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 Abstract 

Coral tissue loss diseases, collectively known as white syndromes (WS) in the Indo-

Pacific, have the potential to significantly reduce coral cover and diversity on reefs 

globally due to their wide geographic distributions, diverse host ranges and the rapid 

and irreversible damage they cause. To understand and address this emerging threat, 

the first step is to untangle the complex interactions among susceptible coral hosts, 

dynamic ocean environments and poorly understood coral microbiomes that lead to 

disease. This study combines microbiological, genetic, histopathological and 

ecological approaches to investigate environmental and anthropogenic drivers of WSs 

and mechanisms underpinning coral holobiont health over multiple spatial scales (i.e. 

at reefal, population, colony, microbiome and individual pathogen levels). 

To assess seasonal dynamics in WS diseases away from major anthropogenic 

stressors, colonies of Acropora hyacinthus at Lizard Island, northern Great Barrier 

Reef (GBR) were monitored over an 18-month period. Bacterial community 

structures were assessed on coral samples collected in summer, winter and spring, and 

host/microbe interactions and cellular responses were visualized (Chapter 2). A 

deductive approach to disease causation demonstrated that the WS pathogenesis 

observed was not the result of apoptosis or infection by Vibrio bacteria, ciliates, fungi, 

cyanobacteria or helminthes. Next generation bacterial sequencing did, however, 

reveal distinct and temporally consistent bacterial communities at WS lesions fronts 

(relative to healthy tissues on both healthy and WS-affected corals), which were 

characterized by a 15-fold increase in Rhodobacteraceae-affiliated bacterial 

sequences. This case study helps clarify the etiology of WS at Lizard Island and 

provides potential diagnostic criteria to differentiate etiologically dissimilar forms of 

WS. 

To investigate the influence of stressors associated with recreational offshore 

platforms on coral hosts and their associated microbial communities, water quality 
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and coral health parameters, including immunity and microbiome structure, were 

evaluated before, during and after a WS disease event adjacent to permanently 

moored platforms at Hardy Reef, southern GBR (Chapter 3). Over the course of the 8-

month study, 31% of Acropora millepora colonies monitored adjacent to reef 

platforms developed WS, whereas all conspecific corals at a nearby control site 

remained visually healthy. Interestingly, two months prior to the first macroscopic 

observation of WS disease signs, bacterial diversity on corals that would develop WS 

was significantly reduced and bacterial community heterogeneity was significantly 

elevated relative to those remaining healthy at the same location. Among corals 

remaining visually healthy throughout the study, immune function and bacterial 

diversity were significantly reduced at reef platforms relative to the platform-free 

control site. These results highlight that stressors associated with recreational 

platforms suppress coral immunocompetence and alter microbiome structure and 

diversity, which may increase coral susceptibility to disease. 

The decapod Cymo melanodactylus, which lives amongst the branches of many hard 

coral species and is capable of consuming coral tissues, often aggregates at WS lesion 

fronts. Consequently, coral predation by Cymo crabs has recently been proposed as a 

direct mechanism of WS tissue loss. Manipulative aquarium-based experiments 

performed on the coral A. hyacinthus at Lizard Island, northern GBR demonstrated 

that coral predation by C. melanodactylus is not the direct cause of WS tissue loss 

(i.e. WS lesion progression continued following crab removal) and that Cymo crabs 

are not a transmission vector for WSs (i.e. healthy corals inoculated with crabs from 

WS-infected colonies did not develop disease signs) (Chapter 4). Furthermore, three-

fold more rapid progression of WS lesions on corals when crabs were removed than 

on those with crabs left on (2.28 ± 0.21 versus 0.74 ± 0.22 cm/day, respectively) 

indicate that Cymo crabs slow WS disease progression. In choice experiments, C. 

melanodactylus were strongly attracted to WS lesions (87% migrated to WS 

fragments versus 3% to healthy fragments). The strong attraction of C. 

melanodactylus to WS-infected corals and their ability to significantly reduce lesion 

progression rates suggest that wound debridement by these coral-dwelling crabs 

might mitigate the effects of WSs on reefs. 
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While many water quality parameters have been proposed to contribute to reef 

declines, little evidence exists to conclusively link specific parameters with increased 

disease prevalence in situ. To assess the relationship between sedimentation, turbidity 

and coral condition, health assessments were conducted at multiple reefs along a 

dredging-associated sediment plume gradient near Barrow Island, Western Australia 

(Chapter 5). Reefs exposed to the highest number of days under the sediment plume 

(296 to 347 days) had two-fold higher levels of disease, largely driven by a 2.5-fold 

increase in WS, and six-fold higher levels of other signs of compromised coral health 

(e.g. bleaching and algal overgrowth) relative to reefs with little or no plume exposure 

(0 to 9 days). Multivariate modeling and ordination, incorporating sediment exposure 

level, coral community composition and cover, predation and multiple thermal stress 

indices, confirmed sediment plume exposure level as the main driver of elevated 

disease and other signs of compromised coral health. 

While the bacterium Vibrio coralliilyticus was not identified as the etiological agent 

of acroporid WS cases in the present study, this bacterium has been implicated as the 

causative agent of WS cases at sites throughout the Indo-Pacific. To allow specific 

visualization of interactions between this emerging model coral pathogen and the 

coral host, a mini-Tn7 transposon delivery system was used to chromosomally label a 

strain of V. coralliilyticus isolated from a WS lesion with a green fluorescent protein 

gene (GFP) (Chapter 6). Following GFP insertion, biochemical assays and 

experimental infection trials confirmed no loss of virulence in the labeled bacterium 

relative to the wild-type strain. Using epifluorescence video microscopy, GFP-labeled 

V. coralliilyticus could be reliably distinguished from non-labeled bacteria present on 

coral surfaces, and the pathogen’s interactions with the coral host could be visualized 

in real time. This new tool can now be employed to better document mechanisms of 

V. coralliilyticus virulence and host/pathogen infection dynamics. 

Knowledge derived from this study provides new insights into the drivers of WS coral 

diseases at multiple spatial scales and, more generally, the impacts of environmental 

stress on the coral host and its associated microbes. While a specific etiological agent 

of WS was not identified, this body of work demonstrates the importance of both 

macroscopic and microscopic diversity in coral health and provides deeper insights 
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into the drivers of coral health and disease. Understanding the complex symbioses 

supporting the health of reef-building corals and the external factors disrupting them 

is essential to the successful design and implementation of effective management 

strategies to protect increasingly threatened coral reef ecosystems.  



 9 

 Table of Contents 

Acknowledgements _________________________________________________ 1	  

Contribution of Others _______________________________________________ 3	  

Abstract ___________________________________________________________ 5	  

Table of Contents ___________________________________________________ 9	  

List of Tables _____________________________________________________ 12	  

List of Figures ____________________________________________________ 14	  

List of Plates ______________________________________________________ 17	  

Main thesis text ___________________________________________________ 18	  
Chapter 1: Molecular approaches to investigate coral health and disease _____ 19	  

1.1 The need for improved coral disease diagnostic tools ________________ 20	  
1.2 Benefits of improved coral disease diagnostic tools __________________ 22	  
1.3 Pathogen detection methods ___________________________________ 26	  
1.4 Developing and applying diagnostic tools for corals __________________ 33	  
1.5 Specific research objectives ____________________________________ 34	  

Chapter 2: Repeated sampling of white syndrome-affected corals reveals distinct 

microbiome at disease lesion fronts ___________________________________ 38	  
2.1 Abstract ____________________________________________________ 39	  
2.2 Introduction _________________________________________________ 39	  
2.3 Materials and Methods ________________________________________ 41	  
2.4 Results ____________________________________________________ 47	  
2.5 Discussion __________________________________________________ 58	  
2.6 Conclusions ________________________________________________ 62	  
2.7 Supplementary Figures and Tables ______________________________ 62	  

Chapter 3: Reduced diversity and stability of coral-associated bacterial 

communities and suppressed immune function precedes disease onset in corals 

adjacent to reef platforms ___________________________________________ 67	  



 10 

3.1 Abstract ____________________________________________________ 68	  
3.2 Introduction _________________________________________________ 68	  
3.3 Materials and Methods ________________________________________ 71	  
3.4 Results ____________________________________________________ 78	  
3.5 Discussion _________________________________________________ 87	  
3.6 Conclusions ________________________________________________ 91	  
3.7 Supplementary Figures and Tables ______________________________ 92	  

Chapter 4: Cymo melanodactylus crabs slow progression of white syndrome 

lesions on corals _________________________________________________ 99	  
4.1 Abstract ___________________________________________________ 100	  
4.2 Introduction ________________________________________________ 100	  
4.3 Materials and Methods _______________________________________ 102	  
4.4 Results/Discussion __________________________________________ 104	  

Chapter 5: Sediment and turbidity associated with offshore dredging increase 

coral disease prevalence on nearby reefs _____________________________ 110	  
5.1 Abstract ___________________________________________________ 111	  
5.2 Introduction ________________________________________________ 111	  
5.3 Methods __________________________________________________ 114	  
5.4 Results ___________________________________________________ 120	  
5.5 Discussion ________________________________________________ 124	  
5.6 Conclusions _______________________________________________ 129	  
5.7 Supplementary Figures and Tables _____________________________ 130	  

Chapter 6: Visualization of coral host-pathogen interactions using a stable GFP-

labeled Vibrio coralliilyticus strain ____________________________________ 135	  
6.1 Abstract ___________________________________________________ 136	  
6.2 Introduction ________________________________________________ 136	  
6.3 Materials and Methods _______________________________________ 138	  
6.4 Results and Discussion ______________________________________ 143	  
6.5 Conclusions _______________________________________________ 148	  
6.6 Supplementary Videos _______________________________________ 148	  

Chapter 7: General discussion _____________________________________ 151	  
7.1 Summary: Understanding and managing the drivers of WSs __________ 152	  
7.2 Synthesis: Ecological principals underlying coral holobiont resilience ___ 154	  



 11 

7.3 Future work: Better understanding the role of individual microbes in coral 

health and disease _____________________________________________ 156	  
7.4 Concluding remarks _________________________________________ 158	  

References ______________________________________________________ 160	  

Appendices ______________________________________________________ 182	  
 



 12 

 List of Tables 

Chapter 1: Molecular approaches to investigate coral health and disease .............. 19	  

Chapter 2: Repeated sampling of white syndrome-affected corals reveals distinct 

microbiome at disease lesion fronts .......................................................................... 38	  
Table 2.1. Disease progression and fate of tagged colonies. _______________ 49	  
Table 2.2. Summary statistics for PERMANOVA comparing A. hyacinthus and 

seawater associated bacterial communities _____________________________ 53	  
Table 2.3. SIMPER analysis highlighting bacterial taxa contributing > 1% of 

(dis)similarity between health states __________________________________ 55	  
Table 2.4. Summary of FISH and histology results showing the percentage of 

samples harbouring specific organisms and displaying host tissue responses __ 58	  
Supplementary Table 2.S1. SIMPER analysis highlighting bacterial taxa  

contributing > 1% of dissimilarity between Summer 2011 and other time points _ 66	  

Chapter 3: Reduced diversity and stability of coral-associated bacterial communities 

and suppressed immune function precedes disease onset in corals adjacent to reef 

platforms .................................................................................................................... 67	  
Supplementary Table 3.S1 Results of PERMANOVA of water quality parameters.

 _______________________________________________________________ 95	  
Supplementary Table 3.S2 Water quality concentrations at each site and physical 

parameters ______________________________________________________ 95	  
Supplementary Table 3.S3 SIMPER analyses showing species responsible for 

differences in bacterial communities associated with apparently healthy colonies of 

A. millepora between platform and control sites in January. ________________ 95	  
Supplementary Table 3.S4 Results of PERMANOVA of bacterial community 

composition for Month, Location and Health State effects __________________ 96	  
Supplementary Table 3.S5 Results of the SIMPER analyses showing species 

responsible for differences in bacterial communities associated with apparently 

healthy colonies of A. millepora between platform and control sites in June ____ 97	  



 13 

Chapter 4: Cymo melanodactylus crabs slow progression of white syndrome lesions 

on corals ................................................................................................................... 99	  

Chapter 5: Sediment and turbidity associated with offshore dredging increase coral 

disease prevalence on nearby reefs ....................................................................... 110	  
Table 5.1. Environmental predictor variables assessed by multivariate multiple 

regression analysis at sites within three sediment plume exposure categories _ 123	  
Supplementary Table 5.S1. Mean prevalence of coral disease and compromised 

coral health at sites within three sediment plume exposure categories _______ 130	  

Chapter 6: Visualization of coral host-pathogen interactions using a stable GFP-

labeled Vibrio coralliilyticus strain ........................................................................... 135	  

Chapter 7: General discussion ............................................................................... 151	  

 



 14 

 List of Figures 

1. Molecular approaches to investigate coral health and disease ..................... 19	  
Figure 1.1. Descriptions of “white” diseases affecting Caribbean corals _______ 21	  

2. Repeated sampling of white syndrome-affected corals reveals distinct 

microbiome at disease lesion fronts ..................................................................... 38	  
Figure 2.1. Principal coordinates analysis (PCoA) plots based on weighted Unifrac 

distances of A. hyacinthus and seawater associated bacterial communities ____ 51	  
Figure 2.2. Average abundances of six dominant bacterial classes associated with 

A. hyacinthus and seawater samples __________________________________ 54	  
Figure 2.3. Photograph of white syndrome lesion and photomicrographs following 

staining for fluorescence in situ hybridization and histology _________________ 57	  
Supplementary Figure 2.S1. Heatmap of Rhodobacteraceae family-affiliated OTU 

abundance ______________________________________________________ 63	  
Supplementary Figure 2.S2. 16S neighbour-joining tree showing the phylogenetic 

position of  Rhodobacteraceae-affiliated OTU's in the family Rhodobacteraceae 64	  
Supplementary Figure 2.S3. Principal coordinates analysis (PCoA) plots 

comparing seawater associated bacterial communities seasonally ___________ 65	  
Supplementary Figure 2.S4. Mean phylogenetic (alpha) diversity of A. hyacinthus 

and seawater associated bacterial communities across four sample types _____ 66	  

3. Reduced diversity and stability of coral-associated bacterial communities 

and suppressed immune function precedes disease onset in corals adjacent 

to reef platforms ...................................................................................................... 67	  
Figure 3.1 Map showing location of study site at Hardy Reef _______________ 72	  
Figure 3.2 Two-dimensional principal coordinates plot visualizing relationships 

among concentrations of water quality variables and salinity _______________ 79	  
Figure 3.3 Two-dimensional principal coordinate ordination plots visualizing 

dissimilarity between bacterial communities associated with Acropora millepora 

remaining visually healthy throughout the study at control and platform sites ___ 82	  



 15 

Figure 3.4 Comparisons of bacterial communities associated with A. millepora 

among healthy corals at platform and control sites and WS-affected corals at 

platform sites ____________________________________________________ 84	  
Figure 3.5 Mean total phenoloxidase of apparently healthy colonies of A. millepora 

located near platforms and the control site ______________________________ 85	  
Supplementary Figure 3.S1 Time series examples of two colonies of A. millepora 

tagged as visually healthy in at the control site and a platform site ___________ 92	  
Supplementary Figure 3.S2 Time series of colony health status and 

environmental variables ____________________________________________ 93	  
Supplementary Figure 3.S3 Summary of bacterial communities associated with 

A. millepora across locations and health states __________________________ 94	  
Supplementary Figure 3.S4 Comparison of bacterial communities associated 

with colonies of A. millepora located at platform sites _____________________ 94	  

4. Cymo melanodactylus crabs slow progression of white syndrome lesions on 

corals ....................................................................................................................... 99	  
Figure 4.1. Comparison of mean linear progression rates of lesions on WS-

infected and healthy fragments of Acropora hyacinthus among treatments with and 

without C. melanodactylus crabs ____________________________________ 107	  
Figure 4.2. Proportion of C. melanodactylus crabs on healthy fragments, WS 

fragments, or free in the aquaria during habitat choice experiments _________ 107	  

5. Sediment and turbidity associated with offshore dredging increase coral 

disease prevalence on nearby reefs ................................................................... 110	  
Figure 5.1. Map showing study site and coral health survey locations at 

Montebello and Barrow Islands, Western Australia ______________________ 115	  
Figure 5.2. Mean prevalence of coral disease and other signs of compromised 

coral health at sites within three sediment plume exposure categories _______ 121	  
Figure 5.3. Ordination plots illustrating the relationship between environmental 

predictors that best explain the variation of coral disease and other compromised 

coral health indicators among sites __________________________________ 124	  
Supplementary Figure 5.S1. Correlations between sediment plume exposure 

days and prevalence of disease and other signs of compromised coral health _ 131	  
Supplementary Figure 5.S2. Variation in the taxonomic composition of coral 

assemblages within each sediment plume exposure category _____________ 132	  



 16 

Supplementary Figure 5.S3. Mean prevalence of coral disease and  other 

compromised coral health indicators for three coral growth morphologies ____ 133	  

6. Visualization of coral host-pathogen interactions using a stable GFP-labeled 

Vibrio coralliilyticus strain .................................................................................... 135	  
Figure 6.1. Comparison of growth rate and proteolytic activity between wild type 

and GFP-labeled Vibrio coralliilyticus P1 strains ________________________ 144	  
Figure 6.2. Photosynthetic yield of Symbiodinium in pure culture, juveniles of the 

coral Acropora millepora and adults of the sea anemone Aiptasia sp. following 

exposure to GFP-labeled and wild type Vibrio coralliilyticus _______________ 146	  
Figure 6.3. Direct visualization of host/pathogen interactions showing Pocillopora 

damicornis coral with its native bacterial community, inoculated with non-labeled V. 

coralliilyticus cells and inoculated with GFP-labeled V. coralliilyticus cells ____ 147	  
Supplementary Video S1. Brightfield visualization of host/pathogen interactions 

showing coral with inoculated, non-labeled V. coralliilyticus cells (timelapse) __ 149	  
Supplementary Video S2. GFP visualization of host/pathogen interactions 

showing coral with inoculated, non-labeled V. coralliilyticus cells (timelapse) __ 149	  
Supplementary Video S3. GFP visualization of host/pathogen interactions 

showing coral with inoculated GFP-labeled V. coralliilyticus cells (timelapse) __ 149	  
Supplementary Video S4. Brightfield visualization of host/pathogen interactions 

showing coral with inoculated, non-labeled V. coralliilyticus cells (z-stack) ____ 149	  
Supplementary Video S5. GFP visualization of host/pathogen interactions 

showing coral with inoculated, non-labeled V. coralliilyticus cells (z-stack) ____ 149	  
Supplementary Video S6. GFP visualization of host/pathogen interactions 

showing coral with inoculated GFP-labeled V. coralliilyticus cells (z-stack) ____ 149	  

7. General discussion ........................................................................................... 151	  
Figure 7.1. The “rivet hypothesis” of ecological function adapted to investigate the 

role of coral microbiome diversity in coral holobiont health ________________ 157	  

 



 17 

 List of Plates 

Chapter 1: Molecular approaches to investigate coral health and disease .............. 19	  
Plate 1. White syndrome-affected Acropora hyacinthus ___________________ 19	  

Chapter 2: Repeated sampling of white syndrome-affected corals reveals distinct 

microbiome at disease lesion fronts .......................................................................... 38	  
Plate 2. Lizard Island, Great Barrier Reef and surrounding reefs ____________ 38	  

Chapter 3: Reduced diversity and stability of coral-associated bacterial communities 

and suppressed immune function precedes disease onset in corals adjacent to reef 

platforms ................................................................................................................... 67	  
Plate 3. White syndrome-affected Acropora millepora _____________________ 67	  

Chapter 4: Cymo melanodactylus crabs slow progression of white syndrome lesions 

on corals ................................................................................................................... 99	  
Plate 4. Cymo melanodactylus on Acropora hyacinthus ___________________ 99	  

Chapter 5: Sediment and turbidity associated with offshore dredging increase coral 

disease prevalence on nearby reefs ....................................................................... 110	  
Plate 5. The author performing a coral health assessment ________________ 110	  

Chapter 6: Visualization of coral host-pathogen interactions using a stable GFP-

labeled Vibrio coralliilyticus strain ........................................................................... 135	  
Plate 6. GFP-labeled V. coralliilyticus ________________________________ 135	  

Chapter 7: General discussion ............................................................................ 151	  
Plate 7. Coral juveniles on the Great Barrier Reef _______________________ 151	  

 



 18 

 Main thesis text 



19 

1. Molecular approaches to investigate coral health and 

disease 

The contents of this chapter have been published as: 

Pollock FJ, Morris PJ, Willis BL, Bourne DG (2011) The urgent need for robust 
coral disease diagnostics. PLoS Pathogens 7:e1002183  

The published paper is attached in the Appendix. 

The chapter was written by F. Joseph Pollock, with co-authors providing intellectual 

direction in the design and implementation of the manuscript as well as editorial 

guidance. 

Plate 1. White syndrome-affected Acropora hyacinthus  
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1.1 THE NEED FOR IMPROVED CORAL DISEASE DIAGNOSTIC TOOLS 
The world’s coral reefs are in decline, with hard coral cover on Caribbean reefs 

decreasing by an average of 80% in the last 30 years (Gardener et al. 2003) and Indo-

Pacific reefs suffering an average loss of 1% per year since the early 1980s (Bruno 

and Selig 2007). The causes of these declines are diverse and complex, including 

water pollution, habitat destruction, overfishing, invasive species and global climate 

change (Walker and Ormand 1982; Bryant et al. 1998; Bellwood et al. 2004). In 

recent years, coral diseases have also emerged as a significant threat to the world’s 

coral reef ecosystems (Bourne et al. 2009). Since the first coral disease was described 

in 1973, evidence from field studies documenting the population- and community-

level impacts of disease on coral reef ecosystems worldwide has been accumulating 

(reveiwed in Aronson and Precht 2001; Patterson et al. 2002; Weil 2004; Willis et al. 

2004; Weil et al. 2006; Harvell et al. 2007) and it is now clear that coral diseases have 

the potential to cause widespread mortality and significantly alter reef community 

structure (e.g. Aronson and Precht 2001; Porter et al. 2001; Sutherland et al. 2004; 

Miller et al. 2009). 

Despite the serious threat that coral diseases pose to the health of reef ecosystems 

globally, little is known about many basic aspects of the biology and ecology of these 

diseases, including their etiologies, how they are spread and the steps that can be 

taken to prevent, control, or reduce their impacts. This work has been greatly hindered 

by a lack of identified causative agents for many diseases, inadequate diagnostic tools 

and insufficient application of diagnostic procedures following established biomedical 

principles (Work et al. 2008). Current diagnostics focus on documenting macroscopic 

disease signs and information available from in situ surveys, such as the species 

infected, extent and pattern of tissue loss (Antonius 1981), presence and appearance 

of microbial mats (Porter et al. 2001), abnormal tissue coloration (Antonius 1981), or 

skeletal anomalies (Loya et al. 1984). Corals display few macroscopic signs 

indicative of stress, and consequently an array of maladies, including environmental 

stress, predation and infectious disease, are often manifested as a paling or sloughing 

of the coral tissue. For example, more than six “white” diseases, which are 

characterized by a spreading zone of tissue loss, exposing white coral skeleton 

directly adjacent to healthy coral tissue, have been described in the Caribbean Sea 



 21 

alone (Sutherland et al. 2004; Figure 1.1). Due to their nearly identical appearance, 

several of these diseases (e.g. white plague I and white plague II) are differentiated 

almost exclusively by the rate of lesion progression through the infected colony 

(Sutherland et al. 2004). Such difficulties have resulted in cases of misidentified 

diseases, repeated name changes for the same disease (Richardson 1998) and even 

classification of predation scars as disease (Goreau et al. 1998; Bruckner and 

Bruckner 2002; Patterson et al. 2002). Currently, it is uncertain how many distinct 

coral diseases exist worldwide; in two articles published in the same year, one report 

identified 18 diseases while another put the number at 29 (Sutherland et al. 2004; 

Weil 2004). This confusion underlines the need for more robust coral disease 

diagnostic methods. 

 
Figure 1.1. Examples and descriptions of “white” diseases affecting Caribbean corals. 

In recent years, an increased interest in coral microbiology, in combination with the 

application of histology and biomedical approaches to diagnosis and the development 

of new molecular approaches, has revealed several bacterial species linked to coral 

disease lesions (Sussman et al. 2008; Bourne et al. 2009). Debate exists as to the 

primacy of environmental stress that compromises the coral host versus 

opportunistically proliferating bacteria in coral disease causation (Lesser et al. 2007; 

Ainsworth et al. 2007a). However, since disease is classically considered to be the 

outcome of interactions among a causative agent, susceptible host and the 

environment (e.g. Wobeser 2006), debating the status of an etiological agent as either 
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a primary or secondary pathogen is diversionary and does not negate the need to 

understand its role in pathogenesis (Jubb et al. 1993; Work et al. 2008). Using 

emerging technologies in combination with established biomedical techniques, we 

can now answer many of the basic questions that have plagued the field of coral 

disease research. The ability to accurately profile microbial communities associated 

with both the coral host and its environment will allow researchers and reef mangers 

to: 1) better understand disease etiologies, 2) make more accurate diagnoses, 3) 

monitor pathogen loads in coral hosts and their environment, 4) identify pathogen 

sources, vectors and reservoirs, and 5) make better informed management decisions. 

This chapter outlines the need for novel coral disease diagnostics, the technologies 

that could serve as the basis for such tools and the challenges inherent to the adoption 

of these technologies for pathogen detection within the complex coral holobiont. 

1.2 BENEFITS OF IMPROVED CORAL DISEASE DIAGNOSTIC TOOLS 
In this section, I highlight the role that high-resolution microbial community profiling 

will play in advancing our understanding of the etiology, spread, and ultimately 

management of coral diseases. 

1.2.1 Earlier and more accurate disease diagnosis 

The coral holobiont comprises a complex association among the coral animal and its 

microbial partners, including symbiotic dinoflagellates (zooxanthellae) (Muscatine et 

al. 1981), bacteria (Rohwer et al. 2002), Archaea (Wegley et al. 2004), viruses 

(Wilson et al. 2005), endolithic algae (Bentis et al. 2000) and fungi (Bentis et al. 

2000). Numerous studies have examined these associations in both healthy and 

stressed corals, and it has been suggested that shifts in these microbial communities 

can act as indicators of coral stress (Pantos et al. 2003; Bourne et al. 2008b; Vega 

Thurber et al. 2009). For example, Pantos et al. (2003) demonstrated bacterial 

community shifts throughout the entire coral colony, even when just a small part of 

the colony showed signs of disease, and Bourne et al. (2008) reported dramatic shifts 

in coral-associated microbial communities well before the appearance of visual signs 

of thermal bleaching. Using a metagenomics approach, Vega-Thurber et al. (2009) 

demonstrated functional gene shifts, including an increased abundance of virulence 
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genes, in coral microbial partners during temperature, nutrient and pH stress. Kimes 

et al. (2010) observed significant differences in biogeochemical cycling-related genes 

between healthy and yellow-band infected colonies of Montastraea faveolata. 

Sunagawa et al. (2009) also developed a 16S rRNA gene-based microarray to assess 

coral microbial associations and demonstrated shifts in bacterial communities in 

diseased corals. These community-level bacterial profiling approaches are capable of 

detecting microbial community shifts prior to visual disease signs, which would 

facilitate diagnosis at the earliest stages of infection when mitigation measures would 

be most effective (i.e. phage therarpy, probiotic addition; see Teplitski and Ritchie 

2009). Efforts to develop rapid and sensitive assays to monitor coral-associated 

microbial communities as proxies for coral health are important and should be a 

research focus. The application of genomic, metagenomic, transcriptomic and 

metabolomics approaches may facilitate the development of such tools (as further 

described in Section 1.3.4). More targeted, single pathogen assays can also build upon 

these community-level approaches and help to establish the link between disease 

causation and the presence of a specific microbial pathogen.  

1.2.2 Better understanding of disease etiology 

While some coral diseases are tightly linked with the presence of a specific pathogen, 

the causes of many other diseases and disease-like syndromes remain elusive 

(Teplitski and Ritchie 2009). Novel microbial profiling techniques enable detailed 

investigations of the circumstances under which microbes that are normally found on 

coral surfaces become pathogenic and the conditions and mechanisms that trigger a 

switch from commensal or neutral to pathogenic. Moreover, there are cases where 

bacterial species, which were linked to specific diseases in early studies, no longer 

elicit the same response or are now not associated with disease signs, potentially 

indicating development of disease resistance (Reshef et al. 2006; Rosenberg et al. 

2007). For example, Vibrio shiloi, which was initially identified as the agent 

responsible for annual bleaching of the Mediterranean coral Oculina patagonica, no 

longer appears to cause bleaching in this coral species (Ainsworth et al. 2007a). 

Additionally, Aspergillus sydowii, which was shown to cause disease in gorgonians, 

has also been found on healthy coral colonies, raising questions about its role in 

disease onset (Toledo-Hernández et al. 2008). The application of emerging tools to 
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accurately profile coral-associated microbial communities in both controlled 

laboratory experiments and environmentally-derived samples will help to establish 

the etiology of specific coral diseases and to clarify the role of individual microbes in 

the onset of disease lesions. Once the link between a specific microbial entity and 

lesion onset is established, pathogen-specific assays can provide information on all 

aspects of the disease onset process. 

1.2.3 Monitor pathogen load 

Emerging evidence suggests that the abundance of coral pathogens varies on reefs 

throughout the year and within coral hosts during the course of infection (Banin et al. 

2000; Sussman et al. 2003; Vezzulli et al. 2010). The ability to quantify pathogen 

load in coral and environmental samples will allow researchers and reef managers to 

gauge the health status of individual corals, assess the impact of environmental 

parameters (e.g. temperature, nutrient load, sedimentation rate) on pathogen load and 

better predict large-scale disease outbreaks. Some efforts have been made to establish 

links between environmental parameters and coral disease prevalence. Using high-

resolution satellite datasets and long-term coral disease surveys, Bruno et al. (2007) 

established a link between coral disease outbreaks and warm temperature anomalies 

at sites with high coral cover. By monitoring bacterial communities in situ, Vezzulli 

et al. (2010) also discovered a link between mass mortality events of the coral 

Paramuricea clavata, seawater temperatures, chlorophyll concentrations and the 

presence of culturable Vibrio spp. in the surrounding seawater. Better diagnostic tools 

would provide a deeper understanding of how pathogen load and virulence respond to 

natural (e.g. seasonal, El Niño/La Niña) and anthropogenic (e.g. pesticide and nutrient 

influx, sedimentation) fluctuations, allowing researchers and managers to closely 

follow these dynamics and model pathogen response to environmental change.  

1.2.4 Identify pathogen sources, vectors and reservoirs 

It is currently unclear if the recent emergence of diseases is associated with the 

introduction of pathogenic organisms from terrestrial environments, or whether 

disease-causing microbes have always been present but have only recently become 

pathogenic due to deteriorating environmental conditions and/or reduced host 

resistance. To better understand the dynamics of coral disease outbreaks and ensure 
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that they are effectively managed, information is needed regarding: pathogen sources, 

which are the avenues through which a pathogen enters the environment; vectors, 

living entities that do not cause or suffer from a disease, but transmit a pathogen from 

one host to another; and reservoirs, the biotic or abiotic origins of a pathogen 

(Wobeser 2006). The identification of the marine fireworm as the winter reservoir and 

spring/summer vector of the coral pathogen Vibrio shiloi nicely demonstrates the 

utility and importance of molecular-based pathogen detection techniques in the study 

of coral epidemiology (Sussman et al. 2003).  

1.2.5 Better informed management decisions 

As coral diseases continue to increase in frequency, distribution and intensity, reef 

managers will face increasing challenges if priority is not assigned to developing tools 

to manage, prevent or mitigate their impacts. In order to effectively manage coral 

disease outbreaks, we must first understand what causes the observed diseases, how 

these diseases are spread between colonies and populations, and how environmental 

parameters influence pathogen virulence and host susceptibility to infection 

(Bruckner 2002). Tools that increase our capacity to establish links between disease 

signs and specific microbial shifts would significantly advance current understanding 

of the classification of coral diseases and their underlying causes. Accurate diagnosis 

will direct research and management strategies to address the true cause of disease on 

reefs (Ainsworth et al. 2007b) and facilitate the development of assays to detect and 

quantify the pathogens that underlie them. Such assays will help reef managers to 

discern the threats that may affect the occurrence, prevalence, or severity of diseases 

so their sources can be identified, and possibly reduced through better management 

practices (Bruckner 2002). For example, habitat degradation, increased human 

impacts and poor water quality are often speculated as causes of the recent rise in 

coral diseases (Harvell et al. 2007), but linkages with specific environmental factors 

have not been conclusively determined. By understanding the relationship between 

various stressors and the occurrence of coral diseases, managers may be able to 

identify potential threats in a timely manner and develop strategies to lessen their 

impacts (Bruckner 2002). Several biological controls for coral diseases, including 

bacteriophage therapy and probiotic addition, have recently been proposed (Efrony et 

al. 2009; Teplitski and Ritchie 2009) and novel diagnostic tools could be used to 
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identify where and when these controls should be implemented and to assess their 

efficacy. In order to assist resource managers to combat disease epizootics, prevent 

future outbreaks and reduce the time needed for recovery, the development of 

sensitive, specific and robust coral disease diagnostics should be an essential research 

priority (Bourne et al. 2009). 

1.3 PATHOGEN DETECTION METHODS 
Effective diagnostic tools must be sensitive, reproducible and specific in their 

detection of targeted microbial organisms/shifts. In the field of human pathogen 

detection, methods based on culture and colony counting, immunology, and nucleic 

acid-based techniques are most commonly used (Lazcka et al. 2007). Here, I provide 

a brief overview of these techniques and evaluate their potential for coral pathogen 

detection and coral microbiome profiling. 

1.3.1 Culture-based detection 

The culture and plating method is the oldest bacterial detection technique and remains 

a cornerstone of human pathogen detection. This method involves plating of samples 

onto selective growth media followed by an incubation period, after which bacterial 

colonies are counted. Specialized growth media can contain inhibitors of non-target 

species/strains, substrates that only the targeted microbe can degrade and/or 

substances that confer a particular color to the growing colonies (Lazcka et al. 2007). 

However, selective media take time to develop and test, and even when selective 

media are available for a pathogen of interest, culture and plating techniques are 

excessively time consuming, in some cases requiring up to 16 days for confirmation 

of a positive result (Brooks et al. 2004). In addition, these methods are less sensitive 

than immunological or genetic-based techniques. For corals, standardized diagnostics 

based on culture-dependent methods are currently unavailable, largely because of a 

lack of selective media capable of promoting growth of specific pathogens amongst 

the highly complex, diverse and abundant microbial populations associated with 

compromised coral tissues. For example, selective media like thiosulfate-citrate-bile 

salts-sucrose (TCBS) have been developed to discriminate Vibrio bacteria from other 

bacterial species, but although known coral pathogens, including Vibrio coralliilyticus 
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and Vibrio shiloi, can be grown on TCBS agar, they cannot be effectively 

discriminated from other Vibrio species, which are known to co-exist within the coral 

holobiont.  

In some cases, culture protocols have been developed to selectively grow microbial 

species of interest. For example, Sutherland et al. (2010) developed a technique to 

isolate Serratia marcescens, the presumed etiological agent of white pox in the 

Caribbean, involving two subsequent colorimetric culture steps followed by 

inoculation onto non-selective media. Interestingly, this method revealed human 

sewage to be a likely source of the pathogen on reefs in the Florida Keys. Where 

appropriate selective media exist, most probable number (MPN) methods can be used 

to estimate the concentration of bacteria (Vezzulli et al. 2010). MPN involves 

serially-diluting samples into appropriate media, further dividing these dilutions into 

replicate aliquots, culturing and assigning a binomial (growth vs. no growth) score to 

the resulting cultures. This method can be used to estimate the concentration of 

certain bacterial groups in a given sample, however the dilution, aliquoting and 

culturing steps can be time consuming and reproducibility is often an issue. Because 

of the high diversity of microbes present in coral samples, the lack of appropriate 

media for many coral pathogens, as well as the low sensitivity and long processing 

time required, culture-based diagnostic methods are not the ideal platform for coral 

pathogen detection. 

1.3.2 Immunology-based detection 

The use of antibody technology is well established in human medical diagnostics and 

has been applied with some success to the detection of coral pathogens. Immunology-

based pathogen monitoring involves the production of either polyclonal or 

monoclonal antibodies and the detection of antibody/antigen complexes, which 

indicate the presence of the targeted pathogen within a sample. The use of Vibrio 

shiloi-specific antibodies has revealed the reservoir and transmission vector of this 

coral bleaching pathogen and provided insight into the dynamics of pathogen invasion 

and spread within the host coral Occulina patogonica (Israely et al. 2001; Sussman et 

al. 2003). However, polyclonal antibodies often have low specificity, and highly 

specific monoclonal antibodies are generally slow to develop and expensive to 
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produce and maintain. While immunology-based coral pathogen detection is certainly 

feasible, the cost and effort required to develop and maintain antibody-producing cell 

lines may limit its utility in routine monitoring. 

1.3.3 Nucleic acid-based detection 

Nucleic acid-based techniques using molecular probes and/or polymerase chain 

reaction (PCR) are rapidly replacing culture- and immunology-based methods 

because of their potential for high specificity and sensitivity. Therefore, fluorescent in 

situ hydridization (FISH) and PCR-based techniques, both of which have been most 

widely utilized in coral pathogen detection to date, are discussed in more detail next.  

Fluorescent in situ hybridization 

Fluorescent in situ hybridization (FISH) allows identification, localization and 

visualization of individual microbial cells within healthy and diseased tissue (Moter 

and Gobel 2000) by targeting these microbes with custom-synthesized nucleic acid 

probes attached to fluorescent reporter molecules. Ainsworth et al. (2006, 2007a, and 

2007b) utilized FISH to assess the microbial composition of diseased corals in the 

Mediterranean (2008), Red Sea (2007) and on the Great Barrier Reef (2006). While 

these studies provide useful information on the spatial arrangement of microbes in 

healthy and diseased coral tissue, the low specificity of FISH probes limits their 

utility in detecting pathogenic microbes beyond the genus level. In addition, the 

method is time-consuming and labor intensive, and also requires specialized imaging 

microscopy equipment. Extensive processing of samples may also result in the loss of 

loosely attached microbes, including the pathogen cells themselves. Therefore, 

although applicable for helping to elucidate disease etiology, the utility of FISH as a 

routine coral disease diagnostic is limited. 

Polymerase chain reaction (PCR)-based methods 

PCR-based methods allow high sensitivity and specificity by targeting and amplifying 

short nucleic acid (DNA or RNA) sequences within the genomes of coral-associated 

microbes. These methods are far less time consuming than culture- or immunology-

based approaches, yielding result within hours rather than days or even weeks with 

some culture-based techniques (Goarant and Merien 2006). Several community-level 

PCR techniques, including denaturing gradient gel electrophoresis (DGGE) (Bourne 
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et al. 2008b), 16S rRNA clone libraries (Bourne et al. 2008b), microarrays (Sunagawa 

et al. 2009; Kimes et al. 2010) and metagenomics (Vega Thurber et al. 2009; Apprill 

et al. 2013), have provided insights into the microbial communities associated with 

healthy and stressed/diseased corals. 

Real-Time Quantitative PCR (qPCR) 

The combination of high sensitivity and specificity, low contamination risk, ease of 

performance and speed makes real-time, quantitative PCR (qPCR) technology an 

appealing option for specific coral pathogen detection (Espy et al. 2006). qPCR 

allows for accurate quantification of microbe densities in a given sample by 

incorporating a fluorescent reporter in the PCR reaction that emits a signal 

proportional to the quantity of PCR product. This information can then be used to 

infer the amount of target gene and relative number of pathogen cells in a given 

sample (Hough et al. 2002; Ruzsovics et al. 2002; Tondella et al. 2002). qPCR assays 

have been designed for a number of bacterial (Panicker and Bej 2005; Gubala 2006), 

fungal (Haugland et al. 2004) and viral (Butler et al. 2001) pathogens. For example, a 

real-time PCR assay targeting Vibrio vulnificus was developed to confirm the 

pathogen-free status of raw oysters and was used to investigate possible treatment 

methods to reduce V. vulnificus loads in seafood (Panicker et al. 2004; Panicker and 

Bej 2005; Vickery et al. 2007). Similarly, a real-time PCR assay was developed to 

detect Vibrio penaeicida in the prawn Litopenaeus stylirostris and aquaculture 

facilities in New Caledonia (Goarant and Merien 2006). This single-day technique 

provided information on infection level, served as a decision-making tool for prawn 

farmers and provided a research tool for understanding the dynamics of this pathogen 

within aquaculture facilities. Analogous assays have been developed to target the 

coral pathogen V. coralliilyticus (Pollock et al. 2010a).  While qPCR represents an 

appealing option for the detection of known coral pathogens, this technique is of little 

use when etiological agents have not yet been identified 

1.3.4 Metagenomic, transcriptomic and metabolomic techniques 

Application of the technological advances outlined in sections 1.3.1 through 1.3.3 will 

undoubtedly enhance our ability to study coral diseases, however, a variety of new 

and emerging technologies will further revolutionize the field in decades to come. 
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High resolution microarrays offer one method for rapid assessment of shifts in coral-

associated bacterial community structure. As previously highlighted, Sunagawa et al. 

(2009) utilized a 16S rRNA gene microarray (PhyloChip G2) to characterize the 

bacterial community structures of healthy and diseased corals and investigate the 

etiology of the observed disease. If known bacterial groups or indicator organisms are 

identified that are important to coral health, these shifts can be used to infer potential 

changes in coral health or, additionally, detect identified pathogens associated with 

disease lesions. Vega Thurber et al. (2009) assessed changes in overall bacterial 

community structure and abundance of functional genes in response to environmental 

stressors using a 454 pyrosequencing platform. Comparative genomic approaches 

such as these will continue to provide insights into the bacterial community-level 

changes that accompany coral stress and potentially facilitate coral disease outbreaks. 

Transcriptomic approaches offer further advantages for targeting expressed virulence 

genes, provided this methodology can be adapted to coral samples. Additionally, 

metabolomic techniques, which use NMR and mass spectroscopy to detect chemical 

fingerprints left behind by specific chemical processes, show great promise for 

improving disease diagnosis and pathogen detection (Gowda et al. 2008; Boroujerdi 

et al. 2009). While genomic, metagenomic, transcriptomic and metabolomic 

approaches have the potential to generate extensive, detailed data, these techniques 

require expensive, specialized equipment and often the desired information is hidden 

within immense datasets that require specialized software to decipher. However, just 

as quantitative PCR, which was only available to a handful of well-funded 

laboratories just a decade ago, is becoming increasingly more affordable and 

accessible, the prohibitive cost of emerging technologies will certainly fall, increasing 

their availability to coral researchers.  

1.3.5 Validation of diagnostics for coral pathogen detection 

The validity of any diagnostic test is determined by its ability to distinguish host 

organisms that have the disease from those that do not. Validity is comprised of two 

key components: sensitivity and specificity. Sensitivity describes the test’s ability to 

correctly identify those with the disease and is expressed as the proportion of affected 

animals that are correctly identified as disease positive by the test compared to the 

total number tested. Specificity is the ability of the test to correctly identify those that 
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do not have the disease, and is expressed as the proportion of animals that do not have 

the disease that are correctly identified as disease negative (Wobeser 2006). In order 

to calculate the specificity and sensitivity of a test, we must first know which animals 

are actually infected with the disease. Such knowledge is usually gained by 

comparing the test’s results with the results of a so-called “gold standard”, which 

theoretically has both a sensitivity and specificity of 100% (Wobeser 2006). For 

example, the gold standard for Chlamydia diagnosis in humans is isolation of the 

causative agent, the bacterium Chlamydia trachomatis. It is important to realize that 

while gold standards are the best evidence available, they are not infallible and gold 

standards that provide full certainty are rare, particularly in a young field like coral 

disease research. Generally, the challenge is to find a standard that is as close as 

possible to the theoretical gold standard, but until effective gold standards are 

established for coral pathogen detection, it may be useful to use several of the 

diagnostic techniques described previously to cross-validate test results. 

Coral researchers are faced with a unique set of challenges when developing disease 

diagnostics for the detection of specific pathogenic microbes or characteristic 

microbial shifts among the diverse and complex coral holobiont. One major challenge 

is reproducibly obtaining high purity microbial DNA (or RNA) from coral-derived 

samples. The complex nature of the coral holobiont, which contains genetic material 

from the coral host as well as its associated algae, bacteria and viruses, in 

combination with the presence of high concentrations of PCR inhibitors (e.g. salts and 

DNAses) make successful DNA extraction and pathogen detection from coral tissue 

extremely difficult. Several extraction methods have been developed to overcome 

these limitations, but consistently obtaining high quality DNA from coral samples 

remains a persistent challenge to coral researchers. Early pathogen detection assays 

will therefore require extensive testing to confirm their specificity and sensitivity. It 

may also be advisable to use commercially available DNA extraction kits to 

standardize extraction efficiencies between samples and among labs. For example, 

early trials have shown the MO Bio Plant DNA Extraction Kit to be a robust and 

reproducible method for extracting coral-associated microbial DNA (Pollock et al. 

2010a). Current application of RNA-based expression studies for analysis of diseased 

coral samples is limited, except for certain band diseases such as Black Band Disease 
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(Frias-Lopez et al. 2004), which can be separated from coral tissue. mRNA is 

inherently unstable and is rapidly degraded, particularly in the presence of the 

extensive exogenous enzymes present within coral-derived samples. This is a real 

challenge for samples collected in the field, often in remote locations far from 

adequate specialized laboratory facilities. Such transcriptomic approaches, however, 

offer enormous potential for selective identification of both active organisms involved 

in the infection process and virulence genes directly involved in disease progression, 

and should be a current and future research focus.  

1.3.6 The diagnostic potential of coral immunity 

Immunological indicators of coral immune response can also serve as proxies for 

disease susceptibility and signify past or present exposure to pathogens or other 

stressors (e.g. high water temperatures, excessive UV exposure). Corals, like other 

invertebrates, are limited to innate immunity (Roch 1999), which is defined as the 

ability of certain cells and cellular mechanisms to defend the host from infection by 

other organisms in a non-specific manner (Pugh and others 1894). Much work is 

currently focused on the use of coral host factors and immunological responses as 

indicators of coral stress and disease (Mydlarz et al. 2008; Palmer et al. 2008). For 

corals and other marine invertebrates, phagocytosis provides the first line of cellular 

defense (Sindermann 1970; Peters 1997). In response to invasion by a pathogen, 

corals increase production of motile phagocytic cells, also known as amoebocytes, 

that migrate from healthy coral tissues to the site of infection and either attack the 

invading pathogens via phagocytosis or contribute to healing and regeneration of the 

damaged tissue (Mydlarz et al. 2006, 2008). Histology is a well-established technique 

for detection and quantification of amoebocytes in the coral host. Examination of 

specially stained histological slides can be used to detect amoebocyte accumulation in 

response to a range of insults, including sedimentation (Vargas-Angel et al. 2007), 

skeletal anomalies (Domart-Coulon et al. 2006), and disease (Mydlarz et al. 2008). 

Exposure of corals to pathogens also induces production of antibiotic compounds, 

which may instill some resistance against invading microbes. Gorgonian corals have 

been shown to resist infection by the fungus Aspergillus sydowii, the causative agent 

of aspergillosis, through the production of antifungal agents that inhibit germination 
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of A. sydowii spores (Kim et al. 2000; Dube et al. 2002). White syndrome and yellow 

band disease have also been shown to induce antimicrobial activity in scleractinian 

corals (Gochfeld and Aeby 2008; Mydlarz et al. 2009). Methods exist for the 

detection of antimicrobial residues in animals (Pikkemaat et al. 2008) and analogous 

assays could easily be adapted for corals. 

1.4 DEVELOPING AND APPLYING DIAGNOSTIC TOOLS FOR CORALS 
Further development and application of molecular-based coral disease diagnostic 

tools are limited by lack of knowledge of the organisms and genes involved in the 

onset and progression of most coral diseases. In particular, current knowledge of the 

causes of a large number of coral diseases is rudimentary, with only a few actual 

pathogens identified (reviewed in Harvell et al. 2007; Bourne et al. 2009). Therefore, 

further research into coral disease ecology, in combination with robust biomedical 

approaches to describe diseases at gross and cellular levels is needed to develop an 

understanding of the pathogenesis of coral diseases and the interactions between 

agent, host and the environment (Work et al. 2008). Only after pathogens are 

identified and their mechanisms of virulence determined can the development of 

diagnostics that target certain microbial groups or important genes proceed. Coral 

disease investigations, like other human, veterinary, or wildlife disease investigations, 

require an interdisciplinary approach, including the use of both traditional and 

developing technologies.  

As coral diseases continue to threaten reefs worldwide, there is increasing urgency for 

tools to understand and control their spread. Over the past decade, a virulent group of 

coral tissue loss diseases, collectively known as white syndromes (WS), have 

impacted reefs throughout the Indo-Pacific (Willis et al. 2004; Sussman et al. 2008; 

Bourne et al. 2014). Given their rapid rates of tissue loss, diverse host ranges and 

wide geographic distributions, WSs have the potential to profoundly impact coral 

reefs (Willis et al. 2004; Bruno and Selig 2007; Aeby et al. 2010). However, despite 

their devastating impacts, confusion remains regarding the drivers of WSs, which 

severely limits the potential for effective disease management. Improved 

understanding of the factors contributing to WS pathogenesis will help to direct 

research and management strategies to address the true cause of disease on reefs and 
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aid reef managers in their efforts to control the occurrence, prevalence and severity of 

WS coral disease on reefs worldwide.  

1.5 SPECIFIC RESEARCH OBJECTIVES 
Research presented in this thesis characterizes interactions among the environment, 

coral host and microbial associations that contribute to WS pathogenesis in the Indo-

Pacific. Here, I examine the responses of the coral host and associated microbes to 

environmental stress, provide a comprehensive case definition for WS based on field 

observations and laboratory analyses, explore potential mechanisms of coral 

holobiont resilience and develop novel tools to investigate coral host-pathogen 

interactions in vivo. The specific objectives of this body of work are: 

1. To develop a comprehensive case definition for WS based on field 

observations and laboratory analyses.  

Definitive confirmation of WS etiology/s remains elusive. Detailed case studies 

and reliable criteria are therefore required to differentiate visually similar, but 

potentially distinct diseases. Through a repeated sampling regime, I integrate 

ecological disease monitoring, bacterial community profiling and in situ 

visualization of microbe/host interactions with cellular responses of host tissues 

over seasonal time scales. The development and dissemination of detailed and 

methodologically consistent case studies of WS over wide geographic, temporal 

and host ranges will help to identify and distinguish distinct WS etiologies and 

provide criteria to differentiate etiologically dissimilar diseases.  

2. To assess coral health and immune function, coral-associated microbial 

community structure and water quality parameters before, during and after 

a WS disease event adjacent to permanently moored reef platforms 

Few studies have examined the interplay among environmental conditions, host 

immune function and community structure of associated microbes that governs 

coral health. A recent report of 15-fold higher coral disease levels adjacent to 

permanently moored platforms on Australia’s Great Barrier Reef provide a unique 

opportunity to investigate these synergisms in situ. Here, I evaluate multiple water 
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quality parameters, coral immune function and coral-associated bacterial 

community structure before, during and after a WS coral disease event adjacent to 

platforms at a mid-shelf reef in the southern sector of Australia’s Great Barrier 

Reef. This work provides novel insights into the influence of environmental stress 

on coral-associated bacterial community structure, coral immunocompetence and 

holobiont health. 

3. To clarify the role of the crab Cymo melanodactylus in WS coral disease. 

Predation on coral tissue by the decapod Cymo melanodactylus has been proposed 

as the cause of WS tissue loss in acroporid corals. Here, I combine in situ 

observations with manipulative aquarium-based experiments to assess the 

influence of Cymo crabs on WS progression and transmission. This work 

demonstrates that Cymo crabs do not cause WS and reveals a mechanism whereby 

coral-dwelling crabs may naturally mitigate the effects of WS on reefs. 

4.  To determine the impact of dredging activities on WS prevalence.  

While many water quality parameters have been proposed to contribute to 

elevated levels of WS, little evidence exists conclusively linking specific water 

quality parameters with increased disease prevalence in situ.  Here, I fill this 

knowledge gap by monitoring disease levels on multiple reefs along a dredging-

associated sediment plume gradient near Barrow Island, Western Australia. 

Combining in situ disease surveys, remote sensing and multivariate modeling, I 

assess the impact of chronic exposure to dredging-associated sediment plumes on 

coral health. This work clarifies the influence of sediment and turbidity on coral 

health and identifies dredging activity as an important management consideration 

to control disease prevalence at local scales. 

5. To develop a green fluorescent protein-labeled strain of the bacterium V. 

coralliilyticus to visualize coral host-pathogen interactions in real time.  

The coral pathogen V. coralliilyticus has emerged as a model organism for 

investigations of coral health and disease. However, researchers have yet to 

visualize interactions between the pathogen and its coral host in situ and the 
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mechanisms underlying the observed pathogenicity are poorly understood. Using 

a V. coralliilyticus strain harboring an exogenous green fluorescent protein gene, I 

develop a novel tool to visualize interactions between this pathogen and the coral 

host. This tool can now be utilized to assess cellular mechanisms underpinning the 

virulence of V. coralliilyticus. 
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2. Repeated sampling of white syndrome-affected corals 

reveals distinct microbiome at disease lesion fronts  

The contents of this chapter are in preparation for submission as: 

Pollock FJ, Wada N, Torda G, Willis BL, Bourne DG (In prep) Repeated sampling of 
white syndrome-affected corals reveals distinct microbiome at disease lesion 
fronts. 

The chapter was written by F. Joseph Pollock, with co-authors providing intellectual 

direction in the design and implementation of the manuscript as well as editorial 

guidance. 

 
Plate 2. Lizard Island, Great Barrier Reef and surrounding reefs 
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2.1 ABSTRACT  
Tissue loss coral diseases, collectively known as white syndromes, impact coral reefs 

throughout the Indo-Pacific by inducing significant mortality of reef building corals, 

including often dominant Acroporidae species. Definitive confirmation of WS 

etiologies remains elusive and therefore detailed case studies and reliable criteria to 

differentiate visually similar, but potentially distinct diseases are needed. In this 

study, I integrate ecological disease monitoring, bacterial community profiling and in 

situ visualization of microbe/host interactions and cellular responses through an 18-

month repeated sampling regime spanning seasonal time scales. Using a deductive 

approach, I assert that the observed pathogenesis of WS lesions on Acroporid corals 

at Lizard Island in the Northern Sector of the Great Barrier Reef is not the result of 

apoptosis or infection by Vibrio bacteria, ciliates, fungi, cyanobacteria or helminthes. 

Histological analyses detected helminths, ciliates, fungi and cyanobacteria in less than 

25% of WS samples, respectively, while helminthes and fungi were also observed in 

12% of visually healthy tissues samples. Apoptosis levels did not differ significantly 

between health states. Vibrio-affiliated sequences were not retrieved from any healthy 

coral samples using 16S rRNA amplicon sequencing and were observed in 5% of 

disease samples and 8% of healthy tissues on diseased colonies. The relative 

abundance of these Vibrio-affiliated sequences also did not differ significantly among 

the sample types and never exceeded 5% in any sample. Bacterial sequencing did, 

however, reveal distinct bacterial communities at WS lesions fronts (relative to 

healthy tissues on both healthy and WS-affected coral). A 15-fold increase in 

Rhodobacteraceae-affiliated bacterial sequences at WS lesion fronts suggests this 

group of bacteria could play a role in WS pathogenesis and/or serve as a diagnostic 

criterion for disease differentiation. The development and dissemination of detailed 

and methodologically consistent case studies of WS over wide geographic, temporal 

and host ranges will help to identify and distinguish distinct WS etiologies and 

provide criteria to differentiate etiologically dissimilar diseases.  

2.2 INTRODUCTION 
Coral diseases have fundamentally altered Caribbean coral reef ecosystems and pose 

a growing threat to coral populations in the Indo-Pacific (Aronson and Precht 2001; 
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Willis et al. 2004). Coral tissue loss diseases, collectively known as white syndromes 

(WSs) in the Indo-Pacific and white diseases in the Caribbean, represent an important 

group of diseases worldwide because of their wide geographic distributions, diverse 

host ranges, and rapid and often irreversible damage (Antonius 1985; Aronson and 

Precht 2001; Patterson et al. 2002; Bruno and Selig 2007; Aeby et al. 2010). Given 

the relatively high susceptibility of often dominant and structurally important corals 

in the family Acroporidae, WSs have the potential to dramatically decrease coral 

cover, rugosity and ecological complexity on impacted reefs (Aronson and Precht 

2001; Willis et al. 2004; Bruno and Selig 2007; Aeby et al. 2010). 

Despite Indo-Pacific-wide impacts (summarized in Bourne et al. 2014), definitive 

confirmation of WS etiologies remains elusive. WSs are likely comprised of multiple 

distinct diseases that share similar macroscopic disease signs (Bourne et al. 2009; 

Work and Aeby 2011; Work et al. 2012), as has been found for white diseases in the 

Caribbean. Currently, many white diseases are distinguished solely by variable 

macroscopic characteristics of lesion shape and progression rate (Bythell et al. 2004), 

but from a disease management perspective, it is critical to develop reliable criteria to 

differentiate distinct, but visually similar tissue loss diseases (Bourne et al. 2009; 

Pollock et al. 2011). Standardized criteria for characterizing coral lesions at the gross, 

cellular and microbial levels have proven instrumental in teasing apart disease 

causation in other animal systems and standardized criteria for the description of coral 

diseases have been widely disseminated (Work and Aeby 2006; Work et al. 2008; 

Work and Meteyer 2014). However, the development of reliable and, importantly, 

comparable definitions of WS disease will not be possible unless these criteria are 

uniformly embraced (Work and Aeby 2006; Ainsworth et al. 2007b; Work et al. 

2008; Downs et al. 2009). To identify and distinguish distinct WS disease etiologies, 

thorough case studies are needed that incorporate comprehensive characterization of 

both macroscopic and microscopic disease signs and offer feasible, testable 

hypotheses about how observed microscopic interactions give rise to macroscopic 

disease manifestations. 

It is well established that infectious diseases are the outcome of interactions between 

susceptible hosts, disease agents and the environments they live within (Bruckner 
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2002). Despite this knowledge, few WS studies to date have investigated interactions 

between the coral host and potential bacterial and eukaryotic disease agents at the 

cellular level, and many focus on only a single time point, potentially missing 

important dynamics of disease etiology (Roff et al. 2011; Work and Aeby 2011; Work 

et al. 2012). In this study, I integrate bacterial community profiling, in situ 

visualization of microbe/host interactions and cellular responses over seasonal time 

scales spanning 18 months. Coral colonies were monitored and repeatedly sampled to 

gain insights into temporal/seasonal disease dynamics and ultimately provide a 

detailed case study of WS on the northern Great Barrier Reef, Australia that is easily 

comparable with other WS disease investigations worldwide. 

2.3 MATERIALS AND METHODS 

2.3.1 Study site and sample collection  

This study was conducted at reefs near Lizard Island (14º40’S, 145º27’E) in the 

Northern sector of the Great Barrier Reef (GBR), between September 2010 and 

February 2012. Colonies of Acropora hyacinthus that were either healthy or showing 

signs of WSs (i.e., colonies displaying diffuse, acute to sub-acute areas of tissue loss 

revealing white, intact skeleton) were examined on SCUBA (1-12 m depth) at three 

reefs near Lizard Island (Bird Island, No Name and Ribbon Reef No. 10). WS-

affected and nearby conspecific healthy control colonies were tagged with plastic 

cattle tags inscribed with a unique colony identification number. Tagged colonies 

were photographed for lesion progression rate quantification (see below) and sample 

were collected at five seasonal time points: September 2010 (Spring 2010), February 

2011 (Summer 2011), July 2011 (Winter 2011), October 2011 (Spring 2011) and 

February 2012 (Summer 2012). Lesion progression rates were assessed using the 

image analysis software package ImageJ 1.45s (Abràmoff et al. 2004). Linear 

progression rates of WS lesions were determined by: overlaying photos of the same 

coral fragment at different time points (using topographical landmarks), haphazardly 

selecting five points along the lesion front, measuring the shortest distance between 

each point on the lesion fronts at time 0 and the corresponding point on the lesion 

fronts at time x, and dividing the average of the five measurements by x. The final 
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health state of tagged colonies was assessed in June 2012, when all remaining cattle 

tags were removed. Four healthy and 4 WS-affected colonies were tagged at the first 

sampling time point (Spring 2010). When colonies suffered complete mortality 

between time points, new colonies were tagged in order to obtain samples from at 

least 3 healthy and 3 WS-affected colonies per time point (see Table 2.4 for details). 

Samples were collected from one location on each healthy colony and two locations 

on each WS-infected colony (i.e., one from the disease lesion interface and one from 

apparently healthy tissue approximately 10 cm away from the lesion). At each 

sampling location, one fragment (~5 cm in length) was collected for bacterial 

community profiling and a second smaller fragment (~3 cm) was collected for 

histological analyses using surgical bone cutters on SCUBA. Samples were placed in 

plastic bags underwater and all tagged colonies were photographed before and after 

sample collection. Within 15 minutes of collection, fragments for bacterial 

community profiling were snap-frozen in liquid nitrogen and stored at -80ºC until 

processing, and fragments for histology were placed in sterile, freshly prepared 4% 

paraformaldehyde (Electron Microscopy Sciences, USA), 10 mM phosphate buffered 

saline (PBS) solution at 4°C. In addition, two surface seawater samples (1 l) were 

collected at each seasonal time point, immediately filtered through a 0.22 mm 

Millipore Sterivex filter unit and subsequently stored at -80 °C until DNA extraction 

(Sigma-Aldrich, St Louis, MO, USA). Seawater samples were collected at the surface 

to avoid the potentially confounding influence of differing depths between samples 

and time points. 

2.3.2 Histological processing and visualization 

After 8-10 hrs, the paraformaldehyde solution was exchanged for a 1:1 solution of 

PBS and ethanol and stored at 4°C. Samples were then embedded in 1.5% agarose to 

maintain tissues in their normal conformation during the decalcification process. 

Once the agarose was set, excess was trimmed and a small hole was punched through 

to the coral fragment to allow liquids to reach the sample. Agarose-embedded 

samples were placed in histological cassettes and decalcified in a 20% EDTA solution 

(pH 8.0) with the solution maintained at 4°C and exchanged approximately every 2 

days until no skeleton remained (up to 2 weeks). Following decalcification, agarose 

embedded samples were rinsed in PBS, dehydrated sequentially through a 70%, 80%, 
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90%, 95%, 100% and 100% ethanol series for 60 min each, then processed through 2 

x 30 min toluene rinses and embedded in paraffin. Samples were then washed three 

times in xylene and Paraplast paraffin wax for 60 min each, prior to embedding in 

Paraplast wax. Paraffin embedded samples were serially sectioned at 4 µm and 

collected on Superfrost Plus slides (Menzel, Germany). 

Two serial sections from each sample were de-waxed in xylene (2 x 3 min) and 

rehydrated through serial washes of 3 x 5 min 100% ethanol, 1 x 5 min 70% ethanol 

and 1 x 2 min water. Hydrated sections were counterstained in Mayer’s Haemalum 

for 8 min, rinsed in tap water (1 x 20 dips), differentiated in Scott’s tap water 

substitute for 30 sec for bluing, rinsed in water (1 x 2 min) and stained with 

Hematoxylin and Eosin and Gomori trichrome stain for 3 min. Stained sections were 

dehydrated through an ethanol series (1 x 2 min 70% ethanol and 2 x 5min 100% 

ethanol), washed in xylene (2 x 5 min) and mounted in DPX mounting medium 

(Sigma Aldrich, Australia). Observations at 20x magnification were recorded using a 

DMI 6000B (Leica, Germany) or ECLIPSE (Nikon, Japan) light microscope and 

microphotograph images were processed using the LAS imaging software (Leica, 

Germany). Coral tissue response (i.e. necrosis, fragmentation and swelling) and 

associated organisms (i.e. helminthes, ciliates, fungi and cyanobacteria) were 

recorded at three haphazardly chosen locations within each sample. Additionally, 

diseased tissue samples were divided into three sub-regions for all microscopic 

analysis: “healthy region” (i.e. intact tissues immediately ahead of the advancing WS 

lesion), “lesion front” (i.e. the interface between intact and compromised tissues) and 

“disease region” (i.e. compromised tissues immediately behind the advancing WS 

lesion). 

2.3.3 Fluorescence in situ hybridization and visualization 

Fluorescence in situ hybridization (FISH) was utilized to assess the density, 

distribution and seasonal variability of total bacteria, and specifically of Vibrio 

bacteria, within coral samples collected in Winter 2011 and Summer 2011. Prior to 

staining, three serial tissue sections were de-waxed in xylene (2 x 3 min), dehydrated 

through 100% ethanol washes (3 x 5 min) and air-dried. Dried sections were washed 

in a 0.2 M HCl solution for 12 min and a 20 mM Tris HCl solution (pH 8.0) for 10 
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min at room temperature. To digest bacterial cellular membranes and allow easier 

probe penetration into tissues, sections were mounted in a protease K (50 µg/ml), 20 

mM Tris HCl solution (pH 8.0) for 5 min at 37 °C and rinsed in 20 mM Tris HCl (pH 

8.0) prior to probe hybridization. Oligonucleotide probes, including a broad range 

total bacteria probe (EUB338 mix: 5’-GCT GCC TCC CGT AGG AGT-3’, 5’-GCA 

GCC ACC CGT AGG TGT-3’, 5’–GCT GCC ACC CGT AGG TGT-3’), a Vibrio-

specific probe (VibGV: 5’–AGG CCA CAA CCT CCA AGT AG-3’) and a nonsense, 

negative control probe (NonEUB338: 5’–ACA TCC TAC GGG AGG C-3’), were 

labeled with the Cy3 fluorochrome (Thermo Fisher Scientific, Germany) (Wallner et 

al. 1993; Daims et al. 1999). Tissue sections were covered with hybridization buffer 

(30% v/v formamide, 0.9 M NaCl, 20 mM Tris-HCl (pH 8.0), 0.01% SDS), 

oligonucleotide probes were added individually to a final concentration of 25µg µl-1 

and samples were incubated at 46°C for 1.5 hours. Sections were washed in 50 ml 

Falcon tubes containing preheated wash buffer (0.112M NaCl, 20 mM Tris-HCl (pH 

8.0), 0.01% SDS, 5mM EDTA) in a water bath at 48°C for 10 min. Following 

washing, sections were immediately soaked in cold, filtered water for 10 seconds to 

remove excess salts, air dried and mounted in Citifluor AF1 (ProScitech, Australia). 

As a negative control, one serial tissue section per sample was processed as described 

above, but no oligonucleotide probe was added. An LSM710 confocal laser scanning 

microscope (Carl Zeiss, Germany) combined with spectral emissions profiling was 

used to visualize tissue-associated, FISH-labeled bacterial communities as described 

by Ainsworth et al. (2006). Detection of the Cy3 fluorochrome label was in the 

emission range 519 – 580 nm and the target signal was recorded at 561 nm. Auto-

fluorescence detection and spectral removal was targeted at emission ranges of 407 – 

486 nm (to remove coral tissue autofluorescence) and 627 – 704 nm (to remove 

dinoflagellate [Symbiodinium] autofluorescence). As described for histological 

processing, diseased tissue samples were divided into three regions: “healthy region”, 

“lesion front” and “disease region” (see Histological processing and visualization). 

2.3.4 Apoptag in situ apoptosis detection 

The ApopTag® Peroxidase in situ Apoptosis Detection Kit (S7100, Millipore, USA) 

was utilized to assess the abundance, distribution and seasonality of apoptosis (i.e. 

programmed cell death) within coral samples collected in Winter 2011 and Summer 
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2011. The Apoptag® technique, which was carried out according to the 

manufacturer’s instructions (S7101; Chemicon International, Inc.), allows visual 

discrimination between apoptotic and necrotic cells by labelling apoptosis-associated 

DNA strand breaks through the terminal transferase-mediated X-dUTP nick end 

labelling (TUNEL) method. Using the histology and light microscopy techniques 

outlined above, coral cells were recorded as apoptotic if the cell nucleus was 

positively labelled (i.e. stained red) or non-apoptotic if nucleus was counterstained 

blue by hematoxylin. For each sample, three replicate counts of 100 cells per tissue 

layer were performed at randomly chosen regions within the epithelial and 

gastrodermal layers. 

2.3.5 Genomic DNA extraction and PCR amplification of bacterial 16S 

rRNA gene 

Tissue was removed from thawed coral fragments by vigorous vortexing in 550 µl of 

PowerPlant Bead Solution (MO BIO, Carlsbad, CA) for 5 min in individual, sterile 50 

mL Falcon tubes. Bacterial DNA was then extracted from the resulting coral slurry 

using the PowerPlant DNA Isolation Kit (MoBio, Carlsbad, CA) according to the 

manufacturer’s instructions. Additionally, seawater sample DNA was extracted from 

Millipore Sterivex filter membranes using the method described by Schauer et al. 

(2000). Purified DNA was stored at -80°C until PCR amplification. Bacterial tag-

encoded FLX-titanium amplicon pyrosequencing (bTEFAP) based on the V1–V3 

region (E. coli position: 27–519) of the small-subunit ribosomal RNA (16S) gene was 

performed on all samples with forward primer 27F (5’-GAG TTT GAT CNT GGC 

TCA G-3’) and reverse primer 519R (5’-GTN TTA CNG CGG CKG CTG-3’), as 

described previously (Suchodolski et al. 2009; Handl et al. 2011). 

2.3.6 Sequence processing and operational taxonomic unit (OTU) 

picking  

Sequence reads were processed using the Quantitative Insights Into Microbial 

Ecology (QIIME) pipeline, as described previously (Caporaso et al. 2010b). Briefly, 

samples were separated by sample-specific barcodes, low quality reads were 

discarded (minimum read length: 150 bp, maximum read length: 500 bp, minimum 

average Phred score: 25, maximum ambiguous bases: 6, maximum homopolymer run: 
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6, maximum primer mismatches: 0), chimeric sequences were discarded (Chimera 

Slayer; Haas et al. 2011), OTUs were identified (method: Uclust, threshold: 97%; 

Edgar 2010), and representative sequences were chosen by consensus, assigned 

taxonomy (method: PyNAST, template: GreenGenes; Caporaso et al. 2010a), a lane 

mask was applied to hide uninformative regions and a phylogenetic tree was 

constructed (method: FastTree; P. 2009). Prior to downstream analysis, sequences 

classified as chloroplasts or “unknown” (i.e. sequences not classified at the kingdom 

level) were removed and sequence data for all samples was rarefied to 578 reads to 

remove sequencing effort heterogeneity.  

2.3.7 Multivariate data analyses 

Bacterial community alpha diversity (i.e. within sample diversity) was assessed using 

Faith’s phylogenetic distance, a phylogenetic measure of diversity based on total 

branch length of the bacterial 16S rRNA gene phylogeny (Faith 1992; Faith and 

Baker 2006). Beta diversity (i.e. between sample diversity) was assessed using 

weighted UniFrac distance metrics (Lozupone and Knight 2005). UniFrac 

dissimilarity matrices based on bacterial sequences at the OTU level were used to 

construct unconstrained two-dimensional principal coordinate analysis (PCoA) plots 

to visualize differences between bacterial community assemblages (Clarke and 

Gorley 2006; Anderson et al. 2008). Unifrac distance is a phylogeny-based distance 

metric that avoids problems associated with using the so-called “star phylogeny,” the 

phylogeny that assumes all species are equally related, which all non-phylogenetic 

methods for comparing communities implicitly use. Weighted Unifrac distance is also 

desirable because it is quite sensitive to changes amongst abundant microbial 

lineages. Additionally, permutational multivariate analysis of variance 

(PERMANOVA; Clarke & Gorley 2006; Anderson et al. 2008) was utilized to test for 

statistical differences in bacterial community assemblages between health states (i.e. 

healthy coral fragments [healthy], healthy fragments from diseased colonies [HD], 

fragments from disease lesion fronts [WS] and seawater samples) and time points (i.e. 

Spring 2010, Summer 2011, Winter 2011, Spring 2011 and Summer 2012). This 

analysis was based on weighted UniFrac dissimilarity matrices, type III partial sums 

of squares and 9999 random permutations of the residuals under the reduced model. 

Post hoc pair-wise comparisons among locations and health states were conducted 
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following significant main effects results. Additionally, the similarity percentages 

(SIMPER) routine was utilized to investigate the contribution of individual bacterial 

taxa to the observed separation between sample groups. SIMPER analysis was based 

on a zero-adjusted Bray-Curtis similarity matrix (Clarke and Gorley 2006) at the 

lowest phylogenetic level. All multivariate analyses were performed using Primer 6.0 

statistical software (Primer-e Ltd, UK). 

2.3.8 Univariate analyses 

Analysis of variance (ANOVA) was conducted on bacterial read data at the lowest 

phylogenetic level in QIIME to determine differentially abundant taxa between health 

states and time points. Resulting p-values were false discovery rate (FDR) adjusted 

with a false discovery cutoff rate of 5% (Benjamini and Hochberg 1995). ANOVA 

was also conducted on bacterial alpha diversity and Apoptag-derived abundance data 

to test for differences between health states and time points, as well as interactions 

between the two. Unless otherwise stated, univariate analyses were performed using 

R v3.0.2 (R Development Core Team 2013). 

2.3.9 Phylogenetic assessment 

A phylogenetic tree showing the position of Rhodobacteraceae-affiliated OTU’s and 

related type strains in the family Rhodobacteraceae was constructed based on the 

neighbor-joining method. Evolutionary relatedness was inferred by aligning 

concatenated gene sequences using ClustalW (Larkin et al. 2007) and calculating 

similarity matrices and phylogenetic trees using MEGA5 (Tamura et al. 2011). 

Evolutionary distance estimations were obtained using the Jukes-Cantor model (Jukes 

and Cantor 1969). 

2.4 RESULTS 

2.4.1 Repeated sampling and disease progression on tagged coral 

colonies  

Overall, a total of 11 healthy colonies were tagged and sampled at various time points 

throughout the 18-month study (Table 2.1). Four colonies (36%) died from unknown 

causes prior to the completion of the investigation (two died prior to the second 
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sampling time point [Summer 2011] and two died prior to the third [Winter 2011]) 

(Table 2.1). These four colonies appeared visually healthy at the sampling point 

immediately prior to their demise, and therefore the source of mortality could not be 

determined. One colony (H1) remained visually healthy through all 5 seasonal 

sampling time points.  

A total of 12 colonies exhibiting signs of WS were tagged and sampled throughout 

the study, although rapid rates of tissue loss often resulted in whole colony mortality 

between sampling time points (Table 2.1). Five out of nine (55%) colonies died after 

only a single time point, three colonies were sampled twice (33%), and one large 

diseased colony (colony D1, surface area = 2.5 m2, max diameter = 2.45 m) survived 

through 4 seasonal sampling time points (Table 2.1). Progression rates of WS lesions 

on tagged colonies ranged from 0.05 to 0.84 cm day-1, with an average (± SE) of 0.34 

± 0.11 cm day-1 (Table 2.1). There were no clear seasonal patterns in lesion 

progression rates, no recorded instances of cessation of WS lesion progression and all 

WS-affected colonies assessed at multiple time points eventually suffered whole-

colony mortality.  

2.4.2 Bacterial community profiling of coral tissues and seawater 

Bacterial communities associated with coral tissues derived from healthy colonies 

(healthy), apparently healthy tissues on diseased colonies (HD), and WS lesion fronts 

(WS), as well as surface seawater samples, were assessed using barcoded 454 

pyrosequencing of bacterial 16S rRNA gene amplicons. Sequencing resulted in 

302,567 classifiable, non-chimeric reads of sufficient quality and an average of 3,119 

reads per sample. To account for unequal sequencing depth across samples, analyses 

were performed on a randomly selected subset of 578 sequences per sample. 
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Table 2.1. Disease progression and fate of tagged colonies. 

 
Coral-associated bacterial communities fell into consistent phylogenetic clusters 

according to health state (df = 2, pseudo-F = 4.67, P < 0.0001) and season (df = 4, 

pseudo-F = 1.81, P < 0.006). A significant interaction was observed between the two 

factors (df = 8, pseudo-F = 1.22, P < 0.04) because bacterial communities associated 

with WS lesions did not vary seasonally, whereas bacterial communities associated 

with healthy tissues differ between Summer 2011 and all other seasons (Figure 2.1, 

Table 2.2). Health state dissimilarities were most pronounced between WS lesion 

fronts and healthy tissues on both diseased (t-statistic = 2.32, P < 0.0002) and healthy 

colonies (t-statistic = 2.42, P < 0.0002) (Figure 2.1, Table 2.2). While some 
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exceptions exist, separation by health state is statistically supported (Table 2.2) and 

can be visualized as a loose clustering of lesion front samples towards the positive 

end of the first PCo axis, transitioning towards a loose clustering of HD and healthy 

samples towards the center and negative end of this axis (Figure 2.1). No significant 

differences were detected between healthy tissues on healthy and diseased corals (i.e. 

healthy and HD) (t-statistic = 1.28, P > 0.05, Table 2.2, Figure 2.1).  

WS-associated bacterial communities were not only statistically distinct from healthy 

tissues (on both healthy colonies and apparently healthy portions of WS-affected 

colonies) throughout the study, but these disease-associated communities did not vary 

significantly between seasonal sampling time points (df = 4, pseudo-F = 1.06, P > 

0.05, Table 2.2, Figure 2.1). A total of 14 taxa contributed greater than 1% to the 

observed separation between bacterial communities associated with WS and healthy 

tissues (Table 2.3). Bacterial taxa belonging to the Rhodobacteraceae family (class: 

Alphaproteobacteria) were significantly more abundant on WS lesions (31% of reads) 

compared to apparently healthy tissues (2%) (P < 0.0001, Table 2.3, Figure 2.2). 

Differences in Rhodobacteraceae abundance were not caused by a single OTU, but 

were driven by combined changes in 437 individual OTU’s with lowest taxonomic 

assignments to Rhodobacteraceae (Supplementary Figure 2.S1). These OTU’s were 

fairly evenly distributed throughout the family Rhodobacteraceae (Supplementary 

Figure 2.S2). Observed differences in Rhodobacteraceae abundance explained 17% of 

the separation between bacterial communities associated with diseased and healthy 

tissues (Table 2.3) and Rhodobacteraceae represented the single most common family 

in disease samples.  

Rhodobacteraceae were present in all WS samples (average abundance ± SE, 31 ± 

6%) and explained 72% of the similarity among disease-associated bacterial 

communities (Table 2.3, Figure 2.2). Healthy tissues (i.e. healthy and HD) were 

dominated by Staphylococcus (12.1% of reads; class: Bacilli), Propionibacterium 

(9.1% of reads; class: Actinobacteria) and Serratia (10.7% of reads; class: 

Gammaproteobacteria) affiliated sequences, which collectively explained greater that 

55% of the similarity among healthy samples (Table 2.3, Figure 2.2). 
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Vibrionaceae affiliated sequences were detected in 5% of disease samples, 8% of HD 

samples, 0% of healthy samples and 36% of seawater samples. Vibrionaceae 

abundance did not differ significantly among sample types (F = 0.49, df = 3, P > 

0.05) or collection months (F = 0.67, df = 4, P > 0.05). When present, the relative 

abundance of Vibrionaceae affiliated sequences was always low, never accounting for 

greater than 5% of reads in any one sample. 

 
Figure 2.1. Principal coordinates analysis (PCoA) plots based on weighted Unifrac distances 
of A. hyacinthus and seawater associated bacterial communities across four sample types: 
WS-infected corals (WS; red), healthy tissues on WS-infected corals (HD; orange), healthy 
tissues on healthy corals (Healthy; green) and surface seawater (Seawater; blue) and five 
seasonal sampling time points: Spring 2010 (upward-pointing triangle), Summer 2011 
(downward-pointing triangle), Winter 2011 (diamond), Spring 2011 (square) and Summer 
2012 (circle). Filled symbols indicate samples collected at multiple time points from colony H1 
(green) or D1 (red and yellow) and healthy tissue samples (HH and HD) from Summer 2011 
(black). Proximity of samples on the PCoA plot illustrates similarity of bacterial communities. 
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Unlike WS samples, bacterial communities associated with healthy tissues (i.e. 

healthy and HD) did vary significantly between seasonal sampling points (df = 4, 

pseudo-F = 1.87, P < 0.02). These differences were largely driven by the divergence 

of Summer 2011 samples from other time points; bacterial communities in Summer 

2011 were significantly different from Winter 2011 (t-statistic = 1.85, P < 0.03), 

Spring 2011 (t-statistic = 1.78, P < 0.02) and Summer 2012 samples (t-statistic = 

2.06, P < 0.006). Eighteen bacterial taxa each contributed greater than 1% to the 

observed separation between Summer 2011 and other time points (Supplementary 

Table 2.S1).  The most significant driver of observed dissimilarity was an group of 

bacterial sequences belonging to the order Alteromonadales (class: 

Gammaproteobacteria), which was relatively abundant in Summer 2011 samples 

(15%), but absent during other time points. Interestingly, there was no significant 

difference between healthy Summer 2011 samples and diseased tissue samples 

collected throughout the study (df = 2, pseudo-F = 1.88, P > 0.05, Table 2.2). While 

only two healthy Summer 2011 samples had sufficient sequencing reads for inclusion 

in the bacterial community analysis, both of these colonies suffered complete 

mortality from unknown causes prior to the next sampling time point (Table 2.1). 

Over the 18-month sampling period, microbial communities associated with seawater 

samples varied seasonally (P < 0.005, Table 2.2, Supplementary Figure 2.S3) and 

were significantly different from coral-associated communities regardless of coral 

health state (P < 0.001, Table 2.2, Figure 2.2, Figure 2.1). The separation between 

coral and seawater-associated bacterial communities can be visualized in the PCoA 

ordination as a partitioning of tightly clustered seawater samples away from more 

dispersed coral-derived samples along the second PCoA axis (Figure 2.1). Relatively 

high proportions of Prochlorococcus sp. (class: Synechococcophycideae) (43% of 

reads) and Pelagibacteraceae (class: Alphaproteobacteria) (26% of reads) in seawater 

samples were the major driver of this separation (Figure 2.2).  

Alpha bacterial diversity (i.e. within sample diversity) did not differ significantly 

among coral health states (P > 0.05, Supplementary Figure 2.S4). However, seawater 

samples (mean phylogenetic diversity ± SE, 15.1 ± 1.0) were significantly more 
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diverse than healthy tissues on healthy corals (9.8 ± 1.1) (ANOVA: F = 4.4, df = 3, P 

< 0.01, HSD:  P < 0.005, Supplementary Figure 2.S1). 

2.4.1 In situ visualization of host/microbe interactions and cellular 

responses to WS 

Histological analysis revealed no signs of seasonality in regards to cellular responses 

of host tissues or associated microscopic organisms. Therefore, data from all time 

points were pooled. Histological examination of healthy tissues (derived from both 

healthy and diseased colonies) did not show any evidence of necrosis, fragmentation 

or swelling (the exception being minor tissue swelling in one healthy colony sample) 

throughout five seasonal sampling points (Table 2.4, Figure 2.3). Helminths and fungi 

were observed in a small number of healthy tissue samples collected from healthy and 

WS-affected colonies (12% and 6%, respectively), while ciliates and cyanobacteria 

were absent from all healthy tissues (Table 2.4, Figure 2.3).  

Table 2.2. Summary statistics for two-way crossed permutational multivariate analysis of 
variance (PERMANOVA) using weighted Unifrac distances of A. hyacinthus and seawater 
associated bacterial communities. Significant effects are shown in bold. 
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Figure 2.2. Average abundances of six dominant bacterial classes identified through high-
throughput sequencing of A. hyacinthus and seawater associated bacterial communities from 
four sample types: WS disease lesion fronts (WS), apparently healthy tissues on WS 
diseased corals (HD), healthy tissues on healthy corals (Healthy) and surface seawater 
(Seawater). All classes with an average abundance < 1% are combined in “Other”. Textured 
slices indicate taxa (at the lowest possible taxonomic level) with 5% or greater average 
abundance within a given sample type and overlaid text denotes their average abundance 
and identity. Data from multiple seasonal sampling time points (Spring 2010, Summer 2011, 
Winter 2011, Spring 2011 and Summer 2012) have been pooled for each sample type. To 
remove sequencing effort heterogeneity, sequence data were rarified to 578 reads per 
sample. Taxa assignments were made via the GreenGenes database 
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Table 2.3. Similarity percentages (SIMPER) analysis highlighting bacterial taxa (at the 
operational taxonomic unit level) contributing > 1% of (dis)similarity between health states 
identified as significantly different by PERMANOVA. 

 

Diseased tissue samples (collectively referred to as “WS” samples in other sections of 

this study) were divided into three sub-regions for histological and FISH analysis, 

based on the boundary between intact and compromised tissues demarcating the 

lesion border: “healthy region” (i.e. intact tissues <1 cm immediately ahead of the 

advancing border of the WS lesion), “lesion front” (i.e. the interface between intact 

and compromised tissues), and “disease region” (i.e. compromised tissues 

immediately behind the advancing border of the WS lesion) (see Figure 2.3). Healthy 

region tissues were indistinguishable from other healthy tissue samples, displaying no 

signs of necrosis, fragmentation, tissue swelling, ciliates or cyanobacteria, regardless 

of season (Table 2.4, Figure 2.3). Similar to other healthy tissues, helminths and fungi 

were observed in only a small number of samples (6% and 11%, respectively). High 

levels of necrosis (100% of samples) and tissue fragmentation (78%) characterized 

lesion front samples, while tissue swelling was completely absent (Table 2.4, Figure 
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2.3). Ciliates (22%) and fungi (22%) were the most commonly observed organisms at 

WS lesion fronts, followed by cyanobacteria (17%) and helminths (6%). With the 

exception of fungi, associated organisms were more common within disease region 

tissues (less that 1 cm behind the border of WS lesions) (Table 2.4, Figure 2.3). 

Tissue responses in the disease region were similar to those observed at the lesion 

front, with 100% of samples displaying necrosis, 50% showing fragmentation and no 

signs of tissue swelling in any samples (Table 2.4, Figure 2.3). 

FISH revealed no accumulation of bacteria (Vibrio or otherwise) associated with 

healthy tissues from either healthy or WS-affected colonies, regardless of season. 

Similarly, no bacteria were observed in healthy region tissues (< 1 cm ahead of WS 

lesion fronts), regardless of season (Table 2.4). With the exception of one Winter 

2011 disease region sample, bacteria were detected in all lesion front and disease 

region samples (i.e. both at and immediately behind the WS lesion front), regardless 

of season (Table 2.4, Figure 2.3). However, while Vibrio bacteria were detected in 

66% of lesion front and 100% of disease region samples in Summer 2011, no Vibrios 

were detected at either location in Winter 2011 (Table 2.4, Figure 2.3).  

The ApopTag® assays, employed to assess the abundance, distribution and 

seasonality of apoptosis (i.e. programmed cell death) within coral tissues, revealed 

significantly different levels of apoptosis among seasons (F = 6.1, df = 1, P < 0.02), 

but not among health states (F = 0.34, df = 2, P > 0.05), with no interaction between 

the two factors (F = 0.84, df = 2, P > 0.05, data not shown). Apoptosis levels were 

significantly higher in Winter 2011 samples (63 ± 2% apoptotic nuclei) than Summer 

2011 samples (52 ± 4%), regardless of health state (P > 0.02).  
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Figure 2.3. Photograph (a) of white syndrome (WS) lesion and photomicrographs (b-k) following staining for fluorescence in situ hybridization 
(FISH) (c-h) and histology with hematoxylin and eosin (b,i) and Gomori trichrome staining (j,k). FISH staining for total bacteria (c-e) and Vibrio sp. 
bacteria (f-h) demonstrate bacteria-free healthy region tissues (c,f) and extensive bacterial infiltration into WS affected tissues (d-e,h-g) [red, 
bacteria; blue, coral tissue; green, endosymbiotic dinoflagellates]. Histology (i-k) shows normal tissue morphology in healthy regions (i) and 
extensive necrosis eukaryotic microbe infiltration in lesion front and diseased regions. Arrows indicate Symbiodinium (Sy), bacteria (Ba), Vibrio sp. 
bacteria (Vib), necrosis (Nec), ciliates (Cil) and helminths (He). Scale bars indicate 50 μm unless otherwise labelled.  
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Table 2.4. Summary of FISH and histology results showing the percentage of samples of 
each tissue type harbouring specific organisms and displaying host tissue responses. 
Seasonal (Summer 2011 and Winter 2011) patterns are shown for FISH while histological 
data are compiled over 5 sampling time points (Spring 2010, Summer 2011, Winter 2011, 
Spring 2011 and Summer 2012). 

 

2.5 DISCUSSION 
The approach used in this study, of combining an 18-month, seasonally-repeated, 

field-based sampling regime with bacterial community profiling, in situ visualization 

of host/microbe interactions, and physiological coral host responses, provides a 

detailed case study of WS at reefs near Lizard Island in the northern GBR. My results 

provide insights into the dynamics and potential underlying drivers of WS lesions 

affecting colonies of Acropora hyacinthus. WS-affected corals displayed nearly 

indistinguishable disease signs, both macroscopically and microscopically, regardless 

of season. Rapid tissue loss and whole colony mortality were observed for all 

diseased corals monitored, highlighting the virulent nature of this disease and 

underscoring its potential to impact reef-building populations of corals that typically 

form the structural framework of Indo-Pacific reefs.  

Tissue loss associated with Indo-Pacific WSs has been attributed to a number of 

etiological agents, including Vibrio bacteria (Sussman et al. 2008; Arboleda and 

Reichardt 2010; Luna et al. 2010; Ushijima et al. 2012, 2014), apoptosis (Ainsworth 

et al. 2007c), ciliates (Sweet and Bythell 2012; Work et al. 2012), helminthes (Work 

et al. 2012) and intraspecific chimeric parasites (Work et al. 2011, 2012). These 

records suggest that distinct and potentially distinguishable forms of WSs exist. 
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Employing logical deduction, I contend that the WS lesions observed in this study are 

not the result of apoptosis or infection by Vibrio bacteria, ciliates, fungi, 

cyanobacteria or helminthes, because of the low levels and inconsistent presence of 

these organisms at WS lesion fronts. High throughput bacterial profiling did, 

however, reveal distinct bacterial communities at WS disease lesion fronts relative to 

healthy tissues on both healthy and WS-affected corals.  

The greater than 15-fold increase in the proportion of Rhodobacteraceae-affiliated 

sequences in bacterial communities associated with WS lesions in this study suggest a 

potential role of this group in WS pathogenesis. Previous investigations have 

demonstrated elevated levels of Rhodobacteraceae in WS samples across species and 

ocean basins (Sunagawa et al. 2009; Cárdenas et al. 2012; Roder et al. 2014). 

Elevated levels of Rhodobacteraceae have also been associated with several other 

coral diseases, including black band and white band diseases, white plague, 

atramentous necrosis and cyanobacterial patches (Mouchka et al. 2010). However, it 

is currently unclear if changes in Rhodobacteraceae emerge as a cause or consequence 

of the observed disease. For example, this group of bacteria has been identified as a 

core member of the coral microbiome (Morrow et al. 2012; Rodriguez-Lanetty et al. 

2013) and there is evidence to suggest that healthy corals have the ability to regulate 

Rhodobacteraceae bacteria through the production of antimicrobial compounds within 

the coral mucus (Ritchie 2006). The presence of this taxa in healthy tissues, albeit at 

significantly lower levels, and the lack of bacterial infiltration into apparently healthy 

tissues immediately adjacent to (i.e. < 1 cm ahead of) WS lesions suggest that 

Rhodobacterceae bacteria rapidly colonize compromised tissues rather than drive the 

observed tissue loss. The hypothesis that overall disruptions to the “core coral 

microbiome” could drive elevated Rhodobacterceae levels in diseased samples is 

further supported by the observation of reductions in specific bacterial taxa (most 

notably Actinobacteria [genus Propionibacterium], which are prominent antibiotic 

producers) in WS samples (Bull and Stach 2007). Nevertheless, consistent increases 

in Rhodobacterceae bacteria in health compromised coral samples suggests that 

greater attention should be devoted to determining the role of these bacterial affiliates 

in coral health and disease.  
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Members of the genus Vibrio have received a great deal of attention for their potential 

role in WS pathogenesis (Gladfelter 1982; Ritchie and Smith 1998; Gil-Agudelo et al. 

2006; Sussman et al. 2008; Luna et al. 2010; Ushijima et al. 2012). Vibrio bacteria 

have been associated with white band disease (Gladfelter 1982; Ritchie and Smith 

1998; Gil-Agudelo et al. 2006) and have been shown to cause WS-like disease signs 

in aquarium-based infection experiments (Sussman et al. 2008; Luna et al. 2010; 

Ushijima et al. 2012, 2014). In the current study, however, I found no significant 

difference in the relative abundance of sequences affiliated with Vibrio bacteria 

between health states. Moreover, when Vibrio-related sequences were detected, they 

were always retrieved in low relative abundance (i.e. <5% of reads). In situ 

visualization further highlighted the ephemeral nature of Vibrio associations, with 

FISH detecting Vibrio bacteria only in summer WS lesion samples and revealing no 

signs of these bacteria in winter disease samples (or any healthy tissue samples), 

despite continued disease progression year round. The fleeting presence of Vibrio 

bacteria at WS lesion fronts highlights the value of repeated seasonal sampling and 

supports the assertion that, while Vibrio bacteria can proliferate opportunistically in 

WS lesions, they are not likely to be an essential driver of WS disease progression in 

populations of A. hyacinthus at Lizard Island. 

Ciliates (Sweet and Bythell 2012; Work et al. 2012), helminthes (Work et al. 2012) 

and apoptosis (Ainsworth et al. 2007c) have also been suggested as drivers of WS 

diseases.  While histological analyses revealed extensive necrosis and loss of tissue 

structure in nearly all lesion front samples, helminthes, ciliates, fungi and 

cyanobacteria were respectively observed in less than 25% of WS samples, 

suggesting that, like Vibrio bacteria, these microbes are not likely to be the primary 

drivers of the lesions examined. This conclusion is further supported by the 

observation of helminthes and fungi in healthy tissues samples. Similarly, assays 

measuring apoptotic cells showed no statistical differences in levels of programmed 

cell death between WS lesion and healthy tissue samples.  

In contrast to previous investigations of white diseases in the Caribbean (Pantos et al. 

2003; Pantos and Bythell 2006; Wilson et al. 2012), WS-affected coral colonies 

monitored in this study showed no colony-wide microbial response to infection. 
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Bacterial communities associated with healthy tissues on diseased colonies were 

statistically indistinguishable from communities associated with tissues collected 

from apparently healthy colonies (including one colony that was sampled 5 times over 

the course of the 18-month study). This inconsistency between the current study and 

studies of tissue loss diseases in the Caribbean could reflect differences in bacterial 

community profiling techniques (i.e. high throughput sequencing versus clone 

libraries) or could provide further evidence of distinct disease etiologies. Monitoring 

other indices of coral health (e.g. fatty acid and lipid reserves) could provide further 

insights into potential colony-wide responses to disease (Roff et al. 2006).   

One exception to the otherwise consistent separation between healthy and WS-

associated bacterial communities occurred in Summer 2011, when healthy tissue 

samples (from both healthy and WS-affected colonies) were statistically 

indistinguishable from diseased tissue samples collected throughout the study. This 

microbial shift was largely driven by a dramatic increase in the proportion of bacterial 

sequences affiliated with Alteromonadales on otherwise apparently healthy tissues. 

Members of the order Alteromonadales have previously been associated with white 

plague disease in the Caribbean (Sunagawa et al. 2009) and proposed as a causative 

agent of white plague-like disease in the Red Sea (Thompson et al. 2006). It should be 

noted that while only two healthy Summer 2011 samples had sufficient sequencing 

reads for inclusion in the bacterial community analysis, both of these colonies 

suffered complete mortality from unknown causes prior to the next sampling time 

point. While it is tempting to speculate that these samples may have captured the 

fleeting transition from a healthy to a diseased state, care must be taken not to over-

interpret this result because of the small sample size and ambiguous source of colony 

mortality. Capturing the lesion initiation phase and definitively identifying the biotic 

and/or abiotic factors that lead to lesion development represent some of the greatest 

challenges in any field-based coral disease investigation. While this study 

implemented an 18-month repeated sampling regime, more intense sampling is likely 

required to capture this important transition from a healthy to a diseased state. Care 

must also be taken to distinguish between factors leading to disease initiation and 

those involved in lesion progression, as they may not be the same factors. 
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2.6 CONCLUSIONS 
Utilizing deductive logic, I posit that the WS disease signs observed in this study did 

not result from apoptosis or infection by Vibrio bacteria, ciliates or helminthes. While 

this conclusion may appear to contradict previous WS investigations, a more 

parsimonious explanation is that multiple forms of WSs exist with distinct and 

distinguishable etiologies (Work et al. 2012). The observation of a 15-fold increase in 

Rhodobacteraceae-affiliated bacterial sequences at WS lesion fronts suggests that this 

bacterium could play a role in WS pathogenesis and/or serve as a diagnostic criterion 

for disease differentiation. It is also important to note that viral dynamics were not 

assessed in the current study. There is evidence to suggest that the relative abundance 

of viruses differs between healthy and WS-affected coral tissues, with elevated 

numbers of small (< 100 nm) virus-like particles observed on WS-affected tissues 

(Pollock et al. 2014; Soffer et al. 2014). Characterizing the role of viruses in coral 

diseases is challenging, but also represents a field that can provide important insights 

into the drivers of coral diseases. While the body of knowledge surrounding WS 

diseases is growing steadily, it is likely that published studies describe only a small 

sample of WS diseases throughout the Indo-Pacific. The development and 

dissemination of detailed and methodologically consistent case studies of WSs over 

wide geographic, temporal and host ranges will help to identify and distinguish 

distinct WS etiologies and provide criteria to differentiate etiologically dissimilar 

diseases. While the current study does not definitely identify the underlying causes of 

WS etiologies afflicting colonies of A. hyacinthus near Lizard Island on the GBR, it 

provides a framework that characterizes the lesions at the cellular level over seasonal 

time scales and identifies areas where future studies may contribute to unlocking the 

mystery of this prevalent and virulent group of diseases. 



 
63 

2.7 S
U

PPLEM
EN

TAR
Y F

IG
U

R
ES AN

D
 T

AB
LES 

 

Supplementary Figure 2.S1. Heatmap of Rhodobacteraceae family-affiliated OTU abundance from four sample types: WS disease lesion 
fronts (WS), apparently healthy tissues on WS diseased corals (HD), healthy tissues on healthy corals (Healthy) and surface seawater 
(Seawater). Column corresponds each of 437 Rhodobacteraceae family-affiliated OTU's and rows correspond to individual samples (with the 
average abundance for each OTU/sample combination shown immediately below individual samples of each type ("Average").  
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Supplementary Figure 2.S2. Neighbour-joining tree derived from 16S rRNA gene sequences 
showing the phylogenetic position of  Rhodobacteraceae-affiliated OTU's (numbers) and 
related type-strains in the family Rhodobacteraceae (species name and accession numbers). 
Alteromonas marina SW-47T was used as an outgroup. The scale bar indicates 0.07 
nucleotide substitutions per site. 
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Supplementary Figure 2.S3. Principal coordinates analysis (PCoA) plots based on weighted 
Unifrac distances of seawater associated bacterial communities across five seasonal 
sampling time points: Spring 2010 (upward-pointing triangle), Summer 2011 (downward-
pointing triangle), Winter 2011 (diamond), Spring 2011 (square) and Summer 2012 (circle). 
Proximity of samples on the PCoA plot illustrates similarity of bacterial communities. 
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Supplementary Figure 2.S4. Mean phylogenetic (alpha) diversity of A. hyacinthus and 
seawater associated bacterial communities across four sample types: WS-infected corals 
(’WS’), healthy tissues on WS-infected corals (‘HD’), healthy tissues on healthy corals 
(‘Healthy’) and surface seawater (‘Seawater’). Data from multiple seasonal sampling time 
points (Spring 2010, Summer 2011, Winter 2011, Spring 2011 and Summer 2012) have been 
pooled for each sample type. Error bars indicate standard error and Roman characters 
indicate significant differences between categories using Tukey’s HSD. 

 

Supplementary Table 2.S1. Similarity percentages (SIMPER) analysis highlighting bacterial 
taxa (at the operational taxonomic unit level) contributing > 1% of dissimilarity between 
Summer 2011 and other time points (Spring 2010, Winter 2011, Spring 2011 and Summer 
2012) among healthy tissue samples (Healthy and HD). 
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3. Reduced diversity and stability of coral-associated 

bacterial communities and suppressed immune function 

precedes disease onset in corals adjacent to reef 

platforms 

The contents of this chapter are in preparation for submission as: 

Pollock FJ, Lamb J, van de Water J, Schaffelke B, Bourne DG, Willis BL (In prep) 
Reduced diversity and stability of coral-associated bacterial communities and 
suppressed immune function precedes disease onset in corals adjacent to reef 
platforms. 

The chapter was written by F. Joseph Pollock, with co-authors providing intellectual 

direction in the design and implementation of the manuscript as well as editorial 

guidance. 

 
Plate 3. White syndrome- affected Acropora millepora 
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3.1 ABSTRACT  
Disease represents an emerging threat to coral reef ecosystems worldwide, 

highlighting the need to understand how increasingly stressful environmental 

conditions interact with coral immune function and the structure of associated 

microbial communities to affect holobiont health. A recent report of dramatic 

increases in coral disease levels at sites adjacent to permanently moored platforms on 

Australia’s Great Barrier Reef (GBR) provided a unique opportunity to investigate 

environment-host-microbe interactions in situ. Here, I evaluate water quality (i.e. 

dissolved organic and inorganic nutrients), coral immune function (i.e. 

prophenoloxidase activity) and coral-associated bacterial community structure (i.e. 

16S rRNA gene amplicon pyrosequencing) before, during and after a disease event 

that affected corals adjacent to a reef platforms in the central (Whitsunday) sector of 

the GBR. Over the course of the 8-month study, 31% of tagged colonies of Acropora 

millepora adjacent to reef platforms developed signs of white syndrome (WS), while 

all conspecific, control colonies on a nearby reef remained visually healthy. Among 

the corals remaining visually healthy throughout the study, significant reductions in 

coral immune function and coral-associated bacterial diversity were recorded for 

those adjacent to reef platforms compared to those at the platform-free control site. 

Interestingly, two months prior to the first observation of macroscopic disease signs, 

bacterial diversity on corals that would develop WS was reduced, while heterogeneity 

in coral-associated bacterial communities among the group was significantly elevated 

relative to corals remaining healthy at the same location. These results indicate that 

proximity to reef platforms impacts coral immunocompetence and coral-associated 

bacterial community structure and diversity, which could profoundly affect the 

susceptibility of corals to disease. 

3.2 INTRODUCTION 
Mounting evidence indicates that the prevalence of coral disease epizootics, which 

have the potential to significantly reduce coral cover and diversity on reefs, is on the 

rise (Harvell 1999; Aronson and Precht 2001; Porter et al. 2001). Anthropogenic 

disturbances, including eutrophication, sedimentation, sewage runoff and increased 

ocean temperatures associated with global climate change, have been implicated in 
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observed increases in coral disease prevalence (Bruno et al. 2003; Harvell et al. 2004, 

2007; Sutherland et al. 2010; Redding et al. 2013). To understand connections 

between changing marine environments and disease, studies that explore how 

environmental stressors affect both the immunocompetence of corals and the structure 

of coral-associated microbial communities are needed. However, holistic studies that 

simultaneously examine the interplay among environmental stressors, host physiology 

and associated microbes within coral reef ecosystems are lacking (Bourne et al. 

2009).  

Corals are complex organisms comprised of diverse, dynamic and deeply co-evolved 

consortia of eukaryotes, prokaryotes and archaea, whose symbioses are essential to 

coral health (Muscatine et al. 1981; Shashar et al. 1997; Bentis et al. 2000; Rowher et 

al. 2002; Wilson et al. 2005; Reshef et al. 2006; Rosenberg et al. 2007; Mouchka et 

al. 2010). Many coral-associated bacteria perform important ecosystem functions, 

such as nitrogen fixation and sulfur cycling, that allow corals to thrive in oligotrophic 

waters (Lesser et al. 2007b; Raina et al. 2009; Lema et al. 2012, 2014). Others protect 

their hosts from harmful pathogens by producing antimicrobial compounds and 

disrupting pathogens’ cell-to-cell communication (Ritchie 2006; Shnit-Orland and 

Kushmaro 2009; Teplitski and Ritchie 2009; Alagely et al. 2011). While coral-

associated microbial communities are typically beneficial to their hosts, changes in 

environmental and/or host conditions can dramatically shift community structures, 

with potentially negative effects for the coral host. For example, shifts in bacterial 

assemblages have been recorded on colonies of Porites compressa exposed to 

thermal, nutrient, carbon and pH stress (Vega Thurber et al. 2009). Ritchie (2006) 

also noted a loss of antimicrobial activity within the mucus of the coral Acropora 

palmata during a warm thermal anomaly that coincided with a bleaching event, and 

Bourne et al. (2008) reported microbial community shifts on healthy colonies of 

Acropora millepora prior to visual signs of bleaching.  

The fate of the coral host appears to be intimately linked to the diversity and structure 

of its associated microbial consortium. For example, bacterial community shifts have 

been proposed to be a primary driver of coral bleaching (Rosenberg et al. 2008), and a 

number of other diseases, including Aspergillosis (Gil-Agudelo et al. 2006), white 
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plague and black band disease (Sekar et al. 2006; Sato et al. 2009; Sunagawa et al. 

2009), have been linked to altered coral-associated microbial assemblages (Cooney et 

al. 2002; Frias-Lopez et al. 2002; Pantos et al. 2003; Pantos and Bythell 2006). 

Paradoxically, it is still unknown if these changes arise as a cause or consequence of 

pathogenesis (Lesser et al. 2007a; Ainsworth et al. 2007a). Nevertheless, shifts in 

coral-associated microbiota are emerging as a useful indicator of altered coral health 

state.  

Corals also possess an innate immune system that helps protect them from infection 

by potentially harmful organisms. One of the best-studied components of the coral 

immune system is the prophenoloxidase activating system, or melanization cascade, 

which involves the conversion of prophenoloxidase to phenoloxidase and the 

subsequent deposition of melanin following pathogen detection or injury (Cerenius et 

al. 2010). Melanin helps seal wounds and forms a potent physicochemical barrier that 

restricts the movement of invading organisms. Additionally, opsonic and cytotoxic 

factors are produced during the melanization process that are capable of inducing 

phagocytosis of potentially pathogenic organisms (Nappi and Christensen 2005; 

Mydlarz et al. 2008; Cerenius et al. 2010). In many invertebrate species, disease 

resistance and basal activity of the prophenoloxidase system are positively correlated, 

with higher baseline activity levels conferring greater disease resistance to individuals 

and populations (Mucklow et al. 2004; Newton et al. 2004; Butt and Raftos 2008; 

Palmer et al. 2010). In corals, activity of the prophenoloxidase system has been used 

as a proxy for immune function, and elevated levels of enzymes in the melanization 

cascade have been linked to in vitro pathogen exposure and in situ coral infection 

(Palmer et al. 2008, 2011; Mydlarz et al. 2009). While coral innate immunity clearly 

plays an important role in maintaining coral health on reefs, little is known about the 

potential influence of environmental stress and/or microbial community changes on 

the melanization cascade or other immunological pathways. Furthermore, there are 

currently no studies assessing innate immune function during the entire course of a 

disease epizootic (i.e. from initially healthy corals through disease infection and 

subsequent recovery or death). 



 71 

A recent report of 15-fold increases in coral disease levels adjacent to reef platforms 

at multiple offshore locations on Australia’s Great Barrier Reef (Lamb and Willis 

2011) provides a unique opportunity to holistically investigate the complex interplay 

that occurs among environmental stress, coral-associated microbial communities, 

coral immune function and disease onset in situ. Here, I combine ecological disease 

monitoring, physical and chemical water quality assessment, protein-based immune 

function characterization and microbial community profiling using 16S rRNA gene 

amplicon pyrosequencing to build a comprehensive understanding of the interactions 

that occur between the coral host and its microbiota during environmental stress to 

culminate in disease. Specifically, I compare coral immune function and coral-

associated microbial communities 1) between corals adjacent to reef platforms versus 

those at nearby control sites, and 2) among corals before, during and after onset of the 

coral disease white syndromes (WSs). 

3.3 MATERIALS AND METHODS 

3.3.1 Study site  

The Great Barrier Reef Marine Park (GBRMP) has approximately 37 semi-permanent 

platforms for tourism and helicopter use, primarily located in the Whitsundays and 

Cairns regions (Smith et al. 2005). This study was conducted at Hardy Reef 

(19°44'33"S, 149°10'57"E), a mid-shelf reef situated 75 km offshore of the 

Whitsunday Island group in the central region of the Great Barrier Reef Marine Park 

(Figure 3.1). Hardy Reef has one 45 m x 12 m platform that can accommodate up to 

400 visitors per day (Harriott 2002), and a smaller (24 m x 10 m) unused platform 

(platform 2) approximately 300 m south of the main tourist platform (platform 1) that 

is no longer used by tourists (Figure 3.1). Both platforms are permanently moored 

approximately 5 m from the reef crest. In addition to the two platform sites, I also 

monitored a control site situated 800 m to the south of platform 2 that has no 

permanent structures and receives no tourists (Figure 3.1).  
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Figure 3.1 Map showing location of (a) study site at Hardy Reef, which lies 75 km offshore 
within the central sector of Australia’s Great Barrier Reef Marine Park; (b) three coral 
monitoring and sampling sites: platform 1, platform 2 and a control site.  Platform 2 lies 
approximately 300 m south of platform 1 and the control site lies an additional 800 m south of 
platform 2. 

3.3.2 Coral monitoring and sample collection 

The Whitsundays region of the GBR has a monsoonal climate, with a summer wet 

season from approximately December to March. This study was conducted between 

November 2010 and June 2011. At each of the three locations monitored, eight 

similarly-sized (30 - 40 cm diameter) colonies of the coral Acropora millepora at 2-3 

m depth were tagged with a plastic cattle tag, which was inscribed with a unique 

colony identification number and attached to the colony with a plastic cable tie. A. 

millepora was chosen to allow for the application of coral immune function assays 

previously developed and optimized for use with this species (i.e. Palmer et al 2011).  

Tagged colonies were photographed and their health states visually assessed each 

month. Additionally, samples for bacterial community profiling and immunological 

analyses were collected at four time points: November (late austral spring), January 

(early austral summer), February (mid austral summer) and June (early austral 
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winter). At each time point, one branch (approximately 5 cm in length) was sampled 

from the middle of each tagged colony using surgical bone cutters and placed in a 

plastic bag on SCUBA. A total of 96 coral samples were collected over the course of 

the study. For diseased colonies, an apparently healthy portion of a branch was 

collected approximately 1 cm from the disease lesion boundary. All tagged colonies 

were photographed before and after sample collection. Coral samples were placed in 

15 ml cryogenic tubes, snap-frozen in liquid nitrogen and stored at -80ºC until 

processed. 

3.3.3 Genomic DNA extraction and PCR amplification of bacterial 16S 

rRNA gene 

Frozen coral fragments were crushed in a sterile, stainless steel, liquid nitrogen 

chilled mortar and pestle using a hydraulic press. Bacterial DNA was then extracted 

from 100 mg (wet weight) aliquots of the resulting coral slurry using the PowerPlant 

DNA Isolation Kit (Mo Bio, Carlsbad, CA) according to the manufacturer’s 

instructions. Purified DNA was stored at -80°C until PCR amplification. 

Bacterial tag-encoded FLX-titanium amplicon pyrosequencing based on the V1–V3 

region (E. coli position: 27–519) of the small-subunit ribosomal RNA (16S) gene was 

performed on all samples with forward primer 27F (GAGTTTGATCNTGGCTCAG) 

and reverse primer 519R (GTNTTACNGCGGCKGCTG), as described previously 

(Suchodolski et al. 2009; Handl et al. 2011). 

3.3.4 Sequence processing and selection of operational taxonomic units 

(OTUs)  

Sequence reads were processed using the Quantitative Insights Into Microbial 

Ecology (QIIME) pipeline, as described previously (Caporaso et al. 2010b). Briefly, 

samples were separated by sample-specific barcodes, low quality reads were 

discarded (minimum read length: 150 bp; maximum read length: 500 bp; minimum 

average Phred score: 25; maximum ambiguous bases: 6; maximum homopolymer run: 

6; maximum primer mismatches: 0), and chimeric sequences were discarded 

(Chimera Slayer; Haas et al. 2011). OTUs were identified (method: Uclust, threshold: 

97%; (Edgar 2010)), and representative sequences were chosen by consensus and 
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assigned a taxonomy (method: PyNAST, template: GreenGenes; Caporaso et al. 

2010a). A lane mask was applied to hide uninformative regions and a phylogenetic 

tree was constructed (method: FastTree; Price et al. 2009). Prior to downstream 

analysis, sequence data for all samples was rarefied to 685 reads to remove 

sequencing effort heterogeneity. 

3.3.5 Protein extract preparation and assays   

Total phenoloxidase activity was measured as a proxy for innate immune function 

following the methods described by Palmer et al. (2011), with minor modifications. 

Tissue was airbrushed from frozen coral fragments (~ 4 cm2) into 10 ml of ice-cold 

extraction buffer (50mM Tris-HCl, pH 7.8 with 50 mM dithiothreitol) and 

homogenized for 45 seconds (IKA T10 Basic homogenizer, Malaysia). The resulting 

tissue slurry was centrifuged at 3500 rpm for 5 minutes and the supernatant collected 

and stored at −30°C until use. Total tissue protein was determined using the DC 

Protein Assay (Bio-Rad, Hercules, CA, USA; catalogue number 500-0112) according 

to the manufacturer’s standard assay protocol. The assay was held at room 

temperature for 20 minutes and the endpoint absorbance at 750 nm was measured 

using a Spectramax M2 spectrophotometer (Molecular Devices, Sunnyvale, CA, 

USA).      

20 µl microlitres of tissue extract from each sample was added in triplicate to a clear 

96 well microtiter plate, followed by the addition of 40 µl of Tris buffer (50mM, pH 

7.8) and 25µl of trypsin (0.1 mg/ml). For blanks, tissue extract was replaced by 20 µl 

of extraction buffer. After a 20 minute incubation at room temperature, 30 µl of 

dopamine hydrochloride (10mM, Sigma-Aldrich, St. Louis, MO, USA) was added. 

The kinetic absorbance at 490 nm was determined at 5-minute intervals for 45 

minutes. Total phenoloxidase activity was calculated as the change in absorbance 

using the linear portion of the reaction curve over time standardized to the total 

protein content of each sample. 

3.3.6 Weather monitoring and water quality sample collection  

Daily water temperature, rainfall, and light intensity data were collected by the 

Australian Institute of Marine Science (AIMS) weather station located at platform 1 
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(data available from http://www.aims.gov.au). Means for these physical variables 

were calculated using daily values from a 14-day period including and immediately 

preceding each month’s sampling date. 

Beginning in January, five replicate water samples were collected in 50 ml sterile 

syringes approximately 1 m above the reef substrate at each sampling location and 

time point. Sub-samples were analyzed for dissolved inorganic nutrients (ammonium, 

nitrite, nitrate, phosphate, silicate) and dissolved organic nitrogen, phosphorus and 

carbon (DON, DOP, DOC). Five additional replicate samples were collected in 500 

ml plastic bottles for salinity measurements using a Portasal Model 8410A 

Salinometer (Guidline, Ontario, Canada). Duplicate sub-samples were immediately 

filtered through 0.45 µm syringe filters (Sartorius MiniSart N, Goettingen, Germany) 

and collected in 10 ml acid-washed screw-cap tubes for dissolved nutrient 

quantification. DOC samples were acidified by adding 100 µl of analytical-grade 

hydrochloric acid (32%). All samples were immediately snap frozen in liquid nitrogen 

and stored at -30ºC prior to laboratory analysis. Inorganic dissolved nutrient 

concentrations were determined by standard wet chemical methods (Ryle et al. 1981) 

implemented on a segmented flow analyzer (Bran and Luebbe 1997). Dissolved 

inorganic nitrogen (DIN) was calculated by summing the separately measured 

ammonium, nitrite and nitrate values, and dissolved inorganic phosphorus (DIP) 

represents total phosphate. Analyses of total dissolved nitrogen and phosphorus (TDN 

and TDP) were carried out using persulphate digestion of filtered water samples 

(Valderrama 1981), which were then re-analyzed for inorganic nutrients, as described 

above. DON and DOP were calculated by subtracting DIN and DIP concentrations 

from the TDN and TDP values, respectively. DOC concentrations were measured by 

high temperature combustion (680ºC), using a Shimadzu Total Organic Carbon TOC-

5000A carbon analyzer (Kyoto, Japan). 

3.3.7 Data Analyses  

All colonies of A. millepora displaying visual signs of WS were located near 

platforms. To avoid the potentially confounding effects of location and health state, 

samples were separated into three groups on the basis of their location and visually-

assessed health state during the study: (1) colonies at the control site that remained 
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visually healthy during the entire study period (‘control’), (2) colonies at the platform 

sites that remained visually healthy during the entire study period (‘platform’) and (3) 

colonies at the platform sites that developed signs of the coral disease white syndrome 

(‘WS’) at any point during the study. Colonies that were physically injured (e.g. 

broken tips and/or colony fragmentation) during the study period were excluded from 

analyses.  

3.3.8 Multivariate analyses 

Bacterial community (alpha) diversity was assessed using Faith’s phylogenetic 

distance, a phylogenetic measure of diversity based on total branch length of the 

bacterial 16S rRNA gene phylogeny, calculated in QIIME (Faith 1992; Faith and 

Baker 2006). Beta diversity (i.e. between sample diversity) was assessed using the 

unweighted UniFrac distance metric (a phylogeny-based distance metric that avoids 

treating semi-quantitative pyrosequencing results as quantitative and is more sensitive 

to the influence of rare taxa in shaping coral-associated bacterial communities) 

(Lozupone and Knight 2005). A UniFrac dissimilarity matrix based on bacterial 

sequences at the OTU level was used to construct unconstrained two-dimensional 

principal coordinate analysis (PCO) plots to visualize differences between bacterial 

community assemblages (Clarke and Gorley 2006; Anderson et al. 2008). 

Additionally, permutational multivariate analysis of variance (PERMANOVA; Clarke 

& Gorley 2006; Anderson et al. 2008) was used to test for statistical differences 

between: 1) bacterial community assemblages associated with colonies remaining 

visually healthy throughout the study period at platform versus control sites, and 2) 

colonies located at the platform sites remaining visually healthy throughout the study 

versus those developing WS. This analysis was based on unweighted UniFrac 

dissimilarity matrices, type III partial sums of squares and 9999 random permutations 

of the residuals under the reduced model. Post hoc pair-wise comparisons among 

locations and health states were conducted when significant main effects were 

detected. Additionally, the similarity percentages (SIMPER) routine was used to 

investigate the contribution of individual bacterial OTUs to the observed separation 

between sample groups. SIMPER analysis was based on a zero-adjusted Bray-Curtis 

similarity matrix (Clarke and Gorley 2006) using presence/absence-transformed data 

at the lowest phylogenetic level (e.g. OTU level). 
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Differences in water quality variables (salinity, DIN, DIP, silicate, DON, DOP, DOC) 

among sampling locations and months, and interactions between these factors were 

determined by two-way, fixed-factor, permutational multivariate analysis of variance 

using a Gower Metric- based distance matrix (Anderson et al. 2008). The factor 

‘Location’ contained two levels (platform and control), and the factor ‘Month’ 

contained three levels (January, February and June). Post hoc pair-wise comparisons 

among locations and months were conducted when significant main effects were 

detected. The Gower Metric was deemed the most appropriate resemblance measure, 

because the water quality variables employed in the analyses were on different scales, 

there were no zero values, and the various physical and chemical variables merited 

equal weighting (e.g., equal differences between values have the same influence on 

association, regardless of scale). To identify water quality variables responsible for 

driving differences among sampling locations for each month (those contributing the 

most to patterns in multivariate space), I used a principal coordinates analysis (PCO) 

performed on the original Gower matrix (Anderson et al. 2008). Correlations of the 

ordination axes using the original water concentration data were overlaid as vectors 

on a bi-plot. All multivariate analyses were performed using Primer 6.0 statistical 

software (Primer-e Ltd, UK). 

3.3.9 Univariate analyses 

Mean total phenoloxidase enzymatic activity and alpha diversity were analyzed using 

univariate repeated measures analyses of variance across the four sampling months 

(‘Time’), which was tested as the within-subjects factor, and three ‘Health State’ 

groups (as described above: healthy near control, healthy near platform, and WS near 

platform), which was tested as the between-groups factor. Analyses were conducted 

on log-transformed data and the assumption of sphericity (Anderson 1958) was 

assessed prior to interpretation (α=0.05). All post hoc comparisons were made using 

Tukey’s honestly significant difference (HSD) analyses. Univariate analyses were 

performed using R v3.0.2 (R Development Core Team 2013). 
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3.4 RESULTS 

3.4.1 Physical environment characteristics and colony condition  

All tagged colonies monitored at the control site (n=8) remained visually healthy 

throughout the duration of the study (Supplementary Figures 3.S1a-c and 

3.S2a). All tagged colonies located adjacent to the two platforms (n=16) were 

visually healthy at the beginning of the study in November and December 

(Supplementary Figure 3.S2d). In January, 31% of colonies located at 

platform sites (i.e. 5 colonies: 1 at the large currently used platform and 4 at 

the small unused platform) displayed tissue loss exposing intact white 

skeleton, characteristic signs of WS. Lesions radiated from the center of 

colonies as diffuse, acute to sub-acute areas of tissue loss, with no evidence of 

predation. WS-induced tissue loss represented mortality of from 40% to 50% 

of the tissue surface area of affected colonies (Supplementary Figures S1a and 

S1d). Between December 1st and January 1st, the reef experienced the 

greatest increase in mean daily water temperature (+1.4 ºC; Supplementary 

Figure 3.S2d) recorded throughout the 8-month study, as well as seven 

consecutive days of rain that, when averaged, was greater than 1 standard 

deviation above the mean amount accumulated over the entire study period 

(mean±SD=5.4±13.1 mm day-1 for the study, 20.4±9.6 mm day-1 over this 7-

day period). In February, no new colonies developed disease signs and, apart 

from 1 colony at a platform site with progressing WS, all disease lesions had 

ceased progression and no characteristic WS bands were evident 

(Supplementary Figure 3.S1f and 3.S2a). Between January and February, the 

reef experienced the most pronounced increases in mean daily wind speed, 

light intensity, water temperature and rain accumulation (Supplementary 

Figure 3.S2b-f). During this period, a severe tropical cyclone passed 270 km 

north of the Whitsunday region and the reef experienced four consecutive 

days of rain, representing mean accumulation 3 standard deviations above the 

study mean (3 day mean±SD=63.2 mm day-1±16.6). No further disease 

development or lesion progression was observed in March, and visually, all 

colonies previously recorded with WS at platform sites appeared healthy, with 



 79 

healed tissue margins around areas of partial colony mortality. In June, all 

colonies were again visually healthy. 

3.4.2 Spatial and temporal patterns in water quality 

Water quality parameters did not vary between the platform and control sites (pseudo-

F=0.75, P=0.61), however they did vary significantly among sampling months 

(pseudo-F=19.0, P<0.001, Figure 3.2, Supplementary Table 3.S1, Supplementary 

Table 3.S2). Seasonal differences in salinity and silicate strongly separated the wet 

austral summer months of January and February from the drier month of June along 

the first PCO axis (60.4% of total variation, Figure 3.2 and Supplementary Table 

3.S3). February was characterized by higher concentrations of dissolved inorganic 

nitrogen (DIN) and lower concentrations of dissolved organic carbon (DOC) and 

dissolved organic nitrogen (DON), resulting in the slight distinction between the two 

summer months along the second PCO axis (19.3% of total variation, Figure 3.2; 

Supplementary Table 3.S1). There was no significant interaction between month and 

sampling location (pseudo-F=3.5, P<0.001, Figure 3.2, Supplementary Table 3.S1). 

 
Figure 3.2 Two-dimensional principal coordinates plot visualizing relationships among 
concentrations of water quality variables (salinity, dissolved inorganic nitrogen [DIN], 
dissolved inorganic phosphorus [DIP], silicates [Si], dissolved organic nitrogen [DON], 
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dissolved organic phosphorus [DOP] and dissolved organic carbon [DOC]) during sampling 
months in the wet season (January and February) and dry season (June) for each of the 
sampling locations. Squares: platform sites, Circles: control sites. n = 5 replicate 
measurements per site per month.  

3.4.3 Bacterial tag-encoded amplicon pyrosequencing 

Barcoded 454 pyrosequencing of bacterial 16S rRNA gene amplicons resulted in 

148,182 classifiable, nonchimeric reads of sufficient quality and an average of 2554 

reads per sample. Sequence data for all samples was rarefied to 685 reads to remove 

sequencing effort heterogeneity. Taxonomic divisions were dominated by 

Proteobacteria (70% of reads) (mostly Xanthomonadales [33% of reads] and 

Oceanospirillales [15% of reads]) (Supplementary Figure 3.S3). 

3.4.4 Influence of reef platforms on coral-associated bacterial 

communities and coral immune function 

Bacterial communities associated with healthy corals at pontoon and control sites 

Bacterial communities associated with healthy colonies at each location (i.e. healthy 

colonies at platform sites versus healthy colonies at control site) fell into consistent 

phylogenetic clusters over the 8-month sampling period (df=1, pseudo-F=1.43, 

P=0.03, Figure 3.3, Supplementary Table 3.S4). Clustering within location, visualized 

by a partitioning of the samples in the PCO ordination (Figure 3.3a), indicates that 

healthy samples from platform sites were more similar to each other in bacterial 

phylogenetic structure than they were to healthy control site samples (df=1, pseudo-

F=1.43, P=0.03, Supplementary Table 3.S4). While bacterial communities did not 

differ significantly between sampling time points (df=3, pseudo-F=1.04, P=0.34, 

Supplementary Table 3.S4), differences between locations were most pronounced in 

January (df=1, pseudo-F=1.58, P=0.005, Figure 3.3b) and June (df=1, pseudo-F=1.32, 

P=0.03, Figure 3.3c) (Supplementary Table 3.S4). 

In January, a loss of bacterial taxa associated with corals from platform sites was 

identified as the major driver of bacterial community differences between healthy 

corals at platform versus control sites. 23 out of the 24 (96%) OTUs that each 

explained ≥ 1% of the separation between locations (identified by SIMPER) were less 

common on platform site corals (Supplementary Table 3.S3). The single OTU that 

was more common on platform site corals belonged to the Genus Burkholderia and 
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was present in 80% of platform samples compared to only 25% of control samples 

(Supplementary Table 3.S3). Furthermore, bacterial diversity on healthy platform site 

corals (mean phylogenetic diversity: 6.2±1.4, mean±SE) was nearly 50% lower than 

on corals at the control site (11.8±0.3) (HSD, P=0.008, Figure 3.4a). At the same 

time, bacterial communities associated with this group of corals became more 

heterogeneous, which can be roughly visualized as the amount of within-location 

dispersion (i.e. variability) in the PCO ordination (Figure 3.3b). However, bacterial 

community heterogeneity among healthy samples did not differ significantly between 

platform (mean within-location Unifrac distance: 0.81±0.02) and control sites 

(0.76±0.01) (HSD, P>0.05, Figure 3.4b), suggesting that differences in bacterial 

community diversity rather than heterogeneity underpins the dissimilarity detected 

between these locations. Here, heterogeneity refers to differences in bacterial 

community composition among coral colonies, while diversity refers to mean 

bacterial diversity within an individual coral sample. 

 In June, disparities in bacterial community heterogeneity appeared to drive the 

separation observed between healthy corals at the two locations. However, in contrast 

to January samples, bacterial community structure was far more consistent (i.e. 

homogeneous) among healthy platform site corals (mean UniFrac distance: 

0.66±0.01) than control site corals (mean within-location UniFrac distance: 

0.84±0.02) (HSD, P=0.002, Figure 3.4b). These differences in bacterial community 

heterogeneity can be visualized as the large dispersion of control site samples relative 

to the more tightly clustered platform samples in the PCO ordination (Figure 3.3c). 

Unlike patterns found in January, loss of specific bacterial taxa and reduced overall 

diversity did not appear to drive community differences. Nearly 30% (10 out of 37) of 

OTUs explaining ≥ 1% of the separation between locations were more abundant at 

control sites (Supplementary Table 3.S5), and overall bacterial diversity did not differ 

significantly between locations (HSD, P>0.05, Figure 3.4a). 

Coral immune function associated with healthy corals at pontoon and control sites 

Total phenoloxidase activity levels (Δ absorbance mg protein-1 min-1) of healthy 

corals varied significantly between locations (F=5.7, df=2, P=0.02), but not among 

months (F=1.2, df =3, P=0.33), with a significant interaction between location and 
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month (F=2.7, df =6, P=0.028). In both November and June, mean phenoloxidase 

activity of healthy corals near reef platforms was approximately 50% lower than 

mean activity of corals at the control site (November: platform [0.07±0.01] versus 

control [0.15±0.04], HSD, P=0.021; June: platform [0.06±0.008] versus control 

[0.12±0.02], HSD, P=0.034; Figure 3.5). However, mean phenoloxidase activity did 

not differ between locations in January or February (P>0.05; Figure 3.5). 

 

 
Figure 3.3 Two-dimensional principal coordinate ordination plots visualizing dissimilarity 
between bacterial communities (unweighted Unifrac distance) associated with colonies of the 
coral Acropora millepora remaining visually healthy throughout the study at control (white 
symbols) and platform sites (black symbols) (a) throughout the 8-month study, (b) in January 
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only, and (c) in June only. Blue triangles: November samples; red squares: January samples; 
orange triangles: February samples; and green circles: Junes samples. 
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Figure 3.4 Comparisons of bacterial communities associated with A. millepora among healthy 
corals at control sites (white, n = 4 colonies), healthy corals at platform sites (grey, n = 5 
colonies), and colonies with WSs at platform sites (black, n = 5 colonies) at four time points 
(November, January, February and June) for A) mean phylogenetic diversity, and B) 
phylogenetic variation (measured as average within-category UniFrac distance). Error bars: 
standard error of the mean. Roman and greek characters indicate significant within-month 
differences (phylogenetic diversity by Tukey’s HSD, and unifrac distance by Student’s t-test 
with 999 Monte Carlo permutations). 
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Figure 3.5 Mean total phenoloxidase (Δ absorbance mg protein-1 min-1) of apparently healthy 
colonies of A. millepora located near platforms (grey bars) and the control site (white bars). 
Black bars represent colonies located near the platform in November that would later present 
visual signs of white syndrome (WS) disease in January and February, and then 
subsequently recover (post-WS) in June. n = 5 replicate colonies per location/health state. 
Error bars represent the standard error of the mean.  

3.4.5 Influence of WS on coral-associated bacterial communities and 

coral immune function 

Bacterial communities associated with diseased and healthy corals at platform sites 

At platform sites, bacterial taxa present in communities associated with corals that 

developed WS in January did not differ significantly from those associated with 

corals remaining healthy over the course of the study (i.e. healthy colonies at platform 

sites v. WS-affected colonies at platform sites) (df=1, pseudo-F=1.16, P=0.20, 

Supplementary Table 3.S4) and no significant differences were detected among 

sampling time points (df=3, pseudo-F=1.13, P=0.14, Supplementary Table 3.S4). The 

lack of consistent clustering according to health state, visualized as the absence of 

partitioning of the samples in the PCO ordination (Supplementary Figure 3.S4), 

indicates that overall, bacterial communities on corals developing WS were no more 

similar to each other than they were to communities on corals remaining healthy 

throughout the study.  
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Although consistent shifts in bacterial community membership were not detected 

between healthy and WS-affected corals, two key changes in bacterial community 

structure were observed in apparently healthy corals that would develop WS disease 

signs. In November, two months prior to the first recorded visual signs of disease, the 

diversity of bacteria on apparently healthy colonies that would subsequently develop 

WS (4.4±0.8) was nearly 40% lower than on those remaining healthy (7.2±0.8) (HSD, 

P=0.03, Figure 3.4a). Additionally, variation in bacterial communities among corals 

(i.e. bacterial community heterogeneity) was significantly greater on pre-WS colonies 

(mean UniFrac distance: 0.84±0.03) relative to corals remaining healthy throughout 

the study (mean UniFrac distance: 0.74±0.01) (HSD, P=0.001, Figure 3.4b). These 

results indicate that bacterial communities on pre-WS corals were less diverse and 

more variable than on corals remaining healthy, even before the first visible 

appearance of macroscopic disease signs. 

In June, following the cessation of disease progression, bacterial community 

heterogeneity was significantly higher among samples of post-WS colonies (mean 

UniFrac distance: 0.78±0.02) compared to samples of platform corals remaining 

healthy throughout the study (mean UniFrac distance: 0.66±0.01) (HSD, P=0.002, 

Figure 3.4b). However, bacterial diversity did not differ significantly between the two 

groups (HSD, P>0.05, Figure 3.4a). 

Coral immune function associated with diseased and healthy corals at platform sites 

In November, prior to the first visual signs of disease, mean phenoloxidase activity 

did not differ significantly between colonies that would later develop WS 

(0.08±0.007) and platform corals remaining healthy throughout the study (0.07±0.01) 

(P>0.05, Figure 3.5). In January, when macroscopic disease signs were first observed, 

mean phenoloxidase activity of WS-infected colonies (0.15±0.02) was slightly 

elevated relative to healthy colonies (0.10±0.01), but these differences were not 

significant (HSD, P>0.05). In February, when all but one WS case had ceased 

progression, mean phenoloxidase activity in WS-affected colonies (0.18±0.06) was 3-

fold higher than in those remaining healthy (0.06±0.007) (HSD, P=0.03, Figure 3.5). 

In June, when all WS cases had healed, mean phenoloxidase activity of colonies that 

had previously suffered WS tissue loss did not differ significantly from mean activity 
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of those that had remained healthy throughout the study (0.07±0.009 versus 

0.06±0.008, respectively) (HSD, P=0.87; Figure 3.5).  

3.5 DISCUSSION  
Few studies have investigated the interplay among anthropogenic stressors, the 

structure of coral-associated microbial communities and host immune responses over 

the course of a coral disease event. In this study, I report significant reductions in 

immune function and loss of bacterial diversity on healthy corals adjacent to reef 

platforms relative to healthy corals at a control site. During the austral summer 

(January), levels of WS peaked at platform sites, affecting 31% of corals monitored, 

while all corals at the control site remained visually healthy throughout the study. In 

November, two months before the first visual signs of disease, colony-level bacterial 

diversity associated with corals that would go on to develop disease signs in January 

was significantly lower relative to corals remaining healthy at platform sites. At the 

same time, bacterial communities became significantly more variable among corals 

that would become diseased compared to the more homogeneous communities that 

characterized healthy corals at this time. These results indicate that proximity to reef 

platforms impacts coral immunocompetence and coral-associated bacterial 

community structure and diversity, which may in turn influence the susceptibility of 

corals to disease. 

3.5.1 Reduced coral-associated bacterial diversity and coral immune 

function adjacent to reef platforms 

Reduced bacterial diversity and suppression of coral immune function in apparently 

healthy corals adjacent to reef platforms reveals a potential mechanism contributing 

to the observed 15-fold increase in coral disease levels near reef platforms previously 

reported by Lamb & Willis (2011). While the exact cause of these shifts could not be 

identified in the current study, nutrient inputs either directly or indirectly associated 

with the reef platforms are potential drivers that should be explored more extensively. 

On macroscopic ecosystem scales, persistent human disturbances are known to alter 

the stability and diversity of ecological systems (McCann 2000; Rietkerk et al. 2004; 

Ives and Carpenter 2007; Kéfi et al. 2007; Loreau 2010; Hooper et al. 2012) and 
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microscopic bacterial communities are similarly sensitive to environmental 

perturbations (Allison and Martiny 2008). While little is known about specific 

environmental drivers of coral-associated microbial diversity, evidence from soil 

microbiology studies indicates that chemical and/or physical disturbance can 

significantly reduce bacterial diversity in disturbed soils (Buckley and Schmidt 2001; 

Johnsen et al. 2001; Kozdroj and van Elsas 2001; Kent and Triplett 2002). Marine 

microbes on oligotrophic coral reefs are generally nutrient limited, so disturbances 

increasing the availability of nutrients are expected to play a similarly important role 

in shaping bacterial community structure (Olutiola & Cole 1977; Smith 1988). 

Microbial community shifts have been recorded on colonies of Porites cylindrica 

exposed to nutrient-rich fish farm effluent (Garren et al. 2009), as well as colonies of 

Porites compressa experimentally exposed to elevated nutrient levels (Vega Thurber 

et al. 2009). Microbial shifts associated with elevated iron concentrations adjacent to 

shipwreck sites have also been linked to coral mortality (Kelly et al. 2012).  

Although the exact mechanisms remain unknown, elevated nutrient levels have been 

shown to reduce immunocompetence in a range of marine invertebrate species 

(Cheng et al. 2004a, 2004b; Liu and Chen 2004; Tseng and Chen 2004). For example, 

transcript levels encoding for prophenoloxidase decreased by 60% in blue shrimp 

(Litopenaeus stylirostris) exposed to elevated ammonia levels (Le Moullac and 

Haffner 2000; Cheng et al. 2004a). Similarly, reduced PO activity and immune cell 

counts were found in abalone (Haliotis diversicolor supertexta) under elevated 

ammonia concentrations. Abalone exposed to elevated nitrite levels also showed 

weakened immune function, characterized by reduced phagocytic activity and 

decreased pathogen clearing efficiencies, despite increased phenoloxidase activity 

(Cheng et al. 2004b). These studies demonstrate that elevated nutrient levels can have 

deleterious effects on marine invertebrate immunocompetence and suggest that 

similar phenomena could occur in corals.  

The lack of significant differences in nutrient levels detected between platform and 

control sites in this study may reflect the relatively infrequent water quality sampling 

regime and the absence of November samples. This low-resolution dataset could have 

missed sporadic nutrient pulse events like seabird guano runoff associated with 
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periodic rainfall. Reef platforms often accommodate large numbers of seabirds that 

deposit copious amounts of nitrogen, phosphorus and potassium-rich guano (Szpak et 

al. 2012). During periods of heavy rainfall, this guano is washed from the platforms 

into the surrounding seawater. Alternatively, anthropogenic factors that were not 

assessed in this study (e.g. trace metals leaching from platforms, tourist sunscreen, 

snorkeler damage, etc.) could diminish water quality adjacent to reef platforms and 

lead to observed reductions in coral immune function and microbial diversity. 

Identification of these environmental drivers will be critical to the effective 

management of offshore reef platforms and should remain a research priority. 

3.5.2 Reduced coral-associated bacterial diversity and elevated 

bacterial heterogeneity precede WS coral disease 

The significant reduction in bacterial diversity associated with individual corals and 

the significant increase in bacterial heterogeneity among corals that developed WS, 

months before the first visual signs of disease, highlights the important role that 

diversity is likely to play in stabilizing microbial communities that govern coral 

health. WS levels at platform sites peaked during the warm, rainy austral summer, 

affecting 31% of all platform site corals in January, while all control site corals 

remained visually healthy throughout the study. The timing of this disease outbreak 

corresponded with a period of marked microbial disturbance at platform sites, even 

among healthy corals (discussed above). On both macroscopic and microscopic 

scales, biodiversity stabilizes ecological systems through functional redundancy and 

complementarity, with different species flourishing under different conditions and 

thereby buffering the impacts of environmental change (McCann 2000; Ives and 

Carpenter 2007; Loreau 2010; Barnosky et al. 2012; Hooper et al. 2012). On 

macroscopic scales, decreased species diversity often leads to elevated risk of abrupt 

and potentially irreversible ecosystem collapse (McCann 2000; Rietkerk et al. 2004; 

Ives and Carpenter 2007; Kéfi et al. 2007; Loreau 2010; Hooper et al. 2012). At the 

microbial level, reduced bacterial diversity within mammalian organs (e.g. the 

intestine) is known to diminish the ability of individuals to resist infection, assimilate 

nutrients and maintain the aggregate function of a healthy microbiome (Flanagan et 

al. 2007; Chang et al. 2008; Fukuda et al. 2011; Pflughoeft and Versalovic 2012). 

While little is known about the relationships between coral-associated microbial 
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diversity and coral health, the results presented here suggest that a loss of microbial 

diversity could similarly impact coral holobiont resilience.  

Coral-associated microbes contribute significantly to coral health through nutrient 

cycling, antibiotic production and disruption of pathogen-to-pathogen communication 

(Ritchie 2006; Raina et al. 2009; Shnit-Orland and Kushmaro 2009; Teplitski and 

Ritchie 2009; Alagely et al. 2011; Lema et al. 2012). Diverse microbial assemblages 

are therefore likely to provide a high level of functional redundancy, helping to buffer 

the impacts of environmental perturbations and maintain coral health. However, when 

microbial diversity is suppressed, as we see in November prior to the first visual signs 

of WS, functional redundancy is likely reduced, hindering the coral-associated 

microbial communities’ ability to maintain physiological functions that are vital to the 

health of the coral host. Furthermore, increased microbial community heterogeneity 

among corals immediately prior to developing macroscopic WS disease signs 

suggests a loss of stability in community structure that may underpin bacterial 

community resistance and/or resilience. Taken together, decreased microbial diversity 

on individual corals and elevated heterogeneity among corals prior to disease onset 

suggests that an overall disruption in microbial community structure, rather than 

infection by a single pathogenic species, as the main disease driver. We must also, 

however, acknowledge the possibility that an unidentified disease agent may have 

impacted these corals between the November and January, initiating or potentially 

precipitating the transition from an apparently healthy to a diseased state.  

Disruptions in coral-associated community structure and the appearance of visual 

disease signs also coincided with significant changes in coral immune function. 

Previous observations of low baseline phenoloxidase activity and melanin levels 

among healthy Indo-Pacific acroporids suggest that when corals in this family are 

challenged with pathogenic agents and/or environmental perturbation, they must 

significantly upregulate their immune function to avoid infection (Palmer et al. 2008, 

2010). Since a unique microbial signature was observed prior to visual disease signs, 

one might expect a corresponding immune response. However, the observed lack of 

preemptive immune system activation suggests corals affected were either unable to 

detect oncoming disease or were physiologically incapable of mounting an immune 



 91 

response potentially because of energy depletion. In February, when cessation of 

tissue loss associated with WS lesions was first observed, phenoloxidase activity was 

significantly elevated among WS-affected corals. This suggests a role for 

phenoloxidase in WS cessation and/or wound healing, which is consistent with 

previous observations of elevated phenoloxidase levels at borders of WS lesions 

(Palmer et al. 2011). At the control site, elevated baseline levels of phenoloxidase 

activity appeared to confer disease resistance. However, not all platform site corals 

with suppressed phenoloxidase activity developed disease, highlighting the intricate 

interplay between host, environmental and microbial factors that governs coral health 

and disease. 

3.6 CONCLUSIONS 
This study assessed the interplay among coral hosts, associated microbial 

communities and environmental drivers preceding and throughout a disease event that 

affected corals adjacent to permanently moored reef platforms. Here, I report 

significant reductions in coral immune function and coral-associated bacterial 

diversity adjacent to reef platforms, even among corals remaining visually healthy 

throughout the 8-month study. While I was unable to definitely identify the 

mechanistic driver/s of these changes, such information will be critical for effective 

reef management and should remain an urgent research priority. I also detected 

significant reductions in bacterial diversity and significantly more variable bacterial 

communities on corals that would develop WS at reef platforms, two months before 

the first visible signs of disease. The loss of microbial diversity on corals adjacent to 

reef platforms and also on corals prior to the development of disease signs suggests 

that microbial diversity plays an important role in the maintenance of coral holobiont 

function. In conclusion, the results presented here indicate that proximity to reef 

platforms impacts coral immunocompetence and coral-associated bacterial 

community structure and diversity, which may profoundly affect a coral’s 

susceptibility to disease. 
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3.7 SUPPLEMENTARY FIGURES AND TABLES 

 
Supplementary Figure 3.S1 Time series examples of two colonies of A. millepora tagged as 
visually healthy in November 2010 at the control site (a-c) and a platform site (d-f). 
Subsequent visual health status in January 2011 (b: apparently healthy at control site; e: WS 
signs at platform site); final visual health status in June 2011 (c: apparently healthy at control 
site; f: recovered from WS at platform site, but displaying partial-colony mortality). 
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Supplementary Figure 3.S2 Time series of (a) colony health status by month (P: platform 
sites, and C: control site), and (b-e) daily means of the environmental variables: (b) wind 
speed (km h-1), (c) light intensity (photosynthetically active radiation, μmol s-1 m-2), (d) water 
temperature (2.5 m depth, ºC), and (e) rainfall accumulation (mm). Bold dashed vertical lines 
indicate sampling time points for water quality, bacterial community and immune function 
profiling. Non-bold vertical dashed lines indicate time points for visual colony health 
assessments only. Numbers between vertical lines represent mean daily values between time 
points. Environmental data obtained from the Australian Institute of Marine Science (AIMS) 
monitoring station located on the main tourist platform at Hardy Reef. 
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Supplementary Figure 3.S3 Average abundance of five major taxonomic divisions (all taxa 
with < 1% average abundance are combined in “Other”) comprising bacterial communities 
associated with A. millepora across two locations (control and platform) and four health states 
(healthy, pre-WS, WS and post-WS).  

 
Supplementary Figure 3.S4 Two-dimensional principal coordinates plot visualizing 
separation between bacterial communities (unweighted UniFrac distance) associated with 
colonies of A. millepora located at platform sites that remained visually healthy throughout the 
study (white symbols), colonies prior to visual signs of white syndrome (pre-WS, grey 
symbols), colonies displaying signs of WS in January and February (black symbols) and 
colonies without WS lesion progression (post-WS, black hash symbols). November  = blue 
triangles, January = red squares; February = orange triangles; June = green circles.  
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Supplementary Table 3.S1 Results of a two-way crossed permutational analysis of variance 
(PERMANOVA) of water quality parameters. Water quality parameters measured include 
concentrations of dissolved inorganic nutrients (DIP, DIN, silicate), dissolved organic nutrients 
(DON, DOP, DOC) and salinity. 

     Unique 

Source df     SS     MS Pseudo-F P(perm)  perms 

Month 2 6625.4 3312.7 18.96 0.0001 9932 

Location 1 128.8 128.8 0.74 0.6069 9960 

 Month x Location 2 577.6 288.8 1.65 0.1152 9943 
Res 39 6826.3 175.0    

Total 44 14965     

Supplementary Table 3.S2 Water quality concentrations [mean (stdev)] at each site (n = 5 
replicates at each site per month) and physical parameters [mean (stdev)] calculated using 
daily values from 14 days prior to and including the sampling date for each month. DIP = 
dissolved inorganic phosphorus, Si = silicate, DIN = dissolved inorganic nitrogen, DOP = 
dissolved organic phosphorus, DON = dissolved organic nitrogen, DOC = dissolved organic 
carbon. 

 

Supplementary Table 3.S3 Results of the SIMPER analyses showing species responsible 
for the 1% or greater differences in bacterial communities associated with apparently healthy 
colonies of A. millepora between platform and control sites in January.  
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Supplementary Table 3.S4 Results of permutational analyses of variance (PERMANOVA) of 
OTU-level bacterial community composition for a) a two-factor analysis of Month and Location 

effects over the course of the 8-month study, b-e) one-way assessments of Location effect 
during four sampling months (November, January, February and June), and f) a two-factor 

analysis of Location and Health State effects over the course of the 8-month study. 

Source df     SS     MS Pseudo-F P(perm) 
Unique 

perms 

a) Location x Month (all months) 

Month 3 0.89173 0.29724 1.0405 0.3418 9719 

Location 1 0.40835 0.40835 1.4295 0.0331 9844 

Month x Location 3 0.98897 0.32966 1.154 0.099 9761 

Res 24 6.8559 0.28566 

   Total 31 9.1555         

b) Location (November) 

Location 1 0.30503 0.30503 1.1374 0.2117 164 

Res 9 2.4136 0.26817 

   Total 10 2.7186 

    c) Location (January) 

Location 1 0.49347 0.49347 1.5795 0.0049 210 

Res 8 2.4993 0.31241 

   Total 9 2.9928 

    d) Location (February) 

Location 1 0.27947 0.27947 0.96128 0.5022 56 

Res 6 1.7443 0.29072 

   Total 7 2.0238 

    e) Location (June) 

Location 1 0.3605 0.3605 1.3195 0.03 35 

Res 5 1.3661 0.27321 

   Total 6 1.7266 

    f) Location x Health State (all months) 

Month 3 1.0204 0.34013 1.1285 0.1357 9759 

Health State 1 0.35015 0.35015 1.1618 0.1908 9834 

Month x Health State 3 0.83955 0.27985 0.92853 0.74 9730 

Res 26 7.8362 0.30139 

   Total 33 10.042         

 



 97 

Supplementary Table 3.S5 Results of the SIMPER analyses showing species responsible 
for 1% or more of the differences in bacterial communities associated with apparently healthy 
colonies of A. millepora between platform and control sites in June. 
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4. Cymo melanodactylus crabs slow progression of white 

syndrome lesions on corals 

The contents of this chapter have been published as: 

Pollock FJ, Katz SM, Bourne DG, Willis BL (2013) Cymo melanodactylus crabs 
slow progression of white syndrome lesions on corals. Coral Reefs 32:43–48  

The published paper is attached in the Appendix. 

The chapter was written by F. Joseph Pollock, with co-authors providing intellectual 

direction in the design and implementation of the manuscript as well as editorial 

guidance. 

 
Plate 4. Cymo melanodactylus on Acropora hyacinthus 
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4.1 ABSTRACT 
Predation on coral tissue by the crab Cymo melanodactylus has been hypothesized to 

contribute to tissue loss caused by white syndromes (WS) in acroporid corals. Here, I 

demonstrate that transplanting C. melanodactylus crabs from WS-infected colonies of 

Acropora onto healthy coral fragments in controlled aquarium experiments does not 

result in WS transmission over a 21 day experimental period. Furthermore, 

progression of WS lesions was three times more rapid on corals with all C. 

melanodactylus crabs removed than on those with crabs (2.28 ± 0.21 versus 0.74 ± 

0.22 cm/day, respectively), thus crabs slow WS disease progression under 

experimental conditions. In choice experiments, C. melanodactylus crabs were 

strongly attracted to corals with WS lesions, with 87% of crabs migrating to WS 

fragments versus 3% to healthy fragments. The strong attraction of C. melanodactylus 

to WS-infected corals and their ability to significantly reduce lesion progression rates 

suggest a mechanism whereby these coral-dwelling crabs could mitigate the effects of 

WS diseases on reefs. 

4.2 INTRODUCTION 
Stony corals provide habitat for a diversity of organisms belonging to all kingdoms of 

life, including macro- and microscopic eukaryotes, Bacteria, viruses, and Archaea 

(Rohwer et al. 2002; Wegley et al. 2004; Wilson et al. 2005). Each member of these 

diverse symbiotic assemblages has the potential to influence the fitness and long-term 

survival of the coral host (Mouchka et al. 2010; Stella et al. 2011). For example, some 

species of corallivorous crabs (i.e. Tetralia and Trapezia sp.) enhance coral health by 

clearing fine sediment from coral surfaces and actively defending their coral hosts 

from more damaging corallivores such as Acanthaster planci (Glynn 1980, 1983; 

Stewart et al. 2006). Bacteria within coral mucus have also been shown to inhibit the 

growth of potentially harmful microbes, including the pathogen implicated in the 

coral disease white pox (Ritchie 2006). The influence of coral-dwelling organisms is 

not always positive, however, and shifts in coral-associated assemblages can have 

detrimental effects on the coral host (Rosenberg et al. 2007). 

Coral disease provides perhaps the most striking example of the potentially 

deleterious effects of shifts in coral-associated assemblages. Over recent decades, 
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coral disease prevalence has increased dramatically worldwide, resulting in 

population and community-level shifts on impacted reefs (Aronson and Precht 2001; 

Weil 2004; Willis et al. 2004; Bourne et al. 2009). Recent literature has highlighted 

the potential role of macroscopic corallivores in initiating disease lesions and 

spreading disease between coral colonies. Corallivores are ideal disease transmission 

vectors because of their intimate association with corals and their ability to move 

between colonies on a reef. To date, the bearded fireworm (Hermodice carunculata), 

short coral snail (Coralliophila abbreviata), and four-eye butterflyfish (Chaetodon 

capistratus) have all been identified as potential coral disease transmission vectors 

(Sussman et al. 2003; Williams and Miller 2005; Aeby and Santavy 2006). Williams 

& Miller (Williams and Miller 2005) have even proposed a positive feedback loop, in 

which coral predation by disease vectors dramatically escalates coral loss. As coral 

diseases increase in both geographic distribution and prevalence, understanding the 

biological drivers of these diseases and potential control mechanisms is a critical 

research priority (Teplitski and Ritchie 2009; Pollock et al. 2011). 

Pratchett et al. (2010) recently suggested that the corallivorous crab Cymo 

melanodactylus might be contributing to extensive coral tissue loss consistent with 

coral diseases known as white syndromes (WS’s) (i.e., spreading bands of tissue loss 

exposing the white underlying coral skeleton) (Willis et al. 2004). In this study, high 

numbers of C. melanodactylus crabs (up to 47 crabs per colony) were observed on 

colonies of the coral Acropora cytherea displaying signs of tissue loss. While C. 

melanodactylus crabs are known to feed on live coral tissue, they are generally 

thought to cause little harm to their coral hosts (Patton 1994). However, noting the 

strong correlation between tissue loss and C. melanodactylus crab densities, which 

were largely aggregated around lesion fronts, Pratchett et al. (2010) suggested that 

these crabs might play a role in the observed coral mortality.  

Outbreaks of WS have been described throughout the Indo-Pacific with increasing 

frequency (Willis et al. 2004; Aeby 2005; Aeby et al. 2006; Sussman et al. 2008; 

Long and Holmes 2009; Hobbs and Frisch 2010). However, despite concerted efforts, 

identification of a single causative agent for Indo-Pacific WS’s has remained elusive 

(Ainsworth et al. 2007a, 2007b; Sussman et al. 2008). To better manage this 
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important group of coral diseases, it is critical to understand the role of C. 

melanodactylus crabs in WS lesion initiation and spread. Accordingly, this study 

investigated if C. melanodactylus crab predation is necessary to progress white 

syndrome lesions, if 1) if the presence of C. melanodactylus crabs is sufficient to 

initiate tissue loss consistent with WS on otherwise healthy coral colonies, 2) if C. 

melanodactylus crab predation is necessary to progress WS lesions on WS-infected 

colonies, and 3) if the presence and density of C. melanodactylus crabs can affect 

rates of WS lesion progression. 

4.3 MATERIALS AND METHODS 

4.3.1 Study site and field observations 

This study was conducted at Lizard Island (14º40’S, 145º27’E) in the Northern sector 

of the Great Barrier Reef (GBR), in February 2012. Healthy and WS-infected 

colonies of Acropora hyacinthus (i.e., colonies displaying diffuse, acute to sub-acute 

areas of tissue loss revealing white, intact skeleton) were examined on SCUBA (1-5 

m depth) at three sites around Lizard Island (Lizard Head, Bird Islet, and Big Vicki’s) 

to determine the proportion of colonies harboring C. melanodactylus crabs. The 

density of C. melanodactylus crabs on WS-infected colonies was also calculated by 

dividing the number of crabs along the WS lesion front by the linear lesion length. C. 

melanodactylus crabs were identified to species using the criteria outlined by Patton 

(Patton 1966) 

4.3.2 Effect of C. melanodactylus on WS lesion progression rate 

Manipulative aquaria-based experiments were conducted to determine the role of C. 

melanodactylus in WS pathogenesis. Experiments were conducted in flow-through 

aquaria (volume = 60 L, flow = 120 L hr-1) under ambient light and temperature 

(average ± standard deviation = 29.05 ± 0.46°C; maximum = 30.7°C; minimum = 

28.2°C) conditions at Lizard Island Research Station. 

Healthy and WS-infected colonies of A. hyacinthus were collected on snorkel (1-5 m 

depth) from several reefs around Lizard Island (Lizard Head, Bird Islet, North 

Direction, Linnet, and Big Vicki’s). C. melanodactylus crabs were removed from all 



 103 

WS colonies, pooled, and then randomly distributed to experimental treatments (no 

healthy colonies collected contained C. melanodactylus crabs). All macroscopic 

infauna other than C. melanodactylus were removed from colonies and returned to the 

reef. Following crab removal, coral colonies were divided into approximately 10 x 10 

cm fragments with surgical bone cutters, ensuring that each WS fragment contained a 

substantial portion of WS lesion front (spanning at least 75% of the fragment width). 

Coral fragments were then randomly divided between five treatments: 1) WS 

fragments with all crabs removed, 2) WS fragments with four C. melanodactylus 

crabs from WS corals (four crabs per 10 x 10 cm fragment approximates the average 

crab density observed on WS corals in the field; see Results/Conclusions), 3) WS 

fragments with ten C. melanodactylus crabs from WS corals (ten crabs per 10 x 10 cm 

fragment approximates the maximum density observed on WS corals in the field; see 

Results/Conclusions), 4) healthy fragments with four C. melanodactylus crabs from 

WS corals, and 5) healthy fragments with all crabs removed. Each treatment 

comprised three replicate aquaria, each containing three coral fragments (n = 9 

fragments per treatment). C. melanodactylus numbers were monitored daily and crabs 

moving between colonies within an aquarium were relocated to maintain the correct 

crab densities on each fragment. The small number of crabs that died during the 21 

day experiment were immediately replaced with crabs freshly harvested from WS 

colonies. Aquaria were cleaned twice weekly and all corals were photographed every 

12 hours for 21 days, or until fragments suffered complete mortality. Lesion 

progression rates were assessed using the image analysis software package ImageJ 

1.45s (Abràmoff et al. 2004). Linear progression rates of WS lesions were determined 

by: overlaying photos of the same coral fragment at different time points (using 

topographical landmarks), haphazardly selecting five points along the lesion front, 

measuring the shortest distance between each point on the lesion fronts at time 0 and 

the corresponding point on the lesion fronts at time x, and dividing the average of the 

five measurements by x. 

4.3.3 Crab choice experiment 

A choice experiment was conducted to assess the habitat preference of C. 

melanodactylus crabs for healthy versus WS-infected corals. Healthy and WS-

infected colonies of A. hyacinthus were collected, fragmented, and stripped of crabs 
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as described above. Fragments were then randomly assigned to 6 aquaria, with each 

aquarium containing one healthy and one WS fragment of nearly identical size 

(approximately 10 cm x 10cm). Fragments were placed symmetrically within aquaria 

(i.e. at equal distances from the center and edges of each aquarium) and orientation of 

the healthy and WS fragments relative to the aquaria inflow/outflow was randomized 

to reduce any potential influence of fragment orientation on crab habitat preference. 

Fragments were placed on racks to elevate the corals above aquaria floors and gaps in 

the racks were large enough to allow the crabs to pass easily through at any point. 

Five crabs were then placed at the center of each aquarium, below the rack and 

equidistant from both fragments. The numbers of crabs on each fragment and free in 

the aquaria were recorded every 12 hours for four days.  

4.3.4 Statistical analyses 

Progression rates of WS lesions and crab densities on corals are reported as means ± 

standard error of the mean (SEM). Lesion progression rate data were tested for 

normality using a Shapiro-Wilk (Royston 1982) test and assumptions of equal 

variance were tested with the Bartlett Test (Bartlett 1937). Lesion progression rates 

were log-transformed (log(x+1)) to satisfy these assumptions and compared using a 

two-level nested ANOVA with tank (3 levels, random factor) nested within treatment 

(5 levels, fixed factor), followed by a Tukey’s HSD post hoc test (Copenhaver and 

Holland 1987). Crab choice experimental data failed to satisfy assumptions of 

normality even after multiple transformations, so the nonparametric Kruskal-Wallis 

(Hollander and Wolfe 1973) ranks sum test was employed. When the Kruskal-Wallis 

test indicated significant differences among treatments, a nonparametric multiple 

comparison by STP (stepwise test procedure) was applied (Copenhaver and Holland 

1987). All statistical analyses were performed using R: Statistical Computing 

Software (R Development Core Team 2013). 

4.4 RESULTS/DISCUSSION 
Predation by C. melanodactylus crabs did not cause WS-like tissue loss in healthy 

colonies and I found that these crabs significantly slowed lesion progression on WS-

infected colonies. Following the removal of all C. melanodactylus crabs from WS-
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infected fragments, lesion progression on crab-free fragments (2.28 ± 0.21 cm / day) 

was more than three times faster than on WS fragments, when either 4 crabs (0.74 ± 

0.22 cm / day; p < 0.01) or 10 crabs (0.60 ± 0.19 cm / day; p < 0.005) were present 

per 10 cm x 10 cm fragment (p < 0.005; F2,18 = 7.67; n = 9; Figure 4.1). There was no 

significant difference between tanks within treatments (p > 0.05; F6,18 = 1.03; n = 3). 
While C. melanodactylus crabs did not completely stop WS lesion progression, their 

ability to significantly reduce lesion progression rates suggests a potential mechanism 

whereby these coral-dwelling crabs might mitigate the impacts of WS diseases on 

their coral hosts. However, further investigation is required to confirm this effect in 

the field. 

Interestingly, lesion progression rates did not differ significantly between WS 

fragments with 4 or 10 crabs per fragment (p = 0.90) (Figure 4.1). This suggests that, 

while C. melanodactylus crabs can slow WS progression, the accumulation of very 

high numbers of crabs at the lesion front does not increase this effect. Furthermore, 

even at crab densities higher than those typically found on WS colonies in the field 

(i.e., 10 crabs per 10 x 10 cm coral fragment), C. melanodactylus crabs did not 

exacerbate the disease by excessive predation on healthy tissue.  

The exact mechanisms by which these crabs slow progression of the WS lesion is 

unclear, but they may help by debriding the wound. Debridement, which involves the 

removal of damaged tissue and foreign objects from a wound, is an important aspect 

of wound care in human medicine (Bradley et al. 1999). C. melanodactylus crabs 

were observed feeding selectively at the disease lesion front, which suggests they 

could be debriding and/or disinfecting the wound in a manner similar to maggot 

debridement therapy (MDT). MDT is a human medical treatment in which fly larvae 

(i.e. maggots) are applied directly to open wounds, where they improve wound 

healing by consuming dead, damaged, or infected tissue while also secreting a mucus 

that has wide ranging antimicrobial properties (Andersen et al. 2010; Margolin and 

Gialanella 2010). While little is known about the antimicrobial repertoire of C. 

melanodactylus, antimicrobial peptides (AMPs) from many decapods have been 

isolated and characterized, including a large number of AMPs from other true crabs 

(Infraorder: Brachyura) (Otero-González et al. 2010). However, even without 
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contributing AMPs, the process of debridement alone could effectively remove 

helminths, fungi, ciliates, cyanobacteria, and other heterotrophic microorganisms 

shown to associate with WS lesions at the cellular level (Work and Rameyer 2005; 

Ainsworth et al. 2007b; Williams et al. 2011; Work and Aeby 2011). While these 

organisms have not been confirmed as causative agents for WS, they could contribute 

to lesion progression, and their removal may therefore explain how C. 

melanodactylus crabs slow WS lesions. 

I found that C. melanodactylus crabs did not act as vectors for the spread of WS 

between colonies of A. hyacinthus. Typically, corallivores are ideal vectors for coral 

disease transmission because their feeding behavior often produces open wounds 

where pathogens, carried on either the corallivore’s body or in their feces, can easily 

enter the coral host (Aeby and Santavy 2006). Several corallivores belonging to 

diverse phyla, including Annelida, Mollusca, and Chordata, have been found to 

facilitate the spread of coral disease between colonies (Sussman et al. 2003; Williams 

and Miller 2005; Aeby and Santavy 2006). However at the end of this 21-day study, 

all healthy fragments harboring crabs transplanted from WS infected colonies 

remained apparently healthy with no signs of WS (Figure 4.1). Healthy colonies with 

all C. melanodactylus crabs removed (i.e. negative controls) also remained free of WS 

disease signs throughout the study. It is possible that disease transmission takes 

longer than 21 days or that other confounding factors must exist for successful disease 

transmission, but these questions require further investigation. 

In aquaria-based habitat choice experiments, C. melanodactylus crabs demonstrated a 

very strong attraction to WS-infected corals. When crabs were given the choice 

between a healthy coral fragment and a WS fragment, 47% of crabs moved onto WS 

fragments within 12 hours, whereas only 3% moved onto healthy fragments (p = 0.02; 

H = 7.68; Figure 4.2). After nearly four days, 87% were on WS fragments, while only 

3% were on healthy fragments (10% had not moved onto either fragment) (p = 0.001; 

H = 13.23; Figure 4.2). This attraction to WS-infected corals is likely driven by easy 

access to coral tissue sloughing off coral skeletons during active WS lesion 

progression. However, since C. melanodactylus crabs also slow WS lesions, this 

attraction may provide a mechanism to slow the death of the coral host. At this point,  
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Figure 4.1. Comparison of mean linear progression rates (± SEM) of lesions on WS-infected 
and healthy fragments of Acropora hyacinthus among treatments with and without C. 
melanodactylus crabs (n = 9 fragments per treatment). Letters above each bar indicate 
statistically significant differences between treatments. 

 
Figure 4.2. Proportion of C. melanodactylus crabs on healthy fragments (grey), WS 
fragments (black), or free in the aquaria (white) during aquarium-based habitat choice 
experiments (n = 30 crabs; aggregated from 6 replicate trials, each with 5 crabs).  
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it is unclear if the crabs are attracted simply attracted to the sloughing coral tissue or 

some other signal from the WS-infected coral. Answering this question could provide 

insights into WS pathogenesis and should be the subject of future investigation. 

While C. melanodactylus crabs are more common on WS colonies, they appear to be 

a normal component of healthy coral symbiomes (Gates and Ainsworth 2011). In the 

field, all WS-infected colonies (n = 16) contained C. melanodactylus crabs, with an 

average of 3.3 ± 0.85 crabs per 10 cm lesion front (maximum = 10 crabs per 10 cm 

WS lesion front; minimum = 1 crab per 10 cm WS lesion front). These crabs were 

largely aggregated at the lesion boundary, which is consistent with previous reports of 

C. melanodactylus crabs on WS-infected colonies (Pratchett et al. 2010). However, 

unlike Pratchett et al. (2010), who reported no C. melanodactylus crabs on healthy 

Acropora colonies, I observed C. melanodactylus crabs on 11% of healthy colonies (n 

= 93), with these colonies harboring an average of 1.4 ± 0.16 crabs (maximum = 2 

crabs per 10 cm WS lesion front; minimum = 1 crab per 10 cm WS lesion front). 

These findings are consistent with previous reports of C. melanodactylus crabs as 

common inhabitants of healthy branching colonies of Acropora (Patton 1994; Stella 

et al. 2011). The apparent attraction of C. melanodactylus crabs to the lesion front of 

WS-infected colonies combined with the high prevalence of C. melanodactylus crabs 

on WS compared to healthy colonies, suggests that C. melanodactylus crabs may be 

able to move from healthy corals to nearby WS-infected colonies. This hypothesis 

could explain why Pratchett et al. (2010) were unable to find C. melanodactylus crabs 

on healthy colonies when WS prevalence was fairly high.  

In conclusion, the strong attraction of C. melanodactylus crabs to WS-infected corals, 

in combination with their ability to slow lesion progression, could provide an 

important natural mechanism helping to mitigate the impact of WS on reefs. This 

study also suggests that more emphasis should be placed on the potentially beneficial 

impacts of macroscopic coral dwellers in the study of coral health and disease. 
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5. Sediment and turbidity associated with offshore 

dredging increase coral disease prevalence on nearby 

reefs  

The contents of this chapter have been published as: 

Pollock FJ, Lamb JB, Field SN, Heron SF, Schaffelke B, Shedrawi G, Bourne DG, 
Willis BL (2014) Sediment and turbidity associated with offshore dredging 
increase coral disease prevalence on nearby reefs. PLoS ONE 9:e102498  

The published paper is attached in the Appendix. 

The chapter was written by F. Joseph Pollock, with co-authors providing intellectual 

direction in the design and implementation of the manuscript as well as editorial 

guidance. 

 
Plate 5. The author performing a coral health assessment 
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5.1 ABSTRACT  
In recent decades, coral reef ecosystems have declined to the extent that reefs are now 

threatened globally. While many water quality parameters have been proposed to 

contribute to reef declines, little evidence exists conclusively linking specific water 

quality parameters with increased disease prevalence in situ. Here, I report evidence 

from in situ coral health surveys confirming that chronic exposure to dredging-

associated sediment plumes significantly increase the prevalence of white syndromes, 

a devastating group of globally important coral diseases. Coral health surveys were 

conducted along a dredging-associated sediment plume gradient to assess the 

relationship between sedimentation, turbidity and coral health. Reefs exposed to the 

highest number of days under the sediment plume (296 to 347 days) had two-fold 

higher levels of disease, largely driven by a 2.5-fold increase in white syndromes, and 

a six-fold increase in other signs of compromised coral health relative to reefs with 

little or no plume exposure (0 to 9 days). Multivariate modeling and ordination 

incorporating sediment exposure level, coral community composition and cover, 

predation and multiple thermal stress indices provided further confirmation that 

sediment plume exposure level was the main driver of elevated disease and other 

compromised coral health indicators. This study provides the first evidence linking 

dredging-associated sedimentation and turbidity with elevated coral disease 

prevalence in situ. My results may help to explain observed increases in global coral 

disease prevalence in recent decades and suggest that minimizing sedimentation and 

turbidity associated with coastal development will provide an important management 

tool for controlling coral disease epizootics. 

5.2 INTRODUCTION  

Over the last 30 years, hard coral cover has decreased by an average of 50% on Indo-

Pacific reefs and 80% on Caribbean reefs (Gardener et al. 2003; Bruno and Selig 

2007; Weil and Rogers 2011). While these declines have been attributed to a number 

of factors, including water pollution, habitat destruction, overfishing, invasive 

species, and global climate change (Gardener et al. 2003; Bruno and Selig 2007), 

coral diseases have recently emerged as a significant driver of global coral reef 

decline  (Rosenberg et al. 2007; Bourne et al. 2009). The destructive potential of coral 



 112 

disease is most clearly exemplified in the Caribbean where successive disease 

outbreaks have decreased acroporid cover by up to 95% and contributed substantially 

to observed ecological phase shifts from coral to algal-dominated reefs (Aronson and 

Precht 2001; Weil et al. 2006; Vollmer and Kline 2008). Furthermore, the incidence 

of coral epizootics has increased globally over the last 20 years (Harvell 1999; 

Aronson and Precht 2001; Porter et al. 2001; Weil and Rogers 2011), highlighting the 

need to understand and manage the factors underlying coral disease outbreaks.  

Reduced water quality caused by explosive human population growth is often cited as 

an important factor driving coral disease epizootics (Hayes et al. 2001; Harvell et al. 

2002; Bruno et al. 2003). Land clearing exposes 1% of the Earth’s surface to eroding 

processes annually and urbanization of coastal areas is expanding disproportionally to 

population growth (Fabricius 2005; UNEP/GPA 2006). Consequently, coastal coral 

reefs, like many other marine ecosystems, are increasingly subjected to elevated 

levels of eutrophication, sedimentation and turbidity, factors proposed to compromise 

disease resistance of corals and/or increase pathogen virulence (Bruno et al. 2003; 

Harvell et al. 2007). Coastal dredging for land reclamation, beach nourishment and 

port construction further exacerbates terrestrial nutrient and sediment influx by 

resuspending benthic sediments (PIANC 2010). Additionally, more frequent and 

intense storms associated with climate change amplify water quality declines by 

promoting coastal runoff and sediment resuspension (Nearing et al. 2005). 

Eutrophication, and more specifically nutrient enrichment, has been shown to 

exacerbate existing coral disease infections and shift coral-associated microbial 

communities towards communities typical of diseased corals, but little is known about 

the role of nutrients in disease initiation (Bruno et al. 2003; Voss and Richardson 

2006; Vega Thurber et al. 2009). 

Sedimentation and turbidity, associated with both weather events and anthropogenic 

activities, are also frequently proposed to contribute to increased coral disease 

prevalence (Harvell et al. 2007), although empirical evidence is lacking. Hodgson 

(1990) suggested sedimentation as a potential mechanism for the transmission of 

coral pathogens from marine or terrestrial substrates onto nearby corals. Silt-

associated bacteria were identified as a possible cause of necrosis in sediment-
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damaged corals, since antibiotic-treated water reduced tissue damage in 

experimentally silted corals. In field-based observations, Haapklyä et al. (2011) noted 

a correlation between seasonal coastal runoff, including increased sedimentation and 

turbidity, and the prevalence of coral disease on inshore reefs. Elevated turbidity 

reduces the amount and quality of ambient light available for photosynthesis by the 

corals’ endosymbiotic algae (Symbiodinium) and excess sedimentation inhibits the 

heterotrophic feeding efficiency of corals, reducing the energy intake of both 

symbiotic and asymbiotic corals (Falkowski et al. 1990; Richmond 1993). While 

corals are able to shed some sediment through mucus production and ciliary action, 

these mechanisms are energetically expensive and further burden the corals’ already 

reduced energy budgets (Peters and Pilson 1985; Riegl and Branch 1995). Despite a 

wealth of circumstantial evidence indicating sedimentation and turbidity as potential 

coral disease drivers (Sutherland et al. 2004; Fabricius 2005; Haapkylä et al. 2011), 

no studies have directly linked sedimentation, turbidity and coral disease in the field.  

Given that nearly 40% of coral reefs are located adjacent to large population centers 

and coastlines under rapid development to accommodate expanding urban activities 

(Burke et al. 2011), effective coastal management will increasingly depend upon a 

comprehensive understanding of the impacts of sediment, turbidity and associated 

water quality decline, on all aspects of coral reef health. 

Here, I describe the first study to examine the influence of elevated sedimentation and 

turbidity on coral disease levels in situ. I performed detailed coral health assessments 

along a gradient of exposure to a sediment-laden dredge plume within the Montebello 

and Barrow Islands off the northern coast of Western Australia. The otherwise 

relatively pristine conditions of these offshore reefs enabled an empirical examination 

of the relationship between sedimentation, turbidity and coral disease prevalence in 

the absence of other confounding influences. My results indicate that elevated 

sedimentation and turbidity can significantly increase coral disease prevalence and 

highlight the urgent need to manage coastal development near coral reef ecosystems. 
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5.3 METHODS 

5.3.1 Study site 

The Montebello and Barrow Islands are situated in the Pilbara region of Northwest 

Australia, approximately 1,600 km north of Perth (see Figure 5.1). The Montebello 

and Barrow Islands Marine Protected Areas (MBIMPA), incorporating the 

Montebello Islands Marine Park, Barrow Island Marine Park and the Barrow Island 

Marine Management Area, were gazetted in 2004. The environment within the 

MBIMPA is considered to be relatively pristine as a consequence of low human 

usage, minimal terrestrial influence and strict management controls on industrial 

developments in the area (Western Australia Department of Environment and 

Conservation 2007). 

The Gorgon Project, based on Barrow Island (20.80°S, 115.40°E), is one of the 

world's largest natural gas projects and the largest single resource natural gas project 

in Australia's history. The Gorgon Project dredging program involved the removal 

and dumping of approximately 7.6 million tons of marine sediment over an 18-month 

period from 19 May 2010 to 7 November 2011. 

5.3.1 Satellite-derived assessment of sediment plume extent  

The area affected by the dredging-induced sediment plume area was quantified daily 

over the duration of the dredging program using Moderate Resolution Imaging 

Spectroradiometer (MODIS) satellite imagery, as described by Evans et al. (2012). 

Briefly, the sediment plume boundary was interpreted manually using one of up to 

two MODIS images captured daily. A single practitioner manually assessed plumes 

visible in MODIS images and distinguished these sediment plumes from benthic 

substrates. Quality control measures were utilized to ensure the collection of 

consistent, high-quality data (see Evans et al. (2012) for details).  A ‘hotspot’ analysis 

was performed on the cumulative daily plume boundaries, for the total number of 

days available, to provide a dataset describing the number of days the sediment plume 

was present at any position within the waters surrounding the Montebello and Barrow 

Islands. These data were used to determine sediment plume exposure days, which are 

defined here as the cumulative number of days a suspended sediment plume was 



 115 

visible in satellite images at a given location throughout the duration of dredging 

operations. One year of pre-dredging MODIS imagery was also analyzed to identify a 

baseline for naturally occurring turbidity events. 

 
Figure 5.1. Map showing study site and coral health survey locations at Montebello and 
Barrow Islands, Western Australia. Colored overlays (gradient from red to blue) indicate 
satellite-derived sediment plume exposure days determined by hot spot analysis of MODIS 
satellite imagery. Pie charts indicate the proportion of colonies at each site (n = 3 transects 
per site) recorded as apparently healthy (blue), diseased (red) or displaying other signs of 
compromised coral health (green). Numbers inset on pie charts indicate satellite-derived 
sediment plume exposure days at each site. Colors ringing pie charts indicate plume 
exposure categories, i.e. white: low (0 to 9 exposure days); blue: moderate (40 to 78 
exposure day); and red: high (296 to 347 exposure days). 
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5.3.2 Coral health and community composition surveys 

Coral health surveys were conducted in December 2011, one month after the 

completion of the 18-month Gorgon Project dredging program. Eleven sites were 

selected, extending both north and south from the dredging site, representing a 

gradient of sediment plume exposure (Figure 5.1). At each site, three 15 m × 2 m belt 

transects, placed randomly at least 5 m apart, were surveyed along depth contours at 2 

to 6 m, consistent with standardized protocols developed by the Global Environment 

Facility and World Bank Coral Disease Working Group (Beeden et al. 2008). Within 

each 30 m2 belt transect, every scleractinian coral colony over 5 cm in diameter was 

identified to genus-level and classified as either diseased [i.e., affected by one or more 

of the following diseases: white syndromes (WS), brown band disease, skeletal 

eroding band, black band disease, and/or growth anomalies]; showing other signs of 

compromised health (i.e., tissue necrosis associated with sediment accumulation, 

bleaching, pigmentation response, and/or sponge, red algae, or green algal 

overgrowth); or healthy (i.e., no visible signs of disease lesions or other indicators of 

compromised health) using indicators described by Willis et al. (2004). Additionally, 

signs of coral predation by Drupella sp. and/or Acanthaster planci (crown-of-thorns 

seastar; COTS) were recorded. Standard line-intercept surveys were used to 

determine coral cover and coral community composition to the genus-level by 

estimating the linear extent of each coral to the nearest centimeter along the central 

line of each 15 m belt transect. These protocols allow the data collected in this study 

to be directly compared to other similar standardized coral disease datasets 

worldwide. 

5.3.3 Assessment of temperature-based risk of disease  

Relationships between diseases and anomalously warm temperature have been 

determined for various marine and terrestrial organisms (Fabricius 2005). To evaluate 

the role that thermal stress might have played in shaping the spatial patterns of coral 

disease and other signs of compromised coral health observed, I analyzed 

temperature-based predictors of disease outbreak risk based on published empirical 

relationships between temperature metrics, coral cover and disease abundance 

(summarized in Heron et al. (2012)). While these temperature-disease relationships 

were derived for only one disease type (WS) affecting one coral genus (Acropora 
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spp.) on the Great Barrier Reef, the thermal stress predictors of disease risk provide 

useful indicators of host susceptibility and potentially pathogen loads (Heron et al. 

2012). Briefly, retrospective Pathfinder satellite sea-surface temperature (SST) time-

series for the period 1985 to 2009 were concatenated with NOAA’s near real-time 

11km SST time-series (February 2009 to December 2011); concatenation was 

performed by bias-adjusting the latter dataset to match the former based on the 

overlap period. The resulting weekly dataset provided a SST time-series for each 

survey location throughout the dredging period (May 2010 to November 2011) and an 

internally consistent climatological baseline for the calculation of thermal stress 

metrics. Five temperature-based stress metrics associated with disease likelihood were 

derived (see Table 5.1 for definitions): Hot Snap, Cold Snap and Winter Conditions 

(see (Heron et al. 2010) for full details); and mean positive summer anomaly (MPSA) 

and predicted abundance (Maynard et al. 2011). Predicted abundance of disease cases 

per 1,500 m2 (Adisease) was calculated using MPSA and total hard coral cover for all 

species (TCC) from the field surveys, following the model of Maynard et al. (2011); 

Adisease = MPSA
a
 TCC

b
            (1) 

where a = 1.07 and b = 1.59. All temperature-based metrics were assessed at the site 

level (i.e., no replication at the transect level) due to the limited resolution of satellite-

derived SST data. 

5.3.4 Data analyses 

Prevalence values for coral diseases and other signs of compromised health were 

calculated within each 30 m2 belt transect by dividing the number of colonies with 

signs of any of 5 diseases recorded or of 6 other indicators of compromised health by 

the total number of colonies present. To assess the effect of dredging on disease 

prevalence and on other indicators of compromised health along the plume gradient, 

sites were assigned to one of three exposure categories based on the number of days a 

dredging-associated suspended sediment plume was visible in usable MODIS satellite 

images (Figure 5.1):  

low-exposure (0-9 sediment plume exposure days; 18 transects),  

moderate-exposure (40-78 sediment plume exposure days; 9 transects) and  
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high-exposure (296-347 sediment plume exposure days; 6 transects).  

To analyze patterns of coral disease and other signs of compromised health among 

broad coral growth forms within each sediment plume exposure category, coral 

genera were assigned to one of three growth form categories:  

massive (Acanthastrea, Alveopora, Astreopora, Cyphastrea, Diploastrea, 

Favia, Favites, Fungiidae, Goniastrea, Goniopora, Leptastrea, Leptoria, 

Leptoseris, Lobophyllia, Montastrea, Moseleya, Oulophyllia, Platygyra, 

massive Porites and Symphyllia),  

plating (tabular Acropora, Echinophyllia, plating Echinopora, Galaxea, 

Merulina, plating Montipora, Mycedium, Oxypora, Pachyseris, Pectinia, 

Podabacia and Turbinaria)  or 

branching (bushy Acropora, digitate Acropora, staghorn Acropora, 

Anacropora, Australogyra, branching Echinopora, Hydnophora, Isopora, 

branching Montipora, Palauastrea, Paraclavarina, Pavona, branching 

Pocillopora, branching Porites, Psammocora, Seriatopora and Stylophora). 

 Associations between the prevalence of disease and other compromised coral health 

indicators and sediment plume exposure days were tested with Pearson product-

moment correlations. Differences in mean prevalence levels among the three 

sediment plume exposure groups were analyzed using two-way (sediment plume 

exposure category, site) nested analyses of variance (ANOVA), with site treated as a 

random factor that was nested within the fixed factor, plume exposure. Plume 

exposure days, coral predation by COTS and Drupella, and total hard coral cover 

were compared among plume exposure groups using the two-way ANOVA design 

described above. Differences in mean prevalence of disease and compromised health 

indicators were compared among growth forms within each dredge exposure category 

using one-way ANOVAs. Similarly, all temperature-based measures of disease 

likelihood were compared using one-way ANOVAs. Associations between sediment-

exposure days and prevalence of coral health and disease were tested with Pearson 

product-moment correlations. Prior to analyses, assumptions of normality (Shapiro-

Wilks) and homogeneity of variance (Levene’s test of homogeneity) were tested. 
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Post-hoc comparisons between groups were performed using Tukey’s HSD tests. All 

univariate statistical analyses were performed using STATISTICA 10 (StatSoft, 

Tulsa, Oklahoma). 

Coral community composition (at the genus-level) was compared among reefs within 

the three sediment plume exposure categories to ensure that community structure was 

homogenous across treatments. To test for differences in community composition, a 

nested permutational analysis of variance (PERMANOVA) was used, in which site 

was treated as a random factor nested within the fixed factor, plume exposure 

(Anderson et al. 2008). Similarities among coral communities were illustrated using a 

non-metric multidimensional scaling plot (nMDS) (Anderson et al. 2008). 

A non-parametric distance-based linear model (DISTLM) was used in combination 

with distance-based redundancy ordination analysis (dbRDA) to explore the 

hypotheses that variability in patterns of disease and other compromised health 

indicators could be explained by environmental variables known to impact coral 

condition and distribution (i.e., sediment plume exposure days, hard coral cover, 

predation, and calculated thermal stress; see Table 5.1). The DISTLM models the 

relationship between these environmental variables and the multivariate coral health 

prevalence dataset based on a multiple regression model. This routine finds the linear 

combination of variables that explains the greatest amount of variation in the coral 

health dataset and examines the amount of variance explained by each environmental 

variable, providing a pseudo-F statistic. The best-fit model, based on corrected 

Akaike's Information Criterion (AICc), was then visualized in multidimensional space 

using dbRDA ordination (Anderson et al. 2008). Preliminary diagnostics to assess 

multi-collinearity among predictor variables using draftsman plots reveal two thermal 

stress indicators, Peak SST and Peak SSTA, were highly correlated with Hot Snap (r 

= 0.87 and 0.79, respectively). To avoid redundancy, Peak SST and Peak SSTA were 

not included in the DISTLM or dbRDA. Predictors that best explained the data were 

overlaid as biplots representing the strength (vector length) and direction of influence 

(Anderson et al. 2008). All multivariate analyses were conducted in PRIMER v6 

(Clarke and Gorley 2006) and PERMANOVA+ (Anderson et al. 2008) using Bray-

Curtis similarity matrices based on fourth-root transformed data. 
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5.4 RESULTS 

5.4.1 Satellite-derived assessment of sediment plume extent 

Satellite images of the Gorgon Project sediment plume, of a quality suitable for 

deriving plume extent, were available for 411 of the 538 dredging days (i.e. 76% of 

days). Poor quality images (e.g., due to cloud cover or the sensor not capturing the 

study region) during the remaining 127 days (24% of days) were omitted from the 

analysis. Therefore, the number of sediment plume exposure days reported here is 

conservative and likely underestimate the true number of days sites spent under the 

sediment plume. Hotspot analysis of satellite imagery revealed that the sediment 

plume was most commonly detected around the dredge channel and sediment spoil 

dumping sites (Figure 5.1). Cumulative sediment plume exposure declined away from 

these sites, with the plume typically dispersing to the south of the dredge and spoil 

sites in response to prevailing wind and current patterns (Evans et al. 2012). 

5.4.2 Impact of dredging on coral disease prevalence 

A significant, positive correlation was found between overall coral disease prevalence 

and sediment plume exposure days (Supplementary Figure 5.S1a, Pearson’s r9 = 0.49, 

p < 0.05). Mean disease prevalence (± SE) at high-exposure sites (7.26 ± 1.56%) was 

greater than 2-fold higher than at low-exposure sites (3.1 ± 0.6%) and 1.5-fold higher 

than at moderate-exposure sites (4.7 ± 1.5%) (Figure 5.2a, Supplementary Table 5.S1, 

F2,8 = 9.1, p < 0.002). When results from all sites were combined, WS (69%) and 

skeletal eroding band (17%) dominated the disease cases observed. At the high-

exposure sites, elevated disease prevalence was largely the result of high WS levels, 

which were 2.5-fold greater than at low- and moderate-exposure sites (Figure 5.2a, 

Supplementary Table 5.S1, F2,8 = 17.5, p < 0.001). In contrast, the highest prevalence 

of brown band disease was recorded at moderate-exposure sites, where it was more 

than 9 times greater than at high- or low-exposure sites (F2,8 = 0.9, p < 0.001). The 

prevalence of black band disease, growth anomalies and skeletal eroding band did not 

differ significantly between exposure categories (Figure 5.2a, Supplementary Table 

5.S1, all p > 0.05). 
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5.4.3 Impact of dredging on other signs of compromised coral health 

There was a significant, positive correlation between the prevalence of other 

compromised health indicators and sediment plume exposure days (Supplementary 

Figure 5.S1b, Pearson’s r9 = 0.79, p < 0.001). Mean prevalence of these indicators 

was more than 6-fold greater at high-exposure sites (47.9% ± 11.2) than at low- (8.0 ± 

1.4%) or moderate-exposure sites (7.9 ± 0.9%) (Figure 5.2b, Supplementary Table 

5.S1, F2,8 = 50.8, p < 0.001). Sediment-associated tissue necrosis was 57 times more 

prevalent at high-exposure sites compared to low- and moderate-exposure sites 

(Figure 5.2b, F2,8 =  154.9, p < 0.001). Bleaching, sponge overgrowth and 

pigmentation responses were also significantly greater at high-exposure sites relative 

to low- or moderate-exposure sites (Figure 5.2b, Supplementary Table 5.S1, all p < 

0.001). The prevalence of red and green algae did not differ significantly between 

exposure categories (all p > 0.05). 

 
Figure 5.2. Mean prevalence of (a) coral disease and (b) other signs of compromised coral 
health at sites within three sediment plume exposure categories: low (0 to 9 plume exposure 
days; n = 18 transects), moderate (40 to 78 plume exposure days; n = 9 transects), and high 
(296 to 347 plume exposure days; n = 6 transects). Stacked bars indicate disease or other 
compromised coral health indicator prevalence by category and error bars indicate standard 
error among transects for total prevalence of disease or other compromised coral health 
indicators. Letters indicate post-hoc groupings (Tukey’s HSD, p < 0.05) between sediment 
plume exposure categories. 
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5.4.4 Influence of coral community composition and morphology on disease 

and other signs of compromised health 

There was no significant difference in coral community composition between 

sediment plume exposure categories, indicating that reefs within the three groupings 

were comparable in regards to coral structure (Supplementary Figure 5.S2, pseudo-F 

= 1.38, p > 0.1). However, coral community composition did vary significantly 

among sites within exposure categories (Supplementary Figure 5.S2, pseudo-F = 

7.54, p < 0.001).  

Disease levels did not differ significantly among growth forms (i.e., massive, plating 

and branching colonies) at high or low exposure sites (Supplementary Figure 5.S3a, 

all p > 0.05). However, massive corals at moderate-exposure sites sustained 

significantly less disease than branching and plating colonies (Supplementary Figure 

5.S3a, all p > 0.05). The prevalence of other compromised coral health indicators did 

not differ between growth forms within any sediment plume exposure category 

(Supplementary Figure 5.S3b, all p > 0.05). 

5.4.5 Environmental drivers of disease and compromised health 

ANOVA and DISTLM (visualized through dbRDA) both identified sediment plume 

exposure level as the most significant environmental driver of elevated levels of 

disease and other indicators of compromised health. Among all environmental 

parameters assessed (see Table 5.1), sediment plume exposure days was the only 

metric that differed significantly among exposure categories (F2,11 = 285.7, p < 

0.001). Furthermore, the abundance of disease predicted by satellite-derived 

temperature-based stress metrics did not differ significantly among sediment plume 

exposure groups (Table 5.1, p > 0.05).  

The dbRDA diagram depicting coral disease composition (based on the simplest best 

fit DISTLM, AICc = 215.12, R2 = 0.47), showed a cluster of high-exposure sites 

away from moderate- and low-exposure sites (Figure 5.3a). The greatest amount of 

variation in the disease prevalence data was explained by sediment plume exposure 

days (pseudo-F4,30 = 3.97, p < 0.05) and total hard coral cover (pseudo-F4,30 = 4.28, p 

< 0.05) (Figure 5.3a). The temperature metric Hot Snap (pseudo-F4,30 = 3.31, p < 

0.05) explained a lesser, but still significant amount of variation in the disease dataset 
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Table 5.1. Environmental predictor variables assessed in a multivariate multiple regression analysis (DISTLM) at sites within 
three sediment plume exposure categories determined by MODIS satellite imagery: low (0 to 9 plume exposure days, n = 6 
sites), moderate (40 to 68 plume exposure days, n = 3 sites) and high (296 to 347 plume exposure days, n = 2 sites); and 
results of an analysis of variance (ANOVA) for each predictor variable among dredge plume exposure groups. 
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The dbRDA diagram depicting the composition of other compromised health 

indicators (based on the simplest best fit DISTLM, AICc = 215.57, R2 = 0.28) also 

showed a clear separation between tightly clustered high-exposure transects and the 

more dispersed low- and moderate-exposure transects (Figure 5.3b). Sediment plume 

exposure days (pseudo-F4,30 = 5.99, p < 0.005) and Drupella (pseudo-F4,30 = 3.65, p 

< 0.05) explained the greatest amount of variation in the datacloud. The overlay 

vector for plume exposure days corresponded to the axis separating high-exposure 

sites from low- and moderate-exposure sites, while the vector for Drupella largely 

corresponded to the axis separating sites within low and moderate-exposure 

categories (Figure 5.3b). 

 
Figure 5.3. Distance-based redundancy analysis (dbRDA) ordination plots illustrating the 
relationship between environmental predictors that best explain the variation of (a) coral 
disease and (b) other compromised coral health indicators among sites. The dbRDA was 
constrained by the best-fit explanatory variables from a multivariate multiple regression 
analysis (DISTLM) and vectors overlays are shown for predictor variables explaining a 
significant proportion of the variation in the prevalence of (a) coral disease and (b) other 
compromised coral health indicators. 

5.5 DISCUSSION 
This study provides the first empirical evidence linking turbidity and sedimentation 

with elevated levels of coral disease and other indicators of compromised coral health 

in situ. I found two-fold higher disease prevalence, largely driven by increases in WS, 

and six-fold higher levels of other compromised health indicators at high sediment 

plume exposure sites. Since these in situ health assessments were conducted more 
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than 18 months after commencement of dredging, it is likely that the most susceptible 

corals experienced complete mortality prior to surveys being undertaken. Therefore, 

these prevalence figures likely underestimate the true impact of dredging-associated 

sedimentation and turbidity on coral health. 

While previous studies have suggested a myriad of environmental stressors as 

potential drivers of coral disease (Hodgson 1990; Kline et al. 2006; Haapkylä et al. 

2011), the current study highlights a direct link to sedimentation and turbidity. On 

Australia’s east coast, the UNESCO World Heritage Committee recently cited 

increasing coastal development and catchment runoff as serious threats to the 

“outstanding universal value” of Australia’s Great Barrier Reef World Heritage Area 

(Douvere and Badman 2012), and on Australia’s west coast, an estimated 200 million 

cubic meters of sediment will be dredged and dumped in projects currently passing 

through Western Australia’s approvals and/or regulatory system alone (Masini et al. 

2011). Clearly, these findings will have direct implications for coastal managers 

charged with balancing economic development with the imperative to maintain 

healthy coral reefs. As the rate of coastal development near coral reef ecosystems 

continues to escalate in many parts of the world, a comprehensive understanding of 

the impacts of sediment and turbidity on coral health will become increasingly 

important. 

5.5.1 Impact of dredging on coral disease prevalence 

Elevated disease levels at high sediment plume exposure sites were primarily the 

result of the more than 2.5-fold higher prevalence of WS, an important group of 

diseases that have affected reefs throughout the Indo-Pacific and which are 

characterized by a distinct band of sloughing coral tissue revealing underlying coral 

skeleton (Willis et al. 2004; Aeby 2005; Sussman et al. 2008). WS prevalence is often 

correlated with environmental stress, and strong correlations between warm 

temperature anomalies and elevated WS levels have shown that thermal stress is an 

important driver of some types of WS (Heron et al. 2010; Maynard et al. 2011). 

However, I found no differences in multiple thermal stress metrics or predicted 

disease abundance among the three sediment plume exposure groups and while Hot 

Snap and total hard coral cover helped to explain the distribution of disease among 
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sites, this metric largely correlated with differences among low and moderate-

exposure sites. Both univariate analysis and multivariate modeling identified sediment 

plume exposure as the main driver of elevated WS levels in the current study, 

providing further evidence for the role of environmental stress, specifically increased 

sedimentation and turbidity, in WS pathogenesis. 

The greater prevalence of brown band disease at moderate-exposure sites compared to 

high- and low-exposure sites may reflect differences in ciliate proliferation rates 

under specific turbidity/light levels. Brown band disease is characterized by a dense, 

brown mat of ciliates packed with Symbiodinium derived from consumed coral tissue 

(Willis et al. 2004; Bourne et al. 2008a). Since Symbiodinium cells residing within 

ciliates are photosynthetically competent during brown band disease progression, it 

has been proposed that brown band disease-associated ciliates could derive nutrition 

from photosynthates produced by ingested Symbiodinium, while also benefiting from 

an additional oxygen source within the densely populated and presumably oxygen-

limited brown band mat (Willis et al. 2004; Bourne et al. 2008a). At highly turbid, 

high sediment plume exposure sites, Symbiodinium photosynthesis would be 

hindered, potentially removing the advantage of brown band ciliates over their 

presumably immune-compromised coral hosts. However, medium-exposure sites 

could provide the right balance of compromised host immunity and sufficient light 

availability to facilitate infection and proliferation of brown band ciliates. Further 

studies specifically investigating the influence of reduced light levels on the 

partitioning of photosynthates between Symbiodinium and ciliates are required to test 

this hypothesis. 

Total mean disease levels at low-exposure sites (3.1 ± 0.6%) were similar to levels 

reported from nearby Ningaloo Marine Park (Onton et al. 2011), indicating that these 

low-exposure sites provide a good approximation of background disease levels in the 

region. Prevalence levels of black band disease, skeletal eroding band disease and 

growth anomalies did not differ significantly among sediment plume exposure groups 

and all were consistent with levels reported from Ningaloo Reef (Onton et al. 2011). 
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5.5.2 Impact of dredging on other compromised coral health indicators 

The greater prevalence of other indicators of compromised coral health at high 

sediment plume exposure sites was largely the result of elevated levels of sediment-

associated necrosis and bleaching, which were 57-fold and 9-fold higher, 

respectively. Increased turbidity reduces the amount of light available for 

photosynthesis, while sediment deposition further shades corals and taxes energy 

budgets through the need to allocate energy to sediment removal. Although corals are 

able to actively remove sediment particles through ciliary and tentacular movement, 

combined with polyp distension and mucus production (Hubbard and Pocock 1972; 

Rogers 1990; Philipp and Fabricius 2003), these mechanisms can become 

overwhelmed during periods of intense and/or chronic sediment deposition. When 

sediment stress is chronic, even low-levels can dramatically alter coral energy budgets 

by reducing Symbiodinium densities (i.e., bleaching) and by decreasing the 

photochemical efficiencies (Fv/Fm) of the Symbiodinium that remain (Hubbard and 

Pocock 1972; Rogers 1990; Philipp and Fabricius 2003). If resulting energy deficits 

are not relieved through either metabolic depression or heterotrophic feeding, 

bleaching can lead to mortality of the affected coral tissue (i.e., sediment necrosis).  

While bleaching and sediment necrosis observed in this study were mostly confined 

to depressions on the coral surface, these patches of partial mortality could expose the 

coral to further mortality or subsequent infection by disease, even after the 

completion of dredging operations. In laboratory sedimentation experiments, Flores et 

al. (2012) reported that corals with only 10% partial mortality at the end of a period of 

sediment exposure subsequently suffered complete mortality during a 4-week 

“recovery” period. Although bleaching and sediment necrosis are known sources of 

coral mortality during periods of prolonged sediment exposure (Glynn 1996; Brown 

1997), future studies should investigate the potential of sediment-induced lesions to 

develop into coral disease, which could progress even after the sediment stress is 

removed. 

Elevated prevalence of pigmentation responses (PR) at high exposure sites provides 

further evidence of sediment plume-induced coral stress. PR has been observed in 

corals subjected to a suite of stressors and has been proposed to be a general immune 
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response to a variety of physical and biological challenges, including competitors and 

pathogens (Willis et al. 2004; Ravindran and Raghukumar 2006; Palmer et al. 2008). 

Tissues associated with PR possess high levels of melanin, an important component 

of invertebrate innate immunity that can act as a defensive barrier against foreign 

bodies (Palmer et al. 2008). Elevated PR levels at high exposure sites may represent 

an inflammatory-like response by the coral to either sediment particles clogging 

tentacles and polyp surfaces or to invading pathogens.  

5.5.3 Effect of coral growth form on sediment plume-induced disease and 

other compromised health indicators 

The prevalence of disease and other compromised coral health indicators did not vary 

between coral growth forms (i.e., massive, plating and branching) at high sediment 

plume exposure sites. The influence of coral morphology (i.e., growth from) on 

sediment clearing rates has been well investigated (Hubbard and Pocock 1972; 

Rogers 1983; Stafford-Smith 1993), with branching corals generally considered to be 

more effective at passive sediment removal, while massive and plating forms retain 

more sediment due to their shapes, which inhibit passive rejection and removal 

(Brown and Howard 1985). However, sediment rejection rates and sediment tolerance 

are not directly related (Stafford-Smith 1993). For example, Stafford-Smith (Stafford-

Smith 1993) reported some plating species (e.g. Montipora aequituberculata) with 

high sediment tolerance despite poor sediment rejection capacity, whereas some 

massive species (e.g. Favia stelligera and Leptoria phrygia) are efficient sediment 

rejecters but exhibit low sediment tolerance. While previous investigations have 

focused on only a few coral species in relatively artificial conditions, this is the first 

field study to investigate the relationship between growth form, sedimentation, 

turbidity and coral health among all hard coral species present on a natural reef. 

Although this study indicates that growth form is not a strong predictor of corals’ 

susceptibility to disease and other compromised health indicators associated with 

increased sedimentation and turbidity, some caution is required in this interpretation, 

as the most susceptible corals may have died before these surveys were undertaken. 
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5.6 CONCLUSIONS 
This study provides empirical, field-based evidence linking sedimentation and 

turbidity to elevated levels of coral disease and other compromised coral health 

indicators on reefs. While poor water quality has been suggested as a driver of coral 

disease (Bruno et al. 2003; Wooldridge et al. 2006; Wooldridge and Done 2009), little 

ecological evidence exists linking specific water quality parameters and coral disease 

data. WS responded strongly to elevated sedimentation and turbidity demonstrating a 

clear link between water quality and coral disease, though the mechanisms underlying 

this response remain unclear. Future studies that investigate the response of the coral 

host (e.g., immune function and energy reserves) and potential pathogens (e.g., shifts 

in bacterial and viral communities on corals and in surrounding seawater) to elevated 

sedimentation and turbidity are required. As coastal development intensifies in many 

parts of the world, the health of coral reefs will depend upon a thorough 

understanding of the impacts of water quality changes on coral reef health.  
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5.7  SUPPLEMENTARY FIGURES AND TABLES 
Supplementary Table 5.S1. Mean prevalence of coral disease and compromised coral 
health indicators at sites within three sediment plume exposure categories determined by 
MODIS satellite imagery: low (0 to 9 plume exposure days), moderate (40 to 68 plume 
exposure days) and high (296 to 347 plume exposure days) and results of a 2-way nested 
analysis of variance (ANOVA). Mean prevalence calculated as the percentage of colonies 
with disease or compromised health as a percentage of the total number of corals per 
transect. Analyses performed on square root transformed data.
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Supplementary Figure 5.S1. Correlations between sediment plume exposure days and the 
prevalence of (a) disease and (b) other signs of compromised coral health. Pearson's 
correlation coefficients (Pearson’s r) and p-values are shown. 
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Supplementary Figure 5.S2. Non-metric multidimensional scaling (nMDS) plot visualizing 
variation in the taxonomic composition (genus-level) of coral assemblages at transects within 
each sediment plume exposure category: low (0 to 9 plume exposure days; n = 18 transects; 
white triangles), moderate (40 to 78 plume exposure days; n = 9 transects; grey triangles), 
and high (296 to 347 plume exposure days; n = 6 transects; black squares). 
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Supplementary Figure 5.S3. Mean prevalence of (a) coral disease and (b) other 
compromised coral health indicators at sites within three sediment plume exposure 
categories, low (0 to 9 plume exposure days; n = 15 transects; white bars), moderate (40 to 
78 plume exposure days; n = 9 transects; grey bars) and high (296 to 347 plume exposure 
days; n = 6 transects; black bars), for three coral growth morphologies, massive (n = 1725 
colonies), plating (n = 1768 colonies) and branching (n = 3351 colonies). Lettered bars 
indicate post-hoc groupings (Tukey’s HSD, p  < 0.05) between morphologies within exposure 
categories. 
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6. Visualization of coral host-pathogen interactions using 

a stable GFP-labeled Vibrio coralliilyticus strain 

 

The contents of this chapter are under review Coral Reefs as: 

Pollock FJ, Krediet CJ, Garren M, Stocker R, Winn K, Heute-Staufer C, Willis 
BL, Bourne DG (2015) Development and application of a green fluorescence 
protein-labeled strain of the coral pathogen Vibrio coralliilyticus. Coral Reefs 
34:655-662 

The published paper is attached in the Appendix. 

The chapter was written by F. Joseph Pollock, with co-authors providing intellectual 

direction in the design and implementation of the manuscript as well as editorial 

guidance. 

 
Plate 6. GFP-labeled V. coralliilyticus  
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6.1 ABSTRACT  
The bacterium Vibrio coralliilyticus has been implicated as the causative agent of 

coral tissue loss diseases (collectively known as white syndromes) at sites across the 

Indo-Pacific, and represents an emerging model pathogen for understanding the 

mechanisms linking bacterial infection and coral disease. In this study, I used a mini-

Tn7 transposon delivery system to chromosomally label a strain of V. coralliilyticus 

isolated from a white syndrome disease lesion with a green fluorescent protein gene 

(GFP). I then tested the utility of this modified strain as a research tool for studies of 

coral host-pathogen interactions. A suite of biochemical assays and experimental 

infection trials in a range of model organisms confirmed that insertion of the GFP 

gene did not interfere with the labeled strain’s virulence. Using epifluorescence video 

microscopy, the GFP-labeled strain could be reliably distinguished from non-labeled 

bacteria present in the coral holobiont, and the pathogen’s interactions with the coral 

host could be visualized in real time. This study demonstrates that chromosomal GFP-

labeling is a useful technique for visualization and tracking of coral pathogens, and 

provides a novel tool to investigate the role of V. coralliilyticus in coral disease 

pathogenesis. 

6.2 INTRODUCTION 
Coral reefs provide critical goods and services to tropical nations worldwide, but 

increasing levels of coral disease threaten to erode the very foundation of these 

valuable ecosystems (Bourne et al. 2009). In spite of increasing research efforts, 

relatively little is known about the complex interactions among the coral host, the 

marine environment and invading pathogens that lead to disease (Work and Meteyer 

2014). The development of tools to effectively visualize pathogens in situ has 

provided critical insights into complex and highly dynamic host-pathogen interactions 

in a wide range of disease systems (Valdivia et al. 1996; Ling et al. 2001; Sawabe et 

al. 2006) and could lead to similar advances in the field of coral disease research. 

Insertion of green fluorescent protein (GFP) genes into the genomes of 

microorganisms of interest provides a useful experimental tool to track the behavior 

of specific microbes as they interact with host tissues and cells (Prasher et al. 1992; 

Chalfie et al. 1994; Valdivia et al. 1996; Ling et al. 2001; Dunn et al. 2006). GFPs are 
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non-toxic, therefore they do not interfere with cell function; moreover, they are 

continuously synthesized within modified pathogens and are passed to offspring 

during binary fission (Chalfie et al. 1994; Valdivia et al. 1996). These characteristics 

make genomic GFP insertion an important tool for microbiologists studying 

environmental microorganisms in complex biological systems (Errampalli et al. 

1999). Development of tools to label and track coral pathogens could provide similar 

insights into pathogen invasion pathways and could facilitate the discovery of 

methods to control coral diseases, such as the identification of probiotics that protect 

the coral holobiont from infection. While several coral pathogens have been identified 

to date, techniques to track their dynamic interactions with coral hosts in vivo are 

currently lacking (Pollock et al. 2011). 

The bacterium Vibrio coralliilyticus has recently emerged as a model pathogen for 

investigations into the mechanisms linking bacterial infection and coral disease in 

experimental settings (Meron et al. 2009; Pollock et al. 2010b; Kimes et al. 2011; 

Garren et al. 2014). Although a direct link between V. coralliilyticus and widespread 

coral disease outbreaks has not been definitively established, this bacterium has been 

implicated in coral tissue loss diseases, collectively known as white syndromes (WS), 

at sites across the Indo-Pacific (Ben-Haim et al. 2003; Sussman et al. 2008; Ushijima 

et al. 2014). Additionally, aquarium-based infection experiments have demonstrated 

the ability of V. coralliilyticus to cause WS-like disease signs in several Indo-Pacific 

coral species (Sussman et al. 2008; Vidal-Dupiol et al. 2011; Ushijima et al. 2014). 

This potentially pathogenic bacterium is easy to culture and several strains have been 

isolated from diseased corals that could be modified to allow specific visualization 

and tracking (Ben-Haim and Rosenberg 2002; Ben-Haim et al. 2003; Thompson et al. 

2005; Sussman et al. 2008; Vizcaino et al. 2010; Ushijima et al. 2014). Patterns in the 

movement of this bacterium have been accurately tracked within chemical gradients 

mimicking the microenvironment on a coral’s surface using microfluidic devices 

(Garren et al. 2014).  However, in situ tracking on a coral’s surface, where complex 

micro-topography and bacterial communities render tracking more difficult, require 

the development of novel tools, such as specific labeling. 
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In this study, I describe the chromosomal GFP-labeling of a strain of V. coralliilyticus 

(LMG 23696) that was originally isolated from a WS-affected specimen of the coral 

Montipora aequituberculata on the Great Barrier Reef (GBR), Australia. Using a 

suite of biochemical assays and infection experiments, I confirm that there is no loss 

of virulence in this modified strain and I employ epifluorescence video microscopy to 

visualize its interactions with the coral host in situ. This study demonstrates the 

efficacy and utility of GFP-labeled pathogens to investigate host-pathogen 

interactions within the coral holobiont. 

6.3 MATERIALS AND METHODS 

6.3.1 GFP-labeling of Vibrio coralliilyticus 

Vibrio coralliilyticus strain P1 (LMG 23696) was originally isolated from a WS-

affected colony of the scleractinian coral Montipora aequituberculata at Magnetic 

Island, which is located off the coast from Townsville, Australia, within the central 

section of the Great Barrier Reef Marine Park (Sussman et al. 2008). The target strain 

of V. coralliilyticus was GFP-labeled using the mini-Tn7 system that integrates the 

GFP gene into a neutral site of the bacterial chromosome, as previously described by 

Lambertsen et al. (2004). Briefly, relevant bacterial strains were grown in LB20 broth 

(3 g/L peptone, 1 g/L yeast extract, 20 g/L NaCl), supplemented with the appropriate 

antibiotics (see below) and cultured at 30˚C for 24 h with shaking (170 rpm). The 

GFP delivery vector pAKN137 was grown in 15 µg/mL gentamycin, the transposase 

delivery plasmid pUXBF13 was grown in 50 µg/mL ampicillin and the mobilization 

plasmid pRK600 was grown in 5 µg/mL chloramphenicol. V. coralliilyticus P1 was 

routinely grown in 50 µg/mL colistin. After 24 h, strains were subcultured into fresh 

LB20 broth supplemented with the appropriate antibiotics and were cultured for 16 h 

at 30˚C with shaking (170 rpm). Strains were subsequently mixed and spotted onto 

LB20 agar plates (10 g/L peptone, 5 g/L yeast extract, 20 g/L NaCl and 15 g/L agar) 

with no antibiotics. Transconjugants were selected on LB20 plates containing 15 

µg/mL chloramphenicol and 50 µg/mL colistin and confirmed under a blue light 

transilluminator. 
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6.3.2 Biochemical and phenotypic validation of GFP-tagged Vibrio 

coralliilyticus 

GFP-labeled and wild type (WT) strains of V. coralliilyticus were compared to assess 

the impact of GFP gene insertion on bacterial growth dynamics, proteolytic activity 

and protein expression. Growth rates of duplicate cultures of each strain were 

compared using the microgrowth assay developed by Brewster (2003). The cell 

density of each strain was adjusted to the same starting concentration and cell density 

measurements (optical density at 595 nm [OD595]) were taken every hour using a 

Wallac 1420 Victor 2 spectrophotometer (Perkin-Elmer Life Sciences, USA). 

Virulence of V. coralliilyticus results in part from high protease expression levels 

(Ben-Haim et al. 2003; Sussman et al. 2009). Therefore, proteolytic activity and 

protein expression profiles of the GFP-labeled and WT strains were compared to 

ensure that no attenuation had occurred as a result of the labeling process. Protease 

activity was quantified by measuring azocasein hydrolysis, as previously described by 

Windle & Kelleher (1997). After overnight growth in LB20 broth, 1 mL of culture 

was pelleted by centrifugation at 16,000 x g for 10 m and the supernatant was 

sterilized through a 0.22 µm filter to remove any bacterial cells. Cell-free supernatant 

was mixed with azocasein (5 mg/mL in 50 mM Tris-HCl pH 8.0 supplemented with 

0.04% NaN3) and incubated at 30˚C for 60 m. Following incubation, the non-

hydrolyzed protein was precipitated using 10% tricholoroacetic acid (TCA) and 

removed by centrifugation. The supernatant was transferred to a new tube and the 

absorbance at 450 nm was measured. 

6.3.3 Symbiodinium infection study 

To assess the impact of GFP-labeling on V. coralliilyticus virulence against 

endosymbiotic algae typically associated with the coral host, axenic cultures of 

Symbiodinium were challenged with WT and GFP-labeled strains of V. coralliilyticus, 

following procedures described in Cohen et al. (2013). Briefly, Symbiodinium 

cultures (clade C1) were maintained in an axenic growth medium comprised of a 

modified F/2 and Erdschreiber medium (Guillard and Ryther 1962). Symbiodinium 

cells were quantified (n = 10) using a Neubauer hemocytometer, adjusted to a uniform 

concentration (1 x 106 cells mL-1) by medium addition and inoculated into sterile 96-
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well plates (100 µL per well), and wells were covered and sealed with Parafilm®. Cell 

culture plates were then incubated at 28°C under 12 h:12 h light:dark irradiance (120 

pmol photons m-2 sec-1).  

Overnight cultures of WT and GFP-labeled V. coralliilyticus were centrifuged at 

5,250 x g for 10 m and the resulting supernatants were individually filtered through 

0.22 µm filters to remove any bacterial cells. For each bacterial strain, 100 µL of cell-

free supernatant was then added to four replicate microtiter wells containing axenic 

Symbiodinium cells. Additionally, 100 µL of sterile filtered seawater was added to 

four replicate wells as a negative control. 

A maxi imaging pulse amplitude modulation (MAXI iPAM) fluorometer was used to 

assess photosystem II inhibition. Briefly, Symbiodinium cells were dark adapted for 

30 m prior to each saturation light pulse (gain = 1–2, intensity = 1–2, saturation pulse 

= 7) to obtain dark-adapted quantum yields (Fv/Fm), which were calculated using the 

formula, Fv/Fm = (Fm - F0)/Fm (Fv = variable fluorescence, Fm = maximum fluorescent 

yield, F0 = dark fluorescent yield). Measurements were collected prior to inoculation 

(i.e. time = 0), approximately hourly for the first 5 h post inoculation and then 

approximately every two hours up to 26 h post inoculation. 

6.3.4 Acropora millepora coral juvenile infection study 

To assess the impact of GFP-labeling on V. coralliilyticus virulence against the coral 

holobiont, juveniles of the coral Acropora millepora were challenged with both WT 

and GFP-labeled strains of V. coralliilyticus, as previously described by Cohen et al. 

(2013). A. millepora juveniles were raised from larvae, as described by Abrego et al. 

(2008) and Littman et al. (2010). Briefly, colonies of A. millepora were collected 

from Cattle Bay, Orpheus Island, in the central sector of the Great Barrier Reef prior 

to spawning in November 2010. Following spawning and fertilization, larvae were 

reared at Orpheus Island Research Station until settlement competency was attained. 

After settlement onto field-conditioned terracotta tiles, coral juveniles were returned 

to a nearby reef on the west side of Pelorus Island. Terracotta tiles with attached coral 

juveniles were placed on steel rods and suspended vertically between pairs of metal 

star-pickets on the reef flat. After 6 months, the terracotta tile racks were removed 

from the reef and transported to the Australian Institute of Marine Science (AIMS) in 
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large seawater-filled containers. At AIMS, the terracotta tiles (and associated coral 

juveniles) were placed in outdoor aquaria facilities with 5 µm filtered flow-through 

seawater for 1 week to allow for acclimatization. After 1 week, juveniles were 

removed from the tiles using a microscope, scalpel and tweezers and placed into 

individual wells in a 12-well plate. Each well contained 5 mL of 0.22 µm filter-

sterilized seawater, which was replaced every other day. All plates containing 

juveniles were incubated at 24°C under 12 h light:12 h dark photoperiods, with 

irradiance of 120 pmol m-2 sec-1. Juvenile health assessments were performed every 2 

days to evaluate pigmentation and general health state. Juveniles displaying signs of 

stress (i.e. bleaching or tissue loss; <10% of juveniles) were removed from the 

experiment. Five days after collection, seawater temperature was slowly elevated by 

2°C to 26°C, and 5 days later the temperature was further increased gradually to 

28°C. V. coralliilyticus is a temperature-dependent pathogen shown to elicit maximal 

coral damage at temperatures exceeding 26°C (Ben-Haim et al. 2003). Water 

temperature was elevated to enhance V. coralliilyticus virulence. 

Overnight cultures of WT and GFP-labeled V. coralliilyticus (OD595 = 0.8) were 

centrifuged at 5250 x g for 10 m and the resulting supernatants were individually 

filtered through 0.22 µm syringe filters. Resulting cell-free supernatants were diluted 

1:1 in 0.22 µm filter-sterilized seawater and 5 mL of the resulting supernatant solution 

was used to replace the filtered seawater in three replicate wells, each containing one 

juvenile A. millepora, per strain. Additionally, 5 mL of 0.22 µm filter-sterilized 

seawater was added to three replicate wells each containing one coral juvenile as a 

negative control. Dark-adapted quantum yield measurements (as described above) 

were collected at time 0, approximately hourly for the first 3 h post inoculation and 

then approximately every three hours up to 9 h post inoculation. 

6.3.5 Aiptasia sp. infection study 

To assess the impact of GFP-labeling on V. coralliilyticus virulence against the sea 

anemone Aiptasia sp., a model organism for studies of coral genetics and physiology 

(Weis et al. 2008), anemones harvested from the AIMS seawater system were 

challenged with both WT and GFP-labeled strains of V. coralliilyticus. Anemones 

growing in the flow-through aquarium system at AIMS were gently separated from 
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the aquarium wall with the dull edge of a razor blade and placed into 9 aquaria (each 

6 L in volume) under 12 h:12 h light:dark irradiance (120 pmol photons m-2 sec-1) and 

at 28°C, with 3 anemones per aquaria. 50% water exchanges were performed every 

other day. Following a 2-day acclimation period, 1 mL of WT or GFP-labeled 

overnight cultures of V. coralliilyticus (pelleted, washed twice and resuspended with 

sterile 0.22 µm filter-sterilized seawater) or filter-sterilized seawater (negative 

control) was injected directly into the tissue of 9 individual anemones in 3 replicate 

tanks (3 anemones per tank) for each treatment. Dark-adapted quantum field 

measurements (as described above) were collected at time 0 and every other day for 6 

days. 

6.3.6 Host-pathogen visualization 

Epifluorescence video microscopy was employed to assess the utility of the GFP-

labeled strain for visualizing host-pathogen interactions in situ. Visualization trials 

were conducted using the GFP-labeled V. coralliilyticus P1 strain and WT V. 

coralliilyticus strain BAA-450 acquired from the American Type Culture Collection 

(www.atcc.org, Manassas, Virginia, USA) as a non-fluorescent control. Cultures were 

inoculated into 2216 Marine Broth, grown for 18 h at 30°C while shaking at 300 rpm. 

Small colonies of the coral Pocillopora damicornis were cultured at 25°C in artificial 

seawater (Instant Ocean, Spectrum Brands Company, Cincinnati, OH) on a 12h:12h 

light:dark cycle. Small branches of P. damicornis (<10 mm length; <5 mm diameter) 

were clipped from the parent colony, allowed at least 48 h to recover in the tank and 

subsequently used for microscopy.  

Coral fragments were placed in individual chambers of a 4-well coverslip-bottom 

chamber slide (LabTekTM, Thermo Fisher Scientific, Waltham, MA, USA) with 1 ml 

of unfiltered aquarium seawater. Images were acquired using both phase-contrast and 

epifluorescence video microscopy with a 20x objective on a Nikon Ti microscope 

(Nikon, Tokyo, Japan) equipped with an Andor Neo or iXon CCD camera (Andor, 

Belfast, Northern Ireland) and the Nikon Elements software platform. Fragments were 

imaged (i) alone with the natural microbial assemblage growing on their surface and 

in the seawater, and, subsequently, (ii) with the addition of 250 µl of bacterial culture 

(either the non-fluorescent control strain or the GFP strain at 106 cells ml-1). Time-
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lapse projections of these videos were used to visualize the tracks of bacteria and 

other particulates in the fluid. The spatial distribution of individual bacteria in 

association with the host’s surface was obtained by imaging a given field of view at 

multiple depths (z-stacks), with a 2 µm z-distance among consecutive images using 

the Nikon Elements software platform.  

6.3.7 Statistical analyses 

Differences in growth curves and photosystem II quantum yield (Symbiodinium, coral 

juvenile and Aiptasia sp. infections) were assessed using repeated measures ANOVAs, and 

differences in protease activity were assessed using a one-factor (Vibrio strain treatment) 

ANOVA. All post hoc comparisons were made using Tukey’s honestly significant difference 

(HSD) analyses. Statistical analyses were performed using STATISTICA 12 (StatSoft Inc. 

2013). 

6.4 RESULTS AND DISCUSSION 

6.4.1 Biochemical and phenotypic validation of GFP-labeled Vibrio 

coralliilyticus 

Biochemical and phenotypic profiling indicate that GFP insertion did not affect 

growth dynamics or proteolytic activity of the labeled V. coralliilyticus strain. No 

significant differences in bacterial growth curves were detected between GFP-labeled 

and WT strains of V. coralliilyticus over the 96 h trial (F1,2 = 0.004, P = 0.96; Figure 

6.1a). The azocasein protease activity assay (Windle and Kelleher 1997) also 

indicated no significant loss of proteolytic activity following GFP insertion. While the 

proteolytic activities of both the GFP-labeled and WT strains of V. coralliilyticus 

were lower than the trypsin positive control (P < 0.001), there was no significant 

difference in protease activity between the two strains (P = 0.34) (F2,9 = 38.69, P = 

0.0004, Figure 6.1b).   

The mini-Tn7 transposon system used in this study was highly effective for site-

specific tagging of Gram-negative bacteria, as it inserts a single copy of the GFP gene 

within a neutral chromosomal site (Bao et al. 1991). This targeted insertion ensures 

that the GFP gene will be passed on to successive generations and also reduces the 

probability of unintentional alterations to the host phenotype (Lichtenstein and 
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Brenner 1981). The most comprehensively described virulence factor for V. 

coralliilyticus involves the production of a zinc metalloprotease that causes rapid 

inactivation of photosystem II within corals’ endosymbiotic algae, Symbiodinium 

(Sussman et al. 2009). Unintentional alteration of the Zn-metalloprotease encoding 

gene (vcpA) could dramatically alter V. coralliilyticus virulence. The biochemical and 

phenotypic results presented here demonstrate that the GFP insertion process did not 

significantly affect the growth dynamics or proteolytic activity of V. coralliilyticus.  

 
Figure 6.1. Comparison of (a) growth rate and (b) proteolytic activity between wild type and 
GFP-labeled Vibrio coralliilyticus P1 strains (n=2). Greek symbols indicate post hoc groupings 
(Tukey’s HSD P<0.05). 

6.4.2 Symbiodinium, coral juvenile and Aiptasia sp. infection trials 

Infection experiments using multiple model systems, including Symbiodinium algal 

cells, juveniles of the coral A. millepora and adults of the sea anemone Aiptasia sp., 
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demonstrated that GFP insertion did not significantly affect virulence of the GFP-

labeled V. coralliilyticus strain. PSII quantum yields of Symbiodinium cells 

challenged with both WT and GFP-labeled V. coralliilyticus cells were significantly 

reduced relative to the no inoculation control (P < 0.001), as indicated by the 

reduction of PSII yields over time, but no differences in photo -inactivation were 

observed between strains (P = 0.99) (F2,9 = 7064, P < 0.001, Figure 6.2a). Similarly, 

PSII quantum yields of symbionts within juvenile A. millepora challenged with both 

V. coralliilyticus strains were reduced relative to the no inoculation control treatment 

(P < 0.02), and there was no significant difference between the two strains (P = 0.50) 

(F2,6 = 13.78, P = 0.006, Figure 6.2b). Although neither bacterial strain resulted in 

significantly reduced PSII quantum yields in Aiptasia sp. infection trials (F2,23 = 1.16, 

P = 0.33), mean yields at the end of the 6-day trail were lower for both V. 

coralliilyticus strains (mean ± SE, WT: 0.46 ± 0.14, GFP: 0.51 ± 0.13) than for no-

infection controls (0.73 ± 0.02).  Importantly, the effect did not differ between WT 

and GFP-labeled strains (Figure 6.2c). 

In the field of human health, model systems have yielded valuable insights into host-

pathogen interactions and environmental drivers of disease. Surrogate models like the 

ones used here are likely to be similarly useful for disentangling complex host-

pathogen-environment interactions within the multi-organism coral holobiont system. 

Use of model systems will also minimize the extraction of protected and vulnerable 

species from reef sites for experimental work. Using three model systems (i.e. 

cultured Symbiodinium, juvenile A. millepora, and adult Aiptasia sp.), I demonstrate 

that V. coralliilyticus virulence was not impacted by GFP insertion. 

6.4.3 Host-pathogen visualization in situ 

Real-time imaging of coral fragments in the presence of V. coralliilyticus 

demonstrated that the insertion of GFP enabled tracking of the pathogen through the 

surrounding seawater and on the host surface. Video microscopy captured cells in 

motion on and around the corals. The tracks of bacteria from these videos are 

presented as time-lapsed projections (Figure 6.3a-d, Supplementary Videos 6.S1, 6.S2 

and 6.S3), while the spatial distribution of individual bacteria in association with the 

host surface was obtained by imaging a given field of view at multiple depths (z-
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stacks; Figure 6.3e-h, Supplementary Videos 6.S4, 6.S5 and S6.S6). Corals create 

strong cilia-driven flows that have vortical features stirring the boundary layer  

 
Figure 6.2. Photosystem II photosynthetic quantum yield measurements of Symbiodinium in 
(a) pure culture (n=4), (b) juveniles of the coral Acropora millepora (n=3) and (c) adults of the 
sea anemone Aiptasia sp. (n=9) following exposure to GFP-labeled and wild type Vibrio 
coralliilyticus P1 bacterial (a) supernatant and (b,c) cells and (a-c) no inoculation controls. 
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(Shapiro et al. in press; Figure 6.3a-d, Supplementary Videos 6.S1, 6.S2 and 6.S3). 

Flows in these regions can exceed a millimeter per second, and thus create a dynamic 

environment that the pathogen must navigate to reach the host’s surface. Unfiltered 

seawater contains an abundant community of microbes and particles. Although phase-

contrast microscopy allows their visualization and tracking (Figure 6.3a,e, 

Supplementary Video 6.S4), it does not enable discrimination of one member of the 

community from another, and it is particularly challenging to differentiate individual 

cells on the host’s surface due to refraction of light by the coral (Figure 6.3a-b,e-f, 

Supplementary Videos 6.S1 and 6.S4). When the natural bacterial community was 

amended with ~106 cells ml-1 of WT V. coralliilyticus, the flow fields remained 

visible using phase-contrast microscopy (Figure 6.3b,f, Supplementary Videos 6.S1 

and 6.S4), but only the coral itself was visible using epifluorescence microscopy 

(Figure 6.3 c,g, Supplementary Videos 6.S2 and 6.S5). When the GFP-labeled strain 

(at the same concentration) was introduced instead of the WT, individual pathogen 

cells were clearly visible, both in the flow field (Figure 6.3d, Supplementary Video  

 
Figure 6.3. Direct visualization of host/pathogen interactions showing (a-d) time-lapse 
projections and (e-h) z-stack projections of a Pocillopora damicornis coral with (a,e) its native 
bacterial community (i.e., no bacterial inoculation), (b,c,f,g) inoculated, non-labeled V. 
coralliilyticus cells and (d,h) inoculated GFP-labeled V. coralliilyticus cells. Imaging occurred 
under (a,b,e,f) brightfield or (c,d,g,h) GFP fluorescence. Straight white arrows indicate GFP-
labeled V. coralliilyticus cells closely associated with the coral mucus or tissue and curved 
white arrows indicate cells suspended in ciliary-driven flow fields. Scale bars denote 25 μm. 
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6.S3) and in association with the coral’s surface (Figure 6.3h, Supplementary Video 

6.S6). In summary, the GFP strain provided a simple and reliable method of imaging 

interactions between V. coralliilyticus and its coral host. 

6.5 CONCLUSIONS 
In this study, I have demonstrated stable GFP-labeling of the coral pathogen V. 

coralliilyticus, confirmed unaltered virulence in the labeled strain and employed 

epifluorescence video microscopy to visualize interactions between the labeled 

pathogen and the coral host. To the best of my knowledge, this study is the first to 

demonstrate successful chromosomal GFP-labeling and visualization of a known 

coral pathogen.  

The GFP-based system developed here can now be used to investigate the 

pathogenesis of V. coralliilyticus-induced coral disease. I have demonstrated that 

GFP-labeled V. coralliilyticus is a useful tool for tracking this pathogen as it moves 

around the host and attaches to the surface of corals. Future studies can employ this 

tool to investigate the influence of environmental factors and host physiology, 

including temperature stress and physical injury, on infection dynamics. Labeling of 

potential probiotic bacteria (e.g., with cyan or red fluorescence proteins) would allow 

simultaneous visualization of pathogen and probiotic bacterial strains, and could 

facilitate the discovery of new mitigation methods to control these diseases. This 

approach could also be adapted for other coral pathogens (e.g., Vibrio shiloi) and is 

compatible with a variety of visualization techniques (e.g., flow cytometry and 

fluorometric plate-reader-based assays). This GFP V. coralliilyticus strain thus 

provides a new opportunity to unravel the mechanistic underpinnings of coral-

pathogen interactions, including insights into the dynamics of pathogen attachment, 

subsequent exclusion by or entrance into host cells and the bacterium’s ability to 

proliferate in the host microenvironment. 
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6.6 SUPPLEMENTARY VIDEOS 
Link: http://youtu.be/UcVgdYZNKJM 

Supplementary Video S1. Direct visualization of host/pathogen interactions showing time-
lapse projections of a Pocillopora damicornis coral with inoculated, non-labeled V. 
coralliilyticus cells. Imaging occurred under brightfield fluorescence. Scale bar denote 25 μm. 

Link: http://youtu.be/oprFuXg_KXk 

Supplementary Video S2. Direct visualization of host/pathogen interactions showing time-
lapse projections of a Pocillopora damicornis coral with inoculated, non-labeled V. 
coralliilyticus cells. Imaging occurred under GFP fluorescence. Scale bar denote 25 μm. 

Link: http://youtu.be/GhtOHIohalY 

Supplementary Video S3. Direct visualization of host/pathogen interactions showing time-
lapse projections of a Pocillopora damicornis coral with inoculated GFP-labeled V. 
coralliilyticus cells. Imaging occurred under GFP fluorescence. Straight white arrows indicate 
GFP-labeled V. coralliilyticus cells closely associated with the coral mucus or tissue and 
curved white arrows indicate cells suspended in ciliary-driven flow fields. Scale bar denote 25 
μm. 

Link: http://youtu.be/kVJ4_vd4B8w 

Supplementary Video S4. Direct visualization of host/pathogen interactions showing z-stack 
projections of a Pocillopora damicornis coral with inoculated, non-labeled V. coralliilyticus 
cells. Imaging occurred under brightfield fluorescence. Scale bar denote 25 μm. 

Link: http://youtu.be/j2VgvDN8Aq4 

Supplementary Video S5. Direct visualization of host/pathogen interactions showing z-stack 
projections of a Pocillopora damicornis coral with inoculated, non-labeled V. coralliilyticus 
cells. Imaging occurred under GFP fluorescence. Scale bar denote 25 μm. 

Link: http://youtu.be/49Cha3rbFQY 

Supplementary Video S6. Direct visualization of host/pathogen interactions showing z-stack 
projections of a Pocillopora damicornis coral with inoculated GFP-labeled V. coralliilyticus 
cells. Imaging occurred under GFP fluorescence. Straight white arrows indicate GFP-labeled 
V. coralliilyticus cells closely associated with the coral mucus or tissue and curved white 
arrows indicate cells suspended in ciliary-driven flow fields. Scale bar denote 25 μm. 
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7. General discussion 

Plate 7. Coral juveniles on the Great Barrier Reef 
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The research presented in this thesis advances our current understanding of the 

virulent, Indo-Pacific-wide group of coral diseases known as white syndromes (WSs) 

and, more generally, the response of corals and their associated microbes to 

environmental stress. This work provides valuable insights into the environmental and 

microbial drivers of WSs and demonstrates the importance of diversity of both 

macroscopic and microscopic symbionts for coral resilience. In this final chapter, I 

synthesize the major findings of this body of work to develop a broader view of the 

mechanisms underpinning coral health and highlight the implications of these 

findings for researchers and coral reef managers. I conclude by identifying future 

research directions that will build upon this work to deepen our understanding of 

coral health and disease and clarify the role of symbioses in maintaining the health 

and fitness of reef-building corals. 

7.1 SUMMARY: UNDERSTANDING AND MANAGING THE DRIVERS OF WSS  
Researchers in the fields of human and wildlife medicine have embraced an 

understanding that infectious disease in any system results from a three-way 

interaction among a susceptible host, an invading pathogen and the environment 

within which they live (Wobeser 2006). Since the multifarious components of this so-

called "disease triad" span all levels of biological organization, from molecular and 

cellular scales up to population and even ecosystem levels, so too must effective 

disease investigation and management strategies.  

Despite significant strides in our understanding of WS disease drivers, definitive 

confirmation of WS etiologies remains elusive. Emerging evidence suggests that WSs 

are comprised of multiple distinct diseases sharing similar macroscopic disease signs 

(Bourne et al. 2009, 2014; Work and Aeby 2011; Work et al. 2012). From a disease 

management perspective, it is critical to develop reliable criteria to differentiate 

distinct, but visually similar tissue loss diseases (Bourne et al. 2009; Chapter 1). 

Detailed analyses of WS infections at Lizard Island in the Northern Great Barrier 

Reef, distant from major anthropogenic stressors, revealed distinct, consistent 

bacterial communities at WS lesion fronts, which were characterized by 15-fold 

increases in Rhodobacteraceae-affiliated bacterial sequences (Chapter 2). This 

cellular and microbial case study helps clarify WS etiology and identifies potential 
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diagnostic criteria to differentiate etiologically dissimilar forms of this poorly 

understood group of diseases. 

Effective reef management also depends upon a sound understanding of the impacts 

of environmental stressors on coral host immune function and coral-associated 

microbial community structure. Bacterial assemblage shifts have been recorded on 

corals exposed to various environmental stressors, including thermal, nutrient, carbon 

and pH stress (e.g. Vega Thurber et al. 2009), but few studies have simultaneously 

examined coral health, immunity and microbiome structure during environmental 

stress and disease. Here, I have demonstrated reduced coral-associated microbial 

diversity months before the first visual signs of WS and documented coral 

immunocompetence suppression and altered coral microbiome structure and diversity 

adjacent to reef platforms (Chapter 3). This work provides novel insights into the 

cellular and molecular underpinnings of the coral stress response and disease onset, 

and suggests microbial diversity as an important factor in the maintenance of coral 

holobiont function. 

The work presented in this thesis augments a growing body of literature 

demonstrating the importance of coral-microbial symbioses to coral health (Ritchie 

2006; Lesser et al. 2007; Raina et al. 2009; Teplitski and Ritchie 2009; Lema et al. 

2012, 2014), yet relatively little is known about the potential role of macroscopic 

coral-dwellers in coral resilience. Intimate associations between corals and their 

macroscopic symbionts suggest the potential of these coral-dwellers to profoundly 

influence coral holobiont function (Stella et al. 2011), but these relationships remain 

underexplored. Here, I document the potential of symbiotic coral-dwelling crabs to 

significantly slow WS lesion progression rates on coral hosts (Chapter 4). The ability 

of these macroscopic coral symbionts to mitigate the impacts of coral disease 

underscores the importance of diverse symbioses in coral health.  

While many anthropogenic factors have been proposed to contribute to elevated coral 

disease levels, empirical evidence linking specific environmental stressors with 

increased disease prevalence in situ is often lacking. Strong correlations have been 

demonstrated between ocean warming and elevated levels of WS (Heron et al. 2010; 

Maynard et al. 2011), but global climatic factors are difficult to address at local scales 
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where reef management most often occurs. Effective reef conservation therefore 

requires deeper understanding of local, and locally addressable, disease drivers. 

Sedimentation and turbidity have recently emerged as local water quality parameters 

of particular concern due to escalating rates of coastal development and associated 

dredging and coastal run off (Fabricius 2005; Harvell et al. 2007; PIANC 2010). 

Here, I have provided the first in situ evidence linking dredging-associated 

sedimentation and turbidity with elevated levels of WSs (Chapter 5). This knowledge 

will be indispensable in the management of coastal development projects near coral 

reefs. 

Coral researchers also require new tools to visualize coral-bacterial interactions in 

vivo. Such tools could provide insights into pathogen infection dynamics, coral 

immune mechanisms and the role of the native coral microbiome in protecting the 

corals from infection. However, with nearly one million bacterial cells in every 

milliliter of seawater and even greater bacterial densities within coral mucus, specific 

labeling is necessary (Garren and Azam 2010). Here, I have developed a novel strain 

of transgenic GFP-labelled Vibrio coralliilyticus that allows specific visualization of 

this coral pathogen as it interacts with the coral host (Chapter 6). This work 

demonstrates the utility of fluorescence protein gene insertion in investigations of 

coral host-microbe interactions and provides a new tool to visualize coral-bacterial 

dynamics in real time. 

Taken together, this body of work provides a deeper understanding of the role of 

complex and diverse symbioses in coral health, explores the responses of these 

symbioses to environmental stress and documents the implications of these 

perturbations for coral resilience in the face of changing environments. This research 

represents a significant step forward in our understanding of WS pathogenesis and 

demonstrates the value of integrated approaches to disease investigation. 

7.2 SYNTHESIS: ECOLOGICAL PRINCIPALS UNDERLYING CORAL HOLOBIONT 

RESILIENCE 
While a great deal of WS research focuses on identifying single etiological agents 

(Sussman et al. 2008; Ushijima et al. 2014), I contend that a more holistic approach to 
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disease causation will greatly benefit our understanding of this elusive group of 

diseases. Specifically, the application of established ecological principles could 

bolster the development of theoretical frameworks to conceptualize complex 

relationships between environmental stress, holobiont structure and coral health. For 

example, it is generally accepted that high levels of biodiversity stabilize ecological 

systems through functional redundancy and compensating complementarity (McCann 

2000; Ives and Carpenter 2007; Loreau 2010; Barnosky et al. 2012; Hooper et al. 

2012). Since the ecological functions of multiple species often overlap, some species 

can be lost without sacrificing ecological function, due to the compensation of other 

species with similar ecological roles (i.e. functional redundancy) (Figure 7.1a). 

However, as more species are progressively removed, the functional redundancy and 

complementarity afforded by high biodiversity are lost and the ecological resilience 

of that function or system is reduced. This relationship between diversity and 

ecological resilience has been formalized through the so-called “rivet hypothesis”, 

which likens the ecological function of each species in an ecosystem to the rivets that 

attach a wing to a plane (Ehrlich and Ehrlich 1981) (Figure 7.1a).  

With only slight modifications of scale and terminology, the rivet hypothesis can 

provide a useful foundation to begin conceptualizing the relationships between 

microbial diversity and holobiont resilience documented in this thesis (Figure 7.1b). 

Corals host diverse microbial assemblages performing important ecological functions 

that are essential to coral survival (Muscatine et al. 1981; Shashar et al. 1997; Bentis 

et al. 2000; Rowher et al. 2002; Wilson et al. 2005; Reshef et al. 2006; Rosenberg et 

al. 2007b; Mouchka et al. 2010). Coral-associated microbes perform ecosystem 

functions, such as nutrient cycling, that allow corals to thrive in oligotrophic waters 

(Lesser et al. 2007; Raina et al. 2009; Lema et al. 2012, 2014). Others protect their 

hosts from potential pathogens by producing antibacterial compounds and disrupting 

pathogens’ cell-to-cell signaling (Ritchie 2006; Shnit-Orland and Kushmaro 2009; 

Teplitski and Ritchie 2009; Alagely et al. 2011).  

While coral-associated microbial communities are typically beneficial to their hosts, 

changes in environmental and/or host conditions can dramatically alter coral 

microbiome structure, with concurrent declines in coral health (Ritchie 2006; Bourne 
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et al. 2008b; Vega Thurber et al. 2009; Chapter 2; Chapter 3). In this thesis, I have 

demonstrated significant reductions in coral-associated bacterial diversity adjacent to 

reef platforms and prior to visual signs of WSs (Chapter 3), significant bacterial 

community shifts at WS lesion fronts (Chapter 2) and elevated disease levels 

following chronic environmental stress (Chapter 3; Chapter 5). Working within the 

conceptual framework of the rivet hypothesis, I posit that reduced coral microbiome 

diversity and/or altered community structure (potentially resulting from 

environmental stress) can lead to reduced functional redundancy within the myriad 

ecological functions performed by coral-associated microbes (Figure 7.1b). Since 

many of these functions are essential to the resilience/persistence of the coral 

holobiont, microbial changes can reduce coral holobiont resilience and facilitate 

potentially devastating shifts from healthy to diseased states. While I stress that this is 

only a working hypothesis that requires further investigation, new tools have recently 

been developed that allow exploration of coral-microbe-environment interactions with 

a level of detail and speed never before possible (see Medina and Sachs 2010). 

7.3 FUTURE WORK: BETTER UNDERSTANDING THE ROLE OF INDIVIDUAL 

MICROBES IN CORAL HEALTH AND DISEASE 
Emerging tools and techniques allow detailed investigations of the functional roles of 

individual bacterial taxa within the coral holobiont, the response of these taxa to 

environmental change and the impact of microbial shifts on holobiont resilience and 

health (Raina et al. 2013; Bourne et al. 2014; Garren et al. 2014). By combining 

phylogenetics, genomics and advanced microscopy, researchers are beginning to 

probe some of the most fundamental, and fundamentally important, questions about 

coral-microbial symbioses. For example, do all corals share ‘core’ microbiomes that 

are essential to their persistence on reefs? How are these microbial communities 

acquired and what chemical and physical parameters structure these communities? 

How does the physical environment influence the diversity of the microbiome and 

what is the role of this diversity in holobiont resilience? Temporal and spatial scales 

also must be considered as we begin exploring the coral microbiome. For example, 

how do microbial communities differ between distinct microenvironments on a single 

coral? How do seasonal environmental and coral physiological changes influence 
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community structure and how do coral-microbial symbioses mitigate or exacerbate 

these physiological changes? 

Figure 7.1. a) The “rivet hypothesis” of ecological function (Ehrlich and Ehrlich 1981) posits 
that ecological functional space is limited. Therefore, elevated biodiversity in an ecosystem 
leads to functional overlap and complementarity. This overlap provides ecological resilience, 
since species with similar functions can compensate for the decline or elimination of others. 
Ultimately, the rate of increase in stability gained by the introduction of additional species 
decreases as ecological functional space becomes more crowded. b) Here, I posit that as 
coral microbiome diversity is reduced, functional redundancy for important processes 
underpinning coral holobiont health is reduced. Since these functions contribute to coral 
holobiont resilience, this loss of diversity (and corresponding diminution of functional overlap) 
may reduce coral holobiont resilience and facilitate shifts from healthy to diseased states.  

These fundamental questions are critical for applied reef conservation as well as basic 

scientific understanding of the evolution and maintenance of symbioses. Improved 

knowledge of coral-microbial symbioses will lead to the development of new 

biomarkers to monitor and quantify coral health and disease susceptibility (Pollock et 

al. 2011). This work may also uncover new options for the intentional manipulation 

of microbiome structure to optimize holobiont function and resilience under changing 

ocean environments (Teplitski and Ritchie 2009). Since corals belong to the phylum 
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Cnidaria, which is one of the most basal animal lineages, understanding the 

development of coral-microbial symbioses over evolutionary history will reveal the 

evolutionary and mechanistic underpinnings of symbiosis establishment and 

maintenance between animals and their associated microbes. 

7.4 CONCLUDING REMARKS 
Knowledge derived from my PhD studies provides new insights into the drivers of 

WSs. Working at multiple spatial scales, I have documented the effects of 

environmental disturbances on coral health, immunity and microbial community 

structure and demonstrated the importance of both macroscopic and microscopic 

diversity in coral resilience. While important questions remain regarding the role of 

specific microbes within the coral holobiont, the work presented here provides 

valuable stepping-stones towards a more holistic understanding of coral health and 

disease. This applied knowledge of the intricate symbioses supporting coral health 

and the environmental pressures disrupting them is essential to the successful design 

and implementation of effective management strategies to protect increasingly 

threatened coral reef ecosystems. 
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Abstract: Coral disease has emerged over recent
decades as a significant threat to coral reef ecosystems,
with declines in coral cover and diversity of Caribbean
reefs providing an example of the potential impacts of
disease at regional scales. If similar trends are to be
mitigated or avoided on reefs worldwide, a deeper
understanding of the factors underlying the origin and
spread of coral diseases and the steps that can be taken to
prevent, control, or reduce their impacts is required. In
recent years, an increased focus on coral microbiology
and the application of classic culture techniques and
emerging molecular technologies has revealed several
coral pathogens that could serve as targets for novel coral
disease diagnostic tools. The ability to detect and quantify
microbial agents identified as indicators of coral disease
will aid in the elucidation of disease causation and
facilitate coral disease detection and diagnosis, pathogen
monitoring in individuals and ecosystems, and identifica-
tion of pathogen sources, vectors, and reservoirs. This
information will advance the field of coral disease research
and contribute knowledge necessary for effective coral
reef management. This paper establishes the need for
sensitive and specific molecular-based coral pathogen
detection, outlines the emerging technologies that could
serve as the basis of a new generation of coral disease
diagnostic assays, and addresses the unique challenges
inherent to the application of these techniques to
environmentally derived coral samples.

The Need for Improved Coral Disease Diagnostic
Tools

The world’s coral reefs are in decline, with hard coral cover on

Caribbean reefs decreasing by an average of 80% in the last 30

years [1] and Indo-Pacific reefs suffering an estimated coral cover

loss of 50% over the same period [2]. The causes of these declines

are diverse and complex, including water pollution, habitat

destruction, overfishing, invasive species, and global climate

change [3–5]. In recent years, coral diseases have also emerged

as a significant threat to the world’s coral reef ecosystems [6,7].

Since the first coral disease was described in 1973, evidence from

field studies documenting the population and community-level

impacts of disease on coral reef ecosystems worldwide has been

accumulating (reviewed in [8]) [9–14] and it is now clear that coral

diseases have the potential to cause widespread mortality and

significantly alter reef community structure (e.g., [9,15–17]).

Despite the serious threat that coral diseases pose to the health

of reef ecosystems globally, little is known about many of these

diseases, including their etiologies, transmission dynamics, and the

steps that can be taken to prevent, control, or reduce their impacts.

This work has been frustrated by the inability to determine

etiological agents for many diseases (see Box 1), insufficient

diagnostic tools, and limited application of established biomedical

diagnostic methods [18]. Current diagnostics focus on document-

ing disease signs in situ, describing macroscopic characteristics such

as species affected, extent and pattern of tissue loss [19], presence

and appearance of microbial mats [15], abnormal coloration [20],

or skeletal anomalies [21]. Corals display few macroscopic signs

indicative of stress and consequently an array of maladies,

including environmental stress, predation, and infectious disease,

are often manifested as a paling or sloughing of the coral tissue.

For example, more than six ‘‘white’’ diseases, which are

characterized by a spreading zone of tissue loss, exposing white

coral skeleton directly adjacent to asymptomatic coral tissue, have

been described in the Caribbean alone (Figure 1) [16]. Because of

their nearly identical appearance, several of these diseases (e.g.,

white plague I and white plague II) are differentiated almost

exclusively by the rate of lesion progression over the infected

colony [16]. Such difficulties have resulted in cases of misidentified

diseases, repeated name changes for the same disease [22], and

even classification of predation scars as disease [10,23]. Currently,

it is uncertain how many distinct coral diseases exist worldwide; in

two articles published in the same year, one report identified 18

diseases [16], whereas another put the number at 29 [8]. This

confusion underlines the need for more robust coral disease

diagnostic methods.

In recent years, an increased interest in coral microbiology, in

combination with the application of histology and biomedical

approaches, has revealed several bacterial species linked to coral

disease lesions [6,24,25]. Debate exists as to the primacy of a

compromised coral host versus opportunistically proliferating

bacteria in causing coral diseases [26,27]. However, since disease

is classically considered to be the outcome of interactions among a

causative agent, susceptible host, and the environment (e.g., [28]),

debating the status of an etiological agent as either a primary or

secondary pathogen is diversionary and does not negate the need
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to understand its role in pathogenesis [18,29]. While coral

immunity plays a critical role in maintaining coral health and

indicators of coral immune status can provide insight into the

health state of the coral host (summarized in Box 2), this is not the

focus of this review. Here we discuss the use of identified coral

pathogens or disease indicators as targets for a new generation of

sensitive and highly specific, molecular-based diagnostic assays

that can begin to address many of the basic questions that plague

the field of coral disease research.

Benefits of Pathogen-Specific Detection Tools

In this section, we highlight the role that specific and sensitive

pathogen detection will play in advancing our understanding of

the etiology, spread, and ultimately management of coral diseases.

Detecting Shifts in Coral-Associated Microbial
Communities

The coral holobiont comprises a complex association between

the coral animal and its microbial partners, including symbiotic

dinoflagellates (zooxanthellae) [30], bacteria [14,31], archaea

[32,33]), viruses [34], endolithic algae [35], and fungi [36].

Numerous studies have examined these associations in both

healthy and stressed corals and it has been suggested that shifts

in microbial communities can act as indicators of coral stress

[37–39]. For example, Pantos et al. [37] demonstrated bacterial

community shifts throughout the entire coral colony, even when

just a small part of the colony showed signs of disease, and Bourne

et al. [38] reported shifts in coral-associated microbial communi-

ties well before the appearance of visual signs of thermal bleaching.

Using metagenomic approaches, Vega-Thurber et al. [39]

demonstrated functional gene shifts, including an increased

abundance of virulence genes, in coral microbial partners during

temperature, nutrient, and pH stress, although it should be noted

that this study did not quantify expression of these genes.

Additionally, Kimes et al. [40] observed significant differences in

biogeochemical cycling-related genes between healthy and yellow-

band infected Montastraea faveolata colonies. These community-level

bacterial profiling approaches facilitate diagnosis at the earliest

stages of infection when mitigation measures would be most

effective [41]. Therefore, the development of rapid and sensitive

assays to monitor coral-associated microbial communities as

proxies for coral health should be a research focus.

Better Understanding of Disease Etiology
While some coral diseases are tightly linked with the presence of a

specific pathogen, the causes of many other diseases and disease-like

syndromes remain elusive [41]. Better tools with high specificity for

target pathogens would enable investigations of the circumstances

under which microbes that are normally found on corals become

Box 1. The Need for Surrogate Models to Study Coral Disease

The development of effective coral disease diagnostics
requires efficient methods for identifying microbial drivers
of disease and an understanding of the pathogenesis of
identified disease agents. In the field of human health,
investigations using surrogate hosts, including the common
rat (Rattus norvegicus), the house mouse (Mus musculus), and
the common fruit fly (Drosophila melanogaster), have been
integral to unraveling the intricate interactions between
host, pathogen, and environment that lead to disease. A few
coral species, including A. millepora in the Indo-Pacific and A.
palmata in the Caribbean, have emerged as ‘‘lab rats’’ for the
study of coral genetics [88,89], physiology [90,91], and health
[92,93]. However, our ability to study coral disease patho-
genesis in the laboratory has been limited by: the complexity
of the coral holobiont, which comprises animal, dinoflagel-
late, and microbial partners; a poorly understood coral
immune system (see Box 2); and difficulties associated with
sourcing and rearing these sensitive and often protected
species [94]. For example, since A. palamata, which was once
the dominant coral species throughout much of the
Caribbean, was added to the IUCN Red List of critically
endangered species [95], acquiring specimens for experi-
mentation has become much more difficult both logistically
and morally. By focusing disease investigations on surrogate
models for the coral host, researchers may be able to
overcome these limitations while still gaining valuable
insights into the complex interactions between host,
environment, and pathogen that lead to disease in corals.
In search of alternative surrogates for the coral animal,
researchers have explored cnidarians in the class Anthozoa,
including the Symbiodinium-harboring, tropical anemone
Aiptasia sp. [96], as well as more distantly related hydrozoans,
such as freshwater Hydra species [97]. Research on Aiptasia,
for example, has provided insights into the physiological
responses of anthozoans and their algal symbionts to
thermal stress and bleaching [98,99], and Hydra species

have been used to explore the development and mainte-
nance of cnidarian-associated bacterial communities [97].
These readily available, easily reared, and phylogenetically
closely related coral analogues could also provide insights
into the role of coral-associated microbes as mutualistic,
commensal, or pathogenic and potentially reveal the
functional pathogenesis mechanisms of identified patho-
gens.
Once potential pathogens are identified and their virulence
mechanisms determined in surrogate hosts, researchers
must confirm these findings within the complex coral
holobiont. Captive-bred coral juveniles and laboratory-
maintained Symbiodinium cultures provide easily replicated
and environmentally responsible alternatives to wild-har-
vested adult colonies for laboratory-based experimentation.
Both brooding and mass spawning corals provide thousands
of genotypically similar coral juveniles from just a single pair.
Although many spawning species breed during short
periods each year [100], limiting the availability of juveniles
to researchers, some brooding corals release gametes much
more frequently [101]. Furthermore, juveniles of some coral
species can be maintained Symbiodinium free for weeks,
allowing researchers to control the algal symbionts they
uptake [102]. Many research laboratories currently possess
pure and mixed cultures of coral-derived Symbiodinium,
which could be used to seed juveniles or directly test the
effect of putative pathogens on the Symbiodinium them-
selves. An experimental system comprised of Symbiodinium
cultures, asymbiotic, and symbiotic juveniles (or other
Symbiodinium-harboring cnidarians such as Aiptasia) would
allow researchers to tease out the targets of specific
pathogens within the coral holobiont. By focusing research
on a few, well-chosen model systems, researchers will be
better able to identify potential pathogens and study their
virulence mechanisms in an efficient, environmentally
friendly, and easily comparable manner.
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pathogenic and the conditions and mechanisms that trigger a switch

from commensal or neutral to pathogenic. Moreover, there are

cases where bacterial species, which were linked to specific diseases

in early studies, no longer elicit the same response or are not

associated with disease signs, potentially indicating development of

disease resistance [6,42]. For example, Vibrio shiloi, which was

initially identified as the agent responsible for annual bleaching of

the Mediterranean coral Oculina patagonica, no longer appears to

cause bleaching in this coral species [27,43]. Additionally, Aspergillus

sydowii, which was shown to cause disease in gorgonians, has also

been found on healthy coral colonies, leading Toledo-Hernandez

et al. [44] to raise questions about its role in disease onset. The

development of tools to detect and quantify putative pathogens in

both controlled laboratory experiments and environmentally

derived samples will help to establish the etiology of specific coral

diseases and clarify the role of individual microbes in the onset of

disease lesions. Once the link between a specific microbial entity and

lesion onset is established, pathogen-specific assays can provide

information on all aspects of the disease onset process.

Monitoring Pathogen Load
Emerging evidence suggests that the abundance of coral

pathogens varies on reefs throughout the year and within coral

hosts during the course of infection [45–47]. The ability to quantify

pathogen load in coral and environmental samples will allow

researchers and reef managers to gauge the health status of

individual corals, assess the impact of environmental parameters

(e.g., temperature, nutrient load, sedimentation rate) on pathogen

load, and better predict large-scale disease outbreaks. Some efforts

have been made to establish links between environmental

parameters and coral disease prevalence. Using high-resolution

satellite datasets and long-term coral disease surveys, Bruno et al. [2]

established a link between coral disease outbreaks and warm

temperature anomalies at sites with high coral cover. By monitoring

bacterial communities in situ, Vezzulli et al. [47] also discovered a

link between mass mortality events of the coral Paramuricea clavata

and seawater temperatures, chlorophyll concentrations, and the

presence of culturable Vibrio spp. in the surrounding seawater. Tools

for monitoring pathogen density would provide a deeper under-

standing of how pathogen load and virulence respond to natural

(e.g., seasonal, El Niño/La Niña) and anthropogenic (e.g., pesticide

and nutrient influx, sedimentation) fluctuations, allowing research-

ers and managers to closely follow these dynamics and model

pathogen response to environmental change.

Identifying Pathogen Sources, Vectors, and Reservoirs
It is currently unclear if the emergence of coral diseases on reefs

is associated with the introduction of pathogenic organisms, or

Figure 1. Examples of white diseases affecting Scleractinian corals. (a) White plague in Diploria labyrinthiformis; (b) white band in Acropora
palmate; (c) white pox in A. palmate; and (d) white syndrome in A. millepora. Photos courtesy of Ernesto Weil.
doi:10.1371/journal.ppat.1002183.g001
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whether potentially pathogenic microbes are a normal component

of reef ecosystems that increase in virulence because of altered

environmental conditions and/or reduced host resistance. To

better understand the dynamics of coral disease outbreaks and

ensure that they are effectively managed, information regarding

pathogen sources, vectors, and reservoirs is needed. Pathogen

sources are the avenues through which a pathogen enters the

environment, reservoirs are biotic or abiotic entities that harbor a

pathogen, and vectors are living entities that do not cause or suffer

from a disease, but transmit a pathogen from one host to another

[28]. The identification of the marine fireworm as the winter

reservoir and spring/summer vector of the coral pathogen V. shiloi

nicely demonstrates the utility and importance of molecular-based

pathogen detection techniques in the study of coral epidemiology

[46].

Better Informed Management Decisions
To effectively manage coral disease outbreaks, a deeper

understanding of the causes of observed diseases, how they are

spread between colonies and populations, and how environmental

parameters influence pathogen virulence and host susceptibility to

infection is required [48]. Tools that increase our capacity to

establish links between disease signs and the presence of specific

microbial agents will improve coral disease classification and

diagnosis. These capabilities will help reef managers to discern the

threats that impact the occurrence, prevalence, and severity of

diseases so their sources can be identified and possibly reduced

through better management practices [48]. For example, habitat

degradation, poor water quality, and warming seas are often

speculated as causes of the recent rise in coral diseases [13], but

few studies have directly linked specific factors with increases in

coral disease. By understanding the relationship between various

stressors and the occurrence of coral diseases, managers may be

able to identify potential threats in a timely manner and develop

strategies to lessen their impacts [48]. Several biological controls

for coral diseases, including bacteriophage therapy and probiotic

addition, have recently been proposed [41,49]. Pathogen-specific

diagnostics could be used to identify where and when these

controls should be implemented and also assess their efficacy. In

order to assist resource managers to combat disease epizootics,

prevent future outbreaks, and reduce the time needed for

recovery, the development of sensitive, specific, and robust coral

disease diagnostics should be an essential research priority [7].

Pathogen Detection Methods

Effective diagnostic tools must be sensitive, reproducible, and

specific in their detection of targeted microbial organisms. In the

field of human pathogen detection, culture and colony counting,

immunology, and nucleic acid-based methods are most commonly

used [50]. Here, we provide a brief overview of these techniques

and evaluate their potential for coral pathogen detection

(summarized in Table 1].

Culture-Based Detection
The culture and plating method is the oldest bacterial detection

technique and remains a cornerstone of human pathogen

detection. This method involves plating of samples onto selective

growth media followed by an incubation period and then colony

counting. Specialized growth media can contain inhibitors of

nontarget species/strains, substrates that only the targeted microbe

can degrade, and/or substances that confer a particular color to

the growing colonies [50]. However, selective media take time to

develop and test, and even when selective media are available for a

pathogen of interest, culture and plating techniques are excessively

time consuming and less sensitive than immunologic or genetic-

based techniques [51,52]. For corals, standardized diagnostics

Box 2. The Diagnostic Potential of Coral
Immunity

Recent reviews have highlighted immunological indicators
of coral stress and disease [16,103,104], thus here we
briefly discuss coral immune response as a proxy for
disease susceptibility and as an indicator of past or present
exposure to pathogens or other stressors (e.g., high water
temperatures, excessive UV exposure). Corals, like other
invertebrates, are limited to innate immunity [105], which
is defined as the ability of certain cells and cellular
mechanisms to defend the host from infection by other
organisms in a nonspecific manner [106]. Much work is
currently focused on the use of coral host factors and
immunological responses as indicators of coral stress and
disease [107,108]. For corals and other marine inverte-
brates, phagocytosis provides the first line of cellular
defense [109,110]. In response to invasion by a pathogen,
corals increase production of motile phagocytic cells, also
known as amoebocytes, that migrate from healthy coral
tissues to the site of infection and either attack the
invading pathogens via phagocytosis or contribute to
healing and regeneration of the damaged tissue [104,107].
Histology is a well-established technique for detection and
quantification of amoebocytes in the coral host. The
examination of specially stained histological slides has
been used to detect amoebocyte accumulation in
response to a range of insults including sedimentation
[111], skeletal anomalies [112], and disease [107].
Exposure of corals to pathogens also induces production
of antibiotic compounds, which may instill some resistance
against invading microbes. Gorgonian corals have been
shown to resist infection by the fungus A. sydowii, the
causative agent of aspergillosis, through the production of
antifungal agents that inhibit germination of A. sydowii
spores [113,114]. White syndrome and yellow band disease
have also been shown to induce antimicrobial activity in
scleractinian corals [115,116]. Methods exist for the
detection of antimicrobial residues in animals [117] and
analogous assays could easily be adapted for corals.
Recent investigations have revealed the melanization
cascade to be an integral component of coral immunity.
The melanization cascade involves the production of
prophenoloxidase (PPO), which is involved in wound
healing, encapsulation, and disease resistance [107,103].
PPO serves as the precursor molecule of phenoloxidase
(PO), which is activated by proteases during active
pathogen invasion and in turn induces the deposition of
melanin, the endpoint of the cascade and a potent
physiochemical barrier [107,108]. Melanin has antimicrobi-
al and cytotoxic attributes, and therefore its presence in
stressed and diseased corals implies the activation of
innate immune responses. Assays to detect PO and
melanin in coral samples have been developed [108,112],
which could be included in future disease studies [103].
The ability to detect and quantify amoebocytes, antimi-
crobial compounds, melanin deposits, and the precursors
of melanization, including PPO and PO, will provide
proxies for immune response in corals. Although immune
response is not a direct indicator of disease, these
parameters could be used to assess coral health, disease
susceptibility, and past or present exposure to pathogens
or other stressors.
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based on culture-dependent methods are limited, largely due to

the lack of selective media capable of promoting growth of specific

pathogens amongst the highly complex, diverse, and abundant

microbial populations associated with compromised coral tissues.

For example, selective media, such as thiosulfate citrate bile

sucrose (TCBS), have been developed to discriminate Vibrio

bacteria from other bacterial species. While known coral

pathogens, including V. coralliilyticus and V. shiloi, can be grown

on TCBS agar, they cannot be effectively discriminated from other

Vibrio species [53] that coexist within the coral holobiont. In order

to overcome this limitation, Ritchie et al. [54] developed a method

to discriminate potential bacterial invaders from normal residents

of the coral holobiont by including sterile coral mucus into the

growth media. This innovative approach is based upon the

assumption that symbiotic coral-associated bacteria will be

resistant to the antibiotic properties of coral mucus while

opportunistic pathogens will not. By comparing the bacterial

strains growing on mucus-treated media plates to those growing on

control media plates, it is theoretically possible to separate coral

associated bacterial residents from potentially invasive visitors.

While this technique is useful for identifying potential pathogens,

the processes is extremely time consuming, requiring isolation of

individual colonies, PCR amplification, and sequencing, and does

not allow specific detection at the single pathogen level.

In a few cases, culture protocols have been developed to

selectively grow specific coral-associated microbes. For example,

Sutherland et al. [55] developed a technique to isolate Serratia

marcescens, the presumed etiological agent of white pox in the

Caribbean, involving two subsequent colorimetric culture steps

followed by inoculation onto nonselective media. Interestingly, this

method revealed human sewage to be a likely source of the

pathogen on reefs in the Florida Keys. Where appropriate selective

media exist, most probable number (MPN) methods can be used to

estimate the concentration of bacteria [47]. MPN involves serially

diluting samples into appropriate media, further dividing these

dilutions into replicate aliquots, culturing, and assigning a

binomial (growth versus no growth) score to the resulting cultures.

This method can be used to estimate the concentration of certain

bacterial groups in a given sample; however, the dilution and

culturing steps can be time consuming and reproducibility is often

an issue. Due to the high diversity of microbes present in coral

samples, lack of appropriate media for many coral pathogens, and

Table 1. Summary of pathogen detection techniques and molecular diagnostics.

Technique Principle Advantages Disadvantages
Used for Oral
Pathogen Detection?

Culture and
colony counting

Samples are plated onto selective
growth media, incubated, and
resulting colonies counted

& Well established in
human disease diagnosis

& Low cost

& Extensive development and
testing of selective media

& Long wait time for test result

& Low sensitivity

[47,55]

Antibodies Samples are hybridized with pathogen-
specific antibodies and antibody/antigens
complexes are detected

& Well established in
human disease diagnosis

& High specificity of
monoclonal antibodies

& Monoclonal antibodies are
slow to develop

& Low specificity of polyclonal
antibodies

& Antibody-producing cell lines
difficult to maintain

[56]

FISH Samples are hybridized with custom-
synthesized nucleic acid probes attached
to fluorescent reporter molecules and then
visualized under fluorescence microscopy

& Use of different
fluorescent reporters allows
for simultaneous detection
of multiple microbes

& Allows localization and
visualization of microbes
within host tissue

& Low specificity of FISH
probes

& Time consuming and labor
intensive processing

& Autofluorescence of zooxanthellae
and coral necessitates specialized
imaging microscopy equipment

[27,46,61,62]

PCR Samples are subjected to PCR ampli-
fication with specific primer sets, then
PCR products are separated by gel
electrophoresis and visualized

& High sensitivity

& High specificity

& Not quantitative

& High contamination risk

& Potential for nonspecific primer
binding and amplification

[51,63]

Real-time qPCR Samples are subjected to PCR amplifi-
cation incorporating a fluorescent
reporter that emits a signal proportional
to the quantity of PCR product synthesized

& High sensitivity

& High specificity

& Low contamination risk

& Quantitative results

& High cost

& Requires specialized thermocycler

[77]

doi:10.1371/journal.ppat.1002183.t001
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the low sensitivity and long processing time required, culture-

based diagnostic methods are not the ideal platform for coral

pathogen detection.

Immunology-Based Detection
The use of antibody technology is well established in human

medical diagnostics and has been applied with some success to the

detection of coral pathogens. Immunology-based pathogen

monitoring involves the production of either polyclonal or

monoclonal antibodies and the detection of antibody/antigen

complexes that indicate the presence of the targeted pathogen

within a sample. Specific anti-V. shiloi antibodies have provided

insight into the dynamics of pathogen invasion and spread within

the O. patagonica coral host, suggesting a temperature-dependent

host defense against the pathogen [56]. However, immunology-

based techniques can only be developed once specific pathogens

have been identified and successfully cultured (see Box 1).

Furthermore, polyclonal antibodies often have low specificity

[57] and highly specific monoclonal antibodies are generally slow

to develop and expensive to produce and maintain. While

immunology-based coral pathogen detection is feasible once

specific pathogens have been successfully isolated, the cost and

effort required to develop and maintain antibody-producing cell

lines may limit its utility in routine monitoring. However, if

adapted into routine assays such as ELISA, common in many

human health targeted kits such as pregnancy tests [58,59], this

approach has the potential to provide rapid coral pathogen

detection.

Nucleic Acid-Based Detection
Nucleic acid-based techniques using molecular probes and/or

PCR offer an appealing alternative to culture and immunology-

based methods because of their potential for high specificity and

sensitivity. Here we discuss the utility of fluorescent in situ

hydridization (FISH) and PCR-based techniques in coral pathogen

detection.

Fluorescent in situ hybridization. FISH allows identification,

localization, and visualization of individual microbial cells within

healthy and diseased tissue [60] by targeting these microbes with

custom-synthesized nucleic acid probes attached to fluorescent

reporter molecules. Ainsworth et al. [27,61,62] utilized FISH to

assess the microbial composition of diseased corals in the

Mediterranean [27], Red Sea [62], and on the Great Barrier Reef

[61]. V. shiloi-specific FISH probes also revealed the marine fireworm

Hermodice carunculata as the reservoir and transmission vector of this

coral bleaching pathogen [46]. While these studies provide useful

information on the spatial arrangement of microbes in healthy and

diseased tissue, the low specificity of FISH probes can limit their

utility in accurately detecting pathogenic microbes beyond the genus

level. In addition, the method is time consuming, labor intensive, and

requires specialized imaging microscopy equipment. Extensive

processing of samples may also result in the loss of loosely attached

microbes including the pathogen cells themselves. Therefore,

although helping to elucidate disease etiology, the utility of FISH as

a routine coral disease diagnostic is limited.

PCR-based methods. PCR-based methods allow high

sensitivity and specificity by targeting and amplifying short nucleic

acid (DNA or RNA) sequences within the genomes of coral-

associated microbes [63]. These methods are far less time

consuming than most culture or immunology-based approaches,

yielding results in hours rather than days or even weeks with some

culture-based techniques [64]. Several community-level PCR

techniques, including denaturing gradient gel electrophoresis

(DGGE) [38], terminal restriction fragment length polymorphism

(T-RFLP) [65,66], automated ribosomal intergenic spacer analysis

(ARISA) [67], 16S rRNA clone libraries [38], and microarrays

[40,68] have provided insights into the microbial communities

associated with healthy and stressed corals. Although this

information can be used to detect shifts in community structure,

these changes cannot be linked to specific pathogens. Even when

specific pathogens have been identified, standard PCR-based

methods do not provide accurate quantification of individual

microbial species/strains.

Real-time quantitative PCR. The combination of high

sensitivity and specificity, low contamination risk, ease of

performance, and speed make real-time, quantitative PCR

(qPCR) technology an appealing option for specific coral

pathogen detection [69]. qPCR allows for accurate quantification

of microbe densities by incorporating a fluorescent reporter in the

PCR reaction that emits a signal proportional to the quantity of

PCR product. This information can then be used to infer the

amount of target gene and relative number of pathogen cells in a

given sample [70–72]. qPCR assays have been designed for a

number of bacterial [73,74], fungal [75], and viral [76] pathogens.

For example, a real-time PCR assay was developed to detect V.

penaeicida in the prawn Litopenaeus stylirostris and aquaculture facilities

in New Caledonia [64]. This single-day assay provided a research

tool for understanding the dynamics of this pathogen within

aquaculture facilities and served as a decision-making tool for prawn

farmers. Analogous assays to detect and quantify coral pathogens in

environmentally derived samples are beginning to emerge. For

example, Pollock et al. [77] developed a qPCR assay to detect the

identified coral pathogen V. coralliilyticus. This technique, which is

capable of detecting the bacterium at concentrations as low as 1

CFU ml21 in seawater and 103 CFU cm22 on coral fragments, is

currently being used to investigate the epidemiology of V.

coralliilyticus, including information on its distribution and role in

the initiation and spread of white syndrome lesions in the Indo-

Pacific. This assay represents the first application of qPCR

technology for the detection of an established coral pathogen.

qPCR technologies fall into two broad categories on the basis of

their fluorescence chemistries: (1) intercalating dyes and (2)

oligonucleotide-specific probes (Figure 2). Intercalating dye tech-

nologies, such as SYBR Green, fluoresce as they anneal to the

double-stranded DNA (dsDNA) that is synthesized during PCR

amplification. As the quantity of dsDNA increases during

subsequent PCR cycles, the fluorescence signal increases propor-

tionally (illustrated in Figure 2) [78]. Oligonucleotide probe

technologies, including TaqMan and Molecular Beacon, add an

additional layer of specificity to the qPCR assay by incorporating a

sequence-specific probe that must anneal to a particular region

within the PCR amplicon for fluorescence (illustrated in Figure 2).

Intercalating dyes are more commonly used than probe technol-

ogies because they are less expensive and work with traditional PCR

primer sets, negating the time and labor-intensive design of specific

probes. However, since intercalating dyes fluoresce in the presence

of any dsDNA, they are not specific and must be accompanied by

melting curve analysis to differentiate PCR products on the basis of

length and G-C content [69]. Oligonucleotide-specific probes are

more specific, but also more expensive and require the design of

custom synthesized probes. Probe technologies also allow inclusion

of several distinct primer/probe sets labeled with different colored

fluorescent reporters in a single reaction, facilitating the simulta-

neous detection of several pathogens.

DNA Target Selection
For the development of molecular diagnostic assays, the choice of

a nucleic acid target is just as important as the platform used to
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detect it. To allow for high specificity, nucleic acid targets must be

both well-conserved within the genome of the target species/strain

and distinct from nontarget sequences. Therefore, a great deal of

care must be taken in genetic target selection, primer/probe design,

and assay optimization. Ribosomal and mitochondrial DNA are the

most common targets for nucleic acid-based microbe detection

because of their genetic stability and high copy numbers within cells

[79]. However, other genes, including housekeeping genes and

virulence factors that are present as only a single or limited copy

number in the genome, may also serve as useful targets.

Ribosomal genes. Several ribosomal RNA genes, including

16S, 18S, 23S, and internal transcribed spacer region (ITS) genes,

have served as targets for nucleic acid-based detection. With the

public availability of over 2 million 16S rRNA sequences

(GenBank), spanning both the variable and more highly

conserved regions of this ubiquitous bacterial gene, the 16S

rRNA gene provides an obvious nucleic acid target. Since its

introduction in the late 1980s, most FISH applications have

targeted rRNA genes because of the large number of publically

available sequences and its high copy number in bacterial cells

[60]. However, low genetic divergence in closely related species/

strains often hinders the utility of the 16S rRNA gene in

differentiating beyond the genus level [80]. For example, the

known coral pathogen V. coralliilyticus shares greater than 98% 16S

sequence similarity with its closest phylogenetic neighbor, V.

neptunius [80]. Although some variation (2%) exists between these

closely related species, it is likely inadequate to design sufficiently

specific primers and/or probes.

Genomic phylogenetic marker genes. The accelerated use

of genetic sequencing as a means of differentiating closely related

bacterial species and strains has led to the proliferation of sequence

information from a large number of nonribosomal phylogenetic

marker genes in a diverse sampling of microbial species. In some of

the better-studied groups, such as the vibrios that contain four of

the seven described coral pathogens, sequence data from several

phylogenetic marker genes are available for all described species

[80] and even multiple strains of the identified coral pathogen V.

coralliilyticus [81]. This information is useful for selecting genes with

the greatest discriminatory power based on phylogenetic

reconstructions and also provides the raw sequence data to

identify specific oligonucleotide sequences within these genes,

which can be targeted by custom-designed molecular primers and

probes.

Virulence factors. In the field of human medicine, an

increasing number of molecular-based pathogen detection assays

have targeted genes directly involved in virulence. For example,

the thermostable direct hemolysin gene (tdh) has been used as a

target for detection of the human pathogen V. parahaemolyticus and

the gene is also inferred as a direct marker of its pathogenicity

[82]. Similarly, the hemolysin gene (vvh) has been targeted for the

specific detection of V. vulnificus in oysters [73]. Directly targeting

strain-specific virulence factors provides a means of differentiating

pathogenic and benign strains; by targeting a 2-kb fragment of the

cytotoxin-coding gene (rtxA) unique to virulent strains of V. cholerae,

Gubala [74] designed a qPCR-based assay capable of exclusively

detecting potentially toxigenic strains.

Specific virulence factors have been described in two coral

pathogens, the Zn-metalloprotease gene (vcpA) in V. coralliilyticus

and the Toxin P gene in V. shiloi, both of which could serve as

molecular targets [81,83,84]. As researchers develop a deeper

understanding of the genetic basis of coral pathogen virulence, it is

likely that more virulence targets will become available.

Emerging Diagnostic Techniques
Application of the technological advances outlined above will

undoubtedly enhance our ability to study coral diseases; however,

Figure 2. Summary of qPCR chemistries.
doi:10.1371/journal.ppat.1002183.g002
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a variety of new and emerging technologies will further

revolutionize the field in decades to come. High resolution

microarrays offer one method for rapid assessment of shifts in

coral-associated bacterial community structure. For example,

Sunagawa et al. [68] utilized a 16S rRNA gene microarray

(PhyloChip G2) to characterize the bacterial community structures

of asymptomatic and diseased corals and investigate the etiology of

the observed disease. If known bacterial groups or indicator

organisms are indentified that are important to coral health, these

shifts can be used to infer potential changes in coral health or,

additionally, detect identified pathogens associated with disease.

Vega Thurber et al. [39] assessed changes in overall bacterial

community structure and abundance of functional genes in

response to environmental stressors using a 454 pyrosequencing

platform. Comparative genomic approaches such as these will

continue to provide insights into the bacterial community-level

changes that accompany coral stress and potentially facilitate coral

disease outbreaks.

Transcriptomic approaches also have great potential for the

identification of organisms actively involved in the infection

process as well as virulence genes controlling disease progression.

To date, the application of RNA-based expression studies on

diseased coral samples is limited, except for certain band diseases,

such as black band disease [85], where the microbial mat can first

be separated from the coral. This limited application of

transciptomic techniques is largely due to the inherent instability

of mRNA, particularly in the presence of the extensive exogenous

enzymes present within coral-derived samples.

Metabolomic techniques, which use NMR and mass spectros-

copy to detect chemical fingerprints left behind by specific

chemical processes, also show great promise for improving disease

diagnosis and pathogen detection [86,87]. While genomic,

metagenomic, transcriptomic, and metabolomic approaches have

the potential to generate extensive data, these techniques require

expensive, specialized equipment and often the desired informa-

tion is hidden within immense datasets that require specialized

software and highly trained individuals to decipher. However, just

as qPCR, which was only available to a handful of well-funded

laboratories just a decade ago, is becoming increasingly affordable

and accessible, the prohibitive cost of emerging technologies will

certainly fall, increasing their availability to coral researchers.

Validation of Diagnostics for Coral Pathogen Detection
The validity of any diagnostic test is determined by its ability to

distinguish host organisms that have the disease from those that do

not. Validity is comprised of two key components: sensitivity and

specificity. Sensitivity describes the test’s ability to correctly

identify those with the disease and is expressed as the proportion

of affected animals that are correctly identified as disease positive

by the test compared to the total number of diseased animals

tested. Specificity is the ability of the test to correctly identify those

that do not have the disease and is expressed as the proportion of

animals that are correctly identified as disease negative to the total

number of disease-free animals tested [28]. In order to calculate

the specificity and sensitivity of a test, we must first know which

animals are actually infected with the disease. Such knowledge is

usually gained by comparing a test’s results with the results of a so-

called gold standard, which theoretically has both a sensitivity and

specificity of 100% [28]. For example, the gold standard for

Chlamydia diagnosis in humans is isolation of the causative agent,

the bacteria C. trachomatis. It is important to realize that while gold

standards are the best evidence available, they are not infallible

and gold standards providing full certainty are rare, particularly in

a young field like coral disease research. Generally, the challenge is

to find a standard that is as close as possible to the theoretical gold

standard, but until effective gold standards are established for coral

pathogen detection, it may be useful to use several of the

diagnostic techniques described previously to cross-validate test

results.

Coral researchers are faced with a unique set of challenges when

developing disease diagnostics for the detection of specific

pathogenic microbes among the diverse and complex coral

holobiont. One major challenge is reproducibly obtaining high

purity microbial DNA (or RNA) from coral-derived samples. The

complex nature of the coral holobiont, which contains genetic

material from the coral host as well as its associated algae, bacteria,

and viruses, in combination with the presence of high concentra-

tions of PCR inhibitors (e.g., salts and DNAses) make successful

DNA extraction and pathogen detection from coral tissue

extremely difficult. Several extraction methods have been

developed to overcome these limitations, but consistently obtain-

ing high quality DNA from coral samples remains a persistent

challenge to coral researchers. Furthermore, there is the potential

for gene copy number variability even between closely related

bacterial strains as well as horizontal gene transfer between

distantly related species, which could confound accurate detection

and quantification. Early pathogen detection assays will therefore

require extensive testing to confirm their specificity and sensitivity.

Conclusions

Further development and application of diagnostic tools for coral

pathogen detection is limited by a lack of knowledge of the organisms

and genes involved in the onset and progression of most coral

diseases. In particular, current knowledge of the causes of a large

number of coral diseases is rudimentary, with only a few actual

pathogens identified (reviewed in [7,13]). Therefore, further research

into coral disease ecology, in combination with robust biomedical

approaches to describe diseases at gross and cellular levels is needed

to develop an understanding of the pathogenesis of coral diseases and

the interactions between agent, host, and the environment [18].

Only after pathogens are identified and their mechanisms of

virulence determined can the development of diagnostics that target

certain microbial groups or important genes proceed. Coral disease

investigations, like other human, veterinary, or wildlife disease

investigations, require an interdisciplinary approach, including the

use of both traditional and developing technologies.

As coral diseases continue to threaten reefs worldwide, there is

increasing urgency for tools to understand and control their

spread. Several approaches, including phage therapy and

probiotic addition, have been suggested to mitigate coral disease

outbreaks [41]; however, the success of any of these strategies will

depend upon rapid and reliable disease detection and diagnosis.

With the extensive cost and potential environmental risk of certain

control measures (e.g., phage therapy), it will be critical that

diagnoses are made with an extremely high degree of certainty.

Therefore, the development and testing of highly sensitive and

specific coral disease diagnostics should be a major research

priority. Accurate coral disease diagnosis will help to direct

research and management strategies to address the true cause of

disease on reefs and aid reef managers in their efforts to control the

occurrence, prevalence, and severity of coral disease on reefs

worldwide.
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Abstract

In recent decades, coral reef ecosystems have declined to the extent that reefs are now threatened globally. While many
water quality parameters have been proposed to contribute to reef declines, little evidence exists conclusively linking
specific water quality parameters with increased disease prevalence in situ. Here we report evidence from in situ coral health
surveys confirming that chronic exposure to dredging-associated sediment plumes significantly increase the prevalence of
white syndromes, a devastating group of globally important coral diseases. Coral health surveys were conducted along a
dredging-associated sediment plume gradient to assess the relationship between sedimentation, turbidity and coral health.
Reefs exposed to the highest number of days under the sediment plume (296 to 347 days) had two-fold higher levels of
disease, largely driven by a 2.5-fold increase in white syndromes, and a six-fold increase in other signs of compromised coral
health relative to reefs with little or no plume exposure (0 to 9 days). Multivariate modeling and ordination incorporating
sediment exposure level, coral community composition and cover, predation and multiple thermal stress indices provided
further confirmation that sediment plume exposure level was the main driver of elevated disease and other compromised
coral health indicators. This study provides the first evidence linking dredging-associated sedimentation and turbidity with
elevated coral disease prevalence in situ. Our results may help to explain observed increases in global coral disease
prevalence in recent decades and suggest that minimizing sedimentation and turbidity associated with coastal
development will provide an important management tool for controlling coral disease epizootics.
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Introduction

Over the last 30 years, hard coral cover has decreased by an

average of 50% on Indo-Pacific reefs and 80% on Caribbean reefs

[1–3]. While these declines have been attributed to a number of

factors, including water pollution, habitat destruction, overfishing,

invasive species, and global climate change [1,2], coral diseases

have recently emerged as a significant driver of global coral reef

decline [4,5]. The destructive potential of coral disease is most

clearly exemplified in the Caribbean where successive disease

outbreaks have decreased acroporid cover by up to 95% and

contributed substantially to observed ecological phase shifts from

coral to algal-dominated reefs [6–8]. Furthermore, the incidence

of coral epizootics has increased globally over the last 20 years

[3,6,9,10], highlighting the need to understand and manage the

factors underlying coral disease outbreaks.

Reduced water quality caused by explosive human population

growth is often cited as an important factor driving coral disease

epizootics [11–13]. Land clearing exposes 1% of the Earth’s

surface to eroding processes annually and urbanization of coastal

areas is expanding disproportionally to population growth [14,15].

Consequently, coastal coral reefs, like many other marine

ecosystems, are increasingly subjected to elevated levels of

eutrophication, sedimentation and turbidity, factors proposed to

compromise disease resistance of corals and/or increase pathogen

virulence [13,16]. Coastal dredging for land reclamation, beach

nourishment and port construction further exacerbates terrestrial

nutrient and sediment influx by resuspending benthic sediments

[17]. Additionally, more frequent and intense storms associated
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with climate change amplify water quality declines by promoting

coastal runoff and sediment resuspension [18]. Eutrophication,

and more specifically nutrient enrichment, has been shown to

exacerbate existing coral disease infections and shift coral-

associated microbial communities towards communities typical

of diseased corals, but little is known about the role of nutrients in

disease initiation [13,19,20].

Sedimentation and turbidity, associated with both weather

events and anthropogenic activities, are also frequently proposed

to contribute to increased coral disease prevalence [16], although

empirical evidence is lacking. Hodgson [21] suggested sedimen-

tation as a potential mechanism for the transmission of coral

pathogens from marine or terrestrial substrates onto nearby corals.

Silt-associated bacteria were identified as a possible cause of

necrosis in sediment-damaged corals, since antibiotic-treated water

reduced tissue damage in experimentally silted corals. In field-

based observations, Haapklyä et al. [22] noted a correlation

between seasonal coastal runoff, including increased sedimentation

and turbidity, and the prevalence of coral disease on inshore reefs.

Elevated turbidity reduces the amount and quality of ambient light

available for photosynthesis by the corals’ endosymbiotic algae

(Symbiodinium) and excess sedimentation inhibits the heterotrophic

feeding efficiency of corals, reducing the energy intake of both

symbiotic and asymbiotic corals [23,24]. While corals are able to

shed some sediment through mucus production and ciliary action,

these mechanisms are energetically expensive and further burden

the corals’ already reduced energy budgets [25,26]. Despite a

wealth of circumstantial evidence indicating sedimentation and

turbidity as potential coral disease drivers [15,22,27], no studies

have directly linked sedimentation, turbidity and coral disease in

the field. Given that nearly 40% of coral reefs are located adjacent

to large population centers and coastlines under rapid develop-

ment to accommodate expanding urban activities [28], effective

coastal management will increasingly depend upon a comprehen-

sive understanding of the impacts of sediment, turbidity and

associated water quality decline, on all aspects of coral reef health.

Here, we describe the first study to examine the influence of

elevated sedimentation and turbidity on coral disease levels in situ.

We performed detailed coral health assessments along a gradient

of exposure to a sediment-laden dredge plume within the

Montebello and Barrow Islands off the northern coast of Western

Australia. The otherwise relatively pristine conditions of these

offshore reefs enabled an empirical examination of the relationship

between sedimentation, turbidity and coral disease prevalence in

the absence of other confounding influences. Our results indicate

that elevated sedimentation and turbidity can significantly increase

coral disease prevalence and highlight the urgent need to manage

coastal development near coral reef ecosystems.

Methods

Ethics statement
This research was conducted under the following permits: Western

Australia Department of Environment and Conservation Collection

Permit number SF008340 and Western Australia Department of

Environment and Conservation Export Permit number ES002169.

Study site
The Montebello and Barrow Islands are situated in the Pilbara

region of Northwest Australia, approximately 1,600 km north of

Perth (see Figure 1). The Montebello and Barrow Islands Marine

Protected Areas (MBIMPA), incorporating the Montebello Islands

Marine Park, Barrow Island Marine Park and the Barrow Island

Marine Management Area, were gazetted in 2004. The environ-

ment within the MBIMPA is considered to be relatively pristine as

a consequence of low human usage, minimal terrestrial influence

and strict management controls on industrial developments in the

area [29].

The Gorgon Project, based on Barrow Island (20.80uS,

115.40uE), is one of the world’s largest natural gas projects and

the largest single resource natural gas project in Australia’s history.

The Gorgon Project dredging program involved the removal and

dumping of approximately 7.6 million tons of marine sediment

over an 18-month period from 19 May 2010 to 7 November 2011.

Satellite-derived assessment of sediment plume extent
The area affected by the dredging-induced sediment plume area

was quantified daily over the duration of the dredging program

Figure 1. Map showing study site and coral health survey
locations at Montebello and Barrow Islands, Western Australia.
Colored overlays (gradient from red to blue) indicate satellite-derived
sediment plume exposure days determined by hot spot analysis of
MODIS satellite imagery. Pie charts indicate the proportion of colonies
at each site (n = 3 transects per site) recorded as apparently healthy
(blue), diseased (red) or displaying other signs of compromised coral
health (green). Numbers inset on pie charts indicate satellite-derived
sediment plume exposure days at each site. Colors ringing pie charts
indicate plume exposure categories, i.e. white: low (0 to 9 exposure
days); blue: moderate (40 to 78 exposure day); and red: high (296 to 347
exposure days).
doi:10.1371/journal.pone.0102498.g001
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using Moderate Resolution Imaging Spectroradiometer (MODIS)

satellite imagery, as described by Evans et al. [30]. Briefly, the

sediment plume boundary was interpreted manually using one of

up to two MODIS images captured daily. A single practitioner

manually assessed plumes visible in MODIS images and

distinguished these sediment plumes from benthic substrates.

Quality control measures were utilized to ensure the collection of

consistent, high-quality data (see Evans et al. [30] for details). A

‘hotspot’ analysis was performed on the cumulative daily plume

boundaries, for the total number of days available, to provide a

dataset describing the number of days the sediment plume was

present at any position within the waters surrounding the

Montebello and Barrow Islands. These data were used to

determine sediment plume exposure days, which are defined here

as the cumulative number of days a suspended sediment plume

was visible in satellite images at a given location throughout the

duration of dredging operations. One year of pre-dredging

MODIS imagery was also analyzed to identify a baseline for

naturally occurring turbidity events.

Coral health and community composition surveys
Coral health surveys were conducted in December 2011, one

month after the completion of the 18-month Gorgon Project

dredging program. Eleven sites were selected, extending both

north and south from the dredging site, representing a gradient of

sediment plume exposure (Figure 1). At each site, three 15 m 6
2 m belt transects, placed haphazardly at least 5 m apart, were

surveyed along depth contours at 2 to 6 m, consistent with

standardized protocols developed by the Global Environment

Facility and World Bank Coral Disease Working Group [31].

Within each 30 m2 belt transect, every scleractinian coral colony

over 5 cm in diameter was identified to genus-level and classified

as either diseased [i.e., affected by one or more of the following

diseases: white syndromes (WS), brown band disease, skeletal

eroding band, black band disease, and/or growth anomalies];

showing other signs of compromised health (i.e., tissue necrosis

associated with sediment accumulation, bleaching, pigmentation

response, and/or sponge, red algae, or green algal overgrowth); or

healthy (i.e., no visible signs of disease lesions or other indicators of

compromised health) using indicators described by Willis et al.

[32]. Additionally, signs of coral predation by Drupella sp. and/or

Acanthaster planci (crown-of-thorns seastar; COTS) were recorded.

Standard line-intercept surveys were used to determine coral cover

and coral community composition to the genus-level by estimating

the linear extent of each coral to the nearest centimeter along the

central line of each 15 m belt transect. These protocols allow the

data collected in this study to be directly compared to other similar

standardized coral disease datasets worldwide.

Assessment of temperature-based risk of disease
Relationships between diseases and anomalously warm temper-

ature have been determined for various marine and terrestrial

organisms [15]. To evaluate the role that thermal stress might

have played in shaping the spatial patterns of coral disease and

other signs of compromised coral health observed, we analyzed

temperature-based predictors of disease outbreak risk based on

published empirical relationships between temperature metrics,

coral cover and disease abundance (summarized in Heron et al.

[33]). While these temperature-disease relationships were derived

for only one disease type (WS) affecting one coral genus (Acropora

spp.) on the Great Barrier Reef, the thermal stress predictors of

disease risk provide useful indicators of host susceptibility and

potentially pathogen loads [33]. Briefly, retrospective Pathfinder

satellite sea-surface temperature (SST) time-series for the period

1985 to 2009 were concatenated with NOAA’s near real-time

11 km SST time-series (February 2009 to December 2011);

concatenation was performed by bias-adjusting the latter dataset

to match the former based on the overlap period. The resulting

weekly dataset provided a SST time-series for each survey location

throughout the dredging period (May 2010 to November 2011)

and an internally consistent climatological baseline for the

calculation of thermal stress metrics. Five temperature-based

stress metrics associated with disease likelihood were derived (see

Table 1 for definitions): Hot Snap, Cold Snap and Winter

Conditions (see [34] for full details); and mean positive summer

anomaly (MPSA) and predicted abundance [35]. Predicted

abundance of disease cases per 1,500 m2 (Adisease) was calculated

using MPSA and total hard coral cover for all species (TCC) from

the field surveys, following the model of Maynard et al. [35];

Adisease~MPSAaTCCb ð1Þ

where a = 1.07 and b = 1.59 [37]. All temperature-based metrics

were assessed at the site level (i.e., no replication at the transect

level) due to the limited resolution of satellite-derived SST data.

Data analyses
Prevalence values for coral diseases and other signs of

compromised health were calculated within each 30 m2 belt

transect by dividing the number of colonies with signs of any of 5

diseases recorded or of 6 other indicators of compromised health

by the total number of colonies present. To assess the effect of

dredging on disease prevalence and on other indicators of

compromised health along the plume gradient, sites were assigned

to one of three exposure categories based on the number of days a

dredging-associated suspended sediment plume was visible in

usable MODIS satellite images (Figure 1):

N low-exposure (0–9 sediment plume exposure days; 18 tran-

sects),

N moderate-exposure (40–78 sediment plume exposure days; 9

transects) and

N high-exposure (296–347 sediment plume exposure days; 6

transects).

To analyze patterns of coral disease and other signs of

compromised health among broad coral growth forms within

each sediment plume exposure category, coral genera were

assigned to one of three growth form categories: massive, plating

or branching (see Methods S1 in File S1). Associations between the

prevalence of disease and other compromised coral health

indicators and sediment plume exposure days were tested with

Pearson product-moment correlations. Differences in mean

prevalence levels among the three sediment plume exposure

groups were analyzed using two-way (sediment plume exposure

category, site) nested analyses of variance (ANOVA), with site

treated as a random factor that was nested within the fixed factor,

plume exposure. Plume exposure days, coral predation by COTS

and Drupella, and total hard coral cover were compared among

plume exposure groups using the two-way ANOVA design

described above. Differences in mean prevalence of disease and

compromised health indicators were compared among growth

forms within each dredge exposure category using one-way

ANOVAs. Similarly, all temperature-based measures of disease

likelihood were compared using one-way ANOVAs. Associations

between sediment-exposure days and prevalence of coral health

and disease were tested with Pearson product-moment correla-

tions. Prior to analyses, assumptions of normality (Shapiro-Wilks)

Sediment and Turbidity from Dredging Increase Coral Disease Prevalence
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Table 1. Environmental predictor variables assessed in a multivariate multiple regression analysis (DISTLM) at sites within three sediment plume exposure categories determined
by MODIS satellite imagery: low (0 to 9 plume exposure days, n = 6 sites), moderate (40 to 68 plume exposure days, n = 3 sites) and high (296 to 347 plume exposure days, n = 2
sites); and results of an analysis of variance (ANOVA) for each predictor variable among dredge plume exposure groups.

Factor Sediment plume Exposure Category

Low (n = 6 sites) Moderate (n = 3 sites) High (n = 2 sites) ANOVA Assessed in

mean (SE) mean (SE) mean (SE) F(2,11), p DISTLM? Source

Dredging: Sediment plume exposurea daysa 2.0 (1.5) 62.3 (11.5) 321.5 (25.5) 285.7, ,0.001* Yes [30]

Predation: COTS scarsb 0.0 (0.0) 1.6 (1.1) 0.0 (0.0) 1.5, 0.29 Yes This study

Drupella scarsc 3.6 (0.6) 11.7 (3.3) 1.4 (0.9) 2.9, 0.11 Yes This study

Coral cover: Total hard coral coverd 36.0 (15.0) 53.5 (21.1) 26.0 (20.4) 1.7, 0.24 Yes This study

Thermal stress: Peak SSTe 30.7 (0.2) 30.8 (0.3) 30.9 (0.0) 0.2, 0.81 Nok [34]

Peak SSTAf 2.8 (0.1) 2.7 (0.2) 2.7 (0.0) 0.07, 0.94 Nok [34]

Hot Snapg 2.0 (1.7) 1.8 (1.4) 2.2 (0.4) 0.04, 0.96 Yesk [34]

Winter Conditionsh 10.3 (0.7) 9.0 (0.1) 8.0 (0.2) 2.2, 0.18 Yes [34]

MPSAi 0.3 (0.1) 0.2 (0.03) 0.3 (0.01) 1.2, 0.35 Yes [35]

Modeled disease: Predicted disease abundancej 101 (94) 88 (39) 52 (57) 0.3, 0.75 No [35]

aNumber of days the sediment plume was recorded over a site for the duration of dredging operations (days).
bPrevalence of coral colonies with crown-of-thorns seastar lesions determined by in situ coral health surveys (%).
cPrevalence of coral colonies with Drupella lesions determined by in situ coral health surveys (%).
dTotal hard coral cover on transects determined by line intercept method (%).
eMaximum sea surface temperature recorded during dredging operations (May 2010 to November 2011) (uC).
fMaximum excursion of sea surface temperature from the long-term climatological value during dredging operations (May 2010 to November 2011) (uC).
gAccumulation of thermal anomalies greater than the long-term summer mean temperature plus one standard deviation (uC-weeks).
hAccumulation of winter anomalies (+ and 2) from the long-term winter mean temperature (uC-weeks).
iAverage of summer temperature anomalies greater than zero calculated from the monthly mean temperature plus one monthly standard deviation.
jModeled numeric prediction of disease abundance based upon MPSA and total coral cover (disease cases per 1,500 m2).
kPeak SST and Peak SSTA were excluded from the DISTLM due to a strong correlation with Hot Snap (r = 0.87 and 0.79, respectively).
doi:10.1371/journal.pone.0102498.t001
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and homogeneity of variance (Levene’s test of homogeneity) were

tested. Post-hoc comparisons between groups were performed

using Tukey’s HSD tests. All univariate statistical analyses were

performed using STATISTICA 10 (StatSoft, Tulsa, Oklahoma).

Coral community composition (at the genus-level) was com-

pared among reefs within the three sediment plume exposure

categories to ensure that community structure was homogenous

across treatments. To test for differences in community compo-

sition, a nested permutational analysis of variance (PERMA-

NOVA) was used, in which site was treated as a random factor

nested within the fixed factor, plume exposure [36]. Similarities

among coral communities were illustrated using a non-metric

multidimensional scaling plot (nMDS) [36].

A non-parametric distance-based linear model (DISTLM) was

used in combination with distance-based redundancy ordination

analysis (dbRDA) to explore the hypotheses that variability in

patterns of disease and other compromised health indicators could

be explained by environmental variables known to impact coral

condition and distribution (i.e., sediment plume exposure days,

hard coral cover, predation, and calculated thermal stress; see

Table 1). The DISTLM models the relationship between these

environmental variables and the multivariate coral health preva-

lence dataset based on a multiple regression model. This routine

finds the linear combination of variables that explains the greatest

amount of variation in the coral health dataset and examines the

amount of variance explained by each environmental variable,

providing a pseudo-F statistic. The best-fit model, based on

corrected Akaike’s Information Criterion (AICc), was then

visualized in multidimensional space using dbRDA ordination

[36]. Preliminary diagnostics to assess multi-collinearity among

predictor variables using draftsman plots reveal two thermal stress

indicators, Peak SST and Peak SSTA, were highly correlated with

Hot Snap (r = 0.87 and 0.79, respectively). To avoid redundancy,

Peak SST and Peak SSTA were not included in the DISTLM or

dbRDA. Predictors that best explained the data were overlaid as

biplots representing the strength (vector length) and direction of

influence [36]. All multivariate analyses were conducted in

PRIMER v6 [37] and PERMANOVA+ [36] using Bray-Curtis

similarity matrices based on fourth-root transformed data.

Results

Satellite-derived assessment of sediment plume extent
Satellite images of the Gorgon Project sediment plume, of a

quality suitable for deriving plume extent, were available for 411

of the 538 dredging days (i.e. 76% of days). Poor quality images

(e.g., due to cloud cover or the sensor not capturing the study

region) during the remaining 127 days (24% of days) were omitted

from the analysis. Therefore, the number of sediment plume

exposure days reported here is conservative and likely underesti-

mate the true number of days sites spent under the sediment

plume. Hotspot analysis of satellite imagery revealed that the

sediment plume was most commonly detected around the dredge

channel and sediment spoil dumping sites (Figure 1). Cumulative

sediment plume exposure declined away from these sites, with the

plume typically dispersing to the south of the dredge and spoil sites

in response to prevailing wind and current patterns [30].

Impact of dredging on coral disease prevalence
A significant, positive correlation was found between overall

coral disease prevalence and sediment plume exposure days

(Figure S1a in File S1, Pearson’s r9 = 0.49, p,0.05). Mean disease

prevalence (6 SE) at high-exposure sites (7.2661.56%) was

greater than 2-fold higher than at low-exposure sites (3.160.6%)

and 1.5-fold higher than at moderate-exposure sites (4.761.5%)

(Figure 2a, Table S1 in File S1, F2,8 = 9.1, p,0.002). When results

from all sites were combined, WS (69%) and skeletal eroding band

(17%) dominated the disease cases observed. At the high-exposure

sites, elevated disease prevalence was largely the result of high WS

levels, which were 2.5-fold greater than at low- and moderate-

exposure sites (Figure 2a, Table S1 in File S1, F2,8 = 17.5, p,

0.001). In contrast, the highest prevalence of brown band disease

was recorded at moderate-exposure sites, where it was more than 9

times greater than at high- or low-exposure sites (F2,8 = 0.9, p,

0.001). The prevalence of black band disease, growth anomalies

and skeletal eroding band did not differ significantly between

exposure categories (Figure 2a, Table S1 in File S1, all p.0.05).

Impact of dredging on other signs of compromised coral
health

There was a significant, positive correlation between the

prevalence of other compromised health indicators and sediment

plume exposure days (Figure S1b in File S1, Pearson’s r9 = 0.79,

p,0.001). Mean prevalence of these indicators was more than 6-

fold greater at high-exposure sites (47.9%611.2) than at low-

(8.061.4%) or moderate-exposure sites (7.960.9%) (Figure 2b,

Table S1 in File S1, F2,8 = 50.8, p,0.001). Sediment-associated

tissue necrosis was 57 times more prevalent at high-exposure sites

compared to low- and moderate-exposure sites (Figure 2b,

F2,8 = 154.9, p,0.001). Bleaching, sponge overgrowth and pig-

mentation responses were also significantly greater at high-

exposure sites relative to low- or moderate-exposure sites

(Figure 2b, Table S1 in File S1, all p,0.001). The prevalence of

red and green algae did not differ significantly between exposure

categories (all p.0.05).

Influence of coral community composition and
morphology on disease and other signs of compromised
health

There was no significant difference in coral community

composition between sediment plume exposure categories, indi-

cating that reefs within the three groupings were comparable in

regards to coral structure (Figure S2 in File S1, pseudo-F = 1.38,

p.0.1). However, coral community composition did vary signif-

icantly among sites within exposure categories (Figure S2 in File

S1, pseudo-F = 7.54, p,0.001).

Disease levels did not differ significantly among growth forms

(i.e., massive, plating and branching colonies) at high or low

exposure sites (Figure S3a in File S1, all p.0.05). However,

massive corals at moderate-exposure sites sustained significantly

less disease than branching and plating colonies (Figure S3a in File

S1, all p.0.05). The prevalence of other compromised coral health

indicators did not differ between growth forms within any

sediment plume exposure category (Figure S3b in File S1, all p.

0.05).

Environmental drivers of disease and compromised
health

ANOVA and DISTLM (visualized through dbRDA) both

identified sediment plume exposure level as the most significant

environmental driver of elevated levels of disease and other

indicators of compromised health. Among all environmental

parameters assessed (see Table 1), sediment plume exposure days

was the only metric that differed significantly among exposure

categories (F2,11 = 285.7, p,0.001). Furthermore, the abundance

of disease predicted by satellite-derived temperature-based stress
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metrics did not differ significantly among sediment plume

exposure groups (Table 1, p.0.05).

The dbRDA diagram depicting coral disease composition

(based on the simplest best fit DISTLM, AICc = 215.12,

R2 = 0.47), showed a cluster of high-exposure sites away from

moderate- and low-exposure sites (Figure 3a). The greatest amount

of variation in the disease prevalence data was explained by

sediment plume exposure days (pseudo-F4,30 = 3.97, p,0.05) and

total hard coral cover (pseudo-F4,30 = 4.28, p,0.05) (Figure 3a). The

temperature metric Hot Snap (pseudo-F4,30 = 3.31, p,0.05) ex-

plained a lesser, but still significant amount of variation in the

disease dataset (Figure 3a). The overlay vector for sediment plume

exposure days corresponded to the axis separating high-exposure

sites from low- and moderate-exposure sites, while the vectors for

hard coral cover and Hot Snap largely corresponded to the axis

separating sites within low- and moderate-exposure categories

(Figure 3a).

Figure 2. Mean prevalence of (a) coral disease and (b) other
signs of compromised coral health at sites within three
sediment plume exposure categories: low (0 to 9 plume
exposure days; n = 18 transects), moderate (40 to 78 plume
exposure days; n = 9 transects), and high (296 to 347 plume
exposure days; n = 6 transects). Stacked bars indicate disease or
other compromised coral health indicator prevalence by category and
error bars indicate standard error among transects for total prevalence
of disease or other compromised coral health indicators. Letters
indicate post-hoc groupings (Tukey’s HSD, p,0.05) between sediment
plume exposure categories.
doi:10.1371/journal.pone.0102498.g002

Figure 3. Distance-based redundancy analysis (dbRDA) ordi-
nation plots illustrating the relationship between environmen-
tal predictors that best explain the variation of (a) coral
disease and (b) other compromised coral health indicators
among sites. The dbRDA was constrained by the best-fit explanatory
variables from a multivariate multiple regression analysis (DISTLM) and
vectors overlays are shown for predictor variables explaining a
significant proportion of the variation in the prevalence of (a) coral
disease and (b) other compromised coral health indicators.
doi:10.1371/journal.pone.0102498.g003
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The dbRDA diagram depicting the composition of other

compromised health indicators (based on the simplest best fit

DISTLM, AICc = 215.57, R2 = 0.28) also showed a clear separa-

tion between tightly clustered high-exposure transects and the

more dispersed low- and moderate-exposure transects (Figure 3b).

Sediment plume exposure days (pseudo-F4,30 = 5.99, p,0.005) and

Drupella (pseudo-F4,30 = 3.65, p,0.05) explained the greatest amount

of variation in the datacloud. The overlay vector for plume

exposure days corresponded to the axis separating high-exposure

sites from low- and moderate-exposure sites, while the vector for

Drupella largely corresponded to the axis separating sites within low

and moderate-exposure categories (Figure 3b).

Discussion

This study provides the first empirical evidence linking turbidity

and sedimentation with elevated levels of coral disease and other

indicators of compromised coral health in situ. We found two-fold

higher disease prevalence, largely driven by increases in WS, and

six-fold higher levels of other compromised health indicators at

high sediment plume exposure sites. Since these in situ health

assessments were conducted more than 18 months after com-

mencement of dredging, it is likely that the most susceptible corals

experienced complete mortality prior to surveys being undertaken.

Therefore, these prevalence figures likely underestimate the true

impact of dredging-associated sedimentation and turbidity on

coral health.

While previous studies have suggested a myriad of environ-

mental stressors as potential drivers of coral disease [21,22,38], the

current study highlights a direct link to sedimentation and

turbidity. On Australia’s east coast, the UNESCO World Heritage

Committee recently cited increasing coastal development and

catchment runoff as serious threats to the ‘‘outstanding universal

value’’ of Australia’s Great Barrier Reef World Heritage Area

[39], and on Australia’s west coast, an estimated 200 million cubic

meters of sediment will be dredged and dumped in projects

currently passing through Western Australia’s approvals and/or

regulatory system alone [40]. Clearly, these findings will have

direct implications for coastal managers charged with balancing

economic development with the imperative to maintain healthy

coral reefs. As the rate of coastal development near coral reef

ecosystems continues to escalate in many parts of the world, a

comprehensive understanding of the impacts of sediment and

turbidity on coral health will become increasingly important.

Impact of dredging on coral disease prevalence
Elevated disease levels at high sediment plume exposure sites

were primarily the result of the more than 2.5-fold higher

prevalence of WS, an important group of diseases that have

affected reefs throughout the Indo-Pacific and which are

characterized by a distinct band of sloughing coral tissue revealing

underlying coral skeleton [32,41,42]. WS prevalence is often

correlated with environmental stress, and strong correlations

between warm temperature anomalies and elevated WS levels

have shown that thermal stress is an important driver of some

types of WS [34,35]. However, we found no differences in multiple

thermal stress metrics or predicted disease abundance among the

three sediment plume exposure groups and while Hot Snap and

total hard coral cover helped to explain the distribution of disease

among sites, this metric largely correlated with differences among

low and moderate-exposure sites. Both univariate analysis and

multivariate modeling identified sediment plume exposure as the

main driver of elevated WS levels in the current study, providing

further evidence for the role of environmental stress, specifically

increased sedimentation and turbidity, in WS pathogenesis.

The greater prevalence of brown band disease at moderate-

exposure sites compared to high- and low-exposure sites may

reflect differences in ciliate proliferation rates under specific

turbidity/light levels. Brown band disease is characterized by a

dense, brown mat of ciliates packed with Symbiodinium derived from

consumed coral tissue [32,43]. Since Symbiodinium cells residing

within ciliates are photosynthetically competent during brown

band disease progression, it has been proposed that brown band

disease-associated ciliates could derive nutrition from photosyn-

thates produced by ingested Symbiodinium, while also benefiting

from an additional oxygen source within the densely populated

and presumably oxygen-limited brown band mat [32,43]. At

highly turbid, high sediment plume exposure sites, Symbiodinium

photosynthesis would be hindered, potentially removing the

advantage of brown band ciliates over their presumably

immune-compromised coral hosts. However, medium-exposure

sites could provide the right balance of compromised host

immunity and sufficient light availability to facilitate infection

and proliferation of brown band ciliates. Further studies specifi-

cally investigating the influence of reduced light levels on the

partitioning of photosynthates between Symbiodinium and ciliates

are required to test this hypothesis.

Total mean disease levels at low-exposure sites (3.160.6%) were

similar to levels reported from nearby Ningaloo Marine Park [44],

indicating that these low-exposure sites provide a good approx-

imation of background disease levels in the region. Prevalence

levels of black band disease, skeletal eroding band disease and

growth anomalies did not differ significantly among sediment

plume exposure groups and all were consistent with levels reported

from Ningaloo Reef [44].

Impact of dredging on other compromised coral health
indicators

The greater prevalence of other indicators of compromised

coral health at high sediment plume exposure sites was largely the

result of elevated levels of sediment-associated necrosis and

bleaching, which were 57-fold and 9-fold higher, respectively.

Increased turbidity reduces the amount of light available for

photosynthesis, while sediment deposition further shades corals

and taxes energy budgets through the need to allocate energy to

sediment removal. Although corals are able to actively remove

sediment particles through ciliary and tentacular movement,

combined with polyp distension and mucus production [45–47],

these mechanisms can become overwhelmed during periods of

intense and/or chronic sediment deposition. When sediment stress

is chronic, even low-levels can dramatically alter coral energy

budgets by reducing Symbiodinium densities (i.e., bleaching) and by

decreasing the photochemical efficiencies (Fv/Fm) of the Symbio-

dinium that remain [45–47]. If resulting energy deficits are not

relieved through either metabolic depression or heterotrophic

feeding, bleaching can lead to mortality of the affected coral tissue

(i.e., sediment necrosis).

While bleaching and sediment necrosis observed in this study

were mostly confined to depressions on the coral surface, these

patches of partial mortality could expose the coral to further

mortality or subsequent infection by disease, even after the

completion of dredging operations. In laboratory sedimentation

experiments, Flores et al. [48] reported that corals with only 10%

partial mortality at the end of a period of sediment exposure

subsequently suffered complete mortality during a 4-week

‘‘recovery’’ period. Although bleaching and sediment necrosis

are known sources of coral mortality during periods of prolonged
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sediment exposure [49,50], future studies should investigate the

potential of sediment-induced lesions to develop into coral disease,

which could progress even after the sediment stress is removed.

Elevated prevalence of pigmentation responses (PR) at high

exposure sites provides further evidence of sediment plume-

induced coral stress. PR has been observed in corals subjected to a

suite of stressors and has been proposed to be a general immune

response to a variety of physical and biological challenges,

including competitors and pathogens [32,51,52]. Tissues associat-

ed with PR possess high levels of melanin, an important

component of invertebrate innate immunity that can act as a

defensive barrier against foreign bodies [52]. Elevated PR levels at

high exposure sites may represent an inflammatory-like response

by the coral to either sediment particles clogging tentacles and

polyp surfaces or to invading pathogens.

Effect of coral growth form on sediment plume-induced
disease and other compromised health indicators

The prevalence of disease and other compromised coral health

indicators did not vary between coral growth forms (i.e., massive,

plating and branching) at high sediment plume exposure sites. The

influence of coral morphology (i.e., growth from) on sediment

clearing rates has been well investigated [45,53,54], with

branching corals generally considered to be more effective at

passive sediment removal, while massive and plating forms retain

more sediment due to their shapes, which inhibit passive rejection

and removal [55]. However, sediment rejection rates and sediment

tolerance are not directly related [54]. For example, Stafford-

Smith [54] reported some plating species (e.g. Montipora aequitu-

berculata) with high sediment tolerance despite poor sediment

rejection capacity, whereas some massive species (e.g. Favia stelligera

and Leptoria phrygia) are efficient sediment rejecters but exhibit low

sediment tolerance. While previous investigations have focused on

only a few coral species in relatively artificial conditions, this is the

first field study to investigate the relationship between growth

form, sedimentation, turbidity and coral health among all hard

coral species present on a natural reef. Although this study

indicates that growth form is not a strong predictor of corals’

susceptibility to disease and other compromised health indicators

associated with increased sedimentation and turbidity, some

caution is required in this interpretation, as the most susceptible

corals may have died before these surveys were undertaken.

water quality has been suggested as a driver of coral disease

[13,56,57], little ecological evidence exists linking specific water

quality parameters and coral disease data. WS responded strongly

to elevated sedimentation and turbidity demonstrating a clear link

between water quality and coral disease, though the mechanisms

underlying this response remain unclear. Future studies that

investigate the response of the coral host (e.g., immune function

and energy reserves) and potential pathogens (e.g., shifts in

bacterial and viral communities on corals and in surrounding

seawater) to elevated sedimentation and turbidity are required. As

coastal development intensifies in many parts of the world, the

health of coral reefs will depend upon a thorough understanding of

the impacts of water quality changes on coral reef health.
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22. Haapkylä J, Unsworth RKF, Flavell M, Bourne DG, Schaffelke B, et al. (2011)

Seasonal rainfall and runoff promote coral disease on an inshore reef. PLoS

ONE 6: e16893. doi:10.1371/journal.pone.0016893.
23. Falkowski PG, Jokiel PL, Kinzie RA (1990) Irradiance and corals. In Ecosystems

of the World: Coral Reefs (ed Z. . Dubinsky), pp. 89–107. Amsterdam: Elsevier.
24. Richmond RH (1993) Coral reefs: present problems and future concerns

resulting from anthropogenic disturbance. Am Zool 33: 524–536. doi:10.1093/

icb/33.6.524.
25. Peters EC, Pilson MEQ (1985) A comparative study of the effects of

sedimentation on symbiotic and asymbiotic colonies of the coral Astrangia
danae Milne Edwards and Haime 1849. J Exp Mar Biol Ecol 92: 215–230.

doi:10.1016/0022-0981(85)90096-6.
26. Riegl B, Branch GM (1995) Effects of sediment on the energy budgets of four

scleractinian (Bourne 1900) and five alcyonacean (Lamouroux 1816) corals. J Exp

Mar Biol Ecol 186: 259–275. doi:10.1016/0022-0981(94)00164-9.
27. Sutherland KP, Porter JW, Torres C (2004) Disease and immunity in Caribbean

and Indo-Pacific zooxanthellate corals. Mar Ecol Prog Ser 266: 273–302.
doi:10.3354/meps266273.

28. Burke LM, Reytar K, Spalding M, Perry A (2011) Reefs at risk revisited. World

Resources Institute Washington, DC. Available: http://www.ww.
endoverfishing.org/uploadedFiles/PEG/Publications/Other_Resource/Pew-

KeepingtheGreenEconomyBlue-Burke.pdf. Accessed 2013 Aug 21.
29. Western Australia Department of Environment and Conservation (2007)

Management plan for the Montebello/Barrow Islands Marine Conservation
Reserves 2007–2017. Management Plan.

30. Evans RD, Murray KL, Field SN, Moore JAY, Shedrawi G, et al. (2012) Digitise

this! A quick and easy remote sensing method to monitor the daily extent of
dredge plumes. PLoS ONE 7: e51668. doi:10.1371/journal.pone.0051668.

31. Beeden R, Willis B, Raymundo L, Page C, Weil E (2008) Underwater cards for
assessing coral health on Indo-pacific reefs. Melbourne: Currie Communica-

tions.

32. Willis BE, Page CA, Dinsdale EA (2004) Coral Disease on the Great Barrier
Reef. Coral Health and Disease. Berlin: Springer-Verlag Publishing. pp. 69–104.

33. Heron SF, Maynard J, Willis B, Christensen T, Harvell CD, et al. (2012)
Developments in understanding relationships between environmental conditions

and coral disease. Proceedings of the 12th International Coral Reef Symposium.

Cairns, Australia. Available: http://eprints.jcu.edu.au/22400/. Accessed 2013
Jan 30.

34. Heron SF, Willis BL, Skirving WJ, Eakin CM, Page CA, et al. (2010) Summer

hot snaps and winter conditions: modelling white syndrome outbreaks on Great
Barrier Reef corals. PLoS ONE 5: e12210. doi:10.1371/journal.pone.0012210.

35. Maynard JA, Anthony KRN, Harvell CD, Burgman MA, Beeden R, et al.

(2011) Predicting outbreaks of a climate-driven coral disease in the Great Barrier
Reef. Coral Reefs 30: 485–495. doi:10.1007/s00338-010-0708-0.

36. Anderson MJ, Gorley RN, Clarke KR (2008) PERMANOVA+ for PRIMER:
guide to software and statistical methods. Plymouth, UK: PRIMER-E Ltd.

37. Clarke KR, Gorley RN (2006) PRIMER v6: user manual/tutorial. Plymouth,

UK: PRIMER-E Ltd.
38. Kline DI, Kuntz NM, Breitbart M, Knowlton N, Rohwer F (2006) Role of

elevated organic carbon levels and microbial activity in coral mortality. Mar
Ecol Prog Ser 314: 119–125. doi:10.3354/meps314119.

39. Douvere F, Badman T (2012) Mission report: reactive monitoring mission to
Great Barrier Reef (Australia) 6th to 14th March 2012. UNESCO World

Heritage Centre - IUCN.

40. Masini, R., Jones, R. & Sim, C. 2011 Node 1 - Dredging science: Science plan.
Western Australia Marine Science Institute, 23.

41. Aeby GS (2005) Outbreak of coral disease in the Northwestern Hawaiian
Islands. Coral Reefs 24: 481–481. doi:10.1007/s00338-005-0493-3.

42. Sussman M, Willis BL, Victor S, Bourne DG (2008) Coral pathogens identified

for White Syndrome (WS) epizootics in the Indo-Pacific. PLoS One 3: e2393.
doi:10.1371/journal.pone.0002393.

43. Bourne DG, Boyett HV, Henderson ME, Muirhead A, Willis BL (2008)
Identification of a ciliate (Oligohymenophorea: Scuticociliatia) associated with

brown band disease on corals of the Great Barrier Reef. Appl Environ Microbiol
74: 883–888. doi:10.1128/AEM.01124-07.

44. Onton K, Page CA, Wilson SK, Neale S, Armstrong S (2011) Distribution and

drivers of coral disease at Ningaloo reef, Indian Ocean. Mar Ecol Prog Ser 433:
75–84. doi:10.3354/meps09156.

45. Hubbard JAEB, Pocock YP (1972) Sediment rejection by recent scleractinian
corals: a key to palaeo-environmental reconstruction. Geol Rundsch 61: 598–

626. doi:10.1007/BF01896337.

46. Rogers C (1990) Responses of coral reefs and reef organisms to sedimentation.
Mar Ecol Prog Ser 62: 185–202. doi:10.3354/meps062185.

47. Philipp E, Fabricius K (2003) Photophysiological stress in scleractinian corals in
response to short-term sedimentation. J Exp Mar Biol Ecol 287: 57–78.

doi:10.1016/S0022-0981(02)00495-1.
48. Flores F, Hoogenboom MO, Smith LD, Cooper TF, Abrego D, et al. (2012)

Chronic exposure of corals to fine sediments: lethal and sub-lethal impacts. PloS

One 7: e37795. doi:10.1371/journal.pone.0037795.
49. Glynn PW (1996) Coral reef bleaching: facts, hypotheses and implications. Glob

Change Biol 2: 495–509. doi:10.1111/j.1365-2486.1996.tb00063.x.
50. Brown BE (1997) Coral bleaching: causes and consequences. Coral Reefs 16:

129–138. doi:10.1007/s003380050249.

51. Ravindran J, Raghukumar C (2006) Pink-line syndrome, a physiological crisis in
the scleractinian coral Porites lutea. Mar Biol 149: 347–356. doi:10.1007/s00227-

005-0192-1.
52. Palmer CV, Mydlarz LD, Willis BL (2008) Evidence of an inflammatory-like

response in non-normally pigmented tissues of two scleractinian corals.
Proc R Soc B Biol Sci 275: 2687–2693. doi:10.1098/rspb.2008.0335.

53. Rogers CS (1983) Sublethal and lethal effects of sediments applied to common

Caribbean reef corals in the field. Mar Pollut Bull 14: 378–382. doi:10.1016/
0025-326X(83)90602-1.

54. Stafford-Smith MG (1993) Sediment-rejection efficiency of 22 species of
Australian scleractinian corals. Mar Biol 115: 229–243. doi:10.1007/

BF00346340.

55. Brown BE, Howard LS (1985) Assessing the effects of ‘‘stress’’ on reef corals. Adv
Mar Biol 22: 1–63.

56. Wooldridge S, Brodie J, Furnas M (2006) Exposure of inner-shelf reefs to
nutrient enriched runoff entering the Great Barrier Reef Lagoon: Post-European

changes and the design of water quality targets. Mar Pollut Bull 52: 1467–1479.

57. Wooldridge SA, Done TJ (2009) Improved water quality can ameliorate effects
of climate change on corals. Ecol Appl 19: 1492–1499.

Sediment and Turbidity from Dredging Increase Coral Disease Prevalence

PLOS ONE | www.plosone.org 9 July 2014 | Volume 9 | Issue 7 | e102498



REPORT

Visualization of coral host–pathogen interactions using a stable
GFP-labeled Vibrio coralliilyticus strain

F. Joseph Pollock • Cory J. Krediet • Melissa Garren • Roman Stocker •

Karina Winn • Bryan Wilson • Carla Huete-Stauffer • Bette L. Willis •

David G. Bourne

123

Coral Reefs (2015) 34:655–662

DOI 10.1007/s00338-015-1273-3



656 Coral Reefs (2015) 34:655–662

123



Coral Reefs (2015) 34:655–662 657

123



658 Coral Reefs (2015) 34:655–662



Coral Reefs (2015) 34:655–662 659

123



660 Coral Reefs (2015) 34:655–662

123



Coral Reefs (2015) 34:655–662 661

123



662 Coral Reefs (2015) 34:655–662

123


	Cover Sheet
	Front Pages
	Title Page
	Acknowledgements
	Contribution of Others
	Abstract
	Table of Contents
	List of Tables
	List of Figures
	List of Plates

	1. Molecular Approaches to Investigate Coral Health and Disease
	2. Repeated Sampling of White Syndrome-Affected Corals Reveals Distinct Microbiome at Disease Lesion Fronts
	3. Reduced Diversity and Stability of Coral-Associated Bacterial Communities and Suppressed Immune Function Precedes Disease Onset in Corals Adjacent to Reef Platforms
	4. Cymo melanodactylus Crabs Slow PRogression of White Syndrome Lesions on Corals
	5. Sediment and Turbidity Associated with Offshore Dredging Increase Coral Disease Prevalence on Nearby Reefs
	6. Visualization of Coral Host-Pathogen Interactions Using a Stable GFP-Labeled Vibrio coralliilyticus Strain
	7. General Discussion
	References
	Appendices



