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ABSTRACT OF THE DISSERTATION 

 

Microbial Responses and Coral Reef Resilience to Organic Matter Inputs 

 

by 

 

Melissa Sara Garren 

Doctor of Philosophy in Marine Biology 

University of California, San Diego, 2011 

Professor Farooq Azam, Chair 

 

Little attention has been given to the small-scale mechanisms relevant to microbial 

processes that determine the resilience of individual corals to the stress of organic matter (OM) 

inputs. Such mechanisms may be a critical link for predicting larger scale patterns of reef resilience. 

The research presented here aims to develop methods necessary to elucidate these processes and to 

explore the in situ responses of microbial assemblages on coral reefs experiencing persistent OM 

enrichment.  

A new method using trypsinization of coral mucus before staining for epifluorescence 

microscopy is described. It is then applied to a coral reef ecosystem influenced by sewage effluent to 

discover that corals exposed to effluent had the same number of bacteria present as reference corals; 

however, the size structure of the community was significantly different.  
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 Investigating the responses of microbial communities (from both the water column and 

corals) to OM inputs from coastal milkfish (Chanos chanos) pens, we found that the percentage of 

the water bacterial community attached to particles increased by more than 50-fold near the pens. 

This suggested a physiological or life-strategy change may be induced by such enrichment. A 

clonally replicated coral transplantation experiment examined the response of naïve coral-associated 

bacterial communities to high and low levels of pen effluent exposure. We found that the 

communities on corals exposed to high levels of effluent had drastically altered community 

compositions after five days and the abundance of bacteria in the coral mucus-tissue slurries were 

~100-fold higher controls at low effluent and reference sites.  We also observed a surprising 

resilience of these communities in that their composition and total abundance recovered by day 22. 

  A combination of novel imaging technology (high speed laser scanning confocal 

microscopy on live coral) and controlled aquaria experiments were developed and used to investigate 

a microscale mechanism by which such resilience may occur: that corals may release (“shed”) 

bacteria into the surrounding water as a mechanism for controlling bacterial abundance on their 

surface. We observed this phenomenon in real time, and quantified an increase in the rate at which 

corals shed bacteria as a response to OM enrichment.  
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Chapter 1 

Introduction: Setting the Stage 
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 Our understanding of the roles that microbes play in the coral holobiont (the animal and its 

associated microbiota; Rohwer et al 2002) has dramatically expanded in the past 10 years, in large 

part due the accessibility of molecular methods (Ainsworth et al 2010, Knowlton and Rohwer 2003).  

There have also been persistent efforts to image the holobiont, though these have been slower and 

more difficult. Corals present a suite of challenges for imaging that include a sticky, viscous mucus 

layer where many of the resident bacteria are thought to live and that corals exude more of when 

stressed, significant autofluorescence (from fluorescent proteins produced by the coral and 

chlorophyll produced by the symbiotic dinoflagellates, zooxanthellae) that can overwhelm the signal 

from stains, and the size discrepancy between a coral polyp (millimeters to centimeters) and its 

microbial consortia that exist on the micrometer scale. Thus, the direct study of coral-microbe 

interactions at the scale most relevant to their ecological function, the microscale, has been 

challenging. 

 The microbial role in coral reef resilience to anthropogenic stress is a key issue that requires 

the elucidation of mechanisms at the microscale. There have been substantial discussions in the 

literature about how to define resilience (Nystrom et al 2008), how to manage reefs in ways that 

encourage it (Hughes et al 2010), and how to synthesize case studies to elucidate the large-scale 

mechanisms that determine whether a stony coral-dominated ecosystem can resist a phase-shift or 

rebound from one (Norstrom et al 2009). However, very little attention has been given to the small-

scale mechanisms relevant to microbial processes that determine the resilience of individual corals to 

a given stressor. Delineating these mechanisms may be a critical link for understanding and 

predicting larger reef- and region-wide patterns of resilience. 

 Global coral reefs face a suite of anthropogenically-initiated stressors, ranging from 

decreasing pH of seawater and increasing sea surface temperatures to over-fishing and coastal 

development driven issues that include sedimentation, a variety of pollutants, and large influxes of 

excessive organic matter.  Organic matter  (OM) and nutrient pollution on reefs has been reviewed 

extensively (Fabricius 2005), and is a large problem for reefs all around the planet. When this 

dissertation work began, the ways in which reef microbes respond to OM enrichment were unknown. 
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We now know that coral-microbe relationships can be sensitive to organic matter inputs (Thurber et 

al 2009), and that there can be a surprising resilience at the single colony level on short time scales 

(Bourne et al 2008, Garren et al 2009). Elucidating the underlying mechanisms of this resilience 

remains a goal and would help to clarify how and why large-scale phase shifts occur on enriched 

reefs (i.e., what triggers the “tipping point”). 

 Two sources of OM inputs are of particular growing concern for coral reefs: sewage outfalls 

and aquaculture.  As the human population continues to grow, the need for sources of protein to eat 

and the need to dispose of waste also grow.  Coastlines are already densely populated and 

aquaculture is the fastest growing animal-based food production sector on the planet (FAO 2006).  

Thus, understanding the mechanistic basis for coral-microbe responses to these sources of pollution 

are of prime interest with regard to conservation and management efforts. 

 It is from this context that the framework for this dissertation arose.  It begins with a review 

of coral microbial ecology (Chapter 2) that highlights recent advances employing new technologies.  

In reviewing these studies, it becomes apparent that coral-microbe interactions are often studied in 

isolation of reef water and sediment microbial processes.  There is a need to integrate our 

understanding of the microbial process that govern these different portions of the ecosystem and 

elucidate the mechanisms by which they occur at the scale on which they occur (the microscale). 

This chapter also provides a framework for thinking about organic matter on reefs as it naturally 

occurs, which is an important place to begin when considering how excess organic inputs may 

perturb microbial processes in time and space. 

 Chapter 3 describes a new method for quantifying bacteria in coral mucus.  A critical first 

step toward microscale study of coral-associated bacteria is the fundamental need to see and quantify 

them reliably.  The method is applied to a coral reef ecosystem influenced by sewage effluent to 

discover the surprising finding that corals exposed to enrichment do not have more bacteria in their 

mucus layer than reference corals, as we had predicted.  Instead of influencing the number of bacteria 

present, the enrichment seemed to influence the size structure of the community. This suggests that 
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while the steady-state abundance of bacteria may be resilient to sewage effluent stress, the 

community does have a physiological response to that stress at a different level. 

 Chapter 4 focuses on the responses of reef-water microbial communities to OM inputs from 

coastal milkfish (Chanos chanos) pens in addition to examining coral-associated communities.  The 

water-associated communities appeared less resilient to the OM inputs than coral-associated 

communities in that the abundance varied by more than 5-fold across the different water sites, and 

the community composition also varied substantially with distance from the fish pens.  The 

percentage of the total water bacterial community attached to particles increased by more than 50-

fold near the pens, suggesting physiological or life-strategy changes may be induced by such 

enrichment. 

 Chapter 5 describes a clonally replicated coral transplantation experiment at the same 

milkfish pens to examine the response of naïve coral-associated bacterial communities to high and 

low levels of pen effluent exposure over the time scale of days to weeks. We found that the 

communities on corals exposed to high levels of effluent were sensitive to this perturbation. They 

had drastically altered community compositions after five days and the abundance of bacteria in the 

coral mucus-tissue slurries were ~100-fold higher than communities from fragments at low effluent 

and reference sites.  However, we also observed a surprising resilience of these communities. By the 

end of the experiment on day 22, the community composition and abundance at the high effluent 

sites both became similar to those of the corals at low effluent and reference sites. 

 Chapter 6 uses a combination of novel imaging technology (high speed laser scanning 

confocal microscopy on live coral and its natural associated bacterial community) and controlled 

aquaria experiments to investigate a microscale mechanism by which the resilience of coral-

associated bacterial abundance we observed in previous chapters may occur. We tested the 

hypothesis that corals may release (“shed”) bacteria into the surrounding water as a mechanism for 

controlling bacterial abundance on their surface.  This is an idea that has been discussed for years 

because corals are known to release excess mucus in response to many types of stress, and it seems 

intuitive that bacteria may be released with that mucus.  However, the technology to actually observe 
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such a phenomenon at the scale relevant to individual bacterial cells was not available until very 

recently.  Here we observe this phenomenon in real time, and quantify an increase in the rate at 

which corals shed bacteria as a response to OM enrichment. 

 The dissertation concludes with some reflections on future directions for investigating the 

roles of microbes in coral reef resilience, and how such mechanisms might be elucidated at the 

microscale. 
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Abstract 

Microbial processes largely control the health and resilience of coral reef ecosystems, and 

new technologies have recently led to an exciting wave of discovery regarding the mechanisms by 

which microbial communities support the functioning of these incredibly diverse and valuable 

systems. There are three overarching questions currently at the forefront of discovery in coral reef 

microbiology. What are the mechanisms underlying coral reefs health and resilience? How do 

environmental and anthropogenic pressures affect reef ecosystem function? And what is the ecology 

of the microbial diseases of corals? The goal is to understand the functioning of coral reefs as 

integrated systems from microbes and molecules to regional and ocean-basin scale ecosystems to 

enable accurate predictions of ecosystem resilience and responses to environmental perturbations 

such as climate change and eutrophication. This review outlines recent discoveries in the microbial 

ecology of the different environments within coral reef ecosystems, and highlights research 

directions that can take advantage of new technologies to build a quantitative and mechanistic 

understanding of how holobiont health and resilience is connected to the microbial ecology of the 

environment in which it lives. The time is ripe for microbial ecologists to discover and create an 

integrated and mechanistic understanding of coral reef functioning. In the context of long-term 

survival and conservation of coral reef ecosystems, the need for this work is immediate. 

 

Introduction 

Microbial processes largely control the health and resilience of coral reef ecosystems, and 

new technologies have recently led to an exciting wave of discovery regarding the mechanisms by 

which microbes support the functioning of these incredibly diverse and societally valuable systems. 

Our current understanding is that a healthy coral reef is a finely tuned system that excels at capturing 

and recycling nutrients in oligotrophic waters and whose intricate three-dimensional structure allows 

for niche partitioning that supports astounding biodiversity and productivity.  The individual reef-

building corals embody this paradigm--animals living symbiotically with algae, viruses, bacteria, 
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archaea, and protists distributed in spatially distinct patterns to function as holobionts (Ainsworth et 

al 2010, Knowlton and Rohwer 2003).  The great complexity of coral reef microbial ecology has 

until recently resisted functional, mechanistic and system-based analyses (Wild et al 2011). Novel 

molecular, biochemical and imaging advances have opened up the field and promise exciting 

fundamental discoveries. The time is ripe to deepen our understanding of these “captive” systems in 

intimate contact with the pelagic realm of the sea, and discover the mechanisms by which they exist 

as an integrated microbially supported system within the surrounding water and sediment 

environments. 

There are three overarching questions currently at the forefront of discovery in coral reef 

microbiology. What are the mechanisms underlying coral reefs health and resilience? How do 

environmental and anthropogenic pressures affect reef ecosystem function? And what is the ecology 

of the microbial diseases of corals?  The rapid decline of coral reefs globally creates a pressing need 

to answer these questions (Hughes et al 2010). The goal is to understand the functioning of coral 

reefs as integrated systems from microbes and molecules to regional and ocean-basin scale 

ecosystems to enable accurate predictions of ecosystem resilience and responses to environmental 

perturbations such as climate change and eutrophication. 

The sediment, coral, and water environments of a reef are often studied in isolation of each 

other. A key component for answering all three of the driving questions is to uncover and quantify 

the mechanisms that tie these environments together into a single functioning ecosystem. For 

instance, we know that reef sediments generally have 10,000 times more bacteria than the 

surrounding seawaters (~109 cells cm-3 sediment vs. ~105 cells ml-1 seawater), and that coral-

associated bacterial abundances are reported to range widely from approximately 1 x 102 to 6 x 107 

cells per cm2 (Coffroth 1990, Koren and Rosenberg 2006). However, the mechanisms within these 

different niches by which bacterial growth rates or community composition, for example, may aid in 

maintaining the stability and health of the coral holobiont have not yet been explored. Fortunately, 

new tools are now available that allow for a quantitative microbial ecology approach to discovering 

the mechanisms underlying these interactions and determining their relative roles in ecosystem 
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function. The goal of this review is to outline recent discoveries in the microbial ecology of the 

different environments within coral reef ecosystems, and to highlight research directions that will 

build a quantitative and mechanistic understanding of how holobiont health and resilience is 

connected to the microbial ecology of the environment in which it lives. 

The Coral Holobiont 

Reef-building corals are covered in a surface mucus layer composed of proteins, lipids, and 

polysaccharides (Brown and Bythell 2005, Tremblay et al 2011). Glycoproteins, in particular, are 

likely to be the mucus constituent responsible for its gelling properties and function (Jatkar et al 

2010).  The microbial communities inhabiting this surface region and the coral tissue below it have 

been studied more than in any other bacterial niche of the reef environment. Two recent articles 

(Ainsworth et al 2010, Mouchka et al 2010) offer an overview of the diversity and specificity of 

coral-bacteria associations, the onset of these associations (Sharp et al 2010), and many of the roles 

we currently understand microbes to play in coral health. These roles include subsidizing the host 

nutrient budget through nitrogen, carbon, and sulfur cycling, and assisting in disease resistance 

through the secretion of antimicrobial compounds to exclude colonization by exogenous bacteria. 

Additionally, Bourne and colleagues recently reviewed much of the research on coral diseases, and 

showed that while the ecology of a handful of pathogens has been elucidated, the study of most coral 

diseases will benefit from an integrated understanding of coral reef microbial ecology and access to 

new technologies and concepts from the biomedical field (Bourne et al 2009, Mao-Jones et al 2010). 

Thus, we will focus our discussion of the holobiont on discoveries made since the publication of 

those articles.  

 A number of recent advances have been made by applying the most current technologies 

available to the study of the holobiont.  This exciting progress has opened new doors for 

mechanistically linking microbial ecology interactions within the holobiont to changes in the 

surrounding environments.  For instance, pyrosequenceing has enabled the discovery of 17 

metalloprotease genes in the genome of the coral pathogen V. coralliityticus that are potentially 

involved in its virulence (de O Santos et al 2011), as well as substantially higher levels of diversity 
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(Shannon Index of 6.71) and seasonal variability in bacterial community composition associated with 

a scleractinian coral than previously recognized (Chen et al 2011). Further, reef-associated algae 

have been identified as potential reservoirs of coral-disease associated bacteria (Barott et al 2011). 

Ultra-Performance Liquid Chromatography- Tandem Quad Mass Spectrometry (UPLC-MS/MS) was 

recently used to identify different responses in cyanotoxin production by several strains of black 

band disease (BBD)-associated cyanobacteria, often found to co-occur in an infection, to variations 

in environmental conditions (Stanic et al 2011). Quantitative and real-time polymerase chain reaction 

(qPCR and RT-PCR) techniques have also been applied to the coral holobiont to elucidate functional 

changes in the microbial members of the community over the course of disease progression (Bourne 

et al 2011). Uncovering the mechanisms of reef function with the aid of these new technologies is 

becoming ever more accessible, and the insights gained are now recognized as necessary for 

understanding the resilience of the ecosystems and developing effective conservation strategies.   

Mucus as a Connection and Source of Structure  

Within the holobiont, the mucus itself is an important energetic and ecological link between 

the coral animal and the surrounding water and sediment environments in which it lives (Mayer and 

Wild 2010, Naumann et al 2009, Rasheed et al 2004, Wild et al 2004a, Wild et al 2004b, Wild et al 

2005).  Mucus can play a role in structuring the coral-associated microbial communities while 

attached to the coral (Ritchie 2006), and once dissociated from the coral, can select for otherwise rare 

microbial members of the water community (Allers et al 2008). Microbial ecologists have proposed 

consideration of the marine environment as a size continuum of organic matter, ranging from truly 

dissolved organic carbon to large particles of detritus visible to the naked eye (Azam and Malfatti 

2007).  This concept can be applied to the corals themselves, which might be envisioned as 

essentially large particles covered with organic-rich mucus (Fig. 1).  
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Figure 1-1. Coral in the context of the marine organic matter continuum (of both size and phase). 
 

This framework allows the path of mucus to be followed as it morphs through a variety of 

microscale microbial habitats embedded in the organic matter continuum, connecting the microbial 

communities of the holobiont to those in the surrounding seawater and the sediments, and providing 

a variety of physical architectures for microbial interaction. For instance, as mucus sloughs off from 

the coral into the surrounding water it can dissolve (van Duyl and Gast 2001) (potentially fueling 

water column microbial production), floc (to be eaten by larger detritivores or degraded by 

microbes), or sink (to be consumed by sediment microbial communities) (Huettel et al 2006, Mayer 

and Wild 2010, Naumann et al 2009, Vacelet and Thomassin 1991, Wild et al 2006) (Fig. 1).  In the 

context of studying the mechanisms of health and resilience of coral reefs, quantifying the magnitude 

and variability of these fluxes, and how they respond to perturbation is a major research subject. 

Clarifying the role of microscale architecture in these mechanisms is also important: if the spatial 

distribution of organic matter in the water column changes, would the distribution of coral-associated 

microbiota also change? 

Coral Reef Waters 

 Researchers have explored the microbial processes occurring in a variety of reef water 

habitats—everywhere from remote atoll lagoons (Rochelle-Newall et al 2008, Sorokin 1978, 
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Torreton and Dufour 1996a, Torreton and Dufour 1996b, Torreton et al 2000, Yoshinaga et al 1991) 

to the water overlaying heavily anthropogenically influenced coastal reefs (Garren et al 2008, Gast et 

al 1999, Hoch et al 2008, van Duyl et al 2002).  A common theme that appears across these diverse 

habitats is that the benthos influences the water column environment, and it does so at several 

different scales.   

At the scale of individual colonies, a coral influences the niche structure for microbes at the 

millimeter to centimeter scale. Corals can release large quantities of dissolved organic carbon (DOC; 

2-25 µM (mg protein)-1 d-l) and dissolved organic nitrogen (DON; 0.5-3 µM (mg protein)-1 d-l) 

(Ferrier-Pages et al 1998, Naumann et al 2010), and water in contact with the coral surface can be 

enriched in labile DOC, have significantly higher bacterial specific growth rates than surrounding 

water, and have elevated oxygen concentrations compared to water overlaying algal-dominated 

substrate (Tanaka et al 2011, van Duyl and Gast 2001, Wild et al 2010). Some coral species have 

been shown to consume bacterioplankton directly as a source of phosphorus, nitrogen and up to 20% 

of their carbon demand (Johannes et al 1972, Sorokin 1973a, Sorokin 1973b). This is consistent with 

observations that cavities in the reef framework can have 29% less bacterioplankton and 15% less 

DOC than surround reef water (de Goeij and van Duyl 2007). Further, 12 cm long transects from the 

surface of corals have shown an average of a 2-fold increase in bacteria abundance and a 3.5-fold 

increase in virus-like particle (VLP) abundance in the 4 cm of water nearest to the surface (as 

compared to the abundances 8-12 cm away) (Seymour et al 2005). High DNA (HDNA) bacteria 

cells, a measure of the proportion of actively dividing cells, were also most abundant in the 4 cm 

closest to the coral surface (Seymour et al 2005) and were 10% higher above live coral surfaces than 

in water 1 m away despite the fact that total bacterial abundances were lower (Patten et al 2006). The 

physiological state of the coral colony can influence these small-scale habitats. For instance, VLPs 

can be 30% more abundant in the 12 cm above diseased corals compared with healthy and dead 

colonies (Patten et al 2006).  

At the larger scale of a single reef, phytoplankton and bacteria abundances in the water 

column can be depleted by the filter feeding action of the benthos (Gast et al 1999, Genin et al 2009, 
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Linley and Koop 1986, Yahel et al 1998, Yahel et al 2006) and the size structure of phytoplankton 

communities can be shifted toward larger cells by size-selective filter feeding (van Duyl et al 2002). 

The concentrations of DOC and bacterial cells can become depleted over the scale of several 

kilometers even on a rapidly flushed reef (Nelson et al 2011). Phytoplankton, bacteria, and virus 

blooms can all be stimulated by coral mass spawning events (Patten et al 2008, Wild et al 2008) as 

can changes in bacterial community composition (Apprill and Rappe 2011).  The physical 

oceanography of a reef can also drastically influence the observed nutrient levels and fluxes.  An 

internal tidal bore, for instance, can increase nutrient concentrations 10-40 fold relative to non-bore 

conditions (Leichter et al 2003).  

Evidence suggests that nitrogen metabolism and production rates of bacterioplankton in reef 

waters are sensitive to eutrophication (Hoch et al 2008). However, in general, the large-scale 

mechanisms controlling nutrient fluxes and their relationship to microscale processes that may be 

critical for individual coral health remain to be identified. For instance, it would be useful to know if 

there are microscale hotspots of nutrient cycling and regeneration that influence the large-scale 

patterns we observe or if spatial heterogeneity plays a role in regulating the flux of nutrients from the 

water column into the coral holobiont, perhaps by the action of coral-associated bacteria and archaea. 

Reef Sediments 

 In shallow reef habitats, the water column is usually well mixed and sediment resuspension 

can shape the microbial seascape and create interaction opportunities among the benthic, water 

column, and coral microbial communities (Rasheed et al 2004, Yahel et al 2002). Reef sediments are 

generally well colonized (on the order of 1 to 2 x 109 cells cm-2 (Wild et al 2006)) by a diverse 

community of microbes (Gaidos et al 2011, Hewson and Fuhrman 2006, Pringault et al 2008, Rusch 

et al 2009). The microbial communities in reef sediments play an important role in benthic-pelagic 

coupling through the degradation of sloughed coral mucus and nitrogen cycling (Gaidos et al 2011).  

This mucus traps organic particles, bacteria, and picoplankton in the water column, and eventually 

settles on the sediments where up to 7% can be degraded per hour (Huettel et al 2006, Mayer and 

Wild 2010, Naumann et al 2009, Wild et al 2004b).  At Heron Island (Great Barrier Reef, Australia), 
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researchers found that the total production from benthic diatoms, dinoflagellates, and cyanobacteria 

in the sediments is of the same order of magnitude as the production by corals themselves (Werner et 

al 2006), and that those sediments were both net calcifying and nitrogen fixing. 

A significant amount of nitrogen is thought to be exported from calcareous reef sediments to 

the rest of the ecosystem through grazing and resuspension of benthic microalgae that readily take up 

N fixed in the sediments (Miyajima et al 2001). All benthic environments, such as sand, coral rubble, 

live coral, and cyanobacterial mats on coral reefs that have been examined were found to be active in 

N2-fixation (Casareto et al 2008, Charpy et al 2010, Larkum et al 1988, Ohba et al 2009, Shashar et 

al 1994). For example, the sandy bottom of a lagoon in the Red Sea provided 70% of the nitrogen 

fixation to the surrounding fringing reef (Shashar et al 1994) and endolithic algae living in coral 

rubble generated enough nitrogen to support up to 28% of primary production on the reef at La 

Reunion Island in the Indian Ocean (Casareto et al 2008). 

It has been shown that anthropogenic enrichment of reef sediments, in this case from fish 

farms, can saturate the ability of the microbial communities to metabolize organic material, and shift 

the sediment environment to one that is dominated entirely by anaerobic metabolism (Holmer et al 

2003).  The spatial resolution of microscale niches within the sediments has rarely been examined, 

and thus our mechanistic understanding of the coupling between benthic and pelagic processes 

remains at a larger, coarser scale than is needed for accurate predictions of ecosystem responses to 

perturbation. 

 One example of a specific mechanism that allows interaction among water column, coral 

mucus, and sediment microbial communities is the process of mucus bundle formation in response to 

sedimentation (Smriga 2010). When sediment is deposited on some coral species, such as Montipora 

aequituberculata and Acropora microphthalma, mucus is exuded that entrains the sediment and is 

released from the coral.  These bundles then behave as particles in the water column that can 

continue to entrain other particles or plankton, be consumed by detritivores, or sink onto the benthos 

(perhaps another coral, an alga, or sediment).  This is just one example of the tight coupling that can 

exist among the various reef microscale habitats.  The grazing and subsequent defecation patterns of 
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mobile reef organisms (such as fish and invertebrates) provide another such mechanism (Johannes et 

al 1972, Smriga et al 2010).  

In thinking about the various connections among the microbial habitats discussed thus far, it 

is important to consider the time component and the role sediments might play as an archive of 

anthropogenic influence.  For instance, Cu and Zn contamination in reef sediments can reach high 

levels from a single ship grounding (Jones 2007, Negri et al 2002) such that small amounts of the 

sediment are toxic to coral larvae and inhibit settlement (Negri et al 2002, Smith et al 2003).  The 

selection pressure of these metals can shift sediment bacterial community composition, and increase 

the incidence of antibiotic resistance (Nogales et al 2011).  This metal signature may persist in the 

sediments and/or the associated bacterial communities for many years to come with unexplored 

consequences for overall ecosystem function. This is an example of why we need to understand the 

propagation of sublethal perturbations through the ecosystem to be able to predict the responses and 

resilience of coral reefs to future change.  

Toward a Mechanistic and Quantitative Understanding of Reef Microbial Ecology 

 Given the strong coupling in coral reef ecosystems, it is not possible to clearly separate 

benthic and pelagic processes, and thus we need to understand the holobiont within the continuum of 

benthic and pelagic environments.  In a similar context, each of these environments encompasses 

many different microscale niches that can change the dynamics of benthic-pelagic interactions 

depending on the physical processes and various types of external forcing at play.  In the pelagic 

environment, for example, we know that organic matter aggregates such as marine snow and 

phytoplankton are point sources of high concentrations of organic matter that vary on the millimeter 

scale, and are profoundly important for the functioning of ocean basin scale pelagic marine 

ecosystems (Azam 1998, Kiorboe and Jackson 2001, Long and Azam 2001, Seymour et al 2000). 

Similarly, we can consider how microscale architecture and its heterogeneous distribution may 

regulate some mechanisms of microbial interactions. Spatial heterogeneity within coral microbial 

communities has been documented on the scale of centimeters (Rohwer et al 2001), but has rarely 

been investigated on a smaller scale. For example, one potential mechanism to consider is local 
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organic matter enrichment within the coral mucus layer by expelled zooxanthellae (Baghdasarian and 

Muscatine 2000, Garren and Azam 2010, Jones and Yellowlees 1997, Paul et al 1986, Wild et al 

2005), which could act as a hotspot for microbial growth, as in the case of rapid and profuse 

colonization by Vibrio cholerae of the marine dinoflagellate Lingulodinium polyedrum (Mueller et al 

2007).  Heterogeneity in the microscale physical architecture of the coral mucus layer may contribute 

to spatial variation in microbial interactions such as bacteria-bacteria antagonism (Ritchie 2006, 

Rypien et al 2010), nitrogen cycling (Beman et al 2007, Olson et al 2009, Siboni et al 2008), or 

pathogen survival (Looney et al 2010). 

  A parallel continuum of size must be layered into our understanding as organic matter, the 

fuel for microbial processes, is considered within the spatial continuum of the reef environment.  One 

of the next challenges for the field is to elucidate and quantify the mechanistic connections among 

these microbial communities within this multidimensional, multi-scale framework to attain a cause-

and-effect understanding of how a reef ecosystem functions.  The technology is now available to 

begin adding multiple spatial and time scale contexts to fundamental questions of coral reef 

ecosystem function such as how growth of associated microbial communities is regulated, why we 

see certain dominances in a given niche, what the primary sources of bacterial mortality are under 

specific environmental conditions, and how all of these mechanisms relate to the health or disease 

state of a reef (See Box 1). For example, new developments in confocal imaging technology have 

enabled the visualization of the natural coral-microbial assemblage in situ, and micro-scale 

ecological interactions can now be observed in real time (Garren and Azam, in prep). 

As we consider questions that are currently driving the field of coral microbial ecology 

forward, it is an opportune moment to reflect on the progress that has been made in recent history.  In 

2003, Knowlton and Rohwer wrote an article in The American Naturalist entitled Multispecies 

Microbial Mutualisms on Coral Reefs: Host as Habitat. They outlined the then most current 

understanding of bacterial and archaeal associations with corals, and concluded that “we know 

almost nothing about the role of noneukaryotic microbes in healthy coral” (p.S54).  Among the 

research questions that they suggested to drive the field forward were: 1) what is the scope of 
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diversity for coral-associated bacteria and archaea, and how is it patterned in space and time?  2) 

Which of the many bacterial and archaeal associates of corals are true mutualists, and what roles do 

they play? 3) How important are bacterial and archaeal communities to the health of coral reefs, and 

are they being disrupted by anthropogenic stress?  

The field has made substantial progress on these questions in the past eight years, and yet 

there remains much to be learned by revisiting these same questions and taking advantage of 

significant advances in genomics and imagining technologies.  As discussed earlier and recently 

reviewed by others (Ainsworth et al 2010, Bourne et al 2009, Mouchka et al 2010), the scope of 

diversity of bacteria is much clearer than it was before, and we have more information about patterns 

of distribution and diversity through space and time.  However, the same cannot be said for the 

archaeal communities, and there remain many levels of spatial and time scales on which we do not 

understand the bacterial behaviors. Further, and critically, our understanding of in situ microbial 

activity and interactions is still quite incomplete. It has become clear that studying the tropical reef 

environment requires some modifications of methods from traditional temperate marine microbial 

ecology to accurately quantify essential parameters (e.g. (Torreton and Dufour 1996a) for FDDC 

translation into µ, (Garren and Azam 2010, Wild et al 2006) for enumeration of bacterial cells), and 

these breakthroughs are helping to constrain and quantify critical pieces of the puzzle such as 

bacterial abundance, growth rates, and production rates (Table 1).  
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Table 1.  Reported values showing the range of measurements for bacterial abundance, growth rates, 
and primary production made in coral reef environments.  

Sample 
Type Location 

Bacteria 
Abundance 

(x 105 
cells/ml) 

Bacterial 
Growth 

Rate 
(µ; day-1) 

Primary 
Production 

Growth 
and 

Production 
Methods 

Source 

Epilithic 
and 

Endolith
ic 

Cyanoba
cteria on 

Coral 
Rubble 

Sesoko 
Island, 

Okinawa, 
Japan 
(May 
2007) 

- - 

134.6 ± 
55.2 nmoles 
C µg Chl-a-1 

day-1 

13C Tracer 
following 
Hama et al 

1993 

(Casareto 
et al 2008) 

Reef 
Water 

(overlyi
ng, 

crevice, 
and 

bottom) 

Curacao 3 to 8 
0.12 to 
0.48 

 
- 

Tritiated 
Leucine 
incorp. 

(Gast et al 
1998) 

Reef 
Water 

Florida 
Keys, 
USA 

4 1.1± 0.2 
24.0 ± 4.8 
µg C L-1 

day-1 

14C HCO-
3; 

14C leucine 
(Hoch et al 

2008) 

Atoll 
Lagoon 
Water 

Tuamotu 
Archipela

go, 
French 

Polynesia 

6 (Takapoto) 
to 18 

(Tikehau) 
 

0.72 to 
4.01 - 

Tritiated 
Thymidine 

incorp. 

(Torreton 
and Dufour 

1996b) 

Reef 
Water 

Barrier 
Reef, 
Belize 

3.5 0.53 

1.1 µg C L-1 
day-1 

(cyanobacte
ria only) 

Seawater 
culture 

technique 

(Herndl 
1991) 

Atoll 
Lagoon 
Water 

12 Atolls 
in the 

Tuamotu 
Archipela

go, 
French 

Polynesia 

2.2 
(Tekokota)to 

20.7 (Hiti) 

0.07 
(Marokau) 

to 1.54 
(Reka-
Reka) 

1 
(Tekokota) 

to 91 (Reka-
Reka) µg C 

L-1 day-1 

Tritiated 
Thymidine 

incorp.; 

14C HCO-
3 

(Torreton 
et al 2002) 

Reef 
Waters 
around 
remote 
atolls 

Northern 
Line 

Islands 

0.72 
(Kingman) 

to 8.4 
(Kiritimati) 

- - - (Dinsdale 
et al 2008) 
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Table 1 continued. 

Sample 
Type Location 

Bacteria 
Abundance 
(x 105 
cells/ml) 

Bacterial 
Growth 
Rate  
(µ; day-1) 

Primary 
Production 

Growth 
and 
Production 
Methods 

Source  

Reef 
Waters 
(near 
fish 

farms) 

Bolinao, 
Philippin

es 
15.1 to 74.3 0.23 to 

0.26 - 

Frequency 
of dividing-

divided 
cells 

(Conversion 
to µ 

following 
Torreton & 

Dufour 
1996) 

(Garren et 
al 2009) 

Reef 
Waters 

Marshall, 
Gilbert, 

& 
Hawaiian 
Islands; 
Great 

Barrier 
Reef 

9.5 (Majura 
Atoll) to 

39.5 
(Butaritari 

Atoll) 

0.30 
(Butaritari
) to 0.65 

(Kaneohe 
Bay, 

Oahu) 

4.1 (Majura 
Atoll) to 67 

(Heron 
Island, 

GBR) µg C 
L-1 day-1 

 
14C labeling 

for both 
bacteria and 
phytoplankt

on 
production 

(Sorokin 
1973a) 

Atoll 
Lagoon 
Water 

Majero 
Atoll 8 to 14 0.24 to 

0.85 - 

Tritiated 
thymidine 
& tritiated 

leucine 
incorp. 

(Yoshinaga 
et al 1991) 

Reef 
Waters 

New 
Caledoni

a 
5.5 to 7.4 0.07 to 

0.34 

5.6 to 12.2 
µg C L-1 

day-1 

Tritiated 
Thymidine 

incorp.; 

14C HCO-
3 

(Torreton 
et al 2010) 

 
And thus, while the questions we highlight (Box 1) address some of the current gaps in our 

understanding of reef microbial ecology, many are questions that have been asked previously.  The 

difference in asking them now is that new technologies (including NanoSIMS, super resolution 

microscopy, high-speed imaging techniques, confocal Raman microspectroscopy, next-generation 

sequencing, and microfluidics) are becoming accessible to marine microbial ecologists that can help 

answer them in a quantitative way.  In this new era of microbial ecology, some researchers are 

considering phage therapy as a potential response to global increases in coral disease (Efrony et al 

2007, Efrony et al 2009) and the ability to employ the rapidly advancing concepts and techniques 

from biomedicine is ever more accessible (Bourne et al 2009). Studies of coral reef ecology and 

microbial diseases of corals would also benefit by learning from the rapidly advancing field of 
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human health considerations of microbial pathogenesis and the ecology of microbial diseases. 

Indeed, future discoveries in coral-microbe interactions may “return the favors” through potential 

applicability to human-microbe interactions. The time is ripe for microbial ecologists to discover and 

create an integrated and mechanistic understanding of coral reef functioning. In the context of long-

term survival and conservation of coral reef ecosystems, the need for this work is immediate.  

Box 1: Questions to Pursue  
Health and Resilience 
1. What is a “healthy coral reef ecosystem” from a microbial ecology perspective? What are its 

limits of resilience?  

2. What are the magnitude and variability of biogeochemical fluxes, and what are their 

responses to perturbation (e.g., pH, eutrophication, etc.)?  

3. Do the water or sediment ecosystems buffer corals from environmental change? How much 

perturbation can the water column or sediment microbial communities mediate such that 

corals remain relatively unaffected by nutrient inputs or heavy metal contamination?  

4. How important are the relative growth rates and community compositions of bacteria and 

archaea in different microniches to the stability, health, and resilience of the ecosystem? 

Disease Ecology 

5. Are there microbes that can act as early warning signs of imminent decline or disturbance? 

(e.g., a µ-canary in the coral mine, so to speak)  

6. How frequently are microbes exchanged from one microenvironment to another and what 

mechanisms mediate this exchange? What are the transport mechanisms?  

7. Do rare phylotypes have the potential to become dominant if they reach a new habitat? 

Anthropogenic Influences 

8. What role can anthropogenic influences play in tipping the balance from rare to abundant 

for certain phylotypes?  

9. If the spatial distribution of organic matter in the water column changes, does the 

distribution of coral-associated microbiota also change? 

10. How do sublethal perturbations propagate through the ecosystem?  
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Chapter 3 

New method for counting bacteria associated with coral mucus 
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Supplemental Material 

Method for Additional Trypsinization Optimization Experiments 

To understand the sharp peak in CML bacteria cell counts with a 15 min digestion at 37°C, P. 

lobata mucus was treated as above while changing only the trypsin incubation.  Three separate 

incubations were performed on aliquots of the same mucus: 1) 0.4% trypsin incubated at room 

temperature (~22°C) for 10 min, 30 min, 60 min, and 120 min. 2) 0.4% trypsin incubated at 37°C for 

13 min, 15 min, 16 min, 17 min, and 19 min. 3) 0.2% trypsin incubated at 37°C for 10 min, 15 min, 

20 min, 30 min, and 60 min.  Fixed seawater samples from the Scripps Pier, La Jolla, CA were 

filtered onto 0.2 µm polycarbonate filters, rinsed with sterile MilliQ water, and incubated with 100 µl 

0.4% trypsin at 37°C for 0 min, 10 min, 15 min, 20 min, and 60 min.  A broth culture of the marine 

isolate SWAT 3  (R. A. Long, D. C. Rowley, E. Zamora, J. Y. Liu, D. H. Bartlett, and F. Azam, 

Applied and Environmental Microbiology 71:8531-8536, 2005) was fixed with 2% 0.2 µm filtered 

formaldehyde, diluted 1:100 in sterile MilliQ, incubated with 10 µM EDTA and 0.4% trypsin at 

37°C for 0 min, 5 min, 10 min, 15 min, 30 min, and 90 min.  All samples were stained with DAPI, 

mounted onto slides with VectaShield mounting medium (Vector Labs, California, USA), and 

counted as described in main text.  

Results from Additional Trypsinization Optimization Experiments 

All treatments on coral mucus showed a similar curve of increasing abundance of visible cells to a 

certain incubation length, and then the cell count decreased with longer incubations (Fig. S4).  

Incubating at room temperature increased the amount of time that the samples could be trypsinized to 

60 minutes.  Using half the amount of trypsin (0.2% instead of 0.4%) slowed the process 

considerably and created a longer time window in which samples could be stopped; however, the 

maximum total abundance was lower than the 0.4% trypsin treatments.  The 0.4% incubation at 37°C 

was effective, but created a short window of 15-16 minutes in which the reaction had to be stopped 

before cell counts dropped sharply.  The abundance of the marine isolate SWAT3 did not decrease 
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significantly with 0.4%  trypsinization even after 90 minutes.  The number of visible cells in the 

natural seawater assemblage decreased by ~29% from the 15 minute incubation to the 60 minute 

incubation (0.4% trypsinization at 37°C; 1.95± 0.11 x 106 cells ml-1 vs. 1.38 ± 0.08 x 106 cells ml-1 ). 

Supplemental Figures 

Figure S1. Trials to reduce autofluorescence of mucus samples prior to DAPI staining. a) The 
number of particles counted using FITC filters. b) The number of particles per ml observed using 
CTC filters.  
 

 
Figure S2. a) Average bacteria counts from mucus samples treated with EDTA/trypsin and one of 4 
treatments (none, crystal violet, acidic alcian blue, or FeSO4) to quench autofluorescence before 
DAPI staining. b) Zooxanthellae abundances from the same samples shown in (a).  
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Figure S3.  The number of bacteria enumerated in A. youngii mucus (with and without trypsinization) 
and the water carried along during mucus sampling using two separate collection methods (air-
exposure and syringe). The 0.02 µm filtered autoclaved seawater (FASW) used to dilute the mucus 
samples was quantified as a control.  
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Figure S4.  Three separate experiments were performed on aliquots of the same mucus samples. The 
results of a 0.4% trypsin incubation at room temperature for 10, 30, 60, and 120 minutes are shown 
in red.  Blue bars represent the abundances for the 0.2% trypsin incubated at 37°C for 10, 15, 20, 30, 
and 90 minutes, while the green bars represent the 0.4% trypsin incubated at 37°C for 13, 15, 16,17, 
and 19 minutes. 
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Chapter 3 is a full reprint of the publication (including supplemental materials that were published 

online-only): M. Garren and F. Azam (2010) A New Method for Counting Bacteria Associated with 

Coral Mucus. Applied and Environmental Microbiology 76: 6128-6133, with permission from the 

coauthor. 
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Chapter 4 

Gradients of coastal fish farm effluents and their effect on coral reef microbes
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Chapter 4 is a full reprint of the publication: M. Garren, S. Smriga and F. Azam (2008) Gradients of 

coastal fish farm effluents and their effect on coral reef microbes. Environmental Microbiology 10: 

2299-2312, with permission from all coauthors. 
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Chapter 5 

Resilience of coral-associated bacterial communities exposed to fish farm effluent 
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Chapter 5 is a full reprint of the publication: M. Garren, L. Raymundo, J. Guest, C.D. Harvell and F. 

Azam (2009) Resilience of coral-associated bacterial communities exposed to fish farm effluent.  

PLoS One. doi:10.1371/journal.pone.0007319, with permission from all coauthors. 
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Chapter 6 

Corals shed bacteria as a potential mechanism of resilience to organic matter enrichment 
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Abstract 

Understanding the mechanisms of resilience of coral reefs to anthropogenic stressors is a 

critical step toward mitigating the current global decline of these ecosystems. Coral-bacteria 

associations are a fundamental part of coral health and disease, but the direct observations on the role 

of these interactions in reef resilience remain largely unexplored. Here we use novel technology, 

high-speed laser scanning confocal microscopy in situ on live coral (Pocillopora damicornis), to test 

the hypothesis that corals exert control over the abundance of their associated bacterial communities 

by actively releasing (“shedding”) bacteria from their surface, and that they can use this mechanism 

to counteract the effects of excessive organic matter inputs. This first report of direct observation 

with high-speed confocal microscopy of living coral and its active associated bacterial community 

revealed a layer (3.3 - 146.8 µm thick) on the coral surface above and through the epidermis where 

bacteria were concentrated. The results of two independent experiments showed that abundance of 

bacteria in this layer was not sensitive to organic matter enrichment (5 mg L-1 peptone), and that 

coral fragments exposed to enrichment released significantly more bacteria from their surfaces than 

the controls (p< 0.01; an average of 35.9 ± 1.4 x 105 cells cm-2 coral versus 1.3 ± 0.5 x 105 cells cm-2 

coral). They also increased the rate at which they released particles (transparent exopolymers, TEP) 

colonized with bacteria (p<0.05). Our results suggest that shedding bacteria may be an important 

mechanism by which corals regulate associated bacterial abundance under organic matter stress. 

Additionally, the novel ability to watch this ecological behavior in real time at the microscale level at 

which it actually occurs opens an unexplored avenue for dynamical and mechanistic studies of coral-

microbe interactions.  

Introduction 

 Coral reef resilience to the suite of anthropogenic stressors they currently face has been an 

active area of research in recent years.  There have been substantial discussions in the literature about 
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how to define resilience (Nystrom et al 2008), how to manage reefs in ways that encourage it 

(Hughes et al 2010), and how to synthesize case studies to elucidate the large scale mechanisms that 

determine whether a stony coral-dominated ecosystem can resist a phase-shift or rebound from one 

(Norstrom et al 2009). However, very little attention has been given to the small- scale mechanisms 

relevant to microbial processes that determine the resilience of individual corals to a given stressor. 

Delineating the mechanisms by which individual colonies resist or recover from environmental 

stresses may be a critical link for understanding and predicting larger reef and region-wide patterns 

of resilience.  

Recently, researchers have begun to examine the potential for climate-driven impacts on 

coral-microbe associations and the corresponding influence on the function of coral-dominated reef 

ecosystems (Meron et al 2011, Mouchka et al 2010).  While climate-driven impacts are of great 

concern to the longevity of all reefs, excessive organic matter input is another acute global threat that 

is degrading reefs worldwide. Coral-microbe relationships can be sensitive to organic matter inputs 

(Thurber et al 2009), and surprising resilience at the single colony level has been observed on short 

time scales (Bourne et al 2008, Garren et al 2009). Elucidating the underlying mechanisms of 

resilience to organic pollution may clarify how and why large-scale phase shifts occur on enriched 

reefs (i.e., what triggers the “tipping point”), and could directly inform management actions.   

A surprising finding has been that the abundance of bacteria associated with corals exposed 

to chronic enrichment from a sewage treatment plant did not harbor more bacteria on their surface 

than corals at reference reefs (Garren and Azam 2010), and the same has been observed for corals 

exposed to large amounts of fish-pen effluent that had an order-of-magnitude more bacteria than the 

typical reef water for the area (Garren et al 2009).  There were differences in the community 

composition between reference and treatment sites, but no significant difference in the abundance. 

We do know that a tipping point can exist in certain diseased states where corals become more 

heavily colonized than in their healthy state (Luna et al 2007), but the underlying mechanisms are not 

known. 
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The goal of this study was to employ novel technology to test the hypothesis that corals are 

able to exert control over the abundance of their associated bacterial communities by actively 

releasing (“shedding”) bacteria from their surface.  We tested this hypothesis in situ on live coral 

using a high-speed laser scanning confocal microscope to directly observe and quantify the natural 

shedding rate and the subsequent response to organic enrichment. To the best of our knowledge, this 

is the first time that the natural assemblage of coral-associated bacteria have been observed in situ on 

live coral, and their ecological interactions documented in real time.  

Experimental Setup 

 The reef-building coral Pocillopora damicornis was used for this study. Colonies were 

cultured at 28°C on a 12 h light/12 hour dark cycle in flow-through seawater aquaria at Scripps 

Institution of Oceanography, La Jolla, CA.  Small fragments (1 – 3 mm in length) were clipped from 

three individual donor colonies and allowed to acclimate for 48 h. For all experiments, fragments 

were transferred to individual 50 ml closed-system chambers containing 0.2 µm filtered autoclaved 

seawater (FASW) with a 0.2 µm filtered air supply.  The temperature was maintained by placing the 

chambers in a 28°C water bath, and light cycling remained the same. 

Experiment #1: Influence of Organic Enrichment on Shedding In Situ  

 To observe shedding of bacteria from the coral surface in situ, bacteria were directly 

quantified on and around the living coral surface using a high-speed laser scanning confocal 

microscope (Nikon A1-R) with a temperature controlled chamber maintained at 28°C. Observation 

of live coral-microbe interactions using confocal microscopy had not been successful previous for a 

combination of reasons that include a strong autofluorescent signal from the coral that can 

overwhelm signal from stains, and the performance abilities of the last generation of confocal 

microscopes did not offer the speed, detection sensitivity, resolution, and working distance needed to 

simultaneously image the millimeter scale coral animal and the micrometer scale bacterial associates 

in real time.  A new generation of confocal microscopes just entered the market this year that 
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alleviates these barriers.  The Nikon A1-R has drastically improved sensitivity, resolution, and speed 

(imaging up to 150 frames second-1 on live coral).  

Three coral fragments from separate donor colonies were sampled at T0, while one fragment 

from each donor colony was exposed to 5 mg L-1 peptone (approximately double the concentration of 

ambient dissolved organic carbon) in FASW for 24 h and parallel fragments from the same donor 

colonies were maintained in FASW without peptone for 24 hours as controls. For sampling, 

fragments were removed from the experimental chambers, quickly rinsed in fresh 28°C FASW, and 

then stained with 1 µg ml-1 4',6-diamidino-2-phenylindole (DAPI) in FASW for 15 minutes in cover 

glass bottom chamber slides. Ten different locations on each fragment were imaged in three 

dimensions (approximately 215 µm x 215 µm x 150 µm) using a 60x water-immersion objective. 

Individual planes of focus were also imaged at video rate to record the release of bacteria through 

time. Nikon’s Elements software program was used for both acquisition and analysis of images.  A 

Student’s t-test was used to evaluate the significance of the difference between the mean abundances 

of bacteria found on and shed from corals with and without exposure to peptone for both 

experiments. 

Experiment #2: Natural Rate of Particle and Bacteria Release through Two Diel Cycles. 

 To quantify the rates of bacteria and particle release from corals through time, a larger 

volume was need than the chamber slides could accommodate.  Four fragments from the same donor 

colony were kept in 25 ml of FASW in 50 ml experimental chambers for 72 hours.  Ninety percent of 

the water (22.5 ml) was replaced with fresh FASW at 1 h, 3 h, 6 h, and then every 6 h following, for 

a total of 48 h.  At T48, the FASW was amended with 5 mg L-1 peptone to expose the corals to 

organic enrichment.  Ninety percent of the water was again removed and replaced with fresh FASW 

plus peptone after one hour (T49), 3 hours (T51), 6 hours (T54) and then every 6 hours after that for a 

total of 24 hours (T72). The controls consisted of two experimental chambers that never had a coral 

introduced (the “blanks”) to control for possible environmental contamination during the course of 
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the experiment, and a set of parallel controls for each coral where 2.5 ml of the removed water at 

each time point was inoculated into a sterile experimental chamber with 22.5 ml of FASW (or FASW 

+ peptone for T48 through T72) to detect in situ growth of bacteria in the water column. Ten milliliters 

of removed water from each sample were fixed with a 2% final concentration of 0.2 µm-filtered 

formaldehyde at each time-point.  A portion was filtered onto 0.2 µm white polycarbonate filters 

(Millipore, USA), stained with 1x Alcian Blue for mucus-derived transparent exopolymers 

(Alldredge et al 1993) and 2 µg ml-1 DAPI for bacteria, and counted on an Olympus IX-51 

epifluorescent microscope. TEP abundance was quantified at 100x magnification while total bacterial 

abundances and the number of bacteria attached to TEP particles were quantified at 1,000x. The 

number of bacteria counted in each of the controls was subtracted from the number in the 

corresponding treatment chamber to account for in situ growth of bacteria in the water column during 

each time period.  The dilution culture approach was necessary to keep growth in the water column 

low enough to detect bacteria being released from the corals.  A portion of unfixed water from each 

of the 10 chambers was sampled at T72 for total organic carbon (TOC). Mucus samples were 

collected from each fragment after a rinse in FASW at T0 and T72 by air exposure for 3 min over a 

sterile 1.5 ml tube. The mucus was fixed with 2% final concentration 0.2 µm filtered formaldehyde 

and bacteria were counted following a previously published protocol (Garren and Azam 2010).  

Results and Discussion 

Experiment #1 

This first report of direct observation with high-speed confocal microscopy of living coral 

and its active associated bacterial community revealed a layer on the coral surface above and through 

the epidermis where bacteria were concentrated (Fig. 6-1a).  The thickness of this bacteria-dense 

layer ranged from 3.3 µm to 146.8 µm.  It was thinnest on the tentacles and thickest on the coenosarc 

between polyps.  Exposure to organic enrichment did not influence the number of bacteria colonizing 

the coral surface despite ~7-fold higher numbers of bacteria in the water column of the peptone 
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enriched experimental chambers at T24 compared to the control chambers (p<0.0001, an average of 

35.2 ± 1.6 x 105 cells ml-1 versus 5.2 ± 0.4 x 105 cells ml-1 in the control chambers).  There were no 

significant differences in coral-associated bacterial abundance among any of the fragments from T0 

(ranging from 6.8 to 9.7 x 105 cells cm-2 coral; or 2.6 to 5.1 x 108 cells cm-3 coral surface layer), T24 

controls (4.8 to 15.6 x 105 cells cm-2 coral; or 1.5 to 2.2 x 108 cells cm-3 coral surface layer), and T24 

peptone treatment (7.8 to 19.0 x 105 cells cm-2 coral; or 1.1 to 4.3 x 108 cells cm-3 coral surface layer). 

However, fragments exposed to peptone released significantly more bacteria from their surfaces than 

control fragments in a given instant (p< 0.01; an average of 35.9 ± 1.4 x 105 cells cm-2 coral versus 

1.3 ± 0.5 x 105 cells cm-2 coral; Fig. 6-1b).   These findings underscore the remarkable ability of 

corals to regulate the abundance of bacteria on their surface in the face of organic enrichment and 

substantial increases in bacteria in the surrounding water.  They also highlight the potential 

importance of shedding bacteria as a mechanism of resilience to such perturbations.  

 
Figure 6-1.  Laser scanning confocal images of DAPI stained P. damicornis.  Arrows point to 
individual bacterial cells (B) and the symbiotic dinoflagellates (zooxanthellae (Zoox)) appear in red 
due to the autofluorescence of their chlorophyll pigments. A) This optical slice through the 
coenosarc of a fragment from the control treatment showing the inner layer of zooxanthellae with 
an outer crust of abundant DAPI stained bacterial cells on the coral surface. B) This is a three-
dimensional rendering of a z-stack from a coral in the peptone treatment after 24 hours of exposure.  
There are many bacteria, some of which are attached to mucus-like particles, just above the coral 
surface being released into the water. 
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Another notable observation was that the frequency of dividing cells (FDC) in each coral-

associated bacterial community was extremely high, ranging from 25% (T24 controls) to 30% (T24 

peptone treatment) of the total observed population.  Previous studies of coral mucus found the FDC 

to range from 3 to 7% (Garren and Azam 2010). This observation suggests that the coral-associated 

bacterial communities may grow extraordinarily rapidly under these experimental conditions. 

However, we cannot rule out (indeed we consider it likely) that the FDC values were overestimated: 

we may have missed some bacteria in our effort to obtain reliable counts in the dense mucus layer 

matrix, and therefore these data underestimate the total abundance and/or preferentially count 

dividing cells because of their distinctly identifiable cell morphology. In either case, these 

measurements are minimum estimates of the actual bacterial abundances. 

Experiment #2 

Over the course of 72 hours, the abundance of bacteria in the surrounding water increased 

by more than 4 orders of magnitude (from 1.2 ± 0.6 x 102 cells ml-1 at T0 to an average of 9.1 ± 0.6 x 

106 cells ml-1 at T72), however the number of bacteria in the coral mucus did not change significantly 

(an average of 2.2 ± 0.4 x 105 cells ml-1 mucus at T0 versus 2.3 ± 0.6 x 105 cells ml-1 mucus at T72).  

Shedding bacteria from the coral surface appeared to be an important component in the mechanism 

by which corals maintain a stable concentration of bacteria on their surface (Fig. 6-2a).  The rate of 

bacteria released increased during the course of the experiment (from an average of 2.8 ± 0.5 x 104 

cells cm-2 of coral h-1 during day 1, to 86.7 ± 12.4 x 104 cells cm-2 of coral hr-1 during day 2, to 541.7 

± 90.0 x 104 cells cm-2 of coral hr-1 during day 3 with the peptone enrichment, as did the number of 

bacteria associated with TEP particles (Fig. 6-2 b-e).  The rate of TEP release was not significantly 

different over the course of the first two days; however, after the addition of peptone, it did increase 

significantly (p<0.05) (from an average of 2.0 ± 0.5 x 103 TEP particles cm-2 of coral hr-1 during day 

2 to 6.7 ± 0.6 x 103 TEP particles cm-2 of coral hr -1 during the day with peptone). Because some 

components of coral mucus stain as TEP (Goldberg 2002), the release of heavily colonized TEP 

particles suggests that these coral fragments can shed substantial numbers of bacteria as they shed 
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their mucus.  Not all mucus components will stain with Alcian Blue, so there are likely to be many 

more bacteria attached to mucus particles not observed with this method.  Additionally, the coral 

polyps were filter feeding throughout the experiment and likely removing bacteria and particles from 

the water column. Given that the corals were the only source of TEP particles in these experimental 

chambers filled with 0.2 µm filtered sterile seawater, these data provide a minimum estimate of the 

number of bacteria released on mucus particles. 
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Figure 6-2. These figures are all from Experiment #2. A) The total number of bacteria (DAPI 
counts) present in the water of the experimental chambers at each time point for each of the four 
replicates (blue diamonds) as well as the number of those bacteria coming from the coral surface 
during each time point (red squares).  The coral contributes the majority of the bacterial cells to the 
water until the enrichment addition at T48 when in situ growth of bacteria in the water increases. B) 
The average rate of bacterial cell release per cm2 of coral per hour for each day.  The rate of release 
increased by ~5-fold after the addition of peptone. C) The average rate of bacteria released on TEP 
particles per day.  The rate at which bacteria were released attached to TEP particles increased by 
~12-fold after the addition of peptone. D) This is an overlay at 1,000x magnification of a brightfield 
image showing Alcian stained TEP particles (T) in dark blue and the same field of view imaged with 
epifluorescence showing DAPI stained bacteria (B) in bright blue. These are two TEP particles that 
are not heavily colonized from T48. E) This overlay of brightfield and DAPI images was acquired in 
the same way as d. and depicts heavily colonized TEP particles (T) from T72. 
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Conclusions 

The evidence from both experiments highlights the remarkable ability of corals to regulate 

the abundance of bacteria on their surface in the face of organic enrichment stress and drastic 

increases in water-associated bacterial abundances. Our results suggest that shedding bacteria into the 

water column is an important component of the mechanism by which corals regulate associated 

bacterial abundance, and that they have the ability to use that pathway to cope with organic matter 

perturbations.  By increasing the amount of bacteria and mucus (as TEP) released following exposure 

to organic enrichment, the corals were able to maintain a relatively stable number of bacteria in their 

surface-associated community. It is possible that this mechanism may also assist corals is warding 

off pathogens. In addition to identifying one potential mechanism of resilience, the novel ability to 

watch this ecological behavior in real time at the microscale level at which it actually occurs opens 

an unexplored avenue for studying coral-microbe interactions.  
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Chapter 6 is a short communication in preparation for submission under the title “Corals shed 

bacteria as a potential mechanism of resilience to organic matter enrichment” with permission from 

the coauthor, Farooq Azam
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Chapter 7 

Concluding remarks 
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 The overall picture painted by the previous six chapters is that a previously unrecognized 

tight regulation is exerted over the abundance of bacteria populations associated with corals, and that 

this regulation is resilient to some amount of organic matter (OM) stress.  Herein, new methods were 

described for observing bacteria in the coral environment that allowed us to make this discovery and 

identify one potential mechanism by which the coral animal may exert some control over bacterial 

abundance in the face of OM enrichment. However, there are likely many mechanisms at play in 

concert with shedding, and the coral animal is unlikely to be the only structuring force.  We know 

that the community composition of coral-associated bacteria is distinct from the surrounding water 

community (reviewed in (Ainsworth et al 2010, Mouchka et al 2010)), and indiscriminate shedding 

of bacteria would not explain how these distinct communities are maintained.  There must be other 

selective mechanisms involved.  For example, normal coral-associated phylotypes may have 

physiological or behavioral responses that allow them a greater probability of remaining attached to 

the coral relative to water-associated phylotypes during a shedding event.  The mechanism by which 

a shedding response is triggered also remains unclear.  Does the coral sense the bacterial density on 

its surface?  Are there external triggers from the environment that induce an increased rate of 

shedding?   

Trophic dynamics are also likely to play an important role. We know that bacteria-bacteria 

interactions may be important sources of population regulation (Ritchie 2006, Rypien et al 2010), 

and that there is a large diversity of virus-like particles associated with corals (Davy and Patten 2007, 

Marhaver et al 2008). However, the dynamics of phage interactions with other microbes on the coral 

surface is largely unexplored.  Eukaryotic protists have also been documented on corals (Harel et al 

2008, Kramarsky-Winter et al 2006), but they have received the least attention of all holobiont 

microbes. It is hard to imagine a bacterial community of the density we find on a coral surface could 

exist without eukaryotic grazers taking advantage of the proverbial buffet. We will need to place 

these trophic interactions in the context of other processes regulating coral bacterial populations 

before a true cause-and-response understanding is attained and predictions can be made about the 

resilience of such relationships to stress. 
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At what time scales different mechanisms of resilience are relevant is another question 

raised by the body of work presented here.  All of the experiments presented in this dissertation took 

place on the scale of hours to weeks, while much of the OM stress experienced by whole reefs 

happens on the scale of months to years.  Understanding the mechanisms of resilience on short time 

scales lends insight into where the breakdowns may occur when resilience is not observed across 

longer time scales.   

However, it is the long-term stress that appears to do the most damage, not short pulses of 

perturbation (McClanahan et al 2002, Williams et al). We likely observed some evidence of this at 

play under the fish pens—healthy coral reef is reported to have existed there in the early 1990s, 

before the pens (E. Gomez, pers. comm.). The only benthic covering that can now be observed 

directly under the pens is chest-deep soft black sediment (pers. observation).  So although we 

observed resilience of coral bacterial communities over the course of 22 days of exposure to these 

pens, concern remains regarding the duration over which such a resilient response can be maintained.  

It seems likely that the amount of energy it takes for a coral to rebound from such exposure would 

ultimately be draining over longer timescale and reduce overall fitness. Others have documented 

such large-scale community-level changes of reefs in response to fish cages (Huang et al 2011). 

These large-scale changes beg the question “what are the corresponding microscale mechanisms at 

play in these changes?” 

Understanding the interplay of short-term and long-term processes and the corresponding 

large-scale and microscale responses are as important for our understanding of coral disease as they 

are for resilience to OM pollution.  Many of the same questions we have raised about the 

mechanisms responsible for healthy coral functioning in the face of OM stress can be asked about the 

processes responsible for producing a diseased state in a coral. Delineating the fundamental 

microscale processes that support coral health will help us to understand how they become disrupted 

in a disease state and are likely to be involved in determining the limits of resilience in other 

situations. 
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The ultimate conclusion of this body of work is that the study of coral-microbe interactions 

is at an exciting and dynamic juncture where new technologies are opening up the possibility of 

fundamental discoveries.  It is finally possible to study these interactions at the microscale, and our 

big-picture predictive powers will benefit from this.  Armed with this knowledge, it seems that 

microfluidics may be a prime technology for future study of coral-microbe interactions.  It has been 

successfully used to understand the behavior of pelagic marine microbes (Seymour et al 2010), and 

may be able to shed light on some of the individual bacterial cell behaviors that enable the apparent 

paradox of massive shedding of bacteria from the coral surface with retention of a specific 

community.  It may also be an appropriate tool for learning how coral pathogens evade mechanisms 

of resilience to invade the coral surface that other water-associated phylotypes cannot.  And thus, the 

pursuit of understanding and the adventure of science shall continue. 
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