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Abstract
Widespread mass coral bleaching events have been consistently linked to higher than
usual summer temperatures, caused by global climate change, in combination with high
solar irradiance. Although the cellular aetiology leading to the loss of Symbiodinium
cells via exocytosis and apoptosis is still debated, coral bleaching caused by thermal and
irradiance stress is generally attributed to oxidative damage resulting from the excessive
formation of reactive oxygen species (ROS). The production of ROS is tightly linked to
the electron transport chains (ETC) of photosynthesis and respiration and the
performance of the coral and Symbiodinium antioxidant defences. Two antioxidant
defence components directly linked to the ETCs are the pools of the prenylquinones
coenzyme Q (CoQ; ubiquinone) and plastoquinone (PQ) and their respective reduced
(antioxidant) forms ubiquinol (CoQH2) and plastoquinol (PQH2). The pools of these
redox carriers play indispensable roles in electron transport – CoQ/CoQH2 in the
mitochondrial ETC and PQ/PQH2 in the photosynthetic ETC – and also have an
important antioxidant function within mitochondrial, cellular and thylakoid membranes.
Consequently, shifts in the proportion of reduced to oxidised prenylquinones (the CoQ
and PQ pool redox states) have been used to infer oxidative stress and antioxidant
activity in vertebrates and higher plants. Little is known about the sizes or redox states
of these pools of prenylquinones in the coral-Symbiodinium symbiosis, as neither have
so far been directly measured.

Taking advantage of the high sensitivity and specificity of liquid chromatography-mass
spectrometry (LC-MS) quantification, I assessed the roles that these prenylquinone
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pools play in antioxidant defence of coral and Symbiodinium. I discuss shifts of the CoQ
and PQ pool redox states in response to irradiance, heat and cold stress and in the
context of the coral bleaching stress response. First, I developed a novel technique for
reliable and accurate quantification of CoQ/CoQH2 in the coral host and PQ/PQH2 in
Symbiodinium, enabling analysis of the CoQ and PQ pool redox states in symbio
without the need for separation of the two symbiosis partners. This technique enabled
the first study of diurnal variation in coral CoQ and symbiont PQ pool redox states in
the coral Acropora millepora (Ehrenberg, 1834). Subsequently, the CoQ and PQ pool
redox states were monitored in A. millepora during a 17-day heat stress experiment
during which a coral bleaching response was induced. Finally, the CoQ and PQ pool
redox states were monitored during both natural and experimentally induced cold
bleaching events in the intertidal coral Acropora aspera (Dana, 1846).

I found that in A. millepora both the CoQ pool in the coral and the PQ pool in
Symbiodinium are continuously maintained in a highly reduced state at a level
comparable to vertebrates and higher plants, implying that these prenylquinone pools
have antioxidant functions in coral and Symbiodinium. Furthermore, while the CoQ pool
in the coral host was unaffected by daily exposure to high light intensities, the PQ pool
exhibited significant oxidative shifts in response to midday solar irradiation maxima.
Symbiodinium from A. millepora contained a proportionally large non-photoactive PQ
pool (> 90 % of total pool size), which likely represents an acclimatory response to the
high light environment of the host coral and provides further evidence for a significant
antioxidant scavenging activity of the PQ pool.

iii
Quantification of the CoQ and PQ pool responses to heat stress in A. millepora
demonstrated that the CoQ pool was significantly oxidised prior to both measurable loss
of Symbiodinium cells from the host and prior to major photoinhibition of
photosystem II (PSII). The PQ pool redox state, on the other hand, remained unaffected
by hyperthermal stress until PSII photochemical efficiency was severely impaired at the
end of the experiment. In contrast to the effect of elevated temperatures and high
irradiance in A. millepora, low temperature was associated with an increase in the PQ
redox state in Symbiodinium hosted by A. aspera. Chlorophyll fluorescence induction
kinetics supported the hypothesis that increases in PQH2 are linked to over-reduction of
the photosynthetic electron transport chain. These observations are consistent with
models for cold stress in higher plants and macro-algae which predict over-reduction of
the photosynthetic ETC and the PQ pool. Acute cold stress did not significantly affect
the redox state of the coral host CoQ pool, suggesting that, at least during acute
exposure, low temperatures cause only limited oxidative stress within the coral host.

Taken together my results clearly imply that, as in some other eukaryotes, the CoQ and
PQ pools have important functions in antioxidant defence in coral and Symbiodinium,
and the redox states of these prenylquinone pools are significantly shifted in response to
environmental insults that are associated with oxidative damage such as irradiance, heat
and cold stress. Most importantly, my results provide the necessary baselines for future
comparison of CoQ and PQ pool redox states in response to different stressors and
among different coral species and Symbiodinium types.
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arrows) proceed from electron donors (e.g. NAD(P)H) via several quinone dehydrogenases to
the CoQ pool, and to H2O from CoQH2 via AOX. Plasma membrane electron transport occurs
from NAD(P)H to H2O via one or more type of NAD(P)H-CoQ reductases, the plasma
membrane CoQ pool and Ecto-NOX. CoQH2 ROS scavenging occurs continuously in O2
metabolism primarily via chain breaking of lipid peroxidation (LPO) caused by O2− and H2O2.
Abbreviations: AOX, alternative oxidase; cyt-c, cytochrome c; DHAP, dihydroxyacetone
phosphate; DHO, dihydroorotate; DHODH, dihydroorotate dehydrogenase; Ecto-NOX,
external quinone oxidase; ETFred/ox, reduced/oxidised electron-transferring-flavoprotein;
ETFDH, electron-transferring-flavoprotein dehydrogenase reduced/oxidised; Ecto-NOX,
external quinone oxidase; GPDH, Glycerol-3-phosphate dehydrogenase; G-3-P, glycerol-3phosphate; H2O2 hydrogen peroxide; LPO, lipid peroxidation; pmNDH/mNDH, plasma
membrane/mitochondrial NAD(P)H dehydrogenases; OA, orotate; O2−, superoxide.
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Figure 5.1 Schematic diagram of the experimental design simulating low tide aerial exposure
in Acropora aspera.
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Figure 5.2 Cold bleaching of Acropora aspera during natural and experimental low tide aerial
exposure. (A – C) Photos of cold bleaching of A. aspera colonies on Heron Island reef flat
(23°27’ S/151°55’ E) demonstrating variation in bleaching extent. (D – E) Quantum yields of

xiv
exposed and submerged nubbins of A. aspera in natural and experimental low tide aerial
exposure. (D) On the reef flat, colonies were partially exposed from 14:50 h to 16:45 h. Yellow
dashed line shows photosynthetically active radiation (PAR) on the exposure day (right axis).
(E) Experimental exposure of coral nubbins for four hours to 16.5 km h−1 wind speed in a
cooled aquarium room (17 ± 0.1 °C). Yields were measured on the tip and base of nubbins.
The last measurements were taken at 48 h, after 44 hours recovery. Bars on x-axis denote
submersion (blue) and exposure (white) during daylight and darkness (black). Effective
quantum yield (F/FM') was measured in light, maximum quantum yield (FV/FM) in darkness. *
Denotes significant differences from other treatments (p < 0.05). Mean ± SD (n = 5).
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Figure 5.3 (A) Plastoquinone (%PQH2) and (B) coenzyme Q (%CoQH2) redox pool states of
Acropora aspera branch tips in response to natural and experimental low tide aerial exposure.
Means not connected by the same letters are significantly different (Tukey HSD, p < 0.002).
Mean ± SD (n = 5)
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Figure 5.4 Fast induction curves of exposed and submerged nubbins of Acropora aspera
before (A) and after (B) experimental low tide aerial exposure. Colony tips were exposed for
four hours to 16.5 km h−1 wind speed in a cooled aquarium room (17 ± 0.1 °C). FIC was
measured on tips and base of nubbins. Data points are means (n = 5).
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Abbreviations
The following list contains the most common abbreviations used. Re-occurring
abbreviations have been re-introduced in each Chapter.

CI

confidence interval

CoQ

coenzyme Q; ubiquinone

CoQH2

ubiquinol

ETC

electron transport chain



HO

hydroxyl radical

HPLC

high-performance liquid chromatography

H2O2

hydrogen peroxide

ITS1

internal transcribed spacer 1

LC-MS

liquid chromatography-mass spectrometry

LHOP

lipid hydroperoxide

O2−

superoxide

1

singlet oxygen

PAR

photosynthetically active radiation

PQ

plastoquinone

PQH2

plastoquinol

PSI

photosystem I

PSII

photosystem II

ROS

reactive oxygen species

TBARS

thiobarbituric acid reactive substances

O2
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Coral-Symbiodinium symbiosis

Almost half of the extant Scleractinia (hard corals) live in symbiosis with
photosynthetic algae (Roberts et al., 2009; Kitahara et al., 2010). The scleractinian coral
host harbours dinoflagellate algae of the genus Symbiodinium within the endodermal
cells of the gastrovascular cavity (Pochon et al., 2006). This mutualistic symbiosis
provides distinct trophic benefits to both partners: Symbiodinium cells translocate
photosynthetically produced carbon to the coral animal (up to 95 % of the coral’s
energy requirements) in the form of sugars, amino acids, lipids and small peptides, and
in return receive essential nutrients such as inorganic nitrogen, phosphorus and CO2
from the host respiration (Muscatine and Porter, 1977; Falkowski et al., 1984; Gordon
and Leggat, 2010).

The Coral-Symbiodinium partnership allows scleractinians to thrive in oligotrophic
tropical waters and Symbiodinium to reach high densities of 0.5 – 2.0 × 106 cells cm−2 in
host tissues (Dubinsky and Falkowski, 2011). Because of their association with a
photosynthetic endosymbiont, light plays a major role in the vertical distribution of
corals (Schlichter et al., 1985). Undoubtedly, the success of the coral-Symbiodinium
symbiosis is demonstrated by the oceans’ most diverse and complex marine ecosystem:
coral reefs (Spalding and Grenfell, 1997; Furla et al., 2011). However, in the last few
decades the environmental sensitivity of these ecosystems has become evident, with
coral reefs all over the world degrading and under severe environmental threats caused
by detrimental human impacts (Hoegh-Guldberg et al., 2007; Carpenter et al., 2008;
Wilkinson, 2008). The threats responsible for a worldwide reef decline include water
pollution and nutrient enrichment from terrestrial runoff and dredging (McCook, 1999;
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Smith et al., 2003; Lapointe et al., 2004; Wilkinson, 2008; Burke et al., 2011), overharvesting and destructive fishing (Jackson et al., 2001; Pandolfi et al., 2003), increased
population outbreaks of the coral-eating crown-of-thorns starfish (COTS) Acanthaster
planci in some regions (Great Barrier Reef) likely caused by the runoff of soils,
fertilisers, and pesticides from agricultural and coastal development (Fabricius et al.,
2010), and increased disease prevalence because of these assaults on coral health
(Harvell et al., 2002). In addition, global climate change is threatening to push coraldominated reefs towards a non coral-dominated state because of increasing sea
temperatures and ocean acidification, both of which are interacting with more localised
acute disturbances such as tropical storms and COTS outbreaks (Brown, 1997; HoeghGuldberg, 1999; Hughes et al., 2003; Hoegh-Guldberg et al., 2007; Veron et al., 2009;
De’ath et al., 2012).

1.2

Coral bleaching

Although the gross metabolic benefits of the coral-Symbiodinium symbiosis are well
recognised, there is a limited understanding of how symbiotic interactions are
established and regulated at physiological and molecular levels (Davy et al., 2012;
Meyer and Weis, 2012). While the symbiosis is fundamental to the success of tropical
reef-building corals, this union makes corals highly susceptible to changes in
environmental conditions (Brown, 1997; Hoegh-Guldberg, 2004). In particular, the
disruption of coral-Symbiodinium symbiosis, known as “coral bleaching”, is a subject of
contemporary significance in global climate change research (Hoegh-Guldberg, 1999;
Weis, 2008; Lesser, 2011a). The term “coral bleaching” is used to describe the loss of
Symbiodinium cells and/or their pigments from host tissues, which causes corals to turn
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pale or white due to the visibility of the host aragonite skeleton (Hoegh-Guldberg and
Smith, 1989; Szmant and Gassman, 1990; Fitt et al., 1993).

Coral bleaching is a stress response that can be caused by a range of conditions,
including high/low solar irradiation and enhanced UV radiation (Yonge et al., 1931;
Hoegh-Guldberg and Smith, 1989; Lesser et al., 1990; Gleason and Wellington, 1993;
Brown et al., 1994c), reduced salinity (Hoegh-Guldberg and Smith, 1989; Kerswell and
Jones, 2003), microbial pathogens (Kushmaro et al., 1996; Shenkar et al., 2006),
chemical toxins (Jones and Hoegh-Guldberg, 1999; Jones, 2005) and reduced water
temperature (Steen and Muscatine, 1987; Saxby et al., 2003; Hoegh-Guldberg et al.,
2005). Most importantly though, mass coral bleaching events, where most of the coral
assemblage or entire reefs are bleached, have incontrovertibly been linked to unusual
warm sea surface temperature (SST) in conjunction with high levels of solar radiation
(Jones et al., 1998; Fitt et al., 2001; Eakin et al., 2009). Tropical reef-building corals are
vulnerable to above average temperatures because they live close to their upper thermal
limit (within 1 – 2 °C) (Coles et al., 1976; Coles and Jokiel, 1977; Glynn and D'Croz,
1990). This means that small temperature anomalies of 1 °C above the highest monthly
mean SST can cause thermal bleaching stress (Glynn and D'Croz, 1990; HoeghGuldberg, 1999). Whether a coral bleaches depends on a variety of factors including the
species, location, microhabitat, absolute temperature, light exposure and prior thermal
history (Fitt et al., 2001; Brown and Cossins, 2011). In addition, recent findings suggest
that that seawater nutrient imbalances (high dissolved inorganic nitrogen and low
phosphate concentrations) may significantly increase bleaching susceptibility
(Wiedenmann et al., 2013). Thermal stress is cumulative, meaning that given enough
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exposure time to temperatures above long-term summer maxima, any coral will bleach
(Hoegh-Guldberg, 1999; Eakin et al., 2009). Coral bleaching increases the likelihood of
mortality, can devastate entire reefscapes and can lead to depressed colony growth and
reproduction success amongst survivors (Hoegh-Guldberg, 1999; Baird and Marshall,
2002; Mendes and Woodley, 2002; Wilkinson, 2008).

A major concern for the future of coral reefs is that reports of mass bleaching events
have been increasing over the last 30 years (Lough and van Oppen, 2009) with five
major, large scale mass coral bleaching periods occurring in the last 20 years (four
global in 1982 – 83, 1987, 1998, 2005; and one restricted to the Great Barrier Reef in
2002) (Oliver et al., 2009). It is currently uncertain whether this increase in reports
translates into an actual increase in worldwide coral bleaching events (Oliver et al.,
2009); however, oceans have warmed at a rate of 0.12 °C per decade between
1950 – 2007 and tropical SST has increased by + 0.5 °C over the last century due to
climate change (Lough, 2008; Eakin et al., 2009). As SST are predicted to increase by
1 – 3 °C over the next century, the frequency and intensity of future coral bleaching
events is thus expected to increase as corals are more frequently exposed to conditions
greater than their maximum thermal limit (Hoegh-Guldberg, 1999; Hoegh-Guldberg et
al., 2007). How quickly and to what extent corals can adapt to rising temperatures is a
subject of current debate by the scientific community (e.g. Berkelmans and van Oppen,
2006; Barshis et al., 2010; Császár et al., 2010; Weis, 2010; Howells et al., 2011).
Nevertheless, it is generally agreed that thermal tolerance of corals must increase by
0.2 – 1.0 °C per decade over the next 30 – 50 years if bleaching is not to become an
annual or biannual event on the world’s coral reefs (Donner et al., 2005). The main
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concern for the future of coral reefs is that corals may not have the physiological
capacity to adapt to the current rates of environmental change (Gates and Edmunds,
1999; Brown and Cossins, 2011).

1.3

Oxidative stress in corals

Even though it is widely accepted that prolonged exposure to elevated seawater
temperatures and solar radiation is the primary cause for mass coral bleaching, the
precise aetiology is not fully understood. Various authors argue different components of
the photosynthesis apparatus or, to some degree the host, as sites of initial damage
caused by environmental stress. The consensus is that high temperatures and solar
irradiances cause oxidative damage by the production of excessive levels of reactive
oxygen species (ROS), which eventually overwhelm the antioxidant defence of
Symbiodinium and their coral host. Ultimately, this may lead to apoptosis, necrosis and
expulsion of Symbiodinium cells as seen during coral bleaching (see Hoegh-Guldberg,
1999; Lesser, 2006; Weis, 2008; Lesser, 2011a). The expulsion of Symbiodinium by the
coral could therefore be regarded as a protective mechanism; the coral prevents further
ROS leakage from Symbiodinium into host cells by removing the primary source of
ROS production and also by reducing tissue hyperoxia during daylight exposure
(Downs et al., 2002; Lesser, 2006).

The proposed connection between oxidative stress and coral bleaching is not entirely
surprising. Oxidative stress is a persistent theme in the stress physiology of all aerobic
organisms (Halliwell and Gutteridge, 2007) and distinctively so in corals because of the
close association of photosynthetic algae within animal host tissues (Lesser, 2011a).
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Even under normal physiological conditions, the intracellular localisation of
Symbiodinium subjects the coral to hyperoxic conditions during daylight exposure that
are highly conducive to oxidative stress (Dykens and Shick, 1982; Kühl et al., 1995;
Richier et al., 2003). “Oxidative stress” is a physiological term used to describe various
harmful processes resulting from an imbalance between the excessive formation and the
antioxidant scavenging of cellular ROS (Turrens, 2003). ROS can damage lipids,
proteins and DNA (Fridovich, 1998; Asada, 1999; Halliwell and Gutteridge, 2007). The
formation of ROS at normal physiological levels occurs in all photosynthetic and
respiratory active cells and is a direct result from the use of oxygen in metabolism.
Oxidative stress occurs thus from an increase in ROS formation, a decrease or
deficiency in antioxidant defence or both. Hence, oxidative stress is best viewed as an
imbalance in the cellular reduction – oxidation (redox) balance shifting towards
increasing oxidation of cell components (Fridovich, 1998; Asada, 1999; Halliwell and
Gutteridge, 2007).

In coral-Symbiodinium symbiosis both partners have a wide range of processes to cope
with oxidative stress caused by enhanced ROS formation (see Section 1.5, antioxidant
defence in coral and Symbiodinium). Symbiodinium produce large quantities of oxygen
due to high photosynthesis rates in the high light environment of coral reefs (Lesser,
2006). Coral tissue oxygen partial pressure (pO2) levels have been shown to exceed
250 % of air saturation during light exposure (Kühl et al., 1995) and such high tissue
levels of pO2 are distinctly positively correlated to the formation of ROS (Jamieson et
al., 1986; Cadenas, 1989; Fridovich, 1998; Halliwell and Gutteridge, 2007).
Additionally, corals living in clear, shallow waters are exposed to the damaging
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wavelengths of solar ultraviolet radiation (UVR) that, in combination with high pO2,
can lead to the photodynamic production of ROS (Di Giulio et al., 1989; Tyrrell, 1991;
Dykens et al., 1992).

1.4

Thermal coral bleaching and oxidative stress

It is generally believed that the underlying mechanism of bleaching is linked to the
photosynthetic performance of Symbiodinium, although no definitive site of initial
thermal impact has been ascertained. Early studies confirmed that exposure to elevated
temperatures (Iglesias-Prieto et al., 1992), high irradiance (Brown et al., 1994b), UVR
(Lesser and Shick, 1989) or both in combination (Lesser, 1996; Lesser, 1997) causes
significant loss of photosynthetic activity in Symbiodinium. This is a clear indication of
photoinhibition or damage to the photosynthetic electron transport chain (ETC)
(Iglesias-Prieto et al., 1992; Warner et al., 1999). Subsequent studies have identified
photosystem II (PSII) (Warner et al., 1996; Hill et al., 2004b; Takahashi et al., 2004),
the oxygen evolving complex (OEC) (Iglesias-Prieto, 1997), thylakoid membranes
(Iglesias-Prieto et al., 1992; Tchernov et al., 2004) and the biochemical redox enzymes
of the Calvin cycle (Jones et al., 1998; Leggat et al., 2004) as vulnerable sites of
damage in early-stage coral bleaching.

Excessive irradiance alone in the absence of thermal stress can cause photoinhibition
and coral bleaching, thus supporting the precept that the photosynthesis apparatus is the
vulnerable target in coral bleaching aetiology (Hoegh-Guldberg and Smith, 1989;
Lesser and Shick, 1989; Lesser, 1996; Lesser, 1997); however, most proposed damage
sites have been called into question. Damage to PSII reaction centres seems to
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principally involve the D1 protein and photoinhibition occurs when the rate of damage
exceeds the rate of D1 repair (Takahashi et al., 2009; Ragni et al., 2010; Hill et al.,
2011). The OEC on the other hand has been shown to be tolerant of elevated
temperatures that cause coral bleaching (Hill and Ralph, 2008). Likewise, it has been
shown that thylakoid membranes retain their thermostability far above bleaching
thresholds (Dove et al., 2006; Hill et al., 2009; Díaz-Almeyda et al., 2011). Another
hypothesis is the sink limitation model by Jones et al. (1998) which poses that
impairment of carbon fixation in shallow-water corals (Lesser, 1996) leads to overreduction of the photosynthetic ETC, and specifically to maximal reduction of the
plastoquinone pool, because of the reduced consumption of ATP and NADPH. This in
turn is assumed to damage PSII repair mechanisms due to a backup of excitation energy
(Jones et al., 1998; Takahashi and Murata, 2008; Takahashi et al., 2009). In the Calvin
cycle, Rubisco has been proposed as the site of impairment because of its known
sensitivity to ROS damage and thermal instability (Leggat et al., 2004; Smith et al.,
2005; Lilley et al., 2010), but this has also been challenged due to a lack of change in
Rubisco protein content during heat stress (see Hill et al., 2011; Lesser, 2011a).

Conclusive evidence for any component of photosynthesis being the exclusive site of
stress-induced damage, and not a secondary site of impairment is still lacking. As
Buxton et al. (2012) concluded succinctly: “since all reported sites of initial impact
have the potential to inhibit the repair of photodamaged PSII, it is still uncertain which
of them is the primary site of thermal damage and which is most strongly associated
with acceleration of photoinhibition in Symbiodinium during bleaching events”. This
conclusion fits well with recent changes in how photoinhibition is perceived. While it
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was previously thought that oxidative stress affects the rate of photodamage to PSII, it is
now understood that it primarily inhibits its repair. Consequently, most factors
protecting PSII against photoinhibition such as ROS scavenging mechanisms and nonphotochemical quenching appear to do so by accelerating repair of PSII rather than by
reducing the rate of actual photodamage to PSII (Hill et al., 2011; Murata et al., 2012).

An interesting piece of information for this discussion was given in a recent study
showing heterogeneity in the primary site of thermal inhibition in different clades of
Symbiodinium under different levels of thermal stress (Buxton et al., 2012). In this
study damage was located either upstream (PSII) and/or downstream (Calvin cycle) of
the ferredoxin redox point of electron transport in photosynthesis. The study concluded
that likely no single initial impact site applies to the thermal stress response of corals.
The report confirmed that different Symbiodinium types can exhibit significant
differences in physiological traits (Hennige et al., 2009) and affirmed that bleaching
susceptibility is also dependent on the complexity of interactions within coralSymbiodinium relationships (Abrego et al., 2008).

While the main focus in understanding the initial processes causing bleaching seems to
centre on the Symbiodinium partner, the cnidarian host clearly reacts to thermal stress
and high light by increasing its antioxidant activity which is ample indication of
oxidative stress in the host (e.g. Lesser et al., 1990; Levy et al., 2006; Richier et al.,
2006; Flores-Ramírez and Liñán-Cabello, 2007; Merle et al., 2007). Cnidarians can also
produce damaging ROS in the absence of symbiotic algae, upon light exposure and at
elevated temperatures (Dykens et al., 1992; Nii and Muscatine, 1997). Nonetheless, the
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oxidative stress in the host is strongly aggravated in symbiosis likely because of the
imposed hyperoxic conditions and the release of ROS to the host by Symbiodinium
(Suggett et al., 2008; Saragosti et al., 2010). There is clear evidence of an antioxidant
response in both the coral and Symbiodinium during exposure to thermal and light
stress, indicating ROS scavenging is essential to both partners (Lesser and Farrell, 2004;
Levy et al., 2006). Accordingly, higher levels and constitutive frontloading of heat
shock proteins and the antioxidant enzymes in the coral confer thermal bleaching
resistance (Fitt et al., 2009; Barshis et al., 2013).
1.4.1

In vivo reactive oxygen species formation

Reactive oxygen species formation in photosynthesis
ROS formation in vivo is linked mostly with energy metabolism in cell organelles such
as chloroplasts, mitochondria and peroxisomes. Aerobic respiration, photosynthesis and
the breakdown of fatty acids cause high rates of electron flow in these organelles and
promote the formation of ROS. Within the reductive environment of the chloroplast,
singlet oxygen (1O2) is produced continuously in PSII reaction centres (Barber, 1998;
Apel and Hirt, 2004). Here, the primary electron donor chlorophyll P680 is excited to its
triplet state and generates 1O2 by energy transfer. This occurs particularly when the
electron acceptor sites in PSII QA and QB are over-reduced and electrons cannot be
passed on from P680 to the plastoquinone pool (Hideg et al., 1998; Apel and Hirt,
2004). Consequently, 1O2 production increases drastically by exposure to conditions
that cause photoinhibition such as excess solar irradiance (Hideg et al., 2002).
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Apart from 1O2, PSII has been also shown to produce superoxide (O2−) and hydroxyl
radicals (HO) (Liu et al., 2004), but the most significant site of O2− production in
photosynthetic organisms is the reducing site of PSI. Here, oxygen is reduced to O2−
via the Mehler reaction. Under normal circumstances, O2− is rapidly reduced further to
hydrogen peroxide (H2O2) by superoxide dismutase (SOD) and then to H2O by
ascorbate peroxidase as part of the water-water cycle (Asada, 1999); however,
formation of O2− can be considerably augmented upon exposure to xenobiotics or
pollutants, high irradiance, UVR, and thermal stress (Asada and Takahashi, 1987;
Asada, 1994; Asada, 2006).

Photorespiratory oxygenation of ribulose-1,5-bisphosphate by the Calvin cycle enzyme
Rubisco leads to the formation of phosphoglycolate under conditions when the ratio of
CO2 to O2 is low. While this process is not generating ROS directly, H2O2 is produced
downstream in glyoxisomes and peroxisomes (Asada and Takahashi, 1987; Asada,
1994; Asada, 1999; Corpas et al., 2001). Reduction of oxygen by PSI and
photorespiration play a crucial photoprotective role as major alternative electron sinks
when electron intake of the Calvin cycle is limited, thus sustaining partial oxidation of
PSII acceptors and preventing photoinactivation (Mehler, 1951; Apel and Hirt, 2004).
Reactive oxygen species formation in respiration
Mitochondria are the major site of ROS production in non-photosynthetic eukaryotic
cells (Halliwell and Gutteridge, 2007). It has been estimated that 1 – 2 % of the total O2
consumption in animal mitochondria goes to ROS production (Richter, 1995; Turrens,
2003). Rates of ROS production in plant mitochondria are known to be greater or equal
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to mammalian mitochondria; however, cellular concentrations of O2− and H2O2 in plant
tissues are orders of magnitude higher than compared to mammalian cells (Møller,
2001; Cheeseman, 2006). Therefore, it has been suggested that at least in plants the
relative contribution of mitochondria to ROS production in green tissues is very low
(Apel and Hirt, 2004). Nonetheless, mitochondria are a powerful source of ROS
especially in animals (Dat et al., 2000; Genova et al., 2003; Halliwell and Gutteridge,
2007). In mitochondria, O2− is generated by most enzymes involved in the ETC, but the
primary production sites are the NADH dehydrogenase of complex I and the interface
between ubiquinone and complex III (Turrens, 2003; Brookes, 2005). Analogous to the
chloroplast, O2− generated at these sites is further reduced by mitochondrial SOD to
H2O2 or can react with transition metals to form HO (Turrens, 2003; Lesser, 2006). The
relative contributions of complex I and III to O2− production vary in different tissues
and also depend on whether a cell is actively respiring (state 3) or if the respiratory
chain is highly reduced (state 4) (Barja, 1999; Turrens, 2003). Also, O2− production
strongly depends on oxygen concentrations (Turrens et al., 1982). While ROS
formation is very high in isolated mitochondria, animal in vivo rates are thought to be
considerably lower in tissues not directly exposed to atmospheric oxygen because of
lower intra-mitochondrial oxygen concentration (Turrens, 2003). Nevertheless,
symbiotic cnidarians are a special case, as tissue hyperoxia caused by the algal partner
leads to a significant increase in ROS generation in the host (Dykens et al., 1992; Furla
et al., 2011).
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Nitric oxide
Another important free radical is nitric oxide (NO; technically a reactive nitrogen
species and for simplicity sake included in the term ROS in this thesis) because of its
high affinity to react with O2− to form peroxynitrite (ONOO−), a strong oxidising and
nitrating agent. Diffusing across membranes at rates 400 times greater than its precursor
O2−, it is considered to be responsible for a range of in vivo effects previously attributed
to O2− (Marla et al., 1997; Denicola et al., 1998; Halliwell and Gutteridge, 2007). High
concentrations of NO compete significantly with SOD for O2−. Consequently, it has
been suggested that the outcome of this competition is a major determinant of oxidative
stress in cells (Halliwell and Gutteridge, 2007). However, while ONOO− may have a
major potential for cytotoxicity, at least in the anemone model Aiptasia pulchella in
vivo concentrations seem insufficient to induce bleaching (Hawkins and Davy, 2013).
Nonetheless, NO levels have been shown to drastically increase in symbiotic anemones
under thermal stress and have been proposed to have a key role in the signalling cascade
involved the bleaching response (Perez and Weis, 2006; Weis, 2008; Hawkins and
Davy, 2012; Hawkins et al., 2013). In cells, NO is formed either from endogenous or
exogenous donors or from l-arginine by the activity of the enzyme nitric oxide synthase
(Knowles and Brown, 1997). Previously considered to be mainly involved in cellsignalling processes, particularly in mediating host-pathogen interactions (Fang, 2004),


NO is now recognised for its cytotoxicity and its involvement in oxidative stress

(Pacher et al., 2007).
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Oxidative damage

Lipid peroxidation
Excesses of ROS can damage basic cellular constituents such as lipids, proteins and
DNA. Of these three, lipid peroxidation is considered the most prevalent mechanism of
cellular injury that follows a well characterised three step mechanism: initiation,
propagation and termination (Figure 1.1) (Ernster, 1993; Halliwell and Gutteridge,
2007). During this process, the formation of a peroxyl radical (LOO) can initiate a
chain reaction with other polyunsaturated fatty acids (propagation) by forming lipid
hydroperoxide (LOOH) and a new LOO intermediate, which reinitiates the chain
(Bentinger et al., 2007). Damaged phospholipids can be replaced by active repair
mechanisms involving removal of oxidised fatty acid by phospholipases and
replacement with a new fatty acid by transacylation (Bentinger et al., 2007). Overall,
lipid peroxidation causes decreased membrane fluidity, increased leakiness allowing
substances to cross membranes that normally would not and leads to the inactivation of
receptors, enzymes and ion channels (Gill and Tuteja, 2010). Specifically, lipid
peroxidation in mitochondria impairs enzyme activities, is cytotoxic and can initiate
apoptosis (Bindoli, 1988; Green and Reed, 1998; Apel and Hirt, 2004)
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Figure 1.1 Initiation and propagation of radical-chain lipid peroxidation. (1) Reaction of unsaturated lipids
with hydroxyl radicals (HO) initiates the radical-chain reaction forming lipid peroxyl radical (2). The
radical-chain is propagated by the reaction between a lipid peroxyl radical and a new unsaturated lipid (3).
Picture courtesy of W. Dunlap.

Protein oxidation
Oxidation of proteins by ROS causes site-specific covalent modification of certain
sensitive amino acids, in particular ROS target proteins that contain thiol groups (Gill
and Tuteja, 2010). Apart from the direct reaction of amino acids with ROS, protein
oxidation can also be initiated by H2O2 reacting with protein-bound transitional metals
to generate HO (Stadtman and Levine, 2000). Specifically, reaction of O2− with ironsulfur reaction centres can inactivate metabolic enzymes (Freeman and Crapo, 1982;
Hyslop et al., 1988). Following amino acid oxidation, subsequent reactions share
similarity with lipid peroxidation as they can be propagated within proteins or to other
proteins or lipids. Vice versa, ROS derived from lipid peroxidation are able to initiate or
contribute to protein oxidation. Moreover, the LOOH degradation products
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malondialdehyde and 4-hydroxynonenal can cross-link with proteins causing protein
damage (Bentinger et al., 2007). Protein oxidations are mostly irreversible, hence,
re-establishing normal protein function requires replacement with newly synthesised
proteins (Ghezzi and Bonetto, 2003).
DNA oxidation
Among the damage caused by ROS, DNA oxidation is considered the least tolerable
because of the potential for deletions, mutations and other genotoxic effects (Halliwell
and Aruoma, 1991; Halliwell and Gutteridge, 2007). These effects are the product of
lesions caused by base degradation, single strand breakage or cross-linking to proteins
after the nucleobase or the sugar backbone have been targeted. Usually, DNA oxidation
is initiated by bound transitional metals as neither H2O2 nor O2− can cause strand breaks
under normal physiological conditions. However, DNA is very effective in binding
metals which react readily with ROS to form HO, the formation of which explains the
in vivo toxicity of H2O2 and O2− (Imlay and Linn, 1988; Halliwell and Aruoma, 1991;
Imlay, 2003; Halliwell and Gutteridge, 2007). To counter the potential cytotoxic effects
to DNA, prokaryotic and eukaryotic cells have efficient DNA repair mechanisms (Cadet
et al., 2000; Bjelland and Seeberg, 2003; Dizdaroglu, 2005; Druzhyna et al., 2008).
1.4.3

Reactive oxygen species signalling

Whilst uncontrolled increases in the formation of ROS lead to oxidative damage which
indiscriminately damages proteins, lipids and DNA, it has been demonstrated that small
fluctuations in the steady-state concentrations of these oxidants fulfil an essential role in
intracellular signalling (Dröge, 2002). Acting as secondary messengers, ROS have
diverse effects on cell function at homeostatic levels that include the activation of
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protein kinases and redox-sensitive transcription factors. In mammals, ROS can regulate
the expression of pro-inflammatory and other cytokines, cell differentiation and
apoptosis (Arrigo and Kretz-Remy, 1998; Dröge, 2002; Burton and Jauniaux, 2011). To
balance the signalling and overproduction of ROS, cellular mechanisms exert a tight
control on a cell’s redox state via reversible redox regulation of proteins, ROSresponsive regulatory gene expression and buffering by ROS-scavenging enzymes and
antioxidant molecules (Mittler, 2002; Noctor et al., 2007; Foyer and Noctor, 2009;
Pfannschmidt et al., 2009).

In the last decade, ROS signalling has gained increased interest in cnidarian-algal
symbiosis research because of the potential connection between oxidative stress, coral
bleaching and apoptosis (Smith et al., 2005; Sunagawa et al., 2008; Weis, 2008; Lesser,
2011a; Tchernov et al., 2011). Specifically, a redox-sensitive transcription factor p53,
which promotes the intrinsic apoptotic pathway by caspase activation in mammals, has
been shown to increase in thermally stressed corals (Lesser and Farrell, 2004). It has
been shown in mammals that increased mitochondrial formation of ROS can trigger the
intrinsic apoptotic pathway by increasing the permeability of the outer mitochondrial
membrane through the opening of transition pores (Turrens, 2003; Green and Kroemer,
2004). By analogy to mammalian apoptosis models, current models of bleaching
therefore propose the triggering of apoptotic pathways either via upregulation of p53 or
by compromised structural integrity of mitochondrial membranes in the coral host by
NO or H2O2 (see Section 1.4, thermal coral bleaching mechanisms; Weis, 2008; Lesser,
2011a). This is thought to culminate in the activation of the caspase-mediated apoptotic
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cascade followed by the death of host cells and the release of the Symbiodinium cells
(Tchernov et al., 2011).

1.5

Antioxidant defence in coral and Symbiodinium

Because the formation of ROS is inevitable in oxidative metabolism, and necessary for
cell-signalling processes, organisms need to control their cellular steady-state level of
ROS by avoiding excessive formation or by scavenging of cytotoxic radicals. As a first
line of defence, avoiding or alleviating excessive ROS formation is as important as
active scavenging (Mittler, 2002). In corals, mechanisms that may reduce ROS
formation serve primarily photoprotective purposes and include: (1) behavioural
mechanisms such as polyp retraction during high light exposure (Brown et al., 1994c;
Brown et al., 2002); (2) induction of irradiance dissipating mechanisms such as nonphotochemical quenching of excess photon energy (Brown et al., 1999; Hill et al., 2005;
Warner and Berry-Lowe, 2006; McCabe Reynolds et al., 2008) and the production of
UV absorbing compounds, such as mycosporine-like amino acids (MAAs) (Dunlap and
Shick, 1998; Shick and Dunlap, 2002); and (3) physiological mechanisms that rearrange
the photosynthetic apparatus and its antenna to match the prevailing light intensity and
quality, such as the dissociation of antenna complexes (Hill et al., 2012) and other
photoacclimatory mechanisms such as changes in pigment (chlorophyll, peridinin) and
Symbiodinium concentrations (Falkowski and Dubinsky, 1981; Dubinsky and
Falkowski, 2011). Scavenging of ROS, the second line of defence is effectively
achieved by a large suite of antioxidant mechanisms that can be split into enzymatic and
non-enzymatic processes (see Table 1.2, the production and scavenging of reactive
oxygen species in coral-Symbiodinium symbiosis). The primary purpose of these
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mechanisms is to quench 1O2 and scavenge O2− and H2O2 close to the site of their
production prior to damaging cellular components or forming HO (Asada, 1999;
Halliwell and Gutteridge, 2007). The most reactive and damaging of the biologically
relevant ROS, HO is not amendable to diffusion-limited antioxidant control due to its
high reactivity and short mean diffusion distance (typically less than several amino acid
residues) (Asada, 1999).
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Table 1.1 The production and scavenging of reactive oxygen species in coral-Symbiodinium symbiosis.
Relevant references to coral and Symbiodinium processes are given where possible. Adapted from Mittler
(2002).
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Ubiquinone/ubiquinol and plastoquinone/plastoquinol

Two antioxidant defence components poorly studied in invertebrates or algae are the
pools of the prenylquinones coenzyme Q (CoQ; ubiquinone) and plastoquinone (PQ).
The pools of these redox carriers play indispensable roles in electron transport – CoQ in
the mitochondrial ETC and PQ in the photosynthetic ETC – and also have an important
antioxidant function within mitochondrial, cellular and thylakoid membranes (Bentinger
et al., 2007; Nowicka and Kruk, 2012). CoQ and PQ are reversibly transformed by twoelectron reduction to their quinol antioxidant forms (ubiquinol, CoQH2; plastoquinol,
PQH2; Figure 1.2). Consequently these prenylquinones can either act as electron
acceptors or donors depending on their redox state. CoQ acts foremost as electron
carrier in the ETC of the mitochondria between complex I, II and III. PQ has an
analogous role in the chloroplast as the electron carrier between PSII and the
cytochrome b6f complex. As a result of their essential functions in respiration and
photosynthesis, CoQ is found in all eukaryotes and prokaryotes, while PQ is found in all
photoautotrophs (Swiezewska, 2004; Bentinger et al., 2007).
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Figure 1.2 Molecular structures and redox states of (A) the coenzyme Q (ubiquinone; CoQ)/ubiquinol
(CoQH2) and (B) the plastoquinone (PQ)/plastoquinol (PQH2) redox couple; (C) CoQ pool redox state
formula.

Both prenylquinones consist of a benzoquinone ring and a hydrophobic side chain
constructed with multiple isoprenoid units, the number of units being species speciﬁc in
the case of CoQ. For example, the CoQ of Saccharomyces cerevisiae contains six
isoprene units (CoQ6), whilst the dominant type in Escherichia coli has 8 isoprene units
(CoQ8). Eukaryotic cells produce ubiquinones with six to ten isoprene residues but in
most species one chain length dominates; for example, CoQ10 dominates in marine
invertebrates and acroporid corals (Rebachuk and Maksimov, 1981; Kokott, 2004). PQ
on the other hand is predominantly found with a side chain length of nine units in plants
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and algae (Kruk et al., 1992; Swiezewska et al., 1993). The strong hydrophobic
properties of the long isoprenoid side chain in both prenylquinones accounts for their
almost exclusive localisation in phospholipid membranes.

CoQ is present in varying quantities in the intracellular membranes of all organelles
with the exception of those in chloroplasts (Swiezewska et al., 1993; Turunen et al.,
2004). This likely reflects compartmentalisation for different functions, with the highest
concentrations of CoQ found in the outer and inner mitochondrial membranes. For
example, in the inner mitochondrial membrane CoQ has at least four different functions
including electron transport and antioxidant (Bentinger et al., 2007). Nonetheless,
despite its ubiquitous distribution, over 70 % of the total CoQ is found in the
mitochondria (Kalén et al., 1987; Morré and Morré, 2011). In all human tissues except
in the blood, by far the most studied examples, the cellular content of CoQ is six to ten
times greater than that of the other significant lipid peroxidation radical scavenger,
α-tocopherol, (Bentinger et al., 2007). PQ by contrast is only found in chloroplast
compartments such as thylakoid membranes, plastoglobuli and chloroplast envelopes
(Lichtenthaler, 1969; Lichtenthaler et al., 1981).

The reduced forms of these quinones (CoQH2 and PQH2) are highly active antioxidants
that directly react with ROS, becoming oxidised in the process (see Figure 1.2). In
particular, both are effective chain-breaking antioxidants of lipid peroxidation due to
their high activity and localisation within phospholipid membranes (Hundal et al., 1995;
James et al., 2004; Turunen et al., 2004; Lenaz et al., 2007; Kruk and Trebst, 2008).
Moreover, CoQH2 and PQH2 can regenerate (oxidised) ascorbate and α-tocopherol, thus
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preventing lipid peroxidation either directly or via recycling of α-tocopherol (Mukai et
al., 1992; Shi et al., 1999; Turunen et al., 2004; Navas et al., 2007). In addition, PQH2
is an effective 1O2 quencher in the chloroplasts (Kruk and Trebst, 2008; Yadav et al.,
2010) and has considerable O2− scavenging activity (Kruk et al., 2003). Although in
vitro studies cast doubt on the latter, showing that O2− has higher reducing activity
towards quinone forms than towards quinol forms (Maroz et al., 2009). These results
indicate that the primary antioxidant roles of CoQH2 and PQH2 lie in their ability to act
as radical chain-breaking antioxidants, reacting with lipid radicals and recycling αtocopherol in addition to quenching photosynthetically produced 1O2 by PQH2.
1.5.2

Coenzyme Q and plastoquinone pool redox states

The states of CoQ and PQ pools can be assessed by analysing the redox poise of the
individual CoQ and PQ components, rather than total concentrations, since the
reduction/oxidation balance in the metabolic pools of CoQ and PQ is critical to energy
metabolism and antioxidant function (Lagendijk et al., 1996; Yamamoto and
Yamashita, 1997; Miles et al., 2005). Accordingly, the redox state of CoQ has been
used as a sensitive biomarker of oxidative stress and a proxy of physiological health
since the CoQ pool redox state responds to changes in cellular bioenergetics and
antioxidant demand. For example, the plasma ratio of reduced and oxidised forms of
CoQ, expressed as %CoQH2 (Figure 1.2C), shifted towards a significantly higher
amount of oxidised CoQ in patients suffering from hepatitis and various other human
pathologies (Yamamoto et al., 1998). Thus, the CoQ pool redox state (i.e. %CoQH2)
has been used as a general indicator of oxidative damage in a range of human
pathologies (Menke et al., 2000; Miles et al., 2005). Analogously, the redox state of the
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PQ pool can be expressed as percentage of reduced PQ (%PQH2) and has been used to
infer the activity of PQH2 as a ROS scavenger (Hundal et al., 1995; Kruk and Trebst,
2008).

With the exception of human, rat and higher plant models, direct studies of CoQ and PQ
pool redox states are scarce, but the concept of using the CoQ pool redox state as a
stress-response bioindicator has been successfully applied to spiny damselfish
(Acanthochromis polyacanthus) and barramundi (Lates calcarifer) (Hasbi et al., 2011;
Botté et al., 2012). In these studies, hepatic %CoQH2 showed a distinct increase in
response to xenobiotics, which are thought to induce oxidative stress. In addition,
Gagliano et al. (2009) compared the CoQ isoprenoid length and the hepatic CoQ pool
redox state across several families of tropical reef fish and found that differences better
reflect ecological habitats and physiological demands of individual species than follow
phylogenetic relationships among species.

With the exception of a preliminarily study on four species of acroporid corals, the
concept of using %CoQH2 as a biomarker in response to environmental stress has not
been applied to marine invertebrates (Kokott, 2004). In this study, CoQ and PQ pool
redox states in corals were measured in response to diurnal light changes and following
transplantation from deeper waters to the higher-light environment of shallow waters.
Unfortunately, the results were ambiguous because of: (1) technical difficulties
associated with analysing the complex mixture of lipid-soluble metabolites in the
holobiont and (2) omission of quenching metabolic processes in liquid nitrogen
immediately upon sampling to prevent post-sampling changes of the redox state.
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Interestingly, measurements of the CoQ pool redox state in cultured bacteria from the
surface mucus of tropical shallow water corals led to the observation that these bacteria
enhance CoQ reduction by upregulating NAD(P)H:quinone dehydrogenase activity as
defence against ROS caused by high levels of UVR exposure (Dunlap et al., 2002).
1.5.3

Regulation of the coenzyme Q pool redox state

The redox state of the CoQ pool is primarily a function of three processes: (1)
mitochondrial respiration maintains the CoQ pool at an appropriate reduced level
required for efficient energy metabolism; (2) extra-mitochondrial CoQ reductases
reduce the CoQ pool in non-mitochondrial membranes; and (3) ROS oxidise the CoQ
pool at all cellular membranes. Mitochondrial regulation of the CoQ pool redox state is
closely associated with the ETCs of aerobic energy metabolism (Figure 1.3). Here, CoQ
is reduced to CoQH2 by the mitochondrial complex I and II. Subsequently, electrons are
transferred from CoQH2 to complex III. The mitochondrial ETC of plants, fungi and
many lower invertebrates including cnidarians contains extra branches that oxidise or
reduce the CoQ pool (McDonald et al., 2009). For example, the alternative oxidase
(AOX) oxidises the mitochondrial CoQ pool in a non-energy conserving, electron
transfer from CoQH2 to oxygen that bypasses proton translocation of complex III and
IV. The function of AOX, given its wasteful economy in terms of energy conservation,
has not been completely resolved in animals, but AOX is known to modulate electron
transport and reduce ROS formation in plants during conditions of stress (Mittler,
2002).
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Figure 1.3 Reduction and oxidation of the ubiquinone (CoQ) and plastoquinone (PQ) pool by the (A)
mitochondrial and (B) chloroplast electron transport chains. “Linear” electron flows (black arrow) proceed
through the respective prenyquinone pool via the major respiratory (complex I to IV) and photosynthetic
(PSII to PSI) enzyme complexes. Circular electron flows (blue arrows) proceed either via FNR and the PQ
pool or via FNR and Cyt-b6f. In addition, the prenylquinone pools are reduced by alternative NAD(P)H
dehydrogenases (mNDH and pNDH) and oxidised by alternative oxidases (AOX and PTOX). The major
electron donors (H2O, NADH, NAD(P)H, succinate) and acceptors (O2, H2O, NAD+, NADP+, fumarate) are
indicated. Abbreviations: CoQ, ubiquinone; CoQH2, ubiquinol; Cyt-b6f, cytochrome b6f complex; Cyt-c,
cytochrome c; FD, ferredoxin; FNR, ferredoxin-NADP+ reductase; PC, plastocyanin; PQ, plastoquinone;
PQH2, plastoquinol; PSI and PSII, photosytems I and II. Adapted from Mittler (2002); Johnson (2005);
Rasmusson et al. (2008).

It might at first seem a contradiction to propose an antioxidant function for an enzyme
that actively oxidises the antioxidant CoQH2; however, the CoQ pool in the
mitochondrial ETC needs to be distinguished from the CoQ pool in other membranes.
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Maintaining a high reduction state is crucial to the antioxidant function of CoQH2.
Accordingly, in most biological membranes CoQ occurs predominantly in the reduced
form (Åberg et al., 1992; Bentinger et al., 2007) and CoQH2 is regenerated effectively
by several extra-mitochondrial enzymes including a cytosolic NADPH-dependent
reductase (Takahashi et al., 1995; Takahashi et al., 2008) and the rotenone resistant
NAD(P)H:quinone reductase 1 (human NQO1, formerly DT-diaphorase) (Beyer et al.,
1996). However, in the mitochondria, AOX lowers ROS formation by: (1) preventing
over-reduction of the ETC when the energy state of the cell, and thus the reduction state
of ETC components is high (Møller, 2001); and (2) by reducing the overall oxygen
concentration (Mittler, 2002; McDonald et al., 2011; Cvetkovska and Vanlerberghe,
2012). In addition, AOX is proposed to maintain respiration and cellular redox potential
in animals when complex III is impeded by respiratory inhibitors (Abele et al., 2007;
McDonald et al., 2009).

In contrast to complexes I and II, mitochondrial alternative NAD(P)H dehydrogenase
(mNDH) transfers electrons from cytosolic or matrix NAD(P)H to the mitochondrial
CoQ pool but does not translocate protons across the mitochondrial membranes for
energy production. Until recently mNDH was believed to occur only in the
mitochondria of plants, fungi and protists and not in those of animals. Recently, it was
demonstrated that mNDH is expressed in some basal metazoans including the
cnidarians Nematostella vectensis and Hydra magnipapillata (Matus-Ortega et al.,
2011). The physiological role of mNDH is still not well understood, although it has
been suggested that mNDH is involved in regulating cellular redox balance by oxidising
excess NAD(P)H to maintain adequate NAD(P)H/ATP ratios required for cellular
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metabolism (Rasmusson et al., 2008). Under conditions when the cellular redox state is
highly reduced (i.e. high cytosolic NAD(P)H/NAD(P)+ ratios), mNDH is capable of
reducing the CoQ pool orders of magnitude more effectively than complex I. Consistent
with this, AOX displays a strong positively correlated co-expression pattern with
mNDH in some higher plant species, possibly to prevent concurrent over-reduction of
the CoQ pool and ROS formation (Clifton et al., 2006; Rasmusson et al., 2008).
1.5.4

Photoactive and non-photoactive fractions of the plastoquinone pool

Because of its direct association with photosynthesis, the total PQ pool can be divided
into two groups: (1) a photoactive fraction in the thylakoid membranes of the
chloroplast; and (2) a non-photoactive fraction located in Golgi vesicles, the chloroplast
envelope and plastoglobuli (Lichtenthaler, 1969; Lichtenthaler et al., 1981; Swiezewska
et al., 1993; Swiezewska, 2004). The redox state of the photoactive fraction is regulated
by the photosynthetic ETC and is accordingly affected by short-term exposure to light
(Kruk and Karpinski, 2006). The non-photoactive fraction is thought to be the storage
site necessary for the antioxidant function of the PQ pool as it occurs mostly in the
reduced form, while lesser quantities found in Golgi vesicles and chloroplast envelope
have been associated with PQ biosynthesis (Lichtenthaler, 2007; Szymańska and Kruk,
2010; Eugeni Piller et al., 2012).

Photoactive and non-photoactive fractions together make up the total PQ pool, but the
relative proportions of the two fractions can change, for example the non-photoactive
fraction increases with leaf age in plants (Szymańska and Kruk, 2010). Interestingly,
environmental conditions conducive to the formation of ROS were found to cause a
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shift in the PQ pool redox state in higher plants analogous to shifts in the metabolic
CoQ redox state. For example, in response to short-term high light stress, the
photoactive PQ pool is rapidly oxidised due to excess 1O2 production (Kruk and
Szymańska, 2012). However, in plants either grown under high light conditions or
exposed to thermal stress the non-photoactive PQ pool fraction increased from ~70 % to
~90 % concomitant with significant increases in %PQH2, total PQ content, and the
number and size of plastoglobuli. These findings are in accordance with plastoglobuli
being the storage site for plastoquinol, which needs continuous repletion in the
thylakoid membranes as it is irreversibly degraded after a limited number of interactions
with ROS (Kruk and Karpinski, 2006; Pshybytko et al., 2008; Szymańska and Kruk,
2010).
1.5.5

Regulation of the photosynthetic plastoquinone pool redox state

The redox state of the photoactive PQ pool is closely coupled with the activity of the
chloroplast ETC during photosynthesis. The chloroplast ETC is often described to
follow the so-called ‘Z’ scheme in which electrons flow in a “linear” manner from water
to NADP+. Electrons flow to the PQ pool through oxidation of water by the oxygenevolving complex of PSII. Reduced PQ is subsequently oxidised by the cytochrome b6f
complex (cyt b6f), which transfers electrons via plastocyanin to photosystem I (PSI) and
then via ferredoxin and ferredoxin NADP+ reductase to NADP+ (Figure 1.3). However,
in addition to this major pathway, the photosynthetic ETC has alternative electron
transfer pathways that involve non-photochemical reduction and oxidation of the PQ
pool (see Figure 1.3). These additional entry and exit points to the ETC can be divided
into two main processes: (1) chlororespiration, which involves dark reduction of the PQ

Chapter 1

32

pool by pNDH and oxidation by PTOX (Bennoun, 2002; Peltier and Cournac, 2002;
Rumeau et al., 2007), and (2) cyclic electron flow (CEF) at PSI (Fork and Herbert,
1993; Bukhov and Carpentier, 2004; Johnson, 2005). In CEF, the PQ pool is reduced by
NAD(P)H and ferredoxin via pNDH and ferredoxin-dependent PQ reductases.
Subsequent to PQ reduction, electrons flow back to PSI via cyt b6f (Peltier and Cournac,
2002; Yamori et al., 2011). CEF at PSI creates a pH gradient across the membrane that
serves a number of functions: balancing NAD(P)H/ATP production ratios, the
regulation of non-photochemical quenching and poising of the PQ pool (Johnson,
2005). Even though a complete CEF requires light energy for activation of PSI,
reduction of the PQ pool can occur in the dark (mediated by pNDH), as long as
NAD(P)H is available for consumption.

1.6

Research objectives

Coral bleaching is thought to result from the increased formation of ROS (and reactive
nitrogen species) by the ETCs of Symbiodinium chloroplasts and the coral
mitochondria, overwhelming the antioxidant capacity of the symbiosis and causing
cellular damage that ultimately leads to bleaching; although it should be noted that
many factors, especially the connection between oxidative stress and actual bleaching
triggers in the host are still poorly understood. Our understanding of the cellular
processes underlying this stress response has been largely derived using techniques that
assess the physiological health of corals, Symbiodinium and various cellular components
of both partners. The most common methods for assessment of stress in coralSymbiodinium symbiosis are based on measurements of chlorophyll a fluorescence.
These non-invasive techniques have been widely used to measure the physiological
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state of the Symbiodinium photosynthetic apparatus (e.g. Iglesias-Prieto, 1995; Warner
et al., 1996; Jones et al., 1998; Hill and Ralph, 2008). In addition, a variety of molecular
and cellular biomarkers have been used to assess the physiological health of corals. For
example, evidence of oxidative stress underlying the heat, light and UVR stress
response in symbiotic cnidarians was gained using activity assays for the antioxidant
enzymes SOD, catalase and ascorbate peroxidase (e.g. Dykens and Shick, 1984; Lesser
et al., 1990; Dykens et al., 1992; Shick et al., 1995; Warner et al., 1996; Richier et al.,
2005). In recent years, with the advances of molecular techniques, gene expression has
increasingly been used to study the stress response in coral-Symbiodinium symbiosis,
which complements the results obtained from antioxidant enzyme assays (e.g. Edge et
al., 2005; Desalvo et al., 2008; Császár et al., 2009; DeSalvo et al., 2010; Leggat et al.,
2011; Bellantuono et al., 2012; DeSalvo et al., 2012). Gene expression and
ultrastructural studies imply that both apoptosis and necrosis are part of the bleaching
cascade during thermal stress in cnidarians, possibly even prior to reaching the
bleaching threshold (Dunn et al., 2002; Dunn et al., 2004; Ainsworth et al., 2008;
Ainsworth et al., 2011; Paxton et al., 2013). In addition, measurements of nonenzymatic antioxidants, photo- and UVR protective mechanisms and measurements of
ROS damage to protein and lipids have been used to characterise the stress response of
symbiotic cnidarians (e.g., Ambarsari et al., 1997; Brown et al., 1999; Downs et al.,
2000; Downs et al., 2002; Richier et al., 2003; Richier et al., 2005; Sandeman, 2008).
The results of these studies have led to the conclusion that environmental insults, such
as thermal stress, high UVR and irradiation, lead to excess generation of ROS that
ultimately overwhelms the symbiosis antioxidant capacity and causes oxidative damage.
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ROS formation in vivo is usually associated with the ETCs of photosynthesis and
aerobic respiration. Electron transfer in these metabolic processes is mediated by the
electron carriers CoQ in mitochondria and PQ in chloroplasts. The antioxidant
properties of the reduced forms of CoQ and PQ have been well studied in some systems
(mammals and plant models); however, very little is known about the redox states of
these electron carriers in cnidarians and their algal symbionts. CoQ and PQ pool redox
states have been shown to be sensitive markers of oxidative stress in various organisms.
Moreover, unlike other antioxidants or antioxidant enzymes, CoQ and PQ have a direct
association with the metabolic ETCs and thus measurements of CoQ and PQ pool redox
states can give valuable insights into the state of these ETCs under stressful conditions
that cannot be gained from indirect methods such as the measurement of chlorophyll
fluorescence. CoQ and PQ pool redox states reflect antioxidant mechanisms with
protective functions coincident at the impact site of excessive ROS formation, but this
area of research remains almost entirely unexplored in coral-Symbiodinium symbiosis
despite all the evidence pointing at photosynthesis and respiration to be the main targets
of oxidative damage under coral bleaching conditions. Examining the CoQ and PQ pool
redox states thus allows studying the direct effects of oxidative stress on the primary
sites of electron transport in the energy metabolism of coral symbiosis.

A major objective of this thesis was to develop suitable techniques to measure the CoQ
pool redox state in the coral host and concomitantly measure the PQ pool redox state of
Symbiodinium in hospite. Mastering such techniques was required to examine how the
CoQ and PQ pool redox states are modulated under non-stressful conditions and how
they are affected in response to conditions of environmental thermal stress.
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The following thesis chapters have been written in preparation for peer-reviewed
publication in relevant scientific journals. Thus some redundancy in conveying
background information was unavoidable.

In Chapter 2, I describe the development of a novel method using liquid
chromatography coupled with mass spectrometric (LCMS) detection to simultaneously
measure the PQ and CoQ redox balance in coral-Symbiodinium symbiosis. The method
provides analysis of the major metabolic quinones for each symbiosis partner: i.e., CoQ
for the coral host and PQ for Symbiodinium. The method is then showcased by
determining the CoQ and PQ pool redox states in response to short-term heat stress in
the Indo-Pacific coral Acropora millepora.

In Chapter 3, I conducted a diurnal experiment whereby the newly developed LCMS
technique was used to establish a baseline of the CoQ and PQ pool redox states over a
full night and day cycle in nine colonies of A. millepora. The study provides clear
evidence of a highly reduced CoQ pool in the coral host that is unaffected by exposure
of the symbiosis to high light intensities. Similarly, the PQ pool of Symbiodinium is
maintained in a highly reduced state but undergoes oxidation under high light intensity
at midday. To further elucidate the daily variation in the PQ pool redox state, the sizes
of the photo-active and the non-photoactive PQ pools were estimated. These results
clearly demonstrated the potential of these prenylquinone pools to fulfil antioxidant
roles in the coral-Symbiodinium symbiosis.
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In Chapter 4, I monitored the CoQ and PQ pool redox states in A. millepora during a
17-day heat stress experiment which induced a distinct coral bleaching response. The
results showed that the CoQ pool redox state of the coral host was oxidised significantly
prior to any measurable loss of Symbiodinium cells from the host and any major decline
in PSII photochemical efficiency. The PQ pool redox remained unaffected by
hyperthermal stress until PSII photochemical efficiency was severely impaired at the
end of the experiment.

In the final data Chapter 5, I examined the CoQ and PQ pool redox states in Acropora
aspera during experimental and natural low-tide cold bleaching on Heron Island, Great
Barrier Reef. It is assumed that cold shocks cause oxidative stress and coral bleaching,
but the phenomenon is poorly studied. Contrary to elevated temperatures and high
irradiance in A. millepora, measurements of the redox state in A. aspera demonstrated
that low temperature was associated with an increase in the PQ redox state in
Symbiodinium (type C2). The increase in PQH2 occurred not only in the field but was
also reproducible in the laboratory, although to a lesser extent. In contrast, acute cold
stress did not appear to affect the coral host CoQ redox state, suggesting that, at least
during acute exposure, oxidative stress within the coral host is limited at low
temperatures.

In the general discussion (Chapter 6), I critically review the significance of my data,
present major findings and identify future research directions that would further
advance our understanding of the physiology of the coral-Symbiodinium symbiosis by
applying the methodology developed and the data collected in this thesis.

Chapter 2
Simultaneous determination of coenzyme Q and
plastoquinone redox states in coral-Symbiodinium
symbiosis during thermally induced bleaching

This chapter is inserted without abstract as in preparation for submission: Adrian Lutz,
Cherie A. Motti, Marnie L. Freckelton, Madeleine J.H. van Oppen, David J. Miller and
Walter C. Dunlap

A. Lutz wrote the chapter, designed the experiment and analysed the data. The coauthors provided conceptual, logistical and editorial support.
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Introduction

There is growing concern over increasing ocean temperatures that threaten the health of
coral reefs by disrupting the mutualistic partnership between reef-building corals
(Cnidaria: Scleractinia) and their dinoflagellate (Symbiodinium sp.) partners causing
coral bleaching (Hoegh-Guldberg and Bruno, 2010). Coral bleaching (loss of algal
symbionts and/or pigments), which can affect entire reef systems over large areas
(“mass-bleaching” events), has been consistently linked to high solar irradiance in
combination with elevated maximum temperatures attributed to global climate change
(Eakin et al., 2009). The consensus is that coral bleaching is a response to acute
oxidative stress whereby excessive levels of reactive oxygen species (ROS) overwhelm
the antioxidant defence capacity of the symbiosis (Weis, 2008; Lesser, 2011a).
Regardless of the primary impact sites of damage, coral bleaching is attributed to ROS
formation by the electron transport chains (ETC) of coral mitochondria and
Symbiodinium chloroplasts (Weis, 2008; Buxton et al., 2012). In addition to the
indispensable roles of coenzyme Q (CoQ; ubiquinone) and plastoquinone (PQ) in
electron transport for ATP production, their reduced forms ubiquinol (CoQH2) and
plastoquinol (PQH2) have an important antioxidant function within mitochondrial
(Ernster and Forsmark-Andrée, 1993), cellular (Bentinger et al., 2007) and thylakoid
(Nowicka and Kruk, 2012) membranes. The CoQ pool redox state has been used as a
sensitive plasma biomarker of oxidative stress in human disease (Yamamoto et al.,
1998), ageing (Wada et al., 2007) and has been demonstrated to play a role in the
hepatic response of fish exposed to polycyclic aromatic hydrocarbons (Hasbi et al.,
2011). To investigate the significance of host and symbiont redox poise during
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bleaching, an analytical procedure was developed for simultaneous analysis of the CoQ
and PQ pool redox states in corals. While similar methods have been reported for the
determination of CoQ and PQ in the chloroplasts of Arabidopsis thaliana (Yoshida et
al., 2010; Martinis et al., 2011), high-performance liquid chromatography massspectrometry (LC-MS) methods applicable to invertebrate-algal symbiosis have not
previously been available. In addition, as a proof of concept, the novel method
described here is used to monitor changes in the redox states of host CoQ and symbiont
PQ in the scleractinian coral Acropora millepora (Ehrenberg, 1834) during bleaching
induced by experimental thermal stress.

2.2

Materials and methods

2.2.1

Reagents

Ubiquinone-9 (CoQ9), ubiquinone-10 (CoQ10), sodium borohydride, EDTA, formic
acid, methanol (MeOH), ethanol (EtOH), isopropanol (IPA), hexane and ethyl acetate
(EtOAc) were purchased from Sigma Aldrich (USA). All solvents used were HPLC
grade. Plastoquinone-9 (PQ9) was a kind gift of Professor Ewa Swiezewska from the
Polish Academy of Sciences, Poland.
2.2.2

Collection and preparation of coral and Symbiodinium samples

A. millepora colonies roughly 50 cm in diameter containing type C2 Symbiodinium
(ITS1 terminology, see below) were collected from Pelorus Island, Great Barrier Reef,
Australia (18°33’ S/146°29’ E). Prior to experimentation, A. millepora colonies were
maintained in outdoor aquaria at the Australian Institute of Marine Science, Townsville,
Australia, with flow-through filtered (5 m) seawater under 70 % shading (maximum
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250 mol photons m−2 s−1) and ambient temperature (26 – 27 °C) replicating the
conditions of the collection site.

Symbiodinium type C1 was isolated from Acropora tenuis (Magnetic Island; 19°10' S,
146°51' E) and Symbiodinium type C2 from A. millepora (Pelorus Island; 18°33’ S,
146°29’ E) as described by Shick et al. (2011). Cultures of Symbiodinium type C1 were
grown in f⁄2 medium prepared in filtered, autoclaved seawater (Guillard and Ryther,
1962) and maintained under an irradiance of 40 – 60 mol photons m−2 s−1 (12:12 h
light:dark; 17,000 K/420 nm fluorescent lights) at 26 °C. The Symbiodinium genotype
was identified based on sequence differences in the nuclear ribosomal DNA internal
transcribed spacer 1 (ITS1) region using single-strand conformation polymorphism
(SSCP) analysis as described by van Oppen et al. (2001). Total coral and Symbiodinium
DNA was extracted using a modified protocol (Wilson et al., 2002) and the symbiont
ITS1 region amplified with fluorescently labelled Sym ITS1 PCR primers. The
symbiont genotype was determined using known reference samples for comparison and
scored manually using gel images (Fabricius et al., 2004).
2.2.3

Heat stress experiment

For the hyperthermal stress experiment, A. millepora nubbins were removed from five
coral colonies (3 – 4 cm in length; for prenylquinone extraction: n = 8 per sample point
per treatment; for chlorophyll fluorescence: n = 42 per treatment). Coral nubbins were
suspended in aquaria by hanging them from acrylic glass rods with nylon fishing line,
and were allowed to acclimate for two weeks at controlled ambient conditions (27 °C;
250 μmol photon m−2 s−1; 13:11 h light:dark) prior to experimental treatment. Coral
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nubbins were distributed in four replicate tanks (30 nubbins per tank) in a randomised
block design. All tanks were continuously supplied with fresh, 1 μm filtered seawater at
a rate of 1.5 L min−1 from 500 L reservoirs in a temperature-controlled room maintained
at 27 ± 0.5 °C. Each reservoir was heated with two titanium heaters (3 kW) controlled
by a CR1000 datalogger (Campbell Scientific) and temperature sensors in the treatment
tanks. All tanks were fitted with a small power head pump to maintain water movement
and an air stone and pump to provide aeration. UV-filtered 400W metal halide lights
(BLV, Germany) were mounted above each tank and provided an average underwater
light intensity of 350 mol photons m−2 s−1 (13:11 h light:dark). The UV-filters were
used to minimise UV-radiation induced bleaching (Gleason and Wellington, 1993).

The stress experiment was conducted at three temperatures (ambient [low]: 27 °C, mid:
31 °C and high: 34 °C) with four replicate tanks for each temperature. Seawater in the
two higher temperature treatment tanks was heated to 31 ± 0.5 °C and 34 ± 0.5 °C over
three hours while control tanks were maintained at 27 ± 0.5 °C. One hour after reaching
treatment temperatures, lights were switched on for a 13 hour photoperiod. After the
photoperiod, pulse amplitude modulated (PAM) chlorophyll fluorescence measurements
were taken and seawater temperatures lowered to ambient (Figure 2.1). Coral nubbins
were collected for prenylquinone analysis: pre-exposure (t = −6 h; in darkness); upon
reaching treatment temperatures (t = −1 h; in darkness); four hours (t = 4 h) and twelve
hours during light exposure (t = 12 h) and after a recovery period of eight hours in
darkness (t = 24 h). Coral nubbins were immediately snap-frozen at collection and
stored in liquid nitrogen for a maximum of 48 hours prior to prenylquinone extraction.
CoQ and PQ pool redox states were determined by LC-MS quantification using a
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Phenomenex Gemini C18 HPLC column. Absolute quantities of the prenylquinones
were calculated from calibration plots obtained from standard compounds containing
0.1 M CoQ9 (internal standard; see Section 2.2.5). CoQ and PQ redox states (%PQH2;
%CoQH2) were expressed as the proportion of reduced to total (oxidised + reduced)
prenylquinone.

Figure 2.1 Thermal log of the temperatures sensors placed in heat treatment (31 ˚C and 34 ˚C) and control
(27 °C) seawater aquarium tanks for the duration of the experimental period. Dashed lines indicate sampling
points for prenylquinone extraction. Grey shaded areas indicate dark periods.

2.2.4

LC-MS equipment and conditions

Coral extract separation was performed by reverse-phase high-performance liquid
chromatography (RP-HPLC) on an Agilent 1100 series HPLC (Agilent, USA)
comprising of a solvent degasser, a binary pump, a thermostated column compartment,
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and a Gilson 215 autosampler (USA) equipped with a 20 L injection loop. For
quantitative measurements the injection loop was overfilled by five-fold excess of the
loop volume. Prenylquinones and quinols were separated either on a Phenomenex
Gemini C18 column (150 mm x 4.6 mm, 3 m particle size) or a Phenomenex Kinetex
C18 column (150 mm x 4.6 mm, 2.6 m particle size) maintained at 28 °C. Mobile
phase A: 0.1 % formic acid in MeOH; mobile phase B: 0.1 % formic acid in IPA. Flow
rate: 1 mL min−1. The programmed step gradient for the Gemini column was: 10 % to
20 % B over 15 min, 20 % to 40 % B over 13 min, followed by a clean-up step:
isocratic elution at 40 % B for 7 min, 40 % to 10 % B over 3 min and column wash for
4 min. The gradient for the Kinetex column was 10 % to 28 % B over 16 min followed
by a clean-up step: 28 % to 40 % B over 0.1 min, isocratic elution at 40 % B for 5 min,
40 % to 10 % B over 0.1 min and column wash for 3 min.

The HPLC system was coupled to a Bruker Esquire 3000 (Bruker Daltonics, USA)
quadrupole ion trap mass spectrometer (LC-MS) equipped with an atmospheric pressure
chemical ionisation interface (APCI) operating in positive mode. The capillary voltage
was set at 3000 V, the end plate offset at −500 V and the corona charge at 4 A. The
nebuliser pressure was 30 psi and drying gas flow at 5 L min−1. The drying gas
temperature was maintained at 300 °C and the vaporiser at 350 °C. For quantitative
analysis the ion trap was operated in single ion monitoring (SIM) mode alternately
acquiring (oxidised) parent ions at m/z = 749.6; m/z = 795.5; m/z = 863.7. Each parent
ion was isolated using an isolation width of four mass units, and a maximum
accumulation time of 200 ms with averaging of four mass spectra to enhance signal-tonoise ratio and signal stability.
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Quantification of coenzyme Q and plastoquinone pool redox states

Absolute quantities of the prenylquinones were calculated from calibration plots
obtained from standard compounds containing 0.3 M CoQ9 (internal standard). The
concentrations of the three calibration points for CoQ10, ubiquinol-10 (CoQ10H2), PQ9
and plastoquinol-9 (PQ9H2) were 0.03, 0.3 and 3.0 M for samples analysed on the
Gemini column and 0.01, 0.1, 1.0 M for those analysed on the Kinetex column. Three
replicate points were measured for each concentration using peak area for calibration of
the concentration for each compound. Mid-level calibration standards (0.3 and 0.1 M,
respectively) were analysed at the beginning and end of each day. The calibration plots
were repeated if the difference in the relative response factor as compared to the initial
calibration was more than 15 % for any analyte. Peak areas were determined manually
for all chromatograms after applying a Gaussian smoothing filter (1 point). CoQ and PQ
pool redox states were expressed as the per cent ratio of reduced to total CoQ and PQ,
respectively, e.g. %CoQH2 = 100  [CoQ10H2]  ([CoQ10] + [CoQ10H2])−1.
2.2.6

Preparation of standards

Stock solutions of 50 M CoQ9, CoQ10 and PQ9 were prepared in EtOH. CoQ10H2 and
PQ9H2 standards were prepared by reduction with sodium borohydride (Yamamoto and
Yamashita, 1997). Methods were adapted to the lower concentrations of the standard
solutions required. In brief: 1 mg CoQ10 or PQ9 was dissolved in 2 mL hexane to which
25 mg of sodium borohydride (dissolved in 50 l MeOH), were added and the solution
mixed for 3 min and set at room temperature for 5 min. EDTA (1 mL, 100 M) was
added, the reaction mixture shaken and the hexane phase removed after brief
centrifugation. The EDTA wash was repeated once and the combined hexane phases
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dried under a nitrogen stream. The ensuing prenylquinols were re-dissolved in 1.5 mL
EtOH and exact concentrations of stock solutions determined on a UV-2550
spectrophotometer (Shimadzu, Japan) using 275 =14.24 mM− 1 cm− 1 for CoQ10; 275 =
14.7 mM− 1 cm− 1 for CoQ9; ε290 = 4.01 mM− 1 cm− 1 for CoQ10H2; ε255 = 17.94 mM− 1
cm− 1 for PQ9 and ε290 = 3.39 mM− 1 cm− 1 for PQ9H2 (Kruk et al., 1992; Podda et al.,
1999). Complete reduction was checked by LC-MS analysis as described above.
Working standard solutions containing either CoQ10 and PQ9, or PQ9H2 and CoQ10H2
were prepared prior to each experiment. Stability of the stock solutions was monitored
using the LC-MS method described here and solutions remained stable for three months
at −80 °C (no oxidation detected).
2.2.7

Sample extraction

For prenylquinone extraction, the top 1 – 2 cm of a coral nubbin was placed in a 15 mL
Falcon tube with 3 mL of extraction solvent containing the internal standard CoQ9 (0.3
M in 1:1 IPA:EtOAc). Each sample was sonicated for 2  10 s on ice with an
ultrasonic processor (Cole-Palmer) and vortexed for 4 min after which the solvent was
decanted. The vortex extraction was repeated twice more. All three extracts were
combined (9 mL), centrifuged (14000 g) for 2 min at 0 °C and stored at −80 °C for a
maximum of 4 weeks prior to analysis. Stability tests showed that the quinone redox
state of these coral extracts remained stable at −80 °C for up to three months. The
extraction efficiency for coral samples was determined by repetitive extraction of the
four prenylquinones and the dinoflagellate pigments chlorophyll a and c2 following the
methods described by Dunlap and Chalker (1986).
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Optimisation of the LC-MS method

Quantification of prenylquinones and quinols in coral extracts was optimised for the ion
trap operating in SIM mode alternately acquiring the parent ions of PQ9, CoQ9 and
CoQ10 at m/z = 749.6; 795.5; 863.7, respectively. Given that the reduced quinol forms
are oxidised during passage from the APCI interface to the ion trap, the same quinone
parent ions were used for the detection of CoQ10H2 and PQ9H2 (Hansen et al., 2004).
Absence of any co-eluting compounds with a similar mass was confirmed by reducing
or oxidising coral extracts with NaBH4 or 1,4-benzoquinone to detect underlying
signals. (Further details on the optimisation and development of the LC-MS
methodology can be found in the Appendix).
2.2.9

Photosystem II photochemical efficiency

Stress levels of the coral symbiosis were assessed during the experiment by estimating
the photosystem II (PSII) photochemical efficiency of the algal partner, which is known
to be significantly depressed during coral bleaching due to temperature inducedphotoinhibition of PSII (Warner et al., 1999). PSII photochemical efficiency, expressed
as maximum quantum yield ([FM − FO]/FM = FV/FM) was measured with a Diving-PAM
(Walz Gmbh, Germany) for 42 coral nubbins per treatment (n = 42) after 15 min dark
adaptation (Schreiber, 2004). A 6 mm fibre optic probe was placed perpendicular to the
surface at least 20 mm from the tip of the nubbin and 3 mm from the coral tissue surface
(controlled via a rubber spacer) to obtain the measurements. Minimum fluorescence
(FO) was measured using a weak pulsed measuring light (< 0.15 µmol photons m−2 s−1;
gain = 3) and maximum fluorescence (FM) was measured upon application of a
saturating pulse of light (> 4000 µmol photons m−2 s−1).
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2.2.10 Surface area calculation and chlorophyll concentrations
Tissue remaining on the coral nubbins was removed by soaking in diluted commercial
bleach (0.5 % NaClO) overnight. Surface areas of the coral nubbins were determined
using a wax dipping technique (Veal et al., 2010). Chlorophyll a concentrations were
measured from aliquots of the prenylquinone extracts on a UV-2550 spectrophotometer
(Shimadzu, Japan) and determined using the equations of Jeffrey and Humphrey (1975).
2.2.11 Data analysis
Maximum quantum yields were analysed with one-way ANOVA and Tukey’s honestly
significant difference test (HSD). The Kolmogorov-Smirnov normality test and
Levene’s homogeneity of variance test were used to determine whether the assumptions
of the parametric one-way ANOVAs were satisfied. Repeated measures two-way
ANOVA with Tukey-Kramer post-hoc tests were used to examine the effect of
hyperthermal stress on %CoQH2, %PQH2 and chlorophyll a concentrations. Data for
%PQH2 were logit and yields were power transformed prior to analysis. Pairwise
comparisons were adjusted using the Holme-Bonferroni method. Statistical analyses
were performed using SPSS (version 17.0). Mass spectra and LC-MS chromatograms
were analysed with Bruker Daltonics Hystar Data Analysis (version 3.2).

2.3

Results

Tandem mass spectrometry with standards provided unequivocal identification of both
redox forms of CoQ10 (ubiquinone-10 and ubiquinol-10) and PQ9 (plastoquinone-9 and
plastoquinol-9) in coral extracts. Host CoQ10 could have potentially been contaminated
with CoQ10 from Symbiodinium as the length of the hydrophobic side chain of CoQ
– the number of isoprenoid units – is species speciﬁc (Bentinger et al., 2007); however,
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analysis of cultured (type C1) and freshly isolated Symbiodinium (type C2) did not
reveal any signals for either CoQ9 or CoQ10 (Figure 2.2). In fact, concentrations of any
CoQ isoforms in Symbiodinium were so low that using the above described LC-MS
method it was not possible to determine which CoQ isoforms might be present despite
concentrating the extracts several fold more than needed for suitable PQ analysis. It was
therefore concluded that CoQ10 detected in coral extracts can be attributed solely to the
coral host and that CoQ9 is suitable for use as the internal standard.
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Figure 2.2 LC-MS quantification of the oxidised (CoQ, PQ) and reduced (CoQ10H2, PQH2) forms of
coenzyme Q and plastoquinone. (A) oxidised standards (0.3 M); (B) reduced standards (0.3 M); (C)
Symbiodinium (type C1) extract; (D) and (E) Acropora millepora extract analysed using a Gemini C18 or a
Kinetex C18 column. Ubiquionone-9 (CoQ9; 0.3 M) was added as an internal standard in each sample. The
chromatograms combine three alternately acquired traces for m/z = 749.6, 795.5 and 863.7.
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Characterisation of the LC-MS method

The calibration curves of CoQ10, CoQ10H2, PQ9 and PQ9H2 with CoQ9 as internal
standard obtained by the positive APCI LC-MS method were linear over three orders of
magnitude with a correlation coefficient R2 > 0.98 from 0.03 M to 3 M for analyses
with the Gemini column. A second chromatography method using the Kinetex column
was developed (Figure 2.2E) reducing total run times from 40 min to 24 min. With the
improvement in peak shape and size, coral extract volumes analysed on the Kinetex
column were approximately halved, so that compound concentrations remained within
the linear range. Thus, calibration curves were generated from 0.01 M to 1.0 M (R2 >
0.98) for the Kinetex column and the internal standard was adjusted to 0.1 M.

Using a 1:1 mixture of EtOAc and IPA, the extraction efficiency was greater than 95 %
for all prenylquinones and both chlorophylls after three extractions. Chlorophyll is
ideally extracted concurrently with the prenylquinones as it can potentially be used to
normalise the total PQ content to give information on the size of the pool in relation to
chlorophyll content (Kruk and Karpinski, 2006; Kruk and Szymańska, 2012). Since
complex matrix effects from interfering substances in the coral extract could potentially
lead to under- or over-estimation of the prenylquinone concentrations by LC-MS
analysis, coral extracts were spiked with a known quantity of CoQ9 and peak areas
compared of spiked and non-spiked extracts to estimate the extent of matrix effects. On
average, the recovery of CoQ9 was greater than 96 % indicating that matrix effects on
MS ionisation using my method were small.
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For both columns, the limit of detection (LOD) and limit of quantification (LOQ) were
estimated by repeatedly injecting the same extract of A. millepora (n = 10). The
sensitivity was determined with the inbuilt signal/noise (S/N) function in the Hystar
Data Analysis software. LOD and LOQ were then calculated on the basis of a minimal
accepted value of the S/N ratio of three and ten, respectively, using the lowest obtained
S/N value for each compound. The LODs obtained with the Gemini column were 3.36,
1.73, 6.23 and 3.78 ng mL−1, and the limits of quantification were 11.2, 5.77, 20.76 and
12.59 ng mL−1 for CoQ10H2, CoQ10, PQ9H2 and PQ9, respectively. The sensitivity of this
method is thus comparable to other MS methods reported for the analysis of CoQ10H2,
CoQ10 (Hansen et al., 2004; Ruiz-Jiménez et al., 2007), PQ9H2 and PQ9 (Martinis et al.,
2011). These values are very similar to the results obtained with the Kinetex column,
although the shorter runtime with improved peak shape slightly decreased the LOD and
LOQ values as expected (Table 2.1). The relative standard deviations (RSD) of the
individual concentrations obtained from ten identical injections ranged from 3 to 7 %
for all compounds which effectively results in a RSD of less than 1 % for the
calculation of the redox states for CoQ and PQ pools determined as %CoQH2 and
%PQH2, respectively.
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Table 2.1 Features of LC-APCI(+) MS analysis of prenylquinones in extracts of Acropora millepora
comparing two different HPLC columns. Abbreviations: LOD, limit of detection; LOQ, limit of
quantification; m/z, mass-to-charge ratio; RSD, relative standard deviation; RT, retention time; %CoQH2,
CoQ pool redox state, %PQH2, PQ pool redox state. See text above for further details on the LC-MS
methodology.

2.3.2

Application of the LC-MS method

The LC-MS method was used to determine the CoQ and PQ pool redox states in coral
extracts subjected to short-term hyperthermal stress. The thermal stress induced a
distinct bleaching response in the 34 °C treatment in A. millepora as manifested by a
54.9 % decline in chlorophyll a content at the 24 hour time point (ANOVA, F8,84 = 2.68,

Chapter 2

53

p = 0.011; Figure 2.3A). In addition, a significant decline in PSII photochemical
efficiency (measured as FV/FM; Figure 2.3B) was detected in both the 31 °C and 34 °C
treatments (ANOVA, F2,123 = 425.4, p < 0.001; for all pairwise comparisons: Tukey
HSD, p < 0.001). Although the maximum quantum yield was significantly lower by
2.2 % at 31 °C, the temperature induced stress was considerably greater at 34 °C with a
23.8 % lower quantum yield compared to 27 °C.
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Figure 2.3 Coral bleaching in response to low (27 °C), mid (31 °C) and high (34 °C) temperature
treatments. (A) Chlorophyll a content relative to surface area of Acropora millepora. Grey shaded areas
indicate dark periods. * Denotes a significant difference of high (34 °C) to low (27 °C) and mid (31 °C)
temperature treatments (p < 0.001). Error bars represent ± standard deviation (n = 8 specimens per sample
point per treatment). (B) Boxplot of photosystem II photochemical efficiency (t = 13.5 h) expressed as
maximum quantum yield (FV/FM). n = 40 coral nubbins per treatment. Black circles denote samples outside
the 90th and 10th percentile. Letters denote significant differences (p < 0.001) between treatments.
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The PQ pool redox state (%PQH2 ± SE) did not differ significantly between temperature
treatments (Figure 2.4A), but differed between time points, which is presumed to be a
consequence of the normal light-dark cycle (ANOVA, time  temp, F8,84 = 0.47, p =
0.87; time, F4,84 = 7.81, p < 0.001). Mean values of the reduced PQ (%PQH2 ± SE)
changed (from t = −6 h to 24 h) from 83.86 ± 1.96 to 74.02 ± 3.95 at 27 °C, from 79.32
± 2.64 to 69.90 ± 5.71 at 31 °C and from 82.80 ± 1.89 to 62.31 ± 4.59 at 34 °C. In
contrast, the CoQ pool redox state (%CoQH2 ± SE; Figure 2.4B) was significantly
lowered at 34 °C (ANOVA, time  temp., F8,84 = 12.32, p < 0.001), exhibiting a 10 %
oxidation from 86.26 ± 0.83 (t = −6 h) to 76.32 ± 1.87 (t = 12 h). Oxidation of the CoQ
pool continued after returning coral samples to 27 °C in the dark (72.53 ± 1.1 at
t = 24 h), suggesting that exposure to high temperature had compromised the metabolic
redox poise of the coral host. In the low and mid temperature treatments, %CoQH2
remained stable throughout the experiment (mean value at 27 °C = 84.81 ± 0.40; at
31 °C = 85.02 ± 0.40), demonstrating that under normal conditions the A. millepora
CoQ pool is maintained in a predominantly reduced form as in other animals (Bentinger
et al., 2007).
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Figure 2.4 (A) Plastoquinone (%PQH2) and (B) coenzyme Q (%CoQH2) pool redox states of Acropora
millepora in response to low (27 °C), mid (31 °C) and high (34 °C) temperature treatments. First sampling
point (t = −6 h) at 27 °C, then seawater was heated to 31 °C and 34 °C, respectively, over three hours.
Control samples were maintained at 27 °C. One hour after reaching treatment temperatures, actinic light was
applied (t = 0 h) for the 13 hour photoperiod. Subsequently, temperatures were returned to ambient (27 °C)
providing a recovery period of eight hours in darkness (t = 24 h). Shaded areas indicate dark periods. Letters
denote significant differences (p < 0.01) between sampling points. * Denotes significant differences of high
to low and mid temperature treatment (p < 0.001). Error bars represent ± standard deviation (n = 8
specimens per time point per treatment).
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2.4 Discussion
In this study I present the first direct measurements of the redox states of CoQ and PQ
in coral-Symbiodinium symbiosis based on quantitative LC-MS analysis. The method
was found to be not only highly sensitive, but also ion-selective with respect to CoQ
and PQ isoforms (Figure 2.2), and could easily be adapted to measure the CoQ and PQ
redox states in other cnidarians, as well as other systems (algae, higher plants, other
animals), providing an alternative to existing methods. Previous analyses by Kokott
(2004) indicated that only the ubiquinone CoQ10 and plastoquinone PQ9 isoforms are
present in acroporid corals and their dinoflagellate symbionts and our analyses have
confirmed this.

Data obtained during thermal bleaching of A. millepora demonstrates the utility of this
method to examine the physiological redox response of coral-Symbiodinium symbiosis
under environmental stress. The results clearly indicate that in this symbiosis CoQ and
PQ pools are maintained predominantly in their reduced (antioxidant) forms, and the
host CoQ redox state is most affected by thermal stress (Figure 2.4). The main
conclusions are as follows: First, in both light and dark periods, the PQ pool is
maintained at a highly reduced level, which is consistent with the hypothesis that at
night the symbiont PQ pool undergoes dark reduction via chlororespiration (Jones and
Hoegh-Guldberg, 2001; Hill and Ralph, 2005). Nonetheless, the PQ pool redox state
exhibited some variation that is likely caused by photosynthetic reduction of the PQ
pool during illumination and oxidation in darkness (Kruk and Karpinski, 2006). These
natural daily rhythms will be very important to document and to understand in order to
interpret the results derived from measuring the PQ pool redox state. Second,
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Symbiodinium is likely to contain a large pool of the antioxidant PQH2 that is not
photoactive, but which is reported to accumulate in the plastoglobuli after acclimation
to high levels of irradiance (Szymańska and Kruk, 2010). Third, the redox state of the
PQ pool did not shift significantly during thermally-induced bleaching, even when the
photochemical efficiency of PSII was severely compromised at the conclusion of the
light exposure period (t = 12 h; Figure 2.3A). Lastly, perhaps the most significant novel
finding reported here is that the host CoQ pool undergoes oxidation under acute thermal
stress. In eukaryotes, mitochondrial membranes contain the highest cellular
CoQ/CoQH2 concentrations (Bentinger et al., 2007; Morré and Morré, 2011).
Accordingly, oxidation of the coral CoQ pool is not only consistent with the oxidative
theory of coral bleaching (Lesser, 1997; Downs et al., 2002), but might provide a
crucial connection to mitochondrial dysfunction as proposed in current bleaching
models (Weis, 2008; Lesser, 2011a).
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Introduction

In the symbiotic relationship between reef-building corals (Cnidaria: Scleractinia) and
their dinoflagellate partners (Symbiodinium sp.), exposure to the daily light cycles
causes large shifts from tissue hypoxia at night (< 2 % air saturation; from coral and
Symbiodinium respiration) to hyperoxia during daylight (> 250 % air saturation)
because of high symbiont photosynthesis rates (Kühl et al., 1995). Such high levels of
oxygen (pO2) are generally regarded as toxic to animal tissues due to increased
formation of reactive oxygen species (ROS). These highly reactive molecules lead to
oxidative damage to lipids, proteins and DNA if their production and accumulation
exceeds the antioxidant capacity of an organism (Fridovich, 1998; Asada, 1999;
Halliwell and Gutteridge, 2007). In any aerobic organism, ROS (including singlet
oxygen, 1O2; superoxide, O2−; hydrogen peroxide, H2O2 and hydroxyl radicals, HO)
are produced primarily by respiratory and photosynthesis electron transport chains
(ETC) (Halliwell and Gutteridge, 2007). Mitochondrial complexes I and II produce
mostly O2− that is further reduced to H2O2 by superoxide dismutase (Turrens, 2003).
The photosynthetic ETC produces 1O2 continuously in photosystem II (PSII) reaction
centres (Apel and Hirt, 2004) and O2− on the reducing side of photosystem I (PSI). This
O2− in turn is rapidly reduced to H2O2 and then to H2O as part of the water-water cycle
(Asada, 1999). In addition, corals living in clear, shallow waters are exposed to the
damaging wavelengths of solar UV radiation that, in combination with high pO2, can
lead to the photodynamic production of ROS (Di Giulio et al., 1989; Tyrrell, 1991;
Dykens et al., 1992). As such, even under normal physiological conditions, the
intracellular localisation of endosymbiotic algae subjects the coral host to hyperoxic
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conditions during daylight exposure which, aggravated by UVR, are highly conducive
to oxidative stress (Dykens and Shick, 1982; Kühl et al., 1995; Richier et al., 2003).

Corals can normally tolerate conditions of enhanced oxidative stress by using an
extensive arsenal of antioxidant mechanisms that prevent excessive oxidative damage
and ROS formation (Richier et al., 2005; Furla et al., 2011; Lesser, 2011a; Lesser,
2011b). Nonetheless, the balancing act between efficient use of solar radiation in
photosynthesis and oxidative damage in corals is exemplified by: (1) the increasing
potential for photooxidative stress in shallow waters (Shick et al., 1995; Richier et al.,
2008), (2) the daily cycle of antioxidant defence induction around midday in response to
high solar irradiances (Levy et al., 2006; Levy et al., 2011), and especially (3) the
synergistic or additive effect of high solar irradiance and elevated summer temperature
maxima causing oxidative damage leading to coral bleaching (Venn et al., 2008; Weis,
2008; Lesser, 2011a). Coral bleaching is defined as the loss of algal symbionts and/or
their photosynthetic pigments and sometimes affects entire reef systems (HoeghGuldberg and Smith, 1989; Szmant and Gassman, 1990; Eakin et al., 2009). These
(mass) bleaching events are thought to be caused by formation of excessive ROS by the
coral mitochondria and Symbiodinium chloroplast ETC which then overwhelm the
antioxidant defence capacity of the symbiosis (Dykens et al., 1992; Venn et al., 2008;
Weis, 2008; Lesser, 2011a). Several early impact sites in Symbiodinium have been
proposed including PSII (Warner et al., 1996; Hill et al., 2004b; Takahashi et al., 2004),
the oxygen evolving complex (Iglesias-Prieto, 1997), thylakoid membranes (IglesiasPrieto et al., 1992; Tchernov et al., 2004) and the Calvin cycle (Jones et al., 1998;
Leggat et al., 2004). So far, no definitive site of initial oxidative damage has been
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ascertained (Lesser, 2011a), likely, because no single mechanism of damage applies to
the thermal stress response of the coral-Symbiodinium symbiosis due to symbiont type
and coral species-speciﬁc heterogeneity in photosynthetic sensitivity to thermal stress
(Buxton et al., 2012). Nonetheless, there is clear evidence of an antioxidant response in
host and Symbiodinium during exposure to thermal and light stress indicating ROS
scavenging to be essential in both partners (Dykens et al., 1992; Lesser, 1997; Lesser
and Farrell, 2004; Levy et al., 2006).

The redox states of the prenylquinones coenzyme Q (CoQ; ubiquinone) and
plastoquinone (PQ) are most likely important in this process, since in their reduced
form, ubiquinol (CoQH2) and plastoquinol (PQH2) are powerful antioxidants for
protection against cellular oxidative damage (Ernster and Forsmark-Andrée, 1993;
Nowicka and Kruk, 2012). Foremost, these prenylquinones play an indispensable role
as electron carriers: CoQ in the mitochondria between complex I and III (Lenaz and
Genova, 2009) and PQ in the chloroplast between PSII and the cytochrome b6f complex
(Rochaix, 2011). In addition, the reduced forms of these prenylquinones are highly
effective lipid peroxidation chain breakers and are involved in the regeneration of other
antioxidants such as ascorbate and α-tocopherol (Mukai et al., 1992; Hundal et al.,
1995; Turunen et al., 2004; Bentinger et al., 2007). Moreover, PQH2 is an effective 1O2
quencher in the chloroplasts (Kruk and Trebst, 2008; Yadav et al., 2010). Consequently,
shifts in the proportion of reduced to oxidised prenylquinones (%CoQH2; PQH2) have
been used to infer oxidative stress and ROS scavenging activity (Hundal et al., 1995;
Yamamoto and Yamashita, 1997; Miles et al., 2005; Kruk and Trebst, 2008).
Furthermore, at least in higher plant systems, the PQ pool redox state is thought to
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occupy a central role in redox signaling pathways that regulate photosynthetic
efficiency by post-translation modification of photosystem proteins and upregulation of
reaction centre transcription reviewed in (reviewed in Foyer et al., 2012). For example,
a high PQ pool reduction state leads to phosphorylation of light harvesting complexes
associated with PSII which causes antenna shifts from PSII to PSI, thus redistributing
absorbed excitation energy and re-balancing electron flow in and out of the PQ pool
(Pesaresi et al., 2009). Other PQ pool redox state activated kinases control photosystem
stoichiometry by regulating the transcription of photosystem proteins (Allen et al.,
2011). Thus, the PQ pool redox state not only has an electron carrier and antioxidant
role but is thought one key factor in several photoacclimatory processes, although these
processes still need to be demonstrated in Symbiodinium.

In the coral-Symbiodinium symbiosis, little is known about the states of these
prenylquinone pools in response to high solar irradiance and resulting tissue hyperoxia.
There is evidence suggesting that the symbiont PQ pool remains in a reduced state at
night likely because of chlororespiration or hypoxia (Chapter 2) (Jones and HoeghGuldberg, 2001; Ulstrup et al., 2005; Hill and Ralph, 2008). In addition, the PQ redox
state does not appear to be affected by acute heat stress, at least in the short-term
(Chapter 2). In contrast, acute heat stress causes increased oxidation of the coral CoQ
redox state which is consistent with oxidative stress in the coral host (Dykens et al.,
1992; Lesser and Farrell, 2004; Levy et al., 2006) and the oxidative theory of coral
bleaching (Lesser, 1997; Downs et al., 2002).
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In this study, I examine the diurnal changes in the redox states of coral CoQ and
symbiont PQ in colonies of the scleractinian coral Acropora millepora (Ehrenberg,
1834) exposed to high solar irradiance using quantitative liquid chromatography-mass
spectrometry (LC-MS) and provide a thorough discussion of the observed oxidative
shifts in the PQ pool. The study establishes the first diurnal baseline measurements of
the CoQ and PQ pool redox states in coral-Symbiodinium symbiosis in a high light
environment and aims to identify whether midday high irradiances associated with a
potential for light-induced oxidative damage cause shifts in the CoQ and PQ pool redox
states. In light of these results, the study measures the proportion of the photoactive and
non-photoactive PQ fractions to understand the maximal possible light induced
variation in the PQ pool redox state and to gauge the potential of a distinct antioxidant
function of PQH2 in Symbiodinium.

3.2

Materials and methods

3.2.1

Reagents

All reagents, and the standards ubiquinone-9 (CoQ9) and ubiquinone-10 (CoQ10), were
purchased from Sigma Aldrich (USA). Plastoquinone-9 (PQ9) was a kind gift from
Professor Ewa Swiezewska from the Polish Academy of Sciences, Poland. All solvents
used were HPLC grade.
3.2.2

Experimental design

Nine colonies of A. millepora roughly 50 cm in diameter containing type C2
Symbiodinium (ITS1 terminology, see below) were collected from Trunk Reef, Great
Barrier Reef, Australia (18°17’ S/146°53’ E). Colonies were acclimated for two weeks
in three outdoor flow-through aquaria (1 m filtered seawater) at the Australian Institute
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of Marine Science, Townsville, Australia, under 50 % shading (maximum 1300 mol
photons m−2 s−1) and at ambient temperature (26 – 27 °C) replicating the conditions of
the collection site (3 m depth, mid-shelf reef, upper reef slope). PSII photochemical
efficiency, expressed as maximum (FV/FM) and effective (ΔF/FM') quantum yields
(Schreiber, 2004), was monitored at 12:00 h and at 18:00 h for all colonies prior to
experimentation. Corals were ascertained to be acclimated to aquarium light conditions
after twelve days when noon depression of F/FM' and FV/FM remained stable (0.55 ±
0.05 and 0.6 ± 0.05; respectively) and recovered consistently to 0.70 ± 0.05 by 18:00 h
over six consecutive days. On the day of the experiment, coral samples were collected
every two hours over a 24 hour period starting at midnight. The time points around
sunrise (05:18 h) and following sunset (18:36 h) were monitored more frequently with
hourly collections before and after. At every sampling time point, three nubbins per
colony were immediately snap-frozen in liquid nitrogen at collection (one nubbin for
prenylquinone extraction; two nubbins for lipid peroxidation analysis; n = 9 colonies)
followed by measurements of F/FM' (n = 9 colonies) and FV/FM (n = 9 colonies at
night; n = 3 colonies during day). Photosynthetically active radiation (PAR; 400 – 700
nm) was logged every 5 min at colony depth underwater (~30 cm) using a Li-1400
datalogger with a Li-192 quantum sensor (Li-Cor Biosciences, Lincoln, Nebraska).
3.2.3

Photoactive plastoquinone pool

Photoactive PQ pool size was determined according to Kruk and Karpinski (2006) for
five A. millepora colonies containing Symbiodinium type C2 collected from Heron
Island lagoon, Great Barrier Reef, Australia (23°27’ S/151°55’ E). In brief: complete
oxidation of the photoactive PQ pool was achieved by exposing five nubbins (one per
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colony) for 15 min to 100 μM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
followed by 15 s light exposure (500 µmol photons m−2 s−1); complete reduction of the
photoactive PQ pool was achieved by exposing five nubbins (one per colony) to a 15 s
burst of high light (1500 µmol photons m−2 s−1) in the absence of DCMU. Complete
inhibition of PSII by DCMU was confirmed by monitoring Symbiodinium minimum
fluorescence (F) with a Mini-PAM (Walz Gmbh, Germany) under actinic light
(200 µmol photons m−2 s−1). After the addition of DCMU to the seawater F levelled off
after < 4 min ensuring complete saturation of PSII reaction centres (Hill et al., 2005).
The photoactive PQ pool is calculated as the difference in %PQH2 between maximum
PQ pool reduction and oxidation.
3.2.4

Prenylquinone quantification

Coral nubbins (~3 cm in length) were stored in liquid nitrogen for a maximum of
48 hours and extracted with a 1:1 mixture of isopropanol and ethyl acetate containing
0.1 M CoQ9 (internal standard). Prenylquinones were quantified by LC-MS as
described in Chapter 2 and expressed as the proportion of reduced to total (oxidised +
reduced) prenylquinone. In brief: prenylquinones were quantified by reverse-phase
high-performance liquid chromatography with a Phenomenex Gemini C18 column
(150 mm  4.6 mm, 3 m particle size) maintained at 28 °C on an Agilent 1100 system
(Agilent, USA) coupled to a Bruker Esquire 3000+ quadrupole ion trap mass
spectrometer (Bruker Daltonics, USA) with an atmospheric pressure chemical
ionisation source. Absolute quantities of the prenylquinones were calculated by external
calibration. Coral CoQ data could potentially be biased by CoQ of Symbiodinium;
however, symbiont CoQ is not detected with the method applied here, either because
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Symbiodinium type C2 contains a different isoform than the host CoQ10 or because
concentrations are below the detection limit (see Chapter 2).
3.2.5

Photosystem II photochemical efficiency

Maximum ([FM − FO]/FM = FV/FM) and effective ([FM' − F]/FM' = F/FM') quantum yield
(Schreiber, 2004), were estimated using a Diving-PAM (Walz Gmbh, Germany) by
placing a 6 mm fibre optic probe perpendicular to the surface at least 20 mm from the
tip of the nubbin and 3 mm from the coral tissue surface (controlled via a rubber
spacer). For each colony, six measurements were averaged. Minimum fluorescence (FO)
was determined using a weak pulsed measuring light (< 0.15 µmol photons m−2 s−1; gain
= 3). The maximum fluorescence (FM) was then measured after a saturating pulse of
light (saturating width 0.8 s, > 4000 µmol photons m−2 s−1). Between sunrise and sunset,
after measuring F/FM', three coral colonies were dark adapted for 15 min by placing a
light-proofed cover over coral colonies to measure FV/FM.
3.2.6

Lipid peroxidation

Two different methods to estimate lipid peroxidation, LHOP and TBARS assay were
used to assess the overall oxidative damage to membrane lipids on coral nubbins stored
at −80 °C. The thiobarbituric acid reactive substances (TBARS) assay, using air blasted
coral tissue slurry as described by Richier et al. (2008), was used to measure
malondialdehyde and other aldehydes derived from secondary products of lipid
peroxidation. The ferrous oxidation-xylenol orange method (FOX-2: Bou et al., 2008)
was used to measure lipid hydroperoxides (LHOP) using the PeroxiDetect™ Kit
(Sigma-Aldrich, USA) according to manufacturer’s instructions on chloroform/MeOH
extracts of air blasted coral tissue slurry (Yagi et al., 1986). LHOP were expressed as
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tert-butyl hydroperoxide (t-BuOOH) equivalents. TBARS and LHOP were normalised
to total soluble protein, measured in slurries using the Bio-rad DC Protein Assay kits
(Bio-Rad Laboratories) according to the manufacturer’s instructions.
3.2.7

Surface area calculation and chlorophyll concentrations

Tissue remaining on the coral nubbins after prenylquinone extraction was removed by
soaking in diluted commercial bleach (0.5 % NaClO) overnight. Surface areas of the
coral nubbins were determined using a wax dipping technique (Veal et al., 2010).
Chlorophyll concentrations were measured from aliquots of the prenylquinone extracts
on a microplate reader (Powerwave, Bio-Tek instruments, USA) (Warren, 2008) and
determined using the equations of (Ritchie, 2006).
3.2.8

Genomics

The A. millepora transcriptome (Moya et al., 2012), the Acropora digitifera genome
(Shinzato et al., 2011) and the cnidarian protein and nucleotide database at NCBI were
searched for sequence homologies to NQO1 (RefSeq: NP_000894.1) using BLASTp
and

tBLASTn

(http://blast.ncbi.nlm.nih.gov).

The

annotated

Symbiodinium

transcriptomes (Bayer et al., 2012) of strain KB8 (clade A, Genbank accession no.
SRX076696) and Mf1.05b (clade B, no. SRX076709 and SRX076710) were searched
for sequence homologies to PTOX (RefSeq: NP_567658.1) with the BLAST function in
Geneious (version 6.0.3; Biomatters; http://www.geneious.com). Identified sequences
from KB8, annotated as alternative oxidase 4, matched NCBI non-redundant protein
database BlastX hits to PTOX.
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Symbiodinium genotyping

The Symbiodinium genotypes were identified based on sequence differences in the
nuclear ribosomal DNA internal transcribed spacer 1 (ITS1) region using single-strand
conformation polymorphism (SSCP) analysis as described by van Oppen et al. (2001).
Total coral and Symbiodinium DNA was extracted using a modified protocol (Wilson et
al., 2002) and the Symbiodinium ITS1 region amplified with fluorescently labelled Sym
ITS1 PCR primers. The symbiont genotype was determined using known reference
samples for comparison and scored manually using gel images (Fabricius et al., 2004).
SSCP profiles from all colonies were single bands identical to type C2 Symbiodinium
(GenBank Accession AF380552) sensu van Oppen et al. (2001).
3.2.10 Statistical analysis
Linear mixed models, using sum contrasts and first order autoregressive correlation
structure in a restricted maximum likelihood approach were used in the statistical
software package R 2.15.1 (Pinheiro and Bates, 2000; R Development Core Team,
2009; Zuur et al., 2009) to examine diurnal changes in %PQH2, TBARS and LHOP.
ANOVA was used test for significant differences among fixed effects. Pearson productmoment correlation and linear regression were performed using SPSS (version 17.0).

3.3

Results

3.3.1

Diurnal measurements

Measurements of PSII photochemical efficiency (FV/FM and F/FM'; Figure 3.1A)
demonstrated a distinct midday depression that was significantly predicted by PAR for
FV/FM (R2 = 0.464; β = −0.68, t(24) = −4.66, p < 0.001) and F/FM' (R2 = 0.715;
β = −0.85, t(78) = −14.07, p < 0.001). Maximum quantum yield (FV/FM ± 95 % CI)
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exhibited a pronounced increase from 0.64 ±0.01 at 4:18 h to a maximum one hour after
sunrise (06:18 h; 0.7 ± 0.01) before declining to a minimum at 14:00 h (0.61 ± 0.01) and
recovering at sunset (18:36 h; 0.66 ± 0.01). Effective quantum yield (F/FM' ± 95 % CI)
declined from a maximum at sunrise (5:18 h; 0.68 ± 0.01) to a minimum at 14:00 h
(0.53 ± 0.04) before recovering towards sunset (18:36 h; 0.67 ± 0.01).

The CoQ pool redox state (%CoQH2 ± 95 % CI; Figure 3.1B) remained stable
throughout the day (mean = 89.1 ± 0.4 %) and exhibited little variation between
colonies (95 % CI maximum width = 4.83 % at 21:36 h). Similarly, the PQ pool redox
state (%PQH2 ± 95 % CI; Figure 3.1B) remained at a highly reduced level
(mean = 79.6 ± 0.9 %) and exhibited limited variation between the nine colonies (95 %
CI maximum 9.37 % at 4:18 h); however, two significant diurnal deviations from the
overall mean (ANOVA, F14,112 = 2.106, p = 0.0164) were observed early morning prior
to sunrise (04:18 h; 74.0 ± 4.7 %; two hours prior to maximum FV/FM) and at noon
(12:00 h; 75.5 ± 3.3 %; mixed model, t112 = −3.539, p = 0.0006 and t112 = −2.584,
p = 0.011, respectively). The values of FV/FM are an important function of the extent of
PSII reaction centre closure, thus of the PQ pool redox state; however, %PQH2 was not
significantly correlated with FV/FM from 6:18 h to 18:36 h (Pearson’s r = 0.188, n = 24,
p = 0.379) even though both exhibit an inverse relationship with light intensity
(Figure 3.1).
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Figure 3.1 Diurnal changes in nine colonies of Acropora millepora: (A) photosystem II photochemical
efficiency, expressed as maximum (FV/FM; open circles; n = 9 at night, n = 3 during day) and effective
quantum yield (F/FM'; solid squares; n = 9 colonies); (B) the coenzyme Q (%CoQH2; open circles) and the
plastoquinone (%PQH2; solid squares) pool redox states (n = 9). Yellow shaded area shows
photosynthetically active radiation (PAR; right axis). Data are means ± 95 % CI (n = 9 colonies per
timepoint).

The light acclimation state of the A. millepora colonies used in the experiment was
assessed by measuring chlorophyll concentrations. Chlorophyll a content per coral
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surface area (± 95 % CI; Figure 3.2A) exhibited no significant variation over the time
course of the experiment (mean = 5.57 ± 0.31 g cm−2; mixed model, F14,112 = 1.353,
p = 0.188). Chlorophyll c2 content (± 95 % CI; Figure 3.2A) exhibited significant
deviation (p < 0.05) from the mean (2.68 ± 0.22 g cm−2; ANOVA, F14,112 = 3.017,
p = 0.006) at 4:18 h (1.80 ± 0.26 g cm−2), 12:00 h (3.50 ± 1.00 g cm−2) and 18:36 h
(3.45 ± 0.87 g cm−2). Lipid peroxidation (± 95 % CI; Figure 3.2B) exhibited no
significant

changes

in

TBARS

over

the

sampling

period

(mean = 15.68 ± 0.43 nmol mg−1 protein; mixed model, F5,40 = 2.116, p = 0.083). On the
other

hand,

a

significant

decrease

was

observed

in

LHOP

(mean = 16.05 ± 0.48 nmol mg−1 protein; ANOVA, F5,40 = 2.661, p = 0.036) at 12:00 h
(13.7 ± 1.38 nmol mg−1 protein; mixed model, t40 = −2.896, p = 0.006).
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Figure 3.2 Diurnal changes in nine colonies of Acropora millepora: (A) chlorophyll a and c2 content
relative to coral surface area; (B) lipid peroxidation expressed as thiobarbituric acid reactive substances
(TBARS; solid squares) and lipid hydroperoxides (LHOP, expressed as t-BuOOH equivalents; open circles).
Yellow shaded area shows photosynthetically active radiation (PAR; right axis). Data are means ± 95 % CI
(n = 9 colonies per timepoint).

3.3.2

Photoactive plastoquinone pool

Maximal possible light induced variation and antioxidant potential of the PQ pool redox
state in A. millepora colonies was assessed by estimating total photoactive and non-
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photoactive PQ pool of in hospite Symbiodinium. Under conditions of complete
reduction 92.3 ± 0.7 % of the photoactive PQ pool was reduced while 83.6 ± 1.4 % of
the photoactive PQ-pool was oxidised under conditions of complete oxidation. Based on
these measurements, the photoactive PQ pool was ~9 % while the remaining nonphotoactive PQ fraction (91 %) was composed of ~8 % PQ and 92 % PQH2 (Figure 3.3,
left hand panel).

Figure 3.3 Photoactive and non-photoactive plastoquinone (PQ) pool of Symbiodinium (type C2) in
Acropora millepora and comparison to Arabidopsis thaliana grown in low light or high light conditions.
Maximum reduction of the photoactive PQ pool (high light) was measured after high light exposure (15 s of
1500 µmol photons m−2 s−1), complete oxidation (DCMU + light) after exposure to 15 min of 100 μM 3(3,4-dichlorophenyl)-1,1-dimethylurea

(DCMU)

followed

by

low

light

exposure

(15 s

of

500 µmol photons m−2 s−1). Data are means ± 95 % CI (n = 5 colonies; 3 – 5 leaves). A. thaliana data
adapted from Szymańska and Kruk (2010).
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It was hypothesised that the host CoQ redox state could exhibit oxidation during midday
high irradiances because of the high potential for oxidative damage during this time,
similar to the oxidation observed in response to acute hyperthermal stress (Chapter 2).
Despite the potential for light-induced oxidative damage, the diurnal CoQ redox state in
A. millepora proved to be stable and was maintained at a high level of reduction
irrespective of irradiance (Figure 3.1A). The CoQ pool in A. millepora was
predominantly in its reduced form (CoQH2), as in most other animals, which is
consistent with antioxidant functions (Åberg et al., 1992; Bentinger et al., 2007). In
other animals and plants, CoQ/CoQH2 are present (in varying quantities) in all
intracellular membranes with the exception of those of chloroplasts (Swiezewska et al.,
1993; Turunen et al., 2004). It serves as a lipid-soluble antioxidant either directly by
scavenging lipid peroxyl radicals or indirectly by regenerating α-tocopherol and
ascorbate (Ernster and Forsmark-Andrée, 1993; Littarru and Tiano, 2007; Bentinger et
al., 2010). In eukaryotic cells, the antioxidant CoQH2 state requires continuous
regeneration by the mitochondrial respiratory chain and several extra-mitochondrial
enzymes (Beyer et al., 1996; Navas et al., 2007; Lenaz, 2012). The latter include
NADH-cytochrome b5 reductase (Arroyo et al., 1998), the cytosolic NAD(P)H:quinone
reductase 1 (NQO1, formerly DT-diaphorase; Beyer et al., 1996), and a distinct,
unresolved NADPH-CoQ reductase (Takahashi et al., 1995). It should be noted though
that despite being highly conserved in vertebrates (Colucci et al., 2008), NQO1 appears
to be absent in cnidarians as no sequence homologies were found in the Acropora
digitifera genome (Shinzato et al., 2011), the A. millepora transcriptome (Moya et al.,
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2012), and the cnidarian collection at NCBI. This is consistent with a previous analysis
of anemones (Goldstone, 2008) and the absence of NQO genes in other invertebrates
such as Caenorhabditis elegans, Drosophila melanogaster or Ciona intestinalis
(Vasiliou et al., 2006). A stable CoQ redox state in the coral host exposed to high solar
irradiance, but not affected by light induced oxidative stress, (1) establishes a reliable
baseline from which oxidative stress in the host can be inferred (Yamamoto et al.,
1998), and (2) emphasises the potential significance of the CoQ pool oxidation observed
in response to acute thermal stress (Chapter 2). However, currently it is not understood
how the coral host can maintain its CoQ pool in the reduced form during daily midday
irradiances but is unable to do so under acute hyperthermal stress.
3.4.2

Plastoquinone redox state

In contrast to the host CoQ, the photosymbiont PQ redox state exhibited limited, but
significant variation during both light and dark periods, although it was maintained at a
highly reduced level consistent with previous measurements (Chapter 2). Oxidation of
the PQ pool was observed at midday (Figure 3.1B) concurrent with a decline in PSII
photochemical efficiency (Figure 3.1A), the latter being well documented for the coralSymbiodinium symbiosis and assumed to primarily result from the induction of nonphotochemical quenching (NPQ) to protect the photosynthetic apparatus from damage
due to excess light energy absorption (Brown et al., 1999; Jones and Hoegh-Guldberg,
2001; Hill and Ralph, 2005; Warner et al., 2010). The midday depression in FV/FM
coincided with the oxidation of the PQ pool but did not directly correlate during
daylight (between 6:18 h and 18:36 h) in this study likely because the relationship
between the primary electron acceptor of PSII (i.e. QA) and the PQ pool is in most cases
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(Baker,

2008)

and

the

two

appear

not

necessarily

directly

proportional (Diner, 1977; Tóth et al., 2007): e.g. 10 % reduction of QA when the PQ
pool is 50 % reduced, 50 % reduction of QA when the PQ pool is over 90 % reduced.
Plastoquinone redox state midday oxidation
Unlike the CoQ pool, the PQ redox state exhibited a distinct oxidation at midday
coinciding with the highest irradiance and a high potential for photooxidative damage.
The observed PQ pool oxidation can be explained by three processes: (1) antioxidant
activity, i.e. oxidation of PQH2 at high light intensities; (2) oxidation of PQH2 by a
plastid terminal oxidase (PTOX); and (3) NPQ. The processes are likely co-occurring in
Symbiodinium under high irradiance; however, the relative contributions of each of
these processes to PQ pool oxidation are currently unknown.
Plastoquinol antioxidant activity
The high antioxidant activity of PQH2 stems primarily from its effectiveness in
quenching 1O2 (Kruk and Trebst, 2008; Yadav et al., 2010) and its ability to act as a
lipid peroxidation chain breaker either directly or via the regeneration of α-tocopherol
(Mukai et al., 1992; Hundal et al., 1995). In the plant model Arabidopsis thaliana, 1O2
quenching has been shown to result in oxidation of the PQ pool in response to high
light-induced oxidative stress (Kruk and Szymańska, 2012). In symbiosis,
Symbiodinium is expected to generate high levels of 1O2 and exhibit signs of lipid
peroxidation around midday because of the high light intensities (Krieger-Liszkay et al.,
2008) and hyperoxic conditions (Kühl et al., 1995), which are conducive to the
formation of ROS in the coral holobiont (Halliwell and Gutteridge, 2007; Lesser,
2011b). Nonetheless, no increases in lipid peroxidation were measured here neither
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using the more general TBARS assay (measuring secondary malondialdehyde
formation) nor the more specific LHOP

assays (directly measuring lipid

hydroperoxides). However, the antioxidant capacity of the system appears generally
effective in preventing measurable lipid peroxidation (Figure 3.2B; Richier et al., 2005;
Richier et al., 2008; Furla et al., 2011) although there is some evidence to the contrary
(Downs et al., 2000; Sandeman, 2008). It is currently unclear whether this discrepancy
is caused by differing experimental conditions, differing methods or whether it reflects
factual differences between species and the capacity to prevent lipid peroxidation.
Irrespective of this, the PQ pool is expected to fulfil an equally important role in
antioxidant defence in Symbiodinium as it does in plants and other algae (Hundal et al.,
1995; Kruk and Trebst, 2008; Nowicka and Kruk, 2012).

An indication of considerable 1O2 quenching or antioxidant activity by PQH2 in
Symbiodinium is the proportionally large non-photoactive PQ fraction in Symbiodinium.
This non-photoactive fraction which consists mainly of PQH2 and is comparable in its
relative proportions to the one found in A. thaliana grown under high light conditions
(Figure 3.3, right hand panel) (Szymańska and Kruk, 2010). This non-photoactive
fraction is found mostly in chloroplast plastoglobuli and is thought to act as a reservoir
necessary for the antioxidant function of the PQ pool (Lichtenthaler, 2007; Eugeni Piller
et al., 2012). Consequently it increases in size in plants grown under high light due to
the accumulation of freshly biosynthesised PQH2 (Szymańska and Kruk, 2010). PQH2
also accumulates rapidly in the green alga Chlamydomonas reinhardtii when exposed to
high light or

1

O2 stress (Kruk and Trebst, 2008; Nowicka and Kruk, 2012).

Plastoglobuli also increase in size and number in sun-exposed leaves (Lichtenthaler,
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2007; Szymańska and Kruk, 2010) and also in Symbiodinium in response to light and
thermal stress (Salih et al., 1998). Given that a main function of the PQ pool outside the
ETC appears to be antioxidant storage, then the size of the non-photoactive PQ pool and
the increase in plastoglobuli as well as the high ratio of PQH2 are all strong indicators
for a considerable role of PQH2 in Symbiodinium antioxidant defence. The large nonphotoactive PQ fraction in A. millepora also explains why only small changes were
observed diurnally in the total PQ redox state (maximal variation 10 – 15 %;
Figure 3.1B): Since, with the current method of extraction, the small photoactive PQ
fraction (~9 %) residing in the thylakoid membranes cannot be differentiated from the
large non-photoactive PQ fraction in the plastoglobuli and other extra-plastic
compartments (91 %) unless estimating the two pools separately using PSII inhibitors
such as DCMU (Figure 3.3).
Plastid terminal oxidase
The second possible interpretation of midday PQ pool oxidation is the activity of
PTOX, which is one component of chlororespiratory electron transport that catalyses
the oxidation of PQH2 at the expense of oxygen in chloroplasts (Peltier and Cournac,
2002). Chlororespiration is thought to act as an alternative electron transfer pathway in
which electrons flow from stromal donors to the PQ pool via a plastidial NAD(P)H
dehydrogenase complex (pNDH) and then to oxygen via PTOX (Rumeau et al., 2007).
PTOX therefore forms the counterpart to pNDH, which has been proposed to be
responsible for the dark reduction of the PQ pool in Symbiodinium as observed in this
study (Figure 3.1B) and by others (Jones and Hoegh-Guldberg, 2001; Hill and Ralph,
2008). Annotated genomic data for Symbiodinium type C2 is limited; however, the
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recently published transcriptome of KB8 (clade A) Symbiodinium contains at least two
sequences

for

PTOX

(annotated

as

alternative

oxidase

4:

kb8_c24773;

kb8_rep_c23897), whereas the transcriptome of mf105 (clade B) does not (Bayer et al.,
2012). This is consistent with previous suggestions that chlororespiration might not
occur in some Symbiodinium types (Reynolds et al., 2008; Suggett et al., 2008);
however, this observation awaits further confirmation at the genome level. Nonetheless,
the occurrence of PTOX sequences in a transcriptome is strong evidence of its activity
in some Symbiodinium types.

The specific role of PTOX in photosynthesis still remains uncertain. Even so, a
photoprotective and antioxidant function has been proposed because PTOX is involved
in the biosynthesis of photoprotective carotenoids, its activity reduces overall oxygen
concentration and it prevents over-reduction of the photosynthetic ETC (Mittler, 2002;
Sun and Wen, 2011). While PQ pool oxidation might seem contradictory to the use of
PQH2 as an antioxidant, maintaining a suitable PQ/PQH2 redox balance is essential to
prevent over-reduction of the ETC that results when light intensities exceed the
photosynthetic capacity of CO2 assimilation (Apel and Hirt, 2004). Hence, PTOX is
thought to act as a safety valve that adjusts the redox balance of the photosynthetic ETC
and lowers the potential of ROS formation, although this protective function may not be
universal across the plant kingdom (Sun and Wen, 2011).
Non-photochemical quenching
The third possible explanation for the midday oxidation of the PQ pool is NPQ, which
is a common photoprotective mechanism in plants and algae. Active during midday
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high irradiance, NPQ mitigates excessive reduction of the photosynthetic ETC and
potential damage to ETC components by suppressing the inﬂux of electrons to the PQ
pool rather than by PQH2 oxidation, hence lowering the PQ pool reduction state (Müller
et al., 2001; Kruk and Szymańska, 2012). It has been demonstrated that NPQ is highly
active in Symbiodinium on exposure to high light intensities and is largely responsible
for the midday decline in F/FM' in corals (Figure 3.1A; Warner et al., 2010). At least
two NPQ mechanisms have been demonstrated in Symbiodinium (Brown et al., 1999;
Warner and Berry-Lowe, 2006; Reynolds et al., 2008; Hill et al., 2012). Xanthophyll
cycling is a prominent process in shallow water corals (Brown et al., 1999; Warner and
Berry-Lowe, 2006; Hill et al., 2012) that directs photon energy away from the lightharvesting antenna via rapid de-epoxidation of diadinoxanthin to diatoxanthin (Müller
et al., 2001). The light-induced dissociation of antenna complexes from PSII, and
possibly a shift to PSI, is a second photoprotective mechanism in Symbiodinium. This
mechanism reduces the amount of excitation energy reaching PSII (Müller et al., 2001)
and bestows at least some bleaching resistance in heat stressed corals further confirming
the connection between photooxidative damage and thermal bleaching (Reynolds et al.,
2008; Hill et al., 2012). A third mechanism, photoinhibitory quenching, which results in
long-term damage to the photosynthetic apparatus, occurs in Symbiodinium but does not
appear to be inducible by high light (Hill and Ralph, 2005).
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Figure 3.4 Electron transfer reactions and the plastoquinone (PQ) pool redox state in the photosynthetic
electron transport chain within the Symbiodinium thylakoid membranes under low (A) and high (B) solar
irradiance. In low light, “linear” electron flow (black arrows) proceeds from H2O to NAD(P)H via PSII, the
PQ pool and PSI, leading to reduction of PQ pool. “Non-linear” electron flows (dark blue arrows) proceed
via chlororespiration from NAD(P)H to the PQ pool via pNDH and to O2 via PTOX or are circular around
PSI. In high light, over-reduction of the PQ pool is ameliorated by PTOX induction and suppression of
electron influx to the PQ pool by increased xanthophyll cycling, antenna dissociation and antenna shifts
from PSII to PSI (light blue arrows). Increased PQ pool antioxidant activity includes quenching of 1O2 and
chain breaking of lipid peroxidation induced by O2−. Arrow thickness indicates strength of electron flow.
Abbreviations: acpPC, chlorophyll a-chlorophyll c2-peridinin-protein; Cyt-b6f, cytochrome-b6f; FD,
ferredoxin; FNR, ferredoxin-NADP+ reductase; PC, plastocyanin; PCP, peridinin-chlorophyll a-protein; 1O2,
singlet oxygen; O2−, superoxide; pNDH, plastidial NAD(P)H dehydrogenase; PQH2, plastoquinol; PSI &
PSII, photosystem I and II; PTOX, plastid terminal oxidase; ? reflects uncertainty.
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Early morning plastoquinone pool oxidation
In addition to oxidation at midday, the PQ pool exhibited a distinct oxidation period in
the early morning, prior to sunrise (4:18 h; Figure 3.1B). Early morning PQ oxidation
has previously been observed in Symbiodinium using chlorophyll fluorescence
techniques (Jones and Hoegh-Guldberg, 2001; Hill and Ralph, 2005; Hill and Ralph,
2008). This phenomenon was attributed to weak morning light exciting PSI which
allows processing of electrons trapped in the ETC resulting from dark reduction during
night time hypoxia (Hill and Ralph, 2005). While activation of PSI explains the early
morning rise in FV/FM, maximum PQ pool oxidation occurred prior to dawn
illumination (one hour before sunrise) and did not coincide with the maximum FV/FM
measured at 6:18 h (Figure 3.1B). PQ oxidation in darkness suggests the activation of
light-independent chlororespiration, but oxidation via PTOX should be restricted at this
time due to the limited availability of the necessary oxygen during dark hypoxia
(Haldimann and Strasser, 1999; Ulstrup et al., 2005). Further research into the activity
patterns of PTOX, and the combination of direct measurements of the PQ redox state
using chlorophyll fast induction kinetics as suggested by Hill and Ralph (2005) will be
required to shed light on this interesting phenomenon.

3.5

Conclusions

In summary, this study represents the first direct analysis of diurnal variation in the
redox pool states of the electron carriers/antioxidants CoQ and PQ in the coralSymbiodinium symbiosis. The study provides clear evidence of a highly reduced CoQ
pool in the coral host that is unaffected by exposure of the symbiosis to high light
intensities. Similarly, the PQ pool of Symbiodinium is maintained in a highly reduced
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state but undergoes oxidation under high light intensity at midday. Most importantly,
the large non-photoactive PQ pool and the highly reduced level of both the CoQ and PQ
pool, clearly demonstrates the potential of these prenylquinone pools to fulfil
antioxidant roles in the coral-Symbiodinium symbiosis.

Chapter 4
Oxidation of the coenzyme Q and plastoquinone pools
during experimentally induced coral bleaching

This chapter is inserted without abstract as in preparation for submission: Adrian Lutz,
Jean-Baptiste Raina, Cherie A. Motti, Walter C. Dunlap, David J. Miller and Madeleine
J.H. van Oppen

A. Lutz wrote the chapter and analysed the data. A. Lutz and J.-B. Raina designed the
experiment. J.-B. Raina, C. Motti, W. Dunlap, D. Miller and M. van Oppen provided
conceptual, logistical and editorial support.
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Introduction

There is growing concern over increasing ocean temperatures that threaten the health of
coral reef systems by disrupting the mutualistic partnership between reef-building corals
(Cnidaria: Scleractinia) and their dinoflagellate (Symbiodinium sp.) partners, causing
coral bleaching (Hoegh-Guldberg and Bruno, 2010). Large-scale, mass coral bleaching
events have been consistently linked to elevated maximum temperatures attributed to
global climate change in combination with high solar irradiance (Hoegh-Guldberg and
Smith, 1989; Szmant and Gassman, 1990; Eakin et al., 2009). Although the aetiology of
the cellular events causing the expulsion of Symbiodinium cells via exocytosis (Gates et
al., 1992) and apoptosis (Dunn et al., 2007) is still debated, coral bleaching caused by
thermal and irradiance stress has repeatedly been linked to oxidative stress whereby the
excessive formation of reactive oxygen species (ROS) overwhelms the antioxidant
defence capacity of the symbiosis (Venn et al., 2008; Weis, 2008; Lesser, 2011a).
Several potential primary damage sites have been identified in Symbiodinium during
thermal stress, including photosystem II (PSII) reaction centres (Warner et al., 1999;
Takahashi et al., 2009; Hill et al., 2011), antenna pigments (Takahashi and Murata,
2008), the Calvin cycle (Jones et al., 1998), and the thylakoid membranes (Tchernov et
al., 2004). Recent evidence suggests that the primary site of thermal damage in
Symbiodinium varies among coral species and symbiont clades (Buxton et al., 2012)
and this may explain some of the apparent contradictory results to date. Initial
impairment of photosynthesis is thought to cause increased ROS formation in the
symbiont leading to the downstream oxidative damage in the host that initiates the
bleaching (Lesser, 2011a). Nonetheless, there is evidence of an antioxidant response in
Symbiodinium and coral host during exposure to thermal and irradiance stress,
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indicating ROS scavenging is essential in both symbiotic partners (Dykens et al., 1992;
Lesser, 1997; Lesser and Farrell, 2004; Bellantuono et al., 2012; DeSalvo et al., 2012)

Oxidative stress is tightly linked to the coral-Symbiodinium symbiosis antioxidant
capacity and the performance of the electron transport chains (ETC) of coral
mitochondria and Symbiodinium chloroplasts (Lesser, 2011a). Two antioxidant defence
components poorly studied in cnidarian-algal symbiosis are the cellular pools of the
prenylquinones coenzyme Q (CoQ; ubiquinone) and plastoquinone (PQ) and their
respective reduced (antioxidant) forms ubiquinol (CoQH2) and plastoquinol (PQH2).
The pools of these redox carriers play indispensable roles in electron transport
(CoQ/CoQH2 in the mitochondrial ETC and PQ/PQH2 in the photosynthetic ETC) and
also play an important antioxidant function within mitochondrial (Ernster and
Forsmark-Andrée, 1993), cellular (Bentinger et al., 2007) and thylakoid (Nowicka and
Kruk, 2012) membranes. The reduced forms of these prenylquinones are highly
effective lipid peroxidation chain breakers and are involved in the regeneration of other
antioxidants such as ascorbate and α-tocopherol (Mukai et al., 1992; Hundal et al.,
1995; Turunen et al., 2004; Bentinger et al., 2007). In addition, PQH2 is an effective
singlet oxygen (1O2) quencher in the chloroplasts (Kruk and Trebst, 2008; Yadav et al.,
2010). Consequently, shifts in the proportion of reduced to oxidised prenylquinones
(%CoQH2; %PQH2) have been used to infer oxidative stress and ROS scavenging
activity (Hundal et al., 1995; Yamamoto and Yamashita, 1997; Miles et al., 2005; Kruk
and Trebst, 2008).
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In the coral-Symbiodinium symbiosis, little is known about the states of the CoQ and PQ
pools in response to hyperthermal stress. It has been shown that the CoQ pool in the
coral host Acropora millepora (Ehrenberg, 1834) is predominantly and continuously
maintained in its reduced form (CoQH2), the redox state remaining highly stable
diurnally and not affected by changes in solar radiation (Chapter 3). However, acute
heat-stress causes increased oxidation of the coral CoQ pool (Chapter 2), which is
consistent with oxidative stress in the coral host (Dykens et al., 1992; Lesser and
Farrell, 2004; Levy et al., 2006). It is unclear whether this observed oxidative shift is
caused by metabolic failure rather than reflecting a specific heat stress response, or
whether the CoQ pool is sensitive to prolonged elevated temperature stress under more
ecologically relevant conditions. In contrast to the host CoQ pool, the Symbiodinium PQ
pool redox state was not affected by acute heat shock (Chapter 2), but shifted towards a
higher oxidation state in response to midday high irradiance exposure (Chapter 3). The
PQ pool is believed to have considerable antioxidant capacity because Symbiodinium
contains a relatively large, highly reduced non-photoactive PQ pool (Chapter 3)
(Lichtenthaler, 2007; Eugeni Piller et al., 2012).

In this chapter, the redox states of coral CoQ and Symbiodinium PQ pools are explored
in colonies of the scleractinian coral A. millepora during an experimentally induced
bleaching episode using quantitative liquid chromatography-mass spectrometry (LCMS). Using measurements of CoQ and PQ pool redox states in combination with
general symbiosis stress assessment tools (PSII photochemical efficiency, chlorophyll
and Symbiodinium concentrations, total lipid peroxidation), I test how thermal stress
alters the redox pool states and how the timeline of these changes is linked to basic
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parameters measured during an experimental induced coral bleaching episode. This
experiment provides the first evidence for early oxidation of the host CoQ pool
occurring prior to bleaching and discusses the significance of this finding in the context
of host oxidative stress. In addition, the results demonstrate that the PQ pool is not
affected by thermal stress until large loss of Symbiodinium cells from the host tissues
and severe PSII inhibition has occurred.

4.2

Materials and methods

4.2.1

Reagents

All reagents, and the standards ubiquinone-9 (CoQ9) and ubiquinone-10 (CoQ10), were
purchased from Sigma Aldrich (USA). Plastoquinone-9 (PQ9) was a kind gift from
Professor Ewa Swiezewska from the Polish Academy of Sciences, Poland. All solvents
used were HPLC grade.
4.2.2

Experimental design

Ten A. millepora colonies roughly 50 cm in diameter containing type C2 Symbiodinium
(ITS1 terminology, see below) were collected from Pelorus Island, Great Barrier Reef,
Australia (18°33’ S/146°29’ E). Colonies were transferred to the Australian Institute of
Marine Science (Townsville) and fragmented into a total of 24 fragments, each
comprising approximately 25 branches (nubbins). Fragments were arranged in twelve
indoor tanks in a randomised block design, resulting in the allocation of twelve coral
fragments to each of the control and thermal stress temperature treatments (27 °C and
32 °C respectively). All tanks were continuously supplied with fresh, 1 μm filtered
seawater at a rate of 1.5 L min−1 from 500 L reservoirs in a temperature-controlled room
maintained at 27 ± 0.5 °C. Each reservoir was heated with two titanium heaters (3 kW)
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controlled by a CR1000 datalogger (Campbell Scientific) and two temperature sensors
in the treatment tanks. All tanks were fitted with a small power head pump to maintain
water movement and an air stone and pump to provide aeration. UV-filtered 400 W
metal halide lights (BLV, Germany) were mounted above each tank and provided an
average underwater light intensity of 350 mol photons m−2 s−1 (12:12 h light:dark
cycle). The UV-filters were used to minimise UV-radiation induced bleaching (Gleason
and Wellington, 1993).

The colony fragments were acclimated for two weeks prior to starting the experiment,
then seawater temperatures in four tanks were slowly and continuously ramped to
32 ± 0.5 °C over a seven day period while the remaining four control tanks were
maintained at 27 °C for the entire duration of the experiment (Figure 4.1). The heat
stress temperature was chosen at an ecologically relevant 1 °C above the estimated local
bleaching threshold for nearby Orpheus Island, Great Barrier Reef (18°35’ S/146°29’ E)
(~31 °C:Berkelmans, 2009). Coral nubbins were sampled at four time points during the
experiment: at the end of the acclimation period (t = 0 d), upon reaching the 32 °C
target temperature in the hyperthermal stress treatment (t = 7 d), and after 5 days
(t = 12 d) and 10 days (t = 17 d) at 32 °C. At each time point, coral nubbins
(approximately 50 mm in length) were collected from each coral fragment after six
hours of light (n = 12 in control and heat treatment, respectively) and from a subset of
fragments after six hours of darkness (n = 9 in control and heat treatment, respectively).
Samples were snap-frozen in liquid nitrogen immediately at collection to prevent any
redox state. Total sample size was optimised to ensure all samples could be processed in
less than four weeks after sampling to ascertain the redox stability of the extracts. Lipid

Chapter 4

91

peroxidation and Symbiodinium densities were determined by collecting two additional
coral nubbins from each coral fragment at each time point at midday (n = 12 in control
and heat treatment, respectively). Lipid peroxidation samples were snap-frozen at
collection and stored in liquid nitrogen until processed. Symbiodinium density samples
were immediately airbrushed and processed.

Figure 4.1 Thermal log of the temperature sensors placed in heated (32 °C) and control (27 °C) seawater
aquarium tanks for the duration of the experimental period. Dashed lines indicate sampling times.

4.2.3

Photosystem II photochemical efficiency

Photosystem II (PSII) photochemical efficiency, expressed as maximum quantum yield
([FM − FO]/FM = FV/FM) was measured with a Diving-PAM (Walz Gmbh, Germany)
from three haphazardly chosen nubbins per coral fragment two hours before the start of
the light cycle (Schreiber, 2004). A 6 mm fibre optic probe was placed perpendicular to
the surface at least 20 mm from the tip of the nubbin and 3 mm from the coral tissue
surface (controlled via a rubber spacer) to obtain the measurements. Minimum
fluorescence

(FO)

was

measured

using

a

weak

pulsed

measuring

light

(< 0.15 µmol photons m−2 s−1; gain = 3) and maximum fluorescence (FM) was measured
upon application of a saturating pulse of light (> 4000 µmol photons m−2 s−1).
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Prenylquinone quantification

Coral nubbins for prenylquinone extraction were stored in liquid nitrogen for a
maximum of 48 hours. Nubbins were extracted using a 1:1 mixture of isopropanol and
ethyl acetate containing 0.1 M CoQ9 (internal standard). Coral CoQ10 and
Symbiodinium PQ9 pools were quantified by LC-MS as described in Chapter 2. In brief:
prenylquinones were quantified using a Phenomenex Kinetex C18 column
(150 mm  4.6 mm, 2.6 m particle size). Absolute quantities of the prenylquinones
were calculated from calibration plots obtained from standard compounds containing
0.1 M CoQ9 (internal standard). CoQ and PQ redox states (%PQH2 and %CoQH2)
were expressed as the proportion of reduced to total (oxidised + reduced)
prenylquinone. Coral CoQ data could potentially be biased by CoQ of Symbiodinium;
however, symbiont CoQ is not detected with the method applied here, either because
Symbiodinium type C2 contains a different isoform than the host CoQ10 or because
concentrations are below the detection limit (see Chapter 2).
4.2.5

Lipid peroxidation

Changes in lipid peroxidation were measured by two separate methods on coral nubbins
stored at −80 °C. The thiobarbituric acid reactive substances (TBARS) assay was used
to measure malondialdehyde and other aldehydes derived from secondary products of
lipid peroxidation using air blasted coral tissue slurry as described by Richier et al.
(2008). The ferrous oxidation-xylenol orange method (FOX-2: Bou et al., 2008) was
used to measure lipid hydroperoxides (LHOP) using the PeroxiDetect™ Kit (SigmaAldrich, USA) according to manufacturer’s instructions on chloroform/methanol
extracts of air blasted coral tissue slurry (Yagi et al., 1986). LHOP were expressed as
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tert-butyl hydroperoxide (t-BuOOH) equivalents. TBARS and LHOP were normalised
to total soluble protein, measured in the slurries using the Bio-Rad DC Protein Assay
kits (Bio-Rad Laboratories) according to the manufacturer’s instructions.
4.2.6

Symbiodinium densities

Freshly collected coral nubbins were airbrushed in individual plastic bags in 4 mL of
0.2 μm filtered seawater. The slurry was homogenised using a Turrax disperser (IKA,
Germany) to breakdown aggregates and was centrifuged at 3000 g. The supernatant was
removed and the pellet resuspended in 1 mL of 10 % formalin. Symbiodinium cells were
counted under a light microscope (eight technical replicates per sample) using a
haemocytometer (depth 0.1 mm).
4.2.7

Surface area calculation and chlorophyll concentrations

Tissue remaining on the coral nubbins was removed by soaking in diluted commercial
bleach (0.5 % NaClO) overnight. Surface areas of the coral nubbins were determined
using a wax dipping technique (Veal et al., 2010). Chlorophyll concentrations were
measured from aliquots of the prenylquinone extracts on a microplate reader
(Powerwave, Bio-Tek instruments, USA) (Warren, 2008) and determined using the
equations of (Ritchie, 2006).
4.2.8

Symbiodinium genotyping

The Symbiodinium genotypes were identified based on sequence differences in the
nuclear ribosomal DNA internal transcribed spacer 1 (ITS1) region using single-strand
conformation polymorphism (SSCP) analysis as described by van Oppen et al. (2001).
Total coral and Symbiodinium DNA was extracted using a modified protocol (Wilson et
al., 2002) and the Symbiodinium ITS1 region amplified with fluorescently labelled Sym
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ITS1 PCR primers for SSCP analysis on non-denaturing polyacrylamide gels. The
symbiont genotype was determined by comparison to known reference samples run
alongside the samples on the gels and manual scoring of gel images (Fabricius et al.,
2004). SSCP profiles from all colonies were single bands identical to type C2
Symbiodinium (GenBank Accession AF380552) sensu van Oppen et al. (2001).
4.2.9

Genomics

The A. millepora transcriptome (Moya et al., 2012), the Acropora digitifera genome
(Shinzato et al., 2011) and the cnidarian protein and nucleotide database at NCBI were
searched for enzymes involved in CoQ redox reactions. Homologue proteins and gene
sequences were identified using BLAST at http://blast.ncbi.nlm.nih.gov and
http://marinegenomics.oist.jp,

and

the

A.

digitifera

http://bioserv7.bioinfo.pbf.hr/Zoophyte/index.jsp.

All

annotation

identified

available

sequences

at

were

assessed against the SwissProt database (http://www.uniprot.org/).
4.2.10 Statistical analysis
Linear mixed models (Pinheiro and Bates, 2000; Zuur et al., 2009) were used to assess
treatment effects using time (sampling day), treatment (control vs. heated) and the
interaction as fixed and a random intercept for each coral fragment to account for
repeated measures of the same colonies. FV/FM, %PQH2 and %CoQH2 data were power
transformed; PQ concentration, LHOP and TBARS data were log transformed. Model
comparison was conducted using Akaike’s information criterion (AIC). Tank effects
were non-significant (fixed) and redundant (random), and thus discarded to avoid
overfitting in all models. First order autocorrelation covariate structure was determined
as best model fit in all models. Multiple pairwise comparisons were corrected using the

Chapter 4

95

false discovery rate following Hochberg and Benjamini (1990). All statistical analyses
were conducted using SPSS version 17.0.

4.3

Results

Fragments of A. millepora colonies were subjected to ambient (27 °C) or hyperthermal
stress (32 °C) conditions during a 17 day experiment that caused a distinct bleaching
reaction in the stress treatment (Figure 4.2A – C). Symbiodinium cell densities were
reduced by 25.7 % after five days exposure to 32 °C and reduced by 82.4 % at the end
of the experiment compared to densities on day 0 (Figure 4.2D). No significant changes
in cellular chlorophyll concentrations (a and c2) were observed during the experiment
(mean = 29.6 ± 4.5 pg cell−1; p = 0.46). Mortality was low; from the total 24 colony
fragments used, only two fragments at 32 °C showed signs of necrosis, patchy tissue
sloughing and algal overgrowth. Subsequently, these two fragments were excluded from
any measurements after day 13 and 15, respectively. PSII photochemical efficiency
(FV/FM ± 95 % CI) remained stable in control colonies (mean = 0.68 ± 0.1); however, a
distinct decline in FV/FM was observed in the 32 °C treatment concomitant with the loss
of Symbiodinium cells (Figure 4.2E; p < 0.001; Table 4.1). The declining trend of FV/FM
was observed from the third day after heating was commenced but FV/FM did not differ
significantly from the control until the fifth day of heating (t-test; F1,278 = 10.683;
p = 0.0012).
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Figure 4.2 Effects of a thermal stress experiment on the scleractinian coral Acropora millepora. The
temperature was raised gradually from 27 °C to 32 °C over seven days, starting at day 0. The total duration
of the experiment was 17 days. (A – C) Images of representative coral nubbins showing the visual
difference in the density of Symbiodinium cells present in the tissues of A. millepora maintained under
control (27 C, A and left-hand side of B) or thermal stress (32 C, C and right-hand side of B) conditions
for ten days. (D) Changes in A. millepora colonies exposed to control (27 C) and stress (32 C) treatments
in Symbiodinium density; (E) photosystem II photochemical efficiency; (F) plastoquinone (%PQH2) and (G)
coenzyme Q (%CoQH2) pool redox states; (H) total plastoquinone concentration (PQ + PQH2) per
Symbiodinium cell and (I) total coenzyme Q concentration (CoQ + CoQH2) per coral surface area. All data
points are means ± 95 % CI; n = 6-12 (see Table 4.1 for details). Scale bars = 1 mm.

The PQ pool redox state (%PQH2 ± 95 % CI) was measured in Symbiodinium during the
light period and in darkness and there was no distinguishable difference between the
two sets of measurements (Figure 4.2F; Table 4.1). %PQH2 remained high during the
first twelve days of heat stress (from t = 0 h to 12 d: mean = 90.8 ± 1.4 % in light and
87.3 ± 4.2 in dark); however, colonies exhibited a highly significant 12 % (light) and
11 % (dark) decline in PQH2 at the end of the experiment (at t = 17 d,
mean = 78.9 ± 3.5 % and 76.2 ± 5.1 %; respectively; p < 0.002). When analysed per
Symbiodinium cell, this decline in PQH2 coincided with a highly significant five-fold
increase in the total PQ concentration (PQ + PQH2) from 1.49 ± 0.23 pmol cell−1 (mean,
t = 0 h to 12 d) to 5.11 ± 2.06 pmol cell−1 at t = 17 d (Figure 4.2H; p = 0.008).
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Table 4.1 Linear mixed model testing for differences in temperature treatments (27 °C = control;
32 °C = stress) during a hyperthermal bleaching experiment of Acropora millepora containing
Symbiodinium type C2. p-values significant at α < 0.05 are highlighted in boldface. Abbreviations: CoQ,
coenzyme Q; %CoQH2, coenzyme Q pool redox state; FV/FM, maximum quantum yield; LHOP, lipid
hydroperoxide; PQ, plastoquinone; %PQH2, plastoquinone pool redox state; TBARS, thiobarbituric acid
assay reactive substances. See text for further details.

The coral host CoQ pool redox state (%CoQH2 ± 95 % CI) was oxidised in response to
the hyperthermal stress, exhibiting a highly significant 8.5 % decline in CoQH2 from
89.4 ± 1.0 % to 80.9 ± 2.6 in the light, and 7.4 % from 89.7 ± 1.1 % to and 82.3 ± 3.3 %
in the dark, within the first seven days of the experiment (i.e. at the end of the heating
phase from 27 °C to 32 °C; Figure 4.2G; p < 0.002). Over the next ten days at 32 °C,
%CoQH2 continued to decline slowly to 77.3 ± 2.9 % (light) and 75.4 ± 7.9 % (dark).
Similar to %PQH2, there were no distinguishable differences between the light and dark
measurements. Throughout the experiment, total CoQ (CoQ + CoQH2; normalised per
coral surface area) did not differ between control and heat stress remaining relatively
stable (mean = 0.41 ± 0.03 nmol cm−2; p = 0.36). Two different methods to estimate
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lipid peroxidation, LHOP and TBARS assay (Figure 4.3), were used to assess the
overall oxidative damage to membrane lipids. Lipid peroxidation varied significantly
over the course of the experiment in control and treatment using both methods
(mean = 29.5 ± 1.9 nmol TBARS mg−1 protein; p < 0.001 and 19.8 ± 2.0 nmol tBuOOH equiv. mg−1 protein; p = 0.008; respectively. but neither method measured any
significant differences between the control and the thermal stress treatment (p = 0.95
and p = 0.99; respectively) (See Section 4.4.1 regarding discussion of measurement
robustness of LHOP and TBARS).

Figure 4.3 Effects of thermal stress on lipid peroxidation in the scleractinian coral Acropora millepora. The
temperature was raised gradually to 32 °C over seven days, starting at day 0. The total duration of the
experiment was 17 days. (A) lipid peroxidation was assessed measuring lipid hydroperoxides expressed as
tert-butyl hydroperoxide (t-BuOOH) equivalents and (B) thiobarbituric acid reactive substances (TBARS).

4.4

Discussion

4.4.1

Coenzyme Q pool redox state

The results presented demonstrate that the host CoQ redox state is relatively sensitive to
hyperthermal stress and exhibited an overall 13 % decline of CoQH2 during the
hyperthermal stress experiment (Figure 4.2G). This oxidative shift was not caused by a
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principal (large) increase of de novo synthesised CoQ, as the total CoQ concentration
(CoQ + CoQH2) did not increase in response to the heat stress. Interestingly, the
observed CoQ pool oxidation occurred early in the bleaching experiment upon reaching
32 °C (after seven days with a daily temperature increase of ~0.7 °C per day) and prior
to any measurable loss of Symbiodinium cells from the host tissue. Oxidation of the
CoQ pool occurred prior to major decline in PSII photochemical efficiency, i.e., while
the effects of the hyperthermal stress on the Symbiodinium photosynthesis apparatus
were still limited (FV/FM > 0.65). Other thermal stress related responses not measured
here may occur in Symbiodinium prior to coral CoQ pool oxidation, but these results
demonstrate that the oxidative shift in the CoQ redox state is among the earliest known
changes in the coral partner in response to a moderate daily temperature increase. Other
early changes include a reduction in epithelial tissue, signs of increased apoptosis in the
gastrodermis, and changes to the transcriptome, which have been associated with an
upregulation of chaperone and antioxidant defence genes alongside transcriptional
changes that by analogy to vertebrate models are assumed to be linked to apoptosis
(Ainsworth et al., 2008; Desalvo et al., 2008; Rodriguez-Lanetty et al., 2009; DeSalvo
et al., 2010; Ainsworth et al., 2011; Bellantuono et al., 2012; DeSalvo et al., 2012). At
this stage, it does not appear that CoQ pool redox state shifts during heat stress can be
associated with specific transcriptional changes. This could be due to technical
limitations of the experiments or post-translational regulation of the enzymes involved
in CoQ pool redox reactions (e.g. alternative oxidase) (McDonald, 2008; Bellantuono et
al., 2012; see below: CoQ pool redox state regulation). Currently, it also not understood
whether the thermal stress induced CoQ pool oxidation can be linked to a specific cell
organelle or if it is an indication of a general shift in the cellular redox balance, which is
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associated with apoptosis and programmed cell death (Circu and Aw, 2010; Potters et
al., 2010). It could be speculated that the oxidative shift in the CoQ pool is indicative of
an early thermal stress impact upon the host mitochondria as proposed in the bleaching
model by Weis (2008); however, this remains to be tested. It should be noted that the
experimental conditions described here limited irradiance to a moderate 350 mol
photons m−2 s−1 in order to avoid major light stress concomitantly with the applied
hyperthermal stress (Hoegh-Guldberg and Smith, 1989; Lesser et al., 1990; Dunne and
Brown, 2001). Underwater irradiance at 1 – 3 m depths regularly exceeds 1000 mol
photons m−2 s−1 for nearby (< 25 km), equally turbid Great Palm Island waters (Uthicke
and Klumpp, 1998). The results therefore indicate that the A. millepora CoQ pool is
oxidised significantly in response to hyperthermal stress in the absence of severe light
stress, which supports the initial findings described in Chapter 2.
Coenzyme Q pool redox state regulation
In the animals studied to date, CoQ/CoQH2 is present (in varying quantities) in all
intracellular membranes but quantitatively the highest concentrations are found in the
mitochondrial membranes (Swiezewska et al., 1993; Turunen et al., 2004). In
eukaryotes, CoQ redox processes are relatively complex (Figure 4.4; for relevant
enzymes identified in Acropora sp. see Table 4.2). Within mitochondrial membranes,
CoQH2 is continuously regenerated by the respiratory chain (complex I, II and
alternative NAD(P)H dehydrogenases) (Matus-Ortega et al., 2011) and other
mitochondrial enzymes (glycerol-3-phosphate dehydrogenase, electron-transferring
flavoprotein dehydrogenase, dihydroorotate dehydrogenase; Genova and Lenaz, 2011).
In other membranes, several enzymes catalyse CoQ reduction in eukaryotic cells
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including a NADH-cytochrome b5 reductase (Arroyo et al., 1998), the cytosolic
NAD(P)H:quinone reductase 1 (NQO1; formerly DT-diaphorase) (Beyer et al., 1996),
and a distinct, unresolved NADPH-CoQ reductase (Takahashi et al., 1995). It should be
noted that NQO genes appear to be absent in cnidarians and thus likely have no role in
CoQ reduction in corals (Chapter 3) (Goldstone, 2008). Conversely, CoQH2 is oxidised
to CoQ by direct interaction with ROS, in particular lipid peroxyl radicals and the lipid
peroxidation initiating perferryl radicals (Fe3O2−) in all membranes (Bentinger et al.,
2007), by complex III and alternative oxidases (AOX) of the mitochondrial ETC
(McDonald et al., 2009), and the external oxidases of the plasma membrane electron
transport (Ecto-NOX; Morré and Morré, 2011). Considering the known CoQ pool redox
mechanisms of other animals, the oxidative shift in the CoQ redox state in A. millepora
can therefore be attributed to: (1) an increase in ROS scavenging by CoQH2; (2) a
decline in net CoQ reduction by the mitochondrial ETC; (3) extra-mitochondrial
pathways; or 4) any combination of these processes.
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Figure 4.4 Schematic diagram of electron transfer reactions using the coenzyme Q (CoQ) pool in the coral
mitochondrial and plasma membrane electron transport. Respiratory “linear” electron flows (black arrows)
proceed from NADH in the mitochondrial matrix to H2O via the CoQ pool and the enzyme complexes I, II,
III, and IV, forming ubiquinol (CoQH2) as intermediary product. The electron flows via complexes I,III and
IV occur (mostly) via tunnelling or micro-diffusion of CoQ/CoQH2 in I-II-IV supercomplexes rather than
via the larger mobile CoQ pool (Genova and Lenaz, 2011). “Non-linear” electron flows (dark blue arrows)
proceed from electron donors (e.g. NAD(P)H) via several quinone dehydrogenases to the CoQ pool, and to
H2O from CoQH2 via AOX. Plasma membrane electron transport occurs from NAD(P)H to H2O via one or
more type of NAD(P)H-CoQ reductases, the plasma membrane CoQ pool and Ecto-NOX. CoQH2 ROS
scavenging occurs continuously in O2 metabolism primarily via chain breaking of lipid peroxidation (LPO)
caused by O2− and H2O2. Abbreviations: AOX, alternative oxidase; cyt-c, cytochrome c; DHAP,
dihydroxyacetone phosphate; DHO, dihydroorotate; DHODH, dihydroorotate dehydrogenase; Ecto-NOX,
external quinone oxidase; ETFred/ox, reduced/oxidised electron-transferring-flavoprotein; ETFDH, electrontransferring-flavoprotein dehydrogenase reduced/oxidised; Ecto-NOX, external quinone oxidase; GPDH,
Glycerol-3-phosphate dehydrogenase; G-3-P, glycerol-3-phosphate; H2O2 hydrogen peroxide; LPO, lipid
peroxidation; pmNDH/mNDH, plasma membrane/mitochondrial NAD(P)H dehydrogenases; OA, orotate;
O2−, superoxide.
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Table 4.2 Enzymes involved in coenzyme Q pool redox reactions identified in the Acropora digitifera
genome (Shinzato et al., 2011), the Acropora millepora transcriptome (Moya et al., 2012) and the EST
sequences deposited at GenBank (Benson et al., 2005). Homologue proteins and gene sequences were
identified using BLAST searches (http://ncbi.nlm.nih.gov; http://marinegenomics.oist.jp) and the A.
digitifera annotation available at Zoophyte (http://bioserv7.bioinfo.pbf.hr/Zoophyte/index.jsp). E-values are
for the top annotated BLAST hit to the SwissProt database. Not listed are the subunits of the main enzyme
complexes in the respiratory chain (complexes I-II-II).

Coenzyme Q pool reactive oxygen species scavenging in corals
Attributing the thermal stress induced CoQ redox state oxidative shift in A. millepora to
a specific physiological mechanism is difficult, primarily because our understanding of
CoQ functions in the coral-Symbiodinium symbiosis is very limited and current methods
cannot distinguish between functionally and spatially different CoQ pools present in
different organelles (Bentinger et al., 2010) without separating individual organelles
prior to experimentation. Theoretically, a net decline in CoQ reduction caused by the
mitochondrial ETC or extramitochondrial pathways are conceivable by postulating a
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decline in CoQ reducing or an increase in CoQH2 oxidising enzyme activities; however,
to my knowledge no such impact of thermal stress onto the CoQ pool has been
demonstrated so far. In particular the emerging consensus that the complexes I-III-IV
occur mostly as supercomplexes further complicates attributing shifts in the CoQ redox
state to a specific location in the mitochondrial ETC. Electron transfer in these
supercomplexes appears to occur via tunnelling or microdiffusion of CoQ/CoQH2 rather
than via a mobile CoQ pool in the mitochondrial membranes (Genova and Lenaz,
2011). Even though it is possible that any component of the CoQ pool redox
mechanisms is affected by thermal stress, attributing the oxidative shift in the CoQ
redox state to increased CoQH2 ROS scavenging in response to hyperthermal stress
currently provides the most parsimonious explanation.

In mammals, oxidative shifts in the CoQ pool redox state have been observed in a
variety of pathological conditions that are associated with oxidative stress (Yamamoto
and Yamashita, 1997; Yamashita and Yamamoto, 1997; Miles et al., 2005). These
oxidative shifts are understood to result from an increasingly challenged antioxidant
defence (Bentinger et al., 2007). In cnidarian-Symbiodinium symbiosis, it has been
demonstrated repeatedly that the cnidarian host reacts to thermal stress and high light by
increasing its antioxidant activities, which indicates an increased requirement to
detoxify ROS in the host tissues (Lesser et al., 1990; Levy et al., 2006; Richier et al.,
2006; Flores-Ramírez and Liñán-Cabello, 2007; Császár et al., 2009; Lesser, 2011a).
Accordingly, higher levels of host antioxidant enzymes increase bleaching resistance
and the addition of external antioxidants mitigates hypothermal stress damage (Lesser,
1997; Fitt et al., 2009). ROS formation also occurs in aposymbiotic cnidarians upon
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exposure to light and elevated temperatures, although in symbiosis, the hyperoxia
caused by algal photosynthesis aggravates the coral’s innate ROS formation because it
increases relative to oxygen concentration (Dykens and Shick, 1982; Dykens et al.,
1992; Kühl et al., 1995; Nii and Muscatine, 1997; Richier et al., 2003; Turrens, 2003;
Richier et al., 2005). Mitochondria (animal’s primary producer of ROS) are the location
of the highest cellular CoQ/CoQH2 concentration in eukaryotes (Bentinger et al., 2007;
Morré and Morré, 2011). Here, superoxide (O2−) and other ROS are generated by
enzymes involved in the ETC, particularly the NADH dehydrogenase of complex I and
the interface between the CoQ pool and complex III (Turrens, 2003; Brookes, 2005).
The co-localisation of the ROS producing respiratory ETC and the CoQ pool within
mitochondrial membranes is likely an important factor in the high antioxidant
effectiveness of CoQH2 (Bentinger et al., 2007; Lenaz and Genova, 2009).

In addition to ROS generation by the coral, ROS leakage from Symbiodinium probably
exceeds the host’s innate ROS generation (Dykens et al., 1992; Suggett et al., 2008;
McGinty et al., 2012). Moreover, impaired or damaged photosynthetic ETC may further
increase ROS formation and, ultimately, ROS leaking into the host (Smith et al., 2005;
Weis, 2008; Lesser, 2011a). The expulsion of Symbiodinium cells by the coral host has
therefore been regarded as a protective mechanism: the coral prevents further ROS
leakage from Symbiodinium into host cells by removing the primary source of ROS
production and also by reducing tissue hyperoxia during daylight exposure (Downs et
al., 2002; Lesser, 2006). Again, the CoQ pool likely provides an early line of
antioxidant defence because ROS leaking from Symbiodinium cells would need to cross
the host derived symbiosomal membrane, which like all animal membranes is expected
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to contain CoQ/CoQH2 (Swiezewska et al., 1993; Turunen et al., 2004). Nonetheless, it
would be expected that an increase in Symbiodinium cellular ROS concentrations to a
point where leakage into the host occurs, would manifest as a decline in PSII
photochemical efficiency (D. Suggett, pers. comm.). However, a major decline in FV/FM
was only observed here after significant CoQ pool oxidation had already occurred
(Figure 4.2). This would suggest that ROS leakage is unlikely to be a major contributing
factor to the initial oxidation of the CoQ pool, although this cannot be ruled for the later
stages where a major decline in FV/FM had occurred.

One apparent contradiction to oxidative stress causing the observed oxidative shift in
the CoQ pool redox state could be that throughout the thermal stress experiment,
temperature stress associated changes in lipid peroxidation were not detected, neither
using the more general TBARS assay (measuring secondary malondialdehyde
formation) nor the more specific LHOP

assays (directly measuring lipid

hydroperoxides). In this study, these assays were employed as an overall assessment of
the oxidative damage to lipids of both coral and Symbiodinium. Although lipid
peroxidation could be expected to occur during hyperthermal stress in coralSymbiodinium symbiosis it appears that the antioxidant capacity of the system is
generally effective in preventing measurable lipid peroxidation (Richier et al., 2005;
Richier et al., 2008; Furla et al., 2011), but there is some evidence to the contrary
(Downs et al., 2000; Sandeman, 2008). The cause of this dichotomy is currently
uncertain but likely reflects differences in methodology, experimental conditions or
actual differences between species in antioxidant capacity and repair mechanisms. A
likely source of error is the fact that it is not possible to separate host and symbiont
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tissues prior to lipid extraction without introducing analytical artefacts, especially in the
case of the highly sensitive LHOP assay (Bou et al., 2008). Hence, the combined
measurement of coral and Symbiodinium lipids might either inadequately reflect the
state of oxidative damage of either symbiosis partner or reflect the true state of little to
no lipid peroxidation in A. millepora during hyperthermal stress due the high
antioxidant capacity of the symbiosis (Furla et al., 2011). In that case the CoQ redox
state seems to act as a canary indicating an oxidative shift in the cellular redox balance
while the antioxidant defence is still capable to prevent or rapidly repair lipid damage.
4.4.2

Plastoquinone pool redox state

In contrast to the host CoQ pool redox state, the Symbiodinium PQ redox state remained
stable until the point at which PSII photochemical efficiency was severely impaired and
coral nubbins were markedly bleached. The observed initial stability of the PQ redox
state, despite hyperthermal stress, is consistent with the short-term acute heat stress
results presented in Chapter 2. Nonetheless, oxidation of the PQ pool was previously
observed in A. millepora under high light intensities at midday (see Chapter 3 for a
discussion of possible causes). By analogy to high light stress, the oxidative shift due to
hyperthermal stress could be caused by increased ROS scavenging of PQH2 within
Symbiodinium chloroplasts or changes in photosynthetic ETC such as increased plastid
terminal oxidase (PTOX) activity. Even though irradiance was maintained at a moderate
level during the experiment described here, the applied temperature stress caused
chronic photoinhibition of PSII, which is commonly reported in coral bleaching
experiments (e.g. Iglesias-Prieto et al., 1992; Jones et al., 1998; Tchernov et al., 2004).
PQH2 is a highly effective quencher of 1O2 (Kruk and Trebst, 2008; Yadav et al., 2010)
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and, like CoQ, acts as a lipid peroxidation chain breaker either directly or via the
regeneration of α-tocopherol (Mukai et al., 1992; Hundal et al., 1995). Although not
occurring until the photosynthetic ETC is severely impaired (when substantial
photoinhibition of PSII has occurred, i.e. low FV/FM), the five-fold increase in PQ pool
concentrations after prolonged thermal stress appears to result from a major increase in
PQH2 (Figure 4.2H). The biosynthesised form of PQ is the reduced form (PQH2, not
PQ) (Szymańska and Kruk, 2010). Thus the observed oxidative shift in the PQ pool at
this stage should be the result of the increased non-enzymatic formation of PQ from
PQH2 after its interaction with ROS, which are increasingly generated by a thermally
damaged photosynthetic ETC (Jones et al., 1998; Smith et al., 2005; Halliwell and
Gutteridge, 2007; Lesser, 2011a).

The bulk of the PQ pool (> 90 %) in Symbiodinium type C2 (in symbiosis with
A. millepora) is non-photoactive and thus not directly associated with the
photosynthetic ETC (Chapter 3). In plants and algae, this non-photoactive fraction is
associated with the chloroplast plastoglobuli and is thought to act as a PQH2 reservoir
(Lichtenthaler, 2007; Eugeni Piller et al., 2012). Consequently, the size of the PQ pool
increases when plants and algae are exposed to conditions that induce the formation of
1

O2, such as during high light exposure (Kruk and Trebst, 2008; Szymańska and Kruk,

2010; Nowicka and Kruk, 2012). Interestingly, an increase in the number of
plastoglobuli has previously been documented in Symbiodinium in response to thermal
stress but this was attributed to increasing chloroplast degradation (Salih et al., 1998).
The number and size of plastoglobuli increases with leaf senescence in higher plants;
however, it is now understood that these plastoglobuli primarily represent a reservoir for
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excess amounts of PQH2, which accumulates in particular in sun-exposed leaves and
with leaf age (Lichtenthaler, 1971; Lichtenthaler, 2007). Accordingly, the increase in
the total PQ pool observed here likely represents a cellular protective mechanism
against the oxidative stress caused by the increasingly impaired photosynthetic ETC.

4.5

Conclusions

This study demonstrated that the Symbiodinium PQ pool redox state remains unaffected
by hyperthermal stress until PSII photochemical efficiency was severely impaired. At
this stage, the PQ pool exhibited a five-fold increase in concentration and a distinct
oxidative shift. Furthermore, hyperthermal stress in A. millepora was associated with
oxidation of the coral host CoQ pool redox state. This oxidation occurred prior to any
measurable loss of Symbiodinium cells from the host and any major decline in PSII
photochemical efficiency. Thus the oxidation of CoQ pool redox state is among the
earliest known impacts of hyperthermal stress on the cellular chemistry in the coral
host.

Chapter 5
Cold stress causes over-reduction of the plastoquinone
pool in Acropora aspera
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Introduction

On sub-tropical coral reefs, daytime low tides during the colder months periodically
expose scleractinian corals in the intertidal zone to full sunlight (Brown et al., 1994a),
high UV radiation (Shick et al., 1996) and air temperatures up to 8 °C lower than the
surrounding seawater (Hoegh-Guldberg et al., 2005). These conditions, compounded by
high wind speeds and low humidity, can lead to widespread coral bleaching (HoeghGuldberg and Fine, 2004): the disruption of the mutualistic partnership between reefbuilding corals (Cnidaria: Scleractinia) and their dinoflagellate (Symbiodinium sp.)
partners apparent as the loss of algal symbionts and/or their photosynthetic pigments
from coral host tissues (Hoegh-Guldberg and Smith, 1989; Szmant and Gassman, 1990;
Eakin et al., 2009).

Host cell detachment and Symbiodinium exocytosis have long been known to occur in
cnidarian symbioses in response to cold shock (Muscatine et al., 1991; Gates et al.,
1992), but the coral and symbiont physiology in response to cold stress remains poorly
studied. In other studies, prolonged cold stress over several days was shown to cause
reduced dark respiration and photosynthesis, reduced coral growth, bleaching and
increased colony mortality, and upregulation of photoprotective xanthophyll cycling
and increased photoinhibition in remaining Symbiodinium cells (Saxby et al., 2003;
Hoegh-Guldberg et al., 2005; Wicks et al., 2010; Kemp et al., 2011; Roth et al., 2012).
Among these studies, only Hoegh-Guldberg et al. (2005) examined intertidal aerial
exposed corals in winter. Thus the physiological response or any adaptations to the
acute stress caused by low-tide exposure to low temperatures and wind chilling remains
largely unexplored.
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Although bleaching can be caused by a variety of environmental disturbances (Brown,
1997), mass bleaching events affecting entire reef systems are commonly associated
with elevated sea surface temperature in conjunction with high solar irradiance (Eakin et
al., 2009; Lesser, 2011a). These (mass) bleaching events are thought to be caused by
excessive formation of reactive oxygen species (ROS) by the host respiratory and
symbiont photosynthetic electron transport chains (ETC) which overwhelms the
antioxidant defence capacity of the symbiosis, leading to oxidative damage and
bleaching (Dykens et al., 1992; Venn et al., 2008; Weis, 2008; Lesser, 2011a). Potential
primary impacts of thermal stress in corals include damage to photosystem II (PSII)
reaction centres (Warner et al., 1999; Takahashi et al., 2009; Hill et al., 2011),
photobleaching of antenna pigments (Takahashi and Murata, 2008), inhibition of the
Calvin cycle (Jones et al., 1998) or damage to the thylakoid membranes of
Symbiodinium (Tchernov et al., 2004). However, recent evidence suggests
heterogeneity among coral species and Symbiodinium type in the primary site of thermal
damage in the symbiont (Buxton et al., 2012).

Because cold stress also results in photoinhibition and decreased effective quantum
yields (F/FM') in corals (Saxby et al., 2003; Hoegh-Guldberg et al., 2005; Wicks et al.,
2010), oxidative stress has similarly been implicated in inducing cold bleaching.
Parallels can be drawn between the effects of cold stress in temperate intertidal
macroalgae (Collén and Davison, 1999; Collén and Davison, 2001) and terrestrial plants
(Allen and Ort, 2001; Ruelland et al., 2009), where chilling causes photodamage to PSII
and possibly also to photosystem I (PSI), as well as cellular oxidative damage (Prasad et
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al., 1994). In other microalgae and higher plants, the impact of cold stress is thought to
at least partially result from lower temperatures impairing the Calvin cycle and thus
limiting its ability to function as a sink for electrons from the light reactions (Davison,
1991; Murata and Los, 1997; Huner et al., 1998; Allen and Ort, 2001; Ruelland et al.,
2009). In particular in microalgae it was demonstrated that low temperatures cause a
decrease in maximum photosynthesis rates (Pmax) and this decrease in O2 production
can be linked to carbon fixation (Davison, 1991; Sakshaug et al., 1997; Hancke et al.,
2008). Ultimately, such sink limitation is expected to lead to over-reduction of the
photosynthesis ETC and increased ROS formation, resulting in oxidative damage to
PSII (Allen and Ort, 2001) or inhibition of the PSII repair mechanisms (Takahashi and
Murata, 2008).

The state of the photosynthetic ETC in the physiological response of corals to cold
stress is of particular interest since it has been strongly associated with damage to the
photosynthetic apparatus of Symbiodinium (Venn et al., 2008; Weis, 2008; Lesser,
2011a). Here, plastoquinone (PQ) acts as the electron carrier between PSII and the
cytochrome b6f complex (Rochaix, 2011) by undergoing a reversible two electron
reduction to its plastoquinol form (PQH2). In addition, PQH2 is a powerful antioxidant
that is highly effective as a lipid peroxidation chain breaker (Mukai et al., 1992; Hundal
et al., 1995) and singlet oxygen quencher (Kruk and Trebst, 2008; Yadav et al., 2010).
The Symbiodinium PQ pool is thought to act primarily as an antioxidant reservoir
because the alga contains a relatively large, non-photoactive PQ pool (Chapter 3)
(Lichtenthaler, 2007; Eugeni Piller et al., 2012). Interestingly, the PQ pool redox state is
shifted towards a higher oxidation state under high irradiance (Chapter 3), but does not
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seem affected by hyperthermal stress until major bleaching has occurred (Chapters 2
and 4). The observed PQ pool oxidation occurring at this stage appears to stem from a
large increase in the total PQ pool size in remaining symbionts. This indicates that the
overall PQ pool redox state is relatively robust to elevated temperatures in the
short-term (days) but responds more rapidly to changes in the light environment (hours).
It has also been demonstrated that the symbiont PQ pool remains in a reduced state in
darkness because of chlororespiration or hypoxia (Chapter 3) (Jones and HoeghGuldberg, 2001; Ulstrup et al., 2005; Hill and Ralph, 2008). Direct measurements of the
PQ pool during cold stress have not been made to date for Symbiodinium, but it can be
hypothesised that there might be an oxidative shift due to its antioxidant activity or a
reductive shift if the ETC becomes over-reduced because of a sink limitation.

Coenzyme Q (CoQ; ubiquinone), which acts as the electron carrier between complex I
and III (Lenaz and Genova, 2009), is the molecule that fulfils the analogous role to PQ
in the mitochondrial ETC. Like PQH2, the reduced form of CoQ, ubiquinol (CoQH2),
has an important antioxidant role primarily because of its lipid peroxidation chain
breaking action (Ernster and Forsmark-Andrée, 1993; Bentinger et al., 2007). Unlike
PQ, in most organisms CoQ is present in all intracellular membranes with the exception
of those of the chloroplast (Swiezewska et al., 1993), although CoQ/CoQH2 in
Symbiodinium appears to be below the detection level of current methods (Chapter 2).
As in most other animals, the CoQ pool in the coral Acropora millepora is normally
predominantly in its reduced form (CoQH2), which is consistent with antioxidant
functions (Chapter 3) (Åberg et al., 1992; Bentinger et al., 2007). Shifts in the
proportion of reduced to oxidised CoQ (%CoQH2) have therefore been used to infer

Chapter 5

116

oxidative stress in the coral host upon hyperthermal stress (Chapters 2 and 4) analogous
to tissue and plasma samples in rats and humans in response to various pathological
conditions (Yamamoto and Yamashita, 1997; Miles et al., 2005).

In this study, the redox states of the Symbiodinium PQ and coral CoQ pools were
investigated in Acropora aspera (Dana, 1846) during experimental and natural low-tide
cold bleaching that occurred in July 2011 on Heron Island, Great Barrier Reef,
Australia. The study aimed to elucidate whether acute cold stress due to aerial exposure
to low temperatures caused changes in the CoQ and PQ pool redox states. In addition,
chlorophyll fluorescence techniques (pulse-amplitude modulated fluorometry and fast
induction curves) were used to gain further information on the state of the
Symbiodinium photosynthesis electron transport chains during cold stress, allowing the
integration of the PQ pool redox state changes into current cold stress models derived
from higher plants and microalgae.

5.2

Materials and methods

5.2.1

Reagents

All reagents, and the standards ubiquinone-9 (CoQ9) and ubiquinone-10 (CoQ10), were
purchased from Sigma Aldrich (USA). All solvents used were HPLC grade.
Plastoquinone-9 (PQ9) was a kind gift from Professor Ewa Swiezewska from the Polish
Academy of Sciences, Poland.
5.2.2

Field measurements

The field study was conducted on colonies of A. aspera from the south Heron Island
reef flat (23°27’ S/151°55’ E) during the afternoon low tide on 15 July 2011 (0.2 m at
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14:35 h). F/FM' (see Section 5.2.4) was monitored hourly from 12:30 h to 17:30 h
(sunset 17:22) on air exposed branch (nubbin) tips at low tide and adjacent branch tips
that remained submerged (~15 cm below surface; n = 5 per timepoint) using a MiniPAM fluorometer (Walz Gmbh, Germany) (Schreiber, 2004). Coral colonies within the
Heron Island lagoon experience a lag in minimum low tide due to water capture and
gradual run-off from the lagoon: thus, the air-exposed tips were above the water surface
from 14:50 h to 16:45 h. Coral nubbins were collected from exposed and submerged
branches for prenylquinone extraction 10 min before re-submersion (16:35 h) of the
colonies (n = 5). Wind speed was measured with a Turbo Meter, Wind Speed Indicator
(Davis Instruments, Hayward, California, USA). Humidity, water temperature and tidal
data were obtained from the Bureau of Meteorology (www.bom.gov.au) and the
Integrated

Marine

Observing

System

(IMOS,

Heron

Island,

http://data.aims.gov.au/aimsrtds/). Photosynthetically active radiation (PAR; 400 –
700 nm, in mol photons m−2 s−1) was logged every 10 min at sea surface using a Li1400 datalogger with a Li-192 quantum sensor (Li-Cor Biosciences, Lincoln,
Nebraska).
5.2.3

Experimental cold stress

Experimental conditions attempted to match the conditions observed in the field (see
Section 5.3.1) with the available equipment on Heron Island Research Station. Twenty
branches (5 cm long) from four A. aspera colonies, which did not experience low tide
exposure in the field, were mounted upright on plastic racks with rubber bands and
acclimated overnight. Cold stress during low-tide exposure was simulated by exposing
the top 3 cm of 10 nubbins for four hours to a horizontal airflow created by an electric
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fan (16.5 km h−1 wind) in a cooled aquarium room (17 ± 0.1 °C; Figure 5.1). Control
nubbins where maintained below the surface in flow through ambient seawater pumped
from the reef flat (19.7 ± 0.3 °C). Over the following 44 hours, all coral branches were
submerged

(recovery

period).

Coral

nubbins

were

subjected

to

250 μmol

photons m−2 s−1 on a 12:12 h light:dark ratio (lights switched on after FV/FM
measurements were taken in darkness, see Section 5.2.4). Desiccation of exposed tips
was prevented by an intermittent spray of seawater every five seconds wetting exposed
corals (simulating wave action). Chlorophyll fluorescence measurements were taken on
the tip and base of each coral nubbin (i.e. within the top 1 cm and 1 cm from the base,
respectively) at hourly intervals during the four hours exposure period and after the 44
hours recovery period (n = 5 per timepoint). Nubbin temperature was measured 1 cm
below tip using a generic digital thermometer (accuracy ± 0.1 °C).

Figure 5.1 Schematic diagram of the experimental design simulating low tide aerial exposure in Acropora
aspera.

5.2.4

Chlorophyll fluorescence

A Mini-PAM fluorometer was used to measure minimum fluorescence using a weak
pulsed measuring light (< 0.15 µmol photons m−2 s−1; gain = 3) and maximum
fluorescence

upon

application

of

a

saturating

pulse

of

light

(> 4000 µmol photons m−2 s−1). This enabled the calculation of maximum (FV/FM) and
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effective (ΔF/FM′) quantum yield (Schreiber, 2004). FV/FM was measured on darkadapted corals sampled at t = 0 h and 48 h (after 20 min and after twelve hours of
darkness, respectively) and ΔF/FM′ was measured hourly from t = 1 to 4 h.

In the experiment, fast induction curves (FIC) were measured to assess reduction state
and rates of the PSII sites QA and QB at t = 0 h and 4 h using a double modulation
fluorometer (Photon Systems Instruments, FL-3300, Brno, Czech Republic). FIC were
measured for 5 s, with fluorescence 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 (for detailed instrument design, see Hill
and Ralph, 2006). All curves were normalised to the fluorescence yield at 50 µs, FO, to
eliminate changes linked to a possible reduction in chlorophyll concentration (or
Symbiodinium) due to bleaching (Hill et al., 2004b).
5.2.5

Prenylquinone quantification

At 16:35 h (field) and at t = 4 h (experiment), coral nubbins were snap-frozen in liquid
nitrogen at collection and stored in liquid nitrogen for a maximum of 48 hours (n = 5).
Prenylquinones were extracted from the top 1.5 cm of each nubbin using a 1:1 mixture
of isopropanol and ethyl acetate containing 0.1 M CoQ9 (internal standard). Coral
CoQ10 and Symbiodinium PQ9 pools were quantified by reverse-phase high-performance
liquid chromatography mass spectrometry (LC-MS) as described in Chapter 2. In brief:
prenylquinones were quantified by LC-MS with a Phenomenex Kinetex C18 column
(150 mm  4.6 mm, 2.6 m particle size). Absolute quantities of the prenylquinones
were calculated from calibration plots obtained from standard compounds containing
0.1 M CoQ9 (internal standard). CoQ and PQ redox states (%PQH2; %CoQH2) were
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expressed as the proportion of reduced to total (oxidised + reduced) prenylquinone.
Coral CoQ data could potentially have been biased by CoQ of Symbiodinium; however,
symbiont CoQ was not detected with the method applied here, either because
Symbiodinium type C2 contained a different isoform than the host CoQ10 or because
concentrations were below the detection limit (Chapter 2).
5.2.6

Chlorophyll and Symbiodinium concentrations

Coral tissue was removed from the skeleton (n = 5) using compressed air. The resulting
slurry was centrifuged (3900 g) for 10 min and the supernatant discarded. The algal
pellet was then resuspended in 5 mL of 0.2 µm filtered seawater, homogenised using a
Turrax disperser (IKA, Germany) and 500 µl removed for cell counting (eight replicate
cell counts performed on a haemocytometer). The remaining suspension was
centrifuged again at 3900 g for 10 mins, the supernatant discarded, and the algal pellet
frozen and stored at −80 °C. Within three days, the pellet was resuspended in 90 %
acetone, vortexed and left at 4 °C in darkness for 24 hours. The solution was centrifuged
at 3900 g for 10 mins and the absorption of the supernatant measured at 630, 664 and
750 nm on UV-1700 spectrophotometer (Shimadzu, Japan). Chlorophyll a and c2
concentrations were then determined using the equations of Jeffrey and Humphrey
(1975). Nubbin surface area was estimated using the paraffin wax dipping technique
(Veal et al., 2010).
5.2.7

Symbiodinium genotyping

The Symbiodinium genotypes were identified based on sequence differences in the
nuclear ribosomal DNA internal transcribed spacer 1 (ITS1) region using single-strand
conformation polymorphism (SSCP) analysis as described by van Oppen et al. (2001).
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Total coral and Symbiodinium DNA was extracted using a modified protocol (Wilson et
al., 2002) and the symbiont ITS1 region amplified with fluorescently labelled Sym ITS1
PCR primers. The symbiont genotype was determined using known reference samples
for comparison and scored manually using gel images (Fabricius et al., 2004). SSCP
profiles from all colonies were single bands identical to type C2 Symbiodinium
(GenBank Accession AF380552) sensu van Oppen et al. (2001).
5.2.8

Statistical analysis

Measurements of chlorophyll a and c2, symbiont density, F/FM', FV/FM, the J-I-P step
amplitudes of FICs, %PQH2 and %CoQH2 were all analysed with one-way ANOVA
and Tukey’s honestly significant difference test (HSD). The Kolmogorov-Smirnov
normality test and Levene’s homogeneity of variance test were used to determine
whether the assumptions of the parametric one-way ANOVAs were satisfied.

5.3

Results and discussion

5.3.1

Natural and experimental bleaching in response to cold stress

The Heron Island minimum tide of 0.2 m at 14:35 h and high tide of 2.9 m at 20:54 h on
15 July 2011 resulted in nearly two hours (14:50 h to 16:45 h) of aerial exposure of
A. aspera colony tips (top 10 – 20 cm) on the reef flat. Exposed tips showed clear signs
of bleaching at the end of the aerial exposure period (Figure 5.2A). Exposed tips were
visually paler than lower submerged tips, although the bleaching response was not
uniform within colonies and ranged from complete bleaching of nubbins (Figure 5.2B)
to bleaching of only the top 1 – 2 cm (Figure 5.2C). Air temperature was 19.59 ±
0.4 °C, wind speed was 41.7 ± 6.3 km h−1, air humidity was 79 ± 6 % and water
temperature dropped from 21.58 °C to 20.52 °C during the two hours exposure time. It
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should be noted that wave action caused continuous rehydration of exposed tips at
irregular intervals (~ 5 – 30 s) and nubbins thus did not appear desiccated but covered in
a thin film of coral mucus. It is expected that, depending on wave action and/or level of
tide exposure, such rehydration would not always occur during natural aerial exposure
of corals. However, the continuous rehydration observed in the field here (and
replicated in the laboratory experiment) is expected to critically reduce the effects of
desiccation and aerial exposure, thus the stress responses measured here were
interpreted as direct effect of the prevalent cold stress.

Chapter 5

123

Figure 5.2 Cold bleaching of Acropora aspera during natural and experimental low tide aerial exposure.
(A – C) Photos of cold bleaching of A. aspera colonies on Heron Island reef flat (23°27’ S/151°55’ E)
demonstrating variation in bleaching extent. (D – E) Quantum yields of exposed and submerged nubbins of
A. aspera in natural and experimental low tide aerial exposure. (D) On the reef flat, colonies were partially
exposed from 14:50 h to 16:45 h. Yellow dashed line shows photosynthetically active radiation (PAR) on
the exposure day (right axis). (E) Experimental exposure of coral nubbins for four hours to 16.5 km h−1 wind
speed in a cooled aquarium room (17 ± 0.1 °C). Yields were measured on the tip and base of nubbins. The
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last measurements were taken at 48 h, after 44 hours recovery. Bars on x-axis denote submersion (blue) and
exposure (white) during daylight and darkness (black). Effective quantum yield (F/FM') was measured in
light, maximum quantum yield (FV/FM) in darkness. * Denotes significant differences from other treatments
(p < 0.05). Mean ± SD (n = 5).

In the laboratory cold stress experiment, the surface of the coral nubbins reached
16.2 ± 0.2 °C. Visual paling and a significant reduction in chlorophyll a (ANOVA,
F1,8 = 7.914, p = 0.023), c2 (ANOVA, F1,8 = 6.238, p = 0.037) and Symbiodinium cell
densities in the exposed coral tips (ANOVA, F1,8 = 10.980, p = 0.011) indicated a
bleaching response to the cold stress at the end of the four hour exposure period
(Table 5.1) (Saxby et al., 2003; Hoegh-Guldberg et al., 2005). In contrast, no changes
were observed in the submerged coral sections (p values > 0.05).

Table 5.1 Symbiodinium density and chlorophyll concentrations of exposed and submerged Acropora
aspera nubbins before (0 h) and after (48 h) experimental low tide aerial exposure. Colony tips were
exposed for four hours to 16.5 km h−1 wind speed in a cooled aquarium room (water: 19 ± 0.3 °C;
air: 17 ± 0.1 °C). * Denotes significant difference from t = 0 h (p < 0.05). Mean ± SD (n = 5).
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Photochemistry

A significant decline in quantum yield in coral nubbins during aerial exposure indicated
a reduction in PSII photochemical efficiency following the experimental and natural
cold stress. Prior to low tide exposure in the field (12:30 h and 13:30 h; Figure 5.2D),
F/FM' of all tips of A. aspera remained relatively low and tips which would later
become exposed did not show significantly different F/FM' values to those which
remained submerged throughout the experiment (mean ± SD = 0.23 ± 0.06). The
photosynthetic condition of the in hospite symbionts was therefore comparable in the
two groups of corals measured. Just prior to complete exposure (14:30 h), and again at
the end of the low tide exposure (16:30 h), F/FM' was significantly lower in exposed
tips (ANOVA, F1,8 = 9.236, p = 0.016, and ANOVA, F1,8 = 22.113, p = 0.002,
respectively). PSII photochemical efficiency increased greatly at 16:30 h for submerged
tips as incident irradiance had declined with sunset. This response likely can be
attributed to the reversal of photoprotective downregulation mechanisms (Hill and
Ralph, 2005) and/or the accelerated repair of damaged PSII centres (Hill et al., 2011).
Despite reduced incident irradiance, exposed tips at 16:30 h were still experiencing cold
stress from aerial exposure and PSII photochemical efficiency remained low. However,
upon re-submersion tips in both treatments showed equal values of FV/FM. While
recovery of PSII was more rapid in submerged tips, less than two hours of exposure to
cold stress did not induce permanent damage to the symbionts of A. aspera.

In the laboratory experiment, a longer period (four hours) of aerial exposure was applied
and lasting photochemical damage was observed. At the start of the experiment, FV/FM
values indicated no signs of photosynthetic stress across treatments in the tips or bases
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of A. aspera nubbins (Figure 5.2E). Upon cold stress exposure, exposed tips exhibited a
significant decline in F/FM' (ANOVA, F3,

16

= 21.018, p < 0.001) in contrast to the

completely submerged nubbins and the base of the exposed nubbins where FV/FM
remained constant. The exposure of the nubbins to the cold stress therefore rapidly
induced a photoprotective, downregulation response, and/or caused photodamage to
PSII (Hill and Ralph, 2005). The reduction in PSII photochemical efficiency did not
continue after the first hour; instead it remained relatively constant, suggesting that the
impacts were rapid, with photoprotective and/or repair mechanisms reaching a steady
state within one hour. Following the 44 hour recovery period during which the exposed
tip was submerged, FV/FM did increase, but was still significantly lower than in the other
three treatments (ANOVA, F3,16 = 8.634, p = 0.001).
5.3.3

Symbiodinium PQ pool

The PQ redox state (%PQH2) after experimental and natural cold stress was
significantly higher in exposed tips (mean ± SD = 99.3 ± 0.3 % and 94.9 ± 2.5 %,
respectively) compared to submerged tips (89.2 ± 1.7 % and 90.3 ± 0.9 %, respectively;
ANOVA, F3,19 = 42.74, p < 0.001; Tukey HSD, p < 0.002 for all comparisons;
Figure 5.3A). %PQH2 was also significantly higher in exposed tips on the reef as
compared to under the experimentally-induced stress. The near complete reduction of
the PQ pool observed in A. aspera on the reef flat (99.3 %) indicates almost complete
reduction of both the photoactive and the non-photoactive parts of the PQ pool. The PQ
pool in Symbiodinium comprises a photoactive fraction (PQ within the photosynthetic
ETC) and a much larger non-photoactive fraction (~80 % in Symbiodinium type C2 in
A. millepora), which is assumed to be mostly localised in plastoglobuli (Chapter 3)
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(Lichtenthaler, 2007; Eugeni Piller et al., 2012). While little is known about this pool,
an antioxidant function has been proposed for the large and predominantly reduced nonphotoactive PQ pool in Symbiodinium by analogy with the situation in the model plant
Arabidopsis thaliana where this pool increases in size when grown under high-light
conditions (Szymańska and Kruk, 2010). However, the increase to 99.3 % PQH2
observed here in the field measurements is unprecedented in the literature and raises the
question of whether this is a protective mechanism by which Symbiodinium is reacting
to the cold-induced oxidative stress under solar irradiance, or a secondary effect
resulting from over-reduction of the photosynthetic ETC.

Figure 5.3 (A) Plastoquinone (%PQH2) and (B) coenzyme Q (%CoQH2) redox pool states of Acropora
aspera branch tips in response to natural and experimental low tide aerial exposure. Means not connected by
the same letters are significantly different (Tukey HSD, p < 0.002). Mean ± SD (n = 5)

Cold stress causing over-reduction of the photoactive PQ pool in A. aspera is further
supported by the fast induction curves in the experimental low-tide exposure. Prior to
experimental exposure FIC showed a classical O-J-I-P curve with no significant
differences in the amplitudes of the peaks for any of the nubbin sections (Figure 5.4A).
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However, at the end of the four hour exposure, distinct differences were found at the J, I
and P steps for the exposed tip compared to the other locations on the coral nubbins
(Figure 5.4B). At the J step (0.002 s), the exposed tip had a significantly lower
amplitude compared to the submerged tip (ANOVA, F1,8 = 9.186, p = 0.016) suggesting
that cold stress lead to a decrease in the reduction rate of the PSII QA site, effectively
lowering the QA reduction rate of the high light adapted (exposed) tip to a level
comparable with the levels measured in the less high light adapted nubbin bases (Hill et
al., 2004a). At the I (0.1 s) and P (2 s) steps, the exposed tip had a significantly lower
amplitude than any of the other nubbins sections (ANOVA, F3,16 = 4.673, p = 0.016 and
F3,16 = 3.979, p = 0.027, respectively). These lower I and P step amplitudes indicated
inhibition or slowing of QA and QB reduction (lower I step) as well as a reduction in the
size of the oxidised PQ pool (lower P step). This is consistent with previous findings
that cold temperatures caused a lower capacity for QA to transport electrons to QB in the
symbionts of Pocillopora damicornis (Wicks et al., 2010). Similarly, this decline was
attributed to an increased proportion of closed PSII reaction centres limiting the reoxidation of QA by QB (Hill and Ralph, 2006) as would be expected from an overreduced photoactive PQ pool.

The observed reduction in quantum yield values (Figure 5.2D – E) in the experimental
and natural cold stressed nubbins can be at least partially attributed to an over-reduced
photoactive PQ pool because an increase of PQH2 in the photosynthetic ETC is
expected to cause a non-linear increase in the reduction of the PSII QA site and thus
results in reaction centre closure and lower quantum yield values (Schreiber, 2004;
Baker, 2008). However, the extent to which the decline in F/FM' is caused by over-
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reduction of PQ is uncertain because of the potential contribution of light-induced
photoinactivation of PSII (Hill et al., 2012) and non-photochemical quenching (NPQ),
the latter being a well known photoprotective mechanism in Symbiodinium (Warner et
al., 2010). In particular, the generally low F/FM' values measured in A. aspera on the
reef in both exposed and submerged nubbins are most likely consequences of
photoinactivation and NPQ induction because of the high solar radiation (Warner et al.,
1996; Hill et al., 2005; Hill et al., 2012).

Figure 5.4 Fast induction curves of exposed and submerged nubbins of Acropora aspera before (A) and
after (B) experimental low tide aerial exposure. Colony tips were exposed for four hours to 16.5 km h−1
wind speed in a cooled aquarium room (17 ± 0.1 °C). FIC was measured on tips and base of nubbins. Data
points are means (n = 5).

5.3.4

Causes of cold stress causing plastoquinone pool over-reduction

Over-reduction of the photosynthetic ETC and the PQ pool has been associated with
ROS formation in plants and algae during cold stress (Allen and Ort, 2001; Ruelland et
al., 2009). In photosynthesis, the balance between light absorbed by the photosystems
and its transformation into NADP and ATP is crucial and constantly adjusted in
response to environmental ﬂuctuations (Sakshaug et al., 1997; Ensminger et al., 2006).
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However, on exposure to low temperatures, the chlorophyll antenna complexes of
higher plants and microalgae appear to trap more light energy than can be processed
causing the photosynthetic ETC to become over-reduced (Davison, 1991; Huner et al.,
1993). During cold stress, this decrease in light energy processing is thought to initially
stem from lower temperatures reducing membrane fluidity and reaction rates, which
compromises the ability of the Calvin cycle to regenerate ribulose-1,5‐bisphosphate and
thus inhibits CO2 fixation (Davison, 1991; Murata and Los, 1997; Huner et al., 1998;
Ruelland et al., 2009). During cold stress, solar radiation can therefore rapidly exceed
the capacity of the Calvin cycle to metabolise CO2 and lead to a backup of electrons in
the light reactions, which manifests as over-reduction of the ETC, the PQ pool and
eventually increased formation of ROS (Prasad et al., 1994; Sakshaug et al., 1997;
Allen and Ort, 2001; Ruelland et al., 2009).

Impairment of the CO2-fixing Calvin cycle and the resulting sink limitation has also
been proposed to occur during hyperthermal coral bleaching (Jones et al., 1998), but
several alternative early impact sites have been identified in Symbiodinium including
PSII reaction centres (Warner et al., 1999; Takahashi et al., 2009; Hill et al., 2011) and
thylakoid membranes (Tchernov et al., 2004). At present, there is no consensus on the
primary impact site of hyperthermal stress, as most proposed damage sites, including
the sink limitation model have been called into question (see Hill et al., 2009; Hill et al.,
2011; Lesser, 2011a). A recent study by Buxton et al. (2012) suggested that the primary
site of thermal damage in Symbiodinium varies among coral species and symbiont
clades, locating the damage site either upstream (PSII) and/or downstream (Calvin
cycle) of the ferredoxin redox point. However, the sites of damage as a consequence of
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cold stress in the coral-Symbiodinium symbiosis are currently unknown. On the basis of
the work presented here, the cold stress model derived from higher plants and other
microalgae provide a good basis for hypothesis testing in Symbiodinium. However, it
should be stressed that considerable differences in physiology (e.g. antenna complexes:
Iglesias-Prieto et al., 1991; e.g. Rubisco: Whitney and Yellowlees, 1995) and genome
repertoire (Bayer et al., 2012) between Symbiodinium, higher plants and other
microalgae limit the extent to which it is possible to develop a general model for the
effects of cold stress. In addition, it should be noted that the proposed mechanism
causing sink limitation during hyperthermal stress in Symbiodinium (Jones et al., 1998)
differs from the proposed mechanisms causing sink limitation during cold stress in
higher plants and microalgae (Davison, 1991). In Symbiodinium, one potential effect of
thermal stress is a reduction in Calvin cycle activity by disruption of the structural
integrity of Rubisco and/or its repair mechanisms (Lilley et al., 2010). By contrast, cold
stress generally lowers enzyme activities, slows the Calvin cycle, decreases the rate of
downstream sucrose synthesis and causes over-reduction of the thylakoid membrane
(Davison, 1991; Huner et al., 1993; Ensminger et al., 2006; Hancke et al., 2008). This
in turn leads to the accumulation of oxidative damage because of increased ROS
formation by the photosynthetic ETC and lowered antioxidant activities (Ruelland et al.,
2009). The increase in ROS then causes photoinhibition of PSII and PSI as well as the
breakdown of stromal proteins including Rubisco, which further impairs Calvin cycle
activity (Nakano et al., 2006; Ruelland et al., 2009). The nature of such selfexacerbating stress responses in photophysiology means that it will inevitably be
challenging to experimentally resolve initial and secondary impacts within the coralSymbiodinium symbiosis. In this context, the increase in the PQ redox state observed
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here provides evidence that the impact caused by cold stress in Symbiodinium appears in
line with the observations from higher plants and other microalgae.
5.3.5

Coral coenzyme Q redox state

In contrast to %PQH2, the coral CoQ pool redox state (%CoQH2 ± SD) was not affected
by the natural or experimental cold stress (Figure 5.3B) and remained very stable at a
highly reduced level (mean 96.2 ± 1.1 %; ANOVA, F3,19 = 2.03, p = 0.15). Oxidative
shifts of CoQ redox have been demonstrated in A. millepora after twelve hours of acute
hyperthermal stress (Chapter 2) and after seven days of moderate daily temperature
increases from 27 °C to 32 °C (Chapter 4). It could be hypothesised that acute cold
stress would affect the CoQ pool in the same way as hyperthermal stress, because of the
likelihood of increased ROS formation by coral mitochondria (Dykens et al., 1992; Nii
and Muscatine, 1997) or ROS leakage from the intracellular Symbiodinium (primarily
hydrogen peroxide H2O2) (Downs et al., 2002; Weis, 2008; Lesser, 2011a). However, as
observed here for the A. aspera coral host, oxidative damage due to cold stress rarely
occurs in animals, likely because a reduction in metabolic rates also leads to reduced
ROS formation by the primary source of ROS: mitochondria (Regoli et al., 2011). It
should be noted that previous studies of the stress response and adaptation of intertidal
species to cold stress have been carried out primarily in temperate and polar regions and
by comparison our understanding of cold stress in tropical species is very limited
(Lesser, 2006; Abele et al., 2011). This study therefore provides new insights into the
CoQ redox state in an intertidal tropical coral-Symbiodinium symbiosis, indicating that
oxidative stress due to cold stress has only limited impacts within the animal host.
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The hypothesis that during cold stress ROS leakage from Symbiodinium occurs at
increased rates and causes oxidative damage in the host should not be dismissed.
Increased leakage and formation of ROS has been demonstrated in several
Symbiodinium types at elevated temperatures but has not been examined in response to
cold stress (Lesser, 1996; Suggett et al., 2008; McGinty et al., 2012). Nonetheless,
over-reduction of the photosynthetic ETC in Symbiodinium is expected to cause
increased ROS formation as it does in terrestrial plants (Allen and Ort, 2001; Ruelland
et al., 2009), making a congruent increase in ROS leakage from the symbiont to the
coral host likely. The current consensus is that coral bleaching is linked to oxidative
stress in the host and/or the Symbiodinium partner, although the cascade of events
initiated by the oxidative damage and ultimately leading to the exocytosis of
Symbiodinium cells from coral host cells or apoptosis, is still debated (Weis, 2008;
Lesser, 2011a). The shared link to oxidative stress between cold and thermal stress has
been used to suggest that both abiotic stress responses are based on a similar cascade of
events, although this remains to be demonstrated. Nonetheless, the stable CoQ redox
state in A. aspera indicates that any potential oxidative stress in the coral host due to
cold stress was insufficient to cause oxidative shifts in the CoQ pool.

5.4

Conclusions

This study has shown that low temperature bleaching in A. aspera was associated with
an increase in the PQ redox state in Symbiodinium (type C2).The increase in PQH2 not
only occurred in the field but was reproducible in the laboratory, although to a lesser
extent. Measures of chlorophyll fluorescence supported the hypothesis that increases in
PQH2 were linked to over-reduction of the photosynthetic ETC. In contrast, acute cold
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stress does not appear to affect the coral host CoQ redox state, suggesting that, at least
during acute exposure, oxidative stress within the coral host is limited at low
temperatures.
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Chapter 6
General discussion, major findings and future research
directions
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General discussion

Coral reefs have an enormous economic and cultural value, with more than half a billion
people dependent on them for their livelihood (Costanza et al., 1997; Wilkinson, 2008).
The long-term outlook for coral reefs is generally seen as bleak because of climate
change-related ocean acidification and warming as well as increased localised
disturbances such as cyclones, terrestrial run-off, crown-of-thorn starfish assaults,
overfishing and destructive fishing practices (Hughes et al., 2003; Hoegh-Guldberg et
al., 2007; Veron et al., 2009; Hoegh-Guldberg and Bruno, 2010). These threats call for
a more comprehensive understanding of the physiology of corals and Symbiodinium
with the aim of predicting the impacts of these stressors and the potential of the coral
symbiosis to respond, acclimatise and adapt to these disturbances. In the tropics, one
manifestation of global climate change is a higher reported incidence of coral bleaching
events that are thought to be the result of increases in both the frequency and intensity
of temperature stresses (Eakin et al., 2009; Oliver et al., 2009). Given the likely
connection between bleaching and oxidative stress, these increases in thermal stress can
be viewed in terms of increasing pressures on the antioxidant defence of the coralSymbiodinium symbiosis: pressures that increasingly frequent will exceed the capacity
of the symbiosis to avoid the oxidative damage that may lead to coral bleaching (Weis,
2008; Lesser, 2011a). To date, many aspects of the mechanism by which oxidative
damage leads to coral bleaching are poorly understood, including the composition of the
symbiosis antioxidant defence system and the molecular and cellular mechanisms that
underlie its regulation. The major aims of this thesis therefore were to enhance our
current understanding of the stress physiology of the coral-Symbiodinium symbiosis by
investigating two cellular components that are likely to be critical in the context of
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thermal stress: the coenzyme Q (CoQ) and plastoquinone (PQ) pools. As information
about these pools in marine invertebrates and dinoflagellates (including the coralSymbiodinium symbiosis) is very limited, this thesis provides baseline data upon which
the antioxidant and cellular roles of the CoQ and PQ pools in corals can be explored
further. In this concluding chapter, I critically revisit the key aspects of this thesis,
present major findings and identify future research directions that could further advance
our understanding of the physiology of the coral-Symbiodinium symbiosis.
6.1.1

Evidence for an antioxidant function of the coral-Symbiodinium CoQ and PQ

pools
There is no doubt that the cellular mechanisms for defence against oxidative stress, the
antioxidant defence, play a crucial role in the acclimatisation of cnidarians and
associated Symbiodinium to the physiological conditions in symbiosis such as daylight
hyperoxia (Furla et al., 2011). For instance, symbiotic cnidarians, including corals, are
well known to exhibit a highly evolved enzymatic antioxidant defence that matches the
diversity of plants (Furla et al., 2005; Richier et al., 2005; Furla et al., 2011). Still,
many aspects of the non-enzymatic antioxidant defence remain poorly explored in the
coral-Symbiodinium symbiosis including major antioxidants such as ascorbic acid
(vitamin C) and α-tocopherol (vitamin E). Other less understood antioxidant compounds
have been studied to some extent, including green fluorescent protein (GFP) (BouAbdallah et al., 2006; Palmer et al., 2009) and dimethylsulfoniopropionate (DMSP)
(Tapiolas et al., 2013; Raina et al., submitted). However, although these compounds do
have a known antioxidant activity, it still remains to be demonstrated whether these
compounds are integral part of the coral-Symbiodinium antioxidant defence and do not
serve other (primary) aspects of cellular function such as photoprotection or as
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osmolyte. This thesis focused on two non-enzymatic antioxidant compounds, although
in contrast to GFP and DMSP, the antioxidant function of the CoQ and PQ pools is well
known in other eukaryotic species (Hundal et al., 1995; Bentinger et al., 2007; Nowicka
and Kruk, 2012). My results provided reasonable indication that CoQ in corals and PQ
in Symbiodinium also have an antioxidant function, foremost because they are both
maintained continuously in a relatively stable and highly reduced state (at a level
comparable to vertebrates and higher plants) (Chapter 3). Secondly, exposure to major
stressors (thermal stress and solar irradiance), that are known to induce the formation of
reactive oxygen species (ROS), caused an expected oxidative shift in the respective
CoQ and PQ redox states (Chapters 3 and 4). However, acute cold stress caused a
response in the CoQ and PQ redox states that at first glance appeared discordant with
the observations from light and hyperthermal stress, in that the PQ pool exhibited
increased reduction and the CoQ pool redox state remained unaffected. However, these
observations concur with current cold stress impact models in plants and animals, as
cold stress is expected to cause photosynthetic ETC over-reduction and limited
oxidative stress on the animal (Chapter 5). Further evidence for a considerable
antioxidant function of the PQ pool is the observation that the non-photosynthetic pool,
a pool with an assigned antioxidant function (Lichtenthaler, 2007; Szymańska and
Kruk, 2010; Eugeni Piller et al., 2012), is relatively large in Symbiodinium (Chapter 3).
Nonetheless, CoQ and PQ pool oxidation cannot unambiguously be attributed to an
antioxidant function, as there is still too little known about the cellular redox
mechanism in cnidarians and Symbiodinium and how these organism’s cellular
biochemistry is altered by exposure to abiotic stressors such as heat and irradiance. In
order to account for this lack of knowledge, considerable care has been taken in this
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thesis to present the results in the context of the (known) components and pathways
involved in the CoQ and PQ pool redox regulation. The models presented in my thesis
thus provide crucial context for future research into these prenylquinone pools in corals
(see Figure 3.4, PQ pool redox state regulation in Symbiodinium under low and high
solar irradiance; Figure 4.4, CoQ pool redox state regulation in coral mitochondrial and
plasma membrane electron transport; Section 5.3.4, mechanism of cold stress causing
PQ pool over-reduction)

6.2

Major results and conclusions of the thesis
1.

A highly sensitive quantitative liquid chromatography-mass spectrometry
method has been developed that permits simultaneous measurement of the
physiological redox states of coral host CoQ and Symbiodinium PQ in whole
corals (Chapter 2).

2.

The Acropora millepora CoQ pool is continuously maintained in a highly
reduced state and unaffected by exposure of the symbiosis to midday high light
intensities (Chapter 3).

3.

The A. millepora CoQ pool redox is oxidised in response to acute and moderate
increases in water temperature and this oxidation occurs prior to any
measurable loss of Symbiodinium cells from the coral host (Chapters 2 and 4).

4.

The Symbiodinium PQ pool is maintained in a highly reduced state and exhibits
little variation in response to light and dark, but undergoes significant oxidation
under high light intensity at midday (Chapter 3).

5.

The Symbiodinium PQ pool is largely non-photoactive, and is maintained in a
highly reduced state consistent with an antioxidant function (Chapter 3).
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The Symbiodinium PQ pool redox state remains unaffected by hyperthermal
stress until photosystem II photochemical efficiency is severely impaired. The
concomitant oxidative shift coincides with five-fold increase in total PQ
(Chapter 4).

7.

In Acropora aspera, acute cold stress caused by low-tide aerial exposure
causes increased reduction of the Symbiodinium (type C2) PQ pool that may be
linked to over-reduction of the photosynthetic ETC (Chapter 5).

6.3

Future research

6.3.1

Interspecific variation in the coenzyme Q and plastoquinone pool response to

stress?
One of the most important questions that will need to be addressed in future research is
how universal the observed responses are; specifically, whether the CoQ and PQ pools
in other coral-Symbiodinium associations exhibit similar response patterns to abiotic
stress. There is good evidence for considerable heterogeneity in photosynthetic electron
transport among different Symbiodinium types in particular the capacity of different
Symbiodinium types to use photoacclimatory mechanisms to a different degree when
challenged with the same conditions (Iglesias-Prieto and Trench, 1994; Iglesias-Prieto
and Trench, 1997; Warner and Berry-Lowe, 2006; Hennige et al., 2009), despite the
basic mechanisms of photosynthesis being generally conserved in microalgae (Cardol et
al., 2011). Similarly, some variation in the relative sizes of the photosynthetic and nonphotosynthetic PQ pools and the degree to which this mechanisms is used as in
photoacclimation could be expected because changes of this type occur as a result of
high light acclimatisation in higher plants (Lichtenthaler, 2007; Szymańska and Kruk,
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2010) and because concentrations of other photoprotective molecules in corals (e.g.
mycosporine-like amino acids) are distinctly correlated with depth and thus with the
potential for photostress (Shick and Dunlap, 2002). Therefore experimenting with
different light levels and Symbiodinium types would be of prime interest in establishing
the degree to which the (non-photochemical) PQ pool size is modulated as a
photoacclimatory and antioxidant defence mechanism. At this stage, it is also not clear
whether CoQ pool oxidation is a general response to hyperthermal stress among
different coral species. The presence of Acropora orthologs of the key enzymes
responsible for maintaining the CoQ redox poise in other eukaryotes implies at least
some degree of conservation of these biochemical processes (Chapter 4). However, as
the key factors and processes in the sensitivity of the CoQ pool to oxidation are
currently not understood, it is uncertain whether the processes are conserved among
corals that cause the sensitivity of the CoQ redox state to hyperthermal stress. It will be
particularly interesting to see how the response of the CoQ pool to thermal stress
correlates with the thermal tolerance of different coral-Symbiodinium associations and
whether CoQ pool oxidation can be elicited by other inducers of oxidative stress such as
prolonged exposure to high irradiance or ultraviolet radiation during hyperoxic
conditions (Lesser et al., 1990; Halliwell and Gutteridge, 2007).

In addition, studying the distribution of CoQ among the various endomembranes (e.g.
mitochondria, plasma membrane, symbiosome, endoplasmic reticulum, Golgi
apparatus, nuclear envelope) may provide insights not only into CoQ pool functions in
coral metabolism but also the sites at which hyperthermal stress is likely to have most
impact upon the CoQ pool. Such studies have been conducted on species where large

Chapter 6

142

amounts of tissue (grams) are readily available, such as rats and spinach (Swiezewska et
al., 1993; Turunen et al., 2004). For corals, this will prove difficult, especially
considering that CoQ distribution likely differs depending on tissue (ectodermis,
endodermis)

and

cell

types

(e.g.

cnidocyte,

cells

hosting

Symbiodinium,

epitheliomuscular cells). Nonetheless, the availability of a highly sensitive technique for
CoQ quantification, as described in Chapter 2, is an important first step towards this
goal.
6.3.2

Fitting coenzyme Q oxidation into current bleaching models

An oxidative shift in the CoQ pool fits quite well into current hyperthermal stress
bleaching models, primarily due to the association of the shift with oxidative stress in
other organisms (Yamamoto and Yamashita, 1997; Yamashita and Yamamoto, 1997;
Miles et al., 2005). This shift likely reflects a specific ROS impact upon the host
mitochondria or a more general impact on cellular redox chemistry due to increased
ROS formation (Weis, 2008; Lesser, 2011a). In either case, the observed oxidative shift
indicates a relatively early impact of hyperthermal stress upon host physiology (Chapter
3). Although oxidative stress has been called a “unifying mechanism for several
environmental insults that cause bleaching” (Lesser, 2011a), the discrepancy between
CoQ oxidation in response to hyperthermal and acute cold stress might indicate that the
bleaching response does not necessarily have to follow the same pathways. The limited
data available indicate that acute cold stress leads to host cell detachment, with
symbionts still inside (Gates et al., 1992), while during (chronic) hyperthermal stress
bleaching several different mechanisms of Symbiodinium loss have been described (via
in situ degradation, exocytosis, apoptosis, authophagy and necrosis; reviewed in Weis,
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2008). As pointed out by Weis (2008), there is still no agreement whether all of these
mechanisms occur simultaneously in the same coral during natural bleaching events, in
different coral-Symbiodinium associations or, most importantly, whether these processes
are part of a common pathway that underlies a uniform bleaching mechanism. This
thesis shows that oxidation of the CoQ pool is not necessarily a feature of bleaching
caused by all environmental insults. At least in A. aspera, CoQ pool oxidation was not
detected during acute cold stress, suggesting that the bleaching can occur independently
of the cellular or mitochondrial CoQ redox state (Chapter 5).
6.3.3

The coenzyme Q pool and apoptosis

To date, most studies of the early bleaching response to heat stress have focussed on
transcriptional changes but have not provided a uniform picture of the cellular processes
involved and have failed to identify specific oxidative stress impact sites (e.g.
Ainsworth et al., 2008; Desalvo et al., 2008; Bellantuono et al., 2012; DeSalvo et al.,
2012). Nonetheless, these studies suggest the involvement of the transcription factors
AP-1 and NF-κB (Bellantuono et al., 2012), the cell cycle regulator p53 (Lesser and
Farrell, 2004), the anti-apoptotic factor Bcl-2 and caspase dependent apoptosis (Pernice
et al., 2011; Tchernov et al., 2011) during coral bleaching. These observations are
consistent with a role for apoptosis during bleaching, as has been suggested in an
anemone model (Dunn et al., 2002; Dunn et al., 2004; Dunn et al., 2007). Current
models of coral bleaching therefore associate ROS-mediated coral cellular damage with
the initiation of apoptotic pathways (Weis, 2008; Lesser, 2011a). One area of research
that therefore should be explored is that of potential connections between the CoQ pool
redox state and apoptosis.
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In other organisms, there are known links between the redox state of the CoQ pool and
apoptosis that should be explored in corals by future research. In human cell lines,
changes to the intracellular redox state have previously been linked to the upregulation
of the apoptotic factor AP-1 and inhibition of NFκB DNA-binding activity (Mattson et
al., 2004). It is likely that the CoQ pool acts as a sensitive indicator of intracellular
redox state changes due to its wide distribution in endomembranes (Morré and Morré,
2011). The direct association of the CoQ pool with mitochondria and the well
established links in mammals between mitochondria and the induction of apoptosis
(Hengartner, 2000) provide another avenue for future investigations in corals. It will be
crucial to determine whether oxidation of the CoQ pool during thermal stress occurs in
the mitochondrial membranes at significant levels as impairment of the host
mitochondria is integral to the induction of apoptosis in current bleaching models
(Weis, 2008; Lesser, 2011a). Although it should be noted that one of the proposed
mechanism of mitochondrial dysfunction in these models (via peroxynitrite synthesis)
has been called in question, at least in an anemone model (Hawkins and Davy, 2013). In
mammalian models, the CoQ pool has been demonstrated to protect cells from ROSinduced apoptosis by suppressing the release of cytochrome c and other pro-apoptotic
factors from mitochondria, particularly so by reducing the gene transcription initiated
by some ROS (Alleva et al., 2001; Papucci et al., 2003; Schmelzer and Döring, 2010;
Genova and Lenaz, 2011). The CoQ pool may also have anti-apoptotic effects that are
independent of its antioxidant function by stabilising uncoupling proteins or the
permeability transition pore, and thus preventing the release of cytochrome c and other
factors that trigger apoptosis (Li et al., 2005; Bernardi and Forte, 2008; Devun et al.,
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2010). It is important that future research explores these often overlooked, but essential
roles of the CoQ pool in the context of coral bleaching.
6.3.4

Methods for coenzyme Q and plastoquinone pool redox state measurements:

current status and future developments
A logical first step in exploring the roles of the CoQ and PQ pools in coralSymbiodinium symbiosis was to develop a methodology that is applicable to the intact
symbiosis without the need to physically separate the coral and symbiont (Chapter 2).
Early work on the CoQ redox state of human plasma relied on liquid chromatography
coupled with an electrochemical detector (Yamamoto and Yamashita, 1997; Yamashita
and Yamamoto, 1997). This relatively simple technique is appropriate for samples of
limited complexity, such as fish liver extracts (Gagliano et al., 2009; Hasbi et al., 2011;
Botté et al., 2012). However, this technique proved unsuitable for the analysis of the
highly complex lipid-soluble compound mixture extracted from the coral-Symbiodinium
symbiosis and could not be used to analyse the two primary prenylquinones of the
symbiosis simultaneously (pers. obs. A. Lutz). Liquid chromatography-mass
spectrometry (LC-MS) therefore became the method of choice for the analysis of the
CoQ and PQ redox states in corals due to its high specificity and sensitivity (Chapter 2).
Over the last two decades LC-MS techniques have proven to be valuable tools for
biochemical studies, in particular when targeted compounds occur in very low
concentrations and biological material is limited. This is especially the case for
compounds such as CoQ and PQ, which are never present at high concentration (unlike
vitamin C) but are constantly and rapidly regenerated (Bentinger et al., 2010). Vast
improvements in both separation (liquid-chromatography) and detection (massspectrometry) technology mean that current LC-MS techniques can analyse up to eleven
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prenylquinones in plant material in less than five minutes (Martinis et al., 2011). The
availability of these increasingly powerful techniques certainly bodes well for future
research on the CoQ/PQ pools and other cellular compounds in coral-Symbiodinium
symbiosis.

One of the biggest challenges in the analysis of CoQ and PQ pools is the highly
unstable nature of the corresponding reduced compounds (CoQH2 and PQH2). This
instability can be managed by supercooling tissue rapidly at collection, inactivating
enzymes during thawing by the use of solvents and stabilising extracts at low
temperatures. Nonetheless, it is essential that samples be analysed within a reasonable
(less than three months) timeframe. This can prove difficult because of the extensive
preliminary work required to prepare the LC-MS system to gain the necessary
sensitivity and because of the requirement to load each sample manually to minimise
exposure to temperatures above −80 °C. Although the work described in this thesis is
based on a significant reduction in sample analysis time achieved by taking advantage
of new LC-MS column designs (from approximately 44 min to 24 min; see Chapter 2),
a further reduction in the analysis time should be one of the primary goals for future
method development as this would significantly improve efficiencies and allow for
more extensive studies of the CoQ and PQ pool functions in other coral species and
Symbiodinium types.

6.4

Concluding remarks

This PhD thesis presents new insights into the state of two important components of the
coral and Symbiodinium ETCs and eukaryote antioxidant defence: coenzyme Q and
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plastoquinone. The work described provides a broader understanding of the role of these
prenylquinones in coral and Symbiodinium physiology and in the coral bleaching
response. The results presented provide the necessary baselines for future comparison of
CoQ and PQ among different stressors causing coral bleaching and among different
coral species and Symbiodinium types. Research into the cellular chemistry of coral and
Symbiodinium is still in its infancy, but this field has the potential to progress rapidly
and greatly enhance our understanding of the impact that climate change and other
anthropogenic stressors have on this globally important symbiosis.
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Appendix
Supplementary materials to Chapter 2

Optimisation of the LC-MS method
Efficient and stable ionisation of both the oxidised and reduced forms of ubiquinone-10
(CoQ10), plastoquinone-9 (PQ9) and the internal standard ubiquinone-9 (CoQ9) was
crucial for the development of a robust simultaneous quantification. Pure compounds
were ionised using atmospheric chemical ionisation (APCI) or electrospray ionisation
(ESI) in either positive or negative mode to select the most efficient detection method.
The comparison was conducted in full scan mode within a mass range 100 – 1200 m/z
and with a scan time of 200 ms. First, standard solutions of CoQ9, CoQ10 and PQ9 were
directly injected into the mass-spectrometer (MS) using a Cole Palmer 74900 syringe
pump at a flow rate of 250 l h-1 and the MS parameters optimised to obtain the highest
detection yield of analyte ions. Once the parameters were optimised, the system was
configured for subsequent LC-MS analysis. The standard solutions were injected using
the autosampler and eluted using mobile phase mixtures of methanol and isopropanol
with either formic acid or ammonium acetate as ionisation agents. Chromatographic
separation of the prenylquinones and quinols was then optimised with a mixture of the
standard solution and extracts of A. millepora within a limited mass range of
700 – 900 m/z. MS detection parameters were optimised for CoQ10 sensitivity because
of its low concentration in the coral extracts and its relatively non-polar nature resulting
in late elution from the reverse phase HPLC column. Optimising MS parameters for
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PQ9 detection provided no discernible improvement in signal amplitude as compared to
optimising parameters for CoQ10.

Comparison of the different modes and different ionisation agents with prenylquinone
standards showed that either positive APCI with formic acid (0.1 %) or positive ESI
with ammonium acetate (0.1 %) were the most efficient modes of ionisation. Negative
APCI with formic acid was ten times less efficient than positive APCI but still produced
sharp peaks. Comparison of the ionisation methods using coral extracts verified that
positive APCI with 0.1 % formic acid in the mobile phase was superior to all tested
methods. Other modes and combinations of ionisation agents proved to be less efficient
and in the case of negative ESI produced unstable signals for PQ9 detection at high
sensitivity. Negative APCI with formic acid was much less efficient in ionising all of
the prenylquinones and resulted in a large increase in baseline noise levels. Multiple
adduct ions of CoQ10 and PQ9 were observed in positive ESI mode for coral extracts as
previously reported by (Hansen et al., 2004), possibly due to matrix effects since these
ions were not detected with prenylquinone standards. Addition of formic acid as an
ionisation agent to the mobile phase increased signal strength for reduced and oxidised
CoQ10 and PQ9. An optimum of 0.1 % formic acid doubled signal intensity compared to
not using an ionisation agent. Addition of even small amounts of ammonium acetate
(1 mM) caused a significant reduction in the signal intensity of the prenylquinones. In
conclusion, positive APCI using 0.1 % formic acid in the mobile phase was the most
efficient method of ionisation for simultaneous analysis of both redox forms of CoQ10
and PQ extracted from corals.

Appendix

184

APCI in positive or negative mode produced identical ions for both the reduced and
oxidised quinones due to complete oxidation of ubiquinol-10 (CoQ10H2) and
plastoquinol-9 (PQ9H2) during passage from the APCI interface to the ion trap, which
had previously been reported for ubiquinone (Hansen et al., 2004). In positive APCI
mode, hydrogen adduct ions [M + H]+ were produced: m/z = 863.7 [M + H]+ for CoQ10
and CoQ10H2; m/z = 749.6 [M + H]+ for PQ9 and PQ9H2, m/z = 795.5 [M + H]+ for
CoQ9. These results correspond with that reported previously for CoQ10 in positive
APCI mode (Hansen et al., 2004) and the analogous ionisation of PQ9 and CoQ10 is
consistent with their structural similarity.

The results obtained with positive APCI enabled parent ions to be selected for tandem
MS (MS2) analysis. Fragmentation of CoQ9, CoQ10 and CoQ10H2 resulted in a product
ion spectrum with a primary base peak at 197 m/z attributed to the benzylium ion, which
has previously been identified in mass spectrometric studies of CoQ10 (Lytle et al.,
2001; Ruiz-Jiménez et al., 2007). The MS2 spectra of PQ9 were more complicated with
several different major fragments formed. Of these fragments, four showed reasonable
stability and these fragment ions were consistent with MS2 data previously reported for
PQ fragmentation (Waller, 1972; Boers et al., 2002). A fragment ion at m/z = 151 was
observed corresponding to C9H11O2, while another two at m/z = 189 and m/z = 203
corresponded to a bicyclic oxonium C12H13O2 ion and to the isoprenoid tail fragment
C15H23, respectively. A fourth but less intense signal at m/z = 681 was consistent with
the isoprenoid tail C45H73.
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LC-MS quantification often makes use of improved signal-to-noise ratios derived from
analysing fragment ions instead of their parent ions. The fragmentation pattern of PQ
proved to be unreliable, producing multiple fragment ions that constantly changed in
abundance, and therefore MS2 was considered unsuitable for quantification. Instead,
quantification of prenylquinones and quinols in coral extracts was optimised for the ion
trap operating in single ion monitoring mode alternately acquiring the parent ions of
PQ9, CoQ9 and CoQ10 at m/z = 749.6; 795.5; 863.7, respectively. Given that the reduced
quinol forms are oxidised during passage from the APCI interface to the ion trap, the
same quinone parent ions were used for the detection of CoQ10H2 and PQ9H2.

