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Abstract 

 The coral holobiont is comprised of a diverse community of microbial 

partners, including bacteria living within microhabitats, such as the coral tissue’s and 

surface mucus layer (SML). However, little is known about the interactions between 

the bacterial communities in the various compartments of the coral holobiont. 

Furthermore, although we know that water flow can serve as an ameliorator of 

thermal stress in corals, there is a lack of information about how water flow affects 

the bacterial community structure during stressful times. Research described in this 

thesis aimed to understand, using laboratory and in situ experiments, the interaction 

between the coral host and bacterial communities in the tissues and SML, as well as 

how water flow affects the bacterial community structure when the coral is under 

thermal stress. 

 The bacterial community structure in thermally-stressed individuals of the 

coral Acropora muricata highlighted the potential for a bacterial community shift 

between the coral surface mucus and tissues. Nubbins of A. muricata were subjected 

to increasing water temperatures of 26°C to 33°C, to explore the bacterial diversity in 

the SML and tissues by 16S rRNA gene amplicon sequencing. Photochemical 

efficiency (FV/Fm) of symbiotic dinoflagellates within the corals declined above 31°C, 

suggesting that the corals were under thermal stress. Both the mucus and tissues of 

healthy A. muricata were dominated by γ-Proteobacteria, but under thermal stress 

there was a shift towards bacteria from the classes Verrucomicrobiaceae and α-

Proteobacteria. Members of the classes Cyanobacteria, Flavobacteria and 

Sphingobacteria also started to become more prominent at higher temperatures. The 

relative abundance of sequences affiliated with Vibrio spp. in the coral mucus 

increased at 29°C, but at 31°C there was a drop in the relative abundance of Vibrio 
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spp. in the mucus, with a reciprocal increase of Vibrio spp. in the tissues. In contrast, 

during bleaching, the relative abundance of Endozoicomonas montiporae affiliated 

sequences decreased in the tissues, with a reciprocal increase in the coral mucus. This 

study provided evidence for a change in the relative abundance of the native 

microbiota and potentially pathogenic bacteria in both the SML and tissues of corals 

in response to stress. This shift could result both from a direct change in the resident 

bacterial population, as well as the migration of bacteria between the SML and 

tissues. 

 To investigate the influence of mucus chemical composition on bacterial 

community structure in the SML, the mucus carbohydrate composition of A. muricata 

was characterised when subjected to increasing thermal stress from 26°C to 31°C, and 

correlated with any changes in the bacterial community. Results showed that, at lower 

temperatures, the main components of mucus were N-acetyl glucosamine and C6 

sugars, but these constituted a significantly lower proportion of the mucus in 

thermally-stressed corals. The change in mucus composition coincided with a shift 

from a γ-Proteobacteria- to a Verrucomicrobiae- and α-Proteobacteria-dominated 

community in the coral mucus, while Cyanobacteria also started to appear in the 

mucus as the coral host became thermally stressed. Changes in mucus composition 

and the bacterial community in the mucus layer occurred at 29°C, which was prior to 

visual signs of coral bleaching at 31°C. A compositional change in the coral mucus, 

induced by thermal stress could therefore be a key factor leading to a shift in the 

associated bacterial community. This, in turn, has the potential to impact the 

physiological function of the coral holobiont. 

A study using laboratory and in situ field experiments was conducted to 

observe changes in the bacterial community composition in the SML when thermally-
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stressed A. muricata colonies were exposed to different flow regimes. The 

deterioration of coral health and an associated change in the coral holobiont’s 

bacterial community are often a result of different environmental stressors acting 

synergistically. There is evidence that water flow is important for a coral’s resistance 

to elevated seawater temperatures, but until now there has been no information about 

how water flow affects the coral-associated bacterial community under these 

conditions. Laboratory and in situ field experiments were employed to assess whether 

the bacterial community composition of the surface mucus layer of the coral Acropora 

muricata was impacted by thermal stress, and how any effect was ameliorated by 

increased water flow. In the laboratory experiments, Acroproa muricata coral 

nubbins, each measuring about 2 cm, were subjected to interactive effects of seawater 

temperature and water flow. Seawater temperatures in the treatment tanks were raised 

1°C per day from 27°C to 31°C, after which it was kept constant, while control 

temperature tanks were kept at a constant temperature of 27°C. Tanks which had high 

water flow had a pump attached, which moved the water at a speed of ~ 0.20 m s-1, 

while tanks which had low water flow had a diffuser which slowed down the water 

flow to ~ 0.03 m s-1. In the in situ field experiments, water flow manipulation was 

conducted on three colonies of A. muricata, each at depth 8 – 10 m, on December 

03,2013 (winter season) and June 18 2014 (summer season), with each experiment 

lasting 10 days. Each coral colony was partially enclosed in a clear plastic mesh box 

to reduce the water flow past the enclosed portion of the colonies. Both laboratory and 

in situ approaches showed that elevated water flow could buffer changes to the 

bacterial community towards a population being dominated by pathogens. The 

phylogenetic composition of the bacterial community, characterized with 16S rRNA 

amplicon pyrosequencing, showed an increase in the relative abundance of 
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Flavobacteriales, Rhodobacterales in the laboratory experiments and Vibrio spp. in 

the in situ experiments, when corals were exposed to elevated temperature and slow 

water flow. In contrast, corals that were exposed to low temperature or faster water 

flow under laboratory conditions had a stable bacterial community, dominated by 

Acanthopleuribacterales, Acidimicrobiales and Actinomycetales. In the summer and 

winter field experiments, Oceanospirillales, Alteromonadales and Rhodobacterales 

were prominent in the coral mucus of both enclosed and un-enclosed portion of the 

coral colonies. These findings indicate that water flow plays an important role in the 

maintenance of specific coral-bacteria associations during times of elevated thermal 

stress, and that high flow may ultimately aid the health of the coral holobiont under 

these circumstances. 

This study gives new insights into the dynamics of bacterial communities 

within the different compartments, such as surface mucus and tissue layer of the coral 

host, and how water flow can affect the complex bacteria-coral host relationship in 

times of thermal stress. These findings will be valuable for future research on 

microbe-coral host as well as microbe-microbe interaction within the coral host, and 

their role within the coral holobiont. 
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Overview 

The future state of coral reefs will be determined by the ability of the 

ecosystem to respond to increasing environmental and anthropogenic disturbances 

(Nystrom and Folke, 2001; Hughes et al., 2003). Complex coral-associated microbial 

communities living within the coral tissue and mucus are important members of the 

coral holobiont, and have significant influence on the overall health of the coral reef 

(Balser et al., 2006; Gutknecht et al., 2006; Schimel et al., 2007). These microbial 

communities are also extremely sensitive to environmental change (Ainsworth et al., 

2010), but little is known of how bacterial community composition changes within the 

coral microhabitats (tissue and mucus layer) in a thermally-stressed coral. 

Furthermore, there is a lack of information on the interaction of water flow as a stress 

ameliorator for corals in a heat stressed situation, and how it affects the bacterial 

community within the coral colonies. Research described in this thesis aimed to 

systematically understand how bacterial communities change in a thermal-stressed 

coral, and how water flow may ameliorate stress and prevents shifts to a bacterial 

community dominated by potential pathogens.  

 Chapter 1 highlights the importance of coral bleaching research, and the 

current knowledge on coral-associated microbial communities and its interaction with 

both host and environment. An experimental study was conducted in order to further 

understand the interaction between bacterial communities in the tissue and mucus 

layer of a thermally-stressed coral (Chapter 2). This thesis also examines the effect of 

mucus composition on the bacterial communities in the coral mucus layer (Chapter 3). 

Laboratory and in-situ experiments (Chapter 4) were performed to investigate the 

interactive impact of water flow and heat stress on bacterial communities changes in 

the coral mucus layer. 
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Chapter 1.0        General Introduction and objectives of 

thesis  
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1.1 Threats to coral reefs 

Coral reefs are one of the most important ecosystems in the world. In terms of  

ecologically and economically, their benefits valued at approximately US$375 billion 

annually (Wilkinson, 2008). Although coral reefs cover less than one percent of the 

ocean floor, they are estimated to support more than 25% of all marine life (Woodley 

et al., 2003). Coral reef habitats are under pressure and are rapidly declining in some 

locations (Pandolfi et al., 2003) (Figure 1.1), estimating that 19% of coral reefs have 

been destroyed through anthropogenic pressures with little to no chance of recovery 

(Wilkinson, 2008). In addition, further 15% of the world’s coral reefs are at risk of 

collapse, and another 20% are under long-term threat (Wilkinson, 2008). The fragility 

of coral reefs was highlighted in the 1997 – 1998 global bleaching events that 

effectively destroyed 16% of the world’s reefs (Aronson et al., 2002; Brown et al., 

2002; West and Salm, 2003). The importance of coral reefs and the socio-economic 

roles that they play in many countries are important. Thus, it is vital that these 

complex ecosystems are understood more thoroughly and protected. 

Figure 1.1 Worldwide reports of coral disease. Data derived from GCRMN 

database (http://www.unepwcmc. org/) and literature search using coral and 

disease as descriptors. The circles (and ellipses) represent the geographical area 

over which disease outbreaks have been reported and are not representative of 

disease effect (Bourne et al. 2009). 
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1.2 Coral microhabitats and microbial diversity  

 In order to protect these fragile ecosystems, we must gain a better knowledge 

of their physiology. Coral reefs are formed as a result of calcium carbonate deposition 

by scleractinian corals. These structures form complex habitats for a large diversity of 

marine organisms. Not only does the reef provide a multitude of niches for macro-

organisms, each coral colony also contains a number of microhabitats for an array of 

microbial communities (Ainsworth et al., 2010). The three major distinct microbial 

habitats provided by the coral host are the surface mucus layer (SML), the coral 

tissue, and the coral skeleton (Figure 1.2).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 A cutaway diagram of a modern scleractinian reef coral. (a) The 

massive and complicated underlying skeleton (white), secreted by the soft polyps 

and tissue of the living surface (coloured) adapted from Veron (2000), (b) The 

various functional compartments contained within (adapted from Ainsworth et al. 

2010). 
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Comparisons of the microbial communities from the SML, the coral tissue, 

and the skeleton show that each community is distinct (Rohwer et al., 2002). Corals 

produce an SML that is complex in structure and character, and has a variety of 

functions (Brown and Bythell, 2005; Jatkar et al., 2010). The SML may provide a 

favorable microenvironment for some bacteria and yet a hostile one for others due to 

the extreme diurnal variation of oxygen saturation levels – from supersaturated to 

nearly anoxic (Shashar et al., 1997). It is also suggested that in the SML, corals may 

use antimicrobial compounds produced by themselves and their resident microbial 

communities to inhibit bacterial growth (Ritchie, 2006). The coral tissue is a more 

stable medium than the SML because it is not constantly replaced over diurnal cycles. 

Bacterial communities associated with coral tissue have been shown to be 

significantly different from those in the mucus (Bourne and Munn, 2005). Rohwer et 

al. (2002) also suggested that microbial communities that are unique to the tissues are 

maintained through time and space, but distinct bacterial communities are associated 

with different coral species. Observed differences in the viral consortia in the SML 

and seawater further indicate that environmental variables play an important role in 

structuring the viral consortium composition, and will have an impact on the health of 

the coral host (Lawrence et al., 2015). Therefore, microhabitat partitioning within the 

coral colony strongly influences the composition of microbial communities and their 

contribution to host physiology (Rohwer et al., 2001). 

1.3 The coral holobiont 

Reef building corals harbor a highly diverse community of microbes, 

including symbiotic dinoflagellates (genus Symbiodinium; Baker et al., 2014), viruses 

(Marhaver et al., 2008; Vega-Thurber et al., 2008; Claverie et al., 2009, Lawrence et 

al., 2014), archaea (Kellogg 2004; Rohwer and Kelley, 2004; Wegley et al., 2004), 
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fungi (LeCampion-Alsumard et al., 1995; Priess et al., 2000; Golubic et al., 2005; 

Kirkwodd et al., 2010), and bacteria (Kooperman et al., 2007; Rosenberg et al., 2007; 

Smith et al., 2007; Kimes et al., 2010). Together, this community forms the coral 

‘holobiont’ (Figure 1.3), and each microbe plays an important role in this holobiont 

(Rohwer et al., 2002). Therefore, it is critical to understand these coral-associated 

organisms and how they contribute to the relationships within the coral holobiont. 

Understanding the key players and their roles will aid in maintaining the health of 

reef-building corals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Proposed model of a coral colony as a holobiont consisting of the coral 

animal, zooxanthellae and prokaryotes. The holobiont would also include fungi 

(Bentis et al. 2000), Protozoa (Toller et al. 2001), endolithic algae (Odum & 

Odum 1955, Shashar et al. 1997, Bentis et al. 2000) and unknown components 

that have yet to be studied (adapted from Rohwer et al. 2002). 
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1.3.1 Microbial associates 

 Coral-specific microbial communities are hypothesized to have important 

physiological and ecological roles in coral reefs. For example, microbial-mediated 

nitrogen fixation in corals was first proposed in 1987 (Williams et al., 1987). It has 

since been demonstrated that some coral species contain intracellular bacteria that are 

capable of nitrogen fixation (Lesser et al., 2004). There are numerous members 

associated with the coral holobiont, but only microbial associated with the coral tissue 

and mucus layers were discussed here. 

Symbiodinium. Photosynthetic dinoflagellates, Symbiodinium cells 

living within the cells of the coral host’s gastrodermis, can supply with up to 98% of 

their nutritional needs for organic carbon (Sebens et al. 1996, Muller Parker and 

D’Elia, 1997). In a nutrient-poor reef habitat, photosynthetic products supplied by the 

Symbiodinium support the coral host metabolism, growth, reproduction and survival 

(Muscatine et al., 1973; Davies, 1984). Coral calcification rates are also enhanced 

(Gattuso et al., 1999) through the recycling of essential nutrients from these 

dinoflagellates symbionts (Lipschultz and Cook, 2002). Molecular techniques have 

revealed that the coral host is capable of forming associations with more than one 

symbiont type (Pawlowski et al., 2001; Pochon et al., 2001; Santos et al., 2001; van 

Oppen 2001; LaJeunesse et al., 2003; Little et al., 2004; Abrego et al., 2009; 

Silverstein et al., 2015). For example, 36% of the 107 scleractinian species surveyed 

in the Caribbean, Eastern Pacific and GBR hosted multiple Symbiodinium taxa 

(Baker, 1999). Surveys of Symbiodinium distribution patterns showed that symbiont 

distribution within the coral host is highly likely to be dependent on site, species and 

locations (Pandolfi et la., 2011; Baker et al., 2013; Howells et al., 2013), but some 

coral host species appear more readily to be able to partner with diverse symbionts 
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(Thornhill et al., 2006b; McGinley et al., 2012). Although the symbiont community 

does not necessary change after every bleaching event, Silverstein et al. (2015) found 

that the symbiont community composition was dominated by thermo tolerant D1a 

symbionts after a bleaching event. 

 Viruses. Viruses also play an important role in the coral holobiont (van 

Oppen et al., 2009). A wide range of virus-like particles have regularly been found in 

healthy and unhealthy coral tissues both in the field (Wegley et al., 2007; Patten et al., 

2008) and in the laboratory (Wilson et al., 2005). Cyanophages are dominant in 

corals, suggesting that phages may perform the task of regulating microbial 

populations in the coral colonies (Wegley et al., 2007). Viruses have been closely 

linked to coral disease and bleaching (Wilson et al., 2001; 2005; Barash et al., 2005; 

Davy et al., 2006, Vega-Thurber et al., 2008; Lawrence et al., 2015). During UV- and 

heat-stress, virus-like particles have been frequently observed both surrounding and 

within corals, and Symbiodinium cells (Davy et al., 2006; Lohr et al., 2007). All of 

these studies confirmed the importance of latent viral infections during environmental 

stress. 

 Archaea. Besides bacteria, corals are also associated with a diverse 

community of Archaea (Kellogg, 2004; Wegley et al., 2004; Beman et al., 2007). 

Currently, the biological role of Archaea in the coral host remains unknown, but it is 

speculated that, due to their unique metabolic capabilities, their presence may be 

important for maintaining the good health of the coral host (Beman et al., 2007). For 

example, certain Archaea are capable of ammonia oxidation and nitrogenous waste 

removal, which is essential in maintaining coral health (Beman et al., 2007). In 

addition, mesophilic Euryarchaeota and Crenarchaeota are found to be associated 
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with corals from different reef locations and species (Kellogg et al., 2004; Wegley et 

al., 2004). 

 Bacteria. Coral-associated bacterial communities are hypothesized to 

have important physiological and ecological roles on coral reefs. For example, it has 

been demonstrated that some coral species contain bacteriocyst like structures 

(Cyanobacteria) within the coral tissues that are capable of nitrogen fixation (Lesser 

et al., 2004). The coral bacterial consortia is further believed to provide protective role 

for their coral hosts through the production of antibiotics and the occupation of 

physical space, and competing with invading or opportunistic pathogens (Ritchie, 

2006). Many studies have provided compelling evidence that the associations between 

bacteria communities and the coral host are more complex than estimated and are 

significantly influenced by both environmental factors (Justin et al., 2005; Raechel et 

al., 2009) and host physiology (Rohwer et al., 2002; Lesser et al., 2004; 2007). In 

order to further understand the role of coral-associated bacterial communities in coral 

reefs ecosystems, it is crucial to address the complexity of the microbial habitats and 

the strong influence of environmental and host factors. 

Microenvironmental variability within the coral colonies significantly impacts 

both the host organism’s physiology and ecosystem function (Ainsworth et al., 2010). 

The partitioning of microhabitats within the coral host strongly influences the 

composition of microbial communities, the effects of the microbial community on the 

host physiology and the role of the coral host within the ecosystem (Rohwer et al., 

2001).   Therefore, the idea that the coral holobiont represents a stable and uniform 

habitat vastly over-simplifies these complex and dynamic systems, and is likely to 

lead to incorrect assumptions on the role of microbes in coral stress, bleaching and 

disease (Kushmaro et al., 2001; Leggat et al., 2007; Ainsworth et al., 2009). 
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Understanding microbial diversity and the interaction of this diversity within a highly 

complex and variable host environment is therefore essential to understanding the role 

of microbial communities in coral response to environmental change. 

1.3.2 Bacterial diversity and function 

 Numerous studies have shown that prokaryotes associated with corals are both 

diverse and abundant (Ritchie and Smith, 1995; 1997; Santavy et al., 1995; Kushmaro 

et al., 1996; Santavy and Peters, 1997; Rohwer et al., 2001; Frias-Lopez et al., 2002; 

Rohwer et al. 2002; Apprill et al., 2009). With the aid of culture-independent 

techniques, investigators have identified a wide range of coral associated microbial 

communities. For example, in 2002, Rohwer et al., examined three Caribbean coral 

species and identified 430 distinct bacterial ribotypes. There were approximately 6000 

potential bacterial diversity associated with these coral species, and half of the 

retrieved sequences shared less than 93% identity with previously identified 16SRNA 

gene sequences. In another study, Sunagawa et al. (2010) used pyrosequencing and 

found approximately 8500 different operational taxonomic units among seven 

different coral species. Other studies (Rohwer et al., 2001; Friaz-Lopez et al., 2002; 

Bourne and Munn, 2005; Lampert et al., 2008; Hong et al., 2009; Kvennefors et al., 

2010) have found a similarly high level of microbial diversity in other species of 

corals from different regions of the world. These studies showed that we barely 

understand the microbe – coral host association, and that there is a need for a more 

intensive effort to elucidate these relationships. 

1.3.2.1 Bacterial specificity 

 Bacterial communities residing within the coral host differ from those of the 

overlying water column (Rohwer et al., 2001; Frias-Lopez et al., 2002; Kvennefors et 
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al., 2010), and are speculated to establish specific associations with their coral-host. 

Analysis of the microbial community in the various coral species revealed that the 

bacterial community was specific to the coral species regardless of location (Table 

1.1). Although there are a growing number of reseach on coral-associated microbial 

communities, studies highlighted in Table 1.1 shows comparison of microbial 

communities between different micro-habitats with the coral holobiont. 

Table 1.1. Analysis of microbial communities in different coral species.

Coral species surveyed Study by 

Monastraea franksi Rohwer et al., 2001 

Porites astreoides,  

Diploria strigosa  

Montastraea franksi 

Rohwer et al., 2002 

Platygyra lamellina 

Fungia scutaria 

Lampert et al., 2008 

Acropora hyacinthus 

Stylophora pistillata 

Kvennefors et al., 2010 

Pacillopora damicornis Bourne and Munn, 2005 

However, what is more interesting is that one γ-Proteobacterial sequence obtained 

from the Pacillopora damicornis on the GBR was also present in previous studies in 

the Caribbean (Rohwer et al., 2001; Cooney et al., 2002; Frias-Lopez et al., 2002), 

implying the possibility of globally distributed coral-associated bacteria. However, 

Hong et al. (2009) analyzed the bacterial community in Stylophora pistillata from 

Taiwan and found conflicting results – suggesting that corals do not always exhibit 

conserved bacterial communities. Coral colonies within and among different locations 
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and seasons exhibit highly variable bacterial communities, indicating that seasonal 

and geographical factors, and coral physiology have an impact on the associated 

bacterial communities (Hong et al., 2009). These conflicting results indicate that the 

relationship between coral host and its microbial community may be more dynamic 

and complex than previously thought. In addition, although it is believed that the 

microbial communities are maintained in the coral host to carry out specific functions, 

the complex relationship could obscure the true nature of the coral host-microbe 

association. 

1.3.2.2 Nutrient cycling 

 Although potential functions of some bacteria may be predicted based on their 

characteristics, the true roles of these microbial partners are unknown. Two main 

functions of coral-associated bacterial communities are predicted to be biochemical 

cycling, and protection against predation and disease. Numerous identified bacteria 

within corals have been implicated in the process of cycling nitrogen, sulphur and 

carbon (Williams et al., 1987; Szmant et al., 1990; Shashar et al., 1994; Lesser et al., 

2007; Wegley et al., 2007; Chimetto et al., 2008; Olson et al., 2009; Raina et al., 

2009; Kimes et al., 2010). Corals inhabit oligotrophic waters that are low in nutrients, 

and thus biogeochemical cycling by coral-associated bacteria is likely crucial for the 

survival of the coral host. As early as 1973, Coles and Strathmann observed that 

corals consume their own mucus, suggesting that any nutrients that are contributed by 

the microbial community to the mucus layer may serve as a food source for the coral 

host. The coral surface mucus layer has the ability to trap nutrients from the 

surrounding reef waters as well as contributions from the resident Symbiodinium 

population. Thus, the coral mucus serves as an important substrate for microbial 

communities in the sediment and surrounding waters (Wild et al., 2004). Since 



 

 

13 

bacteria are dependent on these nutrients, the mucus composition may determine the 

types of microbes that are associated with the coral (Ritchie and Smith, 2004; 

Rosenberg et al., 2007; Rohwer et al., 2010).   

 Coral mucus is predominantly composed of a carbohydrate complex (Coffroth, 

1990), and it was estimated that as much as 98% of the carbon assimilated by the 

Symbiodinium population is excreted into the coral mucus (Ikeda and Miyachi; 1995). 

Bacteria from 11 different coral species were found to utilize different carbon sources 

(Ritchie and Smith, 1997), suggesting that the carbon source that is present on coral 

colonies is an important determinant of the bacterial community composition. 

Furthermore, metagenomic analysis of coral-associated microbes revealed a 

correlation between the mucus composition and the metabolic capabilities of 

microbial communities (Wegley et al., 2007). These results provide evidence that 

bacterial communities have evolved to efficiently utilize carbon sources from the 

coral mucus. 

 Corals are able to obtain nitrogen directly from the water column (Muscatine 

and D’Elia, 1978; Piniak et al., 2003), but they may still rely on the abilities of their 

microbial associates to fix nitrogen. Shashar et al. (1994) provided evidence that 

nitrogen fixation does take place within the coral holobiont. Furthermore, not only 

were cyanobacteria found to be prevalent within the epithelium of Montastraea 

cavernosa, but the presence of nitrogenase also indicated that these cyanobacteria 

were actively fixing nitrogen (Lesser et al., 2004; Lema et al., 2012). Many other 

coral species have also been identified to harbor nitrogen-fixing cyanobacteria 

(Williams et al., 1987; Shashar et al., 1994; Kayanne et al., 2005; Wegley et al., 

2007). Besides cyanobacteria, the presence of nif-specific regulatory protein and 

nitrogenase genes within the metagenome of Porites astreoides, Montipora capitata 
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and M. flabellate indicated that the coral-associated microbial community is capable 

of nitrogen fixation (Olson et al., 2009; Lema et al., 2012). Thus, although several 

studies have revealed the metabolic capabilities of microbes with the coral holobiont, 

the actual contribution of these microbes to the coral host remains speculative.  

1.3.2.3 Antimicrobial activity 

 In the coral host-microbe relationship, some bacteria may be responsible for 

the production of allelochemicals that prevent the predation of corals. Researchers 

have proposed that bacteria are necessary for disease resistance in a coral host 

(Ritchie and Smith, 2004; Rohwer and Kelley, 2004; Reshef et al., 2006) through the 

production of antibiotics and simply by out-competing potential pathogens within the 

surface mucus layer. Tissue extracts from gorgonians and soft corals (Burkholder and 

Burkholder, 1958; Kim, 1994; Slattery et al., 1995; 1997; Kelman et al., 1998; 2006), 

and scleractinian corals such as Pocillopora damicornis (Geffen and Rosenberg, 

2005) and Acropora palmata (Koh, 1997) also have been found to contain 

antimicrobial properties. About 30% of bacteria isolated from coral species were 

found to produce antibiotic substances (Castillo et al., 2001).  

 

1.4 The changing environment 

 Coral reefs are also experiencing unparalleled levels of direct anthropogenic 

stress (Hoegh-Guldberg et al., 2007; Carpenter et al., 2008). There are numerous 

factors such as eutrophication, coastal development, sedimentation and overfishing 

which are contributing to the decline of coral reef health (Hughes, 1994; Hughes and 

Connell, 1999). Direct and indirect effects of overfishing and pollution have been the 

major drivers in the decrease in abundance of coral reef species (Hughes, 1994; 
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Jackson et al., 2001; Pandolfi et al., 2003). On many reefs, reduced stocks of 

herbivorous fishes and added nutrients have caused an ecological phase shift from 

originally dominated by coral reefs to a fleshy seaweed environment (Hughes, 1994; 

McClanahan et al., 2004). These changes that can often be manageable at a local 

scale, are compounded by impacts of global climate change. 

There is increasing evidence that global climate change, principally the 

emission and accumulation of greenhouse gases, has had multiple effects on coral 

reefs. These changes include increases in seawater temperature, changes in the 

calcium carbonate saturation state, large-scale changes in atmospheric and oceanic 

coupling (e.g., El Niño-Southern Oscillation, ENSO), and changes in sea level 

(Hoegh-Guldberg et al., 2007). Terrestrial, aquatic and marine ecosystems are all 

affected by global climate change, but the impact on coral reefs has been especially 

significant. Indeed, over the next 50 years, coral reefs are expected to undergo 

profound ecological changes and, as a result, it is predicted reefs will only exist in 

very isolated places by the end of the current century (Hoegh-Guldberg et al., 2007). 

The combined effects of elevated seawater temperature and ocean acidification on 

corals are only beginning to be addressed, but early studies on calcification, 

metabolism, and coral mortality are revealing even more complex physiological 

interactions than expected (Anthony et al., 2008; Crawley et al., 2010). 

1.4.1 Mechanisms of coral bleaching 

 Coral bleaching is the result of either the coral host expelling their symbiotic 

dinoflagellates from their tissues, or loss of photosynthetic pigments from the 

symbionts due to environmental stress. Coral bleaching results in paling of the 

affected coral with varying levels of coral mortality. Depending on the severity of the 

thermal stress, corals may lose their photosynthetic pigment through the expulsion of 
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the Symbiodinium (Hoegh-Guldberg, 1999; Lesser, 2004). Coral bleaching is distinct 

from the seasonal cycling of Symbiodinium densities in corals. Studies on corals in the 

Northern Hemisphere have shown that the concentration of Symbiodinium cells 

decreases to annual lows during the summer months, and then recovers during the 

autumn and winter. It is unknown whether the changes in the Symbiodinium 

concentration is attributed to natural variation in responses to climatic conditions or 

recovery of the coral associated symbionts (Fagoonee et al., 1999; Fitt et al., 2009; 

Warner et al., 2002).  

 Mortalities of corals due to localized bleaching have been recorded as long 

ago as the 1870s (Williams and Bunkley-Williams, 1990; Glynn, 1993). However, 

these early instances provide limited insight into the specific perturbation, such as 

elevated seawater temperatures, which caused the bleaching. The earliest 

comprehensive report on temperature-related bleaching was from a study on the Great 

Barrier Reef in 1928 to 1929 (Yonge and Nichols, 1931). The study recorded a 

bleaching event during the Austral Summer of 1929, which occurred on reef flats 

during a spring tide, when water temperatures reached 35.1ºC. Many corals, both 

submerged and aerially exposed, were killed. 

 Yonge and Nichols (1931) deduced that elevated seawater temperature and not 

irradiance or aerial exposure was the main cause of this mortality, as the same reefs 

were exposed to spring tide conditions under similar irradiances, and did not exhibit 

high rates of mortality when the seawater temperature was normal. At the same time, 

some corals such as Favia and Goniastrea exhibited bleaching, but survived under 

these harsh conditions. Yonge and Nichols (1931) used samples of Favia in controlled 

experiments and reported that the duration and intensity of seawater temperature 

change were critical factors affecting both bleaching and mortality. Many experiments 
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have now shown that an increase in seawater temperature is the primary cause of the 

unprecedented number of coral bleaching events which have occurred since the late 

1970s (Brown, 1997; Glynn, 1993; Fitt et al., 2001; Lesser, 2004). 

1.4.1.1 Coral Probiotic Hypothesis 

 The coral microbiota structure is a result of maintained homeostasis in the 

physiochemical microenvironment of the coral holobiont and the external 

environment. In homeostasis, coral-associated microbial populations are balanced by 

resource limitation (bottom-up control) and antagonistic interactions (top-down 

control) (Figure 1.4). Deviations from the state of homeostasis arises when the 

balance between the top-down and bottom-up control is disturbed, such as a change in 

the environmental conditions. In various well-known studies, under increased 

seawater temperatures, Vibrio spp. have been shown to cause infection of the coral 

host, and subsequently lysis of Symbiodinium cells and coral tissue (Kushmaro et al., 

1997; Banin et al., 2000; 2001; 2003). For example, Vibrio shiloi was shown to be the 

causative agent of thermal bleaching in Oculina patagonica in the Mediterranean 

(Kushmaro et al., 1996; 1997). However, further infection trials were unsuccessful 

after a number of years. This led to the Coral Probiotic Hypothesis, which postulates 

that the coral host may alter its bacterial community in order to adapt to the changing 

environment, and thus corals may have acquired pathogenic resistance against the 

Vibrio spp. (Reshef et al., 2006). A similar incident also happened in healthy corals 

that developed resistance to white plague II (Richardson and Aronson, 2000), after a 

severe disease outbreak in 1995 (Richardson et al., 1998). Another example is the 

fungal disease, Aspergillosis, which almost eradicated sea fans at some sites in the 

Carribbean in 1995 (Nagelkerken et al., 1997); epidemic outbreaks of this disease 

have since declined over the years (Kim and Harvell, 2004). It was argued that sea 
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fans may have acquired increased resistance to the disease because all other factors 

such as increased temperature, African dust inputs, and elevated nutrients are still 

continuing (Kim and Harvell, 2004). Further studies are still needed in order to 

explore whether microbial community shifts enable corals to adapt to environmental 

stress. Current studies have shown that environmental changes such as increasing 

seawater temperatures can influence the microbial composition associated with corals. 

However, further evidence suggests that a coral-associated microbial shift may better 

serve as an indicator of community imbalance and an unhealthy coral host. Thus, 

documenting the complexity of the microbe community and the holobiont response to 

environmental stress is essential for predicting changes in the reef ecosystem (Bourne et 

al., 2009).        

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Conceptual model of top and bottom down control of the microbiota 

structure in the coral holobiont. (Thompson et al., 2015). 
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1.4.1.2 Adaptive Bleaching Hypothesis 

 The Adaptive Bleaching Hypothesis (Buddemeier and Fautin, 1993) argues 

that corals can form new symbiotic consortia to suit specific stressful conditions. 

Therefore, the adaptability of corals is an important aspect in terms of their resistance 

and resilience to bleaching. Numerous studies have documented a shift to more 

thermally tolerant clade D Symbiodinium types within corals after bleaching events 

(Glynn et al., 2001; Toller et al., 2001a; Baker et al., 2004; van Oppen et al., 2005; 

van Oppen and Berkelmans, 2006; Jones et al., 2008). In particular, field studies and 

controlled experiments (Rowan, 2004; Berkelmans and van Oppen, 2006; LaJeunesse 

et al., 2003; Kemp et al., 2014) have indicated that corals may be better suited for 

warmer environments but more susceptible to diseases (Littman et al., 2010) when 

associated with clade D Symbiodinium. However, the coral host may have certain 

trade-offs in order to associate with another symbiont type. For example, clade D 

Symbiodinium typically is not the dominant symbiont in corals, and is mostly found in 

shallow waters (Baker, 1999; LaJeunesse, 2003; Silverstein et al., 2012) or at 

extremely deep sites (Toller et al., 2001b). Therefore, clade D Symbiodinium may 

simply be an opportunistic symbiont that dominates stressed or bleached corals 

(Baker, 2003). Furthermore, juvenile Acropora tenuis showed greater photochemical 

efficiency and lower metabolic costs when hosting Symbiodinium clade C1 than clade 

D, indicating that the host fitness may potentially be compromised by harboring a 

more thermally resistant symbiont type (Abrego et al., 2009). Other studies showed 

that A. tenuis and A. millepora showed faster growth when infected with 

Symbiodinium clade C1 than with clade D (Little et al., 2004). This is because the 

coral host is receiving more photosynthates when partnering with clade C1 (Cantin et 

al., 2009). Therefore, these studies show that a thermally-induced shift in the 
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Symbiodinium population might have some costs to the host, even though they might 

at least allow the coral to survive. 

1.4.1.3 Water motion 

 Within the holobiont, the mucus layer itself is an important ecological link 

between the coral animal and the surrounding water (Rasheed et al., 2004; Wild et al. 

2004; Naumann et al., 2009). Water is constantly moving in various temporal and 

spatial scales in the reef environment, and directly and strongly acts on the coral host 

and microbial communities (Brown, 1997). Water motion in reef environments is 

highly variable. For example, the maximum flow velocity around shallow channel 

areas often exceeds 100 cm/s, while the mean measured velocity in the lagoon is 

usually below 10 cm/s depending on height from the bottom, surrounding topographic 

conditions, relative contribution of wave orbital motions, and tidal currents (Storlazzi 

et al., 2004). Differential rates of water-flow are largely a consequence of frictional 

drag force across the coral boundary layer, thereby changing mass-transfer rates of 

gases and metabolites (Patterson and Sebens, 1989; Atkinson and Bilger, 1992). 

Several studies have shown a positive correlation between water flow and the rates of 

(1) photosynthesis (Dennison and Barnes, 1988; Lesser et al., 1994), (2) growth 

(Jokiel, 1978), (3) phosphate uptake (Atkinson and Bilger, 1992), (4) mycosporine-

like amino acid accumulation under ultraviolet-light exposure (Kuffner, 2001, 2002) 

and (5) survival under high irradiance and SST (Nakamura and van Woesik, 2001). 

However, the effects of water-flow, especially on the direct interaction between the 

coral host and its microbe community, have not yet been considered. 
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1.4.1.4 Water temperature 

 Regional scale coral bleaching is strongly associated with elevated seawater 

temperatures (Glynn, 1993). For example, bleaching of the scleractinian coral Oculina 

patagonica in the eastern Mediterranean Sea was first recorded in the summer of 1993 

(Fine and Loya, 1995). Since then, the annual pattern of bleaching has been monitored 

as a function of seawater temperature. Bleaching begins during the early summer 

when seawater temperatures reach 25°C, and increases until late in the summer, when 

the temperature approaches 30°C. At the peak of bleaching, 70– 80% of the colonies 

show signs of bleaching. In addition to coral bleaching, various studies have also 

demonstrated that infection of coral colonies by pathogens is temperature dependent 

(Ben-Haim et al., 2003l; Cervino et al., 2008; Sussman et al., 2009; Luna et al., 2010; 

Ushijima et al., 2014). For example, the infection of P. damicornis by V. 

coralliilyticus showed strong temperature dependence (Ben-Haim and Rosenberg, 

2002) (Figure 1.5).  

 

 

 

 

 

 

 

 

 

Figure 1.5 Seasonal bleaching of Oculina patagonica in the Mediterranean Sea. 

The relationship between sea-water temperature (bars) and percentage of bleached 

colonies (O) is plotted (Rosenberg and Ben-Haim 2002). 
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Bourne et al. (2008) surveyed the microbial composition of the coral Acropora 

millepora over a period of 2.5 years, which included a severe bleaching event on the 

Great Barrier Reef during January/ February 2002. Data from their study (Bourne et 

al., 2008) suggested that microbial shifts could act as an indicator of stress prior to the 

appearance of visual signs of bleaching. The authors also speculated that the 

temperature-induced change in the microbial community prior to bleaching could 

result in a decrease in the antibiotics secreted by symbiotic microorganisms, and 

cause the coral to become more susceptible to infection (Bourne et al., 2008).  

1.4.2 Coral associated bacterial community shifts 

  Similar to Symbiodinium, coral-associated bacterial communities can also 

respond to changes in environmental conditions. For example, bacterial communities 

associated with healthy Oculina patagonica are different in the summer and winter 

(Koren and Rosenberg, 2006). Although the dominant bacterial group was Vibrio 

splendidus in both seasons, the other ten most abundant groups were different 

between the summer and winter, suggesting that seawater temperature may cause the 

bacterial community to shift even in healthy corals (Koren and Rosenberg, 2006). 

Hong et al. (2009) found spatial and temporal variation in bacterial community 

composition associated with Seriatopora pistillata in Taiwan, indicating that seasonal 

and geographical factors are important in influencing the bacteria-coral host 

association. Guppy and Bythell (2006) showed that spatial and temporal bacterial 

variability in the coral surface mucus later were related to the proximity to coastal 

pollution in Tobago. Distinct differences in bacterial communities are also prominent 

with depth, suggesting that UV radiation has an effect on coral-associated bacteria 

(Klaus et al., 2007). Thus, environmental factors play an important role in 

determining the bacterial community composition in the coral holobiont. 
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1.4.2.1 Environmental factors driving bacterial community shifts 

 Environmental stress may cause bacterial communities to shift from those 

dominated by beneficial partners to ones that are harmful to the coral host (Tout et al., 

2015). Bourne et al. (2008) sequenced the microbial communities of tagged coral 

colonies through a bleaching event and found that the conserved microbial 

community found on healthy corals changes as the corals bleach. Furthermore, Vibrio 

spp. started to appear in bleached corals, while they were almost non-existence in 

healthy corals (Bourne et al., 2008). Members of the Vibrio genus have often been 

associated with diseased corals (Rosenberg et al., 2007; Bourne et al., 2008). Vega-

Thurber et al. (2009) analyzed the microbial community metagenomes of Porites 

compressa that were exposed to various environmental stresses such as increased 

temperature, elevated nutrients, dissolved organic carbon and reduced pH. Not only 

was there a change in microbial community composition, but stressed corals also 

exhibited increased expression of certain important functional genes, such as those 

associated with virulence, stress resistance, sulphur and nitrogen metabolism, motility 

and chemotaxis, fatty acid and lipid utilization, and secondary metabolism. Results 

further shows that most of the metabolic changes in thermally-stressed corals were 

attributed to Vibrio spp. Together with the changes in the bacterial community and 

their functions, these studies indicate that coral-associated bacterial communities may 

shift towards a more pathogenic nature when the coral holobiont is stressed. 

1.4.2.2 Bleaching and coral-associated bacterial communities 

The shift to a bacterial community that is dominated by pathogenic microbes 

during bleaching events may be a result of decreased coral resistance and loss of 

beneficial bacteria. In healthy corals, about 20% of the isolates from Acropora 

palmata were able to produce antibiotic substances, but in bleached corals, only 2% 
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of the isolates were able to produce substances against pathogenic microbes, 

suggesting that the mucus in bleached corals may have lost its antibiotic properties 

(Ritchie, 2006). Furthermore, in other similar studies, Vibrio shiloi (Kushmaro et al., 

2001) and V. coralliilyticus (Ben-Haim et al., 2003a; b) became prominent in 

bleached corals. Currently, it is difficult to determine whether Vibrio spp. became 

dominant due to lack of protective bacteria in the coral mucus or whether the 

beneficial bacteria were out-competed during bleaching. Nevertheless, it is clear that 

heat-stressed corals are more susceptible to invading pathogenic bacteria as the 

microbial community changes. 

1.4.2.3 Interaction among the coral holobiont members 

 It is no doubt that coral host an abundant and highly diverse microbial 

community with close interactions between the host and microbial constituents within 

the holobiont. As such, it is highly possible that there are interactions between various 

microbial partners within the coral holobiont. For example, environmental factors 

affect the Symbiodinium type, which in turn has an impact on the physiology of the 

coral holobiont. This change in the coral’s physiology again may have direct or 

indirect effects on other microbial members. However, in another study, different 

clades of Symbiodinium showed differences in susceptibility to PSII inactivation when 

exposed to a Vibrio-derived metalloprotease (Sussman et al., 2009). Stat et al. (2008) 

also found that corals harbouring clade A Symbiodinium are more susceptible to 

disease agents as compared to corals that are associated with clade C Symbiodinium. 

The authors attributed the differences to less carbon fixation and translocation to the 

coral host by clade A Symbiodinium, which in turn may cause a lower resistance to 

coral diseases. Similarly, Littman et al., (2010) also found that corals harboring Clade 

D Symbiodinium are more susceptible to diseases. Therefore, it is important to clarify 
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the interactions between the coral holobiont constituents in order to have a better 

understanding of how microbial shifts affect the health of corals. 

1.5 Outstanding knowledge gap 

 The field of coral microbial ecology has made substantial progress in the past 

decade – the application of metagenomics has provided many key answers to the 

relationship between microbial communities and their coral host. However, there is 

still much to be learned, especially through the significant advances in genomic and 

imaging technologies. As reviewed by various authors (Bourne et al. 2009; Ainsworth 

et al. 2010), the diversity of bacteria is clearer than ever before. However, there are 

other microbial communities within the coral host microhabitat which are not well 

understood.  

The impact of environmental change, particularly thermal stress (which results in 

coral bleaching), on the physiology of corals and their eukaryotic symbionts, 

Symbiodinium spp. has been widely studied in recent years (Baird et al. 2009). 

However, environmental stressors affecting a coral host will also impact on the 

microbial community and alter host-microbe interactions within each microhabitat. In 

the terrestrial environment, soil plant-microbe interactions have been well studied and 

these interactions are considered important drivers of plant community ecology 

(Reynolds et al. 2003). However, at the time of this review, there is no detailed study 

of the impact of environmental changes on reef ecosystems via direct and indirect 

effects on microbial communities. It is also important to understand how the 

microbial partners interact with each other within the coral holobiont to provide 

insight into the resilience of corals to environmental stress, since bacterial community 

changes may lead to changes in overall functions.  
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Furthermore, there has been a tremendous amount of research conducted on the 

water-flow effects on coral bleaching (reviewed by Nakamura 2010). However, there 

are apparent missing links between field observations and laboratory experiments 

(McClanahan et al., 2005b; Lenihan et al., 2008). Ultimately, a better-informed 

perspective on the interactions between microbes, and healthy and stressed corals, 

will improve our capacity to predict future reef trajectories, and to implement 

effective management and conservation strategies in the future. 

 

1.6 Objectives and thesis outline 

 This study aimed to develop a comprehensive understanding of coral 

microbial community dynamics in response to changes in: water flow and 

temperature. The study also characterised how the dynamic relationship between 

environmental factors and coral-associated microbes impacts on coral holobiont 

health. Specific objectives of this research were to: 

1. Determine the successive shifts in the bacterial community of the surface 

mucus layer and tissue of the coral Acropora muricata under thermal stress.  

2. Determine the shift in mucus glycoconjugate composition and the associated 

bacterial community in thermally-stressed A. muricata. 

3. Characterize the impacts of water flow on the bacterial community in the 

surface mucus layer of thermally-stressed A. muricata. 

4. Establish whether taxonomic shifts occur in the microbial community as a 

result of interactions between water flow and heat stress in situ, by employing 

16S rRNA gene sequencing approach to analyze bacterial communities in the 

mucus of A. muricata in the field. 
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Chapter 2.0         Successive shifts in the microbial 

community of the surface mucus layer and tissues of the 

coral Acropora muricata under thermal stress  
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2.1 Introduction 

Corals are associated with a diverse microbiota consisting of viruses 

(Marhaver et al., 2008; Vega-Thurber et al., 2008;  Claverie et al., 2009, Lawrence et 

al., 2014), fungi (LeCampion-Alsumard et al., 1995; Priess et al., 2000; Ravindrum et 

al., 2001; Golubic et al., 2005; Kirkwodd et al., 2010), bacteria (Kooperman et al., 

2007; Rosenberg et al., 2007; Smith et al., 2007; Kimes et al., 2010), symbiotic 

dinoflagellates (genus Symbiodinium; Baker et al., 2014) and archaea (Kellogg 2004; 

Rohwer and Kelley, 2004; Wegley et al., 2004). The microbial community 

composition of the coral host is important since these microbes may play crucial roles 

in the host coral’s physiology and health (Rosenberg et al., 2007; Bourne et al., 2009).  

 Composition of the microbial communities is highly influenced by the 

microhabitats within the coral host (Ainsworth et al., 2010). The three major distinct 

microbial habitats provided by the coral host are the surface mucus layer (SML), coral 

tissues and coral skeleton (Ainsworth et al., 2010). Corals produce an SML that is 

complex in structure and character, and has a variety of functions (Brown and Bythell, 

2005; Jatkar et al., 2010). The SML may provide a favorable microenvironment for 

some bacteria and yet a hostile one for others due to the extreme diurnal variation of 

oxygen saturation levels – from supersaturated to nearly anoxic (Shashar et al., 1997). 

It is also suggested that in the SML, corals may use antimicrobial compounds 

produced by themselves and their resident microbial communities to inhibit bacterial 

growth (Ritchie, 2006). 

 The coral’s tissues are a more stable medium than the SML because they are 

not constantly replaced over diurnal cycles. Bacterial communities associated with 

coral tissues have been shown to be significantly different from those in the mucus 

(Bourne and Munn, 2005). Rohwer et al. (2002) also suggested that microbial 
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communities that are unique to the tissues are maintained through time and space, but 

distinct bacterial communities are associated with different coral species. Due to these 

distinct differences in the SML and tissues, it is important to analyze the microbial 

communities within the different layers of coral colonies separately. To date, very few 

microbiological studies (Bourne et al., 2008; Ainsworth and Hoegh-Guldberg, 2009) 

have been performed to elucidate the dynamics between bacterial communities in the 

SML and the tissue layer of the coral colony under thermal stress. Furthermore, these 

studies (Bourne et al., 2008; Ainsworth and Hoegh-Guldberg, 2009) have not 

provided any information on the bacterial community shift in the different portions of 

the coral holobiont (i.e. SML and tissues) simultaneously.  

 As a result of global climate change, thermal anomalies are expected to 

increase in frequency and intensity (Hoegh-Guldberg, 1999; Hoegh-Guldberg et al., 

2007). The increase in sea surface temperature (SST) will likely impose additional 

stress on corals and their microbial associates (Bourne et al., 2009; Mouchka et al., 

2010). For example, Ritchie et al. (1994) found that Vibrio spp. comprised 30% of the 

cultured bacterial community in bleached Montastraea annularis colonies, but Vibrio-

affiliated cultures were not retrieved from healthy coral colonies. Furthermore, coral-

associated bacterial assemblages shifted to a Vibrio-dominated community just prior 

to visual signs of stress during a bleaching event (Bourne et al., 2008). On the other 

hand, Endozoicomonas spp. have been found to be the dominant bacteria in the 

microbiomes of healthy Porites (Rohwer et al., 2002; Sunagawa et al., 2010; Morrow 

et al., 2012; Sharp et al., 2012; Rodriguez-Lanetty et al., 2013). Furthermore, a study 

by Meyer et al. (2014) found that the presence of apical lesions on P. astreoides 

coincided with a decrease in the relative abundance of Endozoicomonas spp.  
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Numerous studies agree that, in order to have a deeper knowledge of coral diseases, 

there needs to be a systematic understanding of healthy and unhealthy coral 

microbiota (Klaus et al., 2005; Guppy and Bythell,, 2006; Ritchie, 2006; Gil-Agudelo 

et al., 2007). Most studies that compare the microbial communities in healthy and 

bleached corals are based on a single sampling time-point (Ritchie et al., 1994; 

McGrath and Smith, 1999). These studies may not adequately address the highly 

variable spatiotemporal nature of these assemblages (Ainsworth et al., 2010). Other, 

longer term studies (Bourne et al., 2007; Arboleda and Reichardt, 2009; Sunagawa et 

al., 2009) on coral-bacterial associations are in situ studies, which introduce other 

uncontrolled environmental variables that make the results harder to interpret. 

Although the microbial diversity found under controlled experimental conditions may 

not reflect the true diversity and community structure, and interactions between 

members seen in situ (Kooperman et al., 2007), this approach would better elucidate 

how specific environmental factors affect the coral-microbe association (Ferguson et 

al., 1984). Currently, there are no experiments that analyze bacterial community shifts 

between the SML and tissues of the coral colony under increasing thermal stress. 

This represents the first study to simultaneously measure bacterial diversity in 

the coral SML and tissues through time under well-controlled experimental thermal-

stress conditions. Simultaneous analysis of the communities in both layers has the 

potential to provide insight into the dynamic shifts of commensal and pathogenic 

bacteria between the mucus and tissues of a health-compromised coral host. Profiles 

of the coral-associated bacterial communities were analyzed, with an emphasis on 

investigating the relative changes in members of the genera Endozoicomonas and 

Vibrio as potentially beneficial and pathogenic members of the microbial community, 

respectively. 
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2.2 Materials and methods 

Sample collection and experimental design.  Coral nubbins (approximately 2 

cm in length) were collected from Kenting National Park, Nan-wan, Taiwan 

(21°57’N, 120°44’E) on May 21, 2013. A total of 100 coral nubbins were collected 

from five different colonies of Acropora muricata at 8 – 10 m depth. The coral 

nubbins were then acclimated in a 0.2 μm filtered seawater flow-through tank for 30 

days, with a constant water temperature of 26°C.  After the 30-day acclimation, 40 

coral nubbins were taken from the acclimation tank and re-distributed randomly into 

three treatment tanks and one control tank, all of which contained 0.2 μm filtered 

seawater. An irradiance of ~150 µmol photons m-2 s-1 (400 watts HQI metal halide) 

was applied to all control and treatment tanks on a 12 h light/dark cycle. The control 

tank was kept at a constant temperature of 26°C, while water temperature in the 

treatment tanks was raised 1°C per day from 26°C to 33°C, for a total duration of 

eight days.  HOBO® temperature loggers were deployed in the tanks to monitor the 

water temperature. Other water parameters (salinity, conductivity, temperature) were 

monitored daily at midday with a Lutron® datalogger. A Walz® diving-pulse 

amplitude modulated (PAM) fluorometer was used to monitor the change in coral 

photosystem health, using a 0.8 s saturating pulse of >4500 µmol photons m-2 s-1 and 

gain value of 12. Three dark-adapted yield values (Fv/Fm) were obtained from three 

randomly chosen coral nubbins from each tank, an hour after the light turned off.  

 One coral nubbin and one liter of seawater were collected from each tank on 

the days when the respective treatment tank temperatures were 26°C, 27°C, 29°C, 

31°C and 33°C. Coral mucus was then “milked” from each nubbin according to the 

methods outlined in Wild et al. (2004), into a 1.5 mL microfuge tube for 2 min. After 

the mucus was collected, the same coral samples were sprayed using an airbrush, with 
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5 mL 10x TE buffer (10 mM Tris-HCl, pH 8.5, 1 mM EDTA, pH 8.0), to extract the 

tissues. The coral tissue slurry was collected in a sterile bag and transferred to a 1.5 

mL microfuge tube. Seawater samples (1 L) were filtered through membrane paper 

(0.2 μm pore size; Adventec,Tokyo, Japan) to collect microbial particulates. A total 

of 20 coral surface mucus (treatment, n= 15; control, n= 5), 20 tissue (treatment, n= 

15; control, n= 5), and 20 one-liter seawater samples were collected during the 

experiment. Ten seawater samples – five pooled samples from the treatment tanks, 

five samples from the control tank – were sent for pyrosequencing. All extraction 

instruments were sterilized over an open flame to remove any residual DNA and 

washed with 75% ETOH to prevent cross-contamination. All extracted coral mucus, 

tissues and seawater samples were stored at -20°C until DNA extraction. 

 

DNA extraction and purification.  The coral mucus was recovered by centrifugation 

(13,000 x g for 15 min), for genomic DNA analysis. The supernatant was then 

discarded and the pellet homogenized with 600 μL of 10x TE buffer, and incubated 

with 30 μL 10% SDS and 10 μL 100 μg/mL RNase A for 30 min at 37°C. A 3 μ

L aliquot of proteinase K (20 mg/mL) was added before incubation for 45 min at 50°

C. Subsequently, 100 μL 5 M NaCl and 80 μL CTAB/NaCl solution were added, 

and the final mixture was incubated for another 10 min at 65°C. DNA was then 

extracted with chloroform/isoamyl alcohol (24:1), and phenol/chloroform/isoamyl 

alcohol (25:24:1). DNA was then precipated in 0.6x cold 2-propanol, and the sample 

centrifuged for 8 min at -20°C. The final homogenized solution was transferred to a 

clean tube and stored at -20°C before 16S rRNA gene PCR amplification. Total 
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genomic DNA extraction for coral tissues and seawater followed the same protocol as 

that for coral mucus DNA extraction.  

 

Amplification of bacterial 16S rRNA genes.  PCR was performed using two bacterial 

universal primers: 968F (5’ - AAC GCG AAG AAC CTT AC  - 3’) and 1391R (5’ - 

ACG GGC GGT GWG TRC – 3’), which were designed for the bacterial V6-V8 

hypervariable region of the 16S ribosomal RNA gene (Hamp et al. 2009). The 

reaction mixture contained 0.5 μL 5U TaKaRa Ex Taq HS (Takara Bio, Otsu, 

Japan), 5 μL 10x Ex Taq buffer, 4 μL 2.5 mM deoxynucleotide triphosphate 

mixture, 1 μL each primer (10 μM) and 5 μL (10 – 20 ng) template DNA in a 

volume of 50 μL. The temperature program for 30 cycles of PCR was an initial step 

of 94ºC for 3 min, 94ºC for 30 s, 57ºC for 10 s, 72ºC for 30 s, and 72ºC for 2  min as 

the final extension after the last cycle.  The PCR amplicons of the bacterial V6-V8 

region were checked by DNA agarose gel electrophoresis with 1.5% agarose gel and 

10x TE buffer. The expected DNA band (~ 423 bp) was cut from the gel and the DNA 

was recovered by electroelution (Sambrook & Russell, 2001). The quality of the DNA 

was determined using a NanoDrop spectrophotometer (Thermo Scientific, Vantaa, 

Finland).   

 

DNA tagging PCR and pyrosequencing of barcoded amplicons.  DNA tagging PCR 

(DT-PCR) was used to tag each of the PCR products of the bacterial V6-V8 region 

from different samples (Chen et al., 2011). A total of 50 unique tags (20 for coral 

mucus, 20 for coral tissue, and 10 for seawater) were used in this study for DT-PCR. 

Massive parallel pyrosequencing was conducted for pooled 500 ng lots of each tagged 

V6-V8 DNA sample, using the Roche 454 Genome Sequencer FLX System (Mission 
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Biotech, Taipei). A total of 126,048 sequences were generated and sorted according to 

the unique tags, using the in-house sorting tool (http://tanglab.csie.org/~ 

tanglab/projl/) (Chen et al., 2011).  

 

Data analysis.  Sequences were processed through the MOTHUR software package 

(qscore =22, min length =280bp, max homopolymer runs =8). Chimerical reads were 

then detected and trimmed by UCHIME (http://drive5.com/uchime), and taxonomic 

affiliations of the V6-V8 sequences (59,536 sequences) were identified using 

Ribosomal Database Project (RDP) Classifier software (v2.3, 

http://sourceforge.net/projects/ rdp-classifier/) with a bootstrap value of 0.8. The 

relative abundances of each classified bacterial class from individual samples were 

used to estimate a distance matrix using the Bray-Curtis distance. Heatmaps were 

generated using the Primer 6 software (PRIMER-E, Lutton, Ivybridge, UK) to analyze 

the relationship of the microbial communities in the mucus, tissues and seawater from 

the healthy and thermally stressed corals. The normalized data were analyzed using 

one-way analysis of variance (ANOVA), followed by Tukey’s HSD test, to determine 

if significant differences were present between the dominant microbial bacterial 

classes as the water temperature increased from 26°C to 33°C. Sequences from 

individual coral mucus, tissue and seawater samples which were subjected to 29°C, 

31°C and 33°C were aligned using MUSCLE software 

(http://www/drive5/com/muscle/), and manipulated in MOTHUR software (Schloss et 

al., 2009) to define the operational taxonomic units (OTUs) with a 3% cutoff value. 

The most closely related species to these dominant sequences were then determined 

by BLAST searches on NCBI websites. Bacterial community sequences in this paper 
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were deposited in the GenBank nucleotide sequence database under the accession 

number SRP052829. 

 

2.3 Results 

Coral bleaching.  The temperature was increased from 26°C to 33°C over a period of 

8 days, at a rate of 1°C per day. During this treatment, Fv/Fm in A. muricata was 0.705 

± 0.03 SD at 26°C and declined to 0.440 ± 0.092 SD at 33°C (Figure 2.1; one-way 

ANOVA, F7,22 = 59.66, p < 0.001); values in the control tanks were between 0.647 ± 

0.041 SD and 0.687 ± 0.063 SD across all time-points. Post hoc analysis revealed that 

the major thermal impact occurred at 31°C (p = 0.012), 32°C (p = 0.016) and 33°C (p 

< 0001), and this analysis was supported by visual signs of bleaching (paling of coral 

tissue) which were first evident at 31°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.  Photochemical efficiency values (Mean ± SD) from Diving PAM 

for control   (   ) and treatment (    ) coral nubbins. Control coral nubbins 

were kept at a constant 26°C water temperature, whereas temperature in 

treatment tanks were increased 1°C per day from 26°C to 33°C.  

Time (Day) 

   

P
h
o
to

ch
em

ic
al

 e
ff

ic
ie

n
cy

 

(F
v
/F

m
) 



 

 

36 

Bacterial community changes. At the lower temperatures (26°C - 29°C), the bacterial 

community of the coral mucus and tissues was dominated by members of the class γ-

Proteobacteria, but as the temperature increased to 31°C and above, although γ-

Proteobacteria is still the dominant retrieved sequences, members of the classes α-

Proteobacteria and Verrucomicrobiaceae began to dominate (Figure 2.2). These 

changes were significant (one-way ANOVA; γ-Proteobacteria: F4, 10 = 4.48, p = 

0.0248; α-Proteobacteria: F4, 10 = 8.906, p = 0.00248; Verrucomicrobiaceae: F4, 10 = 

9.698, p = 0.0018). In contrast, seawater was dominated by members of the α-

Proteobacteria, with γ-Proteobacteria and Flavobacteria being prominent as well, 

and this composition was unaffected by increasing temperature (Figure 2.2). Besides 

the dominant bacterial classes, members of the Cyanobacteria, Sphingobacteria and 

Flavobacteria also started to become more prominent at higher temperatures. 

 More specifically, in the coral mucus, as the temperature increased from 26°C 

to 31°C, the relative abundances of α-Proteobacteria and Verrucomicrobiaceae 

increased from 12.57 ± 2.84% SD to 27.09 ± 1.60% SD and 4.49 ± 2.46% SD to 

33.82 ± 4.09% SD of the total bacterial community, respectively, after which they 

changed little (Figure 2.3A). In contrast, the relative abundance of γ-Proteobacteria 

decreased markedly, from 62.20 ± 8.70% SD to 8.26 ± 0.88% SD between 26°C and 

31°C, but then increased to 39.27 ± 6.50% SD as the temperature increased further to 

33°C (Figure 2.3A). Post hoc analysis confirmed that the major changes occurred at 

31°C (γ-Proteobacteria: p = 0.021; α-Proteobacteria: p = 0.006; 

Verrucomicrobiaceae: p = 0.0048). Although the changes in relative abundance of 

Cyanobacteria, Sphingobacteria and Flavobacteria were not statistically significant, 

they also showed interesting trends as the temperature increased. The relative 
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abundance of Cyanobacteria was low (4.49 ± 1.25% SD) at 26°C but increased to 

19.70 ± 10.36% SD at 33°C. Similarly, as the temperature increased, the relative 

abundance of Flavobacteria increased from 1.08 ± 0.62% SD to 6.39 ± 9.60% SD. 

However, the relative abundance of Sphingobacteria was similar at 26°C (1.40 ± 

0.65% SD) and 33°C (1.24 ± 1.92% SD). 

In the coral tissues, as the temperature increased from 26°C to 33°C, the 

relative contribution of the α-Proteobacteria and Verrucomicrobiaceae increased 

from 5.98 ± 0.71% SD to 25.51 ± 5.06% SD and 5.14 ± 1.97% SD to 24.50 ± 7.80% 

SD, respectively, while the γ-Proteobacteria decreased from 58.66 ± 1.97% SD to 

22.13 ± 7.30% SD (Figure 2.3B); the communities in the control tanks remained 

unchanged. These changes were significant for the γ-Proteobacteria (one-way 

ANOVA, F4, 10 = 6.411, p = 0.0079) and Verrucomicrobiaceae (one-way ANOVA, 

F4,10 = 4.667, p = 0.022), but not for the α-Proteobacteria (one-way ANOVA, F4, 10 = 

2.68, p = 0.094), with post hoc analysis again highlighting that the biggest change 

occurred at 31°C for the γ-Proteobacteria (p = 0.031) and Verrucomicrobiaceae (p = 

0.094). Changes in the relative abundances of Cyanobacteria, Sphingobacteria and 

Flavobacteria were not significant. The relative abundances of Cyanobacteria and 

Sphingobacteria were similar at the lower and higher temperatures. At 26°C, the 

relative contribution of Cyanobacteria and Sphingobacteria was 6.97 ± 3.56% SD 

and 1.28 ± 0.91% SD, respectively, and the relative abundance remained similar at 

33°C (Cyanobacteria: 7.69 ± 1.28% SD; Sphingobacteria: 1.67 ± 0.91% SD). On the 

other hand, the relative abundance of Flavobacteria increased from 2.20 ± 0.92% SD 

at 26°C to 7.69 ± 9.29% SD at 33°C.  
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Figure 2.2.  γ-Proteobacteria was more dominant in the coral tissue and mucus layer in the lower temperature, while α -Proteobacteria and 

Verrucomicrobiaceae began to dominate the microbial community in the higher temperature. Cyanobacteria, Flavobacteria and Sphingobacteria also 

started to be more prominent in the coral tissue and mucus at higher temperature. α -Proteobacteria was the most dominant community in the seawater 

samples at lower temperature, but γ-Proteobacteria began to show up in the seawater samples at 31°C and 33°C. Samples from coral mucus (denoted 

by Mucus~), tissue (denoted by Tissue~) and seawater (denoted by Seawater~), control (denoted by C~), and treatment replicates (denoted by T~), and 

values represents the treatment seawater temperature. For example, Mucus_T2 – 31 would represent the sample from coral mucus in treatment tank 

number 2 at 31°C. 
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abundance 
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Figure 2.3. Bacterial community shift (Mean ± SD) in the three dominant communities (γ-

Proteobacteria, α-Proteobacteria and Verrucomicrobiaceae) in the coral mucus (A) and tissue 

layer (B) from 26°C to 33°C.  
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Endozoicomonas and Vibrio component of the bacterial community.   Further analysis 

focused on the relative abundance of Endozoicomonas spp. and Vibrio spp., the most 

dominant members of the γ-Proteobacteria in both the coral mucus and tissues 

(Figure 2.5). Statistical tests were performed on the abundance of Endozoicomonas 

spp. and Vibrio spp. relative to the total number of γ-Proteobacteria. In the coral 

mucus, although there was no significant change in the percentage of 

Endozoicomonas spp. (one-way ANOVA, F4,10 = 2.902, p = 0.0782), there was a 

high variance in the relative abundance as the temperature increased to 33°C (Figure 

2.4A). In contrast, the percentage of Endozoicomonas spp. decreased significantly 
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Figure 2.4. Bacterial community shift (Mean ± SD) in the genus Endozoicomonas spp. and Vibrio 

spp. in the coral mucus (A) and tissue layer (B) from 26°C to 33°C. Values indicated are relative 

abundance of Endozoicomonas spp. and Vibrio spp. as a percentage of the total γ-Proteobacteria 

sequences.  
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with increased temperature in the coral tissues (one-way ANOVA, F4,10 =2 8.81, p < 

0.001), with the most significant decrease at 31°C (p < 0.001) and 33°C (p < 0.001) 

(Figure 2.4B). Samples which were subjected to 29°C, 31°C and 33°C showed that 

sequences affiliated with Endozoicomonas montiporae (GenBank accession no. 

NR_116609.1, 99% similarity) contributed most (average of 13.8%) to the bacterial 

community belonging to the class γ-Proteobacteria in the coral mucus and tissues, 

and seawater samples (Figure 5). Endozoicomonas montiporae affiliated sequences 

were most conspicuous in coral tissues that were subjected to 29°C, with the relative 

abundance decreasing as the temperature increased to 33°C (Figure 2.5). Conversely, 

in the mucus layer, E. montiporae affiliated sequences contributed less to the bacterial 

community at the lower temperature (29°C), but increased in relative abundance as 

the temperature increased (Figure 5).  

The percentage of Vibrio spp. in both the coral mucus and tissues increased 

significantly in response to elevated temperature (Figure 4), with the mucus exhibiting 

the more pronounced change (one-way ANOVA, mucus: F4, 10 = 26.32, p < 0.001 

versus tissues: F4, 10 = 5.661, p = 0.0121). The biggest increases in the relative 

abundance of Vibrio spp. in the mucus were at 29°C (p < 0.001) and 31°C (p < 

0.001), while the biggest increase in the tissues was at 31°C (p = 0.0373). Vibrio 

coralliilyticus affiliated sequences (GenBank accession no. NR_025491.1, 99% 

similarity), which contributed the second highest relative abundance (average of 

6.9%) in the samples (Figure 2.5) were most conspicuous in the coral mucus at 29°C, 

and decreased in relative abundance as the temperature increased to 33°C (Figure 

2.5). However, sequences affiliated with V. coralliilyticus were retrieved in only low 

relative abundance from the coral tissues at 29°C and 31°C, but exhibited a high 

relative abundance at 33°C (Figure 2.5). 
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Figure 2.2. OTUs belonging to γ-Proteobacteria in coral mucus (denoted by M~), 

coral tissue (denoted by T~) and filtered seawater (denoted by S~). Values in the 

brackets showed the mean relative abundances in combined coral mucus, tissue and 

sea water bacterial communities. Only OTUs consisting of a mean relative abundance 

of more than 1% of the total bacterial community are shown. 
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2.4 Discussion 

In this study, the major bacterial communities associated with Acropora 

muricata were profiled through a period of thermal stress. γ-Proteobacteria 

dominated the microbial community in healthy A. muricata colonies, but under 

thermal stress, although γ-Proteobacteria were still the most dominant group, there 

was a prominent community shift towards bacteria of the classes 

Verrucomicrobiaceae and α-Proteobacteria.  This shift was apparent in both the 

surface mucus layer (SML) and tissues, and was especially notable at ≥31°C. 

Members of the Cyanobacteria, Flavobacteria and Sphingobacteria also started to 

show an increase in relative abundance at higher temperature in both the coral tissues 

and SML. The changes in the bacterial communities observed in this study are 

consistent with previous research indicating that a specific bacterial population, 

including potential pathogens, dominates when the coral host is under environmental 

stress (Roder et al., 2014). However, the current study also addresses the lack of 

information regarding the dynamics of bacterial communities between the coral SML 

and tissues, and indicates a plausible bacterial community shift in the coral SML and 

the tissues of A. muricata during thermal bleaching, under controlled experimental 

conditions. Further investigation of the bacteria within the class γ-Proteobacteria, 

which dominated microbial communities in the A. muricata samples, showed that the 

decline in photo-physiological health of the coral correlated with a loss of 

Endozoicomonas spp. from the SML and tissues, and an increase in the relative 

abundance of Vibrio spp., first in the SML and then in the tissues.    

 

Shift in bacterial community between coral mucus and tissues. Numerous studies have 

shown a shift in the microbial community of thermally bleached corals (Cooney et al., 
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2002; Pantos et al., 2003; Gil-Agudelo et al., 2006). However, there is no information 

on shifts specific to different microhabitats within the coral holobiont (e.g. surface 

mucus and tissues). This is crucial to the understanding of the highly variable 

spatiotemporal distribution of microbial communities in healthy and diseased corals 

(Ainsworth et al., 2010). Not only were the major bacterial communities similar to 

those found in other studies (Sekar et al., 2006; Garren et al., 2009; Nithyanand and 

Pandian, 2009; Vega-Thurber et al., 2009, Meron et al., 2011), but our results also 

showed that bacterial community shifts were first evident in the SML (at 29°C) before 

the trend was observed in the tissues at 31°C. I speculate that changes to the 

characteristics of the coral SML (such as reduced anti-microbial compounds, and 

mucus compositional changes) happened even before bleaching was evident (at 

29°C), and that it triggered the corresponding change in the bacterial community 

composition of the tissues at the higher temperature (31°C). 

 Studies on temporal changes in SML and tissue microbial communities due to 

environmental pressures can provide insight into the role of coral mucus and 

beneficial microbes in maintaining coral health (Ritchie, 2006). Within the coral SML 

and tissues, resident microbes may protect the coral host from invading pathogenic 

microbes by competing for nutrients and ecological niches (Koh, 1997; Riley and 

Gordon, 1999; Ritchie, 2006; Klaus et al., 2007). It is therefore plausible that the γ-

Proteobacteria associated with non-stressed A. muricata play a role in protecting the 

coral host by excluding potentially pathogenic microbes, whereas members of the α-

Proteobacteria and Verrucomicrobiaceae might include invading microbes that take 

advantage of stressed corals. It is also interesting to note that members of the 

Cyanobacteria, Flavobacteria and Sphingobacteria started to become more 

prominent at higher temperatures. Sequences affiliated with Flavobacteria and 
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Sphingobacteria have been observed to increase in abundance when corals are under 

low-pH stress (Meron et al., 2012) and elevated nutrient stress (Vega-Thurber et al., 

2009). Studies of antimicrobial activity and pathogenicity in these bacterial classes 

would shed light on this matter. In the current study, although there was a decrease in 

the percentage of γ-Proteobacteria, an in-depth look at Endozoicomonas spp. and 

Vibrio spp., which were the dominant genera in the class, revealed the dynamics of 

the community shift between the coral SML and tissues. The changing pattern in the 

relative abundance of Endozoicomonas spp. and Vibrio spp. suggest a possibility that 

the bacterial community shift and health deterioration in the coral’s tissues might 

result from the ability of potentially pathogenic bacteria to pass through the SML 

barrier.  

 

Shift in abundance of Endozoicomonas and Vibrio. Our study showed a decrease in 

Endozoicomonas spp.  and a reciprocal increase in Vibrio spp. for both the coral SML 

and tissues in response to increased seawater temperature. In this study, visual signs 

of bleaching, as well as a decrease in photosynthetic efficiency of the coral samples 

occurred at 31°C (Brown, 1997; Hoegh-Guldberg, 2004b, Bourne et al., 2008). These 

results are consistent with previous studies that have reported Vibrio spp. to be 

dominant in bleached corals (Ritchie et al., 1994; McGrath and Smith, 1999; Bourne 

et al., 2008; Tout et al., 2015) and Endozoicomonas spp. to be dominant in healthy 

corals but not in diseased corals (Bayer et al., 2013). 

 

Bacterial community dynamics between coral mucus and tissues. Sequences affiliated 

with Endozoicomonas montiporae and Vibrio coralliilyticus represented the largest 

proportion of the OTUs within the γ-Proteobacteria in the coral SML and tissues at 
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all temperatures. The changes in relative abundance of E. montiporae and V. 

coralliilyticus affiliated sequences in the coral SML and tissues when the water 

temperature increased from 29°C to 33°C demonstrated that there could either be a 

migration or proliferation of these microbes. For example, sequences affiliated with E. 

montiporae, which has an optimal temperature of between 25°C and 30°C (Kurahashi 

and Yokota, 2007), disappeared from the coral’s tissues at 31°C and above, while 

small proportions of these E. montiporae affiliated sequences started to appear in the 

coral SML at the same temperature, consistent with the loss of bacterial cells from the 

tissues to the SML under stress. Results from the current study also suggested that the 

abundance of sequences affiliated with V. coralliilyticus increased in the SML at 

29°C, and that this species became apparent in the coral’s tissues at 31°C, suggesting 

the possibility of either external bacterial communities migrating through the SML or 

proliferation of existing potential pathogens. 

Vibrio spp, including V. coralliilyticus, have been implicated as agents of coral 

bleaching in some instances (Kushmaro et al., 1996; 1997; 1998; Bourne et al., 2008), 

and have previously been seen to proliferate when coral health is compromised 

(Bourne and Munn, 2005; Tout et al., 2015). It was not possible to conclude here 

whether Vibrio spp. contributed directly to bleaching or, alternatively, represented an 

opportunistic infection of the physiologically compromised coral, but our data suggest 

that Vibrio spp. might migrate from the SML into the coral’s tissues when the health 

of A. muricata is impacted. There is also a possibility of proliferation of existing 

Vibrio spp. within the SML and tissues when the coral host is under stress. In 

particular, V. coralliilyticus affiliated sequences only started appearing in the coral 

SML at 29°C and was retrieved in only low relative abundance at the lower water 

temperature; its relative abundance in the SML then declined at the higher 
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temperatures as its relative abundance increased in the tissues. The reasons for this 

pattern of infection remain elusive but, in addition to a physiological ‘weakening’ of 

the coral under stress, this infection from the SML could reflect a reduced 

antimicrobial activity in the mucus (Ritchie et al., 1994). This requires further 

investigation.  

 In conclusion, this study provided evidence for a change in the relative 

abundance of commensal and potentially pathogenic bacteria in both the SML and 

tissues of corals in response to stress. This shift could result both from a direct change 

in the resident bacterial population, as well as the migration of bacteria between the 

SML and tissues (Figure 2.6). More studies of the role that the coral SML plays, both 

as a physical and chemical barrier during stress, would also provide insight into the 

microbial ecology and regulation of microbial populations in corals. 
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At the elevated seawater 

temperature (29°C), 

visual stress of coral is 

not visible. However, 

there are changes in 

bacterial community 

compositions in the coral 

mucus and tissue. 

Commensal bacteria 

which are not suitable to 

live in higher 

temperature started to 

leave the coral tissue and 

mucus (indicated by         

). Pathogens started to 

proliferate and/or invade 

the mucus layer. 

At the high seawater 

temperature (31°C), 

visual stress of coral is 

visible. Commensal 

bacteria have left the 

coral tissue. Pathogens 

started to proliferate 

extensively in the mucus 

and tissue layer. 

Pathogens also migrate 

through the coral mucus 

and invade the tissue 

layer (indicated by         

). 

At the optimal seawater 

temperature (27°C), the 

coral-associated native 

microbiota in the mucus 

and tissue layer are in 

balance. Potential 

pathogens are low in 

abundance. 

Figure 2.6. Proposed mechanism of the dynamics between the coral-associated 

commensal ( ) and pathogenic ( ) bacteria communities within the coral 

mucus and tissue layer.  
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Chapter 3.0         Changes in mucus composition could lead 

to associated bacterial community shifts in thermally 

stressed Acropora muricata 
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3.1 Introduction 

Corals are known to be associated with a variety of microorganisms, including 

algae, fungi, bacteria, archaea and viruses (Knowlton and Rohwer, 2003; Wegley et 

al., 2007; Marhaver et al., 2008; Lawrence et al., 2014). There is an increasing interest 

in coral-associated microbes as environmental changes threaten the health of coral 

reefs, inducing bacterial- (Harvell et al., 1999) and viral- (Lawrence et al., 2014) 

mediated diseases. The coral holobiont consists of distinct microhabitats – a coral 

surface mucus layer (SML), tissues, and coral skeleton. In particular, the mucus is a 

carbon-rich compound and serves as an important substrate for bacterial growth 

(Ferrier-Pagès et al., 2000; Brown and Bythell, 2005). In addition, distinct differences 

in the bacterial (Conney et al., 2002; Frias-Lopez et al., 2002) and viral (Lawrence et 

al., 2015) communities between the SML and water column suggest that water-borne 

microorganisms do not settle into the layer passively, but rather occupy certain niches 

within the SML. Various properties of the SML – such as acting as a physical barrier 

(Cooney et al., 2002), aiding mucociliary food transport to the polyp (Sorokin 1973; 

Ducklow 1990), sloughing of potential pathogenic bacteria (Ducklow and Mitchell, 

1979; Rublee et al., 1980), and serving as a medium for anti-bacterial allelochemicals 

(Slattery et al., 1995, 1997; Koh, 1997; Kelman et al., 1998, Ritchie, 2006) – may 

prevent pathogenic bacteria from attacking the underlying coral tissues. Rohwer and 

Kelley (2004) proposed that corals might be able to influence the bacterial community 

in the SML by altering the composition of the mucus. Therefore, growth of beneficial 

bacteria and those that inhibit potential pathogens can be promoted for maintaining 

the wellbeing of the coral host. 

 Information about the chemical composition of coral mucus is limited (Meikle 

et al., 1988; Coffroth, 1990; Vacelet and Thomassin, 1991; Brown and Bythell, 2005; 
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Wild et al., 2005, 2010). Coffroth (1990) described it as a carbohydrate complex, and 

detailed analysis of Acropora muricata mucus revealed that the main component 

consists of a complex proteoglycan (Meikle et al., 1988). Further analysis of the 

carbohydrate composition of mucus released by six different Acropora species, found 

arabinose, mannose, galactose, glucose, and N-acetyl glucosamine in all samples, and 

rhamnose, fucose and xylose in some samples (Wild et al., 2005). These differences 

in the carbohydrate composition of the SML highlight the potential for the SML to 

influence the microbial community composition (Rohwer and Kelley, 2004; Allers et 

al., 2008). Currently, there are only four studies that have tried to link carbohydrate 

composition of the mucus to bacterial diversity (Ritchie and Smith, 1997, 2004; Klaus 

et al., 2007; Tremblay et al., 2010). Ritchie and Smith (1997; 2004) isolated and 

cultured bacteria from the surface of different coral species and showed that these 

bacteria have specific utilizations of carbon sources. Conversely, a study by Klaus et 

al. (2007) found no correlation between mucus composition and bacterial diversity in 

the tissues of Montastraea annularis. Finally, Tremblay et al. (2011) found that the 

bacterial community is species-specific in Galaxea fascicularis, Pavona cactus and 

Turbinaria reinformis, and may be linked to the mucus sugar composition and the 

amount of dissolved organic carbon excreted. 

 Increasing sea surface temperature can have a negative impact on both the 

coral host and its microbial associates (Bourne et al., 2009; Mouchka et al., 2010). For 

example, the pathogenic bacteria Vibrio spp. comprised 30% of the entire bacterial 

community in bleached M. annularis, but were absent in healthy coral colonies 

(Ritchie et al., 1997). Similarly, McGrath and Smith (1999) showed that the Vibrio 

spp. population increased during bleaching of M. annularis. Unfortunately, no 

information regarding the effect of thermal bleaching on mucus composition and its 
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subsequent impact on bacterial community composition in the mucus layer is 

available at present. However, coral bleaching has been shown to induce an increase 

in organic matter and mucus production (Niggl et al., 2009), and a possible 

compositional change has been suggested (Wooldridge, 2009b). Nevertheless, with 

contrasting and incomplete results, it is a challenge to understand how the 

composition of coral mucus influences the associated microbial communities. 

Furthermore, there is no information on the successive change in mucus composition 

of thermally-stressed corals and their associated surface bacterial communities. This 

study therefore aimed to address this knowledge gap, by comparing healthy versus 

bleached colonies of A. muricata over time. 

 

3.2 Materials and methods 

Mucus sample collection and DNA extraction and sequencing. Subset of data (26°C - 

31°C; microbial community structure and Symbiodinium photochemical efficiency) 

from Chapter 2 were used as portion of the results for analyzing the association of 

bacterial community structure and the mucus composition.  

 A total of 63, 038 sequences was generated and processed through the 

MOTHUR software package. Sequences of <280 bp length, homopolymer runs 

exceeding 8 bp, and qscores < 27 were removed. Chimerical reads were also removed 

using UCHIME (Edgar et al., 2011). OTUs were then classified according to their 

taxonomic affiliations of the V6-V8 sequences (17,495 sequences) using Ribosomal 

Database Project (RDP) Classifier software (v2.10, 

http://sourceforge.net/projects/rdp-classifier/) with a bootstrap value of 0.8, and 

compiled at each taxonomic level into a counts file for statistical analysis. Sequences 
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were submitted to the NCBI Sequence Read Archive under accession number 

SRP060401. 

 

Carbohydrate composition. Coral mucus samples were desalted prior to carbohydrate 

composition analysis using high performance liquid chromatography – mass 

spectrometry (HPLC-MS). Preparation of the coral mucus followed the procedure 

outlined in Wild et al. (2010). Briefly, coral mucus samples were desalted using a 

Spectra/Por Biotech cellulose ester dialysis membrane (molecular weight cutoff of 

100 – 500 Da). Membranes were filled with coral mucus samples and placed in a 4-L 

container with deionized, sterile water, continuously filling from the bottom and 

emptying from the top. The whole set-up was placed at 4°C. After three days, samples 

were removed and freeze-dried. Samples were then treated with 1 M HCl in methanol 

at 80°C for 16 h, after which pyridine and acetic anhydride in methanol were added. 

Finally, samples were treated with Tri-Sil at 80°C for 0.5 h (York et al., 1986; Merkle 

and Poppe, 1994) before analysis of carbohydrate composition using HPLC-MS.        

 The HPLC system (Agilent Infinity 1260 LC system) consisted of a binary 

pump, an autosampler and a degaser, interfaced to an ESI Turbo V ion source of a 

QTRAP 5500 (Applied Biosystems, Foster City, CA, USA). The neutral 

monosaccharides (fucose, xylose, arabinose, N-acetyl-galactosamine, N-acetyl-

glucosamine, mannose, galactose and glucose) were separated with an Athena NH2 

column (250 mm x 4.6 mm, 5 μm particle size). Mobile phase A consisted of water 

and mobile phase B consisted of 100% HPLC-grade acetonitrile. A gradient program 

of 24% to 29% A in 25 min was used, with a 700 μL min-1 flow rate and injection 

volume of 10 μL. The mass spectrometer was operated in negative ion multiple 

reaction monitoring (MRM) mode. The [M-H]- precursor ions were used, with the 
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capillary operating at -4500 V, and the source temperature was set to 250℃. The 

curtain gas (N2) and collision gas (N2) settings were 20 psi, the nebulization gas 

setting was 40 psi and the vaporization gas setting was 50 psi. The declustering 

potential (DP), entrance potential (EP), collision cell exit potential (CXP) and 

collision energy (CE) were optimized for each analyte. 

Data analysis. Relative abundances of each bacterial class identified from individual 

coral mucus samples were used to examine patterns of microbial community structure 

in the mucus of the healthy and thermally-stressed corals. Observed and predicted 

Chao1 (Chao, 1984) and Simpson diversity statistics were calculated in MOTHUR 

and plotted. Normalized data were analyzed using one-way analysis of variance 

(ANOVA) and Tukey’s HSD test to determine any significant shifts in the dominant 

bacterial communities of the coral mucus as the water temperature was increased from 

26°C to 31°C. 

Normalized data from mucus carbohydrate analysis were also analyzed using 

one-way analysis of variance (ANOVA) with Tukey’s HSD post hoc test to determine 

if the mucus composition showed any significant changes between the healthy and 

thermally-stressed corals. The relationships between the presence of mucus sugars 

and the bacterial community composition were ascertained using canonical 

correspondence analysis (CCA). Additional associations between sugars and the 

major bacterial taxa (γ-Proteobacteria: 45.88%, α-Proteobacteria: 16.041% and 

Verrucomicrobiae: 19.132%) were further examined using Spearman’s test. The most 

closely related species to these dominant sequences were then determined by BLAST 

searches on NCBI websites. The metabolic pathway for the sequences affiliated 

species were obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
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database. All statistical tests were conducted with the R v3.1.2 statistical 

programming language with the vegan v2.2-1 package (Oksanen et al., 2015). 

3.3 Results 

Thermal stress. Water temperature was increased from 26°C to 31°C, at a rate of 1°C 

per day. Maximum photochemical quantum yield (Fv/Fm) of A. muricata in the 

treatment tank fell from 0.705 ± 0.03 at 26°C to 0.608 ± 0.073 at 31°C (Figure 3.1; 

one-way ANOVA, F5,15 = 8.976, p < 0.001), while values in the control tank remained 

consistent around 0.663 ± 0.057 (Figure 3.1). Post hoc analysis revealed that the most 

significant thermal impact on the corals was at 31°C (p <0.001), which was consistent 

with the visual assessment of bleaching (paling of coral tissues). 

Figure 3.1.  Photochemical efficiency values (Mean ± S.E.) from Diving 

PAM for control   ( ) and treatment (  ) coral nubbins. Control coral 

nubbins were kept at a constant 26°C water temperature, whereas 

temperature in treatment tanks were increased 1°C per day from 26°C to 

31°C (therefore, temperature in the treatments tanks were 31°C on day 6). 

D
ar

k
-a

d
ap

te
d
 y

ie
ld

 

(F
v
/F

m
) 

Time (Days) 



 

 

56 

Mucus sugar composition. At 26°C, mucus was mostly composed of glucose (20.855 

± 1.56%), mannose (10.408 ± 0.799 %), galactose (10.519 ± 1.235%) and N-acetyl 

glucosamine (GluNAc, 30.212 ± 0.639%). Arabinose (7.998 ± 1.476%), fucose (2.861 

± 1.386%) and xylose (6.088 ± 0.659) contributed less, and N-acetyl galactosamine 

was barely noticeable (GalNAc, 0.683 ± 0.172%) (Figure 3.2). As the temperature 

increased to 31°C, all sugars experienced a significant shift (decrease or increase) in 

their relative proportions (Figure 3.2, one-way ANOVA, arabinose: F3,8 = 4.908, p = 

0.032; fucose: F3,8 = 67.82, p < 0.001; galactose: F3,8 = 30.49, p < 0.001; GalNAc: F3,8 

= 10.66, p = 0.004; glucose: F3,8 = 14.16, p = 0.001; mannose: F3,8 = 11.21, p = 0.003; 

xylose: F3,8 = 14.59, p = 0.001; GluNAc: F3,8 = 52.23, p < 0.001). Significant shifts in 

the proportions of mucus sugars occurred at 29°C and 31°C (Figure 2). However, not 

all sugars exhibited significant changes in their relative proportions at the same 

temperature. For example, at 29°C, fucose showed a significant increase (p < 0.001, 

29.039 ± 4.043), while GluNAc showed a significant decrease (p = 0.005, 11.117 ± 

0.324) in their relative contributions. At a higher temperature (31°C), there was an 

increase in the proportion of arabinose (p = 0.033, 12.958 ± 2.704), GalNAc (p = 

0.005, 1.268 ± 0.243) and xylose (p = 0.002, 10.639 ± 1.231), but the relative 

proportions of glucose (p = 0.005, 10.504 ± 0.508) and mannose (p = 0.0167, 5.09 ± 

1.865) decreased (Figure 3.2). The proportion of galactose increased significantly (p < 

0.001, 19.604 ± 1.832) at 29°C, but dropped acutely at 31°C (p < 0.001, 8.893 ± 

0.873). There were no significant changes in the relative proportions of sugars in the 

control tank (Figure 3.2; arabinose, F3,8 = 1.257, p = 0.739; fucose, F3,8 = 4.593, p = 

0.204; galactose, F3,8 = 3.359, p = 0.339; GalNAc, F3,8 = 2.895, p = 0.408; glucose, 

F3,8 = 3.205, p = 0.361; mannose, F3,8 = 3.102, p = 0.376; xylose, F3,8 = 5.974, p = 

0.113; GluNAc, F3,8 = 1.769, p = 0.622). 
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Figure 3.2.  Composition shift (in percentage) of various sugar in the mucus layer of Acropora 

muricata from 26°C to 31°C. Note that the scale for GalNAc is different from the rest of the sugars in 

order to show the changing trend. Grey regions represent the relative composition of the various 

sugar in the control samples. Symbol * represents significant difference at 0.05. 

 



 

 

58 

 

Bacterial community changes. Members of the class γ-Proteobacteria dominated the 

bacterial community in the coral mucus at the lower temperatures (26°C - 29°C). 

However, at 31°C, members from the class α-Proteobacteria and Verrucomicrobiae 

became more prominent (Figure 3.3). As the temperature increased from 26°C to 

31°C, the relative abundance of α-Proteobacteria and Verrucomicrobiae increased 

from 12.57 ± 2.84% to 27.09 ± 1.60%, and 4.49 ± 2.46% to 33.82 ± 4.09%, 

respectively. On the other hand, relative abundances of γ-Proteobacteria dropped 

markedly, from 62.20 ± 8.70% to 8.26 ± 0.88%. Changes in relative abundances of α-

Proteobacteria, Verrucomicrobiae and γ-Proteobacteria were significant (one-way 

ANOVA; α-Proteobacteria: F3, 8 = 7.522, p = 0.0103; Verrucomicrobiae: F3,8 = 9.385, 

p = 0.0054; γ-Proteobacteria: F3,8 = 5.212, p = 0.0276). Post hoc analysis revealed 

that the most significant shifts in the bacterial community occurred at 31°C (α-

Proteobacteria: p = 0.0091; Verrucomicrobiae: p = 0.0095; γ-Proteobacteria: p = 

0.0274). In FSW, the bacterial community was dominated by α-Proteobacteria, but 

there was a prominent increase in the relative abundance of γ-Proteobacteria at 31°C 

(Figure 3.3). 

 As the temperature increased from 26°C to 31°C, both the Chao1 and Simpson 

diversity indices increased steadily (Figure 3.4). The Chao1 index increased from 

193.50 ± 57.63 at 26°C to 289.01 ± 59.75 at 31°C, while the Simpson diversity index 

increased from 0.013 ± 0.010 to 0.057 ± 0.024. 
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Relationship between bacterial community and mucus composition. The major 

bacterial sequences that were retrieved from coral mucus samples, and were affiliated 

to bacterial sequences from the NCBI database, belonged to the classes γ-

Proteobacteria, Verrucomicrobiae and Cyanobacteria (Table 3.1). Most of the 

bacteria showed potential enzymatic activities on at least two of the mucus sugars 

tested. All of the bacteria that were identified potentially use glucose as their main 

food source (Table 3.1). 

 

 

 

 

 

 

Figure 3.3. Changes in relative abundance of bacterial community at the class level in the 

Acropora muricata coral mucus (Mucus) and filtered seawater (FSW) from 26°C to 31°C. 

Control tanks (C) and treatment tanks (T) and numbers represents the respective 

temperatures. Numbers in the ( ) in the control samples (C) represent the respective 

treatment temperature. For example, C(31) – 26 represents control sample at 26°C when 

the temperature in the treatment tanks were 31°C. 
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The Canonical Correspondence Analysis (CCA) revealed that the combined  

Figure 3.4. Diversity and richess index – Chao1 (A) and Simpson (B) show a more diverse 

bacterial community in the mucus layer of thermally stressed Acropora muricata at a higher 

temperature. Plot - line represents median values, boxes represent 75% percentile and whiskers 

represent the highest and lowest values. 
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The two Canonical Correspondence Analysis (CCA) axes of the ordination 

had eigenvalues of 0.34 and 0.12, respectively, showing that the combined pool of 

mucus sugars explained about 47% of the total variation over the first two axes in the 

bacterial community composition in the coral mucus (Figure 3.5). The bi-plot 

revealed an apparent segregation between a group of sugars that decreased with 

increasing temperature (glucose, mannose and GluNAc) and the other group of sugars 

that increased at higher temperature (arabinose, xylose, fucose and GalNAc).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5. Canonical component analysis - CCA1(34%), CCA2(12%) showed the relationship 

between various mucus sugar and major bacterial communities of thermally stressed Acropora 

muricata.  
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Table 3.1. (A) Affiliation of bacterial sequences retrieved from coral mucus samples using BLASTt Sequence 

comparison on NCBI database. Only top OTUs which have a mean relative abundance of more than 1% of the 

total bacterial community are shown. (B) Affiliation of bacterial sequences retrieved from coral mucus 

samples and their potential enzymatic activities on various sugar. 

 

 

 

 

 

 

OTU Arabinose Fucose Galatcose GalNAc Glucose GluNAc Mannose Xylose 

OTU0001 
   

+ + + 
  OTU0002 

  
+ 

 
+ 

   OTU0023 + + + + + 
 

+ 
 OTU0003 

   
+ + + 

  OTU0016 
  

+ 
 

+ + 
  OTU0015 

  
+ + + + + + 

OTU0005 
 

+ + 
 

+ + + + 

OTU0009 
    

+ 
   

OTU Composition Class 

Closest relative 
Database accession 

number 

Similarity 

(% 

similarity, 

250bp) 

OTU0001 12.61% Verrucomicrobiae Rubritalea halochordaticola strain MN1-1006 NR_113049.1 100% 

OTU0002 7% γ-Proteobacteria Endozoicomonas montiporae strain CL-33  NR_116609.1 96% 

OTU0023 6% γ-Proteobacteria Vibrio coralliilyticus ATCC BAA-450 NR_117892.1 99% 

OTU0003 4.88% Verrucomicrobiae Rubritalea sabuli strain YM29-052 NR_041630.1| 97% 

OTU0016 4% Cyanobacteria 

Prochlorococcus marinus subsp. pastoris str. 

PCC 9511 NR_028762.1 90% 

OTU0015 4.31% γ-Proteobacteria Vibrio natriegens strain NBRC 15636 NR_113786.1| 99% 

OTU0005 3.13% γ-Proteobacteria Endozoicomonas elysicola strain MKT110 NR_041264.1 96% 

OTU0009 2.49% Cyanobacteria Nostoc punctiforme strain PCC 73102 NR_074317.1| 92% 
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Spearman’s correlation tests revealed that the relative abundance of α-

Proteobacteria was correlated with the presence of GalNAc (p = 0.019, r = 0.629) and 

glucose (p = 0.051, r = -0.580). Three key relationships were noted: (1) The relative 

abundance of Verrucomicrobiae was strongly associated with the presence of fucose 

(p = 0.005, r = 0.776), glucose (p = 0.017, r = - 0.685) and mannose (p < 0.001, r = -

0.881); (2) the relative abundance of γ-Proteobacteria was associated with fucose (p 

= 0.04, r = -0.608) and mannose (p = 0.032, r = 0.629); and (3) the presence of 

Cyanobacteria was highly associated with arabinose (p = 0.001, r = 0.819) and xylose 

(p = 0.002, r = 0.811). Other identified sugars had no statistical effects on the bacterial 

community of the SML. 

  

3.4 Discussion 

This study showed that the bacterial community associated with coral mucus becomes 

more diverse as the coral host experiences thermal stress. Furthermore, the bacterial 

community shifted from being dominated by γ-Proteobacteria to α-Proteobacteria 

and Verrucomicrobiae at higher temperatures, while Cyanobacteria also started to 

appear in the mucus as the coral host became thermally stressed. The shift in bacterial 

community observed in the coral mucus layer could be correlated to a compositional 

change of the exuded mucus. 

 

Mucus composition and its impact on the bacterial diversity. Coral mucus contains 

high concentrations of polysaccharides that favor bacterial growth (Ferrier-Pagès et 

al., 2000; Wild et al., 2004), and the sugars identified in our study are common in the 

mucus of many corals (Ducklow and Mitchell, 1979; Meikle et al., 1988; Wild et al., 

2005). Given this compositional diversity, changes in the sugar content have the 
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potential to influence microbial populations in the coral holobiont (Benson and 

Mucatine 1974; Ducklow and Mitchell, 1979; Wild et al., 2004). Furthermore, 

thermal stress and bleaching would be expected to have an impact on mucus 

composition (Wooldridge, 2009), suggesting that this could in turn influence the 

microbial community. This was apparent in our study, where for example Acropora 

muricata showed signs of bleaching both visually and photochemically at 31°C, 

accompanied by an increase in the relative proportions of GalNAc and fucose in the 

mucus, and an increase in the relative abundance of Rubritalea halochordaticola 

(Verrucomicrobiae) and Vibrio coralliilyticus (γ-Proteobacteria) affiliated sequences. 

Both of these sugars are known to be utilizable by these bacterial species (Ben-Haim 

et al., 2003; Yoon et al., 2011), while the increase in Vibrio spp. seen here is 

consistent with that observed previously in bleached and diseased corals (Muchka et 

al., 2010). Hence, we speculate that the change in mucus composition of thermally-

stressed A. muricata favors the growth of certain bacteria such as Vibrio spp., 

resulting in the proliferation of these bacterial communities in the SML. It should be 

noted though, that other, interrelated factors could play a role too. In particular, given 

that coral-associated bacterial communities have as many as 6000 unique ribotypes 

(Rohwer et al., 2002), spatial and temporal heterogeneity could arise as a result of 

complex interactions between members of the diverse bacterial community (Torsvik 

et al., 2002), while physical factors such as mucus structure (Ducklow and Mitchell, 

1979) and the amount of mucus exuded (Fitt et al., 2009; Piggot et al., 2009) could 

also cause changes in the bacterial community.  The influence of such factors on the 

microbial community composition requires further investigation. 
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Implications of changes in bacterial diversity for coral health. The coral SML can act 

as a physical barrier to the surrounding seawater microbes (Cooney et al., 2002), as 

well as serve as a medium in which anti-bacterial allelochemicals may be exuded 

(Slattery et al., 1995; 1997; Koh, 1997; Kelman et al., 1998; Ritchie, 2006). 

Furthermore, potential pathogens must be able to outcompete members of the native 

microbiota within the SML before they can invade the coral’s tissues (Krediet et al., 

2013). In this study, the native microbiota within the coral SML were dominated by 

members of the class γ-Proteobacteria. There were very little changes in the bacterial 

community composition in the control samples as well as samples in the lower 

seawater temperature. However, at higher temperatures, not only were the bacterial 

diversity higher, the bacterial community also shifted to be dominated by members 

from α-Proteobacteria and Verrucomicrobiae, with Cyanobacteria becoming more 

prominent as well. It is plausible that potential opportunistic pathogens from α-

Proteobacteria, Verrucomicrobiae and Cyanobacteria are more efficient at utilizing 

the mucus of the coral host at the higher temperatures, thus enabling them to 

overgrow, replacing members of γ-Proteobacteria and dominate the coral-associated 

bacterial community in the SML. The change in the bacterial community structure 

suggest that potential pathogens rely on different catabolic activities at the high 

seawater temperatures to outcompete the native microbiota and established their 

ecological niches within the SML. For example, although both commensal 

Escherichia coli and enterohaemorrhagic E. coli O157:H7 can utilize the same carbon 

source, their timing of carbon source utilization were different (Fabich et al., 2008). 

This suggests that the pattern and temporal regulation of host mucus utilization are 

important factors affecting the ability of the commensals and pathogens to establish 

themselves within the available ecological niches of the host mucus layer. 
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Similarly, in the coral mucus, even though the native microbiota (commensals 

and mutualistics) and pathogens within the SML produce similar exoenzymes to 

utilize coral mucus, there is a difference in their levels of activity and regulation 

(Sharon and Rosenberg, 2008; Krediet et al., 2009). In the thermally-stressed coral 

samples, members from α-Proteobacteria, Verrucomicrobiae and Cyanobacteria 

could show strong catabolite repression by sugars present in coral mucus (Krediet et 

al., 2009). At higher temperatures, potential pathogens could adapt quickly to the 

existing and preferred sugar first in the coral SML, through inhibition of synthesis of 

enzymes involved in the catabolism of other carbon sources. On the other hand, 

commensal bacteria community within the SML might not be able to regulate their 

glycosidases efficiently (Krediet et al., 2009) for sugars present. This would allow 

potential pathogens to proliferate and outcompete the native microbiota within the 

mucus. In a study by Krediet et al. (2009), a white pox pathogen, Serratia marcescens 

PDL100, showed strong catabolite repression by the sugars present in coral mucus in 

the early stage of mucus colonization, indicating that the coral pathogen used 

constitutively active glycosidases to outcompete commensals in the SML. As a result, 

the native microbiota were not able to produce extracellular activities such as 

antibiotic production, inhibition of quorum sensing and secondary metabolite 

production (Shnit-Orland and Kushmari, 2009; Teplitski and Rotchie, 2009; Rypien et 

al., 2010) to block the induction of glycosidases in the pathogens, and were thus 

unable to interfere with the ability of the pathogenic bacteria to use the coral mucus 

(Krediet et al., 2012).  

 

Conclusion. The interaction between the coral host, coral-associated commensal and 

mutualistic bacteria, and invading pathogens are highly complex and still poorly 
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understood. Results from the present study demonstrate that thermally-stressed corals 

have a different mucus composition than healthy corals, which will have an impact on 

the associated bacterial community in the SML. The shift in the proportion of 

different types of sugars in the SML, coinciding with a change in the bacterial 

community, suggests that, as nutrients become less available, potential pathogens may 

become more efficient in utilizing the different sugars (Deutscher, 2008; Gorke and 

Stulke, 2008; Teplitski et al., 2006b). Therefore, it is highly plausible that the 

different strategies adapted by native microbiota and pathogens to colonize the SML 

would allowed the opportunistic pathogens an advantage when there is a change in 

mucus composition in thermally-stressed corals.  Further research will elucidate the 

differences in the strategies employed by coral commensals and opportunistic 

pathogens, and may help define their functions within the coral surface mucus layer.   
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Chapter 4.0         Water flow buffers shifts in bacterial 

community structure in heat-stressed Acroprora muricata 
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4.1 Introduction 

The coral microbiome is a collective community of microorganisms that are 

associated with the coral host (Rohwer et al., 2002; Knowlton and Rohwer 2003). 

These coral-specific microbial communities are hypothesized to have important 

physiological and ecological roles on coral reefs, such fixing nitrogen and carbon 

(Williams et al., 1987), ammonium and nitrogenous waste removal from the coral 

host (Wegley et al., 2007), and protection for the coral host against opportunistic 

pathogens (Ritchie 2006). Recent studies have provided compelling evidence that 

coral-microbial associations are more complex than previously believed, and are 

significantly influenced by factors specific to the physiological (Rosenberg et al., 

2007; Mouchka et al., 2010) and physical environment of the coral host (Rohwer et 

al., 2002, Lesser, 2004, Lesser et al., 2007). Physical factors such as temperature, 

light, and water flow vary significantly over the complex structures of scleractinian 

corals, and have an impact on both host and microbial communities (Gert et al., 1998; 

Duyl and Gast 2001; Scheffers et al., 2005; Bourne et al., 2009; Burge et al., 2014). 

Therefore, understanding the interaction between the environment, host coral and its 

associated microbial community is essential for understanding the health and function 

of coral reefs. 

 Within the coral holobiont, the coral surface mucus layer (SML) is an 

important ecological link between the coral and the surrounding seawater (Wild et al., 

2004a, 2004b; Brown and Bythell 2005; Naumann et al., 2009). Coral mucus is a 

carbon-rich substance that serves as an important substrate for bacterial growth 

(Ferrier-Pagès et al., 2000; Brown and Bythell, 2005). It has been hypothesized that 

water-borne microorganisms do not settle into the coral mucus layer passively, but 

occupy certain niches within this layer (Conney et al., 2002; Frias-Lopez et al., 2002; 
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Lawrence et al., 2014). There are various properties of the coral mucus layer – such as 

acting as a physical barrier (Cooney et al., 2002); sloughing of potential pathogenic 

bacteria (Ducklow and Mitchell, 1979a; Rublee et al., 1980); and serving as a medium 

for anti-bacterial allelochemicals (Slattery et al., 1995, 1997; Koh, 1997; Kelman et 

al., 1998; Reshef et al., 2006; Ritchie, 2006)  – that protect the coral host from 

pathogenic bacteria. In addition, Rohwer and Kelly (2004) hypothesized that the coral 

host may be able to control the bacterial communities that inhabit the SML in order to 

cultivate the growth of beneficial bacterial, such as nitrogen fixers or those that inhibit 

potential pathogens. Studies showed that pathogenic bacteria are present within 

healthy coral tissues and the SML (Frias-Lopez et al., 2002; Garen et al., 2009), and 

that these pathogens will take advantage of a stressed coral host and proliferate in 

abundance (Sweet et al., 2011). To date, there are only few studies that that have tried 

to observe the changes in bacterial diversity within the SML when the coral host is 

under thermal stress (Ritchie, 2006, Bourne et al., 2008; Ainsworth and Hoegh-

Guldberg, 2009). 

 Environmental stressors that impact host physiology also change the microbial 

environment and the microbiome. Bourne et al. (2008) showed that microbial 

communities in bleached coral colonies were different from those in healthy corals in 

the months before bleaching and following recovery. Microbial metabolism and 

physiology are directly affected by the same environmental disturbances that alter the 

host’s metabolism (Vega Thurber et al., 2008). Changes in the coral host 

physiological fitness will influence the interactions between the coral and the 

microbial community within each microhabitat. Various studies have demonstrated 

that health of the coral host deteriorates when seawater temperature elevates, and 

results in increase opportunities of infection by coral-associated pathogens (Kushmaro 
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et al., 1998; Banin et al., 2001; Ben-Haim and Rosenberg, 2002; 2003a; Koren and 

Rosenberg, 2006; Mouchka et al., 2010; Bourne et al., 2008; Kimes et al., 2011). 

Similarly, experiments by Ben-Haim and Rosenberg (2002) demonstrated that the 

infection of P. damicornis by V. coralliilyticus showed strong temperature 

dependence. Known coral pathogen such as Vibrio shiloi can also be isolated from 

bleached corals (Kushmaro et al., 1998), and lab experiments showed that V. shiloi 

caused bleaching at temperatures above 29°C but had negligible effects at 16°C 

(Kushmaro et al., 1998).  

Water is constantly moving in various temporal and spatial scales in the reef 

environment, and has a strong effect on the coral host and microbial communities 

(Brown, 1997). A large body of research has been conducted on the effects of water-

flow on coral bleaching (reviewed by Nakamura, 2010). Several studies have shown a 

positive correlation between water flow and parameters such as photosynthetic rate 

(Dennison and Barnes, 1998), coral growth (Jokiel, 1978), phosphate uptake 

(Atkinson and Bilger, 1992), amino acid accumulation under ultraviolet exposure 

(Kuffner, 2001; 2002), and survival under high irradiance and sea-surface 

temperatures (Nakamura and van Woesik, 2001). Bacteria live in dynamic fluid 

environments (Guasto et al., 2012; Tufenkji, 2007; Dohnt et al., 2011), and water flow 

can have an effect on microbial processes such as nutrient uptake (Guasto et al., 2012; 

Tufenkji, 2007; Dohnt et al., 2011; Taylor and Stocker, 2012) and infection (Brookes 

et al., 2004). Furthermore, the hydrodynamic environment will directly affect 

bacterial fitness (Rusconi et al., 2014) and foraging techniques (Taylor and Stocker, 

2012). Although recent studies provided tools that are becoming available for 

investigation at the microbial single cell level (Shapiro et al., 2014; Pollock et al., 
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2015), the effects of water flow on the interaction between coral hosts and their 

microbial communities have not yet been considered. 

Here, I examined the combined effects of water flow and thermal stress on the 

bacterial community within the coral SML, both in the laboratory and the field. I 

demonstrated that elevated water flow can act as a stress ameliorator for corals, and 

can buffer the effects on bacterial community shifts within the mucus layer. 

4.2 Materials and methods 

This study was conducted at the National Museum of Marine Biology and Aquarium 

(NMMBA), Taiwan, and in Kenting, Taiwan (21°57’N, 120°46’E) during the winter 

and summer sampling seasons of December 2013 and June 2014.  

Laboratory experiments 

To examine the effects of water flow on the bacterial community composition in heat-

stressed corals, a set of laboratory-based studies was performed. Coral nubbins, 

approximately 2 cm in length, were collected from Kenting National Park, Nan-wan, 

Taiwan (21°57’N, 120°44’E) on November 1, 2013. A total of 100 coral nubbins 

were collected from five different Acropora muricata colonies at 8 – 10 m depth. The 

collected samples were acclimated in a 0.2 μm filtered seawater flow-through tank for 

30 days, with a constant water temperature of 27°C and an irradiance of ~ 150 µmol 

photons m-2 s-1 on a 12 h light/ dark cycle by a HQI metal halide lamp. After the 

acclimation, 96 coral nubbins were distributed randomly into 12 different treatment 

tanks, all of which contained 0.2 µm filtered seawater, and were irradiated at ~150 

µmol photons m-2 s-1 by a HQI metal halide lamp. There were three replicates of four 

different treatments – high water flow x high temperature (fHightHigh), high water flow 
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x control temperature (fHightControl), low water flow x high temperature (fLowtHigh) and 

low water flow x control temperature. (fLowtControl). Tanks which had high water flow 

had a pump attached, which moved the water at a speed of ~ 0.20 m s-1, while tanks 

which had low water flow had a diffuser which slowed down the water flow to ~ 0.03 

m s-1. Control temperature tanks were kept at a constant temperature of 27°C, while 

water temperature in the other six treatment tanks was raised 1°C per day from 27°C 

to 31°C, after which it was kept constant. 

A Walz® diving-pulse amplitude modulated (PAM) fluorometer was used to 

monitor the change in coral photosystem health, using a 0.8 s saturating pulse of 

>4500 µmol photons m-2 s-1 and gain value of 12. Three dark-adapted yield values 

(Fv/Fm) were obtained from three randomly chosen coral nubbins from each tank, an 

hour after the light was turned off. One coral nubbin and one liter of seawater were 

collected from each tank on the days when the respective treatment tank temperatures 

were 27°C, 29°C, 31°C and 31°C (3 days later). The collected nubbins were washed 

twice with 0.2 μm filtered seawater. Coral mucus was then “milked” from each 

nubbin (Wild et al., 2004) into two 15 mL BD FalconTM tubes for 5 min each, after 

discarding the initial 30 s of mucus release. A total of 48 replicate coral mucus 

samples and 16 filtered seawater samples were collected for DNA extraction. All 

extracted coral mucus samples were stored at -20°C until DNA extraction and 

carbohydrate composition analysis.  

In situ experiments 

The in situ field manipulation experiments were conducted in Nan-wan, Kenting (21° 

57' 108'' N, 120° 46' 222'' E) to complement the laboratory results. Three colonies of 

A. muricata, each at depth 8 – 10 m, were chosen for the water flow manipulation 
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experiment. The experiment was conducted on December 03, 2013 (winter season) 

and June 18 2014 (summer season), with each experiment lasting 10 days. 

Experiments were carried out in the winter and summer to compare the difference in 

seawater temperature between the two seasons, and the interactive impact of water 

flow and temperature on bacterial community structure in the coral host. Each coral 

colony was partially enclosed in a clear plastic mesh box, with clearance in the mesh 

measuring 0.25 cm2 to reduce the water flow past the enclosed portion of the colonies 

(Figure 4.1). Clear mesh netting was used to minimize the shading effect across the 

coral colony; this netting was checked daily to ensure that no algae were growing on 

it. A Sontek® microADV (Acoustic Doppler Velocimeter) was deployed to measure 

the difference in the water velocity around the enclosed and non-enclosed portions of 

the coral colonies. A total of six HOBO® loggers were deployed around the coral 

colonies to monitor the temperature and irradiance. 

A Walz® diving PAM fluorometer was used to monitor coral photosystem 

health. Settings on the diving PAM were a 0.8 s saturating pulse of > 4500 µmol 

photons m-2 s-1 and a gain value of 12.  Three dark-adapted yield measurements 

(Fv/Fm) per branch were obtained from three randomly chosen branches of the 

enclosed and non-enclosed portions of each coral colony, half an hour after sunset, 

during sample collection days. One coral sample (~ 2 cm) was collected from each 

coral colony on the first day of deployment. After that, two samples (~ 2 cm) were 

collected from each colony (one from enclosed, one from non-enclosed) on each of 

Days 5 and 10. One litre of seawater was also collected from surrounding reef water 

on days when coral samples were gathered. A total of 30 coral samples and six water 

samples were collected for DNA analysis. Extraction of coral mucus followed the 
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exact procedure as in the laboratory experiments. All extracted coral mucus samples 

were stored at -20°C until DNA extraction and carbohydrate composition analysis. 

Figure 4.3.  Three Acroproa muricata colonies were partially enclosed in a 

clear plastic mesh box, with clearance in the mesh measuring 0.25 cm2 to 

reduce the water flow past the enclosed portion of the colonies.  
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DNA extraction, 16S rRNA gene sequencing and analysis 

Genomic DNA was extracted using the phenol/ chloroform/ isoamyl alcohol method. 

The pellet from coral mucus was homogenized with 600 L of 10x TE buffer, and 

incubated with 30 L 10% SDS and 10 L 100 g/mL RNase A for 30 min at 37°C. 

A further 3 L of proteinase K (20 mg/mL) were added and incubated at 50°C for 45 

min. The final cycle was to add 100 L 5 M NaCl and 80 L CTAB/ NaCl solution, 

and incubate for another 10 min at 65°C. Final DNA was extracted using chloroform/ 

isoamyl alcohol (24:1), and phenol/ chloroform/ isoamyl alcohol (25:24:1). Final 

mucus DNA content was precipitated in 0.6x cold 2-propanol and centrifuged for 8 

min at -20°C. The genomic DNA solution was then transferred to a clean tube and 

stored at -20°C before gene amplification. Seawater DNA extraction followed the 

same procedure as that for coral mucus. 

Extracted DNA was amplified using 16S primers 968F (5 - AAC GCG AAG 

AAC CTT AC - 3) and 1391R (5 - ACG GGC GGT GWG TRC – 3). The expected 

DNA band (~ 423 bp) was cut from the agarose gel and the DNA was recovered by 

electroelution (Sambrook & Russell, 2001). A total of 64 and 36 unique tags were 

used in the laboratory and in situ field experiments to tag each of the PCR products of 

the bacterial V6-V8 region from different samples (Chen et al., 2011). Amplicons 

were sequenced using Illumina Miseq (Yourgene Bio science, Taipei). A total of 

1,418,375 and 1,329,451 sequences were generated for the laboratory and in situ field 

experiments, respectively, and processed through the MOTHUR software package. 

Sequences of length <280 bp, homopolymer runs exceeding 8 bp, and qscore < 27 
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were removed. Chimerical reads were also removed using UCHIME (Edgar et al., 

2011). OTUs were then classified according to their taxonomic affiliations of the V6-

V8 sequences (laboratory experiment – 237,169 sequences; in situ field experiment – 

112,773 sequences) using Ribosomal Database Project (RDP) Classifier software 

(v2.10, http://sourceforge.net/projects/rdp-classifier/) with a bootstrap value of 0.8, 

and compiled at each taxonomic level into a counts file for statistical analysis. 

Sequences were submitted to the NCBI Sequence Read Archive under accession 

numbers SRP062848 and SRP062884. 

Multivariate statistical software with PERMANOVA (PRIMER v6) was used 

to measure the degree of similarity between the bacterial communities in the 

experiments (Clarke and Gorley, 2006). Bray-Curtis similarity was calculated 

between samples after the data was square-root-transformed. Similarity index 

(SIMPER) analysis (Clarke, 1993) was used to identify the sequences that contributed 

the highest dissimilarity between the treatments. 

4.3 Results 

Effects of elevated temperature on coral health 

Laboratory experiments. No visual signs of stress or bleaching were evident for coral 

nubbins that were exposed to treatments with high water flow (both high and control 

temperatures; fHightHigh, fHightControl) or the low water flow x control temperature 

treatment (fLowtControl). However, coral nubbins which were subjected to low water 

flow x high temperature (fLowtHigh) showed a strong decline in the condition of their 

symbiotic dinoflagellates after exposure to 31°C for three days (Fv/Fm = 0.294 ± 0.095 

SD, PERMANOVA, Pseudo-F1,8 = 7.843, P = 0.005, Figure 4.2A). 
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Figure 4.2.  Photochemical efficiency values (Mean ± SD) from Diving PAM 

for laboratory (A) and in situ field (B) experiments. Laboratory - temperature 

in treatment tanks were increased 1°C per day from 27°C to 31°C, after 

which it is kept at a constant temperature of 31°C. High water flow is at ~ 

0.20ms-1 and low water flow is at ~0.03ms-1.    
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In-situ experiments. There was no significant difference in the photochemical 

efficiency (Fv/Fm) of the dinoflagellate symbionts of all three Acropora muricata 

colonies (enclosed and un-enclosed), regardless of season (summer, winter) (Figure 

4.2B; PERMANOVA, Pseudo-F1,8 = 0.843, P = 0.62).  

 There was a significant difference between the water temperature in the 

summer (28.86 ± 1.06°C) and winter (23.21 ± 1.36°C) (one-way ANOVA, F1,18 = 

239.3, p < 0.001, Figure 4.3). Similarly, selected A. muricata colonies experienced 

stronger water currents during the winter than summer (33.87 ± 23.16 cm/s vs. 30.19 

± 20.60 cm/s, respectively; ANOVA, F1,18 = 8.878, p < 0.001, Figure 4.3). Although 

there was no difference in irradiance between the parts of the coral that were enclosed 

and un-enclosed (one-way ANOVA, F1,38 = 0.467, p = 0.498, Figure 4.3), the portion 

of the corals that was enclosed experienced reduced water flow (one-way ANOVA, 

F1,38 = 5.867, p < 0.020, Figure 4.3). 

 

Bacterial community composition 

Laboratory experiments. Differences in bacterial community composition in the coral 

surface mucus layer (SML) between the four experimental treatments were identified 

using 16S rRNA gene amplicon sequencing (Figure 4.4). There is a significant 

difference in bacterial community composition in the SML between all four 

treatments (PERMANOVA, Pseudo-F3,56 = 3.082, P = 0.001; Figure 4.4). The 

bacterial communities in the coral mucus subjected to low and high water flow (at all 

temperatures) were 47.65% dissimilar (SIMPER analysis). The largest difference 

(56.79%), at both high and low water flows, was between the 27°C and 29°C 

treatments (SIMPER analysis).     
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Figure 4.3.  Light intensity and water flow velocity of the three treatment colonies 

(Mean values) during the summer (A) and winter (B). 
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The bacterial community of the coral SML in the f fHightHigh, fHightControl and 

fLowtControl treatments was dominated by Acanthopleuribacterales (fHightHigh: 23.36 ± 

0.207%; fHightControl: 27.02 ± 0.217%; fLowtControl: 19.62 ± 0.091%). Members of the 

Acidimicrobiales (fHightHigh: 20.83 ± 0.169%; fHightControl: 19.63 ± 0.085 %; fLowtControl: 

23.70 ± 0.147%) and Actinomycetales (fHightHigh: 4.94 ± 0.056%; fHightControl: 7.88 ± 

0.062 %; fLowtControl: 9.18 ± 0.063%) were also prominent in these three treatments 

(Figure 4.5).   

Figure 4.4. MDS plot showing the clustering of coral samples which are exposed to 

different (high/low) water flow and different (control/elevated) water temperature in the 

laboratory experiments. Symbols represents – filled symbols are mucus, and empty 

symbols are seawater samples, values represents temperature and letters L- low water flow 

and H – high water flow respectively. For example, 32M with L would mean mucus 

sample from 31°C (for extended 3 days period) at low water flow treatment. 
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Figure 4.5.  Acanthopleuribacterales, Acidimicrobiales and Actinomycetales were dominant in the mucus samples with the following laboratory 

treatments - fHightHigh (B~), fLowtControl (C~) and fHightControl (D~), but not retrievable in treatment fLowtHigh (A~). Samples from treatments (denoted by A~, B~, C or 

D~), and seawater (denoted by S~), and treatment replicates (denoted by value after A~, B~, C~, D~), L (filled triangles) – low water flow, H  (empty 

triangles) – high water flow and values represents the treatment seawater temperature. For example, A1(     ) at L26 would represent the sample from 

coral mucus in treatment tank fLowtHigh at 26°C. 
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Sequences affiliated to Acanthopleuribacterales, Acidimicrobiales and 

Actinomycetales were not retrieved from the coral SML in the fLowtHigh treatment. On 

the other hand, members from Oceanospirillales were in low relative abundance in 

the fHightHigh (1.99 ± 0.032%), fHightControl (0.97 ± 0.004%) and fLowtControl (0.80 ± 

0.003%) treatments. In the fLowtHigh treatment, however, members of the 

Oceanospirillales increased their relative abundance from 7.72 ± 0.124% at 27°C to 

19.60 ± 0.015% at 31°C, and further increased their relative abundance to 23.60 ± 

0.172% after being exposed to 31°C for an extended period of time (Figure 4.5). 

Members of the Flavobacteriales (fHightHigh: 7.46 ± 0.143%; fHightControl: 3.06 ± 

0.011%; fLowtControl: 2.68 ± 0.013%) were present at low relative abundances in the 

fHightHigh, fHightControl, fLowtControl treatments. Flavobacteriales were also present at low 

levels in the fLowtHigh treatment between 27°C (0.05 ± 0.001%) and 31°C (2.18 ± 

0.022%), but started to become more prominent after exposure to 31°C (17.53 ± 

0.239%) for an extended period. In contrast, members of the Rhodobacterales was 

present at relatively high abundances at 27°C in the fLowtHigh treatment (21.19 ± 

0.069%), but then decreased in relative abundance at 31°C (9.23 ± 0.045%,), and 

continued to decrease in relative abundance to just 4.58 ± 0.068% when this high 

temperature persisted (Figure 4.5). 

 

In situ experiments. There was no significant difference in the bacterial community 

composition between the enclosed and un-enclosed portions of the three Acropora 

muricata colonies, whether in summer or winter (PERMANOVA, Pseudo-F1,29 = 

0.979, P = 0.385; Figure 4.6). There was only a 41.57% dissimilarity in the 

community composition between the enclosed and un-enclosed portions of the three 

A. muricata coral colonies (SIMPER analysis). However, there was a significant 
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Figure 4.6. MDS plot showing the clustering of coral samples which are exposed to 

enclosed and un-enclosed water flow treatments during the summer and winter in the field 

experiments. Symbols represents – blue triangles represents mucus samples from winter 

and red triangles represents mucus samples from summer. Letters (L, H) represents L- 

enclosed water flow and H – un-enclosed water flow respectively.  

difference in the bacterial community composition between winter and summer 

(PERMANOVA, Pseudo-F1,29 = 7.024, P = 0.002; Figure 4.6); the bacterial 

community composition in the coral SML during winter was 53.73% dissimilar to that 

in summer (SIMPER analysis). 
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Oceanospirillales, Alteromonadales and Rhodobacterales were the most 

prominent taxa in the A. muricata mucus community during both winter and summer 

(Figure 4.7). Members of the Oceanospirillales were more prominent in the mucus 

during summer (enclosed: 39.05 ± 0.159%; un-enclosed: 36.49 ± 0.256%) than winter 

(enclosed: 21.90 ± 0.095%; un-enclosed: 25.17 ± 0.091%; Figure 4.7). During 

summer, members of the Alteromonadales were prominent in the coral SML at the 

start of the experiment (enclosed / un-enclosed: 50.14 ± 0.102%), but decreased in 

relative abundance mid-experiment (Day 5; enclosed: 5.54 ± 0.081%; un-enclosed: 

0.89 ± 0.009%), before increasing again by the end of the experiment (Day 10; 

enclosed: 9.16 ± 0.072%; un-enclosed: 5.96 ± 0.032%; Figure 4.7). On the other hand, 

during the winter, the relative abundance of Alteromonadales in the SML increased 

from 0.12 ± 0.001% on Day 1 (enclosed/ un-enclosed) to 15.00 ± 0.037% (enclosed) 

and 26.65 ± 0.085% (un-enclosed) on Day 10 (Figure 4.7). Similarly, during the 

winter, the relative abundance of Rhodobacterales in the mucus increased from 9.56 ± 

0.007% (enclosed/ un-enclosed) on Day 1 to 20.87 ± 0.044% (enclosed) and 23.89 ± 

0.026% (un-enclosed) on Day 10. Although members of Rhodobacterales were not as 

prominent in the coral mucus during the summer, their relative abundance followed 

the same trend as that in the winter, and increased from 0.47 ± 0.002% (enclosed/ un-

enclosed) on Day 1 to 10.72 ± 0.089% (enclosed) and 22.08 ± 0.192% (un-enclosed) 

on Day 10 (Figure 4.7). Members of the Vibrionales were not retrievable in the coral 

mucus during winter, but started to become more prominent by Day 10 during the 

summer survey. In the summer, at the end of the experiment (Day 10), the relative 

abundance of Vibrionales in the SML was higher in the enclosed portion (14.99 ± 

0.092%) than the un-enclosed portion (1.52 ± 0.024%) of the coral colony (Figure 

4.7). 
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Figure 4.7.  Heatmap showing the samples from summer (denoted by s~), and winter (denoted by w~), and treatment colonies (denoted by value after 

A~, B~, C~), enclosed (denoted by c~), un-enclosed (denoted by uc~) and values represents the samples collection times (1- 1st day, 2- 5th day, 3-10th 

day). For example, sA2uc would represent the sample from coral mucus collected during summer on the 5th day in the enclosed portion of colony A. 

Ratio of total 

bacterial abundance 
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4.4 Discussion 

Results from this study provided evidence that increased water flow acts as an 

ameliorator for thermal stress in corals, and for the first time showed the impact on 

the bacterial community structure within the coral surface mucus layer (SML). In 

particular, the laboratory experiments provided evidence that increased water flow 

can limit the capacity of potential pathogens to proliferate corals, while in situ 

observations confirmed that water flow can influence the microbial community 

composition and potentially coral health. 

 Laboratory experiments. When corals were exposed to the fHightHigh, fHightControl 

and fLowtControl treatments, they showed a relatively stable bacterial community that 

was dominated by members of the Acanthopleuribacterales, Acidimicrobiales and 

Actinomycetales, with low relative abundances of Oceanospirillales and 

Flavobacteriales. Regardless of whether the water temperature was kept at a constant 

27°C or increased to a stressful 31°C, the stable bacterial community within the SML 

suggests that turbulence created by high water flow may help maintain the coral 

host’s physiological health (Nakamura, 2009). The coral SML not only serves as a 

medium in which anti-bacterial allelochemicals may be exuded (Slattery et al., 1995; 

1997; Koh, 1997; Kelman et al., 1998; Ritchie, 2006), it also houses a native 

microbiota that can regulate the population of pathogens within the SML through 

extracellular activities (Krediet et al., 2012). Members of the Actinomycetales are 

believed to make up part of the native bacterial community of coral mucus (Sunagawa 

et al., 2009; Li et al., 2014), while Oceanospirillales are dominant in the tissues of 

healthy corals (Rohwer et al., 2002; Sunagawa et al., 2010; Morrow et al., 2012; 

Sharp et al., 2012; Rodriguez-Lanetty et al., 2013). Therefore, it is not surprising to 

find a relatively low abundance of Oceanospirillales in the coral SML. Furthermore, 
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native bacterial community members – such as Actinomycetales – could have kept the 

relative abundance of potential pathogens such as Flavobacteriales in check 

(Sunagawa et al., 2009, Vega-Thurber et al., 2009; Meron et al., 2012).  

 Results from the low flow/high temperature treatment demonstrate the 

cascading effect of water flow and rising water temperature on coral health and 

subsequently the bacterial community in the SML. In this study, the deterioration in 

coral physiology was prominent, both visually and photochemically, only in the low 

flow/high temperature treatment. Interestingly, with slow water flow, the coral mucus 

was dominated by members of the Rhodobacterales, while members of the 

Flavobacteriales also started to dominate at higher temperatures. Both 

Rhodobacterales and Flavobacteriales have previously been reported in corals 

infected by white plague disease (Cárdenas et al., 2012). The change in the mucus 

composition in the thermally-stressed corals would have allowed members of the 

Flavobacteriales to utilize the mucus more efficiently than the corals’ native 

microbiota (Sharon and Rosenberg, 2008; Krediet et al., 2009) and proliferate within 

the SML at the higher temperatures. Krediet et al. (2009) demonstrated that unlike 

coral-associated commensals, white pox pathogen Serratia marcescens PDL 100 

showed strong inhibition of synthesis of enzymes involved in catabolism of other 

carbon sources and more effectively making use of the sugars present in the coral 

mucus. It is plausible that potential pathogens in the class Flavobacteriales had 

different patterns of enzymatic regulation and activities for the sugars present in the 

SML, and are able to outcompete the native microbiota within the coral mucus layer 

at higher temperatures. In contrast, members of the order Oceanospirillales 

disappeared from coral tissues when the water temperature reached 30°C and higher 

(Kurahashi and Yokota, 2007). The increase in the relative abundance of 
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Oceanospirillales in the SML at high temperatures could reflect native bacteria 

leaving the coral’s tissues and appearing in the SML under thermal stress. 

Interestingly, the relative abundance of Rhodobacterales decreased as the seawater 

temperature elevated. I speculate that as the seawater temperature increases, the coral 

SML undergoes deterioration in mucus composition (Wooldridge, 2009), mucus 

structure (Ducklow and Mitchell, 1979) and amount of mucus produced (Fitt et al., 

2009; Piggot et al., 2009), allowing members of Rhodobacterales to pass through the 

mucus barrier and invade the tissue layer. Wooldridge (2009) has pointed to the 

possibility of a change in coral mucus composition during bleaching, while both Fitt 

et al., (2009) and Piggot et al., (2009) demonstrated that internal mucus reservoirs in 

the coral tissue are depleted during bleaching, resulting in very low levels of mucus 

release. Therefore, the lost in the coral mucus functional quality could explain the 

plausibility of Rhodobacterales overcoming the coral host defense present in the 

mucus and invaded the underneath tissues.  

 In situ field experiments. Water flow can reduce the level of bleaching 

under natural conditions (Lenihan et al., 2008). By bridging the laboratory and field 

experiments, results from this study could provide valuable information on the impact 

of water flow on coral physiology and hence the coral-associated bacterial community 

in the SML. Results from the in situ experiments did not exhibit any clear trends, 

however, suggesting that there were complex interactions between more 

environmental factors than just water flow and temperature (Koren and Rosenberg, 

2006; Garren et al., 2009; Hong et al., 2009; Littman et al., 2010). For example, Hong 

et al. (2009) provided a comprehensive analysis of the microbial communities 

associated with Stylophora pistillata, and found that not only are the bacterial profiles 

highly variable among individual coral colonies, the bacterial community population 
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also changes rapidly due to different geographical location and seasons. Their results 

suggest that seasonal, geographical and individual coral colony physiological factors 

will have an impact on the coral physiological fitness, and subsequently on the 

associated bacterial community composition. In this study, my results suggest that the 

range of the water temperatures at the test site in Kenting (23 - 28°C) was probably 

not significant enough to trigger any impact on the coral colonies. Perhaps larger 

temperature changes might elicit a more direct effect on the colonies. Another 

important environmental factor that could affect the in situ experiments is the 

presence of the Kuroshio Current. The Kuroshio Current is a warm, high speed 

tropical current from the Philippines, flowing past subtropical Taiwan and Okinawa to 

the temperate region of Japan, transferring heat from equatorial regions to higher 

latitudes (Hsin 2008; Wu et al. 2008). The Kuroshio Current may have supplied 

sufficient water movement around the coral colonies, thus limiting the effects of 

reduced water flow around the enclosed portions of the corals. In this study, portions 

of the coral colonies which were enclosed experienced water flow velocity of 16.18 ± 

1.11 cms-1 in the winter and 15.50 ± 1.61 cms-1 in the summer. A study done by 

Nakamura and Yamasaki (2005) found that moderate flow velocity of 20 cms-1 

suppresses bleaching under high seawater temperatures in Pocillopora damicornis 

and Stylophora pistillata. Although the authors pointed out that there is likely to be a 

different optimal flow velocity for Acropora spp., the reduced water flow rate in this 

study is probably still high enough to provide beneficial effects against elevated 

temperature. Although thermal stress was not observed visually and photochemically 

in the coral colonies, results from this study show a plausibility that with reduced 

water flow in the enclosed portions of the coral colonies, potential pathogens may 

start to become more prominent.   
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The appearance of members of the Vibrionales in the coral SML during the 

summer may provide some insight into of importance of water flow as a factor in 

determining a coral’s resistance to disease. There was no significant difference in 

photosynthetic health between the portions of corals that experienced reduced water 

flow versus those that experienced high water flow. However, at the end of the 

experiment in the summer, members from Vibrionales were higher in relative 

abundance in the enclosed coral mucus samples than the open samples. Results 

suggest that bacterial community composition in the SML was starting to shift and 

members of Vibrionales which are closely associated with various coral diseases were 

starting to be more prominent in the enclosed portions of the coral colonies, as 

compared to the relative abundance of Vibrionales in the non-enclosed portion of the 

coral when the seawater temperature are higher in the summer. This is not surprising 

given that study has shown that coral-associated microbial community changes even 

before the coral host shows any sign of visual stress (Bourne et al., 2008). Studies 

have shown that members of the Vibrionales – Vibrio shiloi (Kushmaro et al., 1996; 

1997) and V. coralliilyticus (Ben-Haim and Rosenberg, 2002; Ben-Haim et al., 2003b; 

Tout et al., 2015) - proliferate in stressed and diseased corals at elevated seawater 

temperatures above 27°C. Given that all other environmental factors were the similar, 

a 10x difference in relative abundance of Vibrio spp. between the enclosed and open 

portions of the coral colony suggests that the slower water flow might cause the coral 

colonies to experience more stress from the elevated seawater temperature during the 

summer. In the winter, when the temperature was lower, water flow did not appear to 

have any impact on the coral’s physiological health and bacterial community 

population. This result suggests that increased seawater temperature is the main driver 
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for the changes in coral host health, while water flow is a secondary factor that may 

increase the coral’s resistance in times of thermal stress. 

Seasonal variation was a potential factor causing the compositional change to 

the bacterial communities in the coral SML. Chen et al. (2011) surveyed the microbial 

communities of Isopora palifera in Kenting, Taiwan, and also noticed the difference 

in the bacterial community composition between the summer and winter. The authors 

suggested that the seasonal variation in coral-associated bacterial communities could 

be attributed to the combined effects of rainfall, temperature and irradiance (Chen et 

al., 2011). The dominant bacterial communities in this study - Oceanospirillales, 

Alteromonadales and Rhodobacterales - are consistent with the findings of other 

surveys at this location (Hong et al., 2009; Chen et al., 2011). 

 My findings demonstrate, for the first time, that increased water flow not only 

serves as an ameliorator for thermally stressed corals, but that it also prevents the 

bacterial community from shifting to a pathogen-dominated state. Both the controlled 

laboratory and field experiments showed that sufficient water flow around the coral 

colonies could prevent a shift in the bacterial community composition of the SML and 

also potentially preventing bacterial community population in the coral tissue 

changing to be dominated by pathogens. Further studies analyzing the microbial 

community in the SML and tissue simultaneously under the interactive effects of 

water flow and elevated seawater temperature will elucidate the dynamics of 

microbial communities between the coral SML and tissue. In this study, more 

importantly, bacterial community changes associated with thermal stress and low flow 

involved a dramatic increase in the relative abundance of pathogens such as 

Flavobacteriales, Rhodobacterales and Vibrio spp. While further long-term field 

studies are necessary to further explore other factors that impact coral health and the 
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coral-associated bacterial community. My results highlight the need to consider water 

flow when assessing the health of reef corals under thermal stress, and in particular 

shifts in the community composition of the coral holobiont. 
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Chapter 5.0         General Discussion 
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5.1 Thesis summary and synthesis  

 The main aim of this thesis was to determine the dynamics of coral-associated 

bacterial communities within the coral host, using both systematic experimental 

approaches in the laboratory and field. Specific objectives of the thesis were to: 1) 

examine the shifts in the bacterial communities of the coral surface mucus layer 

(SML) and tissues under thermal stress; 2) determine the impact of changes in mucus 

glycoconjugate composition on the associated bacterial community composition; and 

3) characterize the impacts of water flow on bacterial community structure in the 

coral SML. 

In order to address these objectives, controlled laboratory experiments were 

first conducted to explore how heat stress influences bacterial communities in the 

different coral compartments (coral tissues and SML) and consequently, coral health. 

In addition, in order to get a realistic view of what the coral host and its associated 

bacterial community experience in nature, in situ experiments were also conducted 

during summer and winter to determine if there was a taxonomic shift in the bacterial 

community as a result of interactions between water flow and heat stress. Bacterial 

diversity in the SML and tissues of the coral Acropora muricata were characterised 

by 16S rRNA gene amplicon sequencing. 

5.1.1 Summary of results 

Shifts in the bacterial communities. Chapter 2 established the dynamics 

between the bacterial communities in the different compartments (tissues and SML) 

of the coral. Comparisons of the dominant bacterial classes associated with the coral 

A. muricata when subjected to thermal stress demonstrated that the bacterial 

population shifts to being dominated by potential pathogens. In addition, the study 
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also provided preliminary evidence of bacterial community shifts between the coral 

tissues and the SML, when the host is under stress. The photochemical efficiency 

(FV/Fm) of symbiotic dinoflagellates within the coral nubbins declined when subjected 

to water temperatures above 31°C. In healthy A. muricata, bacterial communities 

within the SML and tissues were dominated by γ-Proteobacteria, but under thermal 

stress there was a shift towards bacteria from the classes Verrucomicrobiaceae and α

-Proteobacteria. Bacteria from the classes Cyanobacteria, Flavobacteria and 

Sphingobacteria also started to become more prominent at higher temperatures. The 

results of this study are consistent with numerous studies that have shown changes in 

the microbial community in thermally-stressed corals (Sekar et al., 2006; Garren et 

al., 2009; Nithyanand and Pandian, 2009; Vega-Thurber et al., 2009, Meron et al., 

2011). Significantly, results in this study also showed shifts in the bacterial 

communities specific to the different microhabitats (SML and tissues) of the coral 

host.  Bacterial community shifts were first evident in the SML (at 29°C), before also 

being observed in the tissues at 31°C. For example, the relative abundance of 

sequences affiliated with Vibrio spp. in the coral mucus increased at 29°C, but at 

31°C there was a drop in the relative abundance of Vibrio spp. in the mucus, with a 

reciprocal increase of Vibrio spp. in the tissues. In contrast, during bleaching, the 

relative abundance of Endozoicomonas montiporae affiliated sequences decreased in 

the tissues, with a reciprocal increase in the coral mucus. It is hypothesized that 

changes to the characteristics of the coral SML (such as reduced anti-microbial 

compounds, and mucus compositional changes) happened even before bleaching was 

evident (at 29°C), and that it triggered the corresponding change in the bacterial 

community composition of the tissues at the higher temperature (31°C). In summary, 

results from this study highlight that it is crucial to monitor bacterial community 
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structure in the different coral microhabitats (tissues, SML, skeleton and surrounding 

reef water), and not just the coral holobiont overall. Coral-associated microbial 

interactions within and between the different microhabitats are complex and dynamic. 

Therefore, in order to use microbial community shifts as a stress indicator, we need to 

be aware of the effects that environmental factors have on the different compartments 

of the coral host. For example, in this study, mucus composition changed as a result of 

thermal stress, which in turn affects the bacterial community composition in the SML. 

The shift in the bacterial community of the SML and tissues could result both from a 

direct change in the resident bacterial population, as well as the migration of bacteria 

between the SML and tissues. More studies of the role that the coral SML plays, both 

as a physical and chemical barrier during stress, would provide further insight into the 

microbial ecology and regulation of microbial populations in corals. 

 Changes in mucus glycoconjugate composition.  In order to further explore 

the possible reasons for shifts in the bacterial community composition within the 

SML, Chapter 3 studied the influence of mucus chemical composition on the bacterial 

community in the SML. Establishing the relationship between the coral mucus 

composition and bacterial community structure is necessary to determine how the 

mucus composition is affected by rising seawater temperature, and how in turn this 

might change the bacterial community composition in the SML. Results showed that 

there are distinct changes to the different sugars in the mucus layer when the coral is 

under thermal stress. At lower temperatures, the main components of mucus were N-

acetyl glucosamine and C6 sugars, but these constituted a significantly lower 

proportion of the mucus in thermally-stressed corals, when the seawater temperature 

was elevated to 31°C. Subsequently, the change in mucus composition caused a shift 

in the bacterial population towards domination by potential pathogens. At elevated 



 

 

98 

temperature, members of the Verrucomicrobiae, α-Proteobacteria and Cyanobacteria 

dominated the bacterial community in the mucus. Similarly, there was an increase in 

the relative abundance of sequences affiliated with the potential pathogens Rubritalea 

halochordaticola (Verrucomicrobiae) and Vibrio coralliilyticus (γ-Proteobacteria). 

This suggests that the potential pathogens are able to use different levels of regulation 

to outcompete the native microbiota (Sharon and Rosenberg, 2008; Krediet et al., 

2009) in the SML of the stressed coral. For example, at elevated temperatures, 

potential pathogens such as Rubritalea spp. and Vibrio spp. could adapt quickly to the 

existing and preferred sugars in the coral SML, through inhibition of synthesis of 

enzymes involved in the catabolism of other carbon sources (Deutscher, 2008; Gorke 

and Stulke, 2008; Teplitski et al., 2006b). On the other hand, commensal and native 

microbiota within the SML might not be able to regulate their glycosidases efficiently 

(Krediet et al., 2009) for the sugars present in the mucus at elevated temperatures. 

This would allow potential pathogens to proliferate and outcompete the native 

microbiota within the mucus. In conclusion, the present study demonstrates that 

thermally-stressed corals have a different mucus composition than healthy corals, 

which will have an impact on the associated bacterial community in the SML. The 

changes in the proportion of different types of sugars in the mucus, coinciding with 

the bacterial community composition shift, suggests that as at elevated seawater 

temperatures, potential pathogens may become more efficient at utilizing the different 

sugars. It is plausible that in thermally-stressed corals, the native microbiota were not 

able to act extracellularly, such as via antibiotic production, inhibition of quorum 

sensing and secondary metabolite production (Shnit-Orland and Kushmari, 2009; 

Teplitski and Rotchie, 2009; Rypien et al., 2010), to block the induction of 

glycosidases in the pathogens, benefitting the opportunistic pathogenic bacteria, and 
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providing them with an opportunity to proliferate and invade the mucus layer. 

However, further research will be needed to determine this. 

  Interactive effect of water flow and elevated seawater temperature on 

bacterial community structure. In Chapter 4, both laboratory and in situ 

experiments were used to further investigate the potential of water flow to ameliorate 

thermal stress, and how it affects the bacterial population in the coral SML. Not only 

was there a decrease in photosynthetic efficiency (FV/Fm) in A. muricata, but there 

was also a significant shift in the SML bacterial community composition to one 

dominated by potential pathogens when thermally-stressed corals were exposed to 

low water flow (~ 0.03 m s-1). Corals that were exposed to low seawater temperature 

or fast water flow (~ 0.20 m s-1) had a stable bacterial community in the SML, which 

was dominated by Acanthopleuribacterales, Acidimicrobiales and Actinomycetales. 

However, when thermally-stressed corals were exposed to slow water flow, the 

phylogenetic composition of the bacterial community in the SML showed an increase 

in the relative abundance of Flavobacteriales and Rhodobacterales, both which have 

been previously been linked to corals infected by white plague disease (Cárdenas et 

al., 2012), which indicated that the coral tissues were compromised. In the in situ 

experiments, though there was some evidence that water flow is important, 

inconclusive results suggested that there is a complex interactive effect of various 

uncontrollable environmental factors (Koren and Rosenberg, 2006; Garren et al., 

2009; Hong et al., 2009; Littman et al., 2010). There was an increase in relative 

abundance of members of the Vibrionales in the portions of the coral colonies that 

were enclosed in the summer, but Vibrio-affiliated sequences were not retrievable 

during winter or from portions of the coral that were un-enclosed (either during 

summer or winter). Various studies have shown that members of the Vibrionales – 
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Vibrio shiloi (Kushmaro et al., 1996; 1997) and V. coralliilyticus (Ben-Haim and 

Rosenberg, 2002; Ben-Haim et al., 2003b; Tout et al., 2015) - proliferate in stressed 

and diseased corals at seawater temperatures above 27°C. In conclusion, my study 

suggests that increased seawater temperature is the main driver for the changes in 

coral host health, while water flow is a secondary factor that may increase the coral’s 

resistance in times of thermal stress and buffers the shift of the associated bacterial 

community to be dominated by potential pathogens. A longer term in situ experiment may 

provide valuable insights into how various environmental factors can impact coral 

health and the associated microbial community. 

Conceptual model. The findings in this thesis are synthesized in a 

conceptual model (Figure 5.1).  Scleractinian corals thrive within a narrow range of 

seawater temperatures, and the coral’s physiology starts to deteriorate rapidly as the 

temperature increases and passes a threshold (Point A, Figure 5.1). However, coral-

associated bacterial community changes were apparent before any visual or 

photochemical signs of stress in the coral host (Point B, Figure 5.1). As the coral 

host’s physiology deteriorates, the associated bacterial community shifts from the 

native microbiota to a population dominated by pathogens. On a micro-spatial scale, 

the shifts in the bacterial community composition within the coral mucus and tissues 

are different. At lower temperatures (M1, Figure 5.1), the coral host and coral-

associated native microbiota keep the potential pathogens in low numbers with extra-

cellular activities, but as the temperature increases, pathogens starts to proliferate and 

invade the mucus layer, and eventually the underlying coral tissues (M2, M3, Figure 

5.1). Adequate water flow can serve as a stress ameliorator for thermally-stressed 

corals. Water flow can increase the coral host’s resistance against elevated seawater 
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temperature (V2, V3, Figure 5.1), and thus buffers shifts in the bacterial community 

towards domination by potential pathogens.  

5.2 Implications for the future of corals reefs under climate change 

This thesis adds to the growing body of evidence that bacteria are significant 

members of the coral holobiont (Rohwer et al., 2002; Knowlton and Rohwer, 2003). 

Given predictions that global climate change will have an increasing impact on the 

overall health of coral reefs, knowledge of the dynamics between the bacterial 

associates and their coral host is crucial. Understanding this relationship will provide 

crucial information for understanding and predicting reef resilience against 

anthropogenic impacts, especially those related with rising seawater 

temperatures.5.2.1 Bacterial community structure 

Thermal stress is correlated with shifts in the bacterial community 

composition in the coral’s tissues as well as the SML, with a shift from the native 

microbiota to a population that is dominated by pathogens; this change is prior to 

visual signs of thermal stress in the coral itself (i.e. bleaching). The shifts in the 

bacterial community structure would affect the function and role of this community in 

the coral holobiont. For example, commensal bacteria such as Endozoicomonas spp. 

have been associated with healthy coral colonies (Rohwer et al., 2002; Sunagawa et 

al., 2010; Morrow et al., 2012; Sharp et al., 2012; Rodriguez-Lanetty et al., 2013), 

while Vibrio spp. have been implicated as potential pathogens in bleached corals 

(Kushmaro et al., 1996; 1997; 1998; Bourne and Munn, 2005; Bourne et al., 2008; 

Tout et al., 2015). Therefore, the shift in the dominant bacteria could be used as an 

indicator of coral host stress even before the onset of the thermal stress becomes 

visible. 
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Figure 5.1. Proposed conceptual model for interactive effects of water flow and elevated seawater temperature on coral health and 

the associated bacterial community. The model shows rapid deterioration of coral health past elevated heat stress level (A), but 

bacterial community shifts happen before visual signs of thermal stress in the coral host (B). As the temperature increases, the 

bacterial community shifts from being dominated by the native microbiota (M1) to being dominated by pathogens (M2, M3). 

Native microbiota are represented by and pathogens by . Increased water flow enables the coral host to increase its 

resistance against elevated seawater temperature (V2, V3). Colours under the curve represent the change of bacterial community 

from native microbiota (represented by green) to a population dominated by pathogens (represented by red). V1, V2 and V3 

represents different water velocity (cms-1) with V3 > V2 > V1.  
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Heat stress can exacerbate coral disease by increasing the host’s susceptibility to 

infection by pathogens (Bourne et al., 2009; Mouchka et al., 2010) or changing the 

virulence of pathogenic bacteria (Koren and Rosenberg, 2006; Bourne et al., 2008; 

Kimes et al., 2011; Santos Ede et al., 2011). However, results from this thesis also 

show that some environmental factors such as adequate water flow can increase the 

coral host’s resistance to heat stress and buffer against the dominance of pathogens in 

the coral-associated bacterial community. 

5.2.3 Environmental effects on the coral host and associated bacterial community 

 The capacity of the coral reef to recover from local and major disturbances is 

primarily determined by the frequency, intensity and nature of the stressors, the extent 

of the damage, and the health of the coral reef and its environment (Vernon et al., 

2009). The deterioration of coral reefs is often a result of a combination of different 

environmental stressors acting synergistically (Sheppard 2006; Baker et al., 2008). As 

the health of the coral host deteriorates, it will also have an impact on the associated 

microbial communities. As shown in this thesis, the shift in the microbial community 

often happens even before there is a visual sign of coral stress. This thesis also shows 

that water flow increases the coral’s resistance to heat stress and prevents shifts in the 

coral-associated bacterial community.  

 Rising seawater temperatures are linked to changes in global climate. From 

1901 through to 2014, seawater temperature has risen at an average rate of 0.07°C per 

decade, and temperature during the past 30 years has been higher than any other time 

(NOAA, 2015). However, with global climate change, there could also be drastic 

changes to ocean currents (Karnauskas and Cohen, 2012). For example, global models 

predict a significant increase in air temperature in the central tropical Pacific over the 
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next few decades, which will be accompanied by a weakening of equatorial trade 

winds and consequently the Pacific surface current. As a result, the Equatorial 

Undercurrent (EUC) that is flowing in the opposite direction will gain strength as it 

experiences lesser drag from the weakened Pacific surface current. The EUC is cooler 

and rich in nutrients, and thus might provide much needed relief to the localized 

corals around a handful of atolls such as Kiribati in the Line Islands (Karnauskas and 

Cohen, 2012). As shown in this thesis, the increase in water motion around coral 

colonies in times of thermal stress will not only enhance the coral host’s resistance 

against elevated seawater temperature, it allows prevents the shift of associated 

bacterial community to be dominated by pathogens. This will further prevent the 

exacerbation of the coral host health. This is because water motion around coral 

colonies not only affects nutrient availability, light penetration but also temperature 

and salinity changes (Baird and Atkinson, 1997). However, if there is too little water 

movement around a coral, it imposes diffusion stresses due to impairment of 

molecular uptake and release (Wheeler, 1998). Therefore, as the global seawater 

temperature continues to rise, changes to ocean current patterns may slow down coral 

reef deterioration for certain parts of the world. In the future, the corals that survived 

may be a source of new corals and other species that could eventually re-colonize 

damaged reefs elsewhere.  

5.3 Future work 

Further studies on the roles and dynamics of coral-associated microbial 

communities are crucial for enhancing our understanding of the effects of global 

climate change on coral diseases. While there has been an increase in the number of 

studies examining the diversity of coral-associated microbes, but there is still limited 
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understanding of the dynamics between members of bacterial communities and 

between bacteria and their coral hosts. 

 Chapter 2 illustrates the complexity of the dynamic relationship between the 

bacterial communities within different microhabitats in the coral host. In order to 

further clarify this dynamic relationship, modern tools such as specific labelling (e.g. 

with green fluorescent protein, GFP) (Pollock et al., 2015), microfluidic devices 

(Rusconi et al., 2014), and epi-fluorescence video microscopy could be explored to 

visualize bacterial interactions with the coral host in situ. The challenge for future in 

situ visualisation studies would be the preservation of the coral mucus, because 

single-cell imaging techniques such as Fluorescence In Situ Hybridization (FISH) and 

nanoSIMS require harsh treatments that would destroy the mucus layer (Bythell and 

Wild, 2011).  

 Although the study described in Chapter 3 describes the impact of mucus 

composition on the bacterial community composition, the effects on commensal and 

pathogenic microbes are not fully explored. Metagenomics could be used to explore 

changes in the functional capabilities of the native microbiota and pathogenic 

microbes to further clarify their functions in the community (Ainsworth et al., 2010). 

Furthermore, metatranscriptomics could be used to clarify what genes are being 

expressed and to effectively show what these bacteria are doing in the coral mucus, to 

provide insight into the relationship between the various commensal, mutualistic and 

pathogenic bacteria and the coral host (Ainsworth et al., 2010). 

 Results from this thesis have demonstrated that the bacterial community 

associated with the coral is dynamic, even within the various compartments of the 

coral host. The relationship between the bacterial community and the coral host is 

highly affected by different environmental conditions. Chapter 4 illustrates the 
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capacity of water flow to moderate the impact of elevated temperature on corals. As 

the pressure on global coral reef health increases due to climate change, it will be 

prudent to not only identify the “hot spots” of reefs under threat but also how ocean 

currents are being affected by the change in climate. Changes in ocean currents can 

either have a positive effect or amplify the negative impacts of rising seawater 

temperature (Karnauskas and Cohen, 2012). Besides water flow and rising seawater 

temperature, other potential impacts on reef corals, such as ocean acidification and 

eutrophication, should also be investigated in terms of their impacts on coral-

associated microbial communities.  

 This thesis has examined how heat stress affects the structure of bacterial 

communities within the various compartments of the coral host, and the interactions 

that occur between the bacterial community and host. In addition, studies were 

conducted to examine how water flow can ameliorate for thermally-stressed corals 

and buffer shifts towards a pathogenic bacterial community. Results from this study 

have contributed to our understanding of the complex roles of coral-associated 

bacterial communities and their responses to environmental change. Future studies 

should focus on the functional aspects of these commensal, mutualistic and 

pathogenic bacteria, to determine the impacts of dynamic coral-bacteria associations 

on the health of the holobiont. Given the increasing threats to coral reefs worldwide, 

this thesis represents a step towards improving our ability to predict the resilience of 

coral reefs to climate change and hence conserve the world’s valuable coral reef 

ecosystems.  
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 Table A1. Percentage relative abundance of bacterial community (Class level) in experiment 1 
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 Table A2. Percentage relative abundance of bacterial community (Class level) in experiment 2 
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Table A3. Percentage relative abundance of bacterial community (Order level) in experiment 3 
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Puniceicoccales 0% 4% 1% 0% 1% 1% 0% 3% 2% 0% 

Rhizobiales 0% 0% 2% 1% 1% 0% 0% 1% 2% 0% 

Rhodobacterales 0% 12% 51% 12% 9% 8% 13% 8% 6% 3% 

Rhodospirillales 0% 0% 0% 0% 1% 1% 0% 0% 1% 0% 

Rickettsiales 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Salinisphaerales 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 

Sneathiellales 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Solirubrobacterales 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Sphaerobacterales 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Sphingobacteriales 0% 0% 0% 0% 1% 1% 0% 0% 0% 0% 

Sphingomonadales 0% 0% 0% 0% 1% 2% 0% 3% 1% 0% 

Thiotrichales 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

unclassified 0% 15% 29% 61% 34% 29% 42% 40% 44% 32% 

Verrucomicrobiales 0% 0% 4% 1% 0% 1% 1% 0% 8% 2% 

Vibrionales 0% 0% 0% 0% 0% 0% 0% 1% 0% 0% 

Xanthomonadales 0% 0% 0% 0% 0% 0% 0% 4% 3% 1% 

           Flow 2 2 2 2 2 2 2 2 2 2 

Temperature 26 26 26 29 29 29 31 31 31 32 

Type M M M M M M M M M M 
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A11 A12 B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 

2 2 1 1 1 1 1 1 1 1 1 1 1 

32 32 26 26 26 29 29 29 31 31 31 32 32 

M M M M M M M M M M M M M 

0% 0% 0% 46% 1% 0% 60% 16% 41% 10% 18% 10% 45% 

0% 1% 0% 5% 5% 4% 23% 48% 15% 46% 14% 23% 24% 

0% 0% 0% 4% 12% 19% 1% 4% 2% 8% 3% 2% 2% 

0% 2% 2% 10% 35% 33% 5% 12% 15% 6% 11% 23% 6% 

0% 0% 0% 1% 2% 1% 0% 1% 3% 0% 1% 1% 1% 

0% 0% 0% 1% 2% 2% 0% 0% 0% 0% 1% 1% 1% 

0% 0% 0% 4% 1% 3% 1% 1% 1% 0% 3% 1% 2% 

0% 0% 0% 0% 1% 1% 0% 0% 1% 0% 1% 0% 1% 

0% 0% 0% 0% 0% 2% 0% 0% 0% 1% 0% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 0% 

2% 2% 2% 2% 3% 3% 0% 1% 3% 1% 3% 4% 2% 

1% 2% 1% 6% 11% 8% 2% 2% 5% 6% 11% 6% 3% 

0% 0% 0% 1% 1% 1% 0% 0% 0% 1% 1% 1% 0% 

0% 0% 0% 2% 3% 4% 1% 2% 1% 1% 4% 3% 2% 

0% 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 

45% 7% 53% 3% 6% 5% 1% 2% 3% 3% 5% 4% 2% 

0% 0% 0% 0% 1% 0% 0% 0% 0% 0% 1% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 1% 1% 1% 0% 1% 0% 1% 1% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

17% 11% 12% 1% 1% 1% 1% 1% 1% 1% 2% 2% 0% 
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0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

2% 0% 4% 1% 1% 2% 0% 1% 1% 1% 2% 2% 1% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

 

 

0% 1% 0% 1% 0% 0% 0% 0% 0% 0% 0% 1% 0% 

0% 3% 0% 0% 1% 1% 1% 0% 1% 0% 1% 0% 0% 

1% 10% 2% 2% 2% 3% 0% 1% 1% 1% 3% 1% 1% 

0% 0% 0% 1% 0% 0% 0% 0% 0% 1% 1% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 1% 2% 1% 0% 0% 0% 1% 1% 1% 1% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

24% 51% 10% 6% 6% 3% 2% 4% 4% 7% 9% 8% 4% 

3% 7% 4% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

4% 1% 8% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

             2 2 1 1 1 1 1 1 1 1 1 1 1 

32 32 26 26 26 29 29 29 31 31 31 32 32 

M M M M M M M M M M M M M 
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B12 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 

1 2 2 2 2 2 2 2 2 2 2 2 2 

32 26 26 26 26 26 26 26 26 26 26 26 26 

M M M M M M M M M M M M M 

32% 32% 24% 19% 12% 12% 23% 15% 34% 28% 8% 6% 23% 

43% 42% 15% 49% 3% 24% 19% 18% 5% 10% 36% 34% 30% 

1% 1% 13% 4% 15% 23% 8% 7% 5% 7% 16% 8% 5% 

4% 5% 21% 10% 40% 20% 25% 28% 24% 30% 26% 17% 15% 

1% 1% 1% 2% 1% 1% 1% 2% 1% 1% 1% 1% 1% 

1% 1% 0% 0% 2% 1% 2% 0% 1% 0% 0% 1% 2% 

1% 1% 0% 3% 3% 1% 0% 1% 1% 0% 2% 3% 2% 

1% 1% 1% 0% 1% 1% 0% 1% 0% 1% 1% 0% 1% 

1% 1% 0% 0% 1% 2% 0% 1% 1% 1% 1% 0% 0% 

1% 1% 0% 0% 0% 0% 1% 0% 0% 0% 0% 1% 0% 

3% 3% 1% 1% 2% 3% 3% 4% 2% 3% 2% 3% 1% 

3% 2% 9% 3% 7% 7% 4% 6% 6% 4% 1% 7% 8% 

0% 0% 1% 0% 1% 0% 0% 0% 1% 0% 0% 1% 1% 

1% 1% 2% 1% 3% 1% 2% 3% 3% 2% 0% 2% 2% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

2% 2% 3% 1% 3% 1% 4% 4% 4% 3% 1% 5% 2% 

0% 0% 0% 0% 0% 0% 1% 0% 1% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 1% 1% 1% 0% 0% 0% 0% 1% 0% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

1% 0% 1% 1% 1% 1% 1% 1% 1% 1% 0% 1% 1% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
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0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 1% 1% 0% 0% 1% 0% 

1% 0% 1% 1% 1% 0% 1% 1% 2% 1% 0% 1% 1% 

0% 0% 0% 1% 0% 0% 0% 0% 0% 1% 0% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 1% 0% 0% 0% 1% 1% 1% 1% 0% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

2% 3% 2% 3% 2% 1% 3% 3% 4% 3% 1% 3% 2% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

             1 2 2 2 2 2 2 2 2 2 2 2 2 

32 26 26 26 26 26 26 26 26 26 26 26 26 

M M M M M M M M M M M M M 

 

 

 

 

 

 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 1% 1% 1% 0% 1% 1% 1% 1% 0% 1% 1% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
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D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 S-A1 

1 1 1 1 1 1 1 1 1 1 1 1 2 

26 26 26 26 26 26 26 26 26 26 26 26 26 

M M M M M M M M M M M M SW 

8% 1% 1% 0% 49% 53% 37% 45% 46% 7% 45% 32% 47% 

37% 24% 25% 26% 6% 7% 16% 16% 15% 21% 24% 18% 24% 

8% 16% 17% 14% 3% 2% 7% 1% 14% 8% 2% 2% 2% 

22% 22% 20% 24% 9% 8% 17% 10% 7% 41% 11% 12% 10% 

0% 1% 1% 1% 0% 1% 0% 0% 2% 0% 1% 3% 1% 

3% 3% 1% 1% 0% 1% 1% 1% 0% 0% 0% 0% 0% 

3% 2% 1% 2% 1% 0% 2% 1% 1% 2% 1% 3% 1% 

1% 1% 1% 1% 0% 1% 0% 1% 0% 0% 0% 0% 0% 

0% 1% 1% 1% 0% 0% 0% 0% 0% 0% 0% 1% 0% 

1% 1% 1% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

2% 4% 4% 3% 2% 1% 2% 2% 1% 0% 2% 4% 2% 

3% 7% 7% 9% 4% 6% 4% 4% 3% 2% 4% 8% 4% 

1% 1% 1% 1% 0% 0% 0% 0% 0% 1% 0% 1% 0% 

2% 3% 4% 1% 3% 3% 1% 3% 1% 1% 1% 2% 1% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

3% 4% 4% 2% 3% 3% 2% 3% 2% 4% 1% 4% 1% 

0% 1% 1% 0% 0% 0% 0% 1% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 1% 0% 0% 1% 0% 0% 1% 1% 1% 1% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 1% 1% 1% 1% 1% 1% 1% 0% 1% 0% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
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0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 1% 1% 2% 1% 1% 1% 1% 0% 0% 1% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 0% 0% 0% 

0% 0% 0% 0% 1% 1% 1% 1% 0% 0% 0% 0% 0% 

1% 1% 1% 1% 2% 2% 1% 2% 1% 1% 1% 1% 0% 

0% 0% 0% 0% 1% 1% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 1% 1% 0% 1% 1% 0% 2% 1% 0% 0% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

2% 2% 2% 2% 8% 6% 4% 3% 3% 4% 2% 3% 2% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

             1 1 1 1 1 1 1 1 1 1 1 1 2 

26 26 26 26 26 26 26 26 26 26 26 26 26 

M M M M M M M M M M M M SW 
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S-B2 S-C3 S-D4 S-A5 S-B6 S-C7 S-D8 S-A9 S-B10 S-C11 S-D12 S-A13 S-B14 

1 2 1 2 1 2 1 2 1 2 1 2 1 

26 26 26 29 29 26 26 31 31 26 26 32 32 

SW SW SW SW SW SW SW SW SW SW SW SW SW 

8% 33% 8% 10% 9% 19% 12% 21% 60% 24% 12% 10% 62% 

10% 38% 10% 6% 9% 5% 38% 14% 21% 14% 38% 6% 15% 

14% 1% 14% 20% 15% 8% 4% 1% 3% 12% 4% 20% 10% 

38% 6% 38% 24% 39% 33% 24% 26% 3% 26% 24% 24% 1% 

1% 0% 1% 3% 0% 3% 1% 4% 0% 6% 1% 3% 0% 

0% 0% 0% 6% 0% 3% 1% 1% 0% 3% 1% 6% 0% 

3% 0% 3% 5% 3% 6% 1% 4% 0% 1% 1% 5% 0% 

1% 0% 1% 0% 1% 1% 1% 2% 1% 0% 1% 0% 0% 

0% 1% 0% 1% 0% 1% 2% 1% 0% 0% 2% 1% 0% 

1% 0% 1% 0% 1% 1% 1% 1% 0% 0% 1% 0% 0% 

2% 2% 2% 5% 2% 2% 4% 5% 1% 1% 4% 5% 3% 

7% 10% 7% 5% 6% 7% 5% 9% 2% 3% 5% 5% 3% 

1% 0% 1% 1% 0% 0% 1% 0% 0% 1% 1% 1% 0% 

3% 2% 3% 3% 3% 2% 1% 2% 1% 1% 1% 3% 1% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

3% 2% 3% 4% 2% 2% 2% 3% 2% 2% 2% 4% 1% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 1% 0% 0% 1% 0% 0% 1% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

1% 0% 1% 1% 1% 1% 0% 1% 1% 1% 0% 1% 0% 
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0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

1% 0% 1% 1% 1% 1% 0% 1% 1% 0% 0% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

1% 0% 1% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 

1% 0% 1% 1% 1% 1% 0% 1% 1% 1% 0% 1% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 1% 1% 1% 0% 0% 0% 0% 0% 1% 0% 

1% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

1% 2% 1% 2% 1% 2% 1% 1% 1% 1% 1% 2% 1% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

             1 2 1 2 1 2 1 2 1 2 1 2 1 

26 26 26 29 29 26 26 31 31 26 26 32 32 

SW SW SW SW SW SW SW SW SW SW SW SW SW 
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S-C15 S-D16 
   

2 1 
 

1 -> high flow, 2 -> low 
flow 

26 26 
   SW SW 
   23% 13% 
   49% 38% 
   8% 4% 
   6% 22% 
   1% 1% 
   0% 1% 
   0% 1% 
   0% 1% 
   0% 1% 
   0% 1% 
   1% 4% 
   2% 5% 
   0% 1% 
   2% 1% 
   0% 0% 
   1% 2% 
   0% 0% 
   0% 0% 
   0% 0% 
   0% 0% 
   0% 0% 
   0% 0% 
   0% 0% 
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1% 0% 
   0% 0% 
   0% 0% 
   0% 0% 
   0% 1% 
   0% 0% 
   0% 0% 
   0% 0% 
   1% 0% 
   0% 0% 
   0% 0% 
   0% 0% 
   0% 0% 
   0% 0% 
   0% 0% 
   1% 0% 
   0% 0% 
   0% 0% 
   2% 1% 
   0% 0% 
   0% 0% 
   0% 0% 
   

     
2 1 

 

1 -> high flow, 2 -> low 
flow 

26 26 
   SW SW 
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Table A4. Percentage relative abundance of bacterial community (Order level) in experiment 4 
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SUMMER Unenclosed Enclosed Unenclosed Enclosed

Day Date Mean temp temp SD Mean Inty inty SD Mean Inty inty SD Mean flow flow SD Mean flow flow SD

1 06/15/14 29.02 2.23 2886.30 7739.52 2604.80 4294.01 32.09 21.22 15.24 11.13

2 06/16/14 28.61 0.42 3147.87 3299.24 2986.26 2781.05 28.85 20.50 17.06 14.06

3 06/17/14 28.79 0.52 2441.80 2577.94 1890.92 1456.37 27.67 18.53 16.60 11.80

4 06/18/14 28.88 0.83 1788.29 1850.31 1526.78 1128.96 33.82 23.08 16.39 9.72

5 06/19/14 29.25 0.49 1833.48 1388.92 1116.21 880.88 30.51 21.68 16.11 9.55

6 06/20/14 28.43 1.28 1719.21 2542.21 1435.31 694.09 28.42 18.53 14.61 10.36

7 06/21/14 29.06 0.64 2084.89 3521.69 1923.74 710.94 34.03 23.80 12.65 11.05

8 06/22/14 29.24 0.78 2466.49 4232.80 2337.82 667.68 29.27 18.57 12.46 9.21

9 06/23/14 28.32 0.94 1715.94 3710.32 1590.29 286.35 27.09 18.75 16.87 11.47

10 06/24/14 28.98 0.68 3640.80 3757.34 3542.98 21.87 30.22 19.83 16.95 13.44

10 DAYS TOTAL 28.86 1.06 2371.70 3876.69 2094.82 1918.14 30.19 20.60 15.50 1.61

WINTER Unenclosed Enclosed Unenclosed Enclosed

Day Date Mean temp temp SD Mean Inty inty SD Mean Inty inty SD Mean flow flow SD Mean flow flow SD

1 12/04/13 22.33 0.72 3214.66 1891.37 3103.80 1584.09 42.19 38.43 16.93 12.82

2 12/05/13 21.39 1.41 3338.46 1593.90 3084.34 1022.79 32.02 32.02 16.46 12.20

3 12/06/13 22.57 0.93 836.52 624.50 573.42 349.13 33.46 21.70 16.35 11.14

4 12/07/13 23.00 1.02 1787.64 976.64 1325.02 155.36 32.64 19.67 15.17 10.64

5 12/08/13 23.34 0.64 417.89 228.47 105.71 90.56 33.78 22.29 15.47 11.52

6 12/09/13 23.02 1.06 772.14 308.56 399.37 130.27 33.69 20.51 15.85 10.73

7 12/10/13 22.86 0.81 355.82 144.62 181.08 64.95 32.51 20.35 15.48 10.47

8 12/11/13 24.26 0.07 158.12 79.22 71.68 48.09 33.11 21.69 17.89 13.42

9 12/12/13 24.73 0.77 211.64 133.56 65.97 47.64 32.07 18.94 16.53 10.04

10 12/13/13 24.89 0.73 145.65 176.57 69.49 135.55 32.90 19.16 15.65 10.73

10 DAYS TOTAL 23.21 1.36 1145.05 1472.43 916.66 1317.62 33.87 23.16 16.18 1.11

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A5. Environmental factors (temperature, light intensity, water flow velocity; mean , SD) in 

experiment 4 
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