
�

 

 

Photoecophysiology of  symbiotic zooxanthellae  
of  hermatypic corals���

��������
Wiebke E. Krämer 
PhD Thesis, University of Bremen 
Bremen, February 2012 



�



�

University of Bremen 
 
 
 
 
 
 
 

Photoecophysiology of symbiotic zooxanthellae of hermatypic corals 

 
 
 

Dissertation submitted by 

Wiebke E. Krämer 

 

 

 

 

In partial fulfilment of the requirements for the degree of 

Doctor of natural sciences (Dr. rer. nat.) 

 

Faculty of Biology/Chemistry 

University of Bremen 

February 2012 

 

 

 

 

 

 



�



�

The present study has been realized at the Department of Marine Botany, Bremen Marine 

Ecology Centre for Research and Education (BreMarE), Faculty Biology/Chemistry,     

University of Bremen. It was funded by the Comprehensive Research Funding Program 

(Zentrale Forschungsförderung, ZF) at the University of Bremen (Project No. 02/115/06). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 �
Examination Committee: 
 
First Examiner: Prof. Dr. Kai Bischof 
Department of Marine Botany, University of Bremen 
 
Second Examiner: Prof. Dr. Claudio Richter 
Alfred Wegener Institute for Polar and Marine Research, Bremerhaven 
 
Additional Examiner I: Prof. Dr. Wilhelm Hagen 
Department of Marine Zoology, University of Bremen 
 
Additional Examiner II: Dr. Martina Löbl 
MARUM, University of Bremen 
 
Student Member I: Dipl.-Biol. Dorothea Kohlmeier 
PhD student, Department of Marine Botany, University of Bremen 
 
Student Member II: Sandra Straub 
Marine biology student, University of Bremen 



�



�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zooxanthellae… without which it is just possible that such immense aggregations 

 of living matter which constitute a coral reef could not originate and flourish. 

 

(C.M. Yonge, 1930) 
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Summary 

Mass coral bleaching events and associated mortality seriously threaten coral reefs around the 

world. Coral bleaching involves the breakdown of the symbiosis between corals and dinoflagellates of the 

diverse genus Symbiodinium (also referred to as zooxanthellae), where the zooxanthellae and/or algal 

pigments are lost from the coral-algae symbiosis. Elevated temperatures and high solar irradiances are 

considered to be the primary factors causing mass coral bleaching. Yet, in spite of extensive research in 

this area, the physiological processes underlying the bleaching response, specifically the large inter- and 

intraspecific variability of bleaching susceptibility, are not unequivocally resolved. Bleaching is commonly 

preceded by photoinhibition of photosynthesis and the accumulation of deleterious reactive oxygen 

species (ROS), implying that the vulnerability of the symbiosis is (largely) determined by its algal partner, 

which is characterized by a high physiological variability. Other studies have emphasized the key role of 

the coral host in determining the bleaching susceptibility of corals, in particular coral tissue thickness and 

their ability to feed heterotrophically. The major objective of this study was to provide further insights 

into the mechanistic understanding of the inter- and intraspecific variability of bleaching susceptibility by 

addressing potential causes for this variability. The study focussed on photophysiological responses of 

Symbiodinium to elevated temperatures and high light (HL), with a particular emphasis on the engagement 

of photoprotection, and on the role of the coral host in modifying the response of the algal symbionts to 

HL. The capacity of corals to change their mode of nutrition towards heterotrophy under light 

deprivation in order to maintain the integrity of the symbiosis was also evaluated. 

In a bi-factorial experiment, the combined effects of enhanced temperatures and increased 

irradiances on photosynthetic performance and photoprotective mechanisms of two Symbiodinium clade A 

phylotypes in culture were investigated over a period of three weeks (Chapter I). Both phylotypes clearly 

differed in their thermal sensitivity, and HL exposure generally amplified the temperature effect. 

Symbiodinium Ax was highly sensitive to elevated temperatures ≥ 30°C, showing strongly impaired growth 

and a sharp decline in photochemical efficiency of photosystem II (PSII) indicative of severe chronic 

photoinhibition. By contrast, Symbiodinium A1 was thermally tolerant and maintained high photochemical 

efficiency even at 32°C and HL. This could be attributed to an enhanced photoprotective capacity 

associated with higher cellular concentrations of xanthophyll cycle pigments and the low-molecular 

antioxidant as well as the dynamic regulation of these photoprotective pathways in response to 

experimental conditions. Glutathione plays a central role in the cellular antioxidative system due to its 

involvement in many antioxidative reactions. This study presents the first results on the role of glutathione 

as a proxy for oxidative stress in cultured Symbiodinium under thermal and HL stress. The findings of the 

differential temperature sensitivity are in contrast to the general view of Symbiodinium clade A being 

particularly stress tolerant, and further prove that the generalization of physiological attributes to specific 

Symbiodinium clades is not justified.  
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To evaluate the contribution of the coral host in modifying the bleaching response, the 

photophysiological response of in hospite Symbiodinium to short-term HL exposure was studied in two 

coexisting corals, both associated with the same Symbiodinium phylotype (Chapter II). The 

photophysiological responses towards high levels of solar radiation clearly differed between both coral 

species: The rapid synthesis of photoprotective pigments, including xanthophyll cycle pigments as well as 

a high xanthophyll cycling activity, was solely observed in symbionts of the thin-tissued Pocillopora 

damicornis. Nonetheless, this up-regulation of photoprotection was insufficient to prevent photoinhibition 

and bleaching in P. damicornis. By contrast, the thick-tissued Pavona decussata was able to withstand HL 

exposure without experiencing a sustained decline in photochemical efficiency or symbiont density and, 

most notably, without a pronounced engagement of photoprotective pigments. Our results suggest 

species-specific differences in the light levels reaching Symbiodinium within the coral tissue, presumably due 

to disparate inherent optical properties of the coral tissue in both species (e.g. symbiont density, tissue 

thickness, multiple scattering).  

The importance of phototrophic vs. heterotrophic mode of nutrition for the functionality of the 

photosynthetic apparatus of algal symbionts and the integrity of the entire coral-algae symbiosis was 

investigated in P. damicornis by exposing corals to artificial light deprivation in situ at two sites in a (natural) 

reef (Chapter III). Both sites are located around Heron Island (Great Barrier Reef, Australia), but differ 

in their hydrodynamic characteristics. Site-specific differences in the response of P. damicornis to light 

deprivation were detected: light-deprived corals at North Wistari Reef (low flow-site) showed a partial 

decline in photochemical efficiency of PSII and a dramatic loss of symbionts after two weeks, while corals 

at Coral Gardens (high flow-site) maintained a functional symbiosis. In the absence of photosynthetically 

derived carbon, corals are able to comply their nutritional intake by increasing heterotrophic feeding, and 

the particle flux of zooplankton as well as feeding rates of corals are positively correlated with water flow. 

Hence, the higher water flow may have enabled corals at Coral Gardens to shift from photo- to 

heterotrophic nutrition more efficiently in order to meet the energy needs of the symbiosis compared to 

those at North Wistari reef due to a higher availability of food.  

In summary, the results of the present study emphasize the intricate nature of the sensitivity of 

the coral-algae symbiosis (dependent on associated Symbiodinium phylotype, tissue thickness of the coral 

and heterotrophic capacity) and identified key photoprotective mechanisms. Thus, the results highlight the 

necessity of holistic approaches including the assessment of optical, physiological and biochemical 

parameters of both partners of the symbiosis under bleaching conditions, in order to make reasonable 

predictions about the consequences of global warming on corals.  
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Zusammenfassung 

Das großflächige Ausbleichen der Korallen und das damit verbundene Korallensterben stellen 

eine weltweite Bedrohung für Korallenriffe dar. Das Phänomen der Korallenbleiche resultiert aus einer 

Störung der Symbiose zwischen Korallen und Dinoflagellaten aus der diversen Gattung Symbiodinium 

(Zooxanthellen). Dies führt zu einem Verlust von symbiontischen Zooxanthellen und/oder von deren 

Pigmenten aus der Symbiose. Hauptursachen für das großflächige Ausbleichen der Korallen sind erhöhte 

Wassertemperaturen und Starklicht. Trotz intensiver Forschung auf diesem Gebiet, sind die der 

Korallenbleiche zu Grunde liegenden physiologischen Prozesse und insbesondere die Gründe für die 

große inter- und intraspezifische Variabilität der Bleichanfälligkeit der Korallen nicht eindeutig geklärt. 

Generell gehen die Photoinhibition der Photosynthese sowie die Anhäufung reaktiver Sauerstoffspezies 

der Korallenbleiche voran. Dies zeigt, dass die Schwachstelle der Symbiose durch den Algenpartner 

bestimmt wird, welcher sich durch eine sehr große physiologische Variabilität auszeichnet. Einige Studien 

betonen jedoch, dass die Korallenwirte für die Bleichanfälligkeit von Korallen ausschlaggebend sind und 

diese zum einen durch die Dicke ihres Gewebes und zum anderen durch ihre Fähigkeit zur heterotrophen 

Ernährung beeinflussen. Aus diesen Gründen war es das Hauptziel dieser Arbeit, mögliche Ursachen 

unterschiedlicher inter- und intraspezifischer Bleichanfälligkeit der Korallen zu untersuchen. Dafür 

wurden die photophysiologischen Reaktionen von Symbiodinium auf erhöhte Temperaturen und Starklicht 

untersucht, mit einem besonderen Schwerpunkt auf Photoprotektion, und der Rolle des Wirtes in der 

Modifikation der Reaktionen der Algen auf Starklicht. Des Weiteren wurde die Kapazität von Korallen 

untersucht, sich bei Lichtentzug durch eine verstärkte heterotrophe Ernährung anzupassen, um die 

Symbiose aufrecht zu erhalten. 

In einem bifaktoriellen Versuch wurden die kombinierten Effekte von erhöhten Temperaturen 

und Starklicht auf die photosynthetische Leistung, sowie auf die photoprotektiven Mechanismen zweier 

Symbiodinium-Phylotypen der Klade A, über den Verlauf von drei Wochen untersucht (Kapitel I). Beide 

Phylotypen unterschieden sich deutlich in ihrer Temperatursensitivität, wobei Starklicht im Allgemeinen 

die Temperatureffekte verstärkte. Symbiodinium-Phylotyp Ax war besonders empfindlich gegenüber 

Temperaturen ≥ 30°C, welches sich in einer starken Abnahme des Wachstums und der photochemischen 

Effizienz von Photosystem II (PSII) äußerte, wobei im speziellen letzteres ein deutliches Zeichen für 

Photoinhibition ist. Symbiodinium-Phylotyp A1 hingegen war sehr tolerant gegenüber erhöhten 

Temperaturen und zeigte auch unter extremen Bedingungen (32°C und Starklicht) keine große 

Beeinträchtigung der photochemischen Effizienz von PSII. Dies ist auf eine erhöhte photoprotektive 

Kapazität in diesem Phylotyp zurückzuführen, einerseits durch hohe Konzentrationen an 

Xanthophyllpigmenten, die eine vermehrte Abgabe überschüssiger Anregungsenergie in Form von Wärme 

vermitteln, und andererseits durch hohe Konzentrationen des niedermolekularen Antioxidants 

Glutathion. Beide photoprotektive Mechanismen werden in diesem Phylotyp als Reaktion auf 

Temperatur- und Lichtstress dynamisch reguliert. Glutathion ist in viele antioxidative Reaktionen 
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involviert und somit ein wichtiger Bestandteil des zellulären antioxidativen Systems. In dieser Studie 

wurde Glutathion als Indikator für oxidativen Stress, zum ersten Mal in kultivierten Symbiodinium unter 

Temperatur- und Lichtstress gemessen. Die in dieser Arbeit gezeigten Unterschiede in der 

Temperatursensitivität verschiedener Phyloptypen der Klade A stehen im Gegensatz zu der allgemeinen 

Auffassung, dass Symbiodinium der Klade A stresstolerant seien, und betonen, dass die physiologische 

Eigenschaften von Symbiodinium nicht auf Basis der Klade verallgemeinert werden können. 

Um die Rolle des Korallenwirtes in der Modifikation der Bleichreaktion zu untersuchen, wurden 

die photophysiologische Reaktionen von in hospite Symbiodinium auf akute Starklicht-Exposition in zwei 

koexistierenden Korallen untersucht, die beide mit dem gleichen Symbiodinium-Phylotypen assoziiert sind 

(Kapitel II). Zwischen den Korallenarten zeigten sich klare Unterschiede in den photoyphsiologischen 

Reaktionen auf Starklicht: Nur in den Symbionten von Pocillopora damicornis (dünnes Gewebe) konnte eine 

vermehrte Synthese photoprotektiver Pigmente einschließlich der Xanthophylle, sowie eine hohe Aktivität 

des Xanthophyllzyklus festgestellt werden. Dennoch war die erhöhte Photoprotektion nicht ausreichend, 

um die Photoinhibition in und das Bleichen von P. damicornis zu verhindern. Pavona decussata (dickes 

Gewebe) hingegen zeigte sich äußert tolerant gegenüber Starklicht und es wurde keine nachhaltige 

Abnahme der photochemischen Effizienz von PSII oder der Symbiontendichte festgestellt. Besonders 

bemerkenswert war allerdings, dass die Starklicht-Exposition in dieser Art weder eine vermehrte Synthese 

photoprotektiver Pigmente noch eine verstärkte Aktivität des Xanthophyllzyklus hervorrief. Die 

Ergebnisse weisen auf eine verschieden starke Lichtexposition der Zooxanthellen in den Geweben der 

beiden Korallenarten hin, welche vermutlich auf unterschiedliche artspezifische optische Eigenschaften 

des Korallengewebes (z.B. Symbiontendichte, Dicke des Gewebes, Mehrfachstreuung des Lichts) 

zurückzuführen sind. 

Des Weiteren wurde die Bedeutung der phototrophen und der heterotrophen Ernährungsweise 

für die Funktionsfähigkeit des photosynthetischen Apparates der Algensymbionten und für die Integrität 

der gesamten Korallen-Algen Symbiose in P. damicornis untersucht. Hierfür wurden die Korallen in situ an 

zwei Orten in einem natürlichen Korallenriff künstlichem Lichtentzug ausgesetzt (Kapitel III). Beide 

Orte befinden sich in den Riffen um Heron Island (Great Barrier Reef, Australien), unterscheiden sich 

allerdings in ihren hydrodynamischen Bedingungen. In der Reaktionen der Korallen auf Lichtentzug 

stellten sich ortspezifische Unterschiede heraus: Korallen beim North Wistari Reef (geringe Strömung) 

zeigten nach zwei Wochen teils eine abnehmende photochemische Effizienz von PSII, sowie einen 

starken Verlust von Symbionten, wohingegen Korallen bei Coral Gardens (starke Strömung) eine 

funktionsfähige Symbiose aufrechterhalten konnten. Als Reaktion auf eine unzureichende 

photosynthetische Kohlenstofffixierung können Korallen ihren Energiebedarf durch verstärkte 

heterotrophe Ernährung decken. Sowohl der Partikelfluss von Zooplankton als auch die Fraßraten von 

Korallen sind positiv mit der Wasserströmung korreliert. Demzufolge waren die Korallen bei Coral 

Gardens durch die stärkere Strömung und die damit verbundene höhere Verfügbarkeit von 

Nahrungspartikeln möglicherweise besser in der Lage, ihre Ernährungsweise von Photo- hin zu 
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Heterotrophie zu verschieben (um den täglichen Energiebedarf der Symbiose zu decken) als die Korallen 

beim North Wistari Reef. 

Zusammenfassend betonen die Ergebnisse der vorliegenden Arbeit die Komplexität, die der 

Sensitivität der Korallen-Algen-Symbiose zu Grunde liegt (abhängig von dem assoziierten Symbiodinium-

Phylotyp, der Dicke des Gewebes der Koralle und der heterotrophen Kapazität), und es konnten zentrale 

photoprotektive Mechanismen aufgezeigt werden. Die Ergebnisse weisen deutlich auf die Notwendigkeit 

holistischer Untersuchungsansätze hin, welche optische, physiologische und biochemische Parameter in 

beiden Partnern der Symbiose unter den Bedingungen messen, welche zur Korallenbleiche führen. Diese 

Untersuchungen sind essentiell, um genauere Vorhersagen über die Auswirkungen der zukünftigen 

Klimaerwärmung auf Korallenökosysteme zu machen. 
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1. Introduction 

1.1 Coral-algae symbiosis – key to the ecological success of corals  

Coral reefs thrive in oligotrophic waters throughout the tropics between 30°N and 30° S, 

and their tremendous three-dimensional limestone structures cover only 0.17% of the world’s 

oceans (15% of the shallow marine waters; Smith 1978). Despite this, they are inhabited by an 

outstanding diversity of marine organisms (e.g. algae, invertebrates, fishes and bacteria). In fact, 

the biodiversity of coral reefs is the greatest of all marine ecosystems (Norris 1993) and is 

competed only by that of tropical rainforests (Connell 1978). Coral reefs provide humankind with 

numerous ecological goods and services (Moberg and Folke 1999): At least half a billion people 

depend upon coral reefs for food and livelihood, coastal protection, building material and income 

from tourism, while 30 million people are completely reliant on coral reefs for their livelihood or, 

in the case of atolls, for the land they live on (Wilkinson 2008). 

Although coral reefs are found in nutrient-poor waters, they are highly productive and 

capable of fixing six times the amount of carbon than the phytoplankton in surrounding waters 

(Crossland et al. 1991). The primary builders of the coral reef carbonate structure are 

scleractinian, or hermatypic corals (Class Anthozoa, Phylum Cnidaria; Veron 1995), while other 

functional groups, such as calcareous algae serve to consolidate the structure. The term 

hermatypic (from the Greek herma, a reef) corals is used here in the strict sense describing corals 

of the reef-building type, which harbour symbiotic zooxanthellae within their tissue (Wells 1933). 

The key to the ecological success since their appearance in the mid-Triassic (250 million years 

ago) and to the high productivity of coral reefs in the nutrient-poor waters of the tropics is the 

obligate symbiotic relationship of hermatypic corals with unicellular dinoflagellates of the genus 

Symbiodinium, also referred to as zooxanthellae (Muscatine and Porter 1977; Falkowski et al. 

1984). Symbiodinium resides within membrane-bound vacuoles (symbiosomes) in the endodermal 

cells of the coral host (Trench 1979; Trench 1987; Wakefield and Kempf 2001) at densities 

ranging between 0.5 x 106 and 5 x 106 cells cm-2 (Porter et al. 1984; Hoegh-Guldberg and Smith 

1989a; Hoegh-Guldberg and Smith 1989b). In healthy corals, carbon compounds, 

photosynthetically fixed by the symbiotic algae, are translocated to the coral host, predominantly 

as glycerol, glucose and organic acids, and constitute the primary source of fixed carbon, thus 

meeting up to 100% of the coral’s daily carbon requirements (Trench 1979; Falkowski et al. 1984; 

Muscatine et al. 1984). Moreover, corals are provided with essential amino acids and fatty acids 

by the symbionts (Harland et al. 1993; Wang and Douglas 1999). The translocated compounds 

(photosynthates) significantly benefit the coral by being utilized as energy source for respiration, 
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growth, mucus production and calcification (Muscatine 1990). In return, Symbiodinium utilizes and 

recycles inorganic nutrients, such as ammonium, phosphate and carbon dioxide from the coral 

catabolism (Muscatine and Porter 1977; Trench 1979; Falkowski et al. 1993). Corals are thought 

to impose nutrient limitations, primarily nitrogen, on the algal symbionts in order to control algal 

growth and ensure high translocation rates of photosynthates, which would otherwise be utilized 

by the algal symbionts (Falkowski et al. 1993). The symbiosis with photosynthetic dinoflagellates 

sets limitations to the bathymetric distribution of corals. Generally growth of hermatypic corals is 

restricted to the euphotic zone (Schuhmacher and Zibrowius 1985), that is defined as depth with 

light levels greater than 1% of subsurface level (Wells 1957; Dustan 1982). 

In addition to the phototrophic mode of nutrition of corals, corals can obtain carbon 

heterotrophically through ingestion of organisms ranging from bacteria (Sorokin 1973) to meso-

/macrozooplankton (Sebens et al. 1996; Ferrier-Pagès et al. 2003; Palardy et al. 2005; Palardy et 

al. 2006; Ferrier-Pagès et al. 2011), as well as through uptake of suspended particulate matter 

(Anthony and Fabricius 2000; Anthony 2006) and dissolved organic material (Grover et al. 2008). 

In healthy corals, 12 to 25% of the daily carbon requirements can be provided by heterotrophic 

intake (Palardy et al. 2008). External food represents an additional supply of energy and a major 

nutritional source of nitrogen and phosphorus for both the coral host and its symbionts in 

oligotrophic waters (Sorokin 1991; Sebens et al. 1996; Fitt and Cook 2001; Piniak et al. 2003), 

since photosynthates are often deficient in those nutrients (Battey and Patton 1987; Grover et al. 

2008). Hence, both partners of the symbiosis have been shown to benefit greatly from 

heterotrophic feeding (Fitt 2000; Houlbrèque et al. 2003; Houlbrèque et al. 2004). The capacity of 

corals for heterotrophy is thought to be species-specific (Wellington 1982; Palardy et al. 2005; 

Grottoli et al. 2006; Palardy et al. 2008) and can be modulated by several factors including depth 

(Palardy et al. 2005; Palardy et al. 2008), irradiance (Ferrier-Pagès et al. 1998; Anthony and 

Fabricius 2000), water flow (Sebens et al. 1998), and bleaching status (Grottoli et al. 2006; Palardy 

et al. 2008). 

1.2 The ‘golden-brown’ side of the symbiosis 

The non-taxonomic term zooxanthellae describes the golden-brown colour of the algae 

(from the Greek xanth) and its association with animals (from the Greek zoo; Brandt 1881), and 

encompasses any golden-brown algal symbiont of both dinoflagellate and diatom origin (Trench 

1979; Trench and Blank 1987; Banaszak et al. 1993). Given that symbiotic dinoflagellates 

constitute by far the most dominant group of zooxanthellae, the term zooxanthellae has been 
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primarily adopted to refer to Symbiodinium (as in this study). Symbiodinium is the most commonly 

occurring dinoflagellate in symbiosis with marine invertebrates and protists including Cnidaria 

(scleractinian corals, other anthozoans and scyphozoans), Plathelminthes, Mollusca (tridacnid 

clams and certain nudibranch molluscs), Porifera and Foraminifera (Trench 1979; Stat et al. 

2006). The first formal characterization of Symbiodinium isolated from the jellyfish Cassiopeia 

xamachana was done by Freudenthal (1962), who named the isolated species Symbiodinium 

microadriaticum according to its symbiotic lifestyle. Symbiodinium is taxonomically placed in the 

family Symbiodiniaceae, which has been recently included in the order Suessiales and the class 

Dinophyceae (Freudenthal 1962; Fensome et al. 1993). 

Symbiodinium is characterized by the possession of one to several chloroplasts with 

thylakoids stacked in groups of three and stalked pyrenoids without invasive thylakoids, which 

are enclosed by a triple-layered chloroplast envelope. The nucleus is of a typical dinokaryon 

structure (chromosomes permanently condensed) with about 70–100 chromosomes (Trench and 

Blank 1987). Symbiodinium can interchange between a vegetative cyst (coccoid form) and a motile 

life stage (see Fig. 1.1; McLaughlin and Zahl 1959; Freudenthal 1962). The vegetative cyst is the 

dominant form of Symbiodinium within coral tissue and can asexually reproduce by binary fission 

to produce two or four daughter cells (see Fig. 1.1b) or alternatively form motile zoospores 

(Fig. 1.1a, McLaughlin and Zahl 1959; Freudenthal 1962; Schoenberg and Trench 1980b). The 

motile cells of typical gymnodinoid morphology have a ribbon-like transverse and a relatively 

straight longitudinal flagellum that lie in a groove called girdle and sulcus, respectively (see 

Fig. 1.1a; Freudenthal 1962). In culture, zoospores are produced with a characteristic daily 

rhythm showing the highest motility after the onset of illumination (Freudenthal 1962; 

Yacobovitch et al. 2004).  
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Figure 1.1 (a) Drawing of the motile form of Symbiodinium (McLaughlin and Zahl 1959). (b) Light 
micrograph of cultured Symbiodinium showing mainly vegetative (and dividing) cells (Photograph by W. 
Krämer). 

Until the 1970s, most symbiotic dinoflagellates were considered to be members of a 

single pandemic species, Symbiodinium microadriaticum due to a lack of morphological variation 

(Taylor 1974). Previous pioneering studies by Schoenberg and Trench (1980a; 1980b; 1980c) 

have shown clear differences between zooxanthellae isolated from different hosts based on 

behavioural, ultrastructural, physiological and biochemical measurements. Additional supporting 

evidence for the existence of several different Symbiodinium species was provided by Blank and 

Trench (1985) and Trench and Blank (1987). With the advancing development of molecular 

genetic techniques, an increasing diversity have been detected within Symbiodinium (Rowan and 

Powers 1991a; 1991b; LaJeunesse 2001; Baker 2003; Coffroth and Santos 2005). Rowan and 

Powers (1991a; 1991b) have shown that symbiotic dinoflagellates of a range of hosts 

(scleractinian corals and other invertebrates) could be divided into three major groupings, also 

referred to as clades (A, B and C). Moreover, it has been shown that corals can harbour multiple 

symbionts within a coral species or even an individual colony, whereupon the distribution of the 

symbionts is determined by differences in the ambient abiotic conditions (e.g. irradiance; Rowan 

and Knowlton 1995; Rowan et al. 1997). Additional phylogenetic analyses based on noncoding 

(Internal transcribed spacer [ITS] 1 and 2) and coding genes (small [SSU] and large subunit [LSU] 

ribosomal DNA and chloroplast 23S-rDNA) have revealed an increasing, tremendous diversity 

within Symbiodinium, which has been consistently divided into 8 clades (Baker 2003; Coffroth and 

Santos 2005; Stat et al. 2006). Most recently, one new Symbiodinium clade was found in soritid 

foraminifera, adding up to 9 clades within the genus Symbiodinium (Pochon and Gates 2010), 

designated clade A through I, with clades A, B, C and D being the predominant symbionts within 

scleractinian corals (see Fig. 1.2; Coffroth and Santos 2005). Based on the ITS regions, each clade 

(b) (a) 
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is further subdivided into different subclades and numerous phylotypes (LaJeunesse 2001). 

Uncertainty exist concerning the taxonomic level of phylotypes, as the biological species concept 

is based on sexual self-compatibility within a species, as opposed to sexual incompatibility among 

related species. The early observation of microgametes of Symbiodinium by Freudenthal (1962), 

indicative of sexual reproduction in this genus was never supported by later studies, but sexual 

reproduction has been inferred from molecular data (Baillie et al. 1998; Baillie et al. 2000; Santos 

et al. 2003). In any case, the genetic differences between Symbiodinium phylotypes are often 

considerably larger than between species or even orders in other dinoflagellate groups (Rowan 

and Powers 1992; Baker 2003; Coffroth and Santos 2005). 

Figure 1.2 Maximum likelihood phylogram of currently known clades of the genus Symbiodinium based on 
LSU rDNA sequence data and associated hosts (adapted from Pochon and Gates 2010). Numbers at 
nodes are bootstrap values, while black dots represent values of 100% bootstrap support. Nodes without 
numbers indicate supports < 70%. 
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1.3 Importance of different coral-algal associations 

The majority of coral species are associated with a particular Symbiodinium phylotype 

(LaJeunesse 2002). However, studies on patterns of the distribution of Symbiodinium clades have 

shown multiple clades to be associated with a single coral species over bathymetric or latitudinal 

gradients (Rowan and Knowlton 1995; Rowan et al. 1997; Rodriguez-Lanetty et al. 2001; 

LaJeunesse 2002). Even within an individual coral colony, Symbiodinium clades have been found to 

distribute themselves according to the light microenvironments (Rowan and Knowlton 1995; 

Rowan et al. 1997; Toller et al. 2001b; Ulstrup and Van Oppen 2003). In addition, the 

predominant Symbiodinium clade in corals can change during recovery from a bleaching event 

(Toller et al. 2001a). These patterns of spatial and temporal distribution of different Symbiodinium 

clades were already interpreted as generalized attributes of certain clades. Rowan and Knowlton 

(1995) found variation in the symbionts associated with Caribbean Montastraea species over a 

depth-related light gradient. Shallow water colonies harboured clade A and B Symbiodinium, while 

at depths > 6 m colonies were associated with clade C symbionts (Rowan and Knowlton 1995). 

Even within single colonies of M. annularis and M. faveolata, symbiont distribution was found to 

correlate with irradiance levels, with clade A/B found in sun-exposed and clade C in shaded areas 

of the colony (Rowan et al. 1997). In fact, studies have shown that the high genetic diversity 

within Symbiodinium is reflected by a high physiological diversity (Iglesias-Prieto and Trench 1994; 

Iglesias-Prieto and Trench 1997; Tchernov et al. 2004; Robison and Warner 2006; Hennige et al. 

2009). However, there is accumulating evidence showing that the physiological traits cannot be 

generalized on cladal level, but differ between phylotypes even within the same clade (Tchernov 

et al. 2004; Robison and Warner 2006; Hennige et al. 2009). Symbiodinium phylotypes vary in their 

capacity for photoacclimation as well as their thermal tolerance (Iglesias-Prieto and Trench 1994; 

Iglesias-Prieto and Trench 1997; Tchernov et al. 2004; Robison and Warner 2006; Hennige et al. 

2009). Thus, the distribution of specific coral-algal associations and the variation in bleaching 

susceptibility of corals is at least partially attributed to differences in light and thermal tolerances 

of the associated Symbiodinium phylotype (Rowan and Knowlton 1995; Ulstrup and Van Oppen 

2003; Rowan 2004; Tchernov et al. 2004; Robison and Warner 2006; Hennige et al. 2009).  
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1.4 Coral bleaching 

Unfortunately, coral reefs are experiencing an unprecedented decline in health and a 

degradation of their entire ecosystem due to numerous anthropogenic disturbances in the last 

decades ('coral reef crisis'; Hughes et al. 2003; Pandolfi et al. 2003; Wilkinson 2008). Startling 

estimates state that approximately 19% of the global coral reefs have already been lost, while 

around 35% are severely threatened by multiple anthropogenic stress factors and expected to be 

lost within the coming 10–40 years (Wilkinson 2008). In addition, many coral reefs have 

approximately 40–50% less coral cover than they had 30 years ago (Bruno and Selig 2007). 

Reasons for the worldwide coral reef degradation include over-fishing, resource extraction for 

international aquarium and jewellery trades, destructive fishing practices, pollution and lowered 

water quality including eutrophication and sedimentation (due to agriculture and increased coastal 

development), massive tourism and natural events such as storm damage and disease outbreaks 

(Rogers 1990; Hawkins and Roberts 1994; Jackson et al. 2001; Hughes et al. 2003). However, 

accumulating evidence over the last two decades has shown that widespread coral bleaching and 

associated high mortality of corals constitute the primary threat to the world’s coral reefs (Glynn 

1996; Hoegh-Guldberg 1999; Hoegh-Guldberg 2011).  

Coral bleaching is defined as a stress response of the coral to several environmental 

perturbations that culminates in the loss of symbionts from the coral host and/or decline in algal 

pigment content, whereby the corals’ white limestone skeleton becomes visible through the 

translucent tissue (Hoegh-Guldberg and Smith 1989a; Brown 1997). It is important to 

differentiate between seasonal fluctuations in symbiont density (without obvious visual bleaching; 

Stimson and Kinzie III 1991; Fagoonee 1999; Fitt et al. 2000) and extreme deviations from this 

variation in symbiont density due to stress-related coral bleaching (Fitt et al. 2001). Corals can 

recover from bleaching by re-growth of the symbiont population, but if stress persists mortality is 

likely to follow (Brown 1997). Factors which have been shown to trigger coral bleaching include 

reduced salinity (Goreau 1964; Hoegh-Guldberg and Smith 1989a; Downs et al. 2009), bacterial 

infections (Ben-Haim et al. 1999; Shenkar et al. 2006), chemical contaminants (Jones and Hoegh-

Guldberg 1999), high solar radiation (Hoegh-Guldberg and Smith 1989a; Lesser et al. 1990; 

Brown et al. 1999), light deprivation (Yonge and Nicholls 1931), decreases in sea surface 

temperature (SST; Muscatine et al. 1991; Saxby et al. 2003) and most significantly increases in 

SST (Hoegh-Guldberg and Smith 1989a; Glynn 1993; Jones et al. 1998). All these factors have 

been reported to trigger local scale bleaching events. However, only the climate change-related 

increases in SST as well as the synergistic effects of increased SST and solar irradiance associated 
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with El Niño Southern Oscillation (ENSO) have been incontrovertibly shown to cause mass 

bleaching (i.e. affecting entire reef systems on a global scale), and pose the greatest threat to coral 

reefs worldwide (Hoegh-Guldberg and Smith 1989a; Glynn 1993; Fitt and Warner 1995; Hoegh-

Guldberg 1999; Kleypas et al. 1999; Buddemeier et al. 2004b; Hoegh-Guldberg 2011). 

Temperature increases as little as 1 to 2°C above the long-term summer mean over 

several weeks can induce coral bleaching, because corals are believed to live close to their upper 

thermal limit during the summer season (Jokiel and Coles 1990; Glynn 1993; Jones et al. 1998; 

Hoegh-Guldberg 1999). Numerous studies have provided evidence for the causal link between 

temperature stress and bleaching, with its severity augmenting progressively with increasing 

magnitude and duration of temperature (Hoegh-Guldberg and Smith 1989a; Jokiel and Coles 

1990; Lesser et al. 1990; Fitt et al. 1993; Hoegh-Guldberg 1999; Coles and Brown 2003). In 

addition, previous studies have revealed a great variation in the temperature tolerance and the 

susceptibility to bleaching both between and within coral species (Hoegh-Guldberg and Salvat 

1995; Marshall and Baird 2000; Fitt et al. 2001; Loya et al. 2001; Stimson et al. 2002; McClanahan 

et al. 2004). While thermal stress is generally considered to be the primary cause of coral 

bleaching, other environmental factors can act synergistically by lowering the threshold 

temperature at which coral bleaching occurs (Lesser 2004). The most prevalent abiotic factor 

modulating bleaching responses of corals is solar radiation, both visible (photosynthetically active 

radiation, PAR: 400–700 nm; Hoegh-Guldberg and Smith 1989a; Jones et al. 1998; Dunne and 

Brown 2001; Bhagooli and Hidaka 2004) and ultraviolet (UV: 290–400 nm; Shick et al. 1996) 

wavelengths.  

During the last century the average temperature of the tropical oceans has already 

increased by approximately 0.7°C (IPCC 2007) and this is attributed to the concurrent augmented 

atmospheric greenhouse gas concentrations (e.g. CO2, CH4) through burning of fossil fuels by 

humans (Hoegh-Guldberg 1999; Kleypas et al. 1999; Stott et al. 2000; Wellington et al. 2001; 

Buddemeier et al. 2004b; Hoegh-Guldberg 2011). With greenhouse gas concentrations 

continuing to rise in the future, the 4th IPCC assessment predicted an increase in ocean 

temperature by 1.8 up to 4.0°C by 2100 (IPCC 2007) and consequently, the frequency and 

intensity of coral bleaching events are predicted to increase dramatically in the next few decades 

(Hoegh-Guldberg 2011). Uncertainties exist about the actual extent of increase, as this is highly 

dependent on future economical and technological developments as well as climate change 

mitigation measures, and estimates are based on several divergent scenarios (IPCC 2007).  

The ENSO represents a natural, strong interannual climate fluctuation between a warm 

(El Niño) and a cold state (La Niña), that originates in the tropical Pacific Ocean and has large 



  Introduction 
   

� 11 

scale effects on coral reefs (Timmermann et al. 1999). El Niño leads to unusually warm SSTs 

(McPhaden 2004). Moreover, El Niño periods often cause cloud-free and doldrum-like 

conditions (Glynn 1993; Klein et al. 1999), with calm and clear waters, so that underwater 

irradiance at the coral surface is high, and warming of surface waters is favoured due to limited 

vertical mixing (Eakin et al. 2009). During the last 5000 years, ENSO events have been reported 

to occur at a frequency of one or two events per decade (Rodbell et al. 1999), but since 1970 they 

occurred more often and persisted longer (Trenberth and Hoar 1996). ENSO events are 

predicted to become more common in response to rising concentrations of atmospheric 

greenhouse gases (Timmermann et al. 1999) and have been shown to increase the frequency and 

severity of coral bleaching events (Hoegh-Guldberg 1999).  

As a consequence of global climate change combined with ENSO driven variability of 

SSTs, the frequency of coral bleaching and associated mortality has increased steadily over the 

last three decades (Hoegh-Guldberg 1999; Hughes et al. 2003; Pandolfi et al. 2003; Hoegh-

Guldberg 2011): Six major periods of mass coral bleaching that affected corals in every part of 

the world have occurred since 1979, a phenomenon unknown before. These mass bleaching 

events coincided with anomalous warm SSTs and with strong El Niño periods (e.g. 1982/1983 

and 1997/1998; Glynn and D'Croz 1990; Berkelmans and Oliver 1999). In 1997–1998, coral 

reefs all over the world (> 42 countries) experienced the most severe mass coral bleaching and 

subsequently 16% of corals worldwide died (Hoegh-Guldberg 1999; Wilkinson et al. 1999; 

Wilkinson 2002).  

Bleaching is accompanied by a reduction in photosynthetic rates of remaining algal 

symbionts (Hoegh-Guldberg and Smith 1989a; Porter et al. 1989; Jones et al. 2000), and hence, 

unless compensated by increased heterotrophic feeding or by consumption of energy reserves 

(Grottoli et al. 2006), leads to reductions of growth, calcification and reproduction, increased 

susceptibility to disease, and mortality of the coral (Szmant and Gassman 1990; Glynn 1996; 

Marshall and Baird 2000) with severe implications for the whole coral reef ecosystem. Although 

corals have been found to recover from bleaching events (e.g. Fitt and Warner 1995; Coles and 

Brown 2003), provided that bleaching was not too long or severe, studies on the current and 

projected impacts on anthropogenic accelerated climate change on hermatypic corals are 

increasingly raising concerns about the future of the world’s coral reefs. In particular, there are 

concerns whether the corals’ capacity of acclimation and adaptation can keep pace with the rapid 

rate of climate change (Gates et al. 1992; Donner et al. 2005) and if the interval between 

consecutive bleaching events is sufficient for complete recovery of corals. Studies indicate that 

recovery of reefs may take decades (Guzman and Cortés 2007), while bleaching is predicted to 
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become an annual event within the next 30–50 years (Hoegh-Guldberg 1999). 

The Adaptive Bleaching Hypothesis (ABH; Buddemeier and Fautin 1993) proposes that 

coral bleaching is a strategy of corals to adapt after bleaching events, by a quantitative change in 

the relative abundance of associated Symbiodinium communities (‘shuffling’) or by a qualitative 

change through recombination of symbionts acquired from the water column ('switching'; Baker 

2003) in favour of more tolerant types. The resulting new ‘ecospecies’ (specific coral-Symbiodinium 

association) is proposed to be more resistant to adverse environmental conditions (Buddemeier 

et al. 2004a). There is much controversy surrounding the ABH, since the numerous reports about 

extensive mortality of corals and about the absence of new ‘ecospecies’ following bleaching 

events clearly contradict the hypothesis (Hoegh-Guldberg 1999; Goulet 2006). On the other 

hand monitoring studies of symbiont communities during and after bleaching events have 

provided support for the ABH (Baker 2001; Glynn et al. 2001; Toller et al. 2001a). None of these 

studies was able to distinguish between ‘shuffling’ and ‘switching’. Generally, it is believed that 

this strategy could aid the corals in coping with climate change related thermal stress (Baker 2001; 

Baker 2003), as it would overcome the potential slow pace of coral evolution (Stat et al. 2006). 

1.5 Coral bleaching and photoinhibition 

The process of coral bleaching by which algal symbionts are lost from their coral host 

through expulsion (Brown et al. 1995), host cell detachment (Gates et al. 1992; Brown et al. 1995) 

or apoptosis/necrosis (Dunn et al. 2002; Dunn et al. 2004) is generally thought to be preceded by 

the loss of photosynthetic performance of associated Symbiodinium (photoinhibition; Warner et al. 

1996; Jones et al. 1998; Warner et al. 1999; Bhagooli and Hidaka 2003; Takahashi et al. 2004). 

Photoinhibition in Symbiodinium was shown to occur in response to exposure to elevated 

temperatures (Iglesias-Prieto et al. 1992; Warner et al. 1996), visible radiation (Hoegh-Guldberg 

and Smith 1989a) or ultraviolet radiation (UVR; Lesser and Shick 1989), or a combination of high 

irradiance and thermal stress (Lesser 1996; Lesser 1997).  

Light is crucial for photosynthetic organisms, such as Symbiodinium, as driving force of 

photosynthetic energy generation. Yet, excessive light can be harmful, if the quantity of photons 

absorbed exceeds the capacity of photosynthetic or, more likely, the dark reactions to utilize 

them (over-excitation; Foyer et al. 1990). The components of the electron transport chain (see 

also BOX 1) become progressively reduced with increasing excessive light, thereby leading to 

irreversible damage and decline in the photosynthetic efficiency and/or photosynthetic rate 

(Powles 1984; Krause 1988; Long et al. 1994; Osmond 1994).  
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BOX 1 ⎮⎮  The ‘Z’-scheme of oxygenic photosynthesis 
 

During the light reactions of photosynthesis, plants and algae convert light energy to chemical energy 
in the form of ATP and NADPH, which are utilized in CO2 assimilation during the ‘dark reactions’. 
Electrons flow from water to NADP+ through the photosynthetic electron transport chain, which 
consists of photosystem II and I as well as cytochrome b6f complex and can be depicted with respect 
to their redox potential, i.e. their ability to donate electrons, in the ‘Z’-scheme of photosynthesis (see 
Fig. 1.3). Light is absorbed by the light-harvesting complexes and is transferred to the reaction centres 
of the photosystems through resonance energy transfer. There, the only two light-dependent steps in 
the linear electron flow consist of the excitation of special chlorophyll a molecules in the reaction 
centres of photosystem II (P680) and I (P700), respectively. Excited P680 (P680*) initiates the charge 
separation, where one electron is transferred from P680* to pheophytin (the primary electron 
acceptor) and then to the tightly bound plastoquinone QA (the first stable electron acceptor; accepts 
one electron). In PSI, P700* donates one electron to A0, yielding P700+ and A0-. P700+ is reduced by 
electrons originating from QA-, which are transferred to loosely bound plastoquinone QB. When QB 
has accepted two electrons from QA, it takes up two protons from the stromal side of the thylakoid 
membrane, detaches and diffuses into the thylakoid membrane to enter the plastoquinone (PQ) pool. 
Electrons are passed to the cytochrome b6f complex, then to an iron-sulfur protein (FeS or Rieske 
protein) and to P700+ via a mobile copper protein (plastocyanin – PC) to yield P700. In PSI, the 
electron of A0– is transferred via several electron carriers (phylloquinone A1 and iron-sulfur-proteins 
Fx, FA and FB) to ferredoxin, which serves as electron donor to NADP+ to yield NADPH in a 
reaction catalyzed by the ferredoxin-NADP+ reductase (FNR). P680+ is re-reduced by electrons, 
ultimately from water via a specific tyrosine residue of the reaction centre D1 protein, Yz, and a tetra-
nuclear manganese (4Mn) cluster. Theoretically, a total of eight photons are required to transfer four 
electrons from two molecules of water to two molecules NADP+, whereupon two molecules of 
NADPH and one molecule of oxygen are produced. During the linear electron transport a 
transthylakoidal proton gradient (lumen becomes acidified) is established, which drives ATP 
production by the action of the ATP synthase (Govindjee and Govindjee 2000).  

               
Figure 1.3 Representation of the light-induced photosynthetic electron flow through the ‘Z’-scheme involving 
the sequential operation of photosystem II (P680) and I (P700) reaction centres interconnected by the 
cytochrome b6f (cyt b6f) complex. In the course of the two light-induced reactions electrons derived from the 
oxygen evolving complex (OEC; thereby liberating oxygen and protons) are transferred through the 
photosynthetic electron transport chain to the acceptor side of PSI, where they are used to reduce NADP+. 
Through the electron transfer, protons are released into the thylakoid lumen to generate a transthylakoidal 
proton gradient, which is utilized in the ATP synthesis through the action of ATP synthases. 4Mn - manganese 
cluster of the OEC; Yz – tyrosine residue of the D1 protein; Pheo – pheophytin; QA and QB – primary and 
secondary plastoquinone electron acceptor in PSII; PQ –plastoquinone; FeS – Rieske iron-sulfur protein; Cyt f – 
cytochrome f; Cyt bH – high potential cytochrome b6; Cyt bL – low potential cytochrome b6; PC – plastocyanine; 
A0 – specialized chlorophyll a in PSI; A1 – specialized quinone; FX, FB, FA – iron-sulfur centres; Fd – ferredoxin; 
FNR – ferredoxin-NADP+ reductase. Approximate estimated times for various steps are also noted on the 
figure (Govindjee and Govindjee 2000). The circular path around the cyt b6f complex indicates the Q cycle, 
while the dark blue arrow from the acceptor side of the PSI to the cyt b6f complex symbolizes cyclic electron 
transport around PSI. The scale to the left indicates the redox potential Em of the electron carriers at pH 7. 
(modified from Govindjee 2004 by S. Krämer). 
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Several sites within the photosynthetic reactions have been proposed to be impacted in 

Symbiodinium by elevated temperatures (and high irradiance), and consequently to initiate 

photoinhibition mainly measured as a decline in the maximum quantum yield of photosystem II 

(PSII; see BOX 2 in Summary of material and methods), although the complete cascade of 

events remains elusive (reviewed by Smith et al. 2005; Venn et al. 2008; Lesser 2011). 

Accumulating evidence points to the involvement of at least three sites of temperature sensitivity. 

These are damage to the reaction centres of PSII, in particular to the D1 protein (Warner et al. 

1996; Warner et al. 1999; Lesser and Farrell 2004; Robison and Warner 2006), impairment of the 

dark reactions (Jones et al. 1998), and uncoupling of the photosynthetic electron transport and 

ATP synthesis by impairment of the integrity of the thylakoid membrane (Tchernov et al. 2004).  

Losses in photochemical efficiency of thermally challenged Symbiodinium has been linked 

to declines in the content of the D1 protein of the PSII reaction centre (Warner et al. 1999; 

Robison and Warner 2006; Hill et al. 2011), which is exacerbated by high-light exposure (Lesser 

and Farrell 2004; Robison and Warner 2006). The D1 protein is a central component of the 

reaction centre core of PSII (binding site of QB) and is characterized by a rapid, light-dependent 

turnover (Edelman and Mattoo 2008). Under normal conditions, damaged D1 proteins (as a 

result of photo-inactivation) are efficiently repaired by re-synthesis and replacement of this 

protein (Ohad et al. 1984). High temperatures have been shown to unbalance this turnover 

(Warner et al. 1999; Takahashi et al. 2004; Hill et al. 2011), by favouring photo-inactivation 

processes (Hill et al. 2011), or by inhibiting repair processes (Nishiyama et al. 2004; Takahashi et 

al. 2004; Takahashi et al. 2009). Imbalance between the rates of photo-inactivation and the repair 

of the D1 protein culminates in net photoinhibition (Takahashi and Murata 2008; Takahashi and 

Badger 2011). 

On the contrary, Jones et al. (1998) suggested the damage to the D1 protein and the 

generation of ROS to be secondary effects, which are initiated by a thermal perturbation of the 

Calvin cycle, in particular the central enzyme of the carbon assimilation, the ribulose-1,5 

bisphosphate carboxylase oxygenase (Rubisco). Support of this photoinhibition model comes 

from studies on thermally challenged cultures of Symbiodinium that exhibited diminished Rubisco 

activities (Lesser 1996; Leggat et al. 2004; Lilley et al. 2010). Malfunction of CO2 assimilation 

results in impaired electron drainage at PSI via reduced consumption of NADPH (a process 

termed sink limitation) and consequently in the over-reduction of the photosynthetic electron 

transport chain. On the other hand, it is well-known that Rubisco as well as several other 

enzymes of the Calvin cycle are inhibited by ROS, specifically by hydrogen peroxide (H2O2; 

Asada and Takahashi 1987; Noctor and Foyer 1998). 
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One primary site of thermal damage may involve the uncoupling of the photosynthetic 

electron transport and ATP synthesis as consequence of thermally compromised thylakoid 

membranes (Iglesias-Prieto et al. 1992; Tchernov et al. 2004), the structural site of the 

photosynthetic electron transport chain. The thermally damaged thylakoid membrane prevents 

the establishment of a transthylakoidal pH gradient through the photosynthetic electron 

transport, while continued absorption of energy and photochemistry lead to generation of ROS 

and subsequent damage to PSII, when electron sinks are depleted (Tchernov et al. 2004). In 

addition, Tchernov et al. (2004) suggested that the lipid composition of thylakoid membranes, in 

particular the desaturation state of the fatty acids, may be diagnostic of the temperature sensitivity 

of symbiotic dinoflagellates. This notion has been recently challenged by Díaz-Almeyda et al. 

(2011) who suggested a more complex pattern of modification of lipid composition to be 

involved. In addition, the thermostability of thylakoid membranes of Symbiodinium has been 

shown to increase well above bleaching thresholds upon exposure to bleaching conditions (Hill 

et al. 2009), which is inconsistent with its proposed role as primary site of photoinhibition.  

Regardless of the primary site of temperature sensitivity, a continued high absorption of 

excitation energy by the light-harvesting complexes of PSII will eventually exceed its utilization. 

This increases the probability of photo-inactivation to reaction centres (RCs) of PSII (Long et al. 

1994; Smith et al. 2005) and accelerates the generation of reactive oxygen species (ROS) at a 

minimum of three sites in the photosynthetic electron transport chain (Asada 1999; Niyogi 1999). 

When the availability of NADP+ is limited, photosystem I can photoreduce oxygen by the 

Mehler reaction to yield superoxide anions (O2
–; Mehler 1951), and in subsequent reactions H2O2 

and the most damaging ROS, the hydroxyl radical (•OH) via the Fenton reaction (Asada and 

Takahashi 1987; Asada 1999). On the other hand, the over-excitation of the photosystems can 

prolong the lifetime of the singlet excited state of chlorophyll a (1Chl) in the LHC of PSII and 

within the reaction centres of PSII, and thereby, increase the likelihood of the generation of 

triplet chlorophyll (3Chl) through intersystem crossing (Niyogi 1999). The formation of 3Chl in 

the reaction centres of PSII follows charge recombination of the radical pair P680+/Pheo– due to 

the accumulation of unusually double-reduced primary electron acceptor QA (Niyogi 1999; Diner 

and Babcock 2004). 3Chl is long-lived and can be quenched by ground-state oxygen (3O2) to yield 

the highly reactive singlet oxygen (1O2; Triantaphylidès and Havaux 2009).  

Oxidative stress, the generation and accumulation of ROS beyond the capacity of an 

organism to quench these ROS, can damage cell components and disrupt PSII reaction centres 

by reacting with proteins, pigments, membranes and DNA (reviewed in Asada 1999; Smith et al. 

2005; Lesser 2011). Due to its short-life time, ROS such as 1O2 are thought to initiate damage in 
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the immediate vicinity to its production site, to the primary PSII RC protein D1 (Hideg et al. 

1994). In addition, P680+ itself is capable of oxidizing proteins and pigments in its vicinity (Aro 

et al. 1993).  Accumulating evidence points towards oxidative stress as a common stress response 

in thermally challenged Symbiodinium (cultured and in hospite), which is further exacerbated by 

concomitant exposure to high irradiance (Lesser 2011). Thus, oxidative stress has been proposed 

as unifying mechanism for several environmental disturbances, which triggers the onset of coral 

bleaching (Lesser 1996; Lesser 2006; Lesser 2011) via exocytosis (Gates et al. 1992) or apoptosis 

(Gates et al. 1992; Dunn et al. 2002; Dunn et al. 2004; Lesser and Farrell 2004; Dunn et al. 2007). 

Correspondingly, a strong positive correlation between oxidative damage products (lipid 

peroxides, protein carbonyls) and bleaching of corals corroborates this causal link (Downs et al. 

2002). Further evidence for the central role of oxidative stress in coral bleaching was provided by 

Lesser (1996; 1997) who showed that the supplementation of exogenous ROS scavenger can 

alleviate the decline in photochemical efficiency of both cultured and in hospite Symbiodinium as 

well as coral bleaching, when subjected to elevated temperatures. The exact signalling pathway 

that induces coral bleaching is not completely resolved. Yet the Oxidative Theory of Bleaching 

proposes that it is initiated by diffusion of ROS into the coral cytoplasm, when algal antioxidative 

capacity is exceeded (Downs et al. 2002), as observed in several studies (Lesser 1996; Tchernov et 

al. 2004; Suggett et al. 2008; Saragosti et al. 2010). In this process, H2O2 and nitric oxide (NO) are 

proposed to act as potential mediators (Smith et al. 2005; Perez and Weis 2006), as both have a 

high membrane permeability and have been shown to function in modulating cell death pathways 

in animal systems (Martindale and Holbrook 2002). 

1.6 Photoprotection 

To prevent or minimize over-excitation of the photosynthetic apparatus, the 

generation/accumulation of ROS and net photoinhibition, photosynthetic organisms employ a 

range of photoprotective strategies that act in concert (Niyogi 1999; Demmig-Adams and Adams 

2006) including various energy dissipation pathways (Niyogi 1999; Demmig-Adams and Adams 

2006), alternate electron pathways (Nixon 2000; Reynolds et al. 2008) and multiple antioxidative 

pathways (Noctor and Foyer 1998; Asada 1999). 
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1.6.1 Adjustments of light-harvesting antenna size 

In order to avoid over-excitation of the photosynthetic apparatus under high-light 

conditions, photosynthetic organisms, such as Symbiodinium, can modify the absorption rates of 

photons through reductions in both the number and the size of the photosynthetic units (PSI 

and PSII; Falkowski and Dubinsky 1981; Iglesias-Prieto and Trench 1994; Iglesias-Prieto and 

Trench 1997; Hennige et al. 2009). The decline in the cellular concentrations of light-harvesting 

pigments are correlated with changes in the water-soluble peridinin–chl a–protein (PCP) and the 

membrane-bound chl a–chl c2–peridinin–protein (acpPC) complexes that constitute the unique 

light-harvesting antennae of dinoflagellates (Iglesias-Prieto et al. 1993; Iglesias-Prieto and Trench 

1997).  

1.6.2 Xanthophyll cycle-mediated dissipation of excess excitation energy  

One important photoprotective strategy to minimize damaging effects of excessive light 

is to safely dissipate excess absorbed energy as heat (thermal dissipation), which can be measured 

as non-photochemical quenching (NPQ) of chl a fluorescence (see also BOX 2 in Summary of 

material and methods). In Symbiodinium, NPQ involves the interconversion of the xanthophyll 

pigments diadinoxanthin (Dd) and diatoxanthin (Dt; Brown et al. 1999), which depends on the 

transthylakoidal ΔpH, and is functionally equivalent to the xanthophyll cycle involving 

violaxanthin, antheraxanthin and zeaxanthin in higher plants (Bilger and Björkman 1990; 

Demmig-Adams 1990) and green algae (Bischof et al. 2002). The build-up of ΔpH across the 

thylakoidal membrane is an immediate signal of excessive light (Müller et al. 2001), that triggers 

the conversion of the one-epoxy carotenoid diadinoxanthin into the epoxy-free diatoxanthin by 

activation of the enzyme diadinoxanthin de-epoxidase (DDE) in the presence of ascorbate as a 

cosubstrate (see Goss and Jakob 2010). Hereby, the light-harvesting antennae are triggered to 

switch into a dissipative state with short 1Chl lifetimes and low fluorescence yields (Gilmore 

1997), thereby effectively reducing the functional absorption cross-section of PSII reaction 

centres (σPSII; Gorbunov et al. 2001; Smith et al. 2005). The reverse reaction, the re-introduction 

of an epoxy-group, occurs in low light or in darkness and is catalyzed by the enzyme 

diatoxanthin-epoxidase (DEP) using NADPH and FAD as cosubstrates (Goss and Jakob 2010). 

In corals, photoprotection through xanthophyll cycle mediated thermal energy dissipation 

appears to be crucial in preventing oxidative stress, as experimental inhibition of the de-

epoxidation reaction in corals in the full sunlight using dithiothreitol (DTT) was shown to cause 

oxidative damage (Brown et al. 2002b). Moreover, the importance of thermal energy dissipation 
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in coral symbionts has been shown to be strongly depth dependent. Lower σPSII (Lesser and 

Gorbunov 2001) and higher proportions of photosynthetic pigments associated with the thermal 

dissipation of absorbed excitation energy are found in shallow water corals compared to those at 

greater depths (Lesser et al. 2000). Under bleaching conditions, where high light is accompanied 

by elevated temperatures, the excitation pressure becomes more severe due to thermal 

perturbation at established sites and this particular photoprotective mechanism can be depleted 

(Hoegh-Guldberg and Jones 1999; Gorbunov et al. 2001). 

1.6.3 Antioxidative system  

As a consequence of the inevitable generation of ROS in photosynthetic organisms even 

under normal conditions (Foyer et al. 1994), that is accelerated under adverse conditions, a 

complex antioxidative system consisting of numerous enzymes and low molecular weight 

molecules has evolved in order to prevent the formation of •OH (Asada 1999), as no enzyme is 

capable of scavenging •OH. The involved enzymes of the antioxidative system in the chloroplast 

can be divided into a thylakoid-bound and a stromal system (Asada 1999) and are depicted in 

Fig. 1.4. The O2
– generated at the acceptor side of PSI is rapidly converted within the chloroplast 

to H2O2 via disproportionation by superoxide dismutase (SOD; EC 1.15.1.1), which is often 

described as the ‘first line of defence’ (McCord and Fridovich 1969). H2O2 in turn is reduced to 

water in a reaction catalyzed by the ascorbate peroxidase (APX; EC 1.11.1.11) using ascorbate 

(AsA) as electron donor. Both APX and SOD (Fe-SOD, Mn-SOD and CuZn-SOD) have been 

shown to be present in Symbiodinium (Matta et al. 1992). The sequence of reactions is referred to 

as Mehler-ascorbate peroxidase (MAP) cycle or including the entire sequence of reactions from 

water oxidation at PSII, to as water-water cycle, as equimolar amounts of water are oxidized and 

generated at PSII and PSI, respectively. The immediate vicinity of the thylakoidal scavenging 

system ensures that no leakage of ROS occurs under normal conditions. The reduction of the 

resulting oxidized forms of ascorbate (MDA – monodehydroascorbate; DHA – 

dehydroascorbate) occurs either directly by ferredoxin at PSI, by monodehydroascorbate 

reductase (MDAR; EC 1.6.5.4) or by dehydroascorbate reductase (DHAR; EC 1.8.5.1) using 

NAD(P)H or reduced tripeptide glutathione (GSH; γ-glutamyl-L-cysteinyl-glycine) as an electron 

donor, respectively (Asada 1999). Oxidized glutathione (glutathione disulphide, GSSG) is finally 

regenerated by the NADPH-dependent glutathione reductase (GR; EC 1.6.4.2; Noctor and Foyer 

1998). The removal of H2O2 through this pathway of ascorbate regeneration is also referred to as 

ascorbate-glutathione cycle (Foyer et al. 1994; Noctor and Foyer 1998).  
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Figure 1.4 Antioxidative network, also referred to as water–water cycle, showing the photosynthetic 
splitting of water at the donor side of PSII, the electron transport to PSI including the photoreduction of 
O2 at its acceptor side to yield O2–, the disproportionation to H2O2, the reduction of H2O2 to H2O and 
the concomitant oxidation of ascorbate to monodehydroascorbate and the different pathways of 
regeneration of ascorbate. APX – ascorbate peroxidase; AsA – ascorbate; CuZn-SOD – copper-zinc 
superoxide dismutase; DHA – dehydroascorbate; DHAR – dehydroascorbate reductase; Fd – ferredoxin; 
FNR – Fd-NADP+ reductase; GR – glutathione reductase; GSH, GSSG – reduced and oxidized form of 
glutathione, respectively; MDA – monodehydroascorbate; MDAR – monodehydroascorbate reductase; 
sAPX – stromal APX; SF – stromal factor; tAPX – thylakoidal APX; VDE – violaxanthin de-epoxidase 
(functionally equivalent to the diadinoxanthin de-epoxidase; from Asada 2000). 

The participation of GSH in a number of reactions in the antioxidative network either 

directly or as a cosubstrate along with its role in the protection of the thiol groups in many 

stromal proteins makes glutathione an important part of the cellular antioxidative defence system. 

Accordingly, total glutathione levels and its redox-state have been suggested as indicators for 

oxidative stress experienced by an organism (Halliwell and Gutteridge 1999; Tausz 2001). 

The water-water cycle is not only of paramount importance for the scavenging of ROS, 

but it may provide alternative consumption or dissipation of energy and electrons (Asada 2000). 

Moreover, it aids the maintenance of photosynthetic electron transport under sink limitation and 

therefore acts to establish a transthylakoidal ΔpH, which can in turn activate thermal energy 

dissipation via NPQ. However, high fluxes of ROS can overpower the antioxidative capacity of 

an organism and result in oxidative damage. It should be noted, that changes in ROS 

concentration can also act in signal transduction (Noctor and Foyer 1998; D'Autreaux and 

Toledano 2007). 
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2. Objectives 

As outlined above, elevated temperatures associated with global climate change are the 

principal trigger for widespread coral bleaching, which is preceded by photoinhibition of PSII in 

algal symbionts (Hoegh-Guldberg 1999; Venn et al. 2008). An important secondary factor 

involved in the bleaching response is high solar irradiance (Brown and Dunne 2008), which is 

known to affect PSII even without thermal stress (Gorbunov et al. 2001), but also to exacerbate 

photoinhibition in thermally challenged corals (Jones et al. 1998; Bhagooli and Hidaka 2004). 

Extensive research has been carried out on the physiological responses of corals to bleaching 

conditions and the distribution of different Symbiodinium types over bathymetric and latitudinal 

scales as well as within single colonies, which is often determined by different light environments. 

Furthermore, numerous studies point to ‘adaptation’ of corals to stressful conditions (elevated 

SST/high irradiances) by changes in symbiont communities. Nevertheless, notions were often 

generalized on a cladal level and the physiological mechanisms underlying higher tolerances of 

the coral-algal associations to temperature/high light are still not unambiguously resolved.  

Therefore, the overall aim of this thesis was to contribute to a greater understanding of 

the variation in the bleaching responses and the physiological acclimation of the coral-algae 

symbiosis towards environmentally challenging conditions, which is crucial to predicting the 

effects of future increases in SST on corals. 

The specific objectives were to explore the variation of the photophysiological 

responses in both cultured and in hospite Symbiodinium to changes in the abiotic environmental 

conditions. These objectives were addressed by using a variety of methodologies with a particular 

focus on the photophysiological, photoprotective and antioxidative capacity of Symbiodinium.  

The major questions addressed in the thesis were: 

1) What determines the tolerance of closely related cultured Symbiodinium phylotypes to high 

irradiance and elevated temperature? (Chapter I) 

a) Are the investigated phylotypes equally tolerant to experimental conditions? 

The study exemplarily investigated Symbiodinium clade A phylotypes, which are generally 

considered to be stress tolerant (Toller et al. 2001b) and are prevalent in shallow water corals at 

higher latitudes (Rowan and Knowlton 1995; Winters et al. 2009). 
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b) Is the non-enzymatic antioxidant glutathione involved in determining stress tolerance 

of Symbiodinium?  

Although previous studies have shown clade-specific differences in the H2O2 generation (Suggett 

et al. 2008) and clade-specific differences in the activities of antioxidative enzymes (Lesser 2011), 

no study has yet investigated the variation of the antioxidative capacity between phylotypes 

within the same clade or glutathione as a proxy for antioxidative capacity in cultured 

Symbiodinium.  

c) Is xanthophyll cycle-mediated photoprotection involved in stress tolerance? 

Xanthophyll cycling appears to be a common photoprotective strategy in shallow-water corals 

(Warner and Berry-Lowe 2006), but previous studies found no consistent correlation between 

xanthophyll cycling and bleaching susceptibility of six coral species upon thermal stress exposure 

(Venn et al. 2006). 

2) How does high-light exposure impact the photophysiology of in hospite Symbiodinium and how 

does the host modulate this response? (Chapter II) 

a) Are there species-specific differences in photo-inactivation and photorepair? 

b) Do symbionts in different coral species withstand high-light stress by equally adjusting 

light-harvesting and photoprotective pigment contents? 

The two investigated corals (Pocillopora damicornis and Pavona decussata) differ in their morphology 

and bleaching susceptibility (Marshall and Baird 2000; McClanahan et al. 2004), yet are associated 

with the same Symbiodinium phylotype (C1; Hill et al. 2009), enabling us to evaluate the role of the 

host in modulating the response.  

3) Are there site-specific effects of heterotrophic intake on the functionality of the 

photosynthetic apparatus and the entire coral-algae symbiosis? (Chapter III) 

a) Is P. damicornis exposed to in situ light exclusion able to maintain a functional symbiosis 

by compensating the lack of phototrophic nutrition by heterotrophic feeding? 

b) Are corals exposed to a higher water flow able to benefit from higher particle fluxes by 

shifting from phototrophy to heterotrophy more efficiently? 
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3. Publication outline 

In the following three chapters, several aspects of the variability in the stress response of corals 

will be investigated. At first, evidence is presented for the differential photophysiological 

response of genetically distinct Symbiodinium phylotypes (in culture) to combined thermal and 

light stress. Following, findings will be shown that support the modulating impact of the host 

tissue on photophysiological response of in hospite Symbiodinium to high-light stress. Finally, it is 

shown that integrity of the symbiosis under light deprivation is dependent on site-specific 

environmental conditions.  

Chapter I: Dynamic regulation of photoprotection determines thermal tolerance of two 

phylotypes of Symbiodinium clade A at two photon fluence rates 

Authors: Krämer WE, Caamaño Ricken I, Richter C, Bischof K 

Journal: Photochemistry and Photobiology (in press) 

This study shows the differential photophysiological response of two genetically distinct 

Symbiodinium phylotypes within clade A to elevated temperatures at two light intensities. 

W. Krämer designed the experimental approach of this study and performed the physiological 

and biochemical measurements, with support by technical assistants for the HPLC measurements 

of pigments. Part of the physiological data was gathered by I. Caamaño Ricken for her diploma 

thesis. Statistical analyses were carried out by W. Krämer, with precious input by W. Wosniok. 

The manuscript was written by W. Krämer, with revisions and improvements by C. Richter and 

K. Bischof. 

Chapter II: Differential photosynthetic responses of Symbiodinium in two scleractinian corals to 

high irradiance 

Authors: Krämer WE, Schrameyer V, Hill R, Ralph PJ, Bischof K 

Journal: Marine Biology (submitted) 

This study highlights the important role of the host tissue in modulating the photophysiological 

response of in hospite Symbiodinium. The original idea for the experimental design was developed 

and the fieldwork was conducted by W. Krämer in cooperation with V. Schrameyer. Sample 

processing and data analyses were carried out by W. Krämer, with support by technical assistants 

for the HPLC measurements of pigments. The manuscript was written by W. Krämer, with 

revisions and improvements by the co-authors. 
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Chapter III: Photophysiological response of Symbiodinium in Pocillopora damicornis to light 

deprivation – A field study 

Authors: Krämer WE, Schrameyer V, Ralph PJ, Bischof K 

Journal: Phycological Research (in preparation) 

This study investigates the site-specific environmental impact on the photophysiological response 

of Pocillopora damicornis to in situ light deprivation. The original idea for the experimental design 

was developed by W. Krämer and the fieldwork was conducted by W. Krämer in cooperation 

with V. Schrameyer. Sample processing and data analyses were carried out by W. Krämer, with 

support by technical assistants for the HPLC measurements of pigments. The manuscript was 

written by W. Krämer, with revisions and improvements by the co-authors. 
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4. Summary of materials and methods 

This chapter provides a general overview on the different experimental setups that were 

used in order to study the interactive effects of different parameters (temperature, light intensity) 

both on cultured and in hospite Symbiodinium. Moreover, methods used to investigate these effects 

on the photochemical performance, the antioxidative system and the pigment concentration and 

composition are described. 

4. 1 Laboratory experiments 

4.1.1 Maintenance of stock cultures 

Cultures were obtained from the Provasoli-Guillard National Center for Culture of 

Marine Algae and Microbiota (NCMA; formerly known as CCMP), Bigelow Laboratory for 

Marine Sciences, Maine, USA. Stock cultures of Symbiodinium were maintained in silicate free    

f/2-Si medium pH 7.9 and 34 PSU (Guillard and Ryther 1962) in 0.2 µm vented cell culture 

flasks (BD FalconTM) in a climate-controlled chamber at 25°C and ca. 145 µmol photons m-2 s-1 

on a 14:10 h light/dark cycle. Illumination was provided by two lateral arrays of cool and warm 

white fluorescent tubes (Osram Lumilux® T8 36 W/866 and Philips T8 36W/830, respectively). 

Cultures were inoculated in fresh, sterile medium every four weeks. 

4.1.2 Experimental design 

In order to study interactive effects of elevated temperatures and high-light intensities as 

described in Chapter I, Symbiodinium strains CCMP2467 and CCMP2433 (for details on the 

strains see Table 4.1) were exposed to three to four different temperatures in combination with 

two light photon fluence rates.  

Table 4.1 Details on Symbiodinium strains exposed to elevated temperatures in combination with two 
photon fluence rates (Chapter I). 

1 as determined by DGGE analysis of the ribosomal Internal Transcribed Spacer Region 2 (LaJeunesse 
2001). 
 

Strain Host Host origin Phylotype1 Cell size (µm) Isolated by 

CCMP2467 Stylophora 
pistillata 

Gulf of Aqaba A1 7–10 R. Trench 

CCMP2433 Pocillopora 
damicornis 

One Tree Island, 
Great Barrier 
Reef, Australia 

Ax 10–15 R. Moore 
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One week prior to the onset of the experiment, freshly prepared cultures were established 

in sterile f/2-Si medium at control conditions (25°C and 145 µmol photons m-2 s-1) to achieve 

exponential growth. Before the experimental exposure (day -1) these pre-cultures were used to 

inoculate fresh f/2-Si medium in round bottom flasks, which were gently bubbled with filtered 

air and agitated four times a day by means of a rotary shaker (see Fig. 4.1). For experimental 

treatments quadruplicates were exposed to different temperatures (25, 30 and 32°C) at two 

different photon fluence rates (PFRs; 145 and 300 µmol photons m-2 s-1; for simplicity, the two 

PFRs are referred to as low [LL] and high light [HL], respectively).  

Figure 4.1 (a) Experimental setup illustrating exposure of cultures to high light (upper array) and low light 
(lower array) at one temperature, (b) close-up of the experimental setup showing one treatment. (c) 
Cultures growing at 145 µmol photons m-2 s-1 at different temperatures (from left to right: 25, 30 and 
32°C) on day 21; note different cell densities in the treatments. 

Due to the thermal susceptibility of Symbiodinium Ax (see results in Chapter I), exposure to one 

additional intermediate temperature (27°C) at low and high light was applied only to this 

phylotype. Experimental temperature was increased gradually, so final treatment temperatures 

were reached after 24 hours. The cultures were exposed to experimental conditions for 21 days in 

a semi-continuous mode, with medium being replenished on day 10 to avoid nutrient limitation 

and self-shading. Physiological measurements of zooxanthellae physiology (photochemical 
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efficiency of PSII, cell counts, pigment analysis) were conducted on day -1, 3, 5, 7, 10, 12, 14, 17, 

19 and 21. Moreover measurements of antioxidative capacity (GSx for phylotype A1 and Ax) as 

well as determinations of specific chlorophyll a absorption coefficient were performed on day 10 

and 21. 

4.2 Field work 

4.2.1 Study area 

The field work for Chapter II and III was conducted at the Heron Island Research 

Station (HIRS) in austral winter 2010 (June – July 2010). HIRS is located on a coral cay (23.44 S 

151.917 E) near the Tropic of Capricorn, Southern Great Barrier Reef (GBR), Australia, 72 km 

offshore from Gladstone on the mainland (see Fig. 4.2). The island is situated on the leeward 

(western) side of the reef platform of Heron Reef (11 x 5 km in the size), which is the second 

largest reef of the Capricorn Bunker group and is separated from nearby Wistari Reef to the 

southwest by the 25 m deep Wistari Channel. Around 72% of the coral species found in the 

Great Barrier Reef inhabit Heron Reef. Heron Island has a subtropical climate with mean air 

temperatures ranging from 29.8°C in January to 21.5°C in July (Bureau of Meteorology 2007). 

Southeast trades dominate winds at Heron Island, with a westerly component associated with the 

prevailing weather systems during wintertime. Tides around Heron Island are semidiurnal, with 

tidal ranges between 2.28 m (spring tide) and 1.09 m (neap tides), respectively (Chen and Krol 

1997). Water flow in this area is generally directed to the southwest (Woodhead 1970). 

Nonetheless, under calm conditions the water flow over the reef is mainly driven by tidal currents 

with average velocities of 0.6 m s-1, and hence their direction is reversed with tides (Maxwell et al. 

1964; Jell and Flood 1978; Connell et al. 1997). However, prevailing wind conditions can strongly 

alter the current patterns (Gourlay and Hacker 2008).  
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Figure 4.2 Map showing the study area around Heron Island, Capricorn Bunker Group, Great Barrier 
Reef (GBR), Australia (23.44 S 151.917 E) and the location of the two study sites of the in situ experiment: 
1, Coral Gardens (23.447 S 151.912 E) and 2, North Wistari Reef (23.435 S 151.876 E). Map was 
produced using Ocean Data View (Schlitzer, 2011, http://odv/awi.de) with data from ‘Coral reef 
distribution of the World (2010)’ provided by UNEP-WCMC. 

4.2.2 Coral species 

Pocillopora damicornis (Linnaeus, 1758) 

Pocillopora damicornis (Linnaeus, 1758) belongs to the family Pocilloporidae. Colonies are 

branched, with no clear difference between verrucae and branches, and can form compact 

clumps of several meters across (see Fig. 4.3a; Veron 2000). Coral tissue above the skeleton is 

thin (0.9 mm; Loya et al. 2001) and colonies exist in all shades of brown, green or pink. In 

Chapter II and III only brown morphs were used. P. damicornis occurs at depths between the 

surface and 40 m, with their greatest abundance being in shallow waters of 5–10 m depth. 

Moreover, this coral species has a wide geographic distribution, thriving in reefs throughout the 

Indo-Pacific (Veron 2000). P. damicornis is one of the most studied coral species and past research 

has shown that it is highly susceptible to coral bleaching (Stimson and Kinzie III 1991; Jones et 

al. 1998; Marshall and Baird 2000; Fitt et al. 2001; Loya et al. 2001; Hill et al. 2004). 
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Pavona decussata (Dana, 1846) 

Pavona decussata (Dana, 1846) belongs to the family Agariciidae and colonies are thick 

interconnecting bifacial upright plates, often displaying distinct lobed margins (see Fig. 4.3b). The 

poorly defined corallites are irregular and deep-seated in P. decussata and occur in brown, creamy-

yellow or greenish shades. In this study (Chapter II) only brown colonies were used. P. decussata 

is common in all reef habitats and is distributed throughout the Indo-Pacific (Veron 2000). 

Findings about the bleaching susceptibility of Pavona are controversial, being reported as sensitive 

(Glynn et al. 2001), mixed (Marshall and Baird 2000) and relatively tolerant (Hueerkamp et al. 

2001; McClanahan 2004; McClanahan et al. 2004).  

Figure 4.3 (a) Colony of Pocillopora damicornis in Southern Great Barrier Reef, Australia, illustrating its 
branching growth structure (Photograph by Neville Coleman). (b) Colony of Pavona decussata in the Great 
Barrier Reef, Australia, showing its foliaceous morphology (Photograph by Charlie Veron). 

4.2.3 Experimental design 

4.2.3.1 High-light exposure of Pavona decussata and Pocillopora damicornis 

In Chapter II, the effect of high-light stress on photochemical performance in 

Symbiodinium of two scleractinian corals, Pavona decussata and Pocillopora damicornis, was investigated. 

Coral species were chosen due to their divergent colony morphology (foliaceous vs. branching), 

which might be related to their differential susceptibility to bleaching (Loya et al. 2001; 

McClanahan et al. 2004). Differences in zooxanthellae physiology due to genetic variation is 

excluded as both coral species associate with the same Symbiodinium phylotype (C1; Hill et al. 

2009). In order to disentangle possible effects of high light on photodamage to PSII and its 

repair, the latter was blocked by the chloroplast protein synthesis inhibitor lincomycin (see 

below). The ability of in hospite symbionts to withstand high irradiance stress by adjustments in 

light-harvesting and photoprotective pigments was studied.  

(a) (b) 
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Coral fragments for the tank experiment described in Chapter II were randomly 

collected from the southern reef flat area, adjacent to the research station. Corals were directly 

brought to the laboratory and kept in flow-through tanks under shaded conditions (< 100 µmol 

photons m-2 s-1) for approximately three days until the onset of the experiments. Coral nubbins 

were placed in glass bottles with filtered seawater (FSW) and gently bubbled with humidified air. 

To maintain the target temperature within the bottle, they were evenly distributed in experimental 

flow-through tanks with seawater from the reef with additional mixing generated by powerheads 

(see Fig. 4.4). The experimental design encompassed exposure of corals to direct solar radiation 

(outdoor tank; light treatment) or darkness (indoor tank; dark treatment) for four days. 

Furthermore, within each light treatment two lincomycin treatments (0 and 500 µg mL-1) were 

established (see Fig. 4.4a). The average temperature was 21.9°C (± 0.02°C) and 22.2°C 

(± 0.06°C) in the dark and light treatment respectively. Average maximum daily photon 

irradiance amounted to 1428 (± 29) and 1442 (± 37) µmol photons m-2 s-1 for exposure of 

P. decussata and P. damicornis, respectively. Measurements of effective quantum yield of PSII 

(ΔF/Fm’) were conducted at solar noon and on days 0, 2 and 4 (subsequent to fluorescence 

measurements) corals were destructively harvested for determinations of cell density and pigment 

concentrations. On sampling dates, additional measurements of maximum photochemical 

efficiency of a further set of fragments were taken at night-time. To monitor environmental 

conditions at the setup, temperature and photon irradiance were recorded every 5 min using 

small probes (Thermochron iButtons DS1922L, Dallas Semiconductor Innovation, Maxim 

Integrated Products, Sunnyvale, USA) and a 2π cosine-corrected light sensor (LI-192, LI-COR, 

Lincoln, USA), respectively. 
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Figure 4.4 (a) Experimental 
design of the study. Nubbins 
of Pavona decussata� and 
Pocillopora damicornis were 
exposed to a combination of 
two irradiance and two 
lincomycin treatments over 
four days. Large coral 
nubbins were used for 
pigment analysis via HPLC 
and determination of 
symbiont densities sub-
sequent to the measurement 
of the effective quantum 
yield of PSII (ΔF/Fm’). 
Measurements of maximum 
quantum yield (Fv/Fm) 
conducted at night-time were 
performed on an additional 
set of coral nubbins. (b,c) 
Photographs of the 
experimental set-up in the 
outdoor tank.  

4.2.3.2 Photophysiological response of Symbiodinium in Pocillopora damicornis to light deprivation  

The aim of the in situ experiment (Chapter III) was to evaluate the ability of P. damicornis 

to maintain the photosynthetic apparatus and symbiosis functionality in the absence of light by 

heterotrophic feeding. Prey capture by corals has been shown to be strongly influenced by water 

flow velocities (Sebens et al. 1997). Therefore, the in situ experiment was conducted at two sites 

near Heron Island, which were chosen due to differences in oceanographic patterns around the 

island. Site 1 was located in the reef slope of Coral Gardens at Heron Reef (23.447 S 151.912 E) 

and site 2 in the north-facing slopes of Wistari Reef (23.435 S 151.876 E) close to Heron Island 

(see Fig. 4.2). The reef slope of Coral Gardens is located on the south west of Heron reef, 

protected from wave action by the close Wistari reef, but exposed to the strongest tidal currents 

in the Capricorn Bunker Group (> 1.5 m s-1 in proximity to the reef in spring), as currents are 

channelled through the 25 m deep adjacent Wistari Channel (Pickard et al. 1977; Connell et al. 

2004). Accordingly, current velocities are expected to be lower at North Wistari reef. The reef 

habitat is characterized by a spure and groove structure and is described in more detail by 

Anthony and Hoegh-Guldberg (2003). Coral fragments were randomly collected at 6–8 m depth 
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at each study site and used in the experimental setups deployed 0.5 m off the bottom in 8 m 

depth. The experimental setup was slightly modified from Roder et al. (2010) and consists of a 

2 x 3 array of tubes (10 cm diameter, 50 cm length), which was mounted on a stand attached to a 

railway wheel with openings facing the direction of the current (see Fig. 4.5). The upper row of 

tubes was translucent to light and allowed corals to perform photosynthesis, whereas in the lower 

array light was excluded. Measurements of effective quantum yield of PSII in corals were 

conducted at noon and subsequently, samples were collected for measurements of symbiont and 

pigment densities at the onset of the experiment and after one and two weeks. To characterize 

environmental conditions at the two sites, water temperature and photon irradiance were 

recorded every 5 min using small probes (Thermochron iButtons DS1922L, Dallas 

Semiconductor Innovation, Maxim Integrated Products, Sunnyvale, USA) and 2π cosine- 

corrected light sensors (Odyssey light loggers, Dataflow Systems, Christchurch, New Zealand), 

respectively. Light loggers were calibrated against a LI-COR cosine corrected sensor (LI-192, LI-

COR, Lincoln, USA). To further characterize the light environment at the study sites, irradiance 

profiles were measured using 2π cosine-corrected light sensors (LI-192 and LI-191, LI-COR, 

Lincoln, USA) and a RAMSES ACC UV/Vis spectroradiometer (TriOS, Oldenburg, Germany). 

The average of triplicate measurements was used to calculate the diffuse vertical attenuation 

coefficient of downward irradiance Kd PAR as: 

   Kd (m
-1) = ln [Ed (z1)/Ed (z2)] * (z2 - z1)-1       

where Ed (z1) and Ed (z2) are the respective downwelling irradiances at depths z1 and z2, 

whereupon Ed (z1) was measured directly beneath the water surface (Kirk 1994).  

      

�Figure 4.5 (a) Schematic diagram and (b) photograph showing the setup of the in situ experiment. 
‘+ Light’ – translucent tubes allowing corals to perform photosynthesis; ‘- Light’ – opaque tubes excluding 
light. The blue arrow indicates the direction of the water flow.  
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4.3 Analytical methods 

4.3.1 Chlorophyll a fluorescence measurements 

Numerous previous studies applied the chlorophyll a fluorometry methodology (see BOX 

2) to investigate photochemical efficiency of symbiotic dinoflagellates in corals during stress both 

in the laboratory (Jones et al. 1998; Hill et al. 2005; Ulstrup et al. 2006) and in the field (Ralph et 

al. 1999; Warner et al. 2002; Iglesias-Prieto et al. 2004) as well as in cultured or freshly isolated 

Symbiodinium (Warner et al. 1999; Bhagooli and Hidaka 2003; Robison and Warner 2006; Suggett 

et al. 2008). 

Photochemical responses of cultured and in hospite Symbiodinium to experimental 

conditions (high light x elevated temperatures in Chapter I, high light x lincomycin in Chapter 

II and light deprivation in Chapter III) were assessed by means of pulse amplitude modulated 

(PAM) chlorophyll a fluorometers. In Chapter I, the effect of high light and elevated 

temperatures on the photochemical performance (Fv/Fm) and NPQ in the two cultured 

Symbiodinium clade A strains was assessed using a blue light Water-PAM chlorophyll fluorometer 

(Walz GmbH, Effeltrich, Germany). All fluorescence measurements were conducted from 08:00 

to 10:00 h at room temperature to minimize any variation in the parameters due to intrinsic 

diurnal periodicity. After keeping the sample in the dark for 12 min according to Robison and 

Warner (2006), the maximum photochemical efficiency of PSII (Fv/Fm = (Fm-F0)/Fm) was 

measured (Schreiber 2004). Subsequently, rapid light curves (RLCs) were recorded applying a 

series of eight increasing photon fluence rates at 30 s intervals, each of which was finished with a 

saturation pulse, in order to evaluate the efficiency of photochemistry and NPQ under actinic 

illumination. In Chapter II and III, measurements of effective quantum yield of photochemistry 

of PSII (ΔF/Fm’ or ΦII) of Symbiodinium in coral nubbins was performed at noon using a Diving-

PAM chlorophyll fluorometer (Walz GmbH, Effeltrich, Germany) in order to evaluate the 

symbiont’s ability to cope with maximum excitation pressure. In addition, the capacity of 

photosynthesis to recover from high-light exposure of corals was investigated by measuring 

maximum quantum yield (Fv/Fm) of in hospite Symbiodinium at night-time using a red light Water-

PAM chlorophyll fluorometer (Walz GmbH, Effeltrich, Germany) in Chapter II. Moreover, the 

simulation of gross photoinhibition conditions using the chloroplast protein synthesis inhibitor 

lincomycin allowed the calculation of gross and net loss in Fv/Fm and its recovery due to D1 re-

synthesis. 
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BOX 2 ⎮⎮  Pulse amplitude modulated (PAM) chlorophyll aa  fluorescence 
  

In photosynthetic organisms, light is absorbed by photosynthetic pigments in the light-harvesting 
complexes of both photosystems (PSI and PSII), which results in the rise of electrons of chlorophyll 
molecules from the ground state to the excited state. Excitation energy is then funnelled to the 
reaction centres (RC) of the photosystems through resonance energy transfer, where the excited state 
of the special pair of chlorophyll initiates photochemical charge separation. In addition, two other 
major pathways competitively contribute to the deactivation of the excited states of chlorophyll, 
namely fluorescence and heat dissipation (see Fig. 4.6; Butler 1978). At room temperature, most of the 
chlorophyll a fluorescence originates from PSII, and hence, fluorescence measurements principally 
provide insights about the state of PSII, but also about downstream processes (Krause and Weis 1991; 
Govindjee 1995; Baker 2008). Under normal conditions, photochemistry takes precedence over the 
other pathways in the dissipation of excitation energy, around 90% of the absorbed light energy leads 
to photochemical energy conversion (Krause and Weis 1991). Accordingly, the yields of fluorescence 
and heat dissipation are low. Illumination of a photosynthetic organism with high light reduces the 
energy funnelled to the RCs of PSII to drive photochemistry by progressively reducing primary and 
secondary electron acceptors QA and QB. Consequently, the yields of heat dissipation and 
fluorescence increase (Henriques 2009). Such changes in fluorescence following dark-light shifts have 
been observed by Kautsky and co-workers as early as 1931, and consequently referred to as Kautsky 
effect (Kautsky and Hirsch 1931). Thus, changes in fluorescence yields can be used to deduce changes 
in the photochemical efficiency of PSII. It is noteworthy that in vivo fluorescence emission of 
excitation energy is low proportional to the absorbed irradiance, accounting for 0.6 and 3–5% of light 
absorption depending on the redox state of PSII (Walker 1987; Krause and Weis 1991).

                                            

Figure 4.6 Schematic illustration of the three competing de-excitation pathways of excited states of 
chlorophyll a in the photosystem II: primary photochemistry, heat dissipation and fluorescence (in descending 
order of their importance under optimal conditions).

In modern pulse amplitude modulated (PAM) fluorometers, the measuring light is modulated and the 
detection unit is sharply tuned in order to exclusively measure fluorescence excited by this modulated 
light source, which enables chlorophyll fluorescence measurements in the presence of background 
illumination (Quick and Horton 1984). The ‘saturation pulse’ or ‘light doubling’ method of quenching 
is applied to photosynthetic samples to estimate the contribution of photochemical and non-
photochemical quenching (NPQ) to the reductions in the fluorescence yield (Bradbury and Baker 
1981; Schreiber et al. 1986; Schreiber 2004). Various useful parameters can be calculated by quenching 
analysis to characterize the state of PSII (reviewed by Krause and Weis 1991; Maxwell and Johnson 
2000; Baker 2008; Henriques 2009). 
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BOX 2 ⎮⎮  Pulse amplitude modulated (PAM) chlorophyll aa  fluorescence (continued) 
 

In the following, the fluorescence parameters relevant to this study are briefly described (see also Fig. 
4.7). In the dark-adapted state, all PSII reaction centres are maximally oxidized (‘open’ state) and 
NPQ is completely relaxed. Hence, by illuminating the sample with a weak beam (< 1 µmol photons 
m-2 s-1), minimum fluorescence F0 can be determined. In illuminated samples, PSII is partially closed 
and the corresponding minimum fluorescence is given by F (or Ft). A brief light flash, strong enough 
to reduce all reaction centres (saturation pulse), is applied in order to transiently reduce 
photochemistry to zero (all PSII reaction centres are in the ‘closed’ state) and fluorescence becomes 
maximum (Fm and Fm’ in the dark and light adapted state, respectively). In the dark-adapted sample, 
NPQ stays minimal, provided that the saturation pulse is short enough (Baker 2008). In contrast, in 
the light adapted state Fm’ is reduced compared to Fm due to NPQ, which is initiated by a built-up of a 
transthylakoidal ΔpH in the course of photosynthetic electron transport. NPQ can be quantified as 
NPQ = (Fm – Fm’)/Fm’, also referred to as Sterner-Volmer-type equation (Bilger and Björkman 1990) 
and is linearly related to heat dissipation (Maxwell and Johnson 2000). The maximum efficiency of PII 
photochemistry of dark-adapted samples is given by Fv/Fm = (Fm – F0)/Fm and is widely used as a 
sensitive marker of photosynthetic performance in plants and algae (Maxwell and Johnson 2000). PSII 
is considered to be the most susceptible to damage among various components of the photosynthetic 
apparatus. Hence, sustained decreases in Fv/Fm can be indicative of stress experienced by the plant. 
Under illumination, the quantum yield is reduced due to closure of RCs and stimulated NPQ. The 
proportion of light utilized for photochemistry, the effective quantum yield of PSII photochemistry, is 
specified as ΦII = ΔF/Fm’ = (Fm’ – F)/Fm’ and gives an estimate of the linear electron transport rate 
(ETR) through PSII (Genty et al. 1989). ETR can be calculated as ETR = ΦII x PAR x A x 0.5, where 
PAR is the light intensity (µmol photons m-2 s-1), A is the absorptance of the sample and 0.5 
represents the assumed factor that accounts for the even distribution of excitation energy between 
both photosystems (Schreiber 2004). Moreover, under non-stressful conditions, ΦII is linearly related 
to the efficiency of CO2 assimilation (Genty et al. 1989). However, this relationship does often not 
hold under stress due to enhanced utilization of alternative electron sinks, such as in photorespiration 
or in the Mehler reaction, or due to increased cyclic electron transport around PSI or PSII (Fryer et al. 
1998; Baker and Oxborough 2004). 

                      
Figure 4.7 Schematic depiction of the principle of fluorescence quenching analysis by the saturation pulse 
method. F0 – minimum fluorescence of a dark-adapted sample; Fm – maximum fluorescence of a dark-adapted 
sample after application of a saturation pulse; Fv – variable fluorescence, calculated as the difference between Fm 
and F0; Ft and Fm’ – minimum and maximum fluorescence of a light-adapted sample, respectively. (Figure taken 
from Walz). 
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4.3.2 Determination of cell densities 

In the laboratory experiment (Chapter I), cell densities of cultures were determined at 

sampling dates using a Cell and Particle Coulter Counter (Z2TM Coulter Counter®, Beckman 

Coulter GmbH, Krefeld, Germany). For this purpose, cells were fixed in 4% formaldehyde and 

stored on ice or at 4°C until further processing. The cell suspension was spun down and the 

supernatant was replaced by 100% chilled methanol and samples were treated in an ultrasonic 

bath for 3 min at 0°C (3 x 1 min sonication with 30 s rest in between) to disperse cell 

agglomerations. Then, cell densities were determined in triplicates by means of the Coulter 

Counter and the specific growth rate (µ) was calculated from data during the exponential growth 

phase from sequential generations using the exponential regression technique. Being an 

integrative parameter, specific growth rates give valuable information about the overall 

performance of an organism. 

To determine the densities of in hospite Symbiodinium during the fieldwork (Chapter II and 

III), coral tissue was stripped from the skeleton by airbrushing in 5 mL 0.01 M phosphate 

buffered saline (PBS), pH 7.4. The resulting tissue slurry was homogenized using disperser 

(Ultra-Turrax® T18 Basic, IKA®, Staufen, Germany) and the homogenate was centrifuged at 

500 g for 20 min and 4°C (Sigma 3-16K, Osterode am Harz, Germany). The supernatant was 

discarded and the remaining algal pellet resuspended in 0.01 M PBS and aliquots were fixed with 

Lugol’s iodine solution for symbiont cell counts, which were performed using an Improved 

Neubauer haemocytometer (8 counts per sample). Cell densities were normalized to coral surface 

area (cm2), as determined by the aluminium foil technique for P. decussata (Marsh 1970) and the 

paraffin wax technique for P. damicornis (Stimson and Kinzie III 1991). 

4.3.3 Pigment analysis  

For pigment analysis, samples were filtered onto 13 mm Whatman glass fibre filters 

(GF/C and GF/F for cultured and in hospite Symbiodinium, respectively), which were immediately 

snap frozen in liquid nitrogen and stored at -80°C until analysis. Sample preparation and 

quantification was performed as described in Chapter I. Briefly, filters were lyophilized for four 

hours and pigments were extracted in ice-cold 100% acetone 24 hours at 4°C in the dark 

subsequent to homogenization with glass beads in a cell mill (Vibrogen IV, Edmund Bühler, 

Tübingen, Germany). After clarification of extracts by centrifugation and filtration, pigment 

analysis was performed by reversed phase high-performance liquid chromatography (HPLC) on a 

LaChromElite® system equipped with a chilled autosampler L-2200 and a DAD detector L-2450 
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(VWR-Hitachi International GmbH, Darmstadt, Germany) applying a gradient according to 

Wright et al. (1991). Peaks were detected at 440 nm and identified as well as quantified by co-

chromatography with pigment standards obtained from DHI Lab Products (Hørsholm, 

Denmark) using the software EZChrom Elite ver. 3.1.3. Detected pigments of Symbiodinium were 

grouped into photosynthetic (PSP) and photoprotective pigments (PP). Photosynthetic pigments 

encompass chlorophyll (chl) a and c2 and the carotenoid peridinin, whereas the photoprotective 

pigments include the xanthophyll cycle pigments (XC) diadinoxanthin and diatoxanthin in 

addition to β-carotene (Ambarsari et al. 1997).  Results are expressed per cell (pg cell-1), per chl a 

and in Chapter II and III also per coral surface area (µg cm-2).  

4.3.4 Determination of chlorophyll a-specific absorption 

Spectral absorption of Symbiodinium cultures was measured according to Davies-Colley et 

al. (1986) by using quartz cuvettes filled with algal suspension, which were placed adjacent to the 

entrance slot of an integrating sphere (ISR-2200, Shimadzu, Kyoto, Japan) fitted to a 

spectrophotometer (UV-2401 PC, Shimadzu, Kyoto, Japan). The transmittance (T) was recorded 

from 370 to 750 nm at 1 nm intervals using filtered medium as a reference. The absorbance (D) 

was then calculated according to Geider and Osborne (1992) and the spectra were corrected for 

residual scattering by subtracting the average absorbance from 720 to 750 nm. Absorptions were 

normalized to chlorophyll a (chl a) content to yield the specific chl a absorption coefficient a*  

(m2 mg chl a-1; Morel and Bricaud 1981), which is reported as mean chl a-specific absorption 

coefficient * in the PAR range of the spectrum (400–700 nm).  

4.3.5 Measurement of total glutathione content 

In the laboratory experiment (Chapter I), the effect of elevated temperatures in 

combination with two photon fluence rates on total glutathione (GSx) content in both 

Symbiodinium phylotypes was assessed. Cells were harvested on day 10 and 21 and the samples 

were snap frozen in liquid nitrogen and stored at -80°C. The total glutathione content of samples 

was assayed using the glutathione reductase-DTNB recycling assay (Tietze 1969) modified for 96-

well plates. For the extraction, samples were resuspended in 5% 5-sulfosalicylic acid (SSA) and 

the cells were disrupted on ice by application of 6 x 10 s pulses of sonication at ~40 W 

(SONIFIER B-12, Branson Sonic Power Company, Danbury, USA) with 10 s resting time 

between cycles. After a subsequent centrifugation of the homogenates (5 min at 16,000 g and 

4°C), the protein-free supernatants were used for total glutathione determinations, while the 
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pellets including the precipitated protein were resuspended in 0.2 M Tris HCl at pH 7.9 and used 

for protein determinations according to Bradford (1976) using bovine serume albumine for 

standards. Final concentrations for the total glutathione determination in the reaction mixture 

(total volume of 210 µL containing 10 µL sample/standard) were 95 mM K2PO4, 0.95 mM 

EDTA, 78 µM DTNB and 0.115 U/mL glutathione reductase. After 5 min of incubation, the 

reaction was initiated by the addition of 48 µM NADPH. The change in absorbance caused by an 

increase in the yellow reaction product NBT was followed spectrophotometrically at 405 nm for 

10 min at 25°C using a temperature-controlled microtiter plate reader (FLUOStar OPTIMA & 

POLARstar OPTIMA, BMG LABTECH GmbH, Offenburg, Germany). The rate of NBT 

formation (expressed as ΔA405nm min-1) was calculated for each sample (triplicates) and the actual 

total glutathione concentration was determined by using linear regression of ΔA405nm min-1 of 

standard concentrations of GSH. The same assay was applied to measure the total glutathione 

content in the coral host. For this purpose, the host fraction (the supernatant after the 

centrifugation of the coral homogenate) was snap-frozen in liquid nitrogen, stored at -80°C, and, 

following sonication (6 x 10 s), analyzed as described above. 

4.3.6 Statistical analysis 

All data were analyzed in PASW Statistics 18.0 and checked for normal distribution and 

homogeneity of variances using a Levene test and a Shapiro-Wilk test, respectively. If required, 

transformations (logarithmic or inverse) of data were performed. Results (pigments, specific chl a 

absorption coefficient, glutathione, cell densities and specific growth rates) were analyzed using 

univariate two- and three-way analyses of variances (ANOVAs) on the main factors and their 

interaction. Chlorophyll a fluorescence data in Chapter I and II (Fv/Fm and ΔF/Fm’, 

respectively) are repeated measures and thus, would require analysis by using repeated measures-

ANOVAs (RM-ANOVAs). However, the requirement of sampling dates being equally spaced in 

time, precluded the analysis of chlorophyll a fluorescence measurement data by RM-ANOVAs in 

Chapter I and II. Thereby, a Ljung-Box test for independence was applied to check for effects 

of autocorrelation of replicates (Ljung and Box 1978) before analyzing the effect of 

corresponding experimental treatments on Fv/Fm of cultured Symbiodinium (Chapter I) and on 

ΔF/Fm’ of in hospite Symbiodinium (Chapter II) using univariate two- and three-way analyses of 

variance (ANOVAs). For Chapter I, p-values of data for the ANOVA, for which no 

transformation was successful to achieve homogeneous variances, were calculated by a simulation 

after Westfall and Young (1993). Post hoc multiple comparisons of means were performed using 
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the Tukey-Kramer HSD test for data with homogenous variances and the Dunnett’s C test for 

heteroscedastic data. Pearson product-moment and Spearman’s rank correlations were used to 

explore the relationship between variables, depending if the bivariate normal distribution of 

variables was given. For Chapter III univariate one-way ANOVA and student’s t-test were used 

to compare physiological parameters between light treatments as well as between sites. For 

heteroscedastic data, the non-parametric Wilcoxon and Kruskal-Wallis test were used to test for 

the corresponding treatment effects. In order to compare the effect of light deprivation between 

sites, pigment data were calculated as percent deviation from the corresponding data in the 

presence of light at each site. 
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ABSTRACT 

Coral bleaching is the manifestation of the dysfunction of the symbiosis between scleractinian 

corals and dinoflagellates of the diverse genus Symbiodinium and is induced by elevated 

temperatures and high irradiance. We investigated the photophysiological response of two 

genetically distinct Symbiodinium phylotypes within clade A upon exposure to elevated 

temperatures at two light intensities for three weeks. While both phylotypes displayed a 

characteristic photoacclimation to high light (HL; lower photochemical efficiency of photosystem 

II, decrease in light-harvesting pigments, increased xanthophyll pool sizes), the tolerance toward 

thermal stress clearly differed between the two phylotypes. Symbiodinium Ax was highly 

susceptible to chronic photoinhibition at temperatures ≥ 30°C, which was exacerbated under HL 

conditions. A1 showed a capacity for photoacclimation and high thermal tolerance, which might 

be related to higher cellular concentrations of photoprotective xanthophylls and the low-

molecular antioxidant glutathione (GSx) along with the dynamic regulation of these 

photoprotective pathways. Whereas HL conditions induced both accumulation of diatoxanthin 

and GSx, thermal stress further stimulated xanthophyll cycling, which might compensate for 

diminished amounts of GSx at elevated temperatures. Our results show that the two clade A 

phylotypes clearly differ in their strategies to cope with thermal stress in combination with high 

irradiance. 
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INTRODUCTION 

Coral reefs are among the most diverse ecosystems on Earth comparable to tropical 

rainforests (Connell 1978). The reef framework is built by scleractinian corals, which live in 

mutualistic symbiosis with dinoflagellates of the genus Symbiodinium Freudenthal (1962), often 

referred to as zooxanthellae. Symbiodinium resides within the endodermal cells of the coral and 

translocates up to 95% of the photosynthetically fixed carbon to its host (Muscatine 1990), while, 

in return, it is provided with inorganic nutrients from the coral (Muscatine and Porter 1977). In 

addition, the coral cells constitute a protected environment for the algal symbiont. The efficient 

nutrient recycling between both partners accounts for the ecological success and the high 

productivity of corals in oligotrophic waters (Falkowski et al. 1993).  

Presently, coral reefs are facing major threats with rising sea surface temperatures (SST) 

being the most dominant stressor on a large geographical scale. During the last century, the 

average temperature of tropical oceans has increased by ca. 0.7°C and is projected to further rise 

by 1.8–4.0°C (IPCC 2007). Corals live close to their upper thermal tolerance limits during the 

summer season (Coles et al. 1976), thus increased thermal stress to corals is correlated to an 

increased frequency, severity and geographical extent of mass coral bleaching events since the 

1980s (Glynn 1993; Hoegh-Guldberg 1999; Hoegh-Guldberg 2011). Coral bleaching results from 

the dysfunction of the coral/algae-symbiosis and subsequent loss of Symbiodinium cells from the 

coral and/or loss of algal pigmentation. If thermal stress persists, bleaching is often followed by 

high mortality, reduced growth rates and lower fecundity of the coral (Hoegh-Guldberg 2011). 

Natural climatic variability such as the El Niño Southern Oscillation (ENSO) further contributes 

to increasing SST (McPhaden 2004). ENSO events are believed to become more severe and 

devastating as a result of global climate change and have been shown to increase the frequency 

and severity of bleaching events (Hoegh-Guldberg 1999). ENSO events often cause cloud-free 

and doldrum-like conditions (Glynn 1993; Klein et al. 1999), which increase the likelihood of 

calm and clear waters, so that underwater irradiance at the coral surface is high, and warming of 

surface waters is favoured due to limited vertical mixing (Eakin et al. 2009). Light intensity is an 

important modulating factor associated with the stress levels experienced by corals at elevated 

temperatures (Jones et al. 1998). 

Environmental stress impairs Symbiodinium photosynthesis and favours the generation of 

reactive oxygen species (ROS), which might damage cell components and disrupt photosystem II 

(PSII) reaction centres by reacting with proteins, pigments, membranes and DNA (reviewed in 

Smith et al. 2005; Lesser 2011). As most photosynthetic organisms, Symbiodinium sp. can adjust 
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the imbalance between light absorption and utilization to minimize light-induced damage to PSII, 

limiting photoinhibition and maintaining maximum photosynthetic efficiency (Niyogi 1999). The 

modification of absorption rates, e.g. through the variation of the cellular content in light-

harvesting pigments to prevailing light conditions have been confirmed for Symbiodinium, both in 

culture (Hennige et al. 2009) and in hospite. Pigment content of corals can differ depending on 

different water depth, microenvironment within the reef structure (Falkowski and Dubinsky 

1981; Falkowski et al. 1990) and season (Brown et al. 1999b; Winters et al. 2009). 

If excess excitation energy was absorbed, several mechanisms may be applied: An 

important pathway to avoid PSII damage is heat dissipation by non-photochemical quenching 

(NPQ; Niyogi 1999), thereby down-regulating the quantum efficiency of PSII (dynamic 

photoinhibition; Long et al. 1994). In Symbiodinium, heat dissipation within the antenna of PSII 

appears to involve the interconversion of the xanthophyll pigments diadinoxanthin (Dd) and the 

de-epoxidized diatoxanthin (Dt; Brown et al. 1999a; Warner and Berry-Lowe 2006), which 

depends on a transthylakoidal pH gradient and is functionally equivalent to the cycling of the 

xanthophylls violaxanthin, antheraxanthin and zeaxanthin in higher plants (Demmig-Adams 

1990) and in green algae (Bischof et al. 2002). 

Although coral bleaching is attributed to the general phenomenon of photoinhibition 

(sensu Osmond 1994), underlying processes in Symbiodinium are not yet clarified completely 

(reviewed in Lesser 2011). Several primary sites of temperature sensitivity have been proposed to 

initiate the process of photoinhibition including damage to PSII, in particular degradation of the 

D1 protein (Warner et al. 1999), disintegration of the thylakoid membrane (Tchernov et al. 2004), 

generation of ROS and concomitant photo-oxidative damage to the photosynthetic apparatus 

(see Lesser 2011), impairment of Calvin cycle (Jones et al. 1998) or carbon concentrating 

mechanisms (CCM; Wooldridge 2009) and inhibition of photorepair processes (Takahashi et al. 

2004; Nishiyama et al. 2006; Takahashi et al. 2009). The Calvin cycle, and in particular, the 

enzyme ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco) is a potential target site, as 

many studies have pointed toward a decline in Rubisco activity in cultured Symbiodinium at 

elevated temperatures (Lesser 1996; Leggat et al. 2004; Lilley et al. 2010). Malfunction of CO2 

fixation or any alternative pathway for electron transport from the acceptor side of PSI leads to 

impaired electron drainage. Unless alternative electron sinks are used, these conditions may 

accelerate the generation of ROS, including singlet oxygen (1O2), superoxide anions (O2
–), 

hydrogen peroxide (H2O2) and hydroxyl radicals (•OH). As a result, a complex antioxidative 

system consisting of enzymes and low molecular weight molecules has evolved in photosynthetic 
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organisms (Asada 1999). O2
– generated at the acceptor side of PSI and the resulting H2O2 are 

scavenged by the Mehler-ascorbate peroxidase (MAP) cycle involving superoxide dismutase 

(SOD) and ascorbate peroxidase (APX) and oxidation of the cosubstrate ascorbate (AsA). AsA 

can be regenerated either directly by ferredoxin at PSI or by monodehydroascorbate reductase 

(MDAR) or dehydroascorbate reductase (DHAR) using NAD(P)H or reduced tripeptide 

glutathione (GSH; γ-glutamyl-L-cysteinyl-glycine) as an electron donor, respectively. Oxidized 

glutathione (GSSG) is efficiently regenerated by NADPH-dependent glutathione reductase (GR) 

(Asada 1999). GSH is also involved in a variety of functions including the direct detoxification of 
1O2 and •OH and protection of thiol groups of proteins and enzymes (Fotopoulos et al. 2010). 

Thermal and/or light stress may result in the accumulation of ROS in Symbiodinium 

(Downs et al. 2000; Tchernov et al. 2004; Suggett et al. 2008; see also Lesser 2011 for review), 

and in increased SOD, APX and catalase activities (Lesser 1996; Yakovleva et al. 2004). However, 

little is known about the role of GSH in Symbiodinium. Downs et al. (2000; 2002) investigated the 

temperature effect on two coral species using several stress biomarkers including GSH of the 

holobiont, whereas other studies focused on the variability in GSH in sea anemones 

(Mitchelmore et al. 2003; Sunagawa et al. 2008). The Oxidative Theory of Coral Bleaching (Downs et 

al. 2002) proposes that if the antioxidative defence of Symbiodinium cannot prevent the 

accumulation of ROS beyond a given threshold, certain ROS, most likely the uncharged H2O2, 

may diffuse out from the chloroplast, through the algal cell and into the host cell environment, 

thus generating oxidative stress within the coral cytoplasm itself. Eventually, the coral host 

eliminates the source of oxidative stress by exocytosis of algal symbionts or by apoptosis of 

whole coral cells (Gates et al. 1992; Dunn et al. 2004; Lesser and Farrell 2004). 

The genus Symbiodinium is genetically highly diverse and can be grouped into nine separate 

lineages (clades A–I) based on nuclear ribosomal DNA (Rowan and Powers 1991; Coffroth and 

Santos 2005; Pochon and Gates 2010) with Symbiodinium clade A–D being most commonly 

associated with scleractinian corals (Coffroth and Santos 2005). Each of the clades encompasses 

multiple genotypes and many coral species have been reported to contain multiple Symbiodinium 

types within a single coral species (Coffroth and Santos 2005). The specific host–algal association 

correlates with environmental conditions such as irradiance and temperature (Rowan and 

Knowlton 1995; Toller et al. 2001) with clade A being especially prevalent in shallow-water corals 

at higher latitudes, e.g. the Caribbean (LaJeunesse 2002) or the Red Sea (Karako-Lampert et al. 

2004; Winters et al. 2009). In addition to intraspecific symbiont diversity, multiple types of 

Symbiodinium have been found within single colonies in a number of corals (Rowan and Knowlton 

1995; Rowan et al. 1997; Baker 2003) and their distribution can be dynamically determined by 
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microscale differences in irradiance (Rowan et al. 1997). Studies on cultured Symbiodinium indicate 

that these phylotypes differ in their capacity for photoacclimation (Iglesias-Prieto and Trench 

1994; Iglesias-Prieto and Trench 1997; Robison and Warner 2006), their susceptibility toward 

thermal stress (Tchernov et al. 2004; Robison and Warner 2006; Suggett et al. 2008), lipid 

composition of thylakoid membranes (Tchernov et al. 2004) and presumably their antioxidative 

capacities (Lesser 2011). 

The monofactorial effects of temperature and light intensity on photosynthesis in 

Symbiodinium have been studied extensively in hospite (see Fitt et al. 2001), whereas little 

information is available from experiments on isolated and cultured Symbiodinium (e.g. Iglesias-

Prieto et al. 1992; Iglesias-Prieto and Trench 1997; Hennige et al. 2009). Even less is known 

about the synergistic effects of high light (HL) and increased temperature (Bhagooli and Hidaka 

2003; Robison and Warner 2006). Elevated temperature regimes lower the threshold light 

intensity for photoinhibition differently in bleaching tolerant and bleaching sensitive coral species 

(Fitt et al. 2001; Bhagooli and Hidaka 2004). 

However, little is currently known about the ROS scavenging capacity of different 

Symbiodinium phylotypes (Suggett et al. 2008; Lesser 2011) and its correlation to the susceptibility 

of symbionts to photoinhibition in culture as well as in hospite. The role of glutathione as a proxy 

for antioxidative capacity has not been examined for cultured Symbiodinium before. Our study 

aimed to investigate the importance of glutathione as a non-enzymatic antioxidant in determining 

stress tolerances of different Symbiodinium phylotypes. Two closely related clade A phylotypes 

Symbiodinium were chosen as clade A symbionts are considered as stress tolerant (Toller et al. 

2001), which can resist bleaching conditions due to their enhanced capacity for photoprotection 

(Reynolds et al. 2008). In long-term experiments (three weeks), the photophysiological response 

of two different phylotypes of Symbiodinium clade A toward elevated temperatures in combination 

with two levels of photon fluence rates (PFRs) was studied. Therefore, a culture-based approach 

was used to elucidate photoprotective mechanisms employed by the algae. Specifically, the 

hypothesis was evaluated that acclimation of Symbiodinium to stressful temperature and light 

conditions is accomplished by the accumulation of glutathione as has been shown in higher 

plants in response to environmental stresses (Tausz 2001). Additionally, the importance of other 

photoprotective mechanisms mediated by changes in xanthophyll cycle pigments in Symbiodinium 

in response to simultaneous increases in temperature and irradiance was addressed. 
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MATERIAL AND METHODS 

Experimental setup and sampling 

The Symbiodinium sp. strains used were CCMP2467, isolated from Stylophora pistillata from 

the Gulf of Eilat, Red Sea and CCMP2433 from Pocillopora damicornis from One Tree Island, 

Great Barrier Reef, Australia. Cultures were obtained from the Provasoli-Guillard National 

Center for Culture of Marine Algae and Microbiota (NCMA; formerly known as CCMP), 

Bigelow Laboratory for Marine Sciences (West Boothbay Harbor, ME). By DGGE analysis of 

the ribosomal Internal Transcribed Spacer region 2 (LaJeunesse 2001), CCMP2467 was found to 

belong to phylotype A1, CCMP2433 to Ax. The phylotype Ax is an unclassified phylotype of 

clade A, which clusters with Symbiodinium type A1, A4, A3 and A5 (R. Moore, pers. comm.). 

Stock cultures were grown in silicate-free f/2-Si medium (Guillard and Ryther 1962), 

pursuant to previous studies (Perez and Weis 2006; Bouchard and Yamasaki 2008; Lilley et al. 

2010), at 25°C and ca. 145 µmol photons m-2 s-1 in temperature-controlled cabinets on a 14:10 h 

light/dark cycle provided by cool and warm white fluorescent tubes (Philips T5 TLD 36 W/840 

and 36 W/830, respectively; without UV radiation). Photosynthetically active radiation was 

measured with a spherical quantum sensor (LI-193; LI-COR Biosciences, Lincoln, NE). In 

addition, light spectra in the cabinets were recorded using an UV�Vis spectroradiometer 

(RAMSES; TriOS GmbH, Oldenburg, Germany). Prior to the start of the experiment, freshly 

prepared cultures were acclimated to 25°C and 145 µmol photons m-2 s-1 for one week to achieve 

exponential growth. Before the start of the experiment (day -1), these precultures were used to 

inoculate fresh f/2-Si medium in 1 L round bottom flasks filled with 500 mL algal culture, which 

were gently bubbled with the filtered air. To minimize sticking of algal cells to the flask walls and 

to achieve homogenous cell suspensions flasks were agitated four times a day by means of a 

rotary shaker. For experimental treatments quadruplicates were exposed to different 

temperatures (25, 30 and 32°C) at two different PFRs (145 and 300 µmol photons m-2 s-1, for 

simplicity, the two PFRs are referred to as low light [LL] and HL, respectively). For both algal 

types, applied PFR in the LL and HL treatment were equivalent to 93–101% and 192–200% of 

the initial saturation irradiance EK, respectively. The irradiance used in our HL treatment is 

equivalent to ca. 70% of the average daily light dose experienced by corals on the reef flat on 

Heron Island, GBR in the summer (Middlebrook et al. 2008). Air and water temperature at each 

experimental setup were recorded every 5 min using temperature loggers (testo 175-T1, Testo 

AG, Lenzkirch, Germany and Onset TidbiT v2, Onset Computer Corporation, Pocasset, 
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respectively). Mean air and water temperatures are shown in Table 1.  

Table 1 Air and water temperatures (°C) at each experimental condition over the course of the exposure 
of Symbiodinium type A1 and Ax to different temperatures (25, 27, 30 and 32°C) and two PFRs (LL - 145 
µmol photons m-2 s-1 and HL - 300 µmol photons m-2 s-1). Data represent means ± SD. 

Treatment (°C) Air  Water  

25 24.82°C (0.98)  24.85°C (1.13) 

27 27.35°C (0.51) 27.23°C (0.57) 

30 29.97°C (0.62) 30.14°C (0.62) 

32 32.33°C (1.05) 32.10°C (0.59) 

 

Due to the thermal susceptibility of Symbiodinium Ax (see Results), exposure to one 

additional intermediate temperature (27°C) at LL and HL was applied only to this phylotype. 

Experimental temperature was increased gradually, so final treatment temperatures were reached 

after 24 h. The cultures were exposed to experimental conditions for 21 days in a semi-

continuous mode. As our study focussed on high PAR and temperature effects, all other 

parameters were kept under optimal conditions. Hence, in order to prevent nutrient limitation 

and self-shading of the algae the medium was replenished after 10 days, and thereby, cells were 

maintained in the exponential growth phase. Cell density was diminished to ca. 5 x 104 cells mL-1 

in the 500 mL culture volume. Sampling was performed every two to three days (day 3, 5, 7, 10, 

12, 14, 17, 19 and 21) starting at 08:00 h to minimize any variation in the parameters due to 

intrinsic diurnal periodicity. 

Pulse amplitude modulated fluorometry 

At each sampling time, modulated chlorophyll fluorescence was measured with a blue 

light Water-PAM chlorophyll fluorometer (Walz GmbH, Effeltrich, Germany). All fluorescence 

measurements were conducted at room temperature and stirring of samples was only applied 

during the short periods between consecutive saturation pulses to prevent interference with the 

fluorescence signal (Cosgrove and Borowitzka 2006). The diluted samples (ca. 2 mL) were kept in 

the dark for 12 min according to earlier works (Robison and Warner 2006) and prior to the 

measurements of maximum photochemical efficiency of PSII (Fv/Fm = [Fm - F0]/Fm; Schreiber 

2004), a pulse of weak far-red light (λ ~ 730 nm) was applied. Subsequently rapid light curves 

were recorded applying a series of eight increasing PFRs at 30 s intervals, each of which was 

finished with a saturation pulse, and NPQ (NPQ = [Fm - Fm’]/Fm’) was determined according to 

Schreiber (2004). 
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Growth determination 

Frequent formation of agglomerations constrains the accurate determination of cell 

densities of Symbiodinium sp. in culture. The following procedure has enabled the disaggregation: 

cells of given sample volumes were collected by centrifugation (5 min, 1550 g, 4°C) and the 

supernatant was discarded. The harvested cells were fixed with 4% formaldehyde and stored on 

ice or at 4°C until further processing. The fixed cell suspension was centrifuged again (5 min, 

1550 g, 4°C) and the supernatant was replaced by 100% chilled methanol. Subsequently, the 

samples were treated in an ultrasonic bath for 3 min at 0°C, with 30 s rest between each 

sonication cycle of 1 min. Microscopic inspections confirmed the absence of aggregations, and 

cell densities were determined in triplicates using a Cell and Particle Coulter Counter 

(Z2TM Coulter Counter®; Beckman Coulter GmbH, Krefeld, Germany). The specific growth rate 

(µ) was determined from algal cell densities during the exponential growth phase from sequential 

generations using the exponential regression technique. 

Measurement of light absorption 

Spectral absorption was measured according to Davies-Colley et al. (1986) by using quartz 

cuvettes filled with undiluted algal suspension, which were placed adjacent to the entrance slot of 

an integrating sphere (ISR-2200; Shimadzu, Kyoto, Japan) fitted to a spectrophotometer (UV-

2401 PC; Shimadzu). The transmittance (T) was recorded from 370 to 750 nm at 1 nm intervals 

using filtered medium as a reference. The absorbance (D) was then calculated according to 

Eq. (1) (Geider and Osborne 1992): 

D = - log10 (1 - A)      (1) 

T = 1 – (A + R)     (2) 

where A is the absorptance and is related to transmittance via Eq. (2). This approach assumes 

that attenuation is primarily due to absorption by the algal suspension, since the scattering of 

light (reflectance R) by suspensions of microorganisms is strongly directed in the forward 

direction (Berberoglu et al. 2008) and hence the amount of reflectance R due to backscattering is 

considered to be negligible. The spectra were corrected for residual scattering by subtracting the 

average absorbance from 720 to 750 nm. Absorptions were normalized to chlorophyll a (chl a) 

content to yield the specific chl a absorption coefficient a* (m2 mg chl a-1; Morel and Bricaud 

1981), which is reported as mean chl a-specific absorption coefficient * in the PAR range of the 

spectra (400–700 nm).  
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High-performance liquid chromatography analysis 

After addition of 1% MgCO3 subsamples of cultures were filtered onto 13 mm Whatman 

GF/C glass fibre filters, which were immediately snap frozen in liquid nitrogen and stored at       

-80°C until analysis. After 4 h of lyophilization (Christ Alpha 1-4 LD plus, Germany) ice-cold 

100% acetone and glass beads (2 & 4 mm diameter) were added and the filters were 

homogenized in a cell mill (Vibrogen IV; Edmund Bühler, Tübingen, Germany) at 0°C for 3 min. 

The filtrates were extracted for 24 h at 4°C in the dark. Subsequently, the extract was centrifuged 

at 16,000 g and 4°C for 5 min and filtered through a nylon syringe filter (pore size: 0.45 µm, 

Nalgene®; Labware, Rochester, NY). Pigment analysis was performed by reversed phase HPLC 

on a LaChromElite® system equipped with a chilled autosampler L-2200 and a DAD detector   

L-2450 (VWR-Hitachi International GmbH, Darmstadt, Germany). A Spherisorb ODS-2 

column (25 cm x 4.6 mm, 5 µm particle size; Waters, Milford, MA) with a LiChrospher® 100 RP-

18 guard cartridge was used for the separation of pigments, applying a gradient according to 

Wright et al. (1991). Peaks were detected at 440 nm and identified as well as quantified by co-

chromatography with pigment standards for chl a, chl c2, peridinin (per), Dd, Dt and β-carotene 

(β-car) obtained from DHI Lab Products (Hørsholm, Denmark) using the software EZChrom 

Elite ver. 3.1.3. Pigment concentrations other than chl a were normalized to chl a to account for 

phylotype-specific differences in cell sizes. 

Total glutathione determination  

Cells were harvested on day 10 and 21 by centrifugation of cultures in 50 mL conical 

tubes (Sarstedt, Nümbrecht, Germany) at 1,550 g and 4°C for 5 min. The pellet was resuspended 

in sterile f/2-Si medium and transferred to a 1.5 mL Eppendorf tube. After additional 

centrifugation (16,000 g at 4°C, 5 min), the supernatant was discarded and the samples were snap 

frozen in liquid nitrogen and stored at -80°C. The total glutathione (GSx) content of samples was 

assayed using the GR-DTNB recycling assay (Tietze 1969) modified for 96 well plates. For the 

extraction, samples were resuspended in 5% 5-sulfosalicylic acid, and the cells were disrupted by 

application of 6 x 10 s pulses of sonication with 10 s resting time between cycles on ice at 

ca. 40 W (SONIFIER B-12; Branson Sonic Power Company, Danbury, CT). After a subsequent 

centrifugation of the homogenates (5 min at 16,000 g and 4°C), the protein-free supernatants 

were used for total glutathione determination, while the pellets including the precipitated protein 

were resuspended in 0.2 M Tris HCl at pH 7.9 and used for protein determinations according to 

Bradford (1976) using bovine serum albumin for standards. Final concentrations for total 
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glutathione determination in the reaction mixture (total volume of 210 µL containing 10 µL 

sample/standard) were 95 mM K2PO4, 0.95 mM EDTA, 78 µM DTNB and 0.115 U mL-1 GR. 

After 5 min of incubation, the reaction was initiated by the addition of 48 µM NADPH. The 

change in absorbance caused by increments in the yellow reaction product NBT was followed 

spectrophotometrically at 405 nm for 10 min at 25°C using a temperature-controlled microtiter 

plate reader (FLUOStar OPTIMA & POLARstar OPTIMA, BMG LABTECH GmbH, 

Offenburg, Germany). The rate of NBT formation (expressed as ΔA405nm min-1) was calculated 

for each sample (triplicates) and the actual total glutathione concentration was determined by 

using linear regression of ΔA405nm min-1 of standard concentrations of GSH. 

Statistical analysis 

Data were analyzed in PASW Statistics 18.0 using univariate two- and three-way analysis 

of variance (ANOVA). Beforehand a Ljung-Box test for independence was applied to check for 

effects of autocorrelation of replicates (Ljung and Box 1978). Assumptions of normal 

distribution and homogeneity of variances were tested using a Shapiro–Wilk test and a Levene 

test, respectively. For heteroscedastic data the corresponding p-values for the ANOVA were 

calculated by a simulation after Westfall and Young (1993). Multiple comparisons of means were 

performed using the post hoc Tukey–Kramer HSD test for data with homogenous variances and 

the Dunnett’s C-test for heteroscedastic data. A critical significance level of 5% was applied. 

Pearson product-moment and Spearman’s rank correlations were used to explore the relationship 

between variables, dependent on if the bivariate normal distribution of variables was given. 
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RESULTS 

Growth 

Symbiodinium phylotype A1 exhibited significantly higher growth rates (p < 0.001) 

compared to type Ax and significant negative temperature effects on growth (p < 0.001; Table 2). 

In A1 algae, a significant interactive effect of temperature and PFR (p = 0.011) was observed. HL 

exposure significantly enhanced growth of algae kept at 25°C by 16%, while no differences were 

apparent at 30 and 32°C. At each PFR level, increasing temperature from 25 to 32°C caused a 

significant growth decline of A1 algae by 39% and 53% at LL and HL, respectively. Furthermore, 

HL-acclimated A1 algae grew significantly faster (by 17%) at 25°C compared to 30°C (Table 2). 

The algal phylotype Ax was highly susceptible to thermal stress as cultures exposed to 

32°C showed negative growth (Table 2), so that the experiment had to be terminated after 

10 days. A temperature increase from 25°C to 30°C caused a significant reduction in growth by 

42% and 60% at LL and HL, respectively. At 25°C and 27°C, however, Ax cultures showed 

similar growth rates. Although algae exposed to 30°C at HL grew slightly slower compared to 

algae at LL at the same temperature, no significant differences in growth between the two PFRs 

could be detected for this phylotype. 

Table 2 Cellular growth rates (µ, day-1) for Symbiodinium phylotype A1 and Ax, maintained under LL and 
HL (145 and 300 µmol photons m-2 s-1, respectively) at different temperature regimes (25, 27, 30 and 
32°C). Data represent mean values ± SEM (n = 4).  

  Symbiodinium A1 Symbiodinium Ax 

 LL HL LL HL 

Temperature (°C) µ (day-1) µ (day-1) µ (day-1) µ (day-1) 

25 0.31 (0.01) a 0.36 (0.01) a* 0.26 (0.01)A 0.27 (0.003)A 

27 n.m. n.m. 0.27 (0.01)A 0.26 (0.004)A 

30 0.31 (0.01) a 0.30 (0.003) b 0.15 (0.01)B 0.11 (0.01)B 

32 0.19 (0.01) b 0.17 (0.01) c -0.04 (0.02)C† n.m. 

n.m. - parameter not measured for this Symbiodinium phylotype under given experimental conditions. 
Different capital letters indicate significant overall effects of temperature, whereas lower case denotes 
differences between temperature treatments within one PFR, when interactive effects were detected. 
Asterisks indicate significant differences in light treatments at the respective temperature level. † Exposure 
of type Ax exposed to low light and 32°C was terminated after 10 days.  
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Pulse amplitude modulated fluorometry 

Changes in photochemical efficiency and NPQ of chl a fluorescence of Symbiodinium 

phylotype A1 and Ax in response to different temperatures and two PFRs are illustrated in 

Figs. 1 and 2, respectively. 

For algal type A1, significant effects of temperature, PFR (light) and duration of exposure 

(time) on Fv/Fm were revealed (Table 3a; Fig. 1a,b). Algal cells responded to HL by significantly 

lowering their Fv/Fm from day 3 onward (p < 0.001, Table 3a). However, the extent of decline 

was dependent on temperature, ranging from 5.5% to 10.4% at 25°C and 30°C, respectively. 

Overall, algal cells growing at 30 and 32°C showed significantly lower Fv/Fm values compared to 

those exposed to 25°C (4% and 11.2%, respectively, p < 0.001). However, the degree of decline 

in Fv/Fm was dependent on the PFR (light x temperature: p < 0.001; Table 3a). At HL, all 

temperature treatments were significantly different from each other with the greatest decline in 

Fv/Fm detected at 32°C. In contrast, LL cultures at 25°C and 30°C showed similar Fv/Fm values. 

Furthermore, a significant decline of Fv/Fm over the time of exposure was detected (p < 0.001; 

Table 3a). However, this effect was mainly driven by the response of algal type A1 to high PFR 

(time x light; p < 0.001), and to elevated temperatures (time x temperature; p < 0.001; Table 3a). 

The decrease in Fv/Fm over time was more pronounced in the HL treatment (17.2%) compared 

to that in LL (6.0%). 

The degree of NPQ in algal phylotype A1 exposed to different temperatures at LL and 

HL on measuring day 10 is exemplarily shown in Fig. 1c,d, respectively. NPQmax was 1.8 times 

higher for HL cultures than for LL algal cells. Cultures exposed to 32°C showed higher levels of 

NPQ at both PFRs compared to 25 and 30°C. Interestingly, overall HL exposure resulted in a 

significant increase of NPQmax in algae at 30 and 32°C, but not at 25°C. NPQmax was negatively 

correlated with Fv/Fm  (Spearman’s rho = -0.641, p < 0.001). 
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Figure 1 Pulse amplitude 
modulated fluorescence 
measurement data for 
Symbiodinium type A1 
exposed to different 
temperatures (25°C–
circles, 30°C–squares and 
32°C–triangles) at low 
light (LL – 145 µmol 
photons m-2 s-1; a,c; filled 
symbols) and high light 
(HL – 300 µmol photons 
m-2 s-1; b,d; open 
symbols). (a,b) Maximum 
photochemical efficiency 
(Fv�Fm) over the course of 
21 days of exposure to 
experimental conditions. 
(c,d) Non-photochemical 
quenching (NPQ) of 
fluorescence as a function 
of PAR derived from 
rapid light curves on day 
10. Error bars represent 
the SEM (n = 4). 

For algal type Ax, significant effects of temperature, light and time on maximum 

photochemical efficiency Fv/Fm were also found (Table 3b; Fig. 2a,b). In response to HL, algae 

showed lower Fv/Fm values (p < 0.001; Table 3b), while degree of change was positively related 

to temperature (6.8, 10.4 and 13.8% at 25, 27 and 30°C, respectively). This phylotype turned out 

to be highly susceptible to increased temperatures (p < 0.001; Table 3b): exposure of algae to 

32°C at LL led to a drastic decrease in Fv/Fm by 87.8% on day 10. The experiment yielded no 

reasonable data and had to be terminated after 10 days. Even at 30°C, phylotype Ax showed a 

distinct decline in Fv/Fm after 2 weeks of exposure under LL and after ca. 10 days under HL. 

After 21 days of exposure to these conditions, values were lowered by 85% and 93% compared 

to cultures at 25°C at LL and HL, respectively. The response to temperature was influenced by 

PFR (light x temperature; p = 0.048; Table 3b). Post hoc analyses identified significant differences 

between all temperature treatments at HL, whereas at LL algae at 25 and 27°C had similar Fv/Fm 

values, but were significantly different from those at 30 and 32°C. Overall Fv/Fm decreased over 

the period of exposure (p < 0.001; Table 3b). However, the temporal changes were driven by the 

response toward increased PFR and elevated temperatures (time x light, time x temperature; both 
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p < 0.001, Table 3b). While under LL Fv/Fm decreased by 30.2% (not including the 32°C 

treatment), Fv/Fm in HL-exposed algae dropped by 45.7%. In addition to significant two-way 

interactions, also a significant three-way interactive effect between time, light and temperature 

was observed for this phylotype (p = 0.039; Table 3b).  

The course of NPQ for algal type Ax on day 10 is shown in Fig. 2c,d. HL-acclimated 

algae exhibited a 1.2 times higher capacity in NPQ. However, this response was mainly attributed 

to the algae growing at 27°C, which showed 1.8 times higher NPQ at HL compared to LL 

(p < 0.001). While at LL no differences could be observed between cultures at 25, 27 and 30°C, 

under HL the algae at 27°C showed increased capacity for NPQ compared to those at 25 and 

30°C. At LL the algae at 32°C showed lowered capacity for NPQ, presumably due to its overall 

impaired fitness. In contrast to algal phylotype A1, no significant correlation between the capacity 

for NPQ (NPQmax) and to Fv/Fm was found. 

Figure 2 Pulse amplitude 
modulated fluorescence 
measurement data for 
Symbiodinium type Ax 
exposed to different 
temperatures (25°C–circles, 
27°C–diamonds, 30°C–
squares and 32°C–triangles) 
at low light (LL – 145 µmol 
photons m-2 s-1; a,c; filled 
symbols) and high light (HL 
– 300 µmol photons m-2 s-1; 
b,d; open symbols). (a,b) 
Maximum photochemical 
efficiency (Fv/Fm) over the 
course of 21 days of 
exposure to experimental 
conditions. (c,d) Non-
photochemical quenching 
(NPQ) of fluorescence as a 
function of PAR derived 
from rapid light curves on 
day 10. Error bars represent 
the SEM (n = 4). 
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Table 3 Univariate three-factorial analyses of variance (ANOVAs) testing the effect of temperature, PFR 
(light) and duration of exposure (time) on the maximum photochemical efficiency of PSII (Fv/Fm) for 
Symbiodinium phylotype A1 (a) and Symbiodinium Ax (b). Temperature: 25, 27, 30 and 32°C; light: 145 and 
300 µmol photons m-2 s-1; time: day -1, 3, 5, 7, 10, 12, 14, 17, 19 and 21. 

Source of variation d.f. Sum of Squares (SS) Mean of Squares F – ratio p – value 

a) ANOVA for Symbiodinium A1      

Time 9 0.081 0.009 27.379 < 0.001 

Light 1 0.114 0.114 346.147 < 0.001 

Temperature 2 0.158 0.079 239.041 < 0.001 

Time x light 9 0.044 0.005 14.891 < 0.001 

Time x temperature 18 0.064 0.004 10.787 < 0.001 

Light x temperature 2 0.008 0.004 12.58 < 0.001 

Time x light x temperature  18 0.007 < 0.001 1.164 0.356 

Error 174 0.057 < 0.001   

Total 233 0.555       

b) ANOVA for Symbiodinium Ax      

Time 9 1.194 0.133 148.857 < 0.001 

Light 1 0.15 0.15 168.827 < 0.001 

Temperature 3 1.055 0.352 394.657 < 0.001 

Time x light 9 0.059 0.007 7.348 < 0.001 

Time x temperature 22 1.735 0.079 88.476 < 0.001 

Light x temperature 2 0.006 0.003 3.126 0.048 

Time x light x temperature 18 0.038 0.002 2.344 0.039 

Error 179 0.16 0.001   

Total 243 4.255      

 

Mean chl a absorption coefficient 

Regardless of duration of exposure, no significant change in the mean chl a absorption 

coefficient * (400–700 nm) was observed in phylotype A1 upon exposure to HL (Table 4). 

Nonetheless, on day 21 HL-acclimated algae showed slightly greater * values for cultures at 25 

and 30°C. Interestingly, on the same day cultures exposed to 30°C showed depressed * 

compared to algae at 25 and 32°C irrespective of the light regime. By the end of the experiment 

there was a significant overall increase in * in the A1 algae (time effect; p < 0.001). The mean 

chl a absorption coefficient * was significantly higher in phylotype Ax compared to A1 

(p = 0.043; compare Table 4) and there was neither a time nor a temperature effect in * 

observed in this phylotype. On day 10 LL-acclimated algae growing at 30°C showed a higher * 

compared to 25 and 27°C. On day 21, HL exposure resulted in a significant decrease in * in Ax 

algae.  
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Table 4. Mean chl a-specific absorption coefficient * (400–700 nm; m2 mg chl a-1) for Symbiodinium 
phylotype A1 and Ax exposed to different temperatures (25, 27, 30 and 32°C) at LL and HL on day 10 
and 21. All values represent means ± SEM (n = 4).  

Algal type Temperature 
(T) Day 10 p-value (L) Day21 p-value (L) 

    LL HL   LL HL  

Symbiodinium sp. A1 25°C 0.0054 (0.0003) 0.0062 (0.0008) NS 0.0097 (0.0012) 0.0132 (0.0026) NS 

 30°C 0.0057 (0.0002) 0.0051 (0.0001)  0.0066 (0.0004) 0.0076 (0.0001)  

 32°C 0.0070 (0.0005) 0.0057 (0.0001)  0.0105 (0.0011) 0.0091 (0.0003)  

 p-value (T) NS NNS  0.012 (25°C, 32°C > 30°C) NS 

Symbiodinium sp. Ax 25°C 0.0106 (0.0004) 0.0085 (0.0011) NS 0.0103 (0.0001) 0.0077 (0.0005) 0.021  

 28°C 0.0092 (0.0007) 0.0118 (0.0033)  0.0100 (0.0009) 0.0094 (0.0004) (LL > HL) 

 30°C 0.0140 (0.0013) 0.0101 (0.0006)  ND ND  

 p-value (T) NS NS NS NS 

ANOVA results for the respective day (p-values < 0.05 and NS: not significant, respectively) are 
highlighted in bold and italic for main (T–temperature; L–light) and interactive effects (T x L), 
respectively. For the main effects significantly different groups are shown in parentheses. ND–data were 
not detectable due to a high noise/signal-ratio. 

Light-harvesting pigments 

The changes in photosynthetic pigment composition of phylotype A1 and Ax are 

summarized in Table 5. Cellular chl a concentrations of phylotype A1 were generally higher 

(Table 5) and cell size was smaller (data not shown) compared to algal type Ax. No consistent 

pattern of change in cellular chl a concentration was observed during experimental exposure of 

both algal phylotypes. For A1 algae, cellular chl a concentrations were mostly lower in HL-

acclimated algae compared to LL-exposed cells. On day 10 this reduction in chl a in response to 

HL was significant at 25°C (by 51.4%). No changes with respect to chl c2 concentration were 

observed due to exposure to HL. Over the course of exposure variability in chl c2 content was 

caused by elevated temperature with decreasing chl c2 concentrations at increasing temperatures. 

On day 21 at 32°C chl c2 was significantly decreased by 69.8% and 31.6% compared to 25 and 

30°C, respectively. Peridinin (per) concentrations normalized to chl a showed a HL-induced 

decline on day 10, but this was only significant at 30 and 32°C showing a decline of 21.2% and 

25.1%. On day 21 cultures exposed to 30°C showed a significant reduction in peridinin 

concentrations at both PFRs. 

For algal type Ax, a significant reduction in chl a and chl c2 was found at 30°C under LL 

conditions on day 21. The loss of cellular chl a was exacerbated under HL conditions, showing a 

reduction of 93% at 30°C (Table 5). A significant reduction in light-harvesting pigments was 

found in this phylotype with significantly lower concentrations in peridinin (by 13.6%) on day 21 
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and in chl c2 on day 10 (by 55.1%) in response to HL. 

Photoprotective pigments 

Symbiodinium phylotype A1 experienced a significant two-fold increase in β-car when 

exposed to HL on day 10 (Table 5). However, at the same time there was also a significant 

reduction in β-car by 11.6% in algae grown at 32°C compared to those grown at 25 and 30°C. In 

algal type Ax, cultures at 30°C exhibited significantly lower concentrations in β-car on day 10 

compared to 25°C by 46%. In contrast to A1, no significant light-induced change in β-car was 

detected for phylotype Ax. 

The xanthophyll pool size normalized to chl a for phylotype A1 was significantly lower in 

HL-acclimated algae on day 10 (Table 5), whereas the opposite was the case on day 21. Similarly, 

on day 10 higher cellular xanthophyll pool sizes were measured in LL cells, but this difference 

was only significant at 25°C (Table 5). On day 21 no differences in cellular xanthophyll 

concentrations were observed. In phylotype A1, temperature had only a minor effect on the 

xanthophyll pool size and when normalized to chl a it significantly increased with increasing 

temperatures on day 10 with cultures exposed to 32°C showing the greatest concentrations 

(Table 5). This increase was more pronounced at HL, which was also reflected in significant 

differences in the cellular xanthophyll pool size between cultures grown at 25 and 32°C (Table 5). 

The cellular xanthophyll pool size of phylotype Ax was only 56% of the pool size of A1 

(see Table 5). However, for Ax the only significant effect of experimental conditions was a slight 

HL-induced increase in xanthophyll pool size normalized to chl a on day 10 (Table 5). 

For phylotype Ax, the xanthophyll pool size normalized to chl a was negatively correlated 

with maximum photochemical efficiency Fv/Fm (Spearman’s rho = -0.47, p < 0.001), whereas in 

Symbiodinium A1 this correlation was not significant. For algal phylotype A1, however, this 

negative correlation was significant within each PFR (LL: Spearman’s rho = -0.46, p = 0.005; HL: 

Spearman’s rho = -0.38, p = 0.023). In addition, a positive correlation between xanthophyll pool 

size normalized to chl a and NPQmax was only significant for HL-acclimated Symbiodinium A1 

(Spearman’s rho = 0.445, p = 0.007), whereas this relationship was not significant for algal 

phylotype A1 at LL and Ax in general.  

A high variability in the activity of the xanthophyll cycle expressed as its de-epoxidation 

state (DPS = [Dt/(Dd + Dt)]) was found for both phylotypes. For A1 the HL-acclimated algae 

exhibited a significantly enhanced activity of xanthophyll turnover at HL on day 10 (Fig. 3a,b), 

whereas on day 21 LL- and HL-acclimated algae had similar DPS. Nevertheless, different 
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temperatures caused most of the variability in DPS for phylotype A1. The activity of the 

xanthophyll cycle significantly increased with increasing temperature with cultures exposed to 

32°C showing the highest DPS values. Only on day 21, no significant temperature effect could be 

detected for HL-acclimated algae, whereas at LL DPS was significantly higher at 32°C compared 

to 25 and 30°C. 

The DPS in A1 was negatively correlated with Fv/Fm (Spearman’s rho = -0.546, 

p < 0.001), while the relationship of DPS to NPQmax and xanthophyll pool size normalized to 

chl a, respectively, was different between the PFRs. Interestingly, in contrast to HL-acclimated 

algae, DPS in LL cultures was highly positively correlated with xanthophyll pool size normalized 

to chl a (Spearman’s rho = 0.705, p < 0.001). A positive correlation between DPS and NPQmax 

was only detected in HL-acclimated algae (Spearman’s rho = 0.368, p = 0.035). 

Contrary to algal phylotype A1, there was no HL-induced variation in DPS for 

Symbiodinium Ax at all (Fig. 3c,d). However, algae exposed to 30°C exhibited significantly higher 

xanthophyll cycle activities compared to those at 25 and 27°C on all measuring days. For this 

algal type a significant relationship between both DPS and Fv/Fm and DPS and xanthophyll pool 

size normalized to chl a was detected (Spearman’s rho = -0.446, p < 0.001 and Spearman’s rho = 

0.410, p = 0.001, respectively).  
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Figure 3 De-epoxidation state (DPS) of the xanthophyll pool consisting of diadinoxanthin (Dd) and 
diatoxanthin (Dt) [DPS = Dt/(Dd+Dt)] of Symbiodinium phylotype A1 (a,b) and Ax (c,d) exposed to 
different temperatures at low (LL – 145 µmol photons m-2 s-1; a,c) and high PFRs (HL - 300 µmol 
photons m-2 s-1; b,d). Algae exposed to 25°C (  and  at LL and HL, respectively), 27°C (  and  at 
LL and HL, respectively), 30°C (  and  at LL and HL, respectively) and 32°C (  and  at LL and 
HL, respectively) are indicated. Error bars in (a-d) represent the SEM (n = 4). Asterisks with bars mark 
significant overall light effects, whereas different capital letters show significant differences between 
temperature treatments overall on the same day. If significant interactive effects of temperature and light 
were detected, different lower case letters mark temperature effects within one light level on the same day. 
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Total amount of glutathione 

The most striking finding is that the algal type A1 contains an approximately five times 

larger pool size of glutathione at 25°C and LL compared to phylotype Ax (A1: 2882.1 nmol GSx 

mg-1 protein; Ax: 580.9 nmol GSx mg-1 protein; p < 0.001). The total amount of glutathione 

expressed as % of the control values (25°C and LL) for A1 and Ax on day 10 and 21 is illustrated 

in Fig. 4a–d. Interestingly, in algal type A1 a high variability in the glutathione pool upon 

experimental conditions was detected, whereas no effect at all was obvious for algal type Ax 

(compare Fig. 4a–d). The glutathione pool of A1 was progressively diminished with increasing 

temperature both on day 10 and 21 (Fig. 4a,b). On day 10 A1 algae exposed to 30°C had 20% 

less glutathione compared to those at 25°C. Due to experimental limitations no data are available 

for the 32°C treatment on day 10. However, the day 21 results corroborate the progressive 

decline in the total amount of glutathione with increasing temperatures. Algae grown at 30 and 

32°C showed a reduction in glutathione pool size by 35.4 and 52.5%, respectively, compared to 

algae grown at 25°C. In addition, algal type A1 exhibited a strong response to HL concerning its 

glutathione pool size on day 21 with HL-acclimated algae having 63.3% higher levels of 

glutathione (compare Fig. 4a,b). A significant negative correlation between the total amount of 

glutathione and DPS of the xanthophyll pool (Pearson correlation coefficient r = -0.428, 

p = 0.007) was detected for A1. 
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Figure 4 Total amount of glutathione (in % of the control at 25°C and LL) for Symbiodinium type A1 (a,b) 
and type Ax (c,d) exposed to different temperatures at low (LL – 145 µmol photons m-2 s-1; a,c) and high 
PFRs (HL - 300 µmol photons m-2 s-1; b,d). Algae exposed to 25°C (  and  at LL and HL, 
respectively), 27°C (  and  at LL and HL, respectively), 30°C (  and  at LL and HL, respectively) 
and 32°C (  and  at LL and HL, respectively) are indicated. Error bars represent the SEM (n = 4). 
Significant overall temperature and light effects are highlighted with different capital letters and asterisks 
with bars, respectively. 
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DISCUSSION 

We investigated the combined effects of enhanced temperatures and increased irradiances 

on the photosynthetic performance of two Symbiodinium clade A phylotypes. Clade A symbionts 

are predominant especially in shallow-water dwelling corals in reefs of the Caribbean (LaJeunesse 

2002) and the Red Sea (Gulf of Aqaba; Karako-Lampert et al. 2004; Winters et al. 2009). Some 

coral species (e.g. Montastraea faveolata in the Caribbean and S. pistillata in the Gulf of Eilat) host 

multiple Symbiodinium types with clade A symbionts prevalent in corals dwelling in HL 

environments (Rowan et al. 1997; Karako-Lampert et al. 2004; Winters et al. 2009). This clade is 

considered a stress-tolerant generalist (Toller et al. 2001), which resists simultaneous increases in 

light and temperature due to an enhanced capacity of photoprotective pathways (Reynolds et al. 

2008). However, it should be noted here that photoacclimation responses of Symbiodinium 

observed in this study might diverge from those of in hospite zooxanthellae due to differences in 

irradiance, UV radiation and inorganic nitrogen supply. Also, the light environment on coral reefs 

varies with latitude, depth, season and time of day. Moreover, the irradiance levels reaching 

Symbiodinium in hospite likely differ from the ambient levels (Kühl et al. 1995; Kaniewska et al. 

2011). However, as our study aimed to physiologically characterize the acclimation mechanisms 

of cultured Symbiodinium to increased PAR and temperature, additional effects of UV radiation 

and nutrient limitation were beyond the scope of the study. 

Stress effects on photosynthesis and growth 

The results of this study show that the two phylotypes of Symbiodinium clade A clearly 

differ in their strategies to cope with thermal stress in combination with high irradiance. 

Symbiodinium phylotype A1 showed higher growth rates and superior tolerance to increased light 

or temperature and their combination. HL-induced enhancement of cellular growth of algal type 

A1 at 25°C is consistent with findings by other studies (Robison and Warner 2006; Hennige et al. 

2009), which showed higher growth of most Symbiodinium types at higher irradiances. By contrast, 

no such HL-induced enhancement was found for A1 at elevated temperatures or for Ax at any of 

the temperatures. While HL-acclimated algae generally showed lowered photochemical 

efficiencies (Fv/Fm) compared to LL, this decline was more marked in phylotype Ax. Fv/Fm has 

been widely used to investigate photochemical performance and stress in photosynthetic 

organisms (reviewed in Baker 2008). Decreases in Fv/Fm can be associated with photoinhibition 

involving damage to PSII reaction centres (Baker 2008) or photoprotective processes including 

xanthophyll-dependent NPQ (Brown et al. 1999a). The HL-induced decline in maximum 



� � Chapter I – Photoprotection of Symbiodinium clade A 
   

� 75�

quantum yield of PSII photochemistry is consistent with previous studies on cultured 

Symbiodinium, which reported lower Fv/Fm values for HL-acclimated algae for most investigated 

algal types (Robison and Warner 2006; Hennige et al. 2009). Furthermore, natural Symbiodinium 

populations in hospite exhibit variation in Fv/Fm along a depth (light) gradient with lower values in 

shallow-water dwelling corals (Warner et al. 2002). In addition, shallow-water corals show 

seasonal and diurnal variations in quantum yield (Fv/Fm and ΔF/Fm’), which closely follow 

changes in downwelling irradiance with lowest Fv/Fm values during late summer months (Warner 

et al. 2002) or at peak irradiances at midday (Brown et al. 1999a; Gorbunov et al. 2001; Warner 

and Berry-Lowe 2006). The diurnal down-regulation of photosynthetic activity is mostly fully 

reversible and involves up-regulation dissipation of excessive light energy via NPQ (e.g. Brown et 

al. 1999a; Gorbunov et al. 2001; Warner and Berry-Lowe 2006). However, a small fraction of 

PSII reaction centres in Symbiodinium is affected by chronic photoinhibition at midday (Hoegh-

Guldberg and Jones 1999; Gorbunov et al. 2001). The decline in Fv/Fm at HL found in this study 

might be due to photoacclimation, rather than photoinhibition at all temperatures for A1 and at 

25 and 27°C for Ax, as after an initial reduction, Fv/Fm stabilizes at a new level. These findings 

are in accordance with previous studies (Robison and Warner 2006; Hennige et al. 2009). Several 

studies reported that diurnal reductions in quantum yield at midday were correlated with 

enhanced xanthophyll cycling, indicative of strong capacity for NPQ (Brown et al. 1999a; Warner 

and Berry-Lowe 2006). An inverse correlation between NPQmax and Fv/Fm in A1 corroborates a 

photoacclimative down-regulation of photochemical activity of PSII. Moreover, this is supported 

by the fact that growth, as an integrative physiological parameter, is not impaired by increased 

PFRs. However, photoinhibitory damage to PSII reaction centres cannot be excluded as an 

underlying cause for the decline in Fv/Fm. The growth reduction in A1 at 32°C was accompanied 

by only slightly lower Fv/Fm values. Uncoupling of growth and photosynthesis is suggested to be 

due to higher metabolic costs demanded in repair and protection pathways (see below) and due 

to increased respiration rates. Elevated temperatures are known to be associated with increased 

respiration rates in microalgae (Coleman and Colman 1980) and in Symbiodinium (Karako-Lampert 

et al. 2005). To which extent elevated temperatures affected photorespiration in this study 

remains unresolved. Generally, elevated temperatures stimulate photorespiration in plants by 

increasing the ratio of O2/CO2 due to differential solubility responses. This is particularly crucial 

for the form II Rubisco of dinoflagellates, which is characterized by a high affinity for O2 (Rowan 

et al. 1996). However, the operation of a CCM in Symbiodinium was postulated to counterbalance 

these limitations (Leggat et al. 1999; Bertucci et al. 2010). Moreover, there is evidence for 

temperature-dependent inhibition of Rubisco activity (Warner et al. 1996; Leggat et al. 2004; 
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Lilley et al. 2010), which is likely to negatively affect photorespiration (see below). By contrast, 

the severe impairment of growth in Ax at elevated temperatures (30 and 32°C) was reflected by 

sharp reductions in the photochemical efficiency of PSII indicative of chronic photoinhibition. 

The decline in the maximum quantum efficiency of PSII is a hallmark of thermal stress in 

symbiotic dinoflagellates with severe impairment of photosynthesis at temperatures 32–34°C 

(e.g. Iglesias-Prieto et al. 1992; Jones et al. 1998; Robison and Warner 2006). The extent of 

photoinhibition is determined by the balance of the rate of photodamage and its repair 

(Takahashi and Murata 2008; Takahashi and Badger 2011). Many potential sites have been 

identified to be a target of damage by thermal stress in Symbiodinium (see Smith et al. 2005). 

Previous studies found a correlation between reduced Fv/Fm and lowered D1 protein content and 

proposed that thermal stress causes enhanced photoinhibition within bleached corals by either 

faster loss of PSII reaction centres (Warner et al. 1999) or impaired capacity for D1 repair 

(Takahashi et al. 2004). Furthermore, Robison and Warner (2006) reported differential 

temperature tolerances among Symbiodinium phylotypes with respect to extent of decline in Fv/Fm, 

which could be attributed to dissimilar loss in D1 content at 32°C. Jones et al. (1998) proposed a 

photoinhibition model, which suggests the primary target of heat stress to occur in the dark 

reactions of photosynthesis in Symbiodinium involving sequential impaired electron drainage. This 

hypothesis is further supported by findings that the Rubisco activity in Symbiodinium is impaired at 

elevated temperatures (Lesser 1996; Leggat et al. 2004; Lilley et al. 2010). Thus, elevated 

temperature lowers the light intensity threshold for photoinhibition and the combined effect of 

elevated temperature and light may cause severe photoinhibition (Bhagooli and Hidaka 2004; 

Lesser and Farrell 2004; Takahashi et al. 2004). In this study, the strongest effects were observed 

in the temperature-sensitive phylotype Ax. The loss in maximum quantum yield at 30°C was 

more rapid when algae were exposed to high PFR, presumably caused by increased photodamage 

to PSII. Only very few data on effects of thermal stress (Robison and Warner 2006; Rogers and 

Davis 2006) or combined light and thermal stress (Robison and Warner 2006) on specific growth 

rates of cultured Symbiodinium are available. In a micro-culturing approach, Rogers and Davis 

(2006) exposed several Symbiodinium types including one isolated from P. damicornis (identified as 

A2) toward thermal stress and found that elevated temperatures at a constant irradiance of 150–

175 µmol photons m-2 s-1 differentially decreased growth. These results are in accordance with 

our findings. 
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Mechanism of photoprotection in A1 and Ax 

In HL environments, the down-regulation of light-harvesting pigments minimizes 

excitation pressure on PSII. Therefore, the observed decline in light-harvesting pigments in both 

algal phylotypes in HL is a photoacclimative response as previously observed for cultured 

Symbiodinium (e.g. Iglesias-Prieto and Trench 1994; Iglesias-Prieto and Trench 1997; Hennige et al. 

2009). In natural habitats, corals show a light-intensity dependent increase in light-harvesting 

pigments (mostly measured as chl a) with increasing water depth (Falkowski and Dubinsky 1981), 

but also much smaller scale pigment changes in response to varying light fields in a branching 

coral colony have been observed (Helmuth et al. 1997). Elevated temperatures elicited a similar 

reduction of light-harvesting pigments for both phylotypes. This finding is consistent with 

studies, which reported loss of cell-specific pigment content in bleached corals in response to 

thermal stress (Warner et al. 1996; Dove et al. 2006). The decline in light-harvesting pigments in 

phylotype A1 might be considered as photoacclimation in consequence of slowing down the 

efflux of electrons in the face of a thermal impairment of dark reactions and resulting over-

excitation of the electron transport chain (Jones et al. 1998). This conclusion is supported by the 

maintenance of a moderately high Fv/Fm. In contrast, the severe loss in pigmentation observed in 

Ax at 30°C along with a sharp decline in Fv/Fm and very low growth points to the occurrence of 

photobleaching and irreversible photodamage (chronic photoinhibition). The underlying process 

for pigmentation loss of heat stressed Symbiodinium is not resolved yet, although the accumulation 

of ROS may favour photooxidative damage of pigments (Dove et al. 2006). A recent study has 

shown that photobleaching of heat-stressed Symbiodinium cells was primarily caused by the 

inhibition of de novo synthesis of the membrane bound chl a—chl c2—peridinin protein 

complexes (acpPC; Takahashi et al. 2008), to which the majority of pigments are bound 

(e.g. Iglesias-Prieto and Trench 1997). Moreover, differential loss in acpPC could be linked to 

thermal tolerance of the Symbiodinium genotype (Takahashi et al. 2008). The spectral absorption 

of light by microalgae is also a result of the packaging effect. Such factors are known to be 

influenced by cell size (Fujiki and Taguchi 2002) and prevailing irradiance. However, the variation 

in * found in this study could not be ascribed to experimental changes in temperature or light 

intensity. This is contrary to previous findings, which revealed higher * in HL-exposed 

Symbiodinium cultures as a photoacclimative response (Robison and Warner 2006; Hennige et al. 

2009), and might be attributed to differences in the applied PFR between this study and previous 

works (Robison and Warner 2006; Hennige et al. 2009). However, Symbiodinium phylotype A1 

generally featured a lower mean chl a absorption coefficient * compared to Ax. This was 
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presumably caused by higher cellular pigment concentration and smaller cell sizes in A1 (data not 

shown), thus giving rise to a greater packaging effect as shown by Haardt and Maske (1987). 

When light energy is captured in excess by the photosynthetic apparatus, over-reduction 

of the electron carriers increases the likelihood of 1O2 generation by energy transfer from 3Chl 

and oxidative stress (Niyogi 1999). Symbiodinium is able to divert excessive light from PSII by 

NPQ, and in phylotype A1, down-regulation of Fv/Fm was accompanied by increases in NPQmax 

and a high capacity for xanthophyll cycling, both at HL and elevated temperatures. Hence, it is 

suggested that protection from over-excitation appears to be achieved by Dt-mediated NPQ. The 

results of this study are consistent with studies showing that the dynamic down-regulation of 

quantum yield of PSII photochemistry in Symbiodinium is mainly due to pronounced NPQ at HL 

intensities (Brown et al. 1999a; Gorbunov et al. 2001; Warner and Berry-Lowe 2006) along with 

significant declines in the effective cross-section of PSII (σPSII or σ’PSII; e.g. Gorbunov et al. 2001; 

Levy et al. 2006; Hennige et al. 2009). Moreover, previous studies have shown enhanced NPQ in 

corals upon exposure to thermal stress and suggested a photoprotective function (Warner et al. 

1996) as well as a tight linkage of its rapidly reversible component in the light-harvesting 

antennae to de-epoxidation of the xanthophyll Dd to Dt (Brown et al. 1999a; Dove et al. 2006; 

Warner and Berry-Lowe 2006). The up-regulation of xanthophyll pool sizes ([Dd + Dt] : chl a) in 

phylotype A1 at elevated temperatures further points toward a high capacity of A1 algae to 

successfully photoacclimate to stressful conditions. It should be underscored here, that 

Symbiodinium Ax had a significantly lower cellular pool of xanthophylls and the regulation of the 

xanthophyll cycle was limited. Nonetheless, enhanced DPS at 30°C is indicative of increased 

non-radiative dissipation of excitation energy. However, this was not reflected by enhanced 

NPQmax at higher temperatures. It was already noticed by Robison and Warner (2006) that 

enhanced NPQ at elevated temperatures is not a general phenomenon and the unusual high 

accumulation of Dt in Ax remains unclear, as the photochemical efficiency of the algae clearly 

indicates severe photoinhibition. Thus, it might be conceivable that photoinhibition and 

concomitant elevated ROS accumulation decelerate the epoxidation reaction of Dt to Dd 

through inhibition of the Dt epoxidase or the lack of its cosubstrate FAD and NADPH. The 

breakdown of NPQ in Ax at 32°C might be caused by the adverse effect of elevated 

temperatures on the integrity of the thylakoid membrane and the associated inability to generate a 

transthylakoidal ΔpH due to a higher proportion of specific polyunsaturated fatty acids in 

thermally sensitive Symbiodinium types, as proposed by Tchernov et al. (2004). However, this 

might not be distinguishable from the effects of oxidative damage to the membrane (lipid 

peroxidation) as a result of increased ROS generation in photoinhibited algae. Moreover, several 
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studies suggest an additional role of carotenoids including xanthophylls and β-car in stabilizing 

thylakoid membranes under adverse environmental conditions (Havaux et al. 1996; Havaux and 

Niyogi 1999) and in quenching of excited triplet chlorophyll (3Chl) or excited 1O2 and in 

inhibiting lipid peroxidation (Havaux and Niyogi 1999). β-car may play an important 

photoprotective role in Symbiodinium and is increased at high PFR only in A1, thereby 

emphasizing the high capacity for photoprotection in A1. Although excitation pressure is 

considered to increase as temperature increases, β-car concentrations declined at elevated 

temperatures. We propose that the decline in β-car at elevated temperatures may be related to the 

biosynthesis of Dd and Dt, as it is a common biosynthetic precursor (Goericke and Welschmeyer 

1992; Lohr and Wilhelm 1999). 

In Symbiodinium phylotype A1, a five times larger glutathione (GSx) pool size was detected 

than in Ax along with a high variability in response to increases in temperature and light. 

Glutathione is involved either directly in ROS scavenging or indirectly as a reduction equivalent 

in the regeneration of ascorbate in a reaction catalyzed by DHAR in the ascorbate-glutathione 

cycle. In A1, exposure to HL conditions induced an increased glutathione pool, whereas an 

inverse relationship between GSx and temperature was detected. HL induced increases in the 

glutathione pool are indicative of a greater capability to cope with ROS generated through the 

MAP-cycle, and may furthermore help to counteract the increased oxidation of GSH 

(Fotopoulos et al. 2010). This is in line with previous studies, which have found increased 

glutathione pools in higher plants when exposed to stressful conditions (Tausz 2001). The 

reduced glutathione pool size at elevated temperatures, however, contravene this general stress 

response of higher plants and the fact that GSH is continuously regenerated from GSSG in the 

ascorbate-glutathione cycle. Furthermore, elevated temperatures have been shown to cause 

increased levels of oxidative stress and higher SOD and APX activities in Symbiodinium (Lesser 

1996; Tchernov et al. 2004; Lesser 2011). However, at present, the knowledge about the role of 

glutathione in the antioxidative system of Symbiodinium is still fragmentary. In accordance with the 

results of this study, Downs et al. (2000) reported a decline in total amount of glutathione in 

heat-treated corals in HL and in darkness under laboratory conditions. In contrast, Sunagawa et 

al. (2008) have demonstrated that in anemones both gene expression of                    

γ-glutamylcysteinsyntethase (γ-ECS), the enzyme catalyzing the first step of glutathione 

biosynthesis, and total amount of glutathione increased upon exposure to hyperthermic stress. 

Likewise, products of oxidative damage were positively correlated with both coral bleaching 

incidence and total amount of glutathione in corals over a year of sampling (Downs et al. 2002). 
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The results are difficult to compare to ours given that GSx was measured in the holobiont and 

the algal symbiont, respectively. We speculate that the observed decline in the total amount of 

glutathione may be the result of three possible processes. 

The second step of the biosynthesis of glutathione (reaction of γ-EC and glycine), 

catalyzed glutathione synthetase (GS), was shown to be dependent on photorespiratory glycine 

(Noctor and Foyer 1998; Noctor et al. 1999). Studies on Symbiodinium have demonstrated the 

relevance of photorespiration in photoprotection (Crawley et al. 2010) and, moreover, a 

temperature-dependent inhibition of Rubisco activity (Lesser 1996; Leggat et al. 2004; Lilley et al. 

2010). Limitations in photorespiratory glycine supply due to lowered Rubisco activity at elevated 

temperatures will consequently result in reduced total amounts of glutathione and an 

accumulation of γ-EC. 

S-glutathionylation describes a mechanism of covalent binding of glutathione to specific 

protein cysteinyl residues, whereby the functions of proteins involved in important cell-signalling 

pathways are post-translationally modulated (activation or deactivation; Dalle-Donne et al. 2009). 

Elevated temperatures have been shown to cause oxidative and nitrosative (generation of reactive 

nitrogen species such as NO) stress in Symbiodinium (Bouchard and Yamasaki 2008; Bouchard 

and Yamasaki 2009), both of which enhance the S-glutathionylation of proteins, the last one 

mediated by the transient formation of S-nitrosoglutathione (GSNO; Dalle-Donne et al. 2009). 

Furthermore, NO was shown to induce bleaching processes in Aiptasia pallida (Perez and Weis 

2006) and programmed cell death in cultured Symbiodinium by provoking enhanced caspase-like 

activities (Bouchard and Yamasaki 2009). Increased S-gluthathionylation and formation of 

GSNO might have caused the decline in glutathione in A1 at higher temperatures and could be 

related to changes in glutathione-dependent redox-regulation of protein function. 

Plant glutathione-S-transferases (GSTs) detoxify a variety of electrophilic xenobiotics, but 

also cytotoxic end products of membrane lipid peroxidation, such as 4-hydroxyalkenals, by 

conjugation with GSx and subsequent vacuolar sequestration (Marrs 1996). As colonies of 

Goniastrea aspera exhibited increased levels of 4-hydroxynonenal in response to elevated 

temperatures (Brown et al. 2002), our results might be caused by increased GSH conjugation by 

GST due to heat-induced lipid peroxidation. 

Whatever the underlying mechanisms might be, there is mounting evidence that there is a 

close relationship between the different components of the antioxidative/photoprotective 

system, in which one compensates for the other (Foyer and Shigeoka 2011). In accordance, our 

results show that higher non-radiative energy dissipation, presumably mediated by Dt, 

compensates for the diminished capacity of glutathione-dependent ascorbate regeneration (small 
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GSx pool size). Photoprotective processes helped to maintain photosynthesis in the temperature-

tolerant strain at elevated temperatures, but at the expense of growth performance, presumably 

by shifting energy resources toward photoprotective and repair processes. 

Implications for the coral-algae symbiosis 

In conclusion, the results of this study underscore the primary influence of elevated 

temperatures on different physiological aspects of Symbiodinium including photochemistry, 

photoprotective and antioxidative pathways. Thermal stress is widely accepted as a primary cause 

of coral bleaching (Fitt et al. 2001; Hoegh-Guldberg 2011; Lesser 2011). The impact of high 

PFRs alone was subordinate in this study, but this may be also due to lower PFR levels compared 

to natural conditions. However, the results indicate, for the temperature-sensitive algal symbiont 

Ax in particular, that elevated temperatures increase the susceptibility to increased irradiance, 

presumably by lowering the photoinhibitory irradiance threshold as proposed by Bhagooli and 

Hidaka (2004). Furthermore, the results suggest that type-specific variations in the sensitivity to 

thermal stress in combination with light are strongly influenced by differences in the respective 

capacities for photoprotection. Symbiodinium phylotype A1 was characterized by high cellular 

concentrations of xanthophylls and glutathione and acclimation to experimental conditions 

involved changes in non-radiative energy dissipation (NPQ) and ROS scavenging. The limited 

photoprotective capacity of algal type Ax, by contrast, is likely to have exacerbated its 

susceptibility to thermally induced photoinhibition. Phylotype A1 was isolated from the coral 

S. pistillata from the Red Sea and is known to be associated with shallow-water dwelling corals. 

Colonies of S. pistillata harbouring Symbiodinium clade A have a higher thermal tolerance than 

colonies associated with Symbiodinium clade C, which is more predominant at deeper depth in the 

Gulf of Eilat (Winters et al. 2009) and in the GBR (Karako-Lampert et al. 2004). Phylotype Ax 

originating from P. damicornis from the GBR represents a minor symbiont (R. Moore, pers. 

comm.). P. damicornis predominantly hosts several clade C types in the GBR (Sampayo et al. 

2007), while colonies in the Pacific have been found to associate with clade A and D (Glynn et al. 

2001; Magalon et al. 2007). Discrepancies between cultured and in hospite populations of 

Symbiodinium were already noticed by Santos et al. (2001) as a result of differential competitiveness 

of heterologous Symbiodinium populations found in most corals. 

Distinct temperature sensitivity of various Symbiodinium types at least partially determine 

the differential bleaching susceptibility of coral species often observed in the field (Warner et al. 

1996; Warner et al. 1999). Nevertheless, the symbiosis consists of (at least) two partners and the 

response of corals to high solar radiation and temperatures can be modulated by the host. Light 
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absorption can be altered by host pigments, e.g. fluorescent pigments as HL screen (e.g. Salih et al. 

2000) as well as changes in coral morphology and behaviour of coral polyps (e.g. retraction of 

polyps in HL). Furthermore, several studies have demonstrated the ability of the host to alleviate 

increased photooxidative stress by increasing its inherent antioxidative capacity (e.g. Levy et al. 

2006). Overall, this study revealed highly differential thermal tolerance between Symbiodinium 

types within clade A, which is often described as stress-tolerant, and, hence, further strengthens 

the notion that generalization of physiological traits on a cladal basis are not justified (Tchernov 

et al. 2004; Robison and Warner 2006; Hennige et al. 2009). 
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ABSTRACT 

This study aimed to evaluate the capacity for photoprotection and repair of photo-inactivated 

photosystem II in the same Symbiodinium clade associated with two coexisting coral species from 

the Great Barrier Reef during high-light stress. Despite the higher concentrations of 

photoprotective pigments, their rapid synthesis and enhanced rates of xanthophyll cycling in 

symbionts of Pocillopora damicornis, compared to Pavona decussata, these photoprotective 

mechanisms were insufficient to prevent net photoinhibition (sustained loss in Fv/Fm at night) 

and loss of symbionts after 4 days of in situ irradiance. By contrast, Pavona decussata showed no 

significant reductions in Fv/Fm or symbiont density and no up-regulation of xanthophyll cycling. 

Given the association with the same Symbiodinium clade in both corals, our findings suggest that 

symbionts in both species experience different in hospite light conditions. 
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INTRODUCTION 

Coral reefs are characterized by exceptionally high biodiversity and are mainly formed by 

scleractinian corals, which live in a symbiosis with dinoflagellates of the genus Symbiodinium 

Freudenthal (1962), often referred to as zooxanthellae. Symbiodinium thrives within the 

gastrodermal cells of the coral and translocates up to 95% of the photosynthetically fixed carbon 

to the coral host (Muscatine 1990), while in return, the zooxanthellae are provided with inorganic 

nutrients from the coral host (Muscatine and Porter 1977). Elevated surface water temperature is 

considered to be the primary factor causing mass coral bleaching events where the zooxanthellae 

are expelled from the host, or photosynthetic pigments are lost from symbiont cells (Hoegh-

Guldberg and Smith 1989a; Glynn 1993; Jones et al. 1998; Hoegh-Guldberg 2011). High 

irradiance is known to promote the bleaching response, either synergistically (Jones et al. 1998; 

Bhagooli and Hidaka 2004; Lesser and Farrell 2004) or separately (Hoegh-Guldberg and Smith 

1989a; Lesser et al. 1990; Brown et al. 1999). As a result, solar radiation is not only crucial for 

generating chemical energy through photosynthesis, but once over-saturating (excessive), light 

can have adverse effects on the coral symbiosis. Moreover, upper sunlit surfaces of corals have 

been shown to be often more severely affected during bleaching events than more shaded or 

deeper corals (Jones et al. 1998; Hoegh-Guldberg 1999).  

Thermal bleaching is attributed to the phenomenon of chronic photoinhibition (Hoegh-

Guldberg 1999; Smith et al. 2005), which is characterized by sustained photo-inactivation of the 

photosynthetic machinery of the symbiotic dinoflagellates (Warner et al. 1996; Warner et al. 

1999). Excessive energy absorption by the light-harvesting complex may accelerate the generation 

of reactive oxygen species (ROS), which can damage cell components including photosystem II 

(PSII) reaction centres (Asada 1999; Niyogi 1999). Losses in quantum yield of PSII of in hospite 

Symbiodinium under bleaching conditions are correlated with declines in the content of the D1 

protein of the PSII reaction centre (Warner et al. 1999; Hill et al. 2011). High-light exposure was 

shown to further accelerate losses in D1 protein concentration in Symbiodinium in corals exposed 

to thermal stress (Lesser and Farrell 2004). The D1 protein of PSII (along with the D2 protein) 

forms the reaction centre core of PSII and is characterized by a rapid, light-dependent turnover 

of this protein (Edelman and Mattoo 2008). Accordingly, photo-inactivation is the damage to 

PSII, specifically to D1, while repair refers to the replacement of damaged D1 through re-

synthesis. The net amount of damage is termed photoinhibition and occurs when the rate of 

photo-inactivation exceeds the rate of its repair (Hill et al. 2011). If the rate of photo-inactivation 

equals that of its repair, then there is no net photoinhibition, and long-term damage to PSII and 
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sustained loss of Fv/Fm can be avoided (Ragni et al. 2010). A recent study has demonstrated that 

high light stimulated the D1 repair rate of symbionts in the Caribbean corals Porites astreoides and 

Montastraea faveolata (Hennige et al. 2011). Hill et al. (2011) provided evidence that under 

bleaching conditions Symbiodinium in Pocillopora damicornis was able to increase the rates of repair 

of photo-inactivated PSII. However, this increase was insufficient to counteract the elevated 

levels of photo-inactivation, consequently resulting in net photoinhibition. Several studies further 

suggested that variation in the repair capacity of photo-inactivated PSII of different Symbiodinium 

types may underlie bleaching susceptibility of corals (Warner et al. 1999; Takahashi et al. 2004; 

Takahashi et al. 2009; Ragni et al. 2010; Hennige et al. 2011). 

In order to minimize photo-inactivation, photosynthetic organisms can dissipate 

excessively absorbed energy from PSII as heat via non-photochemical quenching (NPQ; Niyogi 

1999; Demmig-Adams and Adams 2006), while concomitantly the quantum yield of PSII is 

down-regulated. NPQ in Symbiodinium is correlated with the inter-conversion of the xanthophyll 

pigments diadinoxanthin (Dd) and its de-epoxidized form diatoxanthin (Dt) within the antenna 

of PSII (Brown et al. 1999; Warner and Berry-Lowe 2006). Several studies have shown an inverse 

relationship of maximum or effective quantum yield of PSII (Fv/Fm or ΔF/Fm’) and downwelling 

irradiance, with lowest yields occurring during the solar peak (Brown et al. 1999; Gorbunov et al. 

2001; Hill and Ralph 2005). This midday depression in quantum yield of PSII in Symbiodinium of 

shallow-water corals was shown to correlate with increased NPQ and also enhanced                 

de-epoxidation state (DPS) of the xanthophyll pool (Brown et al. 1999; Gorbunov et al. 2001; 

Warner and Berry-Lowe 2006). Therefore, the reversible down-regulation of PSII activity in 

symbiotic dinoflagellates is considered to be an important photoprotective mechanism to 

minimize photo-inactivation in high-light habitats (Ralph et al. 1999; Gorbunov et al. 2001) with 

no impact on the net productivity of corals (Hoegh-Guldberg and Jones 1999; Lesser and 

Gorbunov 2001). Various studies have shown that coral species with a higher capacity to 

dissipate excess energy as heat via NPQ are less susceptible to coral bleaching (Warner et al. 

1996; Hill et al. 2005). In contrast, Robison and Warner (2006) found no consistent correlation 

between changes in NPQ and thermal tolerance in four cultured Symbiodinium genotypes. 

Furthermore, there is evidence for differential xanthophyll cycling capabilities of divergent 

genotypes of Symbiodinium, both from divergent clades (Warner and Berry-Lowe 2006) and even 

within the same clade (Krämer et al. in press). 

Susceptibility of corals to bleaching conditions varies greatly among coral species, but also 

between and within colonies of the same species (e.g. Marshall and Baird 2000). This has been 

partially attributed to the associated Symbiodinium genotype (Warner et al. 1996; Berkelmans and 
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van Oppen 2006), as the genus Symbiodinium is genetically and physiologically highly diverse 

(Coffroth and Santos 2005; Robison and Warner 2006). Differences in bleaching susceptibility 

have also been linked to the morphology of coral colonies, possibly due to morphology-related 

variations in the thermal microenvironment of corals (Jimenez et al. 2008; Jimenez et al. 2011), 

and the tissue thickness of the corals (Hoegh-Guldberg 1999; Loya et al. 2001). Thick-tissued 

corals are believed to be more bleaching resistant due to the photoprotective function of coral 

tissue (Hoegh-Guldberg and Salvat 1995; Loya et al. 2001). Behavioural responses of the host 

such as polyp retraction (Brown et al. 2002) are likely to be more efficient in shading intracellular 

symbionts in corals with thicker tissue.  

The purpose of this study was to evaluate the effect of short-term exposure of high light 

on the photochemical efficiency of in hospite Symbiodinium in two scleractinian corals. Both species 

are known to harbour the same Symbiodinium clade (C1; Hill et al. 2009), but they vary in colony 

morphology, as well as in their susceptibility to bleaching. Foliaceous colonies of Pavona decussata 

(Dana) are known to be bleaching tolerant (McClanahan 2004), whereas the branching coral 

Pocillopora damicornis (Linnaeus) is described as highly bleaching susceptible (Marshall and Baird 

2000). To investigate possible effects of high light on photo-inactivation of PSII and its repair, 

we used the chloroplast protein synthesis inhibitor, lincomycin (Hill et al. 2011). Moreover, we 

aimed to evaluate the ability of in hospite symbionts to withstand high irradiance stress by 

adjustments in light harvesting and photoprotective pigments.  

MATERIAL AND METHODS 

Collection of samples 

Nubbins of Pavona decussata (Agariciidae) and Pocillopora damicornis (Pocilloporidae) were 

collected from Heron Island lagoon (23.44 S, 151.917 E; Capricorn Bunker Group, Great Barrier 

Reef, Australia in July 2010) at a depth of 1–2 m. Samples were further cut into nubbins of 

approximately 1–3 cm2 (small nubbins: ca. 1 cm2 to fit a ø 15 mm cuvette; large nubbins: 

ca. 3 cm2) and were allowed to recover for three days in tanks supplied with running, sand filtered 

seawater from the reef. Temperatures matched the lagoon and sunlight irradiance was diminished 

to approximately 100 µmol photons m-2 s-1 using shade cloth. 

Experimental design 

Coral nubbins were placed in glass bottles filled with 150 mL of 0.2 µm filtered seawater 

(FSW) and gently bubbled with humidified air. To maintain the target temperature within the 



  In hospite Symbiodinium under high-light stress 
   

� 99�

bottle, they were place into a flow-through tank. For logistical reasons, the experiment on the 

two species was performed over two consecutive periods of four days. The experimental design 

(see Fig. 1) consisted of 32 bottles (n = 4 per treatment and sampling date), which were 

distributed in two tanks. One tank was located outdoors and exposed to direct solar radiation 

(light treatment), whereas the other was situated indoor in darkness (dark treatment). Within each 

light treatment, there were two lincomycin treatments (0 and 500 µg mL-1; see Fig. 1). 

Lincomycin is an inhibitor of chloroplast protein synthesis and blocks repair of photo-inactivated 

PSII D1 protein (Bachmann et al. 2004). FSW was daily replaced in all glass bottles in the 

presence or absence of lincomycin.  

Figure 1 Experimental design of the study. Nubbins of Pavona decussata and Pocillopora damicornis were 
exposed to a combination of light and dark treatments and ± lincomycin over four days. Coral nubbins 
were used for pigment analysis using HPLC and determination of symbiont densities subsequent to the 
measurement of the effective quantum yield of PSII (ΔF/Fm’). Measurements of maximum quantum yield 
of PSII (Fv/Fm) conducted at night-time were performed on an additional set of coral nubbins.  

Downwelling irradiance within the photosynthetically active range (400–700 nm) was 

recorded every 5 min by a 2π cosine corrected sensor (LI-COR LI-192, Lincoln, USA), 

connected to a data logger (LI-COR LI-1400, Lincoln, USA). Temperature was logged every 

5 min using small probes (Thermochron iButtons DS1922L, Dallas Semiconductor Innovation, 

Maxim Integrated Products, Sunnyvale, USA), which were placed in additional glass bottles filled 

with FSW in each tank (one in the indoor and one in the outdoor tank). Sampling of Symbiodinium 

cell density and algal pigment concentrations took place on days 0, 2 and 4 at solar noon 

subsequent to the measurement of effective quantum yield of PSII (ΔF/Fm’; n = 4). A further set 

of corals (n = 4) was used for measurements of maximum quantum yield of PSII (Fv/Fm) 

between 19:00 and 03:00 h on the nights of days 0, 2 and 4. 
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Chlorophyll a fluorescence measurements 

The dark-adapted maximum quantum yield of PSII (Fv/Fm = [Fm-F0]/Fm; Schreiber 2004) 

of Symbiodinium in small coral nubbins was determined to assess the efficiency of the repair 

processes and relaxation of NPQ after a day of high-light exposure. The minimum fluorescence 

(F0) and maximum fluorescence (Fm) in the dark-adapted state were sampled before and after 

applying a saturation pulse of ~8,000 µmol photons m-2 s-1 for 0.8 s, respectively. The nubbins 

were placed in the cuvette of the ED-unit of a red light Water-PAM chlorophyll fluorometer 

(Walz GmbH, Effeltrich, Germany) and kept in the dark for 5 min prior to Fv/Fm measurement. 

To highlight changes in the specific processes, Fv/Fm data are also shown as % of the 

corresponding dark treatment, because no photo-inactivation in zooxanthellae occurred under 

these conditions. Data of lincomycin-treated corals represent gross loss in Fv/Fm due to photo-

inactivation without the operation of PSII repair processes, whereas the untreated corals exhibit 

the net loss of quantum yield of PSII in presence of repair processes. The difference between 

gross and net loss in Fv/Fm displays the capacity for repair to maintain photochemical activity. 

Measurements of ΔF/Fm’ were conducted at solar noon (13:00 h) when solar radiation 

exceeded 1,300 µmol photons m-2 s-1. Measurements were taken using a Diving pulse amplitude 

modulated chlorophyll fluorometer (Diving-PAM; Walz, Effeltrich, Germany). Steady-state 

fluorescence (F) and maximum fluorescence in the light-adapted state (Fm’) were sampled after 

applying a saturation pulse of ~8,000 µmol photons m-2 s-1 for 0.8 s and the light-adapted 

effective quantum yield (ΔF/Fm’ = [Fm’ – F]/Fm’) was calculated according to Genty et al. (1989). 

Cell density and pigment concentration of Symbiodinium 

After the measurement of ΔF/Fm’, coral tissue was stripped from the skeleton by air-

brushing in 5 mL 0.01 M phosphate buffered saline (PBS), pH 7.4, on the sampling days. The 

tissue slurry was homogenized using a disperser (Ultra-Turrax® T18 Basic; IKA®, Staufen, 

Germany) and the homogenate was centrifuged at 500 g for 20 min at 4°C (Sigma 3-16K, 

Osterode am Harz, Germany). The supernatant was discarded and the remaining algal pellet 

resuspended in 0.01 M PBS. For pigment analysis, samples were filtered onto glass fibre filters 

(13 mm Whatman GF/F), which were immediately snap frozen in liquid nitrogen and stored at   

-80°C until subsequent analysis. In addition, aliquots were fixed with Lugol’s iodine solution for 

symbiont cell counts, which were performed using an Improved Neubauer haemocytometer 

(8 counts per sample). Symbiodinium cell numbers were normalized to coral surface area (cm2), as 

determined by the aluminium foil technique  for P. decussata (Marsh 1970) and by the paraffin wax 
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coating technique for P. damicornis (Stimson and Kinzie III 1991). Pavona decussata has flattened 

sides making the foil technique easier and faster. Yet to be equally accurate and rapid, the wax 

technique was required to determine the more complex skeletal structure of P. damicornis. 

Filters for pigment quantification were lyophilized for 4 h (Christ Alpha 1-4 LD plus, 

Germany). Subsequently, ice-cold 100% acetone and glass beads (2 and 4 mm diameter) were 

added and the filters were homogenized in a cell mill (Vibrogen IV, Edmund Bühler, Tübingen, 

Germany) at 0°C for 3 min. The filtrates were extracted for 24 h at 4°C in the dark. Afterwards, 

the extract was centrifuged at 16,000 g and 4°C for 5 min (Heraeus Biofuge® Fresco, Thermo 

Scientific, Dreieich, Germany) and the supernatant passed through a nylon syringe filter (pore 

size: 0.45 µm, Nalgene® Labware, Rochester, NY, USA). Pigment analysis was performed by 

reversed phase high-performance liquid chromatography (HPLC) on a LaChromElite® system 

equipped with a chilled autosampler L-2200 and a DAD detector L-2450 (VWR-Hitachi 

International GmbH, Darmstadt, Germany). A Spherisorb ODS-2 column (25 cm x 4.6 mm, 

5 µm particle size; Waters, Milford, MA, USA) with a LiChrospher® 100 RP-18 guard cartridge 

was used for the separation of pigments, applying a gradient according to Wright et al. (1991). 

Peaks were detected at 440 nm and identified as well as quantified by co-chromatography with 

pigment standards for chlorophyll (chl) a, chl c2, peridinin (per), diadinoxanthin (Dd), 

diatoxanthin (Dt) and β-carotene (β-car) obtained from DHI Lab Products (Hørsholm, 

Denmark) using the software EZChrom Elite ver. 3.1.3. Detected pigments of Symbiodinium were 

grouped into photosynthetic pigments (PSP) and photoprotective pigments (PP). Photosynthetic 

pigments encompass chlorophyll a and c2 and the carotenoid peridinin, whereas the 

photoprotective pigments include the xanthophyll cycle pigments diadinoxanthin and 

diatoxanthin in addition to β-carotene (Ambarsari et al. 1997). 

Statistical analysis 

All data were analyzed using univariate two- and three-way analysis of variance (ANOVA) 

and t-tests with Tukey-Kramer HSD post hoc tests to identify significant group differences in 

ANOVA analyses (analyzed PASW Statistics 18.0). Assumptions of normal distribution and 

homogeneity of variances were tested using a Shapiro-Wilk test and a Levene test, respectively. If 

required, data were subjected to natural logarithmic or inverse transformations to obtain normal 

distributions and homogenous variances. Prior to the analysis of the effective quantum yield of 

PSII by a three-way ANOVA, a Ljung-Box test for independence was applied to check for 

effects of autocorrelation of replicates (Ljung and Box 1978). When analyses revealed significant 
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interactions, tests of simple main-effects were performed and the critical values were determined 

by the per family error rate method (Kirk 1994).  

RESULTS 

Abiotic conditions 

Measurements of downwelling irradiance within the photosynthetically active range and 

temperature over the duration of the experiment show that both corals were exposed to similar 

abiotic conditions (Table 1, Fig. 2a,b). P. decussata and P. damicornis were exposed to a comparable 

average maximum daily photon irradiance of 1428 and 1442 µmol photons m-2 s-1, respectively. 

Likewise, the average daily photon dose for P. decussata was akin to that for P. damicornis (Table 1; 

see also Fig. 2a,b). In contrast, corals on the reef flat experience 54 to 59% lower light intensities 

over a diel tidal cycle than what the corals received in our experiment. In July 2009, the average 

maximum daily photon irradiance and daily photon dose was 773 ± 10 µmol photons m-2 s-1 and 

14.38 ± 1.19 mol m-2 day-1, respectively, measured at a depth of 0.5 m below lowest tide (Odyssey 

light loggers; Dataflow Systems, Christchurch, New Zealand; unpublished data, Sutinee Sinutok). 

The temperature during the experiments did not differ between the treatments of the two species 

(Table 1), but a significantly greater variation in temperature was observed in the high-light 

treatment compared to the dark treatment for both corals as it followed a diurnal temperature 

increase with solar heating (Table 1). 

Table 1 Abiotic conditions (temperature and irradiance within the photosynthetically active range [400–
700 nm]) during the experimental period for Pavona decussata and Pocillopora damicornis. Data represent 
means ± SEM.  

Coral species Irradiance  Temperature (°C)  

 Max. daily irradiance  
(µmol photons m-2 s-1) 

Daily photon dose  
(mol photons m-2 day-1) 

Dark treatment Light treatment 

P. decussata 1428 (29) 25.85 (1.46) 21.9 (0.02) 22.2 (0.05) 

P. damicornis 1442 (37) 23.18 (3.30) 21.9 (0.02) 22.2 (0.07) 

 

Chlorophyll a fluorescence 

The effective quantum yield of PSII (ΔF/Fm’) was measured at solar noon to assess the 

efficiency to process photons for photochemistry at maximum daily irradiance. There was a 

significant effect of lincomycin (F1, 48 = 78.873, p < 0.001) and length of exposure (time, 
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F3, 48 = 131.666, p < 0.001; see also Table 2 and Fig. 2) on ΔF/Fm’. Furthermore, ΔF/Fm’ was 

influenced by the interaction of species and time (F3, 48 = 10.511, p < 0.001), lincomycin and time 

(F3, 48 = 12.408, p < 0.001) as well as of species, lincomycin and time (F3, 48 = 3.533, p = 0.022). 

The decrease in ΔF/Fm’ in response to exposure to high irradiance depended on coral species 

and the lincomycin treatment (Fig. 2c,d), while no change in ΔF/Fm’ was detected in either 

species in the dark treatment (irrespective of lincomycin; data not shown). For P. decussata the 

immediate photon irradiance at the time of measurement of ΔF/Fm’ was similar between all 

sampling days (see Fig. 2a). In lincomycin-treated corals, ΔF/Fm’ sharply decreased from 0.64 on 

day 0 to 0.03 on day 2 and did not recover over the four days (Fig. 2c). In the absence of 

lincomycin, there was a significant decline in ΔF/Fm’ to 0.12 on day 1 (Fig. 2c), and values 

subsequently recovered to 0.37 and 0.38 on day 2 and 4, respectively, despite exposure to a 

similar irradiance. Nonetheless, ΔF/Fm’ on day 2 and 4 were significantly lower than initial values 

(p < 0.05; Fig. 2). Likewise, ΔF/Fm’ of symbionts in P. damicornis in the presence of lincomycin 

significantly declined to virtually zero by day 2 and did not recover (p < 0.05; Fig. 2d). The 

delayed decline is likely related to lower immediate photon irradiance at the time of the 

fluorescence measurements on day 1 for P. damicornis compared to the exposure of P. decussata 

(see Fig. 2b). Photon irradiance at the time of the fluorescence measurements increased for the 

remaining measuring dates (Fig. 2b) and, contrary to P. decussata, ΔF/Fm’ of untreated symbionts 

in P. damicornis continuously decreased until the end of the experiment from 0.60 on day 0 to 0.21 

on day 4 (Fig. 2d). Values on day 4 were significantly lower than on day 0 and 1 (p < 0.05), but 

statistically similar to those on day 2 and to those of P. decussata on day 4.  
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Figure 2 (a,b) Diel irradiance (µmol photons m-2 s-1) over the four experimental days and (c,d) effective 
quantum yield of PSII (ΔF/Fm’) for Pavona decussata (a,c; filled symbols) and Pocillopora damicornis (b,d; open 
symbols) with lincomycin (circles) and without lincomycin (squares) measured at solar noon on days 0, 1, 
2 and 4. Data represent means ± SEM (n = 4). 

Table 2 Univariate three-factorial analyses of variance testing the effect of species, lincomycin treatment 
and length of exposure to high irradiance (time) on the effective quantum yield of PSII (ΔF/Fm’) at solar 
noon for Pavona decussata and Pocillopora damicornis. 

Source of variation d.f. Sum of Squares (SS) Mean of Squares F – ratio p – value 

Species 1 0.001 0.001 0.116 0.735 

Lincomycin 1 0.453 0.453 78.873 < 0.001 
Time 3 2.326 0.775 131.66 < 0.001 
Species x lincomycin 1 0.003 0.003 0.516 0.476 
Species x time 3 0.186 0.062 10.511 < 0.001 
Lincomycin x time 3 0.219 0.073 12.408 < 0.001 
Species x lincomycin x time  3 0.062 0.021 3.535 0.022 
Error 48 0.283 0.006   
Total 63     
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Photo-inactivation of PSII in symbionts of corals in the absence of any repair processes 

caused a gross loss in Fv/Fm of virtually 100 % (Fig. 3a), when compared to corresponding values 

of dark-treated fragments, which did not show any changes in Fv/Fm in either coral species over 

the four days (irrespective of lincomycin treatment; data not shown). In the absence of 

lincomycin in the light, symbionts in P. damicornis and P. decussata displayed a small net loss of 

Fv/Fm in comparison to dark-treated corals (Fig. 3b), which was significant in both corals on 

day 2 (p < 0.005) and in P. damicornis on day 4 (p <0.001). Hence, a comparably high capacity of 

repair of photo-inactivated PSII was found (Fig 3c). No significant differences in the net loss in 

Fv/Fm and capacity for repair between the two corals could be detected. However, Fv/Fm of 

symbionts in P. damicornis in the absence of lincomycin after 4 days of high irradiance was 

significantly lower than initial values (p = 0.007; Fig. 4) and also lower than nubbins in the dark 

treatment on day 4 (p = 0.009).  

Figure 3 Percent changes in maximum quantum yield of PSII 
(Fv/Fm) of Pavona decussata (filled bars) and Pocillopora damicornis (open 
bars) exposed to high-light conditions. Data represent gross (repair 
inhibited; a) and net loss in Fv/Fm (functional repair; b) in the 
presence and absence of lincomycin, respectively; data are 
represented in % of corresponding measurements of corals in the 
dark and are given in absolute numbers. (c) % of Fv/Fm maintained 
due to active D1 repair. Data represent means ± SEM (n = 4). 
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Figure 4 Maximum quantum yield of PSII (Fv/Fm) of 
Pavona decussata (filled symbols) and Pocillopora damicornis 
(open symbols) exposed to high irradiance with lincomycin 
(circles) and without lincomycin (squares) measured at 
night on days 0, 2 and 4. Data represent means ± SEM 
(n = 4).  

Symbiont density and light-harvesting pigments 

The lincomycin treatment had no significant effect on the extent of change in symbiont 

density, cellular chl a density or levels of ∑PSP in fragments for both corals. Symbiont density 

and chl a content (cm-2) within the tissue of P. decussata was 4.5 and 2.1 times higher than that in 

P. damicornis (F1, 36 = 92.238, p < 0.001 and F1, 36 = 25.990, p < 0.001, respectively; Table 3 and 

Fig. 5a, respectively). There was a significant decline in Symbiodinium density in both species 

during the high-light treatment (F2, 36 = 5.872, p = 0.006). However, intra-species comparisons 

showed that the decline was only significant for P. damicornis (F2, 18 = 4.382, p = 0.028), with 

significantly lower densities in symbionts on day 4 compared to the start of the experiment. By 

contrast, no changes in areal chl a content was detected over the course of the experiment in 

both coral species. Cellular chl a concentrations in Symbiodinium significantly differed between 

species (F1, 36 = 60.190, p < 0.001; Table 3), and in both corals, values for cellular chl a content 

increased significantly in response to the high-light treatment (F2, 36 = 16.368, p < 0.001). While 

cellular chl a concentrations in symbionts on day 2 and 4 were statistically similar, they were 

significantly higher than those at the start of the experiment. Symbiont density and cellular chl a 

content were inversely correlated in both species (Spearman’s rho = -0.416, p = 0.012 and 

Spearman’s rho = -0.636, p < 0.001 for P. decussata and P. damicornis, respectively). 

The analysis of total photosynthetic pigments (∑PSP) normalized to chl a in corals 

showed a significant effect of species (F1, 36
 = 25.374, p < 0.001; Fig. 5b), whereupon P. decussata 

exhibited higher values. In addition, a significant interactive effect of species and time 

(F2, 36 = 9.066, p < 0.001) was found. In P. decussata the content of light-harvesting pigments 

significantly declined during high-light exposure. ∑PSP concentrations were significantly lower 
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on day 2 and 4 compared to those at the start of the experiment, while values were similar on day 

2 and 4. By contrast, in P. damicornis ∑PSP concentrations increased over the course of the 

experiment with lowest values found in algal symbionts at the start of the experiment. 

Accordingly, species-specific differences were only detected for day 0 and 2 (p < 0.05).  

Table 3 Zooxanthellae density (x 106 cm-2) and pigment concentrations (pg cell-1) of Pavona decussata and 
Pocillopora damicornis under high-light conditions ± lincomycin (LM). All values represent means ± SEM 
(n =4). chl a – chlorophyll a, Dd – diadinoxanthin, Dt – diatoxanthin, ∑PP – total photoprotective 
pigments. 

 Lincomycin Day 0 Day 2 Day 4 

    P. decussata P. damicornis P. decussata P. damicornis P. decussata P. damicornis 

cells cm-2 -  LM 2.524 (0.955)*** 0.548 (0.135)*** 1.867 (0.295)*** 0.394 (0.129)*** 1.198 (0.130)*** 0.297 (0.042)*** 

  + LM     1.344 (0.298) 0.345(0.059) 1.111 (0.207) 0.214 (0.024) 

chl a cell-1 -  LM 3.552 (0.588)*** 7.067 (0.979)*** 4.483 (0.688)*** 11.691 (3.348)*** 6.231 (0.370)*** 15.385 (1.563)*** 

  + LM     5.204 (0.958) 14.006 (2.504) 7.632 (1.215) 14.076 (2.536) 

Dd + Dt cell-1 -  LM 0.344 (0.050)*** 2.481 (1.221)*** 0.496 (0.055)*** 2.550 (0.651)*** 0.820 (0.100)*** 3.959 (0.725)*** 

  + LM     0.556 (0.082) 3.312 (0.653) 0.973 (0.158) 3.620 (0.261) 

∑PP cell-1 -  LM 0.414 (0.060)*** 2.913 (1.419)*** 0.592 (0.065)*** 2.904 (0.708)*** 0.919 (0.104)*** 4.392 (0.819)*** 

  + LM     0.649 (0.094)*** 3.655 (0.721)*** 1.039 (0.152)*** 4.006 (0.303)*** 

Asterisks mark significant overall differences between coral species on the corresponding day: p < 0.001 
(***). 

Figure 5 (a) Concentration of chlorophyll a (chl a, µg cm-2) and (b) content of total photosynthetic 
pigments (∑PSP) normalized to chl a of Symbiodinium in Pavona decussata (filled symbols) and Pocillopora 
damicornis (open symbols) exposed to high-light conditions in the absence and presence of lincomycin on 
days 0 (circles), 2 (squares) and 4 (triangles). Data represent means ± SEM (n = 4). Asterisks (*, *) indicate 
significant differences between coral species for the corresponding day and for data pooled over the 
experimental period, respectively. 



In hospite Symbiodinium under high-light stress 
   

� 108�

Photoprotective pigments 

Variation in the cellular concentrations of xanthophyll cycle pigments (diadinoxanthin –

 Dd, diatoxanthin – Dt) and ∑PP pigments (Table 3) could be explained by species-specific 

differences (F1, 36 = 123.427, p <0.001 and F1, 36 = 129.171, p <0.001, respectively), as well as by 

changes over the course of the experiment (F2, 36 = 11.842, p < 0.001 and F2, 36 = 10.913, 

p < 0.001, respectively). While the cellular levels of xanthophyll cycle and photoprotective 

pigments were 5.2 times higher in symbionts of P. damicornis compared to that of P. decussata, 

symbionts in both corals were able to increase the concentrations in response to high-light 

exposure. Both xanthophyll cycle and ∑PP pigments concentrations normalized to chl a were 1.3 

times higher in symbionts in P. damicornis compared to those in P. decussata (F1, 36 = 19.420, 

p < 0.001 and F1, 36 = 18.766, p < 0.001; Fig. 6a,b). Overall, both xanthophyll cycle and ∑PP 

levels increased over the course of the experiment (F2, 36 = 8.396, p = 0.001 and F2, 36 = 6.037, 

p = 0.005). However, intra-species comparisons showed that this increase was only significant for 

symbionts in P. damicornis, not those in P. decussata. Xanthophyll cycle and ∑PP pigment levels 

normalized to chl a in P. damicornis were significantly higher on day 2 and 4 compared to those at 

the start of the experiment. The ratio of photoprotective to photosynthetic pigments 

(∑PP : ∑PSP) in symbionts in P. damicornis was significantly higher by 45% than that of 

symbionts in P. decussata (F1, 36 =28.665, p < 0.001; Fig. 6c). Symbionts of both corals increased 

this ratio in response to high irradiance (F2, 36 = 6.679, p = 0.003), whereupon values on day 2 and 

4 were significantly higher compared to the initials. However, the increase in ∑PP : ∑PSP was 

more pronounced in P. damicornis (change by 44%) than in P. decussata (change by 25%). 

Variation in the proportion of Dt relative to the xanthophyll pool, the de-epoxidation 

state (DPS = Dt/[Dd+Dt]; Fig. 6d), could be explained by significant effects of species 

(F1, 36 = 13.884, p = 0.001) and length of exposure to the light treatment (F2, 36 = 20.620, 

p < 0.001). DPS of the xanthophyll pool was differentially affected by exposure to high irradiance 

in symbionts of both corals (species x time, F2, 36 = 11.158, p < 0.001). The DPS did not 

significantly change in the symbionts of P. decussata under high irradiance. By contrast, symbionts 

of P. damicornis exhibited a significant rise in the DPS by 446% with values on days 2 and 4 being 

significantly higher than initials. Thus, while the initial DPS of the xanthophyll pool in symbionts 

did not differ between the two coral species, P. damicornis displayed a significantly higher activity 

of xanthophyll cycling on days 2 and 4 compared to P. decussata (p < 0.05). As already observed 

for the photosynthetic pigments, no effect of lincomycin was found on the levels of 

photoprotective pigments. 
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Figure 6 Abundance of photoprotective pigments of Symbiodinium in Pavona decussata (filled symbols) and 
Pocillopora damicornis (open symbols) exposed to high-light conditions in the absence and presence of 
lincomycin on days 0 (circles), 2 (squares) and 4 (triangles). (a) Xanthophyll pool size consisting of 
diadinoxanthin (Dd) and diatoxanthin (Dt) per chl a, (b) total photoprotective pigments (∑PP) per chl a, 
(c) total photoprotective pigments per total photosynthetic pigments (∑PP ∑PSP-1) and (d) de-
epoxidation state (DPS) of the xanthophyll pool (DPS = Dt/[Dd+Dt]). Data represent means ± SEM 
(n = 4). Asterisks (*, *) indicate significant differences between coral species for the corresponding day 
and for data pooled over the experimental period, respectively. 
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DISCUSSION 

There is a large disparity in the susceptibility of scleractinian corals to bleaching (Marshall 

and Baird 2000; Loya et al. 2001), which has been partially linked to the host’s association with 

specific Symbiodinium genotypes (Warner et al. 1996; Berkelmans and van Oppen 2006), but also 

to growth form (Jimenez et al. 2008) and tissue thickness (Hoegh-Guldberg and Salvat 1995; 

Loya et al. 2001). In this study, we investigated the effect of high solar radiation on the 

photochemical performance and on the pigment composition of in hospite Symbiodinium 

populations in two scleractinian corals associated with the same Symbiodinium clade (C1; Hill et al. 

2009), but differing in colony morphology and bleaching susceptibility.  

In order to simulate gross photoinhibition conditions, we blocked the repair of damaged 

PSII, specifically the D1 protein, by using the chloroplast protein synthesis inhibitor, lincomycin 

(Bachmann et al. 2004). In both species, the symbionts of lincomycin-treated corals completely 

lost their capacity for photochemical charge separation under high irradiance, underscoring the 

importance of the repair processes, involving de novo synthesis of proteins such as D1, in 

counteracting ongoing photo-inactivation during exposure to high irradiance. Under high solar 

radiation, energy absorption by the light-harvesting complex of PSII is likely to exceed its 

utilization by carbon fixation and, unless used in alternative sinks or dissipated as heat, the 

generation of reactive oxygen species (ROS) is accelerated (Asada 1999; Niyogi 1999). ROS 

including superoxide anions (O2
-) and hydrogen peroxide (H2O2), but in particular reactive 

hydroxyl radical (•OH) and singlet (1O2) oxygen might damage various cell components. 

Although the cascade of steps is not completely resolved yet, ROS can initiate damage to the 

PSII D1 protein, and disrupt PSII (reviewed in Asada 1999; Smith et al. 2005; Lesser 2011). 

Previous studies have shown that the rate of photo-inactivation in cultured and in hospite 

Symbiodinium is directly proportional to the incident photon irradiance (Ragni et al. 2010; Hennige 

et al. 2011), as reported before for higher plants (Tyystjärvi and Aro 1996). Our results show that 

symbionts of both species were able to recover from daily exposure to high irradiance in the 

absence of lincomycin, resulting in small net loss of Fv/Fm measured at night (Fig. 3b). This high 

capacity for repair of photo-inactivated PSII is in contrast to the complete loss in PSII 

photochemical efficiency in lincomycin-treated corals and further corroborates the importance of 

protein synthesis-dependent repair for the maintenance of functional PSII in Symbiodinium 

(Takahashi et al. 2004; Hill et al. 2011). Nevertheless, although both corals were exposed to the 

same light field, only symbionts in P. damicornis exhibited reduced Fv/Fm on day 4, indicative of 

net photoinhibition as a consequence of an imbalance in the rates of photo-inactivation of PSII 
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and its repair (Takahashi and Murata 2008; Takahashi and Badger 2011). The coarse temporal 

resolution applied in our experiment precludes ascertaining the underlying cause for net 

photoinhibition observed in P. damicornis (increased rates of photo-inactivation or reduced rates 

of repair). The substantial reduction in Fv/Fm in the presence of lincomycin likely reflects 

cumulative photo-inactivation and hence, the estimated percentage of maximum quantum yield 

of PSII that could be maintained due to repair processes might in fact be distorted. Nevertheless, 

bleaching conditions (32°C and 400 µmol photons m-2 s-1) have been shown to enhance rates of 

repair of photo-inactivated PSII of Symbiodinium in P. damicornis, but this increase was insufficient 

to counteract increased rates of photo-inactivation and consequently, net photoinhibition and 

bleaching resulted (Hill et al. 2011). Therefore, it is conceivable that the net photoinhibition in 

P. damicornis in our study was the outcome of accelerated rates of photo-inactivation of PSII, in 

particular their accumulation, overpowering the rates of its repair. Other studies by Takahashi 

and co-workers (Takahashi et al. 2004; Takahashi et al. 2009) instead found that net 

photoinhibition in Symbiodinium under thermal stress is primarily caused by the inhibition of 

repair of photo-inactivated PSII and unchanged rates of photo-inactivation. Nishiyama et al. 

(2006) provided evidence for a link between enhanced ROS production and inhibition of de novo 

proteins, in particular of D1, for cyanobacteria.  

Net photoinhibition is well known to precede the onset of coral bleaching (Warner et al. 

1996; Warner et al. 1999), and in agreement, our results show that the reduction in quantum yield 

of PSII for P. damicornis is accompanied by the loss of symbiotic dinoflagellates from the 

symbiosis. In our study, no effect on areal chl a was detected, which might be due to 

simultaneous increases in cellular chl a contents. Declines in symbiont densities without 

concomitant losses, but also with increases in symbiont’s chl a concentrations have been 

previously reported in corals during natural bleaching events or during laboratory experiments 

(Fitt et al. 1993; Le Tissier and Brown 1996; Jones 1997; Venn et al. 2006). Interestingly, although 

the loss of symbionts was only significant for P. damicornis, symbiont densities and cellular chl a 

concentrations were inversely correlated in both species. This inverse relationship between 

symbiont density and cellular chl a concentrations was previously explained by a gradual release 

of symbionts from nutrient limitation due to reduced competition between remaining symbionts 

(Hoegh-Guldberg and Smith 1989b; Jones 1997).  

Previous studies have found a strong inverse relationship between ΔF/Fm’ at solar noon 

and the incident light intensity (Gorbunov et al. 2001; Warner and Berry-Lowe 2006). We 

observed a different response of ΔF/Fm’ of symbionts in the two studied corals at peak 

irradiance. Notwithstanding high midday irradiances throughout the experiment, P. decussata 
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showed, after an initial decline, relatively high effective quantum yields, which is suggestive of a 

moderate activation of photoprotective energy dissipation. This is also reflected by lower 

contents of photoprotective pigments, most obvious in low ratios ∑PP:∑PSP, as well as by a low 

DPS of the xanthophyll pool. As the DPS is positively correlated with NPQ (Brown et al. 1999; 

Warner and Berry-Lowe 2006), low levels of energy dissipation by NPQ can be expected to 

occur. Declines in ∑PSP chl a-1 in P. decussata are indicative of a down-regulation of absorption 

rates of incident photons to minimize over-excitation of PSII and its photo-inactivation (Raven 

2011). In contrast, the equal or even smaller irradiances caused a progressive decline of quantum 

yield of PSII in the symbionts of P. damicornis, which is indicative of a more pronounced 

dissipation of excessive energy as heat in symbiotic dinoflagellates via NPQ. This is supported by 

the finding that high-light induced de novo synthesis of xanthophyll pigments was only found in 

symbionts of P. damicornis. The rapid synthesis of photoprotective pigments (higher 

concentrations) and higher DPS found in Symbiodinium of P. damicornis, compared to those in 

P. decussata, indicates an enhanced rate of xanthophyll cycling as a mechanism of excessive energy 

dissipation (Ulstrup et al. 2008). The up-regulation of photoprotective mechanism in P. damicornis 

in response to high irradiance would reduce the rate of PSII photo-inactivation, and hence, its 

susceptibility to net photoinhibition (Nishiyama et al. 2006; Hill et al. 2011). Although no direct 

measurements of D1 protein were made in this study, the continuous decline in ΔF/Fm’ and 

Fv/Fm along with decreasing symbiont densities suggests that photoprotective pathways of 

symbionts in P. damicornis were overwhelmed and thus resulting in net photoinhibition and the 

onset of coral bleaching. A previous study found that down-regulation of effective quantum yield 

of PSII at noon and loss in D1 protein was more pronounced in heat-stressed Montastraea faveolata 

under high light compared to those at low light (Lesser and Farrell 2004). In addition, 

transplantation and laboratory studies have already provided indications for the link between 

coral bleaching and high solar radiation (Hoegh-Guldberg and Smith 1989a; Gleason and 

Wellington 1993; Brown et al. 2000). Furthermore, thermal stress increases the susceptibility of 

corals to damaging effects of high levels of solar radiation, and thus, shallow-water corals have 

often experienced more severe bleaching at periods of elevated seawater temperature (e.g. El 

Niño events; Jones et al. 1998; Bhagooli and Hidaka 2004).  

We suggest that different photosynthetic responses (quantum yield of PSII and pigment 

concentrations) in P. damicornis and P. decussata towards high-light exposure may be the 

consequence of differences in the in hospite light levels reaching Symbiodinium populations, as both 

species are known to harbour the same Symbiodinium clade (C1; Hill et al. 2009). Multiple factors 

may strongly modulate light levels within the coral tissue, such as photoprotective green 



  In hospite Symbiodinium under high-light stress 
   

� 113�

fluorescent protein (GFP)-like proteins (Salih et al. 2000; Dove et al. 2001; Roth et al. 2010), 

mycosporine-like amino acids (MAAs) (Dunlap and Shick 1998), behaviour of the host 

(e.g retraction of polyps; Brown et al. 2002), multiple scattering by the skeleton (Enríquez et al. 

2005), self-shading of Symbiodinium cells (Warner et al. 1999; Stimson et al. 2002) and absorption 

by the host tissue itself (Hoegh-Guldberg 1999; Loya et al. 2001). The coral species investigated 

in this study showed considerable differences in their symbiont densities and coral tissue 

properties, with P. decussata having higher symbiont and pigment densities along with higher 

amount of tissue mass per coral surface (reflected as high amounts of total soluble protein; 

V. Schrameyer, pers. comm.) compared to P. damicornis. High tissue biomass per square 

centimetre of coral surface have previously been shown to correlate with high Symbiodinium 

densities (Stimson et al. 2002), which may result in self-shading of zooxanthellae and hence, 

provide protection from deleterious levels of solar radiation (Warner et al. 1999; Stimson et al. 

2002). Moreover, it has been suggested that the low bleaching susceptibility and low associated 

mortality of corals with thick tissues may be attributed to high self-shading properties of their 

tissues (Hoegh-Guldberg 1999; Loya et al. 2001; Stimson et al. 2002). Multiple scattering at the 

coral’s skeletal elements underneath their tissue has been shown to amplify the local scalar 

irradiance, especially in low-pigmented corals (Kühl et al. 1995; Enríquez et al. 2005). To date, 

only a few studies have directly provided evidence for strong modification of the light 

environment reaching Symbiodinium populations within the coral tissue by the use of microprobes 

(Kühl et al. 1995; Kaniewska et al. 2011). Kaniewska et al. (2011) showed a two- to threefold 

higher light attenuation at 2 mm tissue depth in the thick-tissued coral Lobophyllia corymbosa 

compared to thin-tissued Stylophora pistillata due to optical properties of the coral tissue. Similar 

microscale light measurements within the tissue of P. damicornis and P. decussata are required to 

investigate the dependence of photophysiological response on local irradiance. Despite 

association with the same Symbiodinium clade (C1; Hill et al. 2009), the thicker tissue, higher 

symbiont and pigment concentration characteristics of P. decussata may have largely shielded 

symbionts from high light in our study, and hence attenuated light presumably enabling 

P. decussata to withstand high-light exposure without experiencing net photoinhibition and the 

need for up-regulation of photoprotective pigments. By comparison, the less pigmented and 

thinner tissued coral, P. damicornis, is more likely to experience light amplification due to multiple 

scattering that may initiate a dramatic increase in concentrations of photoprotective pigments and 

xanthophyll cycling seen during high-light treatment. Nonetheless, the initiation of 

photoprotective mechanisms appears to have failed to avoid over-excitation, causing net 

photoinhibition and loss of symbionts from the coral. 
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In summary, photophysiological responses towards high levels of solar radiation were 

clearly different in both coral species, despite being associated with the same Symbiodinium clade. 

P. damicornis showed a pronounced up-regulation of the concentration and activity of 

photoprotective pigments to dissipate excessive energy as heat compared to P. decussata, but this 

enhancement of photoprotection was insufficient to prevent net photoinhibition and loss of 

symbionts. By contrast, P. decussata reduced the light-harvesting pigments to minimize excessive 

light absorption and was able to maintain high quantum yields of PSII. This differential response 

might be explained by differences in light levels reaching Symbiodinium within the coral tissue, 

presumably due to different inherent optical properties of the coral tissue (e.g. symbiont density, 

tissue thickness and multiple scattering).  
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ABSTRACT 

Water flow velocities can affect the heterotrophic intake (zooplankton and other suspended 

particulate matter) of corals. We performed an in situ light exclusion experiment at two sites 

around Heron Island, Great Barrier Reef. The sites differ in their hydrodynamic characteristics, 

which led us to investigate the capacity of corals of shifting from phototrophic to heterotrophic 

mode of nutrition and its dependence on water flow. This study investigated how Pocillopora 

damicornis can maintain the integrity of the symbiosis with Symbiodinium sp. when subjected to light 

deprivation. At one of the sites, North Wistari Reef, corals were severely affected by light 

deprivation. An increase in light-harvesting pigments indicated photoacclimation of corals after 

one week of experimental exposure, while after two weeks corals showed increased impairment 

of photochemical efficiency, as measured by ΔF/Fm’, and bleaching (44% loss of symbionts). 

Corals at the second site, Coral Gardens, were exposed to higher water flow velocities (adjacent 

to the Wistari Channel) and were able to maintain a functional symbiosis even after two weeks of 

light deprivation (high photochemical efficiency, no decline of symbiont or pigment densities). 

We speculate that the high water flow enabled corals at Coral Gardens to efficiently utilize 

heterotrophic food supply to support the energy needs of the symbiosis. 
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INTRODUCTION 

Coral reefs thrive in oligotrophic waters of the tropics and their existence is 

fundamentally linked to the mutualistic symbiosis between scleractinian corals and unicellular 

dinoflagellates of the genus Symbiodinium Freudenthal (1962). Symbiodinium inhabits the 

gastrodermal cells of the coral tissue and translocates up to 95% of its photosynthetically fixed 

carbon to the coral host (Muscatine 1990), while, in return, being provided with inorganic 

nutrients by the coral host (Muscatine and Porter 1977). Photoautotrophic nutrition can meet up 

to 100% of the coral host’s daily metabolic requirements and is considered to be the primary 

mode of nutrition of healthy corals (Muscatine and Porter 1977; Falkowski et al. 1984; Edmunds 

and Davies 1989; Houlbrèque et al. 2003). As such, light is a crucial prerequisite for the 

functioning of the symbiosis.  

In addition to ‘photoautotrophic’ nutrition of corals, they can heterotrophically obtain 

metabolic energy through ingestion of organisms, ranging from bacteria (Sorokin 1973; Ferrier-

Pagès et al. 1998) to macrozooplankton (Sebens et al. 1996; Palardy et al. 2005; see review by 

Ferrier-Pagès et al. 2011) and suspended particulate matter (Anthony and Fabricius 2000; 

Anthony 2006) as well as uptake of dissolved organic compounds (Grover et al. 2008). As 

photosynthates are carbon-rich compounds, often deficient in nitrogen and phosphorous (Battey 

and Patton 1987; Grover et al. 2008), external food constitutes an additional source of energy as 

well as a major nutritional source of those essential nutrients for both corals and symbionts in 

oligotrophic waters (Muscatine and Porter 1977; Sorokin 1991; Sebens et al. 1996). Hence, 

heterotrophic feeding has been shown to be beneficial to both partners of the symbiosis (Fitt 

2000; Houlbrèque et al. 2003; Houlbrèque et al. 2004) and to be crucial for coral growth and 

reproduction (Wellington 1982; Ribes et al. 1998; Houlbrèque et al. 2003). Moreover, a recent 

study estimated that heterotrophic feeding accounts for 12–25% of the total daily carbon intake 

in healthy corals (Palardy et al. 2008) highlighting the complementation towards the phototrophic 

nutrition by heterotrophy (Ferrier-Pagès et al. 1998). Feeding gains particular importance to the 

symbiosis whenever translocation of photosynthates by zooxanthellae to the coral host is limited, 

such as at low irradiances in highly turbid (Anthony and Fabricius 2000) or deep waters (Palardy 

et al. 2005; Palardy et al. 2008) or during a bleaching event (Grottoli et al. 2006). Accordingly, 

corals are able to complement their nutritional intake in these scenarios via increase in their 

feeding rates to meet their daily metabolic requirements (Anthony and Fabricius 2000; Palardy et 

al. 2005; Grottoli et al. 2006). Bleached colonies of the Hawaiian coral Montipora capitata increased 

their feeding rates fivefold compared to healthy colonies, and thus, were able to meet more than 

100% of daily metabolic requirements of the coral by heterotrophy (Grottoli et al. 2006). 
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However, the capacity for heterotrophic plasticity varies among coral species (Anthony and 

Fabricius 2000; Grottoli et al. 2006).  

Water flow is an important environmental factor affecting coral physiology in various 

aspects. It can modulate the mass transfer rate of gases and metabolites including nutrients and 

waste products and thereby associated physiological processes as photosynthesis and respiration 

(Patterson et al. 1991; Lesser et al. 1994; Nakamura et al. 2003; Carpenter and Patterson 2007). 

At higher water flow the diffusive boundary layers becomes thinner, thereby facilitating the 

uptake of inorganic nutrients and gases. Moreover, water flow has a significant, positive effect on 

the prey capture rates by corals (Sebens et al. 1997; Sebens et al. 1998). Due to their nature as 

sessile, passive suspension feeders, corals are reliant on the water flow for the direct interception 

of prey and ingestion of suspended particulate matter (SPM). High water flow increases the 

particle flux of zooplankton, and thus, higher feeding rates occur at high water flows, whereas 

zooplankton capture is restricted by low current velocities (Johnson and Sebens 1993; Sebens et 

al. 1997; Sebens et al. 1998). 

In this study we evaluated the relative importance of phototrophic vs. heterotrophic 

nutrition in Pocillopora damicornis for the functionality of the photosynthetic apparatus using 

chlorophyll a fluorescence and pigment analysis along with its relation to the integrity of the 

entire coral-algae symbiosis. Corals were exposed to in situ light exclusion experiments at two 

study sites. The study sites differed in current velocities and thus, enabled us to evaluate the role 

of water velocity in heterotrophic feeding of corals. Specifically, the design allowed us to test the 

hypotheses that (1) P. damicornis is able to maintain a functional symbiosis by compensating the 

lack of phototrophic nutrition by heterotrophic feeding and (2) that corals exposed to higher 

water flow are more efficient in shifting from autotrophy to heterotrophy due to higher particle 

fluxes at this site. 

MATERIAL AND METHODS 

Study location and study species 

The study was conducted at two reef sites surrounding Heron Island, Capricorn Bunker 

Group, Southern Great Barrier Reef, Australia, in July 2010. To investigate the effect of different 

environmental conditions within the reef system, two sites were chosen, Coral Gardens at Heron 

Reef (23.447 S 151.912 E) and North Wistari Reef (23.435 S 151.876 E; see Fig. 1). The reef 

slope of Coral Gardens is located on the south west of Heron Reef and is exposed to strongest 

tidal currents in the Capricorn Bunker Group (> 1.5. m s-1 in the proximity of the reef in spring), 
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adjacent to the 25 m deep adjacent Wistari Channel (Pickard et al. 1977; Connell et al. 2004). 

North-facing slopes of Wistari Reef are located close to Heron Island and are characterized by a 

spure and groove system (see Anthony and Hoegh-Guldberg 2003b for a detailed description of 

the study site). In this study, the branching coral Pocillopora damicornis (Linnaeus, 1758; 

Pocilloporidae) was used. To preclude any variation due to physiological differences of 

morphotypes, only the brown morphotype of P. damicornis was used in the experiment. 

Figure 1 Study area: Heron Island, Capricorn Bunker Group, Great Barrier Reef, Australia (23.44 S 
151.917 E). Location of the two study sites of the in situ experiment: 1, Coral Gardens (23.447 S 
151.912 E) and 2, North Wistari Reef (23.435 S 151.876 E). Map was produced using Ocean Data View 
(Schlitzer, 2011, http://odv/awi.de) with data from ‘Coral reef distribution of the World (2010)’ provided 
by UNEP-WCMC. 

Light deprivation experiment – experimental design and collection of samples 

To evaluate the role of phototrophy vs. heterotrophy in P. damicornis, coral nubbins were 

exposed to natural radiation and light deprivation in an experimental setup at each site. 

Therefore, an experimental design slightly modified from Roder et al. (2010) was deployed at 8 m 

depth and 0.5 m off the bottom (see Fig. 2). The setup comprised a 2 x 3 array of tubes (10 cm 

diameter, 50 cm length) made of round downpipe pops and translucent PVC sheets (2 mm), 

which were mounted on a stand attached to a railway wheel with openings facing the direction of 

the current. The upper row of tubes was translucent for photosynthetic active radiation (PAR) 

and allowed corals to perform photosynthesis unchanged, while in the lower array light was 

excluded by enveloping tubes with black duct tape. Drag of the tubes itself had no effect on the 

water velocity, as measured by means of an Acoustic Doppler Velocimeter (Vectrino ADV; 
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Nortek AS, Rud, Norway) on up- and downstream openings of tubes. On each site, fragments of 

P. damicornis from parental colonies from 6–8 m depth (one per colony) were randomly collected, 

fixed to plugs using underwater epoxy putty (Aqua Knead-it, Selley’s, Australia), which were then 

attached to a plastic grid material. One coral-bearing plastic grid was placed in each tube. At the 

onset of the experiment, after one and two weeks, in situ chlorophyll fluorescence measurements 

of corals were conducted at noon, followed by sample collections for measurements of symbiont 

and pigment densities. For this purpose, fragments were placed in opaque Ziploc bags and were 

transported on ice to the laboratory within 30 minutes, where samples were snap frozen in liquid 

nitrogen until further processing. In addition, the experimental setups including the Odyssey light 

sensors were cleaned of fouling organisms one week after onset of the experiment. 

Figure 2 Diagram of experimental setup showing 
the array of sample tubes, which was mounted on a 
stand attached to a railway-wheel. The location of 
the 2 π cosine corrected light loggers is also shown. 
The arrow indicates the direction of the current. 

Abiotic parameter  

During experimental exposure of corals, water temperature was recorded every 5 min 

using small probes (Thermochron iButtons DS1922L; Dallas Semiconductor Innovation, Maxim 

Integrated Products, Sunnyvale, USA), fixed on the experimental setups. Downwelling irradiance 

within the photosynthetically active range (400–700 nm) at each site was recorded every 5 min by 

2π cosine corrected light sensors (Odyssey light loggers; Dataflow Systems, Christchurch, New 

Zealand), deployed next to the experimental setup (see Fig. 2). Odyssey light loggers were 

calibrated against a 2π cosine corrected sensor (LI-COR LI-192, Lincoln, USA). To further 

characterize the light environment at the study sites, irradiance profiles were recorded at noon at 

a clear-sky day at Coral Gardens and North Wistari Reef using 2π cosine-corrected light sensors 

(LI-COR LI-192 and LI-191, Lincoln, USA) and a spectroradiometer (RAMSES ACC UV/Vis, 

TriOS, Oldenburg, Germany), connected to a data logger (LI-COR LI-1400, Lincoln, USA) and a 

Panasonic Toughbook, respectively. The light sensor was lowered through the water column and 
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downwelling irradiance was recorded at 1 m depth increments to 8 m depth, while simultaneously 

measuring downward irradiance below and above water surface. The average of triplicate 

measurements was used to calculate the diffuse vertical attenuation coefficient of downward 

irradiance Kd PAR as: 

   Kd (m
-1) = ln [Ed (z1)/Ed (z2)] * (z2 – z1)-1 

where Ed (z1) and Ed (z2) are the respective downwelling irradiances at depths z1 and z2, 

whereupon Ed (z1) was a reference irradiance, measured directly beneath the water surface (Kirk 

1994). 

At each sampling date, water samples were collected next to the experimental setup, 

filtered through a 0.2 µm syringe filter and stored at -20°C for nutrient analysis. Concentrations 

of dissolved nutrients were analyzed using Quick-Chem® methods on a Lachat® Quik Chem 8500 

automated flow injection ion analyzer (Lachat Instruments, Milwaukee, USA). 

Photochemical efficiency of PSII 

Measurements of effective quantum yield of photosystem II (PSII) were conducted 

during the early afternoon (after exposure to maximal daily solar radiation). Measurements were 

conducted using a Diving pulse amplitude modulated (PAM) chlorophyll fluorometer (Walz, 

Effeltrich, Germany). Steady-state fluorescence (F) and maximum fluorescence in the light 

adapted state (Fm’) were sampled after applying a saturation pulse of ~8,000 µmol photons m-2 s-1 

for 0.8 s. Light-adapted effective quantum yield (ΔF/Fm’ = (Fm’ – F)/Fm’ was calculated 

according to Genty et al. (1989) and indicates the momentary efficiency to utilize absorbed 

excitation energy for photochemistry under illumination (Ralph and Gademann 2005). 

Subsequently, rapid light curves (RLCs) were recorded applying a series of eight increasing 

irradiances (25, 49, 70, 90, 155, 205, 312 and 450 µmol photons m-2 s-1) at 10 s intervals with a 

saturation pulse at the end of each light step, and relative electron transport rate through PSII 

(rETR = ΔF/Fm’ x PAR) was determined according Ralph et al. (2002); PAR is the photon 

irradiance at each light step. rETRs of measured RLC were characterized by fitting data to the 

model of Eilers and Peters (1988) and various fluorescence parameters were derived: maximum 

electron transport rate (rETRmax), slope of the initial rise of the RLC (α) and the saturation 

irradiance (EK). Due to technical constraints, no measurements of RLCs were conducted on day 

14 of the experiment. 
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Cell density and pigment concentration of Symbiodinium 

Coral tissue was stripped from the skeleton by air-brushing in 5 mL 0.01 M phosphate 

buffered saline (PBS), pH 7.4. The tissue slurry was homogenized using a disperser (Ultra-

Turrax® T18 Basic, IKA®, Staufen, Germany) and the homogenate was centrifuged at 500 g for 

20 min and 4°C (Sigma 3-16K, Osterode am Harz, Germany). The supernatant was discarded 

and the remaining algal pellet resuspended in 0.01 M PBS. For pigment analysis, samples were 

filtered onto 13 mm Whatman GF/F glass fibre filters, which were immediately snap frozen in 

liquid nitrogen and stored at -80°C until analysis. In addition, aliquots were fixed with Lugol’s 

iodine solution for symbiont cell counts, which were performed using an Improved Neubauer 

haemocytometer (8 counts per sample). Symbiodinium cell numbers were normalized to coral 

surface area (cm2), as determined by the paraffin wax coating technique for P. damicornis (Stimson 

and Kinzie III 1991). Single wax dipping was performed as it is more accurate than double wax 

dipping (Veal et al. 2010). The surface area was calculated using a standard curve made by 

determining the increase in weight of a range of wooden calibration bodies of known surface area 

(1.95 – 59.91 cm2) after wax-dipping. 

Sample preparation and pigment quantification was performed as described by Krämer et 

al. (in press). Briefly, filters were lyophilized and pigments were extracted in ice-cold 

100% acetone 24 h at 4°C in the dark subsequent to homogenization. Following clarification of 

extracts by centrifugation and filtration, pigment analysis was performed by reversed phase high-

performance liquid chromatography (HPLC) on a LaChromElite® system equipped with a chilled 

autosampler L-2200 and a DAD detector L-2450 (VWR-Hitachi International GmbH, 

Darmstadt, Germany) applying a gradient according to Wright et al. (1991). Peaks were detected 

at 440 nm and identified as well as quantified by co-chromatography with pigment standards 

obtained from DHI Lab Products (Hørsholm, Denmark) using the software EZChrom Elite 

ver. 3.1.3. Detected pigments of Symbiodinium were grouped into photosynthetic (PSP) and 

photoprotective pigments (PP). Photosynthetic pigments encompass chlorophyll a and c2 and the 

carotenoid peridinin, whereas the photoprotective pigments include the xanthophyll cycle 

pigments (XC) diadinoxanthin and diatoxanthin in addition to β-carotene (Ambarsari et al. 1997). 

To highlight changes due to experimental light exclusion, pigment concentrations in light-

deprived corals on day 7 and 14 are displayed as percentage deviation from corresponding data in 

light exposed corals. 
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Statistical analysis 

All data were analyzed using PASW Statistics 18.0. Assumptions of normal distribution 

and homogeneity of variances were tested using a Shapiro-Wilk test and a Levene test, 

respectively. The univariate one-way analysis of variance (ANOVA) and student’s t-test was used 

to compare physiological parameters between light treatments as well as between sites. For 

heteroscedastic data, the non-parametric Wilcoxon and Kruskal-Wallis test were used to test for 

the corresponding treatment effects.  

RESULTS 

Abiotic conditions 

The course of photon irradiance of PAR and temperature at the experimental setup at 

Coral Gardens and North Wistari Reef during experimental period in July 2010 is shown in Fig. 3 

and the average temperatures, daily maximum photon irradiances and daily light doses are 

summarized in Table 1. At North Wistari Reef, both slightly higher maximum daily irradiances 

(mean: 424 µmol photons m-2 s-1) and daily photon doses (mean: 6.95 mol photons m-2 day-1) 

were measured compared to Coral Gardens (mean: 365 µmol photons m-2 s-1 and 5.63 mol 

photons m-2 day-1, respectively). The average diffuse attenuation coefficient in the PAR range 

(Kd PAR) was similar at both study sites (Kd = 0.14 m-1 and Kd = 0.16 m-1 at Coral Gardens and 

North Wistari Reef, respectively). Average water temperature at Wistari Reef (22.35°C) was 

slightly higher than of that at Coral Gardens (21.97°C), and this site was also characterized by 

higher temperature fluctuations compared to the study site at Coral Gardens due to higher wave 

exposure (compare Fig. 3a and b). The nutrient analysis of water samples taken during the 

experiment at the two study sites revealed significantly higher nitrite concentrations at North 

Wistari Reef (0.17 µM) compared to Coral Gardens (0.08 µM; Mann-Whitney test: z = 2.870, 

p = 0.003), while other inorganic nutrients such as ammonia, nitrate and orthophosphate 

concentrations were similar (see Table 1). 
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Figure 3 Seawater temperature (°C; black line) and photon irradiance (µmol photons m-2 s-1; grey line) in 
8 m depth at (a) Coral Gardens and (b) North Wistari Reef during the experimental period in July 2010. 

Table 1 Abiotic conditions (temperature, irradiance within the photosynthetically active range [400–
700 nm], and nutrient concentrations) during experimental studies from 5th to 20th of July 2010 at the 
two study sites (Coral Gardens and North Wistari Reef) near Heron Island, Great Barrier Reef, at 8 m 
depth. Data represent means ± SEM. Kd – diffuse vertical attenuation coefficient of downward irradiance.  

  Coral Gardens North Wistari Reef 

Radiation Max. daily photon irradiance          

(µmol photons m-2 s-1) 
365 (21) 424 (18) 

 
Daily photon dose                          

(mol photons m-2 day-1) 
5.63 (0.40) 6.95 (0.44) 

 Kd (m-1) 0.14 (0.05) 0.16 (0.02) 

Temperature (°C)  21.97 (0.01) 22.35 (0.01) 

Nutrients (µM) Ammonia 1.31 (0.17) 1.42 (0.16) 

 Nitrite 0.08 (0.01) 0.17 (0.03) * 

 Nitrate 0.10 (0.01) 0.11 (0.02) 

 Orthophosphate 0.03 (0.02) 0.02 (0.004) 

                       Asterisks (*) indicate significant differences between study sites (p < 0.05). 

Pulse amplitude modulated fluorometry 

At the onset of the experiment, ΔF/Fm’ of Symbiodinium in P. damicornis exhibited no 

significant difference between study sites (0.67 ± 0.023 and 0.69 ± 0.018 at Coral Gardens and 

Wistari Reef, respectively; see Fig. 4). Nonetheless, the characteristics of the RLCs showed 

marked disparities between sites (see Table 2). The maximum relative electron transport rate 

(rETRmax) of P. damicornis at North Wistari Reef (37.30 ± 5.64 a.u.) was significantly lower 

compared to those in Coral Gardens (64.53 ± 8.60 a.u.; student’s t test: t6 = 2.649, p = 0.038), 

whereas no differences were apparent for α and EK (see Table 2). Due to weather clearing the 
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overall light intensity increased after one week of exposure. Therefore, the experimental corals 

experienced higher immediate photon irradiances at both study sites and hence in hospite 

Symbiodinium showed slightly lower ΔF/Fm’ values at noon compared to the onset of the 

experiment at both study sites (see Fig. 4). However, the decline was more pronounced at North 

Wistari Reef, so that significantly lower ΔF/Fm’ was found in corals at North Wistari Reef (0.47 

± 0.01) compared to Coral Gardens (0.55 ± 0.02; student’s t test: t7 = 3.024, p = 0.019). At each 

site, light-deprived corals showed higher ΔF/Fm’ compared to those in the presence of light 

(student’s t test: t10 = 2.911, p  = 0.016 and Mann-Whitney test: z = -2.324, p 0.024 at Coral 

Gardens and North Wistari Reef, respectively). The RLC derived parameter α and ETRmax 

showed some variation due to experimental treatments, while no changes in the saturation 

irradiance EK were observed. At Coral Gardens, α significantly decreased from 0.89 at the onset 

of the experiment to 0.68 and 0.49 on day 7 in the presence and absence of light, respectively 

(Mann-Whitney test: z = -2.449, p = 0.016 and student’s t test: t8 = 3.676, p =0.006, respectively; 

see Table 2). However, on day 7 no significant differences in values of α were detected between 

light treatments at the same site or between study sites. By contrast, at Coral Gardens, light-

deprived corals showed a significant decline in rETRmax from 64.53 ± 8.60 a.u. at the onset of the 

experiment to 28.81 ± 2.75 a.u. (student’s t test: t8 = 4.692, p = 0.002). The values for ETRmax 

differed significantly from values rETRmax in the presence of light at this site (51.37 ± 5.18 a.u.; 

student’s t test: t8 = -4.218, p = 0.003) as well as from those of light-deprived corals at North 

Wistari Reef (Mann-Whitney test: z = 1.281, p = 0.030). On day 14 corals at Coral Gardens 

exhibited high ΔF/Fm’ (0.65 ± 0.03), presumably due to the low immediate photon irradiances 

(137 µmol photons m-2 s-1). The ΔF/Fm’ values were similar to those at the onset of the 

experiment as well as to those in the light-deprived corals (0.61 ± 0.02). At North Wistari Reef, 

light-exposed corals displayed a small decrease in ΔF/Fm’ on day 14 compared to initial values 

(p = 0.007), but they were not significantly different from light-deprived corals. However, it 

should be highlighted that there was a remarkable high variance of the data in the light-deprived 

corals, which is caused by the differential decline in effective quantum yield of corals. While some 

specimens of the light-deprived corals completely lost their ability of photochemistry, others 

maintained high photochemical quantum yields of PSII.  
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Figure 4 Effective quantum yield (ΔF/Fm’) of Pocillopora damicornis measured at noon in control (light 
treatment;  and ) and light-deprived fragments (dark treatment;  and ) over the experimental 
period of two weeks at Coral Gardens (  and ) and North Wistari Reef (  and ) and immediate 
photon flux density (µmol photons m-2 s-1; corrected for the light attenuation by the PVC sheet) at the 
time of fluorescence measurement (closed and open diamonds for Coral Gardens and North Wistari Reef, 
respectively). Data represent means ± SEM (n = 4–6). Asterisks (*) indicate significant differences 
between light treatments for the corresponding day and site, while lower case letters mark significant site-
specific differences within one light treatment. 

Table 2 Quantitative parameters derived from fitted RLC of Symbiodinium in Pocillopora damicornis at the 
onset and after seven days of the experimental treatment at Coral Gardens and North Wistari Reef. 
‘+ Light’ – fragments in translucent tubes; ‘- Light’ – fragments in opaque tubes. Data are reported as 
mean ± SEM (n = 4–6).  

Time (days) Study site Treatment alpha rETRmax  
(a.u.) 

EK 

(µmol photons m-2 s-1) 

t = 0 Coral Gardens  0.89 (0.06) 64.53 (8.59) a 73.06 (9.95) 

 North Wistari Reef  0.87 (0.12) 37.30 (5.64) b 46.49 (9.30) 

t = 7 Coral Gardens + Light 0.68 (0.03) 51.37 (5.18) * 74.15 (9.78) 

  - Light 0.49 (0.08) 28.81 (2.75) a 73.18 (18.61) 

 North Wistari Reef + Light 0.52 (0.12) 46.67 (1.79) 71.80 (3.34) 

  - Light 0.74 (0.06) 47.69 (5.80) b 63.31 (10.29) 

Asterisks (*) show significant significances between light treatments at the corresponding site, whereas 
different lower case letters mark significant site effects within one light treatment. 

Light-harvesting and photoprotective pigments 

Pigment concentrations of P. damicornis from both study sites at the onset of the 

experiment are summarized in Table 3. Overall, corals from both sites had similar concentrations 

of light-harvesting pigments (chl a and total photosynthetic pigments – PSP). By contrast, corals 

at Coral Gardens exhibited significantly higher xanthophyll and total photoprotective pigment 

(PP) concentrations per cell by 120% (student’s t test: t5 = 3.260, p = 0.022 and t5 = 3.404, 
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p = 0.018, respectively) and per surface area by 60% (student’s t test: t5 = 2.606, p = 0.048 and 

t5 = 2.818, p = 0.037, respectively) compared to those at North Wistari Reef. However, 

xanthophyll and PP concentrations normalized to chl a were similar between the two study sites. 

Table 3 Pigment concentrations of P. damicornis at the onset of the experiment at Coral Gardens and 
North Wistari Reef, Capricorn Bunker Group, Great Barrier Reef, normalized to different biometric 
parameters. Chl a – chlorophyll a, PSP – total photosynthetic pigments, XC – xanthophyll cycle pigments 
consisting of diadino- and diatoxanthin, PP – total photoprotective pigments. Data represent means ± 
SEM (n = 4).  

 Study site 

 Coral Gardens North Wistari Reef 

pg chl a cell-1 3.812 (0.305) 2.163 (0.847) 

µg chl a cm-2 1.162 (0.064) 0.865 (0.283) 

pg PSP cell-1 6.296 (0.551) 3.534 (1.265) 

µg PSP cm-2 1.918 (0.130) 1.435 (0.414) 

PSP chl a -1 1.649 (0.020) 1.750 (0.132) 

pg XC cell-1 0.444 (0.048) a 0.202 (0.053) b 

µg XC cm-2 0.135 (0.008) a 0.084 (0.016) b 

XC chl a -1 0.117 (0.012) 0.114 (0.023) 

pg PP cell-1 0.479 (0.046) a 0.213 (0.056) b 

µg PP cm-2 0.145 (0.006) a 0.088 (0.017) b 

PP chl a -1 0.126 (0.011) 0.121 (0.026) 

                  Different lower case letters mark significant site effects. 

Changes in light-harvesting and photoprotective pigments in light-deprived P. damicornis 

on days 7 and 14 of the experiment are shown in Fig. 5a and b, respectively. Interestingly, no 

significant changes in pigment concentrations in P. damicornis due to light deprivation were 

observed at Coral Gardens. By contrast, at North Wistari Reef significantly higher chl a as well as 

total light-harvesting pigment (PSP) concentrations per cell were detected in Symbiodinium in light-

deprived corals compared to corals exposed to full light on day 7 (student’s t test: t10 = 2.972, 

p = 0.014 and t10 = 2.593, p = 0.027; see Fig 5a). Accordingly, this increase in cellular chl a 

concentrations by 81% at Wistari Reef significantly differed from that at Coral Gardens (by 10%; 

student’s t test: t10 = 2.975, p =0.014). Moreover, the changes in PSP, xanthophyll cycle (XC) and 

total photoprotective pigments (PP) normalized to chl a due to light deprivation was significantly 

different between study sites (student’s t test: t10 = 3.985, p = 0.003 for PSP: chl a, t10 = 3.073, 

p = 0.013 for XC: chl a and t10 = 2.527, p = 0.030 for PP: chl a), presumably as a consequence of 

increased chl a concentrations per cell at North Wistari Reef. On day 14, no differences in the 

changes in pigment concentration in light-deprived corals between study sites were observed (see 

Fig. 5a,b). Moreover, at each site, concentrations of both light-harvesting and photoprotective 
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pigments in light-deprived P. damicornis were similar to those in the light treatment, when 

normalized to cell or to chl a. By contrast, there was a decline in areal pigment concentrations in 

light-deprived corals at both sites, whereas this effect was solely significant in corals at North 

Wistari Reef (see Fig. 5 a,b). At this site, areal chl a and PSP concentrations of corals in the 

absence of light significantly declined by 37% (student’s t test t9 = -3.270, p = 0.010 and        

t9 = -3.184, p = 0.011, respectively), while areal XC and PP concentrations diminished by         

38–39% (student’s t test t9 = -2.547, p = 0.031 and t9 = -2.897, p = 0.018, respectively). 

Figure 5 (a) Light-harvesting (chl a and total phototosynthetic pigments –PSP) and (b) photoprotective 
pigments (pigments of the xanthophyll cycle, diadino- and diatoxanthin – XC and total photoprotective 
pigments – PP) per cell, per surface area and normalized to chl a in Pocillopora damicornis at Coral Gardens  
( , ) and North Wistari Reef ( , ) on day 7 ( , ) and day 14 ( , ). Data are represented as 
% deviation from data in the light treatment at the corresponding site and day and error bars indicate 
SEM (n = 4-6). Asterisks (*) indicate significant differences between light treatments for the 
corresponding day and site, while lower case letters mark significant site-specific differences. 

Symbiont density 

At the onset of the experiment, symbiont densities within the tissue of P. damicornis were 

significantly higher at North Wistari Reef than at Coral Gardens (Mann-Whitney test: z = -2.309, 

p = 0.029; see Fig. 6). However, effects of light deprivation on cell densities over the 

experimental period were clearly site-dependent. In North Wistari Reef, light-deprived fragments 

exhibited significantly lower cell densities by 41 and 44% compared to light exposed corals on 

day 7 and day 14, respectively (student’s t test: t10 = -3.351, p = 0.007 and t10 = -2.671, p = 0.023, 

respectively). Accordingly, a significant effect of time on cell densities in P. damicornis was only 
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detected for light-deprived corals at North Wistari Reef (one-way ANOVA: F2, 13 = 16.896, 

p < 0.001). In contrast, corals at Coral Gardens did not show a significant effect of light 

deprivation on symbionts densities, and contrary to corals at North Wistari reef, cell densities 

significantly increased over the experimental exposure, irrespective of light treatment (Kruskal-

Wallis test: χ2 = 18.569, p < 0.001), with symbiont levels on day 7 and 14 being significantly 

higher than those on day 0 (p  < 0.001 and p = 0.050, respectively). 

Figure 6 Symbiodinium density (cells cm-2) in Pocillopora damicornis in control (light treatment) and light-
deprived fragments (dark treatment) over the experimental period (circles – day 0; squares – day 7; 
triangles – day 14) at Coral Gardens (closed symbols) and North Wistari Reef (open symbols). Data 
represent means ± SEM (n = 4-6). Asterisks (*) indicate significant differences between light treatments 
for the corresponding day and site. 
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DISCUSSION 

Light is a crucial factor influencing the photosynthetic performance of coral symbionts 

and thereby the primary source of nutrtition of corals. Light deprivation of corals can 

consequently affect the integrity of the symbiosis due the lack of photosynthetically assimilated 

carbon to support the energy needs of the symbiosis (Clayton and Lasker 1982; Titlyanov et al. 

2001). As a result, the coral host is more reliant on heterotrophic food supply and stored energy 

reserves, such as lipids and protein (Szmant and Gassman 1990; Grottoli et al. 2006). 

Heterotrophic feeding has been shown to be positively correlated with water flow (Sebens et al. 

1998). This current study has shown that significant differences exist between the 

photophysiological responses (ΔF/Fm’, RLC parameters, cell and pigment densities) of P. 

damicornis to light deprivation among nearby reef sites at the same depth, which are mainly 

characterized by disparate water flows (Pickard et al. 1977; Connell et al. 2004).  

Light exposed corals at both study sites show light-dependent down-regulation of 

ΔF/Fm’. Previous studies on corals showed lowered ΔF/Fm’ in a typical diel pattern of down-

regulation and recovery of PSII photochemistry, which is inversely related to the incident 

irradiance (Brown et al. 1999; Gorbunov et al. 2001; Hill and Ralph 2005). The extent of diel 

down-regulation of ΔF/Fm’ is inversely related to the depth that corals thrive (Warner et al. 2002; 

Warner et al. 2006), which is linked to higher levels of non-photochemical energy dissipation in 

shallow water corals (Warner et al. 2006). Light-deprived corals showed higher (day 7) or equal 

(day 14) ΔF/Fm’ suggestive of a higher proportion of photons being utilized for photochemical 

energy conversion, and presumably low levels of non-photochemical quenching. The great 

variability in ΔF/Fm’ in light-deprived P. damicornis at North Wistari Reef after 14 days, as 

opposed to those at Coral Gardens, might be explained by the complete loss of the 

photochemical activity of some fragments, while others still showed high quantum yields PSII 

indicative of functional photosynthetic apparatus. To the authors’ knowledge, to date no 

comparable fluorescence data on in situ light-deprived corals exists. However, light exclusion 

experiments on the chlorophyte Dunaliella tertiolecta have shown a marked decline in 

photochemical efficiency along with a high incidence of cell death through a form of 

programmed cell death after 5 days (Berges and Falkowski 1998; Segovia and Berges 2005). 

Gross photosynthetic rates as well as respiration rates of adult Stylophora pistillata (Hoegh-

Guldberg and Smith 1989) and planula larvae of P. damicornis (Gaither and Rowan 2010) have 

been reported to be severely depressed, when kept in darkness or quasi-darkness (0.3% ambient 

PAR) for 10 and 19 days, respectively.  
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Parameter derived from the RLCs offer effective means to evaluate the acclimation state 

of corals to different light regimes (Ralph and Gademann 2005). Higher initial rETRmax of 

P. damicornis at Coral Gardens compared to that at North Wistari Reef indicate that corals have a 

higher photosynthetic capacity and were photoacclimated to higher irradiances. This was 

corroborated by increased xanthophyll and photoprotective pigment concentrations at Coral 

Gardens. Corals at both sites were collected at the same depth and a similar attenuation 

coefficient was found for both sites, which shows that corals live in a comparable light habitat. 

However, coral reefs are complex structures and thus, show various light microhabitats (Anthony 

and Hoegh-Guldberg 2003b). The photophysiological responses of RLC derived parameters 

towards light deprivation was only obvious in reduced rETRmax in corals at Coral Gardens on 

day 7, which was significantly different from light-deprived corals at North Wistari reef. This is 

consistent with the typical photoacclimation response to reduced light (e.g. Chalker et al. 1983), 

and with findings by Anthony and Hoegh-Guldberg (2003b) who have reported lower rETRmax 

along with lower Ek for cave dwelling Montipora monasteriata compared to those at open habitats. 

It is unclear, why there is no light treatment-specific difference in the photophysiological 

response of rETRmax at North Wistari Reef or α and EK in general as one would expect during 

photoacclimation to low irradiance. Photophysiological responses may be additionally modulated 

by various environmental factors comprising water flow, temperature, nutrients and sediments 

(Coles and Jokiel 1977; Finelli et al. 2006; Cooper and Ulstrup 2009). The concentrations of 

dissolved inorganic nutrients were similar between sites (see Table 1), yet corals at North Wistari 

Reef experienced slightly higher nitrite concentrations and temperatures (including a greater 

variation). However, it is unlikely that the small observed difference in nitrite concentration has 

caused a biological effect. Alternatively, the process of photoacclimation to new light conditions 

was still ongoing, as new and stable levels of photophysiological parameters were shown to be 

achieved within 5–10 days (Anthony and Hoegh-Guldberg 2003a). Unfortunately, due to 

technical restrictions no RLC data are available after 14 days of light deprivation, thus, limiting 

notions on acclimation state in terms of rETRmax, EK and α after this period. It should be noted 

here, that the rETR does not take into account the fraction of light absorbed by the coral tissue 

(Hoegh-Guldberg and Jones 1999) or the distribution of absorbed light between both 

photosystems (commonly assumed to be even; Schreiber 2004). Absorption of photons is 

influenced by symbiont and pigment concentrations and therefore likely to affect the rETR 

curves, as shown for seaweeds by Saroussi and Beer (2007). 

An increase in cellular concentrations of chl a and light-harvesting pigments was observed 

only in light-deprived P. damicornis at North Wistari Reef on day 7 in order to maximize photon 
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capture. This is consistent with the typical photoacclimation response of in hospite Symbiodinium to 

lower irradiance (Chalker et al. 1983; Porter et al. 1984), although usually accompanied by 

increases in α and decreased EK. The decline of areal pigment concentrations (chl a, ∑PSP, XC 

and ∑PP) in light-deprived corals at North Wistari Reef on day 14 is caused by a dramatic loss of 

symbionts from the symbiosis, as cellular pigment content was unchanged. Similar findings have 

been made for light-deprived adult corals (Hoegh-Guldberg and Smith 1989; Titlyanov et al. 

2001) as well as planula larvae of P. damicornis (Gaither and Rowan 2010). It remains to be 

elucidated if this loss was caused by apoptosis-like processes, as observed in light-deprived 

Dunaliella tertiolecta (Berges and Falkowski 1998; Segovia and Berges 2005). Titlyanov and 

Titlyanova (2002) postulate that under extreme conditions, such as very low light, the symbiotic 

features of the coral-algal relationship can change towards attributes consistent with parasitism. 

This would mean for our study, that the coral would have become parasitic under light 

deprivation and would digest degraded Symbiodinium as means of an alternative source of energy 

(Titlyanov and Titlyanova 2002). No decline in symbiont density was obvious in light-exposed 

corals at North Wistari Reef, suggesting that phototrophy of symbionts was sufficient to support 

the needs of the symbiosis. By contrast, no decline in symbiont or pigment density was detected 

in Coral Gardens for either treatment. The site-specific differences in photophysiological 

responses of light-deprived P. damicornis may be explained by differences in the availability of 

alternative nutrition sources of corals other than phototrophy to replenish energy requirements. 

In darkness, corals can shift from phototrophic to heterotrophic carbon acquirement mode 

and/or primarily rely on stored energy reserves in the form of lipids, proteins and carbohydrates 

(Rodrigues et al. 2008) in order to compensate the reduced nutritional input from their 

symbionts.  

Feeding rates appear to vary among species and are influenced by numerous factors 

including depth, bleaching status, irradiance and water flow (Sebens et al. 1998; Anthony and 

Fabricius 2000; Grottoli et al. 2006; Palardy et al. 2008). Some coral species are able to increase 

their feeding rates in response to lower irradiance or to darkness (Wellington 1982; Ferrier-Pagès 

et al. 1998; Anthony and Fabricius 2000), but variation between species exists. Previous studies 

on P. damicornis concluded that its feeding effort is insufficient to compensate the lack of 

photosynthetically derived carbon by heterotrophic input, and thus, it is described as severely 

sensitive to light deprivation (Clayton and Lasker 1982; Wellington 1982). On the contrary, 

feeding efforts in P. damicornis have been reported to increase with decreasing irradiance 

(increasing depth; Palardy et al. 2005) and with increasing prey density (Clayton and Lasker 1982; 

Palardy et al. 2006). Water flow can modulate heterotrophic feeding rates of corals by enhancing 
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the particle flux (zooplankton as well as SPM) at high velocities (Sebens et al. 1998). In line with 

this, the particle flux at Coral Gardens is expected to be higher than that at North Wistari Reef 

due to higher water flows through the Wistari Channel (Pickard et al. 1977; Connell et al. 2004). 

This will allow light-deprived corals at Coral Gardens to utilize the heterotrophic nutrition 

sources more efficiently in order to meet metabolic requirements and might have aided to 

maintain the integrity of the examined coral symbioses of P. damicornis (no losses of symbionts). 

The heterotrophic intake of light-deprived corals at North Wistari Reef appears to be insufficient 

to compensate the shortcoming of photosynthetically derived carbon and consequently, corals 

underwent bleaching due to ‘starvation’. Bleaching of light-deprived P. damicornis have been 

shown to be linked with losses in biomass in previous studies (Clayton and Lasker 1982). 

Unfortunately, analytical constraints precluded the quantification of suspended particulate matter 

as well as water flow next to the experimental set-up, and thus, no data for different particle flux 

between the two sites are available. However, given that strongest tidal currents in the Capricorn 

Bunker Group have been measured in the Wistari Channel (Pickard et al. 1977; Connell et al. 

2004) and assumed similar near-substratum zooplankton abundances (no data available for these 

sites, but see Sale et al. 1976; Sorokin and Sorokin 2009), particle flux can be expected to be 

higher at Coral Gardens. 

On the other side, corals could have met metabolic energy requirements by consumption 

of energy reserve compounds. Lower amounts of energy reserves within coral tissue might have 

been completely exhausted in corals at North Wistari Reef, when experimentally shifted to 

darkness, compared to those at Coral Gardens. Lipids are important energy storage compounds 

in corals (e.g. Harland et al. 1993) and previous studies have shown depletion of lipids storages 

along with increased bleaching incidence of P. damicornis, when experimentally kept in darkness 

for 1–3 weeks (Stimson 1987; Harriott 1993). We have no information on the amounts of energy 

reserve compounds within the tissue of P. damicornis at both sites and can only suspect reserves to 

be higher in Coral Gardens based on findings by Roder et al. (2010). They have found higher 

energy reserves in corals from large amplitude internal wave exposed reefs, which could be 

accumulated due to concomitant phototrophic and heterotrophic nutrition (Roder et al. 2010). 

Finally, it might be conceivable that P. damicornis at North Wistari Reef and Coral Gardens 

harbour different Symbiodinium genotypes, as considerable variation in photophysiological 

responses among Symbiodinium genotypes exists (Iglesias-Prieto and Trench 1994; Hennige et al. 

2009; Krämer et al. in press), which might also encompass differential tolerances to light 

deprivation. Previous studies have demonstrated a high specificity of P. damicornis at Heron Island 

for Symbiodinium C1 (Ulstrup et al. 2008; Hill et al. 2009). Further, a more extensive study at 
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Heron Island covered several sites (but not Wistari Reef) and depths and revealed a greater 

diversity of Symbiodinium genotypes in P. damicornis, where all associated genotypes of P. damicornis 

were all closely related to C1 and co-occurred with C1 (Sampayo et al. 2007).  

In summary, corals of P. damicornis at North Wistari Reef appeared to be more sensitive to 

light deprivation compared to those at Coral Gardens. After 2 weeks in darkness, corals partially 

lost their photochemical capacity and underwent bleaching by losses of symbionts, while corals at 

Coral Gardens were able to maintain a functional symbiosis. Results might indicate that corals 

exposed to higher water flow were more efficient in shifting from autotrophy to heterotrophy 

due to higher particle fluxes at this site or had higher amounts of energy reserves to support the 

energy needs of the symbiosis. 
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6. Synopsis of discussion 

The health of coral reefs around the globe is seriously threatened by coral bleaching and 

associated mortality. Elevated seawater temperatures and high irradiances are considered to be 

the principal causes for the breakdown of the complex symbiosis between corals and their algal 

symbionts (Brown 1997; Hoegh-Guldberg 1999; Hughes et al. 2003; Hoegh-Guldberg 2011). The 

physiological processes underlying coral bleaching including the primary site of damage and the 

great variability in bleaching susceptibility are not unequivocally resolved. Bleaching is often 

preceded by photoinhibition of algal symbionts, highlighting that the vulnerability of the 

symbiosis to bleaching conditions is primarily caused by its algal symbiont (Iglesias-Prieto et al. 

1992; Iglesias-Prieto 1997; Jones et al. 1998; Warner et al. 1999; Jones et al. 2000). In addition, 

different bleaching susceptibilities of corals have often been linked to the association with 

different Symbiodinium phylotypes (Rowan et al. 1997; Berkelmans and van Oppen 2006), as this 

diverse genus shows differential capacity of photoacclimation and tolerance to elevated 

temperatures (Iglesias-Prieto and Trench 1994; Iglesias-Prieto and Trench 1997; Robison and 

Warner 2006; Hennige et al. 2009). Other studies have instead found a substantial contribution of 

the host in determining the bleaching susceptibility of the coral-algal association (Brown et al. 

2002a; Bhagooli and Hidaka 2003; Baird et al. 2009).  

The major objective of this thesis was to provide further insight into the 

photophysiological responses of Symbiodinium to high irradiance and elevated temperatures, with 

particular emphasis on the engagement of photoprotective mechanisms, and into the 

contribution of the host in modulating this reaction. In addition, the capacity of corals of shifting 

from phototrophic to heterotrophic mode of nutrition was evaluated in order to maintain the 

integrity of the symbiosis under light deprivation. 

6.1 Physiological response of SSymbiodinium  to high irradiance 

Scleractinian corals experience a wide range of irradiance levels spanning two orders of 

magnitude across their depth distribution (Wyman et al. 1987). Solar radiation is not only crucial 

for generating chemical energy through photosynthesis, but excessive light can have adverse 

effects on photosynthesis and consequently on the coral symbiosis. High irradiance is known to 

promote the bleaching response, either separately (Hoegh-Guldberg and Smith 1989a; Lesser et 

al. 1990; Brown et al. 1994) or synergistically with elevated temperatures (Jones et al. 1998; 

Bhagooli and Hidaka 2004; Lesser and Farrell 2004). Therefore, photosynthetic organisms such 

as Symbiodinium, employ several strategies to minimize photoinhibition by balancing light 
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absorption and its utilization in order to ensure optimization of photosynthesis and ultimately 

maintenance of the coral under variable conditions (Smith et al. 2005). 

In this study, the effect of high irradiance on Symbiodinium was investigated both in culture 

(two phylotypes within clade A; Chapter I) and in hospite (in two corals, both associated with 

phylotype C1; Chapter II). In general, declines in quantum yield of PSII (Fv/Fm and ΔF/Fm’; see 

Figs. 1 and 2 in Chapter I and Figs. 2 and 4 in Chapter II) and in light-harvesting pigments as 

well as increases in photoprotective pigments (see Table 5 in Chapter I and Figs. 5 and 6 in 

Chapter II) were shown to occur in high light (HL)-exposed Symbiodinium. Decreases in quantum 

yield of PSII photochemistry can be linked to net photoinhibition involving damage to PSII 

reaction centres (Baker 2008) and/or photoprotective processes including xanthophyll-dependent 

NPQ (Brown et al. 1999). Given the long-term exposure of cultured Symbiodinium (Chapter I) 

and the rather acute exposure of in hospite Symbiodinium (Chapter II), the decline in quantum yield 

can be attributed to different processes and is addressed in the following sections.  

In the absence of thermal stress, the lowered Fv/Fm values along with the concurrent 

declines in light-harvesting pigments in both cultured HL-exposed Symbiodinium phylotypes (see 

Figs. 1 and 2, Table 5 in Chapter I) may be considered as photoacclimative response and are in 

agreement with previous studies (Rodríguez-Román and Iglesias-Prieto 2005; Robison and 

Warner 2006; Hennige et al. 2009). Photoacclimation in Symbiodinium to high irradiance can be 

achieved by substantial changes of the concentration as well as the composition of pigments in 

the light-harvesting antennae (both affecting the size of the photosynthetic unit [PSU]; Falkowski 

and Dubinsky 1981; Chang et al. 1983; Iglesias-Prieto and Trench 1994; Falkowski and Raven 

2007) and reductions in the number of PSUs (Chang et al. 1983; Iglesias-Prieto and Trench 1994; 

Hennige et al. 2009). While no measurements on changes in the number of PSU were made in 

this study, our findings are in line with previous studies, that showed that HL-exposed 

Symbiodinium generally reduces its cellular concentrations in light-harvesting pigments with 

concomitant increases in photoprotective carotenoids (Iglesias-Prieto and Trench 1997; Hennige 

et al. 2009). Likewise, in hospite Symbiodinium shows photoacclimation to its depth-dependent light 

environment, with higher levels of xanthophyll pigments and lower levels of light-harvesting 

pigments found in corals near the surface (Lesser et al. 2000). Consequently, shallow-water corals 

display lower quantum yields of PSII (Fv/Fm) compared to corals at greater depths, highlighting 

the important role of xanthophyll-mediated thermal dissipation of excessively absorbed energy as 

heat in photoprotection of shallow-water corals (Ralph et al. 1999; Lesser et al. 2000; Warner et 

al. 2002). Furthermore, corals show seasonal variation in Fv/Fm, which inversely follow changes 

in irradiance of solar radiation and SST (Warner et al. 2002). Thus, it can be concluded that the 
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two investigated phylotypes were able to successfully photoacclimate to HL in the absence of 

thermal stress. In spite of this general photoacclimative response in terms of Fv/Fm and light-

harvesting pigments, our findings revealed marked differences in photoprotective traits between 

both Symbiodinium clade A phylotypes. Only Symbiodinium phylotype A1 increased its 

concentrations of β-carotene (Table 5 in Chapter I) and, the de-epoxidation state 

(DPS = Dt/[Dd+Dt]) of the xanthophyll pool  (Fig. 3 in Chapter I) along with the total amount 

of glutathione (GSx; Fig. 4 in Chapter I) in response to HL exposure, suggesting a greater 

capacity of photoprotection in this phylotype. A higher DPS of the xanthophyll pool has been 

shown to be associated with enhanced thermal dissipation of excessively absorbed energy in 

Symbiodinium (Brown et al. 1999) in order to prevent the generation of ROS (Niyogi 1999). 

Xanthophyll-mediated NPQ constitute a major photoprotection mechanism in corals, and 

in hospite Symbiodinium in HL habitats as much as 80% of the absorbed excitation energy can be 

safely dissipated as heat via NPQ (Gorbunov et al. 2001). On the other hand, both β-carotene 

and GSx can protect PSII from photo-inactivation by scavenging of ROS (Noctor and Foyer 

1998; Niyogi 1999; Tausz 2001). Due to its location in the PSII reaction centres, β-carotene acts 

by quenching 1O2 produced by the triplet state of P680 (Triantaphylidès and Havaux 2009). GSx 

is the principal low molecular weight thiol in many cells and is known to accumulate in millimolar 

concentrations (Ahner et al. 2002; Noctor et al. 2012). GSx is involved in multiple cellular 

processes including its crucial role in the antioxidative system: it is involved in direct and indirect 

ROS scavenging, by regenerating ascorbate via the ascorbate-glutathione cycle (see Fig. 1.4; 

Noctor and Foyer 1998). Our findings are in line with previous studies on high-light stress in 

higher plants (see Tausz 2001) and suggest an accelerated ROS generation at the acceptor side of 

PSI during HL exposure of Symbiodinium, and in consequence, higher turnover of the MAP cycle. 

GSx acts in concert with antioxidative enzymes of the MAP cycle such as SOD and APX to 

counter accelerated ROS generation and to prevent oxidative damage (Asada 2000). Thus, our 

findings show that Symbiodinium phylotype A1 can minimize photo-inactivation and oxidative 

damage under HL by increasing the engagement of the MAP and ascorbate-glutathione cycle. 

Increased activities of SOD and APX activities have been detected in symbionts of the zoanthid 

Palythoa caribaeorum in response to high-light exposure (with and without UVR; Lesser et al. 1990). 

Distinct differences between fluorescence and oxygen measurements in thermally challenged 

corals exposed to natural sunlight, along with the collapse of qN in the absence of oxygen led 

Jones et al. (1998) to the notion that electron flow through the MAP cycle is enhanced when light 

absorption exceeds the utilization of NADPH by the dark reactions. Besides its role in ROS 
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scavenging, the operation of the MAP cycle alleviates the over-reduction of the photosynthetic 

electron transport, as electrons are safely dissipated, and it acts in activating NPQ by establishing 

a transthylakoidal ΔpH (Asada 2000).  

Acute high-light exposure of in hospite Symbiodinium in two scleractinian corals caused a 

species-specific response in defiance of harbouring the same phylotype (Chapter II), with net 

photoinhibition and losses of symbionts only detected in Pocillopora damicornis (see Figs. 2 and 4 

plus Table 3 in Chapter II). One unanticipated finding was that high levels of photoprotective 

pigments, their rapid synthesis and high DPS of the xanthophyll pool (see Fig. 6 in Chapter II) 

were exclusively found in P. damicornis, while Pavona decussata down-regulated its light-harvesting 

pigments (see Fig. 5 in Chapter II). It appears that the photoprotection applied by symbionts in 

P. damicornis was depleted, presumably causing the accumulation of photo-inactivated PSII. This 

might have been correlated with declines in the D1 protein content, as previously observed in 

Symbiodinium in P. damicornis exposed to bleaching conditions (Hill et al. 2011). Lesser and Farrell 

(2004) have shown that the loss in D1 is accelerated when thermally challenged corals are 

exposed to HL. Taken together, the observed differences in the capacity to withstand high 

irradiances are in line with the notions of Pocillopora damicornis and Pavona decussata being highly 

bleaching susceptible and tolerant, respectively (Marshall and Baird 2000; Loya et al. 2001; 

McClanahan et al. 2004). Given both coral species harbour the same Symbiodinium phylotype with 

notionally the same phenotypic traits, our findings suggest that the symbionts in the two 

coexisting coral species experience different in hospite light conditions due to light-modifying 

characteristics of the coral host’s tissue (as discussed in 6.4). 

6.2 Physiological response of SSymbiodinium  to high irradiance and elevated temperatures 

Increased temperature have been found to impact the photophysiological performance 

and growth of both cultured Symbiodinium phylotypes within clade A (see Figs. 1 and 2 plus 

Table 2 in Chapter I), whereas phylotype Ax turned out be highly sensitive to thermal stress. 

Thereby, our findings challenge the notion of clade A being a stress tolerant generalist (Toller et 

al. 2001b). Acclimation of Symbiodinium phylotype A1 to elevated temperatures, as reflected by 

small declines in Fv/Fm (see Fig. 1 in Chapter I), was quite similar to photoacclimation. By 

contrast, Symbiodinium phylotype Ax experienced chronic photoinhibition (drastic declines in 

Fv/Fm; see Fig. 2 in Chapter I) and reduced growth rates at temperatures ≥ 30°C (see Table 2 in 

Chapter I), which is further exacerbated at HL. At 32°C, this phylotype rapidly lost its 

photochemical performance and died (see Fig. 2 and Table 2 in Chapter I). The findings 
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corroborate the notion of the temperature sensitivity of PSII in symbiotic dinoflagellates with 

severe impairments in photosynthesis at temperatures of 32–34°C (Iglesias-Prieto et al. 1992; 

Jones et al. 1998; Robison and Warner 2006). High irradiance has been shown to aggravate the 

adverse effects of thermal stress in hospite and cultured Symbiodinium (Lesser and Farrell 2004; 

Robison and Warner 2006), presumably by affecting PSII and carbon fixation simultaneously in a 

feedback loop (Lesser and Farrell 2004). In accordance, our study showed that HL exposure 

aggravates the effect of elevated temperatures on PSII photochemistry, which especially applies 

to the phylotype Ax (see Figs. 1 and 2 in Chapter I). The interactive effects between temperature 

and light have already been observed by early studies, who found that corals could withstand 

elevated temperatures better at low light intensities (Jokiel and Coles 1977; Coles and Jokiel 

1978). It is now widely accepted that the exposure to high irradiances lowers the bleaching 

threshold temperature or, to put it another way, at elevated temperature, algal symbionts become 

more sensitive to light induced damage (Warner et al. 1996; Jones et al. 1998; Warner et al. 1999; 

Jones and Hoegh-Guldberg 2001; Bhagooli and Hidaka 2004; Lesser and Farrell 2004). Similar 

conclusions have been made from field data, where coral reefs in French Polynesia were 

preserved from large-scale bleaching by the simultaneous occurrence of cloudy weather during 

the 1998 El Niño event (Mumby et al. 2001). 

Net photoinhibition is the consequence of an imbalance between the rate photo-

inactivation of PSII and its repair through re-synthesis of D1, culminating in the loss of D1 

protein (Takahashi and Murata 2008; Takahashi and Badger 2011). The loss of D1 in 

Symbiodinium under thermal stress is proposed to be the outcome of accelerated photo-

inactivation rates (Warner et al. 1999; Hill et al. 2011) or, alternatively, the result of the inhibition 

of the repair of photo-inactivated PSII (Takahashi et al. 2004; Takahashi et al. 2009). Recent 

studies on cultured and in hospite Symbiodinium have suggested that the differential capacity of 

repair of photo-inactivated PSII in Symbiodinium may underlie the susceptibility of corals to 

bleaching (Warner et al. 1999; Takahashi et al. 2004; Takahashi et al. 2009; Ragni et al. 2010; 

Hennige et al. 2011). Ragni et al. (2010) have demonstrated that the key mechanism of a 

thermally tolerant Symbiodinium phylotype to minimize net photoinhibition under HL exposure is 

based on a higher capacity of repair of photo-inactivated PSII, when compared to a thermally 

sensitive phylotype, while no evidence was found for different capacities of photoprotection.     

A recent study extended this correlation between repair rates and maintenance of high levels of 

photochemistry for Symbiodinium associated with the bleaching tolerant coral species Porites 

astreoides and the bleaching sensitive species Montastraea faveolata, again with little evidence for 

differences in the capacity for NPQ (Hennige et al. 2011). However, an enhanced capacity of 



Synopsis of discussion 
   

� 156 

photoprotection, which safely dissipates energy (xanthophyll-mediated NPQ) and consumes 

electrons (MAP cycle), would manifest as reduced susceptibility to photo-inactivation of PSII. 

Despite having no data for the capacity of repair of photo-inactivated PSII in the two phylotypes, 

our findings (Chapter I) strongly point to an important role of xanthophyll-mediated NPQ and 

ROS scavenging involving GSx in determining the thermal tolerance of the investigated 

Symbiodinium phylotypes. The thermally tolerant Symbiodinium phylotype A1 accumulates higher 

cellular levels of both xanthophyll cycle pigments and GSx (see text and Table 5 in Chapter I) 

and dynamically regulates their concentrations in response to elevated temperatures (as well as 

HL; see Fig. 3 and 4 in Chapter I) compared to thermally sensitive Symbiodinium Ax. The strong 

increase in DPS of the xanthophyll pool in response to elevated temperatures (see Fig. 3 in 

Chapter I) is consistent with previous studies (Venn et al. 2006). Contrary to expectations based 

on studies on higher plants (Tausz 2001), the total amount of glutathione was inversely related to 

both temperature and the DPS (see Figs. 3 and 4 in Chapter I). This finding was also surprising, 

since elevated temperatures have been reported to increase SOD and APX activities in thermally 

stressed Symbiodinium cultures (clade B) indicative of higher turnover of the MAP-cycle (Lesser 

1996). Hence, an enhanced regeneration of ascorbate through the ascorbate-glutathione cycle was 

expected. During its engagement in the ascorbate-glutathione cycle, GSH is oxidized to 

glutathione disulphide (GSSG) and subsequently regenerated using NADPH catalyzed by 

glutathione reductase (GR) without any net loss of GSx occurring (Noctor and Foyer 1998). The 

temperature-dependent decline in GSx (see Fig. 4 in Chapter I) may be explained by 

(1) limitations in the supply of photorespiratory glycine, which is required for synthesis of GSH 

(Noctor et al. 1999), (2) enhanced conjugation of GSH with lipid peroxides catalyzed by 

glutathione-S-transferase (GST) and subsequent vacuolar sequestration (Marrs 1996) or 

(3) enhanced S-glutathionylation of proteins and formation of S-nitrosoglutathione, which is 

stimulated by oxidative and nitrosative stress (Dalle-Donne et al. 2009). The latter is discussed 

below, as it might be linked to the signalling cascade eliciting coral bleaching by apoptosis 

(see 6.6).  

6.3 Host-mediated differences in symbiont physiology 

An important rationale for studying both cultured and in hospite Symbiodinium is based on 

the significant difference in their immediate physical environment. In hospite Symbiodinium cells are 

located in a host-derived vacuole (symbiosome) within the endodermal cell layer, which also 

allows the host to control the exchange of metabolites (see Yellowlees et al. 2008). Firstly, within 
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the coral tissue Symbiodinium experiences different ionic conditions compared to the surrounding 

seawater, with lower intracellular Na+ and Ca2+ levels, a lower pH and higher K+ concentrations 

(Goiran et al. 1997; Sawyer and Muscatine 2001; Venn et al. 2009). Nevertheless, as of yet, no 

information about the osmotic condition in the perisymbiotic space is available (see Furla et al. 

2011). Secondly, the intracellular location of in hospite Symbiodinium implies that the supply with 

nutrients and inorganic carbon (Ci) requires the transport across two to four membranes 

(Yellowlees et al. 2008). Although Ci derived from the host respiration is taken up by 

Symbiodinium, the major supply of Ci comes from the external environment and requires the 

transport through the ectodermal and mesogloeal layer to the symbionts within the endoderm 

(Allemand et al. 1998). The complete transport pathway towards the symbiosome is not 

completely resolved yet, but involves an H+-ATPase of the coral host acidifying the boundary 

layer, where bicarbonate is converted to CO2 by an external CA isoform. CO2 diffuses into the 

cell, where it is converted to bicarbonate again (reviewed by Furla et al. 2011). The transport 

pathway into the symbiosome itself is unkown, however, the operation of a carbon concentrating 

mechanism (CCM) in Symbiodinium facilitates the uptake of Ci into the algal cells (Goiran et al. 

1996; Leggat et al. 1999; Bertucci et al. 2010). Unlike nutrient-repleted conditions in culture (also 

in Chapter I), the environments in which the coral-algae symbiosis generally thrives, are 

oligotrophic waters surrounding the coral reef (see Yellowlees et al. 2008; applies to studied 

corals in Chapter II and III). Both Symbiodinium and the coral host are capable of assimilating 

ammonium with strong evidence for its control by the host (D'Elia et al. 1983; Wang and 

Douglas 1998), while Symbiodinium can also utilize nitrate as nitrogen source (Franzisket 1973; 

Tanaka et al. 2006). The phosphate uptake of the symbiosis is less understood, yet occurs only in 

cnidarians in symbiosis with Symbiodinium and is enhanced by light (D'Elia 1977). The tight 

cycling of nutrients within the symbiosis is thought to be the key to the success of corals in a 

nutrient poor environment (Muscatine and Porter 1977). However, the location of Symbiodinium 

within the symbiosome may allow the coral to control the availability of nutrients to the 

symbionts, in order to regulate algal growth, while maintaining high photosynthetic rates 

(Falkowski et al. 1993). The release of substantial amounts of photosynthates from the symbionts 

to the host (up to 95% of its photosynthetically fixed carbon; Muscatine et al. 1984) is stimulated 

by ‘host factors’ of the coral, which are most likely proteinogenic amino acids (Gates et al. 1995) 

and/or non-proteinogenic amino acids (Wang and Douglas 1997). Both nutrient limitation and 

the enhanced derivation of photosynthates from the symbiont control the growth of the algal 

population (Falkowski et al. 1993). As a consequence, doubling times of Symbiodinium are 

significantly higher in hospite (4–74 days; Muscatine et al. 1984; Wilkerson et al. 1988) compared to 
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those in culture (ca. 3 days; Fitt and Trench 1983; see Chapter I). In hospite and ex hospite (freshly 

isolated and cultured) Symbiodinium have been found to significantly differ in their susceptibility to 

stress (Bhagooli and Hidaka 2003; Bhagooli et al. 2008; Buxton et al. 2009). There is growing 

evidence that the higher susceptibility of ex hospite Symbiodinium to light stress compared to in 

hospite symbionts (Bhagooli and Hidaka 2003; Bhagooli et al. 2008) is presumably a consequence 

of the competition of symbionts for CO2 (Dubinsky et al. 1990) and/or of different light levels 

reaching the symbionts within the coral tissue (Kaniewska et al. 2011). Against this background, 

the rationale of Chapter II was to evaluate the role of the host in modifying the 

photophysiological response of the same Symbiodinium phylotype in two coexisting corals to HL. 

6.4 Host-specific differences in symbiont physiology 

The divergent photophysiological responses of P. damicornis and P. decussata (Chapter II; 

6.1) suggest that in hospite Symbiodinium populations experience different irradiances within the 

coral tissue, thereby highlighting the role of the host in determining bleaching susceptibility of a 

coral (Bhagooli et al. 2008). Both corals harbour the same Symbiodinium phylotype (C1; Hill et al. 

2009) and hence, assuming that the physiology of the algal symbiont is the critical factor 

determining the tolerance of the holobiont, their susceptibility to stress should principally be 

similar. Self-shading associated with the thicker tissue along with higher symbiont and pigment 

densities may have shielded symbionts in P. decussata from HL. This is consistent with studies, 

which analyzed the characteristics of the coral-algae symbiosis during bleaching events and found 

a correlation between bleaching tolerance and tissue thickness of coral species (Hoegh-Guldberg 

and Salvat 1995; Loya et al. 2001; Stimson et al. 2002). A recent study demonstrated that multiple 

scattering at the skeleton of corals can enhance the irradiance within the tissue two to fivefold. 

The light amplification increases in a non-linear manner with decreasing chl a density (cellular 

chl a content and/or symbiont density; Enríquez et al. 2005). Hence, this may have caused a 

dramatic increase in irradiance experienced by symbionts in the thin-tissued and low-pigmented 

P. damicornis. Once photoprotective mechanisms are exhausted, a downward ‘doom loop’ 

consisting of photoinhibition, loss of symbionts and further increases of in hospite irradiances 

would be initiated (Enríquez et al. 2005; Franklin et al. 2006). It is conceivable, that this process 

may have ultimately caused photoinhibition of PSII and loss of symbionts in P. damicornis in 

response to acute HL exposure (see Figs. 2 and 4 plus Table 3 in Chapter II). Using irradiance 

microsensors, Kühl et al. (1995) provided direct evidence for higher irradiances within the coral 

tissues compared to measurements at the surface of the coral tissue. Furthermore, very recently, 
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micro-scale light measurements within the coral tissue provided supportive evidence for higher 

light attenuation in the thick-tissued Lobophyllia corymbosa compared to the thin-tissued Stylophora 

pistillata (Kaniewska et al. 2011). We have shown a more pronounced up-regulation of 

photoprotective pigments and enhanced xanthophyll cycling in P. damicornis compared to 

P. decussata (see Fig. 6 in Chapter II), which was insufficient to prevent photoinhibition and loss 

of symbionts from the coral (see Figs. 2 and 4 plus Table 3 in Chapter II). This might be 

indicative of a higher light attenuation in the thick-tissued P. decussata compared to the thin-

tissued P. damicornis. 

Besides tissue thickness and multiple scattering, other host-related characteristics 

including polyp retraction (Brown et al. 2002b), or host pigmentation such as mycosporine-like 

amino acids (MAAs; Shick and Dunlap 2002) and fluorescence-proteins (FPs; Salih et al. 2000; 

Roth et al. 2010) are capable of modulating the in hospite irradiance and hence, the likelihood of 

photo-inactivation of symbionts’ PSII. The synthesis of UV-screening MAAs is presumed to 

occur within the symbionts followed by the transfer to the host (Shick and Dunlap 2002), where 

they may be modified (Furla et al. 2005). As a result, the abundance and diversity of MAAs 

within the coral tissue was demonstrated to overmatch those in isolated Symbiodinium (Shick and 

Dunlap 2002; Yakovleva et al. 2004). Furthermore, corals produce a number of FPs with an 

outstanding abundance in shallow-water reef habitats (Salih et al. 1998; Matz et al. 1999). The 

function of FPs is still ambiguous, but recent studies indicate a photoprotective role in 

ameliorating the deleterious impact of high solar irradiance on algal symbionts by absorbing, 

scattering and dissipating light energy as fluorescence (Salih et al. 2000; Roth et al. 2010). 

Interestingly, bleaching-susceptible corals, like P. damicornis were found to have low FP 

concentrations, whereas bleaching-tolerant corals including agariciids (Pavona), faviids and 

poritids were shown to have higher FP contents (Salih et al. 1998). It seems conceivable, that our 

findings might be due to different MAA and FP concentrations in both corals. 

6.5 Contribution of heterotrophic feeding to the functionality of the coral-algae symbiosis 

The in situ exposure of P. damicornis to light deprivation (Chapter III) demonstrated that 

P. damicornis is able to maintain the functionality of the photosynthetic apparatus and the integrity 

of the symbiosis (see Figs. 4 and 6 in Chapter III) presumably by shifting from phototrophic to 

heterotrophic nutrition. Yet, this nutritional plasticity of P. damicornis was shown to be dependent 

on variable water flow conditions experienced by the corals. Partial loss of photochemical activity 

of symbionts as well as bleaching (loss of symbionts) of the corals were only detected in        
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light-deprived corals at the site characterized by lower water flow (North Wistari Reef), as 

opposed to corals exposed to higher water velocities at nearby Coral Gardens (see Figs. 4 to 6 in 

Chapter III). It is well established that the exclusion of light can elicit declines in gross 

photosynthesis and symbiont density (Hoegh-Guldberg and Smith 1989a; Titlyanov et al. 2001; 

Gaither and Rowan 2010), and specifically P. damicornis has been reported to be highly susceptible 

to light deprivation (Clayton and Lasker 1982; Wellington 1982). In darkness, corals can 

complement their energy needs by shifting from phototrophic to heterotrophic mode of 

nutrition or by consuming their stored energy reserves (Rodrigues et al. 2008). Previous studies 

have shown that high water flow can increase heterotrophic feeding rates of corals by enhancing 

the encounter rates of corals with its potential zooplankton prey (Sebens et al. 1997; Sebens et al. 

1998; Levy et al. 2001). In addition, feeding rates of corals are positively correlated with prey 

density (Clayton and Lasker 1982; Palardy et al. 2006), whereas they have been found to be 

inversely proportional to light levels in some corals (Anthony and Fabricius 2000; Palardy et al. 

2005). In this context, the site-specific response of P. damicornis to light deprivation (Chapter III) 

might be the result of a more efficient shift from phototrophy to heterotrophy in order to meet 

metabolic requirements of the symbiosis, when corals are exposed to a enhanced particle flux due 

to higher water flow. 

Whilst the artificial light deprivation of corals was used as an experimental tool in this 

study, in order to evaluate the role of phototrophy vs. heterotrophy of P. damicornis, limited 

translocation of photosynthates from the symbiont to the coral host naturally occurs in corals 

under bleaching conditions (e.g. Ferrier-Pagès et al. 2011), at low irradiances in highly turbid 

(Rogers 1990) or deep waters (Palardy et al. 2005). In addition to the pure loss of algal cells from 

the symbiosis during bleaching conditions, it is likely that the remaining algal symbionts retain a 

greater fraction of photosynthetically fixed carbon to meet the elevated costs of photoprotection 

and repair of damaged cell components. Taken together, under these conditions external food 

supply through heterotrophic feeding gains particular importance in providing an alternative 

source of energy and nutrients in order to meet daily metabolic requirements (Anthony and 

Fabricius 2000; Grottoli et al. 2006; Palardy et al. 2008). Colonies of the Hawaiian coral Montipora 

digitata have been shown to survive bleaching conditions by increasing their feeding rates fivefold 

compared to unstressed colonies, and thereby meeting more than 100% of their daily metabolic 

requirements (Grottoli et al. 2006). However, the capacity for heterotrophic plasticity greatly 

varies among species (Anthony and Fabricius 2000; Grottoli et al. 2006; Palardy et al. 2006; 

Ferrier-Pagès et al. 2010). Recently, heterotrophic feeding of the coral host has been shown to 

reduce the susceptibility of Symbiodinium to photoinhibition under thermal stress in Stylophora 
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pistillata, Galaxea fascicularis and Turbinaria reniformis (Borell and Bischof 2008; Borell et al. 2008; 

Ferrier-Pagès et al. 2010; Hoogenboom et al. 2012). The underlying mechanisms are not resolved 

yet, however, it is believed that heterotrophic feeding by the coral host can either directly provide 

a higher nutritional support of the algal symbionts or indirectly allow them to utilize a greater 

fraction of their photosynthetically fixed carbon due to a reduced host demand for 

photosynthates (Ferrier-Pagès et al. 2011). 

6.6 Towards the understanding of coral bleaching 

There is evidence, that a multitude of environmental stressors can result in oxidative 

stress in corals (Lesser 1996; Lesser 2006; Lesser 2011), which often culminates in coral bleaching 

as a consequence of exocytosis (Gates et al. 1992; Lesser 1997) or apoptosis (Gates et al. 1992; 

Dunn et al. 2002; Dunn et al. 2004; Lesser and Farrell 2004). Interestingly, apoptosis or 

programmed cell death (how it is termed for algae) have been found to occur both in the coral 

host and the algal partner, and is considered as a strategy to maintain homeostasis by eliminating 

damaged cells (Dunn et al. 2002; Dunn et al. 2004). Our findings on glutathione in Symbiodinium 

(Chapter I) can be integrated in a recently proposed preliminary cellular model of bleaching, 

which involves damage to PSII, both oxidative and nitrosative stress, DNA damage and 

apoptosis as underlying processes (see Fig. 6.1; Downs et al. 2002; Weis 2008; Lesser 2011). This 

model is yet only partially supported by studies on the coral-algae symbiosis (Weis 2008). During 

thermal stress, two sources of ROS and reactive nitrogen species (RNS) are thought to be 

involved in the initiation of the pathways ultimately leading to apoptosis and coral bleaching: the 

algal symbiont due to photoinhibition, and the host cell following mitochondrial damage (see 

Weis 2008; Lesser 2011). Both partners of the symbiosis are equipped with ROS scavenging 

enzymes (e.g. SOD, APX, catalase) and non-enzymatic antioxidants (e.g. GSx, AsA,                    

α-tocopherol), which can be overwhelmed during extreme stress (Lesser 1996; Downs et al. 

2002; Richier et al. 2005; Levy et al. 2006). From the symbiont cells, ROS, such as H2O2 and O2
–, 

as well as nitric oxide (NO) can diffuse into the host cytoplasm, where they can, in conjunction 

with host-derived ROS and RNS, initiate the apoptotic pathway (Downs et al. 2002; Weis 2008; 

Lesser 2011). Recent studies suggest a pivotal role of NO in the signal transduction ultimately 

leading to coral bleaching (Perez and Weis 2006; Bouchard and Yamasaki 2008; Weis 2008; 

Bouchard and Yamasaki 2009). Both partners of the symbiosis have been found to produce 

increased amounts of NO under thermal stress (Perez and Weis 2006; Bouchard and Yamasaki 

2008). In addition, Trapido-Rosenthal et al. (2005) demonstrated high nitric oxide synthase 
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(NOS) activity in bleaching corals, indicative of an enhanced NO production. Due to its high 

membrane permeability, NO could function as inter-partner signalling molecule (Besson-Bard et 

al. 2008) and induce apoptotic responses in the host cell. Little is known about the specific steps 

involved in the apoptotic cascades, but they are thought to involve the induction of pro-

apoptotic molecules (e.g. NF-κB, AIF, p53) and in further consequence the activation of caspases 

(for details see  Weis 2008; Lesser 2011), the ’executioner of apoptosis’ (Cohen 1997). Supporting 

evidence of the cellular model has been found in increased caspase activities and apoptosis in 

anemones and corals (Richier et al. 2006; Tchernov et al. 2011) as well as in cultured Symbiodinium 

(Bouchard and Yamasaki 2009) under thermal stress. Recent studies provided striking evidence 

for the pivotal role of NO in mediating cell death and the bleaching response: while chemical 

NO donors induced increased caspase activities in cultured Symbiodinium in the absence of 

thermal stress (Bouchard and Yamasaki 2009), they are able to initiate bleaching of anemones at 

ambient temperatures (Perez and Weis 2006).  

Against this background, our finding of an inverse relationship between GSx and 

temperature in the thermally tolerant Symbiodinium phylotype (see Fig. 4 in Chapter I) might 

imply an important role of high cellular GSx concentrations in preventing cell death of 

Symbiodinium. In the presence of high cellular concentrations of GSx, NO can react with GSH to 

form S-nitrosoglutathione (GSNO; see Fig. 6.1; Besson-Bard et al. 2008; Misra et al. 2011; Yun et 

al. 2011). In higher plants, GSNO is considered to function as a stable reservoir for NO that can 

mediate cell signalling, either directly by the release of NO or indirectly by mediating                  

S-glutathionylation and S-nitrosylation of proteins (Besson-Bard et al. 2008; Misra et al. 2011; 

Yun et al. 2011). Both of the latter protein modifications are known to modulate the structure or 

the activity of target proteins (see Dalle-Donne et al. 2009), which have been reported to be 

involved in the regulation of apoptosis in animals (Besson-Bard et al. 2008; Dalle-Donne et al. 

2009). Increased formation of GSNO in the thermally tolerant Symbiodinium phylotype A1 might 

act in minimizing PCD in the algal cell as well as in reducing the initiation of apoptotic cascades 

by reduced diffusion of NO into the host cell (see Fig. 6.1). Interestingly, the addition of GSNO, 

as opposed to other chemical NO donors, did not induce increased caspase activities in cultured 

Symbiodinium (Bouchard and Yamasaki 2009). 
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Figure 6.1 Model of cell signalling pathways in the host cell, which culminate in bleaching by host cell 
apoptosis or by programmed cell death (PCD) of the symbiont cell. Also shown is the potential role of 
glutathione (GSH; highlighted in yellow), which is proposed, based on the results of this study. In spite of 
the presence of reactive oxygen species (ROS) scavenging systems in both the host and the symbiont cell, 
the antioxidative systems can become overwhelmed by the accelerated ROS generation during thermal 
stress. Primary sites of damage under thermal stress (indicated by red flashes) include photosystem II 
(PSII) and Calvin-cycle (CZ) in the symbiont cell and mitochondrial membranes in the host cell. ROS as 
superoxide (O2–) and hydrogen peroxide (H2O2) along with nitric oxide (NO) leaking out the symbiont 
cell can, in conjunction with O2– and NO generated in the host cell, initiate apoptotic cascades by the 
activation of pro-apoptotic factors (e.g. AIF, p53, NF-κB; see Weis 2008 for details). GSH can react with 
NO to form of S-nitrosoglutathione (GSNO) in the algal cell. Thereby, it minimizes the induction of 
PCD in the algae cell and the initiation of host’s apoptotic cascades. AsA-GSx cycle – ascorbate-
glutathione cycle; iNOS – inducible nitric oxide synthase; ONOO– – peroxynitrite; PSI – photosystem I. 
There is direct evidence in coral-algae symbiosis for pathways shown in red, indirect evidence for those 
shown in blue and evidence only in other metazoan or host-microbe interactions and in higher plants for 
those shown in green and black, respectively (modified from Weis 2008). 
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BOX 3 ⎮⎮  Key findings 
 

• The two clade A Symbiodinium phylotypes were found to significantly differ in their 
phenotypic response to elevated temperatures in conjunction with high irradiance. 
It is suggested that the thermal tolerance of Symbiodinium phylotype A1 is linked to 
high cellular concentrations of photoprotective xanthophyll cycle pigments and 
low molecular antioxidant glutathione as well as their dynamic regulation. Our 
finding strengthens the notion that the generalization of physiological traits on a 
cladal basis is not justified (Tchernov et al. 2004). 

• In line with previous laboratory and field studies, high-light exposure of cultured 
Symbiodinium resulted in the enhancement of temperature effects on their 
photophysiological performance, culminating in more severe photoinhibition of 
photosynthesis in the thermally sensitive phylotype. 

• Xanthophyll cycling is a key photoprotective mechanism of cultured and in hospite 
Symbiodinium to prevent photo-inactivation of PSII under HL exposure. Moreover, 
the tolerance of cultured Symbiodinium to elevated temperatures is linked to a high 
xanthophyll cycling activity. 

• The photophysiological response of two coexisting coral species to acute high-light 
exposure differed, notwithstanding their association with the same Symbiodinium 
phylotype. It is suggested, that the host plays a key role in the modulation of the in 
hospite light conditions. This could be attributed to divergent traits of the tissue of 
both corals (tissue thickness, symbiont and pigment density). 

• Heterotrophic feeding of corals can sustain the functionality of the photosynthetic 
apparatus of algal symbionts and the integrity of the entire symbiosis during light 
deprivation, yet its efficiency is likely linked to the flow regime. 
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6.7 Ecological implications 

Studies on past bleaching events have shown a huge variability in the bleaching 

susceptibility of corals, both between and within species (Hoegh-Guldberg and Salvat 1995; 

Marshall and Baird 2000; Fitt et al. 2001; Loya et al. 2001; Stimson et al. 2002; McClanahan et al. 

2004). Differences in the bleaching susceptibility of corals have often been attributed to 

differential physiological tolerances of the algal symbiont (Toller et al. 2001a; LaJeunesse et al. 

2003; Sampayo et al. 2008; Ulstrup et al. 2008). Indeed, the capacity of photoacclimation and the 

thermal tolerance varies among Symbiodinium phylotypes, both among and within clades (Chapter 

I; Iglesias-Prieto and Trench 1994; Iglesias-Prieto and Trench 1997; Tchernov et al. 2004; 

Robison and Warner 2006; Hennige et al. 2009). The superiority of Symbiodinium type A1 over 

type Ax in terms of acclimation capacity to elevated temperatures and high light (Chapter I) 

would confer benefits to the coral, which it occupies. In line with this, Winters et al. (2009) 

demonstrated a pre-dominance of Symbiodinium clade A1 in shallow water dwelling Stylophora 

pistillata in the Northern Red Sea along with a high thermal tolerance of this holobiont. On the 

other hand, Symbiodinium Ax was proposed to be an opportunistic symbiont, which only occurs in 

low abundance in the coral P. damicornis in the GBR, presumably without being of great benefit to 

the host (R. Moore, pers. comm.). This strengthens the notion that differential bleaching 

susceptibly of corals can be attributed to tolerances of the associated Symbiodinium type (Warner 

et al. 1996; Berkelmans and van Oppen 2006), but that physiological traits should not be 

generalized on a cladal basis (Tchernov et al. 2004). The enhanced adverse effects of temperature 

on the photosynthetic apparatus under high light in both types concur with patterns of coral 

bleaching in the field, where bleaching is often more pronounced in high-light habitats and upper 

sunlit surfaces of corals (Williams and Bunkley-Williams 1990; Brown et al. 2000). Most corals 

exhibit a high specificity/fidelity to one Symbiodinium type (at least within a region; LaJeunesse 

2005), whereas several coral species are known to host multiple symbiont types (Rowan and 

Knowlton 1995; Rowan et al. 1997; Berkelmans and van Oppen 2006). This polymorphic 

symbiosis enables corals to inhabit a wider range of environmental conditions, e.g. along a depth 

gradient (Rowan and Knowlton 1995; Iglesias-Prieto et al. 2004). Well-known examples are the 

Caribbean coral species Montastraea annularis, M. faveolata and M. franski, in which Symbiodinium 

clades vary with depth as well as within a single colony in response to the prevalent light 

environment. While Symbiodinium clade A and B are predominant in high-light habitats (shallow 

depths/upper sunlit surfaces), Symbiodinium clade C is dominant in low-light environments 

(greater depth/sides of the colony; Rowan and Knowlton 1995; Rowan et al. 1997; Toller et al. 
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2001b). In addition, the adaptive bleaching hypothesis (ABH) is based on the ability of corals to 

harbour multiple Symbiodinium types and argues that by changing its dominant symbiont type, 

corals are able to cope with environmental change (Fautin and Buddemeier 1993; Buddemeier et 

al. 2004a). The increased abundance of Symbiodinium clade D occupying thermally challenged 

corals has often been interpreted as ‘adaptation’ of the corals (Baker 2001; Toller et al. 2001a; 

Berkelmans and van Oppen 2006), while only two studies have provided direct physiological 

evidence for a higher thermal tolerance of corals harbouring clade D symbionts (Rowan 2004; 

Berkelmans and van Oppen 2006). The tradeoffs of being more tolerant to elevated temperatures 

and high light by bearing Symbiodinium clade D appears to be a decreased translocation of 

photosynthates from symbionts to the coral host (Cantin et al. 2009), and consequently reduced 

growth of the coral, as shown in juvenile and adult colonies of Acropora millepora compared to 

those associated with clade C1/C2 symbionts (Little et al. 2004; Jones and Berkelmans 2010). 

A recent study has shown that the association A. millepora with Symbiodinium clade D also 

adversely affects the coral’s lipid reserves and reproductive output (Jones and Berkelmans 2011). 

Similar costs due to increased energetically expensive photoprotection and cell maintenance are 

likely to occur in and adversely impact S. pistillata harbouring Symbiodinium type A1 under thermal 

stress, given that the sustained photochemical efficiency at 32°C was accompanied by a small 

reduction in growth (Chapter I). There is much controversy about the ABH, which is fuelled by 

findings of no change in the dominant symbiont type over time (Goulet and Coffroth 2003; 

Thornhill et al. 2006) and contrasting findings of the thermal tolerance of Symbiodinium type D. 

While the association with Symbiodinium clade D is superior over that with clade C1/C2 in 

A. millepora (Berkelmans and van Oppen 2006), the opposite finding has recently been made for 

A. tenuis (Abrego et al. 2008). This might be due to the existence of genetic and physiological 

diversity within clade D symbionts or alternatively due to the contribution of the host in 

determining the bleaching susceptibility (van Oppen et al. 2009).  

Our findings suggest that the bleaching susceptibility of corals is linked to the tissue 

thickness and morphology of the coral and highlights the key role of the host in modifying the 

response of the holobiont (Chapter II). This concurs with previously stated notions that the 

lower bleaching susceptibility of thick-tissued corals (commonly massive and encrusting species) 

is attributed to their greater capacity to shield zooxanthellae from deleterious high solar radiation 

compared to thin-tissued, branching coral species (Hoegh-Guldberg 1999; Loya et al. 2001). High 

solar radiation is an important factor in coral bleaching, either by triggering solar bleaching at 

ambient temperatures (Brown et al. 1994) or, probably more important in the face of climate 

change, by exacerbating algal photoinhibition and damage to both partners of the symbiosis at 
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elevated temperatures (Chapter I; Bhagooli and Hidaka 2004; Lesser and Farrell 2004). As a 

consequence, thick-tissued coral species, such as P. decussata, are relatively bleaching tolerant, 

whereas thin-tissued, branching corals, like Pocilloporidae and Acroporidae, are severely affected 

under bleaching conditions and have been reported to experience high coral bleaching-related 

mortality (Loya et al. 2001; McClanahan et al. 2004). This hierarchy in bleaching susceptibility of 

corals is astonishingly consistent over broad geographical scales (McClanahan et al. 2004).  

Bleaching imposes a food shortage on corals and their survival is highly dependent on the 

energy reserves, such as storage lipids (Anthony et al. 2007) and/or their ability to utilize 

heterotrophic resources (Grottoli et al. 2006). Our findings from corals that were experimentally 

deprived of their photosynthetic energy source, might point to an enhanced heterotrophic input 

related to higher current velocities for P. damicornis, which may thus have been able to maintain a 

functional symbiosis (Chapter III). This implies that due to the enhanced availability of 

heterotrophic food these corals would be more likely to survive a bleaching event (Grottoli et al. 

2006) or be able to better resist photoinhibition and subsequent bleaching, as shown for other 

coral species in laboratory studies (Borell and Bischof 2008; Ferrier-Pagès et al. 2010; 

Hoogenboom et al. 2012). In this context, our findings may partially explain the great 

intraspecific variability in coral bleaching. However, corals are not equally able to shift from 

phototrophic to heterotrophic mode of nutrition, when translocation of photosynthates from the 

symbiont is limited (Anthony and Fabricius 2000; Grottoli et al. 2006). Moreover, zooplankton 

abundance on coral reefs is mostly low (Johannes et al. 1970) and characterized by temporal and 

spatial fluctuations (Palardy et al. 2005; Sorokin and Sorokin 2009). 

Considering the predicted increases in SST of 1.8–4.0°C by 2100 along with the 

amplification of ENSO events (Hoegh-Guldberg 1999; IPCC 2007) and the high variability of 

bleaching susceptibility among coral species due to numerous parameters (e.g. Symbiodinium type, 

tissue thickness of the coral, availability of heterotrophic food), it is difficult to make realistic 

predictions of future responses of corals to climate change as it is largely dependent on the 

capacity of corals (algal symbionts and the coral host) to acclimatize or adapt fast enough in order 

to keep pace with the fast rate of climate change (Coles and Brown 2003). While corals associated 

with Symbiodinium A1 are likely to tolerate elevated temperatures, corals harbouring Symbiodinium 

Ax will readily bleach and die, unless they are able to gain tolerance through changes in their 

symbiont composition. However, it remains to be proven, if all corals are able to change to a 

more tolerant symbiont (either by shuffling or switching), in order to adapt to warmer conditions, 

as it is proposed by ABH, and if the newly formed symbiosis is stable. Moreover, if reduced 

growth, decreased energy reserves and fecundity of corals are the common ‘rub’ of being 
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associated with a thermally tolerant Symbiodinium type (Jones and Berkelmans 2010; Jones and 

Berkelmans 2011), these corals might be pushed beyond their limit in the face of the effects of 

predicted changes in ocean chemistry (decline in pH and aragonite saturation state) and in sea 

level (e.g. Hoegh-Guldberg et al. 2007). In spite of its key role of additional mode of energy 

acquisition, it is nearly impossible to predict the influence of heterotrophy on future changes on 

corals given its dependence on a multitude on parameters (species, prey density, light intensity, 

water flow). It might be conceivable, that coral reefs subjected to high water flows are less 

susceptible to bleaching compared to those in relatively still waters (e.g. back-reefs) due to a 

different flux of zooplankton, yet this might also be related to improved photosynthesis, heat 

exchange and removal of cytotoxic ROS from coral tissue (Nakamura and van Woesik 2001; 

Carpenter and Patterson 2007; Jimenez et al. 2011). Nevertheless, the predicted increases in 

temperature will most likely exceed the temperature thresholds of many coral species and cause a 

shift in the community structure by the increased loss of temperature sensitive, branching (thin-

tissued) corals such as Pocillopora damicornis, as opposed to thick-tissued corals, such as Pavona 

decussata (Loya et al. 2001; McClanahan et al. 2004). This decline in biodiversity may also be 

associated with a loss of complexity of coral reefs (since branching corals strongly structure the 

reef) and is predicted to consecutively cause a decrease of associated reef fauna (Hughes et al. 

2003). Even the more bleaching tolerant coral species will be adversely affected in terms of 

growth and fecundity, if the interval between the bleaching events becomes too short for 

complete recovery. Coral bleaching is predicted to become an annual event within the next     

30–50 years (Hoegh-Guldberg 1999), while the recovery of reefs may take decades (Guzman and 

Cortés 2007). Finally, the future of coral reefs will highly depend on other abiotic and biotic 

factors synergistically impinging on them including, among others, climate change-driven changes 

in ocean chemistry and rise of sea level as well as anthropogenic eutrophication and overfishing 

of the reef fauna (specifically of herbivores; Hoegh-Guldberg 1999; Hoegh-Guldberg 2011). 

These stressors can impair the resilience of a coral reef, which is defined as its ability to recover 

from disturbances such as coral bleaching and to return to the original state (Carpenter et al. 

2001). Specifically, the additional stressors may reduce the competitiveness, favour the extensive 

degradation, and/or slow down the recovery of corals, and in the absence of acclimation to new 

conditions, can cause a phase shift from coral dominated to algae dominated ecosystems, as has 

occurred in the Caribbean (Hughes et al. 2003).  

 



  Synopsis of discussion 
   

� 169 

6.8 Perspectives 

This study aimed at enhancing the understanding of the variability of photophysiological 

responses of corals to bleaching related stressors (high irradiance, elevated temperatures), by 

investigating both cultured and in hospite Symbiodinium. The temperature sensitivity of cultured 

Symbiodinium types was shown be closely linked to the dynamic regulation of potential key 

photoprotective mechanisms (xanthophyll cycling activity and glutathione as a proxy for the 

antioxidative capacity), while the necessity of employing the algal-mediated photoprotection of   

in hospite Symbiodinium was highly dependent on the tissue characteristics of the coral species. 

Moreover, water flow was suspected as an important factor for the maintenance of the symbiosis 

by modulating the availability of heterotrophic food. Our findings highlight that the sensitivity of 

the holobiont can be considered as the result of the combined physiological responses of both 

partners (Ralph et al. 2001; Fitt et al. 2009), and raises many questions in need of further 

investigations. The most intriguing research questions, which would greatly contribute to the 

understanding of the bleaching response of corals, are concisely outlined in the following. 

Many physiological attributes of specific Symbiodinium phylotypes are inferred from the 

patterns of their distribution in corals (e.g. Rowan and Knowlton 1995; Toller et al. 2001b), 

mostly unproven by physiological measurements. This study has identified potential mechanisms 

underlying the differential acclimation capacities of the two Symbiodinium clade A phylotypes to 

high light and elevated temperatures. This highlights the importance of the culture approach to 

study the photophysiology of algal symbionts, since the effects of high light and temperature are 

not modified by the host. Nevertheless, with respect to the complex metabolic interactions 

between corals and algal symbionts and the different physical environments of in hospite 

Symbiodinium, culture studies should be complemented by similar experiments on the respective 

holobiont and results should be directly compared. This approach (culture vs. holobiont) should 

be preferred to address research questions relating to the performance of Symbiodinium over a 

comparative analysis of corals and freshly isolated zooxanthellae (FIZ) due to isolation-induced 

oxidative stress in FIZ (Wang et al. 2011). However, there are also difficulties associated with the 

successful isolation and cultivation of specific Symbiodinium phylotypes (e.g. Krueger and Gates 

2012). 

The majority of studies on Symbiodinium have focussed on its acclimation capacity to 

short-term changes (hours to days, seldom weeks as in Chapter I) in response to elevated 

temperatures and HL, which do not involve genetic changes. However, it would be interesting to 

additionally assess the capacity of Symbiodinium to adapt to these conditions through genetic 
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changes via the process of evolution and subsequent selection. A recent study stated that 

Symbiodinium (interestingly including phylotype Ax) might be able to adapt to elevated 

temperatures (Huertas et al. 2011). In future studies, a gradual increase of temperature could be 

applied to continuous cultures of several Symbiodinium phylotypes over hundreds of generations 

(long-term exposure), as conducted for Emiliania huxleyi for increasing CO2 concentrations 

(e.g. Low-Décarie et al. 2011; Lefebvre et al. 2012). The subsequent comparison of the 

physiological response (growth, PSII photochemistry, photoprotection) to HL and elevated 

temperatures before and after this period might provide valuable insights on the potential 

capacity of adaptation in Symbiodinium. Such experiments would be highly relevant for reasonable 

predictions of the future response of corals to climate change. 

The higher total amount of glutathione and its dynamic regulation in the thermally 

tolerant Symbiodinium phylotype compared to the sensitive phylotype implies its importance in 

determining tolerance to high temperatures, presumably related to a higher antioxidative capacity. 

Future research might clarify whether this trait is characteristic of thermally tolerant Symbiodinium 

by investigating more phylotypes, also from different clades, since previous research has revealed 

a genetic component of the antioxidative system (Lesser 2011). More extensive research on the 

antioxidative system in Symbiodinium including enzymes of the MAP-cycle (SOD and APX), but 

specifically enzymes involved in the glutathione metabolism such as GST and GR is needed to 

provide a better understanding of the processes glutathione is involved in during thermal and 

light stress. Especially, further studies exploring the inverse relationship between GSx and 

temperature would be highly interesting given its potential link to NO-mediated apoptosis/cell 

death (see 6.6; Weis 2008). Future studies on cultured Symbiodinium could measure GSx 

concentrations at ambient temperatures before and after the addition of chemical NO-donors or 

caspase activities and NO concentrations at elevated temperatures with and without the addition 

of external GSH. The application of gene expression studies on thermally challenged 

Symbiodinium/holobionts with different thermal tolerances would provide an intriguing avenue, 

through which the role of glutathione can be explored. 

The differential photophysiological responses of the same Symbiodinium phylotype 

associated with two coral species (Chapter II) suggest different irradiance levels experienced by 

symbionts due to different optical traits of the coral tissue. Light measurements within the coral 

tissue could be performed using microprobes to validate this suggestion. Furthermore, 

reflectance/absorbance measurements along with coral and algal pigment analysis could further 

assess the contribution of each partner to the modification of the irradiance. This direction of 

research may strongly contribute to the understanding of coral bleaching, as irradiance is a key 
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factor in this process. Differences in the in hospite light levels reaching Symbiodinium within the 

tissue may also help to explain the findings of previous studies, that were unable to detect a 

correlation between bleaching susceptibility and concentration of photoprotective 

pigments/xanthophyll cycling (Venn et al. 2006). Further studies should therefore include 

additional coral species harbouring the same symbiont type (e.g. C1) as well as closely related coral 

species with similar tissue characteristics, but harbouring different Symbiodinium types. 

In general, with respect to the growing evidence that both partners of the symbiosis can 

act to determine the physiological tolerance of the holobiont (this study; Bhagooli and Hidaka 

2003; Bhagooli et al. 2008; Fitt et al. 2009), it is of utmost importance to apply holistic 

approaches including the simultaneous measurement of numerous parameters in both partners of 

the symbiosis under bleaching conditions (as recently done by Fitt et al. 2009), rather than 

focussing on one partner of the symbiosis. These parameters should encompass optical (light and 

absorbance), physiological and biochemical parameters, specifically those involved in 

photoprotection, ROS scavenging and in the apoptotic cascade, in order to fully resolve cellular 

processes underlying the bleaching response. These holistic studies might also apply differential 

feeding and flow regimes to mimic in situ conditions on the coral reef.  
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... meiner Oma und Heinz für Ihr Verständnis und Ihre Unterstützung während der Zeit! 

… meiner Familie für Ihre stetige Begeisterung und die Unterstützung in allen Hinblicken 
(Sönke, wo wäre ich Illustrator-Stümper ohne Deine großartige graphische Hilfe. Und Frauke, 
auch wenn Du manchmal nur noch griechische Buchstaben gelesen hast, warst Du mir eine 
Riesenhilfe). Der größte Dank gilt allerdings meiner Mama: Danke, dass Du immer an mich 
geglaubt hast und mich auf meinem langen Weg dorthin gestärkt und unterstützt hast! Ohne 
Dich wäre ich heute nicht hier! 

… Marian. Ich fühle mich, als müsste ich einen Roman schreiben... Ohne Dich hätte ich es nicht 
durch diese Zeit geschafft. Ich danke Dir, dass es Dich gibt und dass Du meine Heimat bist!  
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Erklärung gemäß § 6 (5) PromO  

(der Universität Bremen für die mathematischen, natur- imd ingenieurwissenschaftlichen 

Fachbreiche vom 14. März 2007) 

 
Ich erkläre hiermit, dass ich 

 

die vorliegende Doktorarbeit mit dem Titel “Photoecophysiology of symbiotic zooxanthellae of 

hermatypic corals” ohne unerlaubte fremde Hilfe angefertigt habe, 

 

keine anderen als die angegebenen Quellen und Hilfsmittel benutzt wurden, 

 

die den benutzten Werken wörtlich oder inhaltlich entnommenen Stellen als solche kenntlich 

gemacht wurden.  

 

 

 

 

 

Bremen,  

 

Wiebke Krämer ��


