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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 (O,). 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 Qg. 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. Ap and A; 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.
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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 log;o time scale. The O, J, I and P
steps are indicated, as well as tpmax (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 = Scm. 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.
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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 umol photons m™ s™ for 2 h prior
to dark-adaptation. Average curves are plotted on a log; time scale (n = 4). Insert:
Changes in F,/F,, after each time interval. Data points indicate averages + standard error

of mean (n =4).
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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 log;o 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 (F,/F,,) 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 log;o time scale. The O, J, I and P steps are indicated. Average curves are

shown (n = 4).
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Figure 4.3: Q4 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 PSII5 (< 0.1 s) and
PSIIx (> 0.1 s). Curves are plotted on a log;o 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 PSIla (closed circles) and PSIIB (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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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 umol photons m™ s) 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 (F/F,) and (b)
relative variable fluorescence of the FICs (F-F,)/(Fi,-F,). 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 (A ). DPC was then
added (0.5 mM) and 20 mins later the third FIC was measured (0). 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 umol photons m
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s and (b) shows the bleaching (32°C and 425 umol photons m™ s') treatment for the
cultured zooxanthellae. (c) shows the control (25°C and 100 pmol photons m? s'l) and
(d) shows the bleaching (32°C and 425 pmol photons m? s7) treatment for the freshly
isolated zooxanthellae. During this 12 h experiment, measurements were taken prior to
exposure to experimental treatments (pre) and then at O, 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 umol photons m> s'l) and (b) bleaching (32°C and 425 pmol
photons m™ s™) 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 (F-F,)/(Fy,-F,) 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 1)
control (0; 21°C in winter and 28°C in summer), ii) the highest temperature where the K

step was not present (A), iii) the temperature where the K step was first observed (0)
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and, iv) one degree above this temperature (m) 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™'. The location of Fo, Fn, Fi/Fnm T¢, Tp, Finiia and Fraximum, 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’".
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Figure 6.3: F,/F,, (open squares), T (closed circles) and T, (closed triangles) of cultured
zooxanthellae exposed to control conditions (A) of low light (40 pumol photons m?s?)
and low temperature (25°C), high light and low temperature (B; 400 umol photons m?s’
and 25°C), low light and elevated temperature (C; 40 umol photons m? s and 32°C),
and high light and elevated temperature (D; 400 umol photons m™ s and 32°C) from 0-9
h. The temperature (°C) is indicated on the left y-axis and F,/F, on the right y-axis.

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

Figure 6.4: F./F,, (open squares), T. (closed circles) and T}, (closed triangles)

of freshly isolated zooxanthellae from P. damicornis exposed to control conditions (A) of
low light (100 umol photons m™ s') and low temperature (22°C), high light and low
temperature (B; 400 umol photons m?s” and 22°C), low light and elevated temperature
(C; 100 pumol photons m? s™ and 32°C), and high light and elevated temperature (D; 400
umol photons m~>s!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 F,/F,, on the right y-axis. Averages + standard

error of mean shown (n =4).

Figure 6.5: F,/F,, (open squares), T. (closed circles) and T, (closed triangles) of expelled
zooxanthellae from P. damicornis exposed to the bleaching conditions of 400 umol
photons m~ s 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 F,/F,, on the

right y-axis. Averages * standard error of mean shown (n = 4).
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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 pmol photons m™ s™'. 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 (¢) is maximum quantum yield.
Measurements on zooxanthellae from the 28°C (o), 30°C (o) and 32°C (A) 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 umol photons m™
s during initial expulsion and 100 pmol photons m s 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 (¢) and 24-36 h (d). The
percentage of healthy-looking zooxanthellae from the 28°C (e), 30°C (O0) and 32°C (A)
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 umol

photons m2s. 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 (e; 225 umol photons m? s™ and
25°C), the high-light (¥ ; 475 umol photons m? s and 25°C), the elevated temperature
(m; 225 umol photons m™ s™ and 32°C) and high-light plus elevated temperature (#; 475
umol photons m™ s 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 (e; 225 umol
photons m? s and 25°C), the high-light (¥; 475 pumol photons m~ s and 25°C),
elevated temperature (m; 225 pmol photons m~ s and 32°C) and high-light plus elevated
temperature (¢; 475 umol photons m” s 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 pumol photons m? s and 25°C), high-
light treatment (b; 475 pmol photons m™” s and 25°C), the elevated temperature
treatment (c; 225 pmol photons m™ s and 32°C) and the high-light plus elevated
temperature treatment (d; 475 pmol photons m™ s 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. ¢) 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 (e),
10 s exposure to far-red light then 0.1 s of darkness (A), and 10 s exposure to blue and red
light then 0.1 s darkness (m) for Cyphastrea serailia. Average curves are shown (n = 4).
The corresponding F,/F,, 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 ¢) 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 F,/F,,
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, (0), 10 min DA (o), 20 min DA (V¥), 30 min DA (A), and 60 min DA (m).
Average curves are shown (n = 4). The corresponding F,/F,, 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 F,/F;, 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) (e), 10 min DA, 10 s far-red light and 0.1 s darkness (D),
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 (A). 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 Qg (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 gl 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
Qg 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 ql 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 Qg non-reducing PSII centres (inactive PSII
centres), indicating damage to the site of the secondary electron acceptor, Qg, resulting in
a limited capacity for its reduction. Therefore, this reduced the rate of the reoxidation of
the primary electron acceptor, Q4. 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 PSIIP 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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