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ABSTRACT 

 

Expanding the Aiptasia coral model system to study host-bacteria interactions  

 

Rúben M. Costa 

The coral holobiont, comprised of the cnidarian animal host, its associated algal 

endosymbionts of the family Symbiodiniaceae, and other microbes (bacteria, fungi, 

viruses, etc.), is the foundation metaorganism of coral reefs. Despite the putative 

importance of associated microorganisms, elucidation of the specific functions bacteria 

contribute to the coral holobiont are still largely missing. The sea anemone Aiptasia (sensu 

Exaiptasia diphana) is regarded as a tractable model to study cnidarian-algal symbioses  

due to its ability to associate with similar Symbiodiniaceae strains as corals and surviving 

in symbiotic and aposymbiotic (algal-free) states. The motivation of this dissertation was 

to expand Aiptasia as a coral model to interrogate host-bacteria interactions. I firstly 

compared bacterial community composition of Aiptasia in symbiotic and aposymbiotic 

states and found them to be significantly different. I could also show that some identified 

bacterial taxa were similar to those found in corals. I further assessed the ectodermal 

surface topography of several cnidarians as putative bacterial habitats, using electron 

microscopy. I could show that Aiptasia and corals possess similar surface topographies 

which differ from other cnidarian models, such as Hydra.  In addition, bacterial carrying 

capacity of Aiptasia polyps was estimated to be between 104 - 105 bacterial cells, roughly 

equating to the 106 bacterial cells/cm2 reported for corals.  To assess the prospect of 

microbiome manipulation as a tool to study bacterial function and alter bacterial 

association, I first developed a method to generate bacteria-depleted/gnotobiotic Aiptasia 
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and axenic Symbiodiniaceae cultures and subsequently conducted inoculation 

experiments. In a pilot experiment, I could show that endogenous and exogenous bacterial 

isolates could be detected after re-inoculation to gnotobiotic Aiptasia. Further, I conducted 

coral microbiome transplants to Aiptasia. I could show that some bacterial taxa from corals 

were detected and active 7 days after transplantation, indicating a certain degree of 

plasticity in the anemone’s bacterial associations. Overall, my work suggests that Aiptasia 

might be a suitable model to study coral-bacteria interactions. The thesis presents a 

foundation for further studies and sheds light on the difficulties associated with generating 

axenic cnidarian hosts and manipulating bacterial associations. 
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Chapter 1: General Introduction 
 

1.1 The coral holobiont 

Coral reefs are one of the most diverse ecosystems in the world, being hotspots of 

both economic and ecological importance (Hoegh-Guldberg, 2015). Despite being 

found in  oligotrophic environments, they are able to thrive,  being one of the most 

diverse ecosystems on the planet (Fisher et al., 2015). Considered the main foundation 

species of reefs, corals build intricate structures using their calcium carbonate 

skeletons, that are home to thousands of other marine species. Corals, as many other 

organisms, are regarded as holobionts as they live in stable symbiotic relationships with 

an entire microbial community. The coral holobiont is comprised of the coral host, 

dinoflagellate algae of the family Symbiodiniaceae, and a complex microbiome 

encompassing bacteria, archaea, fungi, viruses, among others (Rohwer et al., 2002; 

Rosenberg et al., 2007). The coral host relies on the nutrition provided by its 

autotrophic algal partner, receiving photosynthates in exchange for nitrogen and carbon 

dioxide to the alga (Muscatine and Porter, 1977). The bacterial microbiome has several 

proposed roles, such as participating in nutrient recycling, and putative adaptation to 

the environment and protection against microbial pathogens (Krediet et al., 2013b; 

Rädecker et al., 2015; Raina et al., 2009; Rosenberg et al., 2007; Voolstra and Ziegler, 

2020; Ziegler et al., 2017, 2019) Although it is thought that each compartment may 

contribute to the overall fitness of the coral holobiont, the health, growth and 

proliferation capacity of these metazoans is highly dependent on environmental 

conditions (e.g, temperature, salinity, UV radiation, nutrient enrichment, pollution) 

(D’Angelo and Wiedenmann, 2014; Ferrier-Pagès et al., 1999; Hughes et al., 2017; 
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Shick et al., 1996). Extreme variations in such environmental conditions lead to the 

breakdown of symbiosis, leading to the expulsion of the algal symbiont from the coral 

host, also known as bleaching. Moreover, that disruption can also lead to diseases 

caused by bacterial dysbiosis (Egan and Gardiner, 2016; Hadaidi et al., 2018; Miller 

and Richardson, 2015; Webster et al., 2013). In the era of climate change and increased 

marine pollution, understanding these symbiotic relationships and their foundations is 

pivotal to develop strategies to prevent, mitigate or revert mass coral reef loss.   

 

1.2  The bacterial microbiome realm 
 

 The interest in the role of the bacterial microbiome (or bacteriome) in the 

homeostasis of holobionts has dramatically increased in the last decades. From the brain-

gut axis in humans and rodents (Collins et al., 2012), to the root system in plants (Reinhold-

Hurek et al., 2015), passing by the light-organ development in squids (McFall-Ngai, 2014), 

our knowledge of the function of eukaryote-associated bacteria is rapidly expanding. In 

fact, this knowledge is so valuable, that initiatives to harness the capabilities of different 

microbial ecosystems have been proposed, in order to standardize and unify current 

knowledge (Alivisatos, 2015). The increasing understanding of the importance, structure 

and functional role of different microbiomes, as well as the increase in next generation 

sequencing data, allowed the documentation of countless bacterial communities, regardless 

of their cultivability. 

 In the case of coral reefs, and similarly to the majority of eukaryotes, all organisms 

living within them depend on microbial life (Azam, 2004). In the last decade, several 

studies aimed to describe bacterial assemblages associated with corals across different 
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microhabitats, species, geolocations, environmental conditions and stressors (as reviewed 

by Bourne et al., 2016). Still, only few studies were able to infer an effect of the bacterial 

response onto the coral host’s fitness. For example, Ziegler et al. (2017) recently showed 

that corals reciprocally transplanted from different temperature environments had changes 

in their microbiomes that made them naturally resemble the ones of corals from that same 

environmental temperature, after prolonged exposure. Moreover, if those coral colonies 

were transplanted back and were challenged in a short-term simulated bleaching 

experiment (through rapid temperature increase), they would bleach less when compared 

to their untransplanted counterparts, suggesting that a change in the bacterial composition 

conferred thermotolerance to the coral host (Ziegler et al., 2017). Results like these are 

exciting but only correlational, still lacking evidence of direct interactions between single 

bacterial taxa and coral/algae. The field of coral microbiology is demanding functional 

testing, in which candidate bacterial populations are isolated and tested individually or in 

smaller consortia in less complex model systems to unequivocally assign function. 

 The function of bacteria in a holobiont seems to be dependent on the location they 

occupy within the eukaryotic host. Corals provide different microhabitats for bacteria, each 

with different bacterial assemblages and, potentially, specialized roles (Sweet et al., 2011). 

While most studies on coral-associated bacterial communities indiscriminately describe 

bacteria from full fragment lysates, not many have focused on specific microhabitats, 

namely at the surface mucopolysaccharide layer (SML), the coral tissue, the gastric cavity 

and the skeleton. For instance, some studies showed that some bacteria might be attracted 

to the SML of corals by chemotaxis, with different bacterial populations showing higher 

chemotactic behavior towards different mucus constituents (Ochsenkühn et al., 2018; Tout 
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et al., 2015). Moreover, the bacterial community found at the SML is thought to prevent 

potential pathogen colonization from the surrounding environment, possibly through 

antimicrobial compounds’ production (Krediet et al., 2013a; Nissimov et al., 2009). 

Regarding the host tissue, bacteria are found in aggregate structures within the tissue layers 

at both lower abundances (Work and Aeby, 2014) and in high density clusters, suggesting 

higher symbiotic specificity (Bayer et al., 2013). Interestingly, bacteria were also suggested 

to be associated within Symbiodiniaceae cells (Ainsworth et al., 2015). However, the 

particular role of these bacteria within the coral tissue is still largely unknown. The gastric 

cavity harbors several bacteria, some of which can be found in different coral species 

(Agostini et al., 2012). They were suggested to play an important role in the production of 

essential nutrients for both the coral host and endosymbiotic algae. One of these nutrients 

is vitamin B12, which was found in levels several times higher in the gastric cavity than in 

reef water (Agostini et al., 2012), and was shown to be imperative for Symbiodiniaceae 

survival (Agostini et al., 2009). Concerning the skeleton, a few studies showed that its 

microbiome on several corals is mostly dominated by the endolithic algae of the genus 

Ostreobium  (Marcelino and Verbruggen, 2016) among other endolithic fungi, with 

proposed roles in the coral’s primary productivity and nitrogen cycling (as reviewed by 

(Pernice et al., 2020)). However, bacteria have also been showed to be dominant members 

of these endolithic communities. For instance, green sulphur bacteria from the 

genus Prosthecochloris have been identified in the skeleton beneath live coral tissue, and 

upon isolation and culturing were shown to be able to fix nitrogen and be phylogenetically 

distant from free-living Prosthecochloris, suggesting a close coral association (Yang et al., 

2016, 2019). Moreover, although some studies have argued for bacterial assemblage 
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specificity within tissues, Li et al. (2014) showed that the microbiome of Porites lutea had 

a higher seasonal variation rather than tissue dependency, with only 6 bacterial OTUs – 

mostly gram-positive - specific to the skeleton (Li et al., 2014).  

 

   1Figure 1.1 Schematic of the bacterial microhabitats available in scleractinian corals. 

(A) Corals harbor diverse assemblages of bacteria, and one coral polyp can be considered 

a set of different microhabitats where bacteria can reside. Bacteria were reported to 

colonize the surface mucus layer, coral tissue (ectoderm, mesoglea, endoderm), the gastric 

cavity and the calcium carbonate skeleton. © Cárdenas, adapted    

 

 Overall, coral bacterial symbionts belong to the phyla Actinobacteria, 

Bacteroidetes, Cyanobacteria and Proteobacteria, the latter being the most dominant, 

especially the classes Gamma- and Alphaproteobacteria (Bourne et al., 2016). While 

studies in some coral species show a high degree of specificity regarding their most 

dominant bacterial taxa, even during acute stress (Bayer et al., 2013; Glasl et al., 2016; 

Pogoreutz et al., 2018), several others point to an influence of location, surrounding 
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environment, life stage or microhabitat on the variability of microbial communities over 

the same host species (Littman et al., 2009; Rubio-Portillo et al., 2016; Sharp et al., 2012; 

van Oppen et al., 2018; Zhou et al., 2017). These contradicting bodies of information hinder 

the identification of a core bacterial microbiome across hosts of the same species. 

Moreover, they do not clarify if all cnidarian hosts possess a specific core microbiome and, 

most importantly, if these changes arise from (lack of) microbial flexibility to 

environmental change or active selection by the host. Nevertheless, some studies keep 

describing core microbiomes on their analysis, similar to other organisms such as plants 

and humans (Hernandez-Agreda et al., 2017). Consequently, high-resolution studies, with 

more functional testing, are necessary to understand if the bacterial composition can be 

pinned to taxa specificity or to the functional role played by prokaryotes in the host, 

regardless of their linage. 

 

1.3 Testing functionality: axenic systems, microbiome transplants and 
probiotics 

 

 Axenic and gnotobiotic systems can give valuable information regarding metabolic 

function, host-microbe interactions and the nutritional requirements of an organism. An 

organism is considered axenic, or germ-free, when only a single species is present in the 

culture/rearing system. If one or multiple strains of microorganisms are present but are 

known, then it is denoted as a gnotobiotic system. Although extremely important, these 

systems are often difficult to achieve, particularly in aquatic animals. The technical skills 

necessary to obtain and maintain, the multiple bacterial resistance to antibiotics, as well as 

the difficulty to reproduce nutritional/physiological requirements on depleted organism, 

often prevents the generation of axenic systems across different laboratories. Currently, 
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there are three main ways of obtaining axenic animals: (1) animal parents are dissected in 

aseptic conditions to retrieve gametes, newborns, embryos or larvae not yet contaminated 

with microbes from the parents, following sterile fertilization, propagation and/or rearing; 

(2) gametes, newborns, embryos or larvae with reduced microbial contamination are 

treated with antibiotics, following fertilization and/or propagation; (3) newborns, embryos, 

larvae or full-grown animals are sequentially washed to reduce their microbial load and are 

finally treated with antimicrobial chemicals and antibiotics, following propagation/rearing. 

An extensive review on gnotobiotic aquatic animals was done in 2006  (Marques et al., 

2006) and, apart from the generation of an axenic ascidian (Leigh et al., 2016), the amount 

of research focused on the establishment of axenic/gnotobiotic marine invertebrates is still 

fairly limited. In the particular case of cnidarians, the germ-free state was only claimed to 

be achieved in Hydra sp. (Fraune et al., 2014; Rahat and Dimentman, 1982). 

 The most common application to axenic and bacteria-depleted systems are 

microbial transplants. Transplants can be performed using single strains, microbial 

consortia or full microbiomes as inocula. Full-microbiome transplantations to treat disease 

have been widely studied in the medical community, for instance, Clostridium difficille-

associated gut disorders. A recent systematic review and metanalysis of  randomized 

controlled trials where fecal transplants were used as therapy validated the approach as an 

effective treatment (Moayyedi et al., 2017). However, the implementation of this procedure 

to other biological systems is still on its infancy. In well-established and less complex 

systems, a single isolate can have a great impact on the host physiological response. For 

example, Moran and Yun (2015) showed that replacing a single obligate symbiont bacteria 

of a pea aphid (Buchnera sp.) with a heat tolerant strain, resulted in an increase in the 
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fitness of the host in terms of developmental time, weight and fecundity after heat 

exposure, when compared to the control condition (Moran and Yun, 2015). In the case of 

cnidarians of the genus Hydra, germ-free animals in mono and di-association with selected 

endogenous bacteria strains showed increased protection against fungal infection, similar 

to that of animals with healthy microbiomes (Fraune et al., 2014). In this study it was 

possible to trace part of the antifungal protection to different bacterial isolates from the 

original microbiome, showing the power of axenic systems to attribute function to small-

scale bacterial interactions.  

 Transplants can give even deeper insights when considering xenotransplantation, 

or transplants between two different species. Human microbiota-associated mice have 

helped unraveling the importance of the microbiome in diseases such as obesity (Ridaura 

et al., 2013), asthma (Arrieta et al., 2015) and pregnancy-induced adiposity (Koren et al., 

2012). Curiously, new xenotransplant attempts using different model organisms are rising. 

Valenzuela et al. recently showed that zebrafish could harbor human gut bacteria upon a 

fecal transplant (Valenzuela et al., 2018). Only few transplanted bacteria persisted, mostly 

due to the lack of a germ-free/bacteria-depleted system, as well as gut colonization being 

highly dependent on developmental stage in zebrafish. Still, such studies opened the door 

for further improvement and potential use of model organisms as wombs for studying 

bacteria from different hosts. 

 Another common way to introduce bacterial transplants to enhance host fitness is 

through the use of probiotics. The probiotics concept has quickly broadened to different 

fields, including corals, originating the Coral Probiotic Hypothesis (Reshef et al., 2006). 

This hypothesis postulates that upon environmental change, the metabolically diverse 
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microbial community naturally changes to keep the holobiont in a homeostatic state. By 

exploring this approach in an applied manner, several bacteria can be selected and isolated 

in the laboratory based on different physiological and metabolic traits. By creating 

characterized consortia with benefits for the coral’s health, diseased corals can be 

inoculated to help them fight particular diseases or healthy corals can be inoculated as a 

preventive measure for future stressors. These preselected bacterial cocktails have been 

termed Beneficial Microorganisms for Corals, or BMCs, and are proposed as a mechanism 

to improve coral resilience (Peixoto et al., 2017; Rosado et al., 2018).   

 

1.4  Aiptasia as a coral model to study host-microbe interactions 

 The path towards understanding the coral holobiont passes by the ability to 

understand each symbiont separately. The difficulty of this lies on the fact that corals 

cannot be kept without their microbial partners. Moreover, corals cannot be easily kept in 

aquaria setups and such facilities are not even available to all researchers around the world. 

Several studies have used other cnidarians as model systems to study different cellular and 

physiological processes common to corals. For example, the starlet sea anemone 

Nematostella vectensis has been extensively used to study cnidarian development, tissue 

structure and the nervous system (as reviewed by Layden et al., 2016), as well as host-

bacteria interactions (Domin et al., 2018; Har et al., 2015). However, it does not establish 

symbiosis with dinoflagellates, preventing symbiosis related studies. Studies using the sea 

anemone Anemonia viridis greatly enhanced our understanding of cnidarian cellular 

responses (Richier et al., 2006; Venn et al., 2009), unfortunately, the lack of a clonal and 

characterized line of animals, as well as fully identified and characterized algal symbionts 
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prevents the widespread use of this model. Hydra has pioneered the use of cnidarian model 

systems  for bacterial manipulation studies (Fraune et al., 2009). Such manipulations have 

resulted in new protocols for testing bacterial functional traits and their role in cnidarian 

homeostasis. However, Hydra inhabits freshwater and harbors a considerable different 

bacterial arrangement compared to marine cnidarians, preventing direct generalizations or 

the application of already-developed methodologies to anthozoans.  

 In the last decade, the sea anemone Aiptasia (sensu Exaiptasia diaphana), emerged 

as a candidate model system to study corals in the laboratory and overcome constraints in 

the cnidarian model systems available (Voolstra, 2013; Weis et al., 2008).  Aiptasia can be 

easily kept in the laboratory with minimal maintenance, under standard light and 

temperature conditions. Comparable to corals, Aiptasia establishes symbiosis with the 

same algae from the family Symbiodiniaceae, but unlike their reef building relatives, it can 

be reared in the laboratory in both symbiotic and aposymbiotic (no algal symbionts) state. 

Moreover, it has a fast growth rate and can reproduce both sexually and asexually (Clayton, 

1985), allowing for the creation of clonal lines that can be fully characterized and shared 

in a tractable way between laboratories around the world (Weis et al., 2008). Aiptasia 

possesses a collection of molecular information, namely a full genome (Baumgarten et al., 

2015), transcriptomes (Baumgarten et al., 2015; Lehnert et al., 2012) and proteomes 

(Oakley et al., 2015; Simona et al., 2019), as well as several compatible Symbiodiniaceae 

strains, that can be used to re-infect the host and create animals where both host and algae 

are fully known (Bieri et al., 2016; Xiang et al., 2013). Finally, several studies have been 

carried to study the anemone’s physiology in the context of cnidarian-dinoflagellate 

symbiosis (Biquand et al., 2017; Cziesielski et al., 2018; Gegner et al., 2019; Rädecker et 
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al., 2018; Simona et al., 2019).By using such a characterized system, it is possible to 

explore the bacterial microbiome of the holobiont at different levels of resolution, for 

example, differentiate bacterial consortia between different symbiotic states, different host-

algae combinations and different host strains. Moreover, due to the high similarity of 

Aiptasia and corals, it opens the possibility of studying potential beneficial/pathogenic 

bacteria from corals in Aiptasia. Overall, Aiptasia is currently the best coral model system 

candidate to study bacterial symbiosis and foundational work is needed to develop a tool 

box for such purpose. 

 

1.5  Nomenclature clarification 
 
 During the elaboration of the work presented in this dissertation some of the 

organisms used went through nomenclature changes that were reflected across the different 

chapters. Aiptasia pallida’s nomination, Family Aiptasiidae, went through a taxonomic 

revision and former Aiptasia species were synonymized under a new genus, Exaiptasia, 

and renamed Exaiptasia pallida (Grajales and Rodríguez, 2014). Although this new 

nomenclature was adopted in the literature, it was not ratified by the International 

Commission on Zoological Nomenclature. ICZN has now deemed E. diaphana the correct 

designation according to the Principle of Priority (Dungan et al., 2020). To avoid 

confusion, we designate “Aiptasia” referring to the model system and not the species name. 

 Similarly,  the dinoflagellate endosymbionts of the genus Symbiodinium have been 

split into multiple new genera, which correspond to the previous used nomenclature of 

“clades”, all part of the Symbiodiniaceae family (LaJeunesse et al., 2018) . In brief,  

Symbionium belonging to clade A retain the genus name Symbiodinium; clade B is now 
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genus Breviolum ; clade C is genus Cladocopium ; clade D is genus  Durusdinium; clade 

E is genus Effrenium; clade F is genus Fugacium and clade G is genus Gerakladium. 

 

1.6  Objectives 

 The main objective of my PhD dissertation  is to expand the coral model Aiptasia 

as a tractable system to study host-bacteria interactions. This goal arises from the need of 

the coral field for a cnidarian model system sufficiently characterized in terms of bacterial 

habitat and composition, with the potential to be used as 1) a bacteria-depleted screening 

tool to identify and characterize target bacteria functional traits in a cnidarian holobiont in 

vivo, and 2) a surrogate to test BMCs, in isolation or consortia, as potential stress mitigators 

or therapeutic strategy for scleractinian coral diseases. In order to achieve this, I have used 

a set of visualization and molecular tools to characterize Aiptasia’s bacterial microbiome, 

its surface topography and surface mucus layer as a bacterial habitat, and its bacterial 

microbiome’ plasticity under laboratory manipulation.  

 In Chapter 2 the microbiome of Aiptasia strain CC7 was characterized by 16S 

rRNA gene amplicon sequencing, in both symbiotic (with Symbiodiniaceae strain SSB01) 

and aposymbiotic states. Furthermore, isolations of bacterial strains from Aiptasia were 

performed and potential candidates for future experiments were identified.  

 In Chapter 3, I developed a protocol to deplete bacteria from Aiptasia polyps and 

Symbiodiniaceae cultures, which consisted in exposing polyps and algal cultures to 

antibiotic cocktails and the subsequent characterization of the bacterial communities of 

antibiotic-treated animals through culture dependent and independent techniques. As a 

proof of principle, I inoculated bacteria-depleted Aiptasia polyps with both endogenous 

and exogenous bacterial isolates (from the original host and from coral tissues, 
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respectively) and assessed their persistence and microbiome dynamics over 1 day, 3 days 

and 7 days post-inoculation using 16S rRNA gene amplicon sequencing.  

 In Chapter 4, I performed a comparative study on the surface topography of several 

cnidarian ectoderms, namely different anthozoan model systems (Aiptasia, Hydra 

magnipapillata and Nematostella vectensis) and scleractinian corals (Stylophora pistillata, 

Acropora humilis, and Porites sp.) through scanning electron microscopy (SEM), to 

underpin ultrastructural differences and similarities. Moreover, complementary 

transmission electron microscopy (TEM) analysis was carried in Aiptasia to further 

characterize the epidermal-surface mucus layer region to further explore it as a 

microhabitat for bacteria. Finally, I performed a microbiome transplant from two 

scleractinian coral species, Acropora humilis and Porites sp.,  to bacteria-depleted 

symbiotic and aposymbiotic Aiptasia. I then evaluated the resulting microbiome of 

inoculated animals and determined the active bacterial taxa that persisted in the system 

after 7 days of transplantation through RNA-based 16S rRNA amplicon sequencing. 
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2.1 Abstract 

Coral reefs are in decline. The basic functional unit of coral reefs is the coral 

metaorganisms or holobiont consisting of the cnidarian host animal, symbiotic algae of the 

genus Symbiodinium, and a specific consortium of bacteria (among others), but research 

is slow due to the difficulty of working with corals. Aiptasia has proven to be a tractable 

model system to elucidate the intricacies of cnidarian-dinoflagellate symbioses, but 

characterization of the associated bacterial microbiome is required to provide a complete 

and integrated understanding of holobiont function. In this work, we characterize and 

analyze the microbiome of aposymbiotic and symbiotic Aiptasia and show that bacterial 

associates are distinct in both conditions. We further show that key microbial associates 

can be cultured without their cnidarian host. Our results suggest that bacteria play an 

important role in the symbiosis of Aiptasia with Symbiodinium, a finding that underlines 

the power of the Aiptasia model system where cnidarian hosts can be analyzed in 

aposymbiotic and symbiotic states. The characterization of the native microbiome and the 

ability to retrieve culturable isolates contributes to the resources available for the Aiptasia 

model system. This provides an opportunity to comparatively analyze cnidarian 

metaorganisms as collective functional holobionts and as separated member species. We 

hope that this will accelerate research into understanding the intricacies of coral biology, 

which is urgently needed to develop strategies to mitigate the effects of environmental 

change. 
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2.2 Introduction 

 Coral reefs are biodiversity hotspots of enormous ecological and economic 

importance. In these ecosystems, corals are the foundation species that build the calcium 

carbonate skeletons that give rise to the massive three-dimensional reef structures 

providing a habitat for millions of species (Reaka-Kudla et al., 1996) and economic activity 

worth around US$ 5.7 billion each year for Australia's Great Barrier Reef alone (Hoegh-

Guldberg, 2015). However, reef ecosystems are under threat due to a combination of local 

(e.g., overfishing, pollution) and global (e.g., ocean warming and acidification) factors 

(Hughes et al., 2003). While unusually high sea surface temperatures cause coral bleaching 

(i.e., the disruption of the coral-algal symbiosis resulting in algal expulsion and tissue 

whitening), pollution may cause coral disease and facilitate bleaching susceptibility from 

high nutrient loads or other toxic substances (Negri et al., 2011;Vega Thurber et al., 2014). 

In the Caribbean, 80% of coral cover has been lost over the last decades (Gardner et al., 

2003). Despite a reasonably good understanding of the environmental conditions that are 

harmful to corals, we are still missing knowledge on the cellular and molecular basis of 

coral bleaching and disease, and the contributions of microbes to stress resilience 

(Mouchka et al., 2010;Bourne et al., 2016), information that is critical to conceive 

strategies for mitigating future reef loss. 

 The basic functional unit of stony corals is the coral holobiont, consisting of the 

cnidarian-animal host, its intracellular dinoflagellate algae of the genus Symbiodinium, and 

a specific consortium of associated microbes, including bacteria, archaea, fungi, and 

viruses (among other organisms) (Rohwer et al., 2002). While the dependency on a 

functional symbiosis between the animal host and its photosynthetic algae has long been 
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acknowledged (Trench, 1993), the importance of bacterial microbes has only recently been 

elucidated in more detail (Rosenberg et al., 2007;Raina et al., 2009;Ritchie, 2011;Jessen et 

al., 2013;Rädecker et al., 2015;Röthig et al., 2016;Ziegler et al., 2016). Sparked by the 

development of new genomic tools (e.g., next-generation sequencing), recent years have 

brought a changing understanding in life sciences (McFall-Ngai et al., 2013). The common 

notion is that all animals and plants are metaorganisms that critically depend on living 

together with a highly diverse and specific group of microbes that provide functions related 

to metabolism, immunity, and environmental adaptation, among others (McFall-Ngai et 

al., 2013). These metaorganisms or holobionts cannot be understood in isolation, but must 

be studied as a consortium of organisms, i.e. as hosts and associated microbes. 

Consequently, interactions and communication mechanisms among holobiont members 

presumably play a major role in maintaining host health and microbiome stability. 

 One of the reasons why progress is slow on gaining a better insight into the 

molecular mechanisms governing holobiont function is due to the difficulties of working 

with corals. For instance, corals are difficult to grow in culture, have long generation times, 

and are difficult to be kept without their associated algal symbionts, prohibiting the study 

of a non-symbiotic 'control' or 'reference' state (Voolstra, 2013). To this end, the sea 

anemone Aiptasia has emerged as a tractable laboratory model to study coral symbiosis 

(Weis et al., 2008). A key aspect is Aiptasia's ease of culturing and flexibility in its 

symbioses (e.g., Aiptasia can host the same algal symbionts as corals), allowing the 

comparative analysis of symbiotic and non-symbiotic states side-by-side in a laboratory 

context (Voolstra, 2013). In this regard, the recent assembly and analysis of the Aiptasia 
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genome provides a foundation for its role as a model for coral biology (Baumgarten et al., 

2015), but characterization of the associated bacterial microbial community is missing. 

 In order to further contribute to the establishment of Aiptasia as a model system for 

coral symbiosis and to contribute to the characterization of the entire Aiptasia holobiont, 

we set out to analyze the bacterial community associated with Aiptasia. To do this, we 

compared bacterial communities from Aiptasia strain CC7 that are aposymbiotic and 

symbiotic with the Symbiodinium strain SSB01 (species S. minutum) (Xiang et al., 

2013b;Baumgarten et al., 2015) to investigate how microbial assemblages may change with 

symbiotic state. Last, we report on the generation of culturable isolates from bacterial taxa 

of the microbial community providing the opportunity to study host-microbe interactions 

in detail. 
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2.3 Materials and Methods 

2.3.1 Animal rearing 

 Aposymbiotic and symbiotic Aiptasia of the clonal strain CC7 were generated and 

reared as described previously (Baumgarten et al., 2015). Briefly, aposymbiotic animals 

were obtained through repetitive cold-shock by addition of 4 °C cold autoclaved freshly 

collected seawater (AFSW) from the Red Sea and subsequent incubation at 4 °C for 4 h. 

Anemones were then treated for 1-2 days with 50 µM of the photosynthesis inhibitor diuron 

(Sigma-Aldrich, St. Louis, MO, USA) at 25 °C in AFSW. Aposymbiotic Aiptasia were 

raised in 1 liter AFSW-tanks at 25 °C in the dark for more than one year, fed Artemia twice 

weekly, and supplied with  AFSW the day after feeding. Symbiotic Aiptasia were generated 

by infecting aposymbiotic animals with the clade B Symbiodinium strain SSB01 (Xiang et 

al., 2013a) at a final concentration of 104 algal cells mL-1. Following infection, symbiotic 

animals were transferred to a 12 h light : 12 h dark incubator (20-40 µmol photons m-2 s-1 

of photosynthetically active radiation) at 25 °C and fed Artemia twice weekly. Two weeks 

prior to the start of the experiment, aposymbiotic and symbiotic Aiptasia were cultured in 

6 multiwell cell culture plates (3-5 organisms per well in 6 mL AFSW), kept on a 12 h light 

: 12 h dark cycle at 25 °C, and repeatedly tested for Symbiodinium re-infection by 

fluorescent microscopy (Leica DMI3000 B). Additionally, aposymbiotic Aiptasia were 

regularly tested for the presence of Symbiodinium via PCRs with Symbiodinium-specific 

primers. Five days prior to experiments food supply was ceased to avoid Artemia 

contamination. 

2.3.2 Bacterial microbiome - DNA isolation and 16S rRNA gene sequencing 
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 For bacterial DNA isolation from anemones, five aposymbiotic and five symbiotic 

Aiptasia polyps of ~0.8 cm length were collected from the respective multiwell plates with 

a Pasteur pipette and transferred into 1.5 mL microtubes, washed thrice with AFSW, and 

remaining water was carefully removed. All 10 microtubes holding the polyps were 

transferred to -20 °C. Aiptasia samples were crushed while thawing using a 10 µL pipette 

tip, and subsequently 400 µL AP1 buffer (DNeasy Plant Mini Kit, Qiagen) were added. 

DNA extraction was performed according to the manufacturer’s instructions. For bacterial 

DNA isolation from water, 300 mL water were collected from each AFSW-container in 

which symbiotic and aposymbiotic anemones were reared. The collected water was firstly 

filtered through a 40 µm cell strainer (BD, Franklin Lakes, NJ, USA) to remove debris, 

and then through a 0.22 µm Durapore PVDF filter (Millipore, Billerica, MA, USA). Filters 

were frozen at -20 °C, thawed, cut in strips using a sterile razorblade, and transferred into 

2 mL microtubes. 400 µL AP1 buffer were added (DNeasy Plant Mini Kit, Qiagen, Hilden, 

Germany) and the microtubes were incubated on a rotating wheel for 20 min. Further 

procedure followed the manufacturer’s instructions (DNeasy Plant Mini Kit, Qiagen). 

DNA concentrations of samples were quantified on a NanoDrop 2000C spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA, USA). To generate 16S rRNA gene amplicons 

for sequencing, we targeted the variable regions 5 and 6 of the 16S rRNA gene using the 

primer pair 784F [5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-

AGGATTAGATACCCTGGTA ’3] and 1061R [5’ 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-CRRCACGAGCTGACGAC 

‘3] (Andersson et al., 2008) with Illumina (San Diego, CA, USA) adaptor overhangs 

(underlined above). For each sample, PCRs were performed in triplicate using the Qiagen 
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Multiplex PCR kit, between 10 and 80 ng template DNA, a primer concentration of 0.5 

µM, and a final reaction volume of 25 µL. PCRs were performed as follows: One cycle at 

95 °C for 15 min, 27 cycles each at 95 °C for 30 s, 55 °C for 90 s, and 72 °C for 30 s, 

followed by a final extension step at 72 °C for 10 min. Triplicate PCRs for each sample 

were pooled and cleaned with the Agencourt AMPure XP magnetic bead system (Beckman 

Coulter, Brea, CA, USA), and subsequently underwent an indexing PCR to add Nextera 

XT barcoded sequencing adapters (Illumina) according to the manufacturer’s instructions. 

Indexed PCR products were cleaned using the Invitrogen SequalPrep normalization plate 

kit (Thermo Fisher Scientific, Carlsbad, CA, USA) following the manufacturer’s 

instructions and eluted at normalized concentrations (~4 nM) in 20 μl elution buffer and 

pooled in equimolar ratios. Pooled samples were quality checked on the BioAnalyzer 

(Agilent Technologies, Santa Clara, CA, USA) for presence of primer dimers. The library 

was sequenced at 8 pM with 10% phiX on the Illumina MiSeq, 2*300 bp paired-end version 

3 chemistry according to the manufacturer’s specifications. 

 

2.3.3 Bacterial microbiome - analysis 

 The sequence data set comprised 2.48 million sequence reads. Reads were 

demultiplexed and adapters and barcodes were removed in MiSeq Reporter (v. 2.4.60.8). 

Data were imported into mothur version 1.36.1 (Schloss et al., 2009) and 1,239,574 contigs 

were assembled using the ‘make.contigs’ command. Contigs were quality trimmed, i.e. 

sequences with ambiguous nucleotides, sequences with excessively long homopolymers 

(>5), and sequences of insufficient length were removed. Additionally, 432,543 singletons 

were removed. Remaining sequences were aligned against SILVA release 119 (Pruesse et 
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al., 2007), preclustered (2 bp difference) (Huse et al., 2010), and chimeric sequences were 

removed using UCHIME (Edgar et al., 2011). Sequences were classified against the 

Greengenes database (release gg_13_8_99) with a minimum bootstrap of 60 (McDonald 

et al., 2012), and unwanted sequences (i.e., unknown, eukaryota, archaea, mitochondria, 

and chloroplasts) were removed. From the remaining 575,354 sequences alpha diversity 

indices for bacterial communities were calculated in mothur, and the composition of 

samples was compared on the family level by creating stack column plots in R (R Core 

Team, 2014). For taxon-based analysis, samples were subsampled to 11,000 sequences and 

clustered into Operational Taxonomic Units (OTUs) using a 97% similarity cutoff. 

Rarefaction curves, non-metric multidimensional scaling (nMDS), and analysis of 

molecular variance (AMOVA) (Excoffier et al., 1992) were conducted as implemented in 

the software mothur. Differences between alpha diversity indices of samples were assessed 

after testing for normality and homoscedasticity (Shapiro-Wilk and Levene’s test 

performed in R) using one-way ANOVAs (STATISTICA 10, StatSoft Inc.). nMDS results 

were plotted in SigmaPlot 11 (Systat Software, Point Richmond, CA, USA). The 

commands make.shared, classify.OTU, and get.OTUrep were used to create a list of all 

OTUs and their distribution across samples. Based on these data, we obtained a putative 

‘core microbiome’ (i.e., all OTUs present in 100% of all Aiptasia polyps), an aposymbiotic 

microbiome or ‘apobiome' (i.e., all OTUs present in 100% of all aposymbiotic polyps), and 

a symbiotic microbiome or ‘symbiome’ (i.e., all OTUs present in 100% of all symbiotic 

polyps). Of note, the respective OTUs may be members of multiple ‘biomes’ and can be 

present in the water samples. To identify previous occurrences of identical or highly similar 

bacteria, the representative sequence of each OTU occurring in at least one ‘biome’ was 
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BLASTed against NCBI’s GenBank nr and the three best matches were considered (e-

value cutoff e-20). Putative functions encoded in the microbial communities of anemones 

were based on phylogenetic inference and assessed using METAGENassist for automated 

taxonomic-to-phenotypic mapping (Arndt et al., 2012). We created input files in mothur 

using the make.shared and classify.OTU commands. During data processing, OTUs 

present in anemones were assigned, mapped, and condensed into 236 functional taxa in 

METAGENassist. Data were further filtered based on interquartile range (Hackstadt and 

Hess, 2009), and the remaining 225 functional taxa were normalized across samples by 

sum and over taxa by Pareto scaling. We analyzed the dataset for ‘metabolism by 

phenotype’ using the Spearman distance measure to cluster the 15 most differentially 

abundant metabolic processes. 

 

2.3.4 Generation of bacterial cultivates 

 Reared and starved aposymbiotic and symbiotic anemones (see above) were 

collected in 1.5 mL microtubes with 500 µL of sterile seawater, crushed using a pestle, and 

subsequently spread out on either M1 (MO) Agar (10 g Starch, 4 g yeast extract, 2 g 

peptone, 18 g agar, 1 L sterile seawater) or Marine (MA) Agar (55.1 g DifcoTM Marine 

Agar 2216 in 1 L sterile seawater) plates and incubated at 28 ºC for up to 24 h. To determine 

the identity of cultured isolates, bacterial colonies were picked from the agar plates into 96 

well plates using sterile 10 µL pipette tips. Each well contained 10 µL PCR mix (5 µL 

Qiagen Multiplex PCR kit, 1 µM of 27F and 1492R primers, adjusted to the final volume 

with dH2O). The PCR conditions were set as follows: 95 ºC for 15 min, followed by 35 

cycles of each: 30 s at 95 ºC, 90 s at 55 ºC, and 90 s at 72 ºC. A final extension step was 
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set at 72 ºC for 10 min. PCR reactions were cleaned using Illustra ExoStar 1-Step (GE 

Healthcare, Little Chalfont, UK) according to manufacturer’s instructions. Sanger 

sequencing for 16S rRNA gene products was performed by the Bioscience Core Lab (BCL) 

at KAUST using the primer 1492R to yield a 16S rRNA gene partial sequence that aligns 

with the MiSeq amplicon (see above). Sequencing analysis was conducted using 

CodonCode Aligner (v.3.7.1.1). Briefly, *.ab1 files were imported and sequence ends were 

clipped using default quality parameters. To obtain matches between cultured isolates and 

OTUs, a BLAST database (Altschul et al., 1990) was created from all OTU sequences, and 

only hits with 100 % similarity were considered. 
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2.4 Results 

2.4.1 Bacterial community of Aiptasia and rearing water 

 We produced 12 16S rRNA gene libraries containing a total of 1,239,574 sequences 

from 5 aposymbiotic and 5 symbiotic Aiptasia animals and 2 water samples (from both 

rearing conditions, i.e. 1 aposymbiotic and 1 symbiotic). After quality trimming and 

removal of singletons and unwanted sequences, 575,354 sequences with an average length 

of 292 bp were available for subsequent analyses. Classification of sequences on the family 

level revealed noticeable differences between the microbial community associated with 

aposymbiotic and symbiotic anemones (Figure 2.1). On average, aposymbiotic Aiptasia 

were overall dominated by Alteromonadaceae (between 29% and 52%, mean 47%), 

Rhodobacteraceae (between 6% and 15%, mean 11%), and Oceanospirillaceae (between 

1% and 22%, mean 12%). In contrast, microbial communities from symbiotic anemones 

showed an increased amount of Pseudomonadaceae (between 17% and 24%, mean 20%) 

and Dermabacteraceae (between 10% and 15%, mean 12%), but contained noticeably less 

Alteromonadaceae (between 16% and 23%, mean 19%). By comparison, water samples 

were markedly different from all Aiptasia samples and also different from each other. On 

average, water samples were more diverse, i.e. more bacterial families with a more even 

abundance were present (e.g., Alteromonadaceae, Rhodobacteraceae, and unclassified 

families of the order Flavobacteriales and the class Gammaproteobacteria made up >50% 

of sequences). 

 To assess differences between bacterial communities of aposymbiotic and 

symbiotic Aiptasia in more detail, we clustered sequences into operational taxonomic units 

(OTUs) at a 97% similarity cutoff after subsampling to 11,000 reads and calculated alpha 
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diversity indices (Table 2.1, Supp. File S1). We identified a total of 486 OTUs, 379 

associated with Aiptasia (251 OTUs were exclusively found in Aiptasia) and 235 found in 

water (of these 107 exclusively in water) (Supp. File S2). Average Chao1 estimator of 

species richness was significantly higher for aposymbiotic samples than for symbiotic 

samples (average 166 vs. 131, respectively) ( t-test < 0.05). Simpson’s evenness and the 

inverse Simpson index, however, were significantly higher (t-test < 0.05) in symbiotic 

samples (average 0.095 and 11.8, respectively) than in aposymbiotic samples (average of 

0.053 and 8.0, respectively). Water samples showed a higher Chao1 (average 257) and 

inverse Simpson index (average 14.7), but a similar evenness (average 0.059) in 

comparison to Aiptasia samples. Differences in bacterial communities from aposymbiotic 

and symbiotic Aiptasia and water samples were visualized in a non-metric 

multidimensional scaling (nMDS) plot based on the Yue & Clayton theta similarity 

coefficient (Supp. File S3). As expected, we found a clear separation between the water 

samples and all Aiptasia samples (PAMOVA = 0.014) demonstrating the presence of a 

specific and selected microbiome associated with Aiptasia. To focus on differences 

between apo- and symbiotic Aiptasia, we excluded water samples from subsequent 

analyses. 
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1 Table 2.1 - Summary statistics of 16S rRNA gene bacterial community sequencing of 

Aiptasia. 

Sample 

Name 
Chao 1 

Inverse 

Simpson 

Simpson 

evenness 

Apo1 192 8.5 0.048 

Apo2 171 7.7 0.051 

Apo3 168 5.5 0.035 

Apo4 146 5.2 0.038 

Apo5 154 12.9 0.093 

Sym1 138 13.2 0.102 

Sym2 142 12.3 0.088 

Sym3 127 10.9 0.090 

Sym4 112 12.4 0.113 

Sym5 135 10.3 0.081 

WaterApo 280 19.1 0.071 

WaterSym 234 10.3 0.045 
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   2 Figure 2.1 - Bacterial community composition on the phylogenetic level of family 

(Greengenes database, bootstrap ≥60). Each color represents one of the 15 most 

abundant families across all samples. Less abundant families are grouped under ‘others’. 

Pie charts display average bacterial community composition of aposymbiotic (left) and 

symbiotic (right) Aiptasia. Sequences unclassified on the family level are denoted at the 

next higher classified taxonomic level. Numbers in parenthesis demark the number of 

different taxa within the respective families. Apo = aposymbiotic Aiptasia, Sym = 

symbiotic Aiptasia, WaterApo = water from rearing of aposymbiotic Aiptasia, WaterSym 

= water from rearing of symbiotic Aiptasia. 
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2.4.2 Distinct bacterial communities of aposymbiotic and symbiotic Aiptasia 

 Bacterial communities associated with aposymbiotic and symbiotic Aiptasia were 

significantly different in an OTU framework (PAMOVA = 0.008). To further identify OTUs 

associated with different symbiotic states, we determined the ‘core microbiome’ (i.e., all 

OTUs present in 100% of all Aiptasia samples), the aposymbiotic microbiome or 

‘apobiome’ (i.e., all OTUs present in 100% of aposymbiotic Aiptasia), and the symbiotic 

microbiome or ‘symbiome’ (i.e., all OTUs present in 100% of symbiotic Aiptasia) (Figure 

2.2). 

 We identified 24 OTUs in the core microbiome (Table 2.2, Supp. File S2), which 

included the 10 most abundant OTUs, comprising >60% of all OTU sequence counts. We 

next looked for patterns of differential abundance among core microbiome members in 

aposymbiotic and symbiotic Aiptasia, since their relative abundance may indicate 

functional differences (Figure 2.2, Table 2.2). Interestingly, only three OTUs showed a 

comparatively modest fold-change between 1.2- and 1.7-fold (OTU004, OTU010, 

OTU024), while the remaining 21 OTUs, i.e. the vast majority of all core microbiome taxa, 

showed marked differences in abundance (between 2.4- to 18-fold) between aposymbiotic 

and symbiotic anemones. For the ‘apobiome’, we identified 50 distinct OTUs, including 

11 OTUs that were exclusively found in aposymbiotic animals (Supp. File S2). The 50 

bacterial taxa of the ‘apobiome’ represented abundant and rare members of the microbiome 

(mean abundance of 1 – 3318 sequence counts in aposymbiotic conditions). Similarly, the 

‘symbiome’ consisted of 37 OTUs, including only 1 OTU that was exclusively found in 

symbiotic anemones (Supp. File S2). The average abundance of OTUs from the 

‘symbiome’ ranged between 6 and 2173 sequence counts in symbiotic Aiptasia. 
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   3 Figure 2.2 - Aiptasia ‘core microbiome’, ‘apobiome’ (aposymbiotic microbiome), 
and ‘symbiome’ (symbiotic microbiome). Bacterial members were determined by 
assessing presence of OTUs over samples. Only OTUs present in all anemones, all 
aposymbiotic anemones, and all symbiotic anemones were included to the 'core 
microbiome', 'apobiome' (aposymbiotic microbiome), and 'symbiome' (symbiotic 
microbiome).  Each color represents a distinct OTU of the 14 most abundant taxa; 49 rare 
OTUs have been summarized in gray in the category 'others'. 
 

2.4.3 Taxonomy-based functional profiling of bacterial communities in Aiptasia 

 To assess putative functional changes underlying the different bacterial 

communities in aposymbiotic and symbiotic Aiptasia, we used METAGENassist (Figure 

2.3, Supp. File S4). Symbiotic Aiptasia clustered together tightly indicating homogeneity 

in enrichment and depletion of functions. By comparison, aposymbiotic samples seemed 

more diverse and did not cluster together. In particular, one of the samples (Apo5, Figure 

2.3) exhibited higher similarity to the symbiotic samples as indicated by the clustering of 

this sample with symbiotic Aiptasia.  In general, we found processes to be enriched in 

aposymbiotic and depleted in symbiotic samples (e.g., ‘Sulfate reducer’, ‘Sulfide oxidizer’, 

‘Selenate reducer’, ‘Denitrifying’) or vice versa enriched in symbiotic and depleted in 
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aposymbiotic samples (e.g. ‘Sulfur oxidizer’, ‘Chlorophenol degrading’, ‘Degrades 

aromatic hydrocarbons’, ‘Sulfur metabolizing’, ‘Naphthalene degrading’), besides some 

process that were more inconsistent (e.g. ‘Xylan degrader’, ‘Atrazine metabolism’, ‘Iron 

oxidizer’) (Figure 2.3, Supp. File S4). 
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   4Figure 2.3 - Taxonomy-based functional profiling of bacterial communities. 
Heatmap displaying putative functional differences based on the bacterial community 
composition of aposymbiotic and symbiotic Aiptasia. Changes are displayed on a relative 
scale with enrichment in red and depletion in blue. Sym = symbiotic Aiptasia, Apo = 
aposymbiotic Aiptasia. 
 

 

Su
lfa

te
 re

du
ce

r

N
itr

ite
 re

du
ce

r

Su
lfi

de
 o

xi
di

ze
r

D
eh

al
og

en
at

io
n

Se
le

na
te

 re
du

ce
r

D
en

itr
ify

in
g

Su
lfu

r o
xi

di
ze

r

C
hl

or
op

he
no

l d
eg

ra
di

ng

D
eg

ra
de

s 
ar

om
at

ic
 h

yd
ro

ca
rb

on
s

Su
lfu

r m
et

ab
ol

iz
in

g

N
ap

ht
ha

le
ne

 d
eg

ra
di

ng

Iro
n 

ox
id

iz
er

Xy
la

n 
de

gr
ad

er

At
ra

zi
ne

 m
et

ab
ol

is
m

C
hi

tin
 d

eg
ra

da
tio

n

Apo3

Apo4

Apo1

Apo2

Apo5

Sym2

Sym5

Sym1

Sym3

Sym4

−2 −1 0 1 2
aposymbiotic
symbiotic



 

 

60 

 

2 Table 2.2 - Aiptasia core microbiome, apobiome, and symbiome. Members were 

determined by assessing presence of OTUs. Only OTUs considered in all anemones, 

aposymbiotic anemones, and symbiotic anemones were considered for the elucidation of 

the ‘core microbiome’, ‘apobiome’, and ‘symbiome’, respectively. 

 "Core 

microbiome" 
"Apobiome" "Symbiome" Taxonomy (bootstrap value) 

# OTUs 24 50 37   

Otu001 2072 3318 826 unclassified Alteromonadaceae (100) 

Otu002 1236 299 2174 Pseudomonas veronii (88) 

Otu003 792 252 1332 Brachybacterium sp. (100) 

Otu004 668 849 486 Alteromonas sp.(100) 

Otu005 512 827 197 Thalassobius mediterraneus (86) 

Otu006 265 85 445 Alteromonas sp.(100) 

Otu007 560 1003 117 Oceanospirillum sp. (100) 

Otu008 535 175 894 Dietzia sp. (100) 

Otu009 443 108 777 Pelomonas puraquae (100) 

Otu010 428 515 342 Alteromonas sp.(100) 

Otu011 NaM 497 NaM unclassified Cohaesibacteraceae (100) 

Otu012 NaM NaM 495 unclassified Alteromonadales (100) 

Otu013 239 405 73 unclassified Fluviicola (100) 

Otu014 220 414 27 Bacteriovorax sp. (100) 

Otu016 189 74 303 Francisella sp. (100) 

Otu017 179 19 339 Propionibacterium acnes (100) 

Otu018 NaM NaM 95 unlassified Oleiphilaceae (100) 

Otu019 149 270 28 unclassified Rhodobacteraceae (100) 

Otu021 NaM 144 NaM Thalassomonas sp. (100) 

Otu022 NaM 240 NaM Tenacibaculum sp. (100) 

Otu024 77 84 69 Nautella italica (100) 

Otu026 89 145 33 Photobacterium angustum (100) 

Otu027 97 25 168 Gluconacetobacter liquefaciens (100) 

Otu028 81 140 21 Plesiocystis sp. (100) 

Otu029 NaM 83 NaM unclassified Rhodobacteraceae(100) 

Otu031 87 21 152 Brevibacterium aureum (100) 

Otu032 NaM NaM 71 Shimia sp. (100) 

Otu034 NaM NaM 90 Candidatus Rhabdochlamydia sp. (100) 

Otu035 NaM 124 NaM unclassified Bacteriovoracaceae (100) 

Otu037 62 11 114 Acinetobacter guillouiae (99) 

Otu038 62 14 109 Curvibacter sp. (94) 
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Otu040 NaM 81 NaM unclassified Alteromonadales (100) 

Otu041 NaM 73 NaM BD2-13 sp. (100) 

Otu042 NaM NaM 79 Staphylococcus epidermidis (84) 

Otu044 NaM NaM 13 unclassified Acidimicrobiales (100) 

Otu046 34 49 20 unclassified Phyllobacteriaceae (100) 

Otu048 NaM 55 NaM Marinobacter sp. (100) 

Otu052 NaM NaM 47 Sphingobium yanoikuyae (100) 

Otu054 24 7 41 Sphingomonas echinoides (100) 

Otu056 NaM 44 NaM unclassified Flavobacteriaceae(100) 

Otu062 NaM 4 NaM unclassified Piscirickettsiaceae (100) 

Otu067 NaM NaM 31 unclassified Endozoicimonaceae (100) 

Otu071 NaM 27 NaM unclassified GMD14H09 (100) 

Otu073 NaM 17 NaM unclassified Alphaproteobacteria (100) 

Otu075 NaM 10 NaM Pseudoalteromonas porphyrae (100) 

Otu076 NaM 18 NaM Pseudoalteromonas ruthenica (100) 

Otu079 NaM NaM 17 unclassified Sinobacteraceae(100) 

Otu080 NaM 6 NaM unclassified Gemm-2 (100) 

Otu081 NaM 9 NaM unclassified Phyllobacteriaceae (100) 

Otu084 NaM 17 NaM unclassified Bacteriovoracaceae (100) 

Otu085 NaM 12 NaM Cohaesibacter sp. (100) 

Otu086 NaM NaM 6 unclassified Phycisphaerales (100) 

Otu088 NaM NaM 14 Janthinobacterium lividum (100) 

Otu092 NaM 13 NaM Oleibacter sp. (100) 

Otu094 NaM 10 NaM unclassified Flavobacteriales (100) 

Otu098 NaM 10 NaM Ferrimonas sp. (100) 

Otu102 NaM NaM 9 Methylobacterium hispanicum (86) 

Otu104 NaM 7 NaM unclassified Alteromonadaceae(80) 

Otu105 NaM 7 NaM unclassified Cohaesibacteraceae(82) 

Otu112 NaM 2 NaM unclassified Alphaproteobacteria (100) 

Otu121 NaM 2 NaM unclassified Phycisphaeraceae (100) 

Otu122 NaM NaM 5 Brevundimonas diminuta (94) 

Otu213 NaM 1 NaM unclassified Thalassomonas (100) 

 
   

 
NaM = not a member, numbers denote average abundance in respective 'biome'. 
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2.4.4 Cultured Isolates of Aiptasia-associated bacteria 

 In order to enable functional studies on bacteria-host interactions in Aiptasia, it is 

of great benefit to have culturable isolates of bacterial associates, as previously 

demonstrated for Hydra (Fraune et al., 2015). To obtain cultured isolates, we used lysates 

of aposymbiotic and symbiotic animals and compared the isolated bacteria to the native 

microbial community. We retrieved approximately 700 bacterial colonies. Subsequent 16S 

marker gene sequencing and comparison to the native microbiome revealed about 200 

distinct cultivates with a similarity of ≥ 97% (data not shown). Importantly, 14 cultivates 

displayed a similarity of 100% to the 16S rRNA gene amplicon, which were further 

considered (Table 2.3). These 14 OTUs included 3 of the 10 most abundant bacteria (i.e., 

OTU001, OTU004, and OTU006) and were members of the most abundant family 

Alteromonadaceae in aposymbiotic and symbiotic anemones (Table 2.3, Supp. File S2). 

Importantly, we could culture the most abundant member (OTU001) from the core 

microbiome and identified it to the genus Glaciecola, which was possible based on the 

longer Sanger sequence (~900 bp) in comparison to the MiSeq amplicon. The 14 OTUs 

contain 6 OTUs (25%) of the core microbiome, 9 OTUs (18%) of the ‘apobiome’, and 7 

OTUs (19%) of the ‘symbiome’. The use of two different growth media retrieved different 

cultures. For instance, a bacterial cultivate representing OTU001 was obtained from 

bacterial colonies grown on Marine Agar, but not M1 Agar. Further, while Marine Agar 

retrieved a higher taxonomic diversity, M1 Agar showed an increased selectivity for the 

genera Alteromonas and Pseudoalteromonas.  
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3 Table 2.3 - Overview of cultured isolates of Aiptasia-associated bacteria. 

Bacterial 

Isolate 
OTU 

Average 

abundance 

aposymbiotic 

Average 

abundance 

symbiotic  

Annotation MiSeq  Annotation Sanger 

MA2A18, 

MA2S3 

OTU

001 
3318 826 Alteromonadaceae 

Alteromonadaceae; 

Glaciecola sp. 

MOA1, 

MOS1 

OTU

004 
849 436 

Alteromonadaceae; 

Alteromonas sp.  

Alteromonadaceae; 

Alteromonas sp.  

MOA2, 

MOS2 

OTU

006 
85 445 

Alteromonadaceae; 

Alteromonas sp.  

Alteromonadaceae; 

Alteromonas sp.  

MA6S5 
OTU

019 
28 270 

Rhodobacteraceae Rhodobacteraceae 

MA4S4 
OTU

024 
69 84 

Rhodobacteraceae; 

Nautella italica 

Rhodobacteraceae; 

Nautella italica 

MOA3, 

MA6S1 

OTU

026 
145 33 

Vibrionaceae; 

Photobacterium angustum Vibrionaceae; Vibrio sp. 

MA2S4 
OTU

032 
71 4 

Rhodobacteraceae; Shimia 

sp. Rhodobacteraceae 

MA2A12, 

MA2S1 

OTU

048 
55 0 

Alteromonadaceae; 

Marinobacter sp. 

Alteromonadaceae; 

Marinobacter sp. 

MA2S24 
OTU

057 
17 6 

Alteromonadaceae; 

Marinobacter sp. 

Alteromonadaceae; 

Marinobacter sp. 

MA4A2 
OTU

075 
10 10 

Pseudoalteromonadaceae; 

Pseudoalteromonas 

porphyrae  

Pseudoalteromonadaceae; 

Pseudoalteromonas sp.  

MA4A5, 

MOS3 

OTU

076 
18 5 

Pseudoalteromonadaceae; 

Pseudoalteromonas 

ruthenica  

Pseudoalteromonadaceae; 

Pseudoalteromonas 

ruthenica  

MA2A13 
OTU

106 
1 1 

Rhizobiales Hyphomicrobiaceae 

MOS4 

OTU

362 
0 0 

Alteromonadaceae; 

Alteromonas sp.  

Alteromonadaceae; 

Alteromonas sp.  

MA4S9 
OTU

392 
0 0 

Rhodobacteraceae 

Rhodobacteraceae: 

Ruegeria sp. 



 

 

64 

 
   

  
Annotation of family, genus, species (all bootstrap 100). Culture Names: MA = Marine Agar; 

MO = M1 Agar, S/A = extracted from symbiotic/aposymbiotic anemone, number denotes 

respective culture replicate. 
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2.5 Discussion 

2.5.1 The microbiome of Aiptasia 

 Despite the importance of bacteria to animal and plant function (McFall-Ngai et al., 

2013), the microbiome of model systems has only begun to be studied in earnest over the 

past few years. While studies in Hydra magnipapillata show that co-operation between 

host-selected microbes exist (Fraune et al., 2015), the microbiome of Nematostella 

vectensis has only been characterized very recently and functional studies are not yet 

available (Har et al., 2015). Here we describe the microbiome of Aiptasia associated with 

aposymbiotic and symbiotic states. We find that the bacterial microbiome, irrespective of 

the symbiotic state with Symbiodinium, is comprised of a fairly consistent number of OTUs 

(between 96 to 133 OTUs). In Hydra a similar number of OTUs (~100) has been found in 

15 week old polyps (Franzenburg et al., 2013). In corals, numbers of associated OTUs vary 

more pronouncedly between species and prevailing environmental conditions, but are also 

on the order of tens to hundreds of OTUs (Bayer et al., 2013;Jessen et al., 2013;Roder et 

al., 2014;Roder et al., 2015;Neave et al., 2016;Röthig et al., 2016;Ziegler et al., 2016). 

 Although the core microbiome was comparably small, the 24 bacterial taxa made 

up the majority of sequence counts. The ubiquity and high abundance of these OTUs 

suggest functional importance to the animal host, regardless of the symbiotic state. Yet, the 

majority of core microbiome taxa considerably differed in their abundance in aposymbiotic 

and symbiotic anemones. At present, it is unknown why these bacteria display differential 

abundance, but these data suggest a link between the bacterial community and the 

cnidarian-algal symbiosis, strongly arguing to integrate bacterial communities in research 

of the cnidarian-algal symbiosis.  
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Interestingly, Pseudomonas veronii was identified as a highly abundant member of the core 

microbiome (Table 2.3). P. veronii was strongly enriched in a recent study on fungid corals 

exposed to hypersalinity in the Red Sea (Röthig et al., 2016). The repeated association with 

different symbiotic cnidarians might point towards the functional importance of this 

bacterial taxon and makes it an interesting candidate for cultivation and functional studies. 

 We also identified Nautella italica, a bacterial pathogen able to colonize and invade 

different algae (Fernandes et al., 2011;Gardiner et al., 2015), which at least hypothetically 

shows how host-associated bacteria can affect the animal host-algal symbiosis. Many of 

the remaining core microbiome members were found previously associated with corals, 

sponges, echinoids, algae, and sediments (Supp. File S2).  

 In the future, improved resolution of taxonomical classification could be obtained 

by compiling databases harboring sequences specifically associated with cnidarians, as 

done for members of the human intestinal microbiota (Ritari et al., 2015). Recent efforts to 

establish cnidarian-specific databases include the Coral Microbiome Portal (CMP) at 

https://vamps.mbl.edu/portals/coral_microbe/coral.php and reefgenomics.org (Liew et al., 

2016) at http://reefgenomics.org that, besides serving as a data repository for genomics 

data associated with reef organisms, also anticipates to hold microbial data such as those 

arising from the ReFuGe 2020 consortium (Voolstra et al., 2015).  

 

2.5.2 Functional differences associated with the microbial community 

 Interestingly, 4 out of the 15 most pronounced differences in metabolic processes 

were involved in sulfur cycling (i.e., ‘Sulfate reducer’, ‘Sulfide oxidizer’, Sulfur oxidizer’, 

‘Sulfur metabolizing’). Sulfur utilization is enhanced by the presence of Symbiodinium in 
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juvenile corals (Yuyama et al., 2016). Similarly, we argue that symbiotic Aiptasia have 

higher levels of dimethylsulfoniopropionate (DMSP), which accordingly provides a source 

of sulfur for the bacterial community (Supp. File S5). In support, aposymbiotic Aiptasia 

seem unable to produce DMSP as it was only found in symbiotic animals (Van Alstyne et 

al., 2009). Taken together, DMSP is an important substrate of bacterial sulfur cycling 

(Raina et al., 2010), and its increased synthesis in symbiotic Aiptasia likely explains the 

enrichment of sulfur cycling bacteria, as shown previously for coral holobionts (Frade et 

al., 2016). Besides differential abundance of functions related to sulfur cycling, we 

identified differences in nitrogen cycling (Supp. File S5). Nitrogen is a limiting nutrient in 

the coral holobiont and algal symbiont densities are controlled, in part, by nitrogen 

availability (Falkowski et al., 1993;Rädecker et al., 2015). The bacterial processes ‘nitrite 

reduction’ and ‘denitrification’ were increased in aposymbiotic Aiptasia, indicating either 

increased nitrogen availability and/or increased recycling. Given that Symbiodinium is the 

major sink for nitrogen compounds released by the host in symbiotic coral holobionts 

(Pernice et al., 2012), nitrogen may no longer be a limiting factor in aposymbiotic animals. 

Hence, excess nitrogen availability may stimulate growth of denitrifying bacteria, allowing 

for the efficient removal of these nitrogen compounds from the holobiont. Future studies 

using metagenomics and metatranscriptomics to study aposymbiotic and symbiotic states 

have the potential to provide further insight and a more direct assessment of the functional 

attributes of the microbiome (see e.g. Daniels et al., 2015). 

 

2.5.3 Cultured Isolates of Aiptasia-associated bacteria – Towards functional 

microbiome studies  
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 Even though functional studies of corals exist ( Lema et al., 2015;Pollock et al., 

2015), a laboratory model is needed in order to conduct more elaborate studies, such as 

experimental replacement of native bacteria in order to assess functional contribution of a 

specific bacterial species. For this type of experiment, it is essential to obtain bacterial 

cultivates that represent key microbial symbionts. In this study, we could culture a range 

of abundant and rare Aiptasia-associated bacteria, including isolates that were specific to 

the aposymbiotic or symbiotic condition. The cultured isolates here present a starting point 

for functional studies, especially with regard to the notion that abundant and rare bacteria 

in cnidarians are functionally important (Bosch, 2013;Golberg et al., 2013;Fraune et al., 

2015;Glasl et al., 2016). Of note, this is an ongoing effort, and we anticipate that further 

application of different culture media and conditions will enable a much more complete 

cultivation of Aiptasia-associated bacteria. These efforts will be complemented by whole 

genome sequencing of key bacterial associates, as conducted by Har et al. (2015), in order 

to gain further understanding of the putative functions encoded and provided by the 

bacterial microbiome. In addition, an important accompanying step to culturing and 

characterization of bacterial isolates is the generation of axenic Aiptasia that may then be 

used for infection studies with bacterial cultivates in order to unequivocally assign function 

(Fraune et al., 2015), with the ultimate aim of identifying bacteria that affect holobiont 

traits of significance to environmental change, such as those that confer increased 

thermotolerance (Moran and Yun, 2015). 
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2.6 Conclusions 

 The unprecedented decline of coral reef cover in the last decades and in particular 

in recent years has heightened the need to better understand the mechanistic and molecular 

underpinnings of coral holobiont function. The growing popularity of the Aiptasia coral 

model promises to yield new insights and allows for the design of novel experiments, such 

as the comparison of aposymbiotic and symbiotic states. Our data show that aposymbiotic 

and symbiotic Aiptasia harbor distinct bacterial microbiomes with strong implications for 

the coral holobiont, namely that bacteria putatively play an important role in the coral-algal 

symbiosis and that the entire holobiont adjusts to the symbiotic condition. This is further 

corroborated by taxonomy-based functional profiling indicating that the bacterial 

microbiome of symbiotic Aiptasia is highly structured, less variant, and enriched for 

functions of putative relevance to the algal symbiosis. We hope that cultivation of members 

of the bacterial community of Aiptasia provides a foundation to conduct functional studies 

with the aim of better understanding the contributions of bacteria to holobiont function and 

identifying the members that are critical for environmental resilience of Aiptasia, and by 

extension of stony corals. 
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2.8 Supplementary Material 

The Supplementary Material for this article can be found online 

at: https://www.frontiersin.org/article/10.3389/fmars.2016.00234/full#supplementary-

material 

Supplementary Data Sheet 1. Rarefaction curves illustrating OTU richness as a 

function of sequencing depth for subsampled dataset (n = 11,000 sequences per 

sample). 

Supplementary Data Sheet 2. OTU abundance counts over samples with annotation, 

reference OTU sequence, and affiliation to “core microbiome”, “apobiome” 

(aposymbiotic microbiome), and “symbiome” (symbiotic microbiome). For OTUs 

constituting a member of any “biome,” the closest BLASTn match for the reference OTU 

sequence including source environment and available literature is denoted. 

Supplementary Data Sheet 3. Non-metric multidimensional scaling (nMDS) plot of 

bacterial communities of aposymbiotic and symbiotic Aiptasia and water samples. 

Clustering of samples based on Yue & Clayton theta similarity coefficient of microbial 

community abundances (R2 = 0.95, lowest stress = 0.108). 

Supplementary Data Sheet 4. Taxonomy-based functional profiling of bacterial 

communities on average bacterial community composition of aposymbiotic and 

symbiotic Aiptasia. Heatmap displaying putative functional differences based on the 

bacterial community composition of aposymbiotic and symbiotic Aiptasia. Changes are 

displayed on a relative scale with enrichment in red and depletion in blue. Sym, 

symbiotic Aiptasia, Apo, aposymbiotic Aiptasia. 

Supplementary Data Sheet 5. Conceptual model of cnidarian holobiont functioning 

and differences between aposymbiotic and symbiotic states (model extended 

from Rohwer et al., 2002). Functions proposed in the original conceptual holobiont model 

are in black, putative functions related to the presence of Symbiodinium in green, functions 

enriched in aposymbiotic Aiptasia in red, and functions present in the aposymbiotic and 

symbiotic state in gray. 



 

 

81 
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The developed protocols in this chapter can be found in the Appendix section (Files 2 and 

3) and were published online: 

1- Rúben M Costa, Anny Cárdenas, Christian Voolstra (2019). Protocol for bacterial 

depletion of Aiptasia anemones - Towards the generation of gnotobiotic/germ-free 

cnidarian host animals. protocols.io dx.doi.org/10.17504/protocols.io.7mrhk56 

2- Rúben M Costa, Cátia Fidalgo, Anny Cárdenas, Jörg C. Frommlet, Christian 

Voolstra (2019). Protocol for the generation of axenic/bacteria-depleted 

Symbiodiniaceae cultures. protocols.io dx.doi.org/10.17504/protocols.io.87khzkw 

 

Author Contributions: 
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contributed reagents/materials/analysis tools. RC, AC, JCF*and CRV wrote the protocols. 

All authors read and approved the final protocols.*Exclusively for protocol 2. 
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3.1 Abstract 

 The coral metaorganism or holobiont, is comprised of the coral animal host, 

photosynthetic dinoflagellate endosymbionts of the family Symbiodiniaceae, and a suite of 

bacteria among other microorganisms. Functional microbial interaction studies in the 

holobiont are being hindered by the difficulty of keeping corals in aquaria, a lack of 

functional tools, and available methods to manipulate bacterial associations in a cnidarian 

host. We have previously described the bacterial microbiome of the coral model Aiptasia 

(strain CC7) in both aposymbiotic and symbiotic states. In this chapter we propose Aiptasia 

as a model system prone to bacterial manipulation through the generation of bacteria-

depleted anemones and cultured Symbiodiniaceae strains. We further tested re-inoculation 

capacity by exposing depleted anemones to both endogenous and exogenous bacteria and 

followed their persistence and colonization for seven days. Our results show that the 

established bacterial depletion protocols render anemones with no bacterial detection using 

both culture dependent and independent techniques after seven days of treatment and 

recovery. Moreover, our reinoculation experiment shows the capacity for depleted animals 

to uptake inoculated bacteria introduced in their sorrowing environment, where they were 

detected up to 7 days after inoculation by 16S gene amplicon sequencing. Finally, our 

results open to discussion the notion of sterility of “germ-free” systems that are obtained 

through treatment of adult contaminated specimens. The methods developed in this chapter 

set the path towards other bacterial manipulation experiments, and have the potential to 

help to identify novel beneficial bacteria for corals using a depleted, tractable, in vivo 

anthozoan model system.  
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3.2 Introduction 

 To understand the coral holobiont, and create successful mitigation strategies to 

protect these metaorganisms from the effects of anthropogenic-driven climate change, the 

understanding of each holobiont component and their respective functions is pivotal 

(Hughes et al., 2020; Rohwer et al., 2002; Rosenberg et al., 2007; Voolstra and Ziegler, 

2020). Particularly, bacterial symbionts have been proposed to play important functional 

roles on the coral holobiont, contributing to its stress resilience (Bang et al., 2018; 

Pogoreutz et al., 2020). Therefore, it has been suggested that manipulation of bacterial 

symbionts (e.g probiotics) to increase resistance and survival of scleractinian corals, could 

be a useful therapeutic strategy (Peixoto et al., 2017; Rosado et al., 2018).  The path 

towards host-microbiome manipulation in cnidarians has been firstly paved using the 

hydrozoan Hydra sp. (Fraune et al., 2009). The initial discovery that Hydra’s bacterial 

microbiome was conserved within the same species, even when comparing wild type and 

lab grown strains suggested these cnidarians could be able to actively select their bacterial 

symbionts (Fraune and Bosch, 2007). The idea gained strength after evidence that Hydra 

was able to produce a suite of peptides that could shape its microbial community, in some 

cases even at the bacterial species level (Augustin et al., 2017; Franzenburg et al., 2013b). 

Moreover, the temporal bacterial colonization of Hydra hatchlings followed a precise 

temporal pattern, similar to the ones of human fecal communities after birth, further 

suggesting a role of the host in modulating its microbiome (Franzenburg et al., 2013a). The 

early development of a germ-free protocol for the symbiotic green Hydra (Rahat and 

Dimentman, 1982) was quickly applied to Hydra vulgaris. In the latter, selected bacterial 

symbionts were shown to confer resistance to fungal infection, even acting synergistically 
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with other bacteria within the community to protect the host (Fraune et al., 2014). 

Moreover, the fact that Hydra’s microbiome was dominated by Curvibacter sp. made 

possible the accurate estimation of Hydra’s carrying capacity and bacterial colonization 

dynamics of the polyp through genetic engineering of this bacterial isolate (Wein et al., 

2018) . All the knowledge related to host-bacteria interactions acquired using Hydra as a 

model system took over two decades to compile and is not met by any other model 

cnidarian to date. In recent years, the need of having similar knowledge on anthozoans, 

particularly that would translate to scleractinian corals, led to the proposal of sea anemones 

as potential coral model systems. The starlet sea anemone Nematostella vectensis, an 

established cnidarian model system to study tissue arrangement,  nervous system and 

overall metazoan development (as reviewed by Layden et al., 2016), has recently had its 

microbiome described and studied (Domin et al., 2018; Har et al., 2015). Similarly, 

Aiptasia (sensu Exaiptasia diaphana) has also emerged as a potential model system to 

study coral-bacteria symbiosis, with the added feature of performing symbiosis with the 

same (or similar) zooxanthellae (Voolstra, 2013; Weis et al., 2008). However, more tools 

complementary to diversity description studies (Brown et al., 2017; Herrera et al., 2017; 

Röthig & Costa et al., 2016a) need to be developed in order to establish Aiptasia as a coral 

model system for studying  host-bacteria interactions. With this work, we aimed to 

disassemble the Aiptasia holobiont by generating axenic strains of both Aiptasia and 

Symbiodiniaceae, as well as to test the suitability of  axenic polyps to be recolonized by 

bacterial isolates of both endogenous and exogenous nature. Our results are vital to assess 

the feasibility of  future studies involving more complex inoculations, such as full 

microbiomes or artificial bacterial assemblages. 
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3.3 Material and Methods 

3.3.1 Aiptasia rearing 

 Aposymbiotic (i.e., without Symbiodiniaceae) Aiptasia of the clonal strain CC7 

were generated and reared as described previously (Baumgarten et al., 2015). Briefly, 

aposymbiotic animals were generated through repeated 4h cold‐shocks at 4°C and 

treatment with 50 μM of the photosynthetic inhibitor diuron (Sigma‐Aldrich, USA). 

Aposymbiotic animals were maintained in the dark and were routinely inspected by 

fluorescence microscopy (Leica DMI3000 B, Leica Biosystems, Germany) to confirm the 

absence of zooxanthella. All anemones were kept in autoclaved natural seawater (SSW) 

and reared in 1-liter tanks at a 12h:12h light:dark cycle at 20-40 µmol photons m−2s−1 of 

photosynthetically active radiation at 25°C in an incubator (I-36LLVL, Percival Scientific 

Inc., US). Aposymbiotic animals were fed Artemia nauplii twice a week.  

 

3.3.2 Generation of bacteria-depleted Aiptasia 

 To render bacteria-depleted animals, aposymbiotic polyps were subjected to 

different antibiotic treatments. A summary table of the antibiotics used and the different 

cocktail formulations tested are listed in Table 3.1. Cocktail number 3 was chosen to carry 

on further experiments. Before antibiotic treatment, animals were subjected to a depletion 

priming step by being taken from the rearing tanks and washed extensively with autoclaved 

natural seawater (SSW) to reduce their surface bacterial cargo through mucus shedding. 

Further, animals were transferred to a new tank and fed exclusively with sterile 

decapsulated Artemia nauplii for 4 weeks. Artemia cysts were rendered sterile through a 

process of decapsulation by hypochlorination and antibiotic treatment, adapted from the 

literature (Dhont and Stappen, 2003; Sorgeloos et al., 1977) (Supplementary Figure 3.1). 
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Briefly, cysts were hydrated for 1h in tap water with aeration, before the addition of 

household bleach (sodium hypochlorite 5,24%) and mixing through aeration until cysts 

changed color. Cysts were then strained, rinsed extensively in tap water, rinsed a final time 

in MiliQ water and finally incubated in antibiotic solution (cocktail number 3, Table 2.1) 

for 30 min, before being strained and transferred to an autoclaved saturated brine solution 

(>40% NaCl (w/v)). Cysts were hatched under sterile condition and fed to primed Aiptasia 

aposymbiotic polyps.  For antibiotic treatment, individual polyps were then plated in 24-

well plates, one polyp per well, and incubated with the antibiotic cocktail for 7 days at 12 

h light: 12 h dark incubator (20–40 µmol photons m−2 s−1 of photosynthetically active 

radiation) at 25ºC, with daily media exchange during the dark period to reduce antibiotic 

photodegradation. Wells were cleaned with 70% ethanol-soaked swabs and rinsed 1 time 

with SSW before each media exchange. After 7 days of treatment, animals were recovered 

in SSW for 24h before their bacterial cargo being tested (time point T0).  Bacteria depletion 

was tested by both culture dependent and independent methods, by plating random depleted 

anemone lysates in Marine Agar (Difco™ Marine Agar 2216, BD, USA) and by PCR of 

the 16S rRNA gene (27F-1492R primers) and PCR products were run by electrophoresis 

in a 1% (w/v) agarose gel. Absence of colony forming units (CFU) and amplification 

assessed by gel electrophoresis indicated successful treatment. An extended step-by-step 

protocol, with detailed methods and reagents was published and can be accessed online 

(Costa et al., 2019a) (Appendix, File 2). 

 

3.3.3 Generation of axenic cultures of Symbiodiniaceae 
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 Available Symbiodiniaceae cultures (see Table 3.2) were streaked in Guillard’s 

(F/2) (Sigma, USA) Marine Agar ( 1x F/2 in Difco™ Noble Agar 214230 (BD, USA), as 

per manufacturer instruction)  and incubated for 2 to 3 weeks in 12 h light: 12 h dark cycle 

at 35–150 µmol photons m−2 s−1 of photosynthetically active radiation at 25ºC (or at the 

optimal temperature of the Symbiodiniaceae strain) in an incubator (I-36LLVL, Percival 

Scientific Inc., US), until single colonies have formed. Single colonies were picked and 

inoculated in liquid F/2 medium and incubated as before until a concentration of 105-106 

cells/ml was reached. Cultures were split 1:9 in F/2 supplemented with 50 µg/ml 

carbenicillin, 50 µg/ml erythromycin, 50 µg/ml rifampicin, 30 µg/ml nalidixic acid and 25 

µg/ml of the antifungal nystatin and incubated for 7 days. After 7 days, 1 ml of the cultures 

was rinsed twice with 0.2 µm filtered artificial sea water and resuspended in 9 ml of F/2 

medium for recovery. Once optimal cell density was achieved, recovered cultures were 

spun down, washed twice, resuspended in F/2 and plated in F/2 Agar supplemented with 

50 µg/ml streptomycin, 100 µg/ml ampicillin and 200 µg/ml gentamicin. After allowing 

single picked colonies to recover in F/2, 1ml of culture supernatant was plated in Marine 

Agar (Difco™ Marine Agar 2216, BD, USA)  to check for bacterial contamination. Plates 

were incubated at 25ºC from 7 to 14 days to assess bacterial growth. An aliquot of the 

cultures was also taken for DNA extraction using the DNeasy Plant mini kit (Qiagen, 

Germany) and sterility was assessed by a 30cycle PCR of the 16S rRNA gene using 2 sets 

of primers, 27F/1492R and 63F/1542R in the conditions previously described by (Xiang et 

al., 2013), using 10ng of DNA template quantified using Qubit HS DNA kit (Invitrogen, 

USA). PCR products were run by electrophoresis in a 1% (w/v) agarose gel. A detailed 

step-by-step protocol, reagent references, solution compositions and variations used for 
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specific Symbiodiniaceae strains can be assessed in the available published protocol (Costa 

et al., 2019b) (Appendix, File 3). 

 

3.3.4 Inoculation of endogenous and exogenous bacterial isolates in Aiptasia 

 Bacteria-depleted aposymbiotic Aiptasia polyps (N=6) were inoculated with 105 

bacterial cells/ml from 2 different sources: Alteromonas sp., a strain isolated from CC7-

SSB01 polyps (See Chapter 1, OTU10), which belonged to the 10 most abundant OTUs in 

the native system, both in symbiotic and aposymbiotic states (See Chapter 1); 

Endozoicomonas sp. strain 6C, isolated from the Red Sea coral Acropora humilis and that 

is absent in Aiptasia’s microbiome (Pogoreutz et al. under preparation). A schematic of the 

experimental design is presented in Figure 3.1. Bacterial cell numbers for the preparation 

of inocula were obtained by flow cytometry. Briefly, each inoculum was stained using 1µM 

of dye for 10 min and gated events were defined using 1µm and 2µm reference beads 

(F13839, Thermo Fisher Scientific, USA) in forward scatter (FSC) vs side scatter (SSC), 

and acquired in the PerCP-PI channel using a BD FACSCanto II flow cytometer (BD, 

USA). Bacterial numbers were calculated after gravimetric calibration of the flow rates and 

using the positive events acquired using the defined gating strategy. Inocula were diluted 

to 105 bacterial cells/ml and 1ml of the inocula was added to each polyp individually, in a 

24-well tissue culture plate (Corning, USA). After 24 hours of incubation, inocula were 

taken out and animals were washed 1 time with ASW and then sampled 1 day, 3 days and 

7 days after inoculation to evaluate the isolates persistence on the system. Collected 

samples were flash frozen in liquid nitrogen and stored at -80ºC until used.  
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   5 Figure 3.1 - Schematic of single bacterial isolate inoculation experiment. Orange 

represents animals in tank rearing conditions (further referred to as “Ctrl_TK”); Yellow 

represents primed animals with ceased feeding throughout the experiment (further referred 

as “Ctrl_NoFeed”); Green animals represent antibiotic treated polyps at T0: 7 days of 

antibiotic treatment + 1 day recovery in SSW (further referred as “AB”); Blue represents 

inoculation with endogenous Alteromonas sp. (further referred as “Alt”); Pink represents 

inoculation with exogenous Endozoicomonas sp, isolated from the scleractinian coral 

Acropora humilis (further referred as “End”). Animals were inoculated for 1d from T0, 

after which inocula were removed and substituted for SSW for a total of 7 days. Polyps 

were samples at 1d, 3d and 7 days post inoculation. 

 

3.3.5 DNA isolation and 16S rRNA gene amplicon sequencing 

 16S rRNA gene amplicon sequencing analysis was conducted in selected polyps 

(Ctrl_TK: n=4; Ctrl_NoFeed: n=4; AB: n=4; Alt_1d: n=4; Alt_3d: n=3; Alt_7d: n=3; 

End_1d: n=4; End_3d: n=3; End_7d: n=3), in addition to rearing seawater and no template 

negative controls. Total DNA was extracted using the DNeasy Blood & Tissue kit (Qiagen, 

Germany). Briefly, polyps were thawed in 400 µl of  AP1 buffer (DNeasy Plant Mini Kit, 
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Inoculations: Collection points:

Tank

15d

7d

7d3d1d

N=6



 

 

90 

Qiagen, Germany) and quickly homogenized using a motorized sterile plastic pestle and 

DNA was extracted following manufacturer’s instructions. For bacterial DNA isolation 

from sterile seawater (SSW), 300 ml of SSW were collected from the container in which 

aposymbiotic anemones were reared. The collected water was firstly filtered through a 40 

µm cell strainer (BD Biosciences, USA) to remove debris, and then through a 0.22 µm 

Durapore PVDF filter (Millipore, USA). Filters were frozen at -20 °C, thawed, cut in strips 

using a sterile razorblade, and transferred into 2 ml microtubes. 400 µL AP1 buffer were 

added (DNeasy Plant Mini Kit, Qiagen, Germany) and the microtubes were incubated on 

a rotating wheel for 20 min. Further procedure followed the manufacturer’s instructions. 

DNA concentrations of samples were quantified using Qubit dsDNA HS kit (Thermo 

Fisher Scientific, USA). For amplification of 16S rRNA gene, the primers 784F and 1061R 

(Andersson et al., 2008; Bayer et al., 2013) with MiSeq 16S adapter sequences were used 

(forward:5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGATTAGATACCCTGGTA

-3’; reverse: 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCRRCACGAGCTGACGAC-

3’; Illumina overhang adaptor sequences are underlined). PCR reactions were performed 

in triplicate using the Qiagen Multiplex PCR kit (Qiagen, Germany) using between 10 and 

80 ng template DNA, a primer concentration of 0.5 µM, and a final reaction volume of 20 

µL. PCRs were performed as follows: 1 cycle at 95°C for 15 min, 27 cycles each at 95°C 

for 30 s, 55°C for 90 s, and 72°C for 30 s, followed by a final extension step at 72°C for 

10 min. Triplicate PCRs for each sample were pooled and cleaned with illustra ExoProStar 

(GE Healthcare, USA). Samples were subsequently indexed for 8 PCR cycles using 
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Nextera XT barcode sequencing adapters (Illumina, USA). Indexed PCR products were 

normalized using Invitrogen SequalPrep normalization plates (Thermo Fisher Scientific, 

USA) and pooled in equimolar ratios. Pooled samples were checked for the presence of 

primer dimers on a BioAnalyzer (Agilent Technologies, USA) before sequencing. The 

library was sequenced at the KAUST BioScience Core Lab using 2x300 bp at 6 pM with 

20% phiX on the Illumina MiSeq (version 3 chemistry) according to the manufacturer’s 

specifications. 

 

3.3.6 16S rRNA gene amplicon analysis 

 The sequence data set obtained for all samples analyzed  comprised 4.13 million 

sequence reads. Sequence reads were demultiplexed and adapters and barcodes were 

removed. Resulting sequences were then processed using mothur v.1.39.5 (Schloss et al., 

2009). Briefly, paired-end sequences were assembled using the “make.contigs” command, 

subsequently trimmed to exclude sequences <200 bp, and rare sequences (appearing once 

across the entire sequencing dataset) were removed. The remaining sequences were then 

aligned to the SILVA database (version 132) using “align.seqs”, pre-clustered allowing a 

2 nt difference, and chimeric sequences were removed using VSEARCH (Rognes et al., 

2016). Taxonomical classification was done using the Greengenes (release gg_13_5_99, 

May 2013)database with a minimum bootstrap of 60. Eukaryotic, archaeal, mitochondrial, 

and chloroplast sequences were removed (final sequence reads 2.07 million) prior to OTU 

clustering using a 97% similarity cutoff. Putative contaminants were determined based on 

their presence in negative controls and removed from all samples. An OTU was considered 

a contaminant if [S relative abundance OTUi in negative controls] / [S relative abundance 
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OTUi in all samples] > 0.1. Beta diversity was examined via principal coordinate analysis 

(PCoA) of Bray-Curtis dissimilarity distances of log(x+1) OTU abundances 

(Supplementary Data 3.1) using the phyloseq package (McMurdie and Holmes, 2013). 

Figures were plotted using R. 
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3.4 Results 

3.4.1 Generation of bacteria-depleted Aiptasia 

 In order to attempt to generate germ-free Aiptasia, different antibiotics targeting 

different bacterial replication mechanisms were used. We first tested the antibiotic mixture 

used to generate germ-free Hydra (Fraune et al., 2014; Rahat and Dimentman, 1982). 

Unfortunately, this mixture failed to render germ-free Aiptasia. Another method used in 

the urochordate Ciona intestinalis was described to render germ-free embryos when 

applied to fertilized eggs (Leigh et al., 2016). Since Aiptasia does not have a closed life 

cycle (larvae do not settle in the laboratory), we adapted and tested the method in both full 

polyps and pedal lacerates of Aiptasia, with none of the tests rendering bacteria-free 

animals. Subsequently, we decided to create different mixtures of 4 different antibiotics in 

sterile sea water (Table 3.2). Aposymbiotic polyps were incubated over a period of 7 days 

in the dark (in order to avoid accelerated antibiotic degradation). Animals were visually 

assessed during the course of the different treatments. Cocktails that rendered polyps with 

signs of stress/death (escaping behavior from the well, curled tentacles, retracted bodies or 

full disintegration) were not used for subsequent screening. Animals were given 24h to 

recover in sterile sea water before being reduced to a lysate and screened by inoculation in 

liquid Marine broth to assess bacterial contamination. Cultures were incubated for 30 days 

at 25ºC and OD600 was quantified overtime. From all the cocktails tested, cocktail number 

3 seemed to be the less detrimental for the polyps and that rendered the lowest bacterial 

growth in marine broth after 30 days of incubation, when compared to a positive control. 

A new set of animals was treated again and the treatment efficiency at T0 (7 days of 

treatment + 1 day recovery) was tested again by plating an aliquot of lysate in Marine Agar 
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and by PCR of the 16S rRNA gene. Both techniques showed absence of bacterial 

contamination after the treatment (Figure 3.3 A, B) and we considered the system depleted 

in accordance to other works in the literature. 

 

4 Table 3.1 - Antibiotics tested for the generation of bacteria-depleted Aiptasia. 

*Used to generate germ-free Hydra by (Fraune et al., 2014) 
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µg
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l) 

   Tested Cocktails 

Inhibitory 

pathway 
Group Name 1* 2 3 4 5 6 7 

Cell 

wall 

synthesis 

B-Lactams Ampicillin 50       

 Penicillin  50      

 Carbenicillin   50  50  50 

Lipopeptides Polymyxin B    50  50 50 

Glycopeptides Vancomycin       50 

Protein 

synthesis 

Phenicols Chloramphenicol   50   50 50 

Macrolides Erythromycin  20      

Aminoglycosides Streptomycin 50       

 Neomycin 50       

 Kanamycin    50    

 Gentamycin       50 

Tetracylines Tetracycline     15   

RNA 

synthesis 
Rifamycins Rifampicin 50 50 50 50  50 50 

DNA 

synthesis 

Fluoroquinoles Nalidixic Acid  50 50 30 50  50 

Trimethoprim/ 

Sulfamethoxazole 

Co-trimoxazole 
    10 10 50 
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   6 Figure 3.2 – Sterility tests after selected antibiotic treatment of both Aiptasia and 

Symbiodiniaceae cultures. (A) Aposymbiotic lysates of Control and Depleted animals 

(T0) were plated in Marine agar and incubated for 7 days at 25ºC. Depleted animals showed 

total absence of CFUs in contrast with the “contaminated” tank controls. (B) Comparison 

of hatching water of Artemia cysts before and after decapsulation procedure. (C) 

Representative gel electrophoresis of PCR reactions using extracted DNA from both 

control and depleted aposymbiotic Aiptasia polyps shows no detectable 16S rRNA 

amplification. Aiptasia’s RPL11 gene was used as a host internal control. (D) 

Representative gel electrophoresis of PCR reactions using extracted DNA from both 

control and depleted Symbiodiniaceae cultures as template. Cultures were tested for 

bacterial contamination using 2 sets of 16S rRNA gene primers. Chloroplast 23S rRNA 

was used as internal control. 

 

3.4.2 Generation of bacteria-depleted Symbiodiniaceae cultures 

 Similarly to Aiptasia, Symbiodiniaceae cultures were also treated to in order to 

obtain bacteria-depleted monoclonal cultures. The depletion level achieved using the 

following methods is comparable to what was previously described as an “axenic” culture 

(Figure 3.2, D) (Bieri et al., 2016; Xiang et al., 2013). The treatment was applied to a total 
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of 10 Symbiodiniaceae strains and proved successful in generating bacteria-depleted 

cultures after its application, for an extended period of time (up to 4 weeks), (Table 3.1). 

Tested cultures showed normal growth and photosynthetic efficiency (Fv/Fm) after recovery 

from the treatment (data not shown). Detailed variations of the protocol were developed to 

increase the success of bacterial depletion for different microalgal strains that do not grow 

well on solid media and can be found in the published protocol (Costa et al., 2019b) . Table 

3.2 summarizes relevant information of all strains tested. 
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5 Table 3.2. Tested Symbiodiniaceae strains rendered axenic 

 

Culture Species 

or ITS2 type 

Culture 

collection ID 

Strain 

Origin 

Previously 

reported as 

“axenic”? 

Observations Reference 

370 Symbiodinium 

microadriaticum 

CCMP2467 NCMA No - LaJeunesse, 2001 

- Symbiodinium 

linucheae 

SSA01 Pringle Lab Yes - Bieri et al., 2016 

- Breviolum minutum SSB01 Pringle Lab Yes - Xiang et al., 2013 

74 Breviolum minutum - Warner Lab No - LaJeunesse, 2001 

89 A2 - Warner Lab No Strain does not grow well on solid 

medium 

LaJeunesse, 2001 

146 Breviolum 

pseudominutum  

CCMP3450 Warner Lab No 146 & RT146 are cultures of the 

same strain; strain did not grow 

well on solid medium 

Parkinson et al., 2015 

RT 146 Breviolum 

pseudominutum  

CCMP3450 LaJeunesse 

Lab 

No 146 & RT146 are cultures of the 

same strain; strain did not grow 

well on solid medium 

Parkinson et al., 2015 

351 Breviolum minutum - Warner Lab No - Parkinson et al., 2015 

Mf A2 - Warner Lab No Strain did not grow well on solid 

medium 

Steinke et al., 2011 

Mac702 B2 - Warner Lab No - Santos et al., 2001 
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3.4.3 Uptake of endogenous and exogenous bacterial isolates by bacteria-depleted 

Aiptasia  

 Depleted animals at T0 were inoculated with two distinct bacterial isolates 

consisting of Alteromonas sp. (OTU10 of the microbiome analysis of Aiptasia – See 

Chapter I, (Röthig et al., 2016)), and Endozoicomonas sp. strain 6C, isolated from the Red 

Sea coral Acropora humilis (Pogoreutz et al., under preparation), extensively described as 

a potential beneficial bacterium for corals, highly prevalent in other marine invertebrates 

(Neave et al., 2016; Rossbach et al., 2019), and not present in Aiptasia’s microbiome 

(Röthig et al., 2016). Animals taken from the tank 2 days after feeding (Ctrl_TK) were 

used as controls and polyps with ceased feeding throughout the antibiotic treatments and 

inoculations (Ctrl_NoFeed) were used to assess the influence of feeding on the microbiome 

assemblage. After16S rRNA gene amplicon sequencing and analysis, beta diversity was 

plotted in a nMDS ordination plot using Bray-Curtis dissimilarities (Figure 3.3). Control 

samples taken from the tank show the highest dissimilarity amongst them, demonstrating 

the variability of their bacterial community structure, even when sampled from the same 

microenvironment. No feeding controls show a clearer clustering compared to tank 

controls, indicating that ceased feeding seems to reduce the variability of the bacterial 

cargo of different polyps. Antibiotic treated animals are the group with the lowest degree 

of dissimilarity, indicating that the antibiotic treatment seems to homogenize the detected 

bacterial community. Moreover, antibiotic-treated samples cluster with the SSW sample, 

which suggests that the detected bacterial community in antibiotic treated polyps is 

probably reflecting dead bacterial cells coming from environmental extracellular DNA 
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originating from bursting cells during autoclaving of seawater. Lastly, inoculated animal 

samples seem to cluster by inoculum used rather than by time after inoculation 

 

   7Figure 3.3 - Non-metric multidimensional scaling (nMDS) plot of bacterial 

communities of inoculation experiments.  Ctrl_TK, tank controls (n=4); Ctrl_NoFeed, 

ceased feeding controls (n=4); AB, antibiotic treated anemones (n=4); 

Alteromonas/Endozoicomonas sp. ,inoculated anemones (n=10) ; SSW rearing autoclaved 

natural seawater. Different time points collected are indicated using different symbols. 

Clustering of samples was performed based on Bray-Curtis distances of OTU abundances. 

  

 Regarding community composition, in the top 20 most abundant OTUs (97% 

similarity), animals inoculated with Alteromonas sp. seemed to retain the inoculated 

bacteria overtime, with average abundances greater than 40% after 3 days of inoculation 

and increased to nearly 60% after 7 days (Figure 3.4, A). As for Aiptasia inoculated with 
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Endozoicomonas, 1 day after inoculation, Endozoicomonas had relative abundances 

between 20 to 40%, being the 2nd most abundant OTU. However, its relative abundance 

decreased overtime as bacteria of the genus Alteromonas dominated the community, 

although Endozoicomonas was still detected after 7 days of inoculation.  
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   8Figure 3.4 - Bacterial community composition at the OTU level of both inoculation 

experiments (Greengenes database, bootstrap ≥60). Each color represents one of the 20 

most abundant OTUs across all samples. Remaining OTUs are grouped under “others” in 

grey. Sequences unclassified on the OTU level are denoted at the next higher classified 

taxonomic level. Inoculated isolates are underlined in the color legend. (A) Bacterial 
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community of aposymbiotic Aiptasia re-inoculated with Alteromonas sp. (Alt) (B) 

Bacterial community of aposymbiotic Aiptasia inoculated with Endozoicomonas sp. (End). 

Ctrl_TK, aposymbiotic tank controls; Ctrl_NoFeed, aposymbiotic no feeding controls; AB, 

aposymbiotic antibiotic-treated anemones at timepoint T0 ; SSW, rearing autoclaved 

natural seawater; 1D, 3D, 7D – 1, 3 and 7 days after inoculation.  
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3.5 Discussion 

 Aiptasia is an emerging coral model, which has been increasingly characterized and 

several genomic, transcriptomic, proteomic, symbiotic, physiological, and bacteriological 

resources are available (Baumgarten et al., 2015; Biquand et al., 2017; Gegner et al., 2019; 

Lehnert et al., 2012; Rädecker et al., 2018; Röthig et al., 2016; Simona et al., 2019). In this 

chapter we aimed to expand Aiptasia’s toolbox by developing the protocols necessary to 

disassemble the Aiptasia metaorganism. Furthermore, we assessed the suitability of 

gnotobiotic anemones for re-inoculation with endogenous and exogenous bacterial isolates. 

 

3.5.1 Bacteria-depletion of Aiptasia presented challenges  

 Our initial results showcased the difficulties of developing an axenic organism 

starting from full contaminated specimens. We have firstly tried treatments already 

reported in literature for marine invertebrates, namely the antibiotics applied to the 

hydrozoan Hydra vulgaris and an embryo treatment applied to the urochordate Ciona 

intestinalis (Fraune et al., 2014; Leigh et al., 2016). However, both attempts failed to render 

an axenic specimen, probably due to the difference between fresh and seawater bacterial 

communities (in the case of Hydra) and the already heavily colonized adult Aiptasia polyp 

(compared to the virtually sterile Ciona embryo). Since Aiptasia does not yet have its life 

cycle closed in the laboratory, and antibiotics were the only viable option, we decided to 

test cocktails of multiple antibiotics, each targeting different key bacterial replication 

mechanisms such as cell wall synthesis, protein synthesis, RNA synthesis and DNA 

synthesis in small aposymbiotic polyps (~ 5mm oral disk, 1-2 mg wet weight). Because it 

has previously been showed that Artemia cysts used for feeding can be carriers of bacterial 
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contamination and pathogens (Interaminense et al., 2014), we have also addressed the 

sterilization of food on animals that would undergo bacterial depletion. When looking to 

the tank rearing controls, which were fed 2 days before sampling with regular hatched 

Artemia cysts, it is observed a pronounced variability on the bacterial community of each 

polyp replicate. However, primed polyps fed with sterile food and with ceased feeding for 

15 days show a better clustering, with more similar bacterial communities, indicating that 

food seems to be a cause of detected variability.  

 

3.5.2 Selection of adequate food source and rearing water impacts success of 

antibiotic treatments 

 Interestingly, in regards to the antibiotic treated anemones, even though our culture 

dependent and independent screenings showed no bacterial contamination, 16S rRNA gene 

amplicon sequencing detected a diverse bacterial community in treated animals. However, 

treated animals clustered with the sample of autoclaved natural sea water, which indicates 

that the detected bacterial assemblage might be a mix of dead bacterial cells and /or 

extracellular DNA from the natural seawater community, still present after the autoclaving 

process. In fact, even though DNA from the seawater sample was extracted after filtration 

from a 0.22 µm filter, it has been shown that filters of different materials are able to bind 

to nucleic acids, particularly polycarbonate filters (same used in our experiment) (Liang 

and Keeley, 2013). Even though the bacterial communities of negative control samples 

(also known as the “kitome” (Kim et al., 2017)) have been removed prior to analysis, 

autoclaved natural sea water seems to be a source of 16S rRNA background contamination 

in the polyps, which cannot be detected after a 30 cycle PCR ran in agarose gel or by 
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culture-dependent methods, but that can be caught on sensitive platforms such as Illumina. 

To minimize contaminating DNA, we plan to keep animals for subsequent experiments in 

0.22 µm filtered artificial sea water and feed animals exclusively with decapsulated 

Artemia nauplii (Supplementary Figure 3.1). Nevertheless, since there was no carrying 

capacity determined for Aiptasia polyps, and  16S rRNA gene amplicon sequencing is non-

quantitative  method, we plan to address these aspects in future work. Bacterial 

enumeration across manipulated conditions is important as some studies carried out in 

germ-free honeybees admitted bacterial contamination in the germ-free animals of <105 

bacterial cells, compared to the control 108 bacterial cells, arguing that the difference in 

order of magnitude of the contamination is the important factor when performing 

comparative studies (Powell et al., 2014; Zheng et al., 2017). 

 

3.5.3 Successful generation of axenic Symbiodiniaceae cultures allows for the study 

of algal-bacteria interactions 

 For the generation of Symbiodiniaceae axenic cultures, a similar depletion 

approach was carried in available cultures. Axenic cultures of Symbiodiniaceae had 

already been reported (Xiang et al., 2013), however the protocol proved unsuccessful when 

applied to other strains. Our developed protocol was able to render axenic 10 strains of 

Symbiodiniaceae of different genera, with high contamination loads, with cultures showing 

no bacterial detection for more than 4-week post treatment. These strains are now ready to 

be used in studies of zooxanthellae-bacteria interactions (Cárdenas et al. in preparation) as 

well as to inoculate axenic Aiptasia for the generation of symbiotic Aiptasia polyps. These 

animals, together with the improved bacteria-depleted rearing techniques presented, will 
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allow for the use of bacteria-depleted symbiotic anemones in future bacterial manipulation 

studies. 

  

3.5.4 Inoculated bacterial isolates are detected overtime but colonization success 

needs further assessment  

 Regarding re-inoculated animals, inoculated bacterial isolates were detected up to 

7 days after inoculation in bacteria-depleted polyps. The endogenous isolate Alteromonas 

sp. was able to increase its relative abundance over the course of the experiment, 

completely dominating the community of the inoculated polyps. Since the bacterial 

community of Aiptasia includes several members of the Alteromonadaceae family (Herrera 

et al., 2017; Röthig et al., 2016), known to be copiotrophs, it is likely that community 

dominance is based on niche availability, which happens after antibiotic treatment.  

 On the other hand, polyps inoculated with the exogenous isolate Endozoicomonas 

sp. showed a high relative abundance of the inoculated bacteria in the first day after 

inoculation, followed by a gradual decline in relative abundance by day 7. Moreover, 

bacteria of the genus Alteromonas (including the endogenous isolate Alteromonas sp.) 

dominated the community after 7 days. This Alteromonas “bloom” suggests that, although 

the antibiotic treatment is mostly effective, the system cannot stay fully depleted over long 

periods of time without antibiotic pressure which is likely giving room for a certain small 

surviving bacterial population to regrow, especially dominant copiotrophs (as described 

above). Contamination persistence might be explained by antibiotic resistance or a 

bacteriostatic action over a bactericidal one in certain bacterial taxa. On the other hand, the 

decline of Endozoicomonas over time could be caused by the absence of the algal 
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symbionts and their potential dependence on it. Another possible explanation might be the 

interdependence some bacteria have with other members of their native communities, or 

even how the cnidarian tissue serves as a habitat for particular bacteria. It  fact, it has been 

previously shown that Endozoicomonas accumulates as cell-associate microbial aggregates 

(CAMA) inside coral tissue (Bayer et al., 2013; Neave et al., 2017). However, there is still 

no report on how the ectodermal tissue of Aiptasia compares to scleractinian corals or what 

are the bacterial habitats within the Aiptasia holobiont. Lastly, since our bacterial 

community composition analysis was carried using a DNA-based approach, it is not 

possible to conclude if Endozoicomonas was alive and active in the first day and was not 

able to compete for community establishment with the resurging bacteria, or if it lost 

viability overtime and the detected 16S rRNA gene copies corresponded to dead cells only 

after 7 days. Due to the non-quantitative character of  16S rRNA gene amplicon 

sequencing, we cannot attribute bacterial numbers to the identified community.   

  

3.5.5 Future directions 

 In order to tackle all these challenges and limitations, we plan to improve our 

experimental design for future work by addressing each drawback: (1) use artificial sea 

water across experiments to minimize bacterial contamination background; (2) establish a 

carrying capacity for aposymbiotic and symbiotic Aiptasia polyps, to inform an order of 

magnitude for bacterial manipulation; (3) assess bacterial carrying capacity after 

manipulations; (4) include symbiotic Aiptasia polyps in the experimental designs, in order 

to account for the selecting effect that zooxanthellae might have on the colonization success 

of manipulated bacterial communities; (5) perform full exogenous microbiome transplants, 
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in order to preserve bacterial interactions happening on the native microbiome of the 

donors and assess if previous antibiotic pressure influences the regrowth of the endogenous 

microbiome while in competition with a full external community (6) perform a RNA-based 

16s rRNA sequencing analysis in order to solemnly identify the active bacterial 

community. 
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3.6 Conclusions 

 The use of model systems to identify and study complex biological interactions 

poses as a possible route to understand the coral holobiont. Both zooxanthellae and the 

coral bacterial community are suggested to play a role on the host fitness and health, 

however, to identify specific functional roles for each player, a model system prone to 

microbial manipulation is needed. Here we have started to explore the prospect of 

manipulating the bacterial microbiome of the coral model Aiptasia, and some known and 

putative Symbiodiniaceae partners, by exploring their capacity for bacterial sterilization 

and inoculation with selected bacterial isolates of both endogenous and exogenous origin. 

Our results showed that  aposymbiotic Aiptasia polyps and Symbiodiniaceae cultures 

treated with selected antibiotics rendered specimens/cultures with no bacterial detection 

using both culture dependent and independent methods, as accepted by the literature. 

However, 16S rRNA gene amplicon sequencing analysis revealed a “leftover” community 

that can be addressed by methodological improvement. Regarding the inoculation of 

treated animals with selected bacterial isolates, both endogenous and exogenous bacteria 

of the genus Alteromonas sp. and Endozoicomonas sp. (respectively) were detected after 

7 days of inoculation. However, further methodological improvement is necessary to 

understand the viability state of such inoculates overtime and their putative activity in the 

holobiont. Nevertheless, this work sets a path for a microbiome manipulation method and 

represents the first attempt of using Aiptasia as a coral model for host-bacteria interaction 

studies. 
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3.8 Supplementary Material 

 

 

Supplementary Figure 3.1- Decapsulation of Artemia cysts. Diagram of the protocol 

used to decapsulate Artemia cysts using Sodium hypochlorite (adapted from (Dhont and 

Stappen, 2003)). 

 

 

Supplementary Data 3.1. OTU abundance across samples, taxonomic annotation 

(numbers in parentheses indicate bootstrap values), and reference sequence. Ctrl_TK - 

Aposymbiotic animals in tank rearing conditions; Ctrl_NoFeed - Aposymbiotic primed 

animals with ceased feeding throughout the experiment; AB - Aposymbiotict antibiotic 

treated polyps at T0: 7 days of antibiotic treatment + 1 day recovery in SSW; Alt – 

Inoculation with endogenous Alteromonas sp.; End - Inoculation with exogenous 

Endozoicomonas sp, isolated from the scleractinian coral Acropora humilis; SSW - 

Rearing autoclaved natural seawater. 1D, 3D, 7D – days post-inoculation. 

 
 



 

 

119 

4 Chapter 4: Surface topography, bacterial carrying capacity, and the prospect of 

microbiome transplants in the sea anemone coral model Aiptasia 

 

Ruben M. Costa1, Anny Cárdenas2, Céline Loussert-Fonta3, Gaëlle Toullec3, Anders 

Meibom3,4, Christian R. Voolstra1,2* 

 

1 Division of Biological and Environmental Science and Engineering (BESE), Red Sea Research 

Center, King Abdullah University of Science and Technology (KAUST), Thuwal, Saudi Arabia 

2 Department of Biology, University of Konstanz, Konstanz, Germany 

3 Laboratory for Biological Geochemistry, School of Architecture, Civil and Environmental 

Engineering, École Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland 

4 Center for Advanced Surface Analysis, Institute of Earth Sciences, University of Lausanne, CH-

1015 Lausanne, Switzerland 

 

This manuscript was submitted for publication and is under review. 

 

Author Contribution: 

RC, AC, and CRV designed and conceived the experiments. RC, AC, CLF and GT 

generated the data. RC, AC and CRV analyzed and interpreted the data. AM and CRV 

contributed reagents/materials/analysis tools. RC, AC, and CRV wrote the manuscript. All 

authors read and approved the final manuscript. 

 

 

 



 

 

120 

4.1 Abstract 

 Aiptasia is an emerging organism to study cnidarian symbioses due to its taxonomic 

relatedness to stony corals and similarities of its microalgal and bacterial partners, 

complementing the existing Hydra (Hydrozoa) and Nematostella (Anthozoa) model 

systems. Apart from the taxonomic characterization of associated microbes, functional 

studies are rare however. Even more so, knowledge on the most basic information, such as 

surface topography, carrying capacity, or the prospect of microbial transplants is lacking. 

Here we address these knowledge gaps. Our results show that the surface topographies of 

hydrozoans and anthozoans differ substantially, whereas the ultrastructural surface 

architecture of Aiptasia and stony corals is highly similar. Further, we determined a 

bacterial carrying capacity of ~104 and ~105 bacteria (i.e., colony forming units, CFUs) per 

polyp for aposymbiotic and symbiotic anemones, respectively, suggesting that the 

symbiotic status changes microbial association/density. We furthermore established a 

protocol for bacterial depletion of Aiptasia polyps, which allowed us to conduct microbial 

transplants from stony corals in a controlled background. Microbiome transplants from 

Acropora humilis and Porites sp. to Aiptasia showed that only a few foreign bacterial taxa 

were effective at colonizing native Aiptasia polyps, as evident from their presence 7 days 

after inoculation. Taken together, we provide important foundation data to extend Aiptasia 

as a coral model for bacterial functional studies. Our results shed light on the putative 

difficulties of transplanting microbiomes between cnidarians in a manner that consistently 

changes microbial host association at large. At the same time, our study provides an avenue 

to identify bacterial taxa that exhibit broad host compatibility as a starting point for cross-

species microbiome manipulation. Our work is relevant in the context of microbial therapy 
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(probiotics) and microbiome manipulation in corals and answers to the need of having 

model systems to test the function of bacteria and their effect on holobiont biology. 
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4.2 Introduction 

 Corals constitute the foundation species of reef ecosystems which provide a habitat 

for about a third of all marine life (Fisher et al., 2015), but anthropogenic-driven climate 

change is now one of the main drivers of coral reef loss (Hughes et al., 2017b, 2018a, 

2018b). Therefore, it is important to find solutions that can improve coral resilience and 

mitigate the negative effects of ongoing ocean warming, ocean acidification, and ocean 

deoxygenation (Allemand and Osborn, 2019; Hughes et al., 2020). Importantly, corals are 

holobionts that consist of the coral animal host, intracellular microalgal symbionts, and 

associated bacteria among many other organisms that all contribute to the stress resilience 

and resistance of this metaorganism (Bang et al., 2018; Pogoreutz et al., 2020; Rohwer et 

al., 2002; Rosenberg et al., 2007; Voolstra and Ziegler, 2020). Several studies suggest that 

bacteria play putative important roles in metabolism, immunity, and environmental 

adaptation of the coral host (Robbins et al., 2019; Voolstra and Ziegler, 2020; Ziegler et 

al., 2017, 2019). However, functional studies that detail the specific contributions of 

specific microbial taxa are still rare.  

 Among Cnidaria, the Hydra system is one of the few models where a germ-free 

(axenic) closed life cycle is available, which allowed the detailed study of associated 

bacteria and the function they contribute to the metaorganism, demonstrating the power of 

such systems to elucidate host-bacterial interactions (Augustin et al., 2017; Franzenburg et 

al., 2013b; Fraune et al., 2009, 2014; Fraune and Bosch, 2007; Wein et al., 2018). Similarly, 

Nematostella vectensis is becoming established as a model to study host-bacterial 

interactions (Domin et al., 2018; Har et al., 2015). However, both systems lack the ability 

to engage in symbioses with microalgal symbionts of the family Symbiodiniaceae 



 

 

123 

(LaJeunesse et al., 2018), making their utility as a model to study microbial interactions in 

corals challenging. To this end, the sea anemone Aiptasia (sensu Exaiptasia diaphana, 

previously Exaiptasia pallida) is gaining increasing traction as a coral model due to 

harboring the same or similar microalgae, its simplicity of culturing and clonal 

propagation, and the fact that they can be kept indefinitely in symbiotic and aposymbiotic 

states (i.e., with and without their microalgal partners) (Voolstra, 2013; Weis et al., 2008), 

allowing to study the mechanistic underpinnings of the cnidarian-dinoflagellate symbiosis 

in detail (Baumgarten et al., 2015; Biquand et al., 2017; Cziesielski et al., 2018; Gegner et 

al., 2019; Rädecker et al., 2018; Simona et al., 2019). More recently, its suitability as a 

model to study coral-bacterial interactions has been suggested, based on similarities in their  

associated bacteria (Brown et al., 2017; Herrera et al., 2017; Röthig et al., 2016a). 

However, a detailed examination of epithelial surface topography, bacterial carrying 

capacity, and the prospect of microbial manipulation (e.g., in the form of microbiome 

transplants) to highlight similarities to corals and demonstrate the efficacy of the Aiptasia 

system as a tool to study bacterial interactions was missing.  

 In the current work, our aim was to address these knowledge gaps and provide a 

foundation for Aiptasia to be used as a model for the study of coral-bacterial interactions. 

To do this, we characterized the tissue surface topography of Aiptasia and the Hydra and 

Nematostella cnidarian model systems and subsequently compared it to 3 scleractinian 

corals, in the context of the surface ectoderm as a bacterial habitat. In addition, we 

determined the bacterial carrying capacity in symbiotic and aposymbiotic anemones as a 

frame of comparison to reef-building corals and to provide a scale of reference for 

sequencing-based bacterial community studies. Last, using bacteria-depleted sea 
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anemones, we conducted microbial transplant experiments using coral microbiomes to 

assess the suitability of this method as a tool to study function of coral-associated bacteria 

and as a means to assess the ability of changing microbial host association to aid 

environmental adaptation of coral holobionts.  
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4.3 Materials & Methods 

4.3.1 Aiptasia rearing 

 Aposymbiotic (i.e., azooxanthellate) and symbiotic Aiptasia of the clonal strain 

CC7 were generated and reared as described previously (Baumgarten et al., 2015) with 

some modifications. Aposymbiotic animals were generated through repeated 4h cold‐

shocks at 4°C and treatment with 50 μM of the photosynthetic inhibitor diuron (Sigma‐

Aldrich). Aposymbiotic animals were maintained in the dark for > 3 years and are routinely 

inspected by fluorescence microscopy (Leica DMI3000 B) to confirm the absence of 

Symbiodiniaceae. Symbiotic anemones were generated by infecting aposymbiotic animals 

with strain SSB01 (Breviolum minutum, former Clade B) (Xiang et al., 2013). Briefly, 

individual anemones were exposed to 105 Symbiodiniaceae cells/mL for 24 hours, fed with 

Artemia nauplii after 48 hours, and seawater was exchanged thereafter. All anemones were 

kept in autoclaved natural seawater and reared in 1 liter tanks at a 12h:12h light:dark cycle 

at 20-40 µmol photons m−2s−1 of photosynthetically active radiation at 25°C in an incubator 

(I-36LLVL, Percival Scientific Inc., US). Aposymbiotic and symbiotic animals were fed 

Artemia nauplii twice a week.  

 

4.3.2 Ectoderm surface analysis using electron microscopy 

 We compared ectoderm surface topography of different cnidarian classes, namely 

Anthozoa (corals, Aiptasia, Nematostella vectensis) with Hydrozoa (Hydra 

magnipapillata) using Scanning Electron Microscopy (SEM). Coral colony fragments of 

Stylophora pistillata, Acropora humilis, and Porites sp. were collected from the central 

Red Sea at 6 m depth at the Al Fahal forereef (22°15.100’N, 38°57.386’E) by SCUBA and 
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maintained in an open water aquaria system until use (CMOR, KAUST), whereas Aiptasia, 

N. vectensis, and H. magnipapillata animals were available from cultured lab strains. Three 

fragments (in the case of corals or three polyps (in the case of Aiptasia, Nematostella, 

Hydra) were transferred to 24-well plates for processing. Coral fragments and model 

system cnidarians were left to expand in ~2% magnesium chloride in artificial seawater 

(ASW) or fresh water for Hydra, or half strength ASW for Nematostella for 15 min, 

respectively. After that, specimens were fixed in 2 - 2.5% glutaraldehyde in 0.1 M 

cacodylate buffer at 4ºC overnight. Samples were then washed in 0.1 M cacodylate buffer 

(pH 7.2-7.4) thrice, 15 min each, and post fixed in 1% osmium tetroxide solution in 0.1 M 

cacodylate buffer for 1 h in the dark. Samples were further washed thrice in ddH2O for 15 

min each and proceeded for dehydration in an EtOH gradient: 30, 50, 70, 90, and 100%, 

15 min each step, with 2 final incubations in 100% EtOH, also for 15 min. The drying 

process was initiated by transferring the samples to a 1:2 solution of hexamethyldisilazane 

(HMDS):100% EtOH (v/v) for 20 min, then to a fresh solution of 2:1 HMDS:100% EtOH 

for 20 min, 100% HMDS for 20 min, and a final incubation in 100% HMDS. Samples were 

left to dry loosely covered in the chemical hood for the HMDS to slowly evaporate 

overnight. Each fragment was then mounted on an SEM specimen mount head pin and 

sputter coated with 4nm of platinum/palladium or Iridium. All samples were imaged using 

a Teneo Volume Scope electron microscope (FEI, USA) operating at 1-3 kV. 

 Complementary to the SEM analyses, we imaged Aiptasia specimens by 

Transmission Electron Microscopy (TEM). Briefly, Aiptasia polyps were fixed in 2.5% 

glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 12 h at 4ºC and post fixed with 1% 

osmium tetroxide in 0.1 M cacodylate buffer for 1 h in the dark at 4ºC. After three washes 
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in ddH2O, the sample blocks were dehydrated through EtOH and acetone, infiltrated with 

a mixture of epoxy resin (Electron Microscopy Sciences, USA ) and acetone, followed by 

a final embedding in pure resin. A Leica EM UC6 Ultramicrotome (Leica Microsystems) 

was used to cut 150 nm thin sections from the resin block. Finally, thin sections were 

collected on a 200-mesh copper grid, stained with 1% uranyl acetate (Electron Microscopy 

Sciences, USA)  and Reynold's lead citrate (Electron Microscopy Sciences, USA). Images 

were acquired using a Titan CT transmission electron microscope (Thermo Fisher 

Scientific, USA) operating at 300 kV. 

 To investigate the presence of bacteria inside the mucus layer using TEM, we 

modified the standard resin embedding protocol by introducing an agarose embedding step 

with subsequent cryosectioning of the specimens. Aiptasia anemones were prepared as 

follows: Individual polyps were chemically fixed in phosphate buffer (0.1 M pH 7.4) with 

9% sucrose, containing 4% formaldehyde and 2.5% glutaraldehyde. Fixation was done at 

room temperature for 2 h after which samples were embedded in 4% aqueous agarose to 

ease the manipulation. Then, polyps were cut into ~4 mm3 pieces and post stained in 2% 

osmium aqueous solution for one hour in the dark. After rinsing in water, samples were 

dehydrated in a series of ethanol concentrations, ranging from 10% to 100%, then 

infiltrated with EPON resin (Electron Microscopy Sciences, USA) before polymerization 

at 60 °C for 48 hours. Thin sections of 80 nm were cut and mounted onto a Formvar film-

coated, carbon-stabilized 100 mesh copper finder grid (Electron Microscopy Sciences, 

USA). Sections were post stained with UranyLess (Electron Microscopy Sciences, USA) 

and lead citrate (Electron Microscopy Sciences, USA) before being imaged with a Tecnai-

12 transmission electron microscope (Thermo Fisher, USA) operating at 100 kV with a 
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FEI eagle camera (Thermo Fisher, USA) using TIA software (Thermo Fisher, USA). 

Contrast, brightness, and sharpness of acquired images were adjusted using Adobe 

Photoshop. 

 

4.3.3 Generation of gnotobiotic Aiptasia 

 Bacteria-depleted Aiptasia polyps were generated using the protocol by Costa et al. 

(Costa et al., 2019); the developed bacterial depletion treatment protocol shows no bacterial 

growth in solid media after 7 days of incubation and amplification of the 16S rRNA gene 

shows no PCR amplification (30 cycles) on agarose gels. Briefly, aposymbiotic and 

symbiotic polyps were subjected to a priming depletion step. To do this, polyps were 

transferred to 500 mL plastic tanks, reared in 0.22 µm filtered ASW (same light and 

temperature regime as described above) and fed with sterile decapsulated Artemia nauplii 

for 4 weeks. Anemones were then transferred to petri dishes and washed repeatedly with 

ASW individually and incubated in antibiotic solution (50 µg/mL of Carbenicillin, 

Chloramphenicol, Rifampicin and Nalidixic acid in ASW) for 15 min. Polyps were then 

transferred to 24-well tissue culture plates (Corning Costar), one polyp per well, under 

sterile conditions, and incubated with antibiotic solution for 7 days, with daily media 

exchange, at a 12h:12h light/dark cycle in an incubator (20–40 µmol photons m−2s−1 of 

photosynthetically active radiation) at 25°C. After 7 days, anemones were given 24h for 

recovery in ASW before microbiome inoculation (see below).  

 

4.3.4 Microbial carrying capacity 
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 We determined microbial carrying capacity of apo- and symbiotically reared 

Aiptasia polyps as well as of anemones after antibiotic treatment and microbiome 

transplants. To do this, single polyps from all experimental conditions were placed in 1.5 

mL tubes under sterile conditions and 300 µL of ASW were added before the polyps were 

lysed using a motorized pestle and mortar. Animal lysates and ASW (negative control) 

were diluted 10-, 100-, and 1000-fold and 50 µL were plated on Marine Agar (Difco Marine 

Agar 2216, BD, USA) and incubated at 25ºC for 24h-48h or 5 days in the case of antibiotic 

treated anemones, with subsequent counting of the formed bacterial colonies. For statistical 

analysis, colony counts were log-transformed, normality was tested using the Shapiro-Wilk 

test, and a one-way ANOVA was conducted. In case of statistical significance, a Dunnett 

post-hoc test was conducted. An unpaired t-test was used to assess for significant 

differences between aposymbiotic and symbiotic control conditions. In order to account 

for putative polyp size differences, CFU counts per polyp were normalized to the host total 

protein for each polyp, and the same statistical analysis as above was conducted.  

 

4.3.5 Coral microbiome inoculum 

 Fragments of Acropora humilis and Porites sp. were collected from the nearshore 

reef Tahala (22°15.7812’N, 39°3.099’E) (central Red Sea, Saudi Arabia) and processed on 

the same day. Fragments from three colonies per coral species were collected and 

combined prior to inoculation (see below). Each coral fragment was placed in a sterile 

ziploc bag with 10 mL of ASW and coral tissue was air blasted off the skeleton using a 

sterile 1 mL barrier tip inserted to a rubber hose connected to a bench air-pressure outlet. 

The slurry obtained from fragments from a given coral species were combined and 
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transferred to a 50 mL polypropylene tube and the volume was adjusted to 50 mL with 

ASW to reduce viscosity. The slurry was homogenized for 30 s using a homogenizer (Ultra 

Turrax T18, IKA, Germany) and split in 25 mL preparations per tube. Control inocula were 

prepared using between 10 to 15 apo- and symbiotic Aiptasia polyps respectively in 30 mL 

of ASW, homogenized as described above, and homogenized a second time with a 

MicroDisTec homogenizer 125 (ThermoFisher Scientific, USA) to ensure complete 

maceration. The final volume of the lysate was adjusted to 50 mL with ASW and split in 

25 mL per tube. 

 Manipulation of microbiome inocula was performed in a biosafety cabinet, using 

sterile work practices. Lysates were centrifuged using a swing-bucket rotor at 500 g for 5 

min to pellet zooxanthellae. The supernatant was collected and an aliquot was taken for 

visual inspection in an inverted epifluorescence microscope. Centrifugation was repeated 

until samples were free of zooxanthellae, the supernatants were pooled for each inoculum 

type and centrifuged at 3220 g for 30 min to pellet bacteria. The resulting pellet was 

resuspended in 25 mL of ASW and centrifuged twice. Pellets were resuspended in 15 mL 

of ASW and a 1mL aliquot was set aside for quantification of bacteria. 

 Bacteria were quantified using BacLight Red Bacterial stain (Thermo Fisher, 

USA). Aliquots from each inoculum were stained using 1 µM of dye for 10 min and 

counted using a BD FACSCanto II flow cytometer (BD, USA). Gates for bacterial counts 

were defined using 1 µm and 2 µm reference beads (Thermo Fisher Scientific, USA) in 

forward scatter (FSC) vs. side scatter (SSC) and using Aiptasia bacterial cultures (Röthig 

et al., 2016a) stained with BacLight Red and acquired in the PerCP-PI channel. Bacterial 

numbers were calculated after gravimetric calibration of the flow rates and using the 
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positive events acquired using the defined gating strategy. Prepared inocula were diluted 

to 5 x 105 bacterial cells/mL and 1mL was used per polyp. In parallel to the flow cytometry 

bacterial counts, an aliquot of all final inocula was plated on Marine Agar (Difco Marine 

Agar 2216, BD, USA) for CFU counts. Bacterial density of inocula are provided in 

Supplementary Table S1. 

 

4.3.6 Microbiome transplants 

 For the microbiome transplants, we assessed 25 apo- and symbiotic anemones each 

across 5 experimental manipulations using 5 biological replicates (50 anemones in total). 

Experimental manipulations were as follows: (1) untreated anemones from rearing tanks, 

(2) untreated gnotobiotic anemones (after 1 day of recovery from antibiotic treatment), (3) 

Acropora microbiome inoculum (APO+ACRinoc and SYM+ACRinoc), (4) Porites 

microbiome inoculum (APO+PORinoc and SYM+PORinoc), (5) Aiptasia microbiome 

inoculum (APO+APOinoc and SYM+SYMinoc) (Supplementary Figure S1). Anemones 

were kept in 24-well plates, 1 polyp per well, and gnotobiotic anemones were inoculated 

by adding 1 mL of the respective inoculum to the well (final volume of 1 mL, 5 x105 

bacterial cells/mL) and subsequent incubation for 3 days. After that, anemones were 

washed twice with ASW and kept in ASW for a total of 7 days. 

 

4.3.7 RNA isolation, cDNA synthesis, and 16S rRNA amplicon sequencing 

 For RNA-based 16S rRNA amplicon sequencing was conducted on all samples of 

the microbiome transplant experiment (see above) in addition to ASW and no template 

negative controls. For RNA isolation, the Qiagen AllPrep DNA/RNA kit was used. Briefly, 
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600 µL of RLT Plus buffer were added to 150 µL of fresh lysate (or artificial seawater for 

the negative control) followed by snap freezing of the tubes in liquid nitrogen and storage 

at -80ºC until extraction, following the manufacturer’s instructions. RNA quantity and 

integrity were determined using Qubit (Thermo Fisher Scientific, USA) and Bioanalyzer 

(Agilent Technologies, USA), respectively. Total RNA was Dnase-treated prior to reverse-

transcription using the SuperScript First-Strand Synthesis System (Invitrogen, USA), 

according to the manufacturer’s instructions. For amplification of 16S rRNA amplicons 

from cDNA, the primers 784F and 1061R (Andersson et al., 2008; Bayer et al., 2013) with 

MiSeq 16S adapter sequences were used (forward:5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGATTAGATACCCTGGTA

-3’; reverse: 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCRRCACGAGCTGACGAC-

3’; Illumina overhang adaptor sequences are underlined). PCR reactions were performed 

in triplicate using the Qiagen Multiplex PCR kit (Qiagen, Germany) with 2 µL of cDNA, 

a primer concentration of 0.5 µM, and a final reaction volume of 20 µL. PCRs were 

performed as follows: 1 cycle at 95°C for 15 min, 27 cycles each at 95°C for 30 s, 55°C 

for 90 s, and 72°C for 30 s, followed by a final extension step at 72°C for 10 min. Triplicate 

PCRs for each sample were pooled and cleaned with illustra ExoProStar (GE Healthcare, 

USA). Samples were subsequently indexed (8 PCR cycles) using Nextera XT barcode 

sequencing adapters (Illumina, USA). Indexed PCR products were normalized using 

Invitrogen SequalPrep normalization plates (Thermo Fisher Scientific, USA) and pooled 

in equimolar ratios. Pooled samples were checked for the presence of primer dimers on a 

BioAnalyzer (Agilent Technologies, USA) before sequencing. The library was sequenced 
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at the KAUST BioScience Core Lab using 2x300 bp at 6 pM with 20% phiX on the 

Illumina MiSeq (version 3 chemistry) according to the manufacturer’s specifications. 

 

4.3.8 16S rRNA amplicon analysis 

 Sequence reads were demultiplexed and adapters and barcodes were removed. 

Resulting sequences were then processed using mothur v.1.39.5 (Schloss et al., 2009). 

Briefly, paired-end sequences were assembled using the “make.contigs” command, 

subsequently trimmed to exclude sequences <200 bp, and rare sequences (appearing once 

across the entire sequencing dataset) were removed. The remaining sequences were then 

aligned to the SILVA database (version 132) using “align.seqs”, pre-clustered allowing a 

2 nt difference, and chimeric sequences were removed using VSEARCH (Rognes et al., 

2016). Taxonomical classification was done using the Greengenes (release gg_13_5_99, 

May 2013) and SILVA (release 138, December 2016) databases. Eukaryotic, archaeal, 

mitochondrial, and chloroplast sequences were removed before prior to OTU clustering 

using a 97% similarity cutoff. Putative contaminants were determined based on their 

presence in negative controls and removed from all samples. An OTU was considered a 

contaminant if [S relative abundance OTUi in negative controls] / [S relative abundance 

OTUi in all samples] > 0.1. Beta diversity was examined via principal coordinate analysis 

(PCoA) of Bray-Curtis dissimilarity distances of log(x+1) OTU abundances 

(Supplementary Data S1) using the phyloseq package (McMurdie and Holmes, 2013). A 

permutational multivariate analysis of variance (PERMANOVA) was carried using the 

“adonis” function on dissimilarity Bray-Curtis distances of relative OTU abundances to 

test for differences between conditions and across symbiotic states. Pairwise “adonis” tests 
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were conducted using an R wrapper function for multilevel pairwise comparisons 

(Martinez Arbizu, 2019). To determine overlap of bacterial taxa across microbiome 

transplants, we determined OTUs that were present across all samples for a given 

experimental treatment (i.e., APO, APO+APOinoc, ACR+ACRinoc, APO+PORinoc, 

SYM, SYM+SYMinoc, SYM+ACRinoc, and SYM+PORinoc) and overlapping taxa were 

represented using the package VennDiagram (Chen and Boutros, 2011). 
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4.4 Results 

4.4.1 Distinct ectoderm surface topographies across cnidarians 

 We compared surface topographies using scanning electron microscopy (SEM) of 

three model system cnidarians (Hydra, Nematostella, Aiptasia) and three coral species 

(Stylophora pistillata, Acropora humilis, Porites sp.) as a first proxy to determine microbial 

association (Figure 4.1). The ectodermal epithelium of the hydrozoan Hydra was composed 

of a smooth surface with few cilia (Fig. 4.1A). By comparison, Hydra tentacles showed 

increased ciliation, coinciding with mucus and detritus retention, in stark contrast to the 

tentacle tips that exhibited a smoother surface where bacteria were attached (Fig. 1B). The 

ectodermal epithelium surfaces of column and tentacle of N. vectensis and Aiptasia were 

highly similar (Fig. 4.1C-F).  We observed extensive villi coverage in the body column of 

both polyps, with villi protruding from ectodermal cells ranging between 1 and 2 µm in 

length (Fig. 4.1C,E) and bigger cilia ranging from 4 to 6 µm in the tentacle region (Fig. 

4.1D,F). In contrast to Hydra, we did not detect any bacteria on the column surface or 

tentacle regions. This suggests two things: (1) bacteria are rather rare on epithelial surfaces 

and may be largely constrained to the surface mucus layer in anthozoans, and (2) bacteria 

may be more abundant on ectodermal surfaces in hydrozoans than in anthozoans. This is 

corroborated by a complementary TEM analysis of the Aiptasia ectoderm, showing 

bacteria above the ciliary/villi band, inside the electron dense mucus layer (Fig. 4.2, Supp. 

Fig. S2). The preserved surface mucus layer was estimated around 5 to 15 µm, extending 

beyond the villi. Of further note, ectodermal surfaces of apo- and symbiotic Aiptasia were 

indiscriminate (Supp. Fig. S3, Fig. 4.1C,F shows representative pictures of an 

aposymbiotic polyp). 
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 We also analyzed the ectodermal epithelium topography of the tentacles, 

coenenchyme (i.e., coral tissue between the polyps), and column of the three scleractinian 

corals Stylophora pistillata, Acropora humilis, and Porites sp. (Fig. 4.1G-I). We observed 

extensive villi coverage with longer cilia ranging from 4-6 µm extending from the 

epidermis in all corals. Further, surface topographies were similar to N. vectensis and 

Aiptasia, but distinct from Hydra. In the case of Porites sp., a thick mucus sheet was visible 

on top of the coenenchyme, intercalated with fouled areas (Supp. Fig. S4). Further, the 

surface mucus layer of Porites sp. seemed distinct from S. pistillata and A. humilis, creating 

a more compact mucus sheet that persisted chemical fixation and several washing steps. 

Such sheet-like mucus appearances are described for Porites compressa, as well as the 

presence of fouled regions (Johnston and Rohwer, 2007). Contrary to the coral ectodermal 

surface, many bacteria were found attached to smooth surfaces of other eukaryotes that 

aggregated in fouled regions of Porites sp. (Fig. 4.1L), corroborating the notion that the 

ciliated surface of anthozoans plays a role in preventing bacterial adhesion 
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   9Figure 4.1. Ultrastructural comparison of the surface topography of Hydrozoans 

and Anthozoans. Representative scanning electron microscopy (SEM) images of three 

model system cnidarians (A-F) and three reef building corals (G-L) show differences 

between hydrozoans and anthozoans, but an overall similar topography across anthozoans. 
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(A, B) Hydra column and tentacle surface topography. (C, D) Nematostella column and 

tentacle surface topography. (E, F) Aiptasia column and tentacle surface topography. (G, 

H) Stylophora pistillata coenenchyme and tentacle.  (I, J) Acropora humilis coenenchyme 

and tentacle. Noticeable are the discharged cnidocysts in the tentacle. (K, L) Porites sp. 

column and fouled surface topography. Dotted boxes denote regions where bacteria can be 

seen (black asterisks). Black arrows denote mechanoreceptor bundles. Scale bars:  A - 10 

µm ; B - 20µm (dotted-5 µm); C - 10 µm; D - 20 µm; E - 10 µm; F - 10 µm (zoomed - 4 

µm); G - 10 µm; H - 20 µm; I - 10 µm; J - 5 µm; K - 10 µm; L - 100 µm (dotted - 2 µm).  

 

 

 

   10Figure 4.2. Cross-section of the surface ectoderm of Aiptasia. Representative 

transmission electron microscopy (TEM) micrograph of Aiptasia show the villi coverage 

on the epidermis and the interspace between villi and the surface mucus layer (SML), 

where a bacterium can be identified. b - bacterium; c – cilia; cn – cnidocyte; ec - ectoderm; 

is - Ectoderm-mucus interspace; mt – mitochondria; n – nucleus; smL – surface mucus 

layer; v - villus. Scale bar- 1µm. 
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4.4.2 Distinct bacterial carrying capacity of apo- and symbiotic Aiptasia 

 To determine the putative carrying capacity of Aiptasia anemones, we obtained 

CFU counts from apo- and symbiotic reared anemones that were subsequently compared 

to the different experimental manipulations, i.e. antibiotic treated and microbiome 

inoculated animals (Figure 4.3, Supp. Table S2, Supp. Table S3). The average carrying 

capacity of aposymbiotic anemones was determined as 4.25 x104 CFUs/polyp. When 

normalized to protein biomass, we obtained 1.59 x105 CFUs/mg host protein. The carrying 

capacity of symbiotic anemones was estimated at 2.02 x105 CFUs/polyp and 1.10 x106 

CFUs/mg host protein, respectively. Thus, the number of CFUs was substantially higher in 

symbiotic polyps by about an order of magnitude compared to aposymbiotic polyps 

(unpaired t-test, P = 0.025, Supp. Data S2). We did not obtain CFUs of antibiotic-treated 

anemones, confirming successful bacterial depletion. Interestingly, in some cases, (re-

)infection of axenic Aiptasia with inocula of either apo- or symbiotic Aiptasia or corals 

increased the carrying capacity. For instance, aposymbiotic anemones exposed to Porites 

sp. inoculum exhibited a significant increase in CFU counts to an average of 1.85 x105 

CFUs/polyp (Dunnett’s test P < 0.05, Fig. 4.3, Supp. Table 2, Supp. Data 2). Conversely, 

inoculation of symbiotic anemones (SYM+ACRinoc and SYM+PORinoc) did not result in 

a significant increase in CFU counts (Dunnett’s test P > 0.3, Fig.  4.3, Supp. Table S2, 

Supp. Data S2). Overall, the carrying capacity of Aiptasia polyps with ~5 mm of oral disk 

was between 104 and 105 CFUs for apo- and symbiotic anemones, respectively. After 

microbiome inoculation the carrying capacity was at about 105 CFUs/polyp, irrespective 

of the symbiotic condition. 
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   11Figure 4.3. Carrying capacity of Aiptasia sea anemones. CFU counts were determined 

across a range of conditions and for apo- (left) and symbiotic (right) anemones separately. 

Depicted is the mean and standard error for the respective condition. APO / SYM = 

standard rearing conditions, AB = after 1 day of recovery from a 7-day antibiotic treatment, 

APOinoc/SYMinoc, ACRinoc, PORinoc = 7 days after microbiome inoculation of axenic 

apo- and symbiotic anemones.  

 

4.4.3 Bacterial community composition of native and inoculated Aiptasia 

 We employed RNA-based 16S amplicon sequencing to assess the active bacterial 

community composition and dynamics (in contrast to the resident community based on 

DNA-based 16S sequencing) associated with Aiptasia under the various treatments (Fig. 

4.4). Bacterial community composition differed significantly between treatments 

(PERMANOVA, P = 0.001) (Supp. Table S4). As previously reported (Röthig et al., 

2016a) bacterial communities of apo- and symbiotic Aiptasia anemones were different 

(PERMANOVA, P = 0.015, Fig. 4.4B) For this reason, we clustered samples of apo- and 

symbiotic samples separate in order to resolve for differences within apo- and symbiotic 

groups as a result of the treatments (Fig. 4.4A). Clustering of apo- and symbiotic anemones 
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showed that antibiotic-treated anemones were clearly separated from reared anemones and 

both were different from gnotobiotic anemones that were re-inoculated with microbial 

communities (Fig.4.4A). 

 The bacterial assemblage of antibiotic-treated anemones (APO_AB and SYM_AB) 

was markedly different from the microbiomes of other anemones in that it was considerably 

less complex. This was highlighted by the notion that >90% of the relative active 

community in apo- and symbiotic anemones was comprised of the same three bacterial 

taxa (OTU0002, OTU0003, and OTU0006) affiliated to the order Rhizobiales and the 

genera Marinobacter and Alcanivorax (Fig. 4.4B). Conversely, 75% of the active 

community of tank-reared aposymbiotic anemones was comprised of only six bacterial 

taxa (OTUs 0005, 0012, 0013, 0014, 0015, 0018, Fig. 4.4B), which were largely absent in 

the antibiotic-treated Aiptasia. Notably, > 70% of the bacterial communities of all 

inoculated aposymbiotic anemones were dominated by the same taxa regardless of the 

inoculum. The dominant bacterial taxa were representatives of the order Alteromonadales 

(OTU0001, OTU0004, OTU0007, OTU0008), which were barely detected in tank-reared 

aposymbiotic anemones. As for the symbiotic anemones, the active bacterial community 

of tank-reared polyps was dominated by few bacterial taxa of the order Alteromonadales, 

the genus Glaciecola, and the genus Thalassomonas (Fig. 4.4B). Similarly, microbiome-

inoculated symbiotic Aiptasia resembled each other and were dominated by bacteria of the 

order Alteromonadales (OTU0001, OTU0004, OTU0007, OTU0008, OTU0009), just as 

the re-inoculated aposymbiotic Aiptasia. Thus, despite the differences in microbial 

community composition of tank-reared apo- and symbiotic anemones, re-inoculated 

gnotobiotic apo- and symbiotic anemones look much more alike with regard to their 
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microbiome. This suggests that microbial consortia associated with Aiptasia after 

microbiome inoculation represent a mix of specific bacteria administered with the 

inoculum and opportunistic environmentally present bacteria that inhabit the ‘vacant’ 

animal host surface. 

 

 

   12Figure 4.4. Bacterial community composition and dynamics of Aiptasia polyps after 

7 days of microbiome inoculation. (A) Principal Coordinate Analysis (PCoA) based on 

Bray-Curtis distances of OTU abundances. (B) 16S rRNA amplicon-based active bacterial 
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community composition at the OTU level. Depicted are the 20 most abundant (i.e., active) 

OTUs across all samples. Remaining OTUs are grouped as “Others.” APO/SYM = apo- 

and symbiotic tank-reared anemones; APO_AB/SYM_AB = antibiotic-treated anemones 

after 24 h recovery; +APOinoc = APO microbiome inoculation after antibiotic treatment; 

+SYMinoc = SYM microbiome inoculation after antibiotic treatment; +ACRinoc = 

Acropora humilis microbiome inoculation after antibiotic treatment; +PORinoc =  Porites 

sp. microbiome inoculation after antibiotic treatment. 

 

 To get better insight into the bacterial taxa that persisted in Aiptasia after 

microbiome transplantation, we compared the bacterial taxa associated with Aiptasia under 

native rearing conditions (APO/SYM) and treatment conditions (i.e., after antibiotic 

treatment followed by native Aiptasia and coral microbiome inoculation) (Fig. 4.5, Supp. 

Table S5). Our comparison shows that all inoculated anemones (+APOinoc +SYMinoc, 

+ACRinoc, and +PORinoc,) were consistently associated with bacterial taxa that were 

already present in aquaria-reared anemones as well as ‘novel’ (i.e., previously 

unassociated) bacteria. This may point to potential carryover from gnotobiotic anemones 

(not all bacteria were depleted). As to the ‘novel’ bacteria, one may argue that re-

introduction of the Aiptasia microbiomes to gnotobiotic anemones undergoes a process of 

winnowing during which the final microbial association is established. In the case of coral 

microbiome inoculations, we observed association with novel bacteria from the coral 

microbiomes (as determined by the comparison to APO and SYM anemones, Fig. 4.5, 

Supp. Table S5). In particular, two bacteria taxa, of the genus Thalassomonas (OTU0016) 

and an unclassified Alteromonadales (OTU0021), are worthwhile mentioning because they 

were both found to be highly abundant (i.e., active) in coral microbiome inoculated 

Aiptasia (i.e., APO+ACRinoc, APO+PORinoc, SYM+ACRinoc, and SYM+PORinoc), but 
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absent from Aiptasia inoculated with their own microbiomes (i.e., APO+APOinoc and 

SYM+SYMinoc) (Supp. Table S5). Both OTUs are putative coral microbiome bacteria that 

were able to colonize Aiptasia regardless of its symbiotic state. On the contrary, a putative 

coral microbiome taxon from the genus Glaciecola (OTU0195) was only found associated 

with symbiotic anemones. Further, we found two unidentified Gammaproteobacteria 

(OTU0067 and OTU0099) to be specifically prevalent in anemones inoculated with Porites 

sp. microbiome preparations. 

 

 

   13Figure 4.5. Bacterial taxa of aquaria-reared and microbiome-inoculated Aiptasia. 

Venn diagrams representing the number of active OTUs ubiquitously present in all rearing 

control anemones (APO/SYM), shared between APO/SYM anemones and transplanted 

anemones (APO+APOinoc, APO+ACRinoc, APO+PORinoc and SYM+SYMinoc, 

SYM+ACRinoc, SYM+PORinoc), and ubiquitously present in transplanted anemones 

after 7 days of microbiome transplantation. In the absence of sequenced inocula we chose 

to assess bacterial taxa that were consistently present in coral-inoculated Aiptasia, but not 

present in natively reared Aiptasia, as an indication for bacteria of coral origin. 
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4.5 Discussion 

 It is becoming increasingly clear that the specific composition and abundance of 

certain bacterial species affect host health and fitness (McFall-Ngai, 2014). At the same 

time, recent studies highlight that bacterial associations are not stable over time, but rather, 

assemble flexibly following fluctuations in the prevailing environment(s) (Roder et al., 

2015; Voolstra and Ziegler, 2020; Ziegler et al., 2017, 2019). On the one hand, such 

observations support the notion that microbiome community changes can support host 

ecological adaption to environmental change (Reshef et al., 2006; Voolstra and Ziegler, 

2020). On the other hand, the premise of flexibility gives rise to the idea of probiotics, i.e. 

inoculation with beneficial bacteria to support metaorganism stress resilience (Peixoto et 

al., 2017, 2019). The latter is gaining attention with regards to reef-building corals given 

the alarming loss of coral reef cover over recent decades (Hughes et al., 2017a, 2020). 

However, besides the acknowledged importance of coral associated bacteria (Bang et al., 

2018; van Oppen and Blackall, 2019) and the promise of coral probiotics to work in 

principle (Rosado et al., 2018), we are still missing answers to many of the basic questions 

surrounding cnidarian microbiome building principles and the underlying mechanistic 

aspects. Aiptasia is an emerging model system to study cnidarian symbioses, and here we 

set out to build a foundation for bacterial functional studies using the Aiptasia model by 

characterizing surface topography, carrying capacity, and assessing the prospect of 

microbial transplants. 

  

4.5.1 Aiptasia possesses ectodermal surface similarity with corals 
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 Our results show pronounced differences in the ultrastructure of the ectodermal 

surface between hydrozoans and anthozoans with implications for microbial association. 

SEM analyses of Hydra, N. vectensis, Aiptasia, and three scleractinian coral species 

suggest that bacterial epibionts in anthozoans are more restricted to the surface mucus layer 

(SML) in comparison to hydrozoans. Notably, Hydra feature a smooth surface glycocalyx 

that promotes bacterial attachment and lacks extensive ectodermal ciliation that may 

prevent bacterial association (Fraune et al., 2014; Kesimer et al., 2013; Wein et al., 2018). 

Other hydrozoans such as Ectopleura crocea, and Cladonema sp. have shown colonizing 

epibionts attached to the glycocalyx, which ranged from 200nm to 1 µm in thickness from 

the hydroid ectoderm to the epibiont (Abouna et al., 2015; Di Camillo et al., 2012). N. 

vectensis, Aiptasia, and corals showed a different ectodermal surface arrangement, with 

high ciliation and a more pronounced ectoderm-SML separation. It has been shown that 

the SML of corals is highly dynamic, with SML being cyclically shed (Bythell and Wild, 

2011). This is thought to prevent pathogen colonization from the surrounding environment 

(Glasl et al., 2016; Shnit-Orland and Kushmaro, 2009), but might also explain the flexible 

microbial association of corals commonly found across different environments (Roder et 

al., 2015; Röthig et al., 2016b, 2017; Voolstra and Ziegler, 2020; Ziegler et al., 2017), and 

contribute to the efficacy of coral probiotics (Peixoto et al., 2017). At a more basal level, 

the difference in surface topography between hydrozoans and anthozoans argues for the 

need of having distinct cnidarian models to reflect the implied microbial association 

differences. For the two anthozoan models, N. vectensis and Aiptasia, there was little 

difference in terms of ectodermal topography and bacterial colonization between the two 

organisms, both at the column and tentacle level. However, algal symbionts in the family 
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Symbiodiniaceae (LaJeunesse et al., 2018) were shown to indirectly contribute to the 

composition of coral mucus through their exudates (Brown and Bythell, 2005; Nelson et 

al., 2013), which affect bacterial association (Matthews et al., 2020). In summary, given 

that Aiptasia engage in symbioses with the same Symbiodiniaceae as scleractinian corals 

(Voolstra, 2013), harbors similar bacterial communities (Brown et al., 2017; Herrera et al., 

2017; Röthig et al., 2016a), and shares many physiological similarities (Baumgarten et al., 

2015; Weis et al., 2008), including the same surface ectodermal arrangement, we argue 

that Aiptasia is an appropriate coral model, also for the study of bacterial associations and 

as a vehicle for testing microbiome manipulation as further discussed below. 

  

4.5.2 Aiptasia’s carrying capacity is similar to other cnidarians, but bacterial 

enumeration remains a challenge 

 We were surprised by the lack of observed bacterial colonization at the ectodermal 

surface of Aiptasia (anthozoans more generally) using SEM, which was readily apparent 

in Hydra using the same technique. As alluded to above, this might be a consequence of 

surface topography differences, which ultimately affect bacterial colonization, but also 

differences in how the preparation affects sample integrity. In the case of Hydra, the 

accessible glycocalyx was preserved during SEM preparation, whereas the mucus of the 

anthozoans species was lost by employing a classical SEM sample protocol. Indeed, a 

modified TEM protocol developed to preserve the mucus layer also confirmed the presence 

of bacteria in the surface mucus layer of Aiptasia polys, but not in the ectodermal layer or 

glycocalyx (Sup. Fig. S2). This highlights the need for continuous development and 

improvements of protocols to visualize bacterial association (Wada et al., 2016). For 



 

 

148 

instance, TEM analyses may be combined with CARD-FISH staining for improved 

specificity and visualization of Aiptasia (and coral)-associated bacteria besides the 

exploration of other methods (Kesimer et al., 2013). 

 Complementary to the visual assessment of bacterial abundance, we determined a 

bacterial carrying capacity of ~ 104 to 105 per Aiptasia polyp, pending on the symbiotic 

state. This number is similar to the bacterial density reported for Hydra (Wein et al., 2018) 

and may roughly equate to the ~106 bacterial cells/cm2 coral tissue previously reported 

(Garren and Azam, 2012; Koren and Rosenberg, 2006). It is interesting to note that our 

bacterial capacity was an order of magnitude higher for symbiotic (105/polyp) in 

comparison to aposymbiotic (104/polyp) polyps, which may be due to the additional niche 

space created through the symbiosome and additional microbial interactions (Ainsworth et 

al., 2015; Deines et al., 2020). Visualization and enumeration of cnidarian-associated 

bacteria is still relatively rare (Cooke et al., 2019; Neave et al., 2017), in part because of 

the difficulties associated with fluorescent staining techniques in corals (Wada et al., 2016). 

As such, we relied on CFU counts which avoids many of these difficulties, but at the cost 

of media selectivity, as highlighted by the discrepancy between absence of CFUs in marine 

media and amplicon sequencing-based detection of some bacterial taxa. Literature perusal 

suggests the most prevalent bacterial taxa (OTU0002, OTU0003, and OTU0006) to not 

being able to grow on our employed media and therefore to escape CFU counting 

(Brooijmans et al., 2009; Wang et al., 2016; Yetti et al., 2015). Nevertheless, the antibiotic-

treated anemones where highly bacteria-depleted and represented less than 5% of the active 

bacterial community under native rearing conditions. As such, we consider animals treated 

with our gnotobiotic protocol (Costa et al., 2019) highly bacteria depleted and suitable for 
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microbial manipulation. Besides the availability of axenic animals, it is desirable to 

produce bacterial isolates with fluorescent reporter plasmids for more accurate estimation, 

which also allows for tracking location and abundance of said bacteria, as shown in Hydra 

(Wein et al., 2018). 

  

4.5.3 Gnotobiotic Aiptasia: a step towards microbial manipulation 

 Our RNA-based sequencing analysis revealed that the community of active bacteria 

was less diverse in comparison to the DNA-based microbial community (Röthig et al., 

2016a): we identified an average of 38 and 64 active bacterial taxa associated with apo- 

and symbiotic anemones, while DNA-based analysis of the standing community retrieved 

109 and 118 distinct bacteria, respectively. On this note, viability-qPCR (Emerson et al., 

2017) may comprise a molecular method for enumeration of the density of active bacteria, 

although we found that it requires significant optimization due to taxon-specific differences 

with regard to dye permeability. As alluded to above and recently (Röthig et al., 2016a), 

75% of the relative microbial abundance is comprised of only a handful of bacterial taxa, 

making Aiptasia a non-complex coral model for microbiome studies with the promise to 

obtain bacterial isolates for the main associated bacteria and their manipulation (Röthig et 

al., 2016a).  

 To begin to explore the prospect of Aiptasia microbiome manipulation as a tool to 

interrogate bacterial function and test the effect of probiotic bacteria on holobiont biology, 

we conducted a series of inoculations on gnotobiotic Aiptasia with microbiomes from 

native anemones and from two coral species. Acropora humilis was chosen because its 

microbiome is highly uneven and dominated by bacteria of the genus Endozoicomonas, 
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which that could be used for tracking of the microbial transplant, since Aiptasia CC7 seems 

devoid of Endozoicomonas (Röthig et al., 2016a). However, we did not detect 

Endozoicomonas in the microbiome of inoculated anemones (i.e., SYM+ACRinoc, 

APO+ACRinoc). This suggests that Endozoicomonas exhibit high host specificity, despite 

their broad and prevalent distribution across marine invertebrates (Neave et al., 2016, 2017; 

Rossbach et al., 2019). Therefore, bacterial abundance in donor hosts may not be predictive 

of transplant success to their recipient hosts, respectively, that bacteria show differing 

levels of host compatibility. Porites sp., by comparison, was chosen because it is 

considered an environmentally resilient species with a more even and diverse microbiome 

(Hadaidi et al., 2017; Robbins et al., 2019). As such, successful microbiome inoculation 

would allow for subsequent testing of altered stress susceptibility. First off, our results 

show that all transplanted animals harbor a significantly different active bacterial 

community when compared to tank-reared anemones with the general notion that 

inoculated Aiptasia resemble each other more than native animals (Supp. Table S4). As 

mentioned above, this is not completely surprising given that formation of the established 

microbial community may take time and likely goes through processes of interbacterial 

communication and winnowing, both of which affect microbiome composition 

(Bernasconi et al., 2019; Franzenburg et al., 2013a). Further, following antibiotic treatment 

the treated anemones may become a “blank canvas” for bacterial colonization, particularly 

for copiotrophs which can establish rapidly in carbon rich environments such as the surface 

mucus layer (Hadaidi et al., 2019; McDevitt-Irwin et al., 2017; Nelson et al., 2013). As 

such, the same copiotrophs may confound bacterial (re-)colonization across native and 

non-native (i.e., coral) microbiome transplants and comprise part of the ‘acquired’ 
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microbiome (e.g., OTU001). This makes the long-term tracking of microbiome formation 

after inoculation important. At the same time, many of the taxa found in aquarium-reared 

Aiptasia established themselves again after microbiome inoculation, such as bacteria in the 

genus Thalassomonas (OTU0005, OTU0012) Glaciecola (OU0014), Thalassobius 

(OTU0018) or Alteromonas (OTU0007)(Supp. Table S5).Similarly, microbiome inocula 

of A. humilis and Porites sp. were successful to the extent that at least some foreign 

bacterial taxa (some of which were specific for the coral species from which the inoculum 

was created) were effective at colonizing native Aiptasia polyps, as evident from their 

presence in the microbiomes after transplantation. Notably, unavailability of sequenced 

inocula and coral native microbiomes within the current study limited the extent to which 

we could identify bacterial taxa with broad host compatibility, suitable for cross-species 

microbiome manipulation. Due to this, we considered bacterial taxa that were consistently 

present in coral-inoculated but not present in natively reared Aiptasia as of putative coral 

origin. Besides treatment-specific differences, we commonly found bacterial taxa 

belonging to the Alteromonadaceae, Rhodobacteraceae, and Gammaproteobacteria to be 

transferred. This is encouraging given that bacteria from these taxonomic affiliations are 

commonly found in coral microbiomes (Neave et al., 2017; Roder et al., 2014; Ziegler et 

al., 2017, 2019). 

 At large, our results suggest that host association of some bacteria is less specific, 

and therefore, more amenable to inter-host manipulation. That is to say that at least for 

some coral bacteria, Aiptasia may be an easy to maintain model system to test the function 

of bacteria and their effect on holobiont biology. The obvious next step is to test for altered 

holobiont phenotypes, e.g. increased stress resilience or susceptibility using a standardized 
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framework (Voolstra et al., 2020) after microbial transplantation with subsequent 

elucidation of the underlying mechanism(s). In addition, to achieve consistent and stable 

changes of microbial host consortia, an improved understanding of inocula persistence, 

dispersion, location, bacterial load, and any putative long-term effects is wanted. Aiptasia 

seems like the model system of choice, given its taxonomic relatedness and physiological 

similarities with regard to Symbiodiniacea association, microbiome composition, and 

surface and tissue complexity.  
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4.6 Conclusions 

 Bacteria affect the health and fitness of their hosts, in particular stony corals rely 

on their microbial associates (Symbiodiniaceae, bacteria, etc.). Given the worldwide 

decline of corals and the reefs they build, a better understanding of the function of bacteria 

and their potential manipulation is important. To achieve this, the development of coral 

model systems is imperative. Here we set the foundation for Aiptasia as a model for the 

study of coral-bacterial interactions. We show that ultrastructure ectodermal surface 

topography is highly similar between Aiptasia and corals, in line with overall similarities 

in the microbiome composition established previously. Building on these resemblances, 

we have developed a protocol for the generation of gnotobiotic Aiptasia and determined 

the bacterial carrying capacity to perform microbiome manipulation experiments. Our 

results support the general suitability of Aiptasia to microbiome manipulation and its 

putative ability to incorporate foreign bacterial species. This provides an avenue to study 

the function of self and foreign bacteria as well as to explore the mechanisms underlying 

microbial acquisition, association, and host specificity. Future work should incorporate 

standardized testing to elucidate the effect of altered microbiomes on holobiont phenotypes 

as well as the generation of fluorescently-labelled bacterial isolates, which will allow for 

spatial/temporal tracking and enumeration of bacterial associates. The work presented here 

provides a foundation and we will continue to develop Aiptasia as a coral model for 

bacterial functional studies. 
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4.8 Supplementary Material 

 

Supplementary Figure S1. Overview of Microbiome transplant experiment. Primed 

anemones underwent antibiotic treatment for 7 days, followed by 1-day recovery. Animals 

were then inoculated with preparations of Acropora, Porites and Aiptasia microbiomes for 

3 days. Inocula were removed and animals were further incubated for 4 more days (7 days 

from initial inoculation). 
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Supplementary Figure S2. Cross-section of the surface ectoderm of Aiptasia 

employing a mucus-preserving protocol. Representative transmission electron  

micrograph of the ectodermal epithelium and ectoderm-mucus interspace (A). Preserved 

mucus (black arrows) is observed surrounding bundles of villi and cilia in the epithelium 

(B) and extending further from the ectoderm as electron dense streaks (C). A bacterium is 

visible surrounded by preserved mucus (D). c – cilia; gla – granular gland cells; n – nucleus; 

sym- Symbiodiniaceae; v - villus. Scale bars: 5 µm in A; 500 nm in B and D; 250 nm in C.  
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Supplementary Figure S3. Ultrastructural comparison of surface topography of 

aposymbiotic and symbiotic Aiptasia polyps. Representative scanning electron 

micrographs of the tentacle and column regions of Aiptasia polyps in different symbiotic 

states, showcasing similar surface ectodermal ultrastructures. Scale bars: 10 µm.  
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Supplementary Figure S4. Topography of fouled regions and mucus sheets in Porites 

sp. ectodermal surface. (A) Representative scanning electron micrograph of fouling 

present throughout Porites surface, where pennate diatoms are visible (white asterisks), as 

well as filaments belonging to filamentous algae or fungi (white arrows). (B) Close up of 

a mucus sheet spread across the coenenchyme. (C) Ciliated ectoderm of the coenenchyme, 

seen in areas where the mucus sheet is discontinuous. (D) Close up of the ciliated ectoderm 

of a tentacle of  a polyp, concealed by the thick mucus sheet. Scale bars: 500 µm in A ; 2 

µm in B, C and D. 
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Supplementary Tables 

 

Supplementary Table S1. FACS- and CFU-based bacterial counts per polyp in tested 

inocula used for microbiome transplants. 

 

Supplementary Table S2. Bacterial carrying capacity. Average bacteria colony forming 

units (CFU) per Aiptasia polyp in all conditions tested. 

 

Supplementary Table S3. Bacterial carrying capacity. Average bacteria colony forming 

units (CFU) per mg of host protein in all conditions tested. 

 

Supplementary Table S4. PERMANOVA across all conditions tested and pairwise 

comparisons. P-value was corrected for multiple comparisons using the FDR method. Non-

significant p values are given in bold. 

 

Supplementary Table S5. Representative table of OTUs detected in all replicates in at 

least 1 condition. Numbers represent average number of reads across replicates. NaM - Not 

a Member, not detected across all biological replicates. 

 

Supplementary Data 

 

Supplementary Data S1. OTU abundance across samples, taxonomic annotation 

(numbers in parentheses indicate bootstrap values), and reference sequence. APO = 
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Aposymbiotic Aiptasia; SYM = Symbiotic Aiptasia; AB = Antibiotic-treated;  

APO/SYMinoc = Aiptaisa inocula; ACRinoc = Acropora humilis inocula; PORinoc = 

Porites sp. inocula. 

 

Supplementary Data S2. Statistical analyses performed on the carrying capacity number 

of Aiptasia polyps used for the microbiome transplant experiments. 
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5 Synthesis 

 
 The beauty and biological diversity of coral reef ecosystems is matched by their 

economic importance to millions of people who rely on these natural habitats both directly 

as a food source, or indirectly through the touristic and coastal services they provide 

(Fisher et al., 2015; Hoegh-Guldberg, 2015). Unfortunately, reef-building stony corals are 

being subjected to increased stress and mortality, arising from rapid increase in seawater 

temperature, deoxygenation, and acidification, all consequences from current climate 

change events (Allemand and Osborn, 2019; Hughes et al., 2017, 2020).  

 It is now generally accepted that the microbiome of most organisms, including 

corals, have an effect on its host physiology, survival and fitness (McFall-Ngai et al., 

2013; Voolstra and Ziegler, 2020), and organisms should be regarded as holobionts (i.e 

the assemblage of a host and associated species living in or around it). Regarding bacteria, 

several studies have proposed numerous functional roles for bacteria in corals, such as 

prevention of pathogen colonization, production of important vitamins and other 

metabolites, nutrient fixation, and environmental adaptation, all contributing to coral 

health (Agostini et al., 2012; Krediet et al., 2013; Nissimov et al., 2009; Yang et al., 2019; 

Ziegler et al., 2017, 2019). The relationship of corals with their bacterial microbiomes is 

so close that phylosymbiosis patterns (i.e microbiome composition and richness reflects a 

particular coral phylogeny) were recently found after analyzing the microbial 

communities residing in the mucus, tissue and skeleton of several corals representing over 

425 million years of diversification (Pollock et al., 2018).  However, to date, no study has 

unequivocally shown the function of a specific bacterial partner or consortia in the coral 

holobiont. Although this difficulty might arise from the coral holobiont complexity and 
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the even more complex interactions that microbial communities engage in, it is also 

directly dependent on the availability of proper experimental tools to test and validate such 

roles.  

 In the last few years, in the far more advanced biomedical field, new technological 

breakthroughs such as organoid research or “on-a-chip” approaches appeared as the next 

step to understand fine scale biological and molecular processes of a given organ or 

organism, particularly those happening between the host and its bacterial symbionts 

(Jalili-Firoozinezhad et al., 2019; Min et al., 2020). Scleractinian corals’ research would 

greatly benefit from a translation of such tools, given the intricacies of the coral holobiont 

biology. However,  and even though ground breaking advances have been done by 

reporting corals-on-a-chip (Gibbin et al., 2018; Shapiro et al., 2016), the challenges posed 

by keeping some stony corals in laboratory settings, their geographical distribution, as 

well as their sparse spawning events, still hinder the wide spread usage of such systems. 

Moreover, the necessary technical expertise and equipment, make such tools cost and time 

demanding. Another promising tool is stem cell research,  however this tool rely on cell 

culturing and stem cell isolation, both still poorly developed in cnidarians and most marine 

invertebrates (as reviewed by Cai and Zhang, 2014). In fact, immortalized coral cell lines 

have yet to be achieved, with some attempts to produce anthozoan cell lines resulting in 

non-immortalized primary cultures, with limited use (Barnay-Verdier et al., 2013; Khalesi 

et al., 2008). Moreover, coral stem cells were never isolated and propagated in a laboratory 

setting to date. For all these reasons, model organisms are still regarded as a needed 

powerful tool to study complex biological interactions such as the ones involving 

cnidarian host, microbiome and zooxanthellae. 
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 In the work presented in this dissertation, I have chosen to use the coral model 

system Aiptasia to further develop key missing tools (Jaspers et al., 2019) to study host-

bacteria interactions such as visualization of host-residing bacteria, their identification 

through sequencing techniques, culturing of bacterial partners and generation of a 

gnotobiotic host. In line with all the reasons Aiptasia was firstly suggested as a strong 

coral model system (Lehnert et al., 2012; Voolstra, 2013; Weis et al., 2008), the results 

presented in this dissertation strengthen Aiptasia has a viable coral model organism by 

showing that its bacterial microbiome contains taxa that are also commonly detected in 

scleractinian corals, with some of them suggesting a dependence on the algal partners of 

the holobiont (Röthig et al., 2017). Moreover, Aiptasia possesses an ectodermal surface 

topography highly similar to the one found in corals of different growth morphology (but 

different from the most established cnidarian-bacteria interaction model, the hydrozoan 

Hydra), which suggests a similar microhabitat in the ectoderm-surface mucus layer (Costa 

et al., 2020 , in review, Chapter 4). Finally, after generating a gnotobiotic Aiptasia host 

(Costa et al., 2019) and performing a microbiome transplant from corals to Aiptasia, some 

putative coral native bacteria were able to colonize Aiptasia and remain active and 

detectable after 7 days of inoculation, which might point to a successful colonization 

(Costa et al., 2020 , in review, Chapter 4).  

 Taken together, all the results presented in this dissertation have important 

implications to the field and its recent bet on microbiome manipulation and microbial 

therapy. One example are coral probiotics, applied through the use of Beneficial Microbes 

for Corals (BMCs), which have recently shown promising results as mitigators of coral 

disease and environmental stress (Peixoto et al., 2017; Rosado et al., 2018). Since this 
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novel approach is still in its exploratory phase , there are quite a few technical drawbacks 

and challenges that arise from trying to manipulate the microbiome of scleractinian corals. 

Questions with regards to inocula persistence and dispersion, bacterial location, load or 

long-time effects are all factors that need to be further studied. As Aiptasia seems to be a 

good coral-mimetizing bacterial habitat for copiotrophic/opportunitrophic bacteria (and 

some promising BMC candidates identified to date belong to 

copiotrophic/opportunitrophic genera such as Pseudoalteromonas and Halomonas 

(Rosado et al., 2018) ), it might be a good system to screen new BMCs, either individually 

or in small consortia and assess inocula persistence, bacterial antagonistic/agonistic in 

vivo behavior or to establish maximum and minimum bacterial loads of a given inocula. 

From a functional testing perspective, our system can also be used to test specific roles of 

cultured bacterial isolates in an in vivo cnidarian gnotobiotic system (namely antioxidant 

activity assessment or nutrient exchange), or if tailored, “custom-made” bacterial 

consortia to improve host fitness and survival upon environmental challenges already 

studied in Aiptasia such as increasing temperature and/or salinity or nutrient availability 

(Cziesielski et al., 2018; Gegner et al., 2019; Rädecker et al., 2019). Finally, this work has 

also discussed the generation of marine invertebrate gnotobiotic systems (particularly with 

no closed life-cycle); methodological challenges on defining “sterility” through convential 

culture dependent and independent methods, and what is a “true” resident (i.e active) 

bacterial community in the holobiont (by comparing sequencing techniques that are DNA-

based versus RNA-based). 
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 Overall, we hope to have developed a set of tools and guidelines to improve any 

experimental design aiming at  investigating the functional role of bacteria in the coral 

holobiont.  
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Coral reefs are in decline. The basic functional unit of coral reefs is the coral metaorganism

or holobiont consisting of the cnidarian host animal, symbiotic algae of the genus

Symbiodinium, and a specific consortium of bacteria (among others), but research is

slow due to the difficulty of working with corals. Aiptasia has proven to be a tractable

model system to elucidate the intricacies of cnidarian-dinoflagellate symbioses, but

characterization of the associated bacterial microbiome is required to provide a complete

and integrated understanding of holobiont function. In this work, we characterize and

analyze the microbiome of aposymbiotic and symbiotic Aiptasia and show that bacterial

associates are distinct in both conditions. We further show that key microbial associates

can be cultured without their cnidarian host. Our results suggest that bacteria play an

important role in the symbiosis of Aiptasia with Symbiodinium, a finding that underlines

the power of the Aiptasia model system where cnidarian hosts can be analyzed in

aposymbiotic and symbiotic states. The characterization of the native microbiome and

the ability to retrieve culturable isolates contributes to the resources available for the

Aiptasia model system. This provides an opportunity to comparatively analyze cnidarian

metaorganisms as collective functional holobionts and as separated member species.

We hope that this will accelerate research into understanding the intricacies of coral

biology, which is urgently needed to develop strategies to mitigate the effects of

environmental change.

Keywords: coral reef, cnidarian-dinoflagellate symbiosis, microbial community profiling, 16S rRNA gene,

functional profiling

INTRODUCTION

Coral reefs are biodiversity hotspots of enormous ecological and economic importance. In these
ecosystems, corals are the foundation species that build the calcium carbonate skeletons that give
rise to the massive three-dimensional reef structures providing a habitat for millions of species
(Reaka-Kudla et al., 1996) and economic activity worth around US$ 5.7 billion each year for
Australia’s Great Barrier Reef alone (Hoegh-Guldberg, 2015). However, reef ecosystems are under
threat due to a combination of local (e.g., overfishing, pollution) and global (e.g., ocean warming
and acidification) factors (Hughes et al., 2003).While unusually high sea surface temperatures cause
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coral bleaching (i.e., the disruption of the coral-algal symbiosis
resulting in algal expulsion and tissue whitening), pollution may
cause coral disease and facilitate bleaching susceptibility from
high nutrient loads or other toxic substances (Negri et al., 2011;
Vega Thurber et al., 2014). In the Caribbean, 80% of coral cover
has been lost over the last decades (Gardner et al., 2003). Despite a
reasonably good understanding of the environmental conditions
that are harmful to corals, we are still missing knowledge on the
cellular and molecular basis of coral bleaching and disease, and
the contributions of microbes to stress resilience (Mouchka et al.,
2010; Bourne et al., 2016), information that is critical to conceive
strategies for mitigating future reef loss.

The basic functional unit of stony corals is the coral holobiont,
consisting of the cnidarian-animal host, its intracellular
dinoflagellate algae of the genus Symbiodinium, and a specific
consortium of associated microbes, including bacteria, archaea,
fungi, and viruses (among other organisms) (Rohwer et al.,
2002). While the dependency on a functional symbiosis between
the animal host and its photosynthetic algae has long been
acknowledged (Trench, 1993), the importance of bacterial
microbes has only recently been elucidated in more detail
(Rosenberg et al., 2007; Raina et al., 2009; Ritchie, 2011; Jessen
et al., 2013; Rädecker et al., 2015; Röthig et al., 2016; Ziegler
et al., 2016). Sparked by the development of new genomic tools
(e.g., next-generation sequencing), recent years have brought
a changing understanding in life sciences (Mcfall-Ngai et al.,
2013). The common notion is that all animals and plants are
metaorganisms that critically depend on living together with
a highly diverse and specific group of microbes that provide
functions related to metabolism, immunity, and environmental
adaptation, among others (Mcfall-Ngai et al., 2013). These
metaorganisms or holobionts cannot be understood in isolation,
but must be studied as a consortium of organisms, i.e., as
hosts and associated microbes. Consequently, interactions
and communication mechanisms among holobiont members
presumably play a major role in maintaining host health and
microbiome stability.

One of the reasons why progress is slow on gaining a better
insight into the molecular mechanisms governing holobiont
function is due to the difficulties of working with corals. For
instance, corals are difficult to grow in culture, have long
generation times, and are difficult to be kept without their
associated algal symbionts, prohibiting the study of a non-
symbiotic “control” or “reference” state (Voolstra, 2013). To
this end, the sea anemone Aiptasia has emerged as a tractable
laboratory model to study coral symbiosis (Weis et al., 2008).
A key aspect is Aiptasia’s ease of culturing and flexibility in its
symbioses (e.g., Aiptasia can host the same algal symbionts as
corals), allowing the comparative analysis of symbiotic and non-
symbiotic states side-by-side in a laboratory context (Voolstra,
2013). In this regard, the recent assembly and analysis of the
Aiptasia genome provides a foundation for its role as a model
for coral biology (Baumgarten et al., 2015), but characterization
of the associated bacterial microbial community is missing.

In order to further contribute to the establishment of Aiptasia
as a model system for coral symbiosis and to contribute to
the characterization of the entire Aiptasia holobiont, we set out

to analyze the bacterial community associated with Aiptasia.
To do this, we compared bacterial communities from Aiptasia
strain CC7 that are aposymbiotic and symbiotic with the
Symbiodinium strain SSB01 (species S. minutum) (Xiang et al.,
2013b; Baumgarten et al., 2015) to investigate how microbial
assemblages may change with symbiotic state. Last, we report
on the generation of culturable isolates from bacterial taxa of
the microbial community providing the opportunity to study
host-microbe interactions in detail.

MATERIALS AND METHODS

Animal Rearing
Aposymbiotic and symbiotic Aiptasia of the clonal strain CC7
were generated and reared as described previously (Baumgarten
et al., 2015). Briefly, aposymbiotic animals were obtained through
repetitive cold-shock by addition of 4◦C cold autoclaved freshly
collected seawater (AFSW) from the Red Sea and subsequent
incubation at 4◦C for 4 h. Anemones were then treated for 1–2
days with 50µM of the photosynthesis inhibitor diuron (Sigma-
Aldrich, St. Louis, MO, USA) at 25◦C in AFSW. Aposymbiotic
Aiptasia were raised in 1 liter AFSW-tanks at 25◦C in the
dark for more than 1 year, fed Artemia twice weekly, and
supplied with AFSW the day after feeding. Symbiotic Aiptasia
were generated by infecting aposymbiotic animals with the
clade B Symbiodinium strain SSB01 (Xiang et al., 2013a) at a
final concentration of 104 algal cells mL−1. Following infection,
symbiotic animals were transferred to a 12 h light: 12 h dark
incubator (20–40 µmol photons m−2 s−1 of photosynthetically
active radiation) at 25◦C and fed Artemia twice weekly. Two
weeks prior to the start of the experiment, aposymbiotic and
symbiotic Aiptasia were cultured in 6 multiwell cell culture plates
(3–5 organisms per well in 6mL AFSW), kept on a 12 h light:
12 h dark cycle at 25◦C, and repeatedly tested for Symbiodinium
re-infection by fluorescent microscopy (Leica DMI3000 B).
Additionally, aposymbiotic Aiptasia were regularly tested for the
presence of Symbiodinium via PCRs with Symbiodinium-specific
primers. Five days prior to experiments food supply was ceased
to avoid Artemia contamination.

Bacterial Microbiome - DNA Isolation and
16S rRNA Gene Sequencing
For bacterial DNA isolation from anemones, five aposymbiotic
and five symbiotic Aiptasia polyps of ∼0.8 cm length were
collected from the respective multiwell plates with a Pasteur
pipette and transferred into 1.5mL microtubes, washed thrice
with AFSW, and remaining water was carefully removed.
All 10 microtubes holding the polyps were transferred to
−20◦C. Aiptasia samples were crushed while thawing using
a 10µL pipette tip, and subsequently 400 µL AP1 buffer
(DNeasy Plant Mini Kit, Qiagen) were added. DNA extraction
was performed according to the manufacturer’s instructions.
For bacterial DNA isolation from water, 300mL water were
collected from each AFSW-container in which symbiotic and
aposymbiotic anemones were reared. The collected water was
firstly filtered through a 40 µm cell strainer (BD, Franklin
Lakes, NJ, USA) to remove debris, and then through a 0.22
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µm Durapore PVDF filter (Millipore, Billerica, MA, USA).
Filters were frozen at −20◦C, thawed, cut in strips using
a sterile razorblade, and transferred into 2mL microtubes.
400µL AP1 buffer were added (DNeasy Plant Mini Kit, Qiagen,
Hilden, Germany) and the microtubes were incubated on
a rotating wheel for 20 min. Further procedure followed
the manufacturer’s instructions (DNeasy Plant Mini Kit,
Qiagen). DNA concentrations of samples were quantified
on a NanoDrop 2000C spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). To generate 16S rRNA gene
amplicons for sequencing, we targeted the variable regions
5 and 6 of the 16S rRNA gene using the primer pair 784F
[5′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-
AGGATTAGATACCCTGGTA 3′] and 1061R [5′

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-
CRRCACGAGCTGACGAC 3′] (Andersson et al., 2008) with
Illumina (San Diego, CA, USA) adaptor overhangs (underlined
above). For each sample, PCRs were performed in triplicate
using the Qiagen Multiplex PCR kit, between 10 and 80 ng
template DNA, a primer concentration of 0.5 µM, and a final
reaction volume of 25 µL. PCRs were performed as follows: One
cycle at 95◦C for 15 min, 27 cycles each at 95◦C for 30 s, 55◦C
for 90 s, and 72◦C for 30 s, followed by a final extension step at
72◦C for 10 min. Triplicate PCRs for each sample were pooled
and cleaned with the Agencourt AMPure XP magnetic bead
system (Beckman Coulter, Brea, CA, USA), and subsequently
underwent an indexing PCR to add Nextera XT barcoded
sequencing adapters (Illumina) according to the manufacturer’s
instructions. Indexed PCR products were cleaned using the
Invitrogen SequalPrep normalization plate kit (Thermo Fisher
Scientific, Carlsbad, CA, USA) following the manufacturer’s
instructions and eluted at normalized concentrations (∼4 nM)
in 20 µl elution buffer and pooled in equimolar ratios. Pooled
samples were quality checked on the BioAnalyzer (Agilent
Technologies, Santa Clara, CA, USA) for presence of primer
dimers. The library was sequenced at 8 pM with 10% phiX on
the Illumina MiSeq, 2∗300 bp paired-end version 3 chemistry
according to the manufacturer’s specifications.

Bacterial Microbiome—Analysis
The sequence data set comprised 2.48 million sequence reads.
Reads were demultiplexed and adapters and barcodes were
removed in MiSeq Reporter (v. 2.4.60.8). Data were imported
into mothur version 1.36.1 (Schloss et al., 2009) and 1,239,574
contigs were assembled using the “make.contigs” command.
Contigs were quality trimmed, i.e., sequences with ambiguous
nucleotides, sequences with excessively long homopolymers
(>5), and sequences of insufficient length were removed.
Additionally 432,543 singletons were removed. Remaining
sequences were aligned against SILVA release 119 (Pruesse
et al., 2007), preclustered (2 bp difference) (Huse et al., 2010),
and chimeric sequences were removed using UCHIME (Edgar
et al., 2011). Sequences were classified against the Greengenes
database (release gg_13_8_99) with a minimum bootstrap of
60 (Mcdonald et al., 2012), and unwanted sequences (i.e.,
unknown, eukaryota, archaea, mitochondria, and chloroplasts)
were removed. From the remaining 575,354 sequences alpha

diversity indices for bacterial communities were calculated in
mothur, and the composition of samples was compared on the
family level by creating stack column plots in R (R Core Team,
2014). For taxon-based analysis, samples were subsampled to
11,000 sequences and clustered into Operational Taxonomic
Units (OTUs) using a 97% similarity cutoff. Rarefaction curves,
non-metric multidimensional scaling (nMDS), and analysis of
molecular variance (AMOVA) (Excoffier et al., 1992) were
conducted as implemented in the software mothur. Differences
between alpha diversity indices of samples were assessed
after testing for normality and homoscedasticity (Shapiro-Wilk
and Levene’s test performed in R) using one-way ANOVAs
(STATISTICA 10, StatSoft Inc.). nMDS results were plotted in
SigmaPlot 11 (Systat Software, Point Richmond, CA, USA). The
commands make.shared, classify.OTU, and get.OTUrep were
used to create a list of all OTUs and their distribution across
samples. Based on these data, we obtained a putative “core
microbiome” (i.e., all OTUs present in 100% of all Aiptasia
polyps), an aposymbiotic microbiome or “apobiome” (i.e., all
OTUs present in 100% of all aposymbiotic polyps), and a
symbiotic microbiome or “symbiome” (i.e., all OTUs present in
100% of all symbiotic polyps). Of note, the respective OTUs
may be members of multiple “biomes” and can be present
in the water samples. To identify previous occurrences of
identical or highly similar bacteria, the representative sequence
of each OTU occurring in at least one “biome” was BLASTed
against NCBI’s GenBank nr and the three best matches were
considered (e-value cutoff e−20). Putative functions encoded
in the microbial communities of anemones were based on
phylogenetic inference and assessed using METAGENassist for
automated taxonomic-to-phenotypic mapping (Arndt et al.,
2012). We created input files in mothur using the make.shared
and classify.OTU commands. During data processing, OTUs
present in anemones were assigned, mapped, and condensed
into 236 functional taxa in METAGENassist. Data were further
filtered based on interquartile range (Hackstadt and Hess, 2009),
and the remaining 225 functional taxa were normalized across
samples by sum and over taxa by Pareto scaling. We analyzed
the dataset for “metabolism by phenotype” using the Spearman
distance measure to cluster the 15 most differentially abundant
metabolic processes.

Generation of Bacterial Cultivates
Reared and starved aposymbiotic and symbiotic anemones (see
above) were collected in 1.5mL microtubes with 500µL of sterile
seawater, crushed using a pestle, and subsequently spread out on
either M1 (MO) Agar (10 g Starch, 4 g yeast extract, 2 g peptone,
18 g agar, 1 L sterile seawater) or Marine (MA) Agar (55.1 g
DifcoTM Marine Agar 2216 in 1 L sterile seawater) plates and
incubated at 28◦C for up to 24 h. To determine the identity of
cultured isolates, bacterial colonies were picked from the agar
plates into 96 well plates using sterile 10 µL pipette tips. Each
well contained 10 µl PCR mix (5 µl Qiagen Multiplex PCR kit,
1 µM of 27F and 1492R primers, adjusted to the final volume
with dH2O). The PCR conditions were set as follows: 95◦C for
15 min, followed by 35 cycles of each: 30 s at 95◦C, 90 s at 55◦C,
and 90 s at 72◦C. A final extension step was set at 72◦C for
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10min. PCR reactions were cleaned using Illustra ExoStar 1-Step
(GEHealthcare, Little Chalfont, UK) according tomanufacturer’s
instructions. Sanger sequencing for 16S rRNA gene products was
performed by the Bioscience Core Lab (BCL) at KAUST using
the primer 1492R to yield a 16S rRNA gene partial sequence
that aligns with the MiSeq amplicon (see above). Sequencing
analysis was conducted using CodonCode Aligner (v.3.7.1.1).
Briefly, ∗.ab1 files were imported and sequence ends were clipped
using default quality parameters. To obtain matches between
cultured isolates and OTUs, a BLAST database (Altschul et al.,
1990) was created from all OTU sequences, and only hits with
100% similarity were considered.

RESULTS

Bacterial Community of Aiptasia and
Rearing Water
We produced 12 16S rRNA gene libraries containing a total
of 1,239,574 sequences from 5 aposymbiotic and 5 symbiotic
Aiptasia animals and 2 water samples (from both rearing
conditions, i.e., 1 aposymbiotic and 1 symbiotic). After quality
trimming and removal of singletons and unwanted sequences,
575,354 sequences with an average length of 292 bp were
available for subsequent analyses. Classification of sequences
on the family level revealed noticeable differences between
the microbial community associated with aposymbiotic and
symbiotic anemones (Figure 1). On average, aposymbiotic
Aiptasia were overall dominated by Alteromonadaceae (between
29% and 52%, mean 47%), Rhodobacteraceae (between 6% and
15%, mean 11%), and Oceanospirillaceae (between 1% and 22%,
mean 12%). In contrast, microbial communities from symbiotic
anemones showed an increased amount of Pseudomonadaceae
(between 17% and 24%, mean 20%) and Dermabacteraceae
(between 10% and 15%, mean 12%), but contained noticeably
less Alteromonadaceae (between 16% and 23%, mean 19%).
By comparison, water samples were markedly different from
all Aiptasia samples and also different from each other. On
average, water samples were more diverse, i.e., more bacterial
families with a more even abundance were present (e.g.,
Alteromonadaceae, Rhodobacteraceae, and unclassified families
of the order Flavobacteriales and the class Gammaproteobacteria
made up >50% of sequences).

To assess differences between bacterial communities of
aposymbiotic and symbiotic Aiptasia in more detail, we clustered
sequences into operational taxonomic units (OTUs) at a 97%
similarity cutoff after subsampling to 11,000 reads and calculated
alpha diversity indices (Table 1, Supplementary File S1). We
identified a total of 486 OTUs, 379 associated with Aiptasia (251
OTUs were exclusively found in Aiptasia) and 235 found in water
(of these 107 exclusively in water) (Supplementary File S2).
Average Chao1 estimator of species richness was significantly
higher for aposymbiotic samples than for symbiotic samples
(average 166 vs. 131, respectively) (t-test < 0.05). Simpson’s
evenness and the inverse Simpson index, however, were
significantly higher (t-test < 0.05) in symbiotic samples
(average 0.095 and 11.8, respectively) than in aposymbiotic
samples (average of 0.053 and 8.0, respectively). Water samples

showed a higher Chao1 (average 257) and inverse Simpson
index (average 14.7), but a similar evenness (average 0.059)
in comparison to Aiptasia samples. Differences in bacterial
communities from aposymbiotic and symbiotic Aiptasia and
water samples were visualized in a non-metric multidimensional
scaling (nMDS) plot based on the Yue & Clayton theta
similarity coefficient (Supplementary File S3). As expected, we
found a clear separation between the water samples and
all Aiptasia samples (PAMOVA = 0.014) demonstrating the
presence of a specific and selected microbiome associated
with Aiptasia. To focus on differences between apo- and
symbiotic Aiptasia, we excluded water samples from subsequent
analyses.

Distinct Bacterial Communities of
Aposymbiotic and Symbiotic Aiptasia
Bacterial communities associated with aposymbiotic and
symbiotic Aiptasia were significantly different in an OTU
framework (PAMOVA = 0.008). To further identify OTUs
associated with different symbiotic states, we determined the
“core microbiome” (i.e., all OTUs present in 100% of all Aiptasia
samples), the aposymbiotic microbiome or “apobiome” (i.e.,
all OTUs present in 100% of aposymbiotic Aiptasia), and the
symbiotic microbiome or “symbiome” (i.e., all OTUs present in
100% of symbiotic Aiptasia) (Figure 2).

We identified 24 OTUs in the core microbiome (Table 2,
Supplementary File S2), which included the 10 most abundant
OTUs, comprising >60% of all OTU sequence counts. We
next looked for patterns of differential abundance among
core microbiome members in aposymbiotic and symbiotic
Aiptasia, since their relative abundance may indicate functional
differences (Figure 2, Table 2). Interestingly, only three OTUs
showed a comparatively modest fold-change between 1.2- and
1.7-fold (OTU004, OTU010, OTU024), while the remaining
21 OTUs, i.e., the vast majority of all core microbiome taxa,
showed marked differences in abundance (between 2.4- to
18-fold) between aposymbiotic and symbiotic anemones. For
the “apobiome”, we identified 50 distinct OTUs, including
11 OTUs that were exclusively found in aposymbiotic
animals (Supplementary File S2). The 50 bacterial taxa of
the “apobiome” represented abundant and rare members of the
microbiome (mean abundance of 1–3318 sequence counts in
aposymbiotic conditions). Similarly, the “symbiome” consisted
of 37 OTUs, including only 1 OTU that was exclusively found
in symbiotic anemones (Supplementary File S2). The average
abundance of OTUs from the “symbiome” ranged between 6 and
2173 sequence counts in symbiotic Aiptasia.

Taxonomy-Based Functional Profiling of
Bacterial Communities in Aiptasia
To assess putative functional changes underlying the different
bacterial communities in aposymbiotic and symbiotic Aiptasia,
we used METAGENassist (Figure 3, Supplementary File S4).
Symbiotic Aiptasia clustered together tightly indicating
homogeneity in enrichment and depletion of functions. By
comparison, aposymbiotic samples seemed more diverse and
did not cluster together. In particular, one of the samples
(Apo5, Figure 3) exhibited higher similarity to the symbiotic
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FIGURE 1 | Bacterial community composition on the phylogenetic level of family (Greengenes database, bootstrap ≥60). Each color represents one of the

15 most abundant families across all samples. Less abundant families are grouped under “others.” Pie charts display average bacterial community composition of

aposymbiotic (left) and symbiotic (right) Aiptasia. Sequences unclassified on the family level are denoted at the next higher classified taxonomic level. Numbers in

parenthesis demark the number of different taxa within the respective families. Apo, aposymbiotic Aiptasia; Sym, symbiotic Aiptasia; WaterApo, water from rearing of

aposymbiotic Aiptasia; WaterSym, water from rearing of symbiotic Aiptasia.

samples as indicated by the clustering of this sample with
symbiotic Aiptasia. In general, we found processes to be
enriched in aposymbiotic and depleted in symbiotic samples
(e.g., “Sulfate reducer”, “Sulfide oxidizer”, “Selenate reducer”,
“Denitrifying”) or vice versa enriched in symbiotic and
depleted in aposymbiotic samples (e.g., “Sulfur oxidizer”,
“Chlorophenol degrading”, “Degrades aromatic hydrocarbons”,
“Sulfur metabolizing”, “Naphthalene degrading”), besides
some processes that were more inconsistent (e.g., “Xylan
degrader”, “Atrazine metabolism”, “Iron oxidizer”) (Figure 3,
Supplementary File S4).

Cultured Isolates of Aiptasia-Associated
Bacteria
In order to enable functional studies on bacteria-host interactions
in Aiptasia, it is of great benefit to have culturable isolates
of bacterial associates, as previously demonstrated for Hydra
(Fraune et al., 2015). To obtain cultured isolates, we used
lysates of aposymbiotic and symbiotic animals and compared
the isolated bacteria to the native microbial community. We

retrieved approximately 700 bacterial colonies. Subsequent
16S marker gene sequencing and comparison to the native
microbiome revealed about 200 distinct cultivates with a
similarity of ≥97% (data not shown). Importantly, 14 cultivates
displayed a similarity of 100% to the 16S rRNA gene
amplicon, which were further considered (Table 3). These 14
OTUs included 3 of the 10 most abundant bacteria (i.e.,
OTU001, OTU004, and OTU006) and were members of
the most abundant family Alteromonadaceae in aposymbiotic
and symbiotic anemones (Table 3, Supplementary File S2).
Importantly, we could culture the most abundant member
(OTU001) from the core microbiome and identified it to the
genus Glaciecola, which was possible based on the longer
Sanger sequence (∼900 bp) in comparison to the MiSeq
amplicon. The 14 OTUs contained 6 OTUs (25%) of the core
microbiome, 9 OTUs (18%) of the apobiome, and 7 OTUs
(19%) of the symbiome. The use of two different growth media
retrieved different cultures. For instance, a bacterial cultivate
representing OTU001 was obtained from bacterial colonies
grown on Marine Agar, but not M1 Agar. Further, while
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Marine Agar retrieved a higher taxonomic diversity, M1 Agar
showed an increased selectivity for the genera Alteromonas and
Pseudoalteromonas.

DISCUSSION

The Microbiome of Aiptasia
Despite the importance of bacteria to animal and plant
function (Mcfall-Ngai et al., 2013), the microbiome of model

TABLE 1 | Summary statistics of 16S rRNA gene bacterial community

sequencing of Aiptasia.

Sample

name

# of sequences # of

OTUs

Chao1 Inverse

simpson

Simpson’s

evenness

Apo1 81,766 102 192 8.5 0.048

Apo2 68,978 96 171 7.7 0.051

Apo3 61,293 110 168 5.5 0.035

Apo4 33,248 110 146 5.2 0.038

Apo5 24,223 128 154 12.9 0.093

Sym1 22,415 115 138 13.2 0.102

Sym2 25,755 133 142 12.3 0.088

Sym3 26,144 113 127 10.9 0.090

Sym4 11,277 109 112 12.4 0.113

Sym5 23,692 121 135 10.3 0.081

WaterApo 91,201 181 280 19.1 0.071

WaterSym 105,362 142 234 10.3 0.045

Apo, aposymbiotic; Sym, symbiotic.

systems has only begun to be studied in earnest over the
past few years. While studies in Hydra magnipapillata show
that co-operation between host-selected microbes exist (Fraune
et al., 2015), the microbiome of Nematostella vectensis has
only been characterized very recently and functional studies
are not yet available (Har et al., 2015). Here we describe
the microbiome of Aiptasia associated with aposymbiotic and
symbiotic states. We find that the bacterial microbiome,
irrespective of the symbiotic state with Symbiodinium, is
comprised of a fairly consistent number of OTUs (between 96
to 133 OTUs). In Hydra a similar number of OTUs (∼100)
has been found in 15 week old polyps (Franzenburg et al.,
2013). In corals, numbers of associated OTUs vary more
pronouncedly between species and prevailing environmental
conditions, but are also on the order of tens to hundreds of
OTUs (Bayer et al., 2013; Jessen et al., 2013; Roder et al., 2014,
2015; Neave et al., 2016; Röthig et al., 2016; Ziegler et al.,
2016).

Although the core microbiome was comparably small, the
24 bacterial taxa made up the majority of sequence counts.
The ubiquity and high abundance of these OTUs suggest
functional importance to the animal host, regardless of the
symbiotic state. Yet, the majority of core microbiome taxa
considerably differed in their abundance in aposymbiotic
and symbiotic anemones. At present, it is unknown why
these bacteria display differential abundance, but these
data suggest a link between the bacterial community and
the cnidarian-algal symbiosis, strongly arguing to integrate
bacterial communities in research of the cnidarian-algal
symbiosis.
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FIGURE 2 | Aiptasia “core microbiome”, “apobiome” (aposymbiotic microbiome), and “symbiome” (symbiotic microbiome). Bacterial members were
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TABLE 2 | Aiptasia “core microbiome”, “apobiome” (aposymbiotic

microbiome), and “symbiome” (symbiotic microbiome).

OTU “Core

microbiome”

“Apobiome” “Symbiome” Taxonomy (bootstrap

value)

# of OTUs 24 50 37

OTU001 2072 3318 826 unclassified

Alteromonadaceae

(100)

OTU002 1236 299 2174 Pseudomonas veronii

(88)

OTU003 792 252 1332 Brachybacterium sp.

(100)

OTU004 668 849 486 Alteromonas sp.(100)

OTU005 512 827 197 Thalassobius

mediterraneus (86)

OTU006 265 85 445 Alteromonas sp.(100)

OTU007 560 1003 117 Oceanospirillum sp.

(100)

OTU008 535 175 894 Dietzia sp. (100)

OTU009 443 108 777 Pelomonas puraquae

(100)

OTU010 428 515 342 Alteromonas sp.(100)

OTU011 NaM 497 NaM unclassified

Cohaesibacteraceae

(100)

OTU012 NaM NaM 495 unclassified

Alteromonadales (100)

OTU013 239 405 73 unclassified Fluviicola

(100)

OTU014 220 414 27 Bacteriovorax sp. (100)

OTU016 189 74 303 Francisella sp. (100)

OTU017 179 19 339 Propionibacterium

acnes (100)

OTU018 NaM NaM 95 unlassified

Oleiphilaceae (100)

OTU019 149 270 28 unclassified

Rhodobacteraceae

(100)

OTU021 NaM 144 NaM Thalassomonas sp.

(100)

OTU022 NaM 240 NaM Tenacibaculum sp.

(100)

OTU024 77 84 69 Nautella italica (100)

OTU026 89 145 33 Photobacterium

angustum (100)

OTU027 97 25 168 Gluconacetobacter

liquefaciens (100)

OTU028 81 140 21 Plesiocystis sp. (100)

OTU029 NaM 83 NaM unclassified

Rhodobacteraceae(100)

OTU031 87 21 152 Brevibacterium aureum

(100)

OTU032 NaM NaM 71 Shimia sp. (100)

OTU034 NaM NaM 90 Candidatus

Rhabdochlamydia sp.

(100)

(Continued)

TABLE 2 | Continued

OTU “Core

microbiome”

“Apobiome” “Symbiome” Taxonomy (bootstrap

value)

# of OTUs 24 50 37

OTU035 NaM 124 NaM unclassified

Bacteriovoracaceae

(100)

OTU037 62 11 114 Acinetobacter

guillouiae (99)

OTU038 62 14 109 Curvibacter sp. (94)

OTU040 NaM 81 NaM unclassified

Alteromonadales (100)

OTU041 NaM 73 NaM BD2-13 sp. (100)

OTU042 NaM NaM 79 Staphylococcus

epidermidis (84)

OTU044 NaM NaM 13 unclassified

Acidimicrobiales (100)

OTU046 34 49 20 unclassified

Phyllobacteriaceae

(100)

OTU048 NaM 55 NaM Marinobacter sp. (100)

OTU052 NaM NaM 47 Sphingobium

yanoikuyae (100)

OTU054 24 7 41 Sphingomonas

echinoides (100)

OTU056 NaM 44 NaM unclassified

Flavobacteriaceae(100)

OTU062 NaM 4 NaM unclassified

Piscirickettsiaceae

(100)

OTU067 NaM NaM 31 unclassified

Endozoicimonaceae

(100)

OTU071 NaM 27 NaM unclassified

GMD14H09 (100)

OTU073 NaM 17 NaM unclassified

Alphaproteobacteria

(100)

OTU075 NaM 10 NaM Pseudoalteromonas

porphyrae (100)

OTU076 NaM 18 NaM Pseudoalteromonas

ruthenica (100)

OTU079 NaM NaM 17 unclassified

Sinobacteraceae(100)

OTU080 NaM 6 NaM unclassified Gemm-2

(100)

OTU081 NaM 9 NaM unclassified

Phyllobacteriaceae

(100)

OTU084 NaM 17 NaM unclassified

Bacteriovoracaceae

(100)

OTU085 NaM 12 NaM Cohaesibacter sp.

(100)

OTU086 NaM NaM 6 unclassified

Phycisphaerales (100)

OTU088 NaM NaM 14 Janthinobacterium

lividum (100)

(Continued)
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TABLE 2 | Continued

OTU “Core

microbiome”

“Apobiome” “Symbiome” Taxonomy (bootstrap

value)

# of OTUs 24 50 37

OTU092 NaM 13 NaM Oleibacter sp. (100)

OTU094 NaM 10 NaM unclassified

Flavobacteriales (100)

OTU098 NaM 10 NaM Ferrimonas sp. (100)

OTU102 NaM NaM 9 Methylobacterium

hispanicum (86)

OTU104 NaM 7 NaM unclassified

Alteromonadaceae(80)

OTU105 NaM 7 NaM unclassified

Cohaesibacteraceae(82)

OTU112 NaM 2 NaM unclassified

Alphaproteobacteria

(100)

OTU121 NaM 2 NaM unclassified

Phycisphaeraceae

(100)

OTU122 NaM NaM 5 Brevundimonas

diminuta (94)

OTU213 NaM 1 NaM unclassified

Thalassomonas (100)

Members were determined by assessing presence of OTUs over samples. Only

OTUs present in all anemones, aposymbiotic anemones, and symbiotic anemones

were considered members of the “core microbiome”, “apobiome”, and “symbiome”,

respectively. NaM, not a member, numbers denote average abundance in respective

’-biomes’.

Interestingly, Pseudomonas veronii was identified as a highly
abundant member of the core microbiome (Table 3). P. veronii
was strongly enriched in a recent study on fungid corals
exposed to hypersalinity in the Red Sea (Röthig et al., 2016).
The repeated association with different symbiotic cnidarians
might point toward the functional importance of this bacterial
taxon and makes it an interesting candidate for cultivation
and functional studies. We also identified Nautella italica,
a bacterial pathogen able to colonize and invade different
algae (Fernandes et al., 2011; Gardiner et al., 2015), which
at least hypothetically shows how host-associated bacteria
can affect the animal host-algal symbiosis. Many of the
remaining core microbiome members were found previously
associated with corals, sponges, echinoids, algae, and sediments
(Supplementary File S2).

In the future, improved resolution of taxonomical
classification could be obtained by compiling databases
harboring sequences specifically associated with cnidarians, as
done for members of the human intestinal microbiota (Ritari
et al., 2015). Recent efforts to establish cnidarian-specific
databases include the Coral Microbiome Portal (CMP) at
https://vamps.mbl.edu/portals/coral_microbe/coral.php and
reefgenomics.org (Liew et al., 2016) at http://reefgenomics.org
that, besides serving as a data repository for genomics data
associated with reef organisms, also anticipates to hold microbial
data such as those arising from the ReFuGe 2020 consortium
(Voolstra et al., 2015).

Functional Differences Associated with the
Microbial Community
Interestingly, 4 out of the 15 most pronounced differences
in metabolic processes were involved in sulfur cycling (i.e.,
“Sulfate reducer”, “Sulfide oxidizer”, “Sulfur oxidizer”, “Sulfur
metabolizing”). Sulfur utilization is enhanced by the presence
of Symbiodinium in juvenile corals (Yuyama et al., 2016).
Similarly, we argue that symbiotic Aiptasia have higher levels
of dimethylsulfoniopropionate (DMSP), which accordingly
provides a source of sulfur for the bacterial community
(Supplementary File S5). In support, aposymbiotic Aiptasia
seem unable to produce DMSP as it was only found in
symbiotic animals (Van Alstyne et al., 2009). Taken together,
DMSP is an important substrate of bacterial sulfur cycling
(Raina et al., 2010), and its increased synthesis in symbiotic
Aiptasia likely explains the enrichment of sulfur cycling
bacteria, as shown previously for coral holobionts (Frade et al.,
2016). Besides differential abundance of functions related to
sulfur cycling, we identified differences in nitrogen cycling
(Supplementary File S5). Nitrogen is a limiting nutrient in the
coral holobiont and algal symbiont densities are controlled,
in part, by nitrogen availability (Falkowski et al., 1993;
Rädecker et al., 2015). The bacterial processes “nitrite reduction”
and “denitrification” were increased in aposymbiotic Aiptasia,
indicating either increased nitrogen availability and/or increased
recycling. Given that Symbiodinium is the major sink for
nitrogen compounds released by the host in symbiotic coral
holobionts (Pernice et al., 2012), nitrogen may no longer be a
limiting factor in aposymbiotic animals. Hence, excess nitrogen
availability may stimulate growth of denitrifying bacteria,
allowing for the efficient removal of these nitrogen compounds
from the holobiont. Future studies using metagenomics and
metatranscriptomics to study aposymbiotic and symbiotic states
have the potential to provide further insight and a more direct
assessment of the functional attributes of the microbiome (see
e.g., Daniels et al., 2015).

Cultured Isolates of Aiptasia-Associated
Bacteria—Toward Functional Microbiome
Studies
Even though functional studies of corals exist (Lema et al.,
2015; Pollock et al., 2015), a laboratory model is needed in
order to conduct more elaborate studies, such as experimental
replacement of native bacteria in order to assess functional
contribution of a specific bacterial species. For this type of
experiment, it is essential to obtain bacterial cultivates that
represent key microbial symbionts. In this study, we could
culture a range of abundant and rareAiptasia-associated bacteria,
including isolates that were specific to the aposymbiotic or
symbiotic condition. The cultured isolates here present a starting
point for functional studies, especially with regard to the notion
that abundant and rare bacteria in cnidarians are functionally
important (Bosch, 2013; Golberg et al., 2013; Fraune et al.,
2015; Glasl et al., 2016). Of note, this is an ongoing effort,
and we anticipate that further application of different culture
media and conditions will enable a much more complete
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FIGURE 3 | Taxonomy-based functional profiling of bacterial communities. Heatmap displaying putative functional differences based on the bacterial

community composition of aposymbiotic and symbiotic Aiptasia. Changes are displayed on a relative scale with enrichment in red and depletion in blue. Sym,

symbiotic Aiptasia; Apo, aposymbiotic Aiptasia.

cultivation of Aiptasia-associated bacteria. These efforts will be
complemented by whole genome sequencing of key bacterial
associates, as conducted by Har et al. (2015), in order to gain
further understanding of the putative functions encoded and
provided by the bacterial microbiome. In addition, an important
accompanying step to culturing and characterization of bacterial

isolates is the generation of axenic Aiptasia that may then be
used for infection studies with bacterial cultivates in order to
unequivocally assign function (Fraune et al., 2015), with the
ultimate aim of identifying bacteria that affect holobiont traits of
significance to environmental change, such as those that confer
increased thermotolerance (Moran and Yun, 2015).
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TABLE 3 | Overview of cultured isolates of Aiptasia-associated bacteria.

Bacterial isolate OTU Average abundance

aposymbiotic

Average abundance

symbiotic

Annotation MiSeq Annotation Sanger

MA2A18, MA2S3 OTU001 3318 826 Alteromonadaceae Alteromonadaceae; Glaciecola sp.

MOA1, MOS1 OTU004 849 436 Alteromonadaceae; Alteromonas sp. Alteromonadaceae; Alteromonas sp.

MOA2, MOS2 OTU006 85 445 Alteromonadaceae; Alteromonas sp. Alteromonadaceae; Alteromonas sp.

MA6S5 OTU019 28 270 Rhodobacteraceae Rhodobacteraceae

MA4S4 OTU024 69 84 Rhodobacteraceae; Nautella italica Rhodobacteraceae; Nautella italica

MOA3, MA6S1 OTU026 145 33 Vibrionaceae; Photobacterium

angustum

Vibrionaceae; Vibrio sp.

MA2S4 OTU032 71 4 Rhodobacteraceae; Shimia sp. Rhodobacteraceae

MA2A12, MA2S1 OTU048 55 0 Alteromonadaceae; Marinobacter sp. Alteromonadaceae; Marinobacter sp.

MA2S24 OTU057 17 6 Alteromonadaceae; Marinobacter sp. Alteromonadaceae; Marinobacter sp.

MA4A2 OTU075 10 10 Pseudoalteromonadaceae;

Pseudoalteromonas porphyrae

Pseudoalteromonadaceae;

Pseudoalteromonas sp.

MA4A5, MOS3 OTU076 18 5 Pseudoalteromonadaceae;

Pseudoalteromonas ruthenica

Pseudoalteromonadaceae;

Pseudoalteromonas ruthenica

MA2A13 OTU106 1 1 Rhizobiales Hyphomicrobiaceae

MOS4 OTU362 0 0 Alteromonadaceae; Alteromonas sp. Alteromonadaceae; Alteromonas sp.

MA4S9 OTU392 0 0 Rhodobacteraceae Rhodobacteraceae; Ruegeria sp.

Only cultured bacteria with 100% sequence similarity to determined OTUs were considered. Annotation of family; genus; species (all bootstrap 100). Culture Names: MA, Marine Agar;

MO, M1 Agar; S/A, extracted from symbiotic/aposymbiotic anemones; number denotes respective culture replicate.

CONCLUSIONS

The unprecedented decline of coral reef cover in the last decades
and in particular in recent years has heightened the need to
better understand the mechanistic and molecular underpinnings
of coral holobiont function. The growing popularity of the
Aiptasia coral model promises to yield new insights and allows
for the design of novel experiments, such as the comparison
of aposymbiotic and symbiotic states. Our data show that
aposymbiotic and symbiotic Aiptasia harbor distinct bacterial
microbiomes with strong implications for the coral holobiont,
namely that bacteria putatively play an important role in the
coral-algal symbiosis and that the entire holobiont adjusts
to the symbiotic condition. This is further corroborated by
taxonomy-based functional profiling indicating that the bacterial
microbiome of symbiotic Aiptasia is highly structured, less
variant, and enriched for functions of putative relevance to
the algal symbiosis. We hope that cultivation of members of
the bacterial community of Aiptasia provides a foundation to
conduct functional studies with the aim of better understanding
the contributions of bacteria to holobiont function and
identifying the members that are critical for environmental
resilience of Aiptasia, and by extension of stony corals.
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ABSTRACT

This protocol aims to obtain bacteria-depleted Aiptasia polyps. It is divided into 2 sections: (1) a rearing protocol 
composed of sterile food preparation and anemone priming and (2) a bacteria-depletion protocol for Aiptasia. 
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GUIDELINES

    This protocol aims to obtain bacteria-depleted Aiptasia polyps. Given that the Aiptasia life cycle is not closed yet 
under laboratory settings, we start with xenic adult anemones. The here-described protocol is divided into 2 
sections: (1) a rearing protocol composed of sterile food preparation and anemone priming and (2) a bacteria-
depletion protocol for Aiptasia. Therefore, it is vital to start a “priming batch” of adult anemones and to ensure that 
all sources of potential contamination (seawater and food) are devoid of bacteria during the priming step. The 
priming step will reduce the bacterial cargo in order to increase the success of the antibiotic treatment. 

    Sterile food is obtained through decapsulation of Artemia cysts by hypochlorination and antibiotic treatment, 
adapted from (Sorgeloos et al., 1977). This process removes the outer layer of the cyst and decreases the 
hatching time, while also sterilizing it. Cysts are then de-hydrated for storage and re-hydrated for hatching at 
convenience. Primed anemones to be used for the depletion protocol must be exclusively fed with this food source 
for an extended period of time and only artificial seawater (ASW) may be used. The primed animals will then 
undergo an antibiotic treatment with daily media replacement for 7 days, and any manipulation from this point 
onwards must be done under aseptic conditions. 

    Bacterial contamination should be assessed after treatment by culture-dependent and -independent techniques. 
It is recommended that Aiptasia animals are not fed during and post-treatment to limit any potential 
contamination. A recovery of at 24 hours after antibiotic treatment is recommended to ensure full removal of 
antibiotics. Such obtained/treated animals are heavily depleted and ready for any microbial manipulation 
experiment. Treated animals should be used in experiments as soon as the recovery phase finishes to avoid 
potential bacterial re-growth/re-colonization. 

    In our current experience, treated Aiptasia animals may not remain depleted if reared for periods of more than 7 
days after recovery with no selective pressure (i.e., antibiotics) applied.

NOTE: The antibiotic treatment can be prolonged for up to 1 month with no mortality. If working with bigger 
animals (>1cm oral disk) than prolonging the treatment is highly recommended. Increasing the dosage of an 
antibiotic was not tested in vivo, but was tested on bacterial isolates from Aiptasia with low to moderate success 
on bacterial growth inhibition (up to 200µl/ml of single antibiotics); nevertheless, can be considered in case of low 
success rates.

MATERIALS TEXT

ReagentsReagents

 For  Animal rear ing:For  Animal rear ing:

 Artif icial seawater  (ASW):Artif icial seawater  (ASW):
420 mM Sodium chloride – CAS: 7647-14-5
10.5 mM Calcium chloride dihydrate – CAS: 10035-04-8
840 µM Potassium bromide – CAS: 7758-02-3
71.5 µM Sodium fluoride – CAS: 7681-49-4
9.4 mM Potassium chloride – CAS: 7447-40-7
485.2 µM Boric acid – CAS: 10043-35-3
28.8 mM Sodium sulfate – CAS: 7757-82-6
2.4 mM Sodium bicarbonate – CAS: 144-55-8
63.8 µM Strontium chloride hexahydrate – CAS: 10025-70-4
58.3 mM Magnesium chloride hexahydrate – CAS: 7791-18-6 
For pH adjustment: Sodium hydroxide – CAS: 1310-73-2
Ethanol absolute – CAS: 64-17-5 
Clorox bleach (or any household bleach, unscented, with ~5,25% active chlorine)

 For  Antibiotic treatment (antibiotic ‘cocktail’/solution, ABS) :For  Antibiotic treatment (antibiotic ‘cocktail’/solution, ABS) :  

50 µg/ml Rifampicin  - CAS: 13292-46-1; Stock solution as 50 mg/ ml in 100% DMSO
50 µg/ml Nalidixic acid – CAS: 389-08-2; Stock solution as 50 mg/ml in MilliQ H2O with pH adjusted to 11 using NaOH
50 µg/ml Carbenicillin – CAS:  4800-94-6; Stock solution as 100 mg/ml in MilliQ H2O
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ABSTRACT

50 µg/ml Chloramphenicol – CAS: 56-75-7; Stock solution as 50 mg/ml in 100% Ethanol
Artificial seawater

For  bacter ial assessment:For  bacter ial assessment:

Difco™ Marine Agar 2216
Qiagen DNeasy Blood & Tissue Kit
Taq-polymerase or any PCR-ready mix (we use Qiagen Multiplex PCR kit Cat No: 206145)
16S rRNA gene primers: we use the universal primer pair

        27F 5'-AGAGTTTGATCCTGGCTCAG-3'
        1492R 5'-GGTTACCTTGTTACGACTT-3'
        or
        67F 5′-CAGGCCTAACACATGCAAGTC-3'
        1542R 5′-AAGGAGGTGATCCAGCCGCA-3'
        The latter primer pair allows a better separation of bacterial and (non-specific) eukaryotic amplifications on an agarose 
gel (Galkiewicz and Kellogg, 2008)).

ConsumablesConsumables

1 L plastic rearing containers, with lid
Sterile 24-well tissue culture plates
Sterile plastic 100 x 15 mm Petri dishes
Cotton swabs, sterile (Cat: 89031-272)

0.2 µm pore size filter with disposable bottles (we use Corning® bottle-top vacuum filter system)
Sterile polypropylene pellet pestles
1.5 ml polypropylene tubes
0.2 ml PCR tubes
Sterile serological pipettes, 5, 10, 25 ml.
Sterile Plastic Pasteur pipette
50 ml polypropylene tubes

EquipmentEquipment

Autoclave
Biosafety cabinet
Inverted microscope with 40x objective
Incubator with controlled light and temperature
Artemia hatching system or aerated closed bottles
Thermocycler

Biological mater ialBiological mater ial

Aiptasia (Exaiptasia pallida) anemones; here: strain CC7 in symbiotic and aposymbiotic state was used (see (Baumgarten 
et al., 2015))
Artemia cysts (Brine Shrimp cysts)

This protocol aims to obtain bacteria-depleted Aiptasia polyps. It is divided into 2 sections: (1) a rearing protocol 
composed of sterile food preparation and anemone priming and (2) a bacteria-depletion protocol for Aiptasia. 

Rearing Protocol

1 Prepare Artificial seawater (ASW) by mixing reagents in MilliQ water and adjusting the pH of the final volume to 8.0-8.2. 
Filter through 0.22 µm pore size filter.
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Preparation of decapsulated Artemia cysts

2 To prepare the decapsulated Artemia cysts:

2.1 Weight 2g of cysts and mix with 150 ml of tap water. Let hydrate with aeration for 1h;

2.2 Prepare a saturated brine solution by mixing at least 35% w/v (better >40%) of NaCl in MilliQ water and 
autoclave it (80 ml). The solution must have a substantial amount of precipitated salts to account for 
the water that will come out of the hydrated cysts;

2.3 After 1h of hydration, add 150 ml of bleach to the cysts and mix with aeration between 4-6 minutes. 

The mixture will become foamy (don’t aerate vigorously!) and the cysts will change color, 
first from brown to white, then orange. It is more important to watch the color change than 
to follow an exact time, so the cysts do not become inviable due to overtime in bleach. Still, 
as a first approximation, don’t leave it longer than 5-6 min.

2.4 When the majority of the cysts look orange, strain them in a 63 µm strainer and rinse the cysts 
extensively under tap water for at least 1 min; or until they don’t smell like bleach.

2.5 Rinse the cysts for an extra 30 sec in MilliQ water.

2.6 Pour the cysts in a 50 ml polypropylene tube and, in a biosafety cabinet, add the antibiotic solution 
(ABS) until covered. Incubate in a tilting lab mixer (or belly dancer) for 30 min.

2.7 In the biosafety cabinet, strain the cysts and scoop them to the cool autoclaved saturated brine 
solution and place the cysts in the fridge. This will de-hydrate them and prevent the hatching process.

2.8 Cysts should last up to 4 months at 4°C.

If salt is not precipitated in the brine solution, add more as the cysts will only preserve while 
they are de-hydrated. 

2.9 To hatch the cysts, in a biosafety cabinet, shake the brine to place the cysts in suspension, let the salts 
settle for a couple of seconds, take 1 ml of the suspension and mix with 35 ml of ASW in a 50 ml falcon 
tube (or a bigger amount onto a sterile hatching system) and incubate at RT with agitation. Cysts will 
hatch in 24-48h.
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In the first hatching, and before feeding Aiptasia animals, take 200 µl of the hatching water 
after 48 h and plate it in Marine Agar or other rich marine media and incubate for 5 days @ 
25°C. Absence of colonies indicates successful treatment. In case of bacterial growth, hatch 
the cysts in ABS instead of ASW.

The amount of decapsulated cysts can be scaled up using the same protocol in a higher 
proportion of cysts and solutions, but up to a limit (see (Sorgeloos et al., 1977)).

F igure 1.F igure 1.  Overview of brine shrimp decapsulating protocol/procedure. (A) Decapsulation steps and (B) bacterial growth 
assessment before and after decapsulation using hatching water as inoculum.

Rearing Protocol

3 Prepare the antibiotic solution (ABS) by mixing antibiotics with ASW and sterile filter the final solution through 0.22 µm 
pore size filters. Cover the bottle with aluminum foil to protect from light.

Priming of Aiptasia animals targeted for bacterial depletion

4 1.  Remove aposymbiotic (APO) or symbiotic (SYM) Aiptasia polyps (oral disk of approximately 5mm) from rearing 
containers and extensively wash them in ASW individually and sequentially in 2 petri dishes, by pipetting up and 
down with a plastic Pasteur pipette. 

Make sure the animals release mucus. This step depletes the bacteria on the surface mucus layer and also 
washes away parasitic eukaryotes (Figure 3).
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5 1.  Transfer the anemones destined for bacterial depletion to a clean container and rear them in a 12 h light: 12 h dark 
incubator (20–40 µmol photons m−2 s−1 of photosynthetically active radiation) at 25ºC, using only ASW and 
feeding them twice a week with the decapsulated Artemia nauplii for at least a month, changing the water on the 
day after each feeding.

Always open the stock of decapsulated cysts under sterile conditions.

Aiptasia bacterial depletion protocol

6  Repeat step 4 from the Priming section;

7  After the polyps released mucus, transfer the polyps to a petri dish with the antibiotic solution (ABS).

All steps after step 7 must be done in a biosafety cabinet, in a sterile environment applying proper sterility 
practices. 

Each antibiotic targets a different mechanism of bacterial replication to ensure different killing mechanisms. 
The antibiotic solution can be kept at 4°C protected from light during the course of the treatment (1 week).  

8  Wash the Aiptasia animals once more in ABS and leave them in the plate for ~15 min.

9  Transfer each Aiptasia polyp to a 24-well plate, 1 polyp per well and fill with 1 ml of ABS.

10 Let the polyps adhere to the wells for a few hours and check in the inverted microscope for the presence of parasites 
(Figure 3). In case you still see something, wash the well again with ABS.

11 Treat the polyps for 7 days, with daily media exchange, and incubate @ 25°C under normal light cycle conditions.

12 In between exchanges, clean the bottom of the wells with sterile cotton tip swabs lightly wet with 70% Ethanol in MilliQ 
water and rinse 1 time with ASW.

Treatment should be initiated and ASW exchanged at the beginning of the incubator’s dark cycle to prevent 
early photodegradation of light-sensitive antibiotics (e.g., Rifampicin).
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If incubating plates in incubators with high ventilation, put the plates inside a zip lock bag with a wet piece of 
paper inside to prevent evaporation.

13 After 7 days of treatment, recover the animals in ASW for 1 day, washing and exchanging the ASW twice.

It is possible that you’ll see some round structures, between 6-12 µm in size, that burst and release tiny 
spore-like cells (~2-3 µm). These are Thraustochytrids, and are currently the only protist we cannot eliminate, 
although, if polyps are kept clean with daily ASW exchange, they should be minimally present.

14 To check the efficiency of the treatment, rinse and lysate individual polyps after recovery in ASW using a pestle and 
plate 50-100 µl of the lysates in Marine Agar plates or another rich marine medium, as well as a drop of water of each 
well. Absence of bacterial growth after 5 days at 25°C indicates successful treatment. 

Thraustochytrids can also grow in the agar plates when animal lysates are plated, although, colonies will 
only show up after 2/3 weeks of incubation.

15 Use the remaining lysate to perform DNA extraction and to perform a PCR of the 16S rRNA gene for 30 cycles using 10 
ng of DNA template. Absence of amplification or amplification comparable to the PCR negative control in gel 
electrophoresis indicates successful treatment.

The PCR thermal profile was as follows: 95°C for 15 min, followed by 30 cycles of each: 30 s at 95°C, 90 s at 
55°C, and 90 s at 72°C. A final extension step was set at 72°C for 10 min.  

One may consider doing PCRs using cDNA to circumvent amplification of DNA from dead bacteria. 
Thraustochytrids mitochondrial DNA can also amplify with 16S universal primers.
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F igure 2.F igure 2.  Overview of (A) the bacteria depletion protocol and (B, C) contamination assessment by means of culture-dependent (B) 
and -independent (C) methods.
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F igure 3.F igure 3.  Micrographs of eukaryotes occasionally detected in rearing tanks before the priming step. (A) Ciliate protist resembling 
Paramecium; (B) Unknown protist, with contractile locomotion; (C) Marine Nematode; (D) Photosynthetic Nitzschia longissima, a 
common pennate marine diatom; (E) Ciliate of the genus Euplotes; (F) Thraustochytrids, fungal-like marine protists. The bigger cells 
(black arrow) burst to release smaller spore-like cells (white arrows) Scale bars: A/B/F: 20 µm, remaining:50µm.
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ABSTRACT

This protocol produces bacteria-depleted (“axenic”) Symbiodiniaceae cultures. The depletion level achieved using 
the following methods is comparable to what was previously described as an “axenic” culture (Bieri et al., 2016; 
Xiang et al., 2013). The present protocol was applied to 10 Symbiodiniaceae strains and proved successful in 
generating bacteria-depleted cultures after its application, for an extended period of time (up to 4 weeks), 
characterized by both culture-dependent and -independent techniques. Tested cultures showed normal growth 
and photosynthetic efficiency after recovery from the treatment. Variations of the protocol were developed to 
increase the success of bacterial depletion for different microalgal strains and to make it applicable to algal strains 
that do not grow well on solid media. Treatments can also be performed in 24-well plates in order to facilitate the 
measurement of Fv/Fmthrough the plate bottom using a fiber optic cable, in order to track photophysiology. This 

protocol was developed in parallel with a recently published method (Costa et al., 2019) to generate bacteria-
depleted Aiptasia CC7 polyps, in order to have a toolbox at disposal to disassemble the different compartments of 
an anthozoan metaorganism for functional testing: the bacterial microbiome, the microalgal symbionts, and the 
anthozoan host animal. All steps of culture manipulation in this protocol must be done under a sterile 
environment, using common sterile work practices!
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GUIDELINES

All steps of culture manipulation in this protocol must be done under a sterile environment, using common sterile 
work practices!

MATERIALS TEXT

ReagentsReagents

For  culture maintenance:For  culture maintenance:

Guillard’s (F/2) Marine Water Enrichment Solution 50x (Sigma G0154)
Agar for general bacteriological purposes (we used Difco™ Noble Agar 214230 for extra clarity)
Natural autoclaved seawater or Artificial seawater (ASW):

                420 mM Sodium chloride – CAS: 7647-14-5
                10.5 mM Calcium chloride dihydrate – CAS: 10035-04-8
                840 µM Potassium bromide – CAS: 7758-02-3
                71.5 µM Sodium fluoride – CAS: 7681-49-4
                9.4 mM Potassium chloride – CAS: 7447-40-7
                485.2 µM Boric acid – CAS: 10043-35-3
                28.8 mM Sodium sulfate – CAS: 7757-82-6
                2.4 mM Sodium bicarbonate – CAS: 144-55-8
                63.8 µM Strontium chloride hexahydrate – CAS: 10025-70-4
                58.3 mM Magnesium chloride hexahydrate – CAS: 7791-18-6
                For pH adjustment: Sodium hydroxide – CAS: 1310-73-2

For  Antibiotic treatment:For  Antibiotic treatment:

Antibiotic ‘cocktail’/solution, ABS:
                50 µg/ml Rifampicin – CAS: 13292-46-1; Stock solution as 50 mg/ml in 100% DMSO
                30 µg/ml Nalidixic acid – CAS: 389-08-2; Stock solution as 50 mg/ml in MilliQ H2O with pH adjusted to 11 using 

NaOH
                50 µg/ml Carbenicillin – CAS: 4800-94-6; Stock solution as 100 mg/ml in MilliQ H2O

                25 µg/ml Nystatin – CAS: 1400-61-9; Stock solution as 5 mg/ml in 100% DMSO
                50 µg/ml Erythromycin – CAS: 114-07-8; Stock solution as 10 mg/ml in Absolute ethanol

For Antibiotic agar plates (ABS2):
                100 µg/ml Ampicillin Sodium Salt – CAS: 69-52-3; Stock solution as 100 mg/ml in MilliQ H2O

                50 µg/ml Streptomycin sulfate salt – CAS:  3810-74-0; Stock solution as 50 mg/ml in MilliQ H2O

                200 µg/ml Gentamicin sulphate – CAS: 1405-41-0; Stock solution as 50 mg/ml in MilliQ H2O

For  bacter ial contamination assessment:For  bacter ial contamination assessment:

Difco™ Marine Agar 2216 and any other rich medium
Qiagen DNeasy Blood & Tissue Kit or any Bacterial DNA extraction method
Taq-polymerase or any PCR-ready mix (we use Qiagen Multiplex PCR kit Cat No: 206145)
16S rRNA gene primers (we use universal primer pairs 27F 5'-AGAGTTTGATCCTGGCTCAG-3' and 1492R 5'-
GGTTACCTTGTTACGACTT-3', or 67F 5′-CAGGCCTAACACATGCAAGTC-3' and 1542R 5′-AAGGAGGTGATCCAGCCGCA-3'). 
The latter pair allows a better separation of bacterial and eukaryotic amplicons on agarose gel (Galkiewicz and Kellogg, 
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ABSTRACT

2008)

ConsumablesConsumables

T25 cell culture flasks, vented caps or glass test tubes with metallic caps
Sterile 24-well tissue culture plates
Sterile plastic 100 x 15mm Petri dishes
1.5 ml reaction tubes
0.2 ml PCR tubes
0.2 µm pore size filter with disposable bottles (we use Corning bottle-top vacuum filter system)
Sterile serological pipettes, 5, 10, 25 ml
Sterile 15 ml polypropylene tubes

EquipmentEquipment

Autoclave
Biosafety cabinet
Inverted microscope with fluorescent module and a chlorophyll detection filter/cube
Incubator with controlled light and temperature settings
Thermocycler
Electrophoresis apparatus
PAM fluorometer (optional)

Biological mater ialBiological mater ial

Clonal Symbiodiniaceae strains, isolated from animal tissue, sediment or water.

This protocol produces bacteria-depleted (“axenic”) Symbiodiniaceae cultures. The depletion level achieved using 
the following methods is comparable to what was previously described as an “axenic” culture (Bieri et al., 2016; 
Xiang et al., 2013). The present protocol was applied to 10 Symbiodiniaceae strains and proved successful in 
generating bacteria-depleted cultures after its application, for an extended period of time (up to 4 weeks), 
characterized by both culture-dependent and -independent techniques. Tested cultures showed normal growth 
and photosynthetic efficiency after recovery from the treatment. Variations of the protocol were developed to 
increase the success of bacterial depletion for different microalgal strains and to make it applicable to algal strains 
that do not grow well on solid media. Treatments can also be performed in 24-well plates in order to facilitate the 
measurement of Fv/Fmthrough the plate bottom using a fiber optic cable, in order to track photophysiology. This 

protocol was developed in parallel with a recently published method (Costa et al., 2019) to generate bacteria-
depleted Aiptasia CC7 polyps, in order to have a toolbox at disposal to disassemble the different compartments of 
an anthozoan metaorganism for functional testing: the bacterial microbiome, the microalgal symbionts, and the 
anthozoan host animal. All steps of culture manipulation in this protocol must be done under a sterile 
environment, using common sterile work practices!

Culture Maintenance

1 Prepare artificial seawater (ASW) by mixing reagents in MilliQ water and adjusting the pH of the final volume to 8.0–
8.2. Filter through 0.22 µm pore size filter. Alternatively, autoclave natural seawater and filter through 0.22 µm pore 
size filter (NSW).

2 Prepare F/2 medium by diluting it to 1x in ASW or NSW in a biosafety cabinet and filter again through0.22 µm pore size 
filter. Store the prepared F/2 medium at 4 °C and let it come to room temperature before adding to cultures.

3 Split algal cultures every 2 weeks by transferring 1 part of culture to 9 parts fresh F/2 medium.
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Antibiotic Treatment

4 Prepare the antibiotic F/2 media solution (F/2 ABS):

4.1 Mix 50 µg/ml carbenicillin, 50 µg/ml erythromycin, 50 µg/ml rifampicin, 30 µg/ml nalidixic acid and 25 
µg/ml nystatin with 1x F/2 media (in ASW) and sterile filter the final solution through 0.22 µm pore size 
filters. 

Cover the bottle with aluminum foil to protect from light. Alternatively, it is possible to filter 
the stock solutions of antibiotics and 1x F/2 media separately and freshly prepare the 
working ABS.

5 Prepare the antibiotic F/2 media (F/2 ABS2) agar plates:

5.1 Add the recommended manufacturer’s agar quantity to a defined volume of 1x F/2 medium. 

5.2 Dissolve the agar and autoclave the mixture for 20 min at 121 °C. 

5.3 After autoclaving, in a biosafety cabinet, allow the agar mixture to cool down to ~60 °C before adding 
50 µg/ml Streptomycin, 100 µg/ml Ampicillin and 200 µg/ml of Gentamycin and mix. 

5.4 Pour the agar in the plates and allow to solidify. Close the plates and store in a sealed bag at 4 ºC until 
use.

6 Inoculate 10 ml of liquid F/2 medium and incubate in a 12 h light: 12 h dark incubator (35–150 µmol photons m−2s−1 of 
photosynthetically active radiation) at 25 °C or at the optimal temperature of the Symbiodiniaceae strain. 

7 Count the cells with a Neubauer or Nageotte chamber in the microscope, and once the culture reaches at least 105–

106cells/ml, transfer 1 ml of the cell suspension to a 1.5 ml reaction tube.

8 Spin the cell suspension down at low speed (5 min, 800 x g) and rinse the pellet twice with ASW.

Centrifugation at low speeds decreases the pelleting of bacteria (in comparison to microalgal cells), reducing 
the bacterial cargo of the initial inoculum. 
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To check for initial bacterial load and to assess bacterial load throughout the protocol, collect aliquots as 
described in step 16 and compare all samples during step 17. 

9 Resuspend the pellet in 1 ml of F/2 and inoculate in 9 ml of F/2 ABS.

Each antibiotic targets a different mechanism of bacterial replication. Thus, the cocktail combines different 
bacteriostatic and bactericidal mechanisms. Nystatin targets fungal contamination. The antibiotic solution 
can be kept at 4 °C protected from light (but no longer than 2 weeks).

10 Incubate at the same light and temperature conditions for 7 days. 

Check the cultures with an epifluorescence inverted microscope with a filter/cube that detects chlorophyll. 
Symbiodiniaceae will lose photosynthetic efficiency (loss of red fluorescence), but will survive. 
Measurements of maximum quantum yield by PAM fluorometry also showed a strong effect of this cocktail 
on the photophysiology of cells but quantum yield recovered during steps 12, 13. 

11 After 7 days of treatment, collect 1 ml of the cell suspension and repeat step 8.

12 Resuspend the rinsed cells in 10 ml of F/2 to recover and incubate as before.

13 Once the culture reaches at least 105–106 cells/ml, take 1 ml and repeat step 8.

14 Resuspend the pellet in 1 ml of F/2 and spread 50–100 µl in F/2 ABS2 agar plates. Wrap with parafilm and incubate at 
optimal growth temperature and light cycle until colonies form.

This can take 1-3 weeks depending on the strain.

15 Pick one colony from the previous plate, resuspend it in 100 µl of F/2 and repeat step 14. 

16 Pick a colony and inoculate 10 ml of F/2 medium. Let it grow until it reaches at least 105–106 cells/ml.

17 To check for depletion, remove 1 ml of culture and plate 200 µl of the supernatant in Marine Agar or Tryptic Soy Agar. 
Do the same thing with the original cultures as a positive control.
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18 If the plates show no growth after 5–7 days of incubation (but extended incubation (>14 days) is advised), perform one 
more split (same way, 1:9) of the Symbiodiniaceae cultures.

19 Once they reach the desired concentration, collect 1 ml of the suspension, spin it down at high speed (≥ 14 000 x g for 
5-15 min), discard the supernatant and perform DNA extraction on the pellet. 

For quicker assessment, pellets were resuspended in TE buffer to algal cell concentration of 200.000 cells/ml 
based on the cell counts. 20 µl of these normalized suspensions were then boiled for 25 min at 100 ºC. The 
lysate can be used directly as template in step 20. Regular DNA extraction methods can be used instead. 

20 Perform a PCR of the 16S rRNA gene using 10 ng of DNA template. If using preparation methods where absolute DNA 
quantification is not recommended (See Note in step 19), use algal cell numbers as abasis to normalize across tested 
conditions. Absence of amplification or amplification comparable to the negative PCR control in an electrophoresis 
indicates successful treatment.

Alternatively, this profile was used (primer pair 27F-1492R): 94°C for 3 min, followed by 35 cycles of each: 1 
min at 94°C, 30 s at 55°C, and 90 s at 72°C. A final extension step was set at 72°C for 10 min.

The PCR thermal profiles used were as follows (primer paris 27F-1492R and 67F-1542R):95°C for 15 min, 
followed by 30 cycles of each: 30 s at 95°C, 90 s at 55°C, and 90 s at 72°C. A final extension step was set at 
72°C for 10 min

21

CultureCulture
SpeciesSpecies

or  ITS2 typeor  ITS2 type

CultureCulture
collectioncollection

IDID

StrainStrain
Or iginOr igin

PreviouslyPreviously
reported asreported as

“axenic”?“axenic”?
ObservationsObservations ReferenceReference

370 Symbiodinium
microadriaticum

CCMP2467 NCMA No - LaJeunesse,
2001

- Symbiodinium
linucheae

SSA01 Pringle Lab Yes - Bieri et al., 2016

- Breviolum minutum SSB01 Pringle Lab Yes - Xiang et al.,
2013

74 Breviolum minutum - Warner Lab No - LaJeunesse,
2001

89 A2 - Warner Lab No Strain does not grow
well on solid medium

LaJeunesse,
2001

146 Breviolum
pseudominutum

CCMP3450 Warner Lab No 146 & RT146 are
cultures of the same
strain; strain
did not grow well on
solid medium

Parkinson et al.,
2015
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RT 146 Breviolum
pseudominutum

CCMP3450 LaJeunesse
Lab

No 146 & RT146 are
cultures of the same
strain; strain
did not grow well on
solid medium

Parkinson et al.,
2015

351 Breviolum minutum - Warner Lab No - Parkinson et al.,
2015

Mf A2 - Warner Lab No Strain did not grow
well on solid medium

Steinke et al.,
2011

Mac702 B2 - Warner Lab No - Santos et al.,
2001

Ta ble 1.Ta ble 1.  Symbiodiniaceae strains tested for which bacterial depletion works

Variations to the protocol outlined above

22 Variation 1 - To increase the success of the protocol by increasing the stringency of the treatment, the first antibiotics 
treatment (steps 6-10) can be repeated before moving to step 14, without compromising viability of algal cultures. For 
instance, strains 89 and RT146 still yielded colonies of Stappia indica and Muricauda aquimarina /Paracoccus 
homiensis, after one round of antibiotics treatment. By contrast, no bacterial growth was detected on marine agar 
plates (steps 16 to 18) when steps 9-13 were performed again, i.e. twice.

23 Variation 2 - The second antibiotics cocktail (ABS2) can also be applied in liquid F/2 medium, which can be an 
advantage or might even be necessary when algal strains do not grow well on solid medium. From the tested strains, 
89, 146, RT146 and Mf do not grow well on solid medium and depletion of bacteria was only achieved by applying the 
ABS2 treatment in liquid medium. However, sterility tests after several weeks following the protocol suggest that colony 
picking from solid medium increases the chance of gaining axenic cultures or at least extends the duration during which 
cultures can be considered bacteria-depleted. This effect might be due to the physical exclusion of bacterial 
contamination when a single isolated algal colony is picked multiple times in solid media, versus a suspension culture 
split, which always carries part of the previous culture.
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