
 
CORAL BLEACHING: 
PHOTOSYNTHETIC 

IMPACTS ON SYMBIOTIC 

DINOFLAGELLATES 
 
 

ROSS HILL 
 
 

JANUARY 2008 

 
 

A THESIS SUBMITTED IN FULFILMENT OF THE REQUIREMENTS FOR THE 
DEGREE OF DOCTOR OF PHILOSOPHY IN SCIENCE 

 
 

DEPARTMENT OF ENVIRONMENTAL SCIENCES 
INSTITUTE FOR WATER AND ENVIRONMENTAL RESOURCE MANAGEMENT 

UNIVERSITY OF TECHNOLOGY, SYDNEY 



Certificate of Authorship/Originality ii 

 

CERTIFICATE OF AUTHORSHIP/ORIGINALITY 

 

I certify that the work in this thesis has not previously been submitted for a degree nor 

has it been submitted as part of requirements for a degree except as fully acknowledged 

within the text. 

 

I also certify that the thesis has been written by me. Any help that I have received in my 

research work and the preparation of the thesis itself has been acknowledged. In addition, 

I certify that all information sources and literature used are indicated in the thesis. 

 

 

 

 

Ross Hill 



Acknowledgements iii 

ACKNOWLEDGEMENTS 

 

First and foremost, I would like to thank my supervisor, Associate Professor Peter Ralph, 

for his tireless enthusiasm, fountain of ideas and ongoing support. This has been a 

challenging, rewarding and humbling experience and I thank Peter for his guidance and 

advice. 

 

Many thanks are also extended to my co-supervisors, Anthony Larkum and Kenneth 

Brown, who have been available for discussions and pivotal in experimental design. 

 

Throughout this project, several people have assisted in the collection and analysis of 

data. Specifically, I would like to thank Karin Ulstrup for genetic analysis of 

Symbiodinium samples, Cécile Frankart for methodological advice, Martin Trtilek and 

Ladislav Nedbal for assistance with instrument operation and data interpretation and 

Steven Moody for assistance with electron microscopy. 

 

I would like to extend my appreciation to all laboratory and technical staff in the 

Department of Environmental Sciences at UTS, as well as those on Heron Island 

Research Station, for their assistance during this project. In addition, I am grateful to the 

Australian Institute of Marine Science (AIMS) for use of the GelScan2000 system. 

 



Acknowledgements iv 

Thanks to Neil Ralph and Brian French for the design and construction of so many 

components of my experimental equipment. The execution of many of my experiments 

would have been more difficult, if not impossible, without your works of art. 

 

Thank you to all members of the Aquatic Photosynthesis Group (APG): Karin Ulstrup, 

Lucy Buxton, Isabel Jimenez, Alex Griffin, Rachael Smith, Kim Wilson, Nikolaus 

Császár, Cate Macinnis-Ng, Katharina Petrou, Cliff Seery and Martina Doblin. I have 

thoroughly enjoyed working with you over the last few years and will miss our trips to 

Heron Island together. 

 

During my candidature I have been involved in a number of collaborative research 

projects. I would like to thank Selina Ward, Zoë Haws, Simon Davy, Ken Ryan and 

Kylie Pitt for inviting me to work with them. 

 

Throughout this project, I have obtained grants from a number of sources. Without these 

financial contributions, many of these experiments would have not been possible. I would 

like to thank the Faculty of Science and Department of Environmental Sciences at UTS, 

the PADI Foundation and the Great Barrier Reef Marine Park Authority for their Science 

for Management award. In addition, I would like to acknowledge the Australian Coral 

Reef Society for providing funding for travel to international and domestic conferences. 

 



Acknowledgements v 

And last, but certainly not least, I would like to thank my family for the support they have 

given me during my years at university. Thank you for the opportunity and inspiration 

you have provided in the completion of this thesis. 



Publications vi 

PUBLICATIONS 

 

PEER REVIEWED JOURNAL ARTICLES ARISING DIRECTLY FROM THIS 

THESIS: 

 

Chapter 3: 

Hill R, Ralph PJ (2005) Diel and seasonal changes in fluorescence rise kinetics of 

three scleractinian corals. Functional Plant Biology 32: 549-559 

  See Appendix 1 

 

Chapter 4: 

Hill R, Ralph PJ (2006) Photosystem II heterogeneity of in hospite zooxanthellae 

in scleractinian corals exposed to bleaching conditions. Photochemistry and 

Photobiology 82: 1577-1585 

 See Appendix 2 

 

Chapter 5: 

Hill R, Ralph PJ (in press) Impact of bleaching stress on the function of the 

oxygen evolving complex of zooxanthellae from scleractinian corals. Journal of 

Phycology 

 

 

 



Publications vii 

Chapter 6:  

Hill R, Ulstrup KE, Ralph PJ (in review) Temperature induced changes in 

thylakoid membrane thermostability of cultured, freshly isolated and expelled 

zooxanthellae from scleractinian corals. Journal of Experimental Marine Biology 

and Ecology 

 

Chapter 7: 

Hill R, Ralph PJ (2007) Post-bleaching viability of expelled zooxanthellae from 

the scleractinian coral Pocillopora damicornis. Marine Ecology Progress Series 

352: 137-144 

 See Appendix 3 

 

Chapter 8: 

Hill R, Frankart C, Ralph PJ (2005) Impact of bleaching conditions on the 

components of non-photochemical quenching in the zooxanthellae of a coral. 

Journal of Experimental Marine Biology and Ecology 322: 83-92 

  See Appendix 4 

 

Chapter 9: 

Hill R, Ralph PJ (in press) Dark-induced reduction of the plastoquinone pool in 

zooxanthellae of scleractinian corals and implications for measurements of 

chlorophyll a fluorescence. Symbiosis 

 



Publications viii 

PEER REVIEWED JOURNAL ARTICLES RELEVANT TO THE THESIS, BUT 

NOT CONTRIBUTING TO IT: 

 

Hill R, Larkum AWD, Frankart C, Kühl M, Ralph PJ (2004) Loss of functional 

Photosystem II reaction centres in zooxanthellae of corals exposed to bleaching 

conditions: using fluorescence rise kinetics. Photosynthesis Research 82: 59-72 

 

Hill R, Schreiber U, Gademann R, Larkum AWD, Kühl M, Ralph PJ (2004) Spatial 

heterogeneity of photosynthesis and the effect of temperature-induced bleaching 

conditions in three species of corals. Marine Biology 144: 633-640 

 

Ulstrup KE, Hill R, Ralph PJ (2005) Photosynthetic impact of hypoxia on in hospite 

zooxanthellae in the scleractinian coral Pocillopora damicornis. Marine Ecology 

Progress Series 286: 125-132 

 

Ulstrup KE, Hill R, van Oppen MJH, Larkum AWD, Ralph PJ (in review) Seasonal 

variation in photo-physiological functions of homogenous and mixed 

Symbiodinium communities in two scleractinian corals. Marine Ecology Progress 

Series 



Table of Contents ix

TABLE OF CONTENTS 

 

Certificate of Authorship/Originality      ii 

Acknowledgements         iii 

Publications          vi 

 Peer reviewed journal articles arising directly from this thesis  vi 

Peer reviewed journal articles relevant to the thesis, but not contributing 

to it         viii 

Table of Contents         ix 

List of Figures         xvii 

List of Tables          xxxi 

Abbreviations         xxxiv 

Abstract          xxxviii 

 

Chapter 

1. General Introduction       1 

 1.1 Threats to coral reefs       2 

 1.2 The coral-algae symbiosis      3 

 1.3 Thermal-induced coral bleaching     5 

 1.4 Identifying the physiological trigger of coral bleaching  7 

  1.4.1 Coral bleaching and photoinhibition    9 

  1.4.2 The oxygen evolving complex    10 

  1.4.3 Photosystem II reaction centre    10 



Table of Contents x

  1.4.4 Dark reactions of photosynthesis    12 

  1.4.5 Thylakoid membrane integrity    12 

 1.5 Photosynthetic condition of expelled zooxanthellae   13 

 1.6 Inter-species variation in bleaching susceptibility   14 

 1.7 Investigating the health of photosynthetic organisms   17 

  1.7.1 The Z-scheme of photosynthesis    17 

  1.7.2 Chlorophyll a fluorescence – a measure of photosynthesis 19 

  1.7.3 Analysis of the chlorophyll a fluorescence signal  21 

   1.7.3.1 Pulse Amplitude Modulated (PAM) fluorometry 21 

   1.7.3.2 Plant Efficiency Analyser (PEA) fluorometer 24 

   1.7.3.3 Double-modulation fluorometer   27 

 1.8 Research objectives and thesis outline    27 

 

2. General Methods        31 

 2.1 Study sites        32 

 2.2 Coral specimens       33 

  2.2.1 Description of Acropora millepora (Ehrenberg)  33 

  2.2.2 Description of Acropora nobilis (Dana)   34 

  2.2.3 Description of Acropora valida (Dana)   35 

  2.2.4 Description of Cyphastrea serailia (Forskål)   35 

2.2.5 Description of Goniastrea australensis (Milne Edwards 

and Haime)       36 

  2.2.6 Description of Montipora digitata (Dana)   37 



Table of Contents xi

  2.2.7 Description of Pavona decussata (Dana)   38 

  2.2.8 Description of Pocillopora damicornis (Linnaeus)  39 

  2.2.9 Description of Porites cylindrica (Dana)   40 

  2.2.10 Description of Stylophora pistillata (Esper)   40 

 2.3 Chlorophyll fluorometers      41 

  2.3.1 Pulse Amplitude Modulated (PAM) fluorometers  41 

  2.3.2 Plant Efficiency Analyser (PEA) fluorometer  42 

  2.3.3 Double-modulation fluorometer    42 

 2.4 Standard methods       43 

  2.4.1 Cell density calculations     43 

  2.4.2 Chlorophyll a and c2 concentrations    44 

 

3. Diel and Seasonal Changes in Fluorescence Rise Kinetics of Three 

Scleractinian Corals        45 

 3.1 Introduction        46 

 3.2 Materials and methods      50 

  3.2.1 Coral specimens      50 

  3.2.2 Fluorescence measurements     51 

  3.2.3 Experimental protocol      52 

  3.2.4 Statistical analysis      54 

 3.3 Results         55 

 3.4 Discussion        64 

 3.5 Summary        72 



Table of Contents xii

 

4. Photosystem II Heterogeneity of in hospite Zooxanthellae in 

Scleractinian Corals Exposed to Bleaching Conditions   73 

 4.1 Introduction        74 

 4.2 Materials and methods      79 

  4.2.1 Coral specimens      79 

  4.2.2 Fluorescence measurements     79 

  4.2.3 Experimental protocol      82 

4.2.4 Zooxanthellae density and chlorophyll concentration 

determinations       83 

  4.2.5 Statistical analysis      84 

 4.3 Results         84 

 4.4 Discussion        95 

 4.5 Summary        102 

 

5. Impact of Bleaching Stress on the Function of the Oxygen Evolving 

Complex of Zooxanthellae from Scleractinian Corals   104 

 5.1 Introduction        105 

 5.2 Materials and methods      110 

  5.2.1 Zooxanthellae cultures and coral specimens   110 

  5.2.2 Inhibition of OEC and artificial electron donation to PSII 110 

  5.2.3 Appearance of the K step along FICs    114 

  5.2.4 Statistical analysis      115 



Table of Contents xiii 

 5.3 Results         116 

 5.4 Discussion        128 

 5.5 Summary        133 

 

6. Temperature Induced Changes in Thylakoid Membrane 

Thermostability of Cultured, Freshly Isolated and Expelled 

Zooxanthellae from Scleractinian Corals     135 

 6.1 Introduction        136 

 6.2 Materials and methods      140 

  6.2.1 Coral specimens      140 

  6.2.2 Fluorescence measurements     141 

  6.2.3 Experimental protocol      144 

  6.2.4 Genetic identification of zooxanthellae   146 

  6.2.5 Scanning transmission electron microscopy   147 

  6.2.6 Statistical analysis      148 

 6.3 Results         149 

 6.4 Discussion        160 

 6.5 Summary        167 

 

7. Post-Bleaching Viability of Expelled Zooxanthellae from the 

Scleractinian Coral Pocillopora damicornis    169 

 7.1 Introduction        170 

 7.2 Materials and methods      174 



Table of Contents xiv

  7.2.1 Coral specimens      174 

  7.2.2 Experimental protocol      175 

  7.2.3 Characterisation of expelled zooxanthellae condition 177 

  7.2.4 Zooxanthellae density determinations   177 

  7.2.5 Statistical analysis      178 

 7.3 Results         178 

 7.4 Discussion        184 

 7.5 Summary        189 

 

8. Impact of Bleaching Conditions on the Components of Non- 

Photochemical Quenching in the Zooxanthellae of a Coral  190 

 8.1 Introduction        191 

 8.2 Materials and methods      195 

  8.2.1 Experimental procedure     195 

  8.2.2 Statistical analysis      199 

 8.3 Results         199 

 8.4 Discussion        204 

 8.5 Summary        209 

 

9. Dark-Induced Reduction of the Plastoquinone Pool in Zooxanthellae 

of Scleractinian Corals and Implications for Measurements of 

Chlorophyll a Fluorescence       210 

 9.1 Introduction        211 



Table of Contents xv

 9.2 Materials and methods      216 

  9.2.1 Coral specimens      216 

  9.2.2 Fluorescence measurements     216 

  9.2.3 Experimental protocol      218 

   9.2.3.1 Experiment 1      218 

   9.2.3.2 Experiment 2      219 

   9.2.3.3 Experiment 3      220 

  9.2.4 Statistical analysis      220 

 9.3 Results         221 

  9.3.1 Experiment 1       221 

  9.3.2 Experiment 2       224 

  9.3.3 Experiment 3       226 

 9.4 Discussion        229 

 9.5 Summary        237 

 

10. General Discussion        238 

 10.1 The primary site of photochemical impact    239 

  10.1.1 Sensitivity of photosystem II reaction centres  240 

  10.1.2 Photosystem II heterogeneity     242 

  10.1.3 Efficiency of photoprotection pathways   243 

  10.1.4 Thermostability of the OEC and thylakoid membrane 245 

 10.2 Survivorship of expelled zooxanthellae    250 

  10.2.1 Capacity for long-term survival by expelled zooxanthellae 251 



Table of Contents xvi

  10.2.2 Role of expelled zooxanthellae in coral recovery  252 

10.3 Complexities of performing chlorophyll a fluorescence 

measurements on in hospite zooxanthellae    253 

 10.4 Summary of the key findings      255 

 10.5 Significance of the findings      258 

 10.6 Future directions and research     260 

 

References          262 

 

Appendix          306 

 Appendix 1         307 

 Appendix 2         319 

 Appendix 3         329 

 Appendix 4         338 



List of Figures xvii

LIST OF FIGURES 

 

Figure 1.1: Location and role of sites along the photosynthetic chain of events suggested 

as the primary site of photochemical impact during bleaching events. These include the 

oxygen evolving complex (OEC), photosystem II (PSII) reaction centres, the Calvin 

cycle and the thylakoid membrane. Electron excitation by light, water splitting, electron 

transport and proton transport is indicated by arrows. The lumen and stroma side of the 

thylakoid membrane within the chloroplast is labelled. 

 

Figure 1.2: Simplified photokinetics of the movement of electrons through the Z-

scheme. Water molecules are split by the oxygen evolving complex (OEC) into electrons 

(e-), protons (H+) and oxygen molecules (O2). Electrons are excited in the photosystem II 

(PSII) reaction centre, P680, where they are shifted to a higher energy state once the 

reaction centre (RC) is illuminated and becomes excited (P680*). The electrons are 

transferred to phaeophytin (phaeo), and then to the primary electron acceptor QA, 

followed by QB. Plastoquinone (PQ) becomes reduced and electrons are passed to the 

photosystem I RC (P700). The illuminated RC becomes excited (P700*) and the electron 

again reaches a higher energy state. A0 and A1 accept the electron and with the enzyme 

FNR, NADP+ is reduced to NADPH. The oxidation-reduction potential is indicated on 

the y-axis. 

 

Figure 1.3: The potential fates of all light energy captured by the photosynthetic 

apparatus. 



List of Figures xviii 

 

Figure 1.4: Kinetics of light and dark-adapted fluorescence measurements (from 

Schreiber and Bilger 1993). 

 

Figure 1.5: Fast induction curve transient, plotted on a log10 time scale. The O, J, I and P 

steps are indicated, as well as tFmax (time to reach maximum fluorescence) (Strasser et al. 

2000). 

 

Figure 2.1: Uniform branches of an Acropora millepora colony. The distinctive tubular 

shape of the axial corallites can be seen. Scale: bar = 3 cm. 

 

Figure 2.2: a) Colony of Acropora nobilis illustrating the brown branches with paler 

coloured tips (Photograph: Doug Fenner). Scale: bar = 5cm. b) Tip of Acropora nobilis 

branch showing the variation in the size of corallites (Photograph: Valerie Taylor). Scale: 

bar = 5 mm. 

 

Figure 2.3: Colony of Acropora valida with the purple branch tips and strongly 

appressed radial cream-coloured corallites visible. Scale: bar = 3 cm. 

 

Figure 2.4: a) Colony of Cyphastrea serailia. Scale: bar = 3 cm. b) Corallites with 12 

primary septa can be distinguished (Photograph: Ed Lovell). Scale: bar = 3 mm. 

 



List of Figures xix

Figure 2.5: Colony of Goniastrea australensis (Photograph: John Veron). Scale: bar = 3 

cm. 

 

Figure 2.6: Colony of Montipora digitata. Scale: bar = 10 cm. 

 

Figure 2.7: a) Side view of the vertical plate-like structure of a Pavona decussata colony 

(Photograph: John Veron). Scale: bar = 3 cm. b) Close up of the coral surface with 

individual polyps visible. Scale: bar = 1 cm. 

 

Figure 2.8: a) Colony of Pocillopora damicornis. Scale: bar = 8 cm. b) Close up of a 

single branch with individual polyps visible. Scale: bar = 1 cm. 

 

Figure 2.9: Colony of Porites cylindrica. Scale: bar = 3 cm. 

 

Figure 2.10: Branches of Stylophora pistillata. Scale: bar = 2 cm. 

 

Figure 3.1: Fast induction curves from Cyphastrea serailia after 0, 1, 2, 5, 10, 20 and 40 

mins dark-adaptation. Corals were exposed to > 1000 μmol photons m-2 s-1 for 2 h prior 

to dark-adaptation. Average curves are plotted on a log10 time scale (n = 4). Insert: 

Changes in Fv/Fm after each time interval. Data points indicate averages ± standard error 

of mean (n = 4). 

 



List of Figures xx

Figure 3.3: Representative fast induction kinetic transients from the first day of each 

two-day study in each season. The time periods of 0700, 0900, 1200, 1500 and 0000 are 

shown to indicate the general diel trend seen in each of three coral species, Pocillopora 

damicornis (a, b), Acropora nobilis (c, d) and Cyphastrea serailia (e, f), in both winter 

and summer. Average curves are plotted on a log10 time scale (n = 4). 

 

Figure 3.4: Amplitude of the O, J, I and P steps along the fast induction curves at each 

sampling period. Measurements of Pocillopora damicornis (a, b), Acropora nobilis (c, d) 

and Cyphastrea serailia (e, f), in both winter and summer are shown. Averages ± 

standard error of mean are shown (n = 4). The black and white bars indicate night and 

day, respectively. 

 

Figure 4.1: Maximum quantum yield (Fv/Fm) of control (closed circles) and treatment 

(open squares) in P. damicornis (a), A. nobilis (b) and C. serailia (c). The pre-exposure 

measurement is indicated by the white bar, the bleaching treatment as the black bar (from 

0-12 h) and the recovery treatment as the grey bar (12-36 h). Averages ± standard error of 

mean shown (n = 4). 

 

Figure 4.2: Fast induction curves of the pre-treatment and bleaching treatment (0, 4, 8, 

12 h) in P. damicornis (a), A. nobilis (b) and C. serailia (c) and the recovery treatment 

(24, 36 h; indicated by R) in P. damicornis (d), A. nobilis (e) and C. serailia (f). Curves 

are plotted on a log10 time scale. The O, J, I and P steps are indicated. Average curves are 

shown (n = 4). 



List of Figures xxi

 

Figure 4.3: QA reoxidation curves following a single turnover flash in P. damicornis (a), 

A. nobilis (b) and C. serailia (c). The pre-treatment, 2, 6 and 12 h bleaching treatment 

and 24 and 36 h recovery treatment (indicated by R) are shown. A break in the y-axis 

data is used to demonstrate the maximum fluorescence and the biphasic QA reoxidation 

kinetics. The dashed line at 0.1 s represents the division between PSIIA (< 0.1 s) and 

PSIIX (> 0.1 s). Curves are plotted on a log10 time scale. Average curves are shown (n = 

4). 

 

Figure 4.4: The proportion of PSIIX centres in the control (closed circles) and treatment 

(open squares) in P. damicornis (a), A. nobilis (b) and C. serailia (c). The pre-exposure 

measurement is indicated by the white bar, the bleaching treatment as the black bar (from 

0-12 h) and the recovery treatment as the grey bar (12-36 h). Averages ± standard error of 

mean shown (n = 4). 

 

Figure 4.5: The proportion of PSII� (closed circles) and PSII� (open squares) centres in 

the controls of P. damicornis (a), A. nobilis (b) and C. serailia (c), and in the exposure 

treatment of P. damicornis (d), A. nobilis (e) and C. serailia (f). The pre-exposure 

measurement is indicated by the white bar, the bleaching treatment as the black bar (from 

0-12 h) and the recovery treatment as the grey bar (12-36 h). Averages ± standard error of 

mean shown (n = 4). 

 



List of Figures xxii

Figure 5.1: Representative fluorescence traces (of n = 4) for culture CS-156 upon (a) 

addition of tris and DPC and (b) upon addition of filtered seawater (FSW). Following 5 

mins of dark-adaptation, a saturating pulse was applied and the maximum quantum yield 

was determined. Actinic light was turned on (40 μmol photons m-2 s-1) and effective 

quantum yield measurements taken every 60 s. The left y-axis indicates the fluorescence 

intensity of the trace (relative units) and the right y-axis indicates the quantum yield 

values (�) over time. 

 

Figure 5.2: Representative trace of oxygen production (% saturation) of cultured 

zooxanthellae. Arrows show time of tris and DPC addition. Black bars indicate darkness 

and white bar indicates light. 

 

Figure 5.3: FIC traces of the culture CS-156 under control conditions, following 

exposure to tris and exposure to tris and DPC. (a) FICs normalised to O (Ft/Fo) and (b) 

relative variable fluorescence of the FICs (Ft-Fo)/(Fm-Fo). The O, K, J, I and P steps are 

labels on (a). The control curve (�) was taken following 5 mins DA. Tris was then added 

to the solution (0.6 M) and 20 mins later a second FIC was measured (�). DPC was then 

added (0.5 mM) and 20 mins later the third FIC was measured (�). Average curves are 

shown (n = 4). 

 

Figure 5.4: Effective quantum yield values before (black columns) and after (white 

columns) DPC addition on cultured zooxanthellae (CS-156) and freshly isolated 

zooxanthellae (from P. damicornis). (a) shows the control (25°C and 40 μmol photons m-



List of Figures xxiii 

2 s-1) and (b) shows the bleaching (32°C and 425 μmol photons m-2 s-1) treatment for the 

cultured zooxanthellae. (c) shows the control (25°C and 100 μmol photons m-2 s-1) and 

(d) shows the bleaching (32°C and 425 μmol photons m-2 s-1) treatment for the freshly 

isolated zooxanthellae. During this 12 h experiment, measurements were taken prior to 

exposure to experimental treatments (pre) and then at 0, 1 (only for cultured 

zooxanthellae), 2, 4, 6, 8, 10 and 12 h. The letters above the columns in (b) and (d) 

indicate the result from Tukey’s post hoc comparisons test. Averages ± standard error of 

mean shown (n = 4). 

 

Figure 5.5: Effective quantum yield values before (black columns) and after (white 

columns) DPC addition on freshly isolated zooxanthellae from P. damicornis under (a) 

control (25°C and 100 μmol photons m-2 s-1) and (b) bleaching (32°C and 425 μmol 

photons m-2 s-1) conditions over a 5 d period. The 12:12 h light cycle is indicated by the 

white (light) and black (dark) bars. The letters above the columns in (b) indicate the result 

from Tukey’s post hoc comparisons test. Averages ± standard error of mean shown (n = 

4). 

 

Figure 5.6: Relative variable fluorescence of FICs (Ft-Fo)/(Fm-Fo) showing the evolution 

of the K step for P. damicornis (a), A. nobilis (b) and C. serailia (c) during winter and of 

P. damicornis (d), A. nobilis (e) and C. serailia (f) during summer. Curves for the i) 

control (�; 21°C in winter and 28°C in summer), ii) the highest temperature where the K 

step was not present (�), iii) the temperature where the K step was first observed (�) 



List of Figures xxiv

and, iv) one degree above this temperature (	) are shown in each graph. Average curves 

are shown (n = 4). 

 

Figure 5.7: Representative traces of oxygen production (% saturation) in nubbins of P. 

damicornis after 8 h exposure to (a) control and (b) bleaching conditions. Following 30 

mins of exposure to light (white bar), the sample was placed in darkness (black bar). At 

this time, in the controls, the temperature either remained at 25°C (solid line), was 

immediately increased to 34°C (long dashed line), or was increased to 35°C (short dashed 

line). In the bleaching treatment, when the sample was placed in darkness, the 

temperature either remained at 32°C (solid line), was immediately increased to 38°C 

(long dashed line), or was increased to 39°C (short dashed line). Following 5 mins of 

darkness, the samples were re-illuminated (white bar) for a further 30 mins. 

 

Figure 6.1: Representative F-T curve, where the temperature was increased at a speed of 

1°C min-1. The location of Fo, Fm, Fv/Fm Tc, Tp, Finitial and Fmaximum, are shown. The 

temperature (°C) is indicated above the x-axis and time (min) indicated below. This 

example is of A. millepora during summer. 

 

Figure 6.2: Representative scanning transmission electron micrographs of Symbiodinium 

sp. cells from CS-156 at 25°C (A), 30°C (B), 35°C (C), 36°C (D), 37°C (E), 38°C (F), 

39°C (G), 40°C (H) and 45°C (I) during a temperature ramp of 1°C min-1.  

 



List of Figures xxv

Figure 6.3: Fv/Fm (open squares), Tc (closed circles) and Tp (closed triangles) of cultured 

zooxanthellae exposed to control conditions (A) of low light (40 μmol photons m-2 s-1) 

and low temperature (25°C), high light and low temperature (B; 400 μmol photons m-2 s-1 

and 25°C), low light and elevated temperature (C; 40 μmol photons m-2 s-1 and 32°C), 

and high light and elevated temperature (D; 400 μmol photons m-2 s-1 and 32°C) from 0-9 

h. The temperature (°C) is indicated on the left y-axis and Fv/Fm on the right y-axis. 

Averages ± standard error of mean shown (n = 4). 

 

Figure 6.4: Fv/Fm (open squares), Tc (closed circles) and Tp (closed triangles) 

of freshly isolated zooxanthellae from P. damicornis exposed to control conditions (A) of 

low light (100 μmol photons m-2 s-1) and low temperature (22°C), high light and low 

temperature (B; 400 μmol photons m-2 s-1 and 22°C), low light and elevated temperature 

(C; 100 μmol photons m-2 s-1 and 32°C), and high light and elevated temperature (D; 400 

μmol photons m-2 s-1 and 32°C) at time intervals of 0, 1, 2, 4 and 8 h. The temperature 

(°C) is indicated on the left y-axis and Fv/Fm on the right y-axis. Averages ± standard 

error of mean shown (n = 4). 

 

Figure 6.5: Fv/Fm (open squares), Tc (closed circles) and Tp (closed triangles) of expelled 

zooxanthellae from P. damicornis exposed to the bleaching conditions of 400 μmol 

photons m-2 s-1 and 32°C. Measurements were taken at the time intervals of 0-1 h, 1-2 h, 

2-4 h and 4-8 h. The temperature (°C) is indicated on the left y-axis and Fv/Fm on the 

right y-axis. Averages ± standard error of mean shown (n = 4). 

 



List of Figures xxvi

Figure 7.1: Maximum or effective quantum yield of in hospite (bars) and expelled 

(circles) zooxanthellae of Pocillopora damicornis during experimental treatment. 

Effective quantum yield measurements were taken prior to temperature ramping, once the 

temperature reached 32°C (0 h) and at 6, 12 and 36 h. Maximum quantum yield 

measurements were taken at 24 h following overnight darkness. The top bar indicates the 

temperature regime (white = 28°C, grey = ramp, black = 32°C) and the second bar 

indicates the light regime (white = light, black = dark) over the experiment. Light 

intensity = 400 μmol photons m–2 s–1. Averages ± S.E. of mean shown (n = 4). Letters 

indicate statistically distinct groups of in hospite zooxanthellae measurements from 

Tukey’s post hoc comparison tests. 

 

Figure 7.2: Maximum or effective quantum yield of expelled zooxanthellae in each of 

the four populations: 0-6 h (a), 6-12 h (b), 12-24 h (c) and 24-36 h (d). The effective 

quantum yield was measured at 6, 12, 36, 60 and 84 h, while maximum quantum yield 

was measured at 24, 48, 72 and 96 h. Therefore the first data points in (a), (b) and (d) are 

effective quantum yield, while the first data point in (c) is maximum quantum yield. 

Measurements on zooxanthellae from the 28°C (�), 30°C (�) and 32°C (�) treatments 

are shown from the time of expulsion up until 96 h. The bar indicates the light regime 

over the experiment (white = light, black = dark). Light intensity = 400 μmol photons m–2 

s–1 during initial expulsion and 100 μmol photons m–2 s–1 at other time periods. Averages 

± S.E. of mean shown (n = 4). 
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Figure 7.3: Percentage of healthy-looking zooxanthellae in the four expelled 

zooxanthellae populations: 0-6 h (a), 6-12 h (b), 12-24 h (c) and 24-36 h (d). The 

percentage of healthy-looking zooxanthellae from the 28°C (�), 30°C (�) and 32°C (�) 

treatments are shown from the time of expulsion up until 96 h. The bar indicates the light 

regime over the experiment (white = light, black = dark). Light intensity = 100 μmol 

photons m–2 s–1.  Averages ± S.E. of mean shown (n = 4). 

 

Figure 8.1: Chlorophyll fluorescence induction kinetics measured in a control sample. 

The NPQ components are indicated. SP = saturating pulse; AL = actinic light. 

 

Figure 8.2: Maximum quantum yield for the controls (�; 225 μmol photons m-2 s-1 and 

25˚C), the high-light (
; 475 μmol photons m-2 s-1 and 25˚C), the elevated temperature 

(	; 225 μmol photons m-2 s-1 and 32˚C) and high-light plus elevated temperature (�; 475 

μmol photons m-2 s-1 and 32˚C) treatments. The 0 h control and 1-8 h time periods are 

plotted. Averages ± standard error of mean are shown (n = 4). 

 

Figure 8.3: Total non-photochemical quenching (NPQ) for controls (�; 225 μmol 

photons m-2 s-1 and 25˚C), the high-light (
; 475 μmol photons m-2 s-1 and 25˚C), 

elevated temperature (	; 225 μmol photons m-2 s-1 and 32˚C) and high-light plus elevated 

temperature (�; 475 μmol photons m-2 s-1 and 32˚C) treatments. The 0 h control and 1-8 h 

time periods are plotted. Averages ± standard error of mean are shown (n = 4). 
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Figure 8.4: The contribution of the three components of non-photochemical quenching 

(qE = black columns; qT = light grey columns; qI = dark grey columns) to the total non-

photochemical quenching for the controls (a; 225 μmol photons m-2 s-1 and 25˚C), high-

light treatment (b; 475 μmol photons m-2 s-1 and 25˚C), the elevated temperature 

treatment (c; 225 μmol photons m-2 s-1 and 32˚C) and the high-light plus elevated 

temperature treatment (d; 475 μmol photons m-2 s-1 and 32˚C). The 0 h control and 1-8 h 

time periods are plotted. Averages ± standard error of mean are shown (n = 4). 

 

Figure 9.1: The relative intensity of light between the wavelengths of 180-880 nm for 

light sources used throughout the experiments. a) wavelengths from the PSI double 

modulation fluorometer’s blue, red and far-red LEDs. b) the wavelengths of light from 

the sun at 06:00 (solid line) and 12:00 (dashed line) hrs. c) the difference between the 

12:00 and 06:00 hrs solar spectra. d) the spectra of the halogen lights used in Experiment 

3. 

 

Figure 9.2: Fast induction curves at (a) 04:00 hrs, and (b) 06:00 following darkness (�), 

10 s exposure to far-red light then 0.1 s of darkness (�), and 10 s exposure to blue and red 

light then 0.1 s darkness (	) for Cyphastrea serailia. Average curves are shown (n = 4). 

The corresponding Fv/Fm value for each light treatment is shown for (c) 04:00 hrs, and (d) 

06:00 hrs. Averages ± standard error of mean shown (n = 4). The letters above the 

columns in c) and d) are the result from Tukey’s post hoc comparisons test. 
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Figure 9.3: Effect of length of dark-adaptation (DA) on fast induction curves and Fv/Fm 

values. Fast induction curves for (a) Pocillopora damicornis, (b) Acropora nobilis, and 

(c) Cyphastrea serailia following 5 min of DA, then 10 s far-red light and 0.1 s darkness 

(�), 5 min DA, (�), 10 min DA (�), 20 min DA (
), 30 min DA (�), and 60 min DA (	). 

Average curves are shown (n = 4). The corresponding Fv/Fm value for each light 

treatment is shown for (d) P. damicornis, (e) A. nobilis, and (f) C. serailia. Averages ± 

standard error of mean shown (n = 4). Asterisks (*) indicate where the far-red light 

treatment had a significantly higher Fv/Fm than the darkness treatment. 

 

Figure 9.4: Fast induction curves for (a) Pocillopora damicornis, (b) Acropora nobilis, 

and (c) Cyphastrea serailia during control conditions, and for (d) P. damicornis, (e) A. 

nobilis, and (f) C. serailia following 5 h under bleaching conditions. Corals were given 

10 min dark-adaptation (DA) (�), 10 min DA, 10 s far-red light and 0.1 s darkness (�), 

10 min DA, 10 s far-red light and 1 s darkness (�), 10 min DA, 10 s far-red light and 10 s 

darkness (
), and 10 min DA, 10 s far-red light and 200 s darkness (�). Average curves 

are shown (n = 4). 

 

Figure 10.1: Conceptual model of impacts to the light reactions of photosynthesis under 

(a) optimal and (b) bleaching conditions. Under optimal conditions electrons are donated 

by the OEC to the PSII electron acceptors of QA (on the D2 protein) and QB (on the D1 

protein), then transported to PSI (P700). Excess light energy absorbed by PSII is 

dissipated by NPQ. 60% is dissipated via qE, 20% via qT and 20% via qI pathways. 

Under these conditions, the OEC is thermally stable up to 35°C and the thylakoid 
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membrane is stable up to 37°C. Under bleaching conditions, a rise in the abundance of 

QB non-reducing centres (PSIIX) on the D1 protein occurs, resulting in reduced electron 

flow. A greater amount of absorbed light energy is dissipated by NPQ, with a rise in the 

contribution of qT to total NPQ. Under these conditions 40% is dissipated via qE, 40% 

via qT and 20% via qI pathways. Furthermore, OEC thermostability increases to 39°C 

and thylakoid membrane thermostability increases to 42°C under bleaching conditions. 

 

 

All photographs were taken by the author, unless otherwise stated in the Figure caption. 
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ABSTRACT 

 

Global climate change is leading to the rise of ocean temperatures and is triggering mass 

coral bleaching events on reefs around the world. This involves the expulsion of the 

symbiotic dinoflagellate algae, known as zooxanthellae, from the coral host. Coral 

bleaching is believed to occur as a result of damage to the photosynthetic apparatus of 

these symbionts, although the specific site of initial impact is yet to be conclusively 

resolved. This thesis examined a number of sites within the light reactions of 

photosynthesis and evaluated the efficiency of photoprotective heat dissipating pathways. 

Upon expulsion, the capacity for long-term survivorship of expelled zooxanthellae in the 

water column was also assessed. 

 

A reduction in photosystem II (PSII) photochemical efficiency during exposure to 

elevated temperature and high light (bleaching conditions) was found to be highly 

dependent upon the increase in abundance of QB non-reducing PSII centres (inactive PSII 

centres), indicating damage to the site of the secondary electron acceptor, QB, resulting in 

a limited capacity for its reduction. Therefore, this reduced the rate of the reoxidation of 

the primary electron acceptor, QA
-. Fast induction curve (FIC) analysis of the rise from 

minimum fluorescence to maximum fluorescence revealed a lower amplitude in the J step 

along this curve, which was consistent with a reduction in the rate of QA
- reoxidation. 

This photoinhibition of PSII was found to occur once the effectiveness of excess energy 

dissipation through energy-dependent quenching and state-transition quenching was 

exceeded, suggesting that these mechanisms were incapable of preventing photodamage. 
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Antenna size heterogeneity showed little change under bleaching conditions with a 

significant increase in PSII� only apparent in one species of coral. 

 

The thermostability of the oxygen evolving complex (OEC) and thylakoid membrane 

were found to increase during exposure to bleaching conditions and exceeded bleaching 

thresholds of corals. This rapid rise in temperature-dependent thermostability also 

occurred over seasons, where variation in ocean temperatures was matched by gradual 

shifts in OEC and thylakoid membrane thermotolerance. Variation in thermostability 

between species was not found to be linked to zooxanthellae genotype, and instead was 

related to the bleaching susceptibility of the host. Despite this capacity for resilience to 

bleaching conditions, the PSII reaction centres did not exhibit such a mechanism for rapid 

acclimatisation. Corals can only be as tolerant to bleaching conditions as their most 

sensitive component allows. The formation of nonfunctional PSII centres is therefore 

suggested to be involved in the initial photochemical damage to zooxanthellae which 

leads to a bleaching response. 

 

Zooxanthellae were found to be expelled irrespective of OEC function and thylakoid 

membrane integrity, as these sites of the photosynthetic apparatus were still intact when 

cells were collected from the water column. Although zooxanthellae were 

photosynthetically competent and morphologically intact upon expulsion, their longevity 

in the water column was dependent on the time of expulsion following the onset of 

bleaching and the ambient water temperatures. The survivorship of these zooxanthellae 

was restricted to a maximum of 5 days in the water column which suggests that unless 
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expelled zooxanthellae inhabit other environs of coral reefs which may be more 

favourable for survival, their capacity for persistence in the environment is extremely 

limited. 

 

Chlorophyll a fluorescence measurements are a common tool for investigating 

photosynthetic impacts to in hospite zooxanthellae of corals. Pathways causing dark-

reduction of the plastoquinone pool are shown to be active in corals and affect 

measurements which require dark-adaptation. Pre-exposure to far-red light was found to 

be an effective procedure to oxidise the inter-system electron transport chain and ensure 

determination of the true maximum quantum yield of PSII and accurate FICs. 

 

It is concluded that the trigger for coral bleaching lies in the photosynthetic apparatus of 

zooxanthellae and evidence is presented in support of this impact site not being the OEC 

or thylakoid membrane. 
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1.0 GENERAL INTRODUCTION 

 

1.1 THREATS TO CORAL REEFS 

 

Coral reefs are the most diverse and complex marine ecosystems in the world and occupy 

an area of approximately 255 000 km2 (Spalding and Grenfell 1997). Scleractinian (hard) 

corals are dominant features of coral reefs and are characterised by their obligate, 

mutualistic relationship between a cnidarian host and dinoflagellate symbionts. It is this 

symbiosis that makes them highly susceptible to environmental changes (Brown 1997; 

Hoegh-Guldberg 2004). Over the last few decades, the sensitivity of these ecosystems has 

become clear, as detrimental human impacts have intensified leading to a rise in the 

number of degraded reefs (Richmond 1993; Wilkinson 1999). 

 

Coral reefs are facing severe threats from a number of anthropogenic sources. These 

include temperature rise due to climate change (Brown 1997; Hoegh-Guldberg 1999; 

Hughes et al. 2003), ocean acidification (Kleypas et al. 1999; Hoegh-Guldberg 2005; Orr 

et al. 2005), over fishing and destructive fishing (Saila et al. 1993; Mcmanus and Reyes 

1997), sedimentation and dredging (Rogers 1979; Wittenberg and Hunte 1992), oil and 

chemical pollution (Fishelson 1973; Guzmán et al. 1991; Jones and Hoegh-Guldberg 

1999), nutrient enrichment from land-based runoff (McCook 1999; Ferrier-Pagès et al. 

2000; Lapointe et al. 2004), sewage discharge (Walker and Ormond 1982; Pastorok and 

Bilyard 1985), coral mining (Brown and Dunne 1988; Guzmán et al. 2003) and damage 

from recreational diving and boating (Hawkins and Roberts 1992; Allison 1996; Jameson 



Chapter 1 3 

et al. 1999; Zakai and Chadwick-Furman 2002). Furthermore, the combined impact of 

these stressors on coral reefs in recent times has rendered corals more vulnerable to 

outbreaks of disease (Harvell et al. 1999; Bruno et al. 2003) and to coral bleaching 

events. 

 

1.2 THE CORAL-ALGAE SYMBIOSIS 

 

Scleractinian corals (hard corals) are marine, symbiotic organisms consisting of both 

animal and algal components and are major contributors to the building of the three-

dimensional physical structure of coral reefs (Muscatine and Porter 1977). Below are the 

taxonomic classifications for both the animal host and symbiotic algae (according to 

Fensome et al. 1993): 

 

 Host:  Kingdom: Animalia 

    Phylum: Cnidaria 

     Class: Anthozoa 

      Subclass: Zoantharia 

       Order: Scleractinia 

 

 Algae:  Kingdom: Protozoa 

    Division: Dinoflagellata 

     Subdivision: Dinokaryota 

      Subclass: Gymnodiniphycidae 

       Order: Suessiales 

        Family: Symbiodiniaceae 

         Genus: Symbiodinium 
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The symbiotic dinoflagellates, known as zooxanthellae, reside in the endodermal cells 

that line the gastrovascular cavity of coral hosts where they provide energy from 

photosynthate, primarily in the form of glycerol (but also glycerides, fatty acids, lipids, 

organic acids, sugars and amino acids), to their mutualistic partner (Muscatine et al. 

1972; Muscatine and Porter 1977; Patton et al. 1977; Titlyanov and Titlyanova 2002). In 

return, the animal supplies the zooxanthellae with metabolic and respiratory by-products 

(such as CO2, and organic and inorganic compounds of nitrogen and phosphorous), as 

well as protection (Titlyanov and Titlyanova 2002). Zooxanthellae generally occur at 

densities between 0.5 and 5 million cells cm-2 and have been shown to translocate up to 

95% of their photosynthetic products to the host (Muscatine and Cernichiari 1969; 

Muscatine 1990). Changes in the physical condition of the surrounding water have been 

shown to disrupt the symbiosis and lead to coral bleaching, which can be characterised by 

the expulsion of zooxanthellae, as well as a reduction in the concentration of 

photosynthetic pigments within the zooxanthellae (Hoegh-Guldberg and Smith 1989; 

Szmant and Gassman 1990; Fitt et al. 1993). 

 

Factors which have been shown to induce coral bleaching include chemical pollutants 

(Jones and Hoegh-Guldberg 1999), reduced salinity (Hoegh-Guldberg and Smith 1989; 

Kerswell and Jones 2003), bacterial infections (Kushmaro et al. 1996; Shenkar et al. 

2006), high solar irradiation (Hoegh-Guldberg and Smith 1989; Gleason and Wellington 

1993; Brown et al. 1994a), decreases in water temperature (Steen and Muscatine 1987; 

Saxby et al. 2003; Hoegh-Guldberg et al. 2005) and most importantly increases in water 

temperature (Glynn 1993; Brown 1997; Hoegh-Guldberg 1999). 
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1.3 THERMAL-INDUCED CORAL BLEACHING 

 

This delicate balance between host and symbiont is at risk due to global climate change, 

as oceans are warming at a rate of approximately 1-2°C per century (Hoegh-Guldberg 

1999). Under these elevated ocean temperatures, and in combination with intense light, a 

breakdown in the symbiotic relationship can occur, leading to zooxanthellae expulsion. 

Although zooxanthellae density may vary on a seasonal basis, without obvious visual 

signs (Stimson and Kinzie 1991; Jones and Yellowlees 1997; Stimson 1997; Fagoonee et 

al. 1999; Fitt et al. 2000; Pillay et al. 2005), bleaching events represent an extreme 

deviation from these seasonal cycles (Hoegh-Guldberg and Smith 1989; Fitt et al. 2001). 

The bleaching-induced loss of symbionts and their pigments often results in the coral 

turning white due to the colour of their aragonite skeleton (hence the name coral 

bleaching), which is a clear digression from normal cyclical patterns. 

 

Temperatures that result in the onset of bleaching can be as little as 1-3ºC above the mean 

sea surface summer temperatures (Hoegh-Guldberg 1999). This emphasises the 

sensitivity of the symbiotic relationship and this has resulted in an increase in the 

frequency, intensity and extent of mass coral bleaching events around the world (Brown 

1997; Hoegh-Guldberg 1999; Douglas 2003). The phenomenon of coral bleaching has 

been recorded since the late 1970’s (Hoegh-Guldberg 2004) and future predictions 

foresee a loss of 30-90% of coral populations by 2050 (Hoegh-Guldberg 1999). 

Biological consequences of bleaching include a reduction in photosynthetic rates of 
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remaining in hospite zooxanthellae (Hoegh-Guldberg and Smith 1989; Jones et al. 2000), 

lower coral growth rates (Goreau and Macfarlane 1990), reduced coral reproduction 

(Szmant and Gassman 1990) and increased coral mortality (Harriott 1985). More 

widespread ecological effects of bleaching include a decline in reef biodiversity, where 

the more sensitive coral species die out leading to a change in community structure 

(Glynn 1988; Gleason 1993; Loya et al. 2001). This can result in a loss of food sources 

and habitat for other reef-dwelling organisms (Glynn 1988), which can ultimately alter 

community structure and biodiversity at all trophic levels (Hoegh-Guldberg 1999). To 

date, many signs of irreversible, long-term damage to reef corals have been documented 

(Gardner et al. 2003; Hughes et al. 2003; Pandolfi et al. 2003), although a high proportion 

of affected corals have shown signs of recovery, provided the bleaching event is not too 

long or intense (Lang et al. 1992; Fitt and Warner 1995; Wilkinson 2002; Coles and 

Brown 2003), although in some cases, recovery make take decades (Guzmán and Cortés 

2007). The variation in responses during a bleaching event highlights the need for a clear 

understanding of the physiological processes occurring within the zooxanthellae. This 

will be an essential step in uncovering the physiological mechanisms controlling coral 

bleaching events. 

 

Identification of the physiological trigger will be a critical milestone in understanding the 

physiological process which lead to coral bleaching and will aid in the production of 

effective management strategies in coral reef ecosystems around the world. The cause of 

symbiont expulsion and potential for coral recovery is essential information for the 

accurate prediction of the fate of reef corals. By obtaining accurate information on the 
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future of coral reefs, ecological, social and economic implications of changes can be 

established. Five hundred million people worldwide directly or indirectly depend on coral 

reefs for their survival, highlighting the importance of this threatened resource 

(Wilkinson 2002). Bleaching will impact on those reliant upon the coral reefs and can 

affect tourism, which is the most lucrative industry in the Great Barrier Reef. This 

industry brings in $4.3 billion to the Australian economy every year (Productivity 

Commission 2003) and relies upon the presence of diverse and healthy coral reef 

ecosystems for the maintenance of such a productive market. Understanding the 

mechanisms behind coral bleaching is therefore a critical step in unravelling the causes of 

such events and ultimately, this information will contribute to ensuring the sustainability 

of these ecosystems. 

 

1.4 IDENTIFYING THE PHYSIOLOGICAL TRIGGER OF CORAL 

BLEACHING 

 

The process by which zooxanthellae are expelled from the animal may be through host 

cell detachment (Gates et al. 1992; Brown et al. 1995) or exocytosis (Brown et al. 1995) 

and it is generally believed this expulsion is a result of lost photosynthetic performance 

by the zooxanthellae. Previous studies have identified the oxygen evolving complex 

(OEC) (Iglesias-Prieto 1997), Photosystem II (PSII) reaction centre (Warner et al. 1996, 

1999; Hill et al. 2004a; Takahashi et al. 2004; Yakovleva and Hidaka 2004), dark-

reactions (Jones et al. 1998) and thylakoid membrane integrity (Iglesias-Prieto et al. 

1992; Tchernov et al. 2004) as potential sites of impact. The location and role of these 



Chapter 1 8 

sites within the photosynthetic chain of events is indicated in Figure 1.1. This divergent 

and inconsistent evidence highlights the need for comprehensive studies on the specific 

operation of each component of the zooxanthellae photosynthetic apparatus. Already to 

date, some evidence exists indicating dark-reactions are not affected under elevated 

temperatures (Leggat et al. 2004). However, further research into these components needs 

to be conducted for the production of a comprehensive and convincing conceptual model 

of coral bleaching. The research contained in this thesis primarily aims to further our 

knowledge of the impacts of bleaching conditions to the photosynthetic function of the 

light reactions of photosynthesis. 

 

 

Figure 1.1: Location and role of sites along the photosynthetic chain of events suggested as the primary 

site of photochemical impact during bleaching events. These include the oxygen evolving complex (OEC), 

photosystem II (PSII) reaction centres, the Calvin cycle and the thylakoid membrane. Electron excitation 

by light, water splitting, electron transport and proton transport is indicated by arrows. The lumen and 

stroma side of the thylakoid membrane within the chloroplast is labelled. 
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1.4.1 Coral bleaching and photoinhibition 

 

Although irradiance is essential for scleractinian coral survival, too much irradiance can 

lead to photoinhibition of the photosynthetic apparatus of the zooxanthellae (Brown et al. 

1994a; Hoegh-Guldberg and Jones 1999; Ralph et al. 1999; Winters et al. 2003). The 

maximum photosynthetic rate can be reached by light intensities well below the daily 

maximum (Hill et al. 2004b). In such cases, the amount of absorbed quanta exceeds what 

can be processed by the photosynthetic apparatus and can lead to irreversible damage and 

a reduction in the photosynthetic rate (Powles 1984; Krause 1988; Long et al. 1994; 

Osmond 1994). A number of photoprotective mechanisms are available to the coral to 

reduce the severity of intense light. These include behavioural mechanisms, such as polyp 

retraction (Brown et al. 1994b; Brown et al. 2002a), as well physiological mechanisms in 

the form of non-photochemical quenching (NPQ) (Brown et al. 1999; Hoegh-Guldberg 

and Jones 1999). Non-photochemical quenching is a photoprotective mechanism that 

involves the dissipation of excess energy and aims to limit the potential for 

photoinhibition (Adams and Demmig-Adams 1993; Müller et al. 2001). However, under 

bleaching conditions, where high light is accompanied by elevated temperatures, the 

impacts of photoinhibition can become exacerbated and the potential for excess energy 

dissipation can be exceeded (Hoegh-Guldberg and Jones 1999; Gorbunov et al. 2001). As 

a result permanent damage can occur to zooxanthellae, and this has been linked to coral 

bleaching events (Warner et al. 1996, 1999; Hill et al. 2004a; Takahashi et al. 2004; 

Franklin et al. 2006). 
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1.4.2 The oxygen evolving complex 

 

The oxygen evolving complex (OEC), which consists of a cluster of four manganese 

atoms and one calcium atom, is located on the lumen side of the thylakoid membrane. It 

is responsible for the splitting of water molecules into electrons, protons and oxygen, 

where the electrons are shuttled into the photosystem II (PSII) reaction centres via the 

tyrosine electron carrier (TZ) (Britt 1996, Diner and Babcock 1996). Previous work on 

higher plants has demonstrated the sensitivity of this site to heat stress (Yamashita and 

Butler 1968; Berry and Björkman 1980; Miyao and Murata 1987; Becker et al. 1990; 

Havaux 1993a) which is damaged by the release of manganese from the chloroplast 

(Lozier et al. 1971) or the loss of the calcium (Miyao and Murata 1987). Work on 

zooxanthellae cultures has found irreversible cellular damage occurs during exposure to 

elevated temperatures which may be due to irreversible damage to the OEC (Iglesias-

Prieto 1997). However, damage to this site during bleaching conditions may be a 

secondary effect with PSII inactivation occurring prior to donor side impairment. 

 

1.4.3 Photosystem II reaction centre 

 

Upon excitation of PSII reaction centres, electrons are excited to a higher energy level 

and are trapped by primary electron acceptors. Replacement electrons are then extracted 

from the water splitting process of the OEC and transferred to the PSII reaction centres 

(Diner and Babcock 1996). Damage to the PSII reaction centre has been attributed to 

degradation of the D1 protein (Mattoo et al. 1984; Krause 1988), which is sensitive to the 
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build up of reactive oxygen species (ROS) during high light (Müller et al. 2001). The D1 

protein is one of the four major polypeptides which make up the reaction centre of PSII. 

In corals exposed to bleaching conditions, ROS have been reported to be involved in the 

damage to the PSII reaction centres and to the primary carboxylating enzyme, Rubisco 

(Asada and Takahashi 1987; Alscher et al. 1997; Smith et al. 2005). The addition of 

exogenous antioxidants (to remove ROS) to corals under bleaching conditions has been 

reported to improve photosynthetic capacity, as well as prevent zooxanthellae expulsion 

(Lesser 1996, 1997). This suggests that sites of ROS damage are likely to be involved in 

the primary photochemical reaction which ultimately results in a bleaching response. 

 

Direct measurements on the photosynthetic efficiency of PSII have revealed that under 

bleaching conditions, PSII reaction centres are damaged (Warner et al. 1996; Hill et al. 

2004a). This decline in PSII photochemical efficiency has been correlated to a reduction 

in the amount of D1 protein, highlighting its vulnerability to bleaching stress (Warner et 

al. 1999). Damaged D1 protein can only be replaced through resynthesis (Long et al. 

1994) and long-term damage can occur when rates of damage exceed rates of resynthesis 

(Smith et al. 2005). A reduction in the capacity for D1 resynthesis during bleaching 

events has been suggested as a cause for the loss of photosynthetic efficiency (Takahashi 

et al. 2004). 
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1.4.4 Dark reactions of photosynthesis 

 

The dark reactions of photosynthesis have also been proposed as the primary site of 

photosynthetic impact, where any damage to other parts of the photosynthetic chain are 

suggested to be secondary or knock-on effects (Jones et al. 1998). The Calvin cycle 

occurs in the stroma of chloroplasts and uses the products of the light reactions to fix 

inorganic carbon (Raines 2003). Under bleaching conditions, temperature was suggested 

to affect the functioning of enzymatic reactions (in particular Rubisco), or alternatively, 

affect the operation of a carbon concentrating mechanism (CCM) (Jones et al. 1998). 

This CCM is believed to aid in overcoming the limitations of the type II Rubisco of 

Symbiodinium (Weis et al. 1989; Leggat et al. 1999). The CCM operates to release CO2 

from bicarbonate which allows for high rates of photosynthesis in an otherwise small 

pool of aqueous CO2 in seawater (Weis et al. 1989). Furthermore, the CCM lowers the O2 

concentration, in favour of CO2, which restricts the potential for the unfavourable 

oxygenase reaction with Rubisco (photorespiration; Leggat et al. 1999). In contrast to the 

results of Jones et al. (1998), Leggat et al. (2004) concluded that the CCM was not the 

primary site of damage, but these authors were unable to determine whether Rubisco was 

affected during bleaching stress. 

 

1.4.5 Thylakoid membrane integrity 

 

The thylakoid membrane is the structural site of the light reactions of photosynthesis. 

Studies on higher plants have found that damage to the thylakoid membrane can lead to 
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the degradation of the whole photosynthetic apparatus (Schreiber and Berry 1977). 

Zooxanthellae cultures exposed to elevated temperatures were found to have an 

uncoupling of energy absorption and photochemistry, believed to be the result of changes 

in the lipid composition of the thylakoid membrane (Iglesias-Prieto et al. 1992). Further 

studies by Tchernov et al. (2004) found that lipid susceptibility to ROS increased under 

thermal stress as the concentrations of a particular polyunsaturated fatty acid declined. 

This damage was found to occur after 168 h of exposure to bleaching and it was 

concluded that this loss of structural integrity results in the bleaching response. However, 

most evidence suggests that the initial photosynthetic damage, which leads to coral 

bleaching occurs on a much shorter timescale (Jones et al. 1998; Dove et al. 2006; Stat et 

al. 2006). The likelihood of the thylakoid membrane being the primary site of 

photosynthetic damage is therefore unresolved. 

 

1.5 PHOTOSYNTHETIC CONDITION OF EXPELLED ZOOXANTHELLAE 

 

Although studies have found that zooxanthellae are expelled from corals as a result of 

photosynthetic impairment under bleaching conditions, the fate of expelled zooxanthellae 

is currently also under debate. Previous research has demonstrated that upon expulsion, 

most zooxanthellae are photosynthetically competent (Ralph et al. 2001). This was 

supported by the work of Bhagooli and Hidaka (2004b), who found no difference in the 

photochemical efficiency of photosystem II (PSII) between freshly isolated and expelled 

zooxanthellae of a bleaching coral. More recently, inter-species and temporal variations 

were found in the health of expelled zooxanthellae, which were controlled by the time 
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and site of expulsion (Ralph et al. 2005a). In contrasts to these studies, Franklin et al. 

(2004, 2006) found that expelled zooxanthellae were non-functional, with degraded 

ultrastructure, disorganised cellular contents and permeable membranes. 

 

The capacity for the survival of zooxanthellae outside of the host has important 

ecological implications. If they are able to survive in isolation in the long-term, these 

zooxanthellae could provide a source for symbiont repopulation in recovering corals as 

well as a source of infection for those juvenile coral larvae which are not supplied with 

zooxanthellae from their parents (Richmond and Hunter 1990; Little et al. 2004). The 

potential for survival in the water column following expulsion and sites of photosynthetic 

damage were also addressed in this thesis. 

 

1.6 INTER-SPECIES VARIATION IN BLEACHING SUSCEPTIBILITY 

 

Although considerable amounts of research effort have concentrated on investigating 

impacts to the photosynthetic apparatus of the zooxanthellae, some work has also been 

performed on the responses of the animal host to bleaching events. It has been suggested 

the host plays an important, if not primary (Bhagooli and Hidaka 2004b), role in 

determining the sensitivity of the holobiont to bleaching conditions with susceptibility 

and chance of mortality suggested to be dependent upon the combined physiological 

responses of both partners (Ralph et al. 2001; Bhagooli and Hidaka 2004a; Bhagooli and 

Yakovleva 2004). 
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Although reactions in the symbionts were the primary objective of this thesis, 

consideration of host influence on bleaching responses was also taken into account 

through the use of several different coral species (see General Methods). In experiments 

where multiple coral species were used, a range of susceptible species through to tolerant 

species were studied. Factors believed to influence susceptibility of corals to bleaching 

include host morphology, metabolism, environmental history and symbiont genotype 

(Loya et al. 2001; Coles and Brown 2003; Rowan 2004; Berkelmans and van Oppen 

2006; Ulstrup et al. 2006a). Branching coral species have been shown to be more 

sensitive to bleaching than massive and encrusting species (Loya et al. 2001; Marshall 

and Baird 2000). It has been suggested this is due to the thinner tissues on branching 

corals, which provide less photo-protection in the form of self-shading, or alternatively, 

that the thinner tissue would provide less energy once photosynthetic production of 

glycerol to the host was reduced or removed due to bleaching (Loya et al. 2001). Once 

this energy source is removed, lipid stores may control the length of survival (Anthony et 

al. 2007), hence favouring corals with thick tissue. Furthermore, Gates and Edmunds 

(1999) concluded that branching corals, which have lower metabolic rates and higher 

growth rates than massive species, have a more limited capacity for acclimation to 

stressful conditions. Loya et al. (2001) also hypothesised that coral morphology 

influenced susceptibility, where massive and encrusting species were more resistant to 

bleaching due to high rates of mass transfer (Patterson 1992). 

 

Environmental history and thermal acclimation are also important factors influencing 

bleaching thresholds of corals. Across a geographical gradient, a single species will have 
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a variable bleaching threshold, where individuals from warmer background temperatures 

(for example, low latitudes) have a higher bleaching threshold (Hoegh-Guldberg 1999; 

Ulstrup et al. 2006a). The capacity for an increase in the thermal tolerance to bleaching 

has also been documented, where exposure to elevated, sublethal temperatures increases 

bleaching thresholds (Marshall and Baird 2000; Brown et al. 2002b). In some cases, 

thermal acclimation has been linked to changes in the type of symbiont harboured by the 

host (Berkelmans and van Oppen 2006). A diverse assemblage of genetically distinct 

zooxanthellae has been found in scleractinian corals (Rowan and Powers 1991), with 

multiple Symbiodinium types associated with a single species or a single colony (Rowan 

and Knowlton 1995; Rodriguez-Lanetty et al. 2001; Ulstrup and van Oppen 2003). These 

symbiont communities have shown the capacity for change over time (Toller et al. 2001; 

Little et al. 2004; Thornhill et al. 2006), and recently, in response to elevated 

temperatures (Berkelmans and van Oppen 2006). Of particular importance is the type D 

Symbiodinium which has the greatest thermal resistance (Glynn et al. 2001; Berkelmans 

and van Oppen 2006). It is therefore important to consider the zooxanthellar genotype(s) 

present in the coral as this has been suggested to play an important role in shaping the 

susceptibility of a coral to bleaching (Glynn et al. 2001). 

 

In order to study the physiological responses of symbiotic algae to bleaching stress, a 

suite of techniques were applied to obtain an in-depth analysis of the condition of several 

sites along the photosynthetic chain of events. 
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1.7 INVESTIGATING THE HEALTH OF PHOTOSYNTHETIC ORGANISMS 

 

The light reactions of photosynthesis take place on the thylakoid membrane of 

chloroplasts. Embedded in these membranes are chlorophyll pigments which capture 

light and use this energy to excite electrons which are split from water molecules. The 

excitation of sunlight alters the energy potential of molecules in the system and this is 

known as the Z-scheme. 

 

1.7.1 The Z-scheme of photosynthesis 

 

Oxygenic photosynthesis occurs in conjunction with two photosystems; photosystem I 

(PSI) and photosystem II (PSII). Upon illumination of chlorophyll, an electron is excited 

to a higher energy level in the PSII reaction centre (P680) and the chances for a charge 

separation between the primary donor and the primary acceptor, phaeophytin (phaeo) are 

high, often resulting in the transfer of an electron and leading to a P680+Phaeo- charged 

pair. To replace this electron, P680 accepts an electron from the oxygen evolving 

complex (OEC; donor side of PSII), which breaks every two water molecules into an 

oxygen molecule (O2), four protons (H+) and four electrons (e-) (Figure 1.2) in a four step 

process. The excited electron is then transferred to phaeophytin (phaeo), to QA, the first 

stable electron acceptor, to QB, and then, along with two protons (2H+), reduces 

plastoquinone (PQ). The electrons are then passed on to PSI (P700), where they receive 

additional excitation energy from captured photons. Following this, electrons are donated 

to the primary electron acceptor of PSI, A0, and then to A1, a phylloquinone (vitamin K) 

molecule. Electrons are then used to reduce NADP+ (nicotinamide adenine dinucleotide 
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phosphate) to NADPH, via the cofactor ferredoxin (FNR) catalysed by NAPH reductase 

(Figure 1.2). 

 

 
 

Figure 1.2: Simplified photokinetics of the movement of electrons through the Z-scheme. Water molecules 

are split by the oxygen evolving complex (OEC) into electrons (e-), protons (H+) and oxygen molecules 

(O2). Electrons are excited in the photosystem II (PSII) reaction centre, P680, where they are shifted to a 

higher energy state once the reaction centre (RC) is illuminated and becomes excited (P680*). The 

electrons are transferred to phaeophytin (phaeo), and then to the primary electron acceptor QA, followed by 

QB. Plastoquinone (PQ) becomes reduced and electrons are passed to the photosystem I RC (P700). The 

illuminated RC becomes excited (P700*) and the electron again reaches a higher energy state. A0 and A1 

accept the electron and with the enzyme FNR, NADP+ is reduced to NADPH. The oxidation-reduction 

potential is indicated on the y-axis. 
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1.7.2 Chlorophyll a fluorescence – a measure of photosynthesis 

 

The first publication on the time course of chlorophyll a fluorescence was by Kautsky 

and Hirsch in 1931 (see Govindjee 1995). Since that time, studies using chlorophyll a 

fluorescence as a tool for studying the health of photosynthetic organisms have become 

common and widespread (Maxwell and Johnson 2000). The advantages of using this 

technique include the ease of measurements, the non-destructive and non-invasive 

sampling, the wealth of information obtained about photosynthetic function and the 

capacity for remote, and even underwater, surveys of photosynthetic organisms (Beer et 

al. 1998; Schreiber 2004). Applying chlorophyll a fluorescence as a tool for monitoring 

photosynthetic activity is now well-documented in coral bleaching research (Iglesias-

Prieto 1995; Jones et al. 1998; Fitt et al. 2001; Jones and Hoegh-Guldberg 2001; Ralph et 

al. 2001; Hill et al. 2004a,b; Ulstrup et al. 2006b). 

 

At room temperature, 90% of the chlorophyll a signal originates from PSII (Govindjee 

1995) and although fluorescence only constitutes a small proportion (1-2%) of the light 

absorbed, it provides a useful proxy for photosynthetic activity, especially since 

fluorescence measurements are not difficult to make as the peak of fluorescence emission 

is at a longer wavelength than that of absorption. Measurements of chlorophyll a 

fluorescence are based on the principle that all light energy captured by the light 

harvesting complexes (LHCs) of PSII has three potential fates: 
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1. It can be transferred to the PSII reaction centre (RC), where it can be processed 

into photochemical energy and used in metabolic reactions; 

2. It can be dissipated in the form of non-photochemical quenching from the LHC; 

or 

3. It can be re-emitted from the LHC at a longer wavelength as fluorescence (Figure 

1.3). 

 

 

 

Figure 1.3: The potential fates of all light energy captured by the photosynthetic apparatus. 

 

Energy captured by the light harvesting complex (LHC) of the PSII reaction centre can be 

used in photochemical reactions and transported through the Z-scheme (Figure 1.2). In 

conditions where the light absorbed by the LHC exceeds the capacity for the photosystem 

to utilise this energy, non-photochemical processes are used to dissipate excess energy 

(Adams and Demmig-Adams 1993; Müller et al. 2001). In these cases, measurements of 
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chlorophyll a fluorescence reflect changes in photochemical efficiency and heat 

dissipation. 

 

1.7.3 Analysis of the chlorophyll a fluorescence signal 

 

A number of chlorophyll a fluorometers are commercially available. Different 

fluorometers are designed for operation in different environments (e.g. terrestrial or 

underwater) and under different experimental conditions (e.g. light or darkness). Each is 

designed for measurements on a particular medium (e.g. water sample or hard surface) 

and for collection of a specific type of data (e.g. data from single- or multiple-turnover 

flashes). It should be noted that single- turnover flashes allow only one charge separation 

and only the reduction of QA, whereas multiple-turnover flashes allow for repeated 

charge separation and complete reduction of all PSII electron acceptors (Kromkamp and 

Forster 2003). Background information on the three types of fluorometers used in the 

experiments of this thesis is outlined below. These were Pulse Amplitude Modulated 

(PAM) fluorometers (Walz GmbH, Effeltrich, Germany), the Plant Efficiency Analyser 

(PEA) (Hansatech Instruments Ltd, King’s Lynn, UK), and the Double-modulation 

fluorometer (Photon Systems Instruments, FL-3300, Brno, Czech Republic). 

 

1.7.3.1 Pulse Amplitude Modulated (PAM) fluorometry 

 

PAM fluorometers are highly diverse in their form and function. They have been 

developed to enable measurements of single cells through to the two-dimensional 
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imaging of photosynthetic surfaces. Coral-related research has seen the use of the 

Microscopy-PAM on individual zooxanthellae (Ralph et al. 2001, 2005a), the Water-

PAM on zooxanthellae suspensions (Chapters 5, 6 and 7), the Microfibre-PAM for 

measurements on coral surfaces at the micro scale (Ralph et al. 2002; Ulstrup et al. 

2006b), the Mini-PAM (Chapter 8) and PAM 101, 103 (Warner et al. 1996; Brown et al. 

1999) for lab-based measurements of coral surfaces, the Diving-PAM for underwater 

applications (Beer et al. 1998; Ralph et al. 1999; Jones and Hoegh-Guldberg 2001; 

Chapter 7) and the Imaging-PAM for studies on the spatial heterogeneity of 

photosynthesis (Hill et al. 2004b; Ralph et al. 2005b). 

 

With the application of multiple-turnover saturating pulses of light, PAM-measurements 

allow for the distinction between fluorescence quenching by photochemistry 

(photochemical quenching) and heat dissipation (non-photochemical quenching). The 

application of a saturating pulse of light suppresses photochemical yield to zero and 

induced maximal fluorescence yield (Schreiber 2004). PAM fluorometers can measure 

the dark-adapted minimum fluorescence (Fo), the steady-state fluorescence (Ft), the dark-

adapted maximum fluorescence (Fm) and the light-adapted maximum fluorescence (Fm’). 

Fo is measured prior to the application of a saturating pulse of light and Fm is measured 

during the application of the pulse. The Fv is the variable fluorescence between Fo and Fm 

(Figure 1.4). 

 



Chapter 1 23 

 

Figure 1.4: Kinetics of light and dark-adapted fluorescence measurements (from Schreiber and Bilger 

1993). 

 

Through the determination of these values, a number of photosynthetic parameters can be 

calculated: 

 

• Maximum quantum yield   = (Fm-Fo)/Fm  Equation 1.1 

• Effective quantum yield (�PSII)  = (Fm’-Ft)/Fm’  Equation 1.2 

• Non-photochemical quenching (NPQ) = (Fm-Fm’)/Fm’  Equation 1.3 

 

The maximum quantum yield (Equation 1.1) gives an indication of the photochemical 

efficiency of PSII when all reaction centres are open and all primary electron acceptors 

(QA) are oxidised. The maximum quantum yield can be lowered by damage to PSII 

reaction centres often indicated by an increase in Fo and/or a decrease in Fm. The 

effective quantum yield (�PSII; Equation 1.2) determines the photochemical efficiency of 

a light-adapted system and is lower than the maximum quantum yield (Equation 1.1) due 
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to energy dissipation by processes such as NPQ. Under stressful conditions the �PSII has 

been shown to be a more sensitive and hence, more useful parameter to indicate impact 

on photosynthesis (Ralph 1999). The NPQ variable (Equation 1.3) identifies the amount 

of energy dissipated as heat from PSII (Demmig-Adams et al. 1987). A drop in Fm’ 

reflects enhanced non-photochemical energy loss, which does not necessarily reflect 

irreversible damage, but may be indicative of photoprotection (Horton and Hague 1988; 

Adams and Demmig-Adams 1993; Johnson et al. 1993; Horton and Ruban 1994; 

Peterson and Havir 2000). 

 

PAM fluorometers measure Fo, Fm and changes in Ft and Fm’ over time frames of seconds 

to minutes. Thus PAM fluorometers are designed to measure the slow kinetics of 

photosynthesis. In comparison, the PEA fluorometer obtains a short, 2-5 s, measurement 

of the rise from Fo to Fm in the form of a fast induction curve (i.e. fast kinetics of 

photosynthesis). 

 

1.7.3.2 Plant Efficiency Analyser (PEA) fluorometer 

 

Fast induction curves (FICs) were first used to investigate the thermal impacts to cultures 

of zooxanthellae (Iglesias-Prieto 1995, 1997). However, more recently, Hill et al. (2004a) 

used a PEA fluorometer to measure the in hospite responses of zooxanthellae during 

bleaching conditions. These fluorometers produce high resolution data sets between Fo 

and Fm during the application of a multiple-turnover saturating pulse which gives a 

detailed insight into the movement of electrons from the OEC to the primary electron 
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acceptor of PSII (QA) to the secondary acceptor (QB) and finally the plastoquinone (PQ) 

pool (Strasser et al. 1995; Lazár 2003; Hill et al. 2004a). 

 

Between Fo and Fm, several intermediate steps are present which result in the appearance 

of a polyphasic curve with several inflection points when time is plotted on a log10 time 

scale (Figure 1.5). The steps of the FICs have been assigned letters to identify and 

distinguish them in the curves. Fo has been named ‘O’ and Fm ‘P’, with the intermediate 

steps being assigned ‘I1’ and ‘I2’ by Neubauer and Schreiber (1987) and ‘J’ and ‘I’ by 

Strasser and Govindjee (1992a,b) and Strasser et al. (1995). In this thesis the O-J-I-P 

method of peak nomenclature has been employed. The amplitude of the J step can be 

attributed to the rate of QA reduction, while the I step is related to the further reduction of 

QA, as well as QB and PQ (Strasser et al. 1995; Srivastava et al. 1997). 

 

 
 

Figure 1.5: Fast induction curve transient, plotted on a log10 time scale. The O, J, I and P steps are 

indicated, as well as tFmax (time to reach maximum fluorescence) (Strasser et al. 2000). 

 

R
el

at
iv

e 
flu

or
es

ce
nc

e 



Chapter 1 26 

Changes in the physiological state of photosynthetic organisms due to varying 

environmental conditions can be investigated through the analysis of FICs (Strasser et al. 

2000). These curves reflect changes in the photosynthetic apparatus as a result of 

environmental conditions, such as temperature (Guissé et al. 1995; Srivastava and 

Strasser 1995; Srivastava et al. 1997; Strasser 1997) and light intensity (Tsimilli-Michael 

et al. 1995; Srivastava and Strasser 1995; Krüger et al. 1997). Through the analysis of 

these FICs, the relative impacts upon the various components of the photosynthetic 

apparatus can be assessed. Changes in amplitude of steps, speed at which steps are 

reached, the appearance of new steps and the complete loss of steps all give potentially 

valuable information on photosystem health (Strasser et al. 1995). For example, the 

appearance of the K step along the FIC, between O and J, indicates that electron flow 

from PSII has exceeded the rate of electron donation to PSII, which is indicative of OEC 

inhibition (Guissé et al. 1995; Lazár and Ilik 1997; Lazár et al. 1997; Srivastava et al. 

1997; Strasser 1997; Skotnica et al. 2000). More recently, a number of other inflections 

along the FICs have been identified. For example, an extra step between the J and I steps 

in dark-adapted corals, has been attributed to PQ pool reduction in the dark (Hill et al. 

2004a; Ilik et al. 2006). 

 

Although PEA fluorometers only have the capacity to measure FICs, other fluorometers, 

such as the Double-modulation fluorometer, also have this ability, in addition to other 

types of fluorescence measurements. The main advantages of the PEA over the Double-

modulation fluorometer is its ease of portability and its operation independent of a 

computer; factors which are essential for intensive field work. 
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1.7.3.3 Double-modulation fluorometer 

 

As well as multiple-turnover FIC measurements, the Double-modulation fluorometer also 

has the capacity to perform single-turnover flashes (Trtilek et al. 1997; Urban et al. 1999; 

Koblížek et al. 2001; Kromkamp and Forster 2003). This allows for the collection of high 

resolution data along the fluorescence rise of a single-turnover flash, as well as QA
- 

reoxidation measurements and S-states measurements (Kaftan et al. 1999; Nedbal et al. 

1999; Urban et al. 1999). Detailed information on the operation of PSII can be extracted 

from these measurements, including differences in the ability for the acceptor side to 

accept electrons (reducing side heterogeneity), as well as variation in antenna size 

(antenna heterogeneity) (Melis 1991; Lavergne and Briantais 1996). Photosystem II has 

been suggested as a primary site of photochemical impact during bleaching conditions 

(Warner et al. 1996, 1999; Hill et al. 2004a; Takahashi et al. 2004; Yakovleva and 

Hidaka 2004) and an analysis of such detailed changes in the photochemical properties of 

in hospite zooxanthellae would shed more light on the cause of non-functional PSII 

formation. 

 

1.8 RESEARCH OBJECTIVES AND THESIS OUTLINE 

 

The major objectives of the research in this thesis were to provide further insight into the 

primary site of photochemical impact to zooxanthellae during coral bleaching events and 

to assess the long-term viability of expelled zooxanthellae in the environment. An 
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additional objective of this thesis was to evaluate the accuracy of chlorophyll a 

fluorescence measurements performed on in hospite zooxanthellae. 

 

Chapter 1 provides a detailed review of the literature and current state of knowledge, 

highlights the significance of the project, provides background information on the major 

techniques applied and outlines the key research objectives. Chapter 2 gives details of 

the general methods used throughout the data chapters of the thesis (Chapters 3-9). 

 

Although a number of sites of impact have been suggested in the literature, no consensus 

currently exists. Here, in-depth analyses on the functional and structural components of 

the light reactions were performed. Not only will sensitive sites be identified, but also 

those that are tolerant and build resistance to thermal and light stress. Before 

photosynthetic responses indicative of coral bleaching can be resolved, detailed 

knowledge of diel changes in photosynthetic parameters need to be established. Chapter 

3 presents data from FICs on the daily fluxes in photosynthetic condition during both 

summer and winter in three species of coral. This provided baseline data on the 

functioning of the light reactions of photosynthesis, which allowed for an assessment of 

changes in electron transport efficiency and the structural composition of PSII light 

harvesting complexes under bleaching stress (Chapter 4). Specifically, the heterogeneity 

of the acceptor side of PSII and the antenna size of PSII was examined. 

 

Seasonal changes in OEC sensitivity and susceptibility to bleaching conditions was 

investigated in Chapter 5. An analysis of OEC stability in three coral species was 
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performed in summer and winter, together with the bleaching-induced response to OEC 

operation. Furthermore, the thermotolerance of the site of the light reactions of 

photosynthesis (the thylakoid membrane) was monitored over winter and summer in 10 

coral species. The impact of bleaching conditions to the thermostability of this membrane 

was also explored to determine if loss of structural integrity was involved in the 

bleaching response (Chapter 6). 

 

Following the photochemical trigger of bleaching, the characteristic mechanical response 

of a coral is the expulsion of in hospite zooxanthellae into the water column. The 

survivorship of these expelled zooxanthellae is explored in Chapter 7, where long-term 

viability is assessed on populations expelled at different time intervals following the 

onset of bleaching. The influence of water temperature on zooxanthellae health was 

investigated with different thermal treatments, ranging from bleaching to ambient non-

bleaching, lagoon temperatures (28°C). 

 

Photoprotective mechanisms are activated in the zooxanthellae of corals under bleaching 

stress and attempt to dissipate excess absorbed energy, which can lead to photoinhibition. 

The utilization of mechanisms aimed at preventing irreversible photodamage are 

explored, as well as the potential for limitations in these processes. The role of energy 

dissipation pathways in the prevention of photoinhibition and whether a lack of 

successful defence against photoinhibition is the cause of bleaching is described in 

Chapter 8. 
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Throughout these experiments, chlorophyll a fluorescence was the dominant technique 

employed for assessing photosynthetic impacts. Limitations and potential sources of 

methodological error were encountered, and in Chapter 9, the validity and accuracy of 

this technique was evaluated. Of considerable concern was the potential for dark-induced 

reduction of the PQ pool of in hospite zooxanthellae. 

 

Finally, Chapter 10 integrates the major findings of the research and discusses the 

general conclusions of the project. Areas of future research necessary to further improve 

our knowledge of coral bleaching are proposed. 
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2.0 GENERAL METHODS 

 

2.1 STUDY SITES 

 

All field work was conducted at the Heron Island Research Station which is situated on 

the Tropic of Capricorn on the southern Great Barrier Reef of Australia, 72 km offshore 

from the city of Gladstone. The island is found on the western end of the second largest 

emergent reef of the Capricorn-Bunker group. The island is 0.17 km2 in size and is 

surrounded by a 27 km2 lagoon. Coral samples were randomly collected from an area of 

the lagoon on the southern side of the island, adjacent to the research station (151.9° E, 

23.4° S). All coral collection was performed with the permission of the Great Barrier 

Reef Marine Park Authority under permit number G03/12019.1, and where necessary, 

permission was obtained from Queensland Environmental Protection Agency for 

experimental work, under permit number WITK01520603. Following collection, samples 

were kept in shaded (< 100 μmol photons m-2 s-1), flow through aquaria for 

approximately 2 days prior to experimentation. 

 

In addition to those coral samples studied on the island, others were wrapped in damp 

paper towel and sealed in plastic bags filled with oxygen for transportation back to the 

University of Technology, Sydney. These samples were held in a 500 L aquarium with 

re-circulating artificial seawater (carbonate hardness = 140 ppm, salinity = 33 ppt) at 25 ± 

1°C and under 100 μmol photons m-2 s-1. Corals were maintained for several months 

under these conditions prior to laboratory experimentation. 
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2.2 CORAL SPECIES 

 

In the seven experimental chapters of this thesis a variety of hard coral species was 

studied. In total, 10 species from < 2 m water were used and varied in morphological 

structure and bleaching susceptibility. 

 

2.2.1 Description of Acropora millepora (Ehrenberg) 

 

Acropora millepora (Acroporidae) is a branching coral with tubular axial corallites and 

tightly compacted radial corallites of uniform size (Figure 2.1). Branches are commonly 

green with orange tips and are abundant on shallow reef flats (Veron 2000). Being an 

arborescent Acropora species, it is classed as being severely susceptible to coral 

bleaching events (Marshall and Baird 2000; Loya et al. 2001). 

 

 

Figure 2.1: Uniform branches of an Acropora millepora colony. The distinctive tubular shape of the axial 

corallites can be seen. Scale: bar = 3 cm. 
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2.2.2 Description of Acropora nobilis (Dana) 

 

Acropora nobilis (Acroporidae) is a branching coral that has large upright cylindrical 

branches and can form colonies of greater than five metres across (Figure 2.2a). It 

commonly occurs in sandy lagoons and upper reef slopes. The corallites of this species 

are of mixed sizes and shapes (Figure 2.2b) and it has a wide range of colour morphs, 

appearing as cream, brown, blue, yellow and green (Veron 2000). The colonies studied 

here were brown in colour with the branch tips paler in colour (Figure 2.2a). This species 

is known to be particularly sensitive to bleaching events (Marshall and Baird 2000; Loya 

et al. 2001). 

 

a   b 

Figure 2.2: a) Colony of Acropora nobilis illustrating the brown branches with paler coloured tips 

(Photograph: Doug Fenner). Scale: bar = 5cm. b) Tip of Acropora nobilis branch showing the variation in 

the size of corallites (Photograph: Valerie Taylor). Scale: bar = 5 mm. 
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2.2.3 Description of Acropora valida (Dana) 

 

Acropora valida (Acroporidae) colonies reach a diameter of about 0.5 m and can exist in 

many reef habitats. Radial corallites are cream in colour with branch tips being purple 

(Figure 2.3). Axial corallites are small, while radial corallites are swollen with small 

openings and strongly appressed (Veron 2000). Being an Acroporid, this species is 

considered highly sensitive to bleaching stress (Marshall and Baird 2000; Loya et al. 

2001). 

 

 

Figure 2.3: Colony of Acropora valida with the purple branch tips and strongly appressed radial cream-

coloured corallites visible. Scale: bar = 3 cm. 

 

2.2.4 Description of Cyphastrea serailia (Forskål) 

 

Cyphastrea serailia (Faviidae) is a massive coral and has colonies which are massive to 

columnar with smooth to hillocky surfaces (Figure 2.4a). They occur commonly in all 
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reef environments and appear in grey, brown and cream. The brown form of this species 

was examined in these experiments. The corallites of this species are round in shape and 

of equal size, where each corallite consists of 12 primary septa (Figure 2.4b) (Veron 

2000). In general, massive coral species have been reported to be more tolerant to 

bleaching conditions (Marshall and Baird 2000; Loya et al. 2001). 

 

a   b 

Figure 2.4: a) Colony of Cyphastrea serailia. Scale: bar = 3 cm. b) Corallites with 12 primary septa can be 

distinguished (Photograph: Ed Lovell). Scale: bar = 3 mm. 

 

2.2.5 Description of Goniastrea australensis (Milne Edwards and Haime) 

 

Goniastrea australensis (Faviidae) is commonly found in shallow waters of reef systems 

and is characterised by its well developed columella centres and paliform lobes (Veron 

2000). Colours can vary from green to brown with similar or contrasting walls (Figure 

2.5). This submassive species has a moderate to low susceptibility to bleaching (Marshall 

and Baird 2000; Loya et al. 2001). 
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Figure 2.5: Colony of Goniastrea australensis (Photograph: John Veron). Scale: bar = 3 cm. 

 

2.2.6 Description of Montipora digitata (Dana) 

 

Montipora digitata (Acroporidae) is a common coral species that inhabits shallow reef 

environments and can vary in colour from pale cream, to brown. Colonies are digitate 

with upright branches, which are sometimes flattened in shallow water (Figure 2.6). Loya 

et al. (2001) reported this species as being vulnerable to bleaching conditions. 

 

 

Figure 2.6: Colony of Montipora digitata. Scale: bar = 10 cm. 
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2.2.7 Description of Pavona decussata (Dana) 

 

Pavona decussata (Agariciidae) colonies form thick upright bifacial plates (Figure 2.7a) 

with irregular corallites (Figure 2.7b) (Veron 2000). This is a common species found in 

most reef environments and is usually brown to yellow in colour. In the literature to date, 

the genus has been reported as sensitive (Glynn et al. 2001), mixed (Marshall and Baird 

2000) and tolerant (McClanahan et al. 2001; McClanahan 2004) to bleaching conditions. 

 

a   b 

Figure 2.7: a) Side view of the vertical plate-like structure of a Pavona decussata colony (Photograph: 

John Veron). Scale: bar = 3 cm. b) Close up of the coral surface with individual polyps visible. Scale: bar = 

1 cm. 
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2.2.8 Description of Pocillopora damicornis (Linnaeus) 

 

Pocillopora damicornis (Pocilloporidae) is a branching coral commonly found in shallow 

water habitats (Figure 2.8a,b). Colonies are compact clumps, reaching up to several 

meters across. Common colour morphs of this species include pale brown, greenish or 

pink colours (Veron 2000). In these experiments, the brown colour morph was studied. 

Pocillopora damicornis has been extensively investigated in the past and identified as 

having a high to severe susceptibility to bleaching conditions (Stimson and Kinzie 1991; 

Jones et al. 1998; Marshall and Baird 2000; Fitt et al. 2001; Loya et al. 2001; Ralph et al. 

2001; Hill et al. 2004a,b). 

 

a   b 

Figure 2.8: a) Colony of Pocillopora damicornis. Scale: bar = 8 cm. b) Close up of a single branch with 

individual polyps visible. Scale: bar = 1 cm. 
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2.2.9 Description of Porites cylindrica (Dana) 

 

Porites cylindrica (Poritidae) is a common branching species of coral found in reef 

lagoons and shallow waters (Veron 2000). The apparent smooth surface is due to shallow 

corallites which cover the cream or yellow coloured branches (Figure 2.9). This species 

has been identified as sensitive to bleaching conditions (Loya et al. 2001). 

 

 

Figure 2.9: Colony of Porites cylindrica. Scale: bar = 3 cm. 

 

2.2.10 Description of Stylophora pistillata (Esper) 

 

Stylophora pistillata (Pocilloporidae) is a branching species with thick, blunt branch ends 

and conical, hooded or immersed corallites (Figure 2.10). Colony colour may vary 

between cream, brown, pink and blue (Veron 2000); however only the brown coloured 

colonies were used in these experiments. This species has been reported to have a high to 

severe susceptibility to bleaching (Marshall and Baird 2000; Loya et al. 2001). 
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Figure 2.10: Branches of Stylophora pistillata. Scale: bar = 2 cm. 

 

2.3 CHLOROPHYLL FLUOROMETERS 

 

2.3.1 Pulse Amplitude Modulated (PAM) fluorometers 

 

These fluorometers all apply the same principle through the application of modulated 

light. Measuring light at 0.15 μmol photons m-2 s-1 intensity is used to detect minimum 

fluorescence (Fo) (� > 720 nm) and a saturating, multiple turnover flash of 4500 μmol 

photons m-2 s-1, generally between 0.6-1.0 s in length, is used to determine maximum 

fluorescence (Fm). These fluorometers can also apply actinic light at a range of light 

intensities with continuous fluorescence measurements. The colours of measuring, actinic 

and saturating light may be blue, red or white, depending on the type of PAM 

fluorometer (Walz GmbH, Effeltrich, Germany). 
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2.3.2 Plant Efficiency Analyser (PEA) fluorometer 

 

The PEA fluorometer (Hansatech Instruments Ltd, King’s Lynn, UK) is a shutter-less 

instrument which emits a saturating pulse of light at an intensity of 3200 μmol photons 

m-2 s-1 from an array of six red LEDs (�max = 650 nm). The light beam is focussed on an 

area 4 mm in diameter on the coral surface. Fluorescence measurements (� > 720 nm) are 

taken during illumination by a PIN photodiode every 10 μs for the first 2 ms, every 1 ms 

until 1 s of sampling, and then every 100 ms thereafter. Fast induction curves (FICs) are 

generated by this instrument and produce OJIP curves when fluorescence is plotted on a 

log10 time scale (Strasser and Govindjee 1992a,b). 

 

2.3.3 Double-modulation fluorometer 

 

The double-modulation fluorometer (Photon Systems Instruments, FL-3300, Brno, Czech 

Republic) consists of a computer controlled processor unit, connected to a custom-made 

submersible measuring head, containing the light emitting diodes (LEDs), which 

surrounded the PIN photodiode fluorescence detector (� � 700 nm) (see Trtilek et al. 

1997 and Urban et al. 1999 for schematic diagrams). Both blue (�max = 455 nm) and red 

(�max = 640 nm) LEDs were used for PSII excitation and a far-red LED (�max = 740 nm) 

for PSI excitation. The light beams focussed on a single point (5 mm from PIN detector) 

allowing for measurements at the coral surface. This fluorometer had the capacity to 

apply both single and multiple turnover flashes and was used to record fluorescence at a 

time resolution as high as 1.7 μs. Single turnover flashes were used to measure fast 
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fluorescence rises, QA reoxidation and OEC S-states, while multiple turnover flashes 

were used to measure FICs (see Chapter 4). 

 

2.4 STANDARD METHODS 

 

Throughout the experimental chapters two methods are commonly used to obtain 

information on zooxanthellae populations. These are cell density calculations and 

chlorophyll a and c2 concentration determinations. 

 

2.4.1 Cell density calculations 

 

To determine zooxanthellae density, coral tissue was removed from the skeleton by air 

brushing the surface in 10 ml of 0.45μm filtered seawater. The resulting slurry was 

centrifuged at 1000 x g for 10 mins and the pellet was re-suspended in 10 ml of filtered 

seawater and homogenised. Eight replicate cell counts were performed on a 

haemocytometer and cell density per cm2 was determined using the wax weight technique 

described in Stimson and Kinzie (1991). The weight of dried coral skeletons was 

determined before and after they were dipped in melted paraffin wax (65°C) for 2 

seconds. The relationship between wax weight and surface area was determined by using 

objects of known surface area (r2=0.998). For each coral, this was repeated three times to 

obtain an average surface area for each replicate. 
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2.4.2 Chlorophyll a and c2 concentrations 

 

Chlorophyll a and c2 concentrations were determined by air brushing coral fragments in 

10 ml of 0.45μm filtered seawater. The sample was centrifuged at 4500 x g for 10 mins 

and the supernatant discarded. The algal pellet was then frozen at -70°C until subsequent 

analysis (maximum of 10 days). The pellet was re-suspended in 3 ml of 90% acetone and 

left for 10 h at 4°C in darkness. The sample was re-centrifuged at 1000 x g for 3 mins and 

the absorbance (A) of the supernatant solutions was measured on a spectrophotometer at 

630 nm and 664 nm. Chlorophyll a and c2 concentrations were determined in μg ml-1 

using the equations of Jeffrey and Humphrey (1975), which were later refined by Ritchie 

(2006): 

 

Chlorophyll a  = (-0.4574 × A630 nm) + (11.4754 × A664 nm) 

 

Chlorophyll c2 = (23.3900 × A630 nm) + (-3.5322 × A664 nm) 

 

Results were expressed as μg cm-2 (using the paraffin wax surface area technique 

described in 2.4.1) and per cell (by dividing by cell density). 
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3.0 DIEL AND SEASONAL CHANGES IN FLUORESCENCE RISE 

KINETICS OF THREE SCLERACTINIAN CORALS 

 

This chapter is inserted without abstract as published in Functional Plant Biology: 

 

Hill R, Ralph PJ (2005) Diel and seasonal changes in fluorescence rise kinetics of three 

scleractinian corals. Functional Plant Biology 32: 549-559 

 

Experimental design, data collection and data analysis was performed by Ross Hill who 

also wrote the paper. Technical assistance and intellectual contributions were made by 

Peter J Ralph (Principal Supervisor). 

 

3.1 INTRODUCTION 

 

Reef-building corals contain symbiotic microalgae, known as zooxanthellae. This 

association is essential for the survival of the cnidarian host which relies upon the 

photosynthate produced by the zooxanthellae to maintain its metabolic processes. 

Environmental conditions, and in particular light intensity and water temperature, change 

considerably during the year, where irradiance and temperature are higher in summer 

compared to winter. Warner et al. (2002) found these variables influenced the 

photosynthetic efficiency of the zooxanthellae which were highest during winter. 
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Under natural conditions corals can experience light intensities high enough to initiate 

downregulation or photoinhibition of the photosynthetic apparatus in the zooxanthellae 

(Brown et al. 1999; Jones and Hoegh-Guldberg 2001; Winters et al. 2003). In order to 

reduce damage to the photosynthetic apparatus, effective methods of energy conversion 

and dissipation must be implemented (Demmig-Adams and Adams 1992). 

Downregulation is a means of photoprotection, whereby less energy is partitioned into 

photochemical reactions and more into non-photochemical quenching (NPQ) (Horton and 

Ruban 1994; Warner et al. 1996; Brown et al. 1999; Hill et al. 2004b; Hill et al. 2005). 

This allows for rapid recovery of photosynthetic machinery once irradiance returns to an 

optimal, sub-saturating level. Irreversible photodamage involves damage to the 

Photosystem II (PSII) reaction centre (RC) and in particular, degradation of the D1 

protein. 

 

Downregulation and photoinhibition both affect the photochemical efficiency of PSII, 

thus causing a decline in maximum quantum yield (Fv/Fm) (Hoegh-Guldberg and Jones 

1999; Jones et al. 2000; Gorbunov et al. 2001; Hill et al. 2004a,b; Hill et al. 2005). It is 

important to differentiate between increases in minimum fluorescence (Fo) from 

decreases in variable fluorescence (Fv = Fm-Fo). A rise in Fo is characteristic of PSII 

inactivation compared to a decline in Fo and Fm, which may indicate an increase in NPQ 

(Baker and Horton 1987; Hoegh-Guldberg and Jones 1999). When light conditions return 

to optimum, following downregulation, Fv/Fm rapidly recovers, whereas after 

photoinhibitory damage a long-term reduction in Fv/Fm results (Demmig-Adams and 

Winter 1988). To effectively avoid photoinhibition, excess absorbed quanta can be 
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dissipated as NPQ. Downregulation utilises a range of NPQ mechanisms which relax 

within tens of minutes, compared to photodamage which requires the resynthesis of the 

PSII D1 protein which takes hours to days (Horton and Hague 1988; Demmig-Adams 

and Winter 1988; Demmig-Adams et al. 1989). 

 

During high-light exposure, acidification of the thylakoid membrane occurs, which 

diverts more energy to non-photochemical quenching (NPQ). This is known as energy-

dependent quenching (qE) (Demmig-Adams and Winter 1988; Müller et al. 2001) and it 

triggers the operation of the xanthophyll cycle, where the diadinoxanthin and 

diatoxanthin pigments of dinoflagellates are inter-converted to enable photoprotection 

through the dissipation of excess energy as heat (Ambarsari et al. 1997; Brown et al. 

1999). Other means of energy dissipation include state transition quenching (qT) which 

involves the redistribution of excess energy towards a less energised photosystem 

(Canaani et al. 1984), and PSII RC downregulation, involving �-carotene or cyclic 

electron transport (Larkum 2003). 

 

Jones and Hoegh-Guldberg (2001) speculated that it was state transitions which were 

responsible for the night-time decline in Fv/Fm, as a result of PQ reduction by 

chlororespiration. Anaerobic conditions which commonly occur during darkness in corals 

(Kühl et al. 1995) also contributed to the decline in Fv/Fm (Ulstrup et al. 2005) by 

reducing the amount of oxygen available for chlororespiration. Jones and Hoegh-

Guldberg (2001) suggested that upon exposure to low-light, the rise in Fv/Fm was due to 

the stimulation of PSI and/or oxygen production. 
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If the mechanisms of qE and qT are unable to dissipate all excess energy, then long-term 

photoinhibition (qI) can result (Hill et al. 2005). Recently, Hill et al. (2004a) utilised the 

detailed information provided by fast induction curves to assess the impact of bleaching 

conditions upon zooxanthellae photosynthesis. Similar studies on temperature and light 

impacts on foraminifers, using fast induction curve analysis have also been performed in 

the past (Strasser et al. 1999; Tsimilli-Michael et al. 1999; Tsimilli-Michael and Strasser 

2001). Fast induction kinetics measure the chlorophyll a fluorescence emitted during a 

short (1-2 s) pulse of saturating light. A polyphasic fluorescence rise from the minimum 

fluorescence (Fo) or the O step to the maximum fluorescence (Fm) or the P step can be 

seen when plotted on a log10 time scale. Two intermediate steps are also observed along 

the fast induction curve, known as the J step and I step (Strasser et al. 1995; Lazár 2003; 

Hill et al. 2004a; Strasser et al. 2004). Information regarding the photochemical condition 

of PSII, the redox state of the primary (QA) and secondary (QB) electron acceptors, as 

well as the plastoquinone (PQ) pool can be obtained from these curves (see Hill et al. 

2004a for details). 

 

Hill et al. (2004a) found that bleaching conditions caused a loss of functional PSII RCs. 

However, significant recovery was observed in Pocillopora damicornis following the 

removal of bleaching conditions and this was proposed to be due to the non-

photochemical properties of photophosphorylation of the PSII LHC. As a consequence, 

the need to understand the variability in fast induction curves under normal diel 
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conditions and between seasons was highlighted. This study has provided confirmation 

evidence of extreme changes in fast induction curves under bleaching stress. 

 

In this study, we examined the diel fluctuation of photosynthetic activity in three species 

of coral during both summer and winter by measuring fast induction curves. This detailed 

photokinetic study is the first of its kind performed on a seasonal basis on the corals of 

the Great Barrier Reef, Australia. Specifically, the following questions were addressed; 

(i) How effective are the photoprotective mechanisms of corals in preventing long-term 

photoinhibitory damage during midday high-light stress? (ii) What are the time course 

requirements for photoprotection, photodamage and recovery? (iii) Are there any 

differences in diel fluctuations during summer and winter, between the three coral 

species? (iv) What physiological mechanisms are responsible for the early morning rise 

in photochemical efficiency? 

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Coral Specimens 

 

Sun-adapted nubbins (small pieces of a coral branch or surface) from each of the three 

species of coral were collected from the outer reef lagoon flat of Heron Island (152˚06'E, 

20˚29'S) from a depth of 1-2 m (n = 4). The species studied were Pocillopora damicornis 

(Linnaeus), Acropora nobilis (Dana) and Cyphastrea serailia (Forskål). The winter 

experiments were performed from 20th-26th July 2003, followed by the summer 
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experiments from 19th-25th January 2004. Following collection, the samples were 

maintained in a flow through aquaria under shaded light (< 200 μmol photons m-2 s-1) for 

approximately 2 days at 21°C in winter and 27°C in summer (ambient lagoon 

temperatures). Following this time, the samples were transferred to dark-adaptation 

chambers for experimentation which were positioned in direct sunlight under 40% shade 

cloth (see ‘Experimental Protocol’ below). 

 

3.2.2 Fluorescence Measurements 

 

Fast induction kinetic measurements were performed using the Plant Efficiency Analyser 

(PEA; Hansatech Instruments Ltd, King’s Lynn, UK) as described in Hill et al. (2004a). 

The measuring head of the PEA was connected to a dark-adaptation chamber prior to 

each measurement and a pre-amplifier (× 10) was used. A saturating pulse (2 s) with an 

intensity of 3200 μmol photons m-2 s-1 was applied by an array of six red LEDs (peak 

wavelength 650 nm). An area of 4 mm in diameter was sampled and the fluorescence 

emission was detected by a PIN-photodiode protected by a long-pass filter (> 720 nm). 

For the first 2 ms of saturation, the fluorescence signal was measured every 10 μs, 

followed by 1 ms sampling up until 1 s, and then 100 ms sampling up to 2 s. When 

plotted on a log10 time scale, the fast induction curves showed a polyphasic rise from Fo 

(minimum fluorescence) to Fm (maximum fluorescence). The nomenclature of the steps 

followed the O-J-I-P method (Strasser and Govindjee 1992a,b; Strasser et al. 1995). 
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The amplitude of the O, J, I and P steps were determined from the fast induction curves, 

where the fluorescence values at specific time intervals were recorded. The O step (Fo) 

occurred at 0.05 ms, the J step occurred at 2 ms, the I step was determined as the value at 

50 ms in P. damicornis and 100 ms in A. nobilis and C. serailia, and the P step (Fm; 

Govindjee 1995) was calculated as being the maximum value over the 2 s sampling time. 

 

3.2.3 Experimental Protocol 

 

The diel experiments were setup on the upper beach slope on the western side of Heron 

Island, above the spring high tide mark. Four replicate corals of each species were placed 

in individual dark-adaptation chambers as illustrated in Hill et al. (2004b) and rotated 

throughout the day so that the upper face of the coral was in direct sunlight and not 

shaded by the sides of the chamber. This ensured that the area of the coral measured by 

the fluorometer, which remained constant throughout the experiment, was exposed to the 

light intensities shown in Figure 3.2. Covering the dark-adaptation chambers was 40% 

shade cloth which simulated the light level which would be experienced by a coral at 1-2 

m (data not shown). Each chamber was connected to a recirculating flow-through system 

of lagoon seawater (10 L min-1) with a manual 40% water change every half hour. This 

ensured the water temperature did not significantly deviate from that of the lagoon water 

temperature (20.1-22.2°C in winter and 25.9-28.9°C in summer). The ambient light 

intensity was measured every minute using a photometer (Li-Cor, Li-1400, Nebraska, 

USA) with a Li-190SA quantum sensor. For each species, the diel experiment was run 

over 2 days. The diel measurements for all three species were run over 6 consecutive 
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days (i.e. 2 days per species). The total μmol photons m-2 reaching the corals was 

determined by calculating the area below the curve (SigmaPlot, version 7.0, SPSS, 

Chicago). 

 

Fast induction kinetic measurements were taken hourly (during daylight, plus a midnight 

reading) over the 2 day experimental period for each species. The coral samples were 

placed in the dark-adaptation chambers at midnight and the initial fluorescence 

measurement was taken before dawn (0530 h in winter and 0430 h in summer). From 

0600 h in winter and 0500 h in summer, hourly fast induction measurements of the four 

replicates were taken, up until after dark (2000 h) and then followed by a midnight 

reading. This was repeated over the following day. Prior to each measurement a 10 min 

dark-incubation period was given to fully dark-adapt the PQ pool and the primary 

electron acceptor (QA). This time period was found to be adequate as no significant 

change in the O, J, I and P steps (Figure 3.1) or in Fv/Fm (Figure 3.1, insert) occurred after 

longer periods of dark-adaptation in any of the three coral species examined. Figure 3.1 

only shows the results from C. serailia at the time intervals of 0, 1, 2, 5, 10, 20 and 40 

mins. The other species showed the same pattern. In order to maximise the sunlight 

expose time of the corals, this 10 min period was considered to be the most appropriate. 

Similarly, Hoegh-Guldberg and Jones (1999) found that after 10 minutes of dark-

adaptation with Stylophora pistillata, there was no detectable change in Fv/Fm. 
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Figure 3.1: Fast induction curves from Cyphastrea serailia after 0, 1, 2, 5, 10, 20 and 40 mins dark-

adaptation. Corals were exposed to > 1000 μmol photons m-2 s-1 for 2 h prior to dark-adaptation. Average 

curves are plotted on a log10 time scale (n = 4). Insert: Changes in Fv/Fm after each time interval. Data 

points indicate averages ± standard error of mean (n = 4). 

 

3.2.4 Statistical Analysis 

 

Repeated measures analysis of variance (rmANOVA) was used to determine if the 

fluorescence parameters of Fv/Fm, and the O, J, I and P steps significantly changed over 

time (� = 0.05). The Kolmogorov-Smirnov normality test and Levene’s homogeneity of 

variance test were used to identify if the assumptions of the parametric rmANOVA were 
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satisfied. If these assumptions were not met, arcsine (on the Fv/Fm data) and log10 

transformations (on the O, J, I and P step data) were performed. Tukey’s post hoc 

comparisons were used to determine where significant changes occurred over time (� = 

0.05). Changes in the O, J, I and P steps were examined at pre-dawn, 0700, 1200, 1800 

and 0000 h. One-way ANOVA tests and Tukey’s post hoc comparisons were also used to 

determine if there were significant differences in the amplitude of the steps (� = 0.05). 

These analyses were performed using the SPSS statistical software (version 11.0.0, 

2001). 

 

3.3 RESULTS 

 

The diel changes in Fv/Fm and the amplitude of the steps along the fast induction curves 

were studied in three species of coral during both summer and winter. Experiments were 

performed in mostly clear skies, although sporadic cloud cover was responsible for the 

fluctuations in light during the daylight hours (Figure 3.2). During winter, the sunlight 

intensity at the coral surface reached a maximum of about 1000 μmol photons m-2 s-1, 

compared to summer where the maximum intensity was 1300 μmol photons m-2 s-1 

(Figure 3.2). Summer provided greater irradiance, as well as a longer period of daylight. 

The total μmol photons m-2 was calculated for each day of experimentation (Table 3.1) 

and it was found that the total amount of light during winter was 57% of that in summer. 

During both summer and winter, the second day of C. serailia had the highest total 

irradiance for that season (Table 3.1). 
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Table 3.1: Total μmol photons m-2 reaching the corals on each day of the experiment for the three coral 

species. 

Total μmol photons m-2 
Winter Summer 

Species Day 1 Day 2 Day 1 Day 2 
P. damicornis 296,342 408,075 706,014 644,263 
A. nobilis 371,377 411,146 582,290 717,954 
C. serailia 324,703 458,600 540,656 731,199 
 

The maximum quantum yield of PSII showed the well-known inverse relationship with 

sunlight intensity, where Fv/Fm decreased as the sunlight intensity increased (Brown et al. 

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

and Hoegh-Guldberg 2001; Warner et al. 2002). This significant decline in Fv/Fm over the 

diel sampling period occurred for all the three species during both winter and summer 

(rmANOVAs, P < 0.001) (Figure 3.2). To identify where these differences occurred, 

specific post hoc comparisons on the pre-dawn, 0700, 1200, 1800 and 0000 h time 

periods were performed. In Pocillopora damicornis during winter, the same fluctuations 

in Fv/Fm were observed over the two days (Figure 3.2a). From the pre-dawn measurement 

to 0700 h, Fv/Fm remained constant at approximately 0.65. After this time, the maximum 

quantum yield significantly decreased to midday where it reached its lowest value of 

~0.35. By 1800 h, Fv/Fm had recovered to the same value as the previous morning and 

had remained constant by midnight. During summer, P. damicornis showed similar 

responses over the two days to the winter data, except at the midnight and pre-dawn 

measurement on the morning of the second day, when the Fv/Fm values were lower than 

the other midnight and pre-dawn measurements (Figure 3.2b). Fv/Fm then increased to 
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0700 h (~0.65), followed by a decline towards 1200 h (~0.34). A full recovery of Fv/Fm 

was observed by 1800 h. 

 

In winter, Acropora nobilis showed consistent diel variation in Fv/Fm over the two day 

sampling period (Figure 3.2c). From pre-dawn and 0700 h, Fv/Fm significantly declined to 

the lowest level at midday (~0.46). By 1800 h, this downturn had recovered and Fv/Fm 

values were comparable to that morning (~0.6). On the second morning, a significant rise 

in Fv/Fm from the pre-dawn to the 0700 h measurement was found, although this was not 

apparent on the first day. During summer, A. nobilis showed the same response as during 

winter, although the midday depression of Fv/Fm was greater (~0.3). Again, the elevated 

Fv/Fm measurement was seen from pre-dawn to 0700 h on the second day (Figure 3.2d). 

 

In winter, the Fv/Fm of Cyphastrea serailia significantly increased from pre-dawn to 0700 

h (~0.66) on both days (Figure 3.2e). Following this time Fv/Fm significantly decreased to 

the daily midday low, although recovery was complete by 1800 h. The response in 

summer also showed the rise in Fv/Fm at 0700 h and the significant decline at midday 

over the two days (Figure 3.2f). Recovery of Fv/Fm to values comparable to the pre-dawn 

measurements was achieved by 1800 h and they remained constant up until pre-dawn. 
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Figure 3.2: Diel light (μmol photons m-2 s-1) and maximum quantum yield fluctuations over the two day period 

for the three coral species, Pocillopora damicornis (a, b), Acropora nobilis (c, d) and Cyphastrea serailia (e, f), 

during winter and summer. Maximum quantum yield data points indicate averages ± standard error of mean (n = 

4). 
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In order to gain a more detailed insight into the processes involved in the diel fluctuations 

in Fv/Fm, fast induction curves were analysed. Figure 3.3a-f presents representative fast 

induction kinetic transients from the first day of sampling for each species in winter and 

summer. The time intervals of 0700, 0900, 1200, 1500 and 0000 h are shown to indicate 

the general diel trends occurring in the three species. As shown above, the greatest 

maximum quantum yield was generally observed at 0700 h (Figure 3.2) and this is 

reflected in the high amplitude of the P step (Fm) at this time. By 0900 h, a slight decline 

in the amplitude of the fast induction curves was observed and the lowest amplitude was 

reached at midday. A marginal recovery was often seen by 1500 h, and by 0000 h the fast 

induction curve had almost returned to the amplitude of the previous 0700 h curve. 

 

To investigate specific changes in the O, J, I and P steps along the fast induction curves, 

the amplitude of each step was plotted over the two-day sampling time period (Figure 

3.4). Table 3.2 presents the results from the rmANOVA analyses performed to test for 

changes over time in the amplitude of the O, J, I and P steps for the three species in both 

winter and summer. It was found that in all three species, the four steps showed the same 

responses during both winter and summer. 
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Figure 3.3: Representative fast induction kinetic transients from the first day of each two-day study in each 

season. The time periods of 0700, 0900, 1200, 1500 and 0000 are shown to indicate the general diel trend 

seen in each of three coral species, Pocillopora damicornis (a, b), Acropora nobilis (c, d) and Cyphastrea 

serailia (e, f), in both winter and summer. Average curves are plotted on a log10 time scale (n = 4). 
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Table 3.2: P values of the rmANOVA analyses which tested for changes in the O, J, I and P steps over the 

two-day experimental period for the three species during winter and summer. * indicates significant change 

(� = 0.05). 

Season Species  O Step J Step I Step P Step 
Winter P. damicornis 

A. nobilis 
C. serailia 

 
0.077 
0.001* 

< 0.001* 

0.001* 
< 0.001* 
< 0.001* 

< 0.001* 
< 0.001* 
< 0.001* 

< 0.001* 
< 0.001* 
< 0.001* 

Summer P. damicornis 
A. nobilis 
C. serailia 

 
 
 

0.053 
0.011* 

< 0.001* 

< 0.001* 
< 0.001* 
< 0.001* 

< 0.001* 
< 0.001* 
< 0.001* 

< 0.001* 
< 0.001* 
< 0.001* 

 

Figure 3.4a and 3.4b show the changes in the O, J, I and P steps in Pocillopora 

damicornis during winter and summer, respectively. The O step was not found to 

significantly change in amplitude, although the J step did significantly vary between the 

high-light periods at midday and midnight (Table 3.2). The same variation was found in 

the amplitude of the I step and P step (Table 3.2), where the amplitudes declined from a 

maximum at pre-dawn and 0700 h to a minimum at midday. By 1800 h, the amplitude of 

the steps had returned to that of the pre-dawn and 0700 h level. The amplitude of each 

step remained stable at this reading through to midnight and the following morning, up 

until midday on the second day when they declined. One exception to this trend was the P 

step in summer at 0700 h on the first day (Figure 3.4b), when its amplitude increased 

from pre-dawn to 0700 h, as did Fv/Fm. 
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In general, the steps of Acropora nobilis showed the same trends during winter (Figure 

3.4c) and summer (Figure 3.4d). The O step significantly varied over the experimental 

time period (Table 3.2), where the midday measurements were lower than all other time 

periods. The J, I and P steps all followed similar trends where significant decreases in 

amplitude occurred at the midday measurement, followed by a full recovery by 1800 h. In 

winter however, the I and P step of A. nobilis showed an increase in the amplitude at 

0700 h from pre-dawn on the first day and from 0000 h on the second day (Figure 3.4c). 

 

The changes in the amplitude of the O, J, I and P steps in Cyphastrea serailia during 

winter and summer are illustrated in Figure 3.4e and 3.4f, respectively. The O and J steps 

were found to significantly fluctuate (Table 3.2), where declines in amplitude occurred at 

midday. By 1800 h, the amplitude of O and J had returned to initial levels and remained 

there throughout the night. The following day, a similar decrease at 1200 h occurred. The 

I and P steps showed the same fluctuations in amplitude (Table 3.2), although in winter 

an increase from pre-dawn to 0700 h was seen in the morning of the second day (Figure 

3.4e) and in summer a rise in amplitude from pre-dawn to 0700 h was observed on both 

days (Figure 3.4f). 
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Figure 3.4: Amplitude of the O, J, I and P steps along the fast induction curves at each sampling period. 

Measurements of Pocillopora damicornis (a, b), Acropora nobilis (c, d) and Cyphastrea serailia (e, f), in 

both winter and summer are shown. Averages ± standard error of mean are shown (n = 4). The black and 

white bars indicate night and day, respectively. 
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When comparing the responses between summer and winter for the three species, the diel 

fluctuations were very similar, although the amplitude of the J, I and P steps were much 

lower in summer compared to winter (Figure 3.4a-f). This is also reflected by the fast 

induction curves illustrated in Figure 3.3. Another interesting response which can be seen 

is the large decline in the amplitude of the J, I and P step during the middle of the day; a 

response common to both seasons and all three species. 

 

Analyses were performed to determine whether there was any significant difference in 

the amplitude of the four steps (i.e. does O=J=I=P) at 0700, 1200 and 1800 h on both 

days for the three species during both winter and summer. Significant differences were 

found in all analyses indicating that there was always a difference in amplitude between 

the four steps (one-way ANOVAs, P < 0.002). A common trend was found at 0700 h and 

1800 h in all three species during both summer and winter. At these two time periods, a 

significant difference was found between all four steps, although in some cases, the I and 

P step were grouped together. Similarly, at 1200 h the same response was found in the 

three species during winter and summer. Here, the O step was found to be significantly 

different from the J, I and P steps as a group, indicating that the amplitude of the J, I and 

P steps were no different at midday. 

 

3.4 DISCUSSION 

 

This study is the first to document the detailed photokinetic responses of electron 

transport efficiency and redox states of electron acceptors, on a diel cycle in both summer 
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and winter, in corals on the Great Barrier Reef. We have examined how corals recover 

from high-light exposure experienced over a diel period and assessed the contribution of 

various photoprotective mechanisms during both summer and winter. Substantial declines 

in Fv/Fm were observed during periods of maximum daily irradiance, although the return 

of Fv/Fm near nightfall indicated downregulation had occurred, rather than 

photoinhibition (Figure 3.2a-f) (Brown et al. 1999; Hoegh-Guldberg and Jones 1999; 

Ralph et al. 1999). This is highlighted by the result that after the large decline of Fv/Fm at 

midday, complete recovery was attained by 1800 h in all three species. Efficient means of 

photoprotection must therefore be in place to cope with these natural high-light levels. 

The speed of recovery once the light intensity began to diminish in the afternoon, 

suggests the operation of reversible photoprotective mechanisms such as NPQ. The 

decline in Fv/Fm can be attributed to a decrease in Fm and Fo (Figure 3.4), rather than an 

increase in Fo, thus providing further evidence of photoprotection (Baker and Horton 

1987; Hoegh-Guldberg and Jones 1999). 

 

Interestingly, C. serailia showed greater downregulation during winter than during 

summer (Figure 3.2e, f), although the light intensity (Figure 3.2e, f) and total amount of 

quanta (Table 3.1) was higher during summer. Compared to the previous five days, the 

maximum light intensity (Figure 3.2e) and total μmol photons m-2 (Table 3.1) was 

considerably higher on the second day of experimental during winter. This resulted in a 

greater downregulation of Fv/Fm as more absorbed energy was being dissipated as heat, 

rather than being used in photochemistry. Although the maximum light intensity (Figure 

3.2f) and total μmol photons m-2 (Table 3.1) was higher during summer, we speculate 
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that the corals would have acclimated to the higher light intensities and not require non-

photochemical downregulation of the photosystems to the same extent. 

 

During both winter and summer, the same responses were found in all three species 

suggesting long-term photoinhibitory damage does not result during non-bleaching 

conditions (1000-1300 μmol photons m-2 s-1 and < 29°C). This result contrasts the 

findings of Warner et al. (2002), recorded in the Bahamas, where significant seasonal 

fluctuations in Fv/Fm occurred. This was attributed to the onset of photoinhibitory 

processes, rather than downregulation, in summer which caused a reduction in Fv/Fm 

(Warner et al. 2002). This difference demonstrates the potential for variation between 

coral species, as Warner et al. (2002) concentrated on three species of Montastraea, 

whereas here we investigate three coral species from different genera. Geographical 

variation (Bahamas vs. Great Barrier Reef) in coral photophysiology may also explain 

these findings. 

 

From the Fv/Fm data, the photosynthetic efficiency can be seen to be lower in the 

afternoon than in the morning at the same light intensities (Figure 3.2a-f). This diurnal 

hysteresis has recently been observed by Levy et al. (2004) in several coral species and 

several hypotheses regarding this afternoon depression have been developed (see Levy et 

al. 2004). Here, the most probable cause of this hysteresis would be a decrease in 

photosynthetic efficiency due to downregulation. The afternoon depression can also be 

seen in the fast induction curve analysis (Figure 3.4a-f). Non-photochemical processes 

associated with the downregulation of photosynthetic efficiency would have required 
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minutes to hours to fully relax and return to an inactive state (Horton and Hague 1988; 

Demmig-Adams et al. 1989). Once light intensities became excessive (~0900 h; Figure 

3.4), a trans-thylakoid pH gradient would have developed, which would in turn activate 

the xanthophyll cycle (qE). Under such conditions, state transition quenching (qT) would 

also have also been activated, where a state 2 shift would have occurred resulting in the 

photophosphorylation of PSII LHCs (Canaani et al. 1984). Also of importance is PSII RC 

downregulation which involves �-carotene or cyclic electron transport as an alternate 

means of energy dissipation (Larkum 2003). Once irradiance returned to optimal levels 

(late afternoon), these photoprotective mechanisms would have relaxed (Figure 3.4). The 

�pH would have reduced, along with the activity of the xanthophyll cycle. 

Dephosphorylation towards state 1 would also have been induced where the previously 

dissociated LHCs return to the PSII RCs (Canaani et al. 1984). The accumulation of these 

photoprotective mechanisms resulted in the lower Fv/Fm reading in the afternoon, 

compared to the higher reading, at the same light intensity, in the morning. The gradual 

relaxation of these mechanisms resulted in the asymmetric downregulation of 

photosynthetic efficiency where the speed of recovery was slower than the speed of 

downregulation (Levy et al. 2004). 

 

Hill et al. (2004a) performed a detailed study on changes in fast induction kinetics during 

exposure of corals to bleaching conditions. Here, we aimed to probe changes in the 

photosynthetic apparatus over a diel period using similar non-intrusive fluorescence 

technique. In A. nobilis and C. serailia, the significant decline in the O step at midday 

(Figure 3.4c-f) could be attributed to the dissipation of excess energy from the light 
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harvesting complexes of PSII. This phenomenon was reported by Brown et al. (1999) 

who concluded that this response correlated with the activation of the xanthophyll cycle 

and conversion of diadinoxanthin to diatoxanthin. Xanthophyll pigments have been 

shown to protect photosystems from long-term damage (Demmig-Adams and Adams 

1993; Thiele and Krause 1994; Lu et al. 2001), thus supporting the concept that 

photoprotection is involved in the downregulation of photosynthetic efficiency during the 

diel cycle (Figure 3.3). An alternative explanation for the decline in the O step may be 

related to retraction of the polyps of the coral during daylight periods as irradiance 

became excessive. Tissue retraction has been reported in corals (Brown et al. 1994b) 

although it has been suggested that it predominantly occurs in corals that are incapable of 

xanthophyll cycling (Brown et al. 2002a). In our study, polyps were often observed to be 

withdrawn during the hours of the greatest irradiance (data not shown), thus suggesting 

that these host corals were capable of using behavioural methods of high-light avoidance. 

 

In all species, during both summer and winter, significant declines in the amplitude of the 

J step occurred at midday (Figure 3.4a-f). This can be attributed to a decline in the rate of 

QA reduction, as a result of the loss of functional PSII centres, impairment of electron 

donation to P680 or an increase in NPQ (Guissé et al. 1995; Hill et al. 2004a). The 

recovery of the J step by 1800 h indicates the capacity for recovery in these three species 

of coral following the removal of excess light. However, when the same coral species 

were exposed to bleaching conditions (280 μmol photons m-2 s-1, 33°C), the J step 

generally did not recovery, with the exception being A. nobilis, which required 18 h for 

almost complete recovery (Hill et al. 2004a). Our results here, suggest that NPQ is the 
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most probable cause of the decline in the speed of QA reduction as qE (the creation of a 

�pH across a thylakoid membrane and the subsequent activation of the xanthophyll 

cycle) and qT (photophosphorylation of light harvesting complexes) take seconds to 

minutes to relax (Horton and Hague 1988; Demmig-Adams et al. 1989; Hill et al. 2005). 

The gradual recovery of the J step from the midday low to the 1800 h measurement 

provided evidence for the operation of these reversible photoprotective mechanisms. If 

photodamage of the PSII D1 protein had occurred (qI), the time required for recovery of 

the J step (as well as Fv/Fm) would have been considerably longer, in the order of hours to 

days (Horton and Hague 1988; Demmig-Adams et al. 1989). The recovery of 

photosynthetic activity following two diel cycles highlights the importance and efficiency 

of these photoprotective mechanisms in zooxanthellae photosynthesis. 

 

An analysis of the amplitude of the O, J, I and P steps at, 0700, 1200 and 1800 h revealed 

that at 0700 and 1800 h, the PQ pool was at a maximum size and capable of receiving 

electrons from QB. However at midday, the amplitude of the J, I and P steps could not be 

distinguished indicating a reduced capacity for the filling of the PQ pool (Hill et al. 

2004a). Recovery of the fast induction curves by 1800 h is further evidence of NPQ 

dissipating the excess absorbed light energy. 

 

The I and P step along a fast induction curve are thought to be affected by the speed at 

which the PQ pool becomes reduced, as well as the redox states of QA and QB (Strasser et 

al. 1995; Srivastava et al. 1997). The filling and relative size of the PQ pool is also 

reflected in the amplitude of the P step (Lavorel and Etienne 1977). Interestingly, in P. 
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damicornis in summer (Figure 3.4b), A. nobilis in winter (Figure 3.4c) and in C. serailia 

in both seasons (Figure 3.4e, f), an increase in the P step was observed from 0000 or pre-

dawn to 0700 after the light intensity reached around 30 μmol photons m-2 s-1 (Figure 

3.2). This morning rise was also supported by an increase in Fv/Fm (Figure 3.2a-f). This 

implies that during the night, photochemical efficiency does not reach its maximum. The 

rise in the P step at 0700 h corresponds with a maximal photosynthetic efficiency, thus 

indicating that during the first couple of hours of sunlight, there is a greater capacity for 

the electron transport chain to oxidise the PQ pool. This response has previously been 

observed and speculated to be caused by a night-time reduction of the PQ pool (Kaftan et 

al. 1999; Jones and Hoegh-Guldberg 2001). Here, we provide convincing evidence that 

the morning increase in Fv/Fm is due to the reduced state of PQ, although further work 

which directly measures the redox state is required. This is demonstrated through the 

amplitude of the P step along the fast induction curves which are indicative to the filling 

and pool size of PQ (Lavorel and Etienne 1977). 

 

During the night, the redox of PQ does not reach a fully oxidised state evidenced by the P 

step not being at its maximum (Figure 3.4). Jones and Hoegh-Guldberg (2001) speculated 

that this is a result of chlororespiration which has been shown to be highly active in algae 

(Büchel and Wilhelm 1990). This process is limited by the amount of oxygen present in 

the system, as electrons are transported to oxygen in the thylakoid lumen (Bennoun 1982; 

Garab et al. 1989). In corals, anaerobiosis has been shown to be influenced by water flow 

(Ulstrup et al. 2005), and becomes widespread during the dark (Kühl et al. 1995). If 

circumstances occur whereby the supply of oxygen for chlororespiration becomes 
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limiting, this could result in the build-up of electrons in the electron transport chain, thus 

reducing PQ (Dijkman and Kroon 2002). Reduced PQ would decrease the ability for the 

filling of the PQ pool, and reduced photosynthetic efficiency as electron transport 

through the chain would be limited. Furthermore, Jones and Hoegh-Guldberg (2001) 

suggested that state transitions became activated due to the reduction of the PQ pool, 

leading to a state 2 transition (Canaani et al. 1984). If qT was present during the night, it 

would also be responsible for the lower Fv/Fm. Interestingly, qT has been proposed as the 

mechanism responsible for the decline in photosynthetic efficiency during the day, as a 

means of energy dissipation, as well as during the night, due to the reduction of the PQ 

pool. This highlights the importance of this photoprotective mechanism in zooxanthellae 

photosynthesis, although further research into PSII:PSI activity is required. 

 

Upon illumination by weak light in the first couple of hours of sunlight, the P step 

increased along with Fv/Fm. This light was therefore sufficient to remove any tissue 

hypoxia, turnover PSI and process the electrons trapped within the electron transport 

chain. The oxidation of the PQ pool during this time would also allow the system to 

return to state 1 (Canaani et al. 1984) from the night-time state 2 transition. The oxidation 

of PQ therefore results in the appearance of a maximum photosynthetic efficiency due to 

the reversal of these dark-induced processes. 

 

Fast induction kinetics of corals exposed to bleaching conditions revealed the formation 

of non-functional PSII RCs (Tsimilli-Michael and Strasser 2001; Hill et al. 2004a), which 

was reversible in some cases. Photophosphorylation was suggested to be the cause of 
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reduced photosynthetic efficiency in those species capable of recovery after 18 h. In this 

paper, similar responses in the fast induction curves were observed at midday, although 

recovery was always complete by 1800 h. The relaxation of state 2 back to state 1 is 

believed to play a significant role in this recovery, along with other photoprotective 

mechanisms (energy dependent quenching). 

 

3.5 SUMMARY 

 

In summary, it can be seen that during both summer and winter, similar physiological 

mechanisms were in operation. This suggests that these photoprotective mechanisms are 

responsible for protecting corals from excess light throughout the year. The lack of any 

permanent damage to the photosynthetic apparatus highlights the effectiveness of the 

non-photochemical mechanisms which caused the downregulation of Fv/Fm at midday. 

The early morning rise in Fv/Fm and the P step confirmed previous speculation that it is a 

result of PQ pool oxidation by sub-saturating light, from night-time induced anaerobiosis 

which was responsible for PQ pool reduction. 
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4.0 PHOTOSYSTEM II HETEROGENEITY OF IN HOSPITE 

ZOOXANTHELLAE IN SCLERACTINIAN CORALS EXPOSED TO 

BLEACHING CONDITIONS 

 

This chapter is inserted without abstract as published in Photochemistry and 

Photobiology: 

 

Hill R, Ralph PJ (2006) Photosystem II heterogeneity of in hospite zooxanthellae in 

scleractinian corals exposed to bleaching conditions. Photochemistry and Photobiology 

82: 1577-1585 

 

Experimental design, data collection and data analysis was performed by Ross Hill who 

also wrote the paper. Technical assistance and intellectual contributions were made by 

Peter J Ralph (Principal Supervisor). 

 

4.1 INTRODUCTION 

 

Scleractinian corals harbour symbiotic dinoflagellate algae, known as zooxanthellae 

(genus Symbiodinium), within their endodermal tissue. Disruption to this symbiosis often 

results in coral bleaching, a process characterised by the expulsion of zooxanthellae from 

the host, as well as a loss of photosynthetic pigments from within the zooxanthellae. 

Small rises in sea temperatures (as small as 1-2°C above summer averages), in 
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conjunction with intense light can trigger this response and ultimately result in the 

widespread death of coral colonies (Hoegh-Guldberg 1999). 

 

The photosynthetic apparatus of the zooxanthellae has been thought to be the primary site 

of breakdown in the symbiosis. Previous studies have identified the oxygen evolving 

complex (OEC; Iglesias-Prieto 1997), Photosystem II (PSII) reaction centre (Warner et 

al. 1996, 1999; Hill et al. 2004a), dark-reactions (Jones et al. 1998) and thylakoid 

membrane integrity (Iglesias-Prieto et al. 1992; Tchernov et al. 2004) as potential sites of 

impact. In contrast, Hill et al. (2004a) suggested the OEC remained viable under 

bleaching conditions and Legget et al. (2004) showed evidence indicating dark-reactions 

were not affected under elevated temperatures. This growing pool of inconsistent 

evidence highlights the need for comprehensive studies on the specific operation of each 

component of the zooxanthellae photosynthetic apparatus. 

 

Here, we investigate in detail the photochemical impact of bleaching conditions on PSII 

reaction centres by determining the proportion of functional to non-functional centres. 

This heterogeneity within PSII can result from differences in the ability for the acceptor 

side to accept electrons (reducing side heterogeneity), as well as variation in antenna size 

(antenna heterogeneity) (Melis 1991; Lavergne and Briantais 1996). Reducing side 

heterogeneity refers to those PSII centres which display variation with respect to the flow 

of electrons from the reaction centre to plastoquinone. Active PSII centres, where the 

reduced primary electron acceptor, QA
-, is subsequently oxidised by the secondary 

electron acceptor, QB, are known as QB reducing centres (PSIIA), whereas inactive PSII 
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centres contain QA
- that is oxidised approximately 1000 times slower. These are known 

as QB non-reducing centres (PSIIX) (Chylla et al. 1987; Chylla and Whitmarsh 1989, 

1990). Furthermore, PSII heterogeneity can also exist with respect to the size of the 

antenna. Previous studies with higher plants have shown that upon illumination, distinct 

biphasic chlorophyll fluorescence emissions occur during primary PSII induction, 

suggesting the presence of two discrete populations of PSII centres in the chloroplast 

(Melis and Homann 1976; Melis and Duysens 1979; Black et al. 1986). Those centres 

with both the inner and peripheral light harvesting complexes (LHCs) are known as 

PSII�, whereas those centres with only the inner LHC are known as PSII� (Melis and 

Homann 1976; Melis and Duysens 1979; Black et al. 1986; Guenther and Melis 1990; 

Melis 1991). 

 

Discussions on the difference between these two types of PSII heterogeneities and 

whether there is overlap or correlation in their function and location within chloroplasts is 

provided in several studies on higher plants and green algae (Melis 1985; Guenther et al. 

1988; Guenther and Melis 1990; Henrysson and Sundby 1990; Melis 1991; Lavergne and 

Briantais 1996; Oxborough et al. 1996). However to date, the relationship between PSIIA, 

PSIIX, PSII� and PSII� is unclear and no conclusive evidence has been provided on the 

matter of whether PSIIX and PSII� represent the same fraction of PSII centres and 

whether or not they are located within the same region of the chloroplast (i.e. stroma or 

grana). For detailed reviews on this topic see Melis (1991) and Lavergne and Briantais 

(1996). Due to the lack of unified conclusions and no previous studies of this kind on 

dinoflagellates, we have treated the two types of heterogeneity as separate components of 
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PSII function and have employed independent methods of calculating their abundance, 

while bearing in mind the possibility of a common origin of both types of heterogeneity. 

 

Past research on coral bleaching which has utilised measurements of chlorophyll a 

fluorescence, has found a reduction in the photochemical efficiency of PSII (Fv/Fm), and 

it is now a well-known response when measuring the photosynthetic health of in hospite 

zooxanthellae of scleractinian corals (Iglesias-Prieto 1995; Warner et al. 1996; Jones et 

al. 1998; Warner et al. 1999; Fitt et al. 2001; Jones and Hoegh-Guldberg 2001; Hill et al. 

2004a,b). In addition to Fv/Fm, recent studies have incorporated measurements of fast 

induction curves (FICs), which provide detailed information on the movement of 

electrons from the oxygen evolving complex (OEC), through QA, QB and on to 

plastoquinone (Hill et al. 2004a; Hill and Ralph 2005; Ulstrup et al. 2005). These 

polyphasic curves measure the fluorescence from Fo to Fm and consist of a series of steps, 

namely O (� Fo), J, I and P (� Fm), which have been attributed to different physiological 

processes and indicate the redox state of the electron acceptors (Strasser and Govindjee 

1992b; Govindjee 1995; Strasser et al. 1995). Hill et al. (2004a) showed that under 

bleaching conditions the decline in Fv/Fm over time was primarily due to a reduction in 

the J step in the FICs, thus speculating that such environmental conditions result in the 

formation of non-functional PSII centres. This hypothesis is now further tested through 

the examination of changes in PSII heterogeneity. 

 

Other studies, mainly concentrating on higher plants, have shown that impairment of PSII 

photochemistry is due to the presence of PSIIX (Chylla and Whitmarsh 1989, 1990; 
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Nedbal et al. 1991; Nedbal and Whitmarsh 1992; Lavergne and Leci 1993; Kaftan et al. 

1999). In addition, the formation of PSII� centres from PSII� centres would limit the 

capacity for photochemistry, as it is likely to increase energy dissipation via non-

photochemical quenching (NPQ). The lack of a peripheral LHC, which characterises 

PSII� centres, may be linked to state transitions (Lavergne and Briantais 1996); where 

LHCs from PSII are phosphorylated and transferred to PSI, a process suggested to occur 

in corals under bleaching stress (Hill et al. 2005). The possible operation of this NPQ 

mechanism would be a response to excess absorbed light energy by the LHCs which 

causes a decline in PSII quantum yield (Horton et al. 1996; Govindjee and Seufferheld 

2002). 

 

Previous studies have demonstrated the impact of coral bleaching events on PSII reaction 

centres (Warner et al. 1996, 1999; Hill et al. 2004a) and here we investigate in detail 

changes in PSII heterogeneity under such stress in order to further explain the cause of 

damage. We hypothesise that under bleaching conditions (elevated temperature and 

intense light), in hospite zooxanthellae undergo a change in the proportion of PSIIA to 

PSIIX and PSII� to PSII�. An increase in PSIIX and PSII� would contribute to the 

reduced photochemical efficiency of PSII observed under bleaching conditions and 

would provide an explanation for the formation of non-functional PSII centres under such 

stress (Hill et al. 2004a). 
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4.2 MATERIALS AND METHODS 

 

4.2.1 Coral specimens 

 

Three species of coral, Pocillopora damicornis (Linnaeus), Acropora nobilis (Dana) and 

Cyphastrea serailia (Forskål), were sampled from Heron Island lagoon, located on the 

southern Great Barrier Reef of Australia (152°06’E, 23°26’S) during January 2005. A 

concurrent experiment (Chapter 6) identified the genetic composition of the symbiont 

population of these corals where strains were distinguished using the ribosomal DNA 

internal transcribed spacer 1, with P. damicornis and C. serailia harbouring the C1 strain, 

and A. nobilis simultaneously harbouring A and C2. Four replicates of each species were 

collected from a depth of 1-2 m. Samples were maintained in shaded aquaria (< 100 μmol 

photons m-2 s-1) at the ambient lagoon temperature (27°C) for approximately 2 days prior 

to experimentation. Each replicate was then placed in separate flow-through dark-

adaptation chambers (see Hill et al. 2004b), connected to a temperature regulated water 

bath (Julabo, EC, Labortechnik, Germany). 

 

4.2.2 Fluorescence measurements 

 

A double modulation fluorometer (Photon Systems Instruments, FL-3300, Brno, Czech 

Republic) was employed to measure fast fluorescence rises, QA reoxidation and OEC S-

states using single turnover flashes, and FICs using multiple turnover flashes. The 

fluorometer consisted of a computer controlled processor unit, to which was connected 
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the custom-made submersible measuring head, containing the light emitting diodes 

(LEDs), which surrounded the PIN photodiode fluorescence detector (� � 700 nm) (see 

Trtilek et al. 1997 for schematic diagrams). Both red (�max = 640 nm) and blue (�max = 

455 nm) LEDs were used for PSII excitation and a far-red LED (�max = 740 nm) for PSI 

excitation. The light beams focussed on a single point (5 mm from PIN detector) 

allowing for measurements at the coral surface. 

 

A series of flash lengths and flash intensities were trialled (according to Urban et al. 

1999) and 30 μs flashes at 100% intensity (3700 μmol photons m-2 s-1) were found to be 

optimal in ensuring a single turnover occurred for the QA
- reoxidation measurements and 

the S-states measurements. The QA
- reoxidation measurements were run for 60 s 

following the application of a single turnover flash with eight fluorescence measurements 

taken every decade (i.e. every order of magnitude of time on the log10 scale). To 

determine the proportion of inactive centres (PSIIX), four single turnover flashes, 100 ms 

apart, were applied with fluorescence measurements every 200 μs. The fluorescence 

decline after the fourth flash was mainly controlled by inactive centres, thus minimised 

the contribution of active centres to the slow decay (Lavergne and Leci 1993; Kaftan et 

al. 1999). The difference between the fluorescence intensity measured 100 ms after the 

fourth flash (F4) and Fo, relative to F4 was used as a measure of the proportion of PSIIX 

(Kaftan et al. 1999). 

 

When measuring the fast fluorescence rise with a single turnover flash, a black disk was 

placed over the face of the LED array and photo detector (see Urban et al. (1999) for 
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diagram of LED array and PIN photodiode) with a 4 mm diameter circle cut in the centre. 

When running the fast fluorescence rise protocol, the sensitivity of the photo detector was 

increased as fluorescence measurements were taken every 1.7 μs. The maximum 

measurable fluorescence intensity was 2.5 V, and with a detector gain of 1, the disk was 

necessary to ensure the fluorescence values remained below the maximum. However, the 

amount light emitted from the LEDs, was greater than what reached the coral surface, as 

a proportion of that light was blocked by the disk. As a result the settings for ensuring a 

single turnover flash were recalculated and a 150 μs flash at 100% intensity (1100 μmol 

photons m-2 s-1) was found to be optimal. The single turnover flashes were analysed in 

order to resolve the fast �-component and the slow �-component. When plotted on a 

semi-logarithimic scale the biphasic curve reveals two phases. The first, non-linear 

section corresponds to the fast alpha-component, and the second, linear section, 

corresponds to the slower tail of the fast fluorescence rise (beta-component) as described 

in Melis and Homann (1976) and Nedbal et al. (1999). 

 

The fast induction curves, measured with a 5 s multiple turnover flash, of 100% light 

intensity (3700 μmol photons m-2 s-1) had fluorescence measurements recorded every 10 

μs for the first 2 ms, every 1 ms up until 1 s, and then every 500 ms up to 5 s. From the 

fast induction curves, Fv/Fm [(Fm-Fo)/Fm] was calculated from the O step (at 50 μs) and P 

step (maximum fluorescence), which are equivalent to Fo and Fm, respectively. 
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4.2.3 Experimental protocol 

 

Once corals were placed into the dark-adaptation chambers with a water flow rate of 2.8 

L min-1, a series of pre-treatment measurements were taken. Following 5 minutes of dark-

adaptation, the fast fluorescence rise was measured on each replicate. Sequential 

measurements of fast induction curves, S-states, and finally QA
- reoxidation were 

performed, each with a period of 5 minutes of dark-adaptation separating them to ensure 

the previous measurement did not influence the subsequent measurement. Following the 

pre-treatment measurement, the temperature was raised from the ambient lagoon 

temperature of 27°C to 32°C in the bleaching treatment samples over a period of 

approximately 2 h with 350 μmol photons m-2 s-1 irradiance provided by halogen lights 

(Portable Floodlight, FL200, Arlec Lighting). In the control samples, the temperature and 

light intensity (27°C and 100 μmol photons m-2 s-1) remained constant over the 

experimental period. Upon reaching 32°C, the time 0 series of measurements were taken. 

The measurements of fast fluorescence rise, fast induction curves and S-states, were 

performed every 2 h up until 12 h, whereas the QA
- reoxidation measurements were 

restricted to 2, 6 and 12 h as they took longer to measure and it was advantageous to 

maximise the time the corals were exposed to the experimental light conditions. After 12 

h, the temperature was lowered to 27°C and the lights turned off. After 11.5 h recovery in 

darkness, the lights were turned on and corals exposed to 100 μmol photons m-2 s-1. 

Recovery measurements of fast fluorescence rise, fast induction curves, S-states, and QA
- 

reoxidation were taken at 24 and 36 h. 
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4.2.4 Zooxanthellae density and chlorophyll concentration determinations 

 

Zooxanthellae cell density (cm-2) and chlorophyll (chl) a and c2 concentration (cm-2 and 

cell-1) were measured prior to experimentation, and after 36 h in the control and 

bleaching treatments. Coral fragments were divided into two sections, one for cell density 

calculation and the other for chlorophyll concentration. To determine zooxanthellae 

density, coral tissue was removed from the skeleton using the air brush technique and the 

slurry was centrifuged at 1000 x g for 10 mins. The pellet was re-suspended in 10 ml of 

filtered seawater (0.45 μm) and homogenised. Eight replicate counts were performed on a 

haemocytometer and cell density was determined per cm2, following surface area 

calculations using the paraffin wax technique (Stimson and Kinzie 1991). Following the 

air brushing of the second coral fragment, the sample was centrifuged at 4500 x g for 10 

mins and the supernatant was discarded. The algal pellet was then frozen at -70°C until 

subsequent analysis (maximum of 10 days). The pellet was re-suspended in 3 ml of 90% 

acetone and left for 10 h at 4°C. The sample was re-centrifuged at 1000 x g for 3 mins 

and the absorbances of the supernatant solutions were measured on a spectrophotometer. 

Chlorophyll a and c2 concentrations were determined using the equations of Jeffrey and 

Humphrey (1975) and the results were expressed as per cm2 (using the paraffin wax 

surface area technique) and per cell (by dividing by cell density). 
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4.2.5 Statistical analysis 

 

Repeated-measures analysis of variance (rmANOVA) was used to identify changes in 

Fv/Fm, PSIIX and PSII� over the time period of the experiment (� = 0.05). To determine if 

the assumptions of the parametric rmANOVA were satisfied, the Kolmogorov-Smirnov 

normality test and Levene’s homogeneity of variance test were used. Tukey’s post hoc 

comparisons were used to detect the location of any significant changes over time (� = 

0.05). The SPSS statistical software (version 11.0.0, 2001, Chicago, Illinois, USA) was 

used to perform these analyses. 

 

4.3 RESULTS 

 

The exposure treatments used in this study (equivalent to bleaching conditions) resulted 

in a reduction of symbiont density within the host, as well as the amount of chlorophyll a 

and c2 per unit area, as seen over time from the control and pre-treatment samples to the 

exposure samples, taken at 36 h (Table 4.1). However, no significant change in 

chlorophyll content per cell was detected over the period of the experiment (data not 

shown). 
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Table 4.1: Zooxanthellae density (cm-2 x 106) and chl a and c2 concentration per cm-2 (μg) in P. 

damicornis, A. nobilis and C. serailia. Measurements were taken from the end of the control treatment 

(control), the first measurement prior to exposure to bleaching conditions (pre-treatment) and the end of the 

exposure period (exposure). Averages ± S.E. of mean shown (n = 4). Asterisk (*) indicates significant 

differences between treatments (where, � = 0.05) and superscript letters indicate where these differences 

lie. 

Species/ 
Treatment 

Cell Density 
(cm-2 x 106) 

Chl a 
(μg cm-2) 

Chl c2 
(μg cm-2) 

P. damicornis    
Control 1.36 ± 0.06 a 2.10 ± 0.19 a 1.87 ± 0.41 a 
Pre-treatment 1.51 ± 0.27 a 2.32 ± 0.38 a 1.93 ± 0.36 a 
Exposure 0.56 ± 0.11 b 0.85 ± 0.11 b 0.50 ± 0.16 b 
P value 0.007 * 0.009 * 0.021 * 
A. nobilis    
Control 2.25 ± 0.55 a 1.92 ± 0.46 a 1.25 ± 0.17 a 
Pre-treatment 2.19 ± 0.12 a 1.65 ± 0.19 a 1.15 ± 0.25 a 
Exposure 0.87 ± 0.19 b 0.43 ± 0.02 b 0.29 ± 0.15 b 
P value 0.037 * 0.011 * 0.013 * 
C. serailia    
Control 4.74 ± 0.63 a 2.43 ± 0.28 a 1.80 ± 0.42 a 
Pre-treatment 4.34 ± 0.42 a 2.78 ± 0.43 a 1.88 ± 0.43 a 
Exposure 2.45 ± 0.35 b 1.17 ± 0.04 b 0.43 ± 0.21 b 
P value 0.022 * 0.009 * 0.038 * 
 

The Fv/Fm of the control treatments remained constant over the 36 h of the experiment at 

approximately 0.61 in Pocillopora damicornis (Figure 4.1a), 0.65 in Acropora nobilis 

(Figure 4.1b) and 0.55 in Cyphastrea serailia (Figure 4.1c) (P values = 0.456, 0.079 and 

0.711, respectively). In P. damicornis (Figure 4.1a), Fv/Fm significantly declined from the 

pre-treatment measurement to 0.35 at 12 h and subsequently increased following the 

recovery treatment to 0.47 at 36 h (P = 0.002). Similarly, a reduction in Fv/Fm to 0.31 

after 12 h of exposure to bleaching stress was observed in A. nobilis (Figure 4.1b) 

following the pre-treatment measurement (P < 0.001). Once the bleaching conditions 

were removed, Fv/Fm recovered and by 36 h it had reached 0.51; a value equivalent to the 
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Fv/Fm at 0 and 1 h of exposure. C. serailia (Figure 4.1c) also had a significantly reduced 

Fv/Fm (0.41) at 12 h although by 36 h, during the recovery period, the Fv/Fm had risen to 

0.54, equivalent to the pre-treatment and control values (P < 0.001). 
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Figure 4.1: Maximum quantum yield (Fv/Fm) of control (closed circles) and treatment (open squares) in P. 

damicornis (a), A. nobilis (b) and C. serailia (c). The pre-exposure measurement is indicated by the white 

bar, the bleaching treatment as the black bar (from 0-12 h) and the recovery treatment as the grey bar (12-

36 h). Averages ± standard error of mean shown (n = 4). 
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The fast induction curves (FICs) of the three species during exposure to the bleaching 

conditions and the recovery phase are shown in Figure 4.2. Throughout the control 

treatment, the FICs did not change (data not shown). However, under bleaching 

conditions successive reductions in the O, J, I and P steps were found over time from the 

pre-treatment measurement up to the 12 h measurement for the three species (Figure 

4.2a-c). The response during the recovery treatment was different for each species, where 

the 24 and 36 h curves for P. damicornis (Figure 4.2d) varied little in shape or amplitude 

at each step to the 12 h bleaching treatment. A. nobilis (Figure 4.2e) had a gradual 

increase in the amplitude of the J, I and P steps from the onset of recovery to the 36 h 

measurement, although no change at O was observed. In C. serailia (Figure 4.2f) the FIC 

at 36 h had returned to almost match that of the pre-treatment measurement. 
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Figure 4.2: Fast induction curves of the pre-treatment and bleaching treatment (0, 4, 8, 12 h) in P. 

damicornis (a), A. nobilis (b) and C. serailia (c) and the recovery treatment (24, 36 h; indicated by R) in P. 

damicornis (d), A. nobilis (e) and C. serailia (f). Curves are plotted on a log10 time scale. The O, J, I and P 

steps are indicated. Average curves are shown (n = 4). 
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In addition to the results from multi-turnover flashes described above, single-turnover 

flashes were used to probe the initial photochemical reactions of PSII. The reoxidation of 

QA
- to QA, was measured in darkness over 60 s, following a single-turnover flash (Figure 

4.3). No significant changes were found in the control curves for the three species over 

the experimental period (data not shown), and in all cases, complete QA
- reoxidation was 

complete within 5 s. In all three species, the fluorescence quenched faster in the pre-

treatment compared to measurements during the exposure period, where longer lengths of 

exposure to bleaching conditions resulted in slower QA
- reoxidation. The time required 

for full QA
- reoxidation in the pre-treatment was 2.4 s for P. damicornis, 2.3 s for A. 

nobilis and 2.8 s for C. serailia. This increased to 4.1, 3.7 and 3.0 s for P. damicornis, A. 

nobilis and C. serailia, respectively, by the 12 h measurement. After 36 h, of recovery, 

the QA
- reoxidation kinetics of P. damicornis (Figure 4.3a) and C. serailia (Figure 4.3c), 

had returned to that of the pre-treatment, with full QA
- reoxidation times of 2.6 and 2.9 s, 

respectively. In comparison, the speed of QA
- reoxidation in A. nobilis (Figure 4.3b) 

continued to reduce throughout the recovery period reaching a time of 3.9 s for full QA
- 

reoxidation. 
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Figure 4.3: QA reoxidation curves following a single turnover flash in P. damicornis (a), A. nobilis (b) and 

C. serailia (c). The pre-treatment, 2, 6 and 12 h bleaching treatment and 24 and 36 h recovery treatment 

(indicated by R) are shown. A break in the y-axis data is used to demonstrate the maximum fluorescence 

and the biphasic QA reoxidation kinetics. The dashed line at 0.1 s represents the division between PSIIA (< 

0.1 s) and PSIIX (> 0.1 s). Curves are plotted on a log10 time scale. Average curves are shown (n = 4). 
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The biphasic curves of Figure 4.3 provide information on the speed of QA
- reoxidation, 

which varies with the capacity of QB to accept electrons. PSII centres where QB accepts 

an electron within 0.1 s (indicated by the dashed line in Figure 4.3) are known as QB 

reducing centres (PSIIA), and those which are slower are known as QB non-reducing 

centres (PSIIX). The fast fluorescence decay which occurs within 0.1 s represents the 

PSIIA centres, and the slower decline in fluorescence which takes up to 5 s to return to 0, 

represents the PSIIX centres. In all three species, QA
- reoxidation occurred fastest in the 

pre-treatment and gradually reduced in speed as exposure to bleaching conditions 

increased. Considerable recovery was seen in P. damicornis and C. serailia by 36 h, in 

contrast to A. nobilis which showed no recovery. Figure 4.4 shows the proportion of 

PSIIX in the three coral species which was calculated from the fluorescence decline 

following the application of four single-turnover flashes. In all cases, no significant 

change in PSIIX was found over time in the controls, where P. damicornis (Figure 4.4a) 

had a proportion of 0.11 PSIIX (P = 0.231), A. nobilis (Figure 4.4b) a proportion of 0.07 

PSIIX (P = 0.360) and C. serailia (Figure 4.4c) with a proportion of 0.04 PSIIX (P = 

0.061). Whereas during the exposure treatment, the proportion of PSIIX significantly 

increased from the pre-treatment to a maximum of 0.20 at the 24 h recovery period in P. 

damicornis, followed by a decline back to a value equivalent to the pre-treatment after 36 

h (P = 0.048). In A. nobilis (Figure 4.4b), an increase in PSIIX to 0.35 was found after 12 

h of exposure to bleaching conditions and a slight decrease to 0.26 by the end of the 

recovery phase (P < 0.001). Similarly, C. serailia (Figure 4.3c), showed an increase to a 

maximum PSIIX at 12 h of 0.14 (P = 0.003). A gradual decline to pre-treatment levels 

occurred by the end of the recovery period. 
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Figure 4.4: The proportion of PSIIX centres in the control (closed circles) and treatment (open squares) in 

P. damicornis (a), A. nobilis (b) and C. serailia (c). The pre-exposure measurement is indicated by the 

white bar, the bleaching treatment as the black bar (from 0-12 h) and the recovery treatment as the grey bar 

(12-36 h). Averages ± standard error of mean shown (n = 4). 
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The investigation into the second type of PSII heterogeneity required segregating PSII 

centres into those with large antenna (PSII�) and those with small antenna (PSII�). 

Figure 4.5 illustrates the response of the three coral species over time in both the control 

and exposure treatments. The control measurements showed no significant changes over 

time (P values > 0.8) and in all three species, the proportion of PSII� exceeded that of 

PSII� centres. In P. damicornis (Figure 4.5a), the average proportion of PSII� was 0.56, 

in A. nobilis (Figure 4.5b), it was 0.54, and in C. serailia (Figure 4.5c), the proportion 

was 0.55. Similarly, no significant change in the proportion of PSII� and PSII� centres 

was detected over time in the bleaching treatment for A. nobilis and C. serailia (P values 

> 0.1). However, P. damicornis did showed a reduction in PSII� centres (P = 0.041) with 

increasing length of exposure to bleaching conditions where the ratio of PSII�:PSII� 

dropped to a minimum of 34:66 (Figure 4.5d). 
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Figure 4.5: The proportion of PSII� (closed circles) and PSII� (open squares) centres in the controls of P. 

damicornis (a), A. nobilis (b) and C. serailia (c), and in the exposure treatment of P. damicornis (d), A. 

nobilis (e) and C. serailia (f). The pre-exposure measurement is indicated by the white bar, the bleaching 

treatment as the black bar (from 0-12 h) and the recovery treatment as the grey bar (12-36 h). Averages ± 

standard error of mean shown (n = 4). 
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4.4 DISCUSSION 

 

This study explored the function of PSII reaction centres in the zooxanthellae of three 

coral species during exposure to bleaching conditions. Specifically, PSII heterogeneity 

was investigated with respect to variation in the ability of the QB site of PSII centres to 

accept electrons from reduced QA (reducing side heterogeneity; PSIIA and PSIIX), and 

variation in the size of PSII LHCs (antenna heterogeneity; PSII� and PSII�). Hill et al. 

(2004a) speculated that the cause of the decline in photosynthetic efficiency during 

bleaching conditions could be linked to the formation of non-functional PSII centres. 

Here, we suggest this response is linked to an increase in PSIIX for all three species 

studies as well as an increase in PSII� for P. damicornis. 

 

Evidence of a clear bleaching response during the experimental period is shown by the 

decline in symbiont density within the host tissue of the three coral species (Table 4.1). 

This expulsion of cells was mirrored by the gradual drop in Fv/Fm over time (Figure 4.1). 

Numerous studies have demonstrated a decline in Fv/Fm during coral bleaching events 

(Iglesias-Prieto 1995; Warner et al. 1996; Jones et al. 1998; Warner et al. 1999; Hill et al. 

2004a) and have attributed this to a direct impact to PSII (Warner et al. 1996, 1999; Hill 

et al. 2004a). Supporting this photosynthetic response are the changes observed in the fast 

induction curves (FICs) (Figure 4.2). The decline in the O step seen within increasing 

lengths of exposure to bleaching stress corresponds to the loss of zooxanthellae in 

number, which is responsible for the reduction in photosynthetic pigment concentration 

(chlorophyll a and c2) (Table 4.1). Damage to PSII impacts upon the amplitude of the O 
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step (Fo), and a decline in chlorophyll concentration as a result of bleaching, will reduce 

Fo. Due to these complex interactions we did not find a proportional relationship between 

chlorophyll concentration and the O step. During the recovery period, the O step 

remained constant, or close to the value of the 12 h bleaching treatment, suggesting that 

further cell expulsion and/or loss of photosynthetic pigments had not occurred. The 

reduction in the J step, at approximately 2 ms, is considered to be the major factor 

causing the changes in the FICs over time (Hill et al. 2004a). Beyond the J step, further 

changes in the amplitude of steps are a result of the O and J steps declining (Hill et al. 

2004a). This can be attributed to a reduction in the capacity for QA to transport electrons 

through the chain during the application of a multiple turnover flash (Hill et al. 2004a). A 

primary cause for this response could be an increase in the proportion of inactive PSII 

centres (PSIIX), where QB cannot oxidise QA
-. As a consequence, the photochemical 

capacity of PSII declined, as shown in Figure 4.1. 

 

Direct measurements on the proportion of PSIIX (Figure 4.4) as well as measurements of 

QA
- reoxidation kinetics (Figure 4.3) revealed that under bleaching conditions the 

proportion of PSIIX did indeed increase. The majority of QA
- reoxidation was shown to 

occur within 10 ms (Figure 4.3) as a result of PSIIA centres, where QB accepted electrons 

from QA and passed them further down the chain. Beyond this time, the role of PSIIX 

centres became apparent where the reoxidation kinetic curves slowed before finally 

decreasing to 0 after several seconds. The inability for QB to accept electrons at 

physiologically meaningful rates (i.e. 1000 times slower than PSIIA centres) was the 

cause of this pause in QA
- reoxidation observed in Figure 4.3 (Melis 1985; Chylla and 
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Whitmarsh 1989, 1990; Lavergne and Trissl 1995). With prolonged bleaching stress, the 

speed of fluorescence quenching was reduced, indicating more PSIIX centres were 

developing. Previous studies on higher plants and green algae have shown that the 

proportion of PSIIX centres can vary depending on the organism and experimental 

conditions, including 3-10% (van Wijk et al. 1993; Kaftan et al. 1999), 12-15% 

(Oxborough et al. 1996), 25% (Guenther et al. 1988), 30% (Nedbal et al. 1991) and 32% 

(Chylla et al. 1987; Chylla and Whitmarsh 1989). 

 

In order to accurately determine the proportion of PSIIA:PSIIX centres in the in hospite 

zooxanthellae, the fluorescence decline after the fourth single turnover flash was analysed 

(Lavergne and Leci 1993; Kaftan et al. 1999). The three coral species showed a rise in the 

proportion of these inactive centres in accordance with increased exposure to bleaching 

conditions and contributed up to 20% of the total PSII centres in P. damicornis, 35% in 

A. nobilis and 14% in C. serailia (Figure 4.4). Interestingly, the greatest drop in 

photochemical efficiency of PSII (Figure 4.1) was found in A. nobilis, and the least in C. 

serailia, suggesting that changes in Fv/Fm are highly dependent upon the proportion of 

PSIIX centres in the total PSII pool (Black et al. 1986; Nedbal and Whitmarsh 1992; 

Lavergne and Leci 1993; Tomek et al. 2001, 2003). Furthermore, the reduction in the J 

step along the FICs during bleaching stress, an indicator of an increase in the production 

of non-functional PSII centres (Hill et al. 2004a), may also be closely related to the 

formation of PSIIX centres. 
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Here, we propose that under bleaching conditions, in hospite zooxanthellae undergo a 

change in the proportion of PSIIA to PSIIX, where PSIIX accumulates, thus impacting 

upon the primary photochemical processes of PSII (Oxborough et al. 1996; Nedbal and 

Whitmarsh 1992). The corresponding decreases in Fv/Fm and the J step to an increase in 

the proportion of PSIIX, suggest that the three parameters are affected by a common 

mechanism. This relationship was apparent for all three species during the bleaching 

period, however during recovery, the return of PSIIX to PSIIA was not proportional to the 

rise of Fv/Fm until the 24 h recovery period. The QB electron acceptor is located on the D1 

protein, and evidence of damage to this protein during coral bleaching events has been 

shown (Warner et al. 1999). The functional capacity of QB would therefore be expected 

to be compromised and its ability to accept electrons from QA (located on the D2 protein) 

and pass them further along the electron transport chain would be reduced (Guenther and 

Melis 1990; Dau 1994). As a result, the formation of PSIIX centres are likely to occur 

under stress conditions and may act as an intermediate stage during the PSII repair cycle 

which involves the resynthesis of the damaged D1 protein (Guenther and Melis 1990; 

Melis 1991). Measurements of chlorophyll a fluorescence would reflect such damage, in 

a reduction in Fv/Fm and amplitude of the J step along FICs. 

 

During the recovery period, the photochemical efficiency of PSII returned to the level of 

the control in C. serailia, compared to P. damicornis and A. nobilis which showed partial 

recovery (Figure 4.1). In A. nobilis and C. serailia this response was clearly coupled with 

an increase in the J step (Figure 4.2e, f) and a reduction in the proportion of PSIIX (Figure 

4.4b, c). Throughout the recovery period, resynthesis of the damaged D1 protein in the 



Chapter 4 99 

PSIIX centres would have contributed to the increase in the number of PSIIA centres, a 

light-dependent process which occurs at a very high rate, generally in a matter of hours 

(Mattoo et al. 1981, 1984; Sundby et al. 1993). In contrast to the other two species, P. 

damicornis showed no change in the J step during recovery (Figure 4.2d), whereas the 

proportion of PSIIX returned to control levels after recovery. An alternative explanation 

for this low J step and partial recovery of Fv/Fm may be due to the formation of PSII� 

centres (Lavergne and Briantais 1996). 

 

P. damicornis was the only species which showed a significant increase in PSII� centres 

during exposure to bleaching conditions (Figure 4.5d). Similar reductions in the 

proportion of PSII�:PSII� have been shown to occur in higher plants following heat 

treatment and this response has been attributed to a decrease in the size of PSII LHCs 

(Melis and Homann 1976; Melis and Duysens 1979; Black et al. 1986; Guenther and 

Melis 1990; Melis 1991). It is likely to be a means of photoprotection to prevent 

overexcitation and subsequent damage of the PSII reaction centre (Sundby et al. 1986; 

Pastenes and Horton 1996; Bukhov and Carpentier 2000). A lack of peripheral LHC may 

result from state transitions, a form of NPQ that has been suggested to play an important 

role in coral photosynthesis (Warner et al. 1996; Jones and Hoegh-Guldberg 2001; Hill 

and Ralph 2005), especially during bleaching events (Hill et al. 2004a, 2005). A smaller 

LHC would limit the amount of light energy reaching PSII reaction centres, thereby 

protecting them from further damage (Melis and Homann 1976; Dau 1994). This shift 

from PSII� to PSII� centres can act as a form of photoprotection (Lavergne and Briantais 

1996) and would contribute to the lowering of Fv/Fm and the J step during exposure. 
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However, it should be noted that the peridinin chlorophyll a protein (PCP) of 

dinoflagellates is a unique antenna complex which uses the carotenoid peridinin, as the 

major light harvesting pigment (Iglesias-Prieto and Trench 1996; Krueger et al. 2001; 

Krikunova et al. 2006). Compared to higher plants, dinoflagellates have been shown to 

contain four times the amount of carotenoid compared to chlorophyll involved in light 

harvesting (Iglesias-Prieto and Trench 1996; Krueger et al. 2001; Krikunova et al. 2006) 

As a consequence, the functional changes occurring in the zooxanthellae of these corals 

with respect to increases in PSII� during bleaching stress, may not result in the same 

changes to LHC distribution, as has been demonstrated in higher plants (Lavergne and 

Briantais 1996). 

 

Although no significant changes in antenna heterogeneity were found in A. nobilis or C. 

serailia, it is interesting to note, along with the control treatments, that PSII� centres 

outnumbered PSII� centres (Figure 4.5). This suggests that in dark-adapted corals 

approximately 50-60% of PSII centres are lacking the peripheral LHCs. Other studies on 

higher plants and green algae have found large variation in the proportion of PSII� 

centres, including 60% (Percival et al. 1984), 50% (Roelofs et al. 1992) and 20-25% 

(Melis 1985; Guenther and Melis 1990; Nedbal et al. 1999). 

 

It may be important to consider whether the ratio of PSII�:PSII� measured in this study is 

representative of corals in the field under optimal conditions, as the process of dark-

adaptation may alter the redox state of the plastoquinone pool (Feild et al. 1998; 

Schreiber 2004), a key factor controlling the operation of state transitions (Williams and 
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Allen 1987). One major pathway known to influence the redox of electron acceptors is 

dark-induced reduction of the plastoquinone pool via chlororespiration (Garab et al. 

1989; Feild et al. 1998; Peltier and Cournac 2002; Beardall and Quigg 2003), a process 

considered to be common in corals during darkness (Jones and Hoegh-Guldberg 2001; 

Hill and Ralph 2005; Ulstrup et al. 2005). The occurrence of this process highlights the 

need for an assessment of dark-induced reduction of the electron carriers between PSII 

and PSI. This could be done with the use of far-red light to stimulate PSI and oxidise the 

chain following dark-adaptation (Feild et al. 1998). Nevertheless, the relative changes in 

PSII�/� observed under bleaching stress in P. damicornis are expected to be 

characteristic of responses in the field. 

 

In these three species of coral, the abundance of PSII� exceeded that of PSIIX at all times 

(Figures 4.4 and 4.5). This suggests that PSIIX centres constitute a subpopulation of PSII� 

centres (see Guenther and Melis 1990; Melis 1991; Lavergne and Briantais 1996) in the 

thylakoid membrane of zooxanthellae and that PSII reaction centres exist where QB has 

the capacity to accept electrons from QA (PSIIA), but lack peripheral LHCs (PSII�) 

(Guenther et al. 1988). In such cases, a smaller LHC would limit the amount of light 

reaching a PSII reaction centre and would be effective in helping to preventing 

overexcitation and possible damage to the D1 protein, especially during periods where 

light availability exceeds what can be used for photosynthesis (Demmig-Adams and 

Adams 1992; Bullerjahn 1997). Protection of D1 would allow for the continued operation 

of a smaller subpopulation of active PSII centres, capable of electron transport through to 

plastoquinone and PSI (Mattoo et al. 1981, 1984; Dau 1994). 
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When comparing the three species of coral studied here, some common and species 

specific characteristics and changes can be found. The data show close relationships 

between the reduction in Fv/Fm, the decrease in the amplitude of the J step along FICs and 

a reduced speed of QA
- reoxidation in all species during exposure to bleaching conditions. 

The two branching species, P. damicornis and A. nobilis, are known to be more sensitive 

to bleaching conditions than the massive C. serailia (Loya et al. 2001). This sensitivity is 

clearly shown in the measurements of PSII photochemical efficiency (Figure 4.1). This 

reduced Fv/Fm can be attributed to a rise in PSIIX for A. nobilis and C. serailia (Figure 

4.4b,c), where the more sensitive species, A. nobilis, showed the largest rise during 

exposure to bleaching conditions. However, the other bleaching sensitive species, P. 

damicornis, showed a smaller rise in PSIIX. In this species, the declining Fv/Fm can also 

be attributed to the rise in PSII� centres, especially during the period from pre-exposure 

to 0 h (Figure 4.5d), which was not found in any other species. The mechanisms of 

recovery of photochemical efficiency (Figure 4.1) are closely linked to a decline in PSIIX 

centres in A. nobilis and C. serailia (Figure 4.4b,c), and a combination of a decrease in 

PSIIX and PSII� centres in P. damicornis (Figure 4.4a and 4.5d, respectively). 

 

4.5 SUMMARY 

 

This work has demonstrated that upon exposure to bleaching conditions, PSII is a highly 

sensitive and dynamic component of the photosynthetic apparatus of in hospite 

zooxanthellae. Alterations in the functional capacity of PSII is evident where the ability 
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for PSII reaction centres to effectively pass electrons through the chain is compromised 

in a matter of hours following exposure. Light-induced damage to the D1 protein is 

probably the process linked to the increase in PSIIX centres. Variation in PSII antenna 

size is also clear in P. damicornis and reducing the area for light capture may act as a 

means of photoprotection against excess irradiance. During coral bleaching events, 

increases in PSIIX and PSII� were shown to be rapid responses which are likely to be 

involved in the initial photochemical damage in zooxanthellae. 
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5.0 IMPACT OF BLEACHING STRESS ON THE FUNCTION OF THE 

OXYGEN EVOLVING COMPLEX OF ZOOXANTHELLAE FROM 

SCLERACTINIAN CORALS 

 

This chapter is currently in press in the Journal of Phycology: 

 

Hill R, Ralph PJ (in press) Impact of bleaching stress on the function of the oxygen 

evolving complex of zooxanthellae from scleractinian corals. Journal of Phycology 

 

Experimental design, data collection and data analysis was performed by Ross Hill who 

also wrote the paper. Technical assistance and intellectual contributions were made by 

Peter J Ralph (Principal Supervisor). 

 

5.1 INTRODUCTION 

 

The endodermal tissue of scleractinian corals harbours dinoflagellate microalgae, known 

as zooxanthellae (genus Symbiodinium). These endosymbiotic algae have a pivotal role in 

the survival of the coral host as they provide an energy source in the form of 

photosynthate. Equally important are the metabolic and respiratory by-products, and 

protection provided by the host which services the needs of the zooxanthellae (Titlyanov 

and Titlyanova 2002). This symbiotic relationship is highly sensitive to environmental 

changes, particularly during summer-time periods of elevated sea surface temperature. 
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The combination of higher than average temperatures (as small as 1-2°C) and intense 

light can lead to mass coral bleaching events which result in the expulsion of the 

zooxanthellae from the host tissue, as well as a reduction in the concentration of 

photosynthetic pigments from within the zooxanthellae (Hoegh-Guldberg 1999). 

 

The well-known reduction in photosynthetic efficiency of in hospite zooxanthellae during 

the exposure of corals to bleaching conditions, has been used to suggest that damage to 

the photosynthetic apparatus is directly linked to the ultimate expulsion of these algae 

(Iglesias-Prieto 1995, Warner et al. 1996, Jones et al. 1998, Jones et al. 2000, Fitt et al. 

2001, Bhagooli and Hidaka 2003, Hill et al. 2004a,b, Hill and Ralph 2006). Identification 

of the primary site of impact has attracted considerable research effort, although to date, 

no conclusive evidence has been found. Past studies have investigated impacts to the 

oxygen evolving complex (OEC) (Iglesias-Prieto 1997), Photosystem II (PSII) reaction 

centres (Warner et al. 1996, Warner et al. 1999, Hill et al. 2004a, Hill and Ralph 2006), 

the dark reactions (Jones et al. 1998, Leggat et al. 2004), and to the structural integrity of 

the thylakoid membrane (Tchernov et al. 2004). The focus of this study will be on the 

sensitivity of the OEC and its ability to withstand bleaching conditions. In comparison to 

past studies (Iglesias-Prieto 1997), here the functional state of the OEC was measured not 

only on cultured zooxanthellae, but also on freshly isolated and in hospite zooxanthellae, 

by taking measurements of chlorophyll a fluorescence and oxygen production during 

exposure to chemical and temperature treatments. 
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The OEC consists of a cluster of four manganese atoms which catalyse water oxidation 

on the lumen side of thylakoid membranes and requires Cl- and Ca2+ cofactors for proper 

function (Ghanotakis and Yocum 1990). For every two molecules of H2O that are 

hydrolysed, the water-splitting complex produces 4 electrons, which are shuttled into the 

PSII reaction centre via the tyrosine electron carrier (TZ), 4 protons and a molecule of O2 

(Britt 1996, Diner and Babcock 1996). From work performed on higher plants, it has 

been shown that in some species, the OEC is a heat sensitive component of the 

photosynthetic apparatus (Yamashita and Butler 1968, Berry and Björkman 1980, Becker 

et al. 1990, Havaux 1993a) which is damaged by the release of manganese from the 

chloroplast (Lozier et al. 1971). Until now, a detailed study on the thermal sensitivity of 

this particular site on the electron transport chain in freshly isolated and in hospite 

zooxanthellae has not been performed. It is essential to identify the capacity of the OEC 

to withstand bleaching conditions, so that the mechanisms associated with coral 

bleaching can be more fully understood. Previous work by Iglesias-Prieto (1997) 

demonstrated donor side inactivation in cultured zooxanthellae exposed to 32.5°C in 

darkness and after exposure to extremely high temperatures (above 36°C). In contrast, it 

was found that under sub-saturating light intensities at 32.5°C, OEC damage did not 

occur, although over-reduction of QA did result in irreversible acceptor side damage. 

Iglesias-Prieto (1997) concluded that thermal impacts to cultured zooxanthellae were a 

result of photoinhibitory damage to the acceptor side of PSII, possibly followed by donor 

side damage. 
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Common methods of studying photosynthetic processes include measurements of 

chlorophyll a fluorescence and oxygen production. The most common technique for 

detection of chlorophyll a fluorescence is through the use of Pulse Amplitude Modulated 

(PAM) fluorometers. These instruments utilise light emitting diodes to produce a series 

of saturating pulses as well as actinic light, which allow for the determination of 

maximum (Fv/Fm) and effective quantum yield (PSII); parameters indicative of PSII 

photochemical efficiency (Schreiber 2004). In addition to PAM fluorometers, Plant 

Efficiency Analysers (PEA fluorometers) provide a means to detect microsecond changes 

in chlorophyll a fluorescence emissions. These instruments record the polyphasic rise in 

fluorescence from Fo to Fm during a saturating pulse. These are known as fast induction 

curves (FICs), and when plotted on a log10 time scale inflections (steps) can be observed. 

From Fo, (O step) fluorescence rises to an intermediate step, (J), then to a second, slower 

step (I), followed by Fm (P step). These O-J-I-P curves allow for a detailed analysis of 

electron transport and redox states of electron carriers, from the donor side to the 

acceptor side of PSII during the application of a saturating pulse (Govindjee 1995, Lazár 

2003). Previous work has identified changes in FICs of corals during exposure to 

bleaching conditions (Hill et al. 2004a, Hill and Ralph 2006), over diel cycles in winter 

and summer (Hill and Ralph 2005), and during exposure to hypoxia (Ulstrup et al. 2005). 

Previous studies on higher plants have identified the formation of an additional step, 

known as the “K step”, along the O-J-I-P transients, which forms as a result of electron 

flow from PSII exceeding the rate of electron donation to PSII (Strasser 1997, Skotnica et 

al. 2000). Under elevated temperature conditions the K step is indicative of OEC 
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inhibition (Guissé et al. 1995, Lazár and Ilik 1997, Lazár et al. 1997, Srivastava et al. 

1997, Strasser 1997). 

 

In this study, both PAM and PEA fluorescence techniques have been employed, with 

additional measurements using an oxygen electrode. Damage to the OEC can been 

assessed through the inhibition of photosynthetic electron transport between the OEC and 

PSII using tris (Homann 1968, Yamashita and Butler 1968, Vernon and Shaw 1969, 

Yamashita and Butler 1969, Lozier et al. 1971, Yocum et al. 1981), and through the 

application of the artificial electron donor, diphenyl carbazide (DPC) (Vernon and Shaw 

1969, Shneyour and Avron 1971, Bertamini et al. 2002, Bertamini et al. 2005, 

Muthuchelian et al. 2005). Stress-induced OEC inactivation has been demonstrated by 

the restoration of photochemical efficiency after the addition of an artificial electron 

donor (Bertamini et al. 2002, Bertamini et al. 2005, Muthuchelian et al. 2005). The 

capacity for measurements of chlorophyll a fluorescence and oxygen production in 

zooxanthellae, as a means to identify OEC damage (by using tris) and restoration of 

electron donation (by using DPC) is demonstrated. Subsequent experiments on corals 

exposed to bleaching conditions were performed to determine OEC sensitivity. A 

comparison between 12 h bleaching (acute stress) and 5 d bleaching (chronic stress) 

experiments was also conducted. The use of rapid temperature ramping and short 

experimental periods to simulate a bleaching response has been suggested to have little 

ecological relevance to bleaching events that occur in nature (Fitt et al. 2001, Bhagooli 

and Hidaka 2004b, Franklin et al. 2006). However, Jones and Hoegh-Guldberg (2001) 

collected temperature data from Heron Island lagoon, showing that during a single tidal 
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cycle of 6-7 h, the water temperature can vary by up to 8°C. Here we test for differences 

between acute and chronic bleaching regimes with regard to impacts to the OEC. In 

addition, variation in temperature-induced formation of the K step along FICs was 

compared between winter and summer. 

 

5.2 MATERIALS AND METHODS 

 

5.2.1 Zooxanthellae cultures and coral specimens 

 

Measurements were performed on the CS-156, Clade C (Carlos et al. 1999, Baillie et al. 

2000), Symbiodinium sp. culture from the Commonwealth Scientific and Industrial 

Research Organisation (CSIRO) microalgae research centre in Hobart, Tasmania, 

Australia. CS-156 was isolated from Montipora verrucosa (Lamarck) in Hawaii, USA, 

and grown in f/2 media at 25°C and 40 μmol photons m-2 s-1, with a light to dark ratio of 

12:12 h. Fragments (nubbins), less than 3 cm in diameter, of the scleractinian corals, 

Pocillopora damicornis (Linnaeus), Acropora nobilis (Dana) and Cyphastrea serailia 

(Forskål), were collected from Heron Island lagoon (151.9° E, 23.4° S) and kept in 

shaded flow through aquaria (< 100 μmol photons m-2 s-1). 

 

5.2.2 Inhibition of OEC and artificial electron donation to PSII 

 

In order to illustrate the inhibitory effects of tris (hydroxtmethyl)aminomethane (tris) to 

the OEC and the capacity for diphenyl carbazide (DPC) to act as an artificial electron 
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donor to PSII, both chlorophyll a fluorescence and oxygen production measurements 

were taken before and after the addition of each chemical. In all cases zooxanthellae were 

exposed to a concentration of 0.6 M tris (buffered with HCl, pH 7.8) and 0.5 mM DPC 

(chemicals dissolved in 0.45 μm filtered seawater) in a 3ml volume. A Water-PAM 

fluorometer (Walz GmbH, Effeltrich, Germany) was used to detect fluorescence (� > 710 

nm) and apply saturating and actinic light. After 5 mins of dark-adaptation, the maximum 

quantum yield of cultured zooxanthellae was calculated, followed by the application of 

40 μmol photons m-2 s-1 actinic light. Saturating pulses were applied every 60 seconds 

and PSII was determined. After 15 mins of actinic light, 1 ml of tris was added to the 

cuvette holding the zooxanthellae sample and 20 mins later, 1 ml of DPC was added. 

Fluorescence was recorded for a further 20 mins (n = 4) (Figure 5.1a). Large volumes of 

the chemical solutions were added to the cuvette due to their low solubility and the high 

concentrations required to elicit a response. A parallel experiment was run using 1 ml 

additions of 0.45 μm filtered seawater (FSW), rather than tris or DPC, to demonstrate that 

the drop in minimum fluorescence was due to dilution effects (Figure 5.1b). In Figure 

5.1, the fluorescence declines to zero as the photomultiplier on the Water-PAM 

fluorometer was turned off while the lid was removed during the chemical addition. 

 

Following a similar experimental regime to that described above, oxygen production was 

measured with cultured zooxanthellae in a temperature-controlled, water-jacketed, 

oxygen electrode chamber (Digital model 20 controller, Rank Brothers Ltd, Cambridge, 

England) at 25°C. After 20 mins of darkness, 40 μmol photons m-2 s-1 of light was 



Chapter 5 112 

applied until oxygen production reached a steady state. Tris was then added, followed by 

DPC 30 mins later and then finally darkness was applied for 20 mins (Figure 5.2). 

 

Additional fluorescence measurements were taken using a Plant Efficiency Analyser 

(PEA; Hansatech Instruments Ltd, King’s Lynn, UK). This was used to measure FICs 

over 3 s using a saturating flash intensity of 3200 μmol photons m-2 s-1. Fluorescence 

measurements (� > 720 nm) were taken by a PIN photodiode every 10 μs for the first 2 

ms, every 1 ms up until 1 s, and then every 100 ms up to 3 s. FICs were measured on 

cultured zooxanthellae following 5 mins of dark-adaptation, following 20 mins of 

exposure to tris and also following 20 mins of exposure to DPC (n = 4) (Figure 5.3). 

 

Once the capacity of DPC to donate electrons to PSII was demonstrated (Figure 5.1), it 

was added to zooxanthellae suspensions and PSII monitored, to identify any increase in 

photochemical efficiency. Cultured zooxanthellae suspensions (n = 4) were exposed to 

both control (25°C and 40 μmol photons m-2 s-1) and bleaching (32°C and 425 μmol 

photons m-2 s-1) conditions for 12 h with fluorescence measurements on the Water-PAM 

fluorometer performed prior to exposure and at 0, 1, 2, 4, 6, 8, 10 and 12 h in order to 

determine the impact to the OEC (Figure 5.4, a and b). In addition, nubbins of P. 

damicornis (n = 4) were exposed to control (25°C and 100 μmol photons m-2 s-1) and 

bleaching (32°C and 425 μmol photons m-2 s-1) conditions. Prior to exposure and at 0, 2, 

4, 6, 8, 10 and 12 h, the in hospite zooxanthellae were isolated in 15 mL of 0.45 μm 

filtered seawater using the air brush technique. Ten mL of this suspension was then 

passed through a 20 μm mesh filter to isolate the zooxanthellae which passed through the 
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filter. Two mL of this freshly isolated zooxanthellae (FIZ) suspension was then placed in 

the cuvette of the Water-PAM fluorometer (Figure 5.4, c and d). In these bleaching 

treatments, the temperature was ramped from 25°C to 32°C over a period of 2 h. The in 

hospite zooxanthellae density (cm-2) and chlorophyll a and c2 concentration (μg cm-2) 

were measured in the pre-treatment and after 12 h of exposure to this treatment (Table 

5.1; see Hill and Ralph 2006 for detailed protocol). In the bleaching treatment, expelled 

zooxanthellae were collected after 12 h (n = 4) from the aquaria holding the coral 

fragments. A 2 mL sample from the water column was placed into the Water-PAM 

fluorometer cuvette. 

 

In addition to these 12 h experiments, a longer-term experiment was also run to identify 

any impact to the OEC over a period of 5 d on nubbins of P. damicornis. In the control 

treatment, coral fragments were exposed to 25°C and 100 μmol photons m-2 s-1 and in the 

bleaching treatment, the temperature was gradually ramped from 25°C to 32°C over 12 h 

and maintained at this temperature for 3 d with a light intensity of 425 μmol photons m-2 

s-1 (provided by halogen lights, Portable Floodlight, FL200, Arlec Lighting). During the 

recovery phase the temperature was decreased to 25°C over 6 h and the light intensity 

reduced to 100 μmol photons m-2 s-1 with measurements continuing for a further day. 

Both treatments had a light to dark ratio of 12:12 h. Water-PAM measurements (n = 4) 

were taken on FIZ (see protocol above) prior to exposure, mid-way through the 

temperature ramp, 2 h after the lights turned on each morning and 2 h before they switch 

off each evening for 5 d. In addition, measurements on the expelled zooxanthellae from 

the bleaching treatment were taken 1 h before the lights turned off each evening (n = 4; 
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Table 5.2). Following this time, and each morning, a 100% water change was performed 

to remove all expelled zooxanthellae from the aquaria. In hospite zooxanthellae density 

(cm-2) and chlorophyll a and c2 concentration (μg cm-2) were measured prior to 

experimentation and at the end of day 5 (Table 5.1; see Hill and Ralph 2006 for detailed 

protocol). 

 

For cultured, freshly isolated and expelled zooxanthellae in the 12 h and 5 d experiments, 

5 mins of dark-adaptation was given prior to maximum quantum yield determination with 

the Water-PAM fluorometer. Actinic light equal to the light intensity of the experimental 

treatment was applied and saturating pulses given every 60 s. After 15 mins, the effective 

quantum yield measurements had reached a steady state for at least 5 mins. DPC was then 

added to the cuvette and saturating pulses were continued for a further 20 mins. The 

effective quantum yield values 5 mins prior to DPC addition were compared to those 

values in the last 5 mins of the experiment (i.e. before vs. after DPC addition). 

 

5.2.3 Appearance of the K step along FICs 

 

To study the natural variation in OEC sensitivity between seasons, FICs were measured 

on small fragments of P. damicornis, A. nobilis and C. serailia which were placed inside 

2.8 L dark-adaptation chambers (see Hill et al. 2004b). The lagoon temperature was used 

as the control temperature (winter = 21°C; summer = 28°C). Temperature treatments 

were applied at 1°C intervals above the lagoon temperature on coral fragments up until 

2°C above the first appearance of the K step (n = 4). Each coral fragment was used once 
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for a single temperature interval and following 5 mins of darkness during the temperature 

exposure, a FIC measurement was taken (Guissé et al. 1995). 

 

To identify the factor responsible for changes in the temperature-induced appearance of 

the K step, nubbins of P. damicornis were exposed to either control conditions (25°C and 

100 μmol photons m-2 s-1), high light conditions (25°C and 425 μmol photons m-2 s-1), 

elevated temperature conditions (32°C and 100 μmol photons m-2 s-1), or bleaching 

conditions (i.e. a combination of both; 32°C and 425 μmol photons m-2 s-1) in the 

laboratory. FIC measurements were taken at 1°C intervals between 34°C and 40°C at 0, 

1, 2, 4, 8 and 12 h of exposure (n = 4) and the temperature of K step appearance was 

recorded. In addition to these FICs, oxygen production was measured on nubbins 

following 8 h under control (25°C and 100 μmol photons m-2 s-1) and bleaching (32°C 

and 425 μmol photons m-2 s-1) conditions in the oxygen electrode chamber described 

earlier. After 30 mins within the chamber under treatment conditions, the chamber was 

placed in darkness. Samples were either kept at a constant temperature or immediately 

stepped to an elevated temperature. After 5 mins of darkness, the sample was re-

illuminated for a further 30 mins. 

 

5.2.4 Statistical analysis 

 

Zooxanthellae density and chlorophyll a and c2 concentrations of P. damicornis in the 12 

h and 5 d experiments were compared between the control and bleaching treatments, both 

before and after exposure to bleaching conditions using a one-way analysis of variance 
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(ANOVA) (� = 0.05). Effective quantum yield values before and after tris and/or DPC 

addition were compared using a one-way ANOVA (� = 0.05). Before and after values 

were individually analysed for significant changes over time using repeated-measures 

ANOVA. Tukey’s post hoc comparisons tests were used to detect where significant 

changes occurred over time. The assumptions of normality (using the Kolmogorov-

Smirnov test) and equal variance (using Levene’s test) were met in most cases, although 

the arcsine transformation was applied in situations where this did not occur. Statistical 

analyses were performed using the SPSS software package (version 11.0.0, 2001, 

Chicago, Illinois, USA). 

 

5.3 RESULTS 

 

The inhibitory affect of tris to the OEC was demonstrated in Figure 5.1a, where a 

significant decline in PSII from 0.54 prior to exposure, to 0.32 after 5 mins of exposure 

was observed. Upon addition of DPC, the PSII showed a gradual rise, significantly 

increasing to a maximum of 0.50 after 20 mins (P < 0.001), which was statistically 

indifferent to PSII prior to tris addition. In order to obtain a concentration of 0.6 M tris 

and 0.5 mM DPC, large volumes of the chemical solutions were added to the Water-PAM 

fluorometer cuvette resulting in a substantial dilution of the algae solution and hence a 

reduction in fluorescence signal. To demonstrate these declines in fluorescence were 

simply due to dilution, FSW was added to the Water-PAM fluorometer cuvette in place 

of tris and DPC (Figure 5.1b). Similar reductions in fluorescence were observed upon 
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FSW addition (Figure 5.1b) compared to chemical addition (Figure 5.1a), although no 

significant change in PSII was observed over time when FSW was added (P = 866). 
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Figure 5.1: Representative fluorescence traces (of n = 4) for culture CS-156 upon (a) addition of tris and 

DPC and (b) upon addition of filtered seawater (FSW). Following 5 mins of dark-adaptation, a saturating 

pulse was applied and the maximum quantum yield was determined. Actinic light was turned on (40 μmol 

photons m-2 s-1) and effective quantum yield measurements taken every 60 s. The left y-axis indicates the 

fluorescence intensity of the trace (relative units) and the right y-axis indicates the quantum yield values 

(�) over time. 
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Measurements of percent oxygen saturation (Figure 5.2) showed oxygen consumption 

during darkness, followed by a gradual rise in oxygen production upon exposure to light. 

Upon reaching steady state conditions, tris was added, resulting in a sharp drop in oxygen 

production, followed by a gradual decline. Once DPC was added, no change in the rate of 

oxygen consumption was observed and it continued to decline. This trend continued once 

the suspension was placed in darkness. 
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Figure 5.2: Representative trace of oxygen production (% saturation) of cultured zooxanthellae. Arrows 

show time of tris and DPC addition. Black bars indicate darkness and white bar indicates light. 

 

The FIC analysis of the photosynthetic impacts of tris and DPC on cultured zooxanthellae 

is shown in Figure 5.3. The O-J-I-P curves for each treatment were normalised to Fo 

(Ft/Fo) to illustrate the change in variable fluorescence (Figure 5.3a). In addition, the 

relative variable fluorescence was calculated by double normalizing to the O and P steps 

(Ft – Fo)/(Fm – Fo) to clearly show differences in the shape of the curves (Figure 5.3b). 

Once tris was added, the typical O-J-I-P curve of the control was transformed into a FIC 

transient showing the K step with a subsequent dip at 2 ms. The shape of the FIC was 
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partly restored to its original O-J-I-P shape once DPC was added (Figure 5.3b), although 

the amplitude of the J, I and P steps were lower than the control (Figure 5.3a). 
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Figure 5.3: FIC traces of the culture CS-156 under control conditions, following exposure to tris and 

exposure to tris and DPC. (a) FICs normalised to O (Ft/Fo) and (b) relative variable fluorescence of the 

FICs (Ft-Fo)/(Fm-Fo). The O, K, J, I and P steps are labels on (a). The control curve (�) was taken following 

5 mins DA. Tris was then added to the solution (0.6 M) and 20 mins later a second FIC was measured (�). 
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DPC was then added (0.5 mM) and 20 mins later the third FIC was measured (�). Average curves are 

shown (n = 4). 

 

Both cultured and freshly isolated zooxanthellae were exposed to control and bleaching 

conditions for 12 h with measurements of PSII taken both before and after DPC addition 

(Figure 5.4). In the control treatments (Figure 5.4, a and c) no significant differences 

were found in PSII before and after DPC addition (P values > 0.5), nor were any changes 

observed over the 12 h experiment (P values > 0.7), where PSII remained at 

approximately 0.56 in the cultured zooxanthellae and 0.55 in the FIZ. In the bleaching 

treatment, despite significant declines in PSII over time in both the cultured 

zooxanthellae and FIZ (P values < 0.001; see post hoc comparisons in Figure 5.4, b and 

d), no differences in PSII were detected between values obtained before and after DPC 

addition (P values > 0.5). The bleaching treatment in the 12 h experiment resulted in a 

significant decline in symbiont density within the tissue of P. damicornis nubbins used to 

obtain the FIZ, as well as the amount of chlorophyll a and c2 per unit area (Table 5.1). A 

sample of the zooxanthellae expelled into the water column was collected after 12 h and 

analysed in the Water-PAM fluorometer. The effective quantum yield before DPC 

addition was 0.208 and following DPC addition was 0.203. No significant difference was 

found between these two measurements (P = 0.764). 
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Figure 5.4: Effective quantum yield values before (black columns) and after (white columns) DPC addition 

on cultured zooxanthellae (CS-156) and freshly isolated zooxanthellae (from P. damicornis). (a) shows the 

control (25°C and 40 μmol photons m-2 s-1) and (b) shows the bleaching (32°C and 425 μmol photons m-2 s-

1) treatment for the cultured zooxanthellae. (c) shows the control (25°C and 100 μmol photons m-2 s-1) and 

(d) shows the bleaching (32°C and 425 μmol photons m-2 s-1) treatment for the freshly isolated 

zooxanthellae. During this 12 h experiment, measurements were taken prior to exposure to experimental 

treatments (pre) and then at 0, 1 (only for cultured zooxanthellae), 2, 4, 6, 8, 10 and 12 h. The letters above 

the columns in (b) and (d) indicate the result from Tukey’s post hoc comparisons test. Averages ± standard 

error of mean shown (n = 4). 
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Table 5.1: Zooxanthellae density (cm-2 x 106) and chlorophyll a and c2 concentrations (μg cm-2) in P. 

damicornis before (pre) and after (post) exposure to the control and bleaching treatments for the 12 h and 5 

d experiments. Averages ± S.E. of mean shown (n = 4). Asterisk (*) indicates significant differences 

between treatments (where, � = 0.05) and superscript letters indicate where these differences lie. 

Treatment 
Cell Density 
(cm-2 x 106) 

Chl a 
(μg cm-2) 

Chl c2 
(μg cm-2) 

12 h experiment    
Control – Pre 4.80 ± 0.81 a 8.80 ± 1.15 a 4.40 ± 0.30 a 

Control – Post 4.51 ± 0.64 a 8.41 ± 1.56 a 3.97 ± 0.61 a 

Bleaching – Pre 4.51 ± 0.46 a 7.84 ± 0.44 a 3.61 ± 0.52 a 

Bleaching – Post 1.63 ± 0.27 b 3.46 ± 0.32 b 1.58 ± 0.23 b 

P value 0.002 * 0.009 * 0.003 * 
5 d experiment    
Control – Pre 4.85 ± 0.57 a 8.95 ± 0.38 a 4.15 ± 0.43 a 
Control – Post 5.17 ± 1.24 a 8.52 ± 0.57 a 3.88 ± 0.24 a 
Bleaching – Pre 4.95 ± 1.06 a 7.90 ± 0.53 a 3.87 ± 0.32 a 
Bleaching – Post 0.94 ± 0.19 b 1.04 ± 0.34 b 0.89 ± 0.13 b 
P value 0.011 * < 0.001 * < 0.001 * 
 

A bleaching experiment was also performed on nubbins of P. damicornis over a period of 

5 d (Figure 5.5). The control treatment showed constant PSII values of approximately 

0.54 over time (P > 0.9) and no significant differences between before and after DPC 

addition measurements (P values > 0.5) (Figure 5.5a). The PSII in the bleaching 

treatment significantly decreased to 0.06 following 3 d at 32°C, although by the end of 

the recovery period, PSII had risen to 0.24 (P < 0.001) (Figure 5.5b). Over the 5 d 

experiment, no significant differences in PSII were found before or after DPC addition 

(P values > 0.7). Measurements on expelled zooxanthellae at the end of each light period 

on each of the 5 d showed a decline in PSII from those expelled on day 1, compared to 

those expelled on days 2-5 as a group (Table 5.2). No significant differences were found 

between PSII values obtained before or after DPC addition (Table 5.2). In the 5 d 

bleaching treatment, significant declines in zooxanthellae density and chlorophyll a and 

c2 concentration were found in the nubbins of P. damicornis (Table 5.1). 
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Figure 5.5: Effective quantum yield values before (black columns) and after (white columns) DPC addition 

on freshly isolated zooxanthellae from P. damicornis under (a) control (25°C and 100 μmol photons m-2 s-1) 

and (b) bleaching (32°C and 425 μmol photons m-2 s-1) conditions over a 5 d period. The 12:12 h light cycle 

is indicated by the white (light) and black (dark) bars. The letters above the columns in (b) indicate the 

result from Tukey’s post hoc comparisons test. Averages ± standard error of mean shown (n = 4). 
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Table 5.2: Effective quantum yield (PSII) of expelled zooxanthellae from the 5 d experiment before and 

after DPC addition. Measurements were taken 1 h prior to the lights turning off each evening at the end of 

each of the 5 days. Averages ± S.E. of mean shown (n = 4). P values indicate whether any significant 

differences exist between the PSII values taken before and after DPC addition (right-hand column) or 

between the values measured on each day (bottom row). Asterisk (*) indicates significant differences 

between treatments (where, � = 0.05) and superscript letters indicate where differences lie between PSII 

values on each day. 

Day PSII before DPC addition PSII after DPC addition P value 
1 0.233 ± 0.021 a 0.238 ± 0.026 a 0.867 
2 0.098 ± 0.003 b 0.105 ± 0.006 b 0.373 
3 0.069 ± 0.005 b 0.070 ± 0.004 b 0.885 
4 0.066 ± 0.005 b 0.066 ± 0.006 b 0.976 
5 0.089 ± 0.011 b 0.089 ± 0.008 b 0.986 

P value < 0.001 * <0.001 *  
 

FIC measurements on P. damicornis, A. nobilis and C. serailia were performed in winter 

and summer following exposure to a series of elevated temperatures. Figure 5.6 shows 

FICs measured at the lagoon temperature (control), the highest temperature where the K 

step was not present, the temperature where the K step was first observed, and one degree 

above this temperature. In winter, FICs showing the K step appeared at 34°C in P. 

damicornis and A. nobilis and at 35°C in C. serailia. In summer, the K step appeared at 

higher temperatures of 37°C in P. damicornis and C. serailia, and at 35°C in A. nobilis 

(Figure 5.6). 
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Figure 5.6: Relative variable fluorescence of FICs (Ft-Fo)/(Fm-Fo) showing the evolution of the K step for 

P. damicornis (a), A. nobilis (b) and C. serailia (c) during winter and of P. damicornis (d), A. nobilis (e) 

and C. serailia (f) during summer. Curves for the i) control (�; 21°C in winter and 28°C in summer), ii) the 

highest temperature where the K step was not present (�), iii) the temperature where the K step was first 

observed (�) and, iv) one degree above this temperature (	) are shown in each graph. Average curves are 

shown (n = 4). 
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In a subsequent experiment, nubbins of P. damicornis were exposed to either control, 

high light, elevated temperature or bleaching conditions for 12 h. The temperature at 

which the K step first appeared remained at 35°C over the 12 h for the control and high 

light treatment. However, in the elevated temperature and bleaching treatment (high light 

and elevated temperature), the temperature at which the K step appeared increased from 

35°C at 0 h, to 37°C at 1 h, to 38°C at 2 h and to 39°C at 4 h. After 8 and 12 h, the K step 

appeared at 39°C. Oxygen production was measured at 8 h in the control (Figure 5.7a) 

and bleaching (Figure 5.7b) treatments to confirm the link between K step appearance 

and loss of oxygen production. Once oxygen production reached a steady state in the 

light, the nubbins were exposed to darkness for 5 mins leading to a decline in oxygen 

production. At this time in the controls, one of three temperature treatments was applied: 

1) the temperature remained at 25°C; 2) the temperature was increased to 34°C; 3) or the 

temperature was increased to 35°C. Following the 5 mins of darkness, samples were re-

exposed to light. The 25°C and 34°C treatments showed a rise in oxygen production, 

whereas the 35°C treatment showed a steady decline (Figure 5.7a). In the nubbins 

exposed to bleaching conditions, the temperature was either kept at 32°C during 

darkness, or increased to 38°C or 39°C. Once the light was turned on, oxygen production 

occurred in the 32°C and 38°C treatments, although oxygen continued to be consumed in 

the 39°C treatment (Figure 5.7b). 
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Figure 5.7: Representative traces of oxygen production (% saturation) in nubbins of P. damicornis after 8 

h exposure to (a) control and (b) bleaching conditions. Following 30 mins of exposure to light (white bar), 

the sample was placed in darkness (black bar). At this time, in the controls, the temperature either remained 

at 25°C (solid line), was immediately increased to 34°C (long dashed line), or was increased to 35°C (short 

dashed line). In the bleaching treatment, when the sample was placed in darkness, the temperature either 

remained at 32°C (solid line), was immediately increased to 38°C (long dashed line), or was increased to 

39°C (short dashed line). Following 5 mins of darkness, the samples were re-illuminated (white bar) for a 

further 30 mins. 

 



Chapter 5 128 

5.4 DISCUSSION 

 

Until now, a detailed study on the susceptibility of the OEC within the zooxanthellae of 

scleractinian corals to bleaching conditions has not been performed. Here, the functional 

status of the OEC during winter and summer and during bleaching conditions is explored 

through measurements of chlorophyll a fluorescence and oxygen production. 

 

Exposure of zooxanthellae to 0.6 M tris was shown to inhibit the OEC, a result consistent 

with work performed on higher plants (Homann 1968, Yamashita and Butler 1968, 

Lozier et al. 1971). This was observed through both a reduction in Fv/Fm (Figure 5.1) and 

a steady decline in oxygen production (Figure 5.2). The capacity of DPC to act as an 

artificial electron donor for PSII in place of damaged OEC was also demonstrated in 

Figure 5.1 where upon addition of 0.5 mM DPC, Fv/Fm gradually increased back to a 

level similar to pre-tris addition. This response provided clear evidence that 

measurements of Fv/Fm are a sensitive tool for detecting the restoration of electron 

donation by DPC, where an increase in Fv/Fm after DPC addition would be indicative of a 

photosynthetic apparatus with damaged OEC. In comparison, measurements of oxygen 

production showed no response upon the addition of DPC to an OEC-inhibited sample of 

zooxanthellae as electron transport was restored, but oxygen production was not (Figure 

5.2). Oxygen production continued to decline when DPC was added at a rate equal to 

when the sample was in darkness and following the addition of tris. This indicates that 

once the capacity for oxygen production is removed by tris, oxygen consumption by 

respiration dominates. In healthy oxygenic photosynthetic organisms, the OEC splits 
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water molecules to create electrons, protons and oxygen, where the electrons are 

channelled into the photochemical electron transport chain (Britt 1996, Diner and 

Babcock 1996). In contrast, DPC supplies electrons to PSII without producing oxygen 

molecules. Without this by-product of photosynthesis, oxygen production measurements 

are ineffective in detecting the donation of electrons to PSII upon addition of DPC. This 

demonstrates that oxygen production measurements were unsuitable for detecting the 

presence of damaged OEC using this artificial electron donor technique. 

 

Further evidence of the suitability of the chlorophyll a fluorescence technique for 

detecting damaged OEC was provided by FIC measurements (Figure 5.3). The 

appearance of the K step and subsequent dip along the FIC in the tris-treated sample was 

indicative of OEC inhibition where electron flow from PSII exceeded the speed of 

electron donation to PSII (Guissé et al. 1995, Strasser 1997, Skotnica et al. 2000). A 

similar impact to FICs upon chemical inhibition of the OEC has been demonstrated on 

cultured zooxanthellae (Iglesias-Prieto 1997). The FIC was restored to the typical OJIP 

transient following DPC addition as the rate of electron consumption by PSII was 

matched by the rate of electron donation to PSII. Given the success of the chlorophyll a 

fluorescence technique in detecting inhibited OEC, this method was employed as the 

principal means of determining whether the OEC was damaged during bleaching stress. 

 

A bleaching response was observed for the 12 h and 5 d experiments, where significant 

declines in zooxanthellae density and chlorophyll concentration were found by the end of 

the 12 h and 5 d, compared to the control and pre-exposure treatments (Table 5.1). These 
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bleaching exposures also resulted in the gradual decline in PSII (Figs. 4 and 5) indicating 

a progressive loss of PSII photochemical activity (Warner et al. 1996, Warner et al. 1999, 

Hill et al. 2004a, Hill and Ralph 2006). The photosynthetic health of bleaching-induced 

expelled zooxanthellae was also analysed following the 12 h experiment and at the end of 

each light period over the 5 d experiment (Table 5.2). These results support the findings 

of Ralph et al. (2001, 2005a) and Bhagooli and Hidaka (2004b) who demonstrated the 

photosynthetic competence of expelled zooxanthellae. However, Franklin et al. (2006) 

suggested these studies failed to bleach these corals in an ecologically relevant manner 

and consequently, the results were potentially confounded with questionable relevance to 

bleaching events occurring in the field. Here we demonstrate that zooxanthellae expelled 

from bleaching P. damicornis nubbins between 1 and 5 d have not completely lost their 

photosynthetic capacity (Table 5.2). 

 

In light of past studies which have questioned the ecological relevance of 12 h bleaching 

experiments with rapid temperature ramping (Bhagooli and Hidaka 2004b, Franklin et al. 

2006), this study has shown that no differences are present between 12 h and 5 d 

bleaching experiments, with respect to OEC operation. A significantly larger decline in 

PSII was found between these two bleaching regimes, with the lowest PSII at 0.15 by the 

end of the 12 h bleaching experiment and the lowest at 0.05 after 4 d in the 5 d 

experiment. The lower PSII of the 5 d experiment can be attributed to the longer length 

of exposure to high light and elevated temperature; factors which have been shown to 

induce chronic photoinhibition in corals (Brown et al. 2000, Jones and Hoegh-Guldberg 

2001, Warner et al. 1996, Bhagooli and Hidaka 2004a). Although this experiment 
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demonstrated no difference between 12 h and 5 d experiments, we cannot speculate as to 

whether this same result would occur under different experimental conditions measuring 

other photosynthetic parameters. 

 

The lack of any significant difference between PSII values before and after DPC addition 

for the 12 h (Figure 5.4), 5 d (Figure 5.5) and expelled zooxanthellae (Table 5.2) 

measurements, indicates that there was an adequate supply of electrons from the OEC to 

PSII that matched the rate of electron flow beyond PSII. In these cases, DPC was not 

required to donate electrons to PSII, as the OEC was not impaired. As both in hospite and 

expelled zooxanthellae showed no damage to the OEC during exposure to bleaching 

stress, we suggest this particular component of the photosynthetic apparatus is not the 

primary site of damage and that the expulsion of zooxanthellae is on a non-selective basis 

with respect to the functioning of the OEC. It should be noted however, that the long-

term operation of the OEC under these conditions may be limited, causing this site to be a 

secondary or tertiary impact site of bleaching conditions. 

 

The loss of PSII photochemical efficiency (Fv/Fm) that was observed during exposure to 

bleaching conditions indicates that the site of impact lies elsewhere, and may indeed be 

the PSII reaction centres as indicated by Warner et al. (1996, 1999), Hill et al. (2004a) 

and Hill and Ralph (2006). This supported the findings of Iglesias-Prieto (1997) who 

demonstrated the initial site of thermal inactivation is on the acceptor side of PSII in 

cultured zooxanthellae. Although we have provided evidence suggesting that the OEC is 
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stable at temperatures which induce coral bleaching, we also aimed to identify the 

temperature where OEC breakdown does occur. 

 

Fast induction curves were used to identify the temperature where OEC inhibition did 

occur, by determining the temperature where the K step appeared. Between seasons, the 

highest temperature where the OEC remained operational (i.e. highest temperature 

without appearance of K step) was between 12 and 13°C above lagoon temperature in 

winter and between 6 and 8°C above lagoon temperature in summer for the three species 

(Figure 5.6). Seasonal acclimatization of corals to the different lagoon temperatures 

results in an increase in the operational thermal threshold of the OEC during the summer. 

In addition, the temperature of OEC breakdown (34°C or 35°C in winter and 35°C or 

37°C in summer, depending on species), is well above the coral bleaching thresholds 

reported by Hoegh-Guldberg (1999). 

 

During a simulated bleaching event, a temperature-dependent increase in the appearance 

of the K step was found, where a rise in water temperature from 25°C to 32°C resulted in 

a gradual shift of K step appearance from 35°C to 39°C over 4 h. This result was 

independent of light intensity, indicating that temperature controls changes in OEC 

sensitivity. Measurements of oxygen production were employed to monitor the 

temperature where OEC breakdown occurred and the speed at which changes in the 

appearance of the K step occur. In control corals, after a 5 min exposure to 34°C, the 

OEC was still operational, as evidenced by the rise in oxygen production. However, after 

exposure to 35°C, inhibition of the OEC occurred resulting in the continuous 
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consumption of oxygen by respiration in the light and no oxygen evolution (Figure 5.7a). 

In bleaching corals, the OEC was functional up to 38°C, although at 39°C, the lack of any 

oxygen production in the light provided further evidence of the inhibition of the OEC at 

this temperature. The elevation of OEC sensitivity well beyond the bleaching threshold of 

corals at Heron Island provides convincing evidence that the OEC is not the primary site 

of photochemical impact during bleaching events. 

 

The strong correlation between chlorophyll a fluorescence and oxygen production 

indicates that the K step is an accurate method of assessing the temperature of OEC 

breakdown, thus supporting the work of Guissé et al. (1995). This work demonstrates the 

capacity for the rapid shift in the temperature of OEC breakdown, highlights its plasticity 

to changes in temperature and its ability to operate under bleaching conditions for at least 

5 d. 

 

5.5 SUMMARY 

 

In summary, the results of this study indicate that the OEC of zooxanthellae remains 

operational at temperatures above bleaching thresholds. This suggests that under the 

current elevated sea surface temperatures which occur in summer, the OEC is not the 

primary site of the photosynthetic apparatus which is compromised. Further research into 

the length of exposure and temperature required to induce breakdown of the OEC will 

demonstrate the potential future susceptibility to extended periods of bleaching 

conditions at temperatures above the current maximum. The OEC may be inhibited if 
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temperatures continue to rise and under such conditions it is important to identify the 

length of time required for the OEC to become compromised. Considering the predictions 

of rising sea surface temperatures (Hoegh-Guldberg 1999), this information will be of 

considerable importance as the thermostability of OEC may be exceeded during future 

bleaching events. 
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CHAPTER 6: 
 
 
TEMPERATURE INDUCED CHANGES IN THYLAKOID MEMBRANE 
THERMOSTABILITY OF CULTURED, FRESHLY ISOLATED AND 
EXPELLED ZOOXANTHELLAE FROM SCLERACTINIAN CORALS 
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6.0 TEMPERATURE INDUCED CHANGES IN THYLAKOID 

MEMBRANE THERMOSTABILITY OF CULTURED, FRESHLY 

ISOLATED AND EXPELLED ZOOXANTHELLAE FROM 

SCLERACTINIAN CORALS 

 

This chapter is currently under review in the Journal of Experimental Marine Biology and 

Ecology: 

 

Hill R, Ulstrup KE, Ralph PJ (in review) Temperature induced changes in thylakoid 

membrane thermostability of cultured, freshly isolated and expelled zooxanthellae from 

scleractinian corals. Journal of Experimental Marine Biology and Ecology 

 

Experimental design, data collection and data analysis was performed by Ross Hill who 

also wrote the paper. Technical assistance and intellectual contributions were made by 

Peter J Ralph (Principal Supervisor). Karin E Ulstrup contributed to the genetic analysis 

of the Symbiodinium samples. Specimen preparation for scanning transmission electron 

microscopy was performed by technicians at The University of Sydney. 

 

6.1 INTRODUCTION 

 

Unicellular dinoflagellate algae, known as zooxanthellae (genus Symbiodinium) reside 

within the endodermal tissue of scleractinian corals (Titlyanov and Titlyanova 2002). 
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This obligate symbiotic relationship is sensitive to environmental changes, such as 

elevated sea temperatures as small as 1-2°C above average (Hoegh-Guldberg 1999). 

Coral bleaching events occur in conjunction with high light intensity, which results in the 

dysfunction of the coral-algal symbiosis, leading to the expulsion of zooxanthellae, as 

well as a reduction in photosynthetic pigments. The measurement of chlorophyll a 

fluorescence is a widely used tool for studying the photosynthetic activity of 

zooxanthellae as it is a rapid, non-invasive method of analysis (Iglesias-Prieto 1995; 

Warner et al. 1996; Jones et al. 1998; Fitt et al. 2001; Jones and Hoegh-Guldberg 2001; 

Hill et al. 2004). Previous studies have indicated that bleaching causes a decline in the 

health of in hospite zooxanthellae (Jones et al. 2000), and much research has 

concentrated on identifying the location of bleaching-associated damage within the 

photosynthetic apparatus. Photosystem II (PSII) has been suggested as the primary site of 

impact (Warner et al. 1999; Hill et al. 2004; Takahashi et al. 2004; Hill and Ralph 2006), 

along with dark-reactions (Jones et al. 1998) and disruption of the thylakoid membrane 

(Iglesias-Prieto et al. 1992; Tchernov et al. 2004). 

 

It is within the thylakoid membrane that chlorophyll is embedded, a photosynthetic 

pigment responsible for light absorption. Damage to the membrane’s integrity has been 

shown to cause the degradation of the entire photosynthetic apparatus (Schreiber and 

Berry 1977). Tchernov et al. (2004) found thermal damage to occur within the membrane 

after 168 h of exposure to bleaching conditions. However, impact to the photosynthetic 

health of zooxanthellae has been shown to occur within several hours by measurements 

of maximum quantum yield (Fv/Fm) (Warner et al. 1996; Hill et al. 2004; Hill et al. 2005). 
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Furthermore, Dove et al. (2006) recently showed results inconsistent with Tchernov et al. 

(2004), suggesting that at the onset of bleaching there is no immediate damage to the 

thylakoid membrane and that the primary site of impact may be elsewhere. 

 

Schreiber et al. (1975) and Schreiber and Berry (1977) developed a bioassay which 

monitors the state of the thylakoid membrane through the measurement of fluorescence-

temperature (F-T) curves. This method involves the measurement of minimum 

fluorescence (Fo) while temperature is ramped at a user-defined speed, generally between 

0.5 and 6°C min-1 (Smillie 1979; Bilger et al. 1984; Seeman et al. 1986; Kuropatwa et al. 

1992; Lazár and Ilik 1997). Analysis of the resulting F-T curve, generates the following 

parameters: the critical temperature (Tc), the temperature of peak fluorescence (Tp), the 

ratio of the initial Fo to the maximum Fo (Finitial/Fmaximum), the temperature at which Fv/Fm 

reaches 50% of its initial (T50) and the temperature at which Fv/Fm reaches zero (T0). 

These have been shown to correlate well to the heat sensitivity of the thylakoid 

membrane in numerous studies on higher plants (Schreiber and Berry 1977; Smillie 1979; 

Raison and Berry 1979; Berry and Bjorkman 1980; Smillie and Gibbons 1981; Monson 

and Williams 1982; Bilger et al. 1984; Nauš et al. 1992; Havaux 1993b) and in one case, 

on a green alga (Kouril et al. 2001). See Figure 6.1 for graphical explanation of all F-T 

curve parameters. 

 

The thermal tolerance of the thylakoid membrane (indicated by Tc) has been shown to 

vary between species of higher plants inhabiting the same environment (Smillie and Nott 

1979; Bilger et al. 1984; Thomas et al. 1986; Havaux et al. 1988). Furthermore, the 
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capacity for rapid acclimation of the thylakoid membranes to changing ambient 

temperatures has been demonstrated (Berry and Bjorkman 1980; Smillie and Gibbons 

1981; Raison et al. 1982; Downton et al. 1984; Havaux 1993b; Lazár and Ilik 1997; 

Kouril et al. 2001). In these studies, shifts in the heat tolerance have been reported where 

the Tc has increased by several degrees Celsius in a matter of hours following exposure to 

elevated temperatures. Seasonal and spatial variation in thylakoid membrane 

thermostability, induced by varying temperatures has also been established through 

measurements of F-T curves (Seeman et al. 1986; Knight and Ackerly 2002). This 

plasticity has been attributed to changes in the composition of the thylakoid membrane 

lipids and proteins (Pearcy 1978; Raison et al. 1982; Hugly et al. 1989; Ivanova et al. 

1993). 

 

Scleractinian corals have been shown to harbour a number of genetically distinct 

zooxanthellae (LaJeunesse 2001; Rodriguez-Lanetty 2003; Ulstrup and van Oppen 2003) 

and attempts have been made to correlate different clades with specific physiological 

traits, although no conclusive parallels have yet been found (Savage et al. 2002). 

However, links between zooxanthellae genotype and light habitat (Rowan and Knowlton 

1995; Rowan et al. 1997), as well as thermal history (Ulstrup et al. 2006a) have been 

revealed for some coral species, where clade C has been shown to be particularly 

widespread and occurring in high light conditions, and clade D in some cases found to 

inhabit corals recently affected by bleaching episodes. These patterns of occurrence of 

zooxanthellae may have implications for susceptibility of corals to bleaching (Ulstrup et 

al. 2006a). 
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This study explored the thermal tolerance of the photosynthetic apparatus, specifically the 

thylakoid membrane, in summer and winter of genetically identified cultured, freshly 

isolated and expelled zooxanthellae. By comparing corals which harboured genetically 

distinct zooxanthellae, we attempted to identify relationships between genotype and 

physiology. 

 

6.2 MATERIALS AND METHODS 

 

6.2.1 Coral specimens 

 

Eight replicate fragments of upper, sun-exposed surfaces of 10 coral species were 

sampled during the Austral summer (January 2005) and winter (July 2005) from Heron 

Island reef flat, Great Barrier Reef, Australia (152°06’E, 23°26’S). The species collected 

were from a depth of 1-2 m and consisted of Acropora millepora (Ehrenberg), Acropora 

nobilis (Dana), Acropora valida (Dana), Cyphastrea serailia (Forskål), Goniastrea 

australensis (Milne Edwards and Haime), Montipora digitata (Dana), Pavona decussata 

(Dana), Pocillopora damicornis (Linnaeus), Porites cylindrica (Dana), and Stylophora 

pistillata (Esper). For the temperature and light manipulated experiments, four replicate 

P. damicornis colonies were also collected. Prior to experimentation, all corals were 

maintained in shaded aquaria (< 100 μmol photons m-2 s-1) at ambient lagoon temperature 

for 2 days. 
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6.2.2 Fluorescence measurements 

 

Coral fragments were air brushed in 15 ml of filtered seawater (using 0.45 μm filter 

paper) to remove zooxanthellae and animal tissue from the skeleton. 10 ml of this 

solution was then filtered through a 20 μm mesh to isolate the zooxanthellae which 

passed through the filter. A freshly isolated zooxanthellae solution was then placed in a 

Water-PAM fluorometer (Walz GmbH, Effeltrich, Germany) cuvette for analysis. A 

custom-made heat exchange chamber, with an internal cavity through which water was 

pumped, was inserted into the Water-PAM cuvette to control the temperature of the 

sample (2.2 ml). The water flowing through the heat exchange chamber was connected to 

a temperature regulated water-bath (Julabo Labortechnik, model EC, Germany) and was 

raised at a user-defined speed. 1°C min-1 was found to be appropriate for these 

experiments (Table 6.1), where any faster rise in temperature (i.e. at 2°C min-1) resulted 

in an over-estimation of the critical temperature and temperature at maximum 

fluorescence (Smillie 1979). A temperature rise of 1°C min-1 was an adequate speed, as 

decreasing the rate of heating to 0.5°C min-1, did not alter the temperature values 

obtained (Table 6.1). The Water-PAM was placed on an oscillating table (set at 

approximately 90 revolutions min-1) to prevented the settling of zooxanthellae and to 

eliminate the formation of a temperature gradient in the solution within the cuvette. A K-

type thermocouple was inserted into the cuvette to monitor the temperature over time on 

a digital thermometer (Fluke, 52 Series II, Washington State, USA). 
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Table 6.1: Effect of heating rate and presence/absence of far-red light on initial Fv/Fm, Tc and Tp of F-T 

curves performed on cultured Symbiodinium sp. (CS-156). Averages ± standard error of mean shown (n = 

6). P values and Tukey’s post hoc comparison tests are shown as superscript letters. 

Light exposure Ramping speed Fv/Fm Tc (°C) Tp (°C) 
Darkness 1°C min-1 0.503 ± 0.006 37.0 ± 0.1 a 43.7 ± 0.7 a 

Far-red 0.5°C min-1 0.504 ± 0.001 36.9 ± 0.2 a 43.8 ± 0.2 a 

Far-red 1°C min-1 0.505 ± 0.004 37.0 ± 0.2 a 42.7 ± 0.4 a 

Far-red 2°C min-1 0.488 ± 0.004 38.9 ± 0.3 b 47.1 ± 0.3 b 

P value 0.069 < 0.001 < 0.001 
 

Once a zooxanthellae sample was placed into the Water-PAM, the recording of minimum 

fluorescence (Fo) began (� > 710 nm), and five minutes of dark-adaptation was given at a 

constant temperature (ambient lagoon temperatures in summer and winter sampling and 

treatment temperature for the manipulative studies). Following this time, a saturating 

pulse was applied and the far-red LED (emission peak at 730 nm) was turned on. The far-

red light served to re-oxidise the electron transport chain, through the excitation of 

Photosystem I (PSI) (Schreiber et al. 1975; Bilger et al. 1984; Knight and Ackerly 2002). 

This is necessary to suppress the fluorescence rise which can occur under hypoxic 

conditions in corals in darkness (Bukhov et al. 1990; Bukhov and Mohanty 1999; 

Yamane et al. 2000), and has been shown to occur in experiments with in hospite 

zooxanthellae (Ulstrup et al. 2005). Although no significant difference was detected 

between the use of far-red and no far-red (Table 6.1), this light source was continued to 

be used in order to prevent any occurrence of dark-induced reduction of the electron 

transport chain between PSII and PSI (Hill and Ralph 2005). The temperature inside the 

cuvette was then raised at a speed of 1°C min-1 and the minimum fluorescence (Fo) was 

measured until a down-turn in Fo was observed (Figure 6.1). The critical temperature (Tc) 

was determined by the intersection of the steady minimum fluorescence (Fo) and the 
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subsequent rise in Fo (Schreiber and Berry 1977). The temperature of peak fluorescence 

(Tp) is also indicated on Figure 6.1 (Bilger et al. 1984). Additional parameters suggested 

to be of physiological importance (Smillie and Gibbons 1981; Nauš et al. 1992; Lazár 

and Ilik 1997; Kouril et al. 2001; Knight and Ackerly 2002) include the calculation of the 

initial fluorescence over the maximum fluorescence (Finitial/Fmaximum), the temperature at 

which Fv/Fm reaches 50% of its initial (T50) and the temperature at which Fv/Fm reaches 

zero (T0). For the study performed in summer and winter, saturating pulses were applied 

every two minutes during the measurement of the F-T curve on half of the replicates. 

This was performed in order to calculate T50 and T0. In the remaining replicates, no 

saturating pulses were applied following the initial Fv/Fm measurement, in order to 

calculate Tc and Tp with greater precision and accuracy. 
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Figure 6.1: Representative F-T curve, where the temperature was increased at a speed of 1°C min-1. The 

location of Fo, Fm, Fv/Fm Tc, Tp, Finitial and Fmaximum, are shown. The temperature (°C) is indicated above the 

x-axis and time (min) indicated below. This example is of A. millepora during summer. 

 

6.2.3 Experimental protocol 

 

For the 10 coral species examined, the temperature was raised from 29°C during summer 

and 22°C during winter (ambient lagoon temperatures) at a rate of 1°C min-1 until after Tp 

was reached (Figure 6.1). Additional measurements were performed on the CS-156 

Symbiodinium sp. culture from the Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) microalgae research centre in Hobart, Tasmania, Australia. CS-

156 was isolated from Montipora verrucosa (Lamarck) in Hawaii, USA, and grown in f/2 
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media at 25°C and 40 μmol photons m-2 s-1, with a light to dark ratio of 12:12 h. A 

second dinoflagellate culture, Amphidinium carterae (Hulburt), was also analysed to 

compare its physiological traits to those found in the cultured zooxanthellae. This strain, 

CS-21 (also from CSIRO), isolated in Halifax, Canada, was grown in the laboratory 

under the same conditions as CS-156. 

 

The impact of increased light intensity and elevated temperature on Fv/Fm, Tc and Tp was 

investigated in cultured zooxanthellae, freshly isolated zooxanthellae and expelled 

zooxanthellae from P. damicornis. Cultured zooxanthellae solutions (n = 4) were exposed 

to four treatments (see Table 6.2) for 9 hours, with hourly determinations (0-9 h) of 

Fv/Fm, Tc and Tp. The four treatments were, i) control, ii) high light and low temperature, 

iii) low light and elevated temperature, and iv) high light and elevated temperature (Table 

6.2). Similarly, freshly isolated zooxanthellae from fragments of P. damicornis (n = 4) 

were exposed to four treatments (Table 6.2) for 8 hours, with Fv/Fm, Tc and Tp 

determinations at 0, 1, 2, 4 and 8 h. In addition, Fv/Fm, Tc and Tp of zooxanthellae which 

were expelled under the bleaching conditions of high light and elevated temperature (400 

μmol photons m-2 s-1 and 32°C) after the time periods of 0-1 h, 1-2 h, 2-4 h and 4-8 h 

were measured. Coral fragments had been placed in filtered seawater and the expelled 

zooxanthellae were collected by filtering the aquaria seawater through 0.45 μm filter 

paper after each time interval. Zooxanthellae were isolated by gently brushing the surface 

of the filter paper into 10 ml of filtered seawater. 2.2 ml of the solution was then placed 

into the Water-PAM for analysis. The same fragments were then returned to the 
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experimental aquaria with filtered seawater to collect expelled zooxanthellae for the next 

time interval. 

 

Table 6.2: Light intensity (μmol photons m-2 s-1, provided by halogen lights, Portable Floodlight, FL200, 

Arlec Lighting) and temperature (°C) of the four experimental treatments (control (low light and low 

temperature), high light + low temperature, low light + elevated temperature and high light + elevated 

temperate) for the cultured and freshly isolated zooxanthellae samples. 

Cultured zooxanthellae 
Freshly isolated 
zooxanthellae 

Treatment Light intensity 
(μmol photons m-

2 s-1) 

Temp. 
(°C) 

Light intensity 
(μmol photons m-

2 s-1) 

Temp. 
(°C) 

Control 40 25 100 22 
High light + low temp. 400 25 400 22 
Low light + elevated temp. 40 32 100 32 
High light + elevated temp. 400 32 400 32 
 

6.2.4 Genetic identification of zooxanthellae 

 

Upon completion of fluorescence measurements, a sub-sample of the original isolated 

zooxanthellae solution were centrifuged to a pellet and stored frozen (-80°C) for 

subsequent genetic identification. Zooxanthella DNA was extracted using the DNeasy 

tissue extraction kit (Qiagen, USA) according to the manufacturer’s protocol. In order to 

distinguish between zooxanthella strains the ribosomal DNA internal transcribed spacer 1 

(ITS1) region was amplified as described in van Oppen et al. (2001). A forward primer 

fluorescently labelled with TET enabled detection of sequence variation using single 

stranded conformation polymorphism (SSCP) (Sunnucks et al. 2000) and the 

GelScan2000 system (Corbett Research, Australia). PCR (polymerase chain reaction) 

products mixed with formamide gel-loading dye (Sambrook et al. 1989) were denatured 
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for 3 min at 95°C and immediately snap-cooled on ice. 1 μL of each sample was loaded 

onto a 4% non-denaturing TBE-polyacrylamide gel (van Oppen 2004) and run on the 

Gelscan2000 (Corbett Research). PCR products that resulted in different SSCP profiles 

were re-amplified using a non-labelled forward primer and purified using ExoSAP-IT 

(USB, USA) and subsequently sequenced. Samples containing multiple DNA templates 

were cloned using the TOPO® Cloning Kit (Invitrogen). Colony inserts were re-

amplified using rDNA ITS1 primers for SSCP analysis and subsequent purification was 

performed on products with matching SSCP profiles to those of the original sample. 

Samples were sent to Macrogen (Korea) for sequencing and results were compared to 

existing sequences stored in GenBank (www.ncbi.nlm.nih.gov). In samples where 

multiple DNA templates were present, the genotype corresponding to the brightest band 

on the SSCP gel was classified as the dominant genotype. 

 

Following zooxanthellae genetic identification, correlations between clusters of corals 

harbouring the same genotype of zooxanthellae and derived fluorometric parameters were 

tested. 

 

6.2.5 Scanning transmission electron microscopy 

 

Cultured zooxanthellae suspensions (CS-156) of 18 ml were ramped from 25°C to 45°C 

at 1°C min-1 with 2 ml aliquots extracted at 25, 32, 35, 36, 37, 38, 39, 40 and 45°C. Upon 

extraction, samples were immediately centrifuged at 2000 x g for 1 min and fixed in 

0.1M sodium cacodylate buffer (in 0.22 μm filtered seawater, pH = 8.2) and 4% 
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glutaraldehyde for 1 h at room temperature. Pellets were rinsed in a series of three, 10 

min, 0.1M sodium cacodylate buffer solutions, followed by secondary fixing in 2% OsO4 

for 1 h at room temperature. After rinsing in two, 10 min, distilled water solutions, 

samples were dehydrated in a series of ascending acetone solutions, of 50, 70, 80, 90, 95 

and 100%. Samples were then infiltrated overnight in a 1:1 solution of Spurr’s 

resin:acetone and subsequently infiltration by 100% Spurr’s resin for 24 h. A microtome 

(Ultracut T, Leica, Vienna, Austria) was used to section samples at 130 nm in thickness 

and these were viewed on a scanning transmission electron microscope (Quanta 200, FEI 

Company, Oregon, USA). 

 

6.2.6 Statistical analysis 

 

One-way analysis of variance (ANOVA) and Tukey’s post hoc multiple comparison tests 

(� = 0.05) were used to detect significant differences between variables and to identify 

the location of these difference. The Kolmogorov-Smirnov normality test and Levene’s 

homogeneity of variance test were used to identify if the assumptions of the parametric 

one-way ANOVAs were satisfied. If these assumptions were not met, arcsine (Fv/Fm and 

Finitial/Fmaximum) and log10 (Tc, Tp, T50 and T0) transformations were performed. All 

analyses were carried out using the SPSS statistical software package (version 11.0.0, 

2001, Chicago, Illinois, USA). 
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6.3 RESULTS 

 

The Fv/Fm, Tc, Tp, Finitial/Fmaximum, T50 and T0 parameters for each of the 10 coral species 

studied during summer and winter are shown in Table 6.3. During both seasons, 

significant differences were found between the 10 species in each of the six calculated 

parameters as indicated by the superscript letters (Tukey’s post hoc multiple comparisons 

test). Three distinct groups were identified from the Fv/Fm data in both summer and 

winter seasons, where A. millepora and A. valida were grouped with the highest values, 

M. digitata was placed in the group with the lowest Fv/Fm, while the other species 

generally fell between these two groups (Table 6.3). In summer, the 10 coral species fell 

into two distinct Tc groups (P < 0.001), the first with an average of 37.3°C and the second 

with an average of 39.5°C. In winter this distinct grouping was less apparent with the 

presence of three groups and overlapping occurring between them (P < 0.001; Table 6.3). 

The parameter Tp, separated the 10 species into three groups in summer and four groups 

in winter (P < 0.001). No common trend in these delineations could be detected in both 

summer and winter. The final three parameters of Finitial/Fmaximum, T50 and T0 also 

separated the 10 species into several different groups, none of which were constant 

between the two seasons (Table 6.3). The T0 values were further analysed to determine if 

they differed from the Tp values. In 80% of all cases there was no significant difference 

found between T0 and Tp for each species in summer and winter. The 20% which did not 

follow this trend were P. cylindrica in summer and G. australensis, P. damicornis and P. 

cylindrica in winter (where P < 0.05). 
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Variation for each species between summer and winter were also investigated and 

significant differences are indicated by an asterisk (*), which is shown next to the highest 

value, whether it be in winter or summer for that species (Table 6.3). Five of the 10 

species studied (A. valida, P. decussata, P. damicornis, S. pistillata and P. cylindrica) 

showed a higher Fv/Fm in summer compared to winter. Tc was higher in all species in 

summer than in winter and this same trend was reflected in five of the 10 species with 

respect to Tp. The parameter Finitial/Fmaximum showed little variation between summer and 

winter sampling, with the only difference being higher values in G. australensis and M. 

digitata in winter. Significantly higher T50 and T0 were only found in summer for several 

species examined (Table 6.3). 

 

Table 6.3 (see page 151): The Fv/Fm, Tc, Tp, Finitial/Fmaximum, T50 and T0 parameters for each of the 10 coral 

species studied during summer and winter, as well as for cultured Symbiodinium sp. and A. carterae. Coral 

species are grouped by zooxanthellae genotype. Superscript letters indicate variation between species and 

show the groups into which they fall within each season for each parameter (determined by Tukey’s post 

hoc test where � = 0.05. The P value is shown at the bottom of each list of species). Asterisk (*) indicates 

differences between summer and winter for each species and each parameter and is shown on the 

significantly higher value (� = 0.05). Averages ± standard error of mean shown (n = 8). 
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The DNA templates of 76 samples out of a total of 81 samples were successfully 

amplified. Five samples did not yield adequate PCR amplification product for further 

SSCP analysis (Table 6.4). Genetic identification of zooxanthellae revealed a highly 

diverse assemblage across the 10 species examined. Zooxanthellae encompassing 3 

clades (A, C and D) were observed. Within clade A and D there was one representative 

genotype (GenBank Accession nos. AF380513 and AY457958, respectively) and within 

clade C there was three representative genotypes, C1, C2 and C•, sensu van Oppen et al. 

(2001) and van Oppen et al. (2005) (GenBank Accession nos. AF380551, AY758477.1 

and AY327054, respectively). Six out of 10 species of corals examined harboured only 

one strain, where C. serailia, P. damicornis, P. decussata and S. pistillata harboured C1 

and P. cylindrica and M. digitata harboured C•. A. nobilis harboured C• in all samples 

but also clade A in 6 of 8 samples. In 4 of these samples clade A dominated. In A. valida, 

all samples harboured C2 but again, also clade A (dominantly) in 3 samples. A. millepora 

harboured C1 and C2 simultaneously in all samples. Bands corresponding to the two 

genotypes appeared equally strong in all samples. Finally, present in G. australensis were 

all three clade C genotypes as well as clade D. C1, C2 and D co-dominated in 4 samples 

were as C• and C1+C2 dominated in 2 samples each, respectively (Table 6.4). 
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Table 6.4: Coral species, sample number (n) and observed SSCP genotype frequency (f) of clade A, C (C1, 

C2 and C•) and D (fA, fC1, fC2, fC• and fD, respectively). Dominance is given where multiple types were 

harboured simultaneously. 

 n fA fC1 fC2 fC• fD Dominance (n) 
A. nobilis 8 6 - 8 - - A(4), C2(4) 
A. valida 7 3 - 7 - - A(3), C2(4) 
C. serailia 8 - 8 - - - C1 
P. decussata 8 - 8 - - - C1 
P. damicornis 6 - 6 - - - C1 
S. pistillata 7 - 7 - - - C1 
M. digitata 8 - - - 8 - C• 
P. cylindrica 7 - - - 7 - C• 
A. millepora 8 - 8 8 - - C1+C2(8) 
G. australensis 8 - 6 6 3 5 C•(2), C1+C2(2), C1+C2+D(4) 
 

Table 6.3 includes the results from the cultured zooxanthellae (Symbiodinium sp., CS-

156) and the other dinoflagellate species (A. carterae). Both cultures were grown under 

the same conditions, although all parameters were significantly higher (P < 0.05) in the 

A. carterae culture. The zooxanthellae culture (CS-156) was found to belong to clade C 

(Table 6.4) corresponding with the results of Carlos et al. (1999) and Baillie et al. (2000). 

 

Scanning transmission electron micrographs of the CS-156 culture were obtained during 

a temperature ramp of 1°C min-1 (speed of the F-T curves) at 25, 30, 35, 36, 37, 38, 39, 

40 and 45°C (Figure 6.2). The organised stacking pattern of the thylakoid membrane was 

found in zooxanthellae cells from 25-36°C (Figure 6.2A-D). Some disruption to this 

membrane occurred at 37°C (Figure 6.2E) as distinguished by a loss of the clear stacking 

pattern. At temperature above this, from 38-45°C (Figures 2F-I), a complete loss of 

structural integrity was found. 
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Figure 6.2: Representative scanning transmission electron micrographs of Symbiodinium sp. cells from 

CS-156 at 25°C (A), 30°C (B), 35°C (C), 36°C (D), 37°C (E), 38°C (F), 39°C (G), 40°C (H) and 45°C (I) 

during a temperature ramp of 1°C min-1.  

 

The response of Fv/Fm, Tc and Tp of cultured zooxanthellae to high light and temperature 

conditions is shown in Figure 6.3. Under control conditions (Figure 6.3A), no significant 

changes were observed in any of the three parameters over the 9 h of the experiment (P > 

0.96 in all cases) with averages of Fv/Fm remaining at 0.509, Tc at 37.3°C and Tp at 
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43.9°C. Similar results were obtained for Tc and Tp in the high light and low temperature 

treatment (Figure 6.3B), although in this case the Fv/Fm significantly dropped from 0.526 

at 0 h to a minimum of 0.391 over the 9 h period (P < 0.001). Figure 6.3C shows the 

results from the low light and elevated temperature treatment, where Fv/Fm declined from 

0.510 at 0 h to a minimum of 0.419 over the experimental period (P < 0.001), although 

no further significant decreases were found after 4 h. Tc increased sharply by 5.1°C over 

the first 4 h from 37.4°C at 0 h to a maximum of 42.5°C in this treatment (P < 0.001), 

and Tp showed a similar response, with a rise of 2.4°C from 44.1°C to 46.5°C (P = 

0.021), becoming constant after 3 h. In the high light and elevated temperature treatment 

(Figure 6.3D), Fv/Fm showed the greatest decline, with a significant decrease (P < 0.001) 

occurring from 0 h (0.512) to 5 h (0.372), after which time it remained steady. For Tc and 

Tp, significant rises occurred from 36.6°C and 44.1°C at 0 h to 42.0°C and 47.2°C, 

respectively (P < 0.001). For both parameters, no significant changes occurred following 

the 4 h sampling period and the increases equate to 5.4°C for Tc and 3.1°C for Tp (Figure 

6.3D). 
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Figure 6.3: Fv/Fm (open 

squares), Tc (closed circles) 

and Tp (closed triangles) of 

cultured zooxanthellae 

exposed to control 

conditions (A) of low light 

(40 μmol photons m-2 s-1) 

and low temperature (25°C), 

high light and low 

temperature (B; 400 μmol 

photons m-2 s-1 and 25°C), 

low light and elevated 

temperature (C; 40 μmol 

photons m-2 s-1 and 32°C), 

and high light and elevated 

temperature (D; 400 μmol 

photons m-2 s-1 and 32°C) 

from 0-9 h. The temperature 

(°C) is indicated on the left 

y-axis and Fv/Fm on the right 

y-axis. Averages ± standard 

error of mean shown (n = 4). 
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A similar experiment was performed on freshly isolated zooxanthellae from P. 

damicornis (Figure 6.4). Under control conditions (Figure 6.4A) no changes in Fv/Fm, Tc 

or Tp were detected over time (P = 0.581, 0.979 and 0.614, respectively). Under high 

light and low temperature conditions (Figure 6.4B), the Tc and Tp parameters remained 

unchanged over time (P = 0.981 and 0.748, respectively), although Fv/Fm did 

significantly decrease (P = 0.008) from the 0 h time interval (0.608) to a plateau from 4 

to 8 h (minimum Fv/Fm = 0.465). In contrast, no significant change in Fv/Fm was found in 

the low light and elevated temperature treatment (P = 0.197; Figure 6.4C). Under these 

experimental conditions Tc increased by 4.5°C from 0 h (where Tc = 37.5°C) to 4 and 8 h 

(where Tc = 42.0°C). A parallel rise in Tp (P = 0.049) was also seen from 46.6°C at 0 h to 

a constant value of 48.2°C at 4 and 8 h (Figure 6.4C). Upon exposure to high light and 

elevated temperature (equivalent to bleaching conditions), the Fv/Fm, Tc and Tp of freshly 

isolated zooxanthellae from P. damicornis all significantly changed (P < 0.001 in all 

cases; Figure 6.4D). Fv/Fm declined from 0 h (where Fv/Fm = 0.598) to 2 h (where Fv/Fm = 

0.452), after which there was no further significant drop, although the minimum Fv/Fm 

was 0.395 at 8 h. Both Tc and Tp showed a similar trend over the 8 h exposure period, and 

increased from 37.6°C and 45.8°C, respectively, at 0 h to reach a maximum by 4 and 8 h 

(42.7°C and 48.2°C, respectively). Under these bleaching conditions, the three 

parameters showed the greatest change over the experimental time period for freshly 

isolated zooxanthellae, with Fv/Fm decreasing by 0.203 units, Tc increasing by 5.1°C and 

Tp increasing by 2.2°C (Figure 6.4D). 
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Figure 6.4: Fv/Fm (open 

squares), Tc (closed circles) 

and Tp (closed triangles) 

of freshly isolated 

zooxanthellae from P. 

damicornis exposed to 

control conditions (A) of 

low light (100 μmol photons 

m-2 s-1) and low temperature 

(22°C), high light and low 

temperature (B; 400 μmol 

photons m-2 s-1 and 22°C), 

low light and elevated 

temperature (C; 100 μmol 

photons m-2 s-1 and 32°C), 

and high light and elevated 

temperature (D; 400 μmol 

photons m-2 s-1 and 32°C) at 

time intervals of 0, 1, 2, 4 

and 8 h. The temperature 

(°C) is indicated on the left 

y-axis and Fv/Fm on the right 

y-axis. Averages ± standard 

error of mean shown (n = 4). 
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In a subsequent experiment, zooxanthellae expelled from P. damicornis corals exposed to 

bleaching conditions, were collected and analysed to determine their Fv/Fm, Tc and Tp for 

the time intervals 0-1 h, 1-2 h, 2-4 h and 4-8 h (Figure 6.5). At these four time intervals 

Fv/Fm was not found to significantly change (P = 0.474) and the overall Fv/Fm average 

was 0.467. The Tc and Tp parameters showed corresponding trends and significantly 

increased (P < 0.001 and = 0.007, respectively) from the 0-1 h time interval (38.6°C and 

44.4°C, respectively) up until the 2-4 h and 4-8 h time intervals which were the same. Tc 

increased by 3.2°C to reach a maximum of 41.8°C and Tp increased by 3.9°C to reach a 

maximum of 48.3°C (Figure 6.5). 
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Figure 6.5: Fv/Fm (open squares), Tc (closed circles) and Tp (closed triangles) of expelled zooxanthellae 

from P. damicornis exposed to the bleaching conditions of 400 μmol photons m-2 s-1 and 32°C. 

Measurements were taken at the time intervals of 0-1 h, 1-2 h, 2-4 h and 4-8 h. The temperature (°C) is 

indicated on the left y-axis and Fv/Fm on the right y-axis. Averages ± standard error of mean shown (n = 4). 
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6.4 DISCUSSION 

 

The thermostability of zooxanthellae thylakoid membranes was determined through 

measurements of F-T curves, which monitor the response of chlorophyll a fluorescence 

upon rapid heating of the cells (Schreiber et al. 1975; Schreiber and Berry 1977). Since 

chlorophyll molecules are embedded in this membrane, the measurement of fluorescence 

emissions allows for an assessment of thylakoid integrity. Calculation of the critical 

temperature (Tc) provided a sensitive indicator to the temperature at which permanent 

membrane breakdown occurred, as confirmed by scanning transmission electron 

micrographs of the CS-156 culture (Figure 6.2). This demonstrated that the structural 

integrity of the thylakoid membrane remained intact until temperatures above 37°C 

(Figures 2A-E). Higher temperatures (Figures 2F-I) resulted in the loss of the organised 

stacking pattern in this membrane, which is essential for efficient photosynthetic 

function. This provided clear evidence of the correlation between Tc (found to be 37.1°C 

for CS-156; Table 6.3) and thylakoid membrane integrity. 

 

The study performed in summer and winter (Table 6.3) revealed variation in thylakoid 

thermostability between coral species and a shift in each species’ tolerance throughout 

the year. In summer, two distinct groups were identified in the 10 coral species, based on 

Tc. Havaux et al. (1988) attributed differences in thermostability to the species being 

studied, although the biochemical basis for inter-species variation when a group of 

species all exist in the same environment has not been found (Hugly et al. 1989). 
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Here, the symbiont population within each coral host was genetically identified (Table 

6.4). Significant differences in Tc, Tp, Finitial/Fmaximum, T50 and T0 were found between the 

10 species studied in both summer and winter and associations with zooxanthellae 

genotype were investigated. Considerable genetic variation in zooxanthellae communities 

examined was found between and within coral species. This study investigated coral 

colonies from a very narrow environmental range (i.e. Heron Island reef flat) and by 

examining a wider area, an even higher genetic diversity of zooxanthellae may be found. 

These results suggest that previous studies (LaJeunesse et al. 2003) have underestimated 

the diversity and abundance of zooxanthellae at Heron Island. LaJeunesse et al. (2003) 

performed genetic analyses on nine of the ten coral species studied in this experiment and 

found all symbionts belonged to clade C, which conflicts with the wide diversity of 

zooxanthellae types found in this study (Table 6.4). 

 

In this study, it was not possible to conclusively correlate zooxanthellae genotype to any 

parameter of thylakoid thermostability (see Table 6.3) and therefore it is suggested that 

the host may play a role in influencing zooxanthellae thermostability and acclimation 

(Yakovleva and Hidaka 2004). Tissue thickness and mass-transfer efficiency were 

suggested by Loya et al. (2001) to explain mortality patterns following a bleaching event. 

In our data, the two Tc groups in summer (Table 6.3) can be divided by host 

susceptibility, as defined by Loya et al. (2001), where those species in the higher Tc 

group  are more bleaching tolerant and those in the lower Tc group, more sensitive, with 

the exception of P. damicornis. 
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In order to assess the similarity of zooxanthellae to other dinoflagellates, the thermal 

properties of the thylakoid membrane were compared between cultures of Symbiodinium 

sp. and A. carterae (Table 6.3). It was found that while being grown under the same 

conditions, large variations can exist between these two species of dinoflagellate. The 

results from this comparison revealed that zooxanthellae thylakoid membranes are 

significantly less thermo-tolerant than those of A. carterae. Nevertheless, the critical 

temperature of Symbiodinium sp. and A. carterae were + 12.1°C and + 14.4°C, 

respectively, above the growth temperature of 25°C, highlighting the robustness of the 

photosynthetic membrane of both dinoflagellate species. 

 

In all coral species, a higher Tc value was obtained in summer (Table 6.3) and this can be 

attributed to acclimation of the corals to the higher sea temperatures at that time of year. 

Similar seasonal shifts in thylakoid membrane sensitivity have been reported in a number 

of higher plants (Seeman et al. 1986; Knight and Ackerly 2002). The Tc found for both 

winter and summer were several degrees Celsius above the mean sea temperatures for 

both summer and winter, respectively. In summer, the sea temperature was approximately 

29°C for the period of the study, although the Tc for the 10 species ranged from 36.9°C to 

39.7°C. Again in winter, the sea temperature was around 22°C, although the Tc varied 

between 32.5°C and 38.2°C. This clearly demonstrates the plasticity of the 

photosynthetic membrane and it highlights the degree of tolerance which the thylakoid 

can withstand under stressful conditions. On Heron Island reef, situated in the southern 

Great Barrier Reef, bleaching threshold of corals may be below 30°C (Hoegh-Guldberg 

1999), although it is important to note that this threshold does vary geographically 
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(Berkelmans and Willis 1999; Hoegh-Guldberg 1999; Berkelmans 2002; Ulstrup et al. 

2006a). During summer, when coral bleaching can potentially affect large areas of Heron 

Island reef (Jones et al. 2000), the thylakoid membrane will have increased its 

thermostability, therefore it is unlikely this membrane is the primary site of bleaching 

impact within the photosynthetic apparatus of zooxanthellae. 

 

The other parameters of heat sensitivity from the F-T curves also showed similar 

responses between summer and winter (Table 6.3), although their sensitivity was less 

apparent than Tc. In some species, Tp, T50 and T0 showed an increase in heat tolerance 

during summer, a response also observed in higher plants (Seeman et al. 1986; Knight 

and Ackerly 2002). In two species studied, G. australensis and M. digitata, Finitial/Fmaximum 

was lower in summer compared to winter. Nauš et al. (1992) and Lazár and Ilik (1997) 

showed that this parameter declines with an increase in thermostability, thus confirming 

the seasonal shift observed towards a more tolerant threshold in corals during summer. 

 

Half of the species studied (A. valida, P. decussata, P. damicornis, S. pistillata and P. 

cylindrica) showed higher Fv/Fm values in during summer compared to winter (Table 

6.3). This result is in contrast to Warner et al. (2002), who showed an opposite trend, 

where Fv/Fm was lower in three species of Montastraea during summer months. Here, it 

is proposed that this disparity is due to the different pre-sampling conditions of the corals. 

Warner et al. (2002) conducted PAM fluorometry measurements within a matter of hours 

following collection. In this case, the light history of the coral branches would still be 

reflected in the Fv/Fm results. A lower Fv/Fm would be expected due to the higher light 
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intensities encountered during summer. In comparison, our study provided the corals with 

two days of acclimation to low light intensities (< 100 μmol photons m-2 s-1) thus 

allowing the zooxanthellae adequate time for recovery from stressful field light 

intensities during summer. The higher Fv/Fm in five of the 10 species in this study during 

summer may be a result of more optimal water temperatures of 29°C rather than 

potentially sub-optimal temperatures around 22°C during the winter survey (Coles and 

Jokiel 1977; Iglesias-Prieto et al. 1992). 

 

To further explore the capacity for rapid acclimation of the thylakoid membrane to 

elevated temperatures, cultured zooxanthellae and P. damicornis fragments were exposed 

to bleaching conditions, and changes in Fv/Fm, Tc and Tp were monitored over time. This 

allowed for an analysis of the vulnerability of this membrane to bleaching conditions and 

the results concurred with previous studies indicating the large capacity for plastic 

acclimation of thylakoid thermo-tolerance (Berry and Bjorkman 1980; Smillie and 

Gibbons 1981; Raison et al. 1982; Downton et al. 1984; Havaux 1993b; Lazár and Ilik 

1997; Kouril et al. 2001). These three parameters were chosen for analysis as Tp and T0 

were shown to be the same in 80% of cases and therefore both parameters were 

unnecessary, and Finitial/Fmaximum and T50 showed low sensitivity between species and 

season (Table 6.3). Similarly, Smillie and Nott (1979), Havaux et al. (1988) and Havaux 

(1993b) also found Tc and Tp to be sensitive measures of thylakoid thermal tolerance and 

were used extensively in their comprehensive studies. 
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In cultured (Figure 6.3) and freshly isolated zooxanthellae from P. damicornis (Figure 

6.4), similar responses in the thermostability of the thylakoid membrane were found. In 

both cases, an increase in thermal tolerance (in the elevated temperature treatments; 

Figure 6.3C, 6.2D, 6.3C and 6.3D) occurred from 0 h to 4 h, after which no further 

change occurred. This result highlights the plasticity and rapid capacity for acclimation of 

the membrane (by 4 h) in response to rising ambient temperatures (Berry and Bjorkman 

1980; Smillie and Gibbons 1981; Raison et al. 1982; Downton et al. 1984; Havaux 

1993b; Lazár and Ilik 1997; Kouril et al. 2001). It also suggests that alterations in the 

membranes’ sensitivity to heat is temperature dependent, but light independent, as no 

changes were found in the high light and low temperature treatments (Figure 6.3B and 

6.4B). Thus, it can be concluded that zooxanthellae have the ability to increase the 

tolerance of their thylakoid membranes when exposed to stressful temperatures. In 

comparison, Schreiber and Berry (1977) did find light-induced changes to the state of the 

thylakoid membrane between treatments where light intensity varied by up to four orders 

of magnitude. However, the light intensities used in our study varied by less than one 

order of magnitude, and may have been insufficient to cause similar irradiance-based 

alterations in Tc. 

 

The high light and elevated temperature treatment (Figure 6.4D) was equivalent to 

bleaching conditions for the P. damicornis fragments, and the freshly isolated 

zooxanthellae had a significantly reduced Fv/Fm, indicating a loss of photochemical 

efficiency in PSII (Schreiber 2004). In contrast to this decline in PSII functionality which 

has been well documented in corals under bleaching stress (Warner et al. 1996; Hill et al. 
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2004a), the Tc and Tp parameters showed an increase, indicating an enhancement of 

thylakoid thermostability. This suggests that zooxanthellae respond to bleaching 

conditions by enhancing the thylakoid membrane thermostability, although dysfunction 

to photosynthesis does occur, as evidenced by the decline in Fv/Fm. Our results are 

inconsistent with Tchernov et al. (2004), who suggested that coral bleaching is initiated 

due to a breakdown of the thylakoid membrane. Here, it is proposed that the thylakoid 

membrane is not the primary site of impact during coral bleaching events, and that 

instead, an increase in thylakoid heat tolerance occurs in zooxanthellae under elevated 

temperature conditions. 

 

In addition to monitoring freshly isolated zooxanthellae, those that were expelled under 

bleaching conditions were also collected and analysed (Figure 6.5). Previous studies have 

shown expelled zooxanthellae to be photosynthetically competent (Ralph et al. 2001; 

Bhagooli and Hidaka 2004b; Ralph et al. 2005a) and here we aimed to determine the 

thermostability of these expelled zooxanthellae in order to compare them with those 

which remained in hospite. It is important to note that the freshly isolated zooxanthellae 

are considered to be representative of the zooxanthellae within the host tissue (Santos et 

al. 2001). No change in Fv/Fm occurred over time (0-8 h) and an average value of 0.467 

was obtained. Ralph et al. (2005a) found an average effective quantum yield (PSII; 

quantum yield measured in the light without dark-adaptation) of 0.38 for expelled 

zooxanthellae of P. damicornis. The difference of 0.087 units can be attributed to the 

variation found between measurements of PSII and Fv/Fm, where the former was 

measured in the light and the latter following dark-adaptation (Schreiber 2004). Similar 
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responses were found for Tc and Tp in the expelled zooxanthellae over time, to those 

found in the cultured and freshly isolated zooxanthellae exposed to high light and 

elevated temperature (Figure 6.3D and 6.4D, respectively). This further demonstrates that 

the plasticity and capacity for thermal acclimation of the thylakoid membrane in expelled 

zooxanthellae are equally as efficient as those that remain in hospite. 

 

The variation observed between summer and winter measurements of thylakoid thermo-

tolerance, as well as inter-species differences and changes in response to altering ambient 

temperature, have been attributed to the composition of the lipids and proteins within the 

membrane (Pearcy 1978; Raison et al. 1982; Hugly et al. 1989; Ivanova et al. 1993). 

Future research is needed to investigate the changes in lipid and protein content of the 

thylakoid membranes of zooxanthellae during exposure to elevated temperature 

conditions. 

 

6.5 SUMMARY 

 

The fluorescence-temperature curve technique was used to measure the critical 

temperature (Tc) at which irreversible damage to the thylakoid membrane occurred. The 

accuracy of this technique was confirmed through the collection of scanning transmission 

electron micrographs which demonstrated the clear relationship between Tc and thylakoid 

membrane degradation. Analysis of 10 coral species showed a decline in Tc from summer 

to winter. A diverse range of genetically distinct zooxanthellae were identified in the 

hosts of the 10 coral species, although no correlations between genotype and 
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physiological response were found. Cultured zooxanthellae were also exposed to a series 

of light and temperature treatments over 9 h, as were fragments of Pocillopora 

damicornis for 8 h. The isolated zooxanthellae from these fragments, as well as the 

cultured zooxanthellae, showed a rise in Tc from approximately 37°C to 42°C under 

elevated temperature conditions. No change in Tc was found under high light treatments 

indicating that changes in the thermostability of the thylakoid membrane was temperature 

dependent, but light independent. Under bleaching conditions, the thermostability of the 

thylakoid membrane increased within 4 h by 5.1°C, to a temperature far above bleaching 

thresholds, in both freshly isolated zooxanthellae from P. damicornis, as well as 

photosynthetically competent zooxanthellae expelled under these conditions. The 

increase in thermostability of the thylakoid membrane in cultured, freshly isolated and 

expelled zooxanthellae exposed to bleaching stress, suggests it is not the primary site of 

impact during coral bleaching events. 
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7.0 POST-BLEACHING VIABILITY OF EXPELLED 

ZOOXANTHELLAE FROM THE SCLERACTINIAN CORAL 

POCILLOPORA DAMICORNIS 

 

This chapter is inserted without abstract as published in Marine Ecology Progress Series: 

 

Hill R, Ralph PJ (2007) Post-bleaching viability of expelled zooxanthellae from the 

scleractinian coral Pocillopora damicornis. Marine Ecology Progress Series 352: 137-

144 

 

Experimental design, data collection and data analysis was performed by Ross Hill who 

also wrote the paper. Technical assistance and intellectual contributions were made by 

Peter J Ralph (Principal Supervisor). 

 

7.1 INTRODUCTION 

 

Symbiotic, dinoflagellate algae (zooxanthellae, genus Symbiodinium) reside in the 

endodermal tissue of coral hosts where they provide energy in the form of photosynthate 

to their mutualistic partner. In return, the animal supplies the zooxanthellae with 

metabolic and respiratory by-products, and protection (Titlyanov and Titlyanova 2002). 

This symbiotic relationship is at risk due to global climate change, which is resulting in a 

warming of the oceans at a rate of approximately 1-2°C per century (Hoegh-Guldberg 
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1999). The sensitivity of corals to this change is leading to an increase in the frequency, 

intensity and extent of mass coral bleaching events around the world (Hoegh-Guldberg 

1999). These events occur during periods of elevated seawater temperatures, in 

combination with intense solar radiation (Brown 1997) and can be characterised by the 

expulsion of zooxanthellae, as well as a reduction in the concentration of photosynthetic 

pigments (Hoegh-Guldberg and Smith 1989; Szmant and Gassman 1990; Fitt et al. 1993). 

 

The process by which zooxanthellae are expelled from the animal may be through host 

cell detachment (Gates et al. 1992; Brown et al. 1995) or exocytosis (Brown et al. 1995) 

and it is generally believed this expulsion is a result of lost photosynthetic performance 

by the zooxanthellae. A number of photosynthetic sites of impact have been suggested 

(Iglesias-Prieto et al. 1992; Warner et al. 1996; Iglesias-Prieto 1997; Jones et al. 1998; 

Warner et al. 1999; Hill et al. 2004a; Takahashi et al. 2004; Tchernov et al. 2004; 

Yakovleva and Hidaka 2004; Hill and Ralph 2006). It has also been suggested the coral 

host plays an important, if not primary (Bhagooli and Hidaka 2004b), role in determining 

the sensitivity of the holobiont to bleaching conditions with susceptibility and chance of 

mortality being dependent upon the combined physiological responses of both partners 

(Ralph et al. 2001; Bhagooli and Hidaka 2004a; Bhagooli and Yakovleva 2004). 

 

Once zooxanthellae are removed from the host, they enter an aqueous environment and 

are subjected to major ionic shock (Goiran et al. 1997). Interestingly, freshly isolated 

zooxanthellae of several coral species have been shown to survive and remain healthy for 

at least 24 h (Bhagooli and Hidaka 2003). However, the fate of expelled zooxanthellae 



Chapter 7 172 

under bleaching conditions is currently unresolved. Previous research has demonstrated 

that upon expulsion, zooxanthellae are initially photosynthetically competent (Ralph et al. 

2001). This was supported by Bhagooli and Hidaka (2004b) who found no difference in 

the photochemical efficiency of photosystem II (PSII) between freshly isolated and 

expelled zooxanthellae of a bleaching coral. These authors also classified a large 

proportion of the zooxanthellae released under bleaching conditions as healthy-looking 

zooxanthellae (Titlyanov et al. 1996, 2001). Further work by Ralph et al. (2005a) showed 

that the health of expelled zooxanthellae varied depending on the coral species, the time 

of expulsion and the location within the host from where they were expelled (sun or 

shaded region). In contrast to these studies, Franklin et al. (2004, 2006) using an alternate 

estimate of cell viability concluded that non-functional symbionts were expelled from 

Stylophora pistillata during bleaching events with cells displaying a degraded 

ultrastructure with disorganised cellular contents and permeable membranes. The length 

of exposure of corals to bleaching conditions has been suggested to explain these 

divergent results (Franklin et al. 2004, 2006), and here we test the effect of time on 

expelled zooxanthellae viability. 

 

Recovery of corals from bleaching events involves the re-population of the host tissue 

with healthy zooxanthellae. The source of these dinoflagellates may be from division of 

residual photosynthetically healthy zooxanthellae still within the tissue or from the 

environment (Hayes and Bush 1990; Jokiel and Coles 1990; Buddemeier and Fautin 

1993; Fitt et al. 1993; Jones and Yellowlees 1997). Evidence of the potential for infection 

of the host tissue from the surrounding environment comes from juvenile corals of host 
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species that do not transmit zooxanthellae vertically and whose eggs do not contain 

zooxanthellae (Richmond and Hunter 1990). These juvenile corals may acquire 

zooxanthellae from a number of sources, including the water column (Jokiel and Coles 

1990), from corals releasing zooxanthellae (Hoegh-Guldberg et al. 1987; Stimson and 

Kinzie 1991), from the sediment (free-living strain used in Carlos et al. 1999), from 

faecal material of fish and nudibranchs which prey on zooxanthellae-containing 

cnidarians (Muller-Parker 1984), or from direct contact with other healthy corals 

(Franzisket 1970). This provides support for the potential uptake of zooxanthellae by 

adult corals following a bleaching event. In addition, corals have been found to associate 

with a range of zooxanthellae types (Rowan and Knowlton 1995; LaJeunesse 2001; van 

Oppen et al. 2001) and changes in the genetic composition of the symbiont community 

have been found in coral hosts following bleaching events. This may be a result of a shift 

in the abundance of zooxanthellae types already harboured by the host (Baker 2003; 

Berkelmans and van Oppen 2006), or may indicate an uptake of new zooxanthellae 

clades from the environment, which has been shown in sponges (Hill and Wilcox 1998), 

giant clams (Belda-Baillie et al. 1999), anemones (Kinzie et al. 2001) and octocorals 

(Lewis and Coffroth 2004), but not convincingly (see Hoegh-Guldberg et al. 2002) in 

scleractinian corals (Baker 2001). 

 

Although the capacity for corals to recover after a bleaching event depends on many 

factors (such as species, length of bleaching event and its intensity) (McClanahan 2004), 

a high proportion of affected corals have shown signs of recovery once temperatures drop 

back to the optimal range (Wilkinson 2002; Coles and Brown 2003). It is therefore 
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important to understand the fate of those zooxanthellae that are expelled, because if they 

have the potential to survive in the long-term, independent of the host, they may 

contribute to a stock of zooxanthellae available for re-infection following a bleaching 

event. This is the first study to investigate the post-bleaching viability of expelled 

zooxanthellae in the water column over several days. Photosynthetic health and 

morphological condition were assessed on zooxanthellae expelled from Pocillopora 

damicornis sub-colonies exposed to moderate bleaching conditions. Zooxanthellae were 

collected after four different time intervals following the onset of bleaching and were 

maintained in three different temperature treatments to determine their capacity for 

survival in the water column. 

 

7.2 MATERIALS AND METHODS 

 

7.2.1 Coral specimens 

 

The coral species Pocillopora damicornis (Linnaeus) was collected from Heron Island 

lagoon located on the southern Great Barrier Reef of Australia (152°06’E, 23°26’S) 

during January 2007. Four replicate sub-colonies (i.e. fragments of a coral colony 10 cm 

in diameter) were maintained in shaded aquaria (< 100 μmol photons m-2 s-1) at ambient 

lagoon temperature (28°C) for approximately 2 days prior to experimentation. 
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7.2.2 Experimental protocol 

 

Sub-colonies of P. damicornis were placed in 5 L beakers in 0.45 μm filtered seawater 

and held in a temperature controlled water bath (Julabo, EC, Labortechnik, Germany) at 

28°C. The seawater in each beaker was aerated with two bubblers to ensure adequate 

water circulation and gas exchange. Corals were exposed to 400 μmol photons m–2 s–1 

from halogen lights (Portable Floodlight, FL200, Arlec Lighting, Victoria, Australia) and 

the temperature ramped over 6 h to 32°C, which is an ecologically relevant rate for Heron 

Island lagoon (Jones and Hoegh-Guldberg 2001). After 12 h illumination at 32°C, the 

lights were switched off for 12 h and then turned back on. A Diving-PAM (pulse 

amplitude modulated) fluorometer (Walz GmbH, Effeltrich, Germany) with a 6 mm fibre 

optic probe was used to measure the maximum quantum yield (Fv/Fm) (at 24 h) and the 

effective quantum yield (PSII) (at 0, 6, 12 and 36 h) of in hospite zooxanthellae, using a 

0.8 s saturating pulse of > 4500 μmol photons m–2 s–1 (gain = 12). 

 

Zooxanthellae were expelled from the coral tissue during exposure to bleaching 

conditions and four discrete populations were collected at 0-6 h, 6-12 h, 12-24 h and 24-

36 h. Following each collection interval, the coral specimen was returned to fresh filtered 

seawater (0.45 μm) in a new 5 L beaker at 32°C. The suspended expelled zooxanthellae 

were collected on 0.45 μm filter paper and resuspended in 140 ml of fresh filtered 

seawater. Containers of 140 ml in volume were used to house expelled zooxanthellae. 

Each container had three holes approximately 6 cm2 in size covered by 5 μm mesh. This 
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mesh size was effective in preventing the loss of zooxanthellae from the containers, but 

still allowed for water exchange. For each coral replicate, the expelled zooxanthellae at 

each time interval were placed into 3 containers. One container was placed into an 

aquarium of seawater maintained at 28°C, one at 30°C and the other at 32°C. 

Submersible pumps in each aquarium continually circulated the containers to ensure 

adequate water and gas exchange. Irradiance of 100 μmol photons m–2 s–1 was applied to 

all three treatments on a 12:12 light:dark ratio. 

 

Upon collection of the four expelled zooxanthellae populations, a 3 ml sample was placed 

in a Water-PAM fluorometer (Walz GmbH, Effeltrich, Germany) cuvette. A saturating 

pulse was applied (0.6 s and > 3000 μmol photons m–2 s–1) as soon as the fluorescence 

signal became steady, which took less than 10 s (photo-multiplier gain was between 18 

and 30). To avoid changes in cell density, this sample was returned to the holding 

container following the fluorescence measurement. Subsequently, measurements of 

zooxanthellae density per ml and percentage of healthy-looking zooxanthellae and 

degraded zooxanthellae was performed. These fluorescence and visual assessments were 

repeated before the light was switched off each evening (19:00 h) and before the light 

was turned on each morning (07:00 h). Therefore 07:00 h fluorescence measurements 

were maximum quantum yield (Fv/Fm) due to overnight dark-adaptation, while 19:00 h 

measurements were effective quantum yield (PSII), as they were exposed to light over 

the day. 
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7.2.3 Characterisation of expelled zooxanthellae condition 

 

The number of healthy-looking zooxanthellae (Hz) and degraded zooxanthellae (Dz) in 

each of the four populations was determined at regular intervals over the experimental 

period using a light microscope (x 400). Characterisation of Hz and Dz was performed 

following the description by Titlyanov et al. (1996, 2001) and Bhagooli and Hidaka 

(2004b), where Hz were brown in colour, circular and with an intact cell wall. Dz were 

orange to dark brown in colour with an irregular shape, without a cell wall and less than 

half the size of Hz. For each replicate (n = 4), the visual characteristics of 15 cells were 

recorded and the average number of Hz was determined. 

 

7.2.4 Zooxanthellae density determinations 

 

In hospite zooxanthellae cell density (cm-2) was measured prior to temperature ramping, 

and after 36 h of exposure to bleaching conditions. Coral fragments were air brushed in 

10 ml of filtered seawater (0.45 μm) to remove coral tissue from the skeleton. The slurry 

was centrifuged at 1000 x g for 10 mins and the pellet re-suspended in 10 ml of filtered 

seawater and homogenised. Eight replicate cell counts were performed using a 

haemocytometer under a light microscope (x 200) and cell density was determined per 

cm2, following coral surface area calculations using the paraffin wax technique (Stimson 

and Kinzie 1991). The expelled zooxanthellae density in each container was measured 

using the same technique on a haemocytometer with cell density per ml calculated from 

eight replicate counts. 
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7.2.5 Statistical analysis 

 

Repeated-measures analysis of variance (rmANOVA) was used to identify changes in 

Fv/Fm and PSII of in hospite and expelled zooxanthellae and of the percentage of healthy-

looking zooxanthellae, over the time of the experiment (� = 0.05). At each sampling 

period one-way ANOVA tests were performed to identify any differences between the 

three temperature treatments. Tukey’s post hoc comparisons were employed to detect the 

location of any significant changes over time or between treatments (� = 0.05). To 

determine if the assumptions of the parametric ANOVA tests were satisfied, the 

Kolmogorov-Smirnov normality test and Levene’s homogeneity of variance test were 

used. The SPSS statistical software (version 14.0.0, 2001, Chicago, Illinois, USA) was 

used to perform these analyses. 

 

7.3 RESULTS 

 

A significant decline in PSII of the in hospite zooxanthellae was found over the length of 

the experiment (P = 0.002) (Figure 7.1). The PSII gradually decreased from 0.67 while 

the coral was held at 28°C, to 0.44 after 12 h at 32°C. Following the dark period from 12-

24 h Fv/Fm was determined and had not significantly changed from the previous PSII 

measurement, although after 36 h, which included a further 12 h of light, the PSII had 

dropped to 0.20. Prior to temperature ramping, the in hospite zooxanthellae density was 

3.17 x 106 cm-2 (± 0.44) and by 36 h this had reduced to 0.64 x 106 cm-2 (± 0.19). 
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Figure 7.1: Maximum or effective quantum yield of in hospite (bars) and expelled (circles) zooxanthellae 

of Pocillopora damicornis during experimental treatment. Effective quantum yield measurements were 

taken prior to temperature ramping, once the temperature reached 32°C (0 h) and at 6, 12 and 36 h. 

Maximum quantum yield measurements were taken at 24 h following overnight darkness. The top bar 

indicates the temperature regime (white = 28°C, grey = ramp, black = 32°C) and the second bar indicates 

the light regime (white = light, black = dark) over the experiment. Light intensity = 400 μmol photons m–2 

s–1. Averages ± S.E. of mean shown (n = 4). Letters indicate statistically distinct groups of in hospite 

zooxanthellae measurements from Tukey’s post hoc comparison tests. 

 

The Fv/Fm and PSII of the expelled zooxanthellae populations is shown in Figure 7.2. 

The zooxanthellae expelled between 0-6 h (Figure 7.2a) had an initial PSII of 0.37. In all 

temperature treatments there was a significant decline in Fv/Fm and PSII up to 96 h (P 

values < 0.001). At 12 h, the zooxanthellae in the 28°C treatment had a higher PSII than 

those at 32°C, with the 30°C treatment falling into both groups (P = 0.009). This also 
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occurred for measurements of Fv/Fm at 24 and 48 h (P = 0.010 and 0.041, respectively). 

At the other time intervals, no significant differences were found between the three 

temperature treatments (P values > 0.05). By 72 h the Fv/Fm of the zooxanthellae in the 

30°C and 32°C treatments had reached zero, and by 96 h this also occurred in the 28°C 

treatment. 

 

Zooxanthellae expelled between 6-12 h after reaching 32°C (Figure 7.2b) also showed a 

steep decline in Fv/Fm and PSII following expulsion in all temperature treatments (P 

values < 0.001). Throughout the remainder of the experimental period, all three 

temperature treatments were found to be similar (P values > 0.1), except at 36 h where 

the 28°C treatment was significantly higher than the others (P = 0.008). By 72 h, the 

zooxanthellae in the 30°C and 32°C treatments had reached a Fv/Fm of zero, as did the 

28°C treatment by 96 h. 

 

The population of zooxanthellae expelled from the coral during the dark period (between 

12-24 h) (Figure 7.2c), had an initial Fv/Fm of 0.52. After 12 h of light, the PSII all three 

temperature treatments was between 0.01 and 0.05 and did not recover (P values < 

0.001). The 32°C treatment reached an Fv/Fm of zero at 48 h, the 30°C treatment at 72 h 

and the 28°C treatment at 96 h, although no significant differences were found between 

any of the three temperature treatments at each time interval (P values > 0.05). 
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Figure 7.2: Maximum or effective 

quantum yield of expelled 

zooxanthellae in each of the four 

populations: 0-6 h (a), 6-12 h (b), 12-24 

h (c) and 24-36 h (d). The effective 

quantum yield was measured at 6, 12, 

36, 60 and 84 h, while maximum 

quantum yield was measured at 24, 48, 

72 and 96 h. Therefore the first data 

points in (a), (b) and (d) are effective 

quantum yield, while the first data point 

in (c) is maximum quantum yield. 

Measurements on zooxanthellae from 

the 28°C (�), 30°C (�) and 32°C (�) 

treatments are shown from the time of 

expulsion up until 96 h. The bar 

indicates the light regime over the 

experiment (white = light, black = 

dark). Light intensity = 400 μmol 

photons m–2 s–1 during initial expulsion 

and 100 μmol photons m–2 s–1 at other 

time periods. Averages ± S.E. of mean 

shown (n = 4). 
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In the final zooxanthellae population collected between 24-36 h (Figure 7.2d), the PSII 

upon collection was 0.15. By 48 h, Fv/Fm had dropped to 0.01 in all temperature 

treatments (P values < 0.001). Following this time, both Fv/Fm and PSII of the 30°C and 

32°C treatments remained at zero. Although the 28°C treatment reached an Fv/Fm of zero 

at 96 h, no significant differences between the three temperature treatments was found at 

each time interval (P values > 0.05). 

 

Following Fv/Fm and PSII measurements, the number of healthy-looking zooxanthellae 

(Hz) and degraded zooxanthellae (Dz) in each of the four populations was monitored 

over time, based on visual assessments of cell characteristics (Figure 7.3). For all four 

expelled zooxanthellae populations, 0-6 h (Figure 7.3a), 6-12 h (Figure 7.3b), 12-24 h 

(Figure 7.3c) and 24-36 h (Figure 7.3d), a gradual, significant decline in the percentage of 

Hz occurred in all three temperature treatments over time (P values < 0.001). In addition, 

following the initial collection of expelled cells, the number of Hz was always highest in 

the 28°C treatment, followed by the 30°C treatment, and then the 32°C treatment. 

 

In the 0-6 h population (Figure 7.3a), 98% of the expelled zooxanthellae were initially 

categorised as Hz, 97% in the 6-12 h population (Figure 7.3b), 92% in the 12-24 h 

population (Figure 7.3c) and 74% in the 24-36 h population (Figure 7.3d). In all 

populations similar trends were observed in the reduction of Hz over time. After 96 h, the 

28°C treatments had between 29-32% of Hz, the 30°C treatments had 17-21% of Hz in 

the population, and the 32°C treatments had 10-13% of zooxanthellae classified as Hz.  
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Figure 7.3: Percentage of healthy-

looking zooxanthellae in the four 

expelled zooxanthellae populations: 0-6 

h (a), 6-12 h (b), 12-24 h (c) and 24-36 

h (d). The percentage of healthy-

looking zooxanthellae from the 28°C 

(�), 30°C (�) and 32°C (�) treatments 

are shown from the time of expulsion 

up until 96 h. The bar indicates the light 

regime over the experiment (white = 

light, black = dark). Light intensity = 

100 μmol photons m–2 s–1.  Averages ± 

S.E. of mean shown (n = 4). 
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Zooxanthellae density within the containers was measured when expelled zooxanthellae 

were collected and compared to the density at 96 h in each of the three temperature 

treatments (Table 7.1). Upon collection, the average cell density in each population 

varied between approximately 15.4 and 16.8 x 106 ml-1. By 96 h the number of 

zooxanthellae in each population had declined, with the lowest density in the 32°C 

treatments (2.5-5.0 x 106 ml-1), followed by the 30°C treatments (3.0-6.5 x 106 ml-1) and 

then the 28°C treatments (5.5-10.5 x 106 ml-1). 

 

Table 7.1: Zooxanthellae density (x 106 ml-1) for each of the four expelled zooxanthellae populations (0-6 

h, 6-12 h, 12-24 h and 24-36 h) from the time of expulsion (initial) to the final measurement (final). 

Averages ± S.E. of mean shown (n = 4). 

 Density of expelled zooxanthellae populations (x 106 ml-1) 
Treatment 0-6 h 6-12 h 12-24 h 24-36 h 

Initial 16.8 ± 4.8 16.1 ± 2.2 15.4 ± 4.1 15.5 ± 3.7 
Final 28°C 7.0 ± 4.4 5.5 ± 1.5 6.5 ± 2.9 10.5 ± 6.5 
 30°C 6.5 ± 2.6 5.0 ± 0.5 3.0 ± 0.6 6.5 ± 4.5 
 32°C 5.0 ± 2.4 3.5 ± 0.9 2.5 ± 0.5 5.5 ± 2.9 
 
 

7.4 DISCUSSION 

 

The post-bleaching viability of expelled zooxanthellae was determined in four 

populations of expelled zooxanthellae released at different time intervals. A sub-sample 

of each population was placed in one of three different temperature treatments upon 

collection in order to ascertain the capacity for long-term survival of zooxanthellae 

outside of the host under different temperature conditions. This is the first study of its 

kind to monitor the longevity and survivorship of expelled zooxanthellae and has also 
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contributed to the knowledge on the functional status of expelled zooxanthellae during 

thermal bleaching episodes. 

 

The host coral showed signs of bleaching through the decline in symbiont density and the 

reduction in PSII photosynthetic efficiency as the length of exposure to elevated 

temperature and high light increased (Figure 7.1). The �PSII of in hospite zooxanthellae 

was higher than that of expelled zooxanthellae at 6, 12 and 36 h (Figure 7.2). This 

indicates that under bleaching conditions (elevated temperature and high light) the 

expelled zooxanthellae from the coral P. damicornis have a lower PSII photosynthetic 

efficiency than those in hospite. However, at the 24 h mark, following 12 h of darkness, 

there was no significant difference in Fv/Fm between the expelled and in hospite 

zooxanthellae populations, indicating similar photochemical efficiencies. 

 

This suggests that during bleaching conditions, greater photodamage occurs to 

zooxanthellae in the expelled population. Whether this damage is manifested prior to 

expulsion, or once exposed to the vastly different physical and chemical conditions of the 

water column (Goiran et al. 1997), is unclear from these results. However, the response 

of the zooxanthellae following the dark period revealed that those retained within the host 

tissue experienced a similar degree of photosynthetic impairment to those expelled 

(Figure 7.1 and 7.2c). This suggests that during thermal bleaching events, light is the 

driving force behind the loss of PSII photochemical efficiency and cell viability in 

zooxanthellae expelled into the water column. The relatively high Fv/Fm value for the 

expelled zooxanthellae population at 24 h indicates that cells which are able to inhabit a 
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low light environment (such as the sediment) would have greater potential for long-term 

survival on the reef, as their photosynthetic capacity is higher than those expelled during 

light exposure. The importance of light in the survivorship of expelled zooxanthellae is 

further supported by the rises in PSII photochemical efficiency (and subsequent falls) 

observed after the 12 h dark periods in the 28°C, 0-6 h population (Figure 7.2a). 

 

Upon collection of expelled symbionts at each time interval, the Fv/Fm and �PSII values 

provided evidence of photochemical activity (Figure 7.2). In addition, the morphological 

characteristics of these cells suggested that the majority of them were in a functional state 

(Figure 7.3). This provides support for the results of Ralph et al. (2001, 2005a) and 

Bhagooli and Hidaka (2004b) who demonstrated the viability of these expelled symbionts 

during simulated bleaching events. However, soon after expulsion these cells gradually 

began to degrade (Figure 7.3) and quickly lost their ability to photosynthesise with PSII 

photochemical efficiency falling dramatically within 12 h following collection in all post-

bleaching temperature treatments (Figure 7.2). Franklin et al. (2004) concluded that 

expelled zooxanthellae were removed by the host as they had died and degenerated in 

hospite. This was based on measurements of plasma membrane integrity and the chlorotic 

nature of the zooxanthellae cells from the coral Stylophora pistillata. In contrast to that 

conclusion, we have shown here that it is not until after initial expulsion into the water 

column that zooxanthellae begin to degrade. Possible reasons for these conflicting results 

include the different host corals used, which can respond differently to bleaching 

conditions, where the proportion of healthy zooxanthellae expulsion can vary with time 

(i.e. the frequency of healthy cells expelled from S. pistillata may be different to P. 



Chapter 7 187 

damicornis; Ralph et al. 2005a), or that there were differences in the speed of cell 

viability assessment following expulsion. If it were the latter, the results of Franklin et al. 

(2004) would correlate well with our results as PSII photochemical efficiency and 

morphological condition were quickly lost after initial expulsion. 

 

The capacity for expelled zooxanthellae photosynthetic survival was found to depend on 

the time of expulsion from the host following the onset of bleaching conditions, as well 

as the water temperature to which these zooxanthellae were exposed to following 

expulsion (Figure 7.2). Those expelled earlier had a photosynthetic longevity which 

outlasted those expelled later during the bleaching treatment. This supports the findings 

of Ralph et al. (2005a) who showed that the highest frequency of photosynthetically 

healthy zooxanthellae are expelled within the first few hours of bleaching in P. 

damicornis. Here, we found the healthiest population of zooxanthellae were those 

expelled between 0-6 h in the 28°C, with the unhealthiest in the 24-36 h population held 

at 32°C. Although the samples held at 28°C were healthier for longer, than those at 30°C, 

followed by 32°C, measurements of PSII photochemical efficiency and morphological 

condition revealed that this was short-lived with the maximum length of survival being 5 

days. The increase in PSII photochemical efficiency in the 0-6 h population at 28°C 

following periods of darkness, suggests that the light exposure (100 μmol photons m–2 s–

1) was a significant contributor to the photosynthetic degradation of cells (Bhagooli and 

Hidaka 2003). It therefore follows that if expelled zooxanthellae were to inhabit a lower 

light environment, survivorship may well be improved. 
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Following the single cell measurements of Ralph et al. (2001), Bhagooli and Hidaka 

(2004b) recognised the importance of assessing the morphological condition of the 

population of expelled zooxanthellae, as well as determining their PSII photosynthetic 

efficiency. Here we found PSII photosynthetic efficiency and percent of Hz followed 

similar trends, although the speed of decline in �PSII was much greater than the decline in 

the proportion of Hz. By 5 days, all treatments had an Fv/Fm of zero (Figure 7.2), yet, the 

percent of Hz varied between 10-32% (Figure 7.3). This decline in cellular structural 

integrity was the probable cause for the considerable loss of symbionts over time in the 

holding containers (Table 7.1), as the 5 μm mesh would have contained the intact cells, 

but allowed for the exit of degraded zooxanthellae particles. A possible reason for the 

disparity in the rate of decline in Fv/Fm and �PSII and the loss of Hz may be that measures 

of PSII photochemical efficiency are a more sensitive index of cellular damage than 

morphology, or that the photosynthetic apparatus of zooxanthellae is more vulnerable to 

bleaching conditions than other cellular components. In addition, the site of initial 

photochemical damage may be a single site along the photosynthetic chain of events and 

a visual manifestation of this damage may take longer to appear. For example, the oxygen 

evolving complex (Iglesias-Prieto 1997), PSII reaction centres (Warner et al. 1996, 1999; 

Hill et al. 2004a; Takahashi et al. 2004; Yakovleva and Hidaka 2004; Hill and Ralph 

2006) and dark-reactions (Jones et al. 1998) have been proposed as impact sites. These 

forms of sub-cellular damage would be reflected in measurements of Fv/Fm and �PSII, but 

could not be detected through the light microscopy techniques also used here. Cells may 

have appeared intact, whereas this may not have been entirely correct with regards to 

photochemical reactions in the chloroplasts. Further work is required into the degradation 
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of cellular components as a secondary or knock-on affect, which becomes clear after the 

initial impact. 

 

7.5 SUMMARY 

 

These results suggest the long-term viability of expelled zooxanthellae in the water 

column is limited to a matter of days. The length of zooxanthellae survival is dependent 

on timing of expulsion and subsequent water temperatures and light intensity. If seawater 

temperatures drop to normal summer-time levels shortly after the onset of bleaching, 

expelled zooxanthellae will have a greater chance of survival. Photosynthetic efficiency 

of PSII was found to decline much faster than the visible structural integrity of the cells, 

and after 5 days the potential for survival seemed lost. Unless zooxanthellae have the 

capacity to survive in other environments of coral reefs (such as the sediment), then their 

ability to act as a source of symbionts for re-infection following a bleaching event, seems 

minimal. 
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IMPACT OF BLEACHING CONDITIONS ON THE COMPONENTS OF 
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8.0 IMPACT OF BLEACHING CONDITIONS ON THE 

COMPONENTS OF NON-PHOTOCHEMICAL QUENCHING IN THE 

ZOOXANTHELLAE OF A CORAL 

 

This chapter is inserted without abstract as published in the Journal of Experimental 

Marine Biology and Ecology: 

 

Hill R, Frankart C, Ralph PJ (2005) Impact of bleaching conditions on the components of 

non-photochemical quenching in the zooxanthellae of a coral. Journal of Experimental 

Marine Biology and Ecology 322: 83-92 

 

Experimental design, data collection and data analysis was performed by Ross Hill who 

also wrote the paper. Technical assistance and intellectual contributions were made by 

Cécile Frankart and Peter J Ralph (Principal Supervisor). 

 

8.1 INTRODUCTION 

 

Corals contain symbiotic, unicellular dinoflagellate microalgae, called zooxanthellae, 

which are responsible for converting light energy into chemical energy that is used for 

CO2 fixation and other assimilatory reactions. These dinoflagellate microalgae provide an 

energy source for the coral host, however this symbiosis is highly susceptible to extreme 

environmental conditions (Marshall and Baird 2000) and anthropogenic impacts (Jones 
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and Hoegh-Guldberg 1999; Bruno et al. 2001). In recent years, coral bleaching has 

become a worldwide phenomenon (Brown et al. 1996; Hoegh-Guldberg 1999) and is 

characterised by the release of zooxanthellae from the coral host and/or a reduction in the 

photosynthetic pigment concentration in zooxanthellae. There are numerous factors 

which are responsible for these events, of which high temperatures and intense light are 

major contributors (Hoegh-Guldberg 1999; Jones et al. 2000; Fitt et al. 2001). 

Determining the impact of these factors on the physiology of the zooxanthellae is an 

essential step in the understanding the mechanisms and processes involved in coral 

bleaching. 

 

Light is the energy source driving photosynthesis, yet in the tropical coral reef 

environment the amount of light energy available can exceed the amount that can be used 

for carbon fixation. This can lead to increased production of damaging reactive oxygen 

species (ROS) as by-products of photosynthesis (Müller et al. 2001) and in extreme 

cases, can lead to photooxidative damage of the photosystems (photoinhibition) (Niyogi 

1999). Corals are constantly subject to a changing light environment and in order to 

maintain maximum rates of photosynthesis at all light levels and to avoid damage by 

overexcitation, zooxanthellae must be able to regulate incoming excitation energy 

(Falkowski et al. 1990). Photochemical (qP) and non-photochemical quenching (NPQ) 

are processes which balance light utilisation, where photochemical quenching reflects the 

relative rate of charge separation at photosystem II (PSII) reaction centres while non-

photochemical quenching is a measure of the thermal dissipation of the excess absorbed 

excitation energy (Johnson et al. 1993; Horton and Ruban 1994). NPQ has been shown to 
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play an important role in the dissipation of excesses energy under bleaching conditions 

(Warner et al. 1996; Hill et al. 2004b). 

 

A number of different physiological mechanisms are known to be involved in NPQ of 

chlorophyll a fluorescence. Three major processes have been distinguished by monitoring 

the relaxation kinetics of the total NPQ signal (Demmig-Adams and Winter 1988; Horton 

and Hague 1988; Quick and Stitt 1989; Walters and Horton 1991; Johnson et al. 1993; 

Frankart et al. 2003). These NPQ components are energy-dependent quenching (qE), 

related to the build-up of a transthylakoid pH-gradient (Demmig-Adams and Winter 

1988; Müller et al. 2001), quenching due to state transition (qT), a NaF-sensitive process 

involving the uncoupling of light-harvesting complexes (LHCs) from PSII RCs (Williams 

and Allen 1987; Haldrup et al. 2001; Müller et al. 2001) and photoinhibitory quenching 

(qI), which results in long-term photodamage to the photosynthetic apparatus (Krause 

1988). 

 

The distinguishing feature of qE is that it is a feedback control mechanism, induced under 

conditions in which absorbed light intensity is greater than what can be used by 

photosynthetic electron transport (Krieger et al. 1992). Whenever light absorption 

exceeds the capacity for CO2 fixation, the accumulation of protons in the thylakoid lumen 

results in thermal dissipation of absorbed energy via the pigment antenna of PSII 

(Krieger et al. 1992). This dynamic form of photo-regulation is dependent on the 

energisation of the thylakoid membrane or more specifically, the transthylakoid pH 

gradient (�pH) formed upon illumination. This gradient can relax very quickly, from 
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seconds to minutes (Demmig-Adams et al. 1989). During induction of qE, the build-up of 

a �pH (the acidification of the thylakoid lumen) activates the synthesis of a xanthophyll 

pigment, diatoxanthin, which is specific to dinoflagellates (Demmig-Adams and Adams 

1993; Rmiki et al. 1996). 

 

The ability of higher plants and algae to vary the distribution of excitation energy 

between their two photosystems, so as to maximise the overall efficiency of 

photosynthesis is linked to qT quenching (state transitions). This phenomenon was first 

recognised by Bonaventura and Myers (1969) and Murata (1969) who showed that 

exposure to light that was predominantly absorbed by PSII resulted in a redistribution of 

excess excitation energy from PSII to PSI (photosystem I), while exposure to light 

preferentially absorbed by PSI, prevented such a transfer. State transitions are thought to 

be due to the rearrangement of chlorophyll-protein complexes that result from 

phosphorylation of the LHCs associated with PSII RCs (Williams and Allen 1987; 

Haldrup et al. 2001). This component of NPQ has been shown to relax over a period of 

minutes upon darkening (Horton and Hague 1988; Demmig-Adams et al. 1989). 

 

Photoinhibitory quenching (qI) remains after dissipation of the �pH (qE) and state 

transitions (qT) and it relaxes very slowly, from tens of minutes to hours (Demmig-

Adams et al. 1989). It has been attributed to a range of processes including PSII 

inactivation, PSII damage and quenching in the antenna pigments. Under photoinhibitory 

conditions it has been shown that the main site of photodamage is the PSII reaction centre 

protein, D1 (Mattoo et al. 1984; Krause 1988; Franklin 1994). 
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The role of the photoprotective mechanisms supplied by NPQ in the zooxanthellae of 

corals exposed to stressful light and temperature conditions was addressed in these 

experiments. Past studies have documented the effect of excess irradiance on NPQ in 

corals, although the impact of both high irradiance and elevated temperatures has not 

previously been investigated. This series of experiments examines the role and 

importance of each NPQ component (qE, qT and qI) during bleaching conditions in the 

coral, Pocillopora damicornis. 

 

8.2 MATERIALS AND METHODS 

 

8.2.1 Experimental procedure 

 

The species of coral investigated was Pocillopora damicornis (Linnaeus) collected from 

Heron Island lagoon in the southern Great Barrier Reef of Australia (152º06'E, 20º29'S). 

Fluorescence emissions were detected using a Mini-PAM fluorometer (Walz, GmbH, 

Effeltrich, Germany) and the NPQ components were determined by analysis of relaxation 

kinetics upon addition of DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) and 

darkening as described by Horton and Hague (1988). 

 

Prior to experimentation, the corals were maintained at 25˚C and at a light intensity of 

200 μmol photons m-2 s-1, provided by a halogen lamp (12V 150W with UV blocking 

filter), for two months. Four replicate colonies were used in each of the three treatments, 

as well as the controls. The three treatments consisted of high-light (475 μmol photons m-
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2 s-1 and 25˚C), elevated temperature (225 μmol photons m-2 s-1 and 32˚C) and a 

combination of the both (475 μmol photons m-2 s-1 and 32˚C). The control specimens 

were exposed to 225 μmol photons m-2 s-1 and 25˚C. Measurements were taken after 1, 2, 

4, 6 and 8 h of exposure to the conditions of each treatment. Each measurement was 

destructive due to the addition of DCMU and therefore required separate corals for each 

measurement. A halogen lamp (12V 150W with UV blocking filter) applied the required 

light intensity and the water temperature was maintained using a temperature regulated 

water bath (Julabo Labortechnik F20-MH, Germany). 

 

The fluorescence measurements of the coral required a dark-adaptation period of 10 

minutes (Fo) prior to the application of a saturating pulse (Fm; see Figure 8.1). From these 

values the maximum quantum yield was calculated: 

 

 Maximum quantum yield = (Fm-Fo)/Fm = Fv/Fm (Schreiber 2004) Equation 8.1 

 

Actinic light was then applied until the fluorescence reached steady state (after about 6 

mins). The actinic light intensity for the control and elevated temperature treatment was 

225 μmol photons m-2 s-1, while for the high-light and high-light plus elevated 

temperature treatments, it was 475 μmol photons m-2 s-1. Once steady state was reached 

another saturating pulse was applied (Fm’) in order to determine the total NPQ (Figure 

8.1). 

 

NPQ = (Fm-Fm’)/Fm’ (Schreiber 2004)    Equation 8.2 
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After reaching steady state fluorescence, DCMU was added to make a final concentration 

of 10-5 M (Figure 8.1). The quenching of the fluorescence signal was monitored and upon 

reaching a plateau (FE), qE could be determined. DCMU inhibits the formation of the 

�pH across the thylakoid membrane by taking the place of the electron donor side on QB. 

The rise in fluorescence once DCMU was added, therefore monitors the relaxation of the 

�pH formed during the application of the actinic light, thus measuring the relative 

amount of qE, as a proportion to the total NPQ. qE was calculated as: 

 

 qE = (FE-Fm’)/Fm’       Equation 8.3 

 

After reaching FE, the actinic light was turned off and saturating pulses were applied at 

intervals of 30 s until the Fm’ values became constant (after about 15 minutes) (FT; Figure 

8.1). The application of actinic light induced state transitions by causing the 

photophosphorylation of the antenna associated with PSII RCs. Turning off the actinic 

light allowed the relaxation of this mechanism and the antennas moved back to PSII RCs. 

The FT value was therefore a measurement of the relative amount of qT, as a proportion 

of the total NPQ. qT was calculated as: 

 

 qT = (FT-FE)/Fm’       Equation 8.4 

 

To confirm the presence of qT, NaF was added to the media supporting the coral (0.05 

M). NaF inhibits the phosphatase enzyme which is responsible for connecting the antenna 
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to the RCs (Walters and Horton 1991). Therefore, the presence of qT in Pocillopora 

damicornis was confirmed as the variation between FE and FT was almost completely 

removed upon the addition of NaF (data not shown). The remaining difference between 

FT and Fm was therefore attributed to qI which is also a measure of D1 protein 

degradation (Figure 8.1). 

 

 qI = (Fm-FT)/Fm’       Equation 8.5 

 

These three components are complementary to the total NPQ: 

 

 qE + qT + qI = Total NPQ      Equation 8.6 
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Figure 8.1: Chlorophyll fluorescence induction kinetics measured in a control sample. The NPQ 

components are indicated. SP = saturating pulse; AL = actinic light. 
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8.2.2 Statistical Analysis 

 

Repeated measures two-way analysis of variance (rmANOVA) tests were used to 

determine if significant differences were present at each time interval for the control and 

the three treatments (� = 0.05). Tukey’s post hoc comparisons were performed in order to 

detect where significant differences occurred over time. These analyses were performed 

for the maximum quantum yield (Figure 8.2), total NPQ (Figure 8.3) and the NPQ 

component data (Figure 8.4). In these situations, the assumptions of normality and equal 

variance were satisfied, thus allowing for the use of a parametric analysis. The statistical 

analyses were performed using the Statistica (v. 5.5, 1999, USA) statistical software. 

 

8.3 RESULTS 

 

Maximum quantum yield of the controls (225 μmol photons m-2 s-1 and 25˚C) and three 

treatments, high-light (475 μmol photons m-2 s-1 and 25˚C), elevated temperature (225 

μmol photons m-2 s-1 and 32˚C) and a combination of both (475 μmol photons m-2 s-1 and 

32˚C), over 8 h is shown in Figure 8.2. The elevated temperature treatment had no impact 

on the maximum quantum yield in comparison to the control up until the 8 h time interval 

(P > 0.05). The high-light treatment caused an initial decline in maximum quantum yield: 

0.53 after the 1 h treatment (P < 0.05); however after 2 h, no further significant change 

occurred. Maximum quantum yield for the high-light plus elevated temperature treatment 
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significantly decreased from the control to the 8 h time interval and reached a value of 

0.23 (P < 0.01; Figure 8.2). 
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Figure 8.2: Maximum quantum yield for the controls (�; 225 μmol photons m-2 s-1 and 25˚C), the high-

light (
; 475 μmol photons m-2 s-1 and 25˚C), the elevated temperature (	; 225 μmol photons m-2 s-1 and 

32˚C) and high-light plus elevated temperature (�; 475 μmol photons m-2 s-1 and 32˚C) treatments. The 0 h 

control and 1-8 h time periods are plotted. Averages ± standard error of mean are shown (n = 4). 

 

The total non-photochemical quenching (NPQ) for the three treatments over 8 h is shown 

in Figure 8.3. The control samples maintained a NPQ of approximately 1.1 over the 8 h 

in response to the maintenance of 225 μmol photons m-2 s-1 and 25˚C (Figure 8.3). The 
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high-light treatment did not induce significant changes in the amount of NPQ dissipated 

(P > 0.05); however the elevated temperature treatment did cause a gradual, significant 

rise in NPQ (P < 0.05), where it reached approximately 2.4 after the 8 h treatment. The 

combination of the high-light and elevated temperature resulted in an increase in NPQ 

from the control to the 8 h time readings (P < 0.01). This treatment resulted in the 

greatest amount of NPQ and it reached a final value of 3.4 after 8 h. 
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Figure 8.3: Total non-photochemical quenching (NPQ) for controls (�; 225 μmol photons m-2 s-1 and 

25˚C), the high-light (
; 475 μmol photons m-2 s-1 and 25˚C), elevated temperature (	; 225 μmol photons 

m-2 s-1 and 32˚C) and high-light plus elevated temperature (�; 475 μmol photons m-2 s-1 and 32˚C) 

treatments. The 0 h control and 1-8 h time periods are plotted. Averages ± standard error of mean are 

shown (n = 4). 
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The relative proportion of the three components of NPQ, qE, qT and qI, are illustrated in 

Figure 8.4. From 0 h to 8 h, no significant change was found in any of the three 

components of the control treatment (Figure 8.4a; P > 0.05). The contribution of each 

component to the total NPQ varied, where qE contributed the most (approximately 53%, 

17% and 30% for qE, qT and qI respectively). The high-light (Figure 8.4b) and elevated 

temperature (Figure 8.4c) treatments also showed no variation in the proportion of each 

NPQ component over time (P > 0.05). However, the relative contribution of the three 

components in these treatments was different to that of the control. In the high-light 

treatment, on average, qE contributed 60%, qT 20% and qI 20%. In the elevated 

temperature treatment, on average, qE contributed 63%, qT 8% and qI 29%. 

 

The treatment comprising of both high-light and elevated temperature did show a 

significant change in the proportion of each NPQ component contributing to the total 

NPQ in the 6 h and 8 h treatments (Figure 8.4d). From the control to the 4 h treatment, 

the proportion of each NPQ component did not change (60% qE; 20% qT; 20% qI), 

however after this time, the amount of qE declined (40%) and qT increased (40%). This 

response may indicate the susceptibility of qE under bleaching conditions and/or an 

increase in the contribution of qT. Throughout the experimental period, there was no 

change in the proportion of qI for any treatment. 
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Figure 8.4: The contribution of the 

three components of non-

photochemical quenching (qE = black 

columns; qT = light grey columns; qI 

= dark grey columns) to the total non-

photochemical quenching for the 

controls (a; 225 μmol photons m-2 s-1 

and 25˚C), high-light treatment (b; 

475 μmol photons m-2 s-1 and 25˚C), 

the elevated temperature treatment (c; 

225 μmol photons m-2 s-1 and 32˚C) 

and the high-light plus elevated 

temperature treatment (d; 475 μmol 

photons m-2 s-1 and 32˚C). The 0 h 

control and 1-8 h time periods are 

plotted. Averages ± standard error of 

mean are shown (n = 4). 
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8.4 DISCUSSION 

 

Non-photochemical quenching (NPQ) provides a mechanism by which excess absorbed 

light energy can be dissipated over both short (seconds to minutes) and long (tens of 

minutes to hours) time periods (Ruban and Horton 1995). Of the three NPQ components, 

qE dissipates excess energy the quickest (seconds to minutes), followed by qT (minutes) 

and then qI (tens of minutes to hours) (Demmig-Adams et al. 1989). NPQ can protect the 

photosynthetic apparatus from the build up of excessive light energy which can cause 

irreversible photodamage to the photosystems under extreme environmental conditions, 

such as high-light intensities and prolonged, elevated temperatures. Such conditions are 

typical environmental conditions known to induce coral bleaching and NPQ plays a 

critical role in the regulation of absorbed energy (Warner et al. 1996; Hill et al. 2004b). 

 

Within the photosynthetic apparatus, PSII is believed to be the most sensitive component 

and becomes compromised when exposed to environmental conditions beyond its optimal 

range (Davison 1991). The maximum quantum yield gives an indication of the activity 

and efficiency of PSII, where a decline is indicative of down-regulation or 

photoinhibition. A progressive drop in PSII activity over the exposure period was 

observed most markedly in the high-light and elevated temperature treatment (475 μmol 

photons m-2 s-1 and 32˚C; Figure 8.2). Both high-light and elevated temperature are 

required to induce a bleaching response in the corals which results in reduced efficiency 

of PSII (Jones et al. 2000). This confirms that bleaching was induced in corals exposed to 

high-light and elevated temperature conditions, compared to the other two treatments of 
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high-light and elevated temperature, independently. These latter two treatments were not 

sufficiently stressful to cause significant PSII inhibition, especially the elevated 

temperature treatment which had no impact on PSII efficiency (Figure 8.2). The steady 

maximum quantum yield of the control across the 8 h time period indicates that the 

holding conditions during the experimental procedure did not affect the photochemical 

efficiency of the corals. 

 

Under the bleaching conditions of high-light and elevated temperature, NPQ increased 

with longer exposure time (Figure 8.3). This response may be due to a reduced capacity 

for photosynthetic electron transport and an increase in photoprotective responses 

(Demmig-Adams and Adams 1992). This response was less marked in the other 

treatments which showed less NPQ by the 8 h interval (Figure 8.3). This differential 

response highlights the importance of NPQ in corals exposed to bleaching conditions and 

indicates that one or more components of NPQ become particularly important or 

dominant with increasing length of exposure. 

 

The three components of NPQ (qE, qT and qI) were distinguished on the basis of their 

relaxation kinetics (Horton and Hague 1988). These components are representative of 

different physiological processes occurring in the photosynthetic apparatus of the 

zooxanthellae and give an indication to the relative changes in these mechanisms during 

exposure to stressful conditions. 

 



Chapter 8 206 

The proportion of energy dissipated via the qE, qT and qI pathways as a percentage of 

total NPQ remained constant over time in the controls (Figure 8.4a), the high-light 

treatment (Figure 8.4b), as well as the elevated temperature treatment (Figure 8.4c). The 

total amount of NPQ dissipated was not found to significantly change over time for the 

high-light treatment (Figure 8.3) suggesting that the amount of energy dissipated via each 

pathway remained the same. This indicates the requirement for energy dissipation did not 

increase with increasing length of exposure to high-light, nor did any particular NPQ 

component become increasingly significant over time or show any sensitivity to high-

light conditions. 

 

For the elevated temperature treatment, the total NPQ did significantly increase (Figure 

8.3) indicating the amount of energy dissipated by each NPQ component did change with 

increasing length of exposure. In this treatment, the proportion of energy dissipated via 

qT was lower relative to both qE and qI. This suggests that under such conditions, qE was 

capable of dissipating excess energy. This may indicate that without intense light, the qT 

and qI pathways are not induced or activated, or alternatively, under elevated temperature 

conditions, the need to implement the other components was unnecessary. Interestingly, 

no increase in photoinhibition (qI) was observed in both the high-light (Figure 8.4b) and 

the elevated temperature (Figure 8.4c) treatments. This supports the constant maximum 

quantum yield of the elevated temperature treatment (Figure 8.2), where no decline in 

PSII efficiency was found. However, the drop in maximum quantum yield, under intense 

light indicates a decline in the photochemical efficiency of PSII, possibly as a result of 

down-regulation, rather than photodamage (Jones and Hoegh-Guldberg 2001). The 
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steady proportion of qI over time indicates that there was little PSII inhibition occurring 

in this treatment, as the conditions were not sufficiently stressful. 

 

When bleaching conditions (both high-light and elevated temperature) were applied to 

the corals (Figure 8.4d), a progressive increase in the total amount of NPQ dissipated was 

observed with increasing length of exposure (Figure 8.3). The proportional contribution 

of qE to this total NPQ remained similar to the control in the 1, 2 and 4 h treatments. 

After 4 h, the proportion of qE contributing to the total NPQ significantly declined. Two 

possible hypotheses are suggested to explain this trend. After 4 h the maximum capacity 

for qE to dissipate heat may have been reached. As a response, the percentage 

contribution of qE would have declined as total NPQ increased. Alternatively, there may 

have been impacts upon the thylakoid membrane following this 4 h time period, resulting 

in the decline in qE. Bukhov et al. (1999) reported an increase in the proton permeability 

of thylakoids in spinach leaves exposed to stressful light and temperature conditions. A 

similar effect may have occurred in the zooxanthella thylakoid membrane upon 4 h 

exposure to bleaching conditions. This could limit the ability for energy dissipation via 

qE due to the lack of a �pH gradient. As a consequence, the excess absorbed energy 

would be dissipated via the qT or qI pathways. 

 

Under bleaching conditions, it is possible that an increase in qT occurred as the 

contribution of qE to the total NPQ decreased (Figure 8.4d). This decline in qE may have 

signalled qT to up-regulate, so becoming the dominant component of NPQ due to a 

reduction in the effectiveness of energy dissipation through qE. Regardless of 
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explanation, qT may be a particularly important mechanism during bleaching stress. qT 

can be considered to represent changes in the fluorescence emission due to the 

rearrangement of chlorophyll-protein complexes that result from the re-distribution of 

LHCs (Williams and Allen 1987). This ability of zooxanthellae to redistribute energy 

between PSII and PSI is a reversible process to limit the potential of long-term and 

permanent damage to the photosynthetic apparatus (Haldrup et al. 2001). qT can 

successfully achieve this goal by optimizing the photosynthetic performance as it 

redistributes excess excitation energy from the photosystem receiving excess energy to 

the other photosystem receiving less (Haldrup et al. 2001). 

 

After 4 h of exposure to bleaching conditions, the proportion of energy dissipated as qT 

increased, resulting from the disconnection of the LHCs from the PSII RCs. This process 

is known as photophosphorylation (Williams and Allen 1987; Haldrup et al. 2001). This 

would result in some PSII RCs becoming non-functional, thus reducing the 

photochemical efficiency of PSII (Figure 8.2). Importantly, photophosphorylation is a 

reversible process which relaxes over a period of tens of minutes (Demmig-Adams et al. 

1989). This confirms previous studies which have found that upon removal of bleaching 

conditions, there is a high potential for recovery in some species of coral (Hill et al. 

2004a). 

 

The lack of change in the proportion of qI, suggests that long-term photoinhibition does 

not become the dominant NPQ component during bleaching conditions. However, the 

absolute amount of qI did rise during bleaching exposure as total NPQ was shown to 
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increase. Future experiments need to be performed on corals exposed to a gradual 

increase in temperature at a rate of 1°C day-1 and held at this elevated temperature for a 

period of days. The progressive decline in maximum quantum yield under these 

conditions (Figure 8.2) signifies a reduction in PSII efficiency, which could therefore be 

attributed to down-regulation of the photosynthetic apparatus, or alternatively, more 

severe photoinhibition. Thus, there may be some degree of permanent impact upon the 

D1 protein of PSII under these conditions, as suggested by Warner et al. (1999). 

 

8.5 SUMMARY 

 

NPQ was found to be an important photoprotective mechanism in the zooxanthellae of 

corals exposed to bleaching conditions of elevated temperature and high-light. Under 

such stress, qT was found to become a dominant component in the dissipation of excess 

absorbed light energy. This physiological response suggests that state transitions and the 

reversible process of photophosphorylation are particularly important in the regulation of 

light energy during bleaching events. The formation of non-functional PSII RCs as a 

result of this mechanism may account for the decline in photochemical efficiency of 

zooxanthellae, as well as the reported remarkable capacity for corals to recover after 

bleaching events (Wilkinson 2002). Once bleaching conditions are removed, the 

photosystems can return to a functional state, thus allowing for recovery. 
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DARK-INDUCED REDUCTION OF THE PLASTOQUINONE POOL IN 
ZOOXANTHELLAE OF SCLERACTINIAN CORALS AND 
IMPLICATIONS FOR MEASUREMENTS OF CHLOROPHYLL A 
FLUORESCENCE 
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9.0 DARK-INDUCED REDUCTION OF THE PLASTOQUINONE 

POOL IN ZOOXANTHELLAE OF SCLERACTINIAN CORALS AND 

IMPLICATIONS FOR MEASUREMENTS OF CHLOROPHYLL A 

FLUORESCENCE 

 

This chapter is currently in press in the journal Symbiosis: 

 

Hill R, Ralph PJ (in press) Dark-induced reduction of the plastoquinone pool in 

zooxanthellae of scleractinian corals and implications for measurements of chlorophyll a 

fluorescence. Symbiosis 

 

Experimental design, data collection and data analysis was performed by Ross Hill who 

also wrote the paper. Technical assistance and intellectual contributions were made by 

Peter J Ralph (Principal Supervisor). 

 

9.1 INTRODUCTION 

 

Scleractinian corals are symbiotic organisms, containing single celled dinoflagellates 

(genus Symbiodinium) within the endodermal tissue of the cnidarian host. These 

photosynthetic algae are known as zooxanthellae and provide the host with organic 

compounds, while the host provides the symbionts with nitrogen and phosphorous as 

organic and inorganic compounds. Host respiration also provides a portion of the CO2 
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required for photosynthesis (Titlyanov and Titlyanova 2002). A common tool for 

investigating the photosynthetic health of zooxanthellae (whether they are in hospite, 

freshly isolated, expelled or cultured) is chlorophyll (chl) a fluorescence (Iglesias-Prieto 

1995; Jones et al. 1998; Jones et al. 2000; Ralph et al. 2001; Bhagooli and Hidaka 2003; 

Hill et al. 2004a,b; Hill and Ralph 2005; Robison and Warner 2006). This technique 

provides detailed information on photosystem II (PSII) activity through the measurement 

of the fluorescence rise from Fo (minimum fluorescence) to Fm (maximum fluorescence) 

during the application of a saturating pulse of light. Changes in the variable fluorescence 

(Fv = Fm-Fo), relative to Fm (Fv/Fm), gives an indication of PSII photochemical efficiency, 

known as the maximum quantum yield of PSII (Schreiber 2004). 

 

Pulse Amplitude Modulated (PAM) fluorometers are commonly used (Warner et al. 

1999; Jones et al. 2000; Fitt et al. 2001; Ralph et al. 2001; Bhagooli and Hidaka 2003; 

Hill et al. 2004b), and to a lesser extent, fast induction curve (FIC) measurements, using 

either the Plant Efficiency Analyser (PEA) (Hill et al. 2004a; Hill and Ralph 2005; 

Ulstrup et al. 2005) or a double modulation fluorometer (Photon System Instruments) 

(Hill and Ralph 2006) are used to study the photophysiology of corals. The majority of 

research using these techniques has focused on the impacts of coral bleaching events on 

the health of the zooxanthellae photosynthetic apparatus. Mass coral bleaching events 

occur on a global scale and are characterised by the expulsion of zooxanthellae from the 

coral host and a reduction in the concentration of photosynthetic pigments within the 

zooxanthellae (Hoegh-Guldberg and Smith 1989). The animal tissue turns pale in colour, 

often white (hence the term ‘bleaching’), and can lead to the death of the colony (Hoegh-
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Guldberg 1999). The main environmental factors responsible for these events are 

elevated temperatures in combination with intense light (Hoegh-Guldberg 1999; Jones et 

al. 2000; Fitt et al. 2001). 

 

In theory, in order to determine the maximum quantum yield of PSII, a period of dark-

adaptation (DA) (generally between 5 and 60 min) is required for oxidation of the 

plastoquinone (PQ) pool and for the PSII reaction centres (RCs) to open (Schreiber 

2004). It is assumed that once DA is complete, an application of a saturating pulse of 

light would allow for the determination of the maximum quantum yield of PSII. In 

reality, this may not be the case, due to the reduction of the PQ pool in the dark. Previous 

work on higher plants, algae and cyanobacteria has demonstrated the link between 

photosynthetic and respiratory electron transport chains and the potential for PQ pool 

reduction in the dark (Gans and Rebeille 1990; Schreiber et al. 1995; Feild et al. 1998; 

Haldimann and Strasser 1999). In addition, the formation of a proton gradient across the 

thylakoid membrane during darkness has been attributed to chlororespiration, which also 

has the potential to reduce the acceptor side of PSII (Garab et al. 1989; Bennoun 1982, 

1994; Feild et al. 1998; Peltier and Cournac 2002; Beardall and Quigg 2003). 

 

In corals, the consumption of oxygen by mitochondrial respiration in the host during DA 

has the potential to create hypoxic conditions within the coral tissue (Ulstrup et al. 2005). 

Hypoxia is defined here as a reduced oxygen content within the holobiont. The reduction 

of the PQ pool can occur during this time with the operation of chlororespiration, which 

has been suggested to operate in zooxanthellae under such conditions (Jones and Hoegh-
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Guldberg 2001; Hill and Ralph 2005; Ulstrup et al. 2005; Hill and Ralph 2006). In 

addition, post-illumination enhanced respiration would increase the rate of respiration in 

the zooxanthellae, contributing to the formation of hypoxic conditions during DA 

(Edmunds and Davies 1988; Beardall et al. 1994). Previous studies have alluded to the 

potential for both these mechanisms to affect fluorescence measurements during DA and 

the importance of further research in this area (Jones and Hoegh-Guldberg 2001; Ulstrup 

et al. 2005; Hill and Ralph 2006). It is therefore imperative that a clear understanding of 

the role that these processes have on the photophysiology of corals is obtained to ensure 

that commonly employed fluorescence techniques generate robust and accurate data. In 

addition, methods to limit dark-reduction of the PQ pool need to be identified which 

allow for the collection of accurate results. 

 

A reduction of the PQ pool in the dark would lead to the closure of PSII RCs, which 

would lower the photochemical efficiency of PSII. As a result, the quantum yield value 

obtained may be significantly lower than the actual maximum quantum yield and the 

shape and amplitude of the steps along FICs can be significantly altered. The diurnal 

study of FICs on three coral species during summer and winter (Hill and Ralph 2005) 

showed that Fv/Fm measurements increased from pre-dawn to dawn and an increase in the 

speed of QA
- reoxidation was observed due to the oxidation of the PQ pool during 

sunrise. The low intensity light at dawn was found to be responsible for removing the 

overnight reduction of the PQ pool, thus leading to the rise in Fv/Fm. 
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Although PSII and Photosystem I (PSI) are excited by similar wavelengths of light, PSI 

absorbs quanta further into the far-red region of the spectrum (Falkowski and Raven 

1997; Larkum 2003). This allows PSI to be stimulated independently of the PSII, 

however recent studies on higher plants have shown minimal far-red light excitation of 

PSII is possible (Pettai et al. 2005; Schansker and Strasser 2005). Since chl a 

fluorescence is a measure of PSII photochemical efficiency, exposing a dark-adapted 

sample to far-red light will not significantly, if at all, close any PSII centres or reduce the 

acceptor side of PSII (Egorova et al. 2005). Far-red light will predominantly activate PSI 

and enhance the oxidation of the inter-system electron transport chain (Havaux 1992; 

Schreiber 2004). Subsequent quantum yield or FIC measurements will be representative 

of a truly dark-adapted, inter-system chain allowing for accurate PSII maximum quantum 

yield determinations. 

 

Here, the dark-reduction of the PQ pool which leads to closure of PSII RCs was 

investigated through the application of specific wavelengths of light, prior to quantum 

yield and FIC measurements. Three coral species of different morphologies were 

examined to identify inter-species variation. Furthermore, through the simulation of coral 

bleaching conditions, the interaction of holobiont gas exchange and redox state of the 

symbiont could be explored. 
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9.2 MATERIALS AND METHODS 

 

9.2.1 Coral specimens 

 

Coral fragments of Pocillopora damicornis (Linnaeus), Acropora nobilis (Dana) and 

Cyphastrea serailia (Forskål) were collected from the Heron Island lagoon, Great Barrier 

Reef, Australia, (151.9°E, 23.4°S), between 15 and 28 January 2006. Samples were 

placed in flow-through shaded aquaria (< 100 μmol photons m-2 s-1) at the lagoon 

temperature of 28°C for at least 2 days prior to experimentation. Four replicate fragments 

of each species were used for each experiment. 

 

9.2.2 Fluorescence measurements 

 

A double modulation fluorometer (Photon Systems Instruments, FL-3300, Brno, Czech 

Republic) was used to apply excitation light and measure fluorescence (� � 700 nm) 

emissions over 5 s. The measuring head contained both blue (�max = 455 nm) and red 

(�max = 640 nm) light emitting diodes (LEDs) for PSII excitation (3700 μmol photons m-2 

s-1) and a far-red LED (�max = 740 nm) for PSI excitation (see Figure 9.1a for specific 

wavelength emissions) and a PIN photodiode for fluorescence detection in volts (V). 
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Figure 9.1: The relative intensity of light 

between the wavelengths of 180-880 nm 

for light sources used throughout the 

experiments. a) wavelengths from the PSI 
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light from the sun at 06:00 (solid line) and 

12:00 (dashed line) hrs. c) the difference 
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spectra. d) the spectra of the halogen 

lights used in Experiment 3. 
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The FluorWin software (Photon Systems Instruments, Brno, Czech Republic) was used to 

create protocol files controlling the activation, intensity and length of each flash for each 

set of LEDs. The speed of fluorescence measurements was also controlled by this 

program, with measurements recorded every 10 μs for the first 2 ms, every 1 ms up until 

1 s, and then every 500 ms up to 5 s. The O step was defined as the fluorescence intensity 

at 50 μs, J at 2 ms, I between 0.07 and 0.1 s (depending on the timing of the inflection) 

and P between 1 and 2 s (depending on the time of maximum fluorescence). In our 

experiments, the number of open PSII RCs may be affected by the extent of dark-

reduction of the PQ pool. This has implications for the determination of Fo (the O step) 

and it is therefore important to note that in some cases the O step may not be 

representative of exclusively open PSII RCs. 

 

9.2.3 Experimental protocol 

 

9.2.3.1 Experiment 1 

 

In the evening (0 μmol photons m-2 s-1), corals were placed outside, in flow through (2.8 l 

min-1) DA chambers (see Hill et al. 2004b) and left overnight in complete darkness. At 

pre-dawn (04:00 hrs; 0 μmol photons m-2 s-1) and dawn (06:00 hrs; 50 μmol photons m-2 

s-1), FICs were measured on corals which had different light treatments before the 

measurement. At 04:00 hrs FIC measurements were taken on corals without any light 

exposure, on corals exposed to 10 s of far-red light, or on corals exposed to 10 s blue and 

red light (100 μmol photons m-2 s-1). Between the 04:00 and 06:00 hrs measurements, the 
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aperture of the DA chambers was left open, exposing corals to ambient light intensities 

during sunrise. At 06:00 hrs, all corals were given 5 min DA and then the same three 

light treatments applied prior to the FIC measurement. The FIC measurements were taken 

0.1 s after the light treatment was completed. From these FICs, the Fv/Fm ((Fm-Fo)/Fm) 

was calculated, where Fo is the value at 0.05 ms and Fm is the maximum value along the 

curve. The light intensity in all experiments was measured using a photometer (Li-1400, 

Li-Cor, Lincoln, Nebraska, USA), with a Li-190SA quantum sensor. 

 

The solar spectrum (180-880 nm) was measured at 06:00 and 12:00 hrs on a cloudless 

day using a portable spectrophotometer (USB2000-UV-VIS, Ocean Optics Inc, Florida, 

USA) and both curves were normalised to a minimum of 0 and a maximum of 100 units 

(Figure 9.1b). The difference in the spectrum between these two time measurements 

(12:00 – 06:00 hrs) is shown in Figure 9.1c. 

 

9.2.3.2 Experiment 2 

 

The effect of length of DA on the shape of FICs and on Fv/Fm values was investigated by 

taking measurements on corals exposed to complete darkness and on corals exposed to 10 

s of far-red light prior to FIC curve measurement. Dark adaptation lengths of 5, 10, 20, 30 

and 60 min were used. Fv/Fm values were derived from FICs as described above. 
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9.2.3.3 Experiment 3 

 

Further experiments on the impact of length of DA on FICs were performed on corals 

under non-stressful and bleaching conditions. FICs were measured at different lengths of 

time following 10 min of DA and one of the following, 1) a further 10 s darkness, 2) 10 s 

far-red light and 0.1 s darkness, 3) 10 s far-red light and 1 s darkness, 4) 10 s far-red light 

and 10 s darkness, 5) 10 s far-red light and 200 s darkness. These light manipulations 

were completed for the three species of coral under control conditions (28°C and 100 

μmol photons m-2 s-1, provided by halogen lights, Portable Floodlight, FL200, Arlec 

Lighting) and treatments 1), 2) and 5) were also completed for corals exposed to 5 h of 

bleaching conditions (32°C and 350 μmol photons m-2 s-1). The spectrum of the halogen 

exposure lights used in the bleaching experiments is shown in Figure 9.1d. 

 

9.2.4 Statistical analysis 

 

In Experiment 1, the amplitude of the O, J, I and P steps, and the Fv/Fm values calculated 

from the FICs were subjected to one-way analysis of variance (ANOVA) tests and 

Tukey’s post hoc comparisons (� = 0.05). The cases where significant differences 

occurred in the Fv/Fm data, letters are used to indicate where the differences exist. 

Similarly, in Experiment 2, one-way ANOVA tests were used to establish whether 

differences between the various darkness treatments and far-red treatments existed. In all 

cases where differences were found, the Fv/Fm value from the far-red treatment was 

significantly higher and an asterisk (*) has been placed above this group of 
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measurements. For Experiment 3, the derived Fv/Fm values for each of the different times 

following far-red light application for the control and bleaching treatments was tested, as 

was the amplitude of the O, J, I and P steps along the FICs. The assumptions of normality 

and equal variance were tested using the Kolmogorov-Smirnov test and Levene’s test, 

respectively, and were satisfied in most cases. If these assumptions were not met, arcsine 

(on the Fv/Fm data) and log10 (on the O, J, I and P data) transformations were performed. 

The SPSS statistical software package (version 11.0.0, 2001, Chicago, Illinois, USA) was 

used for statistical analyses. 

 

9.3 RESULTS 

 

9.3.1 Experiment 1 

 

The FICs for C. serailia at 04:00 and 06:00 hrs are shown in Figure 9.2 a and b, 

respectively, with the corresponding Fv/Fm values shown below in Figure 9.2 c and d. 

Following complete darkness overnight, the FIC at 04:00 hrs (Figure 9.2a) showed a 

large rise from the O step to the J step, followed by a sharp decline in the curve before 

rising again to the I step and then to the maximum fluorescence at the P step (where J = 

P). At this same time, corals provided with 10 s far-red light prior to FIC measurement 

showed a continuous rise from the O step, through the J and I step and the maximal 

fluorescence, P. Following blue and red light exposure, the FIC showed a similar rise 

from O to P as the far-red exposed coral. The amplitude of the O and J steps were 

significantly higher in the dark treatment, compared to the other two treatments (P = 
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0.047 and 0.013) while the I and P steps were higher in the far-red treatment compared to 

the blue and red light treatment, with the dark treatment falling in both groups (P = 0.048 

and 0.037, respectively). Fv/Fm values were calculated from the FICs (Figure 9.2c) and it 

is shown that the darkness treatment (Fv/Fm = 0.493) and the blue and red light treatment 

(Fv/Fm = 0.490) were significantly lower than the far-red light treatment (Fv/Fm = 0.598) 

(P = 0.006). 

 

Following dawn, at 06:00 hrs (Figure 9.2b), the same measurements were performed on 

these corals. The FICs for all three treatments showed the usual rise from the O step, 

through J and I and to the maximum fluorescence amplitude, P. At the O step, no 

significant differences between the three treatments were found. At the J step, the 

treatment with 5 mins of DA was significantly higher than the other two treatments (P = 

0.009). The I and P steps for the blue and red light treatment were significantly lower 

than the other two treatments (P = 0.004 and 0.008, respectively). The Fv/Fm data derived 

from these FICs showed that the blue and red light treatment was significantly lower than 

the dark and far-red light treatments (P = 0.002) (Figure 9.2d). 

 

The solar spectrum was measured at 06:00 hrs and at midday (Figure 9.1b) and the 

difference between the two curves (12:00 – 6:00 hrs) were compared (Figure 9.1c) in 

order to identify changes in the spectral composition. When the difference curve in 

Figure 9.1c enters positive values, this indicates that there was a greater amount of this 

particular wavelength at midday than at 06:00 hrs, and when it enters negative values, 

these wavelengths were more abundant at 06:00 hrs. At 12:00 hrs, there were higher 
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levels of light in the ultra violet (UV) region of 300-350 nm, and in the visible region of 

520-665 nm. At 06:00 hrs, there was greater visible light in the region 400-510 nm. In the 

far-red/infrared wavelengths, 700-780 nm, there was considerable fluctuation around 0, 

although, 77% of these wavelengths were greater in abundance at 06:00 hrs. The 

remaining wavelengths showed similar abundance at both times (i.e., the curve hovered 

around 0). 
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Figure 9.2: Fast induction curves at (a) 04:00 hrs, and (b) 06:00 following darkness (�), 10 s exposure to 

far-red light then 0.1 s of darkness (�), and 10 s exposure to blue and red light then 0.1 s darkness (	) for 

Cyphastrea serailia. Average curves are shown (n = 4). The corresponding Fv/Fm value for each light 

treatment is shown for (c) 04:00 hrs, and (d) 06:00 hrs. Averages ± standard error of mean shown (n = 4). 

The letters above the columns in c) and d) are the result from Tukey’s post hoc comparisons test. 
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9.3.2 Experiment 2 

 

The FICs following different lengths of exposure to DA (5, 10, 20, 30 and 60 min), plus 

an extra 10 s of darkness or 10 s of far-red light, are shown in Figure 9.3a-c, for the three 

coral species. The only curve shown following far-red light exposure was the 5 min dark-

adapted corals. The other far-red FICs are not shown as they were very similar to this 

curve. For each species, the FICs taken after far-red light exposure had lower J steps, 

without any dip following J, compared to the dark-adapted curves. Following 20 mins of 

DA, the J step reached its maximum amplitude for all three species and remained at this 

level through to the 60 min DA treatment. The Fv/Fm values derived from the FICs 

showed no significant change between different lengths of DA in the far-red treatments 

for all three species. However, when comparing between complete darkness and far-red 

exposed treatments, P. damicornis showed a significantly lower Fv/Fm in dark-adapted 

samples after 30 and 60 min, compared to those given a 10 s flash of far-red (Figure 

9.3d). This can be attributed to the lower P step (Fm) in the FICs for the 30 and 60 min 

DA treatment. In contrast, A. nobilis showed no significant change in Fv/Fm over time or 

between dark and far-red measurements (Figure 9.3e). Although the FICs for A. nobilis 

showed clear variation at the J step (Figure 9.3b), this was not evident in the derived 

Fv/Fm values. C. serailia showed significant declines in Fv/Fm following 10, 20, 30 and 60 

min DA (P < 0.05 in all cases) (Figure 9.3f) and this drop can be attributed to the rise in 

the O step (Fo) in the FICs (Figure 9.3c). 
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Figure 9.3: Effect of length of dark-adaptation (DA) on fast induction curves and Fv/Fm values. Fast 

induction curves for (a) Pocillopora damicornis, (b) Acropora nobilis, and (c) Cyphastrea serailia 

following 5 min of DA, then 10 s far-red light and 0.1 s darkness (�), 5 min DA, (�), 10 min DA (�), 20 

min DA (
), 30 min DA (�), and 60 min DA (	). Average curves are shown (n = 4). The corresponding 

Fv/Fm value for each light treatment is shown for (d) P. damicornis, (e) A. nobilis, and (f) C. serailia. 

Averages ± standard error of mean shown (n = 4). Asterisks (*) indicate where the far-red light treatment 

had a significantly higher Fv/Fm than the darkness treatment. 
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9.3.3 Experiment 3 

 

Changes in FICs following far-red light exposure were investigated here with different 

lengths of darkness between the application of far-red light and FIC measurement (Figure 

9.4). Similar responses in the curves were observed under control and bleaching 

conditions. In P. damicornis, no significant differences were found between any of the O, 

J, I or P steps along the FICs in the controls (Figure 9.4a) or the bleaching treatment 

(Figure 9.4d). In addition, no significant changes in Fv/Fm (data not shown) were found 

between the different times following far-red light application for the control or bleaching 

treatments, although significantly lower Fv/Fm values were found in the bleaching 

treatment (0.528) compared to the control (0.590) (P < 0.001). 

 

The only differences in the FICs in the control for A. nobilis (Figure 9.4b) were found at 

the J step, where the dark and 200 s treatments were significantly higher than the other 

treatments (P = 0.006). At the other steps, no differences were found. In the dark and 200 

s curves, an extra step can be seen between the J and I steps at 0.03 s, although this step 

was removed by the far-red light exposure in the other curves. The bleaching treatment 

(Figure 9.4e) showed a significantly higher J step in the dark and 200 s treatment 

compared to the 0.1 s treatment (P = 0.047), and no change in any other steps along the 

curves. The Fv/Fm data derived from these FICs (data not shown) did not significantly 

vary between any of the treatments in either the control or bleaching data sets. However, 

Fv/Fm was significantly lower in the bleaching treatment (0.534) compared to the control 

treatment (0.643) (P < 0.001). 
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In C. serailia, both the control (Figure 9.4c) and bleaching (Figure 9.4f) treatments 

showed the same response with regard to changes in the FICs for the different lengths of 

darkness between far-red light application and FIC measurement. The only significant 

differences in the FICs were at the J step, where the dark and 200 s treatments had a 

higher amplitude than the other treatments (P values < 0.05). An extra peak between the J 

and I steps, similar to the one observed in A. nobilis, was detected in the dark and 200 s 

curves. A significant drop in Fv/Fm was found (data not shown) under bleaching 

conditions (0.463) compared to the controls (0.570) and this can be attributed to a lower 

fluorescence amplitude at the P step (Fm). Within the controls, the dark treatment had a 

significantly lower Fv/Fm than the other treatments (P = 0.002), whereas under bleaching 

conditions, there was no significant difference between any of the treatments. 
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Figure 9.4: Fast induction curves for (a) Pocillopora damicornis, (b) Acropora nobilis, and (c) Cyphastrea 

serailia during control conditions, and for (d) P. damicornis, (e) A. nobilis, and (f) C. serailia following 5 h 

under bleaching conditions. Corals were given 10 min dark-adaptation (DA) (�), 10 min DA, 10 s far-red 

light and 0.1 s darkness (�), 10 min DA, 10 s far-red light and 1 s darkness (�), 10 min DA, 10 s far-red 

light and 10 s darkness (
), and 10 min DA, 10 s far-red light and 200 s darkness (�). Average curves are 

shown (n = 4). 
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9.4 DISCUSSION 

 

This study explored the potential for dark-induced reduction of the PQ pool in 

zooxanthellae of scleractinian corals, which has been identified as an important topic 

requiring further research (Jones and Hoegh-Guldberg 2001; Ulstrup et al. 2005; Hill and 

Ralph 2006). The extensive use of chl a fluorescence as a means of detecting changes in 

the health of zooxanthellae in corals highlights the need for a detailed investigation into 

the assumptions made regarding the redox state of the electron acceptors of PSII and the 

PQ pool during DA. Maximum quantum yield or FIC measurements taken after DA are 

assumed to be representative of open PSII RCs. However, reductant-forming pathways 

can become active during dark conditions, thus leading to PQ pool reduction and PSII RC 

closure. Through the application of far-red light, which preferentially excites PSI and 

ensures oxidation of the inter-system electron carriers, increases in quantum yield values 

and specific changes in FICs, will provide evidence of processes responsible for dark-

induced reduction of the PQ pool and the PSII electron acceptors. 

 

Early morning increases in Fv/Fm (Jones and Hoegh-Guldberg 2001; Hill and Ralph 

2005) and rises in the P step along FICs (Hill and Ralph 2005) have been documented in 

corals following overnight darkness, which indicates an increase in PSII photosynthetic 

capacity upon exposure to the low intensity morning light. Here, specific wavelengths of 

light were used as pre-exposure treatments at 04:00 hrs (pre-dawn) and 06:00 hrs (dawn) 

in C. serailia (Figure 9.2). FICs from corals kept in overnight darkness until 04:00 hrs 

showed a typical response of a coral exposed to hypoxic conditions (Ulstrup et al. 2005) 
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(Figure 9.2a). The elevated O and J steps and large dip following J, indicate an 

accumulation of QA
-. In higher plants, these responses have been shown to be 

characteristic of hypoxic conditions and subsequent dark reduction of the PQ pool (Feild 

et al. 1998; Haldimann and Strasser 1999). 

 

Application of far-red light prior to FIC measurement at 04:00 hrs lowered the O and J 

steps and removed the dip beyond the J step (Figure 9.2a) by effectively exciting PSI and 

oxidising the PQ pool and the accumulated QA
- to QA (Schreiber 2004). The FIC 

continued to rise from J, to I and then P (Fm). The reduction in the O step and increase in 

the P step resulted in an increase in the maximum quantum yield (Figure 9.2c) as a 

greater proportion of PSII RCs were open. This result highlights the importance of using 

far-red light prior to FIC and Fv/Fm measurement. In cases where far-red light is not used 

or is not available in the fluorometer (Hill and Ralph 2005), the dark-reduction of the 

inter-system electron transport chain will result in pre-dawn measurements with a lower 

than expected Fv/Fm and J step due to slower QA reoxidation. 

 

In comparison with far-red pre-exposure, excitation of PSII by blue and red light 

contributed to the partial closure of PSII centres and reduction of electron acceptors. 

However, this light allowed for the removal of the hypoxic conditions (as shown by the 

low O and J step and lack of a dip following J) which have the potential to reduce PSII 

electron acceptors and the PQ pool in corals (Ulstrup et al. 2005). The 10 s of 100 μmol 

photons m-2 s-1 blue and red light would have been sufficient to induce non-

photochemical quenching (Ralph et al. 2005b) and would be responsible for the lower 
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amplitude of the I and P steps. As a result, Fv/Fm was also significantly lower than the far-

red light treated corals (Figure 9.2c). 

 

The symbiotic relationship of scleractinian corals is primarily responsible for the 

formation of hypoxic conditions during the night as the animal host consumes oxygen 

through mitochondrial respiration, as do the zooxanthellae (Kühl et al. 1995; Gardella 

and Edmunds 1999). Without any oxygen production through photosynthesis (as occurs 

during daylight hours), the only source of O2 is from the water column. The diffusive 

boundary layer can limit the efficiency of O2 transfer to the coral tissue, the efficiency of 

which generally depends on water flow and coral morphology (Patterson et al. 1991; 

Kühl et al. 1995; Bruno and Edmunds 1998; Nakamura and van Woesik 2001; Finelli et 

al. 2005; Ulstrup et al. 2005). The availability of O2 has consequences for the operation 

of the oxygen dependent process, known as chlororespiration, which involves the 

transportation of electrons from intraplastidic NAD(P)H to O2 in the lumen. This has 

been shown to be highly active in algae (Büchel and Wilhelm 1990) and once oxygen 

becomes limiting, the electron sink for this process will no longer be available. As a 

result, electrons will accumulate in the inter-system electron transport chain (Garab et al. 

1989; Bennoun 1982, 1994; Feild et al. 1998; Peltier and Cournac 2002; Beardall and 

Quigg 2003). 

 

The overnight reduction of the inter-system electron transport chain was removed once 

the early morning light reached the corals (06:00 hrs). This low intensity light was 

sufficient to excite the photosystems, process the trapped electrons, produce molecular 
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oxygen and alleviate the hypoxic conditions. Although the J step was significantly higher 

in the 5 min DA treatment without any pre-exposure to light, the O step was similar to the 

other treatments, and there was no dip in the curve following the J step (Figure 9.2b). The 

curve following far-red light exposure only differed from the dark curve by having a 

lower J step due to the complete oxidation of the inter-system chain (Haldimann and 

Strasser 1999; Schansker and Strasser 2005). As Fo and Fm were the same for these 

treatments, there was no difference in their Fv/Fm values (Figure 9.2d). The blue and red 

light exposed corals showed a reduced I and P step due to the onset of non-photochemical 

quenching, which resulted in a lower Fv/Fm (Hill et al. 2004a; Ralph et al. 2005b). 

 

The spectral properties of the sunlight at 06:00 hrs was measured, and compared to the 

solar spectra at midday, in order to identify any specific wavelengths which may have 

been responsible for the removal of hypoxic conditions at 06:00 hrs (Figure 9.1 b and c). 

Blue light (400-510 nm) and most of the far-red light wavelengths (700-780 nm) were in 

greater abundance at 06:00 hrs (see Robertson 1966; Chambers and Spence 1984). We 

suggest these wavelengths at low intensity (50 μmol photons m-2 s-1 at 06:00 hrs) would 

be sufficient to turn over both photosystems, produce oxygen and alleviated the tissue 

hypoxia (Larkum 2003; Schreiber 2004). The 5 min of DA at 06:00 hrs was insufficient 

time for the formation of hypoxic conditions, thus dark-induced reduction of the PQ pool 

was minimal. 

 

These series of FICs and Fv/Fm values from dark, far-red, and blue and red light exposed 

corals (Figure 9.2), indicate that for accurate maximum quantum yield determinations 
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after prolonged periods of darkness (e.g., overnight) a far-red light flash is required prior 

to chl a fluorescence measurements during a saturating pulse. A simple Fv/Fm 

measurement on a coral at pre-dawn may have the potential to underestimate the true 

maximum quantum yield of PSII by up to 18%. 

 

The impact of length of DA on Fv/Fm values and on the shape of FICs was investigated 

for P. damicornis, A. nobilis and C. serailia (Figure 9.3) in order to determine the 

presence and severity of dark-induced reduction of the inter-system electron transport 

chain and to identify any species-specific variation in sensitivity to processes involved in 

such reduction. FICs and Fv/Fm values from corals held under complete darkness and 

corals given a 10 s flash of far-red light were compared. Cyphastrea serailia showed a 

significant deviation between the far-red and dark measurements. After 10 min of DA, a 

significant decline of 8% in Fv/Fm was found and this trend continued up to the 60 min 

DA treatment (Figure 9.3f). Following 5 min DA, the J step significantly increased in 

amplitude as did the O step by 10 min. Closure of PSII RCs would be responsible for the 

rising O step which resulted in the decline of Fv/Fm (Feild et al. 1998; Haldimann and 

Strasser 1999; Ulstrup et al. 2005). Pocillopora damicornis showed a significant 3% 

decline in Fv/Fm after 30 and 60 min of DA when far-red light was not applied. 

Accumulation of electrons in the inter-system chain due to the onset of hypoxia resulted 

in the lowering of the P step (Fm) (Haldimann and Strasser 1999; Ulstrup et al. 2005). 

Although A. nobilis did not show any significant change in Fv/Fm over time or between 

dark and far-red light treatments (Figure 9.3e), the characteristic lower J step in the far-

red pre-exposed FIC was observed (Figure 9.3b) indicating that some degree of inter-
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system electron transport chain reduction was occurring in the dark treatments 

(Haldimann and Strasser 1999; Ulstrup et al. 2005). 

 

It has been shown here that measurements of Fv/Fm on corals following DA can produce a 

value significantly lower than the true maximum quantum yield. The length of DA which 

will lead to a reduction of the inter-system electron transport chain is dependent on the 

species being studied. The three coral species investigated had varying morphological 

characteristics and we suggest that thicker tissued corals (such as the massive C. serailia; 

Loya et al. 2001) are more prone to dark reduction of the PQ pool, as hypoxic conditions 

develop faster. In addition to tissue thickness, massive corals have a larger diffusion 

boundary layer and lower rates of dissolved gas transfer due their mound-like structure 

(Bruno and Edmunds 1998). The thinner tissued branching corals, P. damicornis and A. 

nobilis (Loya et al. 2001), may be less susceptible to hypoxia during darkness due to the 

greater potential for oxygen diffusion from the water column through to the coral tissue 

(Bruno and Edmunds 1998). A greater diffusion of O2 would eliminate the build-up of 

electrons in the inter-system electron transport chain, as the chlororespiratory pathway 

would have a continuous electron sink (i.e. molecular oxygen) (Garab et al. 1989; 

Bennoun 1982, 1994; Feild et al. 1998; Peltier and Cournac 2002; Beardall and Quigg 

2003). 

 

These results demonstrate the difficulty of obtaining a suitable length of DA in corals. It 

must be sufficient to ensure the oxidation of the PSII electron acceptors and the PQ pool 

from electrons produced during photosynthesis, and at the same time, ensuring DA is not 
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too long, leading to hypoxia within the coral tissue and encouraging the operation of 

reductant-forming pathways. The thicker tissued, massive corals may be more susceptible 

to the dark-reduction of the PQ pool and it is therefore recommended, for these species in 

particular, that care should be taken in deciding on the length of DA. If a far-red light 

source is available in the fluorometer used to take the measurements, the user should 

consider exposure of the sample to far-red light prior to maximum quantum yield or FIC 

measurements. 

 

The results from Experiment 2 indicate that although FICs can significantly change with 

increasing length of DA, in comparison, Fv/Fm values are more robust and can withstand 

greater lengths of DA without producing significantly lower values (Figure 9.3). This is 

due to the O and P steps (which are used to determine Fv/Fm) remaining stable, but 

variability in the amplitudes of J and I. The sensitivity of these FICs to the length of DA 

highlights the need for an in-depth analysis of the speed at which changes can occur to 

FICs. Figure 9.4 shows the FICs measured during darkness or after different length of 

time following far-red light exposure. Corals maintained under optimal temperature and 

light conditions were compared to those exposed to bleaching conditions (elevated 

temperature and high light). The reduction in Fv/Fm between the two treatments is a 

characteristic stress response observed in corals during bleaching events (Iglesias-Prieto 

1995; Warner et al. 1996; Jones et al. 2000; Bhagooli and Hidaka 2003; Hill et al. 

2004a,b; Hill and Ralph 2006). The use of chl a fluorescence as a tool for studying 

bleaching impacts warrants the need for a detailed comparison in FIC and Fv/Fm values 

between optimal and stressful environmental conditions. In A. nobilis and C. serailia, 
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both the control and bleaching treatments resulted in the elevation of the J step when 

exposed to complete darkness and 200 s following a far-red flash of light. The amplitude 

of the J step provides an accurate measure of the reduction of QA to QA
- (Govindjee 1995; 

Strasser et al. 1995; Haldimann and Strasser 1999; Zhu et al. 2005) and these results 

indicate that 200 s of darkness prior to FIC measurement is sufficient for the 

accumulation of QA
-. FIC measurements taken after shorter periods of time following a 

far-red flash reveal a lower J step, suggesting that far-red light application is effective in 

oxidising the dark-induced reduction of the PSII electron acceptors and the PQ pool. 

 

After 200 s of darkness, an elevation in the J step can be detected and this has 

considerable implications for measurements of FICs where DA exceeds 3 min. In such 

cases, the observed amplitude of J may be overestimated due to the sensitivity of the J 

step to the redox state of the electron carriers in the inter-system chain. We recommend 

that for determination of a J step which reflects open PSII RCs and a fully oxidised inter-

system electron transport chain, a far-red flash must be applied prior to FIC 

measurement. 

 

The extra peak observed in the dark and 200 s curves between the J and I steps at 0.03 s 

in A. nobilis (Figure 9.4 b and e) and C. serailia (Figure 9.4 c and f) can be attributed to 

PQ pool redox state and PSI activity (Hill et al. 2004a; Ilik et al. 2006). PQ pool 

reduction in the dark may be reversed upon PSI excitation during the saturating pulse 

resulting in PQ reoxidation and formation of the extra step. With the far-red light 

stimulation of PSI and subsequent PQ pool oxidation, this extra peak was not visible 
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upon FIC measurement. This further demonstrates the importance of a far-red flash prior 

to FIC measurement to ensure that features that are uncharacteristic of an oxidised inter-

system electron transport chain are not inadvertently detected. 

 

9.5 SUMMARY 

 

In summary, the potential for collection of inaccurate chl a fluorescence data from dark-

adapted corals, due to dark-induced reduction of the PQ pool is an important issue which 

needs to be considered in studies using this technique. The assumptions of an oxidised 

inter-system electron transport chain and open PSII RC following DA should be made 

with caution, especially for thick-tissued massive corals which are more prone to hypoxia 

over short lengths of time in darkness. These issues are equally significant for corals 

under optimal and stressful (i.e., bleaching) conditions. The application of far-red light 

prior to Fv/Fm or FIC measurements is an effective and simple method to ensure oxidation 

of the inter-system electron transport chain and the collection of the true maximum 

quantum yield and FICs representative of open PSII RCs. 
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10.0 GENERAL DISCUSSION 

 

Coral bleaching is considered one of the most serious threats to the preservation of coral 

reefs around the world (Brown 1997; Hoegh-Guldberg 1999; Hughes et al. 2003). A 

dysfunction in the complex mutualistic relationship between the host and symbiont 

results in zooxanthellar expulsion and can often lead to the death of the coral (Harriott 

1985). The physiological cause of this breakdown is not completely understood with both 

the symbiont (Iglesias-Prieto et al. 1992; Warner et al. 1996; Iglesias-Prieto 1997; Jones 

et al. 1998; Warner et al. 1999) and host (Bhagooli and Hidaka 2004b) suggested as the 

more sensitive partner. Other studies attribute the bleaching response to a combined 

impact to both host and symbiont (Ralph et al. 2001; Bhagooli and Hidaka 2004a; 

Bhagooli and Yakovleva 2004). The major objective of this thesis was to provide further 

insight into the primary site of photochemical impact to zooxanthellae during coral 

bleaching events and to determine the efficiency of photoprotective pathways. In 

addition, the physiological condition of expelled zooxanthellae and capacity for survival 

in the external environment were analysed. In light of these experiments, the complexities 

of accurately obtaining and analysing chlorophyll a fluorescence measurements were 

recognized and methods for overcoming these problems were devised. 

 

10.1 THE PRIMARY SITE OF PHOTOCHEMICAL IMPACT 

 

The experimental work contained within this thesis examined a number of sites and 

processes involved in the light reactions of photosynthesis in zooxanthellae. This 
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involved not only identifying sites sensitive to bleaching conditions, but also those which 

are unaffected, or even show an increase in their thermotolerance during bleaching 

events. A conceptual model of these findings is illustrated in Figure 10.1. 

 

10.1.1 Sensitivity of photosystem II reaction centres 

 

The first of these potential weaknesses was PSII, which has previously been suggested as 

a primary site of impact in zooxanthellae during bleaching events (Warner et al. 1996, 

1999; Hill et al. 2004a; Takahashi et al. 2004; Yakovleva and Hidaka 2004). Damage to 

the D1 reaction centre protein of PSII (Warner et al. 1999) and a reduction in the capacity 

for resynthesis of D1 (Takahashi et al. 2004) are processes suggested to explain the loss 

of photosynthetic health of zooxanthellae during bleaching exposure, which leads to their 

expulsion. Photoinhibitory damage to the D1 protein was suggested to occur, as a 

primary response, due to reactive oxygen species production through the absorption of 

intense excitation energy in the presence of oxygen (Lesser 1996, 1997). Hill et al. 

(2004a) found a loss of functional PSII reaction centres during exposure to bleaching 

conditions as a result of a decrease in the rate of reduction of the primary electron 

acceptor, QA, which is found on the D2 protein of PSII reaction centres. This partially 

supported the findings of Warner et al. (1999) and Takahashi et al. (2004) because the 

secondary electron acceptor, QB, is located on the D1 protein, and loss of D1 would 

reduce the capacity for QA to actively transport electrons further down the electron 

transport chain. This provided further evidence of the important role and sensitivity of 

PSII during bleaching exposure. 
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The use of fast induction curves (FICs) to probe bleaching responses of corals (Hill et al. 

2004a) provided a wealth of information on the impacts of bleaching conditions on PSII. 

Chapter 3 aimed to identify the physiological responses detected by this method that 

occur over a diel cycle (in both summer and winter), compared to the responses detected 

during exposure to bleaching conditions (see Hill et al. 2004a). The diel oscillations in 

photosynthetic efficiency and changes in step amplitudes along FICs indicated 

downregulation had occurred, rather than photoinhibition (Jones and Hoegh-Guldberg 

2001; Gorbunov et al. 2001). This highlighted the role of NPQ (see Chapter 8) in the 

dissipation of excess absorbed energy throughout the day when light intensities reaching 

corals exceeded the amount that could be safely harvested and channelled through into 

photochemistry. The decline in Fv/Fm and reduction in FIC steps seen towards midday 

was completely reversible and had recovered by the subsequent evening. This suggested 

downregulation was the primary cause of the decline in Fv/Fm, with any photoinhibitory 

damage to D1 repaired by re-synthesis of the protein within a matter of hours, leaving no 

permanent damage to PSII (Jones and Hoegh-Guldberg 2001). In comparison to these 

responses, under bleaching conditions, a complete recovery was not observed so quickly, 

if at all, and this was attributed to photoinhibition of PSII as a result of the formation of 

nonfunctional PSII reaction centres (Hill et al. 2004a). Chapter 4 aimed to identify the 

cause of the formation of these nonfunctional centres by analysing the functional 

heterogeneity of PSII. 
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10.1.2 Photosystem II heterogeneity 

 

Chapter 4 revealed a strong correlation between the well-known reduction in Fv/Fm 

during bleaching events (Warner et al. 1996; Jones et al. 2000; Bhagooli and Hidaka 

2004a), the decline in the amplitude of the J step along FICs (as shown in Hill et al. 

2004a) and a previously unknown rise in the abundance of PSIIX. This work indicated 

that photosynthetic efficiency was highly dependent upon the size of the PSIIX pool. A 

higher proportion of PSIIX centres, representative of PSII reaction centres where QA
- 

reoxidation by QB is 1000 times slower than PSIIA centres, were responsible for the 

decline in photosynthetic capacity of in hospite zooxanthellae in all three species studied 

(see Figure 10.1). Light-induced damage to the D1 protein is probably linked to the rise 

in PSIIX centres which would support the work of Warner et al. (1999) and Takahashi et 

al. (2004). Damaged D1, as a result of photoinhibitory processes, may not have been 

replaced, possibly as a result of damage to the repair machinery of PSII (Takahashi et al. 

2004). As QB is located on the D1 protein, disruption to electron transport from QA to QB 

would occur when D1 is damaged during bleaching events. Hence, the observed rise in 

the abundance of PSIIX (QB nonreducing centres) may well be attributed to damage to the 

D1 protein of PSII. It is hypothesised that the photochemical reactions, which lead to the 

formation of nonfunctional PSII centres, are the primary site of photochemical damage 

and that this results in coral bleaching. 

 

The second type of PSII heterogeneity was less influential, where a significant change in 

the PSII�:PSII� ratio was only observed in one coral species, Pocillopora damicornis. In 
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this species a rise in the number of PSII� centres occurred as exposure time to bleaching 

conditions increased. This response can be attributed to a rise in the number of PSII 

centres lacking peripheral light-harvesting complexes, although it may be a secondary 

response after PSIIX formation and its occurrence may be species-specific. Nevertheless, 

the rise in PSII� in this species may be linked to the rise in the occurrence of state 

transitions (Lavergne and Briantais 1996), important in NPQ, observed during bleaching 

exposure (Chapter 8) (see Figure 10.1). 

 

10.1.3 Efficiency of photoprotection pathways 

 

Dissipation of excess absorbed energy through NPQ has been documented in the past in 

corals exposed to bleaching conditions (Warner et al. 1996; Hill et al. 2004b). In Chapter 

8, the importance and contribution of the three main components, qE, qT and qI, in their 

role as heat dissipation pathways were analysed for the coral species, P. damicornis. 

Energy dependent quenching was found to be the principle means of energy dissipation 

in non-bleaching treatments. This mechanism is controlled by the formation of the 

transthylakoid pH gradient, which is formed upon illumination and activates the 

xanthophyll cycle (Demmig Adams and Adams 1993; Brown et al. 1999). However, the 

role of qT was found to be of equal importance to qE under bleaching stress (Chapter 8) 

(see Figure 10.1). The redistribution of LHCs between PSII and PSI is characteristic of 

qT, where permanent, long-term damage can be avoided by optimising the distribution of 

excitation energy between the two photosystems (Williams and Allen 1987; Haldrup et 

al. 2001). This increase in the contribution of qT to the total NPQ (Chapter 8) supports 
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the finding of PSII� formation in this species during bleaching exposure (Chapter 4) 

(Lavergne and Briantais 1996). The increase in state 2 transitions was reflected in PSII 

heterogeneity measurements, where a rise in PSII� was found, indicating a decrease in 

the antenna size of PSII. It is suggested that further research be carried out to confirm the 

operation of state transitions in this and other coral species using fluorescence 

spectroscopy at 77 K. These findings indicate that in at least some coral species, 

photodamage may occur once the effectiveness of photoprotective pathways is exceeded. 

Hence photodamage can be attributed to the inadequacies of the mechanisms responsible 

for avoidance of photodamage. Excess absorbed light during thermal stress requires 

energy dissipation as heat. If this demand for energy dissipation cannot be met by the 

pathways of qE or qT, photodamage may occur (qI). Although no change in the 

proportion of qI was detected, overall, there was a rise in the absolute amount of qI 

during bleaching exposure, as total NPQ increased. This is most likely linked to damage 

to the D1 protein of PSII (Mattoo et al. 1984; Krause 1988; Warner et al. 1999). 

 

During the recovery period following a bleaching event, the repair of the photosynthetic 

apparatus involves D1 resynthesis. The efficiency of this repair machinery has been 

suggested to determine bleaching susceptibility (Takahashi et al. 2004). Work on higher 

plants has led to the production of a conceptual model which places PSIIX centres as 

intermediates in the D1 repair process (Guenther and Melis 1990; Melis 1991). In this 

model, activation of the interaction between QA
- and QB is essential for the recovery of 

PSIIX centres to PSIIA centres. PSIIA production varied among species and it was found 

that the more susceptible species, Acropora nobilis, showed the least recovery of PSIIX 
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centres to PSIIA centres. This indicates that PSIIA formation may be an essential 

component and tightly linked to the capacity for a coral to recover following a bleaching 

event. 

 

10.1.4 Thermostability of the OEC and thylakoid membrane 

 

Two other components of the photosynthetic apparatus involved in the light reactions of 

photosynthesis were found to tolerate bleaching conditions over the experimental 

treatments. Both the OEC (Chapter 5) and the thylakoid membrane (Chapter 6) did not 

experience any detrimental impacts during exposure to high light, elevated temperature, 

or a combination of both (i.e. bleaching conditions). To investigate OEC operation, the 

artificial electron donor, diphenyl carbazide (DPC) was added to zooxanthellae 

suspensions from bleaching treatments and this did not result in any change in 

photosynthetic efficiency. In past studies, it has been demonstrated that in OEC-

inactivated systems, photosynthetic efficiency can be restored once DPC is introduced 

(Bertamini et al. 2002; Bertamini et al. 2005; Muthuchelian et al. 2005). The lack of any 

rise in photosynthetic efficiency indicated OEC was in a functional state. This was 

confirmed by FIC measurements performed on samples exposed to a series of elevated 

temperatures and further supported by oxygen evolution measurements (Chapter 5). 

Detection of the K step along FICs indicates that electron flow from PSII is exceeding the 

rate of electron donation to PSII (Strasser 1997; Skotnica et al. 2000) and its presence can 

be attributed to OEC inhibition (Guissé et al. 1995; Lazár and Ilik 1997; Lazár et al. 

1997; Srivastava et al. 1997; Strasser 1997). The K step was not observed until several 
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degrees Celsius above the exposure temperatures (7°C for the bleaching treatment) and 

this temperature corresponded to a loss of oxygen production. These results lead to the 

conclusion that OEC function is not impaired during the onset of bleaching events. 

 

To examine the structural integrity of the thylakoid membrane, the fluorescence-

temperature curve technique was used to measure the critical temperature (Tc) at which 

irreversible damage to the thylakoid membrane occurred (Schreiber et al. 1975; Schreiber 

and Berry 1977). The accuracy of this technique was confirmed through the collection of 

scanning transmission electron micrographs, which demonstrated the association between 

Tc and thylakoid membrane degradation. As with the temperature of OEC dysfunction, 

the thylakoid membrane was found to remain intact until several degrees Celsius (5.1°C 

for the thylakoid membrane) above the temperature of the bleaching treatment (32°C). In 

both the OEC and thylakoid membrane, a temperature-dependent rise in thermotolerance 

was found. Independent of light intensity, the thermal limit of these sites increased with 

length of exposure to bleaching conditions. This highlights the plasticity of these 

structures and the capacity for them to withstand thermal stress, a characteristic well 

known for higher plants (Berry and Bjorkman 1980; Smillie and Gibbons 1981; Raison et 

al. 1982; Downton et al. 1984; Havaux 1993b; Lazár and Ilik 1997; Kouril et al. 2001). 

After four hours of exposure to bleaching conditions, thermostability increased to 

temperatures far above bleaching thresholds (see Figure 10.1). These findings provide 

convincing evidence that the OEC and thylakoid membrane are not the primary site of 

photochemical impact during bleaching events. Although these sites were not identified 
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as primary sites of damage in this thesis, it is possible that they are involved in secondary 

or knock-on effects which lead to their impairment later in the bleaching process. 

 

In addition to the rapid increases in thermostability of the OEC and thylakoid membrane 

during bleaching exposure, slower, seasonal variations in the point of breakdown were 

also detected. In all species studied, these two components of the photosynthetic 

apparatus showed a rise in thermotolerance from winter to summer. This increase varied 

between 12 and 13°C above lagoon temperature in winter and between 6 and 8°C above 

lagoon temperature in summer for OEC function, and between 10.5 and 16.2°C above 

lagoon temperature in winter and between 7.9 and 10.7°C above lagoon temperature in 

summer for preservation of thylakoid membrane integrity. Although these temperatures 

are above what can be considered ecologically relevant, what these results do indicate is 

the high capacity for temperature tolerance and the ability for temperature-dependent 

adjustment of thermostability. Considering the OEC is imbedded in the thylakoid 

membrane, the physiological mechanisms behind the changes in OEC and thylakoid 

membrane thermostability are likely to be linked. Previous studies on higher plants have 

attributed this to changes in the composition of the lipids and proteins within the 

thylakoid membrane (Pearcy 1978; Raison et al. 1982; Hugly et al. 1989; Ivanova et al. 

1993), although for zooxanthellae, further research is required into the dynamic lipid and 

protein composition during the initial stages of bleaching. 

 

Variations in sensitivity of these two sites were also found between species over the 

seasons. Previous studies have attempted to link different clades with specific 
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physiological traits, although no conclusive parallels have yet been found (Savage et al. 

2002). Here, it was hypothesised that the differences found in species sensitivity may be 

due to the composition of zooxanthellar genotypes present in the host coral. For the 10 

coral species studied in Chapter 6, a considerable amount of genetic variation in 

zooxanthellae communities was found, compared to previous surveys of the area 

(LaJeunesse et al. 2003). No correlation was found between zooxanthellar genotype and 

thylakoid membrane thermostability, suggesting the cause for variation lay elsewhere. It 

is possible the host may play a key role in influencing zooxanthellar thermostability and 

acclimation (Yakovleva and Hidaka 2004), because in general, species were divided by 

host susceptibility, as defined by Loya et al. (2001). The more sensitive species showed a 

lower thermostability, compared to the more tolerant species, which were found to have a 

higher thermostability. This result highlights the need for further work on the interactions 

between host and symbiont during the bleaching processes. 

 

Despite the high thermostability and the capacity for rapid increases in thermotolerance 

during elevated temperature exposure in the OEC and thylakoid membrane, corals will 

continue to be susceptible to bleaching as other components of the photosynthetic 

apparatus, such as the PSII reaction centres, are highly susceptible to increases in 

temperature and do not have the ability to acclimatise in the short-term to thermal stress. 

Therefore, corals are only as heat tolerant as their most sensitive component and their 

capacity to withstand or adapt to increases in ocean temperatures is highly limited. A 

conceptual model of the impacts on the photosynthetic apparatus of in hospite 

zooxanthellae is illustrated in Figure 10.1. 



Chapter 10 249 

 
 
Figure 10.1: Conceptual model of impacts to the light reactions of photosynthesis under (a) optimal and (b) 

bleaching conditions. Under optimal conditions electrons are donated by the OEC to the PSII electron 

acceptors of QA (on the D2 protein) and QB (on the D1 protein), then transported to PSI (P700). Excess 

light energy absorbed by PSII is dissipated by NPQ. 60% is dissipated via qE, 20% via qT and 20% via qI 

pathways. Under these conditions, the OEC is thermally stable up to 35°C and the thylakoid membrane is 

stable up to 37°C. Under bleaching conditions, a rise in the abundance of QB non-reducing centres (PSIIX) 

on the D1 protein occurs, resulting in reduced electron flow. A greater amount of absorbed light energy is 

dissipated by NPQ, with a rise in the contribution of qT to total NPQ. Under these conditions 40% is 

dissipated via qE, 40% via qT and 20% via qI pathways. Furthermore, OEC thermostability increases to 

39°C and thylakoid membrane thermostability increases to 42°C under bleaching conditions. 
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10.2 SURVIVORSHIP OF EXPELLED ZOOXANTHELLAE 

 

In both Chapters 5 and 6, measurements on the photosynthetic condition of expelled 

zooxanthellae were performed. Past studies have shown that zooxanthellae are expelled 

from the host during bleaching in a photosynthetically competent state (Ralph et al. 2001; 

Bhagooli and Hidaka 2004b; Ralph et al. 2005a). In Chapters 5 and 6, zooxanthellae were 

collected shortly after expulsion from the host and the condition of the OEC and 

thylakoid membrane was assessed. Both these structures were found to be intact in 

expelled zooxanthellae, indicating that these cells were expelled on a non-selective basis 

with respect to the functioning of the OEC and the structural integrity of the thylakoid 

membrane. In contrast to these studies and previous research, Franklin et al. (2004, 2006) 

suggested nonfunctional symbionts with degraded ultrastructure and permeable 

membranes were expelled during bleaching conditions from the coral Stylophora 

pistillata. These divergent results highlighted the need for an investigation into the long-

term viability of expelled zooxanthellae once they enter the water column. Chapter 7 

analysed the photosynthetic health and morphological condition of expelled 

zooxanthellae from P. damicornis sub-colonies exposed to moderate bleaching 

conditions. This detailed analysis of zooxanthellar viability over several days provided 

new information on the survivorship, longevity and health of expelled zooxanthellae 

under three temperature treatments. 
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10.2.1 Capacity for long-term survival by expelled zooxanthellae 

 

Expelled zooxanthellae were collected at four different time intervals (0-6 h, 6-12 h, 12-

24 h and 24-36 h) following the onset of exposure to bleaching conditions (32°C and 400 

μmol photons m–2 s–1) and then maintained at 28°C, 30°C or 32°C for up to 96 h. After 

initial expulsion, zooxanthellae were found to be photosynthetically competent and 

structurally intact (Ralph et al. 2001; Bhagooli and Hidaka 2004b; Ralph et al. 2005a). 

Although the expelled zooxanthellae populations had a lower photochemical efficiency 

than those in hospite at each time period, it was not until 6-12 h following expulsion that 

photochemical efficiency dramatically declined in these cells. This photosynthetic 

damage was gradually manifested in the loss of structural integrity of the cell. In the 

study by Franklin et al. (2004) it was concluded that zooxanthellae were expelled from 

the host as they had died and degenerated in hospite. In contrast, our results indicate that 

this complete degradation does not begin until after expulsion from the host. These 

discrepancies may be attributed to the different coral species studied or differences in the 

speed of cell viability assessment following expulsion. The results of Chapter 7 may very 

well support those of Franklin et al. (2004), if sampling speed was the cause of differing 

results, as photochemical efficiency and morphological condition were shown to quickly 

decline after initial expulsion in this study. 

 

The time of expulsion during bleaching exposure, as well as ambient water temperature 

were found to greatly influence zooxanthellae survivorship. Those cells expelled within 

the first 6 h of bleaching and held at 28°C (lagoon temperature), had the greatest 
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longevity, although even in this treatment, long-term viability was restricted to 5 days in 

the water column. This suggests that unless expelled zooxanthellae inhabit other 

environments of coral reefs (such as sediments) which may be more favourable for 

survival, their capacity for persistence in the environment is extremely limited. 

 

10.2.2 Role of expelled zooxanthellae in coral recovery 

 

When considering the potential for a coral to recover following a bleaching event 

(Wilkinson 2002; Coles and Brown 2003), the two methods of zooxanthellae re-

population is by division of residual cells still within the host, or by uptake of 

zooxanthellae from the external environment (Hayes and Bush 1990; Jokiel and Coles 

1990; Buddemeier and Fautin 1993; Fitt et al. 1993; Jones and Yellowlees 1997). The 

results from this study indicate that zooxanthellar survivorship in the long-term is 

unlikely in the water column suggesting that these cells will not contribute to a stock 

available for re-infection of corals during the recovery process. If zooxanthellae are taken 

up from the environment during recovery, it is suggested these cells will be supplied from 

a pool not connected to the bleaching event, which are present in the water column. As 

evidence exists for the acquisition of zooxanthellae from the environment in juvenile 

corals not maternally supplied with symbionts (Richmond and Hunter 1990; Little et al. 

2004), it is possible that adult corals may also exploit this capability for the re-population 

of zooxanthellae following bleaching. However, further research into the potential source 

of these zooxanthellae in the environment and the capacity for corals to acquire free-

living zooxanthellae still needs to be conducted. 
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10.3 COMPLEXITIES OF PERFORMING CHLOROPHYLL A 

FLUORESCENCE MEASUREMENTS ON IN HOSPITE 

ZOOXANTHELLAE 

 

Throughout Chapters 3 to 9, the complexities of ensuring the collection of accurate 

chlorophyll a fluorescence measurements were recognized. Many parameters require the 

dark-adaptation of coral samples to obtain data such as Fv/Fm, FICs and NPQ. In theory, 

the process of dark-adaptation is required for the oxidation of the plastoquinone (PQ) 

pool and for the PSII reaction centres to open. Once a saturating pulse is applied, the PQ 

pool will become reduced and the reaction centres will close (Schreiber 2004). However, 

in practice, this dark-adaptation may lead to the reduction of the PQ pool, through a 

chlororespiratory pathway, and hence the collection of inaccurate chlorophyll a 

fluorescence data. Dark-reducing pathways, such as chlororespiration, have been 

suggested to be active in corals (Jones and Hoegh-Guldberg 2001; Ulstrup et al. 2005) 

and evidence of their activity was also found in Chapters 3 and 4. 

 

Diel measurements on in hospite zooxanthellae revealed an early morning rise in Fv/Fm 

and the P step along FICs (Chapter 3). Illumination by low light at this time was 

responsible for the excitation of the photosystems and processing of trapped electrons. 

The lower Fv/Fm values and P step measured prior to sunrise indicated that despite 

considerable lengths of dark-adaptation (in this case, overnight), measurements of Fv/Fm 

and FICs collected at pre-dawn may not be representative of a fully oxidised PQ pool. 
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Further evidence of dark-induced reduction of the PQ pool in in hospite zooxanthellae, 

came from measurements on the proportion of PSII� and PSII� centres (Chapter 4). Over 

the length of the experiment, in both the control and bleaching treatments, PSII� centres 

outnumbered PSII� centres. It was suggested this may not be representative of corals in 

the field due to the period of dark-adaptation applied prior to measurement. The redox 

state of the PQ pool is responsible for the operation of state transitions (Feild et al. 1998; 

Schreiber 2004) and reduction of the PQ pool in the dark, may have altered the 

PSII�:PSII� ratio (Lavergne and Briantais 1996). Given the potential impacts of dark-

induced reduction of the PQ pool identified in Chapter 3 and 4, an in-depth analysis on its 

implications for measurements of chlorophyll a fluorescence on in hospite zooxanthellae 

was performed (Chapter 9). 

 

Considering the widespread use of chlorophyll a fluorescence as a means of detecting 

changes in the health of zooxanthellae in corals it is important to understand the redox 

state of electron acceptors of PSII and the PQ pool during dark-adaptation. This study 

revealed that through the application of far-red light, which preferentially excites PSI and 

ensures oxidation of the inter-system electron carriers, accurate measures of Fv/Fm and 

FICs can be obtained. In darkness, the consumption of oxygen can lead to hypoxia 

(Ulstrup et al. 2005) and reduction of the PQ pool can occur with the operation of 

chlororespiration (Garab et al. 1989; Bennoun 1982, 1994; Feild et al. 1998; Peltier and 

Cournac 2002; Beardall and Quigg 2003). Without pre-exposure to far-red light, FIC 

measurements on an overnight darkened coral exhibited elevated O and J steps, a dip 

beyond J and a reduced P step. As a consequence, measurements of Fv/Fm are 
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significantly reduced and therefore the photochemical efficiency for the system was 

underestimated. A similar response was seen in FICs upon inhibition of the OEC, with 

the formation of the K step (Figures 5.3 and 5.6). As FICs from in hospite zooxanthellae 

with damaged OEC, look similar to FICs from in hospite zooxanthellae with a highly 

reduced PQ pool, it may be difficult to identify the cause of changes in shape of FICs. 

However, the pre-exposure of samples to far-red light would oxidise the inter-system 

electron transport chain and remove any influence of a reduced PQ pool. As a result, the 

appearance of a K step at 2 ms and a dip in the curve following this time would provide 

convincing evidence of damage to the OEC. 

 

The length of dark-adaptation, which results in a significant decline in Fv/Fm was found to 

be species-specific. Thick-tissued corals were found to be more prone to dark reduction 

of the PQ pool, as hypoxic conditions could develop faster. This result further 

demonstrated the difficulty in determining the appropriate length for dark-adaptation as it 

is dependent on the coral species being studied. As a result it is recommended that far-red 

light be applied prior to a chlorophyll a fluorescence measurement that requires dark-

adaptation to ensure oxidation of the inter-system electron transport chain. 

 

10.4 SUMMARY OF THE KEY FINDINGS 

 

1. Reversible reductions in Fv/Fm and FIC steps over a diel cycle are a result of 

downregulation of photosynthesis. Bleaching conditions result in a more sustained 
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reduction in these parameters due to photoinhibition and formation of 

nonfunctional PSII reaction centres. 

 

2. Damage to the PSII reaction centre is likely to be the primary site of 

photochemical damage during coral bleaching events. The formation of 

nonfunctional PSII reaction centres correlated to a rise in PSIIX centres indicating 

the capacity for QB reduction is limited. This supports previous findings, which 

suggest photoinhibitory damage to the D1 protein of PSII occurs at the onset of 

bleaching events. 

 

3. Photoinhibition occurs during bleaching events once the effectiveness of the qE 

and qT photoprotective pathways are exceeded. Under bleaching conditions, the 

role of state transitions to dissipate excess energy is increased, but these 

mechanisms may not be sufficient to prevent photodamage. 

 

4. The OEC and thylakoid membrane are not involved in the primary impacts to the 

photosynthetic apparatus during bleaching events. The thermostability of these 

sites is dependent on temperature and under bleaching conditions their 

thermotolerance exceeds bleaching thresholds. 

 

5. Despite the capacity for increased thermotolerance of some sites along the 

photosynthetic chain of events, the susceptibility of corals to bleaching conditions 

will remain. Other components of the photosynthetic apparatus, such as PSII 
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reaction centres, do not exhibit a mechanism for rapid acclimatisation and become 

nonfunctional during bleaching events. 

 

6. Variation in thylakoid membrane thermostability between species was not found 

to be linked to zooxanthellar genotype. It is suggested the host plays a key role in 

determining zooxanthellar sensitivity. 

 

7. Zooxanthellae are expelled independently of OEC function and thylakoid 

membrane integrity. In expelled zooxanthellae these sites of the photosynthetic 

apparatus are still intact. Damage to the PSII reaction centre is suggested to be the 

cause of zooxanthellae expulsion. 

 

8. Upon expulsion, zooxanthellae are still photosynthetically competent and 

morphologically intact. However, their longevity in the water column is 

dependent on the time of expulsion following the onset of bleaching and the 

ambient water temperatures. Earlier expulsion and lower, more optimal 

temperatures are more favourable. However, in all cases, survivorship is limited 

to a maximum of 5 days. 

 

9. The capacity for expelled zooxanthellae to survive in the long-term in the water 

column is very limited. However, this does not exclude the possibility that they 

could persist in other reef habitats. 
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10. An understanding of the redox state of the PQ pool is essential prior to 

chlorophyll a fluorescence measurements on in hospite zooxanthellae which 

require dark-adaptation. Pre-exposure to far-red light is an effective and simple 

procedure to ensure determination of the true maximum quantum yield of PSII 

and accurate FICs which require an oxidised inter-system electron transport chain 

and open PSII reaction centres. 

 

10.5 SIGNIFICANCE OF THE FINDINGS 

 

These findings suggest the capacity for corals to withstand rising ocean temperatures is 

very limited. Although some components of the photosynthetic apparatus may have the 

ability to increase their thermotolerance during exposure to bleaching conditions, it is the 

sites which do not have this capacity, which results in the reduction in zooxanthellar 

photochemical efficiency and ultimately, their expulsion from the host. The most 

sensitive site of the light reactions of photosynthesis was identified as the PSII reaction 

centres and this is suggested to be the primary site of photochemical damage. Therefore, 

as ocean temperatures continue to increase (Hoegh-Guldberg 1999), coral reefs will 

experience more frequent, more intense and more widespread bleaching events. This will 

result in increased coral mortality and have other far-reaching environmental, social and 

economic implications. The only viable solution to preventing the degradation of coral 

reefs is to reduce the anthropogenic release of greenhouse gasses into the atmosphere 

which are responsible for global warming. 
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Zooxanthellae expelled during coral bleaching events, although initially 

photosynthetically competent, have a limited time of survival in the water column. Unless 

they are able to inhabit other, more favourable environments, they will not be able to 

contribute to a population of free-living zooxanthellae. Uptake of zooxanthellae from the 

environment occurs in juvenile corals not maternally supplied with symbionts and 

although no evidence exists for the acquisition of zooxanthellae from the environment in 

adult scleractinian corals, it is possible this may occur in the recovery process following 

bleaching events. It is important to identify the original source of these symbionts and 

here it is suggested that those living in the water column and expelled during a bleaching 

event will not be viable for uptake. 

 

The widespread use of chlorophyll a fluorometers in coral reef science highlights the 

importance of identifying potentially confounding processes which can lead to the 

collection of inaccurate data. In this thesis, in hospite zooxanthellae were found to be 

highly susceptible to the onset of PQ pool reduction in the dark. Considering dark-

adaptation of coral samples is a common method employed by researchers to obtain 

measurements such as maximum quantum yield, it is important to evaluate the impact of 

this procedure on the redox state of the inter-system electron transport chain. Application 

of far-red light following dark-adaptation and prior to chlorophyll a fluorescence 

measurements is shown to be an effective method to eliminate dark-reduction of the PQ 

pool and it is recommended, where possible, that this procedure be utilised to ensure the 

collection of accurate data. Furthermore, it is vital to ensure that users of these 

instruments are aware of the potential for dark-reduction of the PQ pool, actions which 
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can be taken to avoid this reduction, as well as knowledge on how to accurately interpret 

chlorophyll a fluoresce results. 

 

10.6 FUTURE DIRECTIONS AND RESEARCH 

 

The research performed here provided detailed information on impacts to the light 

reactions of photosynthesis during the initial stages of coral bleaching events. However, 

the photosynthetic reactions involved in the dark reactions of photosynthesis still require 

further investigation. In addition, due to rising atmospheric CO2 concentrations, further 

research into the combined photosynthetic impacts of elevated temperature, high light 

and ocean acidification is also warranted. 

 

Causes of variation in the susceptibility of different coral species to bleaching events also 

requires further research. Accurately predicating the fate of coral species is essential for 

understanding the future risks to coral reefs and how biodiversity and coral abundance 

will be affected. The role of different Symbiodinium genotypes in the regulation of 

bleaching responses in corals is still unclear, although some types appear more thermally 

tolerant than others (Berkelmans and van Oppen 2006). However, in a coral host 

harbouring multiple Symbiodinium strains, the genetic composition of expelled 

zooxanthellae during a bleaching event remains unknown. Gathering such information 

may provide information on the potential for selectivity in the retention or expulsion of 

symbionts. 
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Modes of coral recovery following bleaching events remains unclear, with no evidence of 

whether adult scleractinian corals have the capacity for zooxanthellae uptake from the 

environment, or whether they are reliant upon re-population by residual symbionts 

remaining within the host tissue. It is also important to identify the source of free-living 

zooxanthellae, which may be available for coral uptake and the mechanisms of host-

symbiont communication during such a process. Furthermore, the potential for expelled 

symbiont survivorship in the environment, following a bleaching event, will indicate 

whether these cells have the potential for re-infection during coral recovery or for 

acquisition by juvenile corals not maternally supplied with symbionts. 
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