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Minireview Microbial diseases of corals and global warming Eugene Rosenberg* and Yael Ben-Haim Department of Molecular Microbiology and Biotechnology, Tel Aviv University, Ramat Aviv, Israel 69978. Summary Coral bleaching and other diseases of corals have increased dramatically during the last few decades. As outbreaks of these diseases are highly correlated with increased sea-water temperature, one of the consequences of global warming will probably be mass destruction of coral reefs. The causative agent(s) of a few of these diseases have been reported: bleaching of Oculina patagonica by Vibrio shiloi; black band disease by a microbial consortium; sea-fan disease (aspergillosis) by Aspergillus sydowii; and coral white plague possibly by Sphingomonas sp. In addition, we have recently discovered that Vibrio coralyticus is the aetiological agent for bleaching the coral Pocillopora damicornis in the Red Sea. In the case of coral bleaching by V. shiloi, the major effect of increasing temperature is the expression of virulence genes by the pathogen. At high summer sea-water temperatures, V. shiloi produces an adhesin that allows it to adhere to a b-galactoside-containing receptor in the coral mucus, penetrate into the coral epidermis, multiply intracellularly, differentiate into a viable-but-not-culturable (VBNC) state and produce toxins that inhibit photosynthesis and lyse the symbiotic zooxanthellae. In black band disease, sulphide is produced at the coral–microbial biofilm interface, which is probably responsible for tissue death. Reports of newly emerging coral diseases and the lack of epidemiological and biochemical information on the known diseases indicate that this will become a fertile area of research in the interface between microbial ecology and infectious disease. ‘In general, the adaptive relationship between microorganisms and their hosts is effective only for the precise circumstances under which adaptation evolved in circumstances
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which constitute physiological normalcy for the host concerned. Any departure from this normal state is liable to upset the equilibrium and to bring about a state of disease.’ Rene Dubos, 1961



In the twentieth century, there was an average worldwide 1∞C rise in temperature, the largest in more than 1000 years, and meteorologists predict a much larger rise in temperature this century (Bijlsma et al., 1995). Although there has been considerable discussion on how this temperature rise will affect weather patterns, sea levels and the distribution of animals and plants, there has been little consideration of how this global change will affect the environmentally important microorganisms. What microbiology has taught us is that many prokaryotes have the potential to evolve rapidly and that they are able to respond to small changes in temperature by the expression of temperature-regulated genes. In the best studied coral disease, bleaching of Oculina patagonica by Vibrio shiloi, the disease is the result of the expression of temperature-regulated bacterial virulence genes. Table 1 lists the most well described coral diseases. A more complete list of coral diseases and their locations can be found in a review by Green and Bruckner (2000). Because of the enormous diversity of coral species and the fact that microbial pathogens generally exhibit a high degree of host specificity, it is likely that only a very small fraction of coral pathogens have been discovered.



Coral bleaching Coral bleaching is the disruption of symbiosis between coral hosts and photosynthetic microalgal endosymbionts, referred to as zooxanthellae (Brown, 1997). The loss of the zooxanthellae and/or their photosynthetic pigments causes the coral to lose colour (this is the bleaching process). If the process is not reversed within a few weeks or months, depending upon the specific coral species and conditions, the coral will die, as a major portion of a coral’s nutrition comes from the photosynthetic products of the algae (Glynn, 1991). In addition to eventually killing corals, the bleaching disease affects coral populations by greatly reducing reproductive capacity (Szmant and Gassman, 1990). Although coral biolo-



Microbial diseases of corals 319 Table 1. Coral diseases. Disease



Host



Pathogen



Reference



Bleaching Bleaching and tissue lysis Black band



Oculina Pocillopora Many species



Vibrio shiloi Vibrio coralyticus Consortiuma



White band



Acropora



Vibrio charcharia



Coral plague



Acropora, Dichocenia and other species Gorgonacea



Sphingomonas sp.



Kushmaro et al. (1996) Ben-Haim and Rosenberg (2002) Antonius (1973) Richardson et al. (1997) Gladfelter (1982) Peters et al. (1983) Richie and Smith (1995a) Dustan (1977) Richardson et al. (1998b) Smith et al. (1996) Nagelkerken et al. (1997) Smith et al. (1998)



Aspergillosis



Aspergillus sydowii



a. The consortium contains Phormidium corallyticum, a marine fungus, Desulfovibrio and Beggiatoa spp.



gists have not considered bleaching as a disease (e.g. the reviews by Peters, 1984; Hayes and Goreau, 1998; Richardson, 1998), coral bleaching precisely fits the definition of a disease – a process resulting in tissue damage or alteration of function, producing visible physiological or microscopic symptoms. The evidence that the coral bleaching disease is, in fact, an infectious disease is presented below. Coral bleaching has increased in frequency, intensity and geographic extent over the last two decades (Brown, 1997; Hoegh-Guldberg, 1999). Entire reef systems have been destroyed after mass bleaching events (Brown, 1990; Loya et al., 2001). In general, coral disease has



coincided with the hottest period of the year (e.g. Goreau et al., 1997; Hayes and Goreau, 1998) and is most severe at times of warmer-than-normal conditions (reviewed by Birkeland, 1996; Hoegh-Guldberg, 1999). An exquisite example of the correlation between sea-water temperature and coral disease is bleaching of the coral O. patagonica in the Mediterranean Sea (Fig. 1). In principle, the correlation between increased sea-water temperature and infectious disease could be the result of increased sensitivity of the host to the pathogen, increased virulence of the pathogen, higher frequency of transmission via a vector or a combination of all three. In the case of cholera, the correlation between sea surface temperature and out-



Fig. 1. Seasonal bleaching of Oculina patagonica in the Mediterranean Sea. The relationship between sea-water temperature (bars) and percentage of bleached colonies (O) is plotted. Adapted from Israely et al. (2001). © 2002 Blackwell Science Ltd, Environmental Microbiology, 4, 318–326



320 E. Rosenberg and Y. Ben-Haim breaks of the disease in Bangladesh has been ascribed to blooms of zooplankton that harbour Vibrio cholerae (Harvell et al., 1999). The O. patagonica–V. shiloi model system of coral bleaching Bleaching of the scleractinian coral O. patagonica was first observed along the Mediterranean coast of Israel in the summer of 1993 (Fine and Loya, 1995). Subsequently, mass bleaching has been recorded each summer when the sea-water temperature reaches a maximum of 29–31∞C (Fig. 1). During the winter, the corals recover. Bleaching of colonies of O. patagonica is similar to bleaching of corals in reef systems in: (i) correlation with high sea-water temperature; (ii) loss of endosymbiotic zooxanthellae without any apparent tissue damage; (iii) impairment of reproductive capability; and (iv) slow reversibility of the disease when temperature decreases. The ease of maintaining healthy O. patagonica in laboratory aquaria and the predictable cycle behaviour of the disease along the coast of Israel make it an excellent model system to study coral bleaching. A colony of O. patagonica showing healthy (dark) and bleached (white) regions is shown in Fig. 2. Koch’s postulates were applied to demonstrate that the aetiological agent of the bleaching disease of O. patagonica is V. shiloi (Kushmaro et al., 1996; 1997). The pathogen has been classified as a new species in the genus Vibrio, closely related to Vibrio mediterranei (Kushmaro et al., 2001). In controlled aquaria experiments, it was shown that the infection and resulting bleaching were temperature dependent, occurring only at elevated sea-water temperatures (Kushmaro et al., 1998). During the last four years, data have been published outlining the sequential steps in the infection of O. patagonica by V. shiloi and how temperature affects various virulence factors. Adhesion. The first step in the infectious process was the adhesion of V. shiloi to a b-galactoside-containing receptor on the coral surface (Toren et al., 1998). Adhesion was both coral and bacteria specific. The temperature of bacterial growth was critical for the adhesion of V. shiloi to the coral. When the bacteria were grown at the low temperature (16–20∞C), there was no adhesion to the coral, regardless of what temperature the coral had been maintained at. However, bacteria grown at the elevated seawater temperature (25–30∞C) adhered avidly to corals maintained at either low or high temperatures. The important ecological ramification of these findings is that the environmental stress condition (high temperature) is necessary for the coral bleaching pathogen to initiate the infection and become virulent. Recently, it was shown that



the receptor for the bacterium is present in the coral mucus, and that active photosynthesis by the endosymbiotic zooxanthellae is necessary for the synthesis or secretion of the receptor (Banin et al., 2001a). Penetration and intracellular multiplication. Electron micrographs of thin sections of O. patagonica after infection with V. shiloi demonstrated large numbers of bacteria in the epidermal layer of the coral (Banin et al., 2000). Using antibodies specific to V. shiloi, it was shown that the observed intracellular bacteria were, in fact, V. shiloi. The gentamicin invasion assay was used to measure the kinetics of V. shiloi penetration into the epidermal cells. After adhesion was complete (ª 8 h), the bacteria began to penetrate into the coral, as determined by both total counts and colony-forming units (cfu). Based on total counts, V. shiloi multiplies intracellularly, reaching 109 bacteria cm-3 after 5 days. When the infected corals are maintained at the high summer temperatures, the bacteria remain at ª 109 cm-3. Slowly decreasing the temperature to the winter temperature of 16∞C caused rapid death of the intracellular bacteria (Israely et al., 2001). Differentiation of V. shiloi into the viable-but-not-culturable (VBNC) state. A comparison of the cfu and total counts indicates that 
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