively in the stalk region. (B) Strong expression in the stalk region 

and weaker gradual expression in the lower half of the body column. (C) Strongest expression 

in the stalk, which gradually weakens along the entire body column. In the basal disc, the head 

region and tentacles no expression was detected. 
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Figure 14. Expression of custodin-2 in H. oligactis and H. vulgaris (AEP). 

(A) Custodin-2 expression in ectodermal cells of the basal disc. (B) Custodin-2 expression in the basal disc 

of the mother polyps and in the developing basal disc of the bud. (C) Mother polyp shortly after the bud 

dropped off showing strong custodin-2 expression at the bud detachment site. The custodin-2 expression 

pattern was identical in H. vulgaris (AEP) and H. oligatis (depicted here). 

 

 

 

 

Figure 15. Expression of the only custodin paralogue in H. viridissima. 

H. viridissima possesses a single custodin homologue that cannot be assigned to the custodin-1 or custodin-2 

group. (A) Custodin expression in ectodermal cells of in the basal disc and around the hypostome. (B)  Some 

polyps show additional expression in ectodermal tissue of the gastric region. (C) Custodin expression in a 

ring of ectodermal epithelial cells around the hypostome.  

 

 

In contrast to the other Hydra species investigated, H. viridissima exhibits only one 

custodin isoform, that was neither assigned to custodin-1 group nor to the custodin-2 group in 

the previous phylogenetic analysis (Figure 11). In situ hybridization revealed a unique 

expression pattern of the H. viridissima custodin with strong expression in the basal disc and in 

a ring of ectodermal epithelial cells around the hypostome (Figure 15). In addition, some 

polyps showed custodin expression in the ectoderm along the body column (Figure 15B). Thus, 

on one hand the H. viridissima custodin shares the expression in the basal disc with the 

custodin-2 group, while on the other hand the observed expression in the ectoderm of gastric 

region is a common feature with the custodin-1 group.  
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Figure 16. Secretion of foot mucus by glandulomuscular cells of the basal disc during budding. 

Scanning electron microscopy (SEM). Red boxes indicate the section depicted in higher magnification 

images to right. Scale bars 250 µm. (A) Bud with beginning differentiation of the basal disc. All cells 

are covered by the glycocalyx. (B) Bud starts pinching off the mother polyp. Cells at the lowest part of 

the foot start secreting mucus and form a sharp border (white arrow heads). (C) Bud shortly before 

detaching from the mother polyp. Ectodermal cells of the basal disc have already produced significant 

amounts of mucus. The glycocalyx-ends with a sharp border before the basal disc (dashed white line). 
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Taken together, all custodin paralogues are expressed exclusively in ectodermal 

epithelial cells, thus likely being secreted into the glycocalyx or into the foot mucus, 

respectively. While the expression patterns of the custodin-1 group showed much variation 

between distinct custodin-1 isoforms as well as between different Hydra species (Figures 12 

and 13), the strong expression of custodin-2 in the basal disc is conserved in all Hydra species 

(Figures 14 and 15). The polyps use the basal disc to attach to various substrates such as the 

surfaces of plants and stones, which are colonized by microorganisms. Therefore, the basal disc 

may be particularly vulnerable to invasion of foreign microbes and may require different 

antimicrobial defense molecules than the ectodermal surface exposed to the surrounding water 

only. Notably, expression of custodin-2 was already detected in buds at the beginning of the 

differentiation of the basal disc. Indeed, SEM analysis of polyps in various stages of budding 

demonstrates that foot mucus secretion by glandulomuscular cells of the basal disc already 

starts before the bud detaches from the mother polyp (Figure 16A-C).  

Localization of custodin-1c:eGFP fusion protein in transgenic Hydra 

To assess whether custodin-1c is secreted into the glycocalyx at the apical surface 

transgenic polyps that express custodin-1c in epithelial cells were generated. Hydra embryos 

were microinjected with an expression construct in which two copies of the full-length 

custodin-1c gene were fused to eGFP under the control of the Hydra β-actin promoter 

(Figure 17A). The first copy of custodin-1c includes the signal peptide and was fused in front 

of the eGFP reporter gene, allowing in vivo tracing of the fusion protein. A second copy of 

custodin-1c was fused behind the eGFP gene to allow the putative proteolytic release of the 

C-terminal peptide. Transgenic founder polyps expressed the custodin-1c:eGFP fusion protein 

in both ectodermal and endodermal epithelial cells (Figure 17B and C). In the ectoderm the 

custodin-1c:eGFP fusion protein was detected in small vesicles, which accumulated below the 

apical cell surface, likely being secreted into the glycocalyx (Figure 17C and D). Interestingly, 

in endodermal epithelial cells the custodin-1c:eGFP containing vesicles did not accumulate 

below the apical cell surface, but were detected evenly distributed in the whole cell indicating 

that the targeting signals for apical sorting differ between ectoderm and endoderm in Hydra 

(Figure 17C).  
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Figure 17. Custodin-1c:eGFP overexpression in H. vulgaris (AEP). 

(A) Expression construct for generation of transgenic Hydra. The construct contains custodin-1c 

including the signal peptide fused in frame of the 5’end of the eGFP reporter gene and custodin-1c 

lacking the signal peptide fused to the 3’end of eGFP. Lightening bolt indicates a putative cleavage 

site. (B) in vivo image of a transgenic H. vulgaris (AEP) polyp expressing custodin-1c:eGFP in 

the ectodermal epithelium. (C and D) Confocal laser scanning microscope (CLSM) analysis. Green 

custodin-1c:eGFP; red, phalloidin staining of actin filaments; blue, TO-PRO DNA stain. (C) 

Transgenic polyp expressing eGFP:custodin-1c in endodermal and ectodermal epithelial cells. 

Scale bar 10.6 µm. (D) Surface of custodin-1c:eGFP expressing ectodermal epithelial cells. Notice 

the custodin-1c:eGFP localization in secretory vesicles. Scale bar 8.7 µm. 

A first evaluation of the antibacterial activity of recombinant custodin-1c 

To assess whether custodin-1c had antimicrobial activity, the peptide was 

heterologously expressed in E. coli. The sequence of mature custodin-1c containing 110 amino 

acids was cloned into the pET28a(+) expression vector and fused to a C-terminal hexa histidine-

tag (6x His-tag) to allow detection and purification of the recombinant protein. Although 

custodin-1c was found to be expressed as insoluble aggregates, so-called inclusion bodies, the 

induction of custodin-1c expression resulted in an immediate growth stagnation of E. coli 

(Figure 18A). This may indicate that a small fraction of custodin-1c is produced in soluble 

form and exerts an antibacterial / growth retardation effect on the E. coli cells. Purification of 

custodin-1c inclusion bodies was analyzed by SDS-PAGE and Western blot revealing one 

predominant protein band at the expected size of ~14 kDa with >80% purity (Figure 18B and 

C). After solubilization and refolding custodin-1c was purified by C18 reverse-phase 

chromatography and subsequently used for microdilution susceptibility assays to determine the 

minimal inhibitory concentration (MIC) against the Gram-positive Bacillus megaterium 
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ATCC 14581 as a primary test assay. Recombinant custodin-1c showed strong bactericidal 

activity and affected the growth of B. megaterium at a concentration of 400 nM. However, for 

conclusive evidence custodin-1c needs to be tested on additional bacterial specimen. Here, it 

would be of particular interest whether the indigenous Hydra bacteria such as Curvibacter sp. 

are sensitive to custodin-1c. In conclusion, the results of this study form the basis for further 

characterization of the antimicrobial activity within the custodin peptide family. 

 

 

Figure 18. Purification of custodin-1c inclusion bodies expressed in E. coli. 

(A) Bacterial growth curve of E. coli Rosetta(DE3) containing the pET28a(+)-custodin-1c vector. 

Expression of His-tagged custodin-1c in was induced at 4 h with 0.5 mM IPTG (red line). Note the 

growth stagnation after induction compared to the non-induced control (dashed line). Custodin-1c 

was expressed in inclusion bodies, which were purified before solubilization and refolding. 

Purification of inclusion body purification was analyzed by (B) SDS-PAGE and (C) Western Blot 

using anti-His tag antibody. 10 µl sample volume were loaded per lane. M, molecular weight marker 

SeeBlue® Plus2 Pre-stained Protein Standard; P, pellet after cell lysis; S1-4, supernatant 1-4; W, 

washing buffer; IBs, inclusion bodies. Red arrows indicate the predicted molecular weight of 14 kDa 

for recombinant custodin-1c.  
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Discussion 

In this study, the outer mucus-like layer of Hydra’s glycocalyx was identified as a 

bacterial habitat. Notably, bacteria were never found penetrating the firmly attached inner layers 

of Hydra’s glycocalyx. Thus, the glycocalyx on the one hand seems to separate the bacteria 

from direct contact to the ectodermal epithelium and on the other hand provides a habitat for 

the microbiota. This dual role of representing both, a barrier and a habitat for symbiotic bacteria 

was previously described for the mucosal surface of the mammalian colon, where bacteria are 

restricted to the outer loose mucus layer, whereas the inner mucus is impervious for bacteria 

and thus, prevents excessive immune activation (Johansson et al., 2008, 2011; Johansson and 

Hansson, 2016). This work provides first evidence, that the principle of separating a mucosal 

surface into a barrier and a habitat can be traced back to the ancestral metazoan Hydra and 

apparently displays a conserved feature.  

An integrative transcriptomic and proteomic approach led to the identification of 79 

glycocalyx candidate genes including a putative AMP family, the custodins. The custodin 

peptides display the first candidates for ectoderm-derived AMPs in Hydra, since all other AMPs 

identified so far are expressed in the endodermal epithelium (Augustin et al., 2009a, 2009b; 

Bosch et al., 2009; Jung et al., 2009; Franzenburg et al., 2013). In this study transgenic Hydra 

were generated that express a custodin-eGFP fusion protein, which was localized in secretory 

vesicles below the ectodermal apical cell surface strongly indicating that the protein is secreted 

into the glycocalyx. Unfortunately, the exact localization of the protein in the glycocalyx could 

not be detected due to the lack of a suitable fixation method. The chemical fixative developed 

in this work provides a good preservation of the glycocalyx, but contains glutaraldehyde, which 

affects the antigenicity of the eGFP epitope and thus, is not compatible with 

immunohistochemistry. However, it would be of particular interest whether the custodin 

peptides accumulate to high concentrations within Hydra’s glycocalyx and thus, may contribute 

to the barrier function. In the mammalian gut it was shown that mucus represents a reservoir 

for AMPs, which form a gradient from the epithelium toward the lumen (Antoni et al., 2013). 

In particular, the antibacterial lectin RegIIIγ has been shown to play an critical role in 

maintaining gut homeostasis through spatially segregating bacteria (Brandl et al., 2007; 

Vaishnava et al., 2011). Interestingly, RegIIIγ is considerably larger (15 kDa) than classical 

AMPs such as the α-defensins (~3 kDa) and it was speculated that the increased size is involved 

in preventing rapid diffusion through the mucus layer (Vaishnava et al., 2011). Notably, the 

custodin peptides are significantly larger (13 kDa) than the endodermally expressed AMPs, e.g. 
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mature arminin-1a has a predicted molecular mass of 3.9 kDa (Augustin et al., 2009a). Indeed, 

the issue of preventing loss of AMPs by diffusion most likely does not pertain to the endoderm, 

since Hydra’s mouth is not a permanent opening and when closed, it presents a continuous 

epithelial sheet sealed with septate junctions (Campbell, 1987). Therefore, small peptides 

secreted into the gastric cavity such as the arminins are likely to reach high concentrations 

without the risk of dilution. 

An interesting feature of the custodin peptide family are the species-specific expression 

patterns. While the custodin-1 group shows a great deal of variation between distinct custodin-1 

isoforms as well as between different species, the strong expression of custodin-2 in the basal 

disc is conserved in all Hydra species. In their natural habitat polyps attach with the basal disc 

to various substrates such as the surfaces of plants and stones, which are colonized by different 

microorganisms than present the surrounding water. Therefore, the foot mucus of the basal disc 

may require different AMPs than the ectodermal surface to efficiently combat invasion by 

foreign microbes. Furthermore, the variable expression patterns of the custodin-1 peptides 

between different Hydra species arise the question whether the custodins contribute to a 

species-specific spatial organization of the microbiota along the body column. However, the 

hypothesis that distinct custodin isoforms display differential antimicrobial activity needs 

further investigation. Until today the examination of the spatial distribution of Hydra’s 

microbiota by fluorescence in situ hybridization (FISH) failed due to the lack of a suitable 

fixation method. The fragile glycocalyx (and the bacteria attached to it) do not withstand the 

heat and harsh chemicals involved in the FISH procedure. 

The essential components of mucus are the heavily glycosylated mucin proteins, which 

are divided into two structurally different families: the secreted gel-forming and the membrane 

(cell surface)-associated mucins. Gel-forming-mucin type of proteins have been identified in 

several invertebrates including Cnidaria, Porifera and Ctenophora indicating that mucins were 

present early in metazoan evolution (Lang et al., 2007, 2016). In the present study we used a 

hypertonic salt wash to remove the outer layer of Hydra’s glycocalyx, while the inner layers 

remained firmly attached to plasma membrane. Therefore, only secreted mucins are likely to 

be identified in the subsequent mass spectrometric analysis. Indeed, three contigs identified by 

mass spectrometry show similarity to genes annotated as ‘mucin-2-like’ and ‘mucin-5AC-like’ 

in the Hydra vulgaris genome (formerly H. magnipapillata). Mucin-2 and mucin-5AC 

represent the predominant secreted gel-forming mucins in the mammalian gut and respiratory 

tract (Tytgat et al., 1996; Rose, 2006). Recently, the generation of transgenic mice expressing 
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a GFP-tagged gel-forming mucin was reported (Portal et al., 2017). Such an approach provides 

an attractive model to study the mechanisms that regulate mucus production and secretion and 

thus, would be desirable experimental set-up to investigate Hydra’s glycocalyx. Unfortunately, 

the identified contigs of the H. vulgaris (AEP) transcriptome are not full-length, while 

H. magnipapillata is not genetically tractable, which hampered the generation of transgenic 

Hydra so far. However, efforts in sequencing methods may overcome these problems in future.  

Besides mucin candidates and putative AMPs, a significant proportion (14%) of the 

glycocalyx candidate genes in Hydra comprised proteins containing lectin domains. Lectins are 

widely distributed both in the animal and plant kingdoms and recognize carbohydrate structures 

and agglutinate various cells by binding to cell-surface glycoconjugates. They are often 

involved in pattern recognition by binding to MAMPs including glucan, mannose, and LPS 

among others (Arason, 1996; Marques and Barracco, 2000; Hanington et al., 2010; Yang et al., 

2015). Most known animal lectins are located internally, but some are also found in the skin 

mucus of several animal species, especially in fish (Muramoto et al., 1999; Okamoto et al., 

2005; Nakamura et al., 2006; Tsutsui et al., 2006, 2009, 2011, 2016, 2018; Ng et al., 2015; 

Huang et al., 2016). The largest family of lectins identified in Hydra display putative 

L-rhamnose-binding lectins (RBLs). RBLs are animal lectins that bind specifically to L-

rhamnose or D-galactose (Kilpatrick, 2002) and have been identified in more than 25 species 

of teleost fish, annelids, bivalves, and in the ascidian Botryllus schlosseri (Ogawa et al., 2011). 

Some of these RBLs have been shown to bind to glycolipids and glycoproteins of a parasitic 

microsporidian (Watanabe et al., 2008), while others appear to recognize lipoteichoic acid of 

Gram-positive bacteria as well as LPS of Gram-negative bacteria, thereby displaying 

preferential affinity for distinct types of LPS (Tateno et al., 2002). Recently, a RBL of the stony 

coral Pocillopora damicornis was shown to bind bacterial Lipid A and LPS as well as symbiotic 

zooxanthellae (Zhou et al., 2017). Notably, the coral RBL shares highest amino acid sequence 

similarity (55%) with Hydra vulgaris. However, the RBLs identified in Hydra are still awaiting 

their functional characterization to elucidate a potential role in immunity. 

Taken together, the integrative transcriptomic and proteomic approach of this study has 

provided a list of glycocalyx candidate genes that are awaiting future validation and follow-up 

experiments. Of particular interest are proteins that may be involved in shaping Hydra’s 

species-specific microbiota, such as AMPs and lectins. Furthermore, transgenic reporter or 

knockdown lines for mucin candidates genes may expand our understanding on the function 

and relevance of Hydra’s glycocalyx. 
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Materials and Methods 

Chemical fixation of the glycocalyx 

Polyps were fixed in 2% paraformaldehyde, 2.5% glutaraldehyde, 75 mM L-lysine and 

0.05% ruthenium red in 50 mM cacodylate buffer, pH 7.4, for 18 h at 4 °C. After washing with 

75 mM cacodylate buffer for 30 min, postfixation was carried out with 1% OsO4 and 0.05% 

ruthenium red in 75 mM cacodylate buffer for 2 h at 4 °C. After washing with 75 mM 

cacodylate buffer for 30 min, tissue was dehydrated in ethanol. For scanning electron 

microscopy, animals were critical point dried in an ethanol–carbon dioxide mixture (CPD030; 

Bal-Tec), sputter coated (SCD050; Bal-Tec) and viewed at 10 kV using S420 scanning electron 

microscope (LEO, Leica). 

For transmission electron microscopy, animals were embedded in Agar 100 resin (Agar 

Scientific, Ltd, Stansted, UK). Ultrathin sections were contrasted with 2.5% uranyl acetate for 

5 min and lead citrate solution (freshly prepared from lead acetate and sodium citrate) for 2 min 

and were analyzed using a Tecnai G2 Spirit BioTWIN transmission electron microscope (FEI 

Company). 

 

Confocal microscopy 

Laser-scanning confocal data were acquired by using a Leica TCS SP5 confocal laser 

scanning microscope. Detection of eGFP in whole mounts was performed following standard 

procedures (Wittlieb et al., 2006). In brief, polyps were relaxed in 2% urethane before fixation 

in 4% (v/v) paraformaldehyde for 30 min. After removal of fixative and permeabilization 

with 0.5% Triton X-100 in PBS, polyps were incubated in blocking solution containing 1% 

bovine serum albumin (BSA). Polyclonal rabbit anti-GFP antibodies (Millipore) were 

diluted 1:500 in blocking buffer and incubated at 4 °C overnight. After four washing steps 

with blocking solution for 10 min each, immunostaining was followed by secondary goat 

anti-rabbit 488 IgG antibodies (Invitrogen). F-actin was stained by rhodamin-phalloidin and 

nuclear DNA by TO-PRO3 iodide AlexaFluor633 (Invitrogen) as described previously (Anton-

Erxleben et al., 2009). 

For visualization of bacteria urethane treatment prior fixation was omitted and polyps 

were fixed in 2% paraformaldehyde, 2.5% glutaraldehyde and 75 mM L-lysine in 50 mM 

cacodylate buffer, pH 7.4, for 18 h at 4 °C. Animals were washed six times for 10 min in 

phosphate-buffered saline. After washing, polyps were stained with SYBR Gold (Life 
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Technologies GmbH) for 5 min. Before embedding in Mowiol/DABCO (Sigma-Aldrich), 

animals were rinsed for 10 min in phosphate-buffered saline.  

 

Whole-mount in situ hybridization 

In situ nucleotide hybridization in hydra polyps whole-mounts was performed as 

previously described (Augustin et al., 2006). A digoxigenin (DIG)-labeled antisense RNA 

probe was designed to recognize specifically the sequence of Hydra gene products. Primers 

are liste below in Table 2. DIG-labeled sense probes (targeting the same sequences as the 

antisense probes) were used as a control. 

Table 2. Oligonucleotides for generation of custodin in situ hybrization probes. 

gene / species name sequence (5‘  3‘) Tm [°C] 

Custodin-1a 

H. vulgaris (AEP) 

AEP_6017_F2 GCTCCAATGGTTTAACGGT 54,5 

AEP_6017_R2 CTTGATTCTTCCCAAATATTCG 54,7 

Custodin-1b/c 

H. vulgaris (AEP) 

KS_2345_ISH_F GTTGTAATATTTATTAGGAAATAG 51,2 

AEP_2345_R5 CTTATTTCTACGATCATACGC 50,8 

Custodin-2 

H. vulgaris (AEP) 

Haep_47542_F GTAGCAATATTTTTCACTCTTTGTTTG 57,4 

Haep_47542_R TAAAAACTTTACGAGGACTTGACC 57,6 

Custodin-1 

H. oligactis 

Holi_14192_F GGGTTGCTTTCTTTTTTGTAGTTTC 58,1 

Holi_14192_R GTCCTCCATTAAAAAATAAAATGACAG 57,4 

Custodin-2 

H. oligactis 

KS_Holi_2_F2 GAGTTGTAGCCGAATATTTAAG 54,7 

KS_Holi_2_R2 CCAATGCATGTGTTCATTTAC 54,0 

Custodin 

H. viridissima 

Hvir_1527_F GGTGTTGAGATCGCTGAGGA 59,4 

Hvir_1527_R CATCACCTTGTCAATTCTAATACAAAAAG 59,6 

 

Glycocalyx extraction and sample processing for HPLC-ESI MS/MS 

For glycocalyx extraction 5000 H. vulgaris (AEP) polyps were used. To avoid massive 

bacterial contamination the culture medium (S-medium) was supplemented with 50 μg/ml of 

ampicillin, rifampicin, streptomycin, neomycin and spectinomycin each for five days. Polyps 

were not fed during the experiment to avoid contamination by food particles. One day prior 

glycocalyx extraction animals were placed in sterile S-medium without antibiotics. For 

glycocalyx extraction the animals were gently rocked in 150 ml phophate buffered-saline with 

1 mM EDTA for 5 min. The medium was taken off, filled into sterile 50 ml tubes and frozen in 

liquid nitrogen. Samples were stored for 1 h at -80 °C and subsequently subjected to 

lyophilization to reduce the sample volume to about 30 ml. Concentration, desalting and buffer 

exchange were carried out in centrifugation filters (Amicon® Ultra-15, 3000 MWCO, 
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Millipore) at 3000×g and 4 °C. After the first cetrifugation the flow-through was collected, 

desalted on a SepPak® C18 Vac 6 cc column (Waters), eluted with 84% acetonitrile (ACN) 

and lyophilized to dryness. The sample was stored at -20 °C for later in-solution digestion (see 

in-gel tryptic digestion).  

The remaining sample was washed with 0.1 M ammonium bicarbonate twice and 

concentrated to volume of 1 ml, which frozen at -80 °C and subsequently lyophilized to 

dryness. The lyophilized sample was dissolved in water and divided into two parts. One part 

was supplemented with SDS-sample buffer with 100 mM DTT, while the other part was 

subjected to deglycosylation before adding the SDS-sample buffer. Deglycosylation was 

carried out using the Protein Deglycosylation Mix (New England Biolabs) according to the 

manufacturer’s protocol. The Protein Deglycosylation Mix contains PNGase F, 

β-N-acetylglucosaminidase, β-1-4 galactosidase, neuraminidase (sialidase) and, O-Glycosidase 

to simultaneously remove N-glycans and some O-glycans (Koutsioulis et al., 2008). Proteins 

were separated by 1D-SDS-PAGE using a 4-15% gradient precast gel. The gel was 

subsequently stained with Coomassie Brilliant Blue. 

 

Analysis of glycocalyx protein extracts via 1D-gel LC-ESI MS/MS 

In-gel tryptic digestion 

Gel slices were cut from stained SDS-PAGE gel lanes using a sterile scapel blade and 

transferred to 1.5 ml reaction tubes. Each gel slice was vortexted in 200 µl H2O. The 

supernatant was discarded and gel slices were washed for 15 min with 200 µl of 1:1 aqueous 

ACN / H2O using a thermo mixer (20 °C, 7500 rpm). Supernatant was removed and the step 

was repeated. After removal of supernatant gel slices were reduced in 100 µl 0.1 M TEAB 

buffer (triethylammonium bicarbonate) and 5 mM TCEP (tris(2-carboxyethyl)-phosphine on a 

thermo mixer for 1 h at 60 °C and 7500 rpm. The supernatant was removed and alkylation was 

performed by incubation with 100 mM TEAB, 10 mM MMTS (S-Methly 

methanethiosulfonate) at room temperature for 20 min. Supernatant was removed and gel 

pieces were dried, then covered with 100 mM TEAB, 50 ng trypsin and digested overnight 

(16 h) on a thermo mixer at 37 °C. Peptides were extracted from gel pieces by washing with 

30 µl of 60% ACN, 0.1% trifluoroacetic acid (TFA) for 20 min (7500 rpm), then with 60 µl 

100% ACN (20 min, 700 rpm). After each step samples were sonicated for 1 min and the 

supernatants were combined, lyophilized and resolved in 0.1% aqueous TFA for LC-MS/MS 

analysis. The flow through from Amicon filters was desalted on a SepPack, eluted and 
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lyophilized to dryness. In-solution digest of the flow through fraction was performed in 200 µl 

TEAB as described for in-gel digest. 

 

LC-ESI MS/MS 

LC-MS/MS analysis of each of the ten extracted gel slices was performed in duplicate. 

For the LC-ESI MS/MS analysis a Dionex Ultimate 3000 HPLC system, equipped with an 

Acclaim PepMap100 nano-column (75 µm x 15 cm, 3 µm, 100 Å, Dionex), was coupled to an 

LTQ Orbitrap velos mass spectrometer (Thermo). IP-RP-HPLC separation was performed with 

a gradient of eluent A (Milli-Q water with 0.1% formic acid) and eluent B (80% ACN, 0.1% 

formic acid). Injecting 6 µl of the ten first dimensional fractions. Peptides were washed for 

10 min on a PepMap C18 guard column (300 µm x 10 mm) with 0.1% aqueous TFA at a flow 

rate of 30 µl/min and separated by a gradient from 5 to 60% B in 120 min at a flow rate of 

250 nl/min, followed by a sharp increase to 95% in 10 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) using a nanospray ion source 

with 1.3 kV spray voltage and 197 °C capillary temperature with a 30 µm PicoTip emitter (New 

Objective). After a delay time of 35 min full scans of 300–2000 m/z range were recorded in 

profile mode with a resolution of 30.000 for 155 min (AGC target 1E6; maximum inject time 

500 ms, preview mode for FTMS master scans and Wideband activation were used). Top 5 

precursors (minimum signal intensity 500 and rejecting charge state 1) were selected for both 

CID fragmentation and HCD fragmentation with a repeat count of 2 and a repeat duration of 

20 s and subsequent dynamic exclusion of a 5 ppm mass window around the selected m/z values 

for 90 s. The CID isolation window was set to 3 Da, the AGC target was 1E4 with a maximum 

inject time of 400 ms, activation time of 10 ms and an activation q value of 0.25. Normalized 

collision energy for CID fragmentation was set to 35%. The isolation window for HCD 

precursors was set to 3 Da, AGC target was 1E5 with a maximum inject time of 500 ms, 

activation time of 0.1 ms. Normalized collision energy of 40% was used for fragmentation and 

HCD spectra were acquired with a resolution of 15.000. All MS2 spectra were recorded in 

centroid mode. 

After one point recalibration with Recal-offline, using the polysiloxane contaminant 

peak 445.12003, raw-files were subjected to database search using Proteome Discoverer 

Software (v1.4). The hydra database was supplemented with common contaminants. Mascot 

(v2.1), SequestHT and MS Amanda search algorithms were used to search HCD-FT and CID-

IT spectra with a fragment mass accuracy of 0.02 and 0.5 Da respectively. Parent-mass 
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accuracy for all spectra was set to 6 ppm with semi-trypsin specified as protease allowing for 

two missed cleavages. Methylthiolation of cysteine was set as static modification and 

deamidation of asparagine which occurs in concert with deglycosylation of N-glycans by 

PNGaseF (protein N-glycosidase F) as well as oxidation of methionine were allowed as variable 

modifications. Percolator (v 1.2) was used for posterior error calculation combining the results 

of the database searches with a false discovery rate restricted to 0.01 by q-value. Single peptide 

identifications were excluded and protein groups were assigned using strict parsimony rules. 

 

Generation of transgenic Hydra vulgaris (AEP) expressing eGFP:custodin-1c 

For generation of H. vulgaris (AEP) eGFP:custodin-1c transgenics, the custodin-1c 

sequence coding for the full-length protein including signal peptide was amplified from 

H. vulgaris (AEP) cDNA using Platinum High Fidelity polymerase (Invitrogen). The cDNA 

was cloned into the LigAF-1 vector at the 5’-end of the eGFP gene. The second custodin-1c 

was amplified without signal peptide and cloned into the expression vector at the 3′ end of 

eGFP. The resulting construct was sequenced and plasmid DNA was purified using Qiagen 

MidiPrep Kit and injected into H. vulgaris (AEP) embryos as previously described (Wittlieb et 

al., 2006). Founder polyps showing stable eGFP:custodin-1c expression in the ectodermal 

epithelium were expanded further by clonal propagation. In vivo observations were 

documented using Olympus SZX16 stereomicroscope and an Olympus DP71 digital camera. 

 

Recombinant expression of custodin-1c in E. coli 

A nucleotide fragment corresponding to amino acid residues 16 to 126 of custodin-1c 

was cloned into pET28a(+) vector (Novagen). An overnight culture of E. coli Rosetta 

2(DE3) (Novagen) with the plasmid was diluted 1:100 in 1 L LB medium with kanamycin. 

After the culture reached an OD600 of 0.6, the expression of custodin-1c was induced by 

addition of 0.5 mM IPTG. The culture was incubated for 3 h at 37 °C. 

 

Refolding of inclusion bodies and purification of recombinant custodin-1c 

Recombinant bacteria were lysed at 0 °C with 50 mM Tris-HCl, 0.1 M NaCl, 5 mM 

EDTA, 0.5% (v/v) Triton-X100, 1 mM dithiothreitol (DTT), pH 8.0 using interval sonication 

(5 s impulse, 10 s pause) for 3 min. The suspension was centrifuged at 20,000×g for 10 min 

and after three repeated sonication/centrifugation steps the pellet (containing rCustodin-1c) 

was washed with lysis buffer without Triton X-100 and DTT and stored at -20 °C. The 

denatured rCustodin-1c was refolded by rapid dilution as follows. The inclusion body pellet 
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was solubilized at 0 °C in solubilization buffer (8.5 M urea, 0.1 M Tris-base, 50 mM glycine, 

0.1 M DTT, pH 8.0) by interval sonication for 1 min (5 s impulse, 5 s pause). Protein was 

concentrated by 20,000×g centrifugation and drop-wise diluted to a final concentration of 

100 µg/mL (as estimated by A280 absorption) into refolding buffer (0.1 M Tris-base, 50 mM 

glycine, 10% (v/v) glycerin, 0.4 mM L-arginine, 5 mM glutathione red, 0.5 mM glutathione 

oxi, 1 mM EDTA, 0.1 mM PMSF, pH 8.0) under moderate stirring at room temperature. The 

solution was stirred overnight at room temperature in the dark after which it was dialyzed 

(MWCO 3500, ThermoFisher Scientific) at 4 °C against 0.1 M Tris-base, 0.15 M NaCl, pH 

8.0. Any precipitated protein was removed by centrifugation at 20,000×g for 30 min at 4 °C. 

The supernatant containing water-soluble rCustodin-1c peptide was again dialyzed overnight 

at 4 °C and finally stored at 4 °C. The dialysate was further purified with two consecutive 

reverse phase chromatography procedures. To decrease the volume and as a pre-purification 

step, the dialysate was bound to a SepPak® C18 Vac 6 cc column (Waters) and eluted with 

84% ACN. The eluate was lyophilized and stored at -20 °C. The dried rCustodin-1c peptide 

was solubilized in 0.05% TFA and bound to an Xselect® CSH C18 reverse phase HPLC 

column (Waters, Eschborn, Germany) after which a linear gradient of 1.2% ACN/min for 

60 min was used for eluation. The peptide-containing fractions were pooled, lyophilized, 

solubilized in 0.05% (v/v) TFA and stored at -20 °C to be further used in a microdilution 

susceptibility assay. 

 

MIC determination of recombinant Custodin-1c 

Minimal inhibitory concentraction (MIC) assays was performed with Bacillus 

megaterium ATCC 14581 obtained from ATCC. Microdilution susceptibility assays were 

performed in 96-well microtiter plates that were pre-coated with sterile 0.1% BSA for 

10 min. After removal of BSA the wells were filled with a twofold dilution series of 

rCustodin-1c. Incubation with an inoculum of approximately 100 CFU per well was 

performed in 10 mM Na2HPO4 buffer (pH 6.2). Following overnight incubation at 37 °C in 

a moisture chamber the MIC was determined as the lowest serial dilution showing absence 

of a bacterial cell pellet. The experiment was carried out in triplicate. 
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Abstract 

Different species of the freshwater polyp Hydra are colonized by a distinct, species-

specific bacterial community. In addition to bacteria, the species Hydra viridissima also hosts 

photosynthetic endosymbiotic Chlorella algae. The bacterial microbiota and the endosymbiotic 

Chlorella algae have been independently shown to benefit the hydra host in terms of antifungal 

resistance, starvation tolerance and reproduction. In contrast, it is largely unknown whether the 

photosythetic algae, which reside in the endodermal epithelium of Hydra viridissima, 

influences the extracellularly located bacterial community. This study aimed to evaluate 

differences in bacterial community composition associated with the presence or absence of 

photosynthetic algae. 16S rRNA sequencing and fluorescent in situ hybridization (FISH) 

analysis were used to characterize bacterial microbiota of Hydra viridissima. The bacterial 

community composition differed significantly between symbiotic and algae-free polyps 

indicating that the Chlorella algae affect the resident microbiota. Furthermore, in presence of 

algal endosymbionts the bacterial microbiota differed significantly between light and darkness 

suggesting an effect of Chlorella’s photosynthetic activity on the bacterial community 

composition. Taken together, we show that the endosymbiotic algae contribute to shape the 

Hydra viridissima-specific microbiota in light-dependent manner. Furthermore, our findings 

suggest that green hydra can serve as model for understanding mutualistic interactions in 

tripartite interkingdom associations.  

Introduction 

All multicellular animals are hosts to microbial communities consisting of mutualistic, 

commensal, opportunistic and pathogenic microorganisms referred to as the microbiota 

(Lederberg and McCray, 2001). Research of the last two decades supports the assumption that 

microbial symbioses have fundamentally important impacts on host biology (Russell et al., 

2014). Numerous studies have shown that the host-specific microbiota plays a pivotal role in 

the maturation and training of the mammalian immune system (Belkaid and Hand, 2014) and 

provides the host with metabolic functions that are not encoded in its own genome (Sommer 

and Bäckhed, 2013). In addition to these well-known functions there is accumulating evidence 

that the microbiota also affects traits such as development and behavior, which were previously 

believed to be exclusively under host control (Koropatnick et al., 2004; Rawls et al., 2004; 

Bates et al., 2006; Sharon et al., 2010; Sampson and Mazmanian, 2015; Shikuma et al., 2016; 

Murillo-Rincon et al., 2017). These integral host-microbe relationships have led to a 



CHAPTER IV 

143 

 

conceptualization of multicellular organisms as ‘holobionts’ or synonymously 

‘metaorganisms’, which displays the multipartite entity of a host and its associated microbial 

communities (Zilber-Rosenberg and Rosenberg, 2008; Bosch and McFall-Ngai, 2011; McFall-

Ngai et al., 2013; Bordenstein and Theis, 2015). The holobiont or metaorganism concept 

considers the dynamic microbiota as an integral part of the functionality of the host organism 

itself and therefore, the holobiont is posited to form a unit of natural selection (Zilber-

Rosenberg and Rosenberg, 2008).  

Like all animals, the freshwater polyp Hydra is colonized by a distinct microbiota, 

which inhabits the glycocalyx covering the polyp’s ectodermal epithelium and provides 

antifungal immunity to the host (Fraune and Bosch, 2007; Fraune et al., 2015). The bacterial 

community composition is specific for any given Hydra species and mirrors the phylogenetic 

relationship of their hosts (Fraune and Bosch, 2007; Franzenburg et al., 2013), a pattern termed 

phylosymbiosis (Brucker and Bordenstein, 2013). Species-specific antimicrobial peptides, 

which are controlled by the stem cell transcription factor FoxO, are involved in shaping Hydra’s 

microbiota, which is remarkably stable over time (Fraune and Bosch, 2007; Franzenburg et al., 

2013; Mortzfeld et al., 2018). 

In the green hydra, Hydra viridissima, long-term persisting mutualistic associations 

involve not only the animal host and its bacterial colonizers, but also unicellular photosynthetic 

algae of the genus Chlorella, which reside intracellularly at the basal part of the endodermal 

epithelial cells. All Chlorella algae found in a single polyp are clonal and passed to the next 

generation of Hydra by vertical transmission (Muscatine and McAuley, 1982). A recent 

phylogenetic analysis of six different green hydra strains and their symbiotic Chlorella algae 

revealed that the phylogenetic trees of the Hydra hosts and the algal symbionts are congruent 

indicating that they share a long co-evolutionary history (Kawaida et al., 2013). While 

mutualistic host-bacteria interactions in Hydra have come into focus only in the last decade, the 

intimate endosymbiotic relationsship between the Hydra and Chlorella has been subject of 

research for more than 50 years (Muscatine and Lenhoff, 1963; Muscatine, 1965; Muscatine 

and Lenhoff, 1965; Muscatine et al., 1975; Thorington and Margulis, 1981; McAuley, 1986; 

McAuley and Darrah, 1990).  

Although algae-free H. viridissima have never been reported in nature (Muscatine and 

McAuley, 1982; Habetha et al., 2003), green hydra can be artificially deprived of their 

endosymbionts by various means (Pardy, 1976; Habetha et al., 2003). These so-called 

aposymbiotic polyps show the same morphology as symbiotic animals and can be easily 
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maintained under laboratory conditions, thereby providing a useful experimental tool for 

comparison of genetically identical polyps with and without Chlorella algae. Indeed, it was 

shown that symbiotic animals have a significant competitive advantage during periods of 

starvation due to maltose provided by the photosynthetic algae (Muscatine and Lenhoff, 1963, 

1965; Roffman and Lenhoff, 1969; Huss et al., 1993; Habetha et al., 2003). Furthermore, the 

endosymbiont has severe impact on sexual reproduction in H. viridissima by promoting 

oogenesis (Habetha et al., 2003). In contrast to the hydra host, the symbiotic Chlorella algae 

are unable to grow independently outside the host indicating loss of autonomy during 

establishment of the intimate endosymbiotic relationship (Muscatine, 1965; Park et al., 1967; 

Habetha et al., 2003). Indeed, genome sequencing of the symbiotic Chlorella sp. A99 revealed 

a degenerated nitrate assimilation pathway and thus, the alga depends on the hydra host in terms 

of nitrogen supply (Hamada et al., 2018).  

While our understanding of the green hydra was shaped by many decades of research 

on the binary interactions in host–algal endosymbiosis, efforts to understand the role of bacterial 

symbionts in the H. viridissima holobiont have been sporadic. In the 1980s two authors reported 

the discovery of bacteria associated with H. viridissima (Margulis et al., 1978; Wilkerson, 

1980). While Wilkerson observed extracellularly located bacteria colonizing the ectodermal 

epithelial surface, Margulis and co-workers identified intracellular bacteria in endodermal 

epithelial cells of some, but not all H. viridissima strains. A more recent comparative analysis 

of the microbiota among seven different Hydra species revealed that the bacterial community 

in symbiotic H. viridissima is dominated by bacteria of the Alcaligenaceae family (Franzenburg 

et al., 2013). However, the microbiota of aposymbiotic H. viridissima as well as the localization 

of the bacteria were not analyzed in that study.  

In their intracellular habitat each Chlorella symbiont is enclosed within an individual 

perialgal vacuolar membrane termed ‘symbiosome’ (Muscatine et al., 1975; Jolley and Smith, 

1978). This anatomy requires adaptation of the host to allow transport of normally excreted 

inorganic nutrients such as CO2 and phosphate into the symbiosome. In parallel Hydra receives 

maltose as well as low amounts of glucose and glycolic acid from the endosymbiont (Muscatine 

et al., 1967; Cernichiari et al., 1969). Thus, the presence of the endosymbiont affects the 

metabolic state of the host, which may involve changes in the extracellular microenvironment. 

Based on this assumption, we characterized the microbiota of aposymbiotic and symbiotic 

H. viridissima to elucidate whether the presence of photosynthetic Chlorella algae affects the 

bacterial community composition.  
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Here, we demonstrate that the extracellularly located bacterial communities differ 

between H. viridissima with and without endosymbiotic Chlorella algae. Furthermore, we show 

that the microbiota in symbiotic polyps undergoes significant diurnal fluctuations in light-

dependent manner. Thus, our experiments indicate a role for the photosynthetic endosymbiont 

in shaping the bacterial microbiota in the green hydra holobiont. 

Results 

The H. viridissima ectodermal epithelium harbors intracellular and extracellular bacteria 

Depending on the investigated Hydra species, bacteria were located intracellularly in 

the endodermal (Margulis et al., 1978) or ectodermal epithelium (Fraune and Bosch, 2007) as 

well as extracellularly in the glycocalyx that overlies the ectodermal epithelium (Wilkerson, 

1980; Fraune et al., 2015). To obtain information on the localization of the bacterial community 

in H. viridissima we performed fluorescent in situ hybridization (FISH) analysis. To examine 

whether bacteria inhabit the glycocalyx of H. viridissima, polyps were exposed to a brief 

hypertonic salt wash, a treatment that does not injure the animals, but leads to shedding of the 

glycocalyx and extracellular bacteria attached to it (Böttger et al., 2012; Fraune et al., 2015). 

The supernatant was subsequently fixed onto a filter membrane and subjected to FISH analysis 

using an Alexa Fluor 488-labeled EUB338 universal eubacterial probe (Amann et al., 1990) 

and a Cy3-labeled phylospecific probe for OTU (Rhodoferax sp.). Epifluorescence microscopy 

uncovered that morphologically heterogeneous bacteria colonize the ectodermal epithelial 

surface of H. viridissima (Figure 1A). A rod-shaped bacterium was identified as Rhodoferax 

sp., which appears to be the dominant member of the extracellularly located bacterial 

community (Figure 1B and C). In addition, we performed FISH analysis on paraffin-embedded 

tissue sections to search for intracellularly located bacteria. Indeed, EUB338-positive bacteria 

were detected within the ectodermal epithelial cells, while the endodermal cells of symbiotic 

polyps exclusively harbor algal cells and respectively, no endosymbionts in aposymbiotic 

animals (Figure 1D and E). FISH analyses were performed on symbiotic and aposymbiotic 

H. viridissima revealing that both harbor intra- and extracellularly located bacteria with no 

obvious differences detectable (Figure 1F).  
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Figure 1. Fluorescence in-situ hybridization (FISH) analyses of bacteria colonizing Hydra 

viridissima. Bacteria removed from the ectodermal epithelial surface were stained with the eubacterial 

oligonucleotide probe EUB338 (A) and a phylotype-specific probe for OTU 138 (Rhodoferax sp.) (B). 

Overlay images indicating the specifically labeled bacteria in yellow (C). FISH analysis of longitudinal 

sections of symbiotic (D) and aposymbiotic (E) H. viridissima using EUB338. Bacteria (green) are 

located within epithelial cells of the ectodermal layer, while Chlorella algae are present at the base of 

endodermal epithelial cells (green auto-fluorescence, gray arrow head). Nuclear DNA was 

counterstained by TO-PRO®-3 (red, white arrow head). (F) Scheme showing a longitudinal section of a 

symbiotic H. viridissima polyp. The body wall is organized as an epithelial bilayer with an intervening 

extracellular matrix (ECM). Ect, ectodermal epithelium; End, endodermal epithelium.  
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Bacterial community profiles differ between symbiotic and aposymbiotic polyps 

To examine whether the presence of the Chlorella endosymbiont affects the bacterial 

community composition in H. viridissima, we co-cultivated symbiotic and aposymbiotic polyps 

for four weeks according to standard procedure in a 12 h light-12 h dark cycle. Following that 

period total DNA was isolated from symbiotic and aposymbiotic polyps after 12 h light as well 

as after 12 h darkness and subsequently subjected to 454 sequencing of the bacterial microbiota. 

Six biological replicates (n=6) were conducted per time point. Chimeric sequences and 

Chlorella sp. chloroplast sequences in samples of symbiotic H. viridissima were removed in 

silico. For inter-sample comparisons, sequences were rarified to 3000 reads grouped into 

operational taxonomic units (OTUs) at a ≥ 97% sequence identity threshold and classified by 

RDP classifier.  

The analysis of the 16S rRNA gene sequences revealed that the microbiota of both 

symbiotic and aposymbiotic H viridissima is dominated by one single OTU (OTU 116) 

belonging to the Alcaligenaceae family of the Betaproteobacteria. Within the bacterial 

community of symbiotic and aposymbiotic polyps OTU 116 represented in average by 96.8% 

and 97.4% of the sequence reads, respectively. According to our FISH analyses, the microbiota 

colonizing the extracellular glycocalyx of H. viridissima was dominated by OTU 138 belonging 

to Rhodoferax sp., a member of the Comamonadaceae family of the Betaproteobacteria. This 

indicates that OTU 116 inhabits another niche within the hydra host, which is not accessible to 

the hypertonic salt wash removing the glycocalyx. Therefore, OTU 116 displays a putative 

candidate for the intracellular bacteria inhabiting the ectodermal epithelium (Figure 1D-F). 

However, the predominance of a single DNA template is known to limit the 

effectiveness of PCR-based 16S rRNA gene profiling by masking the presence of less abundant 

bacterial 16S sequences and thus, may result in under-estimation of diversity (Green and Minz, 

2005). The problem is well known from arthropods harboring endosymbiotic bacteria 

(Chandler et al., 2011; Gofton et al., 2015; Simhadri et al., 2017; Greay et al., 2018) and can 

generally be overcome by the use of a blocking primer (Vestheim and Jarman, 2008). However, 

to employ this methodology, the sequence of the dominant DNA must be known prior 

sequencing, which was not the case in our study. Since OTU 116 was not affected by the 

presence or absence of Chlorella algae (ANOVA, p = 0.22), we decided to remove the OTU 

from the data set prior to further sequence analysis to identify bacterial phylotypes that differ 

in abundance between symbiotic and aposymbiotic H. viridissima. 
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Figure 2. Bacterial community composition in symbiotic and aposymbiotic polyps.  

(A) Pie diagrams representing the mean relative abundances of bacteria on phylum and class levels in 

symbiotic and aposymbiotic H. viridissima. The dominant OTU 116 was removed from the analysis. 

(B) Bacterial communities of symbiotic and aposymbiotic polyps were clustered using principal 

coordinate analysis (PCoA) of the Bray-Curtis (B) and weighted UniFrac (C) distance matrices. The 

percent variation explained by the principle coordinates is indicated at the axes. (D) Relative abundance 

of OTUs significantly differed between symbiotic and aposymbiotic polyps (ANOVA, p<0,05) (E) 

Alpha-diversity (Chao1) of symbiotic and aposymbiotic polyps. Statistics were carried out using t-test, 

* p<0,05, ** p<0,01, *** p<0,001. 
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The 16S rRNA sequence analysis of the remaining bacterial communities revealed 

significant differences between symbiotic and aposymbiotic H. viridissima. The bacterial 

community of symbiotic polyps was dominated by two major classes, the Alphaproteobacteria 

and Betaproteobacteria. In comparison, the microbiota of aposymbiotic animals showed a 

significant decrease in the relative abundance of Alphaproteobacteria (ANOVA, p = 0,009) and 

Cyanobacteria (ANOVA, p = 0,053), while the fraction of Betaproteobacteria was increased 

(Figure 2A). To analyze the effect of symbiotic algae on the bacterial composition in more 

detail we performed principal coordinate analysis using six different beta diversity metrics 

(Figure 2B and C, Table 1). Using the nonparametric statistical method Adonis, five distance 

metrics revealed significant clustering of the bacterial communities of symbiotic and 

aposymbiotic polyps (Table 1), with the highest effect size using the weighted unifrac metric. 

Here, approximately 24% (Adonis: R2 = 0.24, p = 0.002) of the variation in bacterial 

composition can be explained by the presence and absence of the algae symbiont. Further, we 

identified individual bacterial OTUs contributing to the differential community composition. 

The significant decrease in the fraction of Alphaproteobacteria in aposymbiotic H. viridissima 

was attributed mainly to OTU 33 (Rhodospirallaceae), while the increase in relative abundance 

of the Betaproteobacteria four members of (OTU 42, 129, 155 and 172) (Figure 2D). 

 

 

Table 1. Statistical analysis comparing the bacterial colonization of symbiotic (Sym) 

and aposymbiotic (Apo) H. viridissima. 

  Adonis 

  metric R2 p-value   

 Abund Jaccard 0.11 0.002 ** 

 Binary Jaccard 0.07 0.011 * 

Apo vs. Sym Bray-Curtis 0.12 0.002 ** 

 Pearson 0.15 0.015 * 

 Unweighted UniFrac 0.07 0.070  
  Weighted UniFrac 0.24 0.002 ** 

 

 

Alpha diversity was measured using the Chao1 metric showed higher bacterial diversity 

in aposymbiotic polyps compared to symbiotic H. viridissima (Figure 2E). Taken together, 

these data uncover significant differences in the bacterial community composition between 

symbiotic and aposymbiotic H. viridissima indicating that the presence of the photosynthetic 

algae influences the bacterial microbiota.  
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In symbiotic polyps bacterial community profiles differ between light and darkness 

To explore whether the bacterial community composition in H. viridissima varies 

between day and night, we compared the microbiota of symbiotic and aposymbiotic polyps 

after 12 h light and 12 h darkness (Figure 3A). Interestingly, the bacterial community 

composition differed significantly between symbiotic and aposymbiotic polyps in the 12 h light 

phase (Figure 3B and D, Table 2), but not in darkness (Figure 3C and E, Table 2). 

 

 

Figure 3. Comparison of the bacterial communities in symbiotic and aposymbiotic H. viridissima 

during 12 h light and 12 h darkness.  

(A) Experimental setup. Symbiotic and aposymbiotic polyps were cocultured for 4 weeks under a 12 h 

light-dark rhythm. Samples were taken at the end of the 12 h light period and at the end of the 12 h dark 

period. Bacterial communities were clustered using principal coordinate analysis (PCoA) of the Bray-

Curtis (B and C) and weighted UniFrac (D and E) distance matrices. The percent variation explained 

by the principle coordinates is indicated at the axes.  
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Table 2. Statistical analysis comparing bacterial colonization of symbiotic (Sym) and aposymbiotic (Apo) 

H. viridissima after 12 h light and 12 h darkness. 

  Adonis 

  metric R2 p-value   

 Abund Jaccard 0.14 0.017 * 

 Binary Jaccard 0.10 0.186  
Apo vs. Sym Bray-Curtis 0.16 0.009 ** 

light Pearson 0.25 0.012 * 

 Unweighted UniFrac 0.12 0.109  
  Weighted UniFrac 0.33 0.005 ** 

 Abund Jaccard 0.11 0.259  
 Binary Jaccard 0.11 0.161  

Apo vs. Sym Bray-Curtis 0.18 0.068  
dark Pearson 0.12 0.316  

 Unweighted UniFrac 0.09 0.414  
  Weighted UniFrac 0.33 0.027 * 

 

 

To further characterize the differences in the microbiota composition during light and 

dark phases, we compared the 12 h light samples and the 12 h dark samples of symbiotic 

animals with each other (Figure 4A and C). The same analysis was conducted on the samples 

of aposymbiotic animals (Figure 4B and D). Strikingly, the bacterial community composition 

in symbiotic polyps differed significantly between the light and dark period, while this 

phenomenon was not observed in aposymbiotic animals (Figure 4A-D, Table 3). Individual 

OTUs responding to the daily 12 h light-dark rhythm in symbiotic polyps belong to the bacterial 

phyla Alphaproteobacteria (OTU 33 and 91), Betaproteobacteria (OTU 170) and 

Bacteroidetes (OTU 55) (Figure 4E). While OTU 55 (Cytophagaceae) and OTU 170 

(Limnobacter) decrease in their relative abundance during the light period, members of the 

Alphaproteobacteria (OTU 33 and 91) show a substantial increase. Interestingly, many 

members of the Rhodospirillaceae (OTU 33) as well as the Rhodobacteraceae family (OTU 91) 

are known to be photosynthetic (Baldani et al., 2014; Pujalte et al., 2014). 

We have previously shown that the bacterial diversity (alpha diversity, Chao1) in 

symbiotic polyps was significantly reduced compared to aposymbiotic animals (Figure 2E). 

Separate analysis of the two sampling time points (12 h light, 12 h dark) revealed that the 

bacterial diversity in aposymbiotic animals is constant during light-dark cycle. In contrast, the 

previously observed decreased bacterial diversity in symbiotic polyps can be clearly attributed 

to 12 h darkness (Figure 4F), while during light the bacterial diversity is comparable to 

aposymbiotic animals (Figure 4F).  
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Figure 4. Comparison of bacterial communities during 12 h light and 12 h darkness in symbiotic 

and aposymbiotic H. viridissima. 

Bacterial communities were clustered using principal coordinate analysis (PCoA) of the Bray-Curtis (A 

and B) and weighted UniFrac (C and D) distance matrices. The percent variation explained by the 

principle coordinates is indicated at the axes. (E) Relative abundance of OTUs that significantly differ 

between light and dark condition in symbiotic polyps (ANOVA, p<0,05). (F) Alpha diversity estimated 

by Chao1 in symbiotic and aposymbiotic polyps during dark and light conditions. Statistics were carried 

out using t-test, * p<0,05, ** p<0,01, *** p<0,001. 
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Table 3. Statistical analysis comparing the bacterial colonization after 12 h darkness and 12 h 

light of symbiotic (Sym) and aposymbiotic (Apo) H. viridissima. 

  Adonis 

  metric R2 p-value  

 Abund Jaccard 0.25 0.009 ** 

 Binary Jaccard 0.15 0.038 * 

light vs. dark Bray-Curtis 0.20 0.027 * 

Sym Pearson 0.18 0.110  

 Unweighted UniFrac 0.23 0.029 * 

  Weighted UniFrac 0.25 0.063   

 Abund Jaccard 0.11 0.244  
 Binary Jaccard 0.12 0.081  

light vs. dark Bray-Curtis 0.11 0.267  
Apo Pearson 0.08 0.479  

 Unweighted UniFrac 0.15 0.060  
  Weighted UniFrac 0.12 0.190   

 
 

In summary, we conclude from these experiments that the microbial shift observed in 

symbiotic polyp during light is linked to the presence of photosynthetic Chlorella algae, 

because aposymbiotic polyps did not differ significantly in their microbiota during light and 

darkness. 

Absence of intracellular bacteria does not affect diurnal fluctuations in the microbiota 

Besides an extracellularly located bacterial community inhabiting the glycocalyx, 

H. viridissima also harbors intracellular bacteria in the ectodermal epithelial cells (Figure 

1D-F). Many, if not most, intracellular symbionts are vertically transmitted to the host’s 

offspring (Bright and Bulgheresi, 2010), e.g. endosymbiotic Chlorella are well known to be 

maternally inherited to the next generation of H. viridissima (Muscatine and McAuley, 1982; 

Campbell, 1990). Thus, we were wondering if such an intimate relationship also exists between 

H. viridissima and the intracellular bacteria. To investigate, whether the intracellular bacteria 

are transmitted to the next generation of H. viridissima, embryos of symbiotic polyps were 

collected and allowed to hatch. In contrast to the Chlorella alga, which was successfully 

transmitted to the next generation, the intracellular bacteria were not found in any polyp of the 

H. viridissima F1 generation and thus, were neither transmitted vertically nor horizontally 

acquired from the environment. 
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Figure 5. Comparison of bacterial communities during 12 h light and 12 h darkness in symbiotic 

H. viridissima with (Sym F0) and without (Sym F1) intracellular bacteria. 

Bacterial communities during 12 h light-dark rhythm were clustered using principal coordinate analysis 

(PCoA) of the Bray-Curtis (B) and weighted UniFrac (C) distance matrices. The percent variation 

explained by the principle coordinates is indicated at the axes. 

 

 

As mentioned before, the effectiveness of our previous 16S rRNA profiling approach 

was limited by the high abundance of a member of the Alcaligenaceae (OTU 116), which is 

likely to be represented by the intracellular bacteria. Since these are not present in the 

H. viridissima F1 generation, we decided to use this newly established line for another 16S 

rRNA profiling. H. viridissima F1 polyps maintained under a 12 h light-dark cycle and 

samples were taken at the end of the 12 h light period and after 12 h darkness respectively. 

Six biological replicates of each sampling time point were subjected to 16S rRNA microbiota 

profiling via sequencing on the Illumina MiSeq platform. Indeed, the microbial community 

of H. viridissima F1 was not dominated by an Alcaligenaceae bacterium, which is consistent 

with our hypothesis that OTU 116 displays the intracellular bacteria detected in the 
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ectodermal epithelial cells of the F0 generation. Principle coordinate analysis (PCoA) using 

six different beta diversity metrics revealed that symbiotic polyps of H. viridissima F1 

generation show significant differences in the bacterial community composition during light 

and dark phases (Figure 5B and D, Table 4), which is in line with our previous analysis of 

the H. viridissima founder polyps (F0) (Figure 5A and C). These results indicate that the 

shift in the microbiota of symbiotic polyps during the light period is independent of the 

presence or absence of the intracellular bacteria in the ectodermal epithelium of 

H. viridissima.  

 

Table 4. Statistical analysis comparing the bacterial colonization at 12 h and 24 h in symbiotic 

H. viridissima F1 under normal light-dark cycle (12 h light vs. 24 h dark) and under constant 

darkness (12 h dark vs. 24 h dark).  

  Adonis 

  metric R2 p-value  

 Abund Jaccard 0.39 0.011 * 

12 h light Binary Jaccard 0.18 0.005 ** 

vs. Bray-Curtis 0.62 0.002 ** 

24 h dark Pearson 0.94 0.001 *** 

 Unweighted UniFrac 0.20 0.007 ** 

  Weighted UniFrac 0.62 0.004 ** 

 Abund Jaccard 0.40 0.006 ** 

12 h dark Binary Jaccard 0.25 0.002 ** 

vs. Bray-Curtis 0.27 0.023 * 

24 h dark Pearson 0.34 0.030 * 

 Unweighted UniFrac 0.26 0.006 ** 

  Weighted UniFrac 0.31 0.017 * 

 

Diurnal fluctuations in the microbiota of symbiotic polyps are light-dependent 

Since aposymbiotic polyps did not differ significantly in their microbiota during light 

and darkness (Figure 4B and D, Table 3), we concluded that photosynthesis of Chlorella algae 

is involved in the microbial shift observed in symbiotic polyps during light. In a previous work 

we have shown that the photosynthetic activity of Chlorella algae involves transcriptional 

changes in H. viridissima including up-regulation of a phosphate transporter and glutamine 

synthetase, which are proposed to have a function in nutrition exchange between host and 

symbiont (Hamada et al., 2018). Hence, it is likely that the photosynthetic activity of Chlorella 

influences the metabolic state of the host and leads to changes in the microenvironment, which 

in turn may affect the bacterial microbiota.  
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Figure 6. Comparison of bacterial communities under normal light-dark cycle and in constant 

darkness in symbiotic H. viridissima.  

(A) Experimental setup. Symbiotic polyps were cultured under a 12 h light-dark cycle or maintained at 

constant darkness. Bacterial communities after 12 h and 24 h were clustered using principal coordinate 

analysis (PCoA) of the Bray-Curtis (B) and weighted UniFrac (C) distance matrices. The percent 

variation explained by the principle coordinates is indicated at the axes. 

 

To exclude the possibility that the diurnal fluctuations in the microbial composition of 

symbiotic polyps are driven by light-independent circadian rhythm, H. viridissima F1 polyps 

were split into two cohorts with one cultivated under a normal 12 h light-dark cycle and the 

other one maintained at constant darkness for 2 days. Sampling was done at the second day 

simoutaneously in both batches at two time points; after 12 h in light (’12 h light’) or darkness 

(’12 h dark’) respectively as well as after the subsequent dark period (’24 h dark’) (Figure 6A). 

Six biological replicates of each sampling time point were subjected to 16S rRNA microbiota 

profiling via sequencing on the Illumina MiSeq platform. PCoA using six different beta 

diversity metrics shows that the shift in microbial community composition of symbiotic 

H. viridissima occurs only in the presence of light and was not detected in symbiotic polyps 

maintained in constant darkness (Figure 6B and C, Table 4). However, it is noticeable that the 

samples of polyps kept in darkness during the day (‘12 h dark’) clearly show a higher dispersion 

than the 24 h dark samples (Figure 6B and C). This may indicate that light-independent 

mechanisms may be also involved in the microbial shift in symbiotic polyps. 
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In summary, our study shows that the bacterial community of H. viridissima shows 

diurnal light-dependent fluctuations in presence of the endosymbiotic Chlorella algae, but not 

in aposymbiotic animals.  

Discussion 

In recent years, biologists have developed a growing appreciation for complex host-

symbiont interactions. Symbiosis research traditionally focused on bipartite host-microbe 

interactions such as the squid-Vibrio fisheri symbiosis, while tripartite and multipartite 

associations have received less attention. However, it is becoming evident that long-term 

symbiotic persistence is prevalent not only in two-party interactions, but also in more complex 

systems such as reef-building corals. Corals represent a complex tripartite interkingdom 

symbiosis involving the coral polyp, eukaryotic endosymbiotic algae of the genus 

Symbiodinium, and a vast array of intracellular and extracellular bacterial colonizers (Rohwer 

et al., 2002; Lema et al., 2012). The documented decline in coral reef ecosystems worldwide 

(Carpenter et al., 2008) gives researchers a new urgency to understand how stability and 

breakdown (‘coral bleaching’) of these tripartite symbiosis is influenced by changing 

environmental conditions. When investigating coral bleaching most researchers have initially 

focused on the loss of the algal symbionts, which correlates with declining coral health. 

However, with the discovery that diseased or bleached corals harbor different bacterial 

communities than healthy ones (Perez, 2006; Ritchie, 2006; Bourne et al., 2008; Reis et al., 

2009; Sunagawa et al., 2009), the coral holobiont was recognized as a tripartite association. 

Since then bacterial diversity in corals has been extensively studied and putative functions of 

the coral microbiota have been proposed including pathogen defense (Rohwer et al., 2002; 

Shnit-Orland and Kushmaro, 2009) and the supply and cycling of nutrients (Lesser et al., 2004; 

Wegley et al., 2007). Nevertheless, compared to the well-studied coral-algal symbiosis, the 

current understanding of the coral-bacterial partnership is still limited and even less for algal-

bacterial interactions. However, it has become clear that corals need to be studied as holobionts 

to fully assess the contribution of each partner to coral bleaching and elucidate their role in 

adaptation to environmental stress.  

Given the toolkit available for studying symbiotic interactions in the model organism 

Hydra (Augustin et al., 2012; Bosch, 2012), the green hydra, H. viridissima, offers a promising 

system for deciphering the underlying mechanisms in tripartite associations comprising a 
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cnidarian host, an endosymbiotic photosynthetic algae and a stably associated bacterial 

microbiota. 

The present study has revealed a unique aspect of this tripartite interkingdom symbiosis. 

We show for the first time, to our knowledge, that the photosynthetic activity of endosymbiotic 

algae can modulate the bacterial community of H. viridissima in a light-dependent manner. Yet, 

we lack any mechanistic understanding of the interaction between the endodermally located 

intracellular algae and the extracellularly residing bacteria that inhabit the mucus-like layer of 

the ectodermal glycocalyx (Fraune et al., 2015). However, although the Chlorella photobiont 

and the bacterial microbiota colonize separate niches in the H. viridissima holobiont it seems 

likely that the photosynthetic activity of the endosymbiotic algae can influence 

microenvironmental physicochemical parameters such as pH and oxygen level. Therefore, the 

photosynthetic endosymbiont may modify the properties of microbial habitat, which is 

supported by studies in corals indicating that the mucus of some corals cycles from being fully-

oxygenated during photosynthesis of the coral endosymbiont Symbiodinium to anaerobic at 

night when respiration rates exceed oxygenesis (Carlton and Richardson, 1995; Kuhl et al., 

1995; Brown and Bythell, 2005). Furthermore, Symbiodinium endosymbionts were shown to 

influence the microbial community structure by release of complex carbon-containing 

secretions including dimethylsulfoniopropionate (Raina et al., 2009, 2010). Besides being 

directly affected by photosynthesis products, the microbial niche may also be modified due to 

photosynthesis-induced changes in host metabolism. Indeed, photosynthetic activity of 

Chlorella has been shown to involve transcriptional changes not only in endoderm of 

H. viridissima, but also in the ectoderm that gives rise to the microbial habitat, the glycocalyx 

(Hamada et al., 2018).  

Another question that arises from our results is, whether the light-dependent diurnal 

fluctuations of the bacterial microbiota play the physiological role in green hydra or rather 

display a by-product of the endosymbiosis with the photosynthetic Chlorella alga. We have 

previously shown that Hydra’s microbiota provides resistance against the filamentous fungi 

Fusarium sp. and thus, is considered as an integral part of polyp’s immune system (Fraune et 

al., 2015). Interestingly, multiple aspects of pathogenesis in filamentous fungi are regulated in 

a light-dependent manner including the production of asexual spores and the synthesis of 

secondary metabolites such as mycotoxins (Bayram et al., 2008; Avalos and Estrada, 2010; 

Kim et al., 2011). Therefore, diurnal fluctuations in the bacterial community composition in 

Hydra may represent an adaptation to maximize antifungal defense at times when pathogen 
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invasion is most likely to occur. Indeed, many immune functions have been shown to be 

regulated in diurnal manner (reviewed in (Arjona et al., 2012; Scheiermann et al., 2013)), a 

phenomenon observed not only in mammals, but also in flies and plants (McDonald and 

Rosbash, 2001; Lee and Edery, 2008; Roden and Ingle, 2009; Wang et al., 2011; Stone et al., 

2012).  

Interestingly, the fluctuations observed in Hydra’s bacterial microbiota are not 

controlled by the endogenous circadian rhythm of the host, since they do not occur in 

aposymbiotic animals. Instead, the diurnal microbial shift depends on the presence of the 

intracellular algae as well as on light. Taken together, our results indicate that the photosynthetic 

activity of the Chlorella endosymbiont is involved in shaping the bacterial microbiota of 

H. viridissima. However, currently it is unknown whether the light-dependent microbial shift 

in green hydra plays a physiological role and has functional consequences for the holobiont 

phenotype. Further research is required to elucidate if this phenomenon occurs in other tripartite 

symbioses such as corals and may increase our knowledge on the forces that structure microbial 

communities. 

Materials and Methods 

Animals husbandry 

Experiments were carried out with the Australian Hydra viridissima strain A99, which 

was obtained from Dr. Richard Campbell, Irvine. Aposymbiotic (algae free) polyps were 

obtained by photobleaching using 5 μM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) as 

described before (Habetha et al., 2003) and subsequently cultivated for more than one year prior 

to the start of the experiments. All animals were cultivated at constant temperature (18 °C), 

light conditions (12 h / 12 h light/dark rhythm) and culture medium (0.28 mM CaCl2, 0.33 mM 

MgSO4, 0.5 mM NaHCO3 and 0.08 mM KCO3) according to the standard procedure (Lenhoff 

and Brown, 1970). Four weeks before DNA isolation symbiotic and aposymbiotic animals were 

co-cultivated and fed three times per week with freshly hatched Artemia salina. Prior to gDNA 

extraction polyps were starved for 72 h. 

 

FISH analysis of bacterial colonizers 

For isolation of glycocalyx-attached bacteria, H. viridissima polyps were washed in 

500 µl phophate buffered saline for 2 min. The supernatant was transferred to a new tube and 
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fixed by adding 500 µl 8% paraformaldehyde for 60 min. Afterwards, the supernatant was 

filtered through a white polycarbonate membrane filter (pore size: 0.2 µm). The filter was 

washed by 10 ml sterile H2O and air-dried. 

For whole-mount FISH analysis polyps were relaxed in 2% urethane/ culture medium 

for 2 min and fixed in 4% paraformaldehyde / culture medium for 16 h at 4 °C. Paraffin sections 

(15 µm) were prepared as previously described (Fröbius et al., 2003) and incubated for 60 min 

at 46 °C in blocking solution (10% formamide, 0,9 M NaCl, 0,02 M TrisHCl, 1x Denhardt’s, 

100 µg/ml heparin, 0,01% SDS) prior to hybridization procedure.  

Hybridization of filters and paraffin sections was conducted as previously described (Manz et 

al., 1992) with 10% formamide and 90 min hybridization time. Monofluorescently labeled 

ribosomal RNA (rRNA)-targeted oligonucleotide probes were used: positive control, universal 

eubacterial probe EUB338 5′-GCTGCCTCCCGTAGGAGT-3′, and negative control, EUB338 

antisense probe non-EUB338 5′-ACTCCTACGGGAGGCAGC-3′. The phylotype-specific 

oligonucleotide probe for OTU 138 (Rhodoferax sp.) was designed using the computational 

tool Primrose 2.17 (Ashelford, 2002). Probes were 5′ end-labeled with either Alexa Fluor 488 

(Life Technologies GmbH) (green fluorescence) or Cy3 (Life Technologies GmbH) (red 

fluorescence). Nuclear staining in paraffin sections was done by TO-PRO®-3 (Invitrogen).  

 

TEM microscopy 

For transmission electron microscopy animals were embedded in Agar 100 resin (Agar 

Scientific, Ltd.). Ultrathin sections were contrasted with 2.5% uranyl acetate for 5 min and lead 

citrate solution (freshly prepared from lead acetate and sodium citrate) for 2 min and were 

analyzed using a Tecnai™ G2 Spirit BioTWIN transmission electron microscope (FEI 

Company). 

 

DNA extraction 

For each biological replicate (n=6) combined hydra and bacterial DNA was isolated 

from ten polyps. Animals were washed three times in sterile filtered (0.2 μm) culture medium 

and subsequently ruptured in buffer ALT (Qiagen) by using a 23G syringe. Algae were removed 

by centrifugation. Suspensions were centrifuged three times at 350 g for 2 min. After each 

centrifugation step supernatant was transferred to new tube. The gDNA was extracted from the 

third supernatant using the DNeasy Blood & Tissue Kit (Qiagen) with elution performed in 50 

μl AE buffer. The extracted DNA was stored at -20 °C until sequencing. 
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Sequencing of 16S rRNA genes 

For sequencing of the bacterial 16S rRNA genes, the variable regions 1 and 2 (V1V2) 

were amplified using the universal forward primer V2_B_Pyro_27F (5’- 

CTATGCGCCTTGCCAGCCCGCTCAGTCAGAGTTTGATCCTGGCTCAG-3’) which 

consists of the 454 FLX Amplicon primer B (underlined), a two base linker (italics) and the 

universal 16S primer 27F (bold) and the barcoded reverse primer V2_A_338R (5’- 

CGTATCGCCTCCCTCGCGCCATCAGNNNNNNNNNNCATGCTGCCTCCCGTAGGA

GT-3’) which contains the 454 FLX Amplicon primer A (underlined), a sample specific 10-

mer barcode (N’s), a two base linker (italics) and the universal 16S primer 338R (bold). 25 µl 

PCR reactions were performed using the Phusion® Hot-Start II DNA polymerase (Finnzymes, 

Espoo, Finland) following the manufacturer’s instructions. PCR conditions consisted of an 

initial denaturation step (98 °C, 30 sec) followed by 30 cycles of denaturation (98 °C, 9 sec), 

annealing (55 °C, 30 sec) and elongation (72 °C, 20 sec). PCR was terminated by a final 

elongation of 72 °C for 10 min. All reactions were performed in duplicates, which were 

combined after PCR. PCR products were extracted from agarose-gels with the Qiagen MinElute 

Gel Extraction Kit and quantified with the Quant-iT™ dsDNA BR Assay Kit on a NanoDrop 

3300 Fluorometer. Equimolar amounts of purified PCR product were pooled and further 

purified using Ampure Beads (Agencourt). A sample of each library was run on an Agilent 

Bioanalyzer prior to emulsion PCR and sequencing as recommended by Roche. Amplicon 

libraries were subsequently sequenced on a 454 GS-FLX using Titanium sequencing chemistry.  

 

Sequencing of 16S rRNA genes by MiSeq Illumina 

Prior to sequencing the variable regions 1 and 2 (V1V2) of the bacterial 16S rRNA 

genes were amplified according to a previously established protocol using the primers 27F and 

338R (Rausch et al., 2016). For bacterial 16S rRNA profiling paired-end sequencing of 2x300 

bp was performed on the Illumina MiSeq platform.  

 

16S rRNA gene sequence analysis 

16S rRNA gene amplicon sequence analysis was conducted using the Qiime 1.8.0 

package (Madigan et al., 1984). Using the sequence fasta-file, a quality file and a mapping file 

which assigned the 10 nt barcodes to the corresponding sample as input, the sequences were 

analyzed using the following parameters: length between 300 and 400 bp, no ambiguous bases 

and no mismatch to the primer sequence. Chimeric sequences were identified using Chimera 

Slayer (Haas et al., 2011) and verified manually before removal from the data set. Putative 
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chimeric sequences, which were present in at least two independent samples, were retained. 

Reads assigned to chloroplasts of the algal endosymbiont were removed in silico. Sequences 

were rarified to the lowest number of reads in the dataset, which was 3000 reads. Subsequently, 

sequences were grouped into operational taxonomic units (OTUs) at a ≥ 97% sequence identity 

threshold and classified by RDP classifier. Bacterial community analyses including six beta-

diversity measures, statistical analysis of clustering (using the statistical methods adonis) and 

principal coordinate analysis (PCoA) were carried out using Qiime 1.8.0 package (Caporaso et 

al., 2010). Alpha diversity was calculated using the Chao1 metric implemented in Qiime. 
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General discussion 

Hydra’s gastric cavity – digestion in absence of bacterial symbionts 

A surprising finding in the present study was that Hydra’s gastric cavity appears to be 

devoid of a stable bacterial community. While the digestive tract of many animals, in particular 

mammals, is colonized by a large and complex microbiota that complements the metabolic 

capacities of the host, Hydra seems to pursue a feeding strategy independent of the aid of 

bacterial symbionts.  

In contrast to most multicellular animals, digestion in Hydra occurs extra- and 

intracellularly. The mouth opening is used for both, food uptake and excretion of waste products 

and thus, there is a two-way flow in the sac-like gastric cavity. Gland cells secrete proteolytic 

enzymes, while peristalsis, segmentation movements and cilia of the endodermal cells are 

stirring up the food and break it into small pieces (Shimizu et al., 2004). Finally, endodermal 

epithelial cells phagocytize food particles and digestion is completed intracellularly. Notably, 

the apical surface of the endodermal cells does not exhibit a glycocalyx or a mucus gel, which 

may be more of a hindrance than a help in fulfilling their phagocytic task.  

Taken together, stationary phagocytes lining the gastric cavity, the absence of a mucus 

layer, digestive movements and a relatively fast transit time of 6-9 hours that typify Hydra’s 

digestive physiology may be unfavorable to microbial growth. An additional attribute that may 

hinder microbial colonization includes the high expression levels of several AMP families in 

endodermal epithelium (Augustin et al., 2009a, 2009b; Bosch et al., 2009; Jung et al., 2009; 

Franzenburg et al., 2013). 

Notably, Hydra is not unique in lacking a resident gut microbiota. For instance, in a 

parasitic horsehair worm (Hudson and Floate, 2007), sawfly larvae (Whittome et al., 2007), 

walking sticks (Shelomi et al., 2013), a saprophagous fly (Šustr et al., 2014), certain ants 

(Sanders et al., 2017) and a broad diversity of caterpillar species (Hammer et al., 2017) 

microbial symbionts were found to be generally absent or present only in low numbers in the 

digestive tract. A symbiont-independent feeding strategy may release Hydra and others from 

constraints imposed on animals that depend on gut symbionts. Engaging in mutualisms involves 

also costs (Frederickson et al., 2012; Nougué et al., 2015; Simonsen et al., 2017) such as nutrient 

competition between the host and the microbes (Gaskins et al., 2002), the risk of gut microbes 

becoming pathogenic (Broderick et al., 2009; Young et al., 2017) and exploitation of a 

hospitable gut environment by foodborne pathogens. 
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Nevertheless, Hydra polyps harbor a specific bacterial communities in the glycocalyx 

covering the ectodermal surface of the polyp. Although not contributing to digestion, Hydra’s 

microbiota has significant impact on host fitness by providing antifungal immunity (Fraune et 

al., 2015). A recent study demonstrated that the bacterial microbiota modulates the spontaneous 

contraction behaviour (Murillo-Rincon et al., 2017) and also the feeding response of Hydra 

(Murillo, Klimovich, Bosch, in prep.). Intriguingly, in the absence of bacteria the feeding 

response of the polyps is significantly shortened. Thus, although not assisting in digestion, 

Hydra’s bacterial microbiota may still be critically involved in the feeding process by regulating 

the polyp’s behaviour. 

Hydra’s glycocalyx – a prototype of mucosal interfaces? 

The mammalian gut harbors the largest and most diverse microbial communities of the 

body. Intriguingly, its surface is only lined by a single cell layer, which is covered by an 

extensive glycocalyx and a mucus gel. The extraordinary task of maintaining tolerance to the 

beneficial microbiota and innocuous food antigens, while at the same time combating 

occasionally incoming pathogens, is pursued by the mucosal immune system. Both, 

immunological and physical barriers regulate the spatial organization of the microbiota, which 

is crucial for intestinal homeostasis (Johansson and Hansson, 2016). In the large intestine the 

mucus is organized in two distinct layers; an outer loose layer representing the habitat of the 

microbiota and an adherent inner layer, which is impervious to the bacteria and thus, forms a 

barrier preventing excessive immune activation in the healthy gut (Johansson et al., 2008, 2011; 

Johansson and Hansson, 2016). Furthermore, the antibacterial lectin RegIIIγ was shown to play 

a crucial role in the spatial segregation between the microbiota and the host epithelium in the 

small intestine (Vaishnava et al., 2011; El Aidy et al., 2012).  

The ancient metazoan Hydra is colonized by species-specific bacterial communities that 

are remarkably stable and provide antifungal immunity to their host. Instead of harbouring the 

symbiotic microbes in the gastric cavity, Hydra hosts its bacterial colonizers on the surface of 

the ectodermal epithelium facing the aquatic environment. More precisely, the ectodermal 

epithelium is covered by a multilayered glycocalyx and the bacteria inhabit the outer mucus-like 

layer, but were never observed to penetrate the inner glycocalyx layers. The present work 

provides the first evidence, that the dual function of mucus as a habitat and a barrier can be 

traced back to ancestral metazoans and thus, may display a conserved feature. Compared to 

mammalian mucus gels ranging in thickness from 10 µm in the eye up to 700 µm in the 
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mammalian large intestine (Linden et al., 2008), Hydra’s glycocalyx appears relatively small 

extending ~1.5 µm from the cell surface. However, considering that the entire Hydra polyp is 

composed only of an epithelial bilayer and mucus regeneration is metabolically costly, the 

glycocalyx appears to be at an appropriate ratio.  

Given that metazoan evolution took place in an environment dominated by 

microorganisms, it is likely that immune systems evolved as much to manage and exploit 

beneficial microbes as to fend off harmful ones. Launching an immune response comes at a 

cost, consuming extra resources and energy. Between efficiency and cost, metazoans are driven 

to evolve immune mechanisms and strategies to achieve a dynamic balance within the holobiont 

(Huang et al., 2011). Toward this goal, early-emerging metazoans have used their single-cell 

epithelia to develop an effective innate immune system to detect and control microbial 

colonization. The ability to produce a multi-functional mucus gel as an interface between the 

epithelium and the external environment was an important evolutionary step and the emerge of 

mucin-like protein can be traced back to the begin of metazoan evolution (Lang et al., 2007, 

2016). However, over the past 560 million years of vertebrate evolution, additional and complex 

mechanisms of mucosal defenses have evolved. Early vertebrates, such as fish, originated in 

aquatic environments and therefore their skin represents an mucosal surface that harbours 

mucus-producing cells, lacks keratinization, and is built from living epithelial cells that are in 

direct contact with the water. Strikingly, it was found that the skin of fish shares key features 

of mammalian mucosal immune responses (Salinas et al., 2011; Gomez et al., 2013; Xu et al., 

2013). Thus, regardless of the phylogenetic origin and tissue localization, mucosal immunity 

may operate under the guidance of primordially conserved principles. 

The mucus of fish skin contains a rich repertoire of immune-related substances 

including lectins, protease-inhibitors, enzymes such as peroxidases, proteases and lysozyme, as 

well as numerous AMPs (Ross et al., 2000; Watanabe et al., 2009; Guardiola et al., 2014; 

Esteban and Cerezuela, 2015; Cordero et al., 2016). Strikingly, in the present many of these 

molecules have been identified as putative components of Hydra’s glycocalyx (chapter I, 

Table 1). However, these proteins are awaiting future validation and follow-up experiments to 

elucidate their potential role in host defense and regulation of the microbiota. 

Taken together, the present study demonstrated that the ectodermal epithlium of the 

ancient metazoan Hydra is covered by a mucus-like layer that represents a barrier and the 

habitat for the bacterial microbiota. Furthermore, a mass spectrometry analysis of the 

mucus-like layer identified among others mucin-like proteins, putative AMPs and lectins, 
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which are important components of both, the skin mucus of fish (Dash et al., 2018) and the 

mucus of the mammalian intestine (Chairatana and Nolan, 2017). Thus, although Hydra appears 

to be a ‘scaled-down’ model in terms of epithelial cell types, magnitude of the mucus layer, 

diversity of the microbiota and the lack of adaptive immunity, the polyp seems to share many 

innate immune components with the vertebrate ‘mucosome’ (the combined host- and microbe-

derived components present in the mucus). Furthermore, Hydra’s body wall is built up by a 

single-layered epithelium of unipotent stem cells that continuously self-renew, rapidly close 

wounds and provide a protective physical barrier. Key players of Hydra’s innate immune 

system such as TLR-signaling and AMPs were shown to be not only involved in pathogen 

defense, but also play a critical role in selecting the resident microbiota (Franzenburg et al., 

2012, 2013). Similarly, the mammalian intestinal epithelium is composed of a single cell layer 

with a high turnover rate and displays a crucial regulator of gut homeostasis by acting as a 

physical barrier and as a coordinating hub for immune defense and crosstalk between bacteria 

and the host. As an aquatic organism, Hydra lives in a medium where microorganisms thrive 

more than in the air and thus, the mucosal surface of the ectodermal epithelium may face similar 

obstacles to those encountering vertebrate mucosal tissues. As an evolutionary ancient 

metazoan, Hydra can provide insights into the basic molecular toolkit required for 

establishment and maintenance of a holobiont and has been proven to be a valuable model to 

analyze host-microbe interactions in the last decade. Its ‘scaled-down’ complexity together with 

the availability of transgenic and germ-free polyps as well as the cultivability of most bacterial 

colonizers displays the precise strength of the model organism, which may allow to decipher 

the mechanisms in more complex systems such as the mammalian gut. 

An ancient role for the nervous system in host-microbe interactions 

AMPs are ancient molecules of the innate immune system that act in both host defense 

and regulation of the resident microbiota (Salzman et al., 2010; Bevins and Salzman, 2011; 

Vaishnava et al., 2011; Franzenburg et al., 2013). In the present study it was shown that 

antimicrobial activity is not restricted to epithelium-derived peptides, but also a feature of 

several neuropeptides in the ancient metazoan Hydra. Indeed, an additional function as anti-

infective molecules has been hypothesized for some neuropeptides due to their similarities with 

AMPs in size, amino-acid composition, cationic charge and amphipathic design (Brogden et 

al., 2005). In mammals, neuropeptides such as substance P, calcitonin gene-related peptide, 

vasoactive intestinal polypeptide (VIP), and neuropeptide Y were shown to possess in vitro 
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antimicrobial activities against E. coli and Pseudomonas aeruginosa (El Karim et al., 2008) 

comparable with those reported for α-defensin (Lundy et al., 2008). However, the in vivo 

significance of neuropeptide-derived antimicrobial activity has not been addressed so far.  

As a part of this thesis, it was demonstrated that the antimicrobial neuropeptide NDA-1 

regulates the spatial distribution of Curvibacter sp., the main bacterial colonizer. In Hydra, the 

bacterial habitat is formed by the mucus-like layer of the glycocalyx covering the ectodermal 

epithelium. Notably, neurons are interspersed among the epithelial cells and their secreted 

products likely contribute to the ‘mucosome’ (the combined host- and microbe-derived 

components present in the mucus), which creates a specific habitat for a distinct microbia. The 

local distribution of Hydra’s neurons, which express specific sets of neuropeptides may lead to 

local heterogeneity of the mucosome and thus, regulate the microbial community composition 

along the polyp’s body axis. Further investigations are required to address the arising question 

how the spatial organization of Hydra’s microbiota is connected to their function.  

Interestingly, attempts to overexpress NDA-1 ectopically in epithelial cells resulted in 

a lethal phenotype early after hatching, suggesting that, in addition to its role in spatial 

organization of Hydra’s microbiota, NDA-1 has other not yet discovered functions. Indeed, 

pleiotropic functions have been consistently reported for both neuropeptides and AMPs 

revealing that these two groups of molecules share more than antimicrobial activity. For 

instance, immune cells themselves produce neuropeptides in response to inflammatory signals 

and these neuropeptides act in an autocrine/paracrine manner through their specific receptors, 

which are also expressed on macrophages, microglia and neutrophils (Gonzalez-Rey and 

Delgado, 2007; Smith, 2008). Most neuropeptides show a clear anti-inflammatory profile and 

thus, participate in the maintenance of immune tolerance (Gonzalez-Rey and Delgado, 2007). 

Similarly, some AMPs were also shown to function as potent immune regulators by acting as 

chemokines, modulating TLR-dependent inflammatory responses, and promoting wound 

healing (Nakatsuji and Gallo, 2012). Taken together, both neuropeptides and AMPs appear to 

have additional functions as immune-modulatory cytokine-like factors. Furthermore, it has 

been shown recently that some AMPs are implicated in sleep regulation (Dissel et al., 2015) 

and long-term memory (Barajas-Azpeleta et al., 2018) in Drosophila, suggesting that AMPs 

have not exclusively immune-related functions, but may also act as neuromodulators in the 

nervous system.  

Although traditionally the immune and the nervous systems have been considered to be 

independent, today there is compelling evidence that they are integrally connected and use a 
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common biochemical language for intra- and inter-system communication. For instance, 

neuropeptide receptors are expressed on immune cells (Sternberg, 2006; Gonzalez-Rey and 

Delgado, 2007; Smith, 2008; Gonzalez-Rey et al., 2010), while TLRs are present on neurons 

of the enteric nervous system (Barajon et al., 2009; Anitha et al., 2012) and on neurons, 

microglial cells and astrocytes of the brain (van Noort and Bsibsi, 2009; Arroyo et al., 2011; 

Mallard, 2012). While the immune system-microbiota alliance has been acknowledged soon 

after realizing the tremendous impact of microbes on host physiology, the idea that the 

microbiota influences the nervous system and vice versa came into focus comparatively late. 

Nevertheless, today a large body of evidence has accumulated indicating that the microbiota is 

required for normal development and function of the nervous system including cognitive, 

emotional and behavioral processes (Cryan and Dinan, 2012; Forsythe and Kunze, 2012; 

Sharon et al., 2016). Although most studies have been performed in rodents, there is also 

evidence coming from invertebrates. For instance, in Drosophila melanogaster a member of 

the gut microbiota modulates mate choice (Sharon et al., 2010) and in C. elegans recognition 

of pathogenic bacteria secondary metabolites by neurons triggers avoidance behavior to reduces 

the ingestion of pathogens (Meisel et al., 2014). In Hydra the spontaneous contractile behavior 

(Murillo-Rincon et al., 2017) and the feeding response (Murillo, Klimovich, Bosch, in prep.) 

are influenced by the microbiota suggesting that the bidirectional communication between the 

nervous system and the microbiota is an ancient feature throughout the metazoan lineage 

(Klimovich and Bosch, 2018). Furthermore, the finding that Hydra’s neuropeptides possess 

antimicrobial activity and regulate the bacterial community composition in a spatially-

controlled manner extends the functional capacity of the nervous system in early-branching 

metazoans to innate immunity.  

All multicellular organisms are holobionts that evolved in a world dominated by 

microorganisms. Thus, it can be speculated that the evolutionary process that resulted in the 

emerge of the nervous system was partly driven by the necessity to maintain homeostasis within 

the holobiont. Both, the immune system and the nervous system constantly survey the external 

and internal environments and orchestrate appropriate responses to a plethora of cues. It is 

hardly imaginable that two such vital systems can work isolated from one another without 

jeopardizing homeostasis of the holobiont. Indeed, today there is compelling evidence evidence 

that the immune system and the nervous are not self-regulated, but participate in a multifaceted 

bidirectional communication system involving neural, immune, endocrine, and metabolic 

signaling, which is reflected in the concept of the ‘microbiota-gut-brain axis’ (Stilling et al., 

2014; Carabotti et al., 2015).  
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Almost 35 years ago Edwin Blalock first proposed that the immune system acts as a 

sensory organ and should be considered as our ‘sixth’ sense (Blalock, 1984, 2005; Blalock and 

Smith, 2007; Kipnis, 2018). Taking into account that the microbiota is inextricably connected 

to an organism’s health, the ‘invention’ of a sensory system that continously monitors the 

bacterial composition, localization and behavior appears to be a logic consequence. Thus, with 

the microbiota-gut-brain axis Blalock’s metaphor in part has become reality. 

The green hydra holobiont – untangling a tripartite relationship 

Endosymbiosis, in which one partner lives within the cells of a larger host organism, is 

the most intimate form of symbiosis. The establishment of an endosymbiotic relationship is 

typically driven by complementation of the host's metabolic capabilities by the endosymbiont, 

thereby enabling the holobiont to exploit vacant ecological niches and occupy new 

environments that otherwise would be inaccessible (Hoffmeister and Martin, 2003; Archibald, 

2009; Douglas, 2009; Wernegreen, 2012). Algal endosymbiosis is widely present among 

eukaryotes including many protists and invertebrates such as Porifera and Cnidaria. Symbiosis 

research traditionally focused on bipartite interactions such as the coral-Symbiodinium 

association. However, with the discovery that diseased or bleached corals harbor different 

bacterial communities than healthy ones (Perez, 2006; Ritchie, 2006; Bourne et al., 2008; Reis 

et al., 2009; Sunagawa et al., 2009), researchers have developed a growing appreciation of the 

coral holobiont as a complex tripartite interkingdom symbiosis. The documented decline in 

coral reef ecosystems worldwide (Carpenter et al., 2008) gives researchers a new urgency to 

understand the underlying mechanisms of these tripartite associations and which factors lead to 

their breakdown (‘coral bleaching’). 

In the present study the H. viridissima holobiont was used to investigate symbiotic 

interactions in a tripartite cnidarian–algal–bacterial model system. Genome sequencing of the 

photosynthetic Chlorella sp. A99 revealed a degenerated nitrate assimilation pathway and a 

large number of amino acid transporters indicating that the alga depends on the import of 

host-derived amino acids as a nitrogen source. Indeed, in vitro growth of otherwise obligate 

symbiotic Chlorella was supported by supplementing the medium with glutamine, but not with 

the inorganic nitrogen compounds ammonium and nitrite. Microarray transcriptional profiling 

of the hydra host identified, among others, a glutamine synthetase that is specifically up-

regulated by the photosynthetic activity of Chlorella as well as by supplying exogenous maltose 

or glucose. These results indicate a metabolic co-dependence between H. viridissima and 



GENERAL DISCUSSION 

174 

 

Chlorella. The algae provide the photosynthetic product maltose or glucose to Hydra, which in 

turn up-regulates the glutamine synthetase expression to supply the endosymbiont with a 

suitable nitrogen source.  

Pioneering studies in the 1980s showed that there is a great deal of adaptation and 

specificity in the Hydra-Chlorella symbiosis and suggested that distinct physiological 

requirements must be fulfilled by both partners for successful establishment of a stable 

endosymbiosis (McAuley and Smith, 1982; Rahat and Reich, 1984). The results of the present 

study support this view. On one hand, an alga that does not secrete maltose or glucose will not 

be efficiently supplied with glutamine by H. viridissima. On the other hand, the secretion of 

photosynthesis products may not induce glutamine synthesis in Hydra species outside the 

viridissima group. The H. viridissima genome project is under way and will most likely provide 

further insights into the molecular toolkit that enables the members of the viridissima species 

group to establish and stably maintain endosymbiosis with Chlorella algae, but not other Hydra 

species. A previous study reported that seven strains of Chlorella algae, which were originally 

symbiotic with other invertebrates, formed stable associations with the European strain of green 

hydra (Douglas and Smith, 1984). However, it is not clear to what extent these associations 

resemble the physiological relationship of H. viridissima and its native Chlorella 

endosymbiont. In the present study aposymbiotic animals of the Australian H. viridissima A99 

strain were infected with NC64A, the endosymbiont of the protist Paramecium (Karakashian 

and Karakashian, 1965). Although, H. viridissima and Chlorella NC64A formed a stable 

association, these polyps showed a significantly reduced growth rate and number of algae per 

cell compared to the symbiosis with native Chlorella A99. Furthermore, these polyps were 

never observed to form oocytes suggesting that sexual reproduction of Hydra is blocked in the 

presence of a foreign endosymbiont and thus, the Hydra-NC64A association may represent an 

evolutionary dead end (Hamada and Schröder, unpublished data). 

A potential focal point for further study is the question how maintenance of a stable 

symbiont / host cell ratio is achieved in the Hydra-Chlorella symbiosis. Besides a mechanism 

directly interfering with algal mitosis, several studies indicated that the algal division rate might 

be regulated by the availability of host-derived inorganic nutrients such as nitrogen (McAuley, 

1986, 1987; McAuley and Muscatine, 1986; Rees, 1986, 1989, 1990a, 1990b; Rees and Ellard, 

1989; Rees et al., 1989). The present study demonstrated that aposymbiotic polyps cultured in 

maltose supplemented media show a dose-dependent up-regulation of the glutamine synthetase 

gene. Furthermore, previous studies have reported that the native Chlorella symbiont releases 
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significantly larger amounts of maltose than Chlorella variabilis NC64A (Mews and Smith, 

1982; Rees, 1989). Indeed, H. viridissima, which have been artificially infected with NC64A 

algae showed a significantly reduced growth rate and number of algae per cell compared to the 

symbiosis with native Chlorella A99. Taken together, these results provide strong support for 

previous views that restriction of nitrogen supply may be an essential element in the host’s 

control over the algae and that the amount of maltose released by symbiotic algae contributes 

to the stabilization of the symbiotic association (Cernichiari et al., 1969). However, Chlorella 

A99 could not be cultivated permanently in media containing glutamine or casamino acids, 

indicating that the obligate symbiont requires additional growth factors from Hydra, which may 

add another level of control to the host. 

Apart from the metabolic interactions between Hydra and Chlorella A99, another aspect 

investigated in the present study was the influence of photosynthetic algae on the bacterial 

microbiota of H. viridissima. Interestingly, the Chlorella endosymbiont appears to shape the 

bacterial community composition in H. viridissima in a light-dependent manner. The diurnal 

fluctuations of the microbiota are independent of the host’s endogenous circadian rhythm, 

because they do not occur in aposymbiotic animals and diminish in symbiotic animals subjected 

to darkness for 48 hours. Instead, the diurnal microbial shift seem to depend on the 

photosynthetic activity of the Chlorella endosymbiont. How the intracellular algae residing in 

the endoderm influence the extracellular bacteria colonizing the ectodermal surface is unknown. 

One can speculate that Chlorella’s photosynthetic activity may affect the microbiota by 

changing microenvironmental physicochemical parameters such as pH and oxygen level in the 

bacterial habitat represented by the mucus-like layer of the glycocalyx. Indeed, some studies 

indicate that the mucus of some corals cycles from being fully-oxygenated during 

photosynthesis of the coral endosymbiont Symbiodinium to anaerobic at night when respiration 

rates exceed oxygenesis (Carlton and Richardson, 1995; Kuhl et al., 1995; Brown and Bythell, 

2005). Another possibility is that the microbial niche is modified due to photosynthesis-induced 

changes in host metabolism. Microarray analysis has shown that the photosynthetic activity of 

Chlorella involves transcriptional changes not only in endoderm of H. viridissima, but also in 

the ectoderm indicating that photosynthetic products can be transported across the two tissue 

layers or some signals are transduced by cell-cell communication. Thus, although 

photosynthesis is occurring in the endodermal epithelium, it may affect the ectoderm-derived 

bacterial habitat. Furthermore, microalgae are well-known to produce a wide range of 

secondary metabolites including antibacterial compounds (Amaro et al., 2011; Falaise et al., 

2016). Indeed, the Chlorella A99 genome contains some genes with similarity to non-ribosomal 
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peptide synthetases (NRPS) (Hamada, unpublished data). NRPS are large multienzyme 

machineries that assemble numerous peptides with large structural and functional diversity 

including antibiotics such as vancomycin and the β-lactam-containing penicillins and 

cephalosporins. However, the function of Chlorella’s NRPS and their transcriptional regulation 

in terms of light- or photosynthesis-dependency requires further investigations. 

Another question that arises from the results of this study is whether the light-dependent 

diurnal fluctuations of the bacterial microbiota play a physiological role in green hydra or rather 

display a by-product of the photosynthetic activity of Chlorella. One function of Hydra’s 

microbiota is to provide resistance against the filamentous fungi Fusarium sp. (Fraune et al., 

2015). Interestingly, multiple aspects of pathogenesis in filamentous fungi are regulated in a 

light-dependent manner including the production of asexual spores and the synthesis of 

secondary metabolites such as mycotoxins (Bayram et al., 2008; Avalos and Estrada, 2010; 

Kim et al., 2011). Therefore, one may speculate that diurnal fluctuations in the bacterial 

community composition may represent an adaptation to maximize host defense at times when 

pathogen invasion is most likely to occur. Indeed, many immune functions have been shown to 

be regulated in diurnal manner (reviewed in (Arjona et al., 2012; Scheiermann et al., 2013)), a 

phenomenon observed not only in mammals, but also in flies and plants (McDonald and 

Rosbash, 2001; Lee and Edery, 2008; Roden and Ingle, 2009; Wang et al., 2011; Stone et al., 

2012).  

In summary, the finding that intracellular algae shape the bacterial microbiota of 

H. viridissima in a light-dependent manner adds a new aspect to our knowledge on the forces 

that structure microbial communities in tripartite interkingdom associations. Further research 

is required to address the questions whether the light-dependent microbial fluctuations have 

functional consequences for the holobiont phenotype and whether this phenomenon also occurs 

in other tripartite symbioses such as corals. Interestingly, a recent study in the anthozoan 

Aptasia revealed that the presence of endosymbiontic Symbiodinium algae is associated with 

dramatic changes in the host’s endogenous behavioral and transcriptional rhythms and 

suggesting that the endosymbiont is setting pace of the rhythmicity in body and tentacle 

contraction (Sorek et al., 2018). However, the authors did not look for changes in the bacterial 

microbiota. 
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