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Chapter 1
Introduction
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The weight of history…
Exactly 150 years have passed since Charles Darwin (1859) published a theory that explains
the origin of diversity in living organisms. Evolution, by means of natural selection, is the
process through which species change and adapt to their environment. Less than a decade
later, Gregor Mendel (1865) presented evidence for an inheritance mechanism, a key factor as
it provided the raw material on which natural selection was supposed to act. Surprisingly, it
took almost a century for the scientific community to combine Darwinism and the discipline
of genetics into a “modern evolutionary synthesis” (e.g. Huxley 1942). From the discovery
of the double helix structure of the DNA molecule (Watson and Crick 1953), evidence
granted by disciplines such as genetics, palaeontology or ethology has piled up to confirm
and enhance the evolutionary ideas of Darwin, attesting his consistent theory as the one that
allows scientists to explore the amazing complexity of life.

Coral-symbiont associations

Chapter 1

Years before the publication of “On the origin of species by means of natural selection”,
Darwin (1842) had the opportunity of expressing the astonishment that struck him when he
first came across the coral reef ecosystem, “vast rings of coral-rock, often many leagues in
diameter” that were built by “apparently insignificantly creatures”. What Darwin did not know
is that, in fact, tropical reef-building corals represent a remarkable case of evolution. They
are the result of mutualistic symbiotic associations between colonial cnidarian invertebrates
(order Scleractinia) and endocytic dinoflagellate algae (phylum Dinoflagellata) of the genus
Symbiodinium Freudenthal (Figure 1.1). This symbiosis underpins the success of coral reef
ecosystems, among the most biodiverse in the world (Hallock 2001). The obligatory animalalgal symbiosis forms a unit, the coral holobiont, whose integrated adaptive properties are more
than just the sum of its parts. A complex set of morphological, physiological and molecular
properties of the two organisms has been shaped by selection and confers mutual benefit
(Trench 1993; Stanley Jr. and van de Schootbrugge 2009), which ultimately relates to the
differential reproduction of implicated genes (Dawkins 1990). Accordingly, coral holobionts
are likely to constitute important vehicles for selection (Reeve and Keller 1999), for which
the possibility of coevolution of the components involved (corals and their symbionts) is not
to be excluded (Coffroth and Santos 2005). The dynamics of trait evolution within mutualistic
symbioses are also poorly understood (Wade 2007).
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Due to their adaptive characteristics, scleractinian corals have come to dominate well lit,
shallow-water, tropical coastal areas, producing a diverse assortment of colonial growth
forms and morphologies. It is the ability of secreting aragonite skeletons after extracting
calcium (Ca2+) and carbonate (CO32-) from seawater that allows symbiotic corals to construct
the reef framework upon which all the coral reef ecosystems thrive (Stanley Jr. and van de
Schootbrugge 2009). Although the scleractinian fossil record begins some 245 million years
ago, little is known about the evolution of their photosymbionts (Stanley Jr. 2003), but they
have likely evolved from a single adaptive radiation (Wood 1998).
Physiologically, the endosymbiont dinoflagellates play a crucial role in host sustenance and
survival in nutrient-poor tropical waters (Muscatine and Porter 1977). The photosynthetically
fixed carbon (typically glycerol or other low molecular weight compounds; Figure 1.2)

translocated from the algae can cover most or the entire respiratory demands of the host
(Muscatine et al. 1984) and is considered to promote the high coral skeleton calcification
rates necessary to build the reef edifice (Pearse and Muscatine 1971). It is also known that
the presence of the algal symbionts assists the assimilation or recycling of nitrogen (Burris
1983; Goodson et al. 2001), a limiting resource in the ecosystem (Muscatine and Porter 1977;
Muller-Parker and D'Elia 1997). In exchange, the symbionts are kept within the photic zone,
sheltered from threats such as ultraviolet (UV) radiation damage and maintain high population
densities. Carbon dioxide (CO2) and other animal metabolites which are source of nutrients
(NH3, PO43-) are also used by the algal partner (Muller-Parker and D'Elia 1997; Yellowlees
et al. 2008). The close proximity of the autotrophic and heterotrophic components facilitates
molecular exchange and prevents nutrient losses (Tanaka et al. 2006), another adaptation to
the oligotrophic conditions of the surrounding environment.

Introduction

Figure 1.1 General structure of the coral polyp and underlying skeleton (after Veron 2000). Note the
endocytic symbionts (gold) in the gastrodermis layer. For full colour version see Appendix (page 129).
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Figure 1.2 Schematic view of the electron transfer pathway found in oxygenic photosynthetic organisms
such as Symbiodinium sp. (after Blankenship 2002). The upper diagram shows an energetic perspective of
the electron transfer pathway incorporating the two photochemical reaction centre complexes: photosystems
1 (P700) and 2 (P680). The lower diagram gives a spatial view of the major protein complexes in the
thylakoid membrane of the chloroplasts.

Chapter 1

The depth-light gradient and photoadaptation
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Coral reefs are spread over large geographical regions in the tropics and sub-tropics (Veron
2000). Nevertheless, the most ecologically limiting of a broad set of abiotic parameters to
which symbiotic coral species have to adapt - light - acts acutely at the local scale (Veron
1995). Light intensity is dramatically reduced with depth down the reef slopes, depending on
local characteristics such as concentration and composition of suspended and dissolved matter
(Jerlov 1966; Kirk 1994). Linked to this vertical attenuation of light, there are important
spectral distribution changes (Falkowski and Laroche 1991; Stomp et al. 2007).
Symbiotic corals thrive across these large depth ranges, being present throughout all the euphotic
zone (Veron 2000). Just as plants living under the canopy of a tropical forest, phototrophic
corals have adapted to a wide range of light habitats. Most individual coral species show
limited vertical distributions and this relates to their physiological tolerances. Holobionts with

broader depth ranges generally have a greater potential for acclimatisation, or, in other words,
are more environmentally plastic (Anthony and Hoegh-Guldberg 2003; Todd 2008). This
broader plasticity corresponds, in a wider temporal scale, or evolutionarily speaking, to being
more adapted to environmental gradients, or having a broader physiological niche. The varied
suit of adaptation/acclimatisation features that allows corals and their symbionts to cope with
the large light gradients that exist over reef slopes sets the stage for this thesis.

The animal host

There are adaptations to available light that are typically mediated by the animal component.
These are usually seen at the intra-specific level and may include morphological, microskeletal, cellular or even behavioural characteristics. Respiration rates are known to be
reduced with increasing depth allowing a positive rate of daily net photosynthesis in darker
habitats (McCloskey and Muscatine 1984; Anthony and Hoegh-Guldberg 2003). Changes in
colony geometry have been reported for several reef-building species, with flatter and more
horizontal colonies being assigned to low light environments (Dustan 1975; Anthony et al.
2005) and to a reduced tissue versus light-flux ratio (Stambler and Dubinsky 2005). This
contrasts with more hemispheric, branching or vertical plated colonies in the well lit habitats.
Varying skeletal micro-morphology is also thought to be involved in light modulation
(Anthony and Hoegh-Guldberg 2003; Enriquez et al. 2005). Furthermore, tissue and polyp
behaviour have been referred to as possible mediators of processes causal to photosynthesis,
such as light and nutrient levels available for the symbionts (Brown et al. 2002a; Levy et al.
2006a). Some animal adaptations are as remarkable as the production of fluorescent proteins
that can regulate the light environment within the host tissue (Dove et al. 2006; Field et al.
2006; Oswald et al. 2007). These pigments are supposedly capable of shading the symbionts
(Salih et al. 2000) or enhancing the light available inside the animal tissue (Schlichter et al.
1994). In this latter case, pigments are thought to be involved in capturing short-wavelength
photons and re-emitting at suitable spectral regions for algal photosynthesis (Schlichter
and Fricke 1991), a case of photoadaptation to dark and deeper habitats. This constitutes a
defining example of how mutualism can contribute to the creation of new ecological niches
(Stachowicz 2001).
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In fact, both symbiotic partners play roles in photoadaptation or acclimatisation. It is interesting
to note that coral holobionts are to a great extent phototrophic, but this energy income may
be supplemented by or even shifted towards heterotrophic feeding, depending on prey and
suspended particulate matter availability (Bak et al. 1998; Anthony and Fabricius 2000;
Ferrier-Pages et al. 2003). Usually during the night, these photosymbiotic benthic suspension
feeders extend their polyps and stinging tentacles are used to prey on zooplankton (Sebens
et al. 1996). Recent evidence shows that heterotrophically acquired carbon may play a much
larger role in the daily carbon budget of corals (up to 46 % of the total for some coral species)
than previously estimated (Palardy et al. 2008). Given the degree of evolutionary interaction
between the animal and algal components, it is not surprising that heterotrophy levels can have
an effect on the photosynthetic activity of the symbionts (Fitt and Cook 2001; Houlbreque et
al. 2003; Borell et al. 2008). Apart from carbon input, feeding provides nutrients such as
nitrogen and phosphorus that cannot be supplied by photosynthesis itself (Houlbreque and
Ferrier-Pages 2009).
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Symbiont functional diversity
Due to its crucial nutritional function, the phototrophic component of the association plays
a major role in coral niche occupation. Specifically, algal symbiont functional diversity has
been hypothesised to regulate the vertical distribution of corals (Iglesias-Prieto and Trench
1994; Iglesias-Prieto et al. 2004).
Originally, the term “zooxanthellae” was used to classify the yellow-brown algae associated
with animal cells. Although still in use, this term is bare in taxonomic quality. The dinoflagellate
identity of coral symbionts was established after the observation of motile “swarmers” (with a
typical gymnodinoid dinoflagellate morphology) in cultures originated from cnidarian-isolated
algae (Kawaguti 1944). Freudenthal (1962) put up the genus Symbiodinium, to taxonomically
describe the symbiotic dinoflagellates associated with a wide range of invertebrate hosts, and
further described their life cycle and morphology. From here, the long-standing paradigm that
a single pandemic symbiont species, Symbiodinium microadriaticum Freudenthal, was present
in all host species (Taylor 1974), was first challenged by biochemical, morphological and
physiological studies (Trench 1971b; Chang et al. 1983; Trench and Blank 1987). Describing
the diversity of coral dinoflagellate symbionts was challenging due to difficulties in culturing
the isolated algae and the lack of clear morphological differences. The diverse nature of the
genus was only later confirmed by molecular genetics (Rowan and Powers 1991b).

Chapter 1

Since then, Symbiodinium has been unravelled as a highly diverse taxon and several reviews
have comprehensively addressed the questions of its diversity, ecology, evolution and
biogeography (Trench 1993; Baker 2003; Coffroth and Santos 2005). The genus is currently
divided into at least eight genetically divergent lineages, or clades, named A to H (Rowan
and Powers 1991a; Baker and Rowan 1997; Pochon et al. 2004), a distinction first inferred
based on the small (SSU or 18S) and large subunit (LSU or 28S) nuclear ribosomal DNA
(rDNA) and then supported by studies of cytoplasmic DNA markers, such as chloroplastic
and mitochondrial genes (Santos et al. 2002; Takabayashi et al. 2004; Pochon et al. 2006).
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These subgeneric clades are further divided into an unknown number of types, first defined
by sequence variation in the more rapidly evolving internal transcribed spacer (ITS) regions
of the rDNA (Hunter et al. 1997; LaJeunesse and Trench 2000; LaJeunesse 2001). Followup studies on the distribution of symbiont ITS types provided evidence that these divergent
phylogenetic lineages also related to distinct ecological and biogeographical units (Santos et
al. 2001; van Oppen et al. 2001a; LaJeunesse 2002), which likely corresponded to the species
level. Further sequence-based studies using DNA markers such as portions of the D1/D2
domain of the LSU rDNA (Loh et al. 2001; Rodriguez-Lanetty et al. 2001; Chen et al. 2005),
regions of domain V of the chloroplast 23S rDNA (Santos et al. 2003a) and microsatellite
flanking regions (Santos et al. 2004) also confirmed the coarse taxonomic power of clade
classification, stressing the need to address algal symbiont diversity below the cladal level.
Over the last years, studies applying subcladal ITS rDNA variation to understand the diversity
in coral-symbiont associations have proliferated. Specifically, the ITS2 region became a
popular molecular marker that has revealed hundreds of distinct Symbiodinium variants.
These have partially been assigned to distinctive biogeographical distributions and ecological
patterns, such as environmental zonation or host specificity (Rodriguez-Lanetty et al. 2001;
Diekmann et al. 2003; LaJeunesse et al. 2003; Rodriguez-Lanetty and Hoegh-Guldberg 2003;

Ulstrup and van Oppen 2003; LaJeunesse et al. 2004; Thornhill et al. 2006; Warner et al.
2006; LaJeunesse et al. 2007; Sampayo et al. 2007; Macdonald et al. 2008).
Indeed, coral-symbiont associations are nonrandom in terms of partners involved (Trench
1997) and there is a varying level of host and symbiont specificity among, respectively,
symbionts and hosts (Baker 2003; Coffroth and Santos 2005). Several authors have established
a relation between symbiont diversity within single host species and the way their symbionts
are transmitted from generation to generation (e.g. LaJeunesse et al. 2004). Given that coral
larvae (planulae) acquire their symbiont populations by both vertical (inherited from the
parental colony) and horizontal (from the external environment) transmission modes (Figure
1.3), it is reasonable to hypothesize that the latter strategy maximizes the chance for more
diverse or, at least, less host-specific symbiont assemblages. Although this hypothesis has not
yet been fully tested and previous studies yielded mixed results (van Oppen 2004; Stat et al.
2008b), it is likely that the greatest chance for recombination between symbiont types and
their hosts takes place in the early life-stages of horizontally-transmitting broadcast spawners
(Little et al. 2004). Interestingly, several authors have explored the histological process of
acquisition of symbionts during stages of larval development (Hirose et al. 2001; Hirose et al.
2008; Huang et al. 2008b).

Figure 1.3 Madracis spp. planulae under increasing magnification (from left to right). Note a brown ring
consisting of symbiont cells on the oral end of the two uppermost planulae, evidence for vertical symbiont
transmission mode between coral generations. Maximum diameter is c. 400 μm (pictures by P. Bongaerts).
For full colour version see Appendix (page 130).
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Symbiont ecological niche partitioning, usually mediated by either host or environment,
has its most meticulous evidence in examples of Symbiodinium zonation over the surface of
individual colonies. Multiple symbiont lineages are distributed over the colony landscape in
patterns that resemble depth zonation over reef slopes (Rowan and Knowlton 1995; Rowan et
al. 1997; Ulstrup and van Oppen 2003). This strongly indicates that light is an important axis
for symbiont niche diversification (Iglesias-Prieto and Trench 1997a). Besides, it suggests an
intricate symbiotic relationship, in which host properties, such as colony topography, have a
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decisive effect on symbiont population distribution (Kaniewska et al. 2008) and hypothetically
on their photosynthetic activity and output. The central role of irradiance in the physiology
of coral symbionts has also been confirmed by photoacclimation studies performed on algal
isolates originating from different cnidarian hosts (Chang et al. 1983; Iglesias-Prieto and
Trench 1994,1997b). Symbiodinium encompasses a broad physiological diversity and specific
symbiont lineages, such as the ones defined by ITS2 types, appear to be adapted to particular
light regimes and differ on light use properties. This has recently been confirmed using both
intact symbioses (Iglesias-Prieto et al. 2004; Abrego et al. 2008) and isolated symbionts
(Goulet et al. 2005; Robison and Warner 2006; Hennige et al. 2009), by diverse functional
mechanisms such as photosynthetic pigment contents or photosynthetic activity (as measured
by oxygen fluxes or state-of-the-art noninvasive chlorophyll a fluorescence bio-physical
techniques). Physiological differences between symbiont lineages have also been supported
by other sorts of evidence such as the production of mycosporine-like amino acids (MAAs),
relevant photoprotective pigments against the effect of UV radiation (Banaszak et al. 2000;
Banaszak et al. 2006). Loram et al. (2007a) have shown that symbiont genotypes differ in the
transfer of photosynthetically fixed carbon to their cnidarian host. As corals and coral reefs
face critical changes due to a rapid changing climate (Hoegh-Guldberg et al. 2007), the need to
understanding symbiont functional diversity and its contribution to holobiont acclimatisation
is now extremely important.

Chapter 1

Changing climate and bleaching
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Coral reefs face widespread degradation, seen for instance in major losses of coral cover
worldwide (Wilkinson 1999; Bak et al. 2005). In addition to local anthropogenic causes, a
rapidly changing global climate is predicted to be shifting the face of coral reefs as we know
them, carrying along important ecological and socioeconomic alterations (Walther et al. 2002;
Hoegh-Guldberg et al. 2007). One of the most important causes for coral reef decline is coral
bleaching, a loss or reduction of the symbiont populations or their photosynthetic pigments
which often results in host mortality (Donner et al. 2007; Lesser 2007; Carpenter et al. 2008).
This phenomenon has occurred with increasing frequency in the last twenty years and mostly
during periods of El Nino Southern Oscillation (Hoegh-Guldberg 2004). Bleaching most
often results from physiological stresses caused by the synergistic effect of elevated seawater
temperature and high light intensity (Brown 1997; Douglas 2003; Lesser and Farrell 2004),
which are thought to disrupt the proper functioning of photosystem II or of electron transfer
pathways located downstream from photosystem II (Warner et al. 1999; Fitt et al. 2001; Jones
and Hoegh-Guldberg 2001). Although there is still uncertainty over what the initial site of
damage to algal photosystems is (Venn et al. 2008a), the loss of balance between rates of light
collection and light use results in the production of reactive oxygen species (ROS, Figure
1.4), which are damaging to protein function and membrane integrity (Blankenship 2002).
Oxidative stress threatens both the photosymbiont and the animal host by provoking a wide
range of cellular responses that are known to be involved in bleaching, such as exocytosis
of algae from host cells or the activation of programmed cell death pathways (Brown et al.
1995; Martindale and Holbrook 2002; Franklin et al. 2004). Recently, it was suggested that
hydrogen peroxide produced by the photosymbionts may have a role in coral bleaching (Smith
et al. 2005; Suggett et al. 2008), a mechanism proposed by Sandeman (2006) to be mediated
by the breakdown of the calcium ions exclusion systems in the cytoplasmic membranes of

Figure 1.4 Three hypothesized impacts of elevated temperature on the photosystems of symbiotic algae
in hospite (after Venn et al. 2008a). I - Dysfunction of PSII and degradation of the D1 protein; II - Energetic
uncoupling in the thylakoid membranes; III - Damage of the Calvin cycle. During bleaching, reactive oxygen
species (ROS) such as superoxide (O2-) are produced via the Mehler reaction from oxygen (O2). ROS can
be detoxified by superoxide dismutase (SOD) and ascorbate peroxidase (APX) but if the rate of production
is too elevated then oxidative damage can occur. Singlet oxygen (1O2*) can be produced at impaired PSII
reaction centres or in the photosynthetic antennae causing pigment photobleaching.

Intact symbioses vary in their bleaching susceptibility and much of this variation has been
attributed to differences in the tolerance of symbiont types towards temperature (Kinzie
III et al. 2001; Bhagooli and Hidaka 2003; Berkelmans and van Oppen 2006; Ulstrup et
al. 2006b; Reynolds et al. 2008; Sampayo et al. 2008; Thornhill et al. 2008). Resistance
of algal cells to thermal stress has often been related to a more stable lipid composition of
their thylakoid membranes (Tchernov et al. 2004) or to nonphotochemical quenching (NPQ),
a photoprotective mechanism which can divert and dissipate excessive excitation energy
(Warner et al. 1996; Brown et al. 1999; Muller et al. 2001). Ulstrup et al. (2008) showed
that variation in algal photoprotective mechanisms measured for corals hosting mixed
symbiont assemblages is small relative to corals with high fidelity to one symbiont type.
Given the fact that symbiont populations may have a seasonal dynamic nature (Fitt et al.
2000; Thornhill et al. 2006; LaJeunesse et al. 2007), a multiple symbiont assemblage likely
increases the chance of having the right symbiont at the right time (Ulstrup et al. 2008; Venn
et al. 2008b). The hypothetical evolutionary potential of such a dynamic system constitutes
the core of one of the most interesting and controversial debates in the contemporary coral
reef science and conservation community (Baker 2001,2002; Hoegh-Guldberg et al. 2002;
Goulet 2006; Baker and Romanski 2007). Following the publication of the adaptive bleaching
hypothesis (Buddemeier and Fautin 1993), several authors have offered pieces of evidence

Introduction

the gastrodermal layer. This process was partially confirmed by a study on gene expression
changes associated with bleaching (Desalvo et al. 2008).

17

to argue that bleaching may have an adaptive role and eventually allow corals to cope with a
changing climate. The underlying evidence is that bleaching allows the symbiotic populations
of certain coral species or communities to become repopulated or dominated by symbiont
lineages that are more competent under the new environmental circumstances (Baker 2001;
Fautin and Buddemeier 2004; Rowan 2004; Berkelmans and van Oppen 2006). Repopulation
may be originated from the residual symbionts left inside the host tissues or from exogenous
populations (Jones and Yellowlees 1997; Lewis and Coffroth 2004). A recent study suggests
that heterologous symbionts may infect coral primary polyps through their epidermis, a
process for the first time revealed for vertical transmitting hosts (Zurel et al. 2008).
Whether bleaching is really adaptive and whether it can offer widespread hope for coral
reef resilience to climate change are questions that still need to be completely addressed.
The first question relates to the adaptive potential of a phenotypic change (acclimatization
through dominance of new symbionts) and whether it can provide new genetic combinations
for evolution (Hoegh-Guldberg et al. 2002). The second question relates to whether the
physiological and time scales of adaptation are suitable to the rate of environmental change
(Baker 2002). These questions will be addressed in more detail in the general discussion at
the end of this thesis.

Species concepts

Chapter 1

A crucial aspect underpinning the understanding of diversity, selection and evolution of
coral-symbiont associations is the concept of species itself (Coffroth and Santos 2005).
Originally applied based on morphological characters, taxonomy has in the last decades seen
developments through the use of DNA barcoding and biodiversity assessment by the use of
orthologous DNA sequences. Recent molecular techniques have become a powerful tool to
test morphological taxonomy. Specifically in scleractinians, there are often disagreements
between morphological and molecular phylogenies (van Oppen et al. 2001b). One initial
problem refers to the high degree of environmental plasticity present in coral species (Todd
2008). Often, the same genetic entity may assume different morphologies depending on the
habitat (Gates and Edmunds 1999). However, the main source of conflict lies, according
to Veron (1995), in the arbitrary nature of species boundaries. Hence, it is worth to briefly
introduce the debate on what are species.
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The morphological species concept, following the Linnaean classification (Linnaeus 1758)
dating back to the 18th century, is almost exclusively based on morphological discontinuity.
New specimens are compared against a described standard, the holotype. The main problems
with the morphological concept are that there is no objective distinction between intra and
interspecific variation and that it is unable to separate homology (similarity due to shared
ancestry) from homoplasy (due to convergence). The biological species concept (Mayr
1942) defines species as groups of individuals which have the capacity to interbreed, with
boundaries between species being defined by barriers to gene flow that have a genetic basis.
A problem with the application of this concept to corals is that they are modular organisms
that grow by clonal propagation of their polyps. The phylogenetic species concept (Donoghue
1985) focuses on shared identity by descendent and recognizes species on the basis of shared
homologous characters that form monophyletic groups, based on either morphological or
molecular datasets. Usually, the morphological datasets are scarce compared to the vast

possibilities given by molecular data. Phylogenetic resolution is usually subdued in datasets
characterised by too much or too little variation and as such, the level of sequence variation
has to be appropriate for the species level.
A major issue in coral species determination, which is problematic to the phylogenetic but
manifest to the biological species concept, is that reproductive isolating barriers are apparently
weak in corals, and hybridization events have played an important role in coral evolution
(Veron 1995; Willis et al. 2006). Mass spawning, the synchronous release of gametes between
sympatric broadcast spawners (Harrison et al. 1984), creates numerous opportunities for
interspecific hybridization. Hybridization has also been suggested for brooders (Diekmann et
al. 2001). Veron (1995) proposed that corals experience reticulate evolution, with populations
being intermittently fused together and split apart depending on processes such as changing sea
level and surface currents (Figure 1.5). This surface circulation vicariance model suggests that
the scale and timing of fusion and fission processes determine whether corals speciate to form
monophyletic groups, which can even be reproductively isolated (real species, according to
the biological concept), or whether they constitute paraphyletic groups or species complexes.
Obviously, understanding genetic diversity and species relationships in corals has important
consequences in defining appropriate conservation measures for coral reefs (Miller and Ayre
2008a).

The genus Madracis

Madracis (Figure 1.6) currently comprises six photosymbiotic species on Caribbean reefs
(Wells 1973a,b; Vermeij et al. 2003a). The genus is characterised by morphological variation
between species, such as in colony shape and in skeletal septal numbers, and shows high
levels of morphological plasticity within some of the species (Wells 1973a; Fenner 1993;
Bruno and Edmunds 1997). Although occurring in biogeographic sympatry, the species also
show important differences with respect to their depth distributions (Vermeij and Bak 2003).
Madracis pharensis (Heller 1968) and Madracis senaria (Wells 1973a) are encrusting or
submassive depth generalist species (5 to > 60 m depth) differing in the number of primary
septa (10 and 6, respectively). Madracis decactis (Lyman 1859) is nodular, has 10 primary
septa, and occurs from 5 to 40 m. Madracis mirabilis Duchassaing and Michelotti 1861,
Madracis carmabi (Vermeij et al. 2003) and Madracis formosa (Wells 1973a) are branching
species with 10, 10 and 8 primary septa, and are restricted to shallow (2 to 25 m), mid (20 to 40
m) and deep water (> 30 m), respectively. Furthermore, there is a wide range of nondiagnostic
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The coral genus Madracis Milne Edwards and Haime 1849 (Scleractinia, Pocilloporidae)
and its dinoflagellate photosymbiont assemblages constitute the main biological model of
the research here reported. Although not as visually conspicuous as the main Caribbean
reef-building coral genus Montastraea, Madracis is one of the most abundant scleractinian
genera in the region (Vermeij and Bak 2003). The genus has a wide depth distribution, ranging
throughout the euphotic zone from less than 2 m to more than 100 m on Caribbean reefs
(Wells 1973a; Vermeij and Bak 2002), which makes it particularly suitable for depth-related
studies. Recently, extensive knowledge on the biology and ecology of Madracis has been
acquired by research of Bak and coauthors (e.g. Nagelkerken et al. 2000; Diekmann et al.
2001; Meesters et al. 2001; Vermeij and Bak 2002; Bak et al. 2005; Kaandorp et al. 2005),
providing the necessary background for a robust photoecological study.
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Figure 1.5 General structure of the coral polyp and underlying skeleton (after Veron 2000). Note the
endocytic symbionts (gold) in the gastrodermis layer.
Veron’s surface circulation vicariance model for reticulate speciation in corals (modified after Veron 1995).
Scheme represents the evolution of a species complex over time and paleoclimatic cycles. High levels of
genetic connectivity resulting in small numbers of well defined species are generated during periods of
strong surface circulation (at times T = 0, 2, 4). Periods of weak circulation (T = 1, 3) result in large numbers
of indefinable species complexes due to fragmentation of populations.

colour variation among the species. Madracis pharensis shows the most expressive variation,
with diverse morphs described (Vermeij et al. 2002; Sheppard et al. 2007). Using sequence
variation of the rDNA ITS, Diekmann et al. (2001) showed that the morphological species
distinction only corresponds to monophyletic groups for M. mirabilis and M. senaria, while all
the other morphospecies form a paraphyletic “species” complex. Madracis decactis overlaps
morphologically with M. pharensis and their species status is under debate (Fenner 1993;
Diekmann et al. 2001; Vermeij et al. 2007a). All studied Madracis species are brooders and
release planulae from April to December. Both vertical and horizontal symbiont transmission
have been reported (Vermeij et al. 2003b). All Madracis specimens sampled to date harbour
clade B Symbiodinium (Diekmann et al. 2002) and three subcladal ITS types have been
provisionally described (Diekmann et al. 2003).

Chapter 1

Objective and thesis outline
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The main objective of this thesis is to understand how coral holobionts thrive across light
gradients spanning large depth ranges on reef slopes. Because it is not always clear what
the ecological and evolutionary units of corals and their symbionts are, accomplishing
the objective firstly implicates comprehending their nature and studying the diversity and
phylogenetic relationships involved in each symbiotic partner. Secondly, this thesis aims
to unravel processes regulating potential host-symbiont combinations, their specificity and

Introduction

Figure 1.6 Madracis spp. The six currently recognized photosymbiotic morphospecies in the Caribbean
region. (a) M. pharensis, (b) M. senaria, (c) M. decactis, (d) M. mirabilis, (e) M. carmabi, (f) M. formosa.
Species distinction is based on colony shape and skeletal septal numbers (see inserts representing
corallites). For full colour version see Appendix (page 131).
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ecological zonation. Finally, the main objective could not be achieved without looking at the
physiological and functional mechanisms that allow these symbioses to cope with the specific
ecological niches they occupy. A deeper comprehension of the acclimatisation and adaptation
extent of coral-symbiont associations under extreme environmental gradients will contribute
to a better understanding of holobiont response and resilience under climatic changes. The
coral genus Madracis was used as a biological model. All fieldwork was performed at the
island of Curaçao (Netherlands Antilles) in the Caribbean Sea.
What is the genetic variation among Symbiodinium in the coral genus Madracis over
large depth ranges, and is there a relationship between the composition of Symbiodinium
genotypes and the depth distribution of the host?
In the context of coral adaptation to light gradients, the functional diversity of coral-algal
associations distributed over large vertical ranges constitutes an overlooked issue. With a few
exceptions (Toller et al. 2001; Warner et al. 2006; Sampayo et al. 2007) there are no extensive
data on Symbiodinium variation below depths of 10 - 15 m. The starting topic of this thesis
is the genetic variation of Symbiodinium in corals with large vertical distributions. Thus, in
Chapter 2 I address the genetic composition of symbiont assemblages associated with six
Madracis morphospecies for a depth range of 5 – 60 m on a reef site in Curaçao (Frade
et al. 2008c). Two different colony surface positions were studied to address intra-colonial
variation. Using polymerase chain reaction and denaturing gradient gel electrophoresis of
the rDNA ITS2, three symbiont genotypes were identified, with distributions that suggest
ecological niche partitioning, involving distinct levels of host specificity and depth-based
zonation.

Chapter 1

What is the physiological plasticity hold by the symbiotic associations in Madracis across
the reef slope, and what are the respective roles of host and symbiont in the holobiont
response?
Although it is known that both animal host and algal endosymbiont have varied
photoacclimatisation mechanisms (McCloskey and Muscatine 1984; Iglesias-Prieto and
Trench 1994; Gorbunov et al. 2001), holistic approaches to address the variation in the
interactive physiology of different coral-symbiont assemblages have only been vaguely
explored (Anthony and Fabricius 2000). Besides, the level of resolution often applied to
identify the photosymbiotic component (clades instead of types) may lead to inconclusive
results. The integrated photophysiology of coral-algal associations is well within the scope of
this thesis and in Chapter 3 I present a multivariate approach to address the roles of host and
symbiont on the in situ physiological response of Madracis holobionts towards light (Frade
et al. 2008b). Several functional variables were measured for four Madracis morphospecies
and three Symbiodinium genotypes across a large depth gradient (5 – 40 m) on a reef location
in Curaçao. The study reveals both genetically and environmentally regulated mechanisms,
and highlights the role of host properties in adjusting the internal environment for their
endosymbionts. Distinct holobiont strategies varying in their optimization of light use are
discussed in the scope of host-species distribution and dominance over the reef slope.
What is the functional variation between symbiont genotypes in Madracis pharensis, and
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is there a role for colourful niches in regulating symbiont distribution?
Because there was inconclusive evidence for functional differences among symbionts, in
Chapter 4 I re-address the role of symbiont variation in the photobiology of reef corals
(Frade et al. 2008a). To do so, a single host species, M. pharensis, was re-sampled at two
depths (10 and 25 m) and two different light habitats, for several functional parameters such
as pigment contents and photosynthetic activity. Madracis pharensis has three main colour
morphs (Vermeij et al. 2002; Sheppard et al. 2007) which may hypothetically have a role in
modulating the light intensity and distribution reaching the symbiont assemblage (Salih et
al. 2000; Oswald et al. 2007). Two Symbiodinium ITS2 types were present showing depthand colour morph-related distributions. This study suggests a role for spectral light niches in
determining symbiont occurrence. A reciprocal depth transplantation experiment indicated
steady symbiont populations after environmental change. Besides, there were unambiguous
differences between several symbiont functional parameters revealing distinct ecological
lineages based on light adaptation.
Are betaines abundant in reef-building corals, and if so, do they correlate to light
gradients over the reef slope suggesting a role in oxidative stress defence?
Synergistic effects of temperature and light stresses threaten reef-building corals with
bleaching (Douglas 2003), possibly due to cellular damage caused by oxidative stress at the
level of photosystem II (Warner et al. 1999). Betaines are well known metabolites in vascular
plants and free-living algae (McNeil et al. 1999), where they exert protein and membrane
stabilizing effects, acting as photosystem II protective agents (Papageorgiou and Murata
1995). Besides, betaines have even been involved in genetic engineering procedures aiming to
protect crops from cellular stresses caused by high temperature and high irradiance (Chen and
Murata 2002). These metabolites may have a bleaching-protective role in reef-building corals,
which face worldwide degradation due to a rapidly changing climate (Hoegh-Guldberg 2004).
The study reported in Chapter 5 results from collaborative research with Dr. Richard Hill
(Michigan State University) and addresses the presence of betaines along a light gradient in
ten reef-building corals, the core of which are Madracis species. The study demonstrates that
these metabolites are present in physiologically relevant concentrations, are phenotypically
plastic and likely participate in coral acclimatisation and stress-defensive processes, opening
a line of investigation for future research.

Fully understanding the diversity and photobiology of coral-algal associations, or processes
such as host-symbiont specificity, involves addressing the nature of the evolutionary units that
constitute them. Specifically in the scleractinian host, often the morphologically described
species do not match with molecular phylogenies (van Oppen et al. 2001b). One important
reason is that reproductive barriers between species are weak in corals and this opens up a
chance for hybridization events (van Oppen et al. 2002) which ultimately decouple morphology
from phylogenetic DNA patterns. Although mass spawning events are known to maximize
hybridization opportunities (Willis et al. 2006), introgressive hybridization has also been
suggested for brooding corals (Diekmann et al. 2001) but its prevalence is still inconclusive. In
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Are morphology and molecular phylogenetics congruent in the coral genus Madracis,
and is there evidence for a role of hybridization in the evolution of brooding corals?

23

Chapter 6 I address the species boundaries in the genus Madracis and the role of hybridization
in this brooding system. Phylogenetic inference and statistics of population structure based
on three molecular genetic markers, one mitochondrial (nad5) and two nuclear (ATPSα and
SRP54) intron regions, were applied to six putative Madracis species. Suggested host lineages
are compared with symbiont signatures and interpreted based on known reproductive traits of
the coral animal. Madracis host-symbiont assemblages are re-discussed. The study suggests an
important role for introgressive hybridization in the evolution of the genus, but also provides
evidence for symbiont-mediated disruptive selection.
Chapter 7 constitutes the general discussion. It addresses questions that are still unanswered
in the field of coral photoecology, such as perspectives on adaptation of corals and their
symbionts to bleaching. Furthermore, because the field of coral-symbiont associations sees
new developments almost on a daily basis, I introduce a discussion on Symbiodinium species
taxonomy based on recent interpretations given by other authors. Then I include a section
about ongoing research, comprising a short summary of preliminary results obtained during
this PhD study that have not yet been completely analysed or fitted into a manuscript for
publication. Finally I present some guidelines for future research.
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Abstract

Chapter 2

Symbiotic algae in coral species distributed over a large depth
range are confronted with major differences in light conditions.
We studied the genetic variation of Symbiodinium in the coral
genus Madracis over depth (5-40 m) and at two different colony
surface positions. Using polymerase chain reaction–denaturing
gradient gel electrophoresis ITS2 nuclear ribosomal DNA
analyses, we consistently identified three symbiont genotypes
with distributions that reveal patterns of host specificity and
depth-based zonation. ITS2 type B7 Symbiodinium is the
generalist type, occurring in all zooxanthellate Madracis corals
and at all depths. Type B13 is restricted to the shallow water
specialist Madracis mirabilis. Type B15 is typical of deep
reef environments and replaces B7 in the depth generalist
Madracis pharensis. Contrasting with variation over depth, we
found strong functional within-colony uniformity in symbiont
diversity. Relating symbiont distributions to measured physical
factors (irradiance, light spectral distribution, temperature),
suggests depth-based ecological function and host specificity
for Symbiodinium ITS2 types, even among closely related coral
species.
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Introduction

Host-symbiont associations are also nonrandom with respect to partners involved (Rowan and
Powers 1991a) and therefore exhibit specificity (Trench 1997), for which there is evidence
in varying degree among both hosts and symbionts (Baker 2003). Curiously, several authors
(e.g. LaJeunesse et al. 2004) propose the existence of a relation between symbiont diversity
and transmission mode but so far, not much evidence has been found (van Oppen 2004).
Examples of scleractinian (stony coral) species hosting multiple Symbiodinium lineages,
sometimes even over the surface of individual colonies (Rowan and Knowlton 1995; Rowan et
al. 1997; LaJeunesse and Trench 2000; van Oppen et al. 2001a; Ulstrup and van Oppen 2003),
show that there are ecological factors driving the distribution and zonation of Symbiodinium
strains among coral colonies. This evidence for ecological zonation, together with a broad
physiological diversity measured in endosymbionts isolated from different cnidarian hosts
(Chang et al. 1983; Iglesias-Prieto and Trench 1994,1997b,a; Robison and Warner 2006),
favours the argument that certain symbionts have adaptations to particular light regimes. This
inference is supported by additional in vitro evidence, such as the mycosporine-like amino acid
production (Banaszak et al. 2000). The presence of specific Symbiodinium types adapted to
different light regimes was hypothesised to constitute an important axis for niche diversification
in reef corals (Iglesias-Prieto and Trench 1994,1997a). Iglesias-Prieto et al. (2004) showed in
a unique genetic and in situ physiological study, that this hypothesis can explain the vertical
distribution patterns of dominant coral species. Research on Symbiodinium functional diversity
will help to reveal the underlying mechanisms shaping coral vertical distribution. The main
question presently posed is “Do different Symbiodinium genotypes relate to the distribution of
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Tropical reef-building corals maintain mutualistic symbioses with phototrophic dinoflagellates
of the genus Symbiodinium Freudenthal (1962). The symbiotic association is credited for
the success of these corals in nutrient-poor environments (Muscatine and Porter 1977).
Originally thought to be a monotypic genus (Yonge 1973), Symbiodinium was revealed to be
a taxonomically diverse group (reviews by Trench 1993; Rowan 1998). This was first shown
by biochemical (Trench 1971b), morphological (Trench and Blank 1987) and physiological
studies (Chang et al. 1983; Iglesias-Prieto and Trench 1994), and lately by molecular genetics
(reviews by Baker 2003; Coffroth and Santos 2005). Based upon nuclear ribosomal DNA
(rDNA) gene polymorphisms, the genus Symbiodinium is currently recognised to comprise at
least eight highly divergent phylogenetic clades (A to H) (Rowan and Powers 1991a; Baker
and Rowan 1997; Pochon et al. 2004), a distinction that finds support in other recently used
markers (see, e.g. Santos et al. 2002; Takabayashi et al. 2004; Barbrook et al. 2006; Pochon et
al. 2006). Each of these subgeneric clades includes an unknown number of types or “species”,
first defined based on sequence variation of the faster evolving rDNA internal transcribed
spacer (ITS) region (Hunter et al. 1997; LaJeunesse and Trench 2000; LaJeunesse 2001).
The ITS-rDNA analyses strongly support the few Symbiodinium species formally described
(LaJeunesse 2001) and generate phylogenies partially confirmed by other markers (e.g.
chloroplast rDNA, Santos et al. 2003a). As opposed to the clade level distinction, which
poorly correlates with physiological or ecological properties (LaJeunesse 2001; Tchernov
et al. 2004), the ITS types approximate physiological distinct populations and are widely
accepted as representing ecologically meaningful diversity (Santos et al. 2001; van Oppen
et al. 2001a; LaJeunesse 2002; LaJeunesse et al. 2003; Thornhill et al. 2006; Warner et al.
2006).
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their coral hosts over depth suggesting different ecological functions?”
Although symbiotic corals are distributed over the entire euphotic zone, most species have
limited vertical distributions (Veron 2000) along the gradient that is created by the vertical
attenuation of light with depth. This attenuation in light intensity is linked to spectral
distribution changes. In addition, the structural complexity of reefs generates further spatial
variation in light availability (Anthony and Hoegh-Guldberg 2003), also severely affected
at the colony level by skeletal morphology (Anthony et al. 2005; Enriquez et al. 2005), host
pigments (Dove et al. 2006) or even polyp behaviour (Hoegh-Guldberg and Jones 1999).
Among other depth-related environmental clines shaping coral reef ecology (see, e.g. Baird
and Atkinson 1997), temperature differences correlate with the distribution of specific hostSymbiodinium associations, as shown by thermal tolerance studies (Glynn et al. 2001; Rowan
2004; Tchernov et al. 2004; Berkelmans and van Oppen 2006).
We study the genetic variation of Symbiodinium in corals with large vertical distributions.
With a few rare exceptions (Toller et al. 2001; Warner et al. 2006), there are no robust data
on Symbiodinium bathymetric variation below depths of 10-15 m and large vertical coralsymbiont distributions constitute an overlooked subject in need of research.
The coral genus Madracis Milne Edwards and Haime 1849 (Scleractinia) has a wide depth
distribution, ranging from c. 2 to > 100 m on Caribbean reefs (Wells 1973a; Vermeij and
Bak 2002). Despite the large depth range, all zooxanthellate specimens sampled to date
harbour clade B Symbiodinium only (Diekmann et al. 2002). In a first step to unravel possible
underlying genetic variation, three clade B variants (types B7, B13 and B15) were described
from ITS-rDNA sequence analysis (Diekmann et al. 2003).
Here, we follow up on that initial research and report on a survey of Symbiodinium diversity
for Madracis species. We are interested in variation with depth and over coral colony
surfaces. Our final objective is to understand the role of Symbiodinium functional diversity
in the acclimatisation, adaptation and distribution patterns of corals with large depth ranges.
Combining the data on symbiont genetic variation and environmental factors, we show that
symbiont ITS2 types have different distributions that suggest depth-based ecological function
and host specificity.

Materials and Methods
Study area

Chapter 2

Research was conducted from July to October 2005 on Curaçao (Figure 2.1), southern
Caribbean (12º05’ N, 69º00’ W). A shallow terrace (50-100 m wide), a drop-off at 8-12 m,
and a steep slope extending to 50-60 m typically characterize these reefs (Bak 1977). The
Buoy One reef location (Bak 1977; Bak et al. 2005; Vermeij et al. 2007b), situated 500 m west
of the Caribbean Research and Management of Biodiversity (CARMABI) Foundation, was
surveyed over a c. 2000 m2 section.
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The coral genus Madracis
Currently comprising six zooxanthellate species on Caribbean reefs (Wells 1973a,b; Vermeij
et al. 2003a), the genus Madracis is characterised by morphological diversity between species
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Caribbean Sea

Venezuela

12o 10' N

10 km

Curaçao

69o 00' W

Figure 2.1 The Caribbean Sea (inset), Curaçao and the study site CARMABI Buoy One (arrows).

All studied Madracis species are brooders and release larvae throughout the year (Vermeij
et al. 2003b). Both vertical and horizontal symbiont transmission modes have been reported
within the genus. Madracis senaria and M. mirabilis release zooxanthellate planulae with a
distinct symbiont ring at the oral end. Madracis pharensis and M. decactis are the only species
for which only aposymbiotic planulae were observed (Vermeij et al. 2003b), suggesting
horizontal symbiont transmission. Observations on M. carmabi suggest vertical transmission
(P.R. Frade, unpublished). No information is available for M. formosa.
Previous ITS-rDNA sequence analysis survey (Diekmann et al. 2003) showed that M. mirabilis
harbours type B13 Symbiodinium, while all other species harbour type B7 (nomenclature
LaJeunesse 2002). Type B15 Symbiodinium was only described for a single M. formosa
colony (Diekmann et al. 2003).

Variation in symbiont distribution

and morphological plasticity within species (Wells 1973a; Fenner 1993). The species have
distinct depth distributions (Vermeij and Bak 2003, P.R. Frade, unpublished). At the study
site, the encrusting or submassive Madracis pharensis (Heller 1868) and Madracis senaria
(Wells 1973a) are found across all depths (5 to > 60 m) and the nodular Madracis decactis
(Lyman 1859) occurs from 5 to 40 m; the branching species Madracis mirabilis Duchassaing
and Michelotti 1861, Madracis carmabi (Vermeij et al. 2003a) and Madracis formosa (Wells
1973a) are restricted to, respectively, shallow- (2-25 m), mid- (20-40 m) and deep-water (>
30 m) habitats (Figure 2.2). All species are easily distinguished based on colony morphology.
Diekmann et al. (2001) showed that the morphological species distinction only corresponds
to monophyletic genetic-based groups for M. mirabilis and M. senaria, while the other
morphospecies form a paraphyletic “species” complex. Madracis pharensis and M. decactis
show morphological overlap and their separation as different species is debated (Fenner 1993;
Diekmann et al. 2001; Vermeij et al. 2007a). In our study, encrusting and nodular colonies
were classified as M. pharensis and M. decactis, respectively.
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Figure 2.2 Madracis spp. distribution over the reef slope at study site Buoy One. I – M. pharensis, II –
M. senaria, III – M. decactis, IV – M. mirabilis, V – M. carmabi, VI – M. formosa. Data Vermeij and Bak
(2003), P.R. Frade (unpublished).

Collection of corals

Chapter 2

Fragments of the six Madracis morphospecies (Vermeij and Bak 2003), M. mirabilis, M.
decactis, M. pharensis, M. senaria, M. formosa and M. carmabi, were collected with hammer
and chisel at four depths (5, 10, 25 and 40 m). All colonies were sampled for two different
positions: the horizontal top (α = 0°) and the seaward-facing vertical side (α = 90°), except
for 40 m (only top position was sampled). We collected 276 samples from 158 colonies.
For details on sample size for species, depths and colony position, see Results. All samples
were taken from July to September 2005 with the exception of M. carmabi (same period
2004). Care was taken to sample adult, healthy colonies exposed to the depth-mediated light
gradient (Vermeij and Bak 2002). Samples were placed in individual seawater-filled plastic
bags and immediately transported at constant temperature to the laboratory, where coral tissue
was removed with a sterile scalpel and preserved in 95% ethanol at -20ºC until further DNA
extraction. Ethanol was washed out before DNA extraction.
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Genetic analyses
Total nucleic acids were extracted using the UltraClean Soil DNA kit by MoBio. Polymerase
chain reaction (PCR) and denaturing gradient gel electrophoresis (DGGE) fingerprinting
of the Symbiodinium ITS2-rDNA region were coupled for each DNA extract (LaJeunesse
2001,2002). This distinguishes between DNA fragments with as little as 1 base-pair (bp)

change (Schafer and Muyzer 2001). The ITS2 region was amplified using primers designed
by LaJeunesse and Trench (2000): the 5.8S internal primer “ITSintfor2” and the ITS flanking
primer “ITS-Reverse” (Coleman et al. 1994), now modified with a 39-bp guanine cytosine-rich
clamp extension and named “ITS2clamp” (LaJeunesse and Trench 2000). Amplification took
place on a TGradient thermal cycler (Biometra) using the “touchdown” protocol (LaJeunesse
2002) to ensure PCR specificity, but with a final annealing temperature of 50ºC (15 cycles)
after a 10ºC total decrease over 20 cycles (0.5ºC after each). ITS2 amplified products (100 ng)
were electrophoresed for 14 h at 100 V at a constant temperature of 60ºC on DGGEs (30-70%)
using a Bio-Rad DCode system. Gels were stained with SYBR Gold (Molecular Probes) for
30 min and photographed over a Dark Reader transilluminator (Clare Chemical Research).
Discrete bands from the denaturing gels were excised, eluted at 4ºC in 15 µL of 1x PCR
buffer (GenScript) for 48 h and later re-amplified using the same protocol and primer set but
now without the GC-clamp addition (LaJeunesse 2002). The re-amplified ITS2 PCR products
were purified using a QIAquick kit (QIAGEN) and cycle sequencing was achieved separately
in both directions as specified in the ABI PRISM BigDye Terminator Cycle Sequencing
ready reaction kit (Applied Biosystems). Reaction products were analysed in an ABI PRISM
310 genetic analyser (Applied Biosystems) and the obtained sequence chromatograms were
checked manually using sequencing analysis version 3.0. Consensus sequences were obtained
in autoassembler version 2.0 (Applied Biosystems). These sequences were uploaded in
GenBank blast searches (Altschul et al. 1997) and imported with their closest relatives into
the arb software (Ludwig et al. 2004), to identify Symbiodinium ITS2 diagnostic bands. To
limit sequencing effort, all digital DGGE band profiles were compared using the software
fingerprinting ii (Bio-Rad) and the presence of diagnostic bands was analysed.
Environmental parameters

The depth-mediated light gradient was measured around solar noon (± 30 min) on the 19th of
September 2005, under a cloudless sky and no wind, using a photosynthetic active radiation
(PAR: 400-700 nm) cosine-corrected LI-192SA flathead light sensor connected to a LI-2 -1
1000 data logger (Li-Cor). Irradiance (μmol photons m s ) was recorded with increasing
depth resolution from 44 m of depth up to sea (sub) surface, for each of two directions: light
coming in straight from above (α = 0°) and light coming from aside into the reef (α = 90°).
This included a minimum of 10 measurements for each depth to minimize the effect of light
fluctuations due to sea surface refraction.
The spectral distribution of light along the water column was measured around solar noon
(± 30 min) on the 8th of October 2004, using the approach described above for total PAR
irradiance. Spectral irradiance (mW m-2 nm-1) was recorded with 3 nm resolution for the 350900 nm range using a Ramses-ACC hyperspectral radiometer (TriOS) with a cosine response
sensor.
Statistical analyses

Variation in symbiont distribution

Ambient seawater temperatures (± 0.1ºC) were recorded hourly with StowAway TidbiT
temperature loggers (Onset) at the depths of 2.5, 5, 10, 25 and 40 m for a whole year leading
towards and including the sampling period; daily averages were calculated.

Multiple linear regression was used to analyse all environmental data. Depth and month
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(included to accommodate season-related variance) were tested as factors in temperature
variation. Besides depth, light direction (α = 0° and α = 90°) was used to calculate the vertical
attenuation coefficient Kd of the water for total PAR irradiance. For spectral irradiance, Kds
were calculated for each wavelength interval using the same approach (statistics not shown)
and the effect of wavelength and light direction on Kd was further tested. All irradiance data
was ln-transformed before analyses.
Logistic regression was used to separately model the distribution (presence/absence) of
each symbiont ITS2-type found, assuming no interference between types. We tested the
null hypothesis that the presence of a symbiont type was not related to any of the predictor
variables (host species, depth and colony surface position), including only data representing
a complete cross-factorial sampling design: species M. pharensis, M. senaria, M. decactis
and M. mirabilis originated from depths of 5, 10 and 25 m (n = 235). We used a binomial
distribution for the error terms and a logit link function. A backward and forward model
selection method was applied to identify the variables that accounted for a significant amount
of the variation in the response variable (Zuur et al. 2007). The adequate model was reached
when no variable could be either deleted or added to the model without causing a statistically
significant change in deviance (χ2 distributed).
All statistical tests were performed at a significance level of 0.05. Interactions between main
factors were tested when applicable. Modelling was carried out using the software brodgar
(version 2.5.2), linked to the statistics package r (version 2.4.0).

Results
Environmental parameters
Figure 2.3 shows the measured environmental parameters for the Buoy One reef location.
Mean seawater temperature (Figure 2.3a and b) decreases with depth (0.02ºC per meter, in
average) and shows seasonal variation, through which the depth effect is irregular (interaction
between depth and month; F11,1702 = 23.822, P < 0.001). Lowest temperatures occur at 40 m.
This is caused by frequent (daily to weekly, data not shown) thermocline movement over the
deep reef slope, leading to increased temperature oscillations at this depth (absolute measured
minimums rarely below 25ºC). Yearly averages (including season effect) are 27.8 ± 0.8ºC for
2.5 m, 27.7 ± 0.9ºC for 5 m, 27.5 ± 0.9ºC for 10 m, 27.4 ± 1.0ºC for 25 m and 26.9 ± 0.8ºC
for 40 m.

Chapter 2

Total PAR irradiance (Figure 2.3b) decreases exponentially with depth for both α = 0º and α =
90º, with Kds of 0.07 m-1 and 0.05 m-1, respectively, and subsurface values of about 1500 and
-2 -1
240 μmol photons m s , respectively (interaction between depth and light direction; F1,586
= 85.765, P < 0.001). With depth, there is increasing similarity between downwelling (α =
0º) and side coming light (α = 90º) that consequently reduces the variation of light over the
colony surface.
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The spectral distribution of the light field (Figure 2.3d), similar for α = 0º and α = 90º (Kd
unrelated to light direction; P = 0.18), is modified with depth, changing towards the blue and
green part of the spectrum, as Kd reaches minimum values at this spectral region (significant
effect of wavelength on Kd; F1,332 = 1029.0, P < 0.001).
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DGGE profiles and ITS2 phylogeny
The ITS2 DGGE band profiles were highly repeated and each distinct signature characterised
by a bright diagnostic band accompanied by faint bands. A total of 81 bands were successfully
sequenced to validate the fingerprinting. Obtained sequences have been deposited in the
National Center for Biotechnology Information (NCBI, USA) GenBank (accession numbers
EF450546-EF450626). Not all faint bands were amenable to sequencing, but when they were,
the resulting sequence was identical to a diagnostic band. Here, the differential migration of
bright diagnostic and vague bands is most likely the result of anomalous melting behaviour
caused by secondary structural conformations of identical DNA fragments (Buckler et al.
1997; Michikawa et al. 1997).
Some samples showed more complex profiles designating a mix of two distinct Symbiodinium
ITS signatures. In this case, “quartet” band profiles were often present because of heteroduplex
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Figure 2.3 Environmental parameters over the reef slope at study site Buoy One. (a) Monthly average
temperature (ºC ± SD) at 2.5 m depth from October 2004 to September 2005. (b) Temperature (ºC ± SD)
expressed as the mean difference between temperature at 2.5 m and at sampled depths. (c) Total PAR
irradiance (μmol photons m-2 s-1) for two directions: (●) straight from above (α = 0°) and (∆) from aside
into the reef (α = 90°). (d) Spectral distribution (nm) of the vertical attenuation coefficient Kd (m-1) for light
from two directions: (▬) straight from above (α = 0°), (---) from aside into the reef (α = 90°); inner graphs
show light spectral distribution for subsurface (0m), 5 m, 10 m, 25 m and 40 m (irradiance normalized to
maximum value for each respective depth).
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formation (also confirmed by sequencing), characteristic of re-annealing of nonextended
heterogeneous DNA single strands during PCR extension saturation effect (Buckler et al.
1997). Because the sequencing of very vague diagnostic bands was usually unsuccessful, the
fingerprinting ii (Bio-Rad) band assignment properties were set to consequently neglect such
vague bands (representing less than 10% of the lane total band pixel density). Rarely, vague
band sequences were derived from the coral host ITS2 region, as recognised by GenBank
blast searches (Altschul et al. 1997).
Figure 2.4 shows the different band profiles obtained, labelled with their ITS type affiliation
(LaJeunesse 2002; Diekmann et al. 2003). Three clade B Symbiodinium ITS types previously
described (types B7, B13 and B15) were found to be present (Figure 2.5, also includes
reference sequences retrieved from GenBank). The Symbiodinium ITS2 region was 198, 197
or 194 bp in length, for B7, B13 or B15, respectively. Among these Madracis symbionts, the
alignment of the whole amplified fragment shows 11 phylogenetically informative sites, all
located within the ITS2 region, including two indels (one 4 bp, one 1 bp) and several single
base substitutions. ITS2 types B13 and B7 differ only by minor sequence variation (one indel
and one substitution), while ITS2 type B15 shows broader differences. Besides the informative
sites, there was inconsequent, random variation that could not be attributed to band level or
any of the explanatory ecological variables considered. Consensus sequences were identical
to previously published sequences for the same types, with the exception of type B15, for
which the single sequence published to date (AF458603) includes sequencing ambiguities.
Because AF458603 was still the closest match and because its original sequence was obtained
from a Madracis formosa (Diekmann et al. 2003), we attribute the same nomenclature to
our sequences. No other type was found to be present, even if eventually all different band
levels were sequenced. Whenever a mixed occurrence of B7 and B13 diagnostic bands was
registered, two faster melting heteroduplex bands were often visible (Figure 2.4).
Symbiont population composition
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Readable PCR-DGGE band profiles were achieved for a total of 276 samples. For sample
size of species, depth and colony surface position, see Figure 2.6. To each sample, one of
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Figure 2.4 Symbiodinium spp. Diagnostic PCR-DGGE ITS2 band profiles (negative image) representative
of the different symbiont type combinations found. Marker contains no phylogenetic information.
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Figure 2.5 Symbiodinium spp. Multiple alignment of distinct ITS2 type sequences, containing the 5.8S
(partial), ITS2 (boxed) and 28S LSU (partial) regions. Bold italic entries represent consensus (> 95%
occurrence) for the sequences generated in the present study (numbers between brackets) and submitted
to NCBI GenBank. Other accession numbers listed represent previously described ITS2 types.
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the following symbiont population keys was attributed: B7, B13, B15, B7 + B13 or B7 +
B15 (types B13 and B15 never co-occur). Type B7 Symbiodinium dominates the symbiont
population within the Madracis genus, being present in all different host species, at all depths
and in all colony positions (Figure 2.6). B13 type is typically restricted to Madracis mirabilis,
the shallow-water branching species, and is present in more than half of this species’ colonies
at each depth. The other ITS2 type detected, B15, is mostly found in Madracis pharensis at
and below 25 m, present in about half of the colonies. B15 also occurs in about one-fourth
of M. formosa colonies. Unlike M. mirabilis, M. pharensis and M. formosa, the other three
species, M. decactis, M. senaria and M. carmabi, exclusively form associations with type B7
Symbiodinium throughout the whole sampled depth range and regardless of colony position.
The single exception was the top position of a M. senaria colony harbouring type B13 at 5 m.
Symbiont identity did not vary within the colony in most cases (Figure 2.6), with top and side
harbouring the same symbiont types.
Symbiont distribution, as modelled by logistic regression for each ITS2 type, was found to be
host species related in all three cases: B7 (χ2 = 100.167, d.f. = 3, P < 0.001), B13 (χ2 = 191.999,
d.f. = 3, P < 0.001) and B15 (χ2 = 33.045, d.f. = 3, P < 0.001). Depth had a significant effect
on the presence of symbiont types B7 (χ2 = 5.591, d.f. = 1, P < 0.05) and B15 (χ2 = 24.889, d.f.
= 1, P < 0.001) but not of type B13 (P = 0.79). Presence of type B7 was found to be further
explained by an interaction between host species and depth (χ2 = 22.201, d.f. = 3, P < 0.001).
Surface position was never found to have a significant effect on symbiont presence (P > 0.70
in all cases).
The statistical significance of depth-related symbiont variation is a consequence of symbiont
distribution in M. pharensis, where type B15 gradually replaces B7 from shallow to deep
environments. Running a new logistic regression model, describing the distribution of type
B15 for M. pharensis along the whole sampling depth gradient, allowed us to predict that the
M. pharensis population will be fully dominated (> 95% colonies) by this symbiont type at
depths ≥ 54 m. Interestingly, six colonies (four M. pharensis and two M. formosa) sampled
at a depth of 60 m (same season 2006) harboured exclusively B15 Symbiodinium (results not
shown).

Discussion
The present study comprises an extensive ITS2-rDNA-based data set on the diversity of
symbiont populations harboured by a single scleractinian genus for one location over a
large depth range. It offers a detailed example of symbiont variation for closely related coral
species that highlights the implications of ecological and evolutionary processes in coral-algal
associations.
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The genus Madracis local endosymbiont population is dominated by clade B Symbiodinium,
regardless of host species, depth or within-colony position (see also Diekmann et al. 2002;
Diekmann et al. 2003). At a subcladal level, three ITS2 variants are present (types B7, B13 and
B15 Symbiodinium), of which the distribution is clearly not random (Figure 2.6). Instead, the
occurrence of these Symbiodinium types shows systematic patterns of distribution in different
Madracis species over a depth- and colony landscape-mediated light gradient.
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The presence of clade B Symbiodinium has been extensively reported for the coral reef
community of symbiotic invertebrates in the Caribbean region (LaJeunesse 2002; Goulet
and Coffroth 2004; van Oppen et al. 2005), including scleractinian coral genera such as
Cladocora, Colpophyllia, Dendrogyra, Diploria, Dichocoenia, Eusmilia, Favia, Manicina,
Meandrina, Porites, Siderastrea and Montastraea. According to present knowledge, the
three Symbiodinium types described here are exclusive to the coral genus Madracis with a
single exception reported: the presence of type B7 (AY894812) in the Caribbean octocoral
Pseudopterogorgia bipinnata (Boehnlein et al. 2005). LaJeunesse (2005) suggested these
highly host-specific Symbiodinium types to be part of a diverse “species” assemblage, the
result of diversification within Caribbean clade B in an eco-evolutionary radiation (diverging
since 1.2-2.1 million years ago) from more ancestral lineages, such as type B1 Symbiodinium.
This ITS B1 type (LaJeunesse 2001), analogous to (chloroplast large subunit ribosomal DNA
defined) type B184 of Santos et al. (2003a) and considered the most ubiquitous lineage in
the Caribbean (LaJeunesse 2002), still shows a considerable degree of fine-scale diversity
and host-symbiont specificity as shown by microsatellite genotyping (Santos et al. 2004).
By analogy, some within-type population structure not inferable by ITS2-rDNA sequence
analyses may be present for the Symbiodinium B-types occurring in the coral genus Madracis
(Pettay and Lajeunesse 2007).

Variation in symbiont distribution

Figure 2.6 Symbiodinium spp. population ITS2-diversity for six Madracis morphospecies, four depths and
two within-colony positions. For each species-depth combination, graphs represent: (left) horizontal top
colony position (α = 0°) and (right) seaward-facing vertical side colony position (α = 90°). Note that at 40
m only the top positions (α = 0°) were sampled. Number of replicates (number of colonies) is shown over
each data point. Black bars represent percentage of similarity between α = 0° and α = 90º for colonies
sampled on both positions. Presence of two symbiont types within the same sample represented by mixed
pattern of respective colours. For full colour version see Appendix (page 132).
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The Madracis symbiont genotypes are highly specific for this coral genus but show different
levels of specificity towards the different host morphospecies. Therefore, it is relevant to
consider within-Madracis symbiont host specificity when describing ecological processes
such as those related to depth zonation of ITS2-defined diversity. Type B7 Symbiodinium is a
depth-generalist with rather low host specificity (dominant in all Madracis species) that occurs
either as single symbiont type or in mixed populations (even at the colony level); in Madracis
pharensis, this type is replaced by type B15 Symbiodinium, which occurs predominately
at deep environments (≥ 25 m) and appears to have an intermediate host specificity, being
restricted to M. pharensis and M. formosa; on the other hand, type B13 Symbiodinium is
restricted to shallow water environments (≤ 25 m), although this may be masked by its high
host specificity for Madracis mirabilis, a coral species that typically also does not occur
deeper than 25 m (Vermeij and Bak 2003, P.R. Frade, unpublished).
Symbiont functional diversity
The reported symbiont type distribution suggests that, besides having different levels of host
specificity, these three symbiont types also have different (but overlapping) depth zonation.
This argues for the hypothesis that these three Symbiodinium ITS2-types correspond to genetic
entities that are to a certain extent adapted to the heterogeneity created by host species and/or
depth-related environmental conditions. This would relate to evolutionary pathways leading
to niche or ecological diversification.

Chapter 2

Symbiodinium sp. adaptation processes to environmental axes are only marginally known.
Nevertheless, studies on isolates have demonstrated photoacclimation characteristic responses
that are thought to represent adaptation and can therefore be expected to vary across symbiont
types. Such responses include changes in cellular pigment contents, number and size of
photosynthetic units, activities of CO2-fixing enzymes and electron transport systems and
growth rates (Chang et al. 1983; Iglesias-Prieto and Trench 1994,1997b; Robison and Warner
2006).
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Compared with corals such as the Caribbean Montastraea spp., we find a remarkable constancy
in symbiont diversity within individual colonies of Madracis. The reported landscape-mediated
light gradient over colony surface appears to have no effect on symbiont diversity. This, even
if light changes an order of magnitude between top and side of colonies, variation comparable
to major differences measured across depths. Intracolonial constancy observed within species
that have depth-correlated symbiont variation (i.e. M. pharensis) questions the role of light
irradiance as the main driving factor. A case similar to M. pharensis is Acropora cervicornis,
a species also showing no evidence for within-colony diversity despite clear patterns of
symbiont depth zonation (Baker and Rowan 1997). Bathymetric symbiont variation such as
in M. pharensis could be caused by environmental factor(s) other than light intensity. Possible
alternatives, eventually acting synergistically, are light spectral distribution (Falkowski and
Laroche 1991), temperature (Rowan 2004; Tchernov et al. 2004) or available nutrients (Fitt
and Cook 2001). These are depth-variable parameters influencing Symbiodinium physiology
that are not expected to vary significantly at colony microhabitat scale.
Although the analyses suggest temperature and light spectral distribution as being plausible
explanations for the depth-related symbiont variation, the impact of total PAR irradiance, a
major variable in algal distribution, cannot be excluded. If the B7 to B15 transition with depth

is related to photoadaptation, the dichotomy between depth- and colony landscape-mediated
gradients indicates that Madracis colonies function, not as the sum of parts, but rather as a
unit. Such a unit may be the result of competitive exclusion between symbionts (LaJeunesse
2002). Colony uniformity contrasts with symbiont distribution in the Montastraea annularis
complex, where intracolony variation matches depth-based variation. Perhaps the difference
is explained by colony size. Madracis adult colonies achieve only small sizes, surface areas
< 100 cm2 (or < 400 cm2 for Madracis senaria), according to Vermeij and Bak (2003). This
is much smaller than the adult size achieved by species for which intracolony variation is
reported: Montastraea easily reaches surface areas of more than 4000 cm2 (Vermeij et al.
2007b). Small colony size may not provide the necessary spatial range over which the patterns
of symbiont competition or differential reproduction can develop. Possibly, the intracolony
light scattering processes (Enriquez et al. 2005) provide the “sides” with more light than
estimated based on incident light measurements. Functional colony uniformity finds support
in studies that describe resource allocation among coral polyps at a linear scale of more than
a dozen centimetres (Oren et al. 2001; Henry and Hart 2005).
An alternative explanation for the depth-related symbiont variation is that it has actually
no functional significance, being instead the result of distinct rates of mutation propagation
indirectly related to depth. Hypothetically, symbiont distribution could be driven by host
distribution and related factors, such as coral species lineages and reproductive behaviour.
The intriguing presence of different symbiont types in different M. pharensis colonies living
side-by-side under the same conditions (light field, temperature, etc.) can be explained by
random events during the initiation of the symbiosis. This would occur in the absence of
a clear competitive advantage of symbiont types under intermediate beneficial conditions
(Warner et al. 2006).

Symbiont distribution is often theoretically related to symbiont transmission mode. Several
authors (e.g. LaJeunesse et al. 2004) propose that corals obtaining their symbionts by vertical
inheritance are expected to have less diverse symbionts than corals acquiring their symbionts
horizontally, from the surrounding environment. However, so far not much evidence has been
found for this correlation between symbiont diversity and transmission mode. van Oppen
(2004) showed that transmission mode does not affect symbiont diversity in acroporid corals.
Within the genus Madracis, symbiosis is mostly very specific (e.g. M. senaria with B7) but
there are examples of flexibility (e.g. M. pharensis with B7 and B15), suggesting the existence
of distinct host symbiotic strategies coping with depth. Madracis pharensis is the only species
within the genus for which bathymetric symbiont variation was found. Curiously, only
aposymbiotic planulae have been reported for this species (Vermeij et al. 2003b), suggesting
horizontal transmission. Hypothetically, an open transmission mode offers M. pharensis
offspring the opportunity to associate with locally adapted symbiont types.
ITS2 region as a phylogenetic marker
There is ongoing debate on the usefulness of ITS region for coral phylogenetics (Vollmer and
Palumbi 2004). For Symbiodinium, however, ITS phylogenies are widely used (e.g. Coffroth
and Santos 2005; van Oppen et al. 2005; Thornhill et al. 2006; Warner et al. 2006). The
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existence of some degree of intragenomic variation in the ribosomal array, with the presence
of different ITS2 genotypes in the cistron repeats of the same organism (LaJeunesse 2002),
invited comments (Gates et al. 2005); for the ITS1 region see van Oppen et al. (2005).
Possible PCR-DGGE limitations in describing the diversity occurring within a mixture are
debated by Appril and Gates (2007). In our study, we present DGGE fingerprinting profiles
that are clear, highly repeatable and were validated by extensive sequencing. The disparities
found in electrophoretic mobility strongly correlate to local host ecological patterns (e.g.
replacement of B7 by B15 types in M. pharensis across depth). This supports the conviction
that the resulting ITS2 diversity represents the natural biological variation and that finescale ITS2 variation may find a parallel in symbiont functionality differences. However, the
absence of a clear niche diversification between the more similar B7 and B13 ITS2 types
raises doubts on the distinction of these two types as ecologically distinctive forms. These
may instead represent intragenomic variants or even diverging populations from an ancestral
type (Romanski and Baker 2005). Further studies using other techniques (e.g. microsatellite
loci, Pettay and Lajeunesse 2007) may show the degree of genetic isolation between these
closely related ITS2 types.
Final considerations
There is only limited data on scleractinian symbiont diversity (Baker 2003; Coffroth and
Santos 2005) and few studies have comprehensively explored intracladal Symbiodinium
diversity in corals with large depth distributions (Warner et al. 2006). The deep reef, an
important part of the coral reef ecosystem, has been largely ignored. The results presented
in our study would have been substantially different if the sampling had been restricted to
shallow depths (0-15m): the case of M. pharensis, with depth-related symbiont variation,
would have been overlooked. Examining large depth distributions using large sample sizes
increases the probability of finding scleractinian intraspecific symbiont diversity, as we are
looking at an increased range of environmental interaction. On one hand, shallow water
habitats are likely to be relatively more variable spatially and seasonally, therefore providing
understanding of general environmental trends. On the other hand, including the deeper
habitats provides the opportunity to address the whole range of natural variation that occurs
along the environmental gradients represented over reef slopes. Unravelling the full picture of
Symbiodinium diversity is essential in understanding the challenges posed to coral reefs by a
rapidly changing environment.
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Abstract

Chapter 3

We applied a multivariate analysis to investigate the roles of
host and symbiont on the in situ physiological response of
genus Madracis holobionts towards light. Across a large depth
gradient (5-40 m) and for four Madracis species and three
symbiont genotypes, we assessed several variables by measuring
chlorophyll a fluorescence, photosynthetic pigment composition,
or symbiont population descriptors. Most of the variation is
explained by two major photobiological components: lightuse efficiency and symbiont cell densities. Two other minor
components emphasize photoprotective pathways and lightharvesting properties such as secondary pigments. Statistics
highlight the role of irradiance on coral physiology and reveal
mechanisms that are either genetically constrained, such as
symbiont cell sizes, or environmentally dependent, such as
photochemical efficiencies. Other parameters, such as cellular
light-harvesting and photoprotective pigment concentrations,
are regulated by host, symbiont, and environment. The
interaction between host and environment stresses the role of
host properties in adjusting the internal environment available
for the endosymbionts. Different holobiont strategies, relating to
symbiont cell density, vary in their physiological optimization
of light-harvesting or photoprotective mechanisms and link to
host-species distribution and dominance over the reef slope.
Symbiont functional diversity appears to have a significant role
but does not explain host vertical distribution patterns per se,
highlighting the importance of species-specific morphological
and physiological properties of the coral host.
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Introduction
Reef-building corals thrive across large depth ranges through adaptation to a broad set of
environmental gradients, the most important of which is light (Veron 2000). The success of
symbiotic corals under different light regimes depends on the integrated physiological capacity
of the symbiotic partners: the animal host and the phototrophic dinoflagellate endosymbiont
(genus Symbiodinium), together: the holobiont (Trench 1993). Their adaptations to the
environment ultimately relate to the resilience of coral reefs as these are affected by a rapidly
changing environment (Hoegh-Guldberg et al. 2007).
Most scleractinian coral species have limited vertical distributions (Veron 2000) that relate to
specific adaptations to available light, such as relative ratios of heterotrophic and autotrophic
components (Anthony and Fabricius 2000) or different respiration rates (McCloskey and
Muscatine 1984). The phototrophic component of the association is thought to play a major
role in coral niche occupation. Specifically, Symbiodinium functional diversity has been
hypothesised to regulate the vertical distribution of corals (Iglesias-Prieto and Trench 1994;
Iglesias-Prieto et al. 2004).

Symbiodinium, as a genus, can be adapted to distinct light regimes, but also shows
photoacclimation potential. This allows for the extension, within certain genetic constraints,
of the limits of environmental tolerance (Iglesias-Prieto and Trench 1994). Several
photoacclimation mechanisms have been reported, including cellular photosynthetic pigment
quality and quantity variation (e.g. Titlyanov 1981). For instance, amounts of chlorophyllprotein complexes are known to increase as light availability decreases (Iglesias-Prieto
and Trench 1997b). This increase contributes to the enhancement of light harvesting and
contrasts with photoprotective mechanisms, which become active to avoid overexcitation
of the photosynthetic system. Photoprotective pathways compete with photochemistry for
the deactivation of chlorophyll a (Chl a) excited states leading to heat dissipation (Muller
et al. 2001). This phenomenon, known as nonphotochemical quenching (NPQ), constitutes
a mechanism against damaging effects of excess light energy and photo-oxidative stress.
One of the mechanisms that trigger NPQ is the xanthophylls cycle, involving carotenoid
pigments that, under high light, are rapidly converted from the harvesting form into the
protective form. In dinoflagellates, these two forms correspond to diadinoxanthin and its diepoxide congener, diatoxanthin, respectively (Brown et al. 1999; Warner and Berry-Lowe
2006). Photosynthetic processes such as NPQ have been commonly investigated by means
of fluorescence measurements of photosystem II (PSII), which are remarkably informative
regarding processes that affect both the light-harvesting antennae and electron-transfer chains
(Gorbunov et al. 2001; Iglesias-Prieto et al. 2004). Besides symbiont-driven processes, there
are host-related mechanisms thought to contribute to an efficient photosynthetic activity.
These include mechanisms such as polyp behaviour (Levy et al. 2006a), changes in skeletal
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The genus Symbiodinium is a taxonomically diverse group, as recently confirmed by several
molecular markers (reviewed by Coffroth and Santos 2005). Phylogenies such as those based
on nuclear ribosomal deoxyribonucleic acid (rDNA) divide the genus into several large clades
(Rowan and Powers 1991a). The internal transcribed spacer regions 1 and 2 (ITS1 and ITS2)
further characterize numerous subcladal genetically distinct types (LaJeunesse 2001; van
Oppen et al. 2001a), which closely approximate physiologically and ecologically distinct
populations (LaJeunesse 2002; Warner et al. 2006; Frade et al. 2008c).
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morphology (Enriquez et al. 2005) or host pigment composition (Schlichter et al. 1994; Salih
et al. 2000).
The coral genus Madracis Milne Edwards and Haime 1849 has a wide depth distribution,
ranging from c. 2 to > 100 m on Caribbean reefs (Wells 1973a; Vermeij and Bak 2002),
and includes species with very distinct depth-distribution patterns (Vermeij and Bak 2003).
Despite the large depth range covered, all specimens sampled to date only harbour clade B
Symbiodinium (Diekmann et al. 2002). Frade et al. (2008c) described three Symbiodinium
ITS2 types in the Madracis genus. Type B7 Symbiodinium is a generalist, occurring in all
Madracis species at all depths. Type B13 is restricted to the shallow-water specialist Madracis
mirabilis. Type B15 is typical of deep reef environments. Contrasting with symbiont variation
over depth, Frade et al. (2008c) found no variation over colony surfaces. Their study
suggested depth-based ecological function and host specificity for Symbiodinium ITS2 types
in Madracis. However, the mechanisms behind such diversity are unknown.
Due to the distinct vertical distribution patterns and the variety of depth-specific Symbiodinium
types, the genus Madracis provides an appropriate model to study the photobiological
adaptation and plasticity of coral hosts and symbionts over large depth ranges. Our objective is
to understand the role of functional diversity in coral-algal symbioses, and ultimately explain
coral depth distribution. The questions we pose here are: What is the physiological plasticity
of Madracis holobionts across depths? What is the role of the coral host and symbiont types
in the response of the holobiont?
Most studies on the photophysiology of coral-algal associations either look at a reduced set
of variables or analyse each variable separately. The intrinsic consequence of the last type
of analysis is that it overlooks common patterns between distinct variables, or it produces
false positives due to multiple statistical comparisons. In this study, we extensively address
coral holobiont photoacclimation and adaptation by measuring in situ photosynthetic activity,
pigment composition, symbiont densities and cell sizes for different host species across a large
depth range. We apply an innovative multivariate approach to reveal underlying processes
involved in the adaptation of corals and their symbionts to the coral reef environment. We
describe distinct photobiological mechanisms, either driven by the environment or genetically
constrained by different holobiont associations.

Materials and methods
Study area

Chapter 3

Fieldwork was conducted on Curaçao, southern Caribbean (see Figure 2.1, in Chapter 2) from
July to September 2005. We surveyed c. 2000 m2 of the Buoy One reef location, a previously
well-studied site (e.g. Bak 1977; Vermeij et al. 2007b). The study site’s depth-mediated light
attenuation, light spectral distribution, and seawater temperature were characterised during
the sampling period (Frade et al. 2008c).
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Species
Four Madracis morphospecies with distinct depth distributions (Vermeij and Bak 2003),
Madracis mirabilis, Madracis pharensis, Madracis senaria and Madracis formosa, were
included in this study. The encrusting or submassive M. pharensis (Heller 1868) and M.

senaria (Wells 1973a) are found across all depths (5 to > 60 m); the branching species M.
mirabilis Duchassaing and Michelotti 1861 and M. formosa (Wells 1973a) are restricted to,
respectively, shallow- (2 to 25 m) and deep-water (> 30 m) habitats.
Sampling approach
Corals were sampled at four depths (5, 10, 25 and 40 m) and for two different surface positions:
horizontal top (α = 0°) and seaward-facing vertical side (α = 90°), except for 40-m depth
(where only top was sampled). Two hundred and thirty samples were collected from 131 coral
colonies. For details on sample size for species, depths and surface position, see Table 3.1.
Care was taken to sample only adult, healthy, fully pigmented, light-exposed colonies.
Light environment
Because we included only light-exposed colonies, we can assume depth to be a proxy for
light. Nevertheless, incident irradiance was measured for about one-third of the sampled
colonies (for α = 0° and α = 90°) using a photosynthetic active radiation (PAR: 400-700 nm)
cosine-corrected LI-192SA light sensor (Li-Cor). The measurements, taken under conditions
of minor cloud cover and no wind, were standardised to the irradiance value measured in the
open water column at the same occasion and homologous depth to correct for meteorological
bias (Vermeij and Bak 2002).
Fluorescence measurements

Maximum excitation pressure over PSII - For each coral colony, the effective quantum yield
of PSII (∆F : Fm’) was recorded at solar noon (± 30 min), and the maximum PSII quantum
yield (Fv : Fm) was measured at the preceding dusk (Ynoon and Ydusk, respectively). The
maximum light excitation pressure over PSII (Qm) was calculated as in Iglesias-Prieto et al.
(2004): Qm = 1 – [(∆F : Fm’)/(Fv : Fm)]. As Qm approaches 1.0, higher percentages of PSII
reaction centres are closed.
Photosynthesis vs. irradiance (PE) curve parameters - Effective quantum yield (Y) was
measured at solar noon (± 30 min) during “rapid light curves”, consisting of eight successive
PAR irradiance levels (each 30 s in duration). PE curves were built using relative ETR (electron
transfer rate) as photosynthetic rate estimator: ETR = Y x PAR x 0.5. The respective PAR
levels used for calculations were calibrated daily and include a correction for the fluorometer
battery-power reduction. The following parameters were derived from the PE curves (IglesiasPrieto and Trench 1994): alpha, or the photosynthetic efficiency at subsaturating irradiances,
calculated as the linear regression of the light-limited photosynthetic rates (including the
lowest three PAR levels); ETRmax, or the maximum photosynthetic rate, calculated as the
average of the two highest ETR points; and Ek, or the light saturation parameter, calculated as
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All fluorescence measurements were taken in situ using an underwater pulse amplitudemodulated fluorometer (Diving-PAM, Walz) on days with low cloud cover. By using an
opaque plastic fibre-optics holder, we were able to standardize the distance between the fibreoptics tip and the coral surface (10 mm) and avoid environmental light exciting the sampled
area. All midday measurements were preceded by 1 min of dark acclimation to completely
relax photochemical quenching (Iglesias-Prieto et al. 2004).
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ETRmax : alpha.
Coral collection and processing
Corals were collected immediately after midday fluorescence measurements or, rarely, 24 h
later. Each colony was sampled contiguously to the area used for fluorescence recordings,
or in the closest branch (in M. mirabilis and M. formosa). Coral fragments were collected
with hammer and chisel and placed in seawater-filled plastic bags that were kept in dark
and transported at environmental temperature to the laboratory. Coral tissue was completely
removed from a c. 1-4-cm2 subsample using a WaterPik® jet of 0.2-µm-filtered seawater.
The slurry was passed through a 20-µm nylon filter to remove skeletal debris and small
epifauna, and its total volume was determined (usually c. 200 mL). For pigment analyses, a
subsample of homogenised blastate was loaded on 0.45-µm cellulose acetate membrane filters
(Schleicher and Schuell) that were immediately frozen and kept in liquid nitrogen. Filters
were later freeze-dried and stored at -80ºC for subsequent analyses.
For symbiont population descriptors, the remainder homogenised blastate was vortexed for 5
min to loosen algal cells. Replicate subsamples were concentrated and fixed in glutaraldehyde
(0.5% final concentration), kept 10 min in the dark, and were then frozen in liquid nitrogen
to be later stored at -80ºC for cell-density determination. For cell-size measurements, another
subsample was photographed for a minimum of 100 symbiont cells under a Zeiss microscope
(against a size grid).
For standardizations, the polypary surface area of the fragments was estimated (with less than
4% error) using the aluminium-foil method (Marsh 1970). Polyp density was determined for
the same skeletal area.
Symbiont population descriptors
Cell sizes - The maximum cell diameter was digitally determined for a minimum of 100
single symbiont cells per sample using the software image j. Only samples originated from the
horizontal top (α = 0°) colony position were analysed.
Cell densities - Symbiont cell densities were determined in an Epics XL-MCL Beckman
Coulter flow cytometer. After thawing and rehomogenization, 122.2 µL of a glutaraldehydefixed replicate per sample were incorporated in the flow cytometer, and algal cells counted,
from which densities were calculated. These were shown by a pilot test to be on average 3.6%
lower than densities determined by microscopy on the same samples.
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Pigment analyses
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Photosynthetic pigment composition was analysed in a Millipore-Waters high-performance
liquid chromatography (HPLC) system. Pigments were first extracted by ultra-sonification in
2 mL of solvent (95% methanol, 2% ammonium acetate), and 100 µL of the filtered mobile
phase was injected in the HPLC pumping device. All steps were performed for only one sample
each time and at ice-cold conditions. Pigment concentrations were calculated after integration
of the 436-nm absorbance peak areas (waters empower 2 software) by linear extrapolation
using conversion factors determined by running Sigma pigment standards in the same HPLC
system (except for dinoxanthin, for which the conversion factor was estimated by assuming

a similar molar extinction coefficient as diadinoxanthin and correcting it with respect to the
difference in molecular weight). Results were corrected for changes in the chromatography
partitioning conditions as monitored by regularly injecting standards.
The following photosynthetic pigments were present in all samples: chlorophyll a (Chl a),
chlorophyll c2 (Chl c2) and the carotenoids peridinin, dinoxanthin, diadinoxanthin, diatoxanthin,
and β,β-carotene. Residual amounts (< 1% Chl a) of chlorophyll c1, pheophytin, pheophorbide,
zeaxanthin, and chlorophyll b were detected in some of the samples. Because samples were
kept in the dark for 1-2 h before fixation, individual xanthophyll levels are not reliable
(diatoxanthin converted to diadinoxanthin by epoxidation; Muller et al. 2001). Therefore,
only the value for the total xanthophyll-cycle pool (sum of diadinoxanthin and diatoxanthin),
was included in the analyses. All photosynthetic pigments were highly correlated to Chl a
amounts, and therefore they were normalised to Chl a prior to analyses. Other Chl a-based
normalizations were applied, such as for photosynthetic rates. Other normalizing divisors
used were coral surface area (Chl a area-1), symbiont cell density (Chl a cell-1, ETRmax cell-1,
and alpha cell-1), and symbiont cell volume (Chl a cellvol-1), which we calculated using the
measured cell diameter and assuming sphere-shaped cells.
Genetic analyses
An c. 4-cm2 subsample of each collected coral fragment was used for the genetic characterization
of the Symbiodinium rDNA ITS2 type(s) present. For methods and results, see Frade et al.
(2008c).
Statistics

All photobiological data were incorporated in a principal component analysis (PCA) in order
to adequately reduce the dimensionality of the data set and identify processes that differ in their
regulation. log-transformations were applied when necessary to improve linearity and reduce
outlier effect. Percentage data (pigment ratios) were instead arcsin transformed. Variables
were normalised before analyses, and samples containing missing data were excluded. The
principal components (PCs) to be retained were those showing variances exceed 1 (the average
variance of PCs for a correlation-based analysis) (Zuur et al. 2007).
To improve interpretability, we applied a simplified component technique based on the least
absolute shrinkage and selection operator (SCoTLASS, Jolliffe et al. 2003), which aims to
produce uncorrelated modified components with unambiguously strong (positive or negative
loadings) or weak correlation (zero loadings) to the original variables. SCoTLASS components
(SCs) were computed for several tuning parameter (t) values, representing different levels
of simplification. As simplicity increases (lower t), the variation accounted for by the first
components decreases. This process runs till a suitable trade-off between interpretability and
variation explained was achieved. The resulting SCoTLASS loadings were used to manually
compute new scores for every sample, for each respective retained component. The SCs
were then used as response variables in separate multiple linear regression models to assess
the significance of explanatory variables: host species, depth, colony surface position, and
symbiont ITS2 type. All statistical tests were performed at a significance level of 0.05, and
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Multiple linear regressions were used to analyse (log-transformed) colony surface incident
irradiance data.

47

P-values were adjusted according to Bonferroni correction. Modelling was carried out with
the software brodgar linked to the statistics package r.

Results
Light environment
The standardised irradiance data measured over 35 colonies (for α = 0° and α = 90°, different
species and depths) show no difference in exposure of colonies to light between coral species
(F3,64 = 1.2624, P = 0.295). We therefore exclude any influence of the external light environment
on the species differences found. There is a significant interaction between depth and surface
position on the amount of light reaching the colonies (F1,66 = 32.248, P < 0.001). Figure 3.1
shows that this pattern closely resembles the depth-based light attenuation as measured in the
water column (Frade et al. 2008c). On average, the colony incident PAR irradiance is 94.4%
of the value measured in the water column, but there is no statistical difference between these
two data sets (F1,147 = 2.7795, P = 0.098). This shows that depth is a good proxy for light and
that there is no relevant influence of reef topography within each sampling depth in our data
set (but see Vermeij and Bak 2002).
Photobiology
Table 3.1 shows symbiont population descriptors, photosynthetic pigment composition, coral
polyp densities, and all fluorescence-based data for a total of 230 samples grouped by colony
surface position, host species and depth. The data was summarised in 21 different variables
representing distinct photobiological processes, some of which are alternative expressions
of the same data (see Table 3.1 for abbreviations). Symbiont ITS2 types identified for the
same samples (Frade et al. 2008c) are also shown. Pigment data resemble previously reported
values (Apprill et al. 2007), except for the relatively higher ratios to Chl a that we measured
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Figure 3.1 Colony incident PAR irradiance (bars) and water-column PAR irradiance (circles) for two
directions: straight from above (α = 0°, open) and from aside into the reef (α = 90°, closed). Water-column
irradiance is modified after Frade et al. (2008c).

Position
Top

Species

M. mirabilis

M. pharensis

M. senaria

M. formosa
Side

M. mirabilis

M. pharensis

M. senaria

Depth

Symbiont type

Cell density

(m)

Frade et al. (2008)

(x10 cells cm )
6

-2

Cell size

Chl a area-1

Chl a cell-1

(µm)

(µg cm )

(pg cell-1)

-2

5

B7 (36%), B13 (73%) (11)

1.8±0.3 (11)

8.8±1.5 (6)

3.7±1.1 (11)

2.1±0.6 (11)

10

B7 (33%), B13 (92%) (12)

1.7±0.4 (12)

8.3±0.2 (6)

5.2±1.4 (12)

3.2±0.8 (12)

25

B7 (40%), B13 (90%) (10)

1.6±0.3 (10)

8.2±0.3 (6)

5.6±1.3 (10)

3.7±0.9 (10)

5

B7 (100%) (11)

3.0±1.0 (11)

8.6±0.2 (6)

9.9±5.6 (11)

3.2±1.2 (11)

10

B7 (100%) (15)

2.3±0.9 (12)

8.5±0.4 (9)

6.6±2.2 (12)

3.0±0.8 (12)

25

B7 (54%), B15 (46%) (13)

2.0±0.9 (11)

9.3±1.1 (6)

10.3±3.9 (10)

5.6±2.2 (10)

40

B7 (36%), B15 (64%) (11)

1.8±0.8 (11)

9.9±1.1 (9)

14.0±4.2 (11)

8.5±3.2 (11)

5

B7 (90%), B13 (10%) (10)

2.8±0.8 (10)

9.1±0.4 (8)

8.5±2.6 (10)

3.1±0.6 (10)

10

B7 (100%) (11)

2.5±1.0 (10)

9.5±1.5 (6)

8.4±3.4 (10)

3.7±1.3 (10)

25

B7 (100%) (10)

2.9±0.6 (10)

8.8±0.3 (6)

13.5±2.0 (10)

4.8±1.1 (10)

40

B7 (100%) (9)

2.5±0.6 (10)

9.3±0.3 (7)

13.1±3.7 (10)

5.2±0.9 (10)

40

B7 (92%), B15 (23%) (13)

1.4±0.6 (11)

9.6±0.5 (8)

9.3±3.1 (11)

7.0±2.0 (11)

5

B7 (50%), B13 (70%) (10)

1.3±0.4 (11)

5.3±1.3 (11)

4.0±0.8 (11)

10

B13 (100%) (12)

1.5±0.3 (12)

6.5±2.0 (12)

4.4±0.9 (12)

25

B7 (50%), B13 (80%) (10)

1.3±0.4 (10)

6.2±1.5 (10)

4.9±0.8 (10)

5

B7 (100%) (11)

3.4±1.1 (11)

16.4±6.3 (11)

5.0±1.3 (11)

10

B7 (93%), B15 (7%) (14)

2.6±0.8 (12)

15.1±3.6 (12)

6.3±2.2 (12)

25

B7 (54%), B15 (46%) (13)

1.7±0.7 (11)

15.4±4.3 (10)

9.8±3.8 (10)

5

B7 (100%) (10)

3.6±1.3 (10)

17.2±5.8 (10)

5.1±1.8 (10)

10

B7 (100%) (11)

3.3±1.1 (10)

16.1±4.1 (10)

5.3±2.2 (10)

25

B7 (100%) (11)

2.6±0.8 (10)

16.3±3.6 (10)

6.5±1.2 (10)

for the accessory pigments peridinin, Chl c2 and dinoxanthin.
We preselected 179 samples (representing 100 colonies) containing no missing data for the
PCA. Cell sizes were only determined for colony top surface position and were therefore
excluded from the PCA dataset (as well as Chl a cellvol-1). Six outliers were further removed
based on single variable exploration tools. The first four PCs had variances higher than 1 and
accounted for 79.9% of the variation (40.5, 22.3, 9.8 and 7.3%, respectively). Therefore, these
were retained for further analyses. Figure 3.2 shows the PCA correlation biplot (n = 173) for
the two first PCs (62.8% of the variation). The apparently even graphical disposition of the
19 variable axes over the first two PCs and the relatively low correlation between them do
not facilitate a definite interpretation. This is unequivocally indicated by the high amount
of intermediate loadings in the PCA and the low number of variables with zero loadings
(Table 3.2, columns for PCs). A tentative interpretation of these loadings would be that the
main source of variation in the data (represented by PC1) is between those samples that have
greater than average values for variables Chl a area-1, Chl a cell-1, peridinin Chl a-1, Ydusk,
Ynoon, and alpha, coupled with smaller than average values for variables dinoxanthin Chl
a-1, xanthophylls Chl a-1, Qm, Ek, and ETRmax Chl a-1, and those other samples showing the
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Table 3.1 Madracis spp. photobiological data (average ± SD, sample size indicated in parentheses) for two
different colony surface positions (top and side) and across depth (5, 10, 25 and 40 m). Symbiont type,
taken from Frade et al. (2008c), represents percentage of colonies harbouring a certain Symbiodinium
rDNA ITS2-type (total percentage exceeds 100% if two types co-occurred). Abbreviations stand for: Chl a
area-1 – chlorophyll a contents per surface area, Chl a cell-1 – chlorophyll a contents per symbiont cell, Chl
a cellvol-1 – chlorophyll a contents per cell volume, Chl c2 – chlorophyll c2, xanthophylls – xanthophyll-cycle
pool size, Ydusk – maximum quantum yield of PSII (or Fv : Fm), Ynoon – effective quantum yield of PSII
(or ∆F : Fm’), Qm – maximum light excitation pressure over PSII, ETRmax - maximum photosynthetic rate
(based on relative ETR), alpha - photosynthetic efficiency at subsaturating irradiances, Ek - light saturation
parameter (or ETRmax alpha-1).
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Table 3.1 (continued)
Position
Top

Species

M. mirabilis

M. pharensis

M. senaria

M. formosa
Side

M. mirabilis

M. pharensis

M. senaria

Depth

Chl a cellvol-1

(m)

(x10 pg µm )
-3

Chl c2 Chl a-1

Peridinin
Chl a-1

-3

β,β-carotene
Chl a-1
(x10)

Dinoxanthin
Chl a-1
(x10)

Xanthophylls
Chl a-1

5

6.2±2.9 (6)

0.25±0.01 (11)

0.67±0.04 (11)

0.11±0.04 (11)

0.88±0.12 (11)

0.22±0.02 (11)

10

11.5±2.8 (6)

0.25±0.01 (12)

0.70±0.03 (12)

0.13±0.03 (12)

0.78±0.08 (12)

0.21±0.02 (12)

25

14.0±2.4 (6)

0.25±0.01 (10)

0.72±0.02 (10)

0.14±0.03 (10)

0.68±0.06 (10)

0.19±0.02 (10)

5

9.7±2.0 (6)

0.25±0.01 (11)

0.68±0.05 (11)

0.17±0.04 (11)

0.72±0.09 (11)

0.21±0.03 (11)

10

10.2±3.5 (9)

0.25±0.01 (12)

0.69±0.05 (12)

0.15±0.04 (12)

0.69±0.09 (12)

0.20±0.02 (12)

25

13.2±3.8 (6)

0.25±0.01 (10)

0.75±0.08 (10)

0.16±0.03 (10)

0.60±0.06 (10)

0.17±0.01 (10)

40

17.7±8.3 (9)

0.24±0.02 (11)

0.80±0.03 (11)

0.18±0.04 (11)

0.54±0.07 (11)

0.17±0.02 (11)

5

7.9±2.0 (8)

0.26±0.01 (10)

0.75±0.06 (10)

0.14±0.06 (10)

0.63±0.10 (10)

0.19±0.01 (10)

10

8.7±3.0 (6)

0.26±0.01 (10)

0.73±0.03 (10)

0.15±0.05 (10)

0.62±0.08 (10)

0.20±0.02 (10)

25

12.3±1.7 (6)

0.26±0.01 (10)

0.76±0.02 (10)

0.14±0.04 (10)

0.49±0.05 (10)

0.18±0.01 (10)

40

11.3±1.3 (7)

0.26±0.02 (10)

0.78±0.04 (10)

0.12±0.03 (10)

0.44±0.04 (10)

0.17±0.01 (10)

40

15.9±4.7 (8)

0.24±0.02 (11)

0.75±0.03 (11)

0.19±0.04 (11)

0.51±0.04 (11)

0.16±0.01 (11)

5

0.26±0.01 (11)

0.75±0.02 (11)

0.11±0.05 (11)

0.60±0.12 (11)

0.18±0.02 (11)

10

0.25±0.01 (12)

0.75±0.04 (12)

0.12±0.03 (12)

0.60±0.05 (12)

0.17±0.01 (12)

25

0.25±0.01 (10)

0.76±0.03 (10)

0.14±0.04 (10)

0.58±0.05 (10)

0.18±0.01 (10)

5

0.26±0.01 (11)

0.71±0.04 (11)

0.14±0.04 (11)

0.59±0.08 (11)

0.18±0.02 (11)

10

0.26±0.01 (12)

0.77±0.05 (12)

0.16±0.03 (12)

0.52±0.07 (12)

0.17±0.01 (12)

25

0.24±0.02 (10)

0.81±0.05 (10)

0.20±0.04 (10)

0.46±0.05 (10)

0.16±0.02 (10)

5

0.26±0.01 (10)

0.78±0.05 (10)

0.14±0.03 (10)

0.46±0.08 (10)

0.17±0.01 (10)

10

0.26±0.01 (10)

0.78±0.04 (10)

0.13±0.05 (10)

0.49±0.07 (10)

0.17±0.02 (10)

25

0.25±0.01 (10)

0.78±0.02 (10)

0.17±0.02 (10)

0.39±0.04 (10)

0.16±0.01 (10)
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opposite response. Likewise, these two groups of variables are likely to be highly (negatively)
correlated to each other and uncorrelated to variables such as Chl c2 Chl a-1, β,β-carotene Chl
a-1, polyp density, and alpha cell-1.
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The use of SCoTLASS contributed to a major increase in interpretability, as shown by the
increase in the number of variables with zero loadings (Figure 3.3). A t of 2.322 was chosen
for further analyses because at this high degree of simplification, the variation explained by
the four first SCs was still high (70.1%). Table 3.2 (columns for SCs) shows the loadings
obtained by SCoTLASS for t = 2.322. Now, most of the original variables load strongly in
only one of the SCs, and these differ from each other in terms of the variables they represent.
The number of variables with zero loadings is now 11, 13, 10 and 7, for SC1, SC2, SC3 and
SC4, respectively. SC1 (representing 22.8% of the variation) is mainly correlated to variables
directly linked to photochemical or photosynthetic efficiencies, such as Qm, alpha or Ek. SC2
(22.6%) is strongly (negatively) correlated to symbiont cell density. The (positive) correlation
to normalised ETRmax and alpha appears to be a consequence of variation in cell density
because it is not accompanied by changes in the respective raw parameters (loadings of
0.00 for ETRmax and alpha). The same holds for the strong correlation of Chl a area-1, since
Chl a cell-1 is not relevant to this component (loading of 0.00). SC3 (15.8%) represents an
apparently mixed assemblage including Chl a cell-1, ratios of accessory photopigments such
as peridinin Chl a-1, dinoxanthin Chl a-1, or xanthophylls Chl a-1, and ETRmax. SC4 (9.0%)
mainly correlates (positively) to polyp density and to other accessory pigments such as β,βcarotene Chl a-1 (positively) and Chl c2 Chl a-1 (negatively). The correlations to the different
original variables were rarely equivocal.

Table 3.1 (continued)
Position
Top

Species

M. mirabilis

M. pharensis

M. senaria

M. formosa
Side

M. mirabilis

M. pharensis

M. senaria

Depth

Polyp density

(m)

(no. cm )

5

24.6±4.0 (11)

0.55±0.03 (11)

0.37±0.03 (11)

0.33±0.05 (11)

ETRmax
(µmol electrons
m-2 s-1)
64.3±12.3 (11)

10

24.3±4.9 (12)

0.57±0.03 (12)

0.44±0.04 (12)

0.23±0.06 (12)

78.7±17.9 (11)

25

25.0±2.5 (10)

0.61±0.02 (10)

0.49±0.06 (10)

0.20±0.08 (10)

73.3±5.5 (8)

5

29.5±5.6 (11)

0.55±0.05 (9)

0.37±0.11 (9)

0.34±0.15 (9)

65.2±7.8 (9)

10

26.0±7.5 (12)

0.57±0.03 (11)

0.41±0.08 (11)

0.28±0.12 (11)

73.8±12.8 (10)
67.9±16.1 (7)

Ydusk

Ynoon

Qm

-2

25

25.0±6.9 (11)

0.62±0.03 (8)

0.54±0.07 (8)

0.14±0.09 (8)

40

28.1±3.7 (11)

0.59±0.06 (7)

0.54±0.08 (7)

0.08±0.08 (7)

68.2±9.0 (7)

5

23.8±5.5 (10)

0.50±0.04 (8)

0.32±0.09 (8)

0.36±0.15 (8)

51.7±11.3 (8)

10

23.2±3.7 (10)

0.54±0.04 (10)

0.45±0.05 (10)

0.17±0.08 (10)

66.0±8.9 (9)

25

20.9±7.6 (10)

0.61±0.01 (9)

0.53±0.08 (9)

0.13±0.12 (9)

63.3±10.6 (8)

40

21.8±3.4 (10)

0.58±0.01 (7)

0.52±0.05 (7)

0.11±0.08 (7)

61.2±8.9 (7)

40

33.8±4.0 (11)

0.61±0.03 (7)

0.51±0.07 (7)

0.16±0.08 (7)

59.1±11.3 (7)

5

22.2±5.1 (11)

0.61±0.03 (11)

0.60±0.04 (11)

0.03±0.07 (11)

65.0±13.8 (11)

10

21.7±4.7 (12)

0.62±0.02 (12)

0.61±0.01 (12)

0.02±0.03 (12)

57.3±11.0 (11)

25

22.9±2.4 (10)

0.63±0.01 (10)

0.62±0.03 (10)

0.01±0.05 (10)

47.2±7.8 (8)

5

27.7±3.3 (11)

0.62±0.03 (9)

0.62±0.04 (9)

0.01±0.06 (9)

70.5±14.8 (9)

10

28.8±3.7 (12)

0.62±0.03 (11)

0.61±0.05 (11)

0.01±0.05 (11)

58.3±7.4 (10)

25

27.1±4.6 (11)

0.62±0.07 (8)

0.64±0.07 (8)

-0.03±0.02 (8)

43.6±10.9 (7)

5

23.0±7.0 (10)

0.60±0.02 (8)

0.57±0.06 (8)

0.04±0.08 (8)

56.8±9.0 (8)

10

20.5±2.7 (10)

0.61±0.02 (10)

0.61±0.03 (10)

0.00±0.04 (10)

47.6±9.3 (9)

25

21.6±6.8 (10)

0.63±0.01 (9)

0.63±0.03 (9)

0.00±0.03 (9)

39.9±9.9 (8)

Figure 3.4 (a-p) shows the univariate multiple regression graphical outcomes for each of the
factors tested on the new scores (one or two outliers were removed). SC1 scores increase
significantly with depth (F1,169 = 179.36, P < 0.001; Figure 3.4a) and are significantly dependent
on colony surface position (F1,169 = 588.50, P < 0.001; Figure 3.4b). Since SC1 negatively
correlates with, for instance, Qm (Table 3.2), the positive regressions show that the maximum
light excitation over PSII decreases significantly with increasing depth and decreases from
α = 0° to α = 90° colony surface position, while it is unaffected by host species (Figure
3.4c) or symbiont type (Figure 3.4d). SC2 is dependent on host species (F3,168 = 80.630, P
< 0.001; Figure 3.4g) and surface position (F1,168 = 21.084, P < 0.001; Figure 3.4f). Hence,
the SC2-linked symbiont cell density is significantly lower in M. mirabilis than in the other
species, and it slightly increases from α = 0° to α = 90° surfaces within colonies, while the
normalised photosynthetic activity changes in the opposite direction. SC3 scores are affected
by all explanatory factors, decreasing with depth (F1,162 = 76.781, P < 0.001; Figure 3.4i) and
from α = 0° to α = 90° colony surface positions (F1,162 = 181.240, P < 0.001; Figure 3.4j), being
higher in M. mirabilis and M. pharensis than in M. senaria and M. formosa (F3,162 = 19.568, P
< 0.001; Figure 3.4k), and differing between symbiont types (F2,162 = 9.370, P < 0.001; Figure
3.4l). This reflects, for example, that symbiont type B15 has higher Chl a cell-1 and peridinin
Chl a-1 than types B7 and B13 Symbiodinium. Finally, SC4 is significantly related to host
species (F3,163 = 12.784, P < 0.001; Figure 3.4o) and to symbiont type (F2,163 = 10.991, P <
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Table 3.1 (continued)
Position

Species

Depth

ETRmax cell-1

ETRmax Chl a-1

(µmol photons
m-2 s-1)

(x10-6 µmol
electrons cell-1 h-1)

(µmol electrons
mg-1 Chl a s-1)

0.15±0.03 (11)

447±44 (11)

13.7±3.9 (11)

alpha

(m)
Top

M. mirabilis

M. pharensis

M. senaria

M. formosa
Side

M. mirabilis

M. pharensis

M. senaria

5

Ek

alpha cell-1

alpha Chl a-1

1.9±0.6 (11)

0.09±0.03 (11)

0.43±0.15 (11)

(x10)

10

0.170.04 (11)

474±38 (11)

17.4±5.4 (11)

1.7±0.7 (11)

0.10±0.03 (11)

0.35±0.14 (11)

25

0.22±0.03 (8)

349±68 (8)

17.5±3.3 (8)

1.2±0.2 (8)

0.14±0.03 (8)

0.35±0.04 (8)

5

0.16±0.04 (9)

415±68 (9)

8.3±2.9 (9)

0.9±0.5 (9)

0.06±0.02 (9)

0.22±0.13 (9)

10

0.19±0.04 (10)

400±49 (10)

10.3±3.0 (8)

1.0±0.3 (8)

0.07±0.03 (8)

0.26±0.08 (8)

25

0.21±0.06 (7)

328±63 (7)

14.6±8.8 (7)

0.8±0.4 (7)

0.12±0.07 (7)

0.25±0.11 (7)

40

0.24±0.04 (7)

290±38 (7)

20.1±8.5 (7)

0.6±0.2 (7)

0.19±0.09 (7)

0.21±0.06 (7)

5

0.14±0.05 (8)

382±76 (8)

6.9±1.6 (8)

0.6±0.2 (8)

0.05±0.01 (8)

0.16±0.04 (8)

10

0.18±0.03 (9)

374±48 (9)

11.0±4.2 (9)

0.8±0.2 (9)

0.08±0.04 (9)

0.22±0.05 (9)

25

0.21±0.04 (8)

304±67 (8)

8.4±2.8 (8)

0.5±0.1 (8)

0.08±0.02 (8)

0.17±0.06 (8)

40

0.24±0.03 (7)

256±48 (7)

9.5±3.6 (7)

0.5±0.2 (7)

0.10±0.03 (7)

0.20±0.06 (7)

40

0.26±0.02 (7)

229±32 (7)

16.3±5.5 (7)

0.8±0.4 (7)

0.19±0.05 (7)

0.34±0.14 (7)

5

0.26±0.02 (11)

257±68 (11)

19.1±8.4 (11)

1.3±0.5 (11)

0.21±0.06 (11)

0.52±0.14 (11)

10

0.26±0.02 (11)

219±44 (11)

14.5±3.5 (11)

0.9±0.2 (11)

0.19±0.05 (11)

0.45±0.14 (11)

25

0.27±0.02 (8)

178±24 (8)

14.7±5.5 (8)

0.8±0.3 (8)

0.22±0.06 (8)

0.44±0.11 (8)

5

0.27±0.02 (9)

262±64 (9)

8.3±4.6 (9)

0.5±0.3 (9)

0.09±0.04 (9)

0.20±0.09 (9)

10

0.27±0.02 (10)

214±35 (10)

8.9±3.6 (8)

0.4±0.2 (8)

0.12±0.05 (8)

0.18±0.05 (8)

25

0.26±0.03 (7)

171±47 (7)

9.0±3.4 (7)

0.3±0.1 (7)

0.14±0.03 (7)

0.18±0.04 (7)

5

0.25±0.01 (8)

229±36 (8)

6.6±1.9 (8)

0.4±0.2 (8)

0.08±0.03 (8)

0.17±0.09 (8)

10

0.27±0.02 (9)

179±39 (9)

5.7±2.3 (9)

0.3±0.1 (9)

0.09±0.05 (9)

0.18±0.06 (9)

25

0.25±0.02 (8)

159±37 (8)

5.7±1.9 (8)

0.2±0.1 (8)

0.10±0.03 (8)

0.15±0.03 (8)

0.001; Figure 3.4p), suggesting that, for instance, polyp density and β,β-carotene Chl a-1 reach
the highest values in M. formosa and in colonies harbouring symbiont type B15. Symbiont
type B13 never differed from type B7 (Figure 3.4d, h, l and p).
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If the PCA and SCoTLASS are run without previous outlier removal (n = 179), very similar
SCs result that further confirm the previously described univariate significances (except for
the minor SC4). In addition, to include symbiont cell-size data and Chl a cellvol-1 in the
analyses, a new PCA was run for a sample set (71 colonies) that only included data from α
= 0° colony top positions. The results were similar to the earlier analyses. After SCoTLASS
(t = 2.648), each SC represents the same variables, except that some parameters loading in
SC1 and SC3 have swapped positions, for instance, dinoxanthin Chl a-1 and xanthophylls Chl
a-1 load on SC1. The two new variables, cell size and Chl a cellvol-1, strongly load on SC4
(positively correlated with, e.g., β,β-carotene Chl a-1) and SC3 (positively correlated with,
e.g., peridinin Chl a-1), respectively. The statistical significance of the explanatory variables
(now excluding colony surface position) is similar to the full model significance, but SC1 and
SC2 also relate to depth besides host species, and SC3 relates only to depth.
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Overall, the results of the full model show that SC3 is the most sensitive component (responds
to all explanatory variables). SC1 is exclusively environment related, while SC2 and SC4
are typically host- and/or symbiont-dependent components. Host species arises as the
most important explanatory factor; it is highly statistically significant to three of the four
SCs considered (exception is SC1). Colony surface position and depth follow in the scale
of decreasing significance. Finally, symbiont genetic type is the factor that explains the

least variance as it only relates statistically to the last two (minor) components. Table 3.3
summarizes the analyses, showing the four SCs, the main mechanisms they represent, and the
respective statistical outcomes.

Discussion
The combination PCA-SCoTLASS was successful in enhancing interpretability, and the
identical results obtained from different approaches confirm the robustness of the data.
Each SC represents a distinct set of variables, supposedly indicating different underlying
photobiological mechanisms ranging from more environmentally controlled to more
genetically constrained.
Light environment: Depth and colony surface position
Within-colony landscape, here represented as either α = 0° or α = 90° colony surface, appears
to account for the same kind of effect as depth. This interpretation is supported by the link
in statistical significance between depth and surface position. In addition, a PCA including
only data originating from α = 0° colony surface yielded similar results to the full model. This
suggests that depth and surface position basically represent the same environmental parameter:
light. The analysis strongly highlights the dependence of photochemical, photosynthetic
efficiencies, and derived parameters on light (SC1). The increase in light-use efficiencies
when moving to deeper (or darker) habitats has been documented in several studies with corals
(Gorbunov et al. 2001; Warner et al. 2006) and reflects photoacclimation. This is confirmed
by the adjustment of the optimal irradiance for photosynthesis (Ek). This general trend toward
darker environments is also supported by other mechanisms (SC3), such as the increase in Chl
a cell-1 or peridinin Chl a-1, and the decrease in ETRmax, indicating a higher light-harvesting

PC2

(position) (depth)
alpha
Ynoon Ydusk
0

ETRmax Chl a-1

Chl a cell-1
peridinin Chl a-1
β,β-carotene Chl a-1
Chl a area-1
(symbiont)

-0.5

ETRmax cell-1
alpha Chl a-1

(species)

-0.5

ETRmax
polyp density
dinoxanthin Chl a-1
xanthophylls Chl a-1
Ek
-1
Chl c2 Chl a
Qm

cell density

0

-0.5

PC1

Figure 3.2 Madracis spp. photobiological data PCA correlation biplot for first two components (PC1 and
PC2). For abbreviations, see Table 3.1. Explanatory variables - host species, depth, colony surface position
and symbiont genetic type (in brackets) - are superimposed using cross-correlations.
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Figure 3.3 SCoTLASS analysis. Cumulative variance explained by the first four PCs (solid line) and the
percentage of zero loadings in those components (dotted line) as the tuning parameter decreases (t =
4.359 corresponds to PCA).
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capacity under conditions of light limitation and higher photosynthetic production in the
presence of light. The increase in peridinin Chl a-1 suggests a broader absorption spectrum of
the phototrophic component into the greenish region in order to maximize photosynthesis. Qm,
the maximum excitation pressure over PSII, has been used as a proxy of algal physiological
state and is known to be covariant with NPQ (Iglesias-Prieto et al. 2004). This phenomenon is
reported to cause the relative suppression of photosynthesis, reaching its highest level around
solar noon (Hoegh-Guldberg and Jones 1999). If the excess of absorbed energy is too high,
it may overwhelm such protective mechanisms, and PSII photodamage, or photoinhibition,
can occur (Gorbunov et al. 2001). High Qm levels, such as the ones we measured in shallow
water, also reflect increasing potential for photoinhibition and, ultimately, bleaching (Warner
et al. 2006). SC3 also represents the pigments involved in the xanthophyll cycle, which
constitutes one of several protective mechanisms associated with NPQ (Muller et al. 2001).
The decrease of xanthophyll-cycle pool with depth and from α = 0° to α = 90° over colony
surface has long been known to be related to decreasing irradiance (Titlyanov 1981; Brown
et al. 1999). Dinoxanthin shows the same trend, confirming the photoprotective function of
this carotenoid. NPQ and photoinhibition are two hypothetical explanations for the dramatic
drop of ETRmax that we measured at 5-m depth for α = 0° surface of all species (Table
3.1). Cell density (SC2) is not strongly environmentally controlled, confirming other studies
that have reported that algal densities do not show changes over light gradients (Falkowski
and Dubinsky 1981; Jones and Yellowlees 1997). Still, there is variation related to depth
and surface position (see also Table 3.1). For example, the slight tendency of decrease we
measured for symbiont densities with increasing depth could be linked to a general decrease
of host-tissue biomass toward the deeper reef (McCloskey and Muscatine 1984; Fitt et al.
2000). Overall, this study highlights the importance of depth- and surface position-related
light habitats in the photobiology of corals and their symbionts.
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Host species and symbionts
Results also point to an important role of species-specific traits in controlling the photobiological
response of the association. Here, the key adaptive factor that explains most variation appears

Variables

PC1

PC2

PC3

PC4

SC1

SC2

SC3

SC4

Cell density

-0.10

-0.41

-0.20

0.29

0.00

-0.37

0.02

-0.10

Chl a area-1

-0.30

-0.23

0.07

0.18

0.00

-0.46

0.00

0.07

Chl a cell-1

-0.29

0.12

0.30

-0.06

0.02

0.00

-0.54

0.12

Chl c2 Chl a-1

-0.03

-0.11

-0.45

-0.17

0.00

0.00

0.00

-0.61

Peridinin Chl a-1

-0.25

0.02

0.02

-0.36

0.00

0.00

-0.51

-0.15

β,β-carotene Chl a-1

-0.07

-0.01

0.58

0.14

0.00

0.00

0.00

0.66

Dinoxanthin Chl a-1

0.31

0.01

-0.15

0.09

-0.03

0.00

0.55

0.00

Xanthophyll-pool Chl a-1

0.29

-0.09

-0.08

0.03

-0.12

0.00

0.31

0.00

Polyp density

0.06

0.01

0.28

0.45

0.00

0.00

0.00

0.35

Ydusk

-0.22

0.19

-0.14

0.29

0.24

0.00

0.00

0.00
0.00

Ynoon

-0.29

0.20

-0.22

0.19

0.55

0.00

0.11

Qm

0.28

-0.18

0.23

-0.13

-0.50

0.00

0.00

0.01

ETRmax

0.18

0.09

-0.08

0.52

0.00

0.00

0.20

0.00
0.00

alpha

-0.26

0.23

-0.17

0.25

0.48

0.00

0.00

Ek

0.31

-0.13

0.06

0.11

-0.39

0.00

0.00

0.00

ETRmax cell-1

0.18

0.39

0.13

0.00

0.00

0.46

0.00

0.04

ETRmax Chl a-1

0.31

0.22

-0.08

0.04

0.00

0.44

0.03

-0.05

alpha cell-1

-0.05

0.47

0.09

-0.10

0.00

0.10

-0.06

0.15

alpha Chl a-1

0.18

0.38

-0.16

-0.05

0.00

0.49

0.00

-0.03

Cumulative variance (%)

40.5

62.8

72.6

79.9

22.8

45.3

61.1

70.1

to be symbiont cell density, or better, the genetic factors controlling it. Symbiont density is
thought to be regulated by limitation in space (Drew 1972). Any other factors controlling
symbiont cell size can also indirectly determine algal densities (Jones and Yellowlees 1997).
Cell size is reported to be symbiont-specific (LaJeunesse et al. 2005), and our data show that
this could also be the case for Symbiodinium types B7, B13 and (the larger cell-sized) B15.
Thus, based on the Madracis model, we propose that coral tissue space availability (thickness)
and symbiont cell size are relatively genetically constrained and that both parameters
ultimately regulate cell density. For instance, in M. pharensis, the two-fold depth decrease
in cell numbers (see Table 3.1) is caused by the depth-based symbiont replacement of type
B7 by the larger type B15 (Frade et al. 2008c). In addition to cell-size differences, symbiont
types also relate to pigment parameters such as Chl a cell-1, peridinin Chl a-1, dinoxanthin
Chl a-1, and xanthophylls Chl a-1 (SC3) or β,β-carotene Chl a-1 and Chl c2 Chl a-1 (SC4).
This is an in situ indication suggesting that symbiont ITS2 types correlate with functional
properties and may represent distinct species. The presence of Symbiodinium type B15 at
greater depths relates to phenotypic differences and may have an adaptive role, eventually
allowing for a deeper lower limit of distribution in M. pharensis and M. formosa (Vermeij and
Bak 2003). Types B7 and B13, on the other hand, are typical for shallower environments and
exhibit a high photoprotective component. Such symbiont-specific differences in thermaldissipation mechanisms have been suggested elsewhere (Iglesias-Prieto and Trench 1997b;
Robison and Warner 2006). The absence of physiological differences between types B7 and
B13, in addition to their close genetic relatedness (Frade et al. 2008c), suggests that they do
not represent ecologically distinct forms or species.
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Table 3.2 Loadings (and percentage of cumulative variance) for the first four PCs obtained by PCA and for
the respective SCs obtained by SCoTLASS (with t = 2.322). Each entry corresponds to one of the original
19 variables. For abbreviations, see Table 3.1. Values in bold represent strong correlations (loading > 0.2)
between original variables and new components.
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Figure 3.4 SC score variation among (a, e, i, m) depth, (b, f, j, n) colony surface position, (c, g, k, o) host
species (mir = M. mirabilis, pha = M. pharensis, sen = M. senaria, and for = M. formosa), and (d, h, l, p)
symbiont type. Depth was log-transformed. Lines represent (solid) mean and (dotted) 95% confidence
intervals. Statistically significant linear regressions are marked with * (right bottom corner). Note that part
of the original variables correlate negatively with the SCs (see Table 3.2).
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Besides differing in symbiont cell density, Madracis host species also relate to the
aforementioned photosynthetic parameters (represented by SC3 and SC4). The origin of
such differences in photosynthetic rate or accessory harvesting and photoprotective pigment
contents could lie in an acclimation response to the amount of light absorbed by the algal
symbionts they harbour (or the photosynthetic units themselves) and/or be due to inadequate
nutrient supply to the symbiont. Alternative mechanisms controlling the availability of light
at the symbiont cellular level could include specific differences in skeletal multiple scattering
(Enriquez et al. 2005), host pigment composition (Schlichter et al. 1994; Salih et al. 2000), or
photosynthetic pigment self-shading (Dubinsky et al. 1984). This last alternative mechanism
for controlling light, variation in photosynthetic pigment self-shading, is supported by our
findings, which show host-specific differences in terms of symbiont cell density. In fact, hostspecies differences in SC2 and SC3 follow opposite trends: M. mirabilis resulted in the lowest
symbiont densities and the highest ETRmax, highest activity of photoprotective xanthophylls,
and the lowest Chl a cell-1, while M. senaria showed the opposite and M. pharensis was

Table 3.3 Main photobiological mechanisms involved in each of the four SCs and statistical significance of
depth, colony surface position, host species, and symbiont type.
Component

Main mechanism

Depth

Position

Species

Symbiont

SC1

Photoacclimation: light use
efficiency

Increasing
with increasing
depth

Increasing
from top to
side

No significant
effect

No significant
effect

SC2

Symbiont cell densities and
pigment self-shading

No significant
effect

Increasing
from top to
side

Highest in M.
senaria and M.
pharensis

No significant
effect

SC3

Photoprotective pathways (and
sensitive accessory pigments)

Decreasing
with depth

Decreasing
from top to
side

Highest in M.
mirabilis and
M. pharensis

Higher in types
B7 and B13
than in B15

SC4

Polyp density and genetically fixed
accessory pigments (β,β-carotene)

No significant
effect

No significant
effect

Highest in M.
formosa and
M. pharensis

Higher in type
B15 than in B7
and B13

intermediate.

Holobiont strategies
Linkages between the photobiological response of hosts and symbionts and their distribution
and dominance over the reef slope suggest distinct holobiont strategies. Vermeij and Bak
(2002) described the distribution of the Madracis genus relative to light regimes, irrespective
of depth, and found that the branching species, including M. mirabilis and M. formosa, have
a preference for maximum light capture, while more massive morphologies, such as M.
pharensis and M. senaria, preferably occupy shaded positions. Other studies suggest that
branching species have faster growth rates than massive morphologies (Gates and Edmunds
1999). The lower symbiont biomass in the branching M. mirabilis and M. formosa may be
related to limited host-tissue space availability. Hypothetically, this could force these species
to occupy well-lit habitats to maximize photosynthesis and eventually achieve the production
necessary for its growth and maintenance. Massive species, containing a larger phototrophic
biomass, on the other hand, may achieve their photosynthetic budget while avoiding extreme
light exposition. Increased skeletal complexity in branching species may also contribute to the
intensification of the local irradiance and therefore to an increase of the absorption efficiency
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Specific differences in cell density may also be coupled to nutrient supply (Dubinsky et al.
1990). Nitrogen limitation, for instance, is know to interfere with the efficiency of transfer
of absorbed light energy to the PSII reaction centres due to the loss of reducing power sinks,
thereby inducing the requirement for increased energy dissipation (Verhoeven et al. 1997). In
this respect, species differences in photoprotective pigment contents, an indication of specific
needs for heat dissipation, contrast with stable NPQ throughout the genus (estimated by Qm).
This diverges from other in situ studies in which Qm differences among host species varied
from large (Iglesias-Prieto et al. 2004) to small (Warner et al. 2006). The disengagement
between NPQ and xanthophyll pool highlights the idea that photoprotection is also dependent
on other important mechanisms, such as the activity of antioxidant enzymes (Levy et al.
2006b) or the ability to repair PSII (Warner et al. 1999). Finally, polyp density typically
constitutes a host-specific characteristic. This could potentially relate to skeleton-mediated
modulation of light available to the endosymbionts within the tissue (Enriquez et al. 2005).

57

by the algal endosymbionts (Enriquez et al. 2005). Although good absorption estimates are
not available, our results suggest that M. mirabilis has very high photosynthetic production
(as estimated by relative ETR), as opposed to M. senaria. Skeletal isotopic composition data
show that M. mirabilis has the strongest metabolic 13C enrichments caused by photosynthesis
within the genus (Maier et al. 2003). Such high photosynthetic production could be related to
observed host behavioural differences such as diurnal polyp extension (P.R. Frade, pers. obs.;
Veron 2000), which contributes to a higher carbon availability (Levy et al. 2006a). Furthermore,
Vermeij et al. (2002) detected host green fluorescence in most Madracis species but not in M.
mirabilis, and although the exact function of host pigments such as green fluorescent proteins
is still uncertain (Wiedenmann et al. 2004), the Madracis species depth distribution argues for
the possibility that these pigments have a photoenhancing function (Schlichter et al. 1994),
rather than a protective one (Salih et al. 2000). Although the reasons for the upper limit of
the depth distribution of M. formosa (the other branching species, occurring below 30 m) are
uncertain, these could include slow metabolism and lower competitiveness, which would only
allow for the colonization of relatively open ecological niches.
In summary, we find opposing holobiont strategies in the Madracis genus, where the two
extremes are represented by M. senaria and M. mirabilis. Symbiont diversity, per se, cannot
explain such strategies. On one side, there is M. senaria, which harbours high densities of
symbionts that are self-shading, creating a low-light intratissue environment and a reduced
need for photoprotective pathway activation. These symbiotic associations have physiological
properties favouring the enhancement of light harvesting and can be expected to successfully
colonize deep or shaded habitats. In very shallow water, they are probably limited by oxidative
stress resulting from extreme light excitation (note the highest Qm was measured for M. senaria
at 5 m; see Table 3.1), a phenomenon supposed to influence the upper limit of distribution
of scleractinians (Hoogenboom et al. 2006). In our sampling approach, purposely limited to
exposed colonies to fully capture the depth-light effect, the M. senaria samples collected at
5-m depth are part of the rare conspecific colonies at that depth that occupy noncryptic habitats.
On the other side, there is M. mirabilis, which represents associations harbouring relatively
low symbiont and pigment densities, hypothetically depending on chronic photoprotective
mechanisms. These species are probably high-light adapted, and their distribution is limited
by low light levels. Madracis pharensis, a dominant depth-generalist, has intermediate
characteristics. This species appears to be broadly light-adapted, a phenomenon possibly
related to the change in symbiont type with depth (Frade et al. 2008c).
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This study constitutes one of the most extensive holistic approaches to the study of
photophysiology of coral-algal symbioses. The multivariate statistical analysis highlights
the central role of irradiance in the biology of corals and their symbionts. It reveals
general photobiological components underlying distinct sets of variables, some of which
(photochemical or photosynthetic efficiencies and linked parameters such as Qm, alpha or
Ek) are more sensitive to environmental changes, while others (such as symbiont cell size or
polyp density) are more genetically constrained. Such distinction between acclimatisation and
adaptation mechanisms has important consequences for predicting coral resilience in a rapidly
changing environment (Hoegh-Guldberg et al. 2007). The broad plasticity demonstrated for
several parameters (such as for photochemical efficiencies) ultimately reflects high adaptation

to the reef environment and its light gradients. The results emphasize the trade-offs among
different holobiont strategies, which appear to differ in the physiological optimization of lightharvesting and protective mechanisms. The distinct host specificity and depth distributions
previously reported in symbiont ITS2 types in the Madracis genus (Frade et al. 2008c) are
now shown to relate to distinct in situ physiological activity. This highlights symbiont niche
diversification and the role of symbiont functional diversity in the adaptation of reef-building
corals.
Our study underscores that corals are complex organisms and that both symbiotic partners
contribute to the physiological response of the whole association. However, symbiont
functional diversity, per se, does not appear to regulate coral distribution in the Madracis
genus, emphasizing the importance of species-specific morphological and physiological
properties of the coral host in vertical distribution patterns.
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The role of symbiont variation in the photobiology of reef
corals was addressed by investigating the links among symbiont
genetic diversity, function and ecological distribution in a single
host species, Madracis pharensis. Symbiont distribution was
studied for two depths (10 and 25 m), two different light habitats
(exposed and shaded) and three host colour morphs (brown,
purple and green). Two Symbiodinium genotypes were present, as
defined by nuclear internal transcribed spacer 2 ribosomal DNA
(ITS2-rDNA) variation. Symbiont distribution was depth- and
colour morph-dependent. Type B15 occurred predominantly
on the deeper reef and in green and purple colonies, while type
B7 was present in shallow environments and brown colonies.
Different light microhabitats at fixed depths had no effect on
symbiont presence. This ecological distribution suggests that
symbiont presence is potentially driven by light spectral niches.
A reciprocal depth transplantation experiment indicated steady
symbiont populations under environment change. Functional
parameters such as pigment composition, chlorophyll a
fluorescence and cell densities were measured for 25 m and
included in multivariate analyses. Most functional variation
was explained by two photobiological assemblages that relate
to either symbiont identity or light microhabitat, suggesting
adaptation and acclimatisation, respectively. Type B15 occurs
with lower cell densities and larger sizes, higher cellular pigment
concentrations and higher peridinin to chlorophyll a ratio than
type B7. Type B7 relates to a larger xanthophyll-pool size.
These unambiguous differences between symbionts can explain
their distributional patterns, with type B15 being potentially
more adapted to darker or deeper environments than B7.
Symbiont cell size may play a central role in the adaptation of
coral holobionts to the deeper reef. The existence of functional
differences between B-types shows that the clade classification
does not necessarily correspond to functional identity. This
study supports the use of ITS2 as an ecological and functionally
meaningful marker in Symbiodinium.

Introduction

Within its genetic constrains, Symbiodinium shows photoacclimation potential, which allows
for a certain phenotypic plasticity (Iglesias-Prieto and Trench 1994). Several photoacclimation
mechanisms have been reported, including changes in cellular photosynthetic pigment
quality and quantity (e.g. Titlyanov 1981). For instance, amounts of chlorophyll-protein
complexes are reported to increase as light availability decreases (Iglesias-Prieto and Trench
1997b), contributing to balance photosynthesis. Whenever there is an over-excitation of the
photosynthetic system, photoprotective pathways become active to avoid the damaging effects
of excess light energy and oxidative stress. These pathways compete with photochemistry
for the deactivation of chlorophyll a excited states and lead to heat dissipation (Muller et
al. 2001), a phenomenon known as non-photochemical quenching (NPQ). NPQ is known to
be at least partially mediated by the xanthophyll-cycle, involving carotenoid pigments that
are converted in a matter of minutes from the harvesting form into the protective form, or
vice-versa, depending on the environmental conditions (Muller et al. 2001). Measurements
of photosystem II (PSII) fluorescence have been largely used to assess differences in such
photosynthetic processes, as they are extremely informative regarding processes that affect
both the light harvesting antennae and electron transfer chains (Gorbunov et al. 2001;
Iglesias-Prieto et al. 2004). These and other functional parameters have also been used to
characterize the activity of genetically distinct symbionts (Warner and Berry-Lowe 2006;
Warner et al. 2006; Loram et al. 2007a), but completely unambiguous in situ evidence of
symbiont functional diversity is still scarce.
In addition to processes determined by the algal component, the importance of host speciesspecific properties in regulating symbiont activity has been recently emphasised (Frade et al.
2008b). In fact, there are host-related mechanisms, such as tissue behaviour (Brown et al.
2002a), skeletal morphology (Enriquez et al. 2005) and host pigment composition (Schlichter
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Tropical coral reefs face worldwide environmental change under a rapidly shifting climate
(Hoegh-Guldberg et al. 2007). To a certain extent, their resilience depends on physiological
acclimatisation or adaptive mechanisms at the level of symbiosis between the coral host and
the phototrophic dinoflagellate endosymbionts (genus Symbiodinium). Host and symbiont
constitute the holobiont, whose success depends on the integrated physiological capacity of
the symbiotic partners towards the environment (Trench 1993). In the coral reef ecosystem,
light is the most important of a broad set of environmental gradients to which coral holobionts
respond (Veron 2000). In the last two decades, a great taxonomic diversity has been unveiled
to exist within the algal component (reviewed by Coffroth and Santos 2005). The genus
Symbiodinium has been divided into several large clades based on nuclear ribosomal DNA
(rDNA) analyses (Rowan and Powers 1991a). Within these clades, numerous genetically
distinct types have been further characterised, using molecular markers such as the less
conserved internal transcribed spacer regions (ITS1 and ITS2) of the rDNA (LaJeunesse
2001; van Oppen et al. 2001a). This classification closely approximates physiologically and
ecologically distinct populations or species (LaJeunesse 2002; Robison and Warner 2006;
Warner et al. 2006; Sampayo et al. 2007; Frade et al. 2008c). As distinct algal types are
adapted to different light regimes, Symbiodinium functional diversity has been hypothesised
to play a major role in regulating coral niche occupation, such as host species distribution over
reef slopes (Iglesias-Prieto and Trench 1994; Iglesias-Prieto et al. 2004).
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et al. 1994; Salih et al. 2000), which can contribute to modulate photosynthetic response. The
presence of fluorescent proteins in the animal component, together with the concentration of
symbiont cells, contributes to the colouration of scleractinian corals (Dove et al. 2006; Oswald
et al. 2007). Symbionts convey a brown colour to coral surfaces, which may pale or increase
depending on cell or photosynthetic pigment densities (Porter et al. 1984). In the animal
component, most attention is focused on the green fluorescent protein (GFP)-like proteins,
fluorescent under ultraviolet or visible light and producing the colour patterns of reef-building
corals (Dove et al. 2001), such as brilliant greens, reds and blues. The animal pigments are
suggested to have either a photoprotective (Salih et al. 2000) or photoenhancing (Schlichter et
al. 1994) role. In this later case, pigments are suggested to capture short-wavelength light and
re-emit it at suitable wavelengths for photosynthesis. Either way, an alteration of the internal
light climate may have an impact on the preference of certain symbiont strains.
Some coral groups have been comprehensively investigated in terms of symbiont diversity,
such as the coral genus Madracis Milne Edwards and Haime 1849. Despite the large depth
range covered, c. 2 to > 100 m on Caribbean reefs (Wells 1973a; Vermeij and Bak 2002), all
Madracis species harbour clade B Symbiodinium only (Diekmann et al. 2002). Frade et al.
(2008c) described three Symbiodinium ITS2 types in the Madracis genus: types B7, B13 and
B15 Symbiodinium. That study suggested depth-based ecological function and host specificity
for Symbiodinium ITS2 types in Madracis. However, the mechanisms behind such distribution
of symbiont types are unknown. The most common Madracis species, Madracis pharensis,
showed depth-related symbiont variation, with the depth-specialist type B15 Symbiodinium
replacing the depth-generalist type B7 with increasing depth, while the symbiont assemblage
was constant within colonies over colony surface. At a depth of 25 m, the M. pharensis
colonies are reported to harbour one of two symbiont ITS2 types at an even frequency, thus
providing a good opportunity to study the performance of distinct symbiont types living at
the same habitat within the tissue of the same host. Furthermore, M. pharensis is known
to exhibit colour variation, with diverse colour morphs described in detail for the reefs of
Curaçao (Vermeij et al. 2002; Sheppard et al. 2007). The role of these host colour morph in
controlling symbiont diversity has not been investigated.
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Although much data has been gathered on symbiont diversity and distribution in scleractinian
corals, the in situ functional role of specific Symbiodinium types has only been briefly studied
(Warner and Berry-Lowe 2006; Warner et al. 2006; Frade et al. 2008b). In addition, the
low number of parameters studies and the univariate statistical approaches usually applied
fail to cope with the need of searching for overall patterns. Additional work on holobiont
photobiology is necessary to better understand the role of symbiont intracladal variation in
these symbioses. In the present study, the links among symbiont function, genetic identity
and ecological distribution are investigated by sampling algae from a single host species, M.
pharensis, in distinct light habitats and exhibiting different colour morphs. The main objective
is to understand the mechanisms controlling symbiont photobiology and distribution in
tropical reef-building corals.
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Materials and Methods
Study Site
Fieldwork was conducted from August to September 2006 at the Buoy One reef location

(e.g. Bak 1977; Vermeij et al. 2007b), Curaçao, southern Caribbean (at c. 12º 07’ 31.00’’ N,
68º 58’ 27.00’’ W; see Figure 2.1, in Chapter 2). Site descriptors, such as the depth-mediated
light attenuation, light spectral distribution and seawater temperature, have been previously
characterised (Frade et al. 2008c).
Sampling approach
All research was conducted on the coral species Madracis pharensis (Heller 1868), a depth
generalist distributed from 5 to > 60 m (Vermeij and Bak 2003; Frade et al. 2008c). The study
involves two separate approaches, related with symbiont distribution and symbiont function,
respectively. For the first part of the study, the only biological variable assessed is Symbiodinium
genetic identity. Factors controlling M. pharensis symbiont genetic diversity and distribution
are addressed for two depths (10 and 25 m), two different microhabitat categories (in terms of
exposition to light: exposed or shaded) and three host colour morph (brown, purple or green,
based on the overall colour of coenosarc; see Figure 4.1). Additionally, at 10 m, M. pharensis
colonies extending from shaded (crevices) into exposed positions were also sampled for these
two distinct intracolony microhabitats. Furthermore, to investigate whether M. pharensis
symbiont composition is stable over time under environmental changes, a set of reciprocal
transplantations from 10 to 25 m was performed. Nine exposed colonies were collected at
each depth, moved and fixed to racks placed at similar exposed positions at the new depths.
These were sampled before and one month after transplantation.

Light microhabitat
In order to verify the objectivity of the light microhabitat categorization at 10 and 25 m,
vertical incident irradiance (horizontal, in the case of colonies growing inside crevices at
10 m) was measured at noon for part of the sampled colonies using a photosynthetic active
radiation (PAR, 400-700 nm) cosine-corrected LI-192SA light sensor (Li-Cor). Taken under
conditions of minor cloud cover, the measurements were standardised to the irradiance value
measured in the open water column at the same occasion and homologous depth, to correct
for meteorological bias (Vermeij and Bak 2002).
Fluorescence measurements
Fluorescence measurements were taken in situ, at solar noon (± 30 min) on days with low
cloud cover, using underwater pulse amplitude-modulated fluorometry (Diving-PAM, Walz).
Each colony was sampled contiguously to the area further used for the other analyses. Distance
between PAM fibre-optics and sample was kept at 10 mm. Effective quantum yield (Y) was
measured during “rapid light curves”, preceded by 1 min dark acclimation to completely relax
photochemical quenching (Iglesias-Prieto et al. 2004). Photosynthesis vs. irradiance (PE)
curves were built using relative ETR (electron transfer rate) as photosynthetic rate estimator:
ETR = Y x PAR x 0.5 (Beer et al. 1998). The following parameters were derived from the
PE curves (Iglesias-Prieto and Trench 1994): alpha, or the photosynthetic efficiency at
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The second part of the study, addressing the function of the symbiotic association, consisted
in measuring and analyzing several in situ photobiological parameters, such as photosynthetic
activity, symbiont cell density or size. These measurements were taken on most of the colonies
which were sampled for symbiont genetic characterization at 25 m of depth.
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subsaturating irradiances, calculated as the linear regression of the light-limited photosynthetic
rates (including the lowest three PAR levels); ETRmax, or the maximum photosynthetic rate,
calculated as the average of the two highest photosynthetic rate points; and Ek, or the saturation
irradiance parameter, calculated as the quotient of ETRmax per alpha.
Coral collection and processing
All sample collection was done by means of scuba. Care was taken to sample the horizontal
top surface (except in the case of cryptic habitats at 10 m) of adult, healthy, fully pigmented
colonies. Coral fragments were collected with hammer and chisel and placed in seawaterfilled plastic bags that were kept in dark and immediately transported at seawater temperature
to the laboratory of the Caribbean Research and Management of Biodiversity (CARMABI)
Foundation. Coral tissue was completely removed from a c. 1-4-cm2 fragment subsample
using a WaterPik® jet of 0.2-µm-filtered seawater. Subsamples of the homogenised blastate
were further processed to be used in pigment analyses (loaded on 0.45-µm cellulose acetate
membrane filters that were frozen in liquid nitrogen and kept at -80ºC after being freeze-dried),
symbiont cell density (subsample concentrated, fixed in 0.5% glutaraldehyde, frozen in liquid
nitrogen and kept at -80ºC) and size determinations (photographs of fresh symbiont isolates
taken under the microscope). Total surface area of the waterpiked fragments was estimated
using the aluminium foil method (Marsh 1970) and was used for further standardizations.
Genetic analyses
A c. 4-cm2 subsample of each coral fragment was used for the genetic characterization of
the Symbiodinium population present. Coral tissue was removed with a sterile scalpel and
preserved in 95% ethanol at -20 ºC. DNA was precipitated by centrifugation and ethanol was
washed out before further DNA extraction (UltraClean Soil DNA kit by MoBio). Polymerase
chain reaction (PCR) and denaturing gradient gel electrophoresis (DGGE) fingerprinting
of the Symbiodinium ITS2-rDNA region were coupled for each sample (LaJeunesse 2002;
LaJeunesse et al. 2003; Warner et al. 2006; Sampayo et al. 2007). The sensitivity of the
PCR-DGGE technique as a measure of Symbiodinium diversity has recently been scrutinised
(Apprill and Gates 2007; Thornhill et al. 2007). For detailed information on the PCR and
DGGE protocols applied and band profile identification, see Frade et al. (2008c).
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Pigment analyses
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Photosynthetic pigment composition was analysed in a Millipore-Waters high-performance
liquid chromatography (HPLC) system, after ice-cold extraction by ultra-sonification
(solvent: 95% methanol, 2% ammonium acetate). Pigment concentrations were calculated
after integration of the 436-nm-absorbance peak areas (waters empower 2 software) by linear
extrapolation using conversion factors determined by running Sigma pigment standards in the
same HPLC system (except for dinoxanthin, for which the conversion factor was estimated by
assuming a similar molar extinction coefficient as diadinoxanthin and correcting it according
to the difference in molecular weight). The following photosynthetic pigments were abundant
in all samples: chlorophyll a (Chl a), chlorophyll c2 (Chl c2) and the carotenoids peridinin,
dinoxanthin, diadinoxanthin and β,β-carotene. Residual amounts (< 1% Chl a) of other
pigments such as diatoxanthin, chlorophyll c1 or chlorophyll b were occasionally detected.

Because samples were kept in the dark for 1-2 h from collection to fixation, data on individual
xanthophyll levels are not reliable (diatoxanthin converted to diadinoxanthin by epoxidation;
Muller et al. 2001) and only the value for the total pool (diadinoxanthin plus diatoxanthin)
was included in the analyses.
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Figure 4.1 Madracis pharensis colour morphs included in the study: (a, b) – brown morph; (c, d) – purple
morph; (e, f) – green morph. Note that Vermeij et al. (2002) identified 25 colour morphs based on colour
variation of several polyp features. The present classification, which is less detailed, is based on visual
observations of the overall colour of the coenosarc. Present green morph corresponds to green polyp
colour morphs in Vermeij et al. (2002); present brown morph corresponds to brown polyp morphs and part
of the grey polyp morphs in Vermeij et al. (2002) (see insert a for a brown colony with grey polyps); present
purple colour morph corresponds to part of the grey polyp morphs in Vermeij et al. (2002) (see insert c for
a purple colony with grey polyps). For full colour version see Appendix (page 133).
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Symbiont cell density and size
Symbiont cell densities were determined by flowcytometry (Epics XL-MCL Beckman
Coulter). Using the photographs of fresh isolates, the maximum cell diameter was digitally
determined (image j software) for a minimum of 100 single symbiont cells per sample.
Statistics
Incident irradiances were ln-transformed and analysed separately for 10 and 25 m by bivariate
linear regression to test whether the different light microhabitat categories attributed during
the dives (exposed and shaded) relate to statistically distinct light regimes.
Logistic regression (binomial distribution for the error terms and logit link function) was
applied to model the distribution (presence/absence) of each Symbiodinium ITS2-type found
(Frade et al. 2008c). The null hypothesis states that the presence of a symbiont type is not related
to any of the main factors. These included host colour morph and colony light microhabitat
or transplantation effect, depending on the data set to which the regression was applied (see
Sampling Approach paragraph). Samples containing missing values were removed prior to
the analyses. A model selection tool was used, when applicable, to identify the variables that
accounted for a significant amount of the variation in the response variable (Zuur et al. 2007).
The adequate model was reached when no variable could be deleted from the model without
causing a statistically significant change in deviance (χ2 distributed). Interactions between
main factors were also tested.
In order to identify general trends in the photobiological response, all functional parameters
were included in a principal component analysis (PCA). Samples containing missing data were
excluded. Log-transformations were applied when necessary to improve linearity and reduce
outlier effect. Data in the form of percentages (pigment ratios) were instead arcsin transformed.
All variables were normalised before PCA. Three main principal components (PCs) were
retained. The resulting loadings are used to compute new PCs scores for each sample. The
three PCs were used as response variables in multiple linear regression models (ANOVA).
These test whether there is a significant effect of the explanatory factors on the photobiology
of the symbiotic association. Since preliminary analyses using the variance inflation factor
(VIF) showed no relevant collinearity between the three explanatory variables (VIF < 5, Zuur
et al. 2007), all of them (symbiont type, light microhabitat and host colour morph) were tested
in the multiple regressions. All statistical tests were applied at a significance level of 0.05
and P-values adjusted according to Bonferroni correction. Modelling was performed with the
software brodgar (version 2.5.6), linked to the statistics package r (version 2.6.0).

Results
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Light microhabitat
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Ln-transformed colony incident irradiances differed significantly between the microhabitat
categories for both 10 m (F1,18 = 444.57, P < 0.05) and 25 m (F1,29 = 6.7041, P < 0.05). At
10 m, colonies in shaded (cryptic) habitats received, on average, 5% of irradiance measured
for exposed positions (33 ± 18 and 619 ± 106 µmol photons m-2 s-1, respectively). At 25 m,

average (± SD) irradiances were 183 ± 38 and 145 ± 47 µmol photons m-2 s-1, for exposed
and shaded colonies, respectively. This difference, although significant, does not represent a
broad light gradient, with shaded colonies receiving in average 79% of incident irradiance in
exposed microhabitats.

For the different experimental sets, a total of 139 genetic samples were included in the
PCR-DGGE protocol, producing clear band fingerprinting profiles that were compared
with the profiles in Frade et al. (2008c). Generated sequences corresponded to two distinct
ITS2 signatures: Symbiodinium B7 and B15 types, identical to NCBI GenBank accession
numbers EF450566-611 and EF450612-626, respectively. In the present study, these two
distinct types never co-occurred at the level of detection of the PCR-DGGE protocol applied
(Frade et al. 2008c). The experiment on reef topography-based symbiont variation at 10-m
depth showed no variation in ITS2 type present: all M. pharensis colonies harboured B7
Symbiodinium, irrespective of being from shaded (n = 16) or from exposed positions (n = 25).
Large colonies extending from shaded (crevices) into exposed positions (n = 10) harboured
type B7 for both fractions sampled. Thus, there was no effect of light microhabitat (between
or within colonies) on symbiont diversity. All colonies from 10-m depth were brown. In
cryptic positions, however, they exhibited a darker brown colouration (likely caused by higher
symbiont pigment densities, Frade et al. 2008b). At 25 m (n = 46), approximately 59% of
the sampled colonies harboured type B15, while the other 41% hosted the B7 type (Figure
4.2). The presence of these types at 25 m is significantly related to host morph colour (χ2 =
24.866, d.f. = 2, n = 46, P < 0.05), but, as at 10 m, is not related to light microhabitat. Overall,
brown colonies showed a majority of type B7 (80% of colonies), while purple and green ones
harboured mostly the B15 type (80% and 94%, respectively). The statistical significance of
colour morph effect on symbiont diversity was again verified after removal of three potential
outliers (χ2 = 39.749, d.f. = 2, n = 43, P < 0.05).
Besides their variation in overall coenosarc colour (brown, purple or green), all colonies
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Figure 4.2 Madracis pharensis symbiont ITS2-type composition at 25-m depth, per host colour morph (B,
brown; P, purple; G, green) and light microhabitat (E, exposed; S, shaded). Bars represent percentage of
colonies containing a distinct ITS2-type (black – B7, white – B15). Number of colonies indicated between
brackets.
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included in this study exhibited some form of colour variation in polyp features such as mouths
and tentacles (Figure 4.1 and Vermeij et al. 2002). This variation included combinations such
as green, yellow or red mouths, green or cyan tentacle tips, green or cyan mouth fields or grey
punctuations throughout the tentacles. There was no evidence of a relation between these
colour combinations and symbiont diversity at any of the sampled depths or within any of the
three colour morphs.
Transplantations
All colonies included in downward transplantations (n = 9), i.e. originating from 10-m depth,
harboured type B7. One month later, all colony fragments appeared healthily pigmented and
the collected samples showed no change in symbiont type. Of the nine colonies included
in the upward transplantations, four harboured type B15 and five harboured type B7. All
colonies suffered from excessive light stress, as suggested by observations of extensive
bleaching. Table 4.1 summarizes the results for the upward transplantation. Four of these
colonies (three originally harbouring B7) had no living tissue left after one month. The five
living (but bleached) colonies experienced no detectable (or significant) change in symbiont
type, irrespective of the original associated symbiont or colour morph. However, there appears
to be a slight tendency for a higher survival rate of brown morphs and colonies harbouring
symbiont type B15. Due to low sample size, no statistical tools were applied to test the
significance of such tendencies.
Table 4.1 Survival of transplanted Madracis pharensis colonies (% of original colonies alive one month after
upward transplantation from 25 to 10 m; sample size indicated in parentheses) for distinct Symbiodinium
type and host colour morph combinations.
B7

B15

Total

Brown

67% (3)

100% (1)

75% (4)

Purple

0% (2)

100% (1)

33% (3)

Green

- (0)

50% (2)

50% (2)

Total

40% (5)

75% (4)

56% (9)
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Table 4.2 shows overall variation and mean values for each symbiont type and light
microhabitat combination (for a total of 41 colonies) for each of 17 variables representing
distinct photobiological processes, some of which are alternative normalizations of the same
data. Symbiont cell densities showed high overall variation, ranging between 1.0 and 2.5
million cells cm-2 of coral surface. Cell size varied from 8.5 to 10.7 μm in diameter. Amounts
of Chl a per coral surface area and per symbiont cell ranged on a two-fold interval, between
9.9 and 19.3 μg cm-2 and 6.2 and 13.0 pg cell-1, respectively. Because variation in absolute
pigment contents was highly correlated to Chl a amounts (data not shown), each pigment
was normalised to Chl a prior to further analyses. Photosynthetic pigment ratios to Chl a
were relatively stable. Fluorescence-determined photosynthetic parameters showed relatively
higher variation which nevertheless did not exceed a three-fold range.
The results of the PCA (n = 39, after removing samples missing data in the response variables)
for the 17 functional parameters listed in Table 4.2 showed that the first three PCs accounted

Table 4.2 Photobiological functional variables for Madracis pharensis at 25 m for each Symbiodinium type
and light microhabitat combination (average ± SD, sample size indicated in parentheses). Overall range is
given by 5th and 95th percentile.
Variable

Overall range

B7, exposed

B7, shaded

B15, exposed

B15, shaded

Cell density (x10 cm )

1.0-2.5 (40)

2.0±0.6 (10)

1.8±0.4 (4)

1.3±0.2 (8)

1.4±0.3 (14)

Cell size (µm)

8.5-10.7 (40)

8.7±0.2 (10)

9.2±1.0 (4)

10.4±0.5 (7)

10.4±0.3 (15)
16.0±2.3 (14)

6

-2

Chl a area-1 (µg cm-2)

9.9-19.3 (39)

14.6±4.7 (10)

13.8±1.8 (4)

13.5±1.8 (7)

Chl a cell-1 (pg cell-1)

6.2-13.0 (39)

7.2±1.2 (10)

7.7±1.2 (4)

10.5±1.5 (7)

11.8±1.8 (14)

Chl a cellvolume-1 (x10-3 pg µm-3)

15.5-24.5 (39)

20.7±2.5 (10)

19.2±4.8 (4)

17.8±1.5 (7)

20.0±2.8 (14)

Chl c2 Chl a-1

0.23-0.27 (41)

0.27±0.01 (10)

0.26±0.01 (4)

0.24±0.01 (8)

0.24±0.01 (15)

Peridinin Chl a-1

0.69-0.82 (41)

0.72±0.02 (10)

0.73±0.04 (4)

0.78±0.02 (8)

0.79±0.02 (15)

Dinoxanthin Chl a-1 (x10-1)

0.44-0.58 (41)

0.53±0.04 (10)

0.54±0.06 (4)

0.50±0.05 (8)

0.48±0.04 (15)

β,β-carotene Chl a-1 (x10-1)

0.15-0.23 (41)

0.19±0.03 (10)

0.20±0.02 (4)

0.20±0.03 (8)

0.21±0.02 (15)

Xanthophyll-pool Chl a-1 (x10-1)

1.45-1.70 (41)

1.64±0.05 (10)

1.61±0.03 (4)

1.59±0.09 (8)

1.55±0.07 (15)

ETRmax (µmol electrons m-2 s-1)

30.4-56.0 (41)

48.6±7.4 (10)

38.5±12.2 (4)

43.6±6.5 (8)

40.2±6.2 (15)

alpha

0.25-0.31 (41)

0.28±0.01 (10)

0.29±0.02 (4)

0.27±0.03 (8)

0.29±0.02 (15)

Ek (µmol photons m-2 s-1)

107-191 (41)

172±25 (10)

132±35 (4)

163±29 (8)

139±23 (15)

ETRmax cell-1 (x10-6 µmol electrons cell-1 h-1)

5.6-15.5 (40)

9.7±5.0 (10)

7.7±2.2 (4)

12.7±2.5 (8)

10.8±3.0 (14)

ETRmax Chl a-1 (µmol electrons mg-1 Chl a s-1)

0.17-0.45 (39)

0.37±0.14 (10)

0.28±0.08 (4)

0.33±0.08 (7)

0.26±0.07 (14)

alpha cell-1

0.11-0.28 (40)

0.16±0.06 (10)

0.16±0.04 (4)

0.22±0.04 (8)

0.22±0.04 (14)

alpha Chl a-1 (x10-1)

0.15-0.29 (39)

0.21±0.07 (10)

0.21±0.03 (4)

0.21±0.03 (7)

0.18±0.02 (14)

The significance of symbiont ITS2-type, host colour morph and light microhabitat was tested
for each PC (n = 35, after removing samples missing data in the explanatory factors). PC1
(accounting for 36% of variation) is significantly related with symbiont type (F1,33 = 80.771, P
< 0.05), with PC1 scores higher for type B15 than type B7. Host microhabitat and colour morph
had no significant effect on PC1. PC2 (28% of variation) scores did not vary significantly
between symbiont types or colour morphs, but were slightly higher in exposed than shaded
microhabitats (F1,33 = 5.3134, P = 0.08). Finally, PC3 (explaining only 9% of the variation)
was not significantly related with any of the explanatory factors tested. Repeating the multiple
regression analyses after removing four outliers (n = 35) yielded very similar PCA results
(accounting for 75% of variation) and confirmed the abovementioned statistical significances
(for n = 31), including the microhabitat effect on PC2 (F1,29 = 7.1623, P < 0.05).
The original data corresponding to these statistically significant comparisons are expressed
in Figure 4.3 and Figure 4.4 for PC1 and PC2, respectively. These figures show, for each
original variable that strongly correlates to each respective PC (Table 4.3), the average value
per category of the significant explanatory factor. From PC1 (Figure 4.3), one learns that
symbiont type B7 has significantly higher densities but lower cell size or cellular Chl a
contents than type B15. There are also differences in terms of ratios of accessory pigments
to Chl a (for Chl c2, peridinin, dinoxanthin and xanthophyll pool level; see also Table 4.2).
In addition, differences in photosynthetic rates per cell, both at saturating and subsaturating
irradiances, are most likely caused by the difference in cell numbers. PC2 shows (Figure 4.4)
statistically significant differences between host light microhabitats in photosynthetic raterelated variables such as ETRmax or Ek, higher in exposed than shaded habitats. Amounts of
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for a total of 73% of the variation (Table 4.3). Each PC represents a distinct set of original
variables (see bold values in Table 4.3) which are likely to reflect a common underlying
photoresponse mechanism.
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Table 4.3 PC loadings for each original variable and cumulative variation accounted for by each component
for the Madracis pharensis photobiological dataset at 25 m. Bold values highlight strong correlations
(loading > 0.2) between original variables and PCs.
Variable

PC1

PC2

PC3

Cell density

-0.34

-0.22

0.08

Cell size

0.38

-0.01

-0.04

Chl a area-1

-0.02

-0.39

0.33

Chl a cell-1

0.38

-0.06

0.18

Chl a cellvolume-1

-0.04

-0.10

0.41

Chl c2 Chl a-1

-0.36

-0.01

-0.06

Peridinin Chl a-1

0.31

-0.12

0.11

Dinoxanthin Chl a-1

-0.27

0.15

-0.15

β,β-carotene Chl a-1

0.15

-0.13

0.04

Xanthophyll-pool Chl a-1

-0.29

0.11

-0.01

ETRmax

-0.12

0.30

0.47

alpha

-0.01

-0.08

-0.08

Ek

-0.11

0.33

0.47

ETRmax cell-1

0.23

0.36

0.19

ETRmax Chl a-1

-0.05

0.45

0.07

alpha cell-1

0.34

0.20

-0.10

alpha Chl a-1

0.02

0.38

-0.37

Cumulative variance (%)

35.6

63.9

73.3

Chl a per area and cell densities also differ between habitats. PC3 represents variables that
already strongly load on one of the first two PCs (Table 4.3), and in addition to accounting
only for a minor part of the variation, PC3 does not relate to any of the explanatory factors,
the reason why it is further omitted.

Discussion
Symbiont diversity in M. pharensis is constant across different light microhabitats at a fixed
depth, while being highly dependent on host colour morph. On the functional level, the variation
involved in the several parameters measured could be attributed to two distinct photobiology
assemblages that are under the effect of either symbiont identity or light microhabitat. The
following paragraphs address the role of photoadaptation and acclimation on the response of
M. pharensis coral-symbiont associations and their respective distribution patterns.
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For the same study location, Frade et al. (2008c) showed M. pharensis symbiont diversity
to be depth-related albeit invariable at the intracolony scale, with the depth-specialist type
B15 Symbiodinium replacing the depth-generalist type B7 with depth. The present study
confirms this depth-related symbiont variation, with a higher occurrence of type B15 in deep
environments, 25 m, relative to shallow ones, 10 m. Furthermore, there are evident functional
differences that can help explain the observed distributional patterns of these symbiont types.
Type B15 occurs at significantly lower densities, shows larger cells, higher Chl a amounts
per cell (as well as for all other pigments) and a higher peridinin to Chl a ratio as compared
to B7 type. Type B15 also shows higher cellular photosynthetic efficiencies at subsaturating

Acclimation to light microhabitats
In the present study, incident light irradiance differed significantly between microhabitats
considered, as measured within each sampling depth (10 and 25 m). Although this variation in
irradiance had no effect on symbiont presence/absence, at 25 m the effect of light microhabitats
can be seen in the photoresponse of the symbiotic dinoflagellates. In more exposed habitats,
coral holobionts exhibit higher photosynthetic rates (at the cellular or per Chl a level), higher
saturating irradiances, lower symbiont densities and lower amounts of Chl a per area than in
shaded environments. Although some of these parameters also constitute an axis for symbiont
type distinction (i.e. also load on PC1, see Table 4.3), these photosynthetic differences
appear to go beyond the genetic distinction between types and are evidence for the general
acclimation capacity of Symbiodinium. When facing small differences in light environment,
the photosynthetic apparatus will compensate and adjust itself, irrespective of symbiont type.
Overall, it is tempting to suggest that by using distinct settings (here, described as functional
differences), both symbiont types studied end up achieving a similar photosynthetic response
due to broad acclimation plasticity. Given the fact that such similar responses may depend on
different energetic costs, it can be expected that there is a differential selective pressure over
the symbionts, leading to distributional differences.
Symbiont distribution: Is there more to it than total irradiance?
Frade et al. (2008c) mention attenuation of light with depth as the most likely cause for B7
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light levels. Combined together, these results suggest that type B15 is a more shade-adapted
organism than type B7. For instance, it is likely that a higher amount of peridinin in type
B15 could provide a competitive advantage under reduced irradiance, as this carotenoid has
a maximum absorbance in the 500-560 nm range, the blue-green region, thus broadening the
absorption spectrum of the phototrophic component under conditions of light-limitation. On
the other hand, type B7 relates to a larger dinoxanthin to Chl a ratio and larger xanthophyllpool size, suggesting that it is probably more competent in releasing excess of energy
and more adapted to high-light habitats. It is possible that the differences in pigments and
photosynthetic activity between the two symbiont types are the end result of acclimatisation
responses to symbiont cell size- and density-dependent light availability or self-shading. In
this case, the genetic constrained, adaptive, trait between distinct symbiont types would be
cell size (as in LaJeunesse et al. 2005), and cell density would be consequence of space
availability (Jones and Yellowlees 1997). This is supported by the recurrent difference in cell
size between the two symbiont genotypes, type B7 occurring with smaller cells than type B15.
Whether occurring at lower densities (because of having larger cell size) is a strategy that can
be advantageous to a symbiont at greater depths remains an open question. Hypothetically,
this strategy could allow the holobiont to minimize respiration loss by the endosymbionts,
offering a maximization of energy balance. Cell size in type B7 is fixed with depth for all
Madracis species, suggesting that cell size is strongly genetically determined (Frade et al.
2008b). Whether representing distinct strategies or not, the presently reported differences
between symbiont types within clade B appear to be, at least partially, genetically driven and
constitute new in situ evidence for specific traits on symbiont functional diversity for ITS2
Symbiodinium types.
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Figure 4.3 Symbiont type differences (average ± SD) in Madracis pharensis at 25 m for the original
variables that are highly correlated to (represented in) PC1. Note that statistical significances throughout
the text are based on the overall variation of the component representing these variables and not on
individual comparisons.
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to B15 symbiont change down the reef slope in M. pharensis and suggest the existence of
colony-level mechanisms to explain intracolony symbiont uniformity, even if light regimes
measured at different parts of the same colony could be compared to the major ranges in
irradiance found across depth. In the present study, the absence of microhabitat effect on
symbiont presence suggests that only total light availability, per se, cannot explain M.
pharensis symbiont change across depths. This is unambiguously indicated by the absence of
microhabitat effect on symbiont variation at 10 m of depth. There, the M. pharensis symbiont
population is totally formed by B7 type, and even shaded corals do not contain type B15. This
irrespective of the large differences in light availability in the two microhabitats sampled. Note
that at 10 m, cryptic habitats received 5% of the irradiance measured for exposed positions,
which in absolute values roughly corresponds to the irradiances measured (for open positions)
at depths > 50 m, where the symbiont population is dominated by type B15 (Frade et al.
2008c). So, if not only total irradiance, what else could be controlling symbiont distribution
in M. pharensis? Possible candidates are environmental factors that are known to change with
depth and remain relatively stable at the intracolony level and at the level of microhabitat
variation studied: temperature and light spectral irradiance.
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A role for colour niches?
The present study shows that symbiont ITS2 diversity in M. pharensis is linked to host
colour morph, with the majority of brown colonies hosting type B7, while purple and green
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ones harbour preferentially type B15. In contrast to the present results, Klueter et al. (2006)
reported no symbiont type variation for two fluorescence colour morphs of the coral Montipora
digitata. Still, in M. pharensis, the occurrence of a certain symbiont type is not exclusive of
a certain host colour, and therefore, symbiont distribution does not appear to represent a case
of genetically constrained, strict specificity between symbiont and colour morph. The data in
Frade et al. (2008c), on brown M. pharensis morphs, also show a strong effect of depth on
symbiont diversity, type B7 being replaced by B15. This strongly suggests that both depth and
host colour are involved in controlling symbiont diversity. Colour variation at the polyp level
(Figure 4.1 and Vermeij et al. 2002) does not add information to overall coenosarc colour in
explaining symbiont distribution.
A most parsimonious hypothesis is that these two factors, depth and host colour morph,
represent the same abiotic topology. A curious candidate is temperature, known to decrease
with depth along the reef slope (for sampling site see Frade et al. 2008c), and reported to be
potentially related to host colour at least in shallow water (Fabricius 2006). However, it is
not likely that this could be a significant case for the M. pharensis colonies at 25-m. A better
candidate linking depth and host colour morph is light spectral distribution within coral tissue.
Light spectrum is known to change dramatically across depth (falling mostly in the bluegreen region at 25m depth) and be less variable at a microhabitat scale (Frade et al. 2008c).
Light spectrum will also likely be different within the tissue of the different colour morphs.
These morphs may correspond to variation in GFP-like proteins, known to be a source of
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Figure 4.4 Light microhabitat differences (average ± SD) in Madracis pharensis at 25 m for the original
variables that are highly correlated to (represented in) PC2. Note that statistical significances throughout
the text are based on the overall variation of the component representing these variables and not on
individual comparisons.
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fluorescence and colour patterns of reef-building corals (Dove et al. 2001). The photoprotective
or photoenhancing function of the GFP-like proteins is uncertain (Wiedenmann et al. 2004),
but different host tissue colours probably influence the internal light climate available to the
endosymbionts (Dove et al. 2006). Not much is known about GFP-like proteins in Madracis
species. Vermeij et al. (2002) detected green fluorescence in most Madracis species and their
histological examinations revealed that a fluorescent layer is located below the symbiont layer
in the coral endoderm (Vermeij et al. 2002), suggesting that this fluorescent layer increases the
amount of light that the symbionts receive by wavelength transformation and backscattering
(Schlichter et al. 1994). In M. pharensis, green fluorescence was present at a broader emission
range (520-570 nm) in the green morphs than in the brown morphs, where it was restricted
to a single emission peak (at 530 nm) (Vermeij et al. 2002). Hypothetically, the increase
in blue-green light availability with depth could link the co-occurrence of type B15 as the
dominant symbiont in green morphs of M. pharensis and at greater depths on the reef. The
presence of type B15 Symbiodinium could be related with a higher competence in harvesting
green light. The higher amount of peridinin demonstrated for type B15 could be advantageous
in more greenish environments, as this pigment would transfer onto Chl a the high energy
electron states produced by the absorption of the irradiance energy that could potentially be
backscattered from the fluorescent layer. Still, if this hypothesis is to be correct, the role of
purple morphs remains unclear.
The present case of symbiont distribution in M. pharensis may constitute an example of light
quality and quantity niche specification. Symbiont types B7 and B15 would be shallow and
deep adapted rather than simply light and shade adapted. Niche diversification theory has been
proposed previously for symbiont distribution throughout irradiance levels (Iglesias-Prieto
and Trench 1997a; Sampayo et al. 2007). Although it is known that phototrophic organisms
utilize specific parts of the light spectrum and this constitutes an important acclimation axis
(Falkowski and Laroche 1991), it is unclear whether distinct responses to light quality can
play a role in the distribution of Symbiodinium.

Chapter 4

Stability of the association
According to abiotic data (Frade et al. 2008c), the transplantations represented a temperature
change of about 0.1 ºC and a three-fold difference in irradiance (247 and 730 µmol photons m-2
s-1 for 25 and 10 m, respectively). These transplantations lasted for one month and produced
a high occurrence of bleaching and mortality on the colonies that were moved upwards.
This is likely caused by high photo-oxidative stress (Iglesias-Prieto and Trench 1997b). The
bleaching response would probably have been reduced if transplantations would have taken
place gradually across depths. The slight tendency for higher survival of brown morphs is
interesting as this is the main colour morph existing at 10-m depth. This reflects that there
are depth-related abiotic factors shaping the distribution of M. pharensis colour morphs. On
the other hand, the tendency for higher survival of transplants hosting symbiont type B15 is
intriguing as it contradicts the depth distribution of these symbionts. A possible explanation is
that although not being adapted to such broad environmental gradients as type B7, type B15
has a higher short-term stress tolerance. This implies that the recent acclimatisation history
of a certain symbiont (B7, in this case) can be more important for stress tolerance than its
adaptive potential as a species, when facing abrupt environmental change.
Symbiont diversity in M. pharensis is probably determined at an early life stage, hypothetically
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after larvae settlement, as the (limited) data available for M. pharensis suggest that this species
has an open or horizontal symbiont transmission mode (Vermeij et al. 2003b), where the
developed planulae do not appear to contain algal cells. Madracis pharensis is an example of
a species that establishes symbiosis with two physiologically distinct algal genotypes but does
not show indications of potential symbiont shuffling under environmental change.
Final considerations
The ecological distribution of symbiont types in M. pharensis, where symbiont variation
across depths and between host colour morphs contrasts with constancy between shaded and
exposed microhabitats at fixed depths, suggests that symbiont presence is driven, at least
partially, by light spectral niches. Total irradiance, per se, cannot explain symbiont variation.
The total absence of symbiont shuffling suggests that symbiont diversity is prevalent over time
once established, even when environment changes (Iglesias-Prieto et al. 2004; Goulet 2006).
This is consistent with the existence of a high level of symbiont specificity and contrasts with
interpretations favouring relatively flexible symbioses and symbiont shuffling in scleractinian
corals (Berkelmans and van Oppen 2006). The remarkable photophysiological differences
between symbiont types within clade B confirm that the clade classification does not
necessarily imply functional identity (LaJeunesse 2001; Tchernov et al. 2004) and supports
the use of ITS2 as an ecological and functionally meaningful marker in Symbiodinium. This
study constitutes new in situ evidence for the role of Symbiodinium functional diversity in the
acclimatisation and adaptation of corals to the reef environment.
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Abstract

Chapter 5

Betaines, although well known as compatible solutes that
exert protein- and membrane-stabilizing effects, have received
minimal attention in reef-building corals. Here we employ
metabolite profiling, based on isotope dilution LC/MS with
six deuterated internal standards, to show that glycine betaine
(GlyB), proline betaine (ProB), and at least five other betaines
(plus the related metabolite dimethylsulfoniopropionate) occur
in physiologically significant concentrations, totaling 20 to ≥
150 mM, in all of 10 species of reef-building corals collected at
Curaçao. Moreover, betaine concentrations vary in field-collected
corals in patterns that match a priori predictions for molecules
that defend photosynthesis against negative effects of high
irradiance: in Madracis mirabilis – which occupies unshaded
locations – GlyB and ProB are 44-78% more abundant at 5
than 20 m depth, and in Madracis pharensis – which occupies
unshaded and shaded locations - the two betaines are 32-44%
more abundant in unshaded colonies. Such patterns demonstrate
that coral betaines are phenotypically plastic and that they likely
participate in acclimatisation and play photosystem-protective
roles. Betaines may well defend against bleaching: they are
documented in vascular plants and free-living algae to protect
photosystem II against stresses of high temperature and high
irradiance – a protective effect that in corals would be targeted at
the putative chain of bleaching causation.

80

Introduction
Betaines are amino (or imino) acids fully methylated at the N position, resulting in a
permanent positive charge on nitrogen. They are widely recognised as metabolites active
in the regulation of cellular physiology, serving often as compatible solutes that stabilize
proteins and membranes (Rhodes and Hanson 1993; McNeil et al. 1999). Betaines, however,
have been studied minimally in corals. Of all the many betaines, only one, glycine betaine
(GlyB), has been mentioned in scleractinian (stony) corals, and it has been reported just three
times (Moore and Huxley 1976; Suenaga 2004; Andrell et al. 2006), including only one
instance (Andrell et al. 2006) in which it was identified definitively and quantified (in a nonreef-building species). We were drawn to the study of betaines in reef-building corals by hints
in our prior research that these corals in fact possess multiple betaines in abundance.

Urgent attention deserves to be focused on metabolites with the potential to protect photosystem
II in corals against stresses of high temperature and high irradiance, because corals are
presently threatened by those stresses. Reef-building corals are animal-algal symbioses in
which photosynthesis carried out by endocytic dinoflagellate symbionts (zooxanthellae) is
essential. Corals are in decline (Hoegh-Guldberg et al. 2007; Carpenter et al. 2008), and one
of the most important causes of this decline is bleaching, a reduction or loss of the symbiont
populations and/or their photopigments (Warner et al. 1999; Fitt et al. 2001; Lesser and Farrell
2004). Bleaching most commonly results from stresses of elevated water temperature and high
light intensity acting synergistically; moreover, when corals bleach because of such stresses,
the primary insult is often to photosystem II, or to pathways of electron flow downstream from
photosystem II (Warner et al. 1999; Fitt et al. 2001; Jones and Hoegh-Guldberg 2001; Hill et
al. 2004; Lesser and Farrell 2004). Global warming is anticipated to drive an upward trend in
bleaching because many species of corals experience temperature stress when sea temperature
is elevated by only a few degrees Celsius above traditional norms (Hill et al. 2004; HoeghGuldberg et al. 2007; Carpenter et al. 2008). The fact that betaines are established protective
agents – defending photosystem II in plants and free-living algae against heat and irradiance
stresses – has strongly motivated our research on corals.
Our thinking has been particularly influenced by observations such as the following: In
vascular plants, GlyB protects the D1 protein in photosystem II against heat- and irradianceinduced inactivation (Allakhverdiev et al. 2003). Simultaneously, one of the most probing
studies of coral bleaching identifies the D1 protein in reef-building corals as the primary focus
of damage during bleaching caused by synergistic heat and light stresses (Warner et al. 1999).
Such observations persuade us that knowledge of coral betaines is likely to be imperative for
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Our motivation to develop definitive knowledge of coral betaines has been stimulated in
particular by the roles that betaines are already known to play in modulating and defending
photosynthesis in vascular plants and free-living algae. In these groups, betaines stabilize
photosystem II in the photosynthetic apparatus (Papageorgiou and Murata 1995; Schiller and
Dau 2000), protecting photosystem II against stresses of high temperature and high irradiance
(Yang et al. 1996; Allakhverdiev et al. 2003; Klimov et al. 2003). These effects are sufficiently
established that multiple crops (or plants used as models in crop research) are genetically
engineered to increase betaine expression to enhance stress resistance (McNeil et al. 1999;
Sakamoto and Murata 2002; Prasad and Saradhi 2004; Shirasawa et al. 2006; Yang et al.
2007; Chen and Murata 2002).
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a full understanding of bleaching – and might even be useful for combating bleaching.
In addition to possible bleaching-protective roles, betaines are likely also to modulate
photoinhibition in corals, just as they do in crop plants. Healthy reef-building corals commonly
experience photoinhibition when exposed to the high light intensities of midday in shallow,
clear, tropical waters (Gorbunov et al. 2001; Jones and Hoegh-Guldberg 2001; Winters et al.
2003). Photosystem II is the principal locus of this photoinhibition (Gorbunov et al. 2001;
Jones and Hoegh-Guldberg 2001). This fact highlights the pertinence of agents such as betaines
that are known (from studies of plants and free-living algae) to stabilize photosystem II.
Betaines may also be important to reef-building corals in several ways in addition to the defense
of photosynthesis that has particularly stimulated our interest. The most firmly established role
of betaines in animals, for example, is as intracellular osmotic agents (Anthoni et al. 1991;
Yancey 2005) – suggesting that betaines serve as osmolytes in corals (Andrell et al. 2006).
We had two primary goals for this research. One goal was to determine with definitive
methods the concentrations of multiple, soluble betaines in a diverse set of reef-building
corals collected from natural habitats. This work, carried out by stable isotope dilution LC/
MS, entailed the synthesis of multiple deuterated standards inasmuch as most betaines are
unavailable commercially in any form. Our second goal was to articulate and test bold, a
priori hypotheses regarding patterns of variation of betaine concentrations in wild corals –
hypotheses predicated on the postulate that betaines defend photosynthesis against negative
effects of high irradiance.
We here report that multiple betaines are present in abundance in all of 10 species of reefbuilding corals studied. Moreover, we report strong evidence that corals substantially
modulate tissue concentrations of betaines in response to environmental conditions – pointing
to betaines as important, heretofore unrecognised agents of acclimatisation and stress
response. Finally, based on tests of two out of three a priori hypotheses, we report that, in
field populations of corals, colonies exposed to relatively high irradiance accumulate betaines
to higher concentrations than conspecific colonies exposed to lower irradiance – pointing to
the use of betaines by corals as photoprotective agents.

Materials and Methods
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Field collections of 10 species of reef-building corals were carried out in March 2007 at
Curaçao, Netherlands Antilles. Curaçao was chosen because highly detailed studies have been
completed there on the light relations of corals of the genus Madracis (Vermeij and Bak
2002), permitting well informed a priori hypotheses regarding spatial and temporal variation
in Madracis betaine concentrations. Coral specimens, taken from exposed and upward-facing
colony locations unless otherwise stated, were collected by scuba near Buoy One, 1 km from
the laboratories of CARMABI Foundation. Possession of specimens and transfer to Michigan
State University (MSU) were sanctioned by CITES permit issued by CARMABI.
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Each specimen of Madracis mirabilis, which grows in multiple fingerlike extensions,
consisted of the tips (outer 1-2 cm) of several extensions from a colony. Specimens of
other species were pieces of superficial skeleton, covered by living tissue, removed from
colonies by chisel. Each specimen was from a different colony, was placed immediately in
an individual plastic bag with local seawater, and promptly protected from light within a
black plastic bag until transferred to a light-tight box in the field. Later, each specimen was

cleaned of any extraneous organisms, cut to fit a 15-mL Teflon vial (Nalgene), and frozen by
liquid nitrogen or dry ice. The total number of specimens was limited to 110 by constraints on
cryogenic transport. Specimens were kept and traveled to MSU in dry ice, then (4-8 days after
collection) transferred to a -80°C freezer.
For analysis, tissue was removed from coral skeleton by blasting with ice-cold distilled water
using a WaterPik ®. The area blasted was measured by digital image processing (scion image)
using direct images or images of foil previously fitted to coral contours. Immediately after
blasting, a blastate subsample was acidified to 3% formic acid, mixed with methanol (2 parts
blastate: 1 part methanol), internal standards added, sonicated (10 min), and centrifuged
(3000 x g, 5 min). Supernatant (shown to contain 99% of blastate betaines) was evaporated
dry, redissolved in pH 3.85 citrate buffer, and analysed by means of a Supelco Discovery-HS
F5 HPLC column coupled to a Waters LCT Premier LC/MS using electrospray ionization in
positive mode. In most cases, extraction and LC/MS were carried out twice.
Five betaines – GlyB, alanine betaine (AlaB), b-alanine betaine (bAlaB), proline betaine
(ProB), and hydroxyproline betaine (HProB) – were quantified against matching deuterated
internal standards (d9-GlyB, d9-AlaB, d9-bAlaB, d6-ProB, and d6-HProB) synthesised from
amino acids and CD3I (Chen and Benoiton 1976). Tissue dimethylsulfoniopropionate
(DMSP) was also quantified using a deuterated standard: d6-DMSP synthesised from CD3I
and 3-mercaptopropanoic acid. The purities and concentrations of all internal standards were
established using 1H-NMR and LC/MS. Taurine betaine (TauB) and trigonelline (Trig) –
which we had not anticipated to be in the tissues – were quantified against d9-GlyB.
In the coral literature, metabolite concentrations, whereas commonly normalised to specimen
surface area, are sometimes normalised to protein or photopigment. To permit comparison,
protein and photopigment were measured in subsamples of each blastate. Protein was
quantified in triplicate by Bradford assay (Bio-Rad) using standards of bovine serum albumin
(Pierce). To analyse photopigment, a light-protected blastate subsample was mixed with nine
times its volume of acetone. The mix was acidified to 3 mM HCl to convert all chlorophyll to
pheophytin (to remove effects of variable native degradation of chlorophyll to pheophytin),
and pheophytin a was quantified with a Turner TD-700 fluorometer and standards of acidified
spinach chlorophyll a (Sigma-Aldrich).

Results
Multiple betaines and DMSP were present in all specimens of the 10 coral species studied (Tables
5.1-5.4). In the great majority of specimens, betaines were the most abundant metabolites
detected within the range of molecular masses examined, 50-1500 u. Some specimens also
contained similar concentrations of a metabolite putatively assigned as a methylated guanine
based on MS/MS and high resolution MS data. Concentrations of glycerol and other polyols,
determined by separate GC/MS analyses, were lower than betaine concentrations by 10- to
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Statistical calculations were carried out in spss 15.0 for windows. Normality and
homoskedasticity were assessed by probit plots and Levene’s test. In the minority of cases
that displayed non-normality or heteroskedasticity, log transformation often corrected the
problem. Otherwise nonparametric Mann-Whitney or Kuskal-Wallis tests were used. Null
hypotheses were rejected if the likelihood of the results obtained was < 0.05 under the null
hypothesis.
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100-fold.
For study of patterns of variation in betaine concentrations in field populations of corals,
Madracis mirabilis was the focal species because its ecological distribution permits
straightforward prediction of spatial variation. Madracis mirabilis is common at Curaçao at
a wide range of depths, where it grows almost always in fully exposed (unshaded) locations
(Vermeij and Bak 2002), so that (on a given reef) the depth of a colony is an excellent proxy for
the irradiance the colony experiences. Our a priori hypothesis was that betaine concentrations
vary inversely with depth. Our design was to collect equal numbers (n = 8) of specimens
from 5, 10, and 20 m. We tested our hypothesis by two-way ANOVA, the two factors being
the specimen depth and the time of specimen collection: morning (09:30-11:00 local time) or
afternoon (15:30-17:00). Time effects and time-depth interactions (assessed by two-tail test)
were not observed. As we hypothesised, however, the concentrations of several betaines –
GlyB, AlaB, ProB, and HProB – varied inversely with depth (P < 0.05, one-tail test) (Figure
5.1, Table 5.1). Concentrations of protein and pheophytin did not vary significantly with time
or depth. When betaine levels were normalised to protein or pheophytin, results paralleled
those described.
Our second a priori hypothesis was focused on Madracis pharensis, which – in contrast to M.
mirabilis – occurs in both exposed and highly shaded locations at most depths (Vermeij and
Bak 2002). We hypothesised that betaine concentrations are elevated in exposed colonies, and
as a test, we analysed approximately equal numbers (n = 9-10) of specimens of M. pharensis
from two sharply different light regimes – locations as exposed to full illumination and as
shaded as we could find – at one depth, 10 m. Based on two-way ANOVA, there were no
effects of collection time (morning or afternoon) and no time-exposure interactions. As
hypothesised, however, concentrations of several betaines averaged significantly higher (P <
0.05, one-tail test) in exposed than shaded colonies (Table 5.2).
Our third a priori hypothesis was intended to provide a strong test of time-of-day effects. We
hypothesised that specimens of M. mirabilis and M. pharensis collected at dawn have lower
betaine concentrations than ones obtained later in the day. To test the prediction, we collected
Table 5.1 Concentrations (in 100 x µmol cm-2; average ± SE) in Madracis mirabilis collected from exposed
(unshaded) locations. Values for specific depths are listed only for compounds that showed statistically
significant differences in concentration as a function of depth. AlaB = alanine betaine, βAlaB = β-alanine
betaine, DMSP = dimethylsulfoniopropionate, GlyB = glycine betaine, HProB = hydroxyproline betaine,
ProB = proline betaine, TauB = taurine betaine, Trig = trigonelline. n = 24, 8, 8 and 8 for the four columns.
Pheophytin and protein are in units of 100 × mg cm−2.
Compound
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All colonies sampled

Colonies at 5 m

Colonies at 10 m

Colonies at 20 m

6.01 ± 0.23

GlyB

39.8 ± 2.6

52.6 ± 3.2

37.2 ± 1.9

29.5 ± 3.4

AlaB

3.55 ± 0.18

4.05 ± 0.32

3.64 ± 0.27

2.96 ± 0.24

βAlaB

2.23 ± 0.45

ProB

1430 ± 71

1640 ± 112

1520 ± 94

1140 ± 92

HProB

2.73 ± 0.31

3.32 ± 0.46

3.16 ± 0.65

1.71 ± 0.28

5.90 ± 0.51

4.04 ± 0.34

3.79 ± 0.88

TauB

23.7 ± 2.7

Trig

4.58 ± 0.39

Pheophytin
Protein

0.489 ± 0.041
7.56 ± 0.70

Table 5.2 Concentrations (in 100 x µmol cm-2; average ± SE) in Madracis pharensis at 10 m. Values for
exposed and shaded colonies are listed only for compounds that showed statistically significant differences
in concentration as a function of exposure. n = 19, 10 and 9 for the three columns. Pheophytin and protein
are in units of 100 × mg cm−2. See Table 5.1 for abbreviations.
Compound
DMSP

All colonies sampled

Exposed colonies

Shaded colonies

7.05 ± 0.82

GlyB

38.7 ± 3.2

43.7 ± 5.0

33.2 ± 3.2

AlaB

2.99 ± 0.25

3.36 ± 0.32

2.58 ± 0.37

1190 ± 127

829 ± 84

33.5 ± 3.5

23.0 ± 2.7

βAlaB

5.96 ± 1.9

ProB

1020 ± 87

HProB

4.56 ± 2.5

TauB

16.4 ± 2.1

Trig

2.70 ± 0.33

Pheophytin

2.13 ± 0.24

Protein

28.5 ± 2.5

Table 5.3 Concentrations (in 100 x µmol cm-2; average ± SE) in Madracis senaria collected from exposed
locations. Values for colonies collected in morning (09:30-11:00) and afternoon (15:30-17:00) are listed
only for compounds that showed statistically significant differences in concentration between the times.
n = 25, 7 and 18 for the three columns. Pheophytin and protein are in units of 100 × mg cm−2. See Table
5.1 for abbreviations.
Compound
DMSP

All colonies sampled

Morning-collected

Afternoon-collected

colonies

colonies

8.84 ± 0.67

GlyB

55.1 ± 4.1

35.9 ± 6.1

62.6 ± 4.0

AlaB

2.27 ± 0.20

1.63 ± 0.26

2.51 ± 0.23

βAlaB

0.601 ± 0.21
0.861 ± 0.083

0.546 ± 0.072

0.983 ± 0.099

TauB

24.0 ± 2.4

14.4 ± 1.3

27.8 ± 2.9

Trig

11.2 ± 0.94

8.50 ± 0.82

12.3 ± 1.2

Pheophytin

1.36 ± 0.12

Protein

14.5 ± 1.1

ProB
HProB

27.2 ± 3.4

Madracis senaria (unlike M. mirabilis or M. pharensis) exhibits a dramatic tendency to shift
its use of exposed and shaded locations with depth in a way that opposes depth effects on
irradiance experienced. When Vermeij and Bak (2002) ranked the locations of M. senaria
colonies at Curaçao from 1 (fully exposed) to 5 (highly shaded), the colonies at 5 m occurred
only at ranks 4-5, whereas colonies at 10 and 20 m occurred, respectively, at ranks 2-5 and
1-5. Without making a priori predictions, we collected the most exposed colonies available
at three depths (5, 10, and 20 m) at two times (morning and afternoon). No significant depth
effects or time-depth interactions were observed (two-tail tests). However, GlyB, AlaB, and
HProB were more concentrated (P < 0.05, two-tail test) in afternoon- than morning-collected
specimens (Table 5.3): a result compatible with our hypothesis that betaines are elevated with
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specimens (n = 8 for each species) from exposed locations at 10 m at dawn (07:00-08:00) and
compared them with exposed colonies collected at 10 m during morning and afternoon. No
significant differences were evident (one-tail tests).

85

Table 5.4 Concentrations (in 100 x µmol cm-2; average ± SE) in seven scleractinian coral species collected
from exposed locations. Sample size (n) and depths of collection are listed with each species. n = 2
for pheophytin in Siderastrea. Pheophytin and protein are in units of 100 × mg cm−2. See Table 5.1 for
abbreviations.
Agaricia
agaricites
n=3
5, 10, 20 m

Agaricia
humilis
n=3
All 5 m

Agaricia
lamarcki
n=3
All 20 m

Meandrina
meandrites
n=1
20 m

Montastraea
faveolata
n=3
5, 10, 20 m

Porites
astreoides
n=3
5, 10, 20 m

Siderastrea
siderea
n=3
5, 10, 20 m

9.47
6.1–13

2.92
2.8–3.2

10.2
4.1–20

45.9

6.66
4.9–9.4

11.3
6.2–17

3.97
2.2–6.8

GlyB

185
139–227

259
231–275

181
106–277

1320

196
127–245

7.08
5.1–8.9

188
139–263

AlaB

2.87
2.3–3.8

5.55
4.0–6.4

2.26
1.2–3.5

30.5

3.41
2.2–5.5

58.9
11–147

1.97
1.3–3.1

βAlaB

0.445
0.12–0.99

0.248
0.13–0.37

0.0957
0.03–0.14

12.3

1.34
0.20–3.5

0.288
0.22–0.36

0.111
0.046–0.18

ProB

25.5
13–40

58.6
29–112

19.3
9.4–28

189

31.6
12–47

1820
848–2670

17.3
14–23

HProB

0.405
0.28–0.56

0.902
0.75–1.0

0.313
0.17–0.54

5.73

0.444
0.40–0.50

103
57–165

9.03
0.44–26

TauB

0.226
0.18–0.30

4.63
3.7–5.9

0.409
0.19–0.71

4.53

1.19
0.050–1.9

44.3
19–72

0.541
0.023–1.0

Trig

2.06
1.6–2.4

2.15
1.9–2.4

1.36
0.89–2.1

26.6

3.90
2.2–6.2

2.85
1.7–4.7

1.26
1.1–1.6

Pheophytin

1.82
1.4–2.2

1.72
0.89–2.5

2.09
1.8–2.4

4.73

3.10
2.9–3.5

2.71
1.5–4.2

0.865
0.55–1.2

Protein

20.7
17–23

40.0
27–61

24.3
16–31

150

35.2
27–45

24.7
11–34

43.7
22–77

Compound

DMSP

increased light exposure.
Dominant algal symbionts were genetically typed (ITS2-rDNA) in all specimens of Madracis.
Symbionts consistently belonged to Symbiodinium clade B (B7 and B13 in M. mirabilis;
nearly always B7 in M. pharensis and M. senaria).
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Discussion
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Multiple betaines are demonstrated (Tables 5.1-5.4) to be abundant in all 10 species of
reef-building corals studied. Betaines, in fact, are the most abundant metabolites detected
within the range of molecular masses examined and are far more concentrated than polyols.
In regards quantitative chemistry, our objective was a definitive study. Accordingly, we
employed stable isotope dilution LC/MS (without chemical derivatization) using deuterated
internal standards for most compounds of interest. Moreover, we systematically confirmed
all chemical identifications by measures of multiple criteria: chromatographic retention time,
exact mass, signatures of naturally occurring stable isotopes, and molecular fragmentation
products.
For expressing concentrations of coral metabolites, we have followed common practice.
Coral tissue thickness and tissue volume are imperfectly known. Concentrations therefore
are commonly expressed per cm2 of coral surface area sampled (Tables 5.1-5.4). We have

Glycine betaine

0.6
0.5

Quantity per unit area (µmol cm-2)

0.4
0.3
0.2

Proline betaine

20
16
12
8

Alanine betaine

0.05
0.04
0.03
0.02
4

8

12

16

20

Depth (m)
Figure 5.1 Betaine concentration is inversely related to water depth in Madracis mirabilis. Each symbol
represents a single coral colony. All colonies grew in fully exposed, unshaded locations. Lines, fitted by
linear regression, are for description only; statistical analysis was by ANOVA because colonies were
collected at discrete nominal depths. Where Y is betaine concentration (µmol cm−2) and D is depth (m), Y
= 0.587 − 0.0157D for glycine betaine; Y = 18.7 − 0.366D for proline betaine; and Y = 0.0447 − 0.000764D
for alanine betaine.

Betaines have been minimally recognised in reef-building corals heretofore. GlyB is the only
betaine mentioned in previous reports, and the only roles ascribed to it have been that it is
an osmolyte (Andrell et al. 2006) or a potential taste factor affecting Acanthaster predation
(Moore and Huxley 1976; Suenaga 2004). The present report represents the discovery in
reef-building corals of all the other betaines reported. DMSP, a tertiary sulfonium metabolite
often addressed in studies of quaternary ammonium compounds (e.g. betaines) because of its
related chemical structure, has previously been known in corals from Hill et al. (1995) and
subsequent reports.
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also estimated molar concentrations, however, by assuming a model tissue thickness of 1
mm (probably an overestimate for Madracis species but an underestimate for some other
species). With this approach, we estimate total betaine concentrations of 20 to ³ 150 mmol
per liter of tissue volume. Operative betaine concentrations are probably substantially higher
because of subcellular betaine compartmentalization. Using our conservative estimates, tissue
molar concentrations in corals are high enough for betaines to play roles as compatible solutes
capable of stabilizing protein and membrane functions (Prasad and Saradhi 2004; Shirasawa
et al. 2006; Yang et al. 2007; Chen and Murata 2008).

Our motivation to study coral betaines (as stressed in the Introduction) has been stimulated
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by our interest in key, but heretofore unrecognised, roles that betaines are likely to play in
coral tissue function. Betaines probably represent a newly discovered defense system against
environmental stresses, adding to the list of known defense systems in corals (Gorbunov et al.
2001). Based on studies of both vascular plants (Papageorgiou and Murata 1995; Yang et al.
1996; Schiller and Dau 2000; Allakhverdiev et al. 2003) and free-living algae (Papageorgiou
and Murata 1995; Schiller and Dau 2000; Klimov et al. 2003; Allakhverdiev et al. 2007;
Hema et al. 2007), betaines protect photosystem II against photoinhibition and other light
and temperature stresses – so much so that the genetic manipulation of crop plants to increase
betaine levels is a prominent tactic in crop bioengineering (see Introduction). It would seem
likely in principle that betaines exert similar protective effects in reef-building corals, where
such effects could be especially important because the initial insult in coral bleaching is often
to photosystem II (Warner et al. 1999; Jones and Hoegh-Guldberg 2001; Hill et al. 2004;
Lesser and Farrell 2004).
Direct support for betaine protective roles in corals is provided by our tests of a priori
hypotheses focused on patterns of spatial and temporal variation in coral field populations.
Recognizing that corals are subject to photoinhibition under high irradiance (Gorbunov et al.
2001; Jones and Hoegh-Guldberg 2001; Winters et al. 2003) and that betaines are implicated
in protecting photosynthesis against the stresses of high irradiance (Allakhverdiev et al. 2003;
Prasad and Saradhi 2004; Chen and Murata 2002), we predicted positive relations between
betaine concentrations in coral colonies and the irradiance the colonies experience.
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We found in Madracis mirabilis – a species that generally lives in fully exposed locations
at Curaçao (Vermeij and Bak 2002) – that shallow-water colonies receiving relatively high
irradiance have 37-94% higher concentrations of GlyB, AlaB, ProB, and HProB than deepwater colonies (Figure 5.1, Table 5.1). In M. pharensis – a species that occupies both exposed
and highly shaded locations at any single depth (Vermeij and Bak 2002) – several betaines are
30-44% more concentrated in exposed than shaded colonies studied at 10 m (Table 5.2). In
M. senaria, some betaines are 54-80% more concentrated in the afternoon than the morning
(Table 5.3). These patterns are expected if betaines protect photosynthesis against negative
effects of high irradiance in reef-building corals, as they do in vascular plants.
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Further support for a positive relation between betaine concentrations and irradiance in reefbuilding corals comes from our study of non-Madracis species (Table 5.4). The data on
those species provide descriptive information only, because sample sizes were too small for
statistical testing. Nonetheless, in the Porites and Siderastrea – sampled from depths of 5, 10,
and 20 m – concentrations of GlyB, AlaB, ProB, and HProB were dramatically higher at 5 m
than at the other depths, paralleling the pattern in M. mirabilis. For example, in Siderastrea
the concentration of GlyB at 5 m was 2.6 μmol cm-2, compared to an overall average of 1.9
μmol cm-2 at all three depths and to concentrations of 1.4-1.6 μmol cm-2 at 10-20 m. Betaine
concentrations were also higher in the three specimens of Agaricia humilis – a species that
occurs principally in shallow waters and was collected exclusively at 5 m – than in the three
specimens of the congener A. lamarcki – which occurs only in deep waters and was collected
at 20 m. The range of concentrations of many betaines in A. humilis did not overlap the range
in A. lamarcki. These results in Agaricia again parallel the pattern in M. mirabilis.
The protein- and membrane-stabilizing effects of betaines – widely recognised – are attributed
for the most part to influences of betaines on the structure of water (McNeil et al. 1999;
Bennion and Daggett 2004; Street et al. 2006). In contrast to disrupting solutes such as urea

and inorganic ions, which tend differentially to displace water of hydration from surfaces
of proteins, betaines evade participation in such displacement and leave hydration layers
intact. Existing theories of betaine action stress universal properties of betaines. Accordingly,
different chemical species of betaines are often viewed as being relatively interchangeable
and additive (Rhodes and Hanson 1993; Yancey 2005).
Despite the argument for interchangeability, Anthoni et al. (1991) predicted that biologists
ultimately will recognize that natural selection has favored various betaines in various
contexts because of distinctive properties. Concordant with this proposition, some corals have
dramatically different betaine signatures than others (Tables 5.1-5.4). Madracis senaria and
the Agaricia species, for example, have high GlyB concentrations in relation to their ProB
concentrations, whereas M. mirabilis, M. pharensis, and Porites astreoides are high in ProB
relative to GlyB.
The metabolic source of betaines in corals (and location of expression of genes involved)
is a key question for future research. GlyB is synthesised by a wide variety of animals and
algae (Blunden and Gordon 1986; Anthoni et al. 1991; McNeil et al. 1999; Yancey 2005),
suggesting that the source of GlyB in corals could be animal, algal, or both. The same seems
likely for at least some other betaines. DMSP in corals is almost surely algal in origin because
no animal is known to synthesize DMSP. We hasten to add that, in an animal-algal symbiosis,
the source of a metabolite is not necessarily well correlated with the subcellular compartments
(animal or algal) where the metabolite is accumulated.
A puzzling aspect of our results is that time-of-day effects on betaine concentrations, although
absent in Madracis mirabilis and M. pharensis, are present in M. senaria (Table 5.3). With the
preliminary knowledge of Madracis comparative physiology that exists (Frade et al. 2008), it
would be speculative to postulate why M. senaria is particularly poised to respond to diurnal
light rhythms. The response in M. senaria, nonetheless, seems commensurate with the species’
comparatively low levels of photoprotective xanthophyll pigments (Frade et al. 2008) and its
avoidance of high irradiance (Vermeij and Bak 2002).

(1) Our results on Madracis (Tables 5.1-5.3, Figure 5.1) demonstrate that coral betaine
concentrations are phenotypically plastic and responsive to environmental conditions –
pointing to betaines as heretofore unknown agents of coral acclimatisation. Coral defense
systems exhibit acclimatisation (Edmunds and Gates 2008; Middlebrook et al. 2008). Betaine
dynamics should be considered as potential mechanisms.
(2) Betaines are potentially agents by which the expression of animal genes in the coral
symbiosis affects function of the algal symbionts. Betaine levels in specific subcellular
compartments depend on the concentrations and regulation of enzymes and other proteins
involved in betaine biosynthesis, transport, and degradation in both animal and alga. Within
this complex set of interacting processes, one possibility is for betaines synthesised in the
animal tissue to be exported and accumulated in the symbionts. This sort of process could
be one of the specific mechanisms by which symbiont function is modulated by the animal

Betaines in reef corals

The discovery of multiple betaines in abundance in reef-building corals calls for focused
consideration of the full range of roles that betaines play. We have already emphasised the
well known protein- and membrane-stabilizing roles of betaines, with specific applications
to photosystem II. Now we itemize other roles, the first three of which are not mutually
exclusive to the stabilizing roles already stressed:
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tissue, perhaps especially in cases of photosystem II modulation (Brown et al. 2002b; Abrego
et al. 2008).
(3) Betaines could also be agents by which clades or types of symbionts differ in the
susceptibility of photosystem performance to environmental stressors (Rowan 2004; Jones
et al. 2008). Within the set of interacting processes noted in (2), symbiont types might differ
in betaine biosynthesis, transport, or degradation in ways that result in divergent intracellular
betaine concentrations.
(4) Betaines are well recognised as signals that mediate fish attraction to prey (Kasumyan and
Døving 2003). Thus fish (among other applications) might maintain awareness of predation
on corals by sensing betaines released through damage to coral tissues, much as documented
for DMSP at Curaçao (DeBose et al. 2008).
(5) Betaines and DMSP are increasingly recognised as key substrates of microbial metabolism
in marine ecosystems (DeLong and Karl 2005).
(6) The most firmly established function of betaines in animals is as osmotic agents (Anthoni
et al. 1991; Yancey 2005) – suggesting osmolyte function in corals (Andrell et al. 2006).
Betaines long been recognised to play crucial roles in cellular metabolism. For the
understanding of reef-building corals, it is striking to discover that betaines are among the
most abundant metabolites and clearly are modulated in response to environmental conditions.
Both concentrations and plasticity point to betaines as metabolites of significance.
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Introgressive hybridization and reticulate evolution are described
in several phylogenetic studies of mass-spawning corals.
However, the prevalence of these processes among brooding
coral species is unclear. We used a mitochondrial (nad5) and
two nuclear (ATPSα and SRP54) intron markers to explore
species barriers in the coral genus Madracis and address the
role of hybridization in brooding systems. Specimens of six
Madracis morphospecies of the Caribbean Sea were collected
from 5-60 m depth at Buoy One, Curaçao. Polymerase chain
reaction–denaturing gradient gel electrophoresis were coupled
to detect distinct nuclear alleles within single individuals. The
recurrent nDNA phylogenetic polyphyly among taxa is only
challenged by Madracis senaria, the single monophyletic species
within the genus. However, nDNA AMOVAs indicated statistical
divergence (0.1% significance level) among morphospecies.
mtDNA sequences clustered in two main groups representing
shallow and deep water species. Madracis pharensis was
an exception, with shallow (≤ c. 23 m) and deep colonies
clustering in different branches, together with their depthsympatric congenerics. This divergence is repeated for the nDNA
suggesting distinct M. pharensis depth populations and the
hypothetical presence of further unknown genetic pools in deeper
reefs. This matched the vertical distribution of the dinoflagellate
symbionts hosted by M. pharensis, with rDNA ITS2 type B7
in the shallows but type B15 in the deep habitats, suggesting
symbiont-related disruptive selection. Non-monophyly of nearly
all Madracis, the high levels of shared polymorphism and an old
fossil record suggest that hybridization is likely to have played
a role in the evolution of Madracis. Different reproductive traits
and symbiont signatures of taxa forming distinct genetic clusters
also point to the same conclusion. Furthermore, deep water M.
pharensis were genetically closer to, e.g., Madracis carmabi,
than to shallow water conspecifics, evidence for spatiallymediated introgression. Thermoclines may function as a recurrent
environmental barrier mediating the aforementioned depthrelated processes. We suggest that Madracis morphospecies
remain recognizable either because introgressive hybridization is
non-pervasive and/or because disruptive selection is in action.

Introduction

Several molecular studies have also contributed to clarifying such potentially hybridizing
systems. The extensive literature on the molecular relationships and evolutionary history of
the Indo-Pacific genus Acropora (Odorico and Miller 1997; Hatta et al. 1999; van Oppen et
al. 2000; van Oppen et al. 2001b; Marquez et al. 2002a; Marquez et al. 2002b; van Oppen et
al. 2002; Vollmer and Palumbi 2002) has illustrated that although nominal Acropora species
constitute genetically distinct entities, they are likely to exchange genes with congeneric species
through introgressive hybridization. Even when species are polyphyletic they may constitute
statistically distinguishable lineages (Marquez et al. 2002b). For many Acropora species, the
morphology has little predictive value with regard to genotype and this detachment is likely
to occur via hybridization. Nevertheless, it is not always possible to distinguish introgressive
hybridization from shared ancestral polymorphisms due to incomplete lineage sorting or even
from morphological convergence, especially for species that do not show a reliably long fossil
record (van Oppen et al. 2001b). Another problem for the identification of hybridization cases
is that potential hybrids are easily masked by intraspecific variation. Because scleractinian
coral morphology is affected by intraspecific variation, caused by genetic differentiation and
morphological plasticity as response to the environment (Todd 2008), it is difficult to locate
species borders within the morphological continuum.
To date, the only known scleractinian coral for which there is unambiguous genetic evidence
for a hybrid origin is the Caribbean species Acropora prolifera (van Oppen et al. 2000; Vollmer
and Palumbi 2002). All colonies of A. prolifera were found to be heterozygous for a nuclear
intron locus, while allele frequencies were significantly different between sympatric colonies
of the putative parental species, Acropora palmata and Acropora cervicornis (van Oppen et al.
2000). Ribosomal DNA ITS sequence types were also shared among all three species (Vollmer
and Palumbi 2004). Two additional nuclear loci confirmed the heterozygous character of A.
prolifera, suggesting that these colonies are most likely first generation hybrids (Vollmer and
Palumbi 2002). Finally, mitochondrial DNA established that hybridization occured in both
directions and that backcrossing occured with only one of the parental species, A. cervicornis
(Vollmer and Palumbi 2002). In addition, unlike its two putative parent species, A. prolifera
lacks a fossil record (Budd et al. 1994), is rarer and inhabits more marginal habitats. This sort of

Semi-permeable species boundaries in brooding corals

Scleractinian corals, the key tropical reef-building organisms, have high dispersal potential, large
population sizes, ample distributions, overlapping generations and high fecundities (Hughes et
al. 1992; Palumbi 1994). These characteristics, enhanced by the absence of temporal barriers to
interspecific breeding given by synchronised spawning events, provide a great opportunity for
interspecific hybridization and introgression, the interspecific exchange of genes that follows.
Natural hybridization may cause coral taxa to merge through homogenization of gene pools
or may create new hybrid species. Thus, hybridization and reticulate pathways are presently
accepted as having played an important role in the evolution of reef corals (Veron 1995; Willis
et al. 2006). Breeding trials on the Caribbean genus Montastraea (Szmant et al. 1997) and the
Indo-Pacific genera Acropora (Willis et al. 1997; Hatta et al. 1999; van Oppen et al. 2002) and
Platygyra (Miller and Babcock 1997) confirmed that some mass-spawning corals are capable of
hybridizing in vitro. Moreover, high rates of cross-fertilization between Indo-Pacific species of
the mass-spawning genus Acropora, suggest that hybridization may have contributed to the high
diversity of this genus (Willis et al. 2006).
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habitat differences, as well as studies on the growth and survival of juvenile hybrids (reviewed in
Willis et al. 2006), suggest that hybridization may have a role in range expansion and adaptation
to changing environments.
The Caribbean Montastraea species complex (Knowlton et al. 1997; Levitan et al. 2004)
provides an example supporting the idea according to which hybridization patterns may
vary throughout the geographical range of a species (Veron 1995). Both genetic differences
and corallite morphological patterns between the three Montastraea species were found to be
weaker in the peripheral Bahamas and Curaçao than in Panama (van Veghel and Bak 1993;
Fukami et al. 2004a), suggesting a gradient with the strongest introgression at the geographical
extremities of the species distributions. Morphological analyses of fossil specimens offered a
large geological time-scale confirmation of this pattern (Budd and Pandolfi 2004), suggesting that
semi-permeable barriers at the extreme of species’ ranges increase the chance for interspecific
hybridization.
Although hybridization events are believed to be widespread on mass-spawning corals, it is
not yet clear whether they have the same prevalence among brooding coral species (Willis et
al. 2006). Brooding corals have internal fertilization and therefore lack the vast opportunity for
interspecific breeding known to occur in broadcast-spawning systems. In addition, there is a lack
of data on their reproductive periods and their potential for sperm dispersal, and comprehensive
cross-fertilization trials are virtually impossible to perform. However, molecular studies of
Caribbean species in the genus Madracis presented provisional evidence that hybridization may
also occur among brooding corals (Diekmann et al. 2001).
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The Caribbean brooding coral Madracis Milne Edwards and Haime 1849 is characterised by
high levels of morphological plasticity (Bruno and Edmunds 1997) among its six currently
recognised zooxanthellate species (Wells 1973a,b; Vermeij et al. 2003a). Madracis pharensis
(Heller 1968) and Madracis senaria (Wells 1973a) are encrusting or submassive depth generalist
species (5 to > 60 m depth) differing in the number of primary septa (10 and 6, respectively).
Madracis decactis (Lyman 1859) is nodular, has 10 primary septa, and occurs from 5 to 40 m.
Madracis decactis overlaps morphologically with M. pharensis and their species status is under
debate (Fenner 1993; Vermeij et al. 2007a). Madracis mirabilis Duchassaing and Michelotti
1861, Madracis carmabi (Vermeij et al. 2003a) and Madracis formosa (Wells 1973a) are
branching species with 10, 10 and 8 primary septa, and are restricted to shallow (2 to 25 m), mid
(20 to 40 m) and deep water (> 30 m), respectively. Madracis carmabi is suggested to represent
a hybrid combining characteristics of M. decactis (10 primary septa) and M. formosa (branching
morphology). Determining the affinity of M. carmabi to the other species in the genus will help
establishing its taxonomic status.
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Diekmann et al. (2001) found small and constant genetic variation (approximately 6%) between
and within Madracis putative species at the ribosomal DNA Internal Transcribed Spacers
(rDNA ITS) level. These molecular phylogenies showed that the morphological species
distinction only corresponds to monophyletic groups for two of the species: M. senaria (with
great statistical support) and M. mirabilis (less support), while all the other species share rDNA
ITS sequences. Two main alternatives have been considered as explanation for the occurrence of
this paraphyletic group: recent speciation with incomplete lineage sorting or gene flow through
interspecific introgressive hybridization (Diekmann et al. 2001).
Going back to cretaceous origin, the Madracis fossil record provides arguments for this
discussion. For two of the species, M. decactis and M. mirabilis, the oldest known fossils from

the Caribbean are 15-11 million years old (Budd et al. 1994; Budd et al. 1995); Madracis
pharensis appears to be more recent, the only one record being dated about 1.5 million years
(Budd and Johnson 1999); and no records are known for M. formosa, M. carmabi or M. senaria.
Since the approximate age of the species and the observed sequence divergence within the genus
are expected to be reflected in homogenisation of the ITS repeats, the non-monophyly suggests
that group of species exchanges genes through introgressive hybridization (Diekmann et al.
2001).
As a multigene family, rDNA and the variation among its repeats may not always have been
homogenised by concerted evolution. Recent literature shows that rDNA performs poorly for
species- and population-level inference in reef building corals (Vollmer and Palumbi 2004).
Therefore, we decided to readdress the phylogeny of the genus Madracis using multilocus single
copy genetic markers from mitochondrial and nuclear genes, as suggested by other studies (van
Oppen et al. 2001b; Fukami et al. 2004b; van Oppen et al. 2004). Mitochondrial genomes
usually show clonal transmission and are maternally inherited, presenting insight on ancestral
sources. Contrasting phylogenies between mitochondrial and nuclear DNA markers may allow
the identification of hybridization cases (van Oppen et al. 2001b).
Introgressive hybridization is an evolutionary process that can potentially provide raw material
for evolution (Anderson and Stebbins 1954) and contributes to colonization of marginal and new
habitats (Vollmer and Palumbi 2002). Consequently, unravelling introgressive hybridization
and the extent of its occurrence is of high importance today when coral reef ecosystems face
serious threats to their biodiversity and resilience (Hoegh-Guldberg et al. 2007). Here, we use
a mitochondrial and two nuclear intron markers to explore the evolutionary relationships and
species barriers in the coral genus Madracis, and address the role of hybridization in brooding
coral systems.

Sample collection
Small fragments (4-16 cm2) of coral skeleton with living tissue of Madracis specimens were
collected by scuba diving on the reef slope of CARMABI Buoy One, Curaçao (Figure 6.1),
from July to September 2005 and 2006. Chosen colonies correspond to typical morphologies as
described above, from depths that represent the distribution of the species. Sampled M. decactis
and M. pharensis colonies were, respectively, clearly nodular and clearly encrusting. Madracis
pharensis colonies included the three colour morphs in the species: brown, purple and green
(Vermeij et al. 2002; Frade et al. 2008a). Samples were kept in seawater in individual sealed
bags and transported to the nearby laboratory of the CARMABI Foundation, where coral tissue
was scraped-off and preserved in 95% ethanol and -20ºC until further use. A few Madracis
specimens originated from other locations (Figure 6.1) were included in the study.
The sample set of 121 Madracis colonies comprises 78 colonies from Curaçao CARMABI Buoy
One (all six species), 12 from Curaçao Playa Kalki (M. pharensis and M. senaria), 17 from Aruba
(all six species except M. formosa), 8 from Trinidad and Tobago (only M. mirabilis) and 6 from
Bermuda (M. mirabilis, M. decactis, M. senaria and M. formosa). All samples were collected
at reef slopes between 5 and 60 m. Madracis myriaster is the only exclusively azooxanthellate
species in the Madracis genus and it inhabits the deep Caribbean reefs (Santodomingo et al.
2007). One M. myriaster sample collected at a depth of 300 m off Buoy One was also included
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Figure 6.1 The Caribbean Sea (inset), Curaçao (large arrow) and the collection locations: 1, CARMABI
Buoy One (Curaçao); 2, Playa Kalki (Curaçao); 3, Bermuda; 4, Aruba, 5, Trinidad & Tobago.

in the study. One non-congeneric species (Siderastrea siderea) was sampled to be included as
outgroup in phylogenetic analyses. Because samples originating elsewhere than Buoy One were
received at a later stage, these were only analysed for the mitochondrial marker. For sample
details on species, collection location and depth see Table 6.1.
Laboratory procedures
Genomic DNA was extracted using the UltraClean Soil DNA kit (MoBio) according to
manufacturer’s instructions. Sequence variation was assessed for non-coding exon primed
intron-crossing (EPIC) markers previously developed for three different genes: the mitochondrial
subunit 5 of NADH ubiquinone oxidoreductase (nad5) (Concepcion et al. 2006) and the nuclear
ATP Synthetase Subunit α (ATPSα) and Signal Recognition Particle 54-kDa subunit (SRP54)
(Jarman et al. 2002). A third nuclear intron, ATP Synthetase Subunit β (ATPSβ), was also
included in preliminary surveys but due to the complete absence of sequence variation, this
marker was discarded.
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The nad5 intron was successfully amplified using the ND51b degenerate primer pair
(NAD5_700F: 5´-YTG CCG GAT GCY ATG GAG-3´; NAD1_445R: 5´ARC CCA ATC GAA
ACY TCA TAA CT-3´) of Concepcion et al. (2006), reported to amplify a product with an c.
length of 750 bp.
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Since the degenerate primer sets previously available for the two nuclear EPIC markers (Jarman
et al. 2002) produced non-optimal survey PCR amplifications, alternative nested exon-located
conserved regions were identified among a preliminary sequence alignment including all species
in the genus Madracis. Exon/intron boundaries were identified by comparison with sequences
retrieved from GenBank. New exon located primers were designed (ATPSαMadfor2: 5´-acg
aga act tat cat tgg aga cag-3´; ATPSαMadrev: 5´-ggt gtc aat cgc aat agc
tg-3´; and SRP54Madfor: 5´-gat aaa gtc aat gaa ctg aag c-3´; SRP54Madrev2:
5´-tgg aat tgt tca tac atg tct c-3´; located, respectively, 54, 14, 11 and 2 bp closer

to the exon/intron boundary).
Because denaturing gradient gel electrophoresis (DGGE) was applied to resolve nuclear gene
zygosity (this step was skipped for the cytoplasmatic marker), forward primers were further
modified with a 40-bp guanine and cytosine (G-C) rich clamp extension on their 5´-end
(Sheffield et al. 1989) and renamed (ATPSαMadfor2clamp: 5´-CGC CCG CCG CGC CCC
GCG CCC GTC CCG CCG CCC CCG CCC GAC GAG AAC TTA TCA TTG GAG ACA
G-3´; and SRP54Madforclamp: 5´-CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG
CCC CCG CCC GGA TAA AGT ACC TGA ACT GAA GC-3´).
PCR protocols were optimised for each primer set and used for subsequent amplification of
the whole sample set. PCR reactions of 50 μL total volume included 1.0 μL genomic DNA of
various concentrations, 1.5 mM MgCl2 (in nad5 increased to 2.125 mM), 200 μM of each dNTP,
125 μM of each primer and 2.5 U of Biotherm Plus Taq polymerase (for the SRP54 marker,
Genscript Taq was used).

ATPSα and SRP54 amplified products (100 ng) were run for 5 h at 100 V and a constant temperature
of 60ºC on Bio-Rad DCode DGGE systems under a 20-60% denaturing gradient of urea and
formamide. Depending on sequence length, nucleotide composition and sequence variation,
the electrophoresis produces differential denaturation and migration of DNA fragments. The
G-C clamp stabilizes the melting characteristics of the DNA fragment and ensures that it will
remain partially double-stranded under denaturing conditions (Myers et al. 1985a; Myers et al.
1985b). After electrophoresis and 30 min of Sybergold (Molecular Probes) staining, the gels
were photographed over a transilluminator. DGGE profiles were characterised either by a single
band (homozygote genotypes) or by quartet banding (heterozygote genotypes). In the last case,
two of these bands corresponded to heteroduplexes, the result of re-annealing of heterogeneous
DNA single strands during PCR (Buckler et al. 1997). All bands were excised, re-amplified and
new PCR products loaded on DGGEs to evaluate band isolation. This procedure was repeated
once again if needed, to ensure single DNA sequences were obtained. Annealing temperatures
were raised 2ºC for all re-amplifications and the “touchdown” procedure was excluded. Reamplified heteroduplex bands produced their paired homoduplex profiles on new DGGEs.
When a band was considered “pure” then the final re-amplification reaction took place using the
“non-clamped” primer set and proceeded to sequencing.
All PCR products to be sequenced were purified using the QuickClean 5M PCR Purification
kit (Genscript). Sequencing was performed with respective forward and reverse primers by
Macrogen Korea. Obtained chromatograms were visually inspected and sequences edited and
manually aligned in bioedit 7.0.5.3 (Hall 1999).
Additionally, dominant algal symbionts were genetically typed for all Madracis specimens
using rDNA ITS2 (for methods see Frade et al. 2008c).
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PCR cycling conditions included an initial denaturation of 2 min at 94ºC, 37-40 cycles of
94ºC for 20 s, annealing for 30 s, and extension at 72ºC for 60 s. The reaction was completed
with 6 min at 72ºC. Annealing temperatures were 51.5, 54 and 48ºC for nad5, ATPSα and
SRP54, respectively. In the case of the nuclear markers, the first 10 cycles were replaced by
a “touchdown” procedure (Don et al. 1991), to ensure PCR specificity. Here, initial annealing
conditions began 5ºC above final temperature and were reduced by 0.5ºC after every cycle. The
remaining 30 cycles took place using the respective final annealing temperature.
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Phylogenetic inference
Polymorphism statistics and uncorrected p-distances (pairwise deletion) were conducted
using mega 4 (Tamura et al. 2007). Standard error estimates were based on 1000 bootstrap
pseudoreplicates. Neutrality was tested by Tajima’s D (Tajima 1989) and Fu’s Fs (Fu 1997)
using arlequin 3.1 (Excoffier et al. 2005). These tests compare, respectively, the number of
segregating sites or the number of alleles (or haplotypes) against their neutral expectation based
on the mean number of pairwise differences under an infinite sites model. In order to address
potential confounding effects of nuclear loci recombination in the phylogenetic inference,
recombination events were estimated by all methods implemented in the program rdp 3.27
(Martin et al. 2005).
Phylogenies were estimated separately for each sequenced region. Indels were not recoded.
Alignments were previously collapsed to contain only unique sequence types/alleles in
collapse 1.2. The best-fit model of DNA substitution for each sequenced region was selected
by hierarchical Akaike information criterion (AIC) (Posada and Buckley 2004) in modeltest 3.7
(Posada and Crandall 1998) based on a neighbour-joining tree and Jukes Cantor distances. The
selected models of sequence evolution (nad5: TrN, ATPSα: K81uf, SRP54: K81uf+G) were used
in maximum likelihood (ML) phylogeny inference in paup* 4.0b10 (Swofford 2002), employing
heuristic searches with random stepwise addition replicates (100 and 1000 for nuclear and
mitochondrial markers, respectively) and tree bisection-reconnection (TBR) branch swapping.
Results were summarised as 50% majority rule consensus trees, rooted using sequences
obtained from other sampled coral genus (data unavailable for the ATPSα). Robustness of the
nodes was assessed by non-parametric ML-bootstrap analysis (500 and 1000 pseudoreplicates,
respectively), performed using the same models of evolution, heuristic replicates (10 and 100,
respectively) with random stepwise addition and nearest-neighbour interchange (NNI) branch
swapping.
Population genetics
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Analysis of molecular variance (AMOVA, Excoffier et al. 1992) was used to test the significance
of population structure among and within Madracis taxa, assuming each putative species as a
population. The AMOVA estimates an analogue of Wright’s FST (Wright 1965), which takes
into account the number of mutations between molecular haplotypes. Pairwise FST and their
significance were calculated to estimate morphospecies differentiation. All calculations were
performed using genetic distances corrected by a Kimura two-parameter model of evolution in
arlequin 3.1, a Gamma distribution shape parameter as previously determined by modeltest 3.7
and with 1000 random permutations for significance tests. Inbreeding coefficient of individuals
within populations (FIS) provided insight on possible departures of genotype frequencies from
Hardy-Weinberg Equilibrium for each species (HWE; positive values represent heterozygote
deficits). HWE was further tested using a Markov chain approach that estimates the probability
of the current allelic configuration of the genotypes.
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Results
Sequence alignments and features
Table 6.1 gives an overview of the symbiont types and available sequences of all samples

used in our study. Successful PCR amplification and sequencing accounted for 94-95% of the
zooxanthellate Madracis samples (115 out of 121 for mtDNA, 73 out of 78 for both ATPSα and
SRP54). Final sequence alignments were 565, 342 and 202 bp-long, for respectively, mtDNA,
ATPSα and SRP54. Unusual longer-sized fragments were detected for some samples and their
presence confirmed by PCR reamplification, DGGE separation and sequencing. The fact that
preliminary PCR optimization under lower temperatures did not promote the amplification of
these longer fragments suggests that they did not originate from multiple loci, but represent
cases of length polymorphism in the same loci. This accounted for two samples in mtDNA
(c. 800-bp distinct haplotypes in a M. formosa and a S. siderea) and one sample in SRP54 (S.
siderea displaying heterozygous genotype, with a 400-bp long allele; the short one being used
as outgroup). In ATPSα, long fragments (c. 700-bp) were less uncommon, being present in
one homozygous M. senaria and one heterozygous M. formosa (long alleles were distinct).
ATPSα length polymorphism is recurrent in at least two more M. senaria samples, although
not confirmed due to sequencing failure. All these longer alleles were excluded from analysed
sequence alignments and respective samples excluded from all statistics using diploid genotypic
data.

Recombination was not detected within nuclear loci. No significant deviation from neutral
expectations was found in either region for Tajima’s D, a neutrality test based on nucleotide
diversity and number of segregating sites. However, Fu’s Fs, a test based on the number of
haplotypes in a population given observed nucleotide diversity, indicated a single significant
deviation from neutrality for mtDNA. This suggests that some non-random processes may be
playing a role in the evolution of the region. This interpretation is strengthened by the fact
that the two parsimonious substitutions detected are displayed in the exon region, one of them
constituting a non-synonymous change.
After collapsing all the sequences obtained for each region, 9 unique haplotypes remained for
nad5, and respectively 34 and 61 unique alleles for ATPSα and SRP54. These numbers would be
narrowed down to 6, 31 and 58 if sequence missing data was not considered.
Phylogenetic inference
Figure 6.2 shows the ML phylogenetic topologies inferred for each of the three studied DNA
regions. The nad5 tree was rooted with a Pocillopora eydouxi sequence retrieved from GenBank
(DQ351263). The mtDNA topology (Figure 6.2a) is characterised by the existence of one
robust clade that separates the putative species into two groups. This separation matches the
ecological distribution of the genus, with species that are typical of shallow waters clustering
together (M. mirabilis and M. decactis), while deep water or depth generalist species form the
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A concise description of the sequenced regions is provided in Table 6.2. There was little difference
in base composition between the sequenced regions, although mtDNA had a slight bias toward A
and T and away from G. On the other hand, the nuclear ATPSα has a deficit of A and shows the
lowest AT content. No differences in base composition are displayed between the six recognised
Madracis species (data not shown). However, the two nuclear markers differ by more than
one order of magnitude from mtDNA in terms of variable positions, nucleotide diversity and
sequence distances. With respect to the two nuclear regions, SRP54 is more variable, more
diverse and shows larger distances than ATPSα. The number of indels in the alignment is larger
for SRP54 than ATPSα, and absent for mtDNA.
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Table 6.1 Description of the samples used in this study, including species, location and depth, symbiont
type, colony colour morph (for M. pharensis only), sample code and available sequences.
a
Symbiont rDNA ITS2 types; NA = symbiont type not determined; note that mixed symbiont populations
were detected for some samples (e.g. B7&B15).
b
Colour morph for M. pharensis colonies; NA = colour not registered.
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Species
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M. carmabi
M. carmabi
M. formosa
M. formosa
M. formosa
M. formosa
M. formosa
M. formosa
M. formosa
M. formosa
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. senaria
M. senaria
M. senaria
M. senaria
M. senaria
M. senaria
M. senaria
M. senaria
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. senaria
M. senaria
M. senaria
M. senaria
M. senaria
M. senaria
M. mirabilis
M. formosa
M. formosa
M. formosa
M. carmabi
M. carmabi
M. carmabi

Location

Depth (m)

Symbionta

Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Playa Kalki, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao

28
27
41
39
40
41
39
40
40
41
12
12
12
12
12
23
24
23
23
24
40
40
40
10
11
10
8
9
10
10
12
11
20
19
12
10
12
13
13
25
23
10
13
13
13
13
13
13
13
13
13
13
13
13
10
42
40
39
26
23
26

B7
B7
B7
B7&B15
B7
B7
B7
B7
B7
B7&B15
B7
B7
B7
B7
B7
B15
B15
B7
B7
B7
B15
B15
B15
B7
B13
B13
B13&B7
B13
B13
B13
B7
B13
B13
B13&B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
NA
B7
NA
B7
B7
B7
B13
B15
B15
B7
B7
B7
B7

Colourb

Brown
Purple
Brown
Brown
Brown
Green
Brown
Brown
Brown
Purple
Brown
Green
Green

Brown
Brown
Brown
Brown
Green
Brown

Sample Code

Sequences

74
115
424
479
480
600
601
602
603
604
607
608
609
610
611
612
613
614
615
616
627
628
629
633
634
635
636
637
638
639
640
641
642
643
654
655
656
657
658
659
660
670
672
673
674
675
676
677
678
679
680
681
682
683
721
876
877
879
880
881
882

nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, SRP54
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54

Species
M. carmabi
M. carmabi
M. decactis
M. decactis
M. decactis
M. carmabi
M. carmabi
M. carmabi
M. decactis
M. decactis
M. decactis
M. decactis
M. decactis
M. senaria
M. senaria
M. carmabi
M. decactis
M. decactis
M. pharensis
M. carmabi
M. decactis
M. decactis
M. decactis
M. formosa
M. pharensis
M. pharensis
M. pharensis
M. pharensis
M. formosa
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. decactis
M. decactis
M. decactis
M. pharensis
M. decactis
M. decactis
M. pharensis
M. carmabi
M. pharensis
M. pharensis
M. senaria
M. senaria
M. senaria
M. formosa
M. decactis
M. mirabilis
M. mirabilis
M. decactis
M. senaria
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. mirabilis
M. myriaster
S. siderea

Location

Depth (m)

Symbionta

Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Buoy One, Curaçao
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Aruba
Bermuda
Bermuda
Bermuda
Bermuda
Bermuda
Bermuda
Trinidad & Tobago
Trinidad & Tobago
Trinidad & Tobago
Trinidad & Tobago
Trinidad & Tobago
Trinidad & Tobago
Trinidad & Tobago
Trinidad & Tobago
Buoy One, Curaçao
Buoy One, Curaçao

23
21
11
11
10
30
26
32
9
9
10
11
10
10
10
20
11
10
28
27
12
10
10
56
56
58
57
56
57
10
12
8
7
16
15
13
18
18
16
19
19
11
12
17
18
18
55
50
6
6
6
6
10
10
10
9
9
8
8
8
300
19

B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B7
B15
B7
B7
B7
B7
B15
B15
B15
B15
B15
B15
B7
B13
B13
B13
NA
NA
NA
B7
NA
NA
B15
B7
B7
B7
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Colourb

Green

NA
NA
NA
NA

NA
NA
NA
NA

Sample Code

Sequences

888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
910
922
923
924
925
951
952
953
954
955
956
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
B1
B2
B3
B4
B5
B6
T1
T2
T3
T4
T5
T6
T7
T8
JK1
RH30

nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, SRP54
nad5, ATPSα
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5, ATPSα, SRP54
nad5
ATPSα, SRP54
nad5, ATPSα
nad5, SRP54
SRP54
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5
nad5

nad5
nad5
nad5
nad5
nad5
nad5
SRP54
nad5, SRP54
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Table 6.1 (continued)
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Table 6.2 Sequence statistics for each of the three loci. Total number of sequences in final alignments,
total alignment length (number of sites), number of variable, parsimony informative and indel sites, number
of unique haplotypes or alleles, AT content, nucleotide diversity, maximum uncorrected p-distance and
neutrality test results for each sequenced fragment. Note from Table 6.1 that in the case of nad5 the
samples were not only from Buoy One (Curaçao), but also from other locations.
nad5

ATPSα

Number of sequences

115

142

SRP54
146

Number of sites

565

342

202

Number of variable sites

4

48

68

Number of parsimony sites

2

33

57

Number of sites with indels

0

12

84

Number of unique haplotypes or alleles

9

34

61

% AT (SE)

71.77 (0.02)

66.18 (0.03)

69.64 (0.16)

Nucleotide diversity (SE)

0.001 (0.001)

0.021 (0.004)

0.072 (0.010)

Maximum uncorrected p-distances (%)
Tajima’s D (P-value)
Fu’s Fs (P-value)

0.39

5.42

17.12

- 0.258 (0.458)

- 0.576 (0.331)

- 0.136 (0.509)

inf. neg. (0.000)

- 4.128 (0.196)

- 7.079 (0.138)
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other group (M. senaria, M. carmabi and M. formosa). Although the mtDNA sequences are
mostly invariant among conspecifics, M. pharensis represents an exception and M. pharensis
haplotypes are present in both groups. A closer look reveals that there is a clear distinction
between M. pharensis samples originating from the shallower (≤ c. 23 m) and from the deeper
reef habitats (≥ c. 23 m), and that they group with the other Madracis species according to the
same ecological pattern. Interestingly, the M. pharensis mtDNA branching matches exactly with
symbiont type harboured (see also Table 6.1): ITS2 type B7 in the shallows and B15 in the
deep habitats, representing a symbiont ecological zonation previously described (Frade et al.
2008c). There is yet another representative haplotype for M. pharensis, mostly present in the
other Curaçao location, Playa Kalki.
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Samples originating from geographical locations other than Curaçao (Bermuda, Trinidad and
Tobago, Aruba), remarkably showed no intraspecific mtDNA variation (with a few exceptions,
see Figure 6.2a), fitting the two general groups already described and strengthening the idea that
the genetic structure of M. pharensis is an exception within the genus. Any doubt about the correct
identification of M. pharensis arising from the mtDNA tree is quickly removed when examining
the structure of the ATPSα topology (Figure 6.2b), for which M. pharensis shows unique, nonshared, alleles. Phylogenetic inference based on ATPSα consistently indicates polyphyletic taxa.
There are, however, two exceptions. Madracis senaria forms a well supported clade. It is the
only monophyletic species within the genus. Madracis carmabi is nearly monomorphic, with the
exception of distinct alleles present in two samples. The monomorphic branch suggests specific
low genetic diversity. The other well supported clades form mixed assemblages of M. mirabilis
and M. formosa, M. decactis and M. pharensis, or M. pharensis and M. mirabilis. Similarly
to the ATPSα analysis, SRP54 (Figure 6.2c) provides low resolution for inferring molecular
phylogenies, with several small and mixed clades, usually combining M. pharensis, M. decactis,
M. formosa and M. carmabi. The polyphyletic nature of Madracis taxa is not even challenged
by M. senaria, which clusters in two separate but restricted groups, one monophyletic and the
other paraphyletic (with a M. decactis allele).
The azooxanthellate species M. myriaster appears to be phylogenetically very close to the other
Madracis species. The heterozygote colony sampled shares an allele with a deep M. pharensis

a)

M. pharensis M. senaria

M. decactis

M. mirabilis

M. carmabi

M. formosa

Mpha12Bu1_607, Mpha12Bu1_608, Mpha12Bu1_609, Mpha12Bu1_610, Mpha12Bu1_611, Mpha23Bu1_614,
Mpha24Bu1_616, Mmir10Bu1_633, Mmir11Bu1_634, Mmir10Bu1_635, Mmir8Bu1_636, Mmir9Bu1_637,
Mmir10Bu1_638, Mmir10Bu1_639, Mmir12Bu1_640, Mmir11Bu1_641, Mmir20Bu1_642, Mpha13Kal_675,
Mmir10Bu1_721, Mdec11Bu1_890, Mdec11Bu1_891, Mdec10Bu1_892, Mdec9Bu1_896, Mdec9Bu1_897, Mdec10Bu1_898,
Mdec11Bu1_899, Mdec10Bu1_900, Mdec11Bu1_904, Mdec10Bu1_905, Mdec12Bu1_923, Mdec10Bu1_924, Mdec10Bu1_925,
Mmir10Aru_958, Mmir12Aru_959, Mmir8Aru_960, Mmir7Aru_961, Mdec15Aru_963, Mpha18Aru_965, Mdec18Aru_966,
Mdec16Aru_967, Mpha12Aru_971, Mmir6Ber_B3, Mmir6Ber_B4, Mmir9Tri_T4, Mmir9Tri_T5, Mmir8Tri_T6, Mmir8Tri_T8
Mpha23Bu1_615, Mpha13Kal_672, Mpha13Kal_673, Mpha13Kal_674,
Mpha13Kal_676, Mpha13Kal_677, Mpha11Aru_970
Mmir19Bu1_643

64
Mdec16Aru_962

Mdec13Aru_964

Mmir8Tri_T7
Mcar28Bu1_74, Mcar27Bu1_115, Mfor41Bu1_424, Mfor39Bu1_479, Mfor40Bu1_480, Mfor41Bu1_600, Mfor39Bu1_601,
Mfor40Bu1_602, Mfor40Bu1_603, Mfor41Bu1_604, Mpha23Bu1_612, Mpha24Bu1_613, Mpha40Bu1_627, Mpha40Bu1_628,
Mpha40Bu1_629, Msen12Bu1_654, Msen10Bu1_655, Msen12Bu1_656, Msen13Bu1_657, Msen13Bu1_658, Msen25Bu1_659,
Msen23Bu1_660, Msen13Kal_678, Msen13Kal_679, Msen13Kal_680, Msen13Kal_681, Msen13Kal_682, Msen13Kal_683,
Mfor42Bu1_876, Mfor40Bu1_877, Mfor39Bu1_879, Mcar26Bu1_880, Mcar23Bu1_881, Mcar26Bu1_882, Mcar23Bu1_888,
Mcar21Bu1_889, Mcar30Bu1_893, Mcar26Bu1_894, Mcar32Bu1_895, Msen10Bu1_901, Msen10Bu1_902, Mcar20Bu1_903,
Mpha28Bu1_910, Mcar27Bu1_922, Mfor56Bu1_951, Mpha56Bu1_952, Mpha57Bu1_954, Mpha56Bu1_955, Mpha19Aru_968,
Mcar19Aru_969, Msen17Aru_972, Msen18Aru_973, Msen18Aru_974, Mfor55Ber_B1
Msen10Bu1_670
Mdec6Ber_B5
DQ351263

Figure 6.2 Maximum likelihood trees of the Madracis genus for (a) the mitochondrial nad5 intron, (b) the
nuclear ATPSα intron and (c) the nuclear SRP54 intron. Values above the branches are bootstrap values
for 1000, 500 and 500 replicates, respectively. For full colour version see Appendix (page 134).
Sequence codes refer to: SpeciesaDepthLocationb_Samplec.
a
Species codes: Mmir, M. mirabilis; Mfor, M. formosa; Mdec, M. decactis; Msen, M. senaria; Mpha, M.
pharensis; Mmyr, M. myriaster; Ssid, Siderastrea siderea.
b
Location codes: Bu1, Buoy One (Curaçao); Kal, Playa Kalki (Curaçao); Ber, Bermuda; Aru, Aruba; Tri,
Trinidad & Tobago. Location not indicated for ATPSα and SRP54 topologies (all samples from Buoy One,
Curaçao).
c
Sample codes as in Table 6.1 (“a” and “b” added to distinguish alelles in heterozygotes).

colony, while the other allele is included in a well supported clade comprising alleles from all
the other taxa except M. mirabilis.
Population genetics
AMOVAs were carried out for the whole sample set assuming each putative species as a population
(Table 6.3). For ATPSα, the genetic variation was hierarchically structured, with about 52%
distributed among putative species, about 23% among individuals within the species and 26%
within individuals. For SRP54 the distribution of the genetic variation followed the opposite
trend, with only about 13% attributable to both variation among species and among individuals
within the species, and most of the variation (about 73%) occurring within individuals. Fixation
indices showed significantly high genetic divergence at all hierarchical levels for both studied
DNA regions, with the highest structuring within individuals and the lowest among species
and among individuals within the species. Thus, AMOVA for both nuclear introns indicates
statistical divergence (at the 0.1% significance level) among putative Madracis species. Pairwise
comparisons of genetic differentiation between the six Madracis species based on FST values
(Table 6.4) confirm similar overall divergence but highlights important exceptions. For ATPSα,
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0.0040 substitutions/site

103

b)

M. pharensis M. senaria

M. decactis

M. mirabilis

M. carmabi

M. formosa

Mpha24_613, Mpha40_627a

62

Mmir12_640a, Mmir19_643, Mpha58_953a
Mpha58_953b
Mcar27_115

Mfor39_479, Mfor39_601a, Mfor42_876a

54

Mfor40_480a
Mpha12_608a, Mpha12_611a
Mpha40_627b
Mpha40_628a
Mmir10_633a

Mdec11_890a, Mdec9_897a
Mfor40_480b, Mfor40_602, Mfor40_603, Mmir10_633b, Mmir11_634a, Mmir10_635a, Mmir8_636a,
Mmir10_638a, Mmir11_641, Mmir20_642, Mmir10_721a, Mfor39_879, Mfor56_951
55 Mmir10_639a
Mmir11_634b, Mmir10_635b, Mmir8_636b, Mmir9_637a, Mmir10_638b, Mmir10_639b, Mmir10_721b
Mmir9_637b, Mmir12_640b
Mfor41_424, Mfor41_600, Mfor41_604, Mfor42_876b, Mfor40_877
Mpha12_607

53

Mdec11_891a, Mdec11_899a
Mfor39_601b

59 Mpha12_608b, Mpha12_609, Mpha12_610, Mpha12_611b, Mpha23_614, Mpha23_615, Mpha24_616a
Mpha24_616b

90 Mpha40_628b, Mpha40_629a

Mdec11_891b, Mdec9_897b, Mdec10_900, Mdec11_904, Mdec10_905

88 64 Msen12_654, Msen10_655, Msen13_657, Msen13_658, Msen23_660, Msen10_901
Msen12_656
Mcar21_889a

76

80 Mdec11_899b

Mdec10_924a

Mpha23_612
Mpha40_629b
Mdec11_890b, Mdec10_892, Mdec9_896, Mdec10_898, Mdec12_923, Mdec10_924b, Mdec10_925
Mpha28_910, Mpha57_954a
Mpha57_954b
Mcar28_74, Mcar26_880, Mcar23_881, Mcar26_882, Mcar23_888,
Mcar21_889b, Mcar30_893, Mcar26_894, Mcar32_895, Mcar20_903, Mcar27_922

(outgroup)
0.03 substitutions/site
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Figure 6.2 (continued) For full colour version see Appendix (page 135).
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all pairwise comparisons were highly statistically significant (at the 0.1% significance level),
except that of the pair M. mirabilis / M. formosa (only divergent at the 5% significance). In
fact, for this region, these are the only two species that profusely share alleles, in this case a
single allele which is present in more than 40% of the locus’ copies for each species. Besides
this, there is only another single case of allele sharing, involving two M. mirabilis and one
M. pharensis colonies, which however does not cause a drop of the statistically significant
divergence between the two species. The other nuclear marker, SRP54, shows recurring allele
sharing (9 alleles shared out of a total of 61) and more evenly distributed allele frequencies
among the allele pool than ATPSα (data not shown). All Madracis taxa except M. senaria are
involved in SRP54 allele sharing, with shared alleles accounting for a total of the locus’s copies
of about 30% for M. mirabilis, 73% for M. formosa, 19% for M. decactis, 27% for M. carmabi
and 27% for M. pharensis. Almost all FST pairwise comparisons for SRP54 are significant, once
again confirming the genetic differentiation between most Madracis species. However, most
pairwise comparisons are only significant at the 5% level, suggesting gene exchange may be
occurring between some of these taxa, something highly expected in the case of M. carmabi /
M. formosa (non-significant comparison).
Genetic differentiation among Madracis taxa suggested by both DNA regions studied (and
prominently expressed in ATPSα) is evidence for long term limits to gene flow, but could at the
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Figure 6.2 (continued) For full colour version see Appendix (page 136).

same time be caused by natural selection (or even by recent changes in population sizes). For this
reason, neutrality was again tested, this time separately for each putative species, using the tests
Tajima’s D and Fu’s Fs (Table 6.5). The only significant deviation from neutral expectations was
found by Tajima’s D for ATPSα sequences in M. carmabi, suggesting that non-random processes
may play a role in the evolutionary dynamics of this taxon.
Observed heterozygosity levels are shown in Table 6.6, as determined by arlequin. Only rarely
did the heterozygosity levels fulfil the expectation for HWE predicted under conditions of
random mating. Inbreeding coefficients (FIS) confirmed these results. Overall, ATPSα shows
a higher heterozygote deficit than SRP54, with about 37% against about 81% of heterozygote
samples (colonies), respectively. These estimations only include samples for which the zygosity
pattern inferred from the DGGE band migration pattern was further confirmed by sequencing,
and exclude two samples for which ATPSα long introns were detected (including them resulted
in identical heterozygosity level). For ATPSα, only M. mirabilis did not show a departure of
genotype frequencies from HWE. All other five species showed significant heterozygote deficits,
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Table 6.3 Results of AMOVA analysis for ATPSα and SRP54 nDNA sequences. Statistical significance (*
P < 0.05; ** P < 0.001) is based on 1000 random permutations.

Source of variation
Among species
Among individuals
within species
Within
individuals

ATPSα
% of
variation

Fixation
indices

d.f.

Variance
components

SRP54
% of
variation

d.f.

Variance
components

Fixation
indices

5

2.094

51.55

ΦST: 0.516 **

5

1.130

13.40

ΦST: 0.134 **

65

0.932

22.94

ΦIS: 0.473 **

67

1.116

13.24

ΦIS: 0.153 *

71

1.036

25.52

ΦIT: 0.745 **

73

6.186

73.36

ΦIT: 0.266 **

Table 6.4 Pairwise FST values among Madracis species calculated from ATPSα (below diagonal) and
SRP54 (above diagonal) nuclear markers. Statistical significance (* P < 0.05; ** P < 0.001) is based on
1000 random permutations.
M. mirabilis

M. formosa

M. decactis

M. senaria

M. carmabi

M. pharensis

M. mirabilis

-

0.231 **

0.089 *

0.301 **

0.176 **

0.067 **

M. formosa

0.064 *

-

0.133 *

0.195 *

0.014

0.157 *

M. decactis

0.510 **

0.477 **

-

0.167 **

0.068 *

0.045 *

M. senaria

0.865 **

0.892 **

0.444 **

-

0.183 *

0.241 **

M. carmabi

0.728 **

0.727 **

0.346 **

0.807 **

-

0.100 *

M. pharensis

0.395 **

0.337 **

0.190 **

0.589 **

0.410 **

-
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especially M. formosa and M. pharensis (0.1% significance level). For SRP54, M. decactis and
M. senaria showed evidence for heterozygote excess, whereas genotype frequencies revealed
significant deficits for M. mirabilis, M. carmabi and M. pharensis. High FIS values and significant
heterozygote deficits are persistent for both studied regions in M. pharensis and M. carmabi,
suggesting high levels of inbreeding among conspecifics and possibly self-fertilization.
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To address potential differentiation between the two depth groups of M. pharensis, the population
genetics approach was repeated for the whole nuclear DNA datasets, this time assuming two
M. pharensis populations, which correspond to the two main branches yielded by the mtDNA
phylogeny. Neutrality was not rejected and the overall AMOVA results were identical to the
previous approach, highlighting the statistical divergence among Madracis taxa (ATPSα: ΦST =
0.538, d.f. = 6, P < 0.001, n = 71; SRP54: ΦST = 0.144, d.f. = 6, P < 0.001, n = 73). However, the
pairwise comparisons offered new information. The two M. pharensis groups were statistically
divergent from each other (ATPSα: FST = 0.280, P < 0.001; SRP54: FST = 0.136, P = 0.003)
and shared alleles are restricted to one single SRP54 case. For ATPSα, both M. pharensis depth
groups were highly divergent from all other Madracis taxa (P < 0.001), except for a weaker
but still significant divergence between the deep population and M. decactis (FST = 0.146, P
= 0.009). For SRP54, most statistical comparisons were also kept identical to the previous
approach, except for the absence of divergence between M. carmabi and the deep M. pharensis
(FST = 0.053, P = 0.092). Comparison to the shallow group was still significant (FST = 0.180, P
= 0.003).
Another AMOVA was run to address the genetic differentiation between M. pharensis colour
morphs (green vs. brown). Divergence was only slightly statistically significant for ATPSα (ΦST
= 0.255, d.f. = 1, P = 0.031, n = 12) and non-existent for SRP54 (ΦST = 0.018, d.f. = 1, P = 0.768,
n = 11).

Discussion
The multilocus genotyping approach of this study has proven helpful in exploring species
barriers in the brooding coral genus Madracis. It has demonstrated that, while morphospecies
have close genetic affiliations, they do represent significantly distinct gene pools. Introgressive
hybridization as well as natural selection have most likely played important roles in shaping the
genome of these species.
Madracis genetic relationships
The phylogenetic topologies inferred by the three DNA regions studied are not congruent with
each other. Phylogenetic analyses did not recognize reciprocal monophylies, though alleles were
in general not shared between the Madracis putative species, and the ATPSα-based population
genetics approach suggests that most morphospecies constitute genetically distinct lineages.
However, SRP54 provides evidence for gene exchange among Madracis taxa. To understand
the species relationships in the Madracis genus one needs to address the different evolutionary
pressures acting on the DNA regions studied, their great discrepancies in sequence variation,
and their level of phylogenetic inference.
The first pattern revealed by mtDNA nad5 region is that the Madracis taxa are highly similar.
Although this marker is considered of little use for within-species comparisons (Concepcion et
al. 2006), the variation found for the nad5 non-coding region is virtually non-existent and thus
the question has to be raised whether Madracis morphospecies are “real” species, according to
the phylogenetic species concept (Donoghue 1985). Another interesting issue brought up by
Table 6.5 Results of the neutrality tests Tajima’s D and Fu’s Fs for each species and each nuclear region.
Statistical significances (* P < 0.05; ** P < 0.001) are based on 1000 simulations.
SRP54
Fu’s Fs

Tajima’s D

M. mirabilis

-0.537

2.208

-0.199

Fu’s Fs
0.404

M. formosa

-0.233

2.723

3.177

21.736

M. decactis

0.893

6.729

-0.499

0.132

M. senaria

0.000

1.251

1.382

8.270

M. carmabi

-1.762 *

5.276

0.956

4.454

-0.204

-1.452

-0.926

-1.113

M. pharensis

Table 6.6 Madracis inbreeding coefficient of individuals (FIS) within species and Hardy-Weinberg equilibrium
test (HWE: observed heterozygosity / expected heterozygosity; sample size indicate in parentheses) for
the ATPSα and SRP54. Statistical significances (* P < 0.05; ** P < 0.001) are based, for FIS, on 1000
random permutations.
ATPSα

SRP54

FIS

HWE

FIS

HWE

M. mirabilis

0.333

0.75 / 0.75 (12)

0.161

0.82 / 0.91 (11) *

M. formosa

0.525 **

0.27 / 0.73 (11) **

0.028

0.69 / 0.82 (13)

M. decactis

0.476 *

0.38 / 0.70 (13) *

-0.077

1.00 / 0.96 (13)

M. senaria

(-9.999) **

(0.00 / 0.26) (7)

0.182

0.90 / 0.78 (10)

M. carmabi

0.683 *

0.08 / 0.24 (12) *

0.372*

0.73 / 0.92 (11) *

M. pharensis

0.430 **

0.50 / 0.87 (16) **

0.243*

0.73 / 0.97 (15) *
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the mtDNA data is that even the geographically distant populations (Bermuda, Trinidad and
Tobago) are invariant in their sequences. Anthozoan mtDNA is believed to be associated with a
mismatch repair mechanism that may explain the low levels of variability in mtDNA compared
to nuclear markers (van Oppen et al. 1999; Shearer et al. 2002; Huang et al. 2008a). This has
greatly limited the ability to do phylogeography and phylogenetics in this group of organisms.
Another, non-mutually exclusive, explanation for the low levels of genetic diversity of mtDNA
haplotypes is that there may be factors other than recent common ancestry acting in this region.
Possible candidates are the selective pressure of natural selection or severe bottleneck events
during the evolutionary history (Avise et al. 1987). These would be even more drastic in the
mitochondrial genome due to the smaller effective population size of the matrilineal transmitted
haploid genome. In fact, Fu’s Fs (Fu 1997) indicated a significant deviation from neutrality
for mtDNA, evidence strengthened by the coding location of the only two parsimonious
substitutions detected. This transcriptional difference stresses that this mitochondrial region
appears to be under selection. The clear pattern of mtDNA phylogenetic separation matches
the ecological (depth) distribution of the genus, suggesting that the species are ecologically
differentiated and may be under influence of disruptive selection. The mtDNA gene in cause,
nad5 (or NADH ubiquinone oxidoreductase subunit 5, Wissinger et al. 1988), is involved in
a multisubunit enzyme complex of the mitochondrial inner membrane that catalyzes the first
step in mitochondrial respiration, which is a temperature dependent process. This is just one
possible functional link to an eco-evolutionary pressure with differential effects along the depth
gradients.
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Both nuclear DNA markers show major amounts of paraphyly within the Madracis genus.
However, there was no congruence between the two in resolving phylogenetic species. The
ATPSα ML bootstrap analysis recovered the monophyly of M. senaria. For SRP54, although
polyphyletic, this species showed the lowest sequence variation, being restricted to two well
supported clades, unlike all the other taxa. Besides, M. senaria was the only taxon for which
allele sharing was absent in both nuclear regions studied. Madracis senaria was found by
Diekmann et al. (2001) to be the only Madracis taxon forming a well supported monophyletic
clade in a phylogenetic analysis using rDNA ITS. These evidences taken together constitute
sufficient argument for considering M. senaria the only genetically isolated species in the genus
Madracis.
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Although the phylogenetic analyses did not resolve further species-level relationships, the
population genetics approach did find statistically distinct lineages. AMOVAs indicate, for both
nuclear introns, overall statistical divergence among putative Madracis species. Perhaps the
most remarkable result is the genetic divergence between the two M. pharensis depth groups.
Since this divergence is similar to that measured for well established interspecific comparisons
(e.g. M. senaria and M. formosa), one has to consider the possibility that these two groups
represent distinct populations or even subspecies. This divergence suggests the hypothetical
presence of further unknown genetic pools in even deeper reefs (Hinderstein et al. in press).
Phenotypically, these two M. pharensis populations differ in the symbiont signature, with the
shallow colonies harbouring exclusively rDNA ITS2 type B7 and the deep colonies hosting
B15 type, a pattern that is known to correspond to physiological competence and adaptation to
depth (Frade et al. 2008a). Colour morphs of M. pharensis are distributed according to depth
(Vermeij and Bak 2003) and in the present study the sample sizes did not allow isolating the
colour morph effect (from depth) on genetic variation. Nevertheless, green and brown colonies

did not show consistent genetic differentiation. This result suggests that colour in scleractinians
is not underpinned by phylogenetic difference (Mackenzie et al. 2004).
Some Madracis taxa showed low nDNA divergence in the population genetics approach,
suggesting gene exchange. For ATPSα, the pairs M. decactis / deep M. pharensis and M. mirabilis
/ M. formosa are not highly statistically divergent. For M. mirabilis and M. formosa this is a
somewhat surprising result considering the non-overlapping depth distributions (Vermeij and
Bak 2003) and the differences in morphology (e.g. septal structures, Wells 1973a) and symbiont
signatures (Frade et al. 2008c) of these species. Besides, the present study does not confirm M.
mirabilis as a monophyletic group, a result contrasting with that of Diekmann et al. (2001).
SRP54 data suggests extensive gene exchange may occur especially between species such as
M. formosa, M. carmabi and (the deep) M. pharensis. This is similar with the rDNA ITS-based
paraphyletic species complex described by Diekmann et al. (2001) for the same species plus
M. decactis (at the time M. carmabi had still not been described as a separate species, being
identified as M. decactis). Madracis myriaster, the only exclusively azooxanthellate species in
the Madracis genus appears to be phylogenetically close to this species complex.
Introgressive hybridization

Another argument for hybridization within the genus is the case of M. pharensis, for which a
different mtDNA haplotype was found to be predominantly present in another sampling location,
Playa Kalki, located 30 Km west and downstream from the main collection site, the Buoy One
reef. This haplotype differs by a single silent substitution in the exon region of the nad5 (and as
such we assume it is selectively neutral). The fact that a species with a relatively old (1.5 million
years) fossil record as M. pharensis shares genetic material more frequently with other species
with which it co-exists in sympatry (e.g. M. carmabi), than with its own conspecifics located
only a few Km apart, suggests that there is hybridization going on and that spatial scales may
play a role therein.
Remarkably, a similar situation was found on a smaller, depth-based spatial scale at the Buoy One
location. Deep water M. pharensis are genetically closer to non-conspecific Madracis originating
from the same depth (M. carmabi), than to conspecifics inhabiting the shallower depths of the
same reef. Such a well defined spatial divergence could be associated with vertical gradients
of temperature and light. In fact, the depth marking the genetic divergence of M. pharensis
matches with bathymetric data of the thermocline position in Curaçao (Bak et al. 2005; Frade et
al. 2008c). Thermocline position may indicate not just the presence of lower temperatures but
relate to other relevant water mass characteristics, such as nutrient concentrations (Leichter et
al. 1996). Thermoclines may function as a recurrent environmental barrier that while preventing
continuous cross-fertilization between M. pharensis populations at different depths, stresses the
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The non-monophyly of nearly all Madracis taxa, in combination with an incongruence
between nuclear and mitochondrial DNA markers, and the high levels of shared polymorphism,
suggest that either introgressive hybridization has occurred or that lineage sorting of ancestral
polymorphism is incomplete. An old (15-11 million years) fossil record of at least some of the
species involved, M. mirabilis and M. decactis (Budd et al. 1994; Budd et al. 1995; Budd and
Johnson 1999), suggests that hybridization is likely to have played a role, for the evolutionary
time that passed since speciation took place would have been enough to solve lineage sorting
(Diekmann et al. 2001). As such, the non-monophylies are likely due to hybridization.
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homogenising effect of introgression bridges between species. An interesting but speculative
hypothesis is that the deep and shallow populations of M. pharensis get isolated from each other
not directly by the effect of abiotic barriers coupled to depth, but rather by the acclimatisation
capabilities of their symbionts (Iglesias-Prieto et al. 2004). Physiological competence of algal
symbionts (Frade et al. 2008a) is known to relate to coral processes such as juvenile growth and
survival (Little et al. 2004; Abrego et al. 2008; Gomez-Cabrera et al. 2008). This is a pathway that
can possibly lead to the disruptive selection and divergence of host taxa facilitating coevolution
between corals and their symbionts.
Some Madracis reproductive biology aspects add-up as arguments for possible introgressive
hybridization. Madracis species are simultaneous hermaphrodites and show no temporal
reproductive isolation, with mature gametes being present mostly in the autumn, preceding
maximum planulae release in the same season (Vermeij et al. 2003b,2004). Madracis senaria,
however, has a lunar pattern of planulae release superimposed on the seasonal cycle and it spawns
more planulae than all other species. Note that in the case of Madracis the time from fertilization
to planulae release is known to be short (Vermeij et al. 2004) and so, most likely, the fertilization
is also periodic in M. senaria and distinct from the other species. This reproductive difference
could be enough to generate the genetic differentiation here confirmed. In fact, this is the only
genetic monophyletic Madracis taxon according to the present study and this monophyly was
also indicated by rDNA ITS phylogeny (Diekmann et al. 2001). The other monophyletic lineage
suggested by Diekmann et al. (2001), M. mirabilis, also differs in fecundity, releasing the least
planulae in the genus, and it spreads mostly by colony fragmentation (Vermeij et al. 2003b),
unlike the other species in the genus. There are also relevant differences in oocyte sizes: M.
mirabilis and M. senaria show large yolk reserves (Vermeij et al. 2003b), an indication that the
planulae may travel larger distances. This may relate to less chance for isolation of populations
when facing stronger geographical barriers. Consequently this may explain the lower genetic
structure shown in the present study for these two species. Other reproductive attributes may
also play a role in the hybridization success. For instance, in the Caribbean genus Montastraea
(in Panama, Fukami et al. 2004a; Levitan et al. 2004), species boundaries are maintained
by a suite of isolating barriers. The two species that have the more compatible gametes and
are most closely related genetically (Montastraea franksi and Montastraea annularis) show
strong temporal isolation, whereas the species that spawn simultaneously (M. annularis and
Montastraea faveolata) have incompatible gametes and are genetically further apart.
Overall, the fact that taxa forming distinct genetic clusters also differ in reproductive traits
and symbiont signatures, and that those others which are similar in their biology form more
homogeneous groups, is consistent with the suggested introgression within the genus.
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A hybrid origin for Madracis carmabi?
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M. carmabi, a recently described species (Vermeij et al. 2003a) for which little is known about
its reproductive traits, has been suggested to represent a hybrid combining characteristics of M.
decactis (10 primary septa) and M. formosa (branching morphology). The ATPSα data of M.
carmabi show very low genetic diversity. Accordingly, M. carmabi ATPSα sequences constitute
the only significant deviation from neutral expectations within the genus, as tested by Tajima’s
D, suggesting that non-random processes may play a role in the evolution of the taxon. Such
a process could be a recent change in population size, exactly what is to be expected if M.
carmabi would be the product of recent hybridization. This hypothesis matches with absence of

M. carmabi in the fossil record. Further genetic studies will be needed to confirm the hypothetic
hybrid species status of M. carmabi. However, the SRP54 data suggests that the species maintains
gene exchange with M. formosa and with the deep population of M. pharensis and that this could
be its parental line, instead of M. formosa and M. decactis (Vermeij et al. 2003a). Overall, this
study provides evidence that could support a hybrid origin of M. carmabi. Interestingly, there is
also broad evidence for inbreeding between conspecifics among Madracis taxa. Both markers
showed heterozygote deficits but these results are especially persistent for M. pharensis (the
deep water population) and M. carmabi, suggesting that these species may be experiencing high
levels of self-fertilization.
A role for permeable species barriers

There is only one other molecular study suggesting hybridization among brooding corals. In
an allozyme study in Indo-Pacific scleractinian species, Miller and Ayre (2004) found that at
the edge of their geographical ranges, on high latitude reefs of Lord Howe Island, the brooding
species Pocillopora damicornis and Stylophora pistillata revealed a small proportion of
apparently introgressed hybrids. Again, this can be a case where hybridization is favoured by
unusually low densities of conspecific sperm. Recurrent cases of hybridization are certainly
favoured by chances of gamete panmixia, such as provided by overlapping spawning events in
an aquatic medium. However, coupled to this casuistic explanation there is evidence of adaptive
traits being originated or favoured, and that hybridization has a role in range expansion and
adaptation to changing environments (Willis et al. 2006). Another perspective would be that
keeping species barriers relatively permeable would serve the purpose of species with low
densities, such as M. formosa, or of those with little reproductive success, such as those in
marginal or disturbed environments.
Introgression: Genotype vs. phenotype
While introgression can lead to a mosaic composition of the nuclear genome, cytoplasmatic
genomes usually experience clonal transmission and are principally maternally inherited,
keeping the topologies of more ancestral relationships. This can in part be the case for the
mtDNA topology inferred by our analyses. Besides, introgressive evolution is usually not
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The evidence for gene exchange involving M. formosa indicated by SRP54 is repeated for
ATPSα. In fact, this species does not seem to constitute a highly significantly divergent lineage.
Even if one cannot exclude a recent origin with incomplete lineage sorting for this species
(fossil record is also unknown), it is interesting to consider that M. formosa is more permeable to
gene exchange than the other species. A reasonable cause would be the low density with which
this species occurs, which could preclude successful mating between conspecifics, leaving
an open door for cross-fertilization events. Hypothetically lower reproductive barriers in M.
formosa would more likely be related to receiving sperm from non-conspecific colonies than to
fertilization of eggs located in non-conspecific colonies. However, not much is known on sperm
cloud behaviour for brooding corals. It is important to note that due to the brooder reproductive
nature of Madracis, it is virtually impossible to perform in vitro breeding trials that could set
tests to our hypothesis on species barriers between Madracis species.
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neutral, meaning that not all genes in the genome are exposed to introgression in the same
way. As such, different genes will provide distinct evolutionary interpretations. Eventually, and
depending on the genetic region studied, the phenotype may not have a clear relation with the
genotype. This can be the case for coral morphologies, which constitute the basis for taxonomic
classification in the group (Veron 2000).
Another marker initially included in the study, the nuclear intron ATPSβ, did not show variation
among Madracis species. Although the number of regions included here is limited, contrasting
results between markers with respect to shared polymorphism can relate to evidence suggesting
that species differentiation is not a genome-wide phenomenon, but has a rather genic basis
(Minder et al. 2007; Minder and Widmer 2008). Genome-wide approaches support the idea that
distinct species sharing hybrid zones have highly porous and weakly differentiated genomes,
with the exception of few species-specific markers pointing to the existence of genomic regions
sheltered from introgression. In the case of corals, these particular genes could be under the
effect of divergent selection, which would prevent introgression in adjoining genomic regions,
maintaining phenotypic individuality in hybridizing species despite gene introgression.
Conclusions
We suggest that Madracis morphospecies remain recognizable either because hybridization is
non-pervasive and/or because disruptive selection is operating. (Marquez et al. 2002b; Willis
et al. 2006). The fact that most species tend to differ in their depth distributions suggests that
the species are ecologically differentiated and may be under the effect of disruptive selection.
Disruptive selection could work against the homogenising force of gene flow and contribute
to the maintenance of morphologically and ecologically distinct species. In this case, depthrelated environmental gradients (such as thermoclines) could provide an important template for
disruptive selection among coral species. The acclimatisation capabilities of coral symbionts are
likely involved in such selective pressures.
Because hybridization may provide options for reef coral resilience under a rapidly changing
environment (Willis et al. 2006) it should be taken in consideration in conservation strategies.
Hybridization events are believed to be widespread on mass-spawning corals, but it was not yet
clear whether they have the same prevalence among brooding coral species. This study provides
new evidence for frequent occurrence of introgressive hybridization in brooding coral systems.
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Main findings of this thesis and their relevance
This thesis focuses on the phylogenetic and functional diversity of coral-symbiont associations
and their adaptive strategies to cope with large light gradients. Light constitutes the main
energy resource in the coral reef ecosystem and its availability varies acutely over large
depth ranges on reef slopes (Jerlov 1966; Kirk 1994; Veron 1995). Understanding how coral
holobionts thrive across large light gradients over reef slopes was the main objective of this
study. Accomplishing it involved comprehending the nature and phylogenetic relationships
within each of the symbiotic partners (Chapters 2 and 6), further addressing the distribution
and ecological zonation of host-symbiont combinations (Chapters 2 and 4) and finally the
functional mechanisms that regulate the interactions between partners and between the
holobiont and the environment (Chapters 3, 4 and 5). The present chapter highlights the main
findings and discusses their relevance in the context of coral reef research.
Among several acclimatisation and adaptation properties described in previous studies for the
two symbiotic partners, it has been hypothesised that the most significant feature of holobiont
response to light gradients is the occurrence of taxonomically and functionally diverse algal
symbionts establishing more or less specific associations with the numerous coral species
that form a reef (Iglesias-Prieto and Trench 1997a; Baker 2003; Coffroth and Santos 2005).
Particularly, the photobiological variation involved in such diverse algal assemblages is
hypothesised to play a role in controlling host vertical distribution patterns (Iglesias-Prieto
and Trench 1994; Iglesias-Prieto et al. 2004) and in determining coral reef resilience (Rowan
2004; Abrego et al. 2008; Sampayo et al. 2008).
Photoecology and light adaptive strategies

Chapter 7

The present thesis confirms the applicability of the rDNA ITS2 region for studies on coral
symbiont ecology and evolution, and strongly suggests ecological niche partitioning among the
symbionts, including distinct levels of host specificity (Frade et al. 2008c; Frade et al. 2008a).
This is consistent with accumulating evidence suggesting that Symbiodinium ITS types relate
to distinct ecological, biogeographical and evolutionary lineages, likely corresponding to the
species level (LaJeunesse and Trench 2000; LaJeunesse 2001; Sampayo et al. 2009).
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The present research (Frade et al. 2008b; Frade et al. 2008a) also stresses the important role
of irradiance on coral physiology and reveals that photobiological mechanisms are either
regulated by the environment (e.g. photochemical efficiencies) or genetically constrained
(e.g. symbiont cell sizes). Furthermore the research highlights the role of host properties
in the adjustment of the internal environment available for the endosymbionts. Different
holobiont strategies thought to relate to symbiont cell density in the host tissue vary in their
optimization of light-harvesting (light collecting pigments) or photoprotective mechanisms
(non-photochemical quenching) and are proposed to relate to host-species vertical distribution
and dominance over the reef slope. Overall, symbiont functional diversity does not appear to
explain host distribution patterns. Instead, this thesis highlights the importance of speciesspecific morphological and physiological properties of the host to the photobiology of the
intact symbiosis. Such host properties can relate to mechanisms such as varying skeletal
morphology (Anthony and Hoegh-Guldberg 2003; Enriquez et al. 2005), tissue and polyp
behaviour (Brown et al. 2002a; Levy et al. 2006a) or host pigment composition (Dove et al.
2006; Field et al. 2006), all reported by past studies to have a role in modulating the intensity

and distribution of light reaching the endosymbionts.
In the context of light control by the host, this research shows symbiont distribution to be
significantly colour morph- (besides depth-) dependent in M. pharensis (Frade et al. 2008a).
The absence of symbiont variation over large light-gradients at fixed depths (i.e., varying light
quantity but constant spectral quality) further suggests that symbiont ecological distribution
may be at least partially regulated by spectral light niches (Frade et al. 2008c; Frade et al.
2008a). Although colour has no taxonomic property in corals, colours other than the symbiontgenerated browns are usually attributed to the presence of fluorescent proteins in the host
tissue (Oswald et al. 2007). These have been suggested to either shade (Salih et al. 2000) or
amplify (Schlichter et al. 1994) the light reaching the endosymbionts.
The present study demonstrates that M. pharensis holobiont functional differences are
attributable to either acclimatisation or adaptation of symbiont ITS2 types (Frade et al. 2008a).
In the latter case, symbiont cell size is hypothesised to be a property playing a significant role in
the adaptation of coral holobionts to the deeper reef. The large functional difference measured
between two B-type symbionts confirms that the clade classification does not correspond to
functional or ecological identity (LaJeunesse 2001; Tchernov et al. 2004; Sampayo et al.
2007). Although there is unambiguous in situ evidence for ecological (Frade et al. 2008c)
and physiological (Frade et al. 2008b; Frade et al. 2008a) distinction of ITS2 symbiont
lineages, symbiont functional diversity would be better understood if studied under controlled
experiments, using isolated symbionts. Isolating and culturing algal symbionts of different
lineages has allowed past studies to confirm the central role of irradiance in their physiology
(Chang et al. 1983; Iglesias-Prieto and Trench 1994,1997b). Culturing algal isolates offers a
detailed characterization of their photobiology (Goulet et al. 2005; Robison and Warner 2006;
Hennige et al. 2009), as there is no influence of host tissue, host morphological adaptations
or effects caused by different cell densities in the tissue. This topic will be addressed in the
section on ongoing research (see below).

One key aspect of the symbiosis to which the physiological properties of the symbionts are
believed to relate intimately is bleaching susceptibility (Berkelmans and van Oppen 2006;
Ulstrup et al. 2006b; Sampayo et al. 2008). Bleaching, a loss or reduction of the symbiont
populations or their photosynthetic pigments which commonly results in host mortality is one
of the most important causes for worldwide coral reef decline (Donner et al. 2007; Lesser
2007; Carpenter et al. 2008). Bleaching is caused by synergistic effects of elevated seawater
temperature and high light intensity (Brown 1997; Douglas 2003; Lesser and Farrell 2004) which
are known to promote the distortion between light collection and light use at or downstream
of PSII (Warner et al. 1999; Fitt et al. 2001; Jones and Hoegh-Guldberg 2001). This results
in the production of reactive oxygen species which damage protein and membrane functions
of both the photosymbiont and the host and which often culminate in bleaching (Brown et al.
1995; Franklin et al. 2004; Venn et al. 2008a). Resistance of algal symbionts to environmental
stress has often been related to mechanisms such as photoprotective pathways involved in
dissipating excessive excitation energy (NPQ: Warner et al. 1996; Brown et al. 1999; Muller
et al. 2001) and a more stable lipid composition of their thylakoid membranes (Tchernov et
al. 2004). In vascular plants and free-living algae, however, other protective agents have been
reported (McNeil et al. 1999). There, betaines are well known metabolites with protein and
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membrane stabilizing effects that act as protective agents of PSII (Papageorgiou and Murata
1995). These metabolites have been involved in successful genetic engineering attempts to
ameliorate temperature and irradiance-related cellular stresses (Chen and Murata 2002). The
present research suggests that betaines may have a defensive role against bleaching in reefbuilding corals, opening a new research line with potential future applicability (Chapter 5).
Host species boundaries
A crucial aspect to fully understand the diversity, specificity, photobiology and adaptations of
coral-symbiont associations is to address the nature of the evolutionary units that constitute
them. For the animal component in particular, many studies have shown incongruence between
the morphologically described species and molecular phylogenetics (van Oppen et al. 2001b;
Willis et al. 2006). Besides a broad inherent intraspecific morphological plasticity (Todd 2008),
scleractinians have been associated with low reproductive barriers and with interspecific
hybridization events (Szmant et al. 1997; Willis et al. 1997; van Oppen et al. 2002), which
decouple morphology and DNA phylogenetic inferences. Although mass spawning events
characteristic of broadcast spawning corals are known to maximize hybridization opportunities
(Veron 1995; Vollmer and Palumbi 2002; Willis et al. 2006), introgressive hybridization has
also been suggested for brooding corals, particularly in the genus Madracis (Diekmann et
al. 2001). Previous research pointed out that the morphological species distinction only
corresponds to monophyletic groups for M. senaria and M. mirabilis, while all the other
morphospecies comprise a paraphyletic complex (Diekmann et al. 2001). The study on the
Madracis phylogeny included in this thesis indicates the same overall patterns, with nonmonophyly of most Madracis taxa (M. senaria is the exception) and high levels of shared
polymorphism. These results, combined with evidence for relatively old fossil record of some
Madracis species (Budd et al. 1994; Budd et al. 1995; Budd and Johnson 1999), suggest
that introgressive hybridization is likely to have played a role in the evolution of the genus.
Madracis consists of brooders that release planulae from April to December. Madracis senaria,
however, has a lunar pattern of planulae release superimposed on the seasonal cycle and there
again it constitutes an exception (Vermeij et al. 2003b) which can justify its relative isolation.
Furthermore, hybridization appears to be spatially-mediated, as suggested for instance by a
closer genetic distance of deep water M. pharensis to M. carmabi than to shallow water M.
pharensis conspecifics (Chapter 6). The study suggests that Madracis morphospecies remain
recognizable either because hybridization is non-pervasive or because disruptive selection
prevails over the homogenizing effect of gene flow. Depth divergence within M. pharensis is
an example suggesting that symbiont functional differences may play a role in depth-based
disruptive selection of the coral host and holobiont niche diversification over reef slopes.

Revisiting

coral-symbiont associations and their resilience
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to climate change
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Unravelling the functioning of coral-algal associations under extreme environmental gradients
contributes to a better understanding of holobiont responses to climatic changes, and offers
new insights on coral reef conservation, by illustrating the nature of species, their genetic
relationships and evolutionary patterns.

New developments on symbiont diversity
The suitability of the PCR-DGGE fingerprinting technique in detecting ecologically
dominant rDNA symbiont populations has recently been questioned (van Oppen 2007).
A study employing bacterial cloning to address the diversity of Symbiodinium ITS2 types
in coral associations suggested that the existing DGGE protocols may not reliably detect
the full symbiont diversity or the dominance of certain sequence types (Apprill and Gates
2007). A response study has shown that instead sequencing bacterially cloned rDNA genes
substantially exaggerates the level of eukaryotic microbial diversity due to the existence of
intragenomic variation, pseudogenes and PCR artefacts (Thornhill et al. 2007), indicating that
the doubts posed are at least partially invalid. Nevertheless, the symbiotic population within a
host may include several background symbiont types present at very low amounts, and these
are sometimes below the detection level of DGGE (Thornhill et al. 2006). Recent technical
developments (real-time PCR) have allowed very precise quantification of symbiont lineages
and revealed a higher occurrence of mixed assemblages in single colonies than previously
reported (Loram et al. 2007b; Mieog et al. 2007; Mieog et al. 2009).
These quantitative approaches have important repercussions for understanding the potential
response of coral symbioses to environmental stresses. In fact, an important issue when
addressing the adaptive potential of bleaching events is whether the new symbionts are
acquired from the surrounding medium (switching) or rather proliferate from background
symbiont cells (shuffling) already present in the host. These recent studies (e.g. Mieog et
al. 2007) suggest that the chance for new lineages to become dominant through symbiont
shuffling is larger than previously thought.

Actually, more crucial than symbiont switching or shuffling in single colonies during bleaching,
a key issue underpinning the idea of adaptive bleaching is the method of symbiont transmission
between coral generations. Also, whether there is gene flow from free-living symbionts into
the holobiont populations. Day et al. (2008) present an innovative but preliminary theoretical
model on coevolutionary interactions between symbiotic partners to explore factors affecting
the potential evolution of bleaching resistance in coral holobionts. Their model showed that the
mode of sexual reproduction strongly influences the spread of resistance alleles. Overall, sexual
reproduction with vertical symbiont transmission more often contributes to enhancing the rate
of spread of resistance alleles, although this is dependent on how the genotypes of host and
symbiont combine to give rise to phenotypic resistance by the holobiont. Intuitively, a closed
transmission mode seems to be the key for the prevalence of adapted symbiont populations
in the coral descendents, as it is likely to allow the long isolation periods necessary for an
evolutionary split to occur. Moreover, the model of Day et al. (2008) suggests that bleaching
resistance alleles spread more quickly when bleaching results from holobiont death than from
dissociation of symbiosis with ejection of competent symbiont cells (Ralph et al. 2001). This
is because the death of the holobiont is more efficient at removing the disfavoured allele
from the population. The authors emphasize that understanding the evolutionary adaptation
in corals and their symbionts involves fully unravelling processes such as the genetic control
of bleaching, but also addressing factors of ecological dynamics like gene flow between free-
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living and in hospite symbionts or trade-offs among fitness components.
The presence of Symbiodinium clade D in several coral species (Mieog et al. 2007) has become
a recent focus of research, as this clade is usually considered a more thermotolerant symbiont
(Baker et al. 2004; Rowan 2004; Tchernov et al. 2004; but see Abrego et al. 2008). Adaptive
bleaching involving emergence of clade D symbionts has been hypothesised to have happened
over large geographical reef areas affected by recent climate change (Baker et al. 2004). A
different study suggests that the prevalence of clade D over another geographical region is
the result of long-term ecological and evolutionary mechanisms rather than due to recent
coral bleaching (LaJeunesse et al. 2008). Another question relevant to the adaptive character
of changes caused by bleaching is whether affected reefs revert to their original symbiont
communities over time in case they do not experience repeated warming episodes (Baker
et al. 2004). There is substantial geographical evidence suggesting that individual colonies
revert back to their original symbionts postbleaching (Thornhill et al. 2006; Sampayo et al.
2008).
Addressing coevolution of symbiotic partners

Chapter 7

New evidence accumulates indicating that the host has a more important role in determining
holobiont physiology than previously assumed (Goulet et al. 2005; Abrego et al. 2008; Frade et
al. 2008b), even in relation to bleaching susceptibility. An example is the role of heterotrophy
in coral survival during bleaching (Grottoli et al. 2006; Rodrigues and Grottoli 2007; Palardy
et al. 2008). During temperature and light stress, Papina et al. (2007) found most changes in
fatty acid response of both host and symbionts to occur in the first, suggesting that hosts may
be more susceptible to environmental change or that they may be shielding the symbionts.
These examples highlight the complexity of the interaction between partners.
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Given the fact that both symbiotic partners have a part in defining holobiont survival, it is
reasonable to predict that if thermal resistance occurs, it is likely to be acquired by adaptation
from one of the partners. Functional mutations in one of the symbiotic partners may have
evolutionary consequences for the other partner, generating a set of co-evolving symbiotic
partners (Vermeij 1994). A classical example is the divergence of two coral populations
through reproductive isolation (Palumbi 1994), which ultimately could contribute to a genetic
split in the symbiont populations they are hosting. Again, this would depend on mode of
reproduction and rates of gene flow (Day et al. 2008). Conversely, whenever the symbiont
population present in coral planulae plays a role in differential habitat-based host survival
(Abrego et al. 2008; Sampayo et al. 2008), the animal population may hypothetically
become spatially structured and eventually experience genetic divergence. An extreme case
would be when distinct functional performances of symbionts shape the divergence of the
coral lineages hosting them, which could, for instance, constitute a driving force leading
to differential coral light niche occupation (Iglesias-Prieto et al. 2004). Depth divergence
in M. pharensis populations may well represent such an example of disruptive selection
mediated by symbiont physiological performance (Chapter 6 of this thesis). Similarly to what
is predicted in terms of the adaptive potential for bleaching resistance (Day et al. 2008),
one should expect that the potential for coevolution is more common among brooding corals
(where larval development occurs inside the mother colony after internal fertilization) than
among spawning corals. This should be particularly true for brooding corals with symbiont
vertical transmission, for which it is legitimate to assume less recurrent gene flow or host-

symbiont recombination events. In contrast, broadcast spawners, which release gametes to the
water column, have probably more open or flexible symbiotic associations and more chances
of recombination among symbionts (Little et al. 2004). Besides, the larger dispersal ranges
offered by broadcast spawning (Harrison et al. 1984; Szmant 1986) probably reduce chances
for genetic divergence, due to more prevalent gene flow between populations (Palumbi 1994;
Bohonak 1999). A recent study has, however, contradicted such prediction (Miller and Ayre
2008b). Still, there is no substantiated evidence of coevolution among host-symbiont systems
in corals, and many studies reporting on the high degree of host and symbiont flexibility
(Baker 2003). The advance of finer resolution genetic markers (Pettay and Lajeunesse 2007)
may further contribute to this discussion (Coffroth and Santos 2005).
The Madracis lessons
Several studies conclude that corals occupy restricted ecological niches to which they have
adapted, together with their symbionts (Goulet 2006; Sampayo et al. 2007). Other studies,
applying higher-resolution techniques, have shown that most corals may establish flexible
associations with their symbionts (Mieog et al. 2007). The Madracis holobionts studied here
appear to establish very specific associations (LaJeunesse 2002; Diekmann et al. 2003; Frade
et al. 2008c), although the complete extent of symbiont populations has not yet been fully
explored. However, they are an elucidative example on how the clarification of the existing
evolutionary lineages constituting the symbioses may help understanding the potential
adaptation of corals to climate change. A depth generalist species such as M. pharensis, that
initially appeared to show some flexibility with respect to the symbionts it hosts, is now
unravelled as a highly structured taxon, with fine genetic differentiation between two distinct
depth populations (Chapter 6). These two host populations exactly match the symbiont type
harboured, suggesting a very sensible tuning between genetic strains of the two partners. Such
evidence of high specificity and niche specialization do not support optimistic interpretations
of a widespread role of symbiont shuffling in coping with rapid climate change. At least,
a considerable part of the genetic diversity may be lost even if some coral populations are
to cope with the new environmental conditions. Perhaps the most important issue refers to
the scale at which corals can adapt in the short term, which may well be narrower than the
predicted timescales for increases in seawater temperature (Middlebrook et al. 2008). Finally,
it is not always clear whether the relative dominance of a new resistant symbiont is caused by
a change occurring within individual colonies or actually by differential mortality of colonies
hosting the non-competent lineage (Sampayo et al. 2008). If the last case occurs more often,
then large parts of the coral reef may disappear before the stress-resistant lineages become
dominant.

Understanding the diversity in the genus Symbiodinium is critical to address the ecology
and biogeography of coral-algal associations and their capacity to acclimatise and adapt to
environmental change. Specifically, enhancing the resolution of Symbiodinium systematics
depends on using multiple independent markers (Coffroth and Santos 2005). In a recent study
seeking to institute widely accepted taxonomic classification within the genus, Sampayo et al.
(2009) compared thirteen distinct molecular genetic analyses providing evidence of consistency
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between methods and widely confirming the phylogenetic resolution of the Symbiodinium
ITS rDNA “type” classification. The strong correlation between phylogenetically independent
lineages and distinct ecological and physiological attributes lead the authors to conclude that
the present available molecular methods can be used to assign species designations, if used in
combination with ecological data.
Species concepts
Ultimately, defining Symbiodinium “species”, relates to the concept of species itself, a
problem that is recurrent also in host taxonomy (this thesis). The complications in recognizing
“real” species in the genus are related with difficulties in applying the morphological and
biological species concepts. Defining “true” symbiont species (according to the biological
species concept) depends on assuming that sexual recombination occurs in Symbiodinium and
that there is reproductive isolation delimitating species boundaries among these organisms.
Since most eukaryotes have a sexual phase in their life history, genetic analyses could allow
confirmation or rejection of sexual recombination between different symbiont types. So far,
little evidence for genetic recombination has been found between types (Santos et al. 2004;
Pettay and Lajeunesse 2007), suggesting that these lineages may be reproductively isolated
(Sampayo et al. 2009). However, evidence for sexual recombination occurring at all within
Symbiodinium is limited (Baillie et al. 2000; Rodriguez-Lanetty 2003; Santos and Coffroth
2003; Santos et al. 2003b; Santos et al. 2004) and as such the utility of the biological species
concept may be compromised (Correa and Baker 2009).
Moving to the phylogenetic species concept is also not a straight-forward approach, as
datasets with too little or too much variation, and therefore with an insufficient number of
phylogenetically informative characters, will reduce the resolution of the tree.
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Alternatively, Correa and Baker (2009) suggest a new, imperfect but interesting, cluster-based
approach in which many closely related Symbiodinium ITS2 types rather represent genetic
variants of the same species. This statistical parsimony approach would reduce diversity from
c. 175 down to 35 “species”. Species would be clusters of closely related sequences diverging
from ancestral variants that are typically ecologically dominant. As such, Symbiodinium
ITS2 types would bridge inter- and intraspecific variation. This approach is in agreement
with the cohesive species concept (Templeton 1989,2001), for which “a cohesion species
is an evolutionary lineage, whose boundaries arise from the genetic and ecological forces
that create cohesive reproductive communities”. The cluster-based interpretation of Madracis
specific ITS2 types, B7, B13 and B15 (LaJeunesse 2002; Diekmann et al. 2003; Pettay and
Lajeunesse 2007), would support the interpretation of types B7 and B13 as intraspecific
variants of a single species (within the B1 cluster, which would include other diverse ITS2
types), and B15 as a member of a separate cluster or species, also including several distinct
types (Correa and Baker 2009). Data presented in this thesis (Frade et al. 2008b; Frade et al.
2008c; Frade et al. 2008a) offer clear ecological and functional background to this species
classification. To date, type B13 has only been assigned to M. mirabilis, and in this respect its
distribution differs from that of type B7, considered a depth generalist with low host specificity
(Frade et al. 2008c). However, this variation in host specificity is the only difference known

between the two sequence types, that show no functional difference over a wide range of
functional parameters (Frade et al. 2008b). Due to the lack of clear niche diversification,
B13 could instead represent a derived variant of the ancestral B7 type that arose through
mutation and became dominant as a result of genetic drift (Correa and Baker 2009). The
typically vertical symbiont transmission mode of M. mirabilis (Vermeij et al. 2003b) and the
species’ great success in dominating great patches of the shallow reef induced by recurrent
colony fragmentation (Nagelkerken et al. 2000) may cause Symbiodinium type B13 to remain
restricted to that host species. The relative genetic isolation of M. mirabilis (Diekmann et al.
2001 and this thesis) supports this high host specificity.
Although attractive, this cluster-based interpretation of ITS2 diversity is not always backedup by ecological zonation or physiological measurements. In fact, several of the clusters
suggested include ITS2 types which have already been isolated and proved to have significantly
functional differences (Robison and Warner 2006; Hennige et al. 2009). For instance, types B1
and B7, which fall in the major B1 cluster, have been shown to differ significantly in traits of
light response when cultured under the same conditions (this thesis, see “Ongoing research”).
The unresolved question of Symbiodinium species identity has necessary consequences for
comparing levels of diversity and addressing issues of host specificity and coevolution, as
well as on our understanding and testing of coral adaptation to climate change (Coffroth and
Santos 2005).

Ongoing research
The following paragraphs summarize preliminary results of ongoing research, comprising
topics such as coral reproductive traits, transplantation experiments to address acclimation
potential of coral-algal associations, intracolonial symbiont variation or isolation and further
culturing of the dinoflagellate component of coral holobionts. This section is not intended to
give a detailed and exhaustive description of methods and results, but rather presents general
statements and hints to future directions in our research.
Variation in morphological traits of Madracis planulae

This study re-addressed the reproductive behaviour of four members of the coral genus
Madracis (M. mirabilis, M. carmabi, M. decactis and M. senaria). Cone-shaped net traps made
of plankton-gauze were attached over colonies with the aid of rubber bands. Planulae were
collected every morning from plastic tubes previously fixed at the upper end of the nets. The
study showed that there is less interspecific variation in planula morphology than previously
reported (Vermeij et al. 2003b). The presence or absence of visible symbiont assemblages in
the planulae (as a conspicuous brown tip or ring on their oral end) was characterised by high
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Reef-building corals vary in their reproductive strategies (Szmant 1986) and some of these
traits, such as spawning time, can sometimes be used to distinguish between closely related,
morphologically similar species (Knowlton et al. 1997; Levitan et al. 2004). Madracis species
are simultaneous hermaphrodites and show no temporal reproductive isolation, releasing
planulae from April to December. Madracis senaria, however, has a lunar pattern of planulae
release superimposed on the seasonal cycle and it spawns more planulae than all other species.
There are also relevant differences in planula or oocyte size, with M. mirabilis and M. senaria
showing large yolk reserves (Vermeij et al. 2003b,2004).
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intraspecific variation and should therefore not be used as a species-specific character. Planula
size showed large intraspecific variation and was variable even within individual colonies.
Besides, shape and development level of planulae (oocyte-like spheroid or developed planulae)
did not match previous results by Vermeij et al. (2003b). Large intraspecific variation suggests
that there are environmentally induced mechanisms regulating planula morphology.
Depth-transplantations reveal large acclimation potential in Madracis holobionts
Understanding the photobiology of coral holobionts may contribute to a better prediction of coral
resilience under a rapidly changing climate (Hoegh-Guldberg et al. 2007). Previous research
has shown that there is broad acclimatisation potential in Madracis-symbiont associations
and that the attenuation of light with depth plays an important role in coral ecology (Frade et
al. 2008b). Transplantation experiments of the whole holobiont over the reef slope provide
important information on how the intact symbiosis reacts to environmental change. Besides,
these experimental procedures may address to what extent the host-symbiont associations are
the result of prevailing environmental conditions or genetically constrained (Iglesias-Prieto
et al. 2004). In this study, colony fragments of M. mirabilis and M. senaria were reciprocally
transplanted between 10 and 25 m of depth (n = 10 for each species and depth) and firmly
attached to racks (Figure 7.1). Fragments of the same transplanted colonies were transplanted
to the same original depth as controls for non-depth related effects. Acclimation was followed
by measuring the maximum light excitation pressure over PSII (Qm, see Frade et al. 2008b)
after 1, 5, 30, 60 days and 1 year. Symbiont densities, pigment contents and photosynthetic
rates, as well as the genetic identity of the dominant ITS2 Symbiodinium populations, were
monitored after 30 days and after 1 year.
In general, most physiological properties showed significant acclimation changes after
transplantation, with the new acclimated state mimicking the functioning of the conspecific
control colonies originally from that same depth. Dominant symbiont populations remained
practically unchanged, reflecting non-variable symbiont populations along the reef slope for
these same host species (Frade et al. 2008c). The study highlights broad acclimation potential
for Madracis holobionts hosting B-type symbionts.
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Previous work on isolated symbionts has provided important contributions to the field of
photobiology of corals (Chang et al. 1983; Iglesias-Prieto and Trench 1994; Robison and Warner
2006). Obtaining mono-algal Symbiodinium cultures is crucial to fully understand the light
response of distinct symbiont lineages and it allows extensive comparative research. However,
isolation methods are complicated, time-consuming and most of the times success is a matter
of chance (Trench 1971a; Polnefuller 1991; Santos et al. 2001). Although most methods aim
to achieve a completely pure axenic culture, this is not always necessary, especially for shortterm experiments. In this study the objective was to establish a relatively easy and fast method
to provide clean Symbiodinium cultures for further research on light response mechanisms.
Tissue was separated from skeleton into two distinct main media, FSW (filtered seawater, 0.2
µm) or ASP-8A+ (a variation of ASP-8A, Blank 1987). After homogenization, filtering and
centrifuging, the obtained algal pellet was resuspended in the isolation media, consisting of
one of the main mediums mentioned, with or without the addition of antibiotics and GeO2, to

Figure 7.1 Measuring photosynthetic activity of the Madracis mirabilis coral transplants fixed at the 10 m
transplantation rack, at CARMABI Buoy One, Curaçao. For full colour version see Appendix (page 137).

hinder bacterial and diatom growth, respectively. Antibiotics consisted of either Rifampicin
(transcription inhibitor) or a mixture of 10 other antibiotics (Polnefuller 1991) with several
modes of action, including translation inhibition or bacterial cell membrane deterioration.
Several combinations of the above mentioned treatments were applied to freshly isolated
symbiont cells originating from several Madracis coral hosts (M. pharensis, M. decactis, M.
senaria and M. mirabilis). Samples were examined after five days and medium replaced with
ASP-8A+. Of the available isolation media, treatment with GeO2 and the antibiotic mixture of
Polnefuller (1991) appeared to be the most effective based on low bacterial abundance and the
absence of other organisms such as diatoms. This isolation method does not yield an axenic
culture and does not guarantee a unialgal culture either. However, this method offers an easy
and fast alternative to achieve cultures in which Symbiodinium predominates, which will be
useful for many applications.

Reef-building corals inhabiting the photic zone host distinct symbiont lineages with
distributions suggesting ecological niche partitioning (Iglesias-Prieto and Trench 1997a;
Sampayo et al. 2007). In the coral genus Madracis, three Symbiodinium ITS2 types, known
as B7, B13 and B15, have been described (Diekmann et al. 2003). Their distributions suggest
depth-based ecological function and host specificity (Frade et al. 2008c). Type B7 is a
generalist, occurring in all host species at all depths. Type B13 is restricted to the shallowwater specialist M. mirabilis. Type B15 is typical of deep reef environments. Furthermore, in
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situ functional evidence indicates that type B15 is significantly different from the B7 and B13
types, based on parameters such as cell size and photosynthetic pigment contents (Frade et al.
2008b; Frade et al. 2008a).
Initially, this study aimed to study the photoacclimation of all three existing Madracis symbionts
by means of continuous and batch cultures, following isolation of the symbionts from their hosts
in the field. Studying isolated symbionts allows a better understanding of their photosynthetic
activity as there is no influence of host tissue environment, host morphological adaptations or
differential packaging effects of symbiont cells. The use of continuous cultures constitutes a
novel approach to the study of Symbiodinium. Running in technically advanced chemostats,
continuous cultures are specifically designed for studies of light-limited growth and have the
advantage that organisms can be maintained at a constant growth rate under steady-state light
conditions, thus allowing perfectly controlled culture conditions (Huisman et al. 2002; Passarge
et al. 2006). Due to unsuccessful isolation attempts and recurrent contamination, we report
here on a single experiment using batch cultures. This study compared the photoacclimation
responses of two Symbiodinium ITS2 types over a range of light intensities (20, 40, 80, 160
and 240 μmol photon m-2 s-1) by means of photosynthesis-irradiance curves based on PSII
fluorescence. Symbionts included were type B7 isolated from a M. senaria colony in 2005 in
Curaçao and type B1 isolated from the octocoral Pseudoterogorgia sp. in 2001 in Jamaica.
The latter is part of the collection initiated by Dr. Robert Trench (collection clone number
367) and was provided by Dr. Roberto Iglesias-Prieto. Type B7 was able to cope with a broad
range of irradiances, reflecting its generalist nature already characterised in situ. However,
acclimation potential of type B1 was even broader, especially into the upper irradiance level.
Assessing intracolony variation in M. mirabilis
Occurrence of intracolony variation including heterologous pools of symbiont lineages has
been reported for several hosts (Rowan and Knowlton 1995; van Oppen et al. 2001a; Thornhill
et al. 2006). For instance, Rowan et al. (1997) found light-dependent distributions of symbiont
lineages within colonies of Montastraea spp. Mixed assemblages within single colonies may
be a result of biotic and abiotic factors, including host specificity, microenvironments or mode
of symbiont acquisition (Stat et al. 2006).

Chapter 7

The coral M. mirabilis forms colonies composed of many narrow branches whose spacing
varies across habitats (Sebens et al. 1997). Adult colonies can grow either as large aggregations
covering vast areas of the shallow reef or as small isolated hemispherical patches. Potential
shading depending on branch position and light scattering may generate a complex gradient of
light microhabitats within individual colonies (Anthony and Hoegh-Guldberg 2003; Enriquez
et al. 2005; Kaniewska et al. 2008). A previous study on M. mirabilis showed occurrence
of mixed Symbiodinium assemblages of ITS2 types B7 and B13 throughout a studied depth
range of 2-25 m (Frade et al. 2008c). However, the sampling strategy did not allow clear
interpretation on intracolony variation patterns.
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The present study aimed to address whether M. mirabilis colony landscape (branch
position) has an effect on symbiont variation. This was tested by choosing eight separate
hemispherical colonies at 10 m depth and characterizing the symbiont populations of outer
and inner branches, at the tip and bottom of each branch, for each colony. Colonies were
either exclusively associated with type B13 or with a mixed assemblage of B13 and B7 ITS2

types. There was no detectable symbiont variation within single colonies, indicating that the
assumed micro-environmental variation generated by the colony landscape does not have an
effect on symbiont presence. In M. mirabilis, the absence of symbiont variation within single
colonies finds a match in the invariant populations previously described for the depth-gradient
(Frade et al. 2008c). Results suggest little environmental influence in M. mirabilis symbiont
composition and differences between colonies may relate to the original symbiont pool
present in the planulae originating such colonies. Vertical symbiont transmission coupled to a
strong role of colony fragmentation on the dispersion of the host can explain the differences
in symbiont composition between colonies. Type B7 and B13 do not show distinct ecological
distributions within M. mirabilis.

Future research
The aim of this section is to present and discuss some ideas for future research. Whilst some
of the topics represent major research avenues that are top priority for most coral reef research
groups, other side topics may be just not that obvious.

Another unclear topic in coral-algal symbiosis research refers to the relative contribution
of different combinations of hosts and symbionts to the holobiont. More specifically, an
almost unexplored issue respects host-symbiont cellular processes such as transfer of
photosynthetically-fixed carbon and how different symbiont lineages contribute to the growth
and calcification of the host partner. Although different studies have explored correlations
between holobiont phenotypic properties and the symbiont assemblages they harbour (Abrego
et al. 2008; Frade et al. 2008a; Sampayo et al. 2008), and others accurately quantified
differential contributions of heterotrophic feeding, even during bleaching events (Grottoli et
al. 2006; Rodrigues and Grottoli 2006; Palardy et al. 2008), the actual direct quantification
of the carbon input of distinct symbiont lineages into growth and calcification metabolism
has not been explored, but is feasible (Muscatine et al. 2005). The research of Loram et al.
(2007a) with giant sea anemones represents a provisional exception. As much as different
hosts can be more or less heterotrophic, different host-algal associations can be more or less

Afterthoughts

Although the objective of this thesis was not to test new techniques but rather to apply existing
tools on a comprehensive scale to the study of coral-algal symbiosis, it is worthwhile paying
some attention to future technical developments. In the scope of photosynthesis estimates using
PAM fluorometry, relevant new research has uplifted some important limitations of techniques
used. For instance, Ulstrup et al. (2006a) showed that relative ETR measurements are probably
underestimations of the real photosynthesis rates (oxygen evolution rates). A possible reason
is that the vertical heterogeneity of symbionts in the tissue causes the displacement between
measurements. Another explanation is that there are alternative electron pathways such as
cyclic electron flow around PSII that are not accounted by fluorometry techniques. On a
different topic, Hill and Ralph (2008) have shown that there are active pathways causing darkreduction of the plastoquinone pool and as such the true maximum quantum yield of PSII may
not be correctly estimated unless pre-exposure to far-red light is employed. These are just two
examples of how the field of photosynthesis research in corals and their symbionts is expected
to develop. As new cellular photobiology mechanisms are unravelled, research apparatuses
are expected to become increasingly accurate in approximating real photosynthetic production
and to include new tools to overcome recently recognised limitations.
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autotrophic depending on the photosynthetic properties of their symbionts. In the future, this
line of research should include high resolution algal identification techniques below the cladal
level. Quantifying the phenotypic variability coupled to Symbiodinium genetic diversity and
the differential enhancement for coral fitness given by such variability is crucial to predict
coral holobiont acclimatisation.
The previous topic relates to the degree of contribution from symbiont and host to the total
energetic needs of the holobiont, which has been associated to the need of considering a
continuum running from 100 % photoautotrophy to 100 % heterotrophy (Palardy et al. 2008).
Recent studies on biological interactions have shown that the same pair of species can be
mutualists, commensals or even parasites, depending on environmental conditions, and
that the “positive” interaction is just one case of the continuum (Stachowicz 2001). Recent
literature hypothesize that some specific coral-symbiont combinations may be actually closer
to parasitism (Stat et al. 2008a). Pathogenic infection systems seem to provide new ideas for
understanding the intracellular niche in the host-symbiont association (Schwarz 2008). In fact,
a new challenge is to understand how shifting environmental conditions, such as predicted
with climate change, will cause changes along the interaction continuum. Eventually, as
environmental stress increases, a decisive step is to recognize habitat-ameliorating properties,
which can be arguments for conservation decisions. Facing the widespread degradation of the
last “pristine” reefs on Earth may force new conservation approaches, such as securing the
future of habitats usually considered as marginal for coral reef development but within which
some important genetic relics may survive (Vermeij et al. 2007b).
Light-dependent deep reefs may just constitute such kind of habitat. It is known that ecological
changes on coral reefs do not affect the whole reef in the same manner (Bak et al. 2005; Nugues
and Bak 2008). The recent hypothesis on a potential ecological refuge function of the deep reef
(Hinderstein et al. in press) has brought growing interest to these mesophotic habitats (Venn et
al. 2009). As the shallow reef is under a stronger influence of disturbance due to accelerated
climate change scientists have asked themselves whether the deep reef represents an extension
of the shallow community or, on the contrary, hosts distinct genetic assemblages. This thesis
hints that the deep reef may hold host (Chapter 6) and symbiont genetic assemblages (Frade
et al. 2008c) distinct from those present in the shallow reef. Understanding the processes and
the genetic diversity involved with deep reefs is a key subject to predict whether these reefs
can be a source for future shallow coral reef regeneration.

Chapter 7

Still in the conservation context, an important issue is the recently recognised role of
hybridization in the evolution of corals and its potential function as providing new adaptive
tools under a changing environment (Willis et al. 2006). An alternative approach to the current
focus on the conservation of species, is to direct efforts into the conservation of evolutionary
processes that generate the biodiversity comprised in taxonomically complex groups such as
corals (Ennos et al. 2005).

126

Another interesting question brought up by the present thesis is whether light spectral
distribution has a role in defining symbiont niches (Frade et al. 2008a). Although acclimation
to spectral quality constitutes an important factor determining variation in algal photosynthetic
responses and growth rates (Falkowski and Laroche 1991), application of such knowledge
to the ecology of coral-algal associations is speculative. Recent research has given new
insights on the physical mechanisms generating the available spectral niches for phototrophic
microorganisms (Stomp et al. 2007). As the light spectrum offers an axis for niche partitioning

(Falkowski et al. 2004; Stomp et al. 2004) it is reasonable to hypothesize that this possibility
has also offered evolutionary opportunities in the context of coral-algal niche occupation.
Testing this hypothesis involves performing field and lab experiments with either intact
holobiont or isolated symbionts.
As bleaching disturbances are likely to become chronic in many reef areas in the coming
decades (Baker et al. 2008), this topic will remain crucial. Perhaps one interesting idea for
research is to explore coral-symbiont associations that are usually non-bleaching. Madracis
constitutes such an association, for which bleaching is only reported after experimental
handling of colonies (Frade et al. 2008a). In the field there are no reported observations of
bleached Madracis (pers. comm. R.P.M. Bak). The prevalence of the intact association may
be related to the high specificity between symbiotic partners (LaJeunesse 2002; Frade et al.
2008c). Eventually there is incapacity of the host to establish stable associations with any
other new symbiont lineage. Hypothetically, these associations may have developed tools to
cope with chronic stressful cellular conditions that go beyond the tolerance threshold of other
more flexible holobionts (Ulstrup et al. 2008). Properties such as increased photoprotective
mechanisms (Frade et al. 2008b) or even increased betaine production (Chapter 6) can help
explain the absence of a bleaching trigger. Understanding such examples may provide key
knowledge for bioengineering approaches. The ethics and applicability of genetic manipulation,
as the last resort available to help saving some (limited) components of the threatened diversity
of coral reefs, will most likely one day need to be addressed. Obviously, before those times
arrive, much more need to be learned of coral functional genomics, particularly with respect
to crucial processes controlling bleaching (Desalvo et al. 2008). Determining the relative
importance of different cellular mechanisms (and their genomic basis) that interact to mediate
the bleaching response needs further attention (Venn et al. 2008a).
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Figure 1.1 General structure of the coral polyp and underlying skeleton (after Veron 2000). Note the
endocytic symbionts (gold) in the gastrodermis layer.
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Figure 1.3 Madracis spp. planulae under increasing magnification (from left to right). Note a brown
ring consisting of symbiont cells on the oral end of the two uppermost planulae, evidence for vertical
symbiont transmission mode between coral generations. Maximum diameter is c. 400 μm (pictures by P.
Bongaerts).
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Figure 1.6 Madracis spp. The six currently recognized photosymbiotic morphospecies in the Caribbean
region. (a) M. pharensis, (b) M. senaria, (c) M. decactis, (d) M. mirabilis, (e) M. carmabi, (f) M. formosa.
Species distinction is based on colony shape and skeletal septal numbers (see inserts representing
corallites).
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Figure 2.6 Symbiodinium spp. population ITS2-diversity for six Madracis morphospecies, four depths and
two within-colony positions. For each species-depth combination, graphs represent: (left) horizontal top
colony position (α = 0°) and (right) seaward-facing vertical side colony position (α = 90°). Note that at 40
m only the top positions (α = 0°) were sampled. Number of replicates (number of colonies) is shown over
each data point. Black bars represent percentage of similarity between α = 0° and α = 90º for colonies
sampled on both positions. Presence of two symbiont types within the same sample represented by mixed
pattern of respective colours.
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Figure 4.1 Madracis pharensis colour morphs included in the study: (a, b) – brown morph; (c, d) – purple
morph; (e, f) – green morph. Note that Vermeij et al. (2002) identified 25 colour morphs based on colour
variation of several polyp features. The present classification, which is less detailed, is based on visual
observations of the overall colour of the coenosarc. Present green morph corresponds to green polyp
colour morphs in Vermeij et al. (2002); present brown morph corresponds to brown polyp morphs and part
of the grey polyp morphs in Vermeij et al. (2002) (see insert a for a brown colony with grey polyps); present
purple colour morph corresponds to part of the grey polyp morphs in Vermeij et al. (2002) (see insert c for
a purple colony with grey polyps).
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a)

M. pharensis M. senaria

M. decactis

M. mirabilis

M. carmabi

M. formosa

Mpha12Bu1_607, Mpha12Bu1_608, Mpha12Bu1_609, Mpha12Bu1_610, Mpha12Bu1_611, Mpha23Bu1_614,
Mpha24Bu1_616, Mmir10Bu1_633, Mmir11Bu1_634, Mmir10Bu1_635, Mmir8Bu1_636, Mmir9Bu1_637,
Mmir10Bu1_638, Mmir10Bu1_639, Mmir12Bu1_640, Mmir11Bu1_641, Mmir20Bu1_642, Mpha13Kal_675,
Mmir10Bu1_721, Mdec11Bu1_890, Mdec11Bu1_891, Mdec10Bu1_892, Mdec9Bu1_896, Mdec9Bu1_897, Mdec10Bu1_898,
Mdec11Bu1_899, Mdec10Bu1_900, Mdec11Bu1_904, Mdec10Bu1_905, Mdec12Bu1_923, Mdec10Bu1_924, Mdec10Bu1_925,
Mmir10Aru_958, Mmir12Aru_959, Mmir8Aru_960, Mmir7Aru_961, Mdec15Aru_963, Mpha18Aru_965, Mdec18Aru_966,
Mdec16Aru_967, Mpha12Aru_971, Mmir6Ber_B3, Mmir6Ber_B4, Mmir9Tri_T4, Mmir9Tri_T5, Mmir8Tri_T6, Mmir8Tri_T8
Mpha23Bu1_615, Mpha13Kal_672, Mpha13Kal_673, Mpha13Kal_674,
Mpha13Kal_676, Mpha13Kal_677, Mpha11Aru_970
Mmir19Bu1_643

64
Mdec16Aru_962

Mdec13Aru_964

Mmir8Tri_T7
Mcar28Bu1_74, Mcar27Bu1_115, Mfor41Bu1_424, Mfor39Bu1_479, Mfor40Bu1_480, Mfor41Bu1_600, Mfor39Bu1_601,
Mfor40Bu1_602, Mfor40Bu1_603, Mfor41Bu1_604, Mpha23Bu1_612, Mpha24Bu1_613, Mpha40Bu1_627, Mpha40Bu1_628,
Mpha40Bu1_629, Msen12Bu1_654, Msen10Bu1_655, Msen12Bu1_656, Msen13Bu1_657, Msen13Bu1_658, Msen25Bu1_659,
Msen23Bu1_660, Msen13Kal_678, Msen13Kal_679, Msen13Kal_680, Msen13Kal_681, Msen13Kal_682, Msen13Kal_683,
Mfor42Bu1_876, Mfor40Bu1_877, Mfor39Bu1_879, Mcar26Bu1_880, Mcar23Bu1_881, Mcar26Bu1_882, Mcar23Bu1_888,
Mcar21Bu1_889, Mcar30Bu1_893, Mcar26Bu1_894, Mcar32Bu1_895, Msen10Bu1_901, Msen10Bu1_902, Mcar20Bu1_903,
Mpha28Bu1_910, Mcar27Bu1_922, Mfor56Bu1_951, Mpha56Bu1_952, Mpha57Bu1_954, Mpha56Bu1_955, Mpha19Aru_968,
Mcar19Aru_969, Msen17Aru_972, Msen18Aru_973, Msen18Aru_974, Mfor55Ber_B1
Msen10Bu1_670
Mdec6Ber_B5
DQ351263
0.0040 substitutions/site
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Figure 6.2 Maximum likelihood trees of the Madracis genus for (a) the mitochondrial nad5 intron, (b) the
nuclear ATPSα intron and (c) the nuclear SRP54 intron. Values above the branches are bootstrap values
for 1000, 500 and 500 replicates, respectively.
Sequence codes refer to: SpeciesaDepthLocationb_Samplec.
a
Species codes: Mmir, M. mirabilis; Mfor, M. formosa; Mdec, M. decactis; Msen, M. senaria; Mpha, M.
pharensis; Mmyr, M. myriaster; Ssid, Siderastrea siderea.
b
Location codes: Bu1, Buoy One (Curaçao); Kal, Playa Kalki (Curaçao); Ber, Bermuda; Aru, Aruba; Tri,
Trinidad & Tobago. Location not indicated for ATPSα and SRP54 topologies (all samples from Buoy One,
Curaçao).
c
Sample codes as in Table 6.1 (“a” and “b” added to distinguish alelles in heterozygotes).
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Mpha12_607
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Mfor39_601b

59 Mpha12_608b, Mpha12_609, Mpha12_610, Mpha12_611b, Mpha23_614, Mpha23_615, Mpha24_616a
Mpha24_616b

90 Mpha40_628b, Mpha40_629a

Mdec11_891b, Mdec9_897b, Mdec10_900, Mdec11_904, Mdec10_905

88 64 Msen12_654, Msen10_655, Msen13_657, Msen13_658, Msen23_660, Msen10_901
Msen12_656
Mcar21_889a

76

80 Mdec11_899b

Mdec10_924a

Mpha23_612
Mpha40_629b
Mdec11_890b, Mdec10_892, Mdec9_896, Mdec10_898, Mdec12_923, Mdec10_924b, Mdec10_925
Mpha28_910, Mpha57_954a
Mpha57_954b
Mcar28_74, Mcar26_880, Mcar23_881, Mcar26_882, Mcar23_888,
Mcar21_889b, Mcar30_893, Mcar26_894, Mcar32_895, Mcar20_903, Mcar27_922

(outgroup)
0.03 substitutions/site
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Figure 6.2 (continued)
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Mpha12_609, Mpha23_612a, Mpha24_616b
Mpha23_615
Mdec10_898b, Mdec12_923a
Mmir10_633a, Mmir10_635a, Mmir10_721a
91
Mmir11_634a
Mdec11_891a
93
Mcar28_74a, Mcar21_889a
Mpha12_608a, Mpha12_611a, Mdec9_897a
67 Mpha12_607b
Mpha12_608b, Mpha12_611b
75 Mmir10_633b, Mmir10_635b, Mmir20_642a, Mmir10_721b
Mmir11_634b
Mpha28_910a
53
Mdec10_924b
Mfor39_479a, Mfor40_480b, Mpha12_610a, Mmir8_636a, Mmir9_637, Mmir10_638a, Mmir11_641a, Mfor40_877, Mfor39_879b
Mpha12_610b
Mpha40_627a
Mpha40_629a
Mmir8_636b, Mmir10_638b
Mmir10_639
Mmir20_642b
Mmir19_643a
Mdec11_890b, Mdec11_891b, Mdec11_899b
Mdec10_892b, Mdec9_896a, Mdec11_904a
Mcar32_895b
Mdec11_904b
Mpha28_910b
Mcar27_922b
Mdec10_925a
Mdec10_925b
Mfor41_424b, Mfor39_479b, Mfor41_600a, Mfor41_604b,
Mpha58_953a
Mcar30_893a, Mpha58_953b, Mfor57_956b
100 Mfor41_600b, Mfor40_602, Mfor42_876b,
Mdec9_897b, Mdec12_923b, Mfor56_951b
Mcar26_880, Mcar26_882a, Mcar30_893b, Mcar26_894a
56 62 Msen12_654, Msen12_656b, Msen13_658b, Msen23_660b
Mdec9_896b
97
Mcar27_115b, Mpha40_629b
90
Mmyr300_JK1a
Mcar28_74b, Mcar26_882b, Mcar26_894b
Mpha23_612b, Mpha24_613b, Mpha40_627b, Mmir11_641b, Mcar21_889b
Mpha40_628
Mmir19_643b
Mpha56_955, Mmyr300_JK1b
0.04 substitutions/site
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Figure 6.2 (continued)
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Figure 7.1 Measuring photosynthetic activity of the Madracis mirabilis coral transplants fixed at the 10 m
transplantation rack, at CARMABI Buoy One, Curaçao.
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Summary
Coral reefs are among the most biologically diverse ecosystems on Earth and have a
great economic value for human populations inhabiting tropical coastal areas. However,
the foundation for coral reef ecological success in the nutrient-poor tropical waters also
constitutes its weaker link: a highly stress-sensitive mutualistic symbiosis between the reefbuilding animal host (scleractinian coral) and photosynthetic dinoflagellates of the genus
Symbiodinium. Together, host and symbiont constitute the holobiont, whose ecological and
evolutionary resilience depend on the integrated physiology of the symbiotic partners. Light
constitutes the main energy resource in the ecosystem and its intensity is dramatically reduced
with increasing depth over reef slopes.
The main objective of this PhD thesis is to understand how coral holobionts thrive across the
large light gradients that exist over reef slopes. Because the endosymbiont plays a crucial
nutritional role in host maintenance and skeletal calcification, it has been hypothesised that
the most significant feature of holobiont response to light is the occurrence of taxonomically
and functionally diverse algal symbionts establishing more or less specific associations with
the numerous coral species that form a reef. This thesis focuses on the phylogenetic and
functional diversity of coral-symbiont associations and their adaptive strategies to cope with
large light gradients.
Throughout this study the widely depth distributed (2 to > 100 m) brooding coral genus
Madracis Milne Edwards and Haime 1849 and its symbiont populations were used as
biological models. All sample collection took place at the CARMABI Buoy One reef site in
Curaçao, Netherlands Antilles.

Summary

What is the genetic variation among Symbiodinium in the coral genus Madracis over
large depth ranges, and is there a relationship between the composition of Symbiodinium
genotypes and the depth distribution of the host?
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Given the scarce amount of data available on Symbiodinium variation below depths of 10 - 15
m, the functional diversity of coral-algal associations distributed over large vertical ranges
constitutes an overlooked issue. In Chapter 2 I address the genetic variation of Symbiodinium
in the six currently recognised Caribbean morphospecies of the coral genus Madracis, over a
large depth range from 5 to 60 m and two different colony surface positions. Coupling ITS2
rDNA polymerase chain reaction and denaturing gradient gel electrophoresis (PCR-DGGE)
three Symbiodinium genotypes were consistently identified. ITS2 type B7 occurred in all six
Madracis morphospecies and at all depths, thus considered the generalist symbiont in the
genus. Type B13 was restricted to some colonies of the shallow water specialist M. mirabilis.
Type B15 was typical of deep reef habitats and gradually replaced B7 in the depth generalist
coral M. pharensis. Intracolony variation in symbiont composition was absent. Thus, Madracis
symbiont composition is host-specific and relates to depth-zonation. Results are discussed in
relation to measured physical parameters such as irradiance intensity, the underwater light
spectrum, and temperature. Overall results strongly suggest ecological niche partitioning
among the symbionts, consistent with other recent studies, and confirm the applicability of
the rDNA ITS region for studies on coral symbiont ecology and evolution.

What is the physiological plasticity hold by the symbiotic associations in Madracis across
the reef slope, and what are the respective roles of host and symbiont in the holobiont
response?
In Chapter 3 I study the in situ integrated photobiology of Madracis symbiotic associations
over large depth ranges by applying an innovative holistic multivariate approach. Parameters
such as photosynthetic activity (assessed through chlorophyll a fluorescence techniques),
pigment composition (measured by high-performance liquid chromatography), symbiont
densities (estimated using flowcytometry) and cell size (determined by microscopy) were
measured for four Madracis morphospecies (M. mirabilis, M. pharensis, M. senaria, M.
formosa) and their three hosted symbiont genotypes (B7, B13 and B15), across a large depth
range (5 – 40 m). Results stress the important role of irradiance on coral physiology and
reveal that photobiological mechanisms are either regulated by the environment or genetically
constrained. Photochemical efficiencies and symbiont cell sizes constitute respective examples.
Different holobiont strategies thought to relate to symbiont cell density in the host tissue
vary in their optimization of light-harvesting (light collecting pigments) or photoprotective
mechanisms (non-photochemical quenching) and are proposed to relate to host-species vertical
distribution and dominance over the reef slope. Overall, symbiont functional diversity does
not appear to explain host distribution patterns. Instead, this study highlights the role of host
properties in the adjustment of the internal environment available for the endosymbionts and
in control of the photobiology of the intact symbiosis.

In the context of host properties, and also because the previous study provided inconclusive
evidence for functional differences between symbiont ITS2 types, in Chapter 4 I re-address
the distribution and the role of symbiont variation in holobiont photobiology for a single host
species, M. pharensis. This species occurs in three main colour morphs: brown, green and
purple. Host tissue colours are known to relate to the presence of fluorescent proteins, which
are suggested to either shade or amplify the light reaching the endosymbionts. Symbiodinium
ITS2 distribution in M. pharensis was studied for two depths (10 and 25 m), two different
light habitats at each depth (exposed and shaded) and the three colour morphs. Symbiont
distribution was depth and colour morph dependent. ITS2 type B15 was predominantly
present on the deeper reef and in green and purple colonies. Type B7 was mostly present in
shallow environments and brown colonies. Light microhabitats at fixed depth had no effect
on symbiont occurrence. This ecological distribution indicates that symbiont presence may
be at least partially regulated by spectral light niches. Most functional variation (several
parameters measured only for 25 m) was based on two photobiological components that relate
to either symbiont genotype or light microhabitat, reflecting adaptation and acclimatisation
mechanisms, respectively. ITS2 type B15 occurred with significantly lower cell densities but
larger cell sizes, higher cellular pigment concentrations, higher peridinin to chlorophyll a ratio
and smaller size of the photoprotective xanthophyll-pool than type B7, respectively. Thus,
type B15 is potentially better adapted to darker or deeper habitats than type B7, a suggestion
consistent with symbiont distribution with depth. Symbiont cell size may play an important
role in the adaptation of coral holobionts to the deeper reef. The unambiguous differences
between several in situ symbiont functional parameters indicate distinct ecological lineages

Summary

What is the functional variation between symbiont genotypes in Madracis pharensis, and
is there a role for colourful niches in regulating symbiont distribution?

157

based on light adaptation and confirm the utility of the ITS2 marker for Symbiodinium
ecological studies.
Are betaines abundant in reef-building corals, and if so, do they correlate to light
gradients over the reef slope suggesting a role in oxidative stress defence?
Rapid climate change severely threatens coral reefs, particularly due to elevated seawater
temperature, which in synergy with high light intensity often results in physiological stresses
that culminate in coral bleaching and mortality. Coral bleaching, a loss or reduction of the
symbiont populations or their photosynthetic pigments, is often related to the production
of reactive oxygen species which damage protein and membrane function of both the
photosymbiont and the host. Resistance of algal symbionts to environmental stress has often
been related to several photoprotective mechanisms such as pigments involved in dissipating
excessive excitation energy at the level of PSII. In vascular plants and free-living algae,
however, betaines are well known metabolites that act as protective agents of PSII. These
metabolites have been involved in successful genetic engineering attempts to ameliorate
temperature and irradiance-related cellular stresses. In Chapter 5, presence and abundance
of diverse betaines was screened by liquid chromatography – mass spectrometry (LC-MS)
for ten reef-building coral species, including Madracis, over a depth range of 5 – 20 m.
Glycine betaine, proline betaine and at least five other betaines occurred in concentrations of
physiological significance in all coral species. Besides, betaine concentrations varied in depthrelated patterns that confirm predictions of their role as molecules that defend photosynthesis
against negative effects of high irradiance. Although these patterns did not relate to symbiont
identity, they demonstrate that betaines in coral holobionts are phenotypically plastic and take
part in acclimatisation. The study suggests that betaines may have a bleaching-protective role
in reef-building corals and opens a new research line with potential future applicability.

Summary

Are morphology and molecular phylogenetics congruent in the coral genus Madracis,
and is there evidence for a role of hybridization in the evolution of brooding corals?
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A key issue to fully understand the ecology of coral-symbiont associations is to unravel
the nature of the evolutionary units involved. For the animal host, many studies have
shown incongruence between the morphologically described coral species and molecular
phylogenetics. Scleractinians have been associated with low reproductive barriers and with
interspecific hybridization events, which decouple morphology and DNA phylogenetic
topologies. Although mass spawning events are known to maximize hybridization
opportunities, introgressive hybridization has also been provisionally suggested for brooding
corals. In Chapter 6 I deal with Madracis species boundaries and the role of hybridization
in brooding corals. Phylogenetic inference and population structure analyses were applied to
sequence data obtained for three DNA intron markers for the six putative Madracis species.
Recurrent nuclear DNA polyphylies among taxa were only challenged by M. senaria, the
only monophyletic species within the genus. In fact, M. senaria is the only Madracis species
with a lunar pattern of planulae release superimposed on the generic seasonal cycle. Madracis
pharensis showed depth divergence suggesting strong population structure based on depthrelated environmental factors. Moreover, this separation matched the vertical distribution of
hosted symbionts (ITS2 type B7 in shallow colonies and type B15 in the deep colonies).

Overall results indicating non-monophyly of most Madracis taxa and high levels of shared
polymorphism, combined with evidence for relatively old fossil record, suggest that
introgressive hybridization is likely to have played a role in the evolution of Madracis. The
study suggests that Madracis morphospecies remain recognizable either because hybridization
is non-pervasive or because disruptive selection prevails over the homogenizing effect of gene
flow. Depth divergence within M. pharensis suggests that symbiont functional differences
may play a role in depth-based disruptive selection of the coral host and can partially explain
patterns of holobiont niche diversification over reef slopes.
The main conclusions of this thesis are:
1. The genus Madracis provides an excellent model to study the functional diversity and
photoecology of coral-symbiont associations and their adaptation to large depth ranges.
2. Symbiodinium ITS2 types are ecological and evolutionary lineages with distinct depthbased and host-specific distributions.
3. Constancy in symbiont populations along light gradients within single colonies suggests
that in addition to light there are other factors controlling symbiont variation.
4. Holobiont light adaptive strategies are not necessarily explained by symbiont diversity but
rather by a combination of host and symbiont physiological properties that, together, favour
the enhancement of light harvesting in shaded habitats or provide photoprotection in lightexposed habitats.
5. Host species-specific morphological and physiological properties may play an important
role in controlling holobiont vertical distribution patterns.
6. Symbiodinium ITS2 types differ in their in situ physiological activity and adaptation to
particular light regimes, highlighting symbiont niche diversification and the role of symbiont
diversity in the adaptation of reef corals to their environment.
7. Coral hosts associate with multiple symbiont assemblages allowing the occupation of
distinct ecological niches.
8. Photosynthetic acclimatisation potential is large for single symbiont types but other
parameters, such as cell size, are highly genetically constrained and likely the result of
adaptation.
9. The ecological distribution of symbiont types over depth and host colour morphs suggests
that spectral light niches may have a role in symbiont photobiology and adaptation.
10. Reef-building corals contain multiple abundant betaines that are phenotypically plastic
and may protect against bleaching-related environmental stress.
11. The evolution of brooding corals, such as broadcast spawners, is likely to have been
strongly affected by introgressive hybridization events.

13. Deep reefs hold crucial information on the diversity and functioning of coral-symbiont
associations, and may be decisive to understand coral reef response to climate change.

Summary

12. Symbiont functional differences may play a role in depth-based disruptive selection of
their coral hosts, therefore contributing to genetic divergence and niche diversification of
reef-building corals.
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Samenvatting
Koraalriffen behoren tot de meest biodiverse ecosystemen ter wereld en zijn van groot
economisch belang voor de lokale bevolking van tropische kustgebieden. De sleutel tot succes
van een dusdanig rijk ecosysteem in een zeer voedselarme omgeving als de tropische zeeën
legt tevens het delicate evenwicht van het koraalrif bloot: een zeer stressgevoelige symbiose
tussen een rifbouwende, dierlijke gastheer (een steenkoraal) en een fotosynthetiserende
dinoflagellaat van het genus Symbiodinium. Samen vormen ze een zogenaamde holobiont,
waarbij de ecologische en evolutionaire veerkracht afhangt van de gezamenlijke fysiologie
van de symbiotische partners. Licht is de belangrijkste energiebron voor het koraalrif, waarvan
de intensiteit snel afneemt op grotere diepten langs de rifhelling.
Het hoofddoel van dit proefschrift is te begrijpen hoe koraal-holobionten gedijen langs de
enorme lichtgradiënten die voorkomen op rifhellingen. De endosymbiont speelt een cruciale
rol in het leveren van nutriënten voor het onderhoud en de skeletopbouw van haar gastheer.
Hierdoor wordt aangenomen dat de belangrijkste eigenschap van de holobiont in reactie op
licht de aanwezigheid is van taxonomisch en functioneel verschillende typen symbionten
die meer of minder specifieke associaties aangaan met de vele koraalsoorten van het rif. Dit
proefschrift richt zich op de fylogenetische en functionele diversiteit van koraal-symbiont
associaties en hun aanpassingsstrategieën voor het overleven in grote lichtgradiënten.
Het koraalgenus Madracis Milne Edwards en Haime 1849 en zijn symbiont populaties is in
deze studie gebruikt als biologisch model, aangezien het genus een verspreiding vertoont
over een enorme diepte, van 2 tot meer dan 100 meter. Alle experimentele data zijn verzameld
op het onderzoeksinstituut CARMABI, bij rifstation Buoy One, op Curaçao, Nederlandse
Antillen.

Samenvatting

Wat is de genetische variatie binnen Symbiodinium in het koraalgenus Madracis langs
grote dieptegradiënten, en is er een relatie tussen de samenstelling van Symbiodinium
genotypen en de verspreiding over verschillende diepten van de gastheer?
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De functionele diversiteit van koraal-alg associaties over grote verticale verspreidingsgradiënten
is onderbelicht binnen de wetenschap. Dit komt vooral door de geringe beschikbare gegevens
over de genetische variatie binnen Symbiodinium beneden de 10 tot 15 meter waterdiepte.
In Hoofdstuk 2 behandel ik de genetische variatie van Symbiodinium in de, tot nog toe, 6
verschillende bekende Caribische zogenaamde “morfotypen” van het koraalgenus Madracis.
Hierbij bestudeerde ik een dieptegradiënt van 5 tot 60 meter en keek ik naar de genetische
variatie van de symbiont op 2 verschillende posities op het oppervlak van de gastheerkolonie.
Drie Symbiodinium genotypen zijn geïdentificeerd door gebruik te maken van gekoppelde
ITS2 rDNA “polymerase chain reaction” en “denaturing gradient gel electrophoresis” (PCRDGGE). ITS2 type B7 werd gevonden in alle 6 morfotypen van Madracis en op alle diepten
en is geclassificeerd als de generalist onder de symbionten binnen het genus. Type B13 werd
alleen gevonden op een aantal kolonies van M. mirabilis, die alleen voorkomt in ondiep water.
Type B15 werd juist alleen gevonden op grotere diepten en verving daar geleidelijk type B7 in
M. pharensis, die op alle diepten voorkomt. Er was geen verschil in symbiontasamenstelling
binnen kolonies. Hieruit kan worden geconcludeerd dat de samenstelling van symbionten
binnen Madracis gastheerspecifiek is en gerelateerd is aan diepte. De resultaten in dit hoofdstuk
worden bediscussieerd in relatie tot een aantal fysische parameters die zijn gemeten, zoals

lichtintensiteit, het onderwater lichtspectrum en de watertemperatuur. De resultaten laten zien
dat het zeer waarschijnlijk is dat de ecologische niches van de symbionten gescheiden zijn.
Dit komt overeen met resultaten uit andere, recente studies. Tevens wordt de toepasbaarheid
van de rDNA ITS regio voor ecologische en evolutionaire studies naar koraalsymbionten
bevestigd.
Wat is de fysiologische plasticiteit van de symbiotische associaties binnen Madracis langs
de rifhelling, en wat is daarbij de rol van de gastheer respectievelijk de symbiont?
In Hoofdstuk 3 bestudeer ik de in situ geïntegreerde fotobiologie van symbiotische associaties
van Madracis langs grote dieptegradiënten. Ik maak hierbij gebruik van een innovatieve
holistische multivariate benadering. In 4 Madracis morfotypen (M. mirabilis, M. pharensis, M.
senaria, M. formosa) en hun 3 symbiontgenotypen (B7, B13 en B15) werden, langs een grote
dieptegradiënt van 5 tot 40 meter, verschillende parameters gemeten, zoals fotosyntheseactiviteit
(met behulp van chlorofyl a fluorescentie technieken), pigmentcompositie (door middel van
“high-performance liquid chromatographie”, HPLC), symbiontdichtheid (flowcytometrie)
en celgrootte (microscopie). Resultaten onderschrijven de belangrijke rol van lichtintensiteit
op de fysiologie van koralen. Fotobiologische mechanismen zijn ofwel gereguleerd door de
omgeving of door genetische factoren. Voorbeelden daarvan zijn fotochemische efficiëntie
en de celgrootte van symbionten. De verschillende holobiontstrategieën, mogelijk in relatie
tot de celdichtheid van symbionten in het gastheerweefsel, variëren in de optimalisatie
van lichtoogst (pigmenten die licht opnemen) of van fotobeschermende mechanismen
(zogenaamde “nonphotochemical quenching”). Deze strategieën zijn gerelateerd aan de
verticale verspreiding van de gastheersoort en de dominantie van die soort op de rifhelling.
Over het algemeen lijkt de functionele diversiteit van de symbionten de verspreiding van de
gastheer niet te verklaren. Daarentegen laat deze studie zien dat de gastheer eigenschappen
bezit waarmee hij de interne omgeving, waarin de endosymbiont voorkomt, kan aanpassen en
de fotobiologie van de holobiont kan controleren.

In het kader van de hierboven genoemde gastheereigenschappen en vanwege het feit dat
de vorige studie onvolledig bewijs leverde voor de functionele verschillen tussen de ITS2
symbionttypes, zal ik in Hoofdstuk 4 de verspreiding van symbionten en de rol van de variatie
in fotobiologie door symbionten bestuderen in 1 gastheersoort: M. pharensis. Deze soort komt
voor in de 3 kleurtypen bruin, groen en paars. De kleur van een gastheerweefsel is gerelateerd
aan de aanwezigheid van fluorescerende eiwitten. Deze kunnen het licht, voordat het bij
de endosymbiont terechtkomt, versterken of dempen. In deze studie werd de verspreiding
van Symbiodinium ITS2 in M. pharensis bestudeerd voor elk kleurtype op 10 en 25 meter
waterdiepte, onder 2 verschillende lichtcondities (onbeschut en beschut). De verspreiding was
zowel afhankelijk van diepte als van kleur. Op het diepe rif (25 meter) waren groene en paarse
kolonies dominant met symbiont ITS2 type B15. In de ondiepe zone werden voornamelijk
bruine kolonies met symbiont type B7 gevonden. Lichtcondities op beide diepten hadden geen
effect op de aanwezigheid van bepaalde symbionttypen. Deze ecologische verspreiding duidt

Samenvatting

Wat is de functionele variatie tussen de genotypen van symbionten in Madracis
pharensis, en is er een functie voor kleurrijke niches in de regulatie van de verspreiding
van symbionten?
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erop dat de aanwezigheid van bepaalde typen symbionten in ieder geval gedeeltelijk wordt
gereguleerd door kleurniches. De meeste functionele variatie (een aantal parameters alleen
gemeten op 25 m diepte) was gebaseerd op twee fotobiologische componenten die relateren
aan ofwel het genotype van symbionten, of licht microhabitat, wat respectievelijk adaptatie en
acclimatisatie reflecteert. In vergelijking tot ITS2 type B7, kwam type B15 in de gastheer voor
met significant lagere celdichtheden, grotere cellen, hogere pigmentconcentraties, hogere ratio
peridinine/chlorofyl a en een kleinere hoeveelheid van het fotobeschermende xanthofyl. Type
B15 is dus in potentie beter aangepast aan een diepere habitat met een lagere lichtintensiteit
dan type B7. Deze suggestie komt overeen met de verspreiding van de symbionten over de
dieptegradiënt. Celgrootte van symbionten kan een belangrijke rol spelen in de aanpassing
van koraalholobionten in de diepere regionen van het rif. De duidelijke verschillen tussen
verscheidene functionele parameters van symbionten in situ, duiden op een verschillende
ecologische afkomst die gebaseerd is op lichtadaptatie. Daarnaast wordt de bruikbaarheid van
de ITS2 marker voor Symbiodinium voor ecologische studies bevestigd.

Samenvatting

Komen betaïnen veel voor in rifbouwende koralen, en zo ja, correleren zij met
lichtgradiënten langs de rifhelling, wat een rol suggereert in de verdediging tegen
oxidatieve stress?
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Snelle klimaatverandering is desastreus voor het koraalrif, met name door de verhoogde
temperatuur van het zeewater. In combinatie met een hoge lichtintensiteit resulteert dit
vaak in fysiologische stressreacties, leidend tot het zogenaamde koraal “bleaching” en
koraalsterfte. Bleaching van koralen komt door verlies of afname van de symbiontpopulaties
of hun fotosynthetische pigmenten. Dit proces is vaak gerelateerd aan de productie van
reactieve zuurstofvormen die schadelijk zijn voor eiwitten en membraanfuncties van zowel
de fotosymbiont als de gastheer. Weerstand van algsymbionten tegen omgevingsstress is vaak
gerelateerd aan diverse fotobeschermende mechanismen, zoals pigmenten die zijn betrokken
bij het uitdrijven van overdadige excitatieenergie in PSII. Echter, in vasculaire planten en vrijlevende algen komen betaïnen voor die bekend staan als metabolieten die een beschermende
werking hebben in PSII. Deze metabolieten zijn betrokken geweest in succesvolle genetische
technologiestudies naar de vermindering van temperatuurs- en stralingsgerelateerde cellulaire
stress. In Hoofdsuk 5 is de aanwezigheid en hoeveelheid van verscheidene betaïnen
gescreend van 10 rifbouwende koraalsoorten, inclusief Madracis, over een dieptegradiënt
van 5 to 10 meter, door middel van “liquid chromatography – mass spectrometry” (LC-MS).
In alle koraalsoorten zijn glycine betaïne, proline betaïne en zeker 5 andere soorten betaïnen
gevonden in fysiologisch significante hoeveelheden. Daarnaast varieerden de concentraties
betaïne in relatie tot de waterdiepte, waarmee hun rol wordt bevestigd als moleculen die de
fotosynthese beschermen tegen negatieve effecten van hoge straling. Alhoewel dit patroon niet
gerelateerd was aan symbionttype, laat deze studie wel zien dat betaïnen in koraalholobionten
fenotypisch zeer plastisch zijn en deelnemen in het proces van acclimatisatie. De studie
suggereert dat betaïnen een beschermende rol zouden kunnen hebben tegen “bleaching” van
rifbouwende koralen en opent deuren voor nieuw onderzoek.
Komen morfologie en moleculaire fylogenie overeen in het koraal genus Madracis en
is er bewijs voor de rol van hybridisatie in de evolutie van zogenaamde “brooding”

koralen?
Om de ecologie van koraal-symbiont associaties volledig te begrijpen is het van groot belang
om de aard van de evolutionaire eenheden te begrijpen die daarbij betrokken zijn. Vele
studies hebben aangetoond dat de classificatie van koraalsoorten aan de hand van morfologie
vaak niet overeenkomt met de moleculaire fylogenie. Steenkoralen zijn geassocieerd met
lage reproductieve barrières en met inter-specifieke hybridisaties die morfologie en DNA
fylogenie ontkoppelen. Alhoewel bekend is dat het plaatsvinden van mass spawning de
kans op hybridisatie maximaliseert, lijkt introgressieve hybridisatie ook voor te komen
in “brooding” koralen. In Hoofdstuk 6 zal ik de grenzen van Madracis soorten en de rol
van hybridisatie in “brooding” koralen onderzoeken. Fylogenetische en populatiestructuur
analyses werden toegepast op sequentie data die verkregen waren van 3 DNA intron markers
voor de 6 Madracis soorten. Nucleaire DNA polyfylieën tussen taxa werden herhaaldelijk
vastgesteld, met als uitzondering M. senaria, de enige monofyletische soort binnen het genus.
Sterker nog, M. senaria is de enige Madracis soort die planulae loslaat volgens een lunair
patroon gedurende een generieke seizoenscyclus. Madracis pharensis laat divergentie zien
in relatie tot diepte, waardoor het aannemelijk is dat er een sterke populatiestructuur bestaat
op basis van aan diepte gerelateerde omgevingsfactoren. Deze scheiding komt overeen met
het patroon van de verticale verdeling van symbionten (ITS2 type B7 in ondiepe kolonies en
type B15 in de dieper gelegen kolonies). Uit de resultaten blijkt dat de meeste Madracis taxa
polyfyletisch zijn en een hoge mate van gedeeld polymorfisme hebben. Samen met bewijs van
relatief oude fossiele vondsten, duidt dit erop dat introgressieve hybridisatie waarschijnlijk
een grote rol heeft gespeeld in de evolutie van Madracis. Morfotypen van Madracis blijven
herkenbaar doordat hybridisatie niet sterk genoeg is, of omdat disruptieve selectie overheerst
over het homogeniserende effect van genen flow. Divergentie met betrekking tot een
dieptegradiënt in M. pharensis suggereert dat de functionele verschillen van symbionttypen
een rol kunnen spelen in de op diepte gebaseerde disruptieve selectie van de koraalgastheer.
Dit kan gedeeltelijk de patronen verklaren van holobiont niche diversificatie op rifhellingen.
De belangrijkste conclusies van dit proefschrift zijn:
1. Het genus Madracis is een uitstekend model om de functionele diversiteit en fotoecologie van
koraal-symbiont associaties en hun aanpassing aan grote diepte-gradiënten te bestuderen.
2. Symbiodinium ITS2 typen hebben een eigen ecologische en evolutionaire afkomst,
zijn gastheer-specifiek, en hebben een verschillend verspreidingspatroon langs een
dieptegradiënt.

4. De aanpassingsstrategieën van holobionten met betrekking tot licht worden niet per
definitie verklaard door de diversiteit van de symbionten, maar eerder door een combinatie
van fysiologische eigenschappen van gastheer en symbiont die, samen, het opnemen van licht
optimaliseren in een beschutte habitat, of een fotobescherming leveren in een onbeschutte
habitat.
5. Gastheer-specifieke morfologische en fysiologische eigenschappen kunnen een belangrijke
rol spelen in de controle van het verticale verspreidingspatroon van holobionten.

Samenvatting

3. Constantheid in symbiontpopulaties langs lichtgradiënten binnen een enkele kolonie
suggereren dat er, naast licht, andere factoren een controlerende rol spelen in de variatie van
symbionttypen.
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6. Symbiodinium ITS2 typen verschillen in hun in situ fysiologische activiteit en
aanpassingsvermogen voor bepaalde lichtregimes. Hieruit blijkt de belangrijke rol van
symbiont niche diversificatie en de rol van diversiteit van symbionten in de aanpassing van
koralen op hun omgeving.
7. Koraalgastheren associëren met verschillende assemblages van symbionten, waardoor ze in
verscheidene ecologische niches kunnen voorkomen.
8. De potentie van een enkel symbionttype voor fotosynthetische acclimatisatie is groot, maar
andere parameters, zoals celgrootte, zijn genetisch zeer beperkt en waarschijnlijk het resultaat
van aanpassing.
9. De ecologische verspreiding van symbionttypen langs een dieptegradiënt en van kleurtypen
suggereren dat spectrale licht niches een rol kunnen spelen in symbiont fotobiologie en
aanpassing.
10. Rifbouwende koralen bevatten vele verschillende betaïnen die fenotypisch plastisch zijn
en kunnen beschermen tegen “bleaching”-gerelateerde omgevingsstress.
11. Introgressieve hybridisatie heeft waarschijnlijk een belangrijke rol gespeeld in de evolutie
van “brooding” koralen, zoals de zogenaamde “broadcast spawners”.
12. De functionele verschillen binnen symbionttypen kunnen een rol spelen in de dieptegerelateerde disruptieve selectie van hun koraalgastheer. Hiermee leveren zij een bijdrage aan
genetische divergentie en diversificatie van niches van rifbouwende koralen.

Samenvatting

13. Dieper gelegen riffen bevatten cruciale informatie over diversiteit en functioneren van
koraal-symbiont associaties en kunnen een sleutelrol spelen in het begrijpen van hoe een
koraalrif reageert op klimaatverandering.
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Light constitutes the main energy source
in the coral reef ecosystem, with its
intensity dramatically reduced with
increasing depth over the reef slope.
How do corals thrive across these acute light
gradients that exist over large depth ranges?
This and many more questions are addressed
throughout this PhD thesis.

