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“Σὰ βγεῖς στὸν πηγαιμὸ γιὰ τὴν Ἰθάκη… 
Ἡ Ἰθάκη σ᾿ ἔδωσε τ᾿ ὡραῖο ταξίδι… 
…Χωρὶς αὐτὴν δὲν θά ῾βγαινες στὸν δρόμο 
Κι αν πτωχική την βρεις, η Ιθάκη δεν σε γέλασε. 
Ἔτσι σοφὸς ποὺ ἔγινες, μὲ τόση πεῖρα, 
ἤδη θὰ τὸ κατάλαβες οἱ Ἰθάκες τὶ σημαίνουν.” 
 
K.Π. ΚΑΒΑΦΗΣ (Ιθάκη) 
 
 
 
 
 
 
 
 

“As you set out for Ithaka… 
Ithaka gave you the marvelous journey… 

…without her you would not have set out. 
And if you find her poor, Ithaka won’t have fooled you. 

Wise as you will have become, so full of experience, 
you will have understood by then what these Ithakas mean.” 

 
C.P. CAVAFY (Ithaka Poem) 
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1. Abstract  

 
One of the main focus of coral reef ecology has been to shed light on the importance of all 

microbial members of coral holobiont and how their interactions contribute to the coral’s 

resilience. However, knowledge is lacking about the composition of microbial communities 

inhabiting the surface mucus layer of corals including Fungia fungites, a species that lives 

under stressful conditions close to fish farms in Vietnam. I investigated the prokaryotic 

communities that are thriving in Fungia fungites surface mucus layer (SML) in the wild and 

how they were affected upon antibiotics and nitrogen stress using 16S rRNA gene-based 

techniques. Firstly, I observed a significant alteration in the composition of microbial 

communities due to antibiotics effect, with exposed communities featuring lower richness 

and α-diversity in contrast to the controls. Further, mucosal microbial communities were 

found to be mostly dominated by Proteobacteria (especially of the classes of 

Alphaproteobacteria and Gammaproteobacteria) and less by Bacteroidetes (Flavobacteriia). 

Results from this study suggest a developed antibiotic resistance of Alteromonadales and 

Campylobacterales indicated by their increased abundance upon antibiotics effect. Moving 

forward, future studies should focus on exploring also the contribution of non-prokaryotic 

microbial members of Fungia fungites holobiont and how antibiotic resistance can potentially 

influence coral’s health. The results support that Fungia fungites SML microbial 

communities are strongly affected by antibiotics exposure and call for future research to 

focus on the function of these microbial communities and how they can contribute to the 

coral’s resilience. 
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2. Introduction 

          2.1 Coral reefs - The rainforest of the ocean 

Coral reefs are often compared with rainforests since they are among the most productive and 

biologically diverse ecosystems on the planet (Moberg & Folke 1999). Coral reefs 

ecosystems host a great diversity of fishes, reef animals, invertebrates, herbivores as well as 

associated microbial communities (Rosenberg et al. 2007), thus providing crucial ecological 

goods and services, such as productivity and nitrogen fixation. Furthermore, reefs are crucial 

for a range of other ecosystem processes and services to approximately 500 million people in 

more than 100 countries (Röthig et al.2016).  

Coral reefs are characterized as a diverse range of three-dimensional marine habitats built by 

scleractinian corals. Hence, scleractinian corals as metaorganisms consist of the host, the 

photoautotrophic and endosymbiotic dinoflagellates of the genus Symbiodinium spp and its 

associated microbial community. This biological organization consisting of the coral and its 

microbiota - also described as coral holobiont (Bourne et al. 2016). Symbiodinium spp are 

known to form one of the most crucial mutualistic associations with corals, providing energy 

to their coral host by transferring to them photosynthetically fixed organic carbon. Further, 

for metabolic purposes, corals exude almost half of the carbon absorbed by the Symbiodinium 

as mucus and combined with trapped organic matter. These extracellular biopolymers fuel the 

heterotrophic reef community with nutrients and energy (Wild et al. 2004). This well-

established recycling chain maintains the balance of benthic life. This is one central reason 

for why the maintenance of coral health is highly important for the entire reef ecosystem to 

remain productive and viable.  

Today, coral reefs are experiencing a series of global threats largely attributed to 

anthropogenic disturbances, such as ocean acidification and climate change, which has led to 

a significant global loss of reefs. Over the past few decades, there has been growing attention 

to protect corals from climate change and environmental stress. Yet, there is still a lack of 

knowledge about the underlying mechanisms contributing to healthy coral reef ecosystems 

(Bourne et al. 2016). Recent work on coral-associated microorganisms has revealed their 

crucial role for the fitness and physiology of corals as well as their resistance to 

environmental stress (Bourne et al. 2009). A more detailed study by Rosenberg et al. 2007 



        
 
 

 
 

6 

attempted to identify the microbiome of the corals, by identifying the benefits that microbes 

offer to their hosts via several mechanisms and the resistance to specific pathogens as well as 

the adaptation to environmental stresses. In short, the microbial community within the 

holobiont is diverse with representatives from bacteria, archaea, fungi, viruses and endolithic 

algae and each one of them contributes with a crucial functional role (Rohwer et al. 2002) 

(see Figure 1). 

 

Figure 1 The figure represents the coral holobiont and its’ biodiversity. The pale grey sphere shows the mucosphere. The A 
part demonstrates the photosynthetic associates(ii) and the prokaryotic microbiome(iii). The B part shows the endolithic 
members such as fungi algae, sponges(iv) and the biodiversity associated with the coral reef(v). Figure reproduced according 
to open access from La Barre (2013) 
 
     
 2.2 The Coral Surface Mucus Layer (SML) 

The coral SML is a chemical viscoelastic layer surrounding all corals. It consists of lipids and 

glycoproteins (Rosenberg et al. 2007) that form a coating over their polyps (Meikle et al. 

1988).  The importance of the mucus secreted by corals was highlighted many years ago 

(Herndl & Velimirov 1986) and found to play a major role in supporting corals against 

sedimentation through cleansing processes, serving as feeding mechanism and protecting 

against desiccation, which serves as protection against salinity and temperature in water 

surrounding the coral (Meikle et al. 1988). Moreover, the mucus is known to provide 

protection against solar radiation (Drollet et al. 1993). The mucus is produced to a various 

extent by all corals, but regular shedding is crucial for the coral reef, not only for maintaining 

the nutrient cycling but also for the health of the coral. This process replenishes the SML 

microbiome, removes sediments and opportunistic pathogens (Brown & Bythell 2005, 

Rosenberg et al. 2007, Glasl et al. 2016,). 
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This matrix of the SML is enriched with nitrogen and organic matter that provides niche 

environments for the resident microbes (Glasl et al. 2016a). The matrix is a very dynamic 

system that varies greatly between different coral species and over time. For example, new 

mucus and old mucus were found to host very different prokaryotic communities (Glasl et al. 

2016). In aging mucus, the most abundant bacteria were found to be either opportunistic or 

potentially pathogenic. However, when the old mucus was released, the community was 

reversed to the original one composed by different bacterial taxa. 

Corals provide several microhabitats for their microbial communities, such as the 

gastrovascular cavity, the skeleton, the tissue and the SML (Glasl et al. 2016a). This feature, 

in particular, is what makes comparisons between studies challenging since each 

compartment of the coral holobiont is a distinct microbial landscape (Bourne et al.2016, 

Sweet et al. 2011). The coral core microbiome has been explored in several species, across 

different ocean depths and geographically distinct locations. Nevertheless, very little is 

known about the composition, the contribution and the ecosystem dynamics of these 

microbial communities (Hernandez-Agreda et al. 2017). It has been reported that especially 

bacterial communities that harbor the mucus layer, are assumed to be very important due to 

their antimicrobial activity, protecting the coral from pathogen invasion (Ritchie 2006, 

Hernandez-Agreda et al. 2017). 

2.3 Microbial ecology of the coral SML 

Coral-associated microorganisms can be commensal, mutualistic, or pathogenic, ranging 

from the endosymbiotic dinoflagellates to diverse consortia of archaea, bacteria and fungi 

(Welsh et al. 2017). Symbiodinium and its relationship with the coral has been well studied 

however, the exact role of each bacterial member and their contribution to the holobiont is 

yet to be revealed. Surprisingly, it has been estimated that some species host communities in 

excess of thousands of unique operational taxonomic units (OTUs) (Bourne et al. 2016). 

Recent evidence suggests that coral associated microbes contribute to nitrogen cycling, 

carbon cycling, sulfur cycling, phosphorous fixation, metal homeostasis, organic remediation 

and secondary metabolism (Bourne et al. 2016, McDevitt-Irwin et al. 2017). Especially 

symbiotic Cyanobacteria were found to contribute to the host with nitrogen fixation, while 

archaea seem to perform ammonia oxidation (Lesser et al. 2007). Moreover, phylogenetic 

surveys on coral microbiome revealed that the phyla found to be mostly abundant were 

Proteobacteria (especially Gammaproteobacteria and Alphaproteobacteria), Actinobacteria, 

Bacteriodetes (Flavobacteria) and Cyanobacteria (Bourne et al. 2016). 
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Furthermore, isolates from coral mucus have been associated with bacteria capable of 

producing antibiotics including many members from the Actinobacteria (Kuek et al. 2015). 

Hence, except from being responsible for chemical compound secretion, mucosal bacteria 

have been shown to also target and inhibit microbial metabolism (Rypien et al. 2010). The 

presence and the potential of antimicrobial activities of Actinomycetes on coral mucus 

revealed that these Gram-positive bacteria are not only present on coral mucus but also have 

a high activity against pathogens. These findings strengthen the idea that bacteria in the coral 

mucus and especially Actinomycetes have a potential antimicrobial role and may act as a 

“first defense” for the coral (Nithyanand & Pandian 2009). In favor of this idea, phylogenetic 

analyses of coral- associated bacteria showed that most of the ribotypes found, were closely 

related to nitrogen fixing and antibiotic-producing bacteria, thus supporting the idea of 

microbes acting as a coral biodefense-system (Rohwer et al. 2002). Rosenberg et al. 2007 

refers to the same idea as “coral probiotic hypothesis’’, suggesting that corals can build 

resistance towards certain pathogens and adapt to higher temperatures thanks to their 

harboring microbes. 

Microbial communities significantly contribute to the adaptive capacity of the coral reefs 

under rapid environmental changes, offering great and important potential to the reef 

organisms. This contribution from the microbial symbionts on physiology, development and 

immunity of their hosts offers a crucial tool helping reef organisms to acclimatize (Figure 2) 

(Webster & Reusch 2017). Interestingly, previous research has established that corals can 

vertically pass on their associated microbes to their offspring (Sharp et al. 2012), or 

alternatively they can be acquired horizontally from the environment (Apprill et al. 2009). 

This known as hologenome theory of evolution, supports the microbially induced 

modifications to the host phenotype and fitness which can be under selection pressure 

(Rosenberg & Zilber-Rosenberg 2016). This contribution does not require co-evolution of the 

whole holobiont but rather a microbial gene or certain microorganism alteration that can lead 

to a fitness advantage of the host over stress. Those microbial alterations would ultimately 

provide acclimatization to the coral under the new environmental conditions but also pass on 

the acquired microbial traits to the next generation (Webster & Reusch 2017). 
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Figure 2 The alteration of the complexity on microbial communities represents the effects of climate change on the microbial 
communities, coral host health and the population stability on coral reefs. Figure reproduced from Ainsworth Tracy D., 
Gates Ruth D., 24 June 2016, “Corals’ microbial sentinels’’, Science.  

 
While most of the research focus has been on bacterial abundance in microbial communities, 

some other research is focused on exploring the role of archaea in corals. Despite their 

typically low prevalence and abundance, archaea play a crucial role in the coral holobiont 

either by recycling and passing nutrients to the host, such as nitrogen in a form of ammonia 

via nitrogen fixing, or by contributing to carbon degradation in a beneficial way. Research 

has shown that Crenarchaeota and Euryarchaeota are the most commonly found (Bourne et 

al. 2016, Soffer et al. 2015). Recent approaches have studied the archaeal abundance through 

culture independent techniques however, they did not show species-specific correlations 

similar to what has been seen for bacteria. Instead, most of the archaeal sequences overlapped 

with the ones found in the surrounding marine water. 

Recently, some attention has been dedicated to the surprisingly abundant viruses found in the 

surface mucus layer. Viruses are significantly more abundant in the mucus as compared to 

the water column however, the impact on coral health is unclear (Pham et al. 2015). 

Preliminary studies on viral metagenomes reveal the ability of viruses to infect both 

prokaryotes and eukaryotes in the coral holobiont (Pham et al. 2015). Moreover, it has been 

reported that there is a possible interaction between bacteriophages and both coral associated 

bacteria and archaea resulting in a microbiome alteration to prevent pathogens from growing 
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(Soffer et al. 2015). A study conducted in Vietnam also shed some further light on viruses in 

the coral mucus, reporting that viruses are highly abundant in the coral mucus (Nguyen-Kim 

et al. 2015). Additionally, in the same study after observing the seasonal distribution and 

reproduction pathways of viruses that reside in the coral mucus, it was proposed a significant 

connection between the bacterial and the epibiotic viral abundance proving phages to be the 

most dominant among coral-viral communities (Nguyen-Kim et al. 2015). In the same vein, 

Barr and colleagues (2013) report that in the coral mucus there are receptors for 

bacteriophages supposing that mucus may contain beneficial phages with a potential in 

reducing the disease-associated bacteria (Barr et al. 2013).    

    2.4 Species-specific microbes 

After molecular studies started to explore the coral microbiome, one remaining enigma was 

whether those microbes formed specific and obligate relationships with their hosts or if these 

communities were shared with the surrounding water column (Rohwer et al. 2002). At first 

Richie & Smith (1997) used bacterial cultures from coral mucus and later Rohwer et al. 

(2001) applied 16S rRNA community analyses to demonstrate that bacteria found in the coral 

mucus had no overlap with the surrounding water. This indicated a species-specific 

relationship between each coral species and certain microbial communities. It was 

interestingly suggested that chemotaxis played a crucial role in sustaining the specific 

microbe-host interactions, with the coral-associated bacteria being chemotactic to specific 

chemicals emitted by the coral (Tout et al. 2015). Ainsworth & Gates 2016 further showed a 

host-specific microbial composition alteration suggesting also a mutualistic behavior of some 

bacterial members of coral’s core microbiome. Hence, recent efforts have been made to 

identify those facts via exploring their specific metabolic functions in coral health (McDevitt-

Irwin et al. 2017). 

Microbes are known to regulate the nutrient cycling and the activity within the microbiome 

helping the host to adapt to new environments. However, our knowledge about the coral’s 

associated microbiome and its exact contribution to coral’s health is still in its infancy. There 

is certainly more to be investigated about the spatial and temporal variation in the coral 

microbiome, even if a considerable amount of literature has reported that there is a core 

“native-healthy microbiome” that is only being altered when the coral gets ridden by disease 

(Mouchka et al. 2010, McDevitt-Irwin et al. 2017). Some studies have suggested the 

existence of the same coral associated bacterial species despite their geographical distance 

(Shnit-Orland & Kushmaro 2009). Similarly, it has been shown that the composition of 

culturable bacteria among sediment, coral mucus and water column, resulted in three very 
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diverse compositions with different bacterial groups as representatives for each sample (Kuek 

et al. 2015). In contrast, although corals do not share the same microbial composition with 

the sediments, studies argue that the sediment serve as a ‘seed-bank’ to the coral’s 

microbiome (Glasl et al. 2016a). 

   

  2.5 Anthropogenic disturbances- Climate change affecting corals microbiome 

Over the last decades, human activities and their impacts on marine ecosystems are broadly 

visible (Nogales et al. 2011). Global concern has been voiced about coral loss, manifested by 

coral disease and coral bleaching (Hadaidi et al. 2017). Coral bleaching occurs when coral 

polyps expel their symbionts which leads to loss of color. Bleaching is a reversible stress 

indicator however, after bleaching events corals starve and it might be fatal. More 

specifically, local anthropogenic impacts such as overfishing and elevated nutrient 

concentration combined with ocean warming and acidification have been considered to be the 

main stress factors responsible for coral loss. Several stressors of marine ecosystems have led 

to increased macroalgal abundance. This correlation between the increase in the algae and 

decline of corals has led to microbial assemblages’ alteration. Extensive research has focused 

on the impacts of stressors on ecosystem processes while the influence of those stressors on 

the microorganisms has been largely neglected. It is known that after disturbances, microbial 

communities can be altered but eventually they will recover to initial composition due to 

metabolic flexibility (Allison & Martiny 2008). On the other hand, microbial communities 

that do not face any alteration in their composition upon disturbances are considered as 

resistant (Nogales et al. 2011).  Emerging evidence support that stress factors might increase 

beta diversity of the microbial community and this possibly reflects the difficulty of the coral 

host to maintain its microbiome balance and health (McDevitt-Irwin et al. 2017). 

Another important aspect of anthropogenic disturbances is the antimicrobial resistance that 

can be promoted in the marine environment through broad misuse of high amounts of 

antibiotics in intensive fish farming (Cabello 2006, Pham DK et al. 2015). Antibiotic 

resistant bacteria have been isolated from water and sediment samples close to fish farms 

where antibiotics have been abundantly used. Interestingly certain microbes known as animal 

and human pathogens have been reported to be overrepresented in such resistant 

subcommunities. Several antibiotics have been detected in fish farms in Vietnam, and recent 

reports indicate that 23.4% of the total farms use antibiotics, either to treat certain diseases or 

prophylactically till harvest time (Pham DK et al. 2015). Antibiotics such as Trimethoprim, 

Sulfamethoxazol, Tetracycline have been assigned from the World Health organization 



        
 
 

 
 

12 

(WHO) in 2011, as highly important antimicrobials used in Freshwater aquaculture farms 

(Pham DK et al. 2015). 

Additional, thermal stress has been proven to be another crucial stressor factor causing a 

malfunction of the photosynthetic symbiont Symbiodinium spp and often driving the coral to 

fatal bleaching (Tchernov et al. 2011). Moreover, increased levels of dissolved inorganic 

nitrogen have been suggested to accelerate coral bleaching under thermal stress 

(Wiedenmann et al. 2013).  Water pollution leads to elevated levels of phosphate, nitrate, 

ammonium and dissolved organic carbon. An increase in inorganic nitrogen and phosphate 

close to the coral environment has been associated with severity of aspergillosis and yellow 

bleach diseases (Bruno et al. 2003). Another stress factor, over-fishing can result in an 

increase of algae in the corals reefs, which enhances the overall microbial activity on the 

mucus via dissolved compounds release (Smith et al. 2006).  The same study suggests that 

antibiotics used under those circumstances can help the coral to recover.  Some previous 

work has tried to investigate the mechanism that leads to coral bleaching from a 

microbiology perspective and found shifts in bacterial communities between bleached and 

non-bleached corals. This implies that bacteria are importantly involved in the coral 

bleaching while the exact role of bacteria in that process is not fully clarified. SML is 

considered to be the first coral defense towards invasive microorganisms, so a better 

understanding of microbial communities and more of bacteria existing in the mucus layer 

might move us a step closer to understand their role in coral health and disease (Hadaidi et al. 

2017). 

2.6 Hypothesis and research questions 

Numerous studies during the last decades have focused on the impacts of climate change on 

coral microbial assemblages however, there is a need for more research on antibiotics effects 

on corals and their microbial communities. Moreover, the mucus and microbiome of 

Southeast Asian corals and specifically Fungia fungites, are not yet well studied. In this study 

we focused on prokaryotic communities hence, throughout the text when is used the term 

microbial or microorganism it only refers to prokaryotes and specifically bacteria, except 

when Archaea are specifically mentioned. 

Moreover, the aim of this study was to investigate how the mucosal microbial communities 

shape upon antibiotics exposure thus, we posed the following research questions (1) How do 

bacterial communities of Fungia fungites SML shift upon antibiotics and nitrogen treatments 

over time (2) Which are the most abundant microbial taxa inhabiting the Fungia fungites 

SML (3) How is stress affecting the diversity and richness of the community.  Our hypothesis 
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based on literature, is that there will be a clear shift in microbial communities between 

antibiotics and non-antibiotics and an increase in abundance of species associated with coral 

disease upon stress.     

3. Materials and methods  
 
      3.1 Study site and field sampling 
 
This study is a part of a larger project from Stockholm University. The sampling and the 

experimental setup were conducted by Oskar Nyberg, Olivia Selander and Michael 

Tendegren. The research was conducted in March 2017 in Nha Trang bay, Vietnam. The 

corals were collected from sites close to fish farms (Hedberg et al. 2015). Fungia fungites is a 

coral native to the area and for this study, samples were taken by Scuba Diving from a 

slightly polluted site at a 4-5 m depth outside of the island Hon Mot in Nha Trang bay 

(Figure 3). 

All coral samples were transferred to the laboratory at the Institute of Oceanography under 

dark conditions in large buckets and filled with seawater. The samples were kept for 4 days in 

a large aquarium under constant aeration conditions to enable the animals to adapt (Figure 4).  

 

  3.2 Experimental setup 
 
In total 28 corals were studied in response to four different treatments. Seven replicates were 

used for each treatment. Each coral was placed in a beaker with 900ml of filtered seawater. 

The beakers were kept in a large aquarium filled with aerated water, stable salinity and the 

temperature fixed at 24°C. The different treatments were; Control: 0.3μM NO3-, filtered 

seawater, High Nitrogen: +5μM NO3-, filtered seawater, Antibiotics: 0.3μM NO3-, filtered 

seawater containing 14.29mg Tetracycline/L, 8.57 mg Rifampicin/L, 11.43mg 

Sulfamethoxazole/L, 2.29mg Trimethoprim/L

Antibiotics and Nitrogen: +5μM NO3-filtered seawater, 14.29mg Tetracycline/L, 8.57 mg 

Rifampicin/L, 11.43mg Sulfamethoxazole/L, 2.29mg Trimethoprim/L. The type of antibiotics 

in this study were chosen depending on the antibiotics that are used from the local people in 

the fish farms which are located close to where Fungia fungites is thriving underwater. The 

concentration of the antibiotics was calculated to correspond to treatments for 1kg 

representing the weight of the coral. After one week of exposure on 24°C the temperature 

was elevated gradually one degree Celsius per day for four days and kept stable on 29.5°C for 

three more days till the end of the experiment. Mucus samples were collected before the 

treatments started to serve as controls and then repeatedly after one and two weeks of 
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incubation. For each coral 1-2ml of mucus was collected in sterile Eppendorf tubes by 

applying a ‘milking’ process and deep frozen within 3h post-collection (Figure 4). 

 

Figure 3. Left: Picture shows map of the sample site where the corals were collected Right: Picture showing Fungia 
fungites after collecting them from the wild, Photo by: O. Selander, 2017 

 

 

 Figure 4. Left: Picture shows Fungia fungites in the aquarium during acclimatization Right: Picture showing Fungia 
fungites mucus collection with ‘milking’ process, Photo by: O. Selander, 2017 

 
 

     3.3 Bacterial community composition and 16S rRNA sequence analysis   
 

Individually frozen coral mucus samples were stored at -80° C in microcentrifuge tubes until 

DNA extraction was performed. DNA was extracted from a 100μl aliquot of each mucus 

sample using the DNeasy PowerBiofilm kit (MoBio Laboratories, Carlsbad, CA, USA) 

according to the manufacturer’s protocol (Weber et al. 2017). An equal volume of 100μl MQ 
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water was used as a negative control during all DNA extractions. For PCR amplification was 

used 1μl of each coral mucus DNA (1% of the extracted DNA). Bacterial 16s rRNA gene 

amplicon libraries were generated according to Sinclair et al. 2015 with modifications by 

Anna Székely (llumina MiSeq Dual Index Amplicon Sequencing Sample 

Preparation, protocols.io https://protocols.io/view/illumina-miseq-dual-index-amplicon-

sequencing-samp-ph6dj9e). This assay targeting variable regions V3 and V4 of bacterial 16S 

rRNA genes using primer 341F [5’-CCTACGGGNGGCWGCAG-3’] (Herlemann et al., 

2011) and 805R [5’-GACTACNVGGGTATCTAATCC-3’] (Apprill et al., 2015). Both 

bacterial primers contained conserved 5’ DNA anchoring sequences and all PCRs were 

performed in duplicate. The total volume of the master mix used for each reaction was 20μL, 

consisting of 4μL 5xQ5 Reaction Buffer, 0.5μL forward and 0.5μl reverse primer, 2μL 

dNTP’s, 0.2μL DNA polymerase (Q5 High-Fidelity DNA polymerase, all from New England 

BioLabs, USA), 11.8μL Nuclease-Free Water and 1μL DNA template. The PCR 

amplification program was performed according to following thermocycling conditions 

starting with initial denaturation step of 98°C for 3min followed by 35 cycles of 98°C for 

10s, 48°C for 30s and 72°C for 30 s and last the final extension cycle of 72°C for 2min. Ten 

microliters of each sample were used for visual quality control via 1% agarose gel 

electrophoresis. After the amplification, the PCR duplicate reactions were pooled and 

purified with Agencourt AMPure magnetic bead system according to Magnetic bead cleaning 

of PCR products protocols.io (https://protocols.io/view/magnetic-bead-cleaning-of-pcr-

products-fyebpte). The elution buffer used during the process of purification was 1xTE. The 

clean products were first evaluated visually via 1% Agarose gel electrophoresis and further 

processed in indexing PCR reactions where sample-specific molecular barcodes were added.  

In this last barcoding reaction, each primer used had a unique 7 bp barcode at the 5’ end and 

standard Illumina sequencing adaptors. The program followed for this PCR reaction was 

98°C for 3min denaturation process, 15 cycles of 98°C for 10s, 66°C for 30s, 72°C for 30sec 

and a final elongation step of 72°C for 2min. The PCR products from the second reaction 

were cleaned with magnetic beads using the same protocol as performed for the first PCR. 

Cleaned products were quantified using the PicoGreen essay (Quant-iT PicoGreen dsDNA 

Assay Kit, Invitrogen) modified by Anna Székely (https://protocols.io/view/dna-

quantification-with-picogreen-kqtcvwn). Amplicon sequences were pooled in equimolar 

amounts and were stored overnight at 4°C. The pooled amplicon library (6ng/μL) was then 

purified once more on a 2% agarose gel for efficient removal of primer dimers. During this 

step, the final DNA pool of 360μL was mixed with 10μL of 1x loading dye and 30μL 30% 

glycerol. 2μL of DNA ladder was added and the gel ran at 90V and 350mA for 35min.  The 
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final PCR product of the gel was excised using sterile blades and placed in an Eppendorf 

tube. The excised DNA fragment was then purified with GeneJET Gel Extraction Kit 

(#K0691, Thermo Scientific) according to the manufacturers protocol. The PicoGreen assay 

was performed to measure the final concentration of the purified product. The amplicon pool 

was sequenced using Illumina MiSeq 2x250 bp chemistry at the SNP/SEQ next generation 

sequencing facility at the SciLifeLab (Uppsala University).  

 

     3.4 Amplicon sequence data analysis 
  
To convert the raw sequence data into a frequency table of Operational Taxonomic Units 

(OTUs), we used the USEARCH pipeline (version 10). We obtained initially 3719470 reads 

and after quality control and trimming we concluded in 916855 final read counts. Sequences 

were merged (maximum difference 5 and trunctail 5), filtered with maximum number of 

expected errors 2, and minimum length 400. Further they were clustered with a threshold of 

97% nucleotide identity (Edgar 2013). OTUs were annotated according to the 16S taxonomic 

database RDP v.1.6.  Single reads and chloroplasts were removed from the OTU table as well 

as samples with very low read counts. The OTU tables were processed in R Studio (Version 

1.1.453) using the Phyloseq and MicrobiomeSeq package. Prior to statistical analyses, 

sequences were rarefied to an even sampling depth according to the lowest read count 

observed. For alpha diversity and richness analysis, data were pruned according to Phyloseq 

package.  

 

     3.5 Statistical Analysis 
 
To identify β diversity in microbial communities between different treatments and between 

the two different timepoints, I used as visualizing approach a non-metric multidimensional 

scaling (NMDS) based on a Bray-Curtis dissimilarity matrix from the OTU table. Differences 

at the OTU level between the four different treatments and between the two weeks was tested 

using permutational multivariate analysis of variance (PERMANOVA) and Analysis of 

Similarities (ANOSIM). The ANOSIM test was used to identify significant differences 

among overall bacterial communities at a genus level, both between different treatments and 

between different weeks. Alpha diversity and richness were estimated according to Shannon-

Wiener and Simpson indices by performing a pairwise analysis of variance (ANOVA) with a 

significance default set to p=0.05. The analysis was performed between different treatments 

and between week one and week two. For the bar graph representation of the microbial 

abundance the OTU table was filtered and transformed into relative abundance before 
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visualizing the differences in barplots with Phyloseq. To identify significance between 

certain OTUs over treatments or weeks, I first applied Shapiro test and further I performed 

Student t-test on parametric data and Wilcoxon test for non-parametric data. Analysis on the 

most abundant taxa between antibiotic and non-antibiotic treatments and between week one 

and week two was based on random forest classifier Deseq2 differential abundance and Wald 

test was used to test the significance of the coefficients in a Negative Binomial GLM based 

on differentially abundant taxa. 

 

4. Results  
 

    4.1 Bacterial community composition of coral mucus 
  
For the 56 samples we obtained a total of 916,855 sequence reads with 16,372 average read 

counts per sample. The maximum read counts for an individual sample was 40,304 and the 

minimum count was 10. After quality control, including removal of chloroplast reads and 

reads from samples with very low coverage, 873,909 reads remained that were grouped into 

214 OTUs at 97% sequence identity threshold. Data were subsequently rarefied to the 

minimum sample size at 6,294 reads for all downstream analyses except alpha diversity. 
 
  4.2 Alpha and beta-diversity of microbial communities 
 
Metagenomic studies can provide insights about microbial community structure. To observe 

how treatments and time shifted the overall microbial diversity I first compared the 

communities among the different coral mucus microbiomes. There were significant 

differences in microbial alpha diversity metrics between treatments (Figure 5A). Alpha 

diversity calculated with Shannon diversity index and Richness were higher in treatments 

without antibiotics. Pairwise analysis of variance showed that richness differed between 

control and antibiotics (p<0.001) and between control and the combined treatment with 

antibiotics and nitrogen (p<0.05). Significant difference between treatments were also seen 

for abundance and evenness as approximated by the Shannon diversity index. Microbial 

communities’ abundance and evenness in control samples were significantly different from 

the diversity in treatments with antibiotics (p<0.001). Combined, these results indicate that 

richness of the microbial community and alpha diversity in general, are negatively affected 

under stress of antibiotics. Additionally, the combined treatment with antibiotics and nitrogen 

did not only alter alpha diversity and Richness, but also the beta-diversity of the mucosal 

microbial communities of Fungia fungites (Figure 7; p<0.001). As visualized in the 
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ordination plot, samples with antibiotics added were clustered while samples without 

antibiotics and with nitrogen addition grouped separately (Figure 7). Similarly, to identify 

similarities between communities I performed analysis of similarity between treatments at a 

genus level, which showed significant differences (ANOSIM R=0.1849, p< 0.001 

Stress=0.2173, data not shown). To clarify the identity of the microbes underpinning these 

differences in community composition between treatments with and without antibiotics, I 

performed a deeper analysis presented further in the results.  

 

Figure 5. (A) Boxplot representing the richness of the microbial communities associated with Fungia fungites for the four different treatments. 
Microbial richness in controls were statistically different from richness in Antibiotics treatments (pair-wise analysis of variance p<0.001(***)). 
Richness in controls were also significantly different from Antibiotics and Nitrogen treatments (pair-wise analysis of variance p<0.05 (*)). The 
whiskers in the boxplot show the two opposite ends of the data that represent the spread of all of the different data points, which are different 
communities. The line in the boxplots represent the median of the spread of the data. (B) Boxplot of alpha diversity in microbial communities 
associated with Fungia fungites for the four different treatments calculated using the Shannon-Wiener index. Microbial alpha diversity controls were 
statistically different from alpha diversity metrics in Antibiotics treatments (pair-wise analysis of variance p<0.001(***)). Control treatments were also 
significantly different from the Antibiotics and Nitrogen treatment (pair-wise analysis of variance p<0.01 (**)). The whiskers in the boxplot show the 
two opposite ends of the data that represent the spread of all of the different data points, which are different communities. The line in the boxplots 
represent the median of the spread of the data. 

 

 

Somewhat surprisingly, alpha diversity as represented by the Shannon diversity index and richness 

did not show any significant difference between week one and week two (Figure 6A,6B; p>0.05). 

Although time did not change the alpha diversity and richness of coral mucus microbial 

communities, it did alter the beta-diversity (Figure 7; p-value<0.002). Accordingly, I further 
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identified the specific microbial taxa pooled by order driving this separation in microbial community 

composition.       

  

 
Figure 6. (A) Boxplot graph representing the richness of the microbial communities associated with Fungia fungites over time, week one and week 
two. Microbial richness was not found to statistically differ between the two weeks (pair-wise analysis of variance, p>0.05). The whiskers in the 
boxplot show the two opposite ends of the data that represent the spread of all of the different data points, which are different communities. The line in 
the boxplots represent the median of the spread of the data. 
(B) Boxplot graph representing the alpha diversity of the microbial communities associated with Fungia fungites over time calculated using Shannon-
Wiener index. Microbial alpha diversity did not show any difference between two weeks (pair-wise analysis of variance, p>0.05). The whiskers in the 
boxplot show the two opposite ends of the data that represent the spread of all of the different data points, which are different communities. The line in 
the boxplots represent the median of the spread of the data.  
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Figure 7 Beta diversity of microbial communities of Fungia fungites for the four different treatments, on week one and week two, calculated using a 
Bray-Curtis dissimilarity matrix and visualized on a Nonmetric multidimensional scaling graph. Solid symbols represent individual samples and are 
colored according to treatment and shaped according to the time of exposure. Beta diversity between treatments with antibiotics and without antibiotics 
were found to be significantly different (R2=0.17, p<0.001, Stress= 0.21). Permutational ANOVA confirmed the visual differences in bacterial 
community composition between treatments. Beta diversity between first week and second were found to be different (R-squared: 0.072 Stress= 0,21, 
p-value<0.002). Permutational ANOVA confirmed the visual differences in bacterial community composition between weeks. 
 

    4.3 Coral mucus was dominated by Alphaproteobacteria, Gammaproteobacteria and 

Flavobacteria 

 
In addition to alpha and beta-diversity based on operational taxonomic units (OTUs), I identified 

based again on the OTUs, if different taxa respond to time or treatments such as antibiotics and 

elevated nitrogen levels. Overall, the most commonly observed classes were Alphaproteobacteria, 

Gammaproteobacteria and Flavobacteria (Figure 8). To identify if different classes show any 

significant difference over time or over treatments, I first performed Shapiro test to identify if the 

data were normally distributed and further, I performed either parametric or non-parametric 

statistical tests. I observed that the relative abundance of Alphaproteobacteria (t-test, p=0.38), 

Gammaproteobacteria (Wilcoxon rank sum test, p=0.72) and Flavobacteriia (Wilcoxon rank sum 

test p=0.91) were not affected over time.  

Interestingly, Alphaproteobacteria were negatively affected by exposure to Antibiotics, where they 

were found to be more abundant in the Control than in the Antibiotics treatment (Figure 8; p=0.02) 

and they were also more abundant in treatments with Nitrogen than in the combined Antibiotics and 

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

−0.6

−0.3

0.0

0.3

0.6

−1.5 −1.0 −0.5 0.0 0.5
NMDS1

N
M

D
S2

week
●● 1

2

treatment
●●
●●
●●
●●

Antibiotics

Antibiotics and Nitrogen

Control

Nitrogen

NMDS of Fungia fungites SML microbial communities



        
 
 

 
 

21 

Nitrogen treatment (Figure 8; p=0.0009). Moreover, Archaea identified in this study, although low 

both in abundance and prevalence, were present only in samples during the second week and in 

treatments without antibiotics. I observed a microbial shift with new microbial taxa appearing in 

certain treatments during the second week (Figure 8 and Figure 9). Microbial communities in 

Control and treatments with Nitrogen show different composition in week one compared to week 

two.  

 

 
Figure 8.  Stacked barplots based on OTU abundances, representing the microbial community composition at the level of class for the individual 
replicate samples exposed to four different treatments (antibiotics, antibiotics and nitrogen, control, nitrogen). Data are given both for the first week 
(first row labeled as “1”) and second week (second row labeled as “2”). Each bar represents a coral sample analyzed for the first and second week. Each 
bar represents the same coral replicate in two timepoints. Every treatment consists 7replicates. In treatments that bars are missing, samples were either 
not available or were excluded due to low number of reads. Each color represents a different class. Alphaproteobacteria were found more abundantly in 
control treatment than Antibiotics (paired t-test, df = 16.871, p=0.02) and more abundantly in Nitrogen than the Antibiotics and Nitrogen treatment 
(paired t-test, df = 21.961, p=0.0009). 

 

Since Oceanospirillales are considered to be good coral health indicators, I conducted further tests 

on their abundance between the different treatments with and without antibiotics and over time. I did 

not observe any significant differences between treatments (Figure 9; p>0.05) while there was a 

significant difference in relative abundance between week one and week two (Wilcoxon test, p= 

0.45) with Oceanospirillales at higher abundances during the second week. Similarly, the order of 

Vibrionales was observed only during the second week in treatments exposed to antibiotics and 

nitrogen treatments in three samples and in a single control sample (Figure 9). Vibrionales were 

found to be one of the 10 orders that significantly changed in abundance over time (Figure 10; 

random forest, p<0.001).  
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Figure 9. Microbial community composition based on Order level between four different treatments (antibiotics, antibiotics and nitrogen, control, 
nitrogen) and within first week (first row) and second week (second row) represented by stacked barplots based on OTU abundances. Each bar 
represents a coral replicate the first and second week. Every treatment consists 7replicates. In parts that bars are missing, replicates were either not 
available or were excluded due to low number of reads. Each color represents different phyla. 
  

To further investigate the overall antibiotics effects on microbial community shifts, I identified the 

10 most differentially abundant taxa between treatments subjected to antibiotics and controls as well 

as over time. Alteromonadales and Campylobacterales increased in relative abundances in response 

to antibiotics which have been previously noticed under stress factors (Figure 10; Random forest 

regression p<0.001). Other orders that were favored in the control treatment belonged to 

Verrucomicrobiales, Puniceicoccales, Sphingomonadales, Thiotrichales, Myxococcales and 

Sphingobacteriales (Figure 10; Random forest regression, p<0.001). These results interestingly show 

which microbial orders are thriving upon antibiotics treatments and which are restricted under that 

pressure shifting the mucosal bacterial community.  
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Figure 10. This graph illustrates the 10 most differentially abundant microbial taxa of Fungia fungites mucus across Antibiotics and Non-
Antibiotics treatments. Taxa starting from the right side of the graph show the highest significance with the last one on the left showing the lowest 
significance over the most significantly altered. Statistical analysis was performed using negative binomial distribution to test for differential 
representation. Differentially represented taxa are shown at order level and all samples were rarefied to the same read depth. Padj values correspond to 
adjusted p-values according to Benjamini Hochberg procedure and rank of importance detected by the random forest classifier.  
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After identifying how antibiotics affect bacterial community composition, I wanted to investigate 

how time affected the 10 most abundant taxa independently of treatments. Hence, I performed the 

same tests comparing week one and week two (Figure 11). Interestingly, with few exceptions I 

observed a different microbial composition compared to the one based on the antibiotics effect, 

indicating that time and antibiotic exposure shape microbial communities in independent and 

contrasting ways. As reported before, Sphingomonadales and Thiotrichales were not favored by 

antibiotics however, both were affected by time. Especially, Sphingomonadales performed higher 

relative abundance during the first week and Thiotrichales during the second week (Figure 11; 

p<0.001). Moreover, in the second week of treatments Vibrionales, Rickettsiales and 

Bdellovibrionales featured a significant increase in relative abundances. In contrast, relative 

abundance of Chlamydiales, Pseudomonadales, Sneathiellales and Bacteriodetes was higher in the 

first week compared to the second week (random forest regression, p<0.001). Vibrionales, typically 

considered as a disease indicator, showed an increase over the prolonged exposure, while 

Pseudomonadales, considered to be an indicator of good coral health, were abundant only in the first 

week (Figure 11; random forest, p<0.001).  
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Figure 11. This graph illustrates the 10 most significantly differentially distributed microbial taxa residing in Fungia fungites mucus between week 
one and week two. Taxa starting from the right side of the graph show the highest significance with the last one on the left showing the lowest 
significance. Statistical analysis was performed using negative binomial distribution to test for differential expression. Taxa shown in the graph belong 
to the taxonomic level of Order and all samples were rarefied to the same depth of reads. Padj values correspond to adjusted p-values according to 
Benjamini Hochberg procedure and rank of importance detected by random forest classifier. 
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5. Discussion 
 

Due to the worldwide threat corals are facing, researchers have studied how climate change, water 

pollution and overfishing affects corals’ health and what is the nature of hidden microbial 

mechanisms influencing the corals. However, very little was found in the literature about how 

microbiomes of Southeast Asian corals are affected by extensive use of antibiotics and polluted 

water, which are two of the major environmental pressures faced in e.g. Vietnam. This study is one 

of the few exploring the SML microbial communities of the Southeast Asian mushroom coral 

Fungia fungites, thriving in Vietnam while exposed to anthropogenic disturbances. The results 

demonstrate how coral-associated microbiomes were shaped upon antibiotics stress. Throughout the 

text, when I use the term microbial or microorganism it only refers to prokaryotes and specifically 

bacteria, except when Archaea are specifically mentioned. 

One of the most noteworthy findings was the clear effect of antibiotics on microbial community 

richness and diversity. As expected, I observed a decrease of microbial richness and an alteration in 

Fungia fungites SML community composition due to selection invoked by the antibiotic treatment, 

as this prevented both beneficial and harmful microbes from growing. This agrees with earlier 

findings which also report a significant reduction of the prokaryotic abundance in the SML as well as 

changes in the community composition after antibiotics exposure (Glasl et al. 2016). Coral 

associated microbial communities are known to be very important since they host beneficial 

microorganisms contributing to the holobiont (Peixoto et al. 2017). More specifically, 

microorganisms inhabiting the coral SML are known to provide protection to their host from 

pathogen invasions, for instance by secreting certain antibiotics and outcompeting invaders (Rypien 

et al. 2010, Cai et al. 2018). Therefore, the observed decrease in richness and diversity could 

possibly have negative long-term effects on the coral holobiont, due to loss of important microbial 

members causing an imbalance also at a functional level. This confirms the idea of low richness 

being a first indicator of an unhealthy coral microbiome (or dysbiosis) which might potentially lead 

to invasions by opportunists or pathogens in the future (Egan & Gardiner 2016).  

Surprisingly, in my study Actinobacteria and other microbial taxa known to produce antimicrobial 

substances, were underrepresented. This contradicts with earlier findings by Lampert et al. (2006) 

who found that 23% of mucosal bacterial found in Fungia scutaria belonged to Actinobacteria 

(Lampert et al. 2006). However, consistent with these studies, my results do not support the species-

specific theory of the coral holobiont, according to which I would expect corals of the same species, 

in this case Fungia, to harbor similar microbial taxa for instance Actinobacteria.   

Concurrently with the low abundance of Actinobacteria, I observed a high abundance of 

opportunistic Proteobacteria. Such a negative correlation between these two groups have previously 
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been reported by Zaneveld et al. (2016), who suggested that Proteobacterial blooms contribute to a 

destabilized microbiome. These results provide support that antibiotic stress shifts the microbial 

community towards potential pathogens, while important community members, such as 

Actinobacteria, are outcompeted. However, further work is needed to clarify whether Actinobacteria 

are native members of the Fungia fungites microbiome that have simply been outcompeted under 

stressful conditions or if they are masked by other microbial taxa due to microbial community 

destabilization.  

The higher richness in microbial communities that were not exposed to antibiotics was an interesting 

finding, and likely represents maintenance of an initially complex microbiome. Also an increase in 

richness of the coral-associated microbial communities has been suggested to indicate stress and has 

been previously linked with invasive microbial species that flourish under stress events by 

overtaking the resident microbial community of the coral (Zaneveld et al. 2016, McDevitt-Irwin et 

al. 2017, Welsh et al. 2017). Furthermore, due to nitrogen increase in one of the treatments without 

antibiotics, I would argue that there has been an alteration of the initial community due to the 

microbial competition while there is an imbalance of essential nutrients. However, with the small 

number of replicates in the treatment without antibiotics, some caution is warranted in the 

interpretation of the results about the initial resident microbial community of Fungia fungites SML.  

An additional objective of this project was to identify the taxonomic groups of coral-associated 

bacteria that responded to antibiotics and nitrogen treatments and elucidate whether groups 

potentially hosting pathogenic species are overtaking stressed corals. My observations indicated that 

most of the orders were negatively affected by antibiotics compared to control, corroborating the 

findings of higher microbial richness in non-treated controls. Moreover, some of the taxa that were 

found to be sensitive to antibiotics, such as Verrucomicrobiales and Thiotrichales, are linked to coral 

diseases, suggesting that antibiotics, apart from being a potential stress factor, might act as a 

protection for the coral and maintain possible microbial disease agents in low abundances. This is 

something that has been previously reported in a study that used antibiotics on corals to prevent 

pathogens from growing (Mitchell & Chet 1975). However, a note of caution is necessary since the 

time frame that antibiotics can confer protection to the corals before opportunistic pathogens of the 

unbalanced microbiome overtake is not known.  

Another surprising finding in my study was the increase of the Gram-negative bacteria 

Campylobacterales and Alteromonadales upon antibiotics exposure, both of which are known to be 

associated with coral disease (Gignoux-Wolfsohn & Vollmer 2015). I propose that this lack of 

inhibition may suggest an emergence of antibiotic resistance due to chronic antibiotics exposure 

close to the fish farms. Based on their known antimicrobial mechanisms I would expect Tetracycline, 

Trimethoprim and Sulfamethoxazole, to be effective against these Gram-negative bacteria. Hence, 



        
 
 

 
 

28 

the most possible explanation for this negative effect is antibiotic resistance. Additionally, 

Gammaproteobacteria and especially members of the order of Alteromonadales, isolated from 

seawater have been found as dominant producers of inhibitory compounds (Long & Azam 2001) and 

among the most commonly found antibiotic-resistant bacterial isolates from water and sediments 

close to fish farms that use antibiotics (Nogales et al. 2011). Likewise, resistance to Rifampicin and 

Tetracycline, has been reported before on bacterial isolates from Fungia fungites SML (Hedberg et 

al. 2018) living further support to antibiotic resistance emergence.  

Leite et al (2018) reports that a certain plasmid group found to be highly abundant it the mucosal 

bacteriome, can easily be transferred between Gram-negative bacteria and can exchange potential 

beneficial genes such as antibiotic resistance genes (Leite et al., 2018). Also, marine sediments can 

serve as a pool of antibiotic resistant genes, especially where antibiotics have been broadly used 

(Yang et al., 2013). Accordingly, antibiotic resistance of ecologically robust pathogenic taxa is 

possibly an early warning sign that there may be an overtake of the resident community which might 

lead to disease outbreaks. Nevertheless, the opposite view has also been voiced, where acquisition of 

antibiotic resistant genes through horizontal gene transfer could be advantageous and enable the 

holobiont to be resilient to stressful conditions such as antibiotics exposure (Webster & Reusch 

2017). In conclusion, the influence of antibiotics on the coral’s fitness is yet to be unraveled, 

however, compositional shifts in the SML microbial community are undoubtedly observed as a 

consequence of antibiotics exposure and emerging antibiotic resistance (Nogales et al. 2011).  

 

6. Conclusion 
 
The purpose of the current study was to determine the resident composition of Fungia fungites SML 

associated microbial communities and how they are affected upon antibiotics stress. The results of 

this thesis, while preliminary, provided insights into how richness and composition of prokaryotic 

communities in the Fungia fungites SML, shift in response to antibiotic stress. Furthermore, Glasl et 

al (2016) has described that the health of corals treated with antibiotics did not show any stress 

indication during the experiment. However, corals deteriorate once they were transferred to the wild, 

emphasizing the importance of the environmental context  (Glasl et al. 2016). According to this 

approach, I propose that a future study should focus on determining the effects in a longer period of 

exposure to antibiotics in vitro but also in vivo. This is required to investigate for how long 

communities will remain stable upon antibiotics and whether this alteration of the microbial 

functionality is irreversible or not. There are still many unanswered questions regarding the coral 

holobiont such as the contributions of Archaea, Fungi and Viruses to communities emerging under 
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stress. With additional analyses targeting also these groups, I would likely have obtained a more 

holistic view of the coral superorganisms.  

Likewise, regarding the importance of the emerging antibiotic resistance in marine ecosystems, a 

more detailed study on a gene level is needed to identify how prokaryotic communities functionally 

respond to the challenges presented by different antibiotics. Knowledge of how certain genes confer 

resistance to bacteria with regards to specific antibiotic families will allow us to take action on global 

and local use of antibiotics and protect marine ecosystems from unfortunate situations. Moreover, a 

metagenomic study on Fungia fungites SML microbial communities, would shed light also on the 

role of viruses, archaea and microeukaryotes and their interactions with the bacterial communities 

based on phage- bacterial predatory relationships (Soffer et al. 2015). My study does not only shed 

light on Fungia fungites SML microbiome but unfortunately also the global concern of antibiotic 

resistant bacteria in marine environments. Maybe a first step forward, would be experiments 

investigating how phage receptors on Fungia fungites SML are affected in a molecular level upon 

stress giving a fruitful insight about native controlling mechanisms of stress-associated bacteria via 

phage therapy approaches (Soffer et al. 2015).  
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