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ABSTRACT

ABSTRACT

Increased atmospheric carbon dioxide concentrations are causing warming of the
Earth's atmosphere and having significant effects on the chemistry of the oceans.
Disruption to seawater biochemistry is causing associated pH change known as ocean
acidification and increased concentrations of dissolved inorganic carbon. Coral reefs
are already at risk from increased seawater temperatures; however the impact of ocean
acidification will be in addition to that of temperature change alone. The major
objectives of this thesis were to provide insight into the effects of temperature, dissolved
inorganic carbon concentration and seawater pH on the photosynthesis of the symbiotic
algae Symbiodinium sp. both in vitro and in hospite.
While it has been speculated that increased carbon dioxide may stimulate primary
production, results presented here for short-term incubations show that Symbiodinium
sp. photosynthesis is saturated at present concentrations (2 mM). However,
photosynthesis in hospite can become significantly litnited if DIC falls below 2 mM.
This highlights the significant role of host inorganic carbon transport mechanisms for
the n1aintenance in a healthy symbiosis.
Symbiodinium sp. in culture however, show significant photosynthetic plasticity over a
range of inorganic carbon concentrations (0.1 - 10 mM), and exhibit no photosynthetic
inhibition at inorganic carbon concentrations well below ambient levels (0.4- 2 mM).
This suggests that Symhiodiniwn sp. have well developed carbon concentrating
mechanisms and may be able to

ad~pt

to changes in inorganic carbon availability,

whereas the same algae in hospite requi res a higher DIC supply.
Exposure to elevated temperature is known to cause photosynthetic inhibition in the
coral symbiont Symbiodinium sp. Models of photophysiologcial thermal damage in
corals can be generally divided into two broad groups; those that take place at the site of
the light reactions and those that occur in the Calvin cycle. Results presented here have
identified species- and cladal-specific heterogeneity in thermal inhibition of the dark
reactions in the whole corals Stylophora pistillata and Pocillopora damicornis, and
amongst Symbiodinium clades A, Band Cl. Furthermore, these patterns are not
consistent when observed in vivo and in vitro.
Abstract
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pH-drift experiments of Symbiodinium sp. grown in culture have identified significant
cladal-specific pH ranges of clades A, B and subclade C 1. Results show that
Symbiodinium sp. are well adapted for living in rapidly changing pH and dissolved

inorganic carbon environments. However, when measured in hospite in the C !harbouring corals S. pistillata and P. damicornis, photosynthesis became significantly
inhibited at pH 7.2 and 7.8 over short-term incubations. Furthermore, the thermal
history of corals measured in the field had a significant effect on pH-susceptibility
between summer and winter seasons. Results revealed an synergistic affect of elevated
temperature and low pH on photosynthesis.
The disparity between results observed in vivo and in vitro suggest that the cnidarian
host may be considered the more vulnerable partner to changes in pH leading to
photosynthetic inhibition and symbiotic dysfunction. Possible targets of pH stress in
both the host and algal symbiont are discussed.

Abstract
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CHAPTER 1
GENERAL INTRODUCTION

1

General Introduction

1.1

Ocean acidification

Since the industrial revolution, human activities have significantly contributed to global
atmospheric carbon dioxide (C0 2 (atm)) concentrations. Current atmospheric carbon
dioxide stands at around 390 parts per million (ppm) and should current trends continue,
the Intergovernmental Panel on Climate Change (IPCC) predict further increases to
between 600-800 ppm by 2100 (IPCC, 2007). The oceans, covering more than two
thirds of the Earth's surface, play a vital role in the carbon cycle; absorbing carbon from
the atmosphere, and storing it as biomass, or in deep water geological sinks. The
present rate at which carbon dioxide is being produced is faster than during any other
historical period (IPCC, 2007) and the increase in C0 2 (atm) is causing changes in the
biochemistry of the oceans leading to acidification of surface waters. It is well
recognised that carbon dioxide (C02) is a major greenhouse gas contributing the global
warming. But while the impacts of climate change had received considerable scientific
political and social attention in recent years, the links between excesses in C0 2 (atm) and
seawater acidification have only recently been highlighted (Raven et al., 2005; McNeil
and Matear, 2006; Tyrrell et al., 2007).
1.1.1

Carbon dioxide and the Ocean

Carbon is a key element of all life on Earth. While only present in the atmosphere in
small amounts (0.03o/o carbon dioxide, nitrogen 78%, oxygen 20.9%, argon 0.9o/o), it is
vital for biological processes and regulation of global climate. Covering two thirds of
the Earth's surface, oceans play a significant role in absorbing, storing and releasing
carbon. At present, human activities add about 5.5 billion tonnes per year of carbon
dioxide to the atmosphere. Oceanic waters and the organisms they contain, store around
38, 000 Gt of carbon and the aquatic systems sequester around 6 Gt of C0 2 from the

atmosphere per year (Still et al., 2003), therefore playing an important role in carbon
sequestration, keeping the ahnospheric gases in equilibrium and regulating climate.
The upper surfaces of the oceans are well mixed and in constant contact with the
atmosphere, it is here therefore that C0 2 (atm) enters the marine environment. As CO:z
diffuses across the air-sea interface it fonns dissolved carbon dioxide (C0 2
Chapter 1
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and Wolf-Gladrow, 200 1). Some of the disso lved carbon dioxide reacts with water
molecules to form carbonic acid (H 2C0 3) (Equation 1.1). However, this compound is
relatively unstable, and quickly disassociates to bicarbonate ions (HC0 3-) and hydrogen
ions (H+) (Equation 1.2). Further disassociation converts bicarbonate ions to carbonate
ions (CO/-) with the additional production of H+ (Equation 1.3). Collectively,
dissolved carbon dioxide, bicarbonate ions and carbonate ions are known as dissolved
inorganic carbon (DIC), and current concentrations of DIC in seawater stand around 2. 2
mM.
Equation 1. 1
Equation 1.2
Equation 1.3
pH is a term used to describe the relative acidity of a liquid. This negative logarithmic is
dependant on the concentration of hydrogen ions, or protons (Equation 1.4). Therefore
the amount of C02 (atm) dissolving in water, and the resulting production of H+ as
described above, has a strong influence on the resultant acidity or pH, of the oceans.
Equation 1.4
Seawater is known for its remarkable buffering capacity which involves the
consumption of

co.-t

via the carbonate cycle, and goes some way to reducing the

acidification of seawater (Equation 1.5) (Guinotte and Fabry, 2008). However, the rate
at which C0 2 is entering the marine system is disrupting the carbonate buffering system.
This is reducing the pH-regulating abilities of the oceans, which in tum is reducing the
ocean's capacity to absorb C0 2 (atm), and under the present scenarios, this will ultimately
leave more C0 2 in the atmosphere (Caldeira and Wickett, 2003) .
Equation 1.5
The relative proportion of DIC species is reflected by the pH of seawater and is
maintained within relatively narrow limits. Under current seawater conditions of 2. 2
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mM DIC and pH 8.2, bicarbonate is the most abundant form of DIC (80% DIC or 1.2
mM HC03-), carbonate ions are the next most abundant species (8% DIC, or 80 )lM
CO/-) and dissolved carbon dioxide is the least abundant (1% DIC or 12)lM C02 (aq)).
It is predicted that seawater pH may decrease to pH 7.8 by 2100 (IPCC, 2000; IPCC,

2001; Raven et al., 2005), and this will disrupt the balance between these carbon
species, causing a decrease in the relative concentration of carbonate ions, and increases
in the abundance of bicarbonate ions and dissolved carbon dioxide. Ocean acidification
is now recognised as one of the major threats to marine systems in addition to climate
change (Raven et al., 2005; IPCC, 2007). However, while the chemical mechanism of
seawater acidification is well understood, its affects on marine biology and the oceanic
carbon cycle remain poorly defined.
1.2

Coral reefs

1.2.1

Coral biology

Coral reefs are atnong the most biodiverse ecosystems on Earth. Coral species found in
the photic zone maintain productivity through their obligate, mutualistic symbiosis
between cnidarian host and single-celled dinoflagellate symbionts, Symbiodinium sp.,
commonly known as zooxanthellae. Zooxanthellae reside within the endodem1al cells
that line the host 's gastrodermal cavity. They are known to occur at densities between
1-5 million zooxanthellae cells per cm2, and supply the host with up to 95% of their
carbon needs. This is primarily in the fonn of glycerol, but includes fatty acids, sugars
and an1ino acids (Muscatine et al., 1972; Patton eta!., 1977). In tum, the host provides
the zooxanthellae with respiratory- and water-derived C0 2 and nutrients (Nand P).
This close symbiotic relationship is believed to be the key to the success of coral
productivity in otherwise oligotrophic waters.
Maintenance of a healthy reef is of major biological and economic importance,
providing income for over 500 million people and supplying ecosystem services valued
globally at $44 7 billion per year (Costanza eta!., 1997). The socio-economic effects of
climate change and associated loss in coral cover will be substantial (Hoegh-Guldberg,
2004). Through th e deposition of their calcium carbonate skeletons, scleractinian (hard)
corals, are dominant features of these ecosystems and responsible for the architecture of
the reef.
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1.2.2

Coral bleaching

Changes to the surrounding seawater have been shown to cause dysfunction in the
symbiosis that leads to the phenomenon of coral bleaching. Bleaching is the expulsion
of algal symbiont from the host and/or the degradation of photosynthetic pigments
within Symbiodinium sp. (Hoegh-Guldberg and Smith, 1989). Factors contributing to
coral bleaching include increased solar irradiance (Hoegh-Guldberg and Smith, 1989),
changes in salinity (Hoegh-Guldberg and Smith, 1989), pollutants (Jones and HoeghGuldberg, 1999), decreases in seawater temperature (Hoegh-Guldberg and Fine, 2004)
and of particular concern in the context of climate change, increases in seawater
temperature (Brown, 1997; Hoegh-Guldberg, 1999).
Coral species have shown to vary considerably in their bleaching response (Marshall
and Baird, 2000; Ulstrup and van Oppen, 2003) and even across individual colonies
(Ralph eta!., 2002). Discrepancies in the spatial pattern of bleaching has been
suggested to be due to genetic distinctions between Symbiodinium sp. thus affecting
their susceptibility and response to environmental stressors (Baker, 2004). Several
differing taxa within Symbiodinium sp. have been identified and classed into
phylogenetic clades based on their ribosomal DNA (LaJeunesse, 2001). Of the known
clades (A-G), A-D and Fare known to live in symbiosis with corals. The cladal
composition of the zooxanthellar community within coral tissue has been linked to the
thermal history and light climate of the coral (Rowan eta!., 1997; Ulstrup et al., 2006).
Furthermore, clade-specific patterns of thermal tolerance (Rowan et al., 1997) may
exert influence on the susceptibility of coral species to bleaching (Ulstrup et rtf., 2006).
Deviations of seawater temperatures of 1-2 °C above mean summer maxima have been
causally linked to coral bleaching. Global climate change is causing temperature
increases of 0.2 °C per decade (IPCC, 2007). Bleaching events are now increasing in
frequency and severity due to global warming and significant declines in coral cover are
predicted by 2100 (Hoegh-Guldberg, 2004). However, the impacts of acidification will
be additional to those of climate change alone. At this point the combined effects of
increases in sea surface temperature and changes to dissolved inorganic carbon
concentration on corals are unknown. Furthem1ore, whi le the thennal tolerance of
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Symbiodinium sp. has been shown to vary with clade, the differential survivorship of

certain clades to changes in DIC and pH is unknown.
The combined effects of climate change and ocean acidification are predicted to have
substantial socio-economic impacts (Hoegh-Guldberg, 1999; Cesar et al., 2002; Raven
et al., 2005; IPCC, 2007). Serious damage to tropical marine ecosystems, and the

human activities that are based on them, such as fisheries and recreation, could amount
to economic losses of many billions of dollars per year (Hoegh-Guldberg, 2004). This
will have very serious impacts on the vulnerable societies that depend upon these
ecosystems. Ocean acidification is likely to have significant impacts on some marine
fish and shellfish species costing about A$120 billion per year (Raven et al., 2005;
Fabry et al., 2008; ISRS, 2008). Ocean acidification is likely to cause significant
changes in the marine biogeochemical system and the ecosystem services that it
provides to an extent that cannot at present be foreseen (Fabry et al., 2008). Changes to
the stability of coastal reefs in tropical and subtropical parts of the globe may lead to
serious decreases in coastal protection over longer time periods (Leclercq et al., 2002).
These changes have the potential to change fundamentally the nature of entire coastlines
and the resources available to human societies that depend on these coastal reefs.
1.3

Photosynthetic functionality

Photosynthesis occurs in the chlorop1asts of photosynthetic cells. These organelles are
made up of three types of membrane; a smooth outer n1embrane which is freely
permeable to molecules, a smooth inner membrane which contains transporters and
integral membrane-bound proteins that regulate the passage of small molecules
synthesized in the cytoplasm. Lastly, a system of thylakoid membranes encloses the
lumen. The light reactions of photosynthesis occur in the thylakoid membranes. The
surrounding stroma contains all the enzymes needed to carry out the dark reactions of
photosynthesis; that is, the conversion of C0 2 into organic molecules.
1.3.1

Light reactions

The non-cyclic light dependant reactions of oxygenic photosynthesis involve four types
of protein assemblies that are embedded in the thylakoid membrane (Figure l.l ).
When a photon of light strikes the Chlorophyll a molecule in the reaction center of
Photosystem II (PSII) it excites an elec tron to a higher energy level. Simultaneously,
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two water molecules bind to the oxygen evolving complex (OEC) at the donor side of
the PSI! reaction center. The OEC splits water, thereby producing protons, oxygen, and
electrons which are used to replace the electron removed from the reaction center
(P680). The excited electron in PSII is then passed to phaeophytin (phaeo ), to the first
electron acceptor QA, to Q 8 . The primary electron acceptor for the light-energised
electrons leaving PSII is plastoquinone (PQ). The reduced PQ passes the excited
electron to a proton pump embedded in the membrane called the cytochrome b6f
complex. Arrival of the electrons causes the b6f complex to pump protons from the
stroma into the thylakoid space, thereby generating a proton gradient across the
membrane.
The electrons are then passed to Photosystem I (PSI). Upon the absorption of another
photon of light, the PSI reaction center passes electrons to the primary electron acceptor
A0, and then to A 1• Electrons are then passed to the enzyme ferredoxin-NADP+
reductase (FNR), via cofactor ferredoxin (Fd), and are used to reduce nicotinamide
adenine dinucleotide phosphate (NADP+) to NADPH. Electrons lost from PSI are
replaced by electrons generated from PSII via a small protein called plastocyanin which
shuttles the electrons from b6f to PSI (Ort and Yocum, 1996). Because the thylakoid
membrane is impermeable to pro tons, the protons in the stron1a must pass through the
channels provided by ATP synthase. As protons pass through, ADP is phosphorylated
to ATP and released into the stroma. This process of making ATP is referred to as
photophosphorylation. A simplified diagram of the electron transport chain, also known
as the Z-sche1ne, is shown in Figure 1.1.
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Figure 1.1 Z-scheme of photosynthesis (adapted by L. Buxton and C. Pinney from original drawing by Taiz and Zeiger
(2002)). Blue line shows the passage of electrons, while the red line indicates the movement of protons (H+).

1.3.2

Calvin cycle

Occurring in the stroma of the chloroplast, the light independent Calvin cycle uses the
products of the light reactions, NADPH, ATP, to fix C0 2 and water into organic
compounds.
Carbon fixation is catalysed by the key enzyme ribulose-1, 5-bisphosphate
carboxylase/oxygenase (Rubisco) (EC 4.1.1.39). Several intermediate enzymes are
involved in the conversion of C0 2 through transitional carbon chains. Activity of the
reactions is governed by the availability of products from the light reactions, and the
equilibria of ionised intermediates are regulated by stromal pH. These reactions are
discussed in more detail in Chapter 4, and intricately reviewed by Bassham (2003).
1.3.3

Carbon concentrating mechanisms

Relatively low levels of dissolved C0 2 in the marine environment, and the competing
oxygenic/carboxylic reactions of Rubisco has led to the development of carbon
concentrating mechanisms (CCM) in photoautotrophs (Badger and Price, 2003;
Giordano et al., 2005). The activity of CCMs is to provide sufficient saturation of C0 2
at the active site ofRubisco. Estimated from stable isotope data, approximately 40o/o of
the carbon supply for zooxanthellae photosynthesis is from seawater DIC and 60% from
recycled metabolic C0 2 (Go iran et rtf., l 996), which strongly sugges ts that one or n1ore
carbon concentrating mechanisms occur in corals, which actively absorbs DIC in order
to sustain photosynthesis. Since there are several la yers ofhost tissue between the
seawater DIC pool and the active site of carbon fixation in the chloroplasts of the
zooxanthellae, the presence of both algal- and host-mediated CC:Ms haYe been
identified that act to maximise inorganic carbon acquisition and ultilisation (Furia and
Allen1and, 2000; Leggat et al., 2002).
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Figure 1.2 Diagrammatic representation of the Calvin cycle (adapted by L. Buxton and
C. Pinney from original drawing by Price (2001)).

Symbiodinium sp. photosynthesis in hospite is dependant on the hosf s ability to produce
C02 via respiration or transport DIC from the external medium. Current DIC
concentrations (2.2 mM) are thought sufficient to saturate coral photosynthesis,
however there have been conflicting results between studies (Burris et al., 1983; Herfort

et al., 2008). The activity and synthesis of carbon concentration mechanisms is thought
to be regulated by external factors such as DIC concentration, light and temperature
(Raven and Beardall, 2003; Woodger et al., 2003; McGinn et al., 2004). Therefore, the
predicted increases in DIC concentration and relative abundance of C0 2

(aq)

has the

potential to affect carbon acquisition and affect the sink capacity of photosynthesis via
reduced carbon fixation.
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1.4

Chlorophyll a fluorescence

The fluorescent signal emitted by chlorophyll a provides a powerful and detailed tool
for assessing the efficiency of primary energy conversion. Although first discovered by
Kautsky in the 1960s, technological advances made in the last 20 years have allowed
the development and refinement of fluorometry tools (Maxwell and Johnson, 2000). In
particular, Pulse Amplitude Modulated (PAM) fluorometry provides the rapid, noninvasive and non-destructive measurement of photosynthetic functioning (Schreiber,
2004).
Chlorophyll a fluorometry is based on the principle that light entering and captured by
the PSII light harvesting complexes (LHCs) can be used in one of three ways; it can be
used in photochemistry ultimately to fix carbon, it can be dissipated as heat via nonphotochemical quenching (NPQ), or it can be re-emitted as fluorescence at a longer
wavelength (Schreiber, 2004). Fluorescence therefore provides the detailed assessment
of photochemical processes at a pigment level.
The variety of commercially available PAM fluorometers all ows researchers to perform
experiments over a range of scales and environn1ents. Instruments used in this thesis
include the Diving-PAM (Walz GmbH, Effeltrich, Gem1any) for the non-invasive
assessment of whole corals underwater (Chapter 7), to suspensjons of Symbiodinium sp.
using the Water PAM (Walz GmbH, Effeltrich, Germany) as seen in Chapters 5 and 6.
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Figure 1.3 The potential fate of light entering the reaction center (RC) of the
Photosystem II light harvesting complex (LHC).

1.4.1

Analysis of Chlorophyll a fluorescence signal

A thorough understanding of fluorescence techniques requires the clear distinction
between fluorescence intensity and fluorescence yield. Fluorescence intensity is a
measurable va]ue that is dependant on incident light, Chi a concentration and instrument
settings. Fluorescence yield refers to the proportional change in intensity following
application of a saturating pulse of light. On the whole, fluorescence yield is highest
when both photochemistry and non-photochemical quenching are low. Under
conditions where the light entering the LHCs exceed the capacity for photochemistry,
non-photochemical processes are upregulated in order to dissipate the excess energy
(Muller et al., 2001 ). Fluorescence yield therefore reflects the change in
photochemistry and non-photochemical pathways in order to reveal the organistn's
overall photosynthetic capacity, or "health".
Pulse Amplitude Modulated Fluorometers 1neasure chlorophyll a fluorescence via the
application of very short

(~s)

pulses of modulated light (Schreiber, 2004 ). The resulting

fluorescence pulses are detected and recorded by a photodiode detector and processed
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by a photomultiplier. The controlled application of actinic light allows assessment of
both dark-light transitions and steady-state photosynthesis.
1.4.2

Fluorescence parameters

Low intensity measuring light (0.15 !J.mol photons m-2 s- 1) is applied to a dark-adapted
sample to measure minimum fluorescence (F 0 ) and depends mainly on the sample's Chi
a content in the PSII light-harvesting complexes (Munday and Govindjee, 1969). Upon

the application of a saturating flash of photosynthetically active radiation (PAR), the
maximum fluorescence (Fm) is reached which relates to the reduction state of all PSII
primary quinone electron acceptors (QA). Maximum quantum yield of PSII reaction
centers can then be calculated according to Equation 1.6 (Schreiber et al., 1986; Genty
et al., 1989).

When a dark-adapted plant sample is exposed to irradiance, there is a characteristic
polyphasic rise and fall in chlorophyll a fluorescence occurring over milliseconds,
known as the Kautsky Effect. The initial rise to steady-state fluorescence (Ft) is
attributed to the reduction QA. The steady decline in Ft reflects the redox balance of
PSII-PSI electron transport carriers, and the development of a trans-thylakoid proton
gradient

(~pH)
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Figure 1.4 Fluorescence kinetics of light- and dark-adapted plant sample (adapted from
Schreiber and Bilger 1993)
Induction Curves are a common application in PAM fluorometry for measuren1ent of
chlorophyll transients. When performing induction curves, samples are dark-adapted,
and maximum quantum yield (Fv!Fm) calculated according to Equation 1.6.
Immediately follo,wing this, the satnple is exposed to actinic light and a series of
saturating flashes to measure Fm'· Fr01n these <Drsu or effective quantum yield
(Equation 1.7) and non-photochemical quenching (NPQ) (Equation 1.8) can be
calculated (Schreiber eta!., 1986).
Equation 1.6

Maximum quantum yield of PSII

= (Fm- Fo)IFm or FviFm

Equation 1. 7

Effective quantun1 yield of PSII

= (Fm'- Ft )/Fm' or

Equation 1.8

Non-photochemical quenching

= (Fm- Fm')/Fm'

~F!Fm'

Upon illumination Fm' is initially relatively low as QA and NADPH are over-reduced
and in the absence of photochetnical quenching, and excess energy is dissipated as heat
(Schreiber, 2004). After time (<60s) Fm' begins to increase, in conjunction with Calvin
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cycle activity and associated consumption of ATP via photophospohorylation. This is
fo llowed by a decrease in NPQ as

~pH

decreases through ATP synthesis.

Maximum quantum yield indicates the state of PSII reaction centers and is highest when
the reaction centers are open and QA is fully oxidized. Damage to PSII reaction centers
causes declines in maximum quantum yield, often characterized by an increase in F 0
and/or decreases in Fm. Effective quantum yield (<Drsn) gives a measurement of the
photochemical efficiency of a light-adapted system. It has a lower value than maximum
quantum yield (FviFm) due to some non-photochemical processes occurring under
irradiance. Non-photochemical quenching detects the amount of energy dissipated as
heat from PSII (Demmig-Adams and Winter, 1988). It can reflect either irreversible
damage to PSII reaction centers, or reversible forms of photoprotection (Krause and
Weis, 1991 ; Osmond et al., 1993).
Maximum quantum yield gives an indication of the maximum photochemical efficiency
of PSII. A low maxin1um quantum yield can be a result of damage to PSII reaction
centers and is often indicated by an increase in F 0 and a decrease in Fm. While FviFm
measures the optin1al photosynthetic capacity by removing the influence of light, it does
not reflect the true nature of PSII activity under normal, illuminated, conditions.
Effective quantum yield on the other hand, has been shown to be a powerful and
sensitive parameter to assess impacts on photosynthesis under illumination (Ralph et a!.,
2005a; Ulstrup et al., 2008). Effective quantum yield gives information on how
photosynthesis is functioning and regulated under light-adapted conditions and therefore
is lower than Fv/F 111 • As such, both parameters will be used in this work in order to

assess changes to maximum quantum yield that reveal damage to PSII (F viFm), and the
functionality of PSI! (<DrsiJ).
1.5

Impacts of ocean acidification

1.5.1

Impacts of acidification at the community level

Coral reefs have been identified as keystone organisms likely to suffer severe negative
impacts as a result of ocean acidification (Raven et al., 2005). Coral habitats occupy
shallow waters with low mixing and are therefore a primary target seawater
acidification (Caldeira and Wickett, 2003). Furthermore, calcifying organis1ns such as
corals, will suffer weakening of their calcium carbonate skeletons under acidified
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conditions (Andersson et al., 2007). With periods of abnormally warm seas and carbon
dioxide concentrations above those seen for the last 400,000 years, corals are facing
conditions that greatly exceed the environmental envelope to which they are adapted.
However, while the effect of irradiance and temperature on coral heath has received
significant interest, the effects of pH and DIC have not yet been characterized.
Increases in C0 2 (aq) has been shown to promote primary productivity in some species of
phytoplankton (Schippers et al., 2004), changes in pH have also been shown to reduce
phytoplankton growth rates (Rost et al., 2006). Additionally, studies on some marine
dinoflagellates have identified species-specific pH tolerance (Rost et al., 2006),
however there is currently no baseline data available for the impacts of pH and/or DIC
concentration on the physiology of Symbiodinium sp. This leaves the multifarious
effects of C02

1.5.2

(aq)

on the survival of Symbiodinium sp. in vitro and in vivo undefined.

Cellular impacts of pH change

Changes in exogenous pH is known to have a direct effect on intracellular pH (pHi)
(Smith and Raven, 1979). Effects can include an increased accumulation of acids, or
depletion of bicarbonates, which lead to an overall decrease in cytoplasmic pH know as
acidosis (Levraut and Grimaud, 2003). An alteration to the acid-base balance of cells
has far reaching in1pacts on all aspects of metabolic functioning and physiology (Po riner
et al., 2004). Changes in pHi can cause denaturation of enzymes and amino acids thus

destabilising membranes and proteins (Stigter eta/. , 1991 ; Hinz et al., 1993; Tollinger
et al., 2003). This in turn can affect cell signalljng pathways and cause leakage of

nutrients and ions (Whitlow eta!., 1992; Yang ct a!., 1996). While cells are able to
regulate the intracellular acid-base balance, compensation for acidosis of cells involves
large and unfavourable changes in the ionic compositions of p1asma and cause ionic
stress or disruptions in cell signalling. There are significant metabolic costs associated
with acid-base c01npensation mechanisms, and under prolonged exposure to adverse
conditions growth rates and reproduction can be severely negatively impacted (Wood
and Marshall, 1994; Ishimatsu eta!., 2004; Michaelidis et al., 2005).

1.5.3

Potential for photosynthetic dysfunction

Declines in the photosynthetic performance of Symbiodinium sp. is thought to be one of
the contributing factors to their expulsion from the symbiosis during coral bleaching.
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However, the effects of pH and/or DIC concentration on photosynthetic functionality
have yet to be identified. Among the processes vital in maintaining coral heath,
calcification and photosynthesis are equally likely to be affected by pH change (Raven
et al. , 2005). However, while the increased dissolution of calcium carbonate structures
and changes in the calcification rate of corals has received considerable scientific
attention (Leclercq et al., 2000; Kleypas et al., 2005; Orr et al., 2005; Fine and
Tchemov, 2007; Herfort et al., 2008; Marubini et al., 2008), the impacts on coral
photosynthesis remain under represented.
Several studies investigating the effect of elevated temperature on photosynthetic
functioning have identified several potential sites of impact including the oxygen
evolving complex (OEC) (Iglesias-Prieto, 1997), photosystem II reaction centers (Hill et
al., 2004), the thylakoid tnembrane (Tchemov et al., 2004) and the Calvin cycle (Jones
et al., 1998). In addition to the effects of temperature, several processes in
photosynthesis may be particularly sensitive to pH change. Although very little is
known about the effects of pH on photosynthesis, potential sites of impact include the
enzymes involved in the Calvin cycle (Kelly et al., 1976), hyperpolarisation of
membranes

(~pH)

(Saito and Senda, 1973; Basso and Ullrich-Eberius, 1987), the

activity of carbonic anhydrase (Tolbert, 1994) and ion exchange (Busa, 1986).
Previous studies investigating the physiological responses of corals to ten1perature, pH
and/or DIC concentration have been exan1ined by manipulating one paran1eter at a time
(Iglesias- Prieto, 1997; Herfort eta!., 2008). Conflicting results amongst studies are
compounded by variability across

specie~,

leaving the clebJtc on the possible positive or

negative impacts of DIC concentration and pH on corals undefined. Further research
into the effects of pH and or DIC concentration on photosynthesis of Symbiodinium sp.
needs to be conducted in order to address the capability of corals to survive under future
scenarios of increased sea surface temperatures and seawater acidification. Furthermore
the effects of acidification, in addition to those of temperature alone, need to be
conducted for the construction of an inclusive and convincing hypothesis of coral
bleaching.
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1.6

Research objectives and thesis outline

The major objectives of this thesis were to provide insight into the effects of
temperature, dissolved inorganic carbon concentration and seawater pH on the
photosynthesis of the symbiotic algae Symbiodinium sp. both in vitro and in vivo.
Considerable effort was made to examine Symbiodinium sp. both in vivo and in vitro.
This was done in order to provide information on dinoflagellate tolerance to
environmental stressors that would contribute to both microalgae and coral biology
research.

Chapter 1 introduces the phenomenon of ocean acidification and provides a detailed
review of the current state of knowledge. It explains why coral reefs have been
identified as ecosystems particularly vulnerable to the effects of global warming and
seawater acidification, and highlights the significance of the project. A background on
the major experimental techniques is given and key research objectives are outlined.
Details on the general methods of the data chapters are given in Chapter 2.
In Chapter 3 the influence of temperature and dissolved inorganic carbon concentration
on photosynthesis is examined in whole corals and samples of cultured symbiotic

Symbiodinium sp. using combined measurements from a membrane inlet mass
spectrometer and chlorophyll a fluorometer. The disparity between results from whole
corals and cultured zooxanthellae are discussed. Reduced net oxygen evolution under
conditions of low inorganic carbon (< 2 mM) is interpreted in terms of possible sink
limitation. The advantages of combined measurement of net gas exchange and
fluorometry offered by this method nre considered.
The primary site of thermal inhibition in Symbiodinium sp. is an area of considerable
research, and a number of sites of impact have been proposed. While fluorometry tools
are widely used for thorough investigation of the light reactions, the constraints of
current techniques leave the quahtative and quantitative assessment of the dark
reactions under represented. Chapter 4 describes the adaptation and optimization of
existing metabolomic spectrophotometric assay methods in order to allow the
measurement of Calvin cycle intennediates. However, this method was ultimately
ineffective for use with Symhiodinium sp. Chapter 5 describes the development of an
alternative technique for quantifying them1al inh ibition occurring down-stream of
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Photosystem I. This innovative assay was used to examine the extent of down-stream
thermal inhibition occurring in two coral species and a range of Sy mbiodinium sp.
clades in culture. The study identified cladal- and species-specific heterogeneity in
photosynthetic sensitivity of Symbiodinium sp. in culture and in hospite.
While other marine dinoflagellates have shown species-specific pH tolerance, little is
known about the influence of pH on Sy mbiodinium sp. growth. The natural pH-drift of

Symbiodinium sp. clades was explored in Chapter 6 for cultures grown in closed
systems under saturating inorganic carbon concentration. The natural pH range and
inorganic drawdown of three Sy mbiodinium sp. clades is identified.
Seasonal changes in sensitivity and susceptibility to pH was investigated in two coral
species in Chapter 7. Analysis of photosynthetic functionality was performed in
summer and winter. Furthermore, the influence of water temperature on pH
susceptibility was explored by performing different thermal treatments, ranging from
ambient lagoon temperature and moderate heat stress in both summer and winter. The
effects of coral thennal history on pH tolerance are di scussed, and the implications for
coral reef ecosystem management are considered.
Finally, in Chapter 8 the major fin dings of the thesis are incorporated and the general
outcornes of the project are discussed . Avenues of further research are suggested in
order to improve the current understanding of the effects of ocean ac idification on

Symbiodiniwn sp.
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CHAPTER2
MATERIALS AND METHODS

2

General Methods and Materials

2.1

Corals samples

All field work was conducted at the Heron Island Research Station (HIRS), Queensland.
Positioned in the Capricorn-Bunker group on the southern end of the Great Barrier Reef,
Heron Island is a small (0.17 km 2) island situated in a shallow (< 20 m) lagoon
approximately 27 km2 surrounded by fringing and barrier reef. Corals samples used in
the following chapters were collected from the designated Scientific Collection Zone
(152° 06 ' E, 20° 29 ' S). Specimens were collected randomly within this area from a
depth of 2 m according to Great Barrier Reef Marine Park Authority collection permit
number GOS/ 14083 .1 and GOS/ 14222.1 .
~.
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Figure 2.1. Position of Heron Island (adapted from Microsoft MapQuest 2008)

For field investigations, corals were maintained in flow-through aquaria at HIRS under
an irradiance of< 100 j.lmol photons m- 2 s- 1 for a minimum of 2 days before
experimental use. For samples to be used in laboratory experiments, coral colonies
were transported to the University of Technology, Sydney. Prior to transport, the corals
were wrapped in paper towel soaked in seawater, placed in plastic bags (Ziploc ®)filled
with oxygen, and transported in water-tight insulated containers by air to Sydney. Total
transport time was less than 12 hours. These samples were then acclimated for a
minimum of 2 months prior to use in experiments in a 500 1 re-circulating aquarium
using artificial seawater (Red Sea Coral Pro sea salt mix) made up in reverse osmosis
water (carbonate 140 ppm, salinity 33 ppm) at 26 ± 1oc and an irradiance of250 j.lmol
photons m-2 s- 1•

2.2

Coral species

In the following chapters two coral species were studied. They were chosen because of
their sensitivity to temperature and reJative abundance on both the Great Barrier Reef
and the Asia Pacific region.

2.2.1

Pocillopora damicornis (Linnaeus)

The branching coral Pocillopora damicornis (Pocilloporidae) is commonly found
growing in compact clun1ps in shall water habitats.

Fig 2.2. Pocillopora damicornis (© Directsealife.com)
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From the three main colour morphs commonly found in the Great Barrier Reef (pink,
yellow-green and brown), brown morphs were chosen for experimental use. Genetic
analysis of zooxanthellae isolated from P. damicornis collected from Heron Island by
our laboratory have identified the population as subclade C 1 (unpublished data) which
is in agreement with other studies (Magalon et al., 2007). Pocillopora damicornis has
been identified as highly bleaching susceptible (Ralph et al., 2001; Hill et al., 2004 ).
2.2.2

Stylophora pistillata (Esper)

Stylophora pistillata (Pocilloporidae) is commonly found growing in shallow reef
habitats exposed to strong wave action. Branches are blunt-ended and grow in thick
colonies up to 1 m across. Colour morphs include pink, blue or green, but the blue
variety was collected for these experiments. Zooxanthellae isolated from S. pistillata
from the southern Great Barrier Reef have been identified as harboring monocladal C 1
populations (LaJeunesse et al., 2003; Franklin et al., 2006). S. pistillata has been
identified as highly bleaching susceptible (Loy a et al. , 2001 ).

Fig 2.3. Stylophora pistillata (© Directsealife.com)
2.3

Algal cultures

The symbiotic dinoflagellate, Symbiodinium sp. (Freudenthal) is also known as
zooxanthellae. Numerous strains have been isolated and cultured for laboratory use and
several populations of cultured Symbiodinium sp. were used in the following
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experiments. Algal cultures were obtained from the CSIRO Collection of Living
Microalgae culture bank (CS - 156 and CS-73), monocladal cultures were kindly donated
from the Trench Collection (clade A, B and C 1).

Symbiodinium sp. strains used from experimental work include:
•

CS- 156: known clade C (Carlos et al. , 1999; Baillie et al., 2000). Originally
isolated from the coral Montipora verrucosa, H awaii.

•

CS-73: known clade A (Takahashi et al., 2008). Originally collected from
Heron Island, Great Barrier Reef.

•

Clade A monoculture (Trench Collection)

•

Clade B monoculture (Trench Collection)

•

Subclade C 1 monoculture (Trench Collection)

2.3.1

Culturing and growth conditions

Batch cultures of all Symbiodinium sp. strains were grown in f/2 culture media
according to the methods of Guillard and Ryther (1962). Chemicals were made up in
artificial seawater (Red Sea Coral Pro sea salt mix) made up in reverse osmosis water
(carbonate 140 pptn, salinity 3 3 ppn1). Cultures were maintained in 200 ml glass
conical flasks housed in incubators at 26 °C fitted with fluorescent tubes providing
12:12 h light:dark cycle of white light at an irradiance of ca. 100 11-moJ photons m- 2 s- 1•
Cultures were transferred under sterile conditions in a laminar flow cabinet every 21
days to tnajntain actively growing populations.
To remove the influence of culture age on physiological responses, all sarnples used in
experiments were taken from cultures in the exponential growth phase (18-20 d)
calculated using log transformed cell density numbers (Macintyre and Cullen, 2005).
Cell counts were performed using a haemocytometer (Neubauer) and light microscope.
When cells were required at concentrations higher than those of the culture, cells were
concentrated via centrifugation (5 n1in at 280 x g) or by vacuum filtration. Vacuum
filtration allows the rapid collection of cells using minimal equipment and thus was a
preferred method for some experiments, such as those in the field when a centrifuge was
not widely available. Cells were concentrated (approximately 3-5 mL), collected on a
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filter paper and then rinsed off the paper into a collection vessel. Cells were used
immediately after concentrating.

2.4

Chlorophyll a and c2 analysis

To calculate chlorophyll estimates for whole coral pieces, the zooxanthellae were first
removed from the skeleton using an air brush and compressed air. The tissue slurry was
suspended in 15 mL of 0.45

~-tm

filtered artificial seawater (FASW) and centrifuged at

1000 x g for 10 min. The pellet was resuspended in 15 mL FSW, homogenised and
filtered through 20

~-tm

mesh to remove particulate host material, then centrifuged at 800

x g, 26°C for 5 minutes. The pellet was re-suspended in a final volume of 5 mL 90o/o
acetone for 20 hr at 4 °C in darkness. For cultured zooxanthellae, the cell suspension
was spun at 1000 x g for 10 min and resuspended in 5 mL 90% acetone for 20 hr at 4 °C
in darkness. After pelleting the cells by centrifugation ( 5 min at 1000 x g) , an
absorption spectrum (400 to 800 nm) of the acetone supernatant was measured using a
spectrophotometer (LKB Biochrom Ultraspec II, England). Chlorophyll a and c 2
concentrations were calculated according to the equations below of Ritchie (2006),
unless otherwise noted.
Chlorophyll a= (-0.4574
Chlorophyll
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CHAPTER3
EFFECTS OF MODERATE HEAT STRESS
AND DISSOLVED INORGANIC CARBON
CONCENTRATION ON
PHOTOSYNTHESIS AND RESPIRATION
OF SYMBIODIN!UJ\1 SP. IN CULT-U RE
AND IN SYMBIOSIS

3

Effects of Moderate Heat Stress and Dissolved Inorganic Carbon
Concentration on Photosynthesis and Respiration of Symbiodinium sp. in
culture and in symbiosis

This chapter is inse1ied as published in the Journal of Phycology. The abstract has been
omitted.

Buxton. L., Badger. M., Ralph. P. J. (in press) Effects of moderate heat stress and
dissolved inorganic carbon concentration on photosynthesis and respiration of

Symbiodinium sp. in culture and in symbiosis. Journal of Phycology
Experimental design, data collection and analysis were performed by Lucy Buxton who
was also author of the paper. Instrument set-up and technical assistance were offered by
Murray Badger. Intellectual contributions were made by Peter J Ralph (Principle
Supervisor).

3.1 Introduction
Corals reefs are among the most biodiverse ecosystems on Earth and maintenance of a
healthy reef is of major biological and economic importance, providing income for over
500 million people and supplying ecosystem services valued globally at $44 7 billion per
year (Costanza et al., 1997; Wilkinson, 2002). Corals found in the photic zone maintain
productivity through their sytnbiosis with single-celled dinoflagellates, zooxanthellae,
contained within the host's g<1strodermal tissue at densities between 1-5 million
zooxnnthcllne cells per cm 2 . Zooxnnthellne supply the cnidarinn host with up to 95% of
their photosynthetic production (Muscatine, 1990). In tum, the host provides the
zooxanthellae with respiratory derived C0 2 and nutrients. This close symbiotic
relationship is believed to be the key to the success of scleratinian reef building corals in
oligotrophic waters (Muller-Parker and D'Elia, 1997).
Upon entering the aqueous environment, atmospheric C0 2 reacts with water forming
carbonic acid, bicarbonate and carbonate, collectively known as the dissolved inorganic
carbon (DlC) pool. To support the high level of primary productivity, inorganic carbon
(Ci) acquisition, Ci transport and C0 2-concentrating mechanisms (CCM) are
fundamental processes identified in free living algae that ultimately provide Rubisco
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(ribuslose-1 ,5-bisphosphate carboxylase-oxygenase) the enzyme responsible for carbon
fixation during photosynthesis, with an intracellular source of C02. Unlike free-living
microalgae, those that exist in symbiosis do not have direct access to the relatively
constant seawater DIC pool (2.2 mM). Zooxanthellae located in the metabolically
active host cytoplasm (within the endodermal cell) are able to utilise C0 2 produced by
host respiration (Muller-Parker and D'Elia, 1997). Additionally, corals have been
shown to posses active carbon transport mechanisms that preferentially uptake external
HC0 3- as a substrate for photosynthesis (Al Moghrabi et al., 1996; Goiran et al., 1996).
However, their physical isolation leaves the symbiont dependant upon the Ci transport
mechanisms of the host to provide sufficient Ci for photosynthesis.
In the last 100 years, human activities have contributed considerably to atmospheric
C02 emissions. C02 is already recognized as a major greenhouse gas and clear causal
links have now been drawn between atmospheric C0 2 and increases to global mean
temperatures (Brown, 1997; Walther et al., 2002). Rising sea surface temperatures are
known to have negative impacts on coral reef ecosystems (Jokiel and Coles, 1990;
Gattuso et al., 1996; Hoegh-Guldberg, 1999). Mean sea surface temperatures have
increased 1-2 °C above their average summer maxima and these changes have been
linked to loss of symbiotic zooxanthellae cells from the cnidarian host, or a decrease in
chlorophyll pigment, comrnonly known as coral bleaching.
However, high atmospheric C0 2 levels have recently been shown to cause che1nical
changes in oceanic surface waters (Caldeira and Wickett, 2003; Raven et al., 2005),
including increased concentrations of dissolved C0 2 , decreased carbonate ion
concentration (CO/-) (Zeebe and Wolf-Gladrow, 2001), with an associated pH decrease
of up to 0.25 units by 2100 (IPCC, 2001; Raven eta!., 2005). Impacts of anthropogenic
C02 on mmine DIC are in addition to that of rising seas surface temperature alone, and
the negative synergistic effects of these two factors on oceanic flora and fauna will be
substantial (Feely eta!., 2004; Raven eta!. , 2005; Miles eta!. , 2007). Amongst the
systems likely to be impacted by these biochemical changes, coral reef ecosystems have
been identified as especially vulnerable because of their complex carbon budgets linked
to photosynthesis, calcification and respiration (Reynaud eta!. , 2003; Raven et al.,
2005).
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In response to this global issue, coral research has investigated the effects of increased
pC02 on calcification (Riebesell, 2004; Kleypas eta!., 2005 ; Orr et al., 2005), and the
effects of temperature on coral primary productivity (Iglesias-Prieto et al., 1992; Goulet
et al., 2005). To our knowledge, no studies have so far focused on the combined effects

of DIC and temperature on coral photosynthesis. While it has been generally assumed
that 2.2 mM inorganic carbon found in seawater is sufficient to saturate coral
photosynthesis (Burris et al., 1983; Goiran et al., 1996; Gattuso et al., 1999), studies on
the effects of varied seawater DIC concentration have had conflicting results (Burris et
al., 1983 ; Herfort et al., 2008) and definite conclusions on the combined effects of

increasing DIC concentrations and temperature are confounded by variability across
studies and species.
The interactions of temperature and Ci concentration remain poorly understood because
physiological responses have been examined by manipulating one parameter at a time.
This may have been exacerbated by the fact that previous investigations have relied on
either exogenous oxygen evolution rates, or measurement of effective quantum yield of
PSII as an indicator of photosynthetic functionality. While both methodologies are
acknowledged indicators of photosynthetic functionality, the cmnplexities of oxygen
exchange between the host and algal symbiont in the coral syn1 biosis may have
contributed to some observed inconsistencies between studies. Here we present results
using combined measurement photosynthesis determined by of 02 evolution, 02 uptake
and chlorophyll a (Chl a) fluorometry of the branching coral Pocillopora damicornis
exposed to a range of Ci concentrations (0.1 - 15 mM) at 26 and 30 °C. Used for the
fi rst time on corals, membrane inlet mass spectrometry (1\'Il1\1S ) allows the co ntinu ous
tneasurement of gas exchange (02 evol and 02

uptk)

and ch lorophyll a florescence to occur

non invasively. In order to examine the physiological variation of respiration (0 2uptk)
and photosynthesis (02evol) of Symbiodinium sp. in and out of symbiosis, two tissue
models were used; whole coral pieces with zooxanthellae in lz ospite and those freeliving in culture (CZ) .
3.2 Materials and l\1ethods
3.2.1

Coral and Symbiodinium sp. growth conditions

Colonies of the branching coral, Pocil!opora dmnicornis (Linnaeus) were co llected
from Heron Island lagoon (<2m deep) (152° 06' E, 20° 29· S) (Great Banier Reef
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Marine Park Authority collection permit number 005114083.1), and transported to the
University of Technology, Sydney. Colonies were acclimated for 2 months in a 500 1
recirculating aquarium using artificial seawater (Red Sea Coral Pro sea salt mix made
up in reverse osmosis water [carbonate 140 ppm, salinity 33 ppm] 26 ± 1oc and 250
2

J.Lmol photons·m- ·s-1). A 2 cm 3 coral branch was removed from one of each of five
separate P. damicornis colonies and maintained at The Australian National University,
Canberra, in a 20 1 aquarium with the same water chemistry 2 weeks prior to the
experiments. Genetic analysis of zooxanthellae isolated from P. damicornis collected
from Heron Island by our laboratory have identified the population as subclade Cl
(unpublished data) which is in agreement with other studies (Magalon et al., 2007).
Populations of cultured Symbiodinium sp. CS-156 were originally isolated from the
coral Montipora verrucosa, and identified as being clade C (CSIRO Collection of
Living Microalgae) (Carlos eta!., 1999; Baillie et al., 2000). Cells were grown in f/2
culture media (Guillard and Ryther, 1962) made up in artificial seawater (as above) and
maintained under an irradiance of 100 J.Lmol photons·m-2 ·s-1 at 26 °C. To remove the
influence of culture age on physiological responses, all samples were taken from
cultures in the exponential growth phase (21 days of growth). Cells were concentrated
by centrifugation (5 min at 280 x g) and used immediately.
For experiments conducted at elevated temperature (30 °C), aquarium ten1peratures
were rmnped 1°C/ 12 hr over two days, then left at 30 °C for two days before use in
experiments. 30 °C was selected to provide thermal stress without inducing bleaching.
Temperature mmping of cu ltures wrts done in the sa me manner but in a water bath
(AR620 Aqua One; Tnglebun1, New South Wales, Australia). Irradiance was
maintained at 250 and 100 ~tmol photons·m-2 ·s-1 for whole corals and cultures,
respectively.
3.2.2

Measurement of gas exchange

Sin1ultaneous measurements of oxygen uptake and evolution as well as Pulse Amplitude
Modulated (PAM) Chi o fluorescence were performed using temperature-controlled
stirred chamber attached to a membrane inlet mass spectrometer (Micromass IsoPrime
EA, Manchester, UK) as previously described (Badger and Andrews, 1982; Badger et
a!. , 1985 ; Sultemeyer eta!., 1995; Franklin and Badger, 200 I) allowing measurement of
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16

0 2 (mass 32),

18

0 2 (mass 36) and C0 2 (mass 44). Actinic light was supplied from a

halogen source (KL 1500; Schott, Mainz, Germany) through the top of the chamber
which was also fitted with a fibre optic allowing simultaneous measurement of
chlorophyll fluorescence (PAM 10 1/103 ; Walz GmbH, Effeltrich, Germany). To
confirm that actinic light levels stimulated sufficient photosynthetic activity in both
whole corals and cultured zooxanthellae for measurement with both instruments,
irradiance curves (0- 2000 ~mol photons·m-2·s-1) were conducted prior to
commencement of experimental assays (Ralph and Gademann, 2005). Net 0 2 evolution
and <Dps 11 was measured after stabilizing at a given irradiance (5 min). Experimental
light intensity used was selected at the irradiance saturation point, Ek, where
photosynthetic rate (02evol) reached a plateau and before increased irradiance caused a
decrease in <Drsn.
Assays were conducted in 6 mL nitrogen-sparged incubation buffer (20 mM bis-Tris
propane (BTP) buffered artificial seawater (Red Sea Coral Pro sea salt n1ix made up in
reverse osmosis water), herein abbreviated to 20 mM BTP-ASW), pH 8.0, flushed with
nitrogen > 4 h in a thermostatted cuvette (26 °C and 30 °C). Before con1mencement of
experiments, 20 mM BTP was incubated with coral tissue which had no effect on coral
photosynthesis or respiration (unpublished data). Cultured Symbiodinium sp. (CS-156)
were concentrated by centrifugation and re-suspended in 1 mL sparged 20 tnM BTPASW (pH 8.0), to achieve a Chl a concentration between 0.8-1.5 ~tg Chi a mL-1
(Conversion factor nmol 0 2 ~tg Chl a·mL·min to nmol 0 2 ·cell·mL·min = 2.89 x 10 6 for
whole coral samples and 6.72 x 10 6 for Symbiodinium sp.). Calculation and
standardization of rates to chlorophyll content are described by Franklin and Badger
(200 1). For whole coral assays , sub-colony fragments were washed twice with sparged
incubation buffer immediately before use, then supported in the chamber on wire mesh
over a magnetic stir bar.

18

0 2 uptake was measured through the introduction of an 180 2

gas bubble to the stirred medium injected via syringe through a port in the closed MIMS
chamber. The excess
reached 250

~M.

18

0 2 bubble was removed when the total oxygen concentration

0 2 exchange and fluorescence measurements proceeded as follows.

Samples in the low Ci (< 0.2 mM)

18

0 2 - enriched medium were dark adapted for 5 tnin,

then exposed to a saturating pulse in order to obtain minimum and maximum
fluorescence (F 0 , Fm), respectively (Schreiber, 2004). At the commencement of the
assay, actinic light was supplied for 5 min (WC 250 ~mol photons·m-2 ·s- 1, CZ 100 ~mol
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photons·m-2·s- 1) before applying another saturating pulse in order to obtain the lightadapted quantum efficiency of photosystem II, (<l>ps 11 ) , which was calculated as (Fm'- Fs)
/ Fm', where Fm' is the maximal fluoresce yield during irradiation with actinic light, and
Fs is the steady state of fluorescenc e during irradiation (Genty et al., 1989). Prescribed
concentration of Ci was added u sing either 0.1 or 1 M NaHC0 3 stocks using a syringe
through the cuvette port. Fluorescence and 0 2 exchange were recorded until the rate of
photosynthesis became stable (up to 8 min). Measurements were initiated at around 0.1
mM Ci, before further bicarbonate additions were added sequentially to the same sample
to achieve concentration from 0.1-15 mM Ci. The Ci level in the cuvette at each stable
point was estimated directly form the C0 2 level in the cuvette (mass 44). C02 was used
as a direct measure of Ci by calibration of the C02/Ci ratio by injection of known
amounts ofNaHC0 3 into the reaction buffer. There was little disequilibrium between
C0 2 and HC0 3- during C02 fixation and thus C02 gave an accurate estimate of total Ci.
The effective quantum yield was measured after each Ci addition.

3.2.3

Analysis of photosynthetic pigments

On completion of each experiment, whole coral pieces were removed from the MIMS
cuvette and the zooxanthellae isolated according to methods of Masuda eta!. ( 1993 ).
Briefly, coral pieces were gently brushed with a toothbrush in 15 mL 20 mM BTPASW. The mixture was filtered through 20 ~m mesh, centrifuged at 280 x g, 26 °C for
5 minutes, and the pellet washed with 8 mL 20 mM BTP-ASW. The homogenate was
centrifuged again as before, re-suspended in a final volume of 3 mL of 20 mM BTPASW and used i1111nediately in the experi1nent. The supernatant was removed and the
final pellet re-suspended in 5 mL 90o/o acetone for 20 hr at 4 °C. For cultured
zooxanthellae, the whole cell suspension was removed from the MIMS cuvette, spun at
300 x g and resuspended in 5 mL 90o/o acetone (20 hr at 4 °C). After removal of cells
by centrifugation (5 min at 1000 x g), an absorption spectrum (400 to 800 nm) of the
acetone supernatant was measured using a spectrophotmneter (Cary 50 Bio UV-Vis
Spectrometer; Varian Inc., Palo Alto, CA, USA). Chlorophyll a contents were
calculated according to the equations of Jeffery and Humphrey (1975).

3.2.4

Statistical analysis

For each temperature treatment (26, 30 °C, n=5 for each treatment), oxygen evolution
and consumption rates were compared using analysis of covariance (ANCOV A). In all
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cases, P<O.OS was accepted to indicated a significant difference between Ci
concentrations and temperature. If no covariance was detected, analysis of variance
(ANOVA) was used to define significant differences caused by either Ci treatment (low
< 1 mM, ambient 1-3 mM, high> 3 mM), or temperature (26, 30 °C). Relative
maximum rates of oxygen evolution or uptake were calculated from the rate expressed
in the control (26 °C at 2 mM Ci).

3.3 Results
Figure 3.1 shows that Ci concentration has a significant effect on the rate of oxygen
evolution at 26 °C (P=0.037) in whole corals, where photosynthesis increases by 40% in
the presence of Ci between 1-4 mM (2.2- 4.0 nmol 0 2.)lg Chi a ·mL·min), at which
point the rate saturates and no further change was observed with carbon additions (6-15
mM Ci). Non-photochemical quenching rapidly decreased with additions of Ci at 26 °C
(Figure 3.2), NPQ was 0.54 at 0.09 mM Ci and 0.05 at 4 mM Ci (P<O.OOS). Although
there is also a positive trend in

~PSH

on addition of Ci up to 2 mM (Figure 3.2), this is

not significant. Elevated temperature had a significant effect on the rate of 02evol
(P<O.OOS) (Figure 3.1); at 30 °C the saturated rate of 0 2evol decreased by 50% when
compared to 26 °C (4.13 compared to 2.16 nmol 0 2.)lg Chl a·mL·min at 2 mM Ci, 26 °C
and 30 °C respectively).
There was no significant effect oftem.perature on <Drs 11 (Figure 3.2). However, NPQ at
2 tnM Ci was higher at 30 °C than 26 °C. While not significant (P=0 .063), additions of
Ci above 2 mM caused a fm1her increase in cDrs 11 and decrease in NPQ at 30 °C.
Neither C concentrations (P=0.36l) nor temperature (P=0.097) had a significant effect
1

on the rate of 02uptk (Figure 3.1 ). In whole corals, PSII electron f1ow was maintained
between 71.1-76 .9 )ln1ol·m2·s at 26 °C and decreases by 15°/o (60 .2-72.9 ~tmohn 2 ·s) at
30 °C (Figure 3.3 a).
Under carbon saturating conditions(> 2.2 mM) at 26°C, whole corals maintained rates
of oxygen evolution some 8 times lower than free-living Symbiodiniwn sp. (Figures 3.1
and 3.4)

(~4

compared to

~32

mnol 0 2 )lg Chl a ·mL·min at 2 mM Ci for WC and CZ

respectively). Exposure to moderate heat stress caused a 70°/o reduction in 0 2evol when
compared to 26 °C in cultured Symbiodinium sp. (Figure 3.4) (16 .53 compared to 4.95
nmol 02 -)lg Chi a·mLmin at 2 mM Ci, 26 and 30 °C respectively. P<O.OOS). Simi larly,
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<l>ps 11 decreased at 30 °C compared to the control (0.69 at 26 °C, 0.43 at 30 °C at 2 mM)
(Figure 3.5). PSII electron flow was similar in cultured Symbiodinium sp. at 26 °C
2

compared to whole corals (70.7-72.9 compared to 71.1-76.9 J.lmol·m ·s). However,
following mild heat stress, it was significantly reduced in cultures (39.4-49.3 J.lmol·m2 ·s,
P<0.005) (Figure 3.3 a and b).
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Figure 3.5 Effect of temperature and Ci concentration on photosynthetic efficiency and non photochemical quenching (NPQ) in cultured

Symbiodiniwn CS-156 at 26 °C and 30 °C . Data show means (n=5), error bars represent standard error. Dotted vertical line at 2.2 mM
inorganic carbon represents concentration of seawater.

3.4 Discussion
Seawater concentrations of DIC (~ 2.2 mM) have long been considered saturating for
photosynthesis, however there has been growing speculation that DIC supply may be a
limiting factor for a number of marine phototrophs (Raven, 1993; Beer and Rehnberg,
1997; Mercado et al., 200 1; Mercado et al., 2003; Herfort et al., 2008). Although some
investigations have speculated about carbon limitation of photosynthesis in corals
(Muscatine et al., 1989; Weis et al., 1989; Lesser et al., 1994), the results need to be
considered with caution because, as stated above, using exogenous oxygen evolution
rates or effective quantum yield of PSII alone do not reflect the complexities of oxygen
exchange between the host and algal symbiont in the coral syn1biosis. Anticipated
increases in atmospheric carbon dioxide concentrations will certainly affect carbon
assimilation and metabolism to some degree in n1arine autotrophs. Efficient
photosynthesis under these conditions will require maintaining a balance between
absorbed light energy, heat dissipation and photochemistry. Results here show that
under carbon-limiting conditions (< 2 mM, 26 °C), whole corals exhibited significant
depression in net 0 2 production, accompanied by increased levels ofNPQ. The
reduction in net 0 2 production was caused by a decrease in photosynthetically derived
oxygen (02evol) rather than increased host consumption (02uptk). Increased tetnperature
did not significantly affect host respiration as seen by 0 2uptk in Figure 3.1. Fmihermore,
the rate of 0 2uptk in the dark in whole corals is significantly greater than under irradiance
showing that algal derived oxygen production is contributing to host respiratory demand
under irradiance.
Results show thnt Ci concentration hn s

~~

signi Cicant negative effect on the rate of PSTI

electron flow and 0 2t:\'ol (Figures 3.3 a and b). The relationship between electron flow
and 02cvol is temperature dependant and sensitivity varies between cultured

Symbiodinium sp. and those in hospite. Additiona lly there is a synergistic effect of
temperature and Ci on the rate of electron transport in both tissue models (cultured

Symbiodinium sp. or in hospite), and results show a greater sensitivity to subsaturating
Ci at high temperatures. As the tem1inal electron acceptor of photosynthesis, carbon
dioxide availability partially controls the reduction state of the electron transport chain
(Durchan et al., 2001 ). Under sub-satu rating pC0 2 conditions, the Calvin cycle is down
regulated, causing over-reduction of the electron transport chain, therefore encouraging
activation of non-photochemical quenching (Durchan eta!., 2001 ). Reduced linear
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electron transport can induce cyclical electron transport, therefore reducing the ATP
pool (Egorova and Bukhov, 2006). Given that thermal stress on coral results in a
similar reduction in Calvin cycle activity (Jones eta!., 1998), we suggest that under
subsaturating pC0 2, NPQ pathways act to dissipate unutilised energy, reducing electron
flow and causing an overall decrease in 0 2evot, as seen in Figure 3.1 and 3 .2.
02evol increased rapidly with additions of Ci up to 2 mM, accompanied by a rapid
decrease in NPQ, suggesting that increased A TP consumption via photochemical
pathways can dissipate the transthylakoid proton gradients allowing NPQ to decrease.
Additions of Ci above 2 mM did not cause any further increase in net 0 2 production,
indicating that photosynthesis in corals is saturated at

~

2 mM Ci in agreement with

other studies (Burris et al. , 1983 ; Goiran et al. , 1996). High Cl>rsll values (0.6-0.7) are
not unusual in healthy P. damicornis samples (Ralph et al., 2005a), yet this is also
indicative of samples being exposed to sub-saturating irradiance. Should the experiment
have been performed under higher irradiance, the effects of Ci limitation on 0 2evol may
have been exacerbated and enhanced the levels ofNPQ.
Elevated te1nperature is known to cause photo inhibition in corals, characterized by a
decrease in maximal and effective quantum yields <Drs 11 (W an1er et a!. , 1996; Lesser,
1997; Hill et al., 2005). Indeed, the overall levels of net 0 2 production were
significantly lower, and NPQ higher, in whole corals at 30 °C. Results show that the
rate of 0 2eYol is more sensitive to Ci concentration than PSII electron flow at 26 °C
(Figures 3.3 a and b). The discrepancy between 0 2evol and <l>ps 11 (Fjgure 3.1 and 3.2)
resu lts may be associated with flu orometry measurements having Jess sensitivity to
subtle changes in A TP and NADPH produc tion as a resu lt of heat stress, and highlights
the advantages of MIMS combined measurements. Indeed, changes to the activation
state of Rubisco as a result of heat exposure are known to precede and show greater
sensitivity than measurements of maximum quantum yield of PSII (Crafts-Brandner and
Law, 2000). Mass inl et membrane spectrometry therefore allows a unique insight into
the effec ts of host and zooxanthellae metabolism. The sensitivity of this nondestructi ve technique demonstrates the ability to examine host versus algal responses to
temperature and Ci concentration, and the advantage of 0 2e\·ol rates and fluorom etery
measurements alone.
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The thermal range of cultured zooxanthellae has been suggested to lie between 20-30
°C, over which algal respiration rates remained constant while photosynthesis increased,
as measured by oxygen evolution (Iglesias-Prieto eta!., 1992). Contrary to these
results, our experiments show significant depression in both algal respiration (0 2 uptk)
(P<0.005) and photosynthesis (0 2evol and <l>ps 11 ) (P<0.001) from 26 to 30 °C (Figure 3.4
and 3.5). The temperature-induced change in 0 2evol rate in cultured zooxanthellae was
greater than observed in either whole corals indicating that cultured zooxanthellae are
more sensitive to 30 °C at 100 ~tmol photons·m-2·s-1 than those in hospite exposed to 250
2
~mol photons·m- ·s-1• This may be because host tissue may provides a more stable
environment for zooxanthellae, absorbing some light or heat from the surrounding
seawater and dissipating it through the tissue and skeleton, allowing photosynthesis to
occur at higher temperatures than those experienced by their free-living counterparts
(Dunlap and Shick, 1998; Salih et al., 2000). The cnidarian host is also known to
provide enzyn1atic defences in response to solar ultraviolet radiation or elevated
temperature, protecting the algal symbionts from oxidative stress (Shick et al., 1995;
Lesser, 1997; Downs et al., 2002; Trapido-Rosenthal et al., 2005). Zooxanthellae in

hospite are thought to utilise C02

(aq)

and HC0 3- while cultured Symbiodinium sp. are

shown to preferentially utilise HC03- (Goiran et al. , 1996) which may lead to
differences in substrate competition between Symbiodinium sp. in and out of symbiosis.
However, despite a greater relative decrease in 02evol following exposure to heat stress
in free-living Symbiodinium sp., their final rate of 0 2evol under carbon saturating
conditions at 30 °C was still greater than that of whole corals at 26 °C (~~ 13 compared to
~4

nmol 0 2 . ~g Chl a·mL·min at 2 mM Ci for CZ at 30 °C and WC at 26 °C

respectively). Other studies have recorded similar levels of 0 2-.:,ol by algae (Badger ct

al., 2000; Woodger eta!., 2003) a further indication that photosynthesis by
Symbiodinium sp. in hospite is tightly coupled to the ability of the host to supply carbon
for photosynthesis and that these mechanisms may be in1paired by temperature.
Investigations were performed on whole corals and free-living Symbiodinium sp. in
order to draw environmentally relevant conclusions about the cmnbined effects of Ci
concentration and temperature on Symbiodinium sp. in and out of symbiosis. However,
it should be remembered that direct comparisons of carbon uptake in cultured
zooxanthellae to those in ho,spite are not strictly comparable. The volume of solution
surrounding cells in an aqueous environment is large with respect of those in hospite.
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Therefore, the diffusional distance of Ci is considerably larger and leads to increased
resistance of C02 uptake in free-living cells under low Ci concentrations (Espie and
Colman, 1987). Despite this, cultured zooxanthellae were able to maintain a rate of
0 2evol around eight times greater than whole corals, even at low Ci concentrations (< 2
mM) (Figure 3.4). This would suggest that, unlike whole corals, photosynthesis in
cultured zooxanthellae is carbon saturated even at low carbon concentrations. As
shown in the cyanobacteria Synechococcus sp., zooxanthellae grown in culture may
have the capacity to up-regulate their carbon concentrating mechanisms in order to
efficiently utilise all forms of inorganic carbon in the seawater pool (C0 2(aq), HC0 3- and
2
C03- ) (Woodger et al., 2005); factors possibly contributing to increased photosynthetic
efficiency and increased yield of 02evol observed here. Additionally, the rate of
photosynthesis of in hospite cells may be tightly regulated by host factors such as
metabolically available dissolved 02/C0 2 from the host, nutrients availability and light
(Sutton and Hoegh-Guldberg, 1990; Gates et al., 1999).
Coral symbionts are critical components of coral reef ecosystems, and the relationship
between corals and zooxanthellae is an area of considerable interest in coral biology
research. We acknowledge that the different responses of cultures in vivo and in vitro to
Ci and temperature seen here may be a reflection of either sub-cladal specific
physjological or genetic variation (Robison and Wan1er, 2006; Sampayo et al., 2008).
Despite this, cultured Symbiodiniwn sp. cells are widely used in laboratory experiments
and results are commonly inferred as a model for those in
1992~

ho.~pite

(lglesias-Prieto et al.,

Rodriguez-Roman and Iglesias-Prieto, 2005). The results presented here show

that extrapolation between cell cultures and those in hospitc should be treated with care.
Measurement of net oxygen evolution in cu ltured Sym,biodiniwn sp. are distinct from
whole corals by orders of n1agnitude and their sensitivity to inorganic carbon and
temperature are markedly different, making them unsuitable models for whole coral
symbioses.
In conclusion, this investigation suggests that the growth and living environment
(culture or in

ho~pite)

of zooxanthellae showed a significant effect on their response to

both low Ci conditions (those below ambient seawater, 2.2 mM) and heat stress.
Thermal stress had less effect on zooxanthellae in hospite than those in culture.
Conversely, zooxanthellae in hospite exhibited greater sensitivity to limited Ci
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compared to free-living cells. Exposure to Ci concentrations above ambient seawater
caused no further increase in photosynthetic efficiency or net 0 2 production in either
cultured Symbiodinium sp. or those in symbiosis, supporting the theory that coral
photosynthesis is carbon saturated at present seawater concentrations.
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CHAPTER4

MEASURING CALVIN CYCLE
INHIBITION: METHOD DEVELOPMENT
A-ND OPTIMISATION

4

Measu ring Calvin Cycle Inhibition - Method Development and
Optimisation

4.1

Introduction

Exposure to elevated temperatures

(~

29 °C) is known to reduce significantly the

photosynthetic efficiency of Symbiodinium in vivo and in vitro (Warner et al., 1996; Hill
et al., 2004) and is associated with the phenomenon known as coral bleaching. Several

hypotheses for the primary target of heat stress have been proposed including damage
occurring in the light reactions (Hill et al., 2004; Takahashi et al., 2004; Takahashi et
al., 2008). In contrast, Jones et al. (1998) proposed that primary inhibition occurs at

the site of the Calvin cycle via inhibition ofthe carbon-fixing enzyme Rubisco, a
hypothesis in agreement with results from other studies (Leggat et al., 2004; Bhagooli
and Hidaka, 2006).
Identifying the primary site of thermal photoinhibition in Symbiodinium is an active area
of coral research, and has important environmental and economic implications for the
managen1ent of natural resources. However, despite tools available for the rapid, direct
and accurate assessment of photosynthetic light reactions in Symbiodinium sp. (Giersch,
1979; Schreiber et al., 1995), current equivalent methods for the assessn1ent of Calvin
cycle activity rely on indirect 1neasurements such as inorganic carbon uptake using
radiolabelled carbon isotopes (Davy et al. , 1996; Clark and Flynn, 2000; Crossland et
a!., 2004). This leaves the Calvin cycle reactions of Symbiodinium difficult to study and

poorly understood.
For higher plants however, a common and effective method exists to measure Calvin
cycle tum-over via the assessment of the metabolite intermediates D-ribulose1,5,bisphosphate (RuBP) and 3-phospho-D-glycerate (PGA) . \Vhile this
spectrophotometric enzyme-linked assay is widely used in studies of macrophytes
(Lilley and Walker, 1974; Lan and Mott, 1991; He eta!., 1997; Law and CraftsBrandner, 1999; Cen and Sage, 2005), it has yet to be applied to Symbiodinium sp.
In this chapter, the application of the Calvin cycle metabolite assay for use with
Symbiodinium sp. is discussed. This approach is considered and discussed as a tool for
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measuring the activity of photosynthetic reactions down-stream of the light reactions.
Applied for the first time on Symbiodinium sp., the development and optimization of the
assay is presented and the technique is discussed with respect to sensitivity, precision
and time-to-result. Firstly, the background of the assay and the existing method is
discussed.
4.1.1. Symbiodinium sp. Rubisco

The qualitative and quantitative study of cellular metabolites is of particular interest in
studying biological syste1ns. The extraordinary diversity of metabolic reactions can be
used to examine the maintenance, growth and functioning of a cell (Hanigan and
Goodacre, 2003). Metabolite target analysis allows the specific analysis of compounds
that are specific to a particular cellular reaction.
Rubisco (ribulose- I ,5-bisphosphate carboxylase/oxygenase) (EC 4.1.1 .39) is the key
photosynthetic enzyme in all plants and algae, facilitating the primary carboxylation of
C02 (atm)· Rubisco activity has been identified as one of the primary factors limiting
photosynthesis at saturating light and C0 2 (atm) and can exert significant control on
prin1ary production and growth (Krapp eta!., 1991; Sharkey eta!., 2001) .
Symbiodinium sp. are unusual among oxygenic phototrophs in that they utilize type II

Rubisco (Whitney and Ye1lowlees, 1995; Rowan eta!., 1996) in contrast to other
eul a1yotes that use type I Rubisco. Type II Rubsico's notoriety as a poor C02 I 02
discriminator has led to the identification of carbon concentrating mechanisms in
Symbiodinium sp. (Al Moghrabi eta!., 1996; Furia and Allemand , 2000; Furia eta/.,
2000) . These processes provide sufficient concentrati ons of C0 2 around the enzyme to

allow efficient carbon fixation (Leggat eta /., 1999). Rubisco has been identified as a
target for thermal inhibition in higher plants (Weis, 1981 ; Salvucci and Crafts-Brandner,
2004a; Takahashi and Murata, 2005) and has been suggested as a credible candidate for
primary them1al inhibition in Symbiodiniwn sp. (Jones eta!., 1998), however the
discovery that Sy mbiodinium sp. Rubisco is extremely unstable following cell lysis
makes it difficult to directly study its enzymatic activity in vitro (Whitney and
Yellow lees, 1995). The coupled, spectrophotometiic assay for Ribulose-1 ,5biphosphate (RuBP) developed by Lilley and Walker (1974) provides a rapid indication
of reaction rate and does not involve the use of radio labelled bicarbonate isotopes
common to traditional radiometric assays.
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4.1.2

Measuring Calvin cycle intermediates

Rubisco catalyses the reaction between RuBP and carbon dioxide to produce a series of
carbon intermediates and involves the consumption of ATP and NADPH. These
reactions are presented in more detail in the diagram below (Fig 4.1 ). The metabolite
assay is based on measurement of the reaction velocity ofRuBP and 3-PGA reduction
following the sequential additions of ATP and NADPH to the assay medium.
Experimental cell preparations are processed in order to quench and conserve
metabolite intermediates for final spectrophotometric measurements. Monitoring the
change in absorbance at 340 nm reflects the consumption ofNADPH following the
addition of exogenous A TP and Rubisco to the samples, and thus enables accurate
quantification of extracted end-point metabolite concentrations PGA and RuBP
respectively.
Ribulose-1 ,5-biphosphate (RuBP)

C02

Rubisco
r.

Glycerate 3-phosphate
(PGA)
Phosphoglycerate kinase

t

ATP
ADP+ +Pi

Glycerate 1,3-biphosphate
(PGAP)
Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH)

~

NAD PH + H+

~

NADP+

l

Glyceraldehyde-3-phosphate (G3P)
Triosephosphate isomerase
(TIM)

Dihydroxyacetone phosphate (DHAP)

~

NADPH + H+

~

NADP+

Glycerol-3-phophate

Figure 4.1 Detail of Calvin cycle metabolic intermediates
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This study aimed to trial the method for utilization with the marine dinoflagellate

Symbiodinium sp. While the direct measurement of metabolites holds an advantage over
other methods such as radioisotope assays, the procedure may have limitations that
make its use with Symbiodinium sp. complex. For example, the saline growth media of

Symbiodinium sp. may impede the enzymatic activity of exogenous Rubisco which is
thought to be sensitive to salinity (Seemann and Sharkey, 1986; Sivakumar et al., 1998).
Additionally, Symbiodinium sp. Rubisco may become unstable during the lengthy
isolation and purification process.

4.2 Method development and results
Using a synthesis of two existing methods (Lilley and Walker, 1974; He et al., 1997), a
pilot study was conducted using Symbiodinium sp. cells (5 1-1g Chl a/ml). This method
did not yield a measurable signal of RuBP or PGA reduction when measured by a
spectrophotometer. The method was then dissected into its components and each stage
optimized for use with Symbiodinium.
The metabolite assay can be broadly divided into four steps:
Cell preparation-~ Quenching----* Cell Lysis ----* Concentration of n1etabolites
-~

Measurement

In order to test the effectiveness of each step individually, and the retention of
met8bolites throughout the extraction and concentratio n process as a whole, a known
concentration of RuBP was added at one of each of the method steps during
optimization. Recovery 2:. 95°/o of the spike at the spectrophotometric stage was
considered acceptable. Here, a synthesis of methods and results for each phase are
presented in a step-wise progression.

4.2.1

Sym biodinium sp. growth

Batch cultured Symhiodiniwn sp. CS-73 were grown in f/2 culture media (Guillard and
Ryther, 1962) made up in artificial seawater (Red Sea Coral Pro in reverse osmosis
water) with carbonate of 140 ppm , salinity 33 ppm, 26 ± 1°C. Cultures were
maintained under an irradiance of 60 1-1mol photons m- 2 s- 1 on a 12:12 h light: dark cycJe.
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To remove the influence of culture age on physiological responses, all samples were
taken from cultures in the exponential growth phase (21 days of growth). Previous
studies using higher plants express plant samples as a function of leaf-disc size rather
than Chi a concentration. With no analogous research for microalgae, it was necessary
to estimate Symbiodinium sp. concentrations. Three concentrations were chosen to be
comparable or in excess of other studies employing a similar metabolite method on
higher plants (Jun et al., 2001). Initial experiments using Symbiodinium sp. at 5 )lg Chi

a- 1 mr 1 did not yield a measurable amount of metabolites. Therefore, cells were
concentrated by vacuum to a final concentrations of 10, 50 or 100 )lg Chi a/ml for use
in the assay. It was only possible to address whether there was a sufficient
concentration of metabolites as a function of Chi a when measured at the
spectrophotometric stage (results are discussed in 4.3).

4.2.2

Preparation of cells

Symbiodinium sp. samples were thermally stressed in order to allow a comparison of

metabolite concentration. Five ml of Symbiodinium cells (1 0, 50 or 100 )lg Chl a- 1 mr 1)
were exposed to 60 J.lmol photons m- 2 s- 1 at 26 or 32 °C for 10 min. The length of
temperature exposure was demonstrated to be sufficient to significantly inhibit <I>rsll at
32 °C.
1.0

R2 == 0.8623
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Figure 4.2 Effective quantum yield (cDps 11 ) of CS-73 exposed to 32 °C. Error bars
represent± standard enor (n=4).
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4.2.3

Isolating Rubisco

Purified Rubisco is required at the spectrophotometric stage in order to measure the end
point concentration of RuBP . Methods did not require optimization and are exactly as
described by He et al. (1997).
Purified spinach Rubisco was activated in 50mM Hepps-NaOH buffer, pH 8.3 ,
containing 20 mM MgCh, 20 mM NaHC0 3 and 1 mM EDTA, concentrated to 50-100
mg/ml by centrifuging in a concentrator (Centricon-30, Amicon, Beverly, MA) and
preincubated for 10 min at 50 °C in a stoppered Eppendof tube. RuBP and PGA were
measured consecutively in the same assay.

4.2.4

Quenching cell preparations

Rapid quenching of Symbiodinium samples is required in order to reduce the
consumption of metabolites before extraction. In initial studies this was achieved by
adding samples to 70 %methanol at 0 °C. Adaptation of this method tested quenching
buffers using 70 o/o and 80% methanol (Hans et al., 2001). In addition, methanol was
supplen1ented with or without either 1 °/o Formic acid or 1 % Trifluoroacetic acid (TFA)
(Ruuska et al., 1998) and conducted at either -4 °C or -20 °C. Both Fonnic acid and
TF A have been shown not to cause inhibition of photosynthetic components at these
concentrations (Sharkey et al., 2001; Hanson et al., 2002). Rapid mixing of cells was
needed to ensure maximum contact with the quenching buffer and reduce frozen
aggregates of cells when conducted at -20 °C. Cells were then separated from the
quenching buffer by centrifugation x l 0,000 g for 10 min at 0 or -20 °C to be used in the
cell lysis step. When tria11ed with leaf discs, these methods were shown sufficient to
immobilize and conserve metabolites during the extraction (data not shown).
To test whether the NaCl found in seawater interfered with the enzymatic activity of
exogenous Rubisco, trials were set up over a range of NaCl concentrations (15 , 35 and
50 ppm). Samples of Sy mbiodinium sp. cells in f/2 at each concentration were
concentrated by centiifugation and added straight to the extraction buffers described
below in order to determine whether salt at the concentration found in f/2 interfered
with the spectrophotometric assay. Additionally, in order to remove the potential of
interference by salt, samples of Symbiodinium sp. were also treated with quenching
buffer (as described above) in order to remove the saline component through dilution
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and subsequent removal of quenching buffer. When added straight to the extraction
buffer, results found that 35 ppm salt in f/2 did not inhibit Rubisco activity, nor interfere
with the absorbance readings during the spectrophotometric stage compared to a control
(0 ppm reverse osmosis water) (Table 4. 1). If added to the quenching step, the salt was
effectively removed by the buffer (98 %).

Table 4.1 Effect of f/2 salinity on A34o ± standard error (n = 4), P values shown
compared to control (0 ppm).

4.2.5

p

Salinity (ppm)

Change in A340

0

0.0426 ± 0.0010

15

0.0431 ± 0.0010

< 0.001

35

0.042 1 ± 0.0009

not significant

50

0.0399 ± 0.0011

< 0.005

Cell lysis

Addition of an RuBP spike to a preliminary experiment during the cell lysis step
identified it as a stage where metabolites were potentially lost via evaporation or
degradation (Boag and Portis, 1985) . Addi tionally, it was necessary to adap t methods to
provide access to chloroplasts held w ithin the structural properties of Symbiodinium sp.
cells. Unlike the chlorophyll-containing rnesophyll cells in leaf samples, Syrnbiodinium
sp . have very robust cellulose cell wall . Therefore, without sufficient cell lysis,
metabolites could not be readily released into solution and extracted. Application of
original cell lysis melhods such as homogeniza tion in a pestle and 1norlar or glass
hmnogeniser at -20 °C (Ruus ka eta!. , 1998; Sha rkey et al., 200 l ), were not robust
enough to lyse Symbiodiniwn sp. (observed under high magnification using a light
microscope). Therefore, adaptation of the methods for use with Symbiodin iwn sp.
needed additional spec ific attention. Considerab le effort was made to adopt a technique
that effectively lysed the dinoflagellates and all owed co mpl ete extraction of
metabolites. These are now di scussed in more detail.
Original methods of cell lysing use acidi fi ed buffers or homogenization (Di Marco and
Tricoli , 1983; He et a!. , 1997; Ruuska ct a!., 1998; Sharkey et a!., 2001 ). Us ing a light
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microscope for confirmation of cell rupture, these methods were found to be ineffective
individually at lysing Symbiodinium sp. Instead, a progression of lysis buffers was
tested. These were a combination of 70, 80 or 90o/o methanol with or without either
Formic acid or TFA at a concentration of either 1o/o or 5o/o. Lysis was first conducted at
-20 °C, and then tested at 65 , 70 and 80 °C (Gonzalez et al., 1997; Hans et al., 2001). In
addition, manual homogenization of cell extracts was carried out. Sonication (1 min at
15W, Sigma Ultrasonic Processor, GEX-600, Sigma Aldrich Australia) (Moritz et al.,
2000) and manual homogenization using a glass tissue grinder (1 min) was carried out
on samples lysed at - 20 °C. Homogenisation using borosilicate glass beads (ltnl cell
suspension in lysis buffer with 0.4 g 710-1180 J.lm beads, and 0.2 g 15-212 J.lm beads,
Sigma Aldrich) (Trapido-Rosenthal et al., 2005) was performed on samples lysed at20, 65, 70 and 80 °C. Table 4 .2 shows a selection of the most successful method
adaptations.

Table 4.2 Complete cell lysis achieved by different homogenization techniques ±
standard error (n = 4), P values shown compared to control (no homogenization or
acidification).
Homogenisation

o/o Cell Lysis

Technique

1o/o TFA only

I% Formic only
Sonic::~t i on

I

80 o/o MeOH at 65 °C

80 o/o MeOH at 70 °C

85.9 ± 1.2 (P < 0.005)

82.5 ± 0.12 (P < 0.005)

85.0 ± 0.99 (P < 0.001)

8 1.1 ± 5.1 (P < 0.005)

- --- -

64.3 ± 4.7 (P .--- 0.005)

60.9 ± 1.7 (P < 0.005)
I

86.1 ± 1.1 (P < 0.005)

Tissue grinding

78.9 ± 1.8 (P < 0.005)

Bead beating

97.8±0.91 (P < O.OOl)

96.9 ± 0.8 (P < 0.001)

96.2 ± 1.53 (P < 0.001)

97.8 ± 0.91 (P < 0.001)

Bead beating

+ 1°/o TFA

Full extraction of metabolites was conducted using either a single or multistep method .
The single step method consisted of lysis and extraction described above, pelleting cell s
via centrifugation ( 10,000 rpm for 2 min at -10 °C or 20 °C) and the supernatant then
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concentrated according to the methods below. The multipart method involved two-part
serial extraction. Primary extraction was performed as above. Cells were collected via
centrifugation (1 0,000 rpm for 2 min at -10 °C or 20 °C), the pellet was then resuspended in either 70, 80 or 90% methanol± either Formic acid or TFA at a
concentration of either 1o/o or 5% and performed at a temperature of 65, 70 or 80 °C.
The cells were then re-pelleted and the supernatant removed. The two supernatant
extracts from the multipart method were then either run separately in the
spectrophotometer, or combined into one extract and concentrated as per below.
Addition of the RuBP spike revealed that metabolites were not lost using either the
single or multistep extraction method. Secondary extraction of the pellet (multistep
n1ethod) did not significantly increase the concentration of extracted metabolites (o/o
recovery= 95.2 ± 1.2 for single step method and 96.4 ± 0.91 for multistep method).
Trifluoroacetic and formic acid extraction were shown to preclude Rubisco inhibition at
the spectrophotometric stage. All homogenization teclmiques lysed the Symbiodinium
cells to some extent (Table 4.2) However, bead beating caused significantly greater cell
rupture than homogenization using a tissue grinder or sonication. Additionally,
sonication and manual homogenization caused some loss of the RuBP spike, while bead
beating did not. Extraction at higher temperatures (65 and 70 °C) caused significantly
greater cell lysis of Symbiodinium (P < 0.005 compared to extraction at -20 °C), but was
optimal when combined with bead beading (P < 0.001).
4.2.6

Concentrating metabolites

\Videly-used method s involve freeze-drying the methanol supen1atant under vacuum
(He eta!., ] 997). This is a lengthy process, which can take up to an hour to complete
and involves exposing the sample to fluctuating temperatures during the drying process.
Addition of the RuBP spike identified the metabolite concentrating step as a likely
pe1iod where metabolites could be lost.
An alternative method was tested whereby the methanol extract was dried under
purified nitrogen gas (N 2). Compared to freeze-drying, this method was much faster
and addition of the RuBP spike before drying showed that loss of metabolites during
this step was reduced significantly (P = 0.005). The condensed samples are then used
im1nediately in the assay or snap frozen in liquid nitrogen and stored at -80 °C.
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4.2. 7

Spectrophotometric assay

Before the sample can be assayed in the spectrophotometer, the dried residue is
traditionally re-suspended in 200

~1

water and mixed with 2 mg activated charcoal to

remove chlorophyll that may interfere with the absorbance measurements. Tested
methods that excluded the use of activated charcoal found this process to be
unnecessary in Symbiodinium sp. extracts. The method was therefore modified by
omitting this step; instead the dried residue was re-suspended in 50

~L

water, kept on

ice until added to the assay mixture (final volume 2 mL) containing 90 mM HEPPSNaOH, 100 units of PGA kinase (Boehringer Mannheim) and 40 units of glyceride 3phosphate dehydrongenase mixture (Boehringer Mannheim).

0.10
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t/'J

~

0.00

-0.05~
I
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B
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Figure 4.3 A sample spectrophotometric trace showing the expected time course of
absorbance change (Abs 340 nm) during NADPH oxidation coupled to ADP formation
from a control sample (leaf). Arrow A indicates 21 nmol of ADP added, arrow B
indicates 21 nmol Rubisco added. Vertical bar C represents the expected decrease in
absorbance due to the consumption of NADPH.
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Read in real-time at A 340 , the re-suspended sample is added to a glass cuvette. Once the
signal is stable 5

~L

of 1 M A TP is added and the concentration of PGA is calculated

from the decrease in absorbance following oxidation ofNADPH. RuBP is then
calculated from the absorbance decrement following the further addition of 5

~L

of

activated concentrated Rubisco solution.

4.3 Discussion
The foremost goal of metabolomic assays is the measurements of a range of primary
and secondary metabolites present within a biological system. They are utilized as a
means of understanding the biological and functional role of a system exposed to
specific environmental factors. In this case, the effects of heat stress on Calvin cycle
tnetabolite intermediates RuBP and PGA was fo cused on as a means of examining the
thermal inhibition of the carbon-fixing enzyme Rubisco.
The extraction of intra-cellular metabolites provides a valuable insight into functi onality
of the metabolome, but extraction can be time consuming. One of the major concerns
with the original n1ethods of the RuBP/PGA assay was the length of tune between cell
quenching and the spectrophotometric measurements. Sy mbiodinium sp . type II Rubisco
is known to be very unstable upon cell lysis (Whitney and Yellow lees, 1995), therefore
conservation of metabolic intem1ediates once in vitro was of considerable in1portance.
A major outcome of the adaptations was the reduction in experimental steps, whereby
the whole process could be completed in approximately 90 minutes, compared to up to
4 hours needed to cany out previously described methods (Lilley and Walker, 1974; He

ct a!., 1997). Concentrating th e cxtmcr co mprised the majority of time, taking up to 60
minutes, b ut use of a RuBP spike at this stage confirmed that metaboli tes are not lost or
degraded during the drying process.
Metabolic processes are rapid with reac ti ons times occuning in microseconds (Bowden,
199 5; Kettling eta!. , 1998), therefore rapid inhibition of enzymati c processes is vital.
In the past this has been accomplish by rapi d freezing (He et al. ,

1 99 7 ~

Wittrnmm et al.,

2004). However, excessively low temperature quenching (- 50 °C) has the po tential to
cause metabolite loss (Gerhardt and Heldt, 1984). The quenching step in thi s assay was
one of the hardest to quantify since it was onl y va lidated at the fi nal, spectrophotometric
sta ge, by which point other compounding fac tors such as metabolite degradation may
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have contributed to a negative resul t. Although the methods tested in this study were
sufficient to preserve metabolites from leaf samples, Symbiodinium sp. may respond in
an as yet unknown and contradictory manner. As quenching was carried out at
temperatures< - 4 °C, metabolic activity was unlikely, minimizing the chance of RuBP
consumption. However, other organisms have been shown to be particularly sensitive
to cold quenching during metabolite analysis which can result in the loss of compounds
via cell leakage (Wittmann et al. , 2004). Additionally, Sy mbiodinium sp. compound
loss m ay have resulted from the release of wound-induced secondary metabolites
(Loaiza-Velarde et al., 1997) or the non-reversible loss of m etabolites through
absorption into cell walls (Kimball and Rabinowitz, 2006) .
Addressing complete lysis of Symbiodinium sp. during metabolite extraction was an
area that required detailed optimization. Tested methods revealed that 80 and 90%
methanol with 1% fom1ic acid performed as an effective extraction buffer. When used
in combination with heat (65 °C) and homogenization (glass beads) over 95 o/o of cells
were lysed. Concentrations of salt found in f/2 media (33 ppm) were found not to
interfere with the enzymatic activity of exogenous Rubisco or absorbance reading. A
diagram summarizing the tested methods can be found in Appendix 1. Critically,
although validation of the method steps individually resulted in the recovery of the
RuBP spike, when run in sequence no metabolites were detected. This may have been
caused by denaturation; the pH of the quenching and extraction buffers when used in
combination may have contributed to the decomposition of metabolites (Boag and
Portis, 1985). Extensive sample drying is also lmown to result in the loss or
decomposition of volatile metabolites (\Vilson and Nicholson, 1987).
Detecting NADPH oxidation in samples of Symbiodinium sp. concentrations of 100 )lg
1

Chi a mr was unsuccessful, and the quantity of cell material used in the trials may have
been a con tributing factor. A long-standing challenge in metabolite analysis is the
extraction of compounds from the biological sample in detectable quantities. The size
of the metabolome is known to vary considerably across species and can vary over
magnitudes of concentration (pmol-mmol) (Harrigan and Goodacre, 2003), and while
applicable to higher plants it is possible that the concentration of RuBP and PGA in

Sy mhiodinium sp. may fall below the detection limits of this assay. Symbiodinium sp. is
commonly cul tured for use in laboratory experimen ts and with growth rates for some
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species as low as 0.1 d- 1 ± 0.01, culturing these organisms can be a lengthy process.
The amount of cell material available for these experiments therefore became a limiting
factor, and while trials at higher concentrations (nmol) would be preferable, it fell
beyond the reach of this thesis.
Existing methods for the direct measurement of Calvin cycle kinetics in Symbiodinium
sp. still present a considerable challenge due to the instability of the enzyme. The
complementary measurement of metabolite intermediates in Symbiodinium sp. warrants
further investigation since it would provide a significant and powerful tool for
researchers analogous to those applied to higher plants (Sage et al., 1988; Jun et al.,
2001 ). Through the experiments outlined in this chapter, considerable improvements to
previous methods (Lilley and Walker, 1974; He et al., 1997) were made here.
Validation of the assay's discrete steps addressed the effects of salinity, tetnperature,
incomplete cell lysis, and concentration of cell extracts had been addressed and
techniques were optimized in order to remove potential limitations to the end result.
However, the assay when run in its entirety on Symbiodinium sp. extracts did not yield
measurable changes of NADPH absorbance at 340 nm. Possible explanations for the
negative results include sequestration, absorption and/or decomposition of the
compounds by unidentified cell reactions during the extraction (Kimball and
Rabinowitz, 2006). Jt is important to note that while superior extraction buffers were
developed during this study, only acid:alcohol mixtures were tested. Thus, other
organic solvent compositions (de Koning and van Dam, 1992; Gonzalez et al., 1997),
addition of preservatives (Shryock et al., 1986), or pHs (Gonzalez eta/., 1997;
Buchholz ct a!., 200 1) tnay produce superior extracts.
Although widely used on vertebrates (Ong et al., 1998; Cumming et al., 2001; Zhang et
a/., 2003) and higher plants (Stitt et al., 1989; Ruuska et al., 2000; Zobayed et al.,

2005), a review of the current literature did not yielded evidence of metabolomic assays
on dinoflagellates, or indeed marine organisms. Alternative techniques for analyzing
low-concentration metabolites is by mass spectrometry (Roessner et al., 2000;
Aebersold and Mann, 2003) or chromatography (Clonis et af., 2000 ; Cserhati et al.,
2000; Roessner et af., 2000), both powerful techniques for quantification of cellular
compounds. Additionally, measurement of metabolites directly within the organism or
~nvironment
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is possible via the use of nuclear magnetic resonance (Bhattacharya et af.,
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1995; Castrillo et al., 2003). The diverse physio-chemical nature of different
metabolites means that often no single analytical method is adequate. Therefore the
successful measurement of metabolite in Symbiodinium sp. may require an alternative
approach utilizing one or more of these methods.
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CHAPTERS
DIFFERENTIAL INHIBITION OF THE
CALVIN CYCLE REACTIONS IN
SYMBIODINIUMSP. DURING HEAT

STRESS

5

Differential inhibition of the Calvin cycle reactions in Symbiodinium sp. during
heat stress

The results from this chapter have been formatted as a short paper and which is
currently under review at Photosynthesis Research.

Buxton. L., Takahashi. S., Hill. R. and Ralph, P. J. (in review) Differential inhibition of
the dark reactions in Symbiodinium sp. during heat stress. Photosynthesis Research.
Experimental design, data collection and analysis were performed by Lucy Buxton who
was also author of the paper. Intellectual contributions were made by Peter J Ralph
(Principal Supervisor). Editing the manuscript was assisted by S. Takahashi and R.
Hill.

5.1
5.1.1

Introduction
The Calvin cycle as a target for heat stress

Several mechanisms have been proposed to explain the observed downregulation of
photosynthesis under elevated temperature that leads to bleaching.
Early research proposed that thermal inhibition was a result of reduced enzyme activity
associated with C0 2 fixation in the Calvin cycle (Emerson, 1935; Codd, 1981 ). This
opinion has been supported by recent studies showing a discemable decrease in the
functioning of the C0 2-fixing enzyme ribulose-! ,5-bisphosphate carboxylase/oxygenase
(Rubisco) (Codd, 1981; Weis, 1981 ; Jones et al., 1998; Salvucci and Crafts-Brandner,
2004a: S8lvucci Fmd Crafts-Bnmdner. 2004b). and it has been proposed that the most
temperature-sensitive reactions in the overall photosynthetic reactions in Symbiodinium
sp. lie in the Calvin cycle (Jones eta!., 1998). Inhibition of photosynthesis has been
shown to be closely correlated to the thermal stability and activity of Rubisco (Law and
Crafts-Brandner, 1999; Salvucci and Crafts- Brandner, 2004a; Salvucci and CraftsBrandner, 2004b ), and the reversible nature of Rubisco inhibition under mild heat stress
may play a role in temperature regulation of the overall photosynthetic process (Weis,
198 1). Under these conditions, inhibition of Rubisco causes increased trans-thylakoid
proton gradient (L1pH), which in tum causes over reduction of the electron transport
chain down-stream of PSI , and reduction in cDps 11 and/or exacerbation of
photo inactivation of PSil (Takahashi and Murata, 2005).
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5.1.2

Measuring down-stream inhibition

Dark-light induction curves are a common tool in Pulse Amplitude Modulated (PAM)
fluorometry used to understand photosynthetic processes. Saturating pulses can be
applied repetitively to measure the steady state fluorescence yield of the sample and the
quantification of fluorescent parameters produced from dark-light induction curves
provides useful infom1ation on the state of enzyme reactions in the Calvin cycle
(Kautsky and Hirsch, 1931; Munday and Govindjee, 1969). The steady decline in Fm'
immediately after illun1ination reflects the over-reduction of QA and the formation of a
light-induced transthylakoid pH gradient
~pH

(~pH).

Initiation of the Calvin cycle requires

and stromal alkanisation for enzyme activation (Carrillo eta!., 1981; Mott and

Berry, 1986) and ATP production (Heldt, 1979). Consequently, the subsequent rise in
Fm' (> 60s of illumination) is coupled to Calvin cycle activity and the associated
consumption of ATP (Krause and Weis, 1991 ).
The con1ponents of photosynthetic electron transport are can be isolated and
manipulated using chen1ical inhibitors, artificial electron donors and acceptors,
individually or in com.bination. When known chemicals are used in combination with
chlorophyll a fluorometry the method becomes a powerful tool for exmnining
biochen1ical processes such as primary light reactions (Hill eta!., 2004), thylakoid
electron transport (Leipner eta!. , 1999; Sharp et al., 1999), dark-enzytnatic reactions
(Miller and Canvin, 1989) and photosynthetic regulatory processes (Neubauer, 1993;
Backhausen ez a!., 1994).
Methyl vio logen (N,N'-Dimethyl-4,4'-bipyridinium dichloride), also known as paraquat,
is a commonly used electron acceptor in studies of photosynthesis (Tripathy and
Mohanty, 1980; Asada et al., 1990; Ivanov eta!., 2007) and metabolis1n (O'Fallon and
Wright, 1991 ). Methyl vio logen (MY) acts as an artificial electron acceptor allowing
oxidation of the primary acceptor Fen·edoxin. It facilitates linear electron flow and
establishes

~pH

(Hormann eta!., 1994; Ivanov eta!., 2007) . The ability of MY to

reverse the effects of inhibition down-stream of ferredoxin was examined by using it in
combination with the known Calvin cycle inhibitor Glycolaldehyde. Glycolaldehyde (2hydroxyethanal) inhibits phosphoribulokinase, the enzyme responsible for the synthesis
of rubulose-1 ,5-bisphosphate, and leads to inJ1ibition of the Calvin cycle and C02
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fixation (Miller and Canvin, 1989; Takahashi and Murata, 2005). Under conditions of
Calvin cycle inhibition, the reduced demand for A TP and NADPH leads to overreduction of the electron transport chain. This process is associated with a decrease in
<l>ps 11 and increase in NPQ as excess energy is diverted away from the reaction centers.
Methyl viologen acts as an alternative electron sink at ferredoxin, causing re-oxidation
of the electron transport chain and restores

<I>PSII·

Experiments involving incubations

with MV therefore allow electron transport to be divided between that occurring upstream of ferredoxin, in the light reactions, and down-stream of ferredoxin during
NADPH generation for the dark reactions. Until now, a detailed study into the effects
of heat on this particular site of the electron transpo1t chain in Symbiodinium in vitro
and in vivo has not been performed.

chloroplast stroma

thylakoid lumen

Figure 5.1 Diagram shown the site of action of the competitive electron acceptor
methyl viologen at Photosystem I

Synthesis ofNADPH is essential for driving carbon fixation via the Calvin cycle.
Disruptions to this process by elevated temperature have the potential to affect carbon
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sequestration of Symbiodinium sp. In the context of climate change, this is of particular
relevance since it would have significant implications for the carbon budget of coral
reef ecosystems. An understanding of the thermal sensitivity of this vital stage in
electron transport is essential, if the primary mechanisms of heat stress in Symbiodinium
are to be understood.
In this chapter, the development of an effective fluorescence assay using MV is
described. Preliminary experiments were designed in order to test the effectiveness of
MV to act as an artificial electron acceptor in Symbiodinium sp. following controlled
Calvin cycle inhibition using GA. Application of the assay on Symbiodinium sp. in vivo
and in vitro examined the degree of over-reduction of the electron transport chain downstream of ferredoxin following exposure to heat stress (32 and 34 °C). In order to
examine degrees of thermal inhibition, the two coral species, Pocillopora damicornis
and Stylophr:__r:a pistillata, were chosen for their difference in bleaching susceptibilities.
Additionally, the effects of elevated temperature were investigated on a range of
cultured Symbiodinium sp. clades A, and B and subclade C 1 in order to investigate
cladal differences in the patterns of thermal inhibition.

5.2

Materials and Methods

5.2.1

Coral and Symbiodinium sp. growth conditions

Colonies of the branching coral, Pocillnpora damicornis (Linnaeus) and Stylophora
pistillata (Esper) were collected fr01n Heron Island lagoon (<2m deep) ( 152° 06' E, 20°

29' S) (Great BatTier Reef Marine Park Authority collection permit nmnber
G05/ 14083 .1 ), and transpmicd to the University of Technology, Sydney. Single com!
nubbins were re1noved from each of 8 colonies prior to use in experiments. Nubbins
were accli1nated for 1 n1onth in a 500 1 re-circulating aquarium using artificial seawater
(Red Sea Coral Pro in reverse osmosis water) with carbonate of 140 ppm , salinity 33

ppm, 26 ± 1oc and 250 ).lmol photons m- 2 s-

1
•

Genetic analysis of zooxanthellae isolated from P. damicornis and S. pistillata collected
from Heron Island by our laboratory have identified the population in both species as
subclade Cl (unpublished data). This is in agreement with other studies from Heron
Island (LaJeunesse eta!., 2003; Magalon eta/., 2007). Description of the genetic
analysis methods can be found elsewhere (van Oppen eta/., 200 1; Ulstrup and van
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Oppen, 2003), and are only described here briefly. DNA extractions were performed
using the DNeasy Tissue Kit (Qiagen). Subsequent analysis was performed to amplify
rDNA internal transcribed spacer 1 (ITS 1).
Various populations of cultured Symbiodinium sp. were used; CS-73 (clade A;
(Takahashi et al., 2008)), and monocultures of clade A, and Band subclade C1 (from
the Trench Collection). Cells were grown in f/2 media (Guillard and Ryther, 1962)
made up in artificial seawater (as above) and maintained under an irradiance of 40-60
~mol photons m-2 s- 1 at 26 °C. To remove the influence of culture age on physiological

responses, all samples were taken from cultures in the exponential growth phase (21
days of growth).

5.2.2

Fluorescence measurements

Smnples were dark-adapted for 10 min, and minimum fluorescence (F 0 ) measured via
the application of weak pulsed measuring light. Preliminary experiments identified that
10 min allowed maxin1um Fm and minimum F 0 to be achieved (data not shown). A
saturating pulse light (2100 ~nwl photons m- 2 s- 1) enabled the measurement ofFm.
Maximum quantum yield can therefore be calculated as (Fm- F 0 )/Fm. Immediately
following this, the sample was exposed to actinic light (80 or 50 ~mol photons m- 2 s- 1
for whole corals or cultures respectively) and a series of saturating Hashes to measure
Fm '. From these <l>psrr and non-photochemical quenching (NPQ = (Fm- Fm')/Fm') can be

calculated (Schreiber eta!., 1986).

5.2.3

Optimising usc of methyl viologcn with Symbiodinium sp.

Preliminary experiments were performed in order to test a) artificial inhibition of the
Calvin cycle using GA, b) the effective reversal of this inllibition using MV, and c) the
optimum conditions under which the chemicals should be used with Symbiodinium sp.
both individually and in combination. These trials are described in n1ore details in the
sections below.

5.2.3.1 Methyl viologen and glycolaldehyde
Inhibition of the Calvin cycle in Symbiodinium sp. was achieved through additions of
GA, The effectiveness of MV as an artificial electron acceptor acting to ameliorate this

inhibition was also tested. Coral nubbins of S. pistillata (2 cm 3, ca. 17 ~g/mL Chl a,
n=8)) were incubated in 10 mL 0.45 !Jill filtered seawater (FSW) in 20 mL scintillation
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vials at 26 °C and <l>rs 11 was measured as described above. Half the samples were
incubated in the dark with 20 mM GA for 1 hour and <l>rs 11 measurements taken.
Varying concentrations of MV (0, 5, 10, 20, 30, 40 mM) were added to all the samples
and incubated in the dark for a further hour. At the end of incubation (2 hr total), <l>rs11
was re-measured. This test was repeated on P. damicornis and each test strain of

Symbiodinium sp. (1mL cells concentrated to ca. 1 1-1g/mL Chi a in 2 ml 0.45 !-ill FSW).

5.2.3.2 Optimal concentration of methyl viologen
In order to explore the toxic effects of MV, and identify the optimum working
concentration of MV with Symbiodinium in vivo and in vitro whole corals and samples
of cultures Symbiodinium were exposed to a range of concentrations (0, 5, ·10, 20, 30, 40
n1M) for 4 hours in the dark. <l>rsu was measured every 30 min. In order to test the
effects of MV as a herbicide, The optimum concentration of MV (20 mM) was
incubated with all samples in the dark for 4 hours at 26 °C. FviFm was measured in all
samples and compared to the control (no MV). This test was repeated at 32 and 34 °C.

5.2.3.3 Length of Methyl viologen exposure
Coral nubbins of S. pistillata (2 cm 3, ca. 17 1-1g/ml Chi a, n=8)) were incubated in 10 1nL
of 0.45 1-lffi filtered seawater (FSW) in 20 ml scintillation vials at 26 °C and <l>rsu was
measured as described above . 20 n1M MV was added to each vial and left in the dark (n
= 4) as determined from previous experiment. <l>rs 11 was measured every 10 minutes for
2 hours. This test was repeated on P. damicornis and each test strain of Symbiodinium
sp. (lml cells concentrated to ca. 1 1-1g/ml Chi a in 2 rnl 0.45 !-ill FSW).

5.2.3.4 Temperature interaction with methyl viologen
The interaction of temperature and MV was tested at 26, 32 and 34 °C. Populations of
cultured Symbiodinium sp. (in 3 mL ASW) were maintained in a glass 20 mL
scintillation vial at 26 °C and <Drs 11 was measured under actinic light of 50 1-lmol photons
2

m· s-

1
.

A known concentration of MV was added to the sample ( 10, 20, 30 mM) , the

vial inverted 4 times. <l>rs 11 was measured after 30, 60, and 120 min of incubation with
MY.
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This test was repeated on each test strain of Symbiodinium sp. For the whole corals, P.

damicornis and S. pistillata, 2 cm 3 nubbins were placed in the 20 ml scintillation vial
2

with 10 ml ASW and the experiment repeated as above at 80 J.lmol photons m- s-

1
•

For experiments conducted at elevated temperature, Cl>rs 11 was measured at 26 °C before
placing the vial into a temperature-controlled water bath (Julabo MV, Germany).
Temperatures were ramped 1°C/10 min to the final test temperature (32 or 34 °C), and
the samples left in darkness. Cl>rs 11 was measured at 30, 60 and 120 min of incubation at
temperature (actinic light of 50 or 80 J.lmol photons 1n-2 s- 1 for cultured Symbiodinium
sp . or whole corals respectively).

5.2.4

Investigating inhibition of the dark reactions in Symbiodinium sp.

Populations of cultured Symbiodinium sp. strain CS-73 were concentrated to 1 J.lg/mL
4

Chl a (equal to 6.03 x 10 5 cells± 5.3 x 10

).

One ml of cell concentrate was diluted in 2

1nL of 0.45 J.lm FSW and maintained in a glass 20 mL scintillation vial at 26 °C. Darklight induction curves were performed (actinic light of 50 J.ln1ol photons m-2 s-1) before
placing the vial into a thermostatically-controlled water bath. Temperatures were
ramped as before, and the samples left in darkness. Cl>rs 11 was measured at 120 min of
incubation (actinic light of 50 11mol photons m-2 s- 1) followed by the addition of 20 mM
MV to half the samples (n=5), while the other half did not receive MV (n=5). All
samples were then incubated in darkness at temperature for a further 120 min. For
control experi1nents samples were held at ambient temperature (26°C).
This test was repeated on each test strain of Symbiodinium sp. (clades A, 8 and C). For
the whole corals, P. damicornis and S. pistil/ata, a 2 cm 3 (ca. 17 11g/ml Chl a) nubbin
was placed in the 20 ml scintillation vial with 10 mL FSW and the experiment repeated
as above (actinic light of 80 1-!illOl photons m -2 s- 1).

5.2.5

Chlorophyll analysis

As described in Chapter 2, section 2.4.

5.2.6

Statistical analysis

For eac h temperature treatm ent (26, 32, 34 °C, n=5 for each treatment), <Drs 11 were
compared using repeated measures one-way analysis of variance (rmANOVA). In all
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cases, a significance level of 0.05 was used to identify significant differences between
treatments at a single temperature in the presence or absence of MV. The assumption of
normality (Kolmogorov-Smirnov test) and equal variance (Levene's test) were met in
all cases. The Tukey-Kran1er post hoc test was used to compare group means. These
analyses were performed using SPSS statistical software (version 11.0, 2001, Chicago
U SA).

In order to present evidence of up- and/or down-stream inhibition the results are
compared as follows:
1. To define significant thermal inhibition of photosynthesis, <Drs 11 and NPQ values
at 32 and 34 °C (-MV) are compared to that of the control (26 °C -MV)) and
significant differences are denoted by capital letters (A,B or C) .
2. To assess the incidence of this inhibition occurring at a site down-stream of

ferredoxin, it is necessary to compare <Drsll and NPQ values before and after the
addition of MV at a given temperature. Significant differences are denoted by
an asterisk (*).
3. Finally, the extent to wh ich down-stream inhibition contributes to
photosynthetic inhibition as a whole (described in point 1) is evaluated. The
degree to which thermal inhibition is reversed following the addition of MV is
assessed by comparing results from 32 and 34 °C +MY to 26 °C +IvfV.
Significant differences compared to the control are denoted by lowercase letters
(a,b,c).

5.3

Results

An examp le of results from preliminary experiments can been seen in Fig 5.2-5.5.
Preliminary experiments showed the optimum incubation time for MV was 40 min for

in hospite Symbiodinium sp. or 75 min for cultured Sy mbiodinium sp. (data not shown).
A concentration of 20 mM MY was shown to sufficiently to saturate <l>ps 11 (0.604 ±
0.022, or 0.662 ± 0.005 incubated in the presence or absence of MV respectively. P <
0.005) (Fig 5.2). Samples incubated with 20 mM glyco laldehyde (GA) for 1 hr showed

a significant decrease in cDps 11 (0.604 ± 0.022 or 0.501 ± 0 .007 incubated in the absence
or presence of GA respectively (Fig 5.3). P < 0.005). Figure 5.4 illustrates the effect of
artificial inhibition of the Ca lvin cycle by Glycolaldehyde on effective quantum yield in
Chapter 5

71

P. damicornis. Addition of methyl viologen caused significant recovery of <l>rs 11 in the
presence of 20 mM GA (0.623 ± 0.003. P < 0.005. 20 mM methyl viologen was shown
to be sufficient to saturate <l>rs 11 for both whole corals and cultured Symbiodinium sp.
(data not shown). There was no significant effect of temperature on the efficiency of
MV (P < 0.01) (Fig 5.2). 20 mM MV was shown to have no negative effect on FviFm in
any samples at 26, 32 or 34 °C (Fig 5.5).

Chapter 5

72

e7

'0"-

d~

~

G'

~

'0"-

o~

'0"'

o~

(\,.,

"'

"

~....

. ,._~'
~"
'0~~

G

~·

...

~1>

.....~

C.,·

~

~~

Figure 5.2 The effect of methyl viologen on the effective quantmn yield of whole corals
and cultured Symbiodiniwn sp. Graph shows the results from a range of concentrations
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Figure 5.6 shows the contrasting effects of temperature on <Drsii in the absence and
presence ofMV. At 32 °C in the absence ofMV, significant decreases in <Drs 11 were
evident inS pistillata and Symbiodinium sp. clade A, Band C1 (Fig 5.6 B, C, D and E)
when compared to the control (26 °C) (as denoted by A, B, C).
Incubation with MV at 32 °C caused a significant increase in <Drsii inS pistillata and

Sy mbiodinium sp. C1 (Fig 5.6 Band E, as denoted by*). Stylophora pistillata exhibited
a rise in <Drs 11 from 0.377 to 0.553 , and 0.422 to 0.556 for C1 (32 °C- MV and 32 °C +
MV respectively) . In both these samples, <Drs 11 returned to that of the control, 26 °C +
MV (as denoted by a, b, c) .
At 32 °C non-photochemical quenching (NPQ) increased in CS-73 only, from 0.082 to
0.516 (Fig 5.7 F, as denoted by A, B). Incubation ofCS-73 with MVat 32 °C elicited
no significant change in NPQ (Fig 5.7 F). However, incubation with MV at the same
temperature caused a significant decrease in NPQ inS pistillata and C1 (Fig 5.7 Band
E, as denoted by*) from 0.133 to 0.25 inS pistillata, and from 0.127 to 0.011 in C1
(32 °C - MV and 32 °C + MV respectively).
In the absence of MV, incubatio n at higher temperature (34 °C) caused signifi cant
declines in <l>ps 11 in all samples compared to the control (26 °C). InS. pistillata, A, B2
and C 1 the further reduction in <Drs 11 was also significantly lower than at 32 °C.
Comparison between the mono-cladal cultures revealed that subclade C 1 expressed the
largest percentage decrease in <Prs 11 at 34 °C compared to the contro l (63 o/o decrease in
(Dps tt) .
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Figure 5.6 The effect of temperature on (Drs11 at 26, 32 and 34 °C in the presence (crosshatched bars) and absence (solid bars) ofn1ethyl viologen. Those bars marked with*
denote results that show a significant difference in <DrsJJ following the addition of
methyl viologen at a given temperature (significance level of 0.05). Significant
differences between the control (26°C) and temperature treatments (32 and 34°C) are
denoted by capital letters (comparing incubations - MV) or lowercase letters
(comparing incubations + MV) (significance level of 0.05). Error bars represent±
standard error (n = 5).
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Addition of MV at 34 °C caused a significant increase in <Drs 11 in all samples. However,
<Drs 11 did not recover to a level comparable with that of the control (26 °C + MV) in any
of the samples. The largest relative increase in <Drs 11 was exhibited by subclade C 1 upon
addition ofMV (49%).
At 34 °C, NPQ was significantly higher than 26 °C in P. damicornis, S. pistillata, A, C1
and CS-73 (Fig 5.7 A, B, C, E and F). However, CS-73 showed no further increase in
NPQ compared to 32 °C (0.516 ± 0.042 at 32 °C -MV and 0.486 ± 0.002 at 34°C -MV)
(Fig 5.7 F). The greatest level ofNPQ at 34 °C was exhibited by P. damicornis (0.744).
Addition ofMV at 34 °C caused a significant decrease in NPQ in P. damicornis, S.

pistillata, A and C 1. Furthermore, NPQ returned to the level of the control (26 °C
+MV) in all these samples.
Table 5.1 Summary of significant changes in <Drs 11 and in the presence of methyl
viologen at 26, 32 and 34 °C.

Up-stream of

Sample

r~o"wn-streal!l-- r-Up-stream of

j__PSI

-=P
=. d=a=n=1=
ic=o=r=
n=
is
S. pistil/ala

T

t

ofPSJ
None
None

- - - - - - -- - - - - - - - - - -

None
Yes
-----

PSI

PSI
Yes

--

Yes
Yes

Yes
----

Yes

l

---

---

Clade A

Yes

Clade B

Yes

None

Yes

Yes

Subclade C1

None

Yes

Yes

Yes

CS-73

None

None

Yes

Yes

5.4

None

l

Down-stream of

Yes

Discussion

Exposure to elevated temperature is known to cause photosynthetic inhibition in the
coral symbiont Symbiodiniwn , however the primary site of thermal inhibition is still not
known . Several models of photophysiologcial thennal inhibition in corals have been
proposed and fall into two broad groups; those where the damage takes place at the site
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of the light reactions and those that occur further down the electron transport chain in
the Calvin cycle. To differentiate between these two models, the artificial electron
acceptor, MV was used to differentiate primary thermal inhibition occurring either upor down-stream of ferredoxin.
The results from this study were analysed in order to examine the thermal inhibition of
photosynthesis by moderate (32 °C) and high temperature (34 °C), to establish whether
this inhibition occurred primarily at a site up- or down-stream of ferredoxin through the
use of MV, and finally to reveal the extent to which down-stream inhibition contributed
to overall photosynthetic inhibition by comparing inhibitions +MV at a given
temperature to that of the control (26 °C +MV).
It should be noted that while MV is a useful mediator in preventing over-reduction of

PSII electron transport, it is also a known herbicide. Its action can lead to the oxidative
damage (Falkowski and Raven, 1997). Extensive preliminary experiments were
performed in order to identify any negative effects of the chemical and its optimum
incubation time and concentration. Concentrations used here had no significant effect
on FviFm showing that there was no inhibitory side effect.

5.4.1 Primary sites of thern1al damage in Symbiodinium within corals
The n1oderate thermal stress treatment (32°C) caused a significant decline in <Dps 11 inS.

pistillata, but not P. damicornis (Fig. 5.6 B). This result is consistent with the previous
report showing that P. damicornis is less thermally sensitive than S. pistillata (Loya et
of. , :200 l ). The therm8lly induced decline in

(J)p s 11

inS. pistil!a to at 32 °C was

completely reversed following addition of MV and the value returned to a level
comparable to that of the control (26°C + MV). This result identifies that a) thermal
photosynthetic inhibition inS. pistillata is occurring down-strean1 of ferredoxin, and
that b) this mode of inhibition comprises the majority of overall <Drs!! inl1ibition.
Therefore, while other studies have discussed temperature sensitivity of Symbiodinium
sp. in hospite occurring in the D 1 reaction centre (Warner et al., 1999), we are able to
conclude that the primary site of thermal inhibition in S. pistillata at 32 °C is a result of
reduced electron transport at a site down-stream of ferredoxin and not as a result of
inhibition occurring at PSII or PSI. These findings are consistent with those of Jones et
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al. (1998) who speculated that the primary site of thermal inhibition of S. pistillata was
via Calvin cycle inhibition accompanied by a characteristic increase in NPQ.
5.4.2 Difference in primar y sites of ther mal damage between cultured and in

hospite Symbiodinium sp.
Both P. damicornis and S. pistillata are known to harbour Symbiodinium sp. subclade
C1 on Heron Island reef flat (LaJeunesse et al. , 2003; Magalon et al., 2007).
Interestingly, the results shown here for cultured C 1 follow the pattern of S. pistillata
described above and not P. damicornis, whereby primary site of thermal inhibition in
cultured C 1 was down-stream of ferredoxin at 32°C followed by combined inhibition
up- and down-stream of ferredoxin occurring at higher temperature (34°C) . It is
possible that the discrepancy between P. damicornis and S. pistillata may reflect a
distinct property of the host, such as tissue thickness, pigmentation or a property of the
symbiosmne n1embrane that could act to dissipate heat other than via nonphotochemical processes. However it should be noted that the different response
observed in the two corals may also indicate variations in the genotype of the C 1
subclade. As finer genetic markers are developed, subtle variations in the genotypes
within single strains are being exposed. Although beyond the scope of this study, these
results present further evidence to warrant detailed taxonomic classification of
Symbiodinium sp.
5.4.3 Difference in primary sites of therma1 damage an1ong Symbiodinium sp.
Inter-cladal distinctions in the primary site of thermal damage are also evident.
/\!though clade A and Band subclade C1 all exhibited decreases in <f>rs11 at 32°C (Fig.
5.6 C, D and E), MV caused complete reversal of <l>ps11 decline inC 1 only, indicating
primary site of thermal inhibition is down-stream of fenedoxin in Cl (Fig. 5.6E). At
higher temperatures, all clades (A, B and C 1) exhibited further decline in CDrs 11
compared to 32°C. Although this was alleviated by MV, <Drsll was still significantly
lower than the control (26°C + MV), indicating that there is residual inhibition
unaffected by the presence of MY. It is therefore possible to conclude that both up- and
down-stream inhibition is present at 34 °C. Clade A and subclade C 1 exhibited elevated
NPQ at 34°C compared to the control (26°C), and this trend was reversed in the
presence of MY. As all cultures were kept under the same conditions during batch
culture, this difference could not be attributed to the past thermal history. Therefore, we
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speculate that there is a difference in clade-specific primary sites of thermal inhibition,
with damage occurring to the photosynthetic apparatus up-stream of ferredoxin in
clades A and B, whereas it takes place down-stream in subclade C1 at 32°C (Table 1).
The Symbiodinium strain CS-73 exhibited greater thermal tolerance than either clade A,
B or C1, with no change in <l>ps 11 at 32°C. However, NPQ was strongly induced in CS-

73 at 32°C and reached levels greater than those from whole corals or other cultures
(NPQ = 0.516). Although exposure to 34°C caused declines in <l>Psll in CS-73, values
were still greater than any other of the samples tested, and correlated with very strong
NPQ. Cultures of CS-73 used in these experiments have been identified as clade A
(Takahashi et al., 2008), however while relative change in <l>psJ! decline between clade
A and CS-73 was similar, generation of NPQ was markedly different. The discrepancy

between the results from clade A and CS-73 may reflect a genetic disparity between the
two strains of Symbiodinium.

5.4.4 How does heat stress accelerate photoinhibition in Symbiodinium?
The sequence of events preceding photosynthetic inhibition in Symbiodinium is complex
and results presented here highlight differential sites of primary thermal inhibition
occurring between coral species and clades. This study is the first to demonstrate
differential the1n1al inhibition of sites up- and down-stream of ferredoxin in
Symbiodinium sp. However, we are unable to ascertain where exactly down-stream this

inhibition is occurring, however Rubisco in the Calvin cycle has been proposed as a
likely target for thermal dysfunction (Jo11es et al., 1998; Leggat et al., 2004). Recent
experimental evidence in Chlamydomonas rcinhordtii, has demonstrated that
interntption of the Calvin cycle accelerates photoinhibition through suppression of the
repair of photodmnaged PSII but not acceleration of photodamage to PSII (Takahashi
and Murata, 2005). It is likely that production of the reactive oxygen species (such as
1

H 20 2 and 0 2) that inhibit the de novo synthesis of PSII antenna proteins are associated

with inhibition of the repair caused by interruption of the Calvin cycle (Takahashi et al.,
2008) . Consistent with this hypothesis, increase in temperature has been demonstrated
to accelerate the production of reactive oxygen species (Lesser, 1997) and inhibit the
repair of photodamaged PSII in Symbiodinium within corals (Takahashi et al., 2004 ).
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5.4.5 Conclusion

This study has identified cladal- and species-specific heterogeneity in photosynthetic
sensitivity where whole coral species harbour the same symbiont Cl subclade. Firstly,
the primary site of thermally induced photoinhibition inS. pistillata and cultured clade
Cl occurs at a site down-stream of ferredoxin, and at a site up-stream in P. damicornis.
Secondly, the primary site of inhibition differs across Symbiodinium sp. clades. And
thirdly, that these dissimilarities are not consistent when observed in vivo. This suggests
that different populations of Symbiodinium, and therefore their symbiotic partners, may
have greater species-specific bleaching susceptibilities than previously thought.
Furthermore, extrapolations from experimental results obtained from cultured
Symbiodinium to zooxanthellae in hospite are not consistent. Differences observed here

in the photosynthetic functionality of Cl in symbiosis with S. pistillata and P.
damicornis may indicate either a distinctive property of the host or some other pathway

of the algae that changes during growth in hospite and requires further investigation,
especially to identify the thermal susceptibility of enzymes associated with the Calvin
cycle.
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CHAPTER6
SEASONAL VARIABILITY IN PH
INHIBITION OF WHOLE CORALS

6 Seasonal variability of the effect of pH on coral photosynthesis
6.1

Introduction

While it has been suggested that increased C02 (atm) has positive effects on rate on
terrestrial primary productivity (DeLucia et al., 1999; Norby et al., 2002), the effect on
marine organisms is poorly understood (Clark and Flynn, 2000; Engel et al., 2005).
Little is known about the ability of marine species to acclimate to pH changes at the rate
they will occur (Turley et al., 2006) but it is likely that acidification will affect marine
organisms on a variety of scales, including acid-base regulation (Lindinger eta!., 1984;
Miles et al., 2007), reproduction (Raven eta!., 2005), growth and feeding (Kurihara et
al., 2004; Miles et al., 2007), decalcification (Orr et al., 2005; Andersson et al., 2007),

the relative rates of photorespiration to photosynthesis (Servaites and Ogren, 1977),
changing the distribution or availability of carbon dioxide species (Blinks, 1962), and
the abundance and uptake of nutrients and trace metals (Turley et al., 2006).
Coral photosynthesis is known to be regulated by seasonal factors such as light and
temperature and nutrient availability (Fitt eta!., 2000). The photosynthetic capacity of
Symbiodinium sp. is recognized to vary across seasons in response to these changes

(Warner et al., 2002). It is understood that corals already exposed to prolonged periods
of increased irradiance and elevated seawater temperature during the summer, can make
them more susceptible to additional stressors such as disease and pollutants (HoeghGuldberg, 1999). However, the seasonal susceptibility of corals to pH change has not
yet been addressed . Furthermore, vvhile the variability between spec ies to withstand
annual thermal maxin1a and minima is well known (Allemand, 1998; Loya et al., 2001;
Langdon and Atkinson,

2005)~

less is understood about species-specific pH tolerance.

For corals already surviving at their them1allimits, the additional impacts of seawater
acidification will be complex due to the multifarious regulation of their metabolic
processes and substrate demands within the symbiosis. The environmental pH range in
which corals are able to live, the synergistic impact of acidification and increasing sea
surface temperatures, and seasonal vulnerability of tropical corals to acidification
requires further understanding.
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In light of this, the aim of this study was to examine the susceptibility of coral
photosynthesis to artificial acidification of seawater pH across the summer and winter.
Presented here are the results from laboratory-based experiments investigating the
photophysiological consequences of exposure to acidified seawater for the ecologically
important coral species Pocillopora damicornis (Linneaus) and Stylophora pistillata
(Esper). These coral species were chosen because of their well documented physiology
(Tam butte eta!., 1996), and the variability in their thermal tolerance (Loya eta!., 2001 ).
The study uses a range of pH values to represent scenarios encompassing both current
and future seawater pH scenarios (IPCC, 2007). In order to examine the role of
seasonal vulnerability and thermal history on the photosynthetic response of coral to
acidified conditions, experiments were conducted during both seasons at ambient
lagoon temperature at site of collection and at elevated temperature (+ 5 °C).

6.2

Materials and Methods

6.2.1

Coral collection

Six coral colonies ( 15 em diameter) of Pocillopora damicornis and Stylophora pistillata
were collected from Heron Island lagoon during the winter (July 2006) and summer
(January 2007) from a depth < 2m deep, and maintained at Heron Island Research
Station (HIRS) in flow-through seawater tanks (seawater pumped directly from Heron
Island lagoon). The incoming seawater presented very stable chemistry during the
acclin1ation period (salinity 33ppm, pH 8.2). Coral nubbins (approximately 2 cm 3) were
fractured off each of the rnain colonies and left upright in the tanks 48 hr prior to
experin1ents. The aquaria are supplied with seawater from the lagoon, as such they were
kept at ambient seaYvatcr temperature (?.7 °C in summer and 21 °C in winter). Light
conditions were maintained between 300-500 ~mol photons m- 2s- 1 using shade cloth.
Corals were broken into nubbins (2 cm 3) and maintained in flow-through aquaria (3
Lhnin) at ambient lagoon temperature (27 °C in summer and 21 °C in winter) and left to
acclimate for 2 days following collection before use in experiments. One nubbin from
each of five colonies was chosen randomly for each pH treatment group (n = 5) to
account for inter-colony variations.

6.2.2

pH treatments

pH treatments were prepared so that pH of seawater was modified in a closed system,
thereby altering the relative concentrations of C0 2
Chapter 6
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modifying the total DIC concentration (Go iran et al., 1996). Inorganic carbon-free
artificial seawater (CiFASW) was prepared by dissolving 490 mM NaCl, 10 mM CaCh,
27 mM MgCh, 29 mM MgS04 and 10 mM KCl in reverse osmosis water and bubbling
with nitrogen for 30 min (all chemicals obtained from Sigma). Competitive buffers
were used to achieve stable pH-adjusted CiFASW . 10 mM Bis Tris Propane (BTP) and
10 mM 2-(N-Cyclohexylamino )ethane Sulfonic Acid (CHES) were pH adjusted by
additions of0.1M HCl or 0.1 M NaOH to fina l pH of7.1 and 8.3 respectively. The two
solutions were then added together (herein noted as CHES-BTP-seawater) in order to
create final pH treatments of pH 7.2, 7.8, 8.2. By this method, pH-stable treatments are
created prior to experimental exposure thus excluding acid-base manipulation in direct
contact with the coral sample. The buffers were shown to have no significant effect on
coral photosynthesis individually or together (Appendix 2). Oxygen concentrations of
the seawater were adjusted to 21 o/o by bubbling with pure oxygen gas. Inorganic
carbon was then added to the seawater by adding 2 mM NaHC0 3 . All seawater
preparations were made up in Schott bottles filled to their capacity (i.e. no headspace) to
reduce any C02 exchange with the air.
Coral nubbins were placed in individual conical flasks and filled to capacity (800 ml
pH-adjusted seawater) and exposed to 100 11mol photons m-2 s-1 irradiance. pH,
temperature, salinity and 0 2 saturation were checked every 30 min (WP-91 meter TPS,
Australia) and treatment water was exchanged every 1 hour. The total length of
experimental incubations was 6 hr. Carbon chemistry (C0 2 (aqh HC0 3- co/- and total
alkalinity (TA)) was calculated from known pH temperature and salinity (Mehrbach et
o!., 1973 ; Roy ct a!., 1993 ; Price, 2001). !\summary of these parameters can be seen in

Table 6.1 .
To investigate the combined effect of temperature and pH, coral samples warmed at 1
°C/ 12 hr final experimental temperature was reached (31 °C in sum1ner and 26 °C in
winter). Coral nubbins were left to acclimate for 2 days at elevated temperature in flow
through aquaria (3 L/min). Samples were then removed and exposed to individual pH
treatments as previously described. All pH-adjusted seawater was first warmed to
treatment temperature before use in experiments.
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6.2.3

Chlorophyll a fluorescence measurements

Chlorophyll fluorescence was m easured every hour using a pulse amplitude modulated
(PAM) chlorophyll a fluorometer (MINI-PAM , Walz, Effeltrich, Germany; Schreiber,
Schliwa & Bilger 1986). Coral pieces were dark adapted for 10 m inutes prior to each
measurement then exposed to a saturating pulse in order to obtain m inimum and
maximum fluorescence (F 0 , Fm), respectively (Schreiber, 2004). Variable fluorescence,
Fv, is then calculated as Fm-Fo, and maximum quantum yield as FviFm (Schreiber et al. ,
1986).

Fluorescence quenching analysis was carried out using Induction Curves, whereby dark
adaptation was immediately followed by a series of saturating flashes (20 s intervals) at
2

1

a PAR irradiance of 100 1-1mol photons m- s- in order to obtain the light-adapted
quantum efficiency of photosystem II, (<l>psrr), calculated as (Fm'-Fs)IFm', where Fm' is
the maximal fluoresce yield during irradiation with actinic light, and Fs is the steady
state of fluorescence during irradiation (Genty et al., 1989). The initial rise to steadystate fluorescence (F 1) is attributed to the reduction QA. The steady decline in F 1 reflects
the redox balance of PSII-PSI electron transport carriers, and the development of a
trans-thylakoid proton gradient

(~pH)

and ATP production. Average levels of <l>ps 11 and

NPQ were calculated by averaging results obtained at steady state across three
saturating flashes.

6.2.4

Statistical Analysis

For each pH treatment (7.2 and 7.8, n=S for each treatment) at a given temperature, Fm,
(Dps 11 and non ··photochcmical quenching (NPQ) were compnred to the contro l (pH 8.2 nt

a given temperature) using repeated measures analysis of variance (rmANOVA). In all
cases, P<O.OS was accepted to indicate a significant difference between fluorescence
parameters at the commencements (0 h) and end of treatment (6 h) at a single pH. The
Kolmogorov-Smimov and D'Agostino and Pearson omnibus normality test were used
to test for Gaussian distribution , and identify whether the assun1ptions of the paran1etric
rmANOV A were satisfied. Two-way analysis of variance and Bonferroni post hoc
comparison was used to exa mine the effects of pH and temperature treatment.
Fluorescence parameters at a given time (0 or 6 h) were compared between ambient
lagoon temperature and elevated temperature (21 and 26 °C, or 27 and 31 °C) at a given
pH. Relative changes in <Drs 11 were calcu lated from the change at the end of treatment (6
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h) compared to 0 h. Statistical analyses were performed using GraphPad Prism
Software (Version 5, 2008) .

6.3

Results

Preliminary experiments showed that there was no significant effect of the buffers on
coral photosynthesis (Appendix 2). By changing the treatment water every hour the pH
and carbon chemistry remained constant through the experiment. Table 6.1 and 6.4
show the carbon chemistry at each pH and temperature, for summer and winter
respectively.

6.3.1

Summer response

While there was no significant change in Fv/Fm, rapid declines (> 2 h) in <Drsn were
recorded in P. damicornis following exposure to altered pH (7.2 and 7.8) at ambient
lagoon temperature (27°C) (Figure 6.1B, as denoted by *) and a 20o/o decrease in <l>rsn
over the treatment period (P<O.OOl between 0 and 6 h, pH 7.2 and 7.8). This was
accompanied by increases in NPQ in P. damicornis exposed to pH 7.2 (P<0 .001)
(Figure 6.1 C as denoted by *).

Exposure to elevated temperature (31 °C) caused significant declines in <Drs 11 compared
to the control (0 h, pH 8.2 27 °C) (P < 0.001 ). At 31 °C all pH deviations from the
control caused significant declines in <Drs 11 and strong NPQ (Figure 6.1 C, as denoted by
*). Furthermore, post hoc comparisons identified that the effects of temperature and pH
(7.2 and 7.8 at 31 °C) caused a relative change in <Drs 11 and NPQ greater than observed
at the same pH at ambient lngoon temperature (pH 7.'2, 7.8 at '27 °C) (Table 6.2).

At ambient lagoon temperature (27 °C) acidified pH caused significant and rapid(< 2 h)
declines to <Drsll in S pistillato (Figure 6.2A). While lowered pH caused no change to
Fv!Fm at 27 °C, the same treatment at 31 °C causes significant declines in F)F 111 at pH
7.2. Treatment to elevated temperature caused significant decreases to <Drs 11 (0 h 31 °C)
compared to the control (0 h pH 8.2 27 °C) inS pistillata. Exposure to acidified pH
(7.2 and 7.8) at 31 °C resulted in further reductions in cDrs 11 . Additionally, the overall
relative decline in Cl>ps 11 was greater at elevated temperature than at ambient temperature
(Table 6.3). While no change in NPQ was seen at 27 °C, pH 7.2 and 7.8 caused rapid
NPQ at 31 °C (Figure 6.2C).
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Table 6.1 Water chemistry recorded during summer treatments. pH, 0 2 saturation,
salinity and temperature are means (±standard error, n=5) over the treatment period.
Carbon chemistry is calculated from known parameters (Mehrbach et al., 1973 ; Roy et
al., 1993)

Summer Treatment

7.2
27 °C

Temperature
pH

7.8
31 °C

27 °C

8.2
31 °C

27 °C

31 °C

7.19±0.05

7.79 ± 0.05

8.19 ± 0.04

2200

2200

2200

TC02 (Jlmol kg -l)
CQ2(aq) (JlmOf kg -l)

93.0

85.7

22.8

20.8

8.3

7.4

HC0 3- (Jlmol kg -

2070

2070

2020

2000

1840

1790

46.2

155

178

354

401

2180

2400

2420

2670

2730

1
)

co/ (Jlmol kg -/)
2

1
)

TA (Jleq kg -

39.8
2160

I

Salinity (ppm)
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Figure 6.1 Effect of pH on 1naxin1um quantum yield (FviFm), effective quantum yield
(cDps 11 ) and non-photochemical quenching (NPQ) of P. damicornis at ambient seawater
temperature (27 °C) and following exposure to elevated temperature (31 °C) during
summer. Open bars represent 0 h, and shaded bars represent 6 h. Astetisk (*) denotes
significant differences within treatment (0 to 6 h). Upper case letters denote significant
differences between temperature treatments at given pH at 0 hours of exposure (27 °C
and 31 °C at 0 h). Letters denote significant differences between temperature treatments
according to Boniferroni post hoc comparison at given pH at 0 hours (uppercase) or 6
hours (lowercase) of exposure (27 °C and 31 °C at 6 h). Error bars signify standard error
(n= S) .
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Table 6.2 Combined effects of pH and temperature on P. damicornis in the summer(±
standard deviation)
pH

<l>psJI

7.2
7.8
8.2

Difference

P value

6 h 27 °C

6 h 31 °C

0.586 ± 0.016

0.358 ± 0.021

-0.228 ± 0.012

<0.001

0.571 ± 0.007

0.383 ± 0.022

-0.188 ± 0.011

<0.001

0.679 ± 0.017

0.597 ± 0.016

-0.0827 ± 0.016

<0.01

Table 6.3 Combined effects of pH and temperature on S. pistillata in the summer(±
standard deviation)
pH

C!>Psll

7.2
7. 8
8.2
----------
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P value

6 h 27 °C

6 h 31 °C

0.5 56 ± 0.037

0.3 66 ± 0.01 7

-0 .190 ± 0.018

<0.001

0.339 ± 0.025

-0.227 ± 0.017

<0.001

0.567 ± 0.011
I

Difference

0.667 ± 0.036

--

0.551

:t

0.007 - - ' -0.116
± 0.021
-------

I

<0.001
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Figure 6.2 Effect of pH on maximum quantum yield (FviFm), effective quantum yield
((Drsii) and non-photochemical quenching (NPQ) of S. pistillata at ambient seawater

temperature (27 °C) and following exposure to elevated temperature (31 °C) during
summer. Asterisk(*) denotes significant differences within treatment (0 to 6 hours) .
Upper case letters denote significant differences between temperature treatments at
given pH at 0 hours of exposure (27 °C and 31 °C at 0 h). Lower case letters denote
significant differences between temperature treatments according to Boniferroni post

hoc comparison at given pH at 6 hours of exposure (27 °C and 31 °C at 6 h). Error bars
signify standard error (n=5).
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6.3.2

Winter response

Unlike the results observed in summer, exposure to acidified conditions had no
significant effect on <l>rs 11 in P. damicornis (Figure 6.3 A and C) at ambient lagoon
temperature (21 °C) .
Exposure to elevated temperatures (26 °C), had no significant effect on F viFm or Cl>rsu (0
h) compared to the control (0 h pH 8.2 2 1 °C). pH treatment at 26 °C caused significant
declines in Cl>rsll (7 .2 and 7.8, Figure 6.3B as denoted by*). This was accompanied by
increases in NPQ . P ost hoc comparison between pH treatments at 26 °C revealed that
pH 7.2 caused the largest relative change in both Cl>rs 11 and NPQ (P

=

0.03 2 and 0.022

respectively).

Table 6.4 Water chemistry recorded during winter treatments. pH, 0 2 saturation,
salinity and temperature are means(± standard error) over the treatment period. Carbon
chemistry is calculated from known parameters.
Winter Treatment

7.2
21 °C

Temperature
pff

-

CQ2(aq) (f.lmOf kg~

26 °C

21 °C
r---

2200

8.5

2030

1900

1850

149.5

289.7

342 .5

2380

2590

2660

26.3

23.4

2060

2070

2050

coJ-- (}imol kg -')

31.4

38.3

124.3

TA

2140

2160

HC03- (Jnnof kg -')-

Salinity (ppm)

33.5 ± 0.06

0 2 saturation (%)

21.3 ± 0.6

2350
--r--

+-

______T _____
9.7

94 .9

- - : : - y - : - - - · - - , -·-r--

8.19±0.4

~

2200

2200

105.4

r - - - - - - - - - - - - - - - f--·

26 °C

21 °C

26 °C

7.79 ± 0.05

7.19 ± 0.03

TC02 (pmol kg -l)

8.2

7.8

33.4 ± 0.05

33.4 ± 0.07

22.2 ± 0.3

21.4 ± 0.4

At ambient seawater temperatures (2 1 °C), S. pistiflata elicited no significant changes in
F) Fm (Figure 6.4A), cDps 11 (Figure 6.4B) or NPQ (Figu re 6.4C). Exposure to e levated
temperature (26 °C) caused no change in Cl>ps 11 , F) Fm or NPQ. However, when the
corals were then exposed to devia tions in pH at 26 °C, both pH trea tments caused

Chapter 6

94

significant declines in <1>rs 11 (Figure 6.4B) and FviFm (Figure 6.4A) . This was
accompanied by a rise in NPQ observed at pH 7.2 (Figure 6.4C). When pH treatments
at elevated temperature were compared, pH 7.2 caused the greatest declines in <Drsii (up
to 38%).

Both species collected during the winter season (21 °C) displayed significantly low
<l>rs 11 compared to <Drsii during the summer at ambient temperature (27 °C).
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Figure 6.3 Effec t of pH on maximum quantum yield (FviFm), effective quantum yield
(Cl>PSII) and non-photochemical quenching (NPQ) of S. pistillata at ambient seawater
temperature (21 °C) and following exposure to elevated temperature (26 °C) during
w inter. Asterisk (*) denotes significant differences within treatment (0 to 6 hours).
Upper case letters denote significant diffe rences between temperature treatments at
given pH at 0 hours of exposure (27 °C and 31 °C at 0 h) . Lower case letters denote
s ignificant differences between temperature trea tments according to Boniferroni post
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hoc comparison at given pH at 6 hours of exposure (27 °C and 31 °C at 6 h). Error bars
signify standard error (n=5).
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Figure 6.4 Effect of pH on maximum quantum yield (F) Fm), effective quantum yield
(<Dps, 1) and non-photochemical quenching (NPQ) of S. pistillata at ambient seawater

temperature (21 °C) and following exposure to elevated temperature (26 °C) during
winter. Asterisk(*) denotes significant differences within treatment (0 to 6 hours).
Upper case letters denote significant differences between temperature treatments at
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given pH at 0 hours of exposure (27 °C and 31 °C at 0 h). Lower case letters denote
significant differences between temperature treatn1ents according to Boniferroni post
hoc comparison at given pH at 6 hours of exposure (27 °C and 31 °C at 6 h). Error bars
signify standard error (n=5).
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6.3.3

Recovery of effective quantum yield

Corals were exposed to pH± temperature for 6 hours as described in Chapter 6.
Samples were then returned to flo w-through aquaria and left to recover. Figure A4
below shows the recovery time for treatments in both seasons.
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Figure 6.5 Graphs showing recovery of effective quanh.m1 yield (<Dps11 ) of seasonal
corals at pH 8.2 ( A ), 7.8 (• ) and 7.2 ( • ). Filled symbols are measurements at ambient
seawater temperature for each season (27 °C in summer and 21 °C in winter), open
symbols are measurements at experimental temperature (31 °C in summer and 26 °C in
winter). Error bars represent± standard erro r (n = 5).
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6.4 Discussion
Coral reefs are among the keystone organisms identified by the IPCC as particularly
vulnerable to predicted seawater acidification (IPCC, 2007) . This study aimed i) to
identify the short term effect of pH on coral photosynthesis ii) to examine the combined
effects of pH and temperature and iii) to consider the results in the context of thermal
history.

6.4.1

The effect of pH on coral photosynthesis

Results presented here show that Pocillopora damicornis (P. damicornis) and
Stylophora pistillata (S. pistillata) are adapted to a defined pH range and small

excursions below this range have adverse effects on their photochemical efficiency.
Even short-term exposure to acidified conditions (pH 7.2 and 7.8, 6 h, at 25, 27 and 31
°C) had a significant negative effect on <I>rsll in both P. damicornis and S. pistillata
(Figure 6.1 B, 6.2B and 6.4B). Significantly, recovery of the coral nubbins in flowthrough aquaria following pH treatments (25, 27, 31 °C) showed <l>rs 11 recovery took up
to 20-34 hours (Fig 6.5). This indicates that short-term exposure to acidified conditions
induces chronic rather than dynamic photoinhibition inS. pistillata and P. damicornis.
Photoinhibiti on in Symbiodinium sp. has been shown to exhibit considerable plasticity
to stressors such as irradiance and temperature alone (Hoegh-Guldberg and Jones, 1999)
and the apparent absence of chronic photo inhibition observed in previous studies
(Falkowski and Dubinsky, 1980; Hoegh-Guldberg and Smith, 1989; Harland and
Davies, 1995)

h<~s

lead to the suggestion that the specialised symbiotic environment of

Symbiodinizmz sp. in hospite may act to reduce or eliminate the occurrence of chronic

inhibition that is otherwise more comrnon in other marine plants (Long et al., 1994).
The photo inhibitory impact of sublethal bleaching (26 °C winter, 31 °C summer)
showed no significant in1pact on either species across sumn1er/winter as measured by
F) F111 , <l>ps 11 or NPQ over 6 h exposure. However when the pH was reduced the capacity

of photosynthesis to tolerate temperature stress was substantially compromised resulting
in significant declines in <Dps11 and increased NPQ. The effects of pH on <l>rs 11 in whole
corals identified here are therefore particularly significant: while the photoprotective
mechanisms of Symhiodinium sp. in symbiosis are well adapted to moderate the effects
of irradiance and temperature, seawater acidification has the capacity to overwhelm
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rapidly key photoprotective processes in Symbiodinium sp. in hospite and lead to
significant inhibition of photosynthesis greater than temperature stress alone.
This investigation identified significant pH effect on the photosynthesis of P.
damicornis and S. pistillata (25 , 27 and 31 °C) . However, recent results from ano ther

study have reported no such inhibitory effect on oxygen flux of corals exposed to
acidified seawater (Marubini et al., 2008). Both studies exposed S. pistillata to
acidified seawater under similar DIC concentration and comparable temperature (pH
7.6, 26.5 ± 0.3 °C, 2 mM DIC, or pH 7.2 and 7.8, 27 °C ± 0.4 °C, 2.2 tnM DIC in
Marubini et al. (2008) and this study respectively). It should be noted that dark oxygen
flux and fluorometry values (F viFm) are not strictly comparable, but both parameters are
used to examine the maximmn photosynthetic capacity. The study by Marubini et al.
measured no significant change in coral photosynthesis over 8 days of exposure.
Although coral samples used in the study by Marubini et al. (2008) were originally
collected from the field, they were acclimated under culture conditions for a total of 7
months prior to laboratory use. In contrast, samples used here were acclimated for only
2 days before exposure to pH treatment. This study differs significantly in experimental
design therefore, in the fact that it also takes into account the seasonal context of the
coral reef environment. The disparity of results frmn the same coral species can
therefore reasonably be attributed to a significant and direct influence of a range of
environmental and seasonal conditions (light, temperature, nutrients). This further
highlights the impact of environn1ental-history on the pH effect on coral photosynthesis .
6.4.2

Seasonal susceptibility

Environrnental factors such a temperature, irradiance, salinity and pH are known to
affect marine primary production (Coleman and Colman, 1981 ; Axelsson, 1988 ; Kuhl et
a!. , 1995), and cause natural annual variations according to season and climate.

Changes in the proportional concentration of photosynthetic pigments have been shown
to adjust with season in response to temperah1re and irradiance, thus adjusting the
corar s photosynthetic capacity and tolerance to such factors (Warner et al., 2002; Hill
and Ralph, 2005). However, a comparable adjustment in physiological tolerance to pH
has yet to be examined. Photosynthetic inhibition at low pH was only recorded at
ambient lagoon temperatures during summer sampling (Fig 6.1 and 6.2). In contrast,
the same pH treatments had little effect on photosynthesis during the winter under the
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same pH and light conditions. This study is the first to document the responses of coral
photosynthesis to pH on a seasonal scale and results presented here show important
differences in the vulnerability of coral photosynthesis to pH at different times of the
year.

In both seasons, corals were sampled during the maximum/minimum seasonal sea
surface temperatures. Previous studies report <l>ps 11 values ranging from 0.5-0.7 for
what is considered a healthy coral (Ralph et al., 2005a; Ralph et al., 2005b). Both coral
species showed higher <Drs 11 in the summer (0.65- 0.7) compared to the winter (0.40.5), which is inconsistent with the findings of Warner et al. (2002). Lagoon
te1nperatures at Heron Island are known to reach up to 29-30 °C during the summer;
however maximum sea te1nperatures were, on average, lower during the year of
sampling. The higher <Drsu measured during the summer may therefore be a reflection
of more favourable summer water temperatures (27 °C) in comparison to the probable
sub-optimal winter seawater ten1peratures (21 °C) experienced during winter surveys.
Decreases in temperature are known to cause declines in photochemical capacity in
higher plants (Long et al., 1994; Alam et al., 2005; Muller et al., 2005). The low
photosynthetic efficiency (FviFm) recorded in the winter is an indication that coral
photosynthesis was already downregulated, most likely 1n response to cold sea surface
temperatures (Hoegh-Guldberg and Fine, 2004). Indeed, the increase of both FviFm and
(l)PSII

following warming (25 °C, 2 d) demonstrated the reversal of cold-induced

photoinhibition. However, corals exhibited no further decline jn <l>ps 11 following
exposure to pH treatments that otherwise had a significant negative effect in the
summer. These results indicate a synergistic impact of temperature on pH
susceptibility. Although the exac t physiological explanation for the disparity between
summer and winter pH-effects is unclear fro m these results there are possibl e physical
and chemical factors for the patten1 in response.
Sampling and acclimation conditions of coral samples prior experimental use 1nay also
account for variations in these results compared to Warner et al. (2002). This study
acclimated corals nubbins at ambient lagoon temperature under low li ght intensities
2

(l 00 ~mol photons m - s-

1

)

prior to experimental use, therefore providing the cora ls

collected in the summer with time to recovery from the stressful field irradiance leve ls.
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In comparison, Warner et al. (2002) performed fluorometry measurements within hours
of collections coral samples. The light history of the corals would contribute to the
lower <I>rsii result.
Temperature is known to affect significantly carbon fixation rates, release of
photosynthate, membrane fluidity, enzyme kinetics, cause shifts in
photosynthesis/respiration ratios and affect the stability of the PSII reaction center
(Coles and Jokiel, 1977; Clark and Jensen, 1982; Warner et al., 1999). Additionally,
intracellular inorganic availability may be affected by temperature either via impairment
of algal carbonic anhydrase activity, or via the reduced functioning of carbon
concentration mechanisms. In corals with already depressed <I>rsn it is possible that the
additional negative effect of pH was indiscernible from the negative impact of
temperature alone (Fig 6.3 and 6.4). Alternatively, probable targets of acid-base
disturbance, such as membrane fluidity or protein stability could be less susceptible at
cold temperatures, therefore eliciting a weaker inhibitory result (Cossins, 1994).
Furthermore, it is well understood that the entire symbiosis is under stress at elevated
temperatures (Lesser, 1997; Dunn eta!., 2004), which has the potential to overwhelm
the defence mechanisms (Feder and Hofmann, 1999) and may leave the symbiosis more
susceptible to the additional effects of pH.
pH is an important factor when considering carbon saturation states of photosynthesis in
corals, as previous investigations have demonstrated carbon limitation of photosynthesis
under alkaline conditions as C0 2 (aq) abundance decreases. Carbon limitation at high pH
has be rep01ied in both marine phytoplankton (Hinga, :200:2; Pedersen and Hansen ,
2003a; Pedersen and Hansen, 2003b) and higher plants (Invers eta/., 1997). It is not
possible to alter pH without influencing other con1ponents of seawater chemistry and
previous studies have employed a range of techniques in order to contro l pH and/or alter
DIC. A common method is to use additions of strong acid and or base to alter pH
(Clark and Flynn, 2000; Pedersen and Hansen, 2003b). However, this can cause C0 2
disequilibrium with the atmosphere and if the media is open to the air it often quickly
re-equilibrates with C02 (a tm )· This drift can be exacerbated by the action of respiration
and photosynthesis (Blinks and Skow, 1938; Kuhl eta!., 1995). In contrast, this
experiment controlled for pH drift by the use of dilute competitive buffers . By the
addition of a known concentration ofNaHC0 3, treatment conditions produced constant
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DIC, but variable pH conditions as described by Goiran et al. (1996). A caveat of this
work is that addition of buffer adds an additional element that contributes to acid-base
reactions. If the mode of pH effect observed here is related to the relative abundance of
HC03-, C02 (aq) and/or Co/·, other than H+, then the pH effect may not be comparable
that those experiments using a COr driven pH change. However, preliminary
experiments showed that CHES and BTP had no significant effect <l>psu individually or
in combination (Appendix 2). It is therefore reasonable to conclude that any changes in
DIC speciation caused by the presence of the buffers did not cause significant C0 2
limitation or change normal photosynthetic capacity. Corals are therefore not carbon
limited, and it is unlikely that a change to the available pool of DIC is a factor
contributing to declines in photosynthesis .. Rather, it is the increase associated with the
rise in protons (H+) that contributes to photosynthetic dysfunction.

6.4.3

Possible mechanism of acid-base imbalance in corals

Several explanations of how pH might affect photosynthesis have been proposed,
however the physiological mechanisms have not yet been fully understood. Corals are
particularly unusual since the n1ode of H+ disturbance n1ust be addressed in both the
cnidarian host and algal symbiont. From the available literature, acid-base imbalance
has been reported over a range of marine fauna such as mussels (Booth et al., 1984),
crabs (Truchot, 1976; Spicer eta!., 2007), fish (Edwards et al., 2001) and sea urchins
(Spicer et al., 1988) in response to changes in exogenous pH. pH has been shown to
affec t significantly photosynthesis and growth rates in a range of microalgae ranging
from diatoms (Lundholm eta/. , 2004) to dinoflagellates (Hansen eta!., 2007). Using a
synthe sis of avnilable rescnrch, the mode of photosynthetic inhibition in response to
external pH change is proposed.
Despite variations in physiology, it is well es tablished that acidosis of tissue occurs
under conditions of elevated C0 2 (aq) in a range of marine invertebrates (Portner et al. ,
1984; Portner eta /. , 1999; Portner et al. , 2000; Kurihara et al. , 2007; Spicer eta!. ,
2007). Studies conducted at comparable pH and temperature have reported a rapid(<
12 h) influx of C02 into cells as a result of passive diffusion of C0 2 into the tissue,
causing dec lines in metabo lic functioning on a cellular and organism scale (Grieshaber
et al., 1994).

It is reasonable to conclude that under such circumstances a comparable

influx of C0 2 would occur in coral tissue. Comparison between pH treatments revealed
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a marked dose-dependant response of both coral species, with greatest photosynthetic
inhibition occurring at pH 7.2 compared to 7.8. This suggests that as the C02

(aq)

diffusion gradient strengthens at lower pH and therefore toxicity progressively
increases. Acid-base compensation is known to involve mechanisms that actively
remove acid equivalents from the cytosol (Cameron and Iwama, 1989). Several ion
transport mechanisms have been identified, but most depend on the consumption of
ATP (Heisler, 1993). It is important to note that W extrusion is coupled with the
problem of osmoregulation due to the required uptake of counter ions. The electrogenic
transfer ofH+ by H+-ATPase requires the uptake ofNa+, likewise Na+/H+ allow for the
active compensation of acid-base regulation. Intracellular pH is important for the
activity of a number of pH-sensitive enzymes, conductivity of ion channels and
regulation of cell cycles (Mott and Berry, 1986; Claiborne et al., 2002). Therefore, any
imbalance to cell pH has the potential to cause significant inhibition of cell pathways
and metabolisn1.

The diffusion of C0 2 across cellular membranes would potentially

have direct effects on both host and algal symbiont. Little research is available on the
affects of pH on the coral symbiosis, however several likely targets of pH dysfunction
are considered.
Photosynthetic electron transport and photophosphorylation of ATP in chloroplasts is
mediated by stromal pH. The trans-thylakoid proton motive force is an essential
intermediate in photosynthesis required for driving ATP synthesis and for activating
feedback to down-regulation of light-harvesting processes. Reduced photosynthetic
capacity in this instance is conceivably a direct effect of disruptions to

~pH

associated

\\·ith cellulm proton imbalance. This would cause a decreased electron transport and
contribute to declines in <Drs 11 . It is also possible that under acidified conditions A TP
derived from photosynthesis is used for proton extrusion rather than carbon fixation
(F liigge et al., 1980). This has the potential to over-reduce the electron transport chain,
diminish <Drs11 and trigger NPQ as seen in Figure 6.1-4. In addition to the
photochemical effects of H+, there may also be direct impact of acidosis on the
photosynthetic machinery. Destabilisation of essential proteins in the reaction center,
physical damage to the thylakoid membrane, and/or enzymatic denaturation are all
possible contributors to decreased photosynthetic capacity under low pH (Weis, 1982).
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In addition to the effects of pH on protein stability proposed above, alterations to pHi
can affect membrane permeability causing cell leakage and contribute to inhibition of
photosynthesis via the loss of intracellular nutrients (Dodds and Castenholz, 1990).
Carbon fixation in the chloroplast is strongly dependant on stromal pH (W erdan et al.,
1975) and should cellular acidosis occur, it has the potential to affect pH-dependant
enzymatic steps of the Calvin cycle such as fructosediphosphatase activity, responsible
for the production of 6-carbon sugars (Kelly et al., 1976). This in tum would cause sink
limitation and contribute to reduced <DrsII, stimulation of non-photochemical pathways
and reduced A TP production.
Metabolic responses to acidosis also have the potential to affect cnidarian tissue;
mechanisms available to counteract acid-base disturbances are limited and are generally
the same as produced in response to metabolically produced C0 2 • Compensation
mechanisms include the transport and exchange of ions, such as the active uptake of
bicarbonate (Portner et al., 2004). The degree of pH offset can be determined by the
availability to HC0 3- from the surrounding seawater or from alternative sources such as
the coral skeleton itself. Under such conditions, the retention of HC0 3- by the host
would lower carbon transport to the algal symbiont and contribute to reduced
photosynthetic capacity. Bicarbonate-chloride ion exchange can cause unfavourable
changes in the osmotic and ionic composition of cells (Furia et al., 2000) and has the
potential to affect cnidarian metabolic functioning (Fabry eta!., 2008). Changes in
cnidarian energy expenditure and increases in active buffering compensation may have
knock-on effects on other energy-dependant cellular processes such as transpOJi of
inorganic carbon or nutrients

to

the zooxanthelbe causing further dysfunction in the

ymbiosis. Irrespective of the mode of acid-base regulation specifically employed by the
organism, counteracting pHi disturbance is an energy-expensive process and has the
potential to affect long-tenn growth and reproduction of whole coral.

6.4.4

Summary

Results of this study show a significant effect of short-term exposure of the whole coral

P. damicornis and S. pistillata to acidified conditions. Effects of pH exposure include
both an ionic (chemical) and osmotic (physical) component. Measurement of pH
effects on a coral symbiosis also must consider the normal C0 2 environments of the
host and alga l sym biont. There is little infom1ation available on the mechanistic effects
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of pH on the photosynthetic chain, and from this study, it is possible only to hypothesize
on the manner of pH-induced photosynthetic inhibition. The diversity of information
embedded in stress signals underlines the complexity of stress-induced responses under
conditions of altered pH. From this multiplicity, it is unlikely that there is a single
metabolic response, or that it consequently controls all subsequent means of
compensation. Rather, multiple sites of impact and a resulting cascade of defence
responses leaves direct assessment of pH on corals difficult.
The increases in atmospheric C0 2 and its equilibration with surface waters is predicted
to have significant effects on calcification, while other effects on photosynthesis and
physiology are poorly understood. The effects of ocean acidification and its impacts of
planktonic algae are already being seen (Riebesell eta!. , 2000) . Patterns in coral
survivorship to temperature alone have contributed to the current coral bleaching
paradigm and led to ecosystem survival models under the forecast pressures of global
warming. Results presented here suggest that seawater acidification may have
indiscriminate negative effects on coral ' s photosynthesis despite species resilience to
temperature. However, more work is required to assess a greater range of species,
examine clade-specific effects, and incorporate other indicators such as reproductive
stress, recruitlnent and long-term adaptability fo r better predictive models on the effects
of acidification.
The matter of seasonal susceptibility to pH has not yet been considered, and this study
has highlighted that it plays a significant role in pH vulnerability. It is advisabl e that
subs equent experimental de sign takes into acc oun t the therm<1l hi story of cor<1l samples
at the time of sampling when interpreting results. Field studies on cora ls are typically
conducted over relatively short time scales (hours to days) and the cons traints of
fieldwork mean that studies are usually perform ed in only one season. FUiihermore,
this study has identified an antagonistic effect of tempera ture on pH photo inhibition.
The the1ma l-pH tolerance of cora ls requires further investigation if ecosystem managers
are best to address coral habitat management in a wanner, more ac idic world.
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CHAPTER 7
CHARACTERISING PH-DRIFT IN
SYAIJBIODINIUM SP.

7

Characterising pH-drift of the cultured symbiotic dinoflagellate

Sy mbiodinium sp.
7.1

Introduction

Although seawater pH is generally maintained at 8.2, seasonal upwelling can result in
localized foci of more acidic waters, especially around the Equator (Raven et al., 2005).
Bio-productivity, variations in photosynthesis and respiration rates of marine biota, and
additions from terrestrial runoff also contribute to short term vmiations in sea surface
pH (Hinga, 2002). The carbon sequestration of micro algae is known to exert a
significant influence on the pH of surface sea waters (Rost et al., 2006). The scale of pH
change associated with algal blooms has been shown to vary on seasonal and spatial
scales (Rost et al., 2006) depending on microalgae community composition, nutrient
availability and irradiance levels. Studies have identified rapid depletions of DIC and
associated pH changes up to 0.7 pH units during dinoflagellates blooms in coastal
1narine waters (Macedo et al. , 2001; Hansen, 2002).
Grown in a closed system, thereby preventing equilibrium with the atmosphere, pH-drift
experiments (Lundholm et al., 2004; Rost eta/., 2006; Hansen eta!., 2007) closely
simulate the way pH change occurs in the natural environment via biotic removal of
C02. The behaviour of species in this type of experiment is thought to replicate closely
field conditions. Grown under pH-drift conditions, dinoflagellate species have shown
distinct and divergent patterns in the rate of DIC drawdown and operational pH range
(Han se n et ul. , 2007). Furthermore, the pH tolerance of dinoflagel late species has been
found to vary between pH 8.4 and 10.2 (Hansen, 2002) and becomes the li1niting
growth factor, affecting survival and changes in community con1position (Hansen,
2002). However little is known abo ut the influence of pH on Symbiodinium sp. growth
or its photophysiological effects in vivo or in vitro.
Symbiotic algae exert a significant pH influence on the pH of the host cell.
Photosynthesis and respira tion occurring in hospite are known to affect the pH of
surface membrane through their uptake and release of C0 2 (Al-Horani et al., 2003), and
li ght-dark pH shi fts

of ~

0.8 pH units across outer membranes have been recorded (Kuhl

eta/., 1995; Furia eta/., 1998; Al-Horani et al., 2003). However, this type of study has
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been performed on few corals (Kuhl et al., 1995; Al-Horani et al., 2003) and does not
take into account the potential influence of cladal-specific response or algal density
which may affect net pH change.
The activity of carbon concentrating mechanisms (CCMs) in symbiotic organisms are
also responsible for localized pH change via mediated H+/OH- exchange (Furia and
Allemand, 2000). It is thought that the regulation and activity of CCMs are modulated
in response to inorganic carbon availability (Woodger et al., 2003), and it has been
hypothesised that CCM synthesis and regulation varies between Symbiodinium sp. in
vivo and in vitro (Furia and Allemand, 2000). The energetic cost of synthesising,

maintaining and operating carbon concentrating mechanisms is therefore balanced
against the competitive advantage they offer in terms of carbon acquisition and
increased metabolic functioning.
In order to account for intracellular acid-base change (F /OH-), organisn1s have
developed a range of mechanisms that compensate for changes in intracellular pH, and
often involve ion transport (Wood, 1991; Heisler, 1993 ). The required uptake of an
appropriate counter ion lead to an additional NaCI load (Evans, 1984). Therefore, acidbase control represents the need for both ionic and osmotic regulation.
Symbiodinium sp. is known to occur in hospite as a diverse and genetically

heterogenous group of clades (Rowan, 1998; Carlos eta!., 1999; Baillie eta!., 2000;
LaJeunesse, 2001; Baker, 2004). Cultures of Symbiodiniwn sp. are widely used by coral
biologjsts as a model for the intact symbiosis (Iglesias-Prieto ct a!., 1992; Takahashi
and Murata, 2005). However, cladal discrepancies in rates of DIC acquisition have not
yet been identified. Furthermore, the pH tolerance of Symbiodiniwn sp . to changing
DIC concentrations and pH, and its affects on Symbiodinium sp. growth remains poorly
understood, and requires investigation.
The objective of this study was to identify the pH-drift of Syn1biodinium sp. grown in
culture. Carbon dioxide and bicarbonate fluxes were investigated, and the effects of
changes to pH and DIC concentration on photosynthetic capacity were studied. To
monitor the clade-specific response of Symbiodinium sp. strains and thereby evaluate
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the effect of pH on succession and diversity, three mono-cladal cultures of

Symbiodinium sp. were used (clade A, and B and subclade C 1)
7.2

Materials and methods

7 .2.1

Symbiodinium sp. growth

Populations of clade A and B and subclade C 1 Symbiodinium sp. (Trench Collection)
were grown in f/2 culture media (Guillard and Ryther, 1962) made up in artificial
seawater (Red Sea Coral Pro in reverse osmosis water) with carbonate of 140 ppm,
salinity 33 ppm) and maintained under an irradiance of 45 1-1mol photons m- 2 ·s- 1 at 26 ±
1 °C on a 12:12 h light:dark cycle.

7.2.2

Experimental growth conditions

Cultures were grown in 750 ml sterile suspension culture bottles (Interpath, Australia)
filled to capacity with f/2 media (as before) under irradiance of 45 1-1mol photons m-2 s-1
at 26 ± l °C on a 12:12 h light: dark cycle. Total dissolved inorganic carbon
concentration at the commencement of the experiment was 2.2 ± 0.08 mM, pH 8.2.
Experimental cultures were inoculated with cells from exponentially growing stock
cultures (as described above) to an initial concentration of 300-500 cells 1nr 1 (n = 4 per
clade strain). Cultures were allowed to grow into stationary phase. Every 2-3 days, 2
ml was drawn from each flask using a 23 G sterile syringe via a n1bber septa in the
culture bottle lid. One ml of the sample was placed in a microcentrifuge tube and the
pH measured im1nediately using a micro-pH probe accurate to± 0.01 decin1al places
(Orion 5 Star Multimeter fitted with Orion Ross Epoxy Micro pH Electrode, Orion
Pacific, Australia). The pH meter was three point calibrated daily using buffers of pH
4.0 l , 7 and 10 (pH Standards, Orion Pacific, Australia). The smne sample was then
used in fluorometry measurements. The other 1 ml of the sample was used for cell
counts and DIC tneasurements. The experimental bottles were not refilled after
sampling preventing dilution of the culture or change in gas balance. The total
headspace at the end of the experiment was less than 22 cm 3 .

7 .2.3

Measurement of dissolved inorganic carbon

The measurement of total dissolved inorganic carbon in the culture media was made by
injection of samples (50 1-1l) into a custom built chamber (Euro-Glass, Gennany)
containing 500 1-11 20 mM HN0 3. The liberated C0 2 following acidification of the
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sample was measured using an infrared gas analyser (ADC MGA 3000 C02 Analyser,
ANRI Instruments, UK). Nitrogen was used as a carrier gas. Concentrations of C02,
HC0 3-, CO/- were calculated from known total DIC, pH, salinity and temperature of
the media using the C0 2SYS computer program (Lewis and Wallace, 1998) using the
dissociation constants of Mehrbach et al. (1973 ).

7.2.4

Cell counts

For enumeration of cells, 100 1-11 subsamples were taken from the bottles and counted in
a Sedgewick-Rafter chamber. Each count was based on a rninimum of 100 cells, and
multiple counts were performed for each bottle (n = 6) . Growth rates

(~-L)

were

calculated according to Equation 7.1 where No and N 1 are the concentrations of cells at
time

to and t 1 respectively, and tis the difference in time between them.

Equation 7.1

7.2.5

11

(d_1) = (ln N 1 - ln No)
t

Nutrient analysis

Inorganic nutrient concentration was determined colourmetrically using an automated
nutrient analyser (ASX-520 Autosan1pler, Lachat Instruments, Colorado USA).
Nitrate/nitrite (N0 3-/N0 2-) measurernents were made using Quickchem method 31-10704-1-A, Nitrite (N0 2-) was measured using Quickche1n method 31-107--05-1-·A,
Ammonimn (NH/) was measured using Quickchem n1ethod 31-1 07-06-1-B, phosphate
(P04 :?.-) was rneasured using Quickchem method 31-1 15-0 1-l-9 and silica (Si04-) using
Quickchem method 10-114-27-1-A (Lachat Instruments, Milwaukee, Wl, USA) .

7.2.6

Fluorescence n1easurements

Samples were dark-adapted for 10 min, and minimum fluorescence (F 0 ) measured via
the application of weak pulsed measuring light. A saturating pu lse light (21 00

~-Ltnol

photons m- 2 s-1) enabled the measurement ofF 111 • Maximum quantum yield (F)Fm) was
calculated as (Fm - F 0 )/Fm. Preliminary experiments identified that 10 min allowed
maximum Fm and minimum F 0 to be achieved (data not shown). Immediately following
this, the sample was exposed to actinic light (50 ~uno! photons m-2 s- 1) and allowed to
adapt for 5 min. Three saturating flashes at 1 min intervals were used to measure Fm '.
In order to assess the organism's capacity to process excess excitation energy, the same
sequence was repeated at 100 and 500 11mol photons n{~ s- 1 .
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From these readings, <Drsii and the quantum yield of regulated non-photochemical
quenching (NPQ = (Fm - Fm')/F m') and the coefficient of non-photochemical quenching
(qN = 1-(Fm'-Fo')/(Fm-Fo) can be calculated (Schreiber et al., 1986). The quantum yield
of non-regulated non-photochemical quenching (Y No) was calculated as F/Fm
(Klughammer and Schreiber, 2008). The linear rate of PSII electron transport (ETR)
was calculated as ETR = 0.84 x 0.5 x PAR x <l>ps 11 (Genty et al. , 1989; Maxwell and
Johnson, 2000; Schreiber, 2004), where 0.84 is the assumption that an average sample
absorbs 84o/o of incident PAR (Bjorkman and Demmig, 1987), PAR is the
photosynthetically active radiation (J.-Lmol photons m- 2 s-1) and 0.5 is the energy
partitioning factor between PSII and PSI.

7.2. 7

Statistical analysis

Repeated measurements analysis of variance (rmANOV A) was used to determine
whether pH and the fluorescence parameters F) F 111 , qN, qP andY NO changed
significantly during the experiment (a = 0.05). The Kruskal-Wallis normality test was
used to test for Gaussian distribution, and identify whether the assumptions of the
paramettic rmANOV A were satisfi ed. Assumptions of normality were met in all cases.
One way analysis of variance (ANOVA) and Dunn's post hoc comparisons were used to
test for significant differences between clades at a single tin1e point (a = 0.05).
Statistical analyses were performed using GraphPad Ptism Software (Version 5, 2008).

7.3

Resu lts

Thi s experiment investigated the natural pH range and DIC drmvdown of Symhiodiniwn
sp. clades A, B and C 1 during 21 days of growth and assessed the extent to which pH
and /or DIC were lim iting to growth, as evidence by relative changes in growth rates,
and/or declines in photosynthetic capacity.
T he pH of the culture media remained the same between clades for the first 2 days of
culture (Fig 7. 1). Following this, growth of clade A caused the most rapid change in pH
occ urring between day 2 and 4. Resul ts show a distinct pH ra nge between clades during
grow th, with maximum pH of9.1 4 ± 0.01 observed in clade A . Maximum pH range
was observed in Sym biodinium sp. clade A (0.9 ± 0.01), foll owed by subclade C1 (0.6 5
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± 0.03) then clade B (0.53 ± 0.01) (Fig 7.1 ). The final pH (day 21) varied significantly

between all clades (P = 0.001).
The concentration of dissolved inorganic carbon remained the same between clades for
the first 4 days of growth (Fig 7.1 ). Following this, inorganic carbon uptake was
greatest in Clade A during exponential growth, however final DIC concentrations was
0.55 ± 0.02 mM on day 21 did not vary significantly between the clades (P = 0.845).
The DIC speciation at the end of the experiment showed significant differences between
clades: C0 2

(aq)

was highest in clade A (P = 0.002), while HC0 3- was similar between

all clades (P = 0.419) (Fig 7 .2)
Clade A grew fastest, with maximum growth rates seen on day 7 (0.41 ± 0.08 cells d- 1)
(Fig 7.1). Subclade C1 had maximum growth on day 9 (0.42 ± 0.01 cells d-1). Clade B
was slower growing with maximum growth on day 11 (0.26 ± 0.06 cells d-1). However,
final cell concentrations were all within the same order of magnitude and did not vary
significantly from each other (day 21, P = 0.450).
When growth rates (during the exponential phase) were plotted against DIC
concentration, DlC availability had a significant effect on the growth rate of cells (Fig
7.2 B and D) . DIC became limiting to growth at 1.22 ± 0.06 mM and did not vary
significantly between clades (P =. 0.42 1).
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Figure 7.1 pH drift cxperi1nenl of SymbiudiniwJl sp. in culture. Len panels show cell

concentration, pH and total dissolved inorganic carbon for 3 Symbiodinium sp . clades A,
Band Cl. Right panels depict changes in the DIC species HC0 3- and C0 2 (aq) during
growth ofSyn-zb iodinium sp. clades A, B and C L Error bars represent± stand ard error
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Figure 7.3 Photosynthetic parameters of Symbiodinium sp. measured during growth. A

shows maximum quantum yield (F/ Fm), clade A (•) clade B ( ) and subclade Cl (o ).
B shows the quantum yield of photochemical quenching, qP (A) at 50 IJ.mol photons m2

s- 1 , shading for clades as before. C shows the quantum yield of non-regulated non-

photochemical loss in PSII (Y No) at 50 ~-tmol photons m- 2 s··l (•) and 500 ~-tmol photons
2

m-

s- 1 (0 ). shading of symbols as before. Graph D shows electron transport rate of PSII
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1

(• )

and 500 ~-tmol photons m- 2 s- 1 (0), shading of syrnbols as

before. In all cases error bars indicated± standard error (n=4).
Despite the range of pH and DIC measured in all Symbiodiniwn sp. strains during
growth, photosynthetic capacity remained si1n ilar during growth (Fig 7.3A).
Measurements of qP in clade B were significantly lower than clades A and B (P =
0.003) during the first week of growth, however all clades exhibited similar levels of qN
throughout growth (P = 0.058). Further examination of non-photochemical components
revealed sign ificant differences in non-regulated non-photochemical quenc hing (Y No).
At the beginning of culture (0-7 d) clades A, B and subc lade C 1 had significantly
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different levels of Y NO at 50 J..Lmol photons m-2 s-

1

,

with the highest Y NO recorded in

clade A, then B and the lowest measured in C 1. However, during exponential growth
(7 -18 d) Y NO decreased in subclade C 1 and by stationary phase of cell growth levels of
Y NO did not vary significantly between clades.

Levels of Y NO measured at 500 J..Lmol

2

photons m- s- 1 were significantly higher than those measured under 50 J..Lmol photons m2

1

s- in clade A and B, but not Cl. As growth progressed, levels ofYNo measured under

500 J..Lmol photons m- 2 s- 1 did not vary significantly within a single clade, and by 21 days
of growth, Y NO was similar between clade B and C 1.
During the first 7 days of growth, rates of PSII electron transport were significantly
higher in clade A, then Band lowest in C1 at both 50 and 500 J..Lmol photons m- 2 s- 1 (P =
0.009). However, during the exponential phase of growth, rates increased significantly
in subclade C1 (0.9 ±0.09 at 0 d, and 3.2 ±0.12 J..Lmol m-2 s- 1 at 21 d) and became
increasingly similar between clades. By the stationary phase of growth (21 d), rates of
electron transport under 50 J..Lrnol photons m- 2 s- 1 were significantly higher in clade A
compared to Band Cl (P = 0.001). Under 500 J..Lmol photons m-2 s- 1 the rate ofPSII
electron transport increased significantly in subclade C1 (P = 0.002), however by day 21
was still significantly lower than clade A and B.

7.4

Discussion

It is well recognised that marine dinoflagellates can significantly reduce inorganic

carbon concentrations in marine waters and lead to localised pH changes during periods
of rapid growth (Rost eta!. , 2006). Furthennore, the pH tolerance of dinoflagellates
have been shown to be species-specific (Hansen,

200~).

Given the future projections of

increased C0 2 entering the oceans, and associated pH change, the ability of

Symbiodinium sp. to tolerate rapid pH change has significant implications for survival
and succession of the dinoflagellate comn1unity. The pH tolerance of the ecologically
important sy1nbiotic dinoflagellate, Symbiodinium sp. is unknown. Furthermore, the
effects of pH and DIC on the growth rate of these microalgae remain undefined.
Results fron1 this study show that the pH of culture media increases significantl y dming

Symbiodiniwn sp. growth, and can be attributed to the uptake of dissolved inorganic
carbon. However, the pH endpoint (measured during stationary phase at 21 d) varied
significantly between clades, and results have revealed defined clade-specific pH ranges
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of Symbiodinium sp. clades A, Band subclade C1. The widest pH range during growth
was observed in clade A followed by subclade C1 and then clade B (Fig 7.1). The rate
of pH change was greatest during exponential growth as a result of maximum carbon
acquisition, and increased at a rate of0.13 pH units a day (clade A, 14-16 d).
Significantly, the results from this study show that Symbiodinium sp. are able to
maintain high maximum quantum yields (FviFm) over a large pH range that varied
between 8.2

and~

9, and DIC concentrations as low as 0.5 ± 0.01 mM (21 d). As pH

increases, the relative abundance of DIC species changes, and C0 2 (aq) becomes less
abundant. Indeed, at 0.5 mM DIC concentrations of C0 2

(aq)

reached levels as low as 5

± 0.3 ~-tM, half those of normal seawater, without affecting photosynthetic capacity.

These results suggest that Symbiodinium sp. has the ability to actively uptake both C02
and HC0 3- as substrates for photosynthesis, and thus maintain high levels of
productivity even at very low C0 2 (aq) concentrations. These results are in agreement
with other studies that have demonstrated HC0 3- use by Symbiodinium sp. (AI
Moghrabi eta!., 1996; Go iran eta!., 1996), and maintenance of net 0 2 evolution under
dissolved inorganic carbon concentration~ 0.011nM (Buxton eta!., in press). These
results highlight the important role of CCMs in cultured Symbiodinium sp. for enabling
the dinoflagellate to survive over a range ofDIC/pH conditions.
This study has shown that Symbiodinium sp. photosynthetic capacity is both DIC- and
pH-insensitive (Fig 7.3). Maximal quantum yield ofPSII was unaffected by increasing
pH or declines in DIC concentration. Indeed, both qP and the rate of PSII electron
transport actually increased at nlkaline pH in subcbde Cl , when HC0 3- is more
abundant than C02 (aq)· This may reflect the presence of efficient HC03- transporters in
Symbiodinium sp. that overcome C0 2 (aq) limitation. pH and DIC concentration had no

bearing on the ability of Symbiodinium sp. to dissipate excess energy via regulated nonphotochemical mechanisms (qN). Neither pH norDIC concentration had an effect on
PSII functionality even under increased i1Tadiance (500 pmol photons m-2 s- 1), as
revealed by stable Y No, a reflection of the fraction of energy dissipated via nonregulated photochemical pathways attributed to the proportion of closed PSII reactions
centers (Klughammer and Schreiber, 2008). These results contrast those that have
previously reported photosynthetic inhibition under alkaline conditions in cultured
Symbiodin ium sp. isolated from the clade C harboring coral (Huang et a!. , 2006)
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Galaxea fascicularis (Go iran et al. , 1996). The disparity in results may reflect subcladal genetic variation in the robustness of photosynthesis between C and C 1
genotypes (Rowan et al. , 1997).
In contrast to photosynthetic capacity, the growth rates of all Symbiodinium sp. clades
showed sensitivity to pH and/or DIC concentration. All clades grew close to their
maximum growth rates under ambient seawater concentrations (2.2 mM). Growth
became limited in clade Bat DIC levels

below~ 1.2

mM, while clade A and C1 only

became limited at concentrations below 0.7 mM. This suggests that clades may have
differential capacities for carbon acquisition, and that clades A and C1 are better
adapted to survive in low DIC environments. Nutrient analysis revealed that nutrients
were not a limiting factor to growth in any of the cultures (Appendix 3). Therefore,
while the survivorship of Symbiodinium sp. clades has been described as functions of
temperature and light (Rowan et al., 1997), this is the first time the role pH/DIC has
been identified as a possible factor in clade succession. However, from this experiment
it is not possible to determine which parmneter (DIC or pH) exerts more influence on
the rate of growth in Symbiodinium sp.
Iviaintenance of photosynthesis under low DIC is reliant of the operation of efficient
carbon concentrating mechanisms (CCMs). Several CCMs have been identified in

Symbiodinium sp. including carbonic anhydrase (Yellowlees eta!., 1993), Na+/HC03exchangers, H+ -ATPase mediated HC0 3- uptake, and possible Cr/HC03- syn1ports
(Furl a eta!., 2005). Fron1 this study, it is clear that clades A, B and C 1 all have efficient
CCl\1s allowing carbon saturation ofRubisco even under low DIC conditions.
tvlaintenance ofRubisco saturation under alkaline conditions would require the
increased transport of HC0 3- as C0 2

(aq)

becomes less abundant at higher pH. It has

been postulated that bicarbonate acquisition via H+-A TPase activity is mediated by the
ratio of the reducing agents , NADPH/NADP+ (Elzenga and Prins, 1988; Prins and
Elzenga, 1990). According to this theory, under low C0 2 (aq) conditions, excess
reducing agents (NADPH) in the chloroplast are shuttled to the cytoplasm where they
stimulate the plas1na membrane proton pumps, inducing membrane polarity and thus
increasing inorganic carbon uptake (Prins and Elzenga, 1990) . This export of reducing
equivalents would leave chloroplast NADP+ oxidised, resulting in a high qP. This is
often coupled with low qN , associated with reduced Calvin cycle activity under carbon
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limitation (Schreiber et al., 1986; Krause and Weis, 1991 ). Results presented here
reveal high levels of qP and low qN were sustained under Ci-limiting conditions,
indicating the fast reoxidation ofNADPH and utilisation of ATP occurring via linear
electron flow. These combined measurements are in agreement with the hypothesis of
redox regulation, and suggest that the operation of carbon concentration mechanisms
that increase pH polarity are an effective means of increasing C02 availability for
carbon fixation under conditions of high pH in Symbiodinium sp.
While carbon concentrating mechanisms allow Symbiodinium sp. to survive in suboptimum environments, they play an additional role in acid-base balance. Bicarbonate
ion transport by CCMs such asH+-ATPase, leads to a net flux of acid or base across the
epithelia (Boron, 1983 ), therefore such uptake mechanisms may enable Sy mbiodin ium
sp . to survive under rapidly changing pH. While removal of DIC from the media and
pH change are directly linked, the final concentrations of DIC and cell concentration
were similar between all clades. This would suggest that the pH-endpoint was not
solely dependant of the amount of inorganic carbon acquisition by the algae, but rather
effects of preferential C0 2 /HC0 3- use and/or possible secretion of OH- during acid-base
regulation (Portner et al. 2004).
6

Cells living in symbiosis with tropical corals can proliferate at densities up to 5 x 10

cells em -J, and intracellular pH of host cells is known to undergo changes as a result of
carbon acquisition, carbon fixation and carbonic anhydrase activity (Furia and
Allemand, 2000; Furia et al., 2005). Microsensor measurement have identified lightstimulated alkanisation ·- pH 8.79 (Kuhl ct ol., 1995 ; /\1-Honmi ct a!. , 2003) . Results
from this study have shown that Symbiodinium sp. are well adapted to living in rapidly
changing pH environments and that all three clades (A, B and C 1) are able to maintain
pho tosynthesis and growth at this pH (~ 8.79) and above. Furtherm ore, while
m icrosensor studies assess the pH change of a heterogenous Symbiodinium sp.
commun ity, this study has identified DIC sequestration and associated pH range of
ind ividual c lades.
T he combined fi ndings of this study and those on intact symbi oses suggest that the coral
host must be ab le counter balance rapid intrace llular pH changes by H+/OH- secretion in
order to maintain metabo lic func tion, reduce C0 2 leakage and ma intain a healthy
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symbiosis. Results presented here suggest that specific clades may exert greater ionic
and osmotic pressure on the host depending on their carbon requirements and growth
rates in hospite than previously thought. Host mechanisms for acid-base compensation
may be adapted according to mono-cladal or mixed-cladal communities, fluctuations in
symbiont density and levels of net primary production.
Results presented here suggest Symbiodinium sp. clades A, B and subclade C 1 are able
to maintain high rates of carbon fixation at elevated pH, possibly by increasing their
affinities for HC0 3- as a carbon source when under carbon-limiting and/or alkaline
conditions. DIC and/or pH were found to be limiting to growth of all three clades,
although clades A and Cl appear to be better adapted at living in low DIC
environments. Symbiodinium sp. seems to have well adapted acid-base compensation
mechanisn1s that allow them to survive under conditions of rapid exogenous pH change.
However, maintenance of these mechanism are known to incur significant metabolic
costs (Portner eta!., 2004), and long-tem1 changes in seawater pH, such as the future
scenario of seawater acidification, have the potential ultimately to disrupt acid-base
regulation.
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CHAPTERS
CONCLUSIONS AND DISCUSSION

8

G eneral Discussion

Anthropogenic C02 additions to the atmosphere over the last 100 years are now
causally linked to climate change, and temperatures are predicted to increase by 0.1 °C
per decade (IPCC, 2007) . Atmospheric C0 2 is now higher that experienced for at least
the past 650,000 years, and is expected to continue increasing (Siegenthaler et al.,
2005). The oceans play an important role in absorbing and storing inorganic carbon and
have already absorbed around 127 ± 18 billion metric tons of carbon as C0 2 from the
atmosphere which is equivalent to a third of human carbon emissions since the
industrial revolution (Sabine and Feely, 2007). Absorption of C0 2 by the oceans
continue to assist in moderating present and future concentrations, however the
associated chemistry, namely hydrolysis of C02 in seawater is causing rapid increases
in hydrogen ions (H+) and acidification of surface waters (IPCC, 2007). Recent
hydrographic surveys have confirmed that the uptake of C02 by the ocean has already
resulted in a 0.12 pH decline of surface waters (Feely et al. , 2004). Emission scenarios
estimate that atmospheric C0 2 concentrations could exceed 500 ppm by 2050, and
exceed 800 ppm by 2100 (IPCC, 2007). The rapid changes in ocean chemistry are
predicted to impact some of the n1ost fundamental biological processes and alter the
structure and functioning of pelagic and benthic ecosystems (Kleypas et al., 2005).
Combined with effects of warming, acidification is now recognised as one of the biggest
threats of marine ecosystems and is gaining considerable political and social
momentun1. The

m~jor

objective of this thesis was to examine the effects of inorganic

carbon concentration on the photo synthetic functioni ng o f the symbio tic dinoflagellate,
Symbiodinium sp. in vivo and in vitro. There was a vital need for baseline data on the
photophysiological tolerance of Symbiodinium sp. to changes in inorganic carbon
concentration and associated pH change under amb ien t temperatures .
8.1 The effects of inorganic carbon concentration on Symbiodinium sp.
photosynthesis
8.1.1

Inorganic carbon enrichment

Until recently, the effects of increased sea surface temperatures as a result of global
warming on coral bleaching and mortality have been the maj or research focus (HoeghGuldberg, 1999). However, w ith coral identified as keystone organisms that are likely
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to suffer considerable negative impacts under ocean acidification, considerable research
has been undeiWay to examine the effects of acidification on corals. The majority of
this research has focused on calcification processes (Marubini eta!., 2003 ; Schneider
and Erez, 2006; Marubini eta!., 2008), leaving the effects of pH and dissolved
inorganic carbon concentration on photosynthesis under represented (Raven eta!. ,
2005).
It is generally assumed that ambient DIC concentrations in seawater are sufficient to

saturate photosynthesis. However, som e studies have suggested that inorganic carbon is
limiting to photosynthesis and have had conflicting results (Burris eta!., 1983; Herfort

eta!., 2008). Furthermore the effects of temperature have yet to be incorporated into
the current paradigm of carbon saturation of coral photosynthesis. Results frmn Chapter
3 identified that photosynthesis in Symbiodinium sp. was saturated at current DIC
concentrations (2.2 mM), and that further additions did not stimulate primary
production. It should be noted that a caveat of this investigation was that it was
performed under short time scales (< 6h), and therefore does not represent long-term
acclimation effects. It did not attempt to investigate the adaptability of Symbiodinium
sp. to high pC02 but rather assessed the intricacies of gas exchange for the first time in
corals using the cmnbined techniques of membrane inlet mass spectrometry (MIMS)
and pulse amplitude n1odulated (PAM) fluorometry under conditions of high DIC
concentration. Other research is currently unde1way using teclmiques such as
mesocosms in order to address long-term effects of pC0 2 (Jokiel eta!., 2008).
8.1.2

Inorganic carbon limitation

Under predicted scenarios of elevated seawater DIC, declines in the inorganic carbon
concentration of marine systems is unlikely. However, in order to fully understand
photosynthetic carbon saturation of Symbiodinium sp. it is necessary to explore
inorganic carbon conditions below 2.2 mM. It is thought that the symbiont receives up
to 80o/o of its C0 2 requirements directly from host respiration. Inorganic carbon
transport from the surrounding seawater has also been identified and corals have been
shown preferentially to utilise bicarbonate (Goiran et al. , 1996). Inorganic carbon
acquisition relies on efficient function ing of carbon concentrating 1nechanisms and
several modes of carbon transport to Symbiodinium sp. have been suggested (AI
Moghrab i eta!., 1996). However, it is still unclear whether this is primarily a host or
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algal mediated response. Additionally, the effects of carbon concentration and/or
temperature on the functioning of carbon concentrating mechanisms have yet to be
identified.
Chapter 3 revealed that the photosynthesis of in hospite Sy mbiodinium sp. had
significantly reduced rates of PSII electron transport and 0 2 evolution under DIC
concentrations < 2 mM. This would suggest that the symbiosis relies considerably on
host-mediated DIC transport, or passive C0 2 diffusion, from the seawater pool. In
contrast, results from Chapter 3 and Chapter 7 have shown that Sy mbiodinium sp. is
well adapted to live in a range of DIC environments with no detrimental effect on
photosynthetic capacity. This may be a reflection on the expression and regulation of
CCMs in Symbiodinium sp. in and out of symbiosis.

8.2 Thermal inhibition and impacts on carbon sequestration of Symbiodinium sp.
The effects of ocean acidification will be additional to that of global warming, therefore
marine organisms will have to survive, or be able to adapt to , both increased H+
concentrations and temperatures. Corals are already known to be at risk from increased
sea surface temperatures, and the thermal inhibition of photosynthesis is thought to be a
significant factor leading to breakdown of the symbiosis (Jones et al., 1998; Warner et
a!. , 1999). Inhibition of the carbon fixing reactions in the Ca lvin cycle has been a

suggested site of primary thermal inhibition (Jones et al. , 1998), and was explored in
Chapter 5.
Direc t measurement of Sy711hiodinium sp. Rubi sco activity remains extremely difficult.
Considerable effort was made to develop a spectrophotometric assay for the rapid and
quantita tive assessment of the Calvin cycle reactions. The application of this type of
assay proved unsuccessful for Sy mbiodinium sp., however an alternative fluormnetry
assay was developed (Chapter 5). Experiments involving incubations with MV allowed
electro n transport to be divided between that occurring up-stream of PSI, in the light
reac tions, and down-stream of PSI during NADPH generation fo r the Calvin cycle.
Unti l now, a detailed study into the effects of heat on this partic ular site of electron
transport chain in Symbiodinium in vitro and in vivo has not been perfonned. An
unde rstanding of the thermal sensi tivity of this vital stage in electron transport and
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synthesis ofNADPH needed to drive carbon fixation is essential if the primary
mechanisms of heat stress in Symbiodinium are to be understood.
Experiments described in Chapter 5 identified both species- and cladal-specific
heterogeneity in photosynthetic inhibition. The primary site of thermal inhibition in
Sy mbiodinium sp. subclade C1 and S. pistillata occurs at a site down-stream of PSI. It

is not possible to ascertain from this study where exactly down-stream inhibition is
occurring. However, these results concur with those of other studies that describe
Calvin cycle inactivation (Jones et al. , 1998). Under this hypothesis, clade-specific
inhibition of the Calvin cycle would leave some coral species better adapted to the
effects of climate change. Previous studies have ranked the thermal vulnerability of
different Sy mbiodinium sp. clades as C 2: B > A (Rowan et al., 1997). Results presented
here are generally consistent with these findings, and would rank susceptibility to downstream inhibition as C 1 > B 2: A. Although both S. pistillata and P. damicornis are
known to both harbor Sy mbiodinium sp. subclade C 1, the patterns of thermal inhibition
were not consistent when observed in vivo. This significant observation may be
explained by a specific property of the host, such as tissue thickness, that may act to
dissipate heat and reduce photosynthetic inhibition.

8.3 Disparity of Symbiodinium sp. responses observed in vivo and in vitro
Sy mbiodinium sp. cultures are widely used in laboratory experin1ents and results

obtained from ce1ls grown in culture are often used as a model for those in hospite
(Chang et al., 1983; Lesser and Shick, 1990; Rodriguez-Roman and Iglesias-Prieto,
2005). lt is becoming incrca ingly clear that the susceptibility of Symh iodinium sp. to a
range of environmental factors differs when observed ill vivo and in vitro (IglesiasPrieta et al., 1992; Bhagooli and Hidaka, 2003), making them an inappropriate model
for the coral symb iosis. However, due to the expense and time constraints of
investigations in the field, it would seem likely tha t Symbiodiniwn sp. cu ltures will
continue to be utilized in controlled experiments as a sunoga te for those in hospite.
A major obj ective of this thesis was to examine the photophys iologica l fu nctioning of
Symbiodiniwn sp. both in vivo and in vitro. Thi s was done so that accura te di stinctions

could be made between the respo nses observed in vivo and in vitro, therefo re enhancing
the current understanding of co ral symbios is. Dino fla gell ates are important members of
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the microalgae community in marine systems, and the outcomes from this thesis will
contribute to both microalgae research and coral biology. Wherever possible, genetic or
physiological variability between Sy mbiodinium sp. strains was controlled by using
cultures of the same clade as those harbored in the whole coral samples. Results from
this thesis identified significant differences that were observed in the response of

Symbiodinium sp. to temperature and DIC concentration when observed in vitro and in
vivo .
8.3.1

Carbon acquisition of Symbiodinium sp. in vivo and in vitro

Chapters 3 and 7 identified considerable differences between Symbiodinium sp. in

hospite and those in culture in response to DIC concentrations < 2 mM. While
photosynthesis in symbiosis was inhibited at concentrations below 2 mM,

Symbiodinium sp. in culture are well adapted for living in a range of DIC environments,
and most interestingly at DIC concentrations < 2mM.
It would be reasonable to speculate that the physiology of Symbiodinium sp. undergoes

considerable changes when living in and out of symbiosis (Gates et al., 1999; Kaplan
and Reinhold, 1999). The carbon environment, pH, nutrient availability and irradiance
differ considerably between the internal environment of host cell and seawater.

Symbiodinium sp. in hospite relies on host respiration, the passive diffusion of C0 2 (aq)
or the carbon transport mechanisms of host to provide DIC from the seawater pool.
C02 or HC0 3- uptake by coral host is an anomaly amongst respjring organisms, since
C0 2 is essentially a toxin. Preservation of a healthy symbiosis relies on the
maintenance of photosynthesis, which in turn is dependant on C02 S[lturation of
Rubisco. Carbon concentrating mechanisms have been identified on symbiotic host
membranes (Furia and Allemand, 2000), however, their expression and regulation are
unknown .
In contrast, Symbiodinium sp. living in vitro has direct access to the seawater DIC pool.
Carbon concentrating 1nechanisms have been shown to be regulated by the suiTounding
DIC concentration (McGinn eta/. , 2003 ; Woodger eta /. , 2003) . Direct sensing of
external or inte1nal inorganic carbon concentration, changes in the redox potential of the
photosynthetic electron transport chain, the concentration of chloroplast reductants
(Klughammer eta/., 1999), or Ca lvin cycle intennediates are all possible mechanism of
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carbon-sensing and CCM regulation (Kaplan and Reinhold, 1999). Should the
expression of CCMs in Symbiodinium sp. be governed by similar carbon-sensing
mechanisms, it would suggest that those cells in vitro are able to up-regulate genetic
transcripts for CCMs in response to the bicarbonate-rich DIC seawater pool. This could
explain the ability of the free living cells to adapt and acquire inorganic carbon over a
range of concentrations and pHs.
Results from Chapter 3 revealed that photosynthesis was more sensitive to DIC
concentration at high temperature in whole corals. In contrast, although rates of 0 2
evolution were reduced at elevated temperature in cultured Symbiodinium sp., they
remained relatively constant over a range of DIC concentrations. As the terminal
electron acceptor in photosynthesis under linear electron transpmi, C0 2 availability
partially controls the redox state of the electron transport chain (Durchan et al., 2001),
and C0 2 limitation can contribute to the activation of cyclic electron flow and induce
non-photochemical quenching (Egorova and Bukhov, 2006). The 1naintenance of a
healthy symbiosis is dependant on carbon saturation of Rubisco in order to preserve
photosynthetic functioning. Host mediated carbon acquisition may be a sensitive
component of the symbiosis, and susceptible to dysfunction at elevated temperatures.
The synergistic effect of DIC concentration and temperature on whole corals revealed in
Chapter 3 would further indicate that photosynthetic yield is tightly co upled to the
host's ability to supply inorganic carbon and that these mechanisms may be im.paired by
temperature.
8.3.2

pH tolerance of Symbiodinium sp. in vh·o and in l'itro

Assessing the impacts of pH on Symbiodinium sp. in vivo and in vitro is cornplex.
Physiological targets of exogenous acidification may potentially vary considerably
between the cnidarian host and algal symbiont. Therefore, differential effects of
acidification on organisms must be accounted for.
Considerable pH heterogeneity has been observed in corals and varies in both spabal
and temporal scales. Acid-base reactions link the concurrent reactions of
photosynthesis and calcification in corals through a common bicarbonate pool.
Microsensor studies have revea led that internal pH is highly alkaline in the daytime
through the photosynthetic removal of C0 2 , and becomes acidic at night through the
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calcification processes (Kuhl et al., 1995). Furthermore, relative pH change has been
shown to vary across a single coral polyp, with greater pH ranges observed on the outer
membrane compared to the coelenteron (Al-Horani et al., 2003). It would therefore be
reasonable to assume that both algal symbiont and the host cells have well adapted
mechanisms for regulating acid-base imbalance caused by photosynthesis in hospite
during diel cycles. Indeed, results presented in Chapter 7 identified that Symbiodinium
sp. are able to maintain photosynthesis over a range of pH values (1.5 pH units)
comparable to those observed in microsensor studies (1.2 pH units) .
However, when observed in hospite photosynthesis was significantly inhibited under
acidified conditions (Chapter 6). Photosynthetic inhibition was dose dependant, which
would suggest a direct effect of I-t concentration on the symbiosis. A coral polyp is
arranged like a bag, with the outer and inner membranes made up of two single-celled
layers. In the absence of an exoskeleton or shell, the cnidarian tissue is in direct contact
with the seawater. Rapid acidosis of tissue has been recoded in a range of marine
organisms and 1nay be a culpable for the photosynthetic dysfunction observed in corals
in the field (Goiran et al., 1996; Allemand, 1998).
Membrane-bound ion transporters will respond to changes in seawater pH. These
caniers involve the transport ofH+ and/or bicarbonate in order to buffer the effects of
intracellular pH imbalance. Exchange processes are thought to occur on both external
and internal n1embranes (Wood, 1991). Transporters in marine invertebrates are
thought to involve H+-ATPase, and Na +;H+ and Na +-dependant Cr/HC0 3- exchange
(Heisler, 1993). A conceptual model of these possible acid-base compensation
mechanisms in corals are represented in Fig. 8.1. The contrasting susceptibility of

Symbiodiniwn sp. observed in vivo and in vitro would suggest that the host is the more
susceptible partner in the symbiosis to the effects of acidification. Tolerance to
acidification will depend on coral ' s capacity to compensate for acid-base disturbances.
However, this is only realistic for short-term survival since the energetic cost for acidbase compensation is significant and prolonged exposure will have significant affects on
the organisms metabolic functioning (Fig. 8.2). Reduced growth and reproduction
could result in changes in population and succession, or even local extinction of species,
however such impacts have not been measured in field conditions.
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Figure 8.1 Conceptual model showing possible modes of acid-base compensation in
corals. Note that this diagram is hypothetical with regards to some details. Acid-base
compensation mechanisms depicted here are based on those identified from other
marine organisms as described in the text (Portner et al. , 1984; Wood, 1991; Heisler,
1993; Wood and Marshall, 1994; Kurihara et al. , 2007). Panel A shows possible modes
of H+ extrusion, HC0 3 - buffering, and ionic compensation mechanisms on the coral host
membranes, B shows those that may be present in Symbiodinium sp. membranes, while
C shows potential targets of acid-base imbalance on the thylakoid tnembrane.
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Figure 8.2 Flow diagram showing hypothetical pathways of pH imbalance in the coral
symbiosis. Green boxes highlight results from this thesis, blue are theoretical modes of
impact as described in the text, orange are known effects of intracellular pH imbalance
identified from a range of marine organisms.
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8.4 Summary of key findings

• Symbiodinium sp. photosynthesis is carbon saturated under current DIC
conditions and an excess of inorganic carbon does not stimulate further primary
production under short term incubations

• It is possible to conclude that the primary site of this thermal inhibition inS.
pistillata at 32 °C is a result of reduced electron transport at a site down-stream
of PSI and not as a result of damage to PSII or PSI.
•

There is significant species- and clade-specific inhibition of down-stream
reactions. These patterns of inhibition are not consistent when observed in vivo
or in vitro.

•

Corals are adapted to live within a defined pH range and decreases in seawater
pH lead to rapid declines in photosynthesis in hospite.

• The thetmal-history has a significant effect on the seasonal susceptibility of
corals of pH-inhibition. This photosynthetic susceptibility is increased by
elevated temperature under acidified pH.

• The natural pH range of three Symbiodinium sp. clades (A, Band subclade Cl)
have been identified and show cladal-specific limits.

•

Symbiodinium sp. in vitro are well adapted for life in rapidly changing pH and
DIC environments.

•

The cnidarian host can be considered the more vulnerable partner to changes in
pH.

8.5 Environmental significance
The summary of the f1ndings described above suggest that the capacity of corals to
withstand rising seawater acidification will be limited. Although Symbiodinium sp. may
be we ll adapted for living in a range of pHs and DIC concentrati ons, the cnidarian
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partner seems particularly sensitive to external pH which leads to photosynthetic
dysfunction. Global warming has the potential to exacerbate the effects of pH alone on
coral survival.
The most sensitive site of thermal inhibition has been identified in Symbiodinium sp.
subclade C 1 at a site down-stream of the light reactions. This thermal sensitivity may
leave corals considerably compromised under future scenarios of climate change.
Furthermore, the synergistic effect of DIC concentration and temperature on whole
corals identified in this thesis would further indicate that photosynthetic capacity is
tightly coupled to the host ' s ability to supply inorganic carbon and that these
mechanisms may be impaired by temperature. This suggests that the capacity of corals
to adapt or withstand the combined effects of temperature and increased DIC
concentration may be highly limited. The current paradigm of coral bleaching may
have under estimated the thermal vulnerability of the Calvin cycle reactions and/or host
n1ediated CCMs. These limiting steps need to be incorporated into the bleaching
hypothesis. As ocean temperatures continue to rise, carbon fixation on coral reefs may
decrease via impairment of the Calvin cycle reactions. This would contribute to
reduced global carbon sequestration.
The effect of anthropogenic carbon dioxide production has the potential to cause both
direct and indirect accumulation of C02 in marine ecosystems. The trends of C02
production is causing changes in regional climate, both increasing mean temperatures
and increasing temperature vmiabihty (IPCC, 200 1). Global climate change already
threatens the geo graphic di stribution of marine flora and fauna with the potential for
localized extinctions (Thomas et al., 2004). Mitigation of these effects have been
proposed and include iron fertilization to stimulate phytoplankton growth in order to
sequester C0 2 ; or deep sea C0 2 injections where is could be stored under pressure.
However, both scenarios will causes further di sturbances in biotic and abioti c
regulation. The only viable solution is to reduce antlu·opogenic contributions of C0 2
into the atmosphere.
8.6 Future research

The research di scussed here has provided detailed inform ation of the impacts of
inorganic ca rbon concentra tion on $yn1biodinium sp. photo synthesis in vivo and in vitro.
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Studies were conducted to explore the combined effects of DIC concentration and
elevated temperature that is representative of future environmental conditions.
However, long term experiments investigating the adaptability of Symbiodinium sp. to
increased DIC concentration and pH are required. Furthermore, the regulation of
carbon concentrating mechanisms needs to be further explored in Symbiodinium sp. in
vivo and in vitro.
It will be increasingly important to study the effects of intracellular acid-base imbalance

on specific components of the photosynthetic electron transport chain, A TP synthesis
and membrane stability. This will require the development of sophisticated tools that
enable to measurement of intracellular pH.
Investigations studying the effects of acidification on a range of other calcifying
organisms are required. Furthermore, the genetic or physiological causes of variations
of Symbiodinium sp. susceptibility to pH needs to be analysed if accurate predictions on
coral mortality are to be addressed. Lastly, the effects of acidification on the cnidarian
host needs specific attention.
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Fig Al Diagram showing tested methods discussed in Chapter 4.

APPENDIX 2

Use of competitive buffers BTP and CHES on coral photosynthesis
In order to maintain constant seawater pH the competitive buffers Bis-tris propane
(BTP) and N-Cyclohexyl-2-aminoethanesulfonic acid (CHES) were used in
combination. BTP is a Zwitterionic biological buffer, meaning both anionic and
cationic sites are present in the molecule. The nature of such buffers limits their
interaction with biological reactions (Palasz et al. , 2008). The pH range of BTP is 6.3 9.5, while CHES is 8.6 - 10.0.
Incubations with CHES-BTP buffered artificial seawater for 4 hours revealed no
significant effect of the buffers on effective quantum yield of P. dam icornis or S.

pistillata in the summer (P = 0.905 and 0.673 respectively) or the winter (P = 0.833 and
0.923 respectively) (Figure A3. 1).
Treatment pH
8.2
7.8
7.2

T

10 mM BTP at pH 7.1
(o/o of total volume)
16.73±2.31
78.24 ± 1.88
93.12 ± 1.25

10 mM CHES at pH 8.3
(% of total volume)
84. 67 ± 2.3 1
22.05 ± 1.88
7.86 ± 1.25

Table A2.1 Volume ofBTP and CHES buffers used in combination (n = 4).
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A

P. damicomis

S. pistillata

B
-

Seawater

c=J CHES - BTP pH 8.2

P. damicornis

S. pistillata

Figure A2.1 Effects of the buffers CHES and BTP on effective quantum yield of S.

pistillata and P. damicornis in the summer (A) and winter (B). Error bars represent
standard error (n=S) .

Appendi x

160

