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General introduction

Tropical coral reefs are among the richest ecosystems on Earth, whether
measured by biodiversity, productivity, biomass or structural complexity. Apart
from their ecological value they also provide a vast number of goods and services to
people, including food, tourism, coastal protection, aesthetic and cultural
significance (Moberg & Folke 1999; Hoegh-Guldberg 2004; Wilkinson 2004). The
vast majority of the coral reef systems are situated in the warm tropical seas between
30°N and 30°S (Fig. 1), where they fringe shorelines, form offshore barriers and
atolls (Veron & Stafford-Smith 2000). Covering only about 0.1 % of the Earth’s
surface (Smith 1978; Spalding & Grenfell 1997), they accommodate almost 30% of
the world’s marine fish species and supply about 10% of the fish consumed by
humans (Smith 1978). Annual revenues from tourism are estimated at US$105
billion for the Caribbean (Burke & Maidens 2004) and AU$7 billion for the Great
Barrier Reef (Access Economics 2007).

Coral reefs have been in an unprecedented decline over the last century, as
indicated by significant reductions in species abundances and degradation of reef
communities (Hughes ef al. 2003; Pandolfi et al. 2003). Reef losses are currently
estimated at 20%; 24% of coral reefs are under imminent risk of collapse and a
further 26% are threatened on the longer term (Wilkinson 2004). Numerous human-
induced disturbances have been identified as causes of this decline, some of which
started to affect reefs as early as a millennium ago (Jackson 2001; Pandolfi et al.
2003). The main threats to reef biodiversity include: (1) fishing and harvesting, (2)
habitat destruction and fragmentation, (3) pollution, (4) disease, and (5) climate
change. Fishing practices have long been unsustainable (Jackson 2001) and have
resulted in the loss of key reef organisms such as herbivores that normally reduce
the competition between corals and macroalgae (Hughes et al. 2007). Destructive
practices such as dynamite fishing, coastal development and coral harvesting have
directly impacted coral reef integrity. Pollution-based threats include sedimentation
(which smothers coral and makes substrata unsuitable for juvenile settlement),
eutrophication and herbicides/pesticides (Wilkinson 1999; Wilkinson 2004). The
sources of pollution are often land-based (e.g. agriculture) and reach the reef through
run-off as a result of poor land-management. Last but not least, climate change has
been linked to a recent increase in coral diseases (Harvell et al. 2004), as well as to
reduced coral calcification in conjunction with ocean acidification (Hoegh-Guldberg
et al. 2007; Cooper et al. 2008). However, the main climate-induced threat to coral
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reefs today is the heat-induced disruption of the delicate symbiotic relationship
between corals and their algal endosymbionts (Coles & Brown 2003).

Stony corals (Order: Scleractinia) are the ecosystem engineers (Jones et al.
1994; Coleman & Williams 2002) of coral reefs. They produce hard calcium
carbonate exoskeletons, which give rise to the characteristic structure of coral reefs.
Stony corals form an obligate symbiosis with unicellular algae of the genus
Symbiodinium  (Division: Dinophyceae). The algal endosymbionts are
photosynthetically active and transfer up to 95% of their photosynthate to the coral
host (Muscatine et al. 1984); they also stimulate rates of calcification (Pearse &
Muscatine 1971; Gattuso et al. 1999). In return, the coral host provides protection
from predators and an environment optimal for photosynthesis, including the
provision of several essential nutrients (Pearse & Muscatine 1971; Muscatine &
Porter 1977). The evolution of tropical coral reefs in oligotrophic waters is heavily
dependent on this successful partnership and anything that disrupts the partnership
will, therefore, cause serious harm. Abnormally high seawater temperatures have
been identified as the main cause for the periodic loss of the dark-pigmented algae
from the host tissues (Glynn 1993; Berkelmans 2002) as witnessed by an increased
frequency and severity of this phenomenon in the last 20 years. As the coral host
tissue is mostly transparent, the calcium carbonate skeleton becomes visible making
the coral appear white; hence, this response is called “coral bleaching”. Bleached
corals may recover after weeks or even months but their growth and reproductive
output will be significantly reduced (Szmant & Gassman 1990; Baird & Marshall
2002). If bleaching is too severe and/or prolonged, the corals will die.

In 1998, thermal bleaching of an unprecedented magnitude affected both the
Pacific and the Caribbean, resulting in an estimated 16% loss of the world’s coral
reefs (Wilkinson 2000). Since then, mass bleaching events have occurred (on a
smaller scale) in 2002 (Indo-Pacific), 2005 (Caribbean) and 2006 (Indo-Pacific).
Temperatures of as little as 1°C above the average summer maximum are already
sufficient to cause bleaching (Glynn 1993; Berkelmans 2002). With expected
increases of 1.5-4°C in the tropics by the end of this century (IPCC 2007; Fig. 2),
coral reefs are projected to undergo major changes (Hughes et al. 2003)—to the
extent that only remnant populations of corals may be left by the year 2050 (Hoegh-
Guldberg 1999). However, a largely unknown variable in these “doomsday”
predictions is the capacity of the coral holobiont (the coral plus the algal symbiont)
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to increase its thermo-tolerance, either by adaptation or acclimatization (Coles &
Brown 2003; Hoegh-Guldberg 2004; Box 1). Although very little is known about
the capacity for thermal adaptation of the present-day coral-algal associations, their
evolutionary response in a time frame of several decades is considered to be limited
(Hoegh-Guldberg et al. 2007). Instead, it has been proposed that the flexibility of the
coral-algal association provides a window of response to temperature increases that
may allow it to cope with the at least some of the stress.
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Fig. 2. Predictions of annual mean surface warming (°C) for three scenarios: low CO, emission
(scenario B1 — top row), medium CO, emission (scenario A1B — middle row) and high CO, emission
(scenario A2 — bottom row) and three time periods: 2011 to 2030 (left column), 2046 to 2065 (middle
column) and 2080 to 2099 (right column). Anomalies are relative to the average of the period 1980 to
1999. Warming rates are fastest at the north pole but the tropical regions are expected to face
temperature increases of 1.5°C (low CO, emissions scenario) to 4°C (high CO, emissions scenario) by
the end of this century (Source: IPCC Fourth Assessment Report 2007).

The fact that many different Symbiodinium types form symbiotic relationships
with corals has only been established in the last two decades (Blank & Trench 1985;
Rowan & Powers 1992; Rowan 1998; Baker 2003) and it is this observation that has
led to the formulation of the “adaptive bleaching hypothesis” (ABH) (Buddemeier &
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Fautin 1993; Buddemeier et al. 2004; Fautin & Buddemeier 2004). The ABH
hypothesizes that bleaching provides an opportunity for corals to re-establish a
symbiosis with a different, more stress-tolerant (e.g. heat-tolerant) Symbiodinium
type, resulting in a coral holobiont better suited to the altered environmental
circumstances. Initially, it was thought that uptake of new symbiont types could only
take place from the environment and that this adaptive response involved a genetic
change in the coral holobiont (Buddemeier & Fautin 1993). Later, it was recognized
that change could also take place by an increase in the low abundance, pre-existing
in hospite populations of symbionts (Fautin & Buddemeier 2004). In order to
capture both modes of symbiont change in the ABH, the term “adaptation” was
reverted to its meaning in common usage (Box 1) causing considerable confusion in
the literature (Hoegh-Guldberg et al. 2002; Hughes et al. 2003). In this thesis, any
changes predicted by the ABH are considered “acclimatizations” (or acclimations
when in an experimental setting), as they happen within the life-time of a coral
colony and no new genes need to evolve.

Box 1: Definitions of adaptation/acclimatization

The adaptive bleaching hypothesis (ABH) employs the common usage definition of the
term “adaptation” : .... modification of an organism or its part in a way that makes it more
fit for existence under the conditions of its environment..... (Fautin & Buddemeier 2004).

This definition is more relaxed than those applied in evolutionary biology:

Adaptation: physiological, biochemical, or anatomical modifications within a species,
directed by selection, that happen over generations. Adaptations involve a genetic change
and are heritable.

Acclimatization: physiological, biochemical, or anatomical modifications in an
individual’s lifetime due to phenotypic plasticity. Acclimatizations do not involve a genetic
change and are not heritable. For example, changing to a more thermo-tolerant symbiont
type provides a wider envelop of plasticity to increased temperature for the coral holobiont.

Acclimation: similar to acclimatization, but in an experimental, human-manipulated
setting.
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The central aim of this thesis was to assess the potential of the mechanisms
described by the ABH to: (1) induce changes in the symbiotic communities of
coral, and (2) mitigate the effects of global warming on coral reefs.

General questions included:

1. Where do heat-tolerant Symbiodinium types come from — from already
present, low-abundance-algal cells in the coral host before bleaching, or
taken-up anew from the environment — and how can we detect and
quantify them?

2. To what extent does the symbiont type shape coral fitness — in terms of
heat-tolerance, growth and mortality — and what are the relative
contributions of host-factors and the local environmental conditions?

3. What are the Symbiodinium-related trade-offs between thermo-tolerance
and growth/survival, and how are they shaped by coral host and
environmental factors?

4. What is the field evidence for the ABH?

To address these questions, a combination of lab and field experiments were
designed to increase the sensitivity of Symbiodinium detection and ease of
quantification, and to experimentally partition and quantify the coral-algal and
holobiont-environmental interactions.

BACKGROUND
Scleractinian corals

The fossil record shows that scleractinian corals have been around since the
early Triassic, about 237 my BP (Stanley Jr & Fautin 2001). These early corals did

not build reefs and the formation of reefs in the late-Triassic is thought to have co-
incided with the evolution of the coral-dinoflagellate symbiosis (Stanley 2006).
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Scleractinian corals have survived massive climatic perturbations, including the
mass-extinction events at the end of the Triassic (200 my BP) and Cretaceous (145
my BP).

Corals belong to the metazoan phylum Cnidaria, Class Anthozoa to which
hydroids, jelly fish and sea anemones also belong. Their body-plan is simple:
radially symmetrical polyps, containing a sac-like body cavity (the stomach) with
one opening that serves as both mouth and anus (Fig. 3A). The tentacles surrounding
the opening contain stinging cells (nematocysts), which they use to filter particulate
matter or small organisms (immobilized by the nematocyst stings) from the water
column. The “zooxanthellae” (the symbiotic algal cells) live in specialized vacuoles
inside the host’s endodermis cells (Fitt & Trench 1983). Most corals form modular
colonies consisting of thousands to even millions of polyps (Veron & Stafford-
Smith 2000).

Reef-building corals are highly diverse: 25 living families are currently
recognized, containing 246 genera and ~1000 species (Veron 2000). The genus
Acropora is the most species-rich, containing over a hundred species with a large
variety of growth forms (Fig. 3B). Branching forms are the most common in the
genus Acropora and these dominate Indo-Pacific reefs. Their relatively fast growth
rate allows them to outcompete other corals, especially in clear waters. However, the
branching habit of many Acropora species makes them particularly sensitive to
environmental disturbances and breakage. They are among the first taxa to exhibit a
bleaching response (McClanahan et al. 2004; Carpenter et al. 2008). For these
reasons, Acropora species are often used as model organisms in physiological and
ecological studies of reef coral responses.

New coral colonies can be formed asexually through simple mitosis and
eventual colony fragmentation or by one of two modes of sexual reproduction.
Broadcast spawning corals (~75% of the reef-building corals including all Acropora
spp.) release massive numbers of gametes (eggs plus sperm) into the water column
in a process called mass spawning. Many species can spawn synchronously within a
period of several days, once a year (Harrison ef al. 1984; Babcock et al. 1986; Guest
et al. 2005), although this multi-species reproductive synchrony is not a
characteristic of all coral communities (Richmond & Hunter 1990). To accomplish
synchronized spawning, broadcasters rely on seasonality in light (solar radiance,
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Fig. 3. A: schematic representation of a coral polyp (Courtesy of Encyclopaedia Britannica, Inc.,
copyright 1999, used with permission), B: examples of Acropora growth forms: a) tables and plates, b)
staghorn, c¢) bushy, d) massive, ¢) bottlebrush, f) corymbose, g) digitate (Figure from Geoff Kelley).

Fig. 4. Sexual reproduction
in Acropora millepora. A:
adult colony releasing egg-
sperm bundles, B: planula
larva searching for a
suitable settlement site, C:
newly metamorphosed
coral polyp, D: juvenile
coral colony ~6 months old
(Photos by Jos Mieog).
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night/day cycles and lunar radiance) and temperature (Fadlallah 1983; Babcock et
al. 1986; van Woesik et al. 2006). Eggs are fertilized at the water surface where they
develop into planula larvae over the course of a few days. Once at the planula stage,
the larvae become negatively buoyant, sink and attach themselves via chemical cues
(Heyward & Negri 1999) to the substratum. There, they undergo metamorphosis
into the recognizable coral polyp. Subsequently, the coral grows into a colony by
asexual budding and clonal growth (Fig. 4).

Brooding corals fertilize their eggs internally. Sperm is received from
neighboring colonies and fertilization occurs inside the coral polyps. Mature
planulae are released, which are mostly capable of immediate settlement. Brooding
corals generally produce much smaller numbers of eggs at any one time, but the
planula larvae are larger and have higher survival rates. Brooding corals tend to
release larvae over longer period (several months) (Fadlallah 1983).

The genus Symbiodinium

The unicellular, symbiotic algae of corals belong to the Dinophyceae — an
ancient class of protist algae—and are commonly referred to as zooxanthellae. The
algal life history involves a vegetative and a motile phase (Schoenberg & Trench
1980; Fig. 5). The vegetative phase ranges in size from 5-15 um and is the dominant
form when in symbiosis with corals. The flagellate stage (zoospore) is known from
cultures and is particularly active under illumination. Multiplication of
Symbiodinium—in vitro and in hospite) occurs mainly through mitotic divisions.
Sexual reproduction has, so far, not been observed in Symbiodinium, although it has
been inferred from molecular data (Stat et al. 2006). Until recently, only a few
studies attempted to address the free-living phase of Symbiodinium (Carlos et al.
1999; LaJeunesse 2001; LaJeunesse 2002), because data collection was hampered by
technical difficulties associated with detection in the natural environment.

Encouragingly, significant progress has recently been made by using
azooxanthellate polyps as “environmental samplers” (Coffroth et al. 2006), sensitive
automated particle counters (Littman et al. 2008) and better water filtering
techniques (Manning & Gates 2008), as well as culturing Symbiodinium from water
samples taken from macroalgal beds and fish feces (Porto et al. 2008). These studies
show that the free-living forms are genetically diverse, mainly reside in the benthos

10



General introduction

and that corallivorous fish may aid the dispersal through their feces. Future studies
are urgently needed to increase our limited understanding of the distribution and
dispersal of free-living Symbiodinium spp.

Fig. 5. Symbiodinium life cycle. A: vegetative cell, B: dividing vegetative cell producing two daughter
cells, C: dividing vegetative cell producing three daughter cells, D: developing zoospore and E:
zoospore. CH: chloroplast; N: nucleus; AP: accumulation product; LF: longitudinal flagella; TF:
transverse flagella (Reprinted from Stat et al. 2006, with permission from Elsevier).

CORAL BLEACHING

The whitening of corals by the loss of zooxanthellae was first described in
detail by Yonge and Nicholls (1931). Bleaching is considered a general stress
response, as it can be induced by a variety of stimuli including abnormal
temperatures, salinities, irradiance levels and various diseases (reviewed by Douglas

11
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2003). Causes for bleaching are likely to be complex and vary per stressor. In the
case of thermal bleaching, it is known to be associated with a disruption in the
photomachinery that operates in the zooxanthellae (Jones 1998; Smith et al. 2005).
The typical rise in the excitation pressure over photosystem II is thought to be
caused by increased damage to the D1 protein of the photosystem II reaction centers
(Warner ef al. 1999) and/or disruption of the Calvin cycle (Jones ef al. 1998). Large
quantities of reactive oxygen species (ROS) are produced (Smith et al. 2005) that
swamp the protective mechanisms available and induce, through poorly understood
interactions between the coral host and the symbiont, the loss of up to >90% of the
symbiotic cells from the coral host tissues (Fitt ef al. 2000; Weis 2008).

Corals are extremely sensitive to increases in temperature because their upper
temperature tolerances are locally adapted to only 1-3°C above the long-term
average summer seawater temperature (Hoegh-Guldberg 1999; Berkelmans 2002).
Worldwide, temperatures which induce coral bleaching range over 8°C, from 27°C
at cool, high latitudes, to 35-36°C in the very warm Arabian gulf (Coles & Brown
2003). Living close to the temperature threshold probably conveys advantages in the
absence of large temperature fluctuations—as seen in the last 8,000 years—but is
detrimental in an era of rapid warming.

The wvariability in bleaching thresholds suggests a capacity for reef corals to
adapt to higher temperatures, although the time period needed for this adaptation is
unknown (Coles & Brown 2003). It is feared that the increases in global temperature
are happening so rapidly that there will be insufficient time available for thermal
adaptation (Hoegh-Guldberg et al. 2007). Corals are believed to evolve slowly, as
they have long life spans, overlapping generations and high incidences of asexual
reproduction (Hughes et al. 2003). In contrast, Symbiodinium may be able to provide
the needed adaptive potential as a suite of thermo-tolerant Symbiodinium genotypes
already exist which corals may be able to take advantage of.

THE ADAPTIVE BLEACHING HYPOTHESIS
The Adaptive Bleaching Hypothesis (ABH) poses that the loss of
photosymbionts allows some coral species to re-establish a symbiosis with a

different dominant Symbiodinium type, resulting in a new coral holobiont that is
better suited to the altered environmental circumstances (Buddemeier & Fautin

12
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1993; Ware et al. 1996; Buddemeier et al. 2004; Fautin & Buddemeier 2004). Such
a change has the potential to enhance long-term survival of the hosts and may
explain how coral reefs have survived repeated climatic fluctuations over geological
time (Buddemeier & Smith 1999). There are five fundamental assumptions that
underpin the ABH: (1) multiple types of both coral host and Symbiodinium species
commonly co-exist, (2) both symbiont and coral host have a degree of flexibility in
their associations, (3) symbiont types are physiologically different and influence
important aspects of the coral’s physiology (especially stress-responses), (4) coral
bleaching provides an opportunity for repopulation of a host with a different
dominant algal symbiont, and (5) stress-sensitive holobionts have competitive
advantages in the absence of stress, which implies a reversion to stress-prone
combinations under non-stressful conditions. In the next paragraphs these
assumptions are discussed in detail.

(1) Diversity and co-existence

There are two areas of exceptional coral reef biodiversity in the world. The
primary center, containing the highest coral diversity in the world, lies within the
“coral triangle” in the Indo-Pacific (Fig. 1) with an outward attenuation in all
directions. A secondary center lies in the southern Caribbean (Fig. 1). Only a few
genera are shared between the two areas illustrating the extent of the geographic and
temporal isolation between the two oceans (Briggs 2005). Such deep differences
were not appreciated until fairly recently because of the notoriously difficult
taxonomic identification of many coral species and lack of molecular-based
phylogenies, especially those which exhibit high levels of morphological plasticity.
The complexities and uncertainties in identifying the coral hosts has also hampered
the correct identification of symbiotic combinations (e.g. Santos et al. 2001).

All symbiotic dinoflagellates that form symbiotic relationships with corals
were once considered to be a single cosmopolitan species, Symbiodinium
microadriaticum (Freudenthal 1962). This misconception was mainly due to the lack
of distinguishing morphological features of both the motile and vegetative stages of
Symbiodinium. However, subsequent morphological, biochemical, physiological and
karyotypic (e.g. Schoenberg & Trench 1980; Blank & Trench 1985), and especially
comparative DNA sequencing (e.g. Rowan & Powers 1991a,b) have since shown

13
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that the genus Symbiodinium is extraordinarily diverse, exhibiting much higher
sequence diversity than observed between genera of non-symbiotic dinoflagellates.

Studies of Symbiodinium diversity have mainly utilized the nuclear ribosomal
DNA (nrDNA) cistron and associated spacers which provide several regions with
different evolutionary rates (Fig. 6). Based on analyses of the relatively slowly
evolving 18S, 5.8S and 28S units, Symbiodinium has been divided into eight (A-H)
phylogenetic clades (Fig. 7) (Rowan & Powers 1991a; LaJeunesse 2001; Pochon et
al. 2006). The evolutionary position of each clade has received further support from
analyses based on mitochondrial (Takabayashi et al. 2004) and chloroplast DNA
(Santos et al. 2002; Pochon et al. 2006).

Tandem repeated nrDNA
—E— -

NTS 5-ETS 18S ITS1 5.85 ITS2  28S 3-ETS
5 2 4 1 4 3 5

Fig. 6. Organization of the nuclear ribosomal genes. Each consists of three coding units (18S, 5.8S and
28S), which are separated by the internal transcribed spacers (ITS) 1 and 2 and the external transcribed
spacers (ETS) on both ends. The repeats are separated from one another by the non-transcribed spacer
(NTS). The regions differ in their evolutionary rates, as indicated below each region, with 1
representing the slowest and 5 the fastest rate. The number of repeats per cell is variable both within
and between taxa, ranging from 1 to several thousands (Long & Dawid 1980; Rogers & Bendich 1987;
Loram et al. 2007).

Scleractinian corals are mainly associated with Symbiodinium from the clades
A, B, C, D (Baker 2003); associations with clades F and G are rare (LaJeunesse
2001; van Oppen et al. 2005b; Pochon et al. 2006; Goulet 2007). Clade E may
represent a free-living subgenus of Symbiodinium and H is a lineage specific to the
Foraminifera (Pochon et al. 2006). Biogeographic and habitat surveys of
Symbiodinium in scleractinian corals have established two main patterns. First,

14
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clades A, B and F are more common at higher latitudes and clade C is more
abundant at tropical latitudes. Second, clades A and B are much more common in
the Caribbean than in the tropical Indo-Pacific (LaJeunesse et al. 2003; LaJeunesse
2005). The first pattern is thought to be the result of adaptations to the environment
(Savage et al. 2002; Baker 2003; LaJeunesse et al. 2003), whereas the second may
be the result of different vicariant histories following the closure of the Central
American Isthmus 3.1-3.5 million years ago (LaJeunesse et al. 2003; Pochon et al.
2004; LaJeunesse 2005). In the Caribbean, an intercladal habitat pattern is present in
relation to depth and, thus, irradiance. In general, clades A and B have been found in
shallower waters (0-3 m) than clade C (3-14 m) (Rowan & Knowlton 1995; Rowan
et al. 1997; Toller 2001; LaJeunesse 2002). However, these patterns are dependent
on the species and the location. For instance, Diekmann et al. (2002) surveyed the
symbiont community of five morphospecies of Madracis at Curacao over a depth
gradient from 2 to 45 meter and found no differences correlated to habitat.

Clade D has been given special attention, as it is mostly found in marginal
habitats where other clades struggle, indicating an opportunistic character and a high
stress-tolerance (Baker 2003). Importantly, clade D has increased in abundance in
scleractinian corals after bleaching events (Glynn et al. 2001; Toller et al. 2001;
Baker et al. 2004; van Oppen et al. 2005a) and is favored at reefs exposed to
unusually high temperature regimes (Fabricius et al. 2004), indicating that
symbionts from this clade may play an important role on future reefs.

Below the cladal level, subclades, strains and types have been distinguished.
Molecular markers that have been used to resolve within-clade diversity include
microsatellites and flanking regions (Santos et al. 2004), DNA fingerprinting
(Goulet & Coffroth 2003) and, especially, the ntDNA ITS regions (Laleunesse
2001; van Oppen et al. 2001b). In this thesis, I will refer to “types” as the
taxonomic unit below the cladal level. Which taxonomic rank (clade, subclade,
strain, type) should be considered “species” is open to discussion. Importantly, the
many types turn out to have the most ecological relevance and these have not always
been identified in ecological studies. For example, in the Indo-Pacific, different
types within clade C show zonation with depth/light (van Oppen et al. 2001b;
LaJeunesse et al. 2003).

15
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Fig. 7. Maximum likelihood (ML) phylogram of Symbiodinium, based on 28S nrDNA. The principle
eight clades are A-H. Numbers at nodes are, from top, the bootstrap values obtained with ML, Bayesian
posterior probabilities (in percentage) and the bootstrap values obtained with maximum parsimony; * =
100% for all three. Clade C (right) remains unresolved even with ITS1, one of the most variable
markers currently available (adapted from Pochon et al. 2006).

The use of several different molecular markers at the within-clade level has
resulted in considerable confusion about type designations (C1, C2, C2*, C2a, etc.).
Lajeunesse (2001) identifies each unique, dominant ITS2 sequence as a type with
>100 ITS2 types having been distinguished within clade C alone (Fig. 7). These
types do not always correspond to the ITS1 designations used by van Oppen et al.
(2001b). In this thesis I will use the types sensu van Oppen and link these to the
types sensu Lajeunesse where relevant.
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(2) Specificity and flexibility

The specificity of the coral-Symbiodinium interactions varies considerably
(reviewed in Baker 2003) (Fig. 8). Some symbiont types are widely distributed and
found associated with many hosts (called generalists), whereas others are only found
in one or a few hosts and/or locations (called specialists). Similarly, some coral
hosts can associate with many different symbiont types, whereas others are limited
to only one or a few. Hence, a symbiosis can be both flexible (defined here as the
ability to associate with multiple partners) and specific, depending on the partner.
The mode of symbiont transmission from one generation to the next also plays an
important role in shaping specificity/flexibility, as described below.

In horizontal transmission (Richmond 1997) the eggs do not contain algal
symbionts and each generation must acquire their own symbionts anew from the
environment. This mode of transmission is generally found in broadcasting corals
and, hence, is the main mode of transmission in scleractinian corals. Horizontal
transmission is likely to involve a certain degree of flexibility of the coral host, as
symbiont uptake is dependent on what is available in the environment. Indeed,
several studies have described the initial uptake of symbionts by azooxanthellate
coral juveniles as relatively non-specific (Coffroth ef al. 2001; Goulet and Coffroth
2003; Little et al. 2004; Gomez-Cabrera et al. 2008).

Host flexibility

zero > high
unique host One host
and with many
symbiont symbionts

Symbiont flexibility

many hosts many hosts
with one with many
symbiont symbionts

high

Fig. 8. Conceptual framework for symbiosis specificity (adapted from Baker 2003).
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In vertical transmission, the eggs already contain symbiont cells from the
parent colony and this mode of transmission is generally found in brooding corals
(Fadlallah 1983). Vertical transmission reduces the risk of not finding a suitable
symbiotic partner and favors the evolution of specialist symbiont lines (Douglas
1998). Specialist symbiont types are often found associated with vertical
transmitters (LaJeunesse et al. 2004).

In general, one or a few generalist types and many specialist types of
Symbiodinium dominate the population at a given site (LaJeunesse 2001, 2002,
2005; Diekmann et al. 2002). Both specialists and generalists are spread over the
different clades. For clade C, two main generalists have been identified, designated
C1 and C2 (C1 and C3, respectively, based on ITS2 sensu LaJeunesse 2001). C1 and
C2 are common to both the Indo-Pacific and the Caribbean, but other than these two,
each ocean has a unique assemblage of locally evolved specialist types. It has been
proposed that this pattern may be the result of a worldwide selective sweep of C1
and C2, or their progenitor, before the closure of the Central American Isthmus (3.1-
3.5 million years ago), followed by bursts of diversification (LaJeunesse 2005).

Coral species may host different symbionts depending on the depth (e.g.
Rowan & Knowlton 1995), geographic location (e.g. van Oppen et al. 2005a) and
sampling time (e.g. Thornhill et al. 2006). Variation within a single colony is also
possible (e.g. Ulstrup & van Oppen 2003). Importantly, several studies have
documented bleaching-related changes in the symbiont community composition of
reef-building corals (Baker 2001; Toller et al. 2001; Berkelmans & van Oppen
2006; Thornhill et al. 2006). A recent meta-analysis (Goulet 2006) suggested that
29% of the scleractinian coral species associate with more than one symbiont type.
This notion was challenged by Baker and Romanski (2007), who re-analyzed
Goulet’s (2006) data from a different perspective. They concluded that the majority
(>>50%) of scleractinian coral species, including virtually all of the dominant reef-
building taxa, may be able to host multiple symbiont types — even at the clade level
— pointing to the fact that: (1) almost two-thirds of the coral species investigated
were represented by a very low number of samples (N<5), (2) within-clade
flexibility was not taken into account, and (3) the standard molecular typing
techniques used were only able to detect the dominant symbiont type within a coral
colony, with types with abundances below 5-10% being overlooked (Diekmann et
al. 2002; LaJeunesse 2002; Goulet & Coffroth 2003; Fabricius et al. 2004).
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In this thesis I elaborate on the above discussion, particularly in relation to the
last point. I hypothesize that many multi-clade associations have been overlooked
because of the insufficient sensitivity of the molecular typing techniques used. To
test this hypothesis, I develop a new, highly sensitive real-time PCR assay to re-
screen samples already typed by commonly used molecular methods (Chapter 2).

(3) Symbiont type affects coral performance

Patterns in the distribution of Symbiodinium types — across and especially
within coral species — are indicators of holobiont acclimitization. For example,
zonation with depth indicates that corals can acclimatize to irradiance levels by
associating with certain Symbiodinium types (Iglesias-Prieto et al. 2004), which can
be classified as “high-light” and “low light” types (Baker 2003). Geographic
zonation (Rodriguez-Lanetty et al. 2001; Fabricius et al. 2004; van Oppen et al.
2005a; Ulstrup et al. 2006) may reflect acclimatization to local environmental
conditions such as water quality and temperature regime. Importantly, patterns in the
natural bleaching response are strongly correlated with symbiont type (Rowan et al.
1997; Rowan 2004; Berkelmans & van Oppen 2006; Sampayo et al. 2008). The
notion that holobiont physiology is affected by the symbiont identity is supported by
differences in the physiological performance of symbiont types. Differences in
photo-acclimatory responses to light (Iglesias-Prieto & Trench 1997), growth
(Kinzie et al. 2001; Robinson & Warner 2006) and heat-tolerance (Bhagooli &
Hidaka 2003) have been found between types isolated from different coral hosts.
However, extrapolating these findings to the physiology of the holobiont is
questionable (Bhagooli & Hidaka 2003), as the symbiont culture conditions are very
different from the in hospite situation and the holobiont physiology is shaped by the
coral host as well. Recently, however, the genetic identity of the symbionts in
hospite has been unambiguously linked to a 2-3 fold difference in growth rates
(Little et al. 2004) and in a 1-1.5°C difference in heat-tolerance (Rowan 2004;
Berkelmans & van Oppen 2006) in a few coral species. This highlights the influence
of the symbiont on important proxies of fitness.

The significance of the symbiont type for holobiont fitness is further examined
in this thesis. I hypothesize that within a coral species, harboring different symbiont
types leads to stronger differences in coral fitness than can be induced by differences
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between coral host populations or their local environmental conditions during
development. To test this hypothesis, I construct custom holobionts to partition
symbiont type, host population and environmental effects (Chapter 5).

As a spin-off of Chapter 5, the connection between symbiont type and coral
growth is further examined in a collaborative study with fellow PhD student Neal
Cantin (Chapter 7). By using two custom coral groups and several different
techniques (PAM fluorometry, radio-labelling, DCMU exposure, HPLC analyses),
we compare the photosynthetic efficiency of the algal symbiont to the photosynthate
incorporation by the coral host.

(4 & 5) Bleaching as a trigger for changes and post-bleaching reversal

Annual fluctuations in algal densities, correlated with seasonal changes in light
and temperature, appear to be a common feature of scleractinian corals (Fitt et al.
2000). This seasonal fluctuation can be coupled with a shuffling of different
Symbiodinium types (Chen et al. 2005). Bleaching may, therefore, not always be
required for symbiont changes. With increasing temperature, flexibility of this
degree can result in a smooth change towards more heat-tolerant symbionts with
little to no coral mortality. However, most scleractinian corals (including those
which are known to be flexible) are dominated by a single Symbiodinium type
(Diekmann et al. 2002; Baker 2003; Goulet 2006). Symbiont types that are heat-
tolerant (e.g. clade D symbionts) may be weak competitors (e.g. low growth rates)
compared to heat-sensitive types in the absence of heat-stress (Little et al. 2004),
explaining why they generally do not dominate the coral hosts. Bleaching, therefore,
provides an opportunity for a symbiont change, as heat-tolerant types can take
advantage of the space made available by the loss of the dominant symbiont (Baker
2001; Fautin & Buddemeier 2004). However, when conditions return to normal for
prolonged periods of time, the heat-susceptible type may return to dominance as it is
competitively superior under those conditions (Thombhill et al. 2006). Such a post-
bleaching reversal, predicted by the ABH, would leave the corals susceptible to the
next bleaching event.

In a second collaborative study with fellow PhD student Alison Jones, we
follow the Symbiodinium community of an Acropora millepora population through a
natural mass bleaching event (Chapter 6). We investigate whether bleaching can
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induce a temporal change in coral-algal associations resulting in a higher coral
thermo-tolerance on the scale of a reef and, if a change occurs, whether post-
bleaching reversal is evident within six months after the bleaching event.

IMPLEMENTING CHANGE: SWITCH OR SHUFFLE?

There are two proposed ways by which changes in the symbiont population can
occur (Baker 2003):

(1) Symbiont switching involves the uptake of a new algal type from the
environment, which then becomes the dominant symbiont. It allows the coral to
sample the present pool of Symbiodinium that may contain different symbiont types
compared to what the coral initially established in symbiosis. Uptake of exogenous
zooxanthellae by adult individuals has been shown experimentally in anemones
(Kinzie et al. 2001), in a soft coral (Lewis & Coffroth 2004) and in the scleractinian
coral Porites divaricata (Coffroth et al. 2008). Coffroth et al. (2008) exposed
bleached P. divaricata from the Caribbean to four atypical types and recovered one
atypical type after several weeks, as well as the original type. They suggested that
secondary infections are restricted by the limited flexibility of the symbiosis. There
is also evidence to suggest that the temporal window for uptake of zooxanthellae in
Acropora spp. is narrow and restricted to the juvenile stage (Little ez al. 2004).

In this thesis, I investigate whether adult, experimentally bleached Acropora
millepora were able to take up atypical symbionts, that were provided in large
dosage in their environment, to establish a new symbiosis (Chapter 4).

(2) Symbiont shuffling requires the new dominant symbiont to already be
present in low abundance in the coral tissues prior to the bleaching event. During
bleaching, the dominant symbiont is expelled, allowing the more stress-tolerant,
background symbionts to proliferate during recovery. Symbiont shuffling may play
an important role in scleractinian corals, but may be limited in its potential, as it
requires a background presence of stress-tolerant symbiont types. As most corals
have been found to harbor only one Symbiodinium type based on standard assays
(Diekmann et al. 2002; Goulet 2006), the potential for shuffling has been thought to
be small.

I hypothesize here that this notion is incorrect because the standard techniques
used in symbiont genotyping have a very low sensitivity for background symbiont
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populations and the majority of symbiont backgrounds may have eluded detection. I
develop a new real-time PCR assay to investigate how prevalent background clades
are in four common scleractinian corals on the Great Barrier Reef (Chapter 2).

EXPERIMENTAL TECHNIQUES & ASSAYS
Raising of specific coral-zooxanthella associations (custom holobionts)

Broadcast spawning of scleractinian corals (such as Acropora millepora)
allows the collection of huge numbers of (azooxanthellate) eggs and sperm with
little environmental impact. These in turn can be used to raise large numbers of
specific coral-algal associations, which in this thesis will be referred to as custom
corals or custom holobionts. Custom holobionts can be used to partition the
influence of the host and symbiont on the coral colony’s physiological
characteristics. Host (population) effects can be investigated by raising custom
holobionts from different coral species (or populations of the same species) with
identical symbiont types. Similarly, symbiont effects can be investigated by raising
offspring from the same parent colonies, but associated with different symbiont
types. Lastly, identical custom holobionts can be outplanted at different locations to
establish the effects of the local environmental conditions. A reciprocal design
including multiple hosts, multiple symbiont types and multiple field locations allows
optimal statistical analyses of all three effects in a factorial ANOVA framework.

The first step in the raising of custom holobionts is the acquisition of coral
spawn. As the timing of broadcast spawning is known for many species on the GBR
(Babcock et al. 1985), fecund colonies of the species of choice can be collected a
few days before spawning and kept in tanks. Once spawning has occured, the eggs
are fertilized in the water column within the first four hours (at least two colonies
need to spawn synchronously, as self-fertilization generally does not occur). The
embryos are then gently washed and transferred to large rearing tanks containing
filtered seawater (1uM pore) and allowed to develop into planula larvae. After four
days, meta-morphosis of the larvae into sessile coral polyps is induced by adding
adequate substratum, e.g. autoclaved terra-cotta tiles that have been preconditioned
in the field. The coral juveniles are able to establish symbioses with zooxanthellae
from the water column, and specific types of Symbiodinium (either from culture or
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freshly isolated from a host) are added to produce the desired custom holobionts.
Once the symbiosis is established (ca. three weeks after the symbiont introduction),
the custom holobionts can be outplanted to the field location. The terracotta tiles, to
which the custom holobionts are attached, are mounted on a steel rod via a hole in
the middle of the tile, and the steel rod is placed in the field suspended between two
metal pickets in an area where Acropora spp. are common (Fig. 9).

Fig. 9. Terracotta tiles with
custom holobionts placed at a
field location where Acropora
Spp. are common.

Identifying closely related Symbiodinium types

Single Strand Conformation Polymorphism (SSCP) analyses (Fig. 10) of the
ITS1, in combination with sequencing, has been a standard approach to identify
Symbiodinium types in coral samples (van Oppen et al. 2001b). Small fragments of
coral, containing zooxanthellae, are collected and the total DNA is extracted. Using
Symbiodinium-specific, fluorescent-labeled primers, the Symbiodinium 1TS1 region
can be amplified by Polymerase Chain Reaction (PCR). After amplification, the
PCR product is heated to dissociate the complementary strands, after which the
sample is snap-cooled to cause the DNA strands to fold back on themselves. The
acrylamide-based gel used for SSCP separates the molecules based on the 3-D
structure of the folded, single DNA strands, which depends on their sequence — not
their length.

By comparing the obtained bands with previously sequenced reference bands,
the Symbiodinium type can be resolved. Advantages of this approach include the
screening of many individuals in a cost-effective manner prior to sequencing
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(although recent advances in sequencing technology have significantly reduced this
advantage) and the ability to distinguish multiple symbiont types within one sample.

Symbiodinium type C1 Symbiodinium type C2
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Fig. 10. Schematic representation of an SSCP analysis. ITS1 sequences of types C1 and C2
differ from each other by two base pairs (~ 350 bp long fragment) and produce different
bands on the SSCP gel. @ = mutation, o = fluorescent label (only on forward primer).

Detection and quantification of Symbiodinium background clades

Real-time PCR is a very sensitive assay for detection and quantification of
low-abundance background clades in multi-clade associations. Each clade has its
own specific primer pair, and a separate PCR reaction is set-up for each primer pair
per sample. The reaction mixture includes a fluorescent reporter that only gives off a
signal when interacting with double-stranded DNA. During the PCR reaction, the
amount of DNA is measured through the fluorescence after each cycle (Fig. 11).

In the initial cycles, the fluorescent signal is too low to be detected. After a number
of cycles, an exponential increase in the fluorescent signal is measured as the target
DNA area doubles every cycle until the PCR reagents run out and a plateau is
reached. The cycle in which the sample fluorescence crosses a fluorescent threshold
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(set somewhere in the exponential phase) is called the threshold cycle (Cr) and this
value is dependent on the amount of target DNA initially present in the sample. The
relative abundance of different clades can be calculated by the difference in Ct of
the different clade-specific reactions.
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Fig. 11. Real-time PCR profile for the detection of Symbiodinium clades C and D in a coral sample. In
this example, the average difference in Ct between the clade C and D-specific reactions (run in
duplicate) is 12, indicating that there is 2'> = 4096 times more clade C DNA than clade D DNA in the
coral sample. The coral under investigation is, therefore, dominated by clade C with a very low
(background) presence of clade D.

Measuring photosynthetic performance as a proxy for bleaching

Pulse Amplitude Modulated (PAM) fluorometry is a popular, non-invasive
technique for measuring the “health” of Symbiodinium cells while in symbiosis with
corals. The most commonly measured parameters are the maximum quantum yield
(Fv/Fm) and the effective quantum yield (F/Fm’), which give indications of the
efficiency of the photosynthetic machinery of the algal symbiont (Ralph ez al. 2005).
The technique involves the measurement of the fluorescence of chlorophyll a under
different irradiance conditions (Fig. 12). Fv/Fm is measured after a period of
darkness and with the photomachinery at rest. First, Fo is measured by exposing the
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coral surface to a pulsating red light at a very low intensity (the measuring light),
capable of inducing fluorescence but not inducing photosynthesis. Next, the coral is
exposed to an ~1 sec burst of very high, white light, called a saturating pulse, and
the maximum fluorescence (Fm) is measured. From these two measurements, the
maximum quantum yield (Fv/Fm) can be calculated through the formula: Fv/Fm =
(Fm-Fo)/Fm. Fv/Fm gives an indication of the maximum number of reaction centers
in photosystem II (PSII) that are “open” (ready for light capture for photosynthesis)
and heat-stress will lead to a reduction in this parameter.
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Fig. 12. Measuring maximum and effective quantum yields. X indicates the saturation pulse. Fo and
Fm are measured in dark-adapted corals, Ft and Fm’ are measured in light-adapted corals after the
induction phase has passed.

Effective quantum yield (F/Fm’) is measured similarly, but these
measurements take place when the corals are under ambient environmental light
conditions (either experimental or natural) and the photomachinery is active. Instead
of Fo, Ft is measured, which is the fluorescence under the environmental light
conditions (+ measuring light). Similarly, using the saturating pulse, Fm’ is
measured instead of Fm. Care must be taken to wait until the induction period has
passed, during which the photomachinery has started up. The effective quantum
yield is calculated according to the formula: F/Fm’ = (Fm’-Ft)/Fm’ and is typically
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lower than the maximum quantum yield as a portion of the PSII reaction centers
remain closed because of ongoing light capture. Again, heat-stress will cause a
reduction in F/Fm’.

When combining Fv/Fm and F/Fm’, the excitation pressure over photosystem
IT (Q) can be calculated using the formula: Q = 1 — ([F/Fm’]/[Fv/Fm]), which gives
an indication of the percentage of reaction centers that are closed under the
environmental light conditions during the effective quantum yield measurements
(Iglesias-Prieto et al. 2004). Q is considered a very important measure of heat-stress
as the accumulation of excitation pressure over photosystem II is inherently
associated with coral bleaching (Abrego ef al. 2008).

OUTLINE OF THE THESIS

The popular view that most scleractinian corals harbor only one clade of
Symbiodinium per colony is evaluated in Chapter 2. To do this required the
development of a novel real-time PCR assay which boosted the detection sensitivity
for multi-clade symbioses >100 fold. Application of this assay on a sample
collection of four common scleractinian corals collected across the Great Barrier
Reef revealed that previous studies have missed many multi-clade symbioses and
indicated that the potential for symbiont shuffling is large.

Further technical refinements of the real-time PCR assay are described in
Chapters 3 and 4, aimed to: (1) overcome the limitations associated with variability
in ITS1 copy number, (2) include a measure of symbiont cell density per coral unit,
and (3) increase the resolution of the assay to the type level.

Adult Acropora millepora colonies were experimentally bleached using a
herbicide and exposed to high levels of an atypical Symbiodinium type over a 6-
week recovery period (Chapter 4). Screening of post-exposure DNA samples with
the optimized real-time PCR assay revealed that no new symbioses had been
established. However, results were inconclusive due to the presence of the “atypical”
symbiont type at low levels at the start of the experiments in 30% of the colonies
and the use of a low-infectious symbiont type (both issues were not known at the
start of the experiment). Improvements to the experimental design are discussed.

In order to test specific host-symbiont responses (Chapter 5), custom
holobionts were produced in the laboratory using two 4. millepora populations and
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six Symbiodinium types. The custom holobionts were reciprocally outplanted to two
field sites differing in ambient temperature. It was established that the fitness (using
growth, survival and heat-tolerance as proxies) of 4. millepora on the GBR was
primarily affected by the symbiont types present and secondarily by environmental
factors working on growth and survival. In contrast, host population origin (and
hence possible host genetic differences) had little to no effect and no environmental
effect was found on the thermo-tolerance. As a result, trade-offs between thermo-
tolerance and growth/survival related to Symbiodinium type were found to be
dependent on the local environmental conditions.

We investigated the effect of a natural bleaching event on the symbiont
community within an 4. millepora population in Chapter 6. Before bleaching,
93.5% of the coral colonies harbored the thermo-sensitive Symbiodinium type C2,
whereas up to six months after bleaching, 71% of the same coral colonies were
dominated by the thermo-tolerant Symbiodinium type D. The high prevalence of
background clades indicated that this change was due to symbiont shuffling.
Indications for a drift back to the heat-sensitive C2 (post-bleaching reversal) were
found after six months.

In Chapter 7 the effects of Symbiodinium types C1 and D on growth of A.
millepora is further investigated using custom holobionts outplanted at Magnetic
Island. PAM fluorometry (rapid light curves) revealed that that C1 symbionts had a
87 % higher photosystem II (PSII) capacity than D symbionts in hospite.
Incorporation of photosynthate by the host (as measured by '*C-labelling) was 121
% higher for C1 holobionts than for D holobionts under identical environmental
conditions. The advantage for C1 holobionts was lost in the presence of the
herbicide diuron (DCMU), which blocked the electron transport and caused damage
to PSII. Therefore, a strong link was suggested between photosynthetic capacity and
nutritional benefit to the coral host, which explained why C1 holobionts grew twice
as fast as D holobionts at the outplant location (as found in Chapter 5).

In Chapter 8 the overall results, conclusions and prospects are summarized.
The Dutch translation of this chapter is given in Chapter 9.
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