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Abstract 

Coral reefs thrive because of the symbiotic partnership between corals and 

Symbiodinium. While this partnership is one of the keys to the success of coral reef 

ecosystems, surprisingly little is known about coral symbiosis, in particular, the 

establishment and development of symbiosis in host species which acquire symbionts 

anew in each generation. In this thesis, I use larvae of the genus Acropora to explore 

initial patterns of association between the host and Symbiodinium spp., and how 

environmental conditions affect the establishment and development of symbiosis. I test 

how competition among Symbiodinium types affects these processes, and whether these 

competitive effects are mediated by environmental conditions. Finally, I describe the 

poorly known symbiosis between coral and the recently described alga, Chromera velia. 

To explore patterns of initial association between host and symbiont, larvae of 

two species of Acropora were exposed to sediment collected from three different 

locations on the Great Barrier Reef (GBR). Acropora larvae were found to be 

promiscuous, taking up multiple types of Symbiodinium, while conspecific adult 

colonies were mostly dominated by a single Symbiodinium type. The Symbiodinium 

types acquired from the sediments reflected the symbiont assemblage within a wide 

range of hosts at each of the three sites, suggesting potential regional differences in the 

free-living Symbiodinium assemblage. Promiscuity allows larvae to associate with 

available symbionts that may be more suitable for the new environments following 

dispersal. 

To test the hypothesis that environmental conditions affect the establishment and 

development of symbiosis, Acropora larvae were exposed to monotypic cultures of 

Symbiodinium with different thermal tolerance under a range of temperature and light 

levels. Both temperature and light had a strong effect on the proportion of larvae 

infected and the density of symbionts within larvae, but temperature had the greater 

effect. The development of symbiosis at different temperatures was not always related 

directly to the thermal tolerance of the symbiont. Instead, each Symbiodinium and host 

combination had a different environmental optimum for development, indicating both 

host and symbiont affect the physiology of the holobiont.  



 

 2 

To more closely replicate the natural environment, Acropora larvae were also 

exposed to mixed cultures of Symbiodinium C1 and D (defined using internal 

transcribed spacer-1 nomenclature) to investigate whether competition among 

symbionts influenced infection dynamics. In addition, temperature was manipulated in 

these experiments. At ambient temperature Symbiodinium C1 was most abundant in the 

larvae, at +3.0ºC competitive interactions between Symbiodinium C1 and D occurred, 

while at +5.5ºC Symbiodinium D dominated the larvae over time. However, at +5.5ºC 

these mixed symbioses collapsed, suggesting competition among symbionts within the 

host was costly to the symbionts involved and may be deleterious for the coral 

holobiont. As sea surface temperatures rise in response to global warming, the 

promiscuity of larvae may benefit corals by enabling them to establish symbiosis with 

Symbiodinium types with greater heat tolerance. However, because mixed populations 

of Symbiodinium occur in nature, the establishment of a stable symbiosis may be more 

difficult as symbiont compete for space and resources within the host. 

In addition to the symbiosis between coral and Symbiodinium, another potential 

coral symbiont, Chromera velia, was investigated. C. velia is the closest known relative 

of the apicomplexan parasites, and share a common ancestor with Symbiodinium. 

Multiple cultures of C. velia were isolated from the tissues of three coral genera on the 

east coast of Australia. Acropora larvae established symbiosis with C. velia, suggesting 

this alga may be endosymbiotic in corals. However, clumps of C. velia were also seen 

digesting larval tissue, suggesting this symbiont can also become parasitic under certain 

conditions.  

In conclusion, coral larvae associate with a wider range of Symbiodinium than 

adult colonies. Larval promiscuity may be adaptive by providing corals with a 

mechanism to acquire symbionts appropriate for new environments encountered by 

larvae following dispersal. With incremental rises in sea-surface temperatures the 

Symbiodinium types dominating the initial stages of symbiosis are likely to change, 

thereby changing the relative abundance of different host-symbiont combinations on 

coral reefs.  
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Chapter 1: General Introduction  

 

Coral reefs are highly productive ecosystems providing habitat and food for a 

multitude of reef inhabitants, and vital services for human society and industry. These 

reef ecosystems thrive due to high productivity generated by corals in oligotrophic 

waters. High productivity is mostly attributed to symbiosis between the coral host and 

their endosymbiotic partner, Symbiodinium spp., which provide coral with up to 90% of 

their nutritional requirements (Muscatine & Porter 1977).  

Symbiodinium and symbiosis 

Symbiodinium, commonly known as zooxanthellae, are dinoflagellates that live 

in symbiosis with a number of marine organisms (Veron 1986) from at least five phyla 

including Cnidaria, Platyhelminthes, Mollusca, Porifera and Foraminifera (Trench 

1979, Pawlowski et al. 2001). The genus Symbiodinium were originally thought to be 

represented by a single pandemic species S. microadriaticum (Freudenthal 1962). 

However, work in the late 1970s revealed that Symbiodinium isolated from distinct 

hosts varied in many ways, including different isozyme patterns (Schoenberg & Trench 

1980a), morphology (Schoenberg & Trench 1980b), photophysiology (Chang et al. 

1983), fatty acid composition (Bishop & Kenrick 1980), and host infectivity 

(Schoenberg & Trench 1980c). In the early 1990s, molecular techniques revealed that 

the genus Symbiodinium was far more diverse than previously thought (reviewed in 

Baker 2003). Molecular markers from different regions of the Symbiodinium nucleus 

and chloroplast, including the 18S (Rowan & Powers 1991), large subunit RNA gene 

(Wilcox 1998), internal transcribed spacer regions 1 and 2 (LaJeunesse 2001, van 
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Oppen et al. 2001) and chloroplast 23S (Santos et al. 2003), revealed that Symbiodinium 

consists of several extremely divergent groups. Nine distinct phylogenetic clades (A - I) 

of Symbiodinium are now recognised, with multiple different types within all clades 

except E (LaJeunesse 2001, van Oppen et al. 2001, LaJeunesse 2002, Stat et al. 2006, 

Pochon & Gates 2010). Of these nine clades, six are known to occur in corals (A-D, F 

and G) (reviewed in Baker 2003). Recent work has revealed that different types of 

Symbiodinium, both in hospite and in culture, vary in their thermal tolerance and 

photoacclimatory abilities (Kinzie et al. 2001, Brown et al. 2002, Bhagooli & Hidaka 

2004, Iglesias-Prieto et al. 2004, Tchernov et al. 2004). Throughout my thesis the ITS1 

region was utilised for identification of Symbiodinium. However, other referenced 

studies within the thesis have used the ITS2 region for idenification. Each region has a 

different, yet similar, nomenclature. For clarification purposes a table outlining the 

relationship between Symbiodinium types identified by the ITS1 and ITS2 region has 

been included (Table 1-1).  

In symbiosis, Symbiodinium cells are 5 µm to 15 µm in diameter and occur as 

haploid vegetative cysts (Santos & Coffroth 2003) that lack flagella (Loeblich 1984). 

Cell division is thought to be controlled by the host, with evidence of this in the 

octocoral, Sinularia lochmodes (Jimbo et al. 2000). In their free-living state, 

Symbiodinium alternate between a vegetative cyst and a motile zoospore which 

possesses transverse and longitudinal flagella that become active under illumination 

(Stat et al. 2006; Figure 1-1). The source of free-living Symbiodinium in reef 

environments is still uncertain, however, reef sediment is probably the primary habitat 

due to high cell densities in sediments on some reefs (Littman et al. 2008). In addition, 

Adams et al. (2009) (Appendix I) demonstrated higher initial uptake by larvae when 
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exposed to reef sediments compared to water column samples. Free-living 

Symbiodinium have been detected in the water column (Gou et al. 2003, Coffroth et al. 

2006, Manning & Gates 2008, Pochon et al. 2010), sediment (Carlos et al. 1999, Hirose 

et al. 2008, Littman et al. 2008, Pochon et al. 2010), and on benthic macroalgae (Porto 

et al. 2008, Venera-Ponton et al. 2010) near coral reefs.  

Symbiosis between corals and Symbiodinium is established either by vertical or 

horizontal transmission. Vertical transmission is the transfer of symbionts from the 

parent colony into the developing oocytes. Horizontal transmission is the acquisition of 

symbionts from the environment that occurs during each generation early in ontogeny 

(Douglas 1994), a process referred to in this thesis (with no pejorative meaning) as 

“infection”. Vertical transmission may benefit the host because it guarantees 

transmission of a symbiont that was successful in the adult mother. A theoretical model 

suggests that individual host colonies are expected to contain only a single symbiont 

type to avoid costly inter-symbiont conflict (Wilkinson & Sherratt 2001). However, 

horizontal transmission is the dominant mode of transmission in hermatypic 

scleractinians, occurring in ~85% of species (Baird et al. 2009b). This suggests that 

either the costs of vertical transmission are too high (Yakovleva et al. 2009), or there are 

strong evolutionary constraints limiting vertical transmission (Knowlton & Rohwer 

2003), such as the lack of a mechanism to transfer symbionts to the developing oocytes 

(Yakovleva et al. 2009). Alternatively, horizontal transmission may have evolved to 

become the preferred mode of acquisition of Symbiodinium because it provides the host 

a means of acquiring symbionts more suited to different environments, such as might 

occur following long distance dispersal.  
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Corals and climate change 

Corals are thermally sensitive and only occur within a narrow temperature range 

(Coles and Jokiel 1977). Stressful environmental conditions (i.e., those outside the 

normal local range) can result in expulsion of Symbiodinium from the coral, or loss of 

pigmentation from Symbiodinium cells (Hoegh-Guldberg & Smith 1989, Brown 1997). 

This process is known as coral bleaching, and can lead to the death of the coral host 

(Glynn & D'Croz 1990, Baird & Marshall 2002). Most bleaching events are caused by 

an increase in sea surface temperature (SST). Global SST has risen by ~0.2ºC per 

decade over the past 30 years (Hansen et al. 2006) because of an increase in atmospheric 

CO2 generated by human activities, referred to as climate change. The effect of elevated 

SST on coral reefs has already been observed, with the prevalence and severity of coral 

bleaching increasing since the 1980s (Hoegh-Guldberg 1999). Bleaching on a 

worldwide scale was first recorded in 1997-1998 (Hoegh-Guldberg 1999), where an 

estimated 16% of the world’s corals died (Wilkinson 2000). The International Panel of 

Climate Change “business as usual” scenario has predicted further increases in SST of 2 

to 4ºC by the year 2100 (Meehl et al. 2007). Therefore, unless the holobiont can 

acclimatise or adapt to withstand these increases in SST, climate change threatens coral 

reefs worldwide (Hoegh-Guldberg 1999, Hughes et al. 2003).  

Adult corals have many mechanisms to help combat increases in temperature 

(Baird et al. 2009b). These include fluorescent proteins to dissipate excess energy (Salih 

et al. 2000), changing expression of heat-shock proteins (Sharp et al. 1997), increased 

heterotrophic feeding (Grottoli et al. 2006) and shifts in algal symbiont communities to 

favour more heat tolerant types (Glynn et al. 2001, Baker et al. 2004, Berkelmans & van 

Oppen 2006). Temporal changes in the in hospite Symbiodinium community in favour 
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of more thermally tolerant symbionts may provide the host with the means of rapidly 

adjusting to increases in seawater temperature. This process of rapid adjustment was 

first postulated as the Adaptive Bleaching Hypothesis (ABH) (Buddemeier & Fautin 

1993). The ABH posits that coral bleaching is an adaptive mechanism because it 

enables coral hosts to remove existing symbionts and replace them with different 

Symbiodinium that are better suited to a changed environment (Buddemeier & Fautin 

1993), with associated increases in fitness for the coral host. The new dominant 

symbiont is obtained by “shuffling” the ratio of existing symbiont types already within 

the coral tissue, or by “switching” symbionts by acquiring different symbionts from the 

environment (Buddemeier & Fautin 1993, Baker 2003, Stat et al. 2006).  Despite the 

profound influence of this theory on the field of coral-algal symbiosis, and much 

experimental work to test it, there is as yet no evidence demonstrating that coral 

bleaching, and a change in symbiont type results in an increase in fitness of the 

organism.  

The majority of adult coral colonies appear highly specialised, associating with a 

single Symbiodinium type (Rowan & Powers 1991, Goulet 2006), at least within the 

limits of detection (Baird et al. 2007). However, high-resolution genetic techniques 

suggest that many colonies also host other background types at very low densities 

(Mieog et al. 2007, Correa et al. 2009).  There is evidence that the prevailing 

environment controls symbiont assemblages, with different symbiont communities 

occurring at different latitude, depth and irradiance levels (Rowan and Knowlton 1995, 

Rowan et al. 1997, Baker 2001, Loh et al. 2001, Rodriguez-Lanetty et al. 2001, 

Rodriguez-Lanetty & Hoegh-Guldberg 2002, Ulstrup & van Oppen 2003). For 

example, Plesiastrea versipora hosts members of clade B in temperate regions of 
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south-eastern Australia, while in the subtropical and tropical regions this species 

associates with clade C (Baker 1999, Rodriguez-Lanetty et al. 2001). The symbiont 

community composition of individual colonies of the Caribbean corals Montastraea 

annularis and M. faveolata differ with irradiance levels. Tops of colonies, which 

experience high irradiance, are dominated by members of Symbiodinium clades A and 

B, while sides and skirts of colonies are dominated by Symbiodinium in clade C 

(Rowan et al. 1997). If the prevailing environment controls the symbiont community in 

some coral species, then corals that acquire their symbionts via horizontal transmission 

might respond to increasing SSTs by acquiring more thermally tolerant Symbiodinium 

types in each new generation (LaJeunesse et al. 2004, Baird et al. 2007). This 

mechanism would give coral an opportunity to establish symbiosis with novel 

Symbiodinium and adjust to changing environmental conditions without having to 

bleach. Therefore, understanding the processes controlling the initial establishment of 

symbiosis is important to understand how corals will respond to climate change.  

Thesis outline 

At the commencement of my PhD there were knowledge gaps in the 

understanding of potential mechanisms influencing the initiation of symbiosis in corals 

that horizontally acquired their symbionts. Firstly, it was not known when corals 

acquired their Symbiodinium from the environment, with some reports suggesting that 

uptake occurs after metamorphosis (Babcock and Heyward 1986), and more recent 

research demonstrating that larvae can acquire symbionts (Schwarz et al. 1999, Weis et 

al. 2001).  If uptake of Symbiodinium can occur in the larvae then this would be the 

ideal system to test questions about the mechanism influencing initiation of symbiosis. 

Testing such questions in coral juveniles, rather than larvae, might generate problems 
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because the experimentally forced delay in acquisition of Symbiodinium could 

compromise their health. In addition, larvae are ideal because they are small and can be 

easily cultured to generate thousands of replicates. Host and symbiont combinations 

have already been experimentally manipulated in Fungia scutaria larvae (Schwarz et al. 

1999), and this control over the combination makes it possible to ask questions 

regarding the uptake of physiologically different Symbiodinium, and uptake patterns 

under different environmental conditions.  

Acropora is the target coral genus in my thesis because it is dominant on the 

Great Barrier Reef (GBR) both in abundance and diversity. It comprises approximately 

75 species (Veron 2000) and is an important contributor to the GBR ecosystem. 

However, at the commencement of my PhD in 2006 it was unknown how flexible 

Acropora larvae were in their associations with Symbiodinium, with only one study 

demonstrating that uptake of Symbiodinium by larvae was possible (van Oppen 2001). 

Additionally, since the establishment of symbiosis in horizontally transmitted symbiosis 

is dependent on free-living Symbiodinium, determining the primary source of free-living 

Symbiodinium would also increase our understanding of patterns of establishment. 

Because of the predicted increases in SST due to climate change it is now imperative to 

understand how temperature effects the initial establishment and development of 

symbiosis. Since it is likely that multiple types of free-living Symbiodinium are in the 

environment at any given location, it is of further importance to understand how 

competition between free-living Symbiodinium types affects the establishment process.  

To understand what processes effect the establishment of symbiosis, chapter two 

examined the variability in availability of free-living Symbiodinium in sediments from 

different geographic locations, specifically with regards to their suitability for symbiosis 
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with coral hosts. In addition, this chapter examined the patterns of establishment and 

development of symbiosis in A. millepora and A. tenuis larvae, the two main species 

used throughout my thesis, and demonstrates that these larvae are promiscuous, 

therefore having the ability to associate with Symbiodinium types that are appropriate 

for novel environments following dispersal.  

Assessing how the prevailing environment affects the establishment and 

development of symbiosis in coral larvae will help determine if corals can respond to 

increased temperatures in the larval phase by establishing symbiosis with heat tolerant 

Symbiodinium types, thereby increasing the thermal tolerance of the holobiont. Chapter 

3 examined how the environment controls the establishment and development of 

symbiosis, and demonstrated that a combination of Symbiodinium health outside the 

host at the different temperatures, the prevailing temperature conditions, and host 

controls were involved in the process. Different holobiont combinations had different 

optimum conditions for the establishment and development of symbiosis. Chapter 4 

explored the effect of competition between Symbiodinium types during the initial 

establishment and development of symbiosis. It addition, it investigated whether 

competition between Symbiodinium types was mediated by the environment. In 

competitive scenarios, the Symbiodinium best suited to the prevailing temperature 

dominated the symbiosis. However, at high temperatures (31.8ºC), the mixed symbiosis 

broke down over time, whereas the monotypic symbioses did not, providing evidence 

that competition among symbionts may have deleterious effects on both the symbionts 

concerned and the holobiont. 

During earlier attempts to culture Symbiodinium, I isolated another alga, 

Chromera velia, which is closely related to Symbiodinium. C. velia was isolated and 
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cultured from multiple Montipora digitata colonies collected from Magnetic Island 

(Cumbo, 2005) and from Leptastrea purpurea (Faviidae) from One Tree Island on the 

GBR (Moore et al. 2008), as well as from Plesiastrea versipora from Sydney Harbour, 

NSW (Moore et al. 2008). The relationship between C. velia and coral is unclear. 

Chapter 5 describes the symbiosis between corals and C. velia. Finally, chapter 6 

outlines the key findings of the project and comments on the present status of the 

research.  

In addition, three papers included in the appendix resulted from collaboration 

with colleagues during the course of my PhD.  My input on both these studies included 

the development of ideas, conducting the experiments and analyzing the results. 

Additionally, I helped edit the manuscripts. The first, entitled “Exposure to sediment 

enhances primary acquisition of Symbiodinium by asymbiotic coral larvae” investigates 

whether the sediment or water column is the most likely source of free-living 

Symbiodinium for symbiosis in coral. The second, entitled “Cell-surface recognition 

affects host selection of symbionts during establishment of coral-algal endosymbiosis” 

investigates the roles of Symbiodinium type and cell surface recognition in the 

establishment of algal endosymbiosis in Acropora tenuis. The third, entitled “Fidelity 

and flexibility in coral symbioses” discusses current estimates of flexibility of coral-

Symbiodinium associations, outlining that we are mostly likely underestimating the 

flexibility in coral–algal symbioses.  
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Table 1-1: The relationship between Symbiodinium types identified using ITS1 and 
ITS2 regions.  
 

Symbiodinium Types 
ITS1 ITS2 

A A 
A3 A3 
C1 C1 
C2 C3 
C3 C1c 
C• C15 or C17 
D D 

Information of the relationship between the ITS1 and ITS2 types was 
provided by L. Tonk . 
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Figure 1-1: Life cycle of Symbiodinium. A) vegetative cyst, B) dividing vegetative cyst 

(two daughter cells), C) dividing vegetative cyst (three daughter cells), D)  developing 

zoospore, and E) zoospore. AP: accumulation product; CH: chloroplast; N: nucleus; LT: 

longitudinal flagella; TF: tranverse flagella (Stat et al. 2006; adapted from Freudenthal 

1962 and Schoenberg & Trench 1980b).  
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Chapter 2: The promiscuous larvae: flexibility in the 

establishment of symbiosis in corals facilitates acclimatisation 

to environmental change 

 

Introduction 

Tropical marine ecosystems thrive due to the high productivity of reef corals in 

oligotrophic waters. This high productivity is mostly attributed to the partnership 

between scleractinian corals and symbiotic dinoflagellates in the genus Symbiodinium  

(Muscatine & Porter 1977). Despite its importance, relatively little is known about the 

ecology of Symbiodinium, in particular, the distribution and abundance of free-living 

stages and the mechanisms of uptake into the coral host.  

The genus Symbiodinium comprises several divergent groups within nine 

distinct phylogenetic clades (A - I), with numerous types within each clade, except 

clade E (LaJeunesse 2001, van Oppen et al. 2001, LaJeunesse 2002, Stat et al. 2006, 

Pochon & Gates 2010). Six of these clades are found in scleractinian corals (A-D, F and 

G) (Baker 2003, Coffroth et al. 2006; LaJeunesse et al. 2010). Symbiodinium types vary 

in numerous respects, including different isozyme patterns (Schoenberg & Trench 

1980a), morphology (Schoenberg & Trench 1980b), photophysiology (Chang et al. 

1983), fatty acid composition, thermal tolerance (Tchernov et al. 2004), and host 

infectivity (Schoenberg & Trench 1980c). Additionally, symbiont physiology affects 

that of the holobiont (the coral host with all its symbionts, including Symbiodinium). For 

example, the bleaching threshold of Acropora millepora colonies is higher when they 
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are dominated by the heat-tolerant type D symbiont compared to type C2 (Berkelmans 

& van Oppen 2006). 

Symbiosis is established either by vertical or horizontal transmission. Vertical 

transmission refers to the transfer of the symbionts from the parent colony into the 

developing oocytes. Horizontal transmission is the acquisition of symbionts in each 

generation from the environment early in ontogeny (Douglas 1994), a process referred 

to as “infection”. Vertical transmission may benefit the host because it guarantees 

transmission of a symbiont that was successful in the adult mother. A theoretical model 

suggests that individual host colonies are expected to contain only a single symbiont 

type to avoid costly inter-symbiont conflict (Wilkinson & Sherratt 2001). However, 

horizontal transmission occurs in ~85% of zooxanthellate scleractinian corals (Baird et 

al. 2009b), which suggests that either the costs of vertical transmission are too high 

(Yakovleva et al. 2009), or there are strong evolutionary constraints limiting vertical 

transmission (Knowlton & Rohwer 2003), such as the lack of mechanisms to transfer 

symbionts to the developing oocytes. One potential benefit of horizontal transmission is 

the ability to associate with symbionts more suited to the environment in which a larva 

finds itself. This strategy would be most beneficial when the larvae occur in habitats 

very different from that of the parent, for example, following long distance dispersal 

(LaJeunesse et al. 2004, Baird et al. 2007).  

The degree of flexibility in the association between corals and their symbionts is 

a matter of vigorous debate (Goulet 2006, Baker & Romanski 2007, Baird et al. 2007). 

The majority of coral colonies are dominated by a single Symbiodinium type (Goulet 

2006), at least within the limits of detection (Baird et al. 2007); however, high-

resolution genetic techniques suggest that many colonies also host other background 
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types at very low densities (Mieog et al. 2007, Correa et al. 2009). Further, some 

colonies of some species associate with more than one type of symbiont above 

background density levels (Rowan & Knowlton 1995, van Oppen et al. 2001). For 

example, the location of symbiont types is irradiance-dependent in Acropora tenuis at 

Pelorus Island on the Great Barrier Reef (GBR). Symbiodinium C2 resides in the 

unshaded and type C1 in the shaded tissues of coral colonies (van Oppen et al. 2001, 

Ulstrup & van Oppen 2003). Similarly, symbiont composition within single colonies of 

Montastraea annularis and M. faveolata differ with irradiance levels. Tops of colonies, 

which experience high irradiance, are dominated by members of Symbiodinium clades 

A and B, while sides and skirts of colonies are dominated by Symbiodinium in clade C 

(Rowan et al. 1997). In addition, in some species, colonies associate with different 

symbionts depending on prevailing environmental conditions. For example, Plesiastrea 

versipora hosts members of clade B in temperate regions of south-eastern Australia, 

while in the subtropical and tropical regions this species associates with clade C (Baker 

1999, Rodriguez-Lanetty et al. 2001). The association between host and symbiont can 

also be influenced by environmental history. After a temperature induced bleaching 

event, symbiont communities in A. millepora from the Keppel Islands (southern GBR) 

shifted from type C2 dominance to the more thermally tolerant types D and C1 (Jones et 

al. 2008). Finally, different life stages of certain species associate with different 

symbiont types. For example, juvenile colonies of Acropora millepora and A. tenuis at 

Orpheus Island, GBR host types A, C1, C2, D, while adults are dominated by type C2 

only (Abrego et al. 2009a).  

The source of free-living Symbiodinium in reef environments is still uncertain, 

however, reef sediment is probably the primary habitat. Free-living Symbiodinium have 
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been detected in the water column (Gou et al. 2003; Cofforth et al. 2006; Manning and 

Gates 2008; Pochon et al. 2010), sediment (Carlos et al. 1999; Hirose et al. 2008; 

Littman et al. 2008; Pochon et al. 2010), and on benthic macroalgae (Porto et al. 2008; 

Venera-Ponton et al. 2010) near coral reefs. At Lizard Island 15-times more 

Symbiodinium cells per mL are found in sediment compared to the water column 

(Littman et al. 2008). Additionally, ~ 50% of Acropora monticulosa larvae had acquired 

Symbiodinium after three days of exposure to reef sediment, and infection rates 

increased to ~85% by day six (Adams et al. 2009). In contrast, acquisition of 

Symbiodinium by larvae of this species took longer and resulted in only ~ 20% infection 

when the larvae were exposed to seawater. Furthermore, A. tenuis larvae maintained in 

unfiltered seawater took 2 months to acquire symbionts (Nishikawa et al. 2003). 

Symbiodinium cells are likely to accumulate in the sediment because they are immobile 

for much of their life cycle and are negatively buoyant (Yacobovitch et al. 2004; 

Coffroth et al. 2006).   

Within hosts, Symbiodinium types are not found in equal abundance at each 

location. Types occurring in a wide range of host taxa are known as generalists, while 

types unique to certain host taxa are known as specialist (LaJeunesse et al. 2003). On 

the GBR there are at least three generalist Symbiodinium types, C1, C2 and D (ITS1 

nomenclature) (van Oppen et al. 2001, LaJeunesse et al. 2003, Abrego et al. 2009a). 

These types are found within cnidarian hosts from at least 41 genera (L. Tonk, pers. 

comm.). 

The point in the life history at which the infection occurs in species with 

horizontal symbiont transmission remains an open question. Early reports suggested that 

infection occurred following metamorphosis (Babcock and Heyward 1986) and there is 
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no doubt that juveniles have the capacity to acquire Symbiodinium from the 

environment (Abrego et al. 2009a). However, more recent research suggests that larvae 

are the most likely point of infection (Schwarz et al. 1999; Baird et al. 2007; Marlow 

and Martindale 2007).  Nishikawa et al. (2003) reported that larvae of Acropora tenuis 

kept in 100 µm-filtered seawater contained Symbiodinium 37 days after gamete release. 

Adams et al. (2009) reported that most planulae of Acropora monticulosa cultured in 

the presence of sediment acquired zooxanthellae 9 days after spawning. Inoculation 

experiments with homologous symbionts showed that A. tenuis and A. digitifera larvae 

first acquired Symbiodinium 5 and 6 days after fertilization, respectively, following the 

formation of the oral pore and development of the coelenterons (Harii et al. 2009). 

Interestingly, Marlow and Martindale (2007) observed uptake of Symbiodinium in 

Fungia scutaria larvae that were 24 – 30 h old. In this species, oral pore development 

was not required for uptake, with Symbiodinium passing through the ectododerm of the 

larvae. 

This study investigated the availability of free-living Symbiodinium in different 

geographic locations, specifically with regards to their suitability for symbiosis with 

coral hosts.  Larvae of A. millepora and A. tenuis were exposed to sediment collected 

from Magnetic, Orpheus and Lizard Islands on the GBR, to determine if the type of 

symbionts acquired differed among location or between coral species. These locations 

were chosen because the Symbiodinium types within most cnidarian hosts had 

previously been determined (Abrego et al. 2009a and L. Tonk pers. comm.). Differences 

in Symbiodinium identity, infectivity and proliferation within the host were monitored 

over time. Symbiodinium types acquired by larva were then compared to those present 

in a range of adult cnidarian species from each location to assess whether all types 
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within the endosymbiont population were acquired by larvae, or whether the larvae 

showed some level of specificity. Additionally, types within the larvae were compared 

to those within juvenile and adults of the same species to determine if types changed 

during ontogeny.  

 

Materials and Methods 

Experiment Setup 

Larval Collection 

Gravid Acropora millepora and A. tenuis colonies were collected from southeast 

Pelorus Island (18°33’41”S, 146°30’04”E) and Pioneer Bay, Orpheus Island 

(18°36’39”S, 146°29’11”E) and transported to Orpheus Island Research Station. A. 

tenuis spawned at 19:30 hrs and A. millepora at 21:00 hrs on the 18 November, 2008, 5 

days after the full moon. Gametes were collected from each colony and fertilized in 

tanks filled with 1.0 µm FSW. After verification of fertilization the sperm was washed 

away and the larvae were reared in 500 L flow-through tanks supplied with 1.0 µm 

FSW. Larvae were transported in a temperature-controlled vehicle in 3 L plastic sealed 

containers filled with FSW to a temperature-controlled laboratory (27ºC) at the 

Australian Institute of Marine Science (Cape Ferguson, Queensland) and placed in fresh 

FSW, which was changed daily until the start of the experiment. Larvae were visualised 

daily under light microscope to ascertain the development of an oral pore. The sediment 

exposure experiment was begun 4 days after fertilization.  



 

 21 

Sediment Collection 

Sediment was collected from the reef slope, at 2 to 5 m depth, from three 

locations, spanning 521 km: Nelly Bay, Magnetic Island (19°09’44”S, 146°51’15”E), 

Pioneer Bay, Orpheus Island (18°36’41”S, 146°29’10”E) and Trimodal Reef, Lizard 

Island (14°41’53”S, 145°26’48”E). Magnetic and Orpheus are inshore islands in the 

central section of the Great Barrier Reef (GBR), and the shallow waters surrounding 

these islands are turbid. Magnetic Island is close to the major shipping channel into 

Townsville, and Orpheus Island is ~10 nautical miles southeast of the Herbert River 

mouth, one of Queensland major rivers. Seasonal temperatures range from ~22.0 to 

30.4ºC at Orpheus Island, and ~21.3 to 32.0ºC at Magnetic Island (in situ data available 

from: http://www.aims.gov.au/docs/data-centre/seatemperatures.html). Orpheus Island 

is located approximately 73 km northwest of Magnetic Island, and 448 km southeast of 

Lizard Island. Lizard Island is on the mid-shelf in the far northern section of the GBR. 

Lizard Island has generally clearer oceanic water than Magnetic and Orpheus, and 

seasonal sea surface temperature range from 22.6 to 31.6ºC.  The top, oxic layer of 

sediment, determined by its colouration (grey and black sediment indicated anoxic 

conditions), was collected from each location to provide a potential source of algal 

symbionts (following Adams et al. 2009). Sediment was scooped into 50 ml Falcon 

tubes (Sarstedt, Australia), with a total of ten sediment filled-tubes collected at each 

site. Sediment was collected from Lizard Island on 21 November 2008, one day before 

the experiment was begun, while sediment from Orpheus and Magnetic Island were 

collected on experiment day 1. The mean seawater temperature at time of collection was 

~30.2ºC at Magnetic Island (at 2.4m depth), ~28.6ºC at Orpheus Island (1.9m depth) 

and ~28.4ºC at Lizard Island (7.2 m depth) (http://www.aims.gov.au/docs/data-
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centre/seatemperatures.html). Sediment was transported back to the Australian Institute 

of Marine Science on the day of collection, and placed in tanks containing oxygenated 

FSW to ensure no additionally Symbiodinium was introduced, and the samples remained 

oxic.  

Larval acquisition of Symbiodinium  

Larvae of both A. millepora and A. tenuis were inspected daily under light 

microscope to verify they remained aposymbiotic, and to detect the formation of the 

oral pore. Oral pore formation is a necessary requirement for Symbiodinium uptake in 

Acropora spp. (Harii et al. 2009). Oral pore formation occurred 4 days after 

fertilization. On this day, coral larvae of each species were divided equally among 24 

aquaria, each 1.125 L capacity, containing sediment from one of the three locations. 

There were six treatments (2 species by 3 locations), each with three replicate aquaria, 

plus three control aquaria (i.e., no sediment) for each species. Each aquarium contained 

1 L of 1.0 micron filtered seawater (FSW) and approximately 150 mL (three falcon 

tubes) of sediment. Sediment was allowed to settle for 4 h in the aquaria, after which 

600 larvae were added. The aquaria were placed under a 12/12 hr light dark cycle at 

light levels of 220 µmol photons m-2 s-1 and kept at 28.5°C, which was the ambient 

seawater temperature when the experiments were conducted. Water was oxygenated by 

applying gentle airflow to each aquarium.  

To detect acquisition of Symbiodinium, 10 larvae were removed from each 

aquarium and examined under a fluorescent microscope on experiment day three and 

six. Prior to examination, larvae were washed by rapidly pipetting individual larva in 

FSW to ensure no Symbiodinium were attached to their surface. Larvae were placed on 

microscope slides in a small droplet of FSW and cover slips were gently placed over the 
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larvae to immobilise them. After this preparation time (>1hr), the Symbiodinium cells 

within the larvae were excited in the green excitation range with a 515-560 nm 

bandpass excitation filter, a 580 nm dichromatic mirror and a 590 nm longpass 

suppression filter (N2.1). Upon excitation, the chlorophyll within the algal cells emitted 

in the red wavelengths, facilitating visualisation (Figure 2-1). For each larva, the 

number of symbiont cells was counted. Larvae of both species did not initially contain 

Symbiodinium, and larvae from the control (no-sediment) aquaria did not acquire 

Symbiodinium, indicating that all symbionts in the treatment aquaria were acquired from 

the sediment sources.  

 At each sampling period an additional 30 larvae from each replicate were 

washed, pooled, and placed in 100% ethanol for genetic typing of the Symbiodinium 

within the larvae. Single-stranded conformation polymorphism (SSCP) successfully 

detects types of Symbiodinium that are above 5-10% relative abundance of the entire 

sample (Fabricius et al. 2004). Therefore, types that were in very low abundance would 

not have been detected using this technique. In an attempt to circumvent this issue, on 

day six all the remaining larvae were removed from the sediment treatments and placed 

in FSW for an additional 14 days to promote the growth of the Symbiodinium within the 

tissue without additional uptake of symbionts from the sediment. The assumption was 

that the dominant type taken up by the larvae was the most abundant in the sediment, 

therefore removal of the larvae from the Symbiodinium source would reduce further 

uptake of this type, and could potentially promote growth of background types thereby 

shifting their relative abundance above 5-10% and allowing detection using SSCP. This 

procedure also reduced settlement and mortality of larvae. At day 20, 30 larvae (or 

when < 30, all remaining larvae) were pooled from each replicate for genotyping of 
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Symbiodinium within the larvae. On this day, no data on the proportion of larvae 

infected with Symbiodinium, or the number of Symbiodinium within the larvae were 

collected. 

Identification of Symbiodinium types within the larvae 

DNA was extracted from larvae isolated on day 3, 6 and 20  following a CTAB 

extraction method (Mieog et al. 2009b), with modifications. Modifications included 

using 250 µl of extraction buffer, chloroform/isoamyl alcohol (24:1) and isopropanol, 

and precipitated DNA samples being re-suspended in 50 µl of 0.01M Tris pH 9. The 

ITS1 region was amplified using a Qiagen multiplex reaction kit, and SymITS1 PCR 

primers (van Oppen et al. 2001). The PCR profile was initial denaturation at 94°C for 3 

min, followed by 30 cycles of denaturation at 94°C for 30 sec, primer annealing at 59°C 

for 30 sec and primer extension at 72°C for 30 sec. The final extension ran for 5 min at 

72°C. Aliquots of the amplicons were run on a 2% Tris-acetate EDTA (TAE) agarose + 

ethidium bromide gel and photographed to verify the success of amplification. SSCP 

was used to identify the different Symbiodinium types (Fabricius et al. 2004). The 380 

bp bands (size of the ITS1 region) were run on acrylamide gels along with references 

for Symbiodinium type A, C1, C2, C3, C•, D1 and D2 to determine the dominant and 

background types of Symbiodinium in A. millepora and A. tenuis larvae from each 

location. SSCP profiles were scored manually from the gel images, and any bands less 

prominent than the most dominant SSCP band was scored as background Symbiodinium 

types. References for other Symbiodinium types were not used because they are 

uncommon on the GBR. .  
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Assembly of database on symbiont types in adult cnidarians at each location and 

types within A. millepora and A. tenuis at each life stage 

A compilation of unpublished (L. Tonks pers. comm.) and published (Ulstrup 

and van Oppen 2003, van Oppen et al. 2001, Abrego et al. 2009a ) results on the 

symbiont types within adult cnidarian host populations at Lizard, Orpheus and Magnetic 

Islands was generated to identify the types potentially available for symbiosis at each 

location. Additionally, published data on the Symbiodinium types within juvenile (1 

month – 3.5 years old) and adult A. millepora and A. tenuis at Orpheus and Magnetic 

Islands (Abrego et al. 2009a) were compiled to provide insight into ontogenetic 

variation in symbiont type in these coral species (data for comparison was not available 

for Lizard Island).  

Statistical Analysis  

Differences in the mean proportion of larvae infected with Symbiodinium were 

tested using ANOVA. Factors in the ANOVA were location (fixed) with three levels 

(Lizard, Orpheus and Magnetic Island) and time (fixed) with two levels (day 3 and 6). 

Ten larvae were sampled from each of 3 replicate aquaria for each location on each day 

to provide a mean proportion of larvae infected. A similar model was used to test for 

significant differences in the mean number of Symbiodinium cells within the larvae, 

except the tank effect was incorporated into the model as a random factor nested with 

location. The same ten larvae from three replicate tanks per location and day were used 

as above. Each species was analysed independently. In all instances residuals were 

graphed to test for bias in the models. The number of Symbiodinium within the larvae 

was square root transformed to improve the model fit. Tukey post-hoc tests were 
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performed on significant factors to determine the levels within that factor that differed. 

All analyses were carried out using the statistical programs SPSS (version 19.0). 

 

Results 

Differences in Symbiodinium types acquired by coral larvae when exposed to 

sediments from different locations 

Four Symbiodinium types, A, C1, C2, D, were detected in Acropora larvae and 

these differed qualitatively among locations, days and species.  Type A was found only 

in A. millepora at Orpheus Island and no C2 was found in larvae of either species 

exposed to Magnetic Island sediments. 

In A. millepora larvae, on day 3, Symbiodinium D was dominant at Magnetic 

and Orpheus Island, whereas at Lizard Island type C1 was dominant (Table 2-1). The 

background types also differed among locations, with type D at Lizard Island, type C1 

at Orpheus Island, and no background types in larvae exposed to Magnetic Island 

sediment. On day 6, type D was dominant in larvae at all 3 locations (Table 2-1). Type 

C1 was the only background type in Orpheus and Magnetic Island samples, whereas 

types C1 and C2 were present in larvae from Lizard Island. On day 20, type D was 

dominant in the larvae at all three locations. Types A, C1 and C2 were background 

types in larvae at Orpheus Island, while type C2 was the only background type at Lizard 

Island. There were no background types in the Magnetic Island samples on day 20.  

In A. tenuis larvae, on day 3, type D was the only symbiont type detected in 

larvae exposed to sediment from Orpheus and Magnetic Island (Table 2-1). While 

symbionts were visible in larvae exposed to Lizard Island sediment, amplification of the 
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Symbiodinium ITS1 region was unsuccessful. On day 6, type D was dominant in larvae 

at all three locations (Table 2-1). Background types differed with location, with types 

C1 and C2 present in larvae exposed to sediment from Orpheus and Lizard Island, 

whereas only type C1 was detected in larvae exposed to Magnetic Island sediment. On 

day 20, type D continued to dominate within the larvae at all three locations, and 

background types at each location were the same as those detected on day six.  

Symbiodinium types available for symbiosis with corals at each location 

All Symbiodinium types detected in the larvae have been detected in adult 

cnidarian hosts at these locations (Tables 2-1 and 2-2). However, not all types 

previously found in adult cnidarians were present in larvae. For example, type C• occurs 

in Montipora spp. and Porites spp. at all locations but was not detected in the A. tenuis 

or A. millepora larvae, and C3 occurs in cnidarians at Lizard and Orpheus Island 

(Tables 2-1 and 2-2) but was also absent from the larvae.  

Comparison between Symbiodinium types in A. millepora and A. tenuis at different 

ontogenetic stages 

Symbiodinium diversity was comparable between larvae (this study) and 

juveniles of A. millepora and A. tenuis from Orpheus and Magnetic Island (Table 2-3). 

While larvae and juvenile corals associate with multiple types of Symbiodinium at each 

location, only a single type has been detected in adult colonies at these locations.  Adult 

A. millepora and A. tenuis colonies are dominated by type C2 at Lizard and Orpheus 

Island, while adult A. millepora colonies from Magnetic Island are dominated by type D 

and A. tenuis are dominated type C1 (Table 2-3). 
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Acquisition and growth of Symbiodinium within Acropora millepora and A. tenuis 

larvae  

Proportion of larvae acquiring Symbiodinium 

In A. millepora, the mean proportion of larvae acquiring symbionts differed 

between days (F1, 12 = 12.250, P = 0.004; Table 2-4), but not among locations. The 

proportion of larvae infected with Symbiodinium on day six was 0.84 ± 0.03 (mean ± 

SE), which was approximately 15% greater than on day three (0.69 ± 0.04) (Figure 2-

2A). In A. tenuis, the mean proportion of larvae acquiring symbionts differed among 

locations (F2, 12 = 4.227, P = 0.041; Table 4-5), but not between days. The mean 

proportion of larvae infected at Orpheus Island was 0.93 ± 0.03, which was significantly 

higher than the proportion of larva infected at Lizard (0.87 ± 0.03) and Magnetic (0.75 ± 

0.06) Islands (Figure 2-1B).   

Number of Symbiodinium in the larvae 

In A. millepora, the mean number of symbionts in larvae differed among 

locations (F2, 6 = 6.662, P = 0.029; Table 4-6) and between days (F1, 6 = 18.365, P = 

0.005; Table 4-3). There was 8 ± 1 and 7 ± 1 (mean ± SE) Symbiodinium cells within 

larvae exposed to sediment from Lizard and Orpheus Island, which was approximately 

twice the number compared larvae exposed to Magnetic Island sediment (Figure 2-1A). 

Similarly, cell numbers within the larvae on day six were 8 ± 1 cells, which was twice 

as high as day three (~ 4 cells) (Figure 2-1A). In A. tenuis, differences in the mean 

number of symbionts among locations were dependent on the day of sampling 

(interaction term F2, 6 = 6.478, P = 0.030; Table 4-4). On day three, there were 

approximately twice as many symbionts in larvae exposed to Orpheus Island sediments 

compared to Magnetic and Lizard Island sediments. However by day six, symbiont cell 
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numbers were 2 to 2.5 times higher in larvae exposed to Lizard and Orpheus Island 

sediments than in larvae exposed to Magnetic Island sediment (Figure 2B).  

 

Discussion 

Larvae of both species were promiscuous, associating with a number of different 

Symbiodinium types when exposed to sediments from three different locations. Most of 

the ITS1 SSCP symbiont genotypes known to occur at these locations were found in 

larvae of both species, indicating no specificity among species. However there was 

geographic heterogeneity, with Symbiodinium C2 absent in larvae exposed to Magnetic 

Island sediment. Type D rapidly became the dominant symbiont in both species exposed 

to sediments from all locations. With all three sediment sources, a high percentage of 

the larvae acquired symbionts and the density of symbionts increased over time. 

However, this increase was slower with Magnetic Island sediment, perhaps because 

type C2 is unavailable or rare in sediment from this location. 

Promiscuity is common in larvae and juveniles of other coral species that 

acquire their symbionts through horizontal transmission. In experimental treatments, 

Fungia scutaria larvae acquired 3 different types of Symbiodinium (Weis et al. 2001, 

Dunn & Weis 2009), as did Montastraea magnistellata larvae (Table III; Appendix IV). 

Additionally, seven species of Acropora have also been found to acquire Symbiodinium 

from three different clades (Chapter 3 and 4; Table III; Appendix IV; Baird et al. 

2009a). Therefore, promiscuity is likely an integral part of the biology of coral species 

exhibiting horizontal symbiont transmission. The ability to associate with multiple types 

of Symbiodinium early in ontogeny may be a mechanism for associating with symbionts 

that are different from those of the parental colony.  Therefore, each new generation of 
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larvae has the capacity to acquire novel Symbiodinium types that are potentially more 

suited to the local environment. In the context of global climate change, this ability 

could be advantageous for corals because the acquisition of better-adapted symbionts 

represents a possible acclimatisation mechanism by which corals might respond to 

changes in environmental conditions  (LaJeunesse et al 2004; Baird et al. 2007). 

Larvae acquired between 60 – 75% Symbiodinium types known from a range of 

cnidarians at each location. The two types not acquired were type C• (when exposed to 

sediments from all locations) and C3 (when exposed to sediments from Orpheus and 

Lizard Island). Type C• occurs in Montipora spp. and Porites spp. at the three locations 

where sediments were collected (van Oppen et al. 2001, Abrego et al. 2008; L. Tonk 

pers. comm.). Both of these taxa transmit symbionts vertically (Baird et al. 2009b) and 

consequently, Symbiodinium C• may not have a free-living stage in its life cycle, or A. 

tenuis and A. millepora are unable to recognise this type as a symbiont. “Free-living” 

Symbiodinium C• has been detected in seawater samples from Hawaii (Manning and 

Gates 2008) and the southern GBR (Venera-Ponton et al. 2010), however the sampling 

methods employed in these studies did not exclude symbionts containing larvae or 

forminifera, which may potentially harbour this Symbiodinium type. In contrast, 

Symbiodinium C3 occurs in coral species with horizontal transmission, albeit rarely on 

the GBR (van Oppen et al. 2001, 2005; LaJeunesse et al. 2004) and therefore this type 

must be able to survive outside of the host. The absence of type C3 within larvae is 

therefore likely to be a consequence of it being less infectious or at lower local 

abundance than other types. Alternatively, a host-symbiont recognition barrier may 

exist that prevents the acquisition of these symbionts 
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The Symbiodinium types acquired by larvae generally matched those found in 

the juveniles and included the symbiont type characteristic of adults at these locations 

(Table 4-2). In contrast to the promiscuity of the larvae and juveniles, adults of the same 

coral species have strong specificity in their association, although this specificity is 

location dependent. Adult A. millepora and A. tenuis at Lizard and Orpheus Island 

associate with Symbiodinium C2 (Abrego et al. 2009a; L. Tonk pers. comm.), while at 

Magnetic Island A. millepora associate with type D, and A. tenuis with type C1 (Abrego 

et al. 2009a). In contrast, Symbiodinium D was found to become dominant in A. 

millepora and A. tenuis larvae at every location tested (Table 2-1). Different types of 

clade D are usually dominant in corals from high sedimentation, high irradiance and/or 

high temperature environments (Toller et al. 2001b, Chen et al. 2003, LaJeunesse et al. 

2009) because they are hypothesised to have traits that give them a competitive edge in 

sub-optimal environments (Baker 2003). Outside marginal habitats, clade D is more 

commonly a background clade (Mieog et al. 2007). Dominance of type D within the 

larvae and juveniles (Abrego et al. 2009b) could be because the early life stages select a 

symbiont appropriate for the specific challenges of being a juvenile (Little et al. 2004). 

Type D has slower growth rates than type C1 during the initial stages of symbiosis in A. 

tenuis (Bay et al. in review). Unfortunately no data on in hospite growth rate of C2 are 

available. Larvae could benefit from lower cell densities at high temperature and/or 

irradiance conditions that occur following the coral spawning event because fewer 

symbiont cells means less reactive oxygen species and lower oxidative stress to the 

host, thereby increasing their survival rates (Yakovleva et al. 2009). However, 

association with type D comes at a cost. A. millepora juveniles hosting type C1 

Symbiodinium have 121% greater capacity to translocate photosynthates to the host 
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compared to juveniles hosting type D (Cantin et al. 2009). This, coupled with 

significantly slower growth rates in A. tenuis and A. millepora juveniles hosting type D 

compared C1 (Little et al. 2004), suggests that type D is disadvantageous to larvae and 

juvenile of these species, since rapid growth during early life stages typically reduces 

mortality (Hughes & Jackson 1985). Therefore, why is type D dominant in larvae from 

every location? One hypothesis is that the prevailing environment, primarily 

temperature, is controlling the establishment of symbiosis. Infectivity of Symbiodinium 

C1 in A. tenuis larvae decreased as temperatures increased from 26.4 to 29.4ºC, whereas 

infection rates with type D are unaffected by temperature (Chapter 4). Symbiodinium C2 

appears to be the most sensitive to thermal stress due to the reductions in its relative 

abundance compared to type D and C1 in corals following a bleaching event (Jones et 

al. 2008). The present experiment was run at ambient seawater temperatures (28.5ºC).  

Therefore, type D could initially dominate the symbiosis because establishment rates 

with type C1 and C2 is reduced at 28.5ºC. This would also explain why type D 

dominates 30-day-old juvenile colonies that were transplanted to warmer inshore 

locations (Orpheus and Magnetic Island), whereas equal proportion of type D and C1 

occurred in juveniles at the cooler mid-shelf location, Davis Reef (Abrego et al. 2009a). 

Interestingly, while rates of establishment with Symbiodinium C1 are affected by high 

temperatures (Chapter 4), once in symbiosis it confers similar heat-tolerance to type D 

in A. millepora juveniles (Mieog et al. 2009a).  

Certain Symbiodinium A types have been described as opportunists (Toller et al. 

2001a, Baker 2003) or parasitic (Stat et al. 2006; Mieog et al. 2009a). However, type A 

in this study only appeared in A. millepora larvae exposed to Orpheus Island sediment 

after 20 days (Table 4-1), which does not suggest it is opportunistic or parasitic. Low 
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levels of detection could be due to a low abundance of this type at each location. Type 

A is rare in adult corals in the Indo-Pacific, with the only other documented cases in 

mixed populations in A. longicyathus at Trunk Reef in the central GBR (van Oppen et 

al. 2001), in the Capricorn-Bunker group in the southern GBR (Gomez-Cabrera et al. 

2008), and in one A. millepora colony at Charity Reef on the GBR (van Oppen et al. 

2005). Low levels of abundance in the environment could explain why the pattern of 

uptake of this Symbiodinium type is different from other Symbiodinium types.  

Interestingly, while Symbiodinium C2 is the most common type in adult colonies 

of both species at Lizard and Orpheus Island, it is absent or extremely rare in these 

species at Magnetic Island (Ulstrup and van Oppen 2003, Abrego et al. 2009a). Type C2 

was also absent in the larvae (this study), and juvenile corals (Abrego et al. 2009a) 

exposed to Magentic Island sediment. Surveys of the Symbiodinium communities in 

invertebrates (3 orders and 42 genera) around Magnetic Island revealed type C2 on the 

sun-exposed side of only one A. tenuis colony (Ulstrup and van Oppen, 2003). 

However, Symbiodinium C2 is the most prevalent symbiont type in corals at every other 

location monitored on the GBR (van Oppen 2001, LaJeunesse et al. 2003, LaJeunesse 

2005). Its rarity at Magnetic Island demonstrates geographic partitioning of 

Symbiodinium communities that may be driven by environmental conditions. 

Symbiodinium C2 is believed to be a light-loving symbiont (Ulstrup and van Oppen 

2003), and the waters around Magnetic Island are on occasion, highly turbid. This, 

coupled with high temperatures and low salinity events that are frequent at this location 

(Berkelmans 2002), may have resulted in its depleted abundance. The absence of 

Symbiodinium C2 in larvae exposed to sediment from Magnetic Island was probably the 
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driver for slower development of symbiosis in larvae from this location (Figure 4-2; 

Table 4-1).  

Attempts to initiate associations with freshly isolated Symbiodinium C2 in larvae 

(V. Cumbo unpublished data), and juveniles (Mieog et al. 2009a) under laboratory 

condition have been unsuccessful. However, uptake of this type did occur in the larvae 

in this present study, and also in juveniles explanted onto reefs (Abrego et al. 2009b). 

This suggests that an intermediate host, or co-factor for uptake, may be present in the 

sediment, and are involved in mechanism of establishment of symbiosis. Alternatively, 

the extraction process is potentially more harmful to this Symbiodinium type or it has 

more specific nutrient requirements that are not met by currently used culture media.  

The promiscuity of larvae suggests that the host recognition system is very 

unspecific at this life stage. However, some level of recognition is proposed to exist 

early in the ontogeny of some coral species, as demonstrated by the disappearance of 

phagocytosed heterologous Symbiodinium ITS2 type C31 in Fungia scutaria larvae 

after 21h of uptake (Rodriquez-Lanetty et al. 2006), and the inability of A. millepora to 

establish symbiosis with freshly isolated Symbiodinium ITS1 type C• (Mieog et al. 

2009a). However, these results are more likely to reflect problems in culturing and 

maintaining the symbionts, rather than indicate an active recognition system in larva 

and juveniles because Symbiodinium C31 and C• are transmitted directly from parent to 

offspring and therefore may not exist outside the preferred host. To better understand 

the mechanism involved in the onset of symbiosis, the interaction occurring at the level 

of the host cell needs to be explored. However, the techniques required to answer such 

questions are currently in their infancy. 
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Our results demonstrate that Symbiodinium reside in the sediments of shallow 

reef communities, and are capable of initiating symbiosis with aposymbiotic coral 

larvae. Rates of infection were similar to those seen in larvae exposed to Symbiodinium 

densities of between 1 x 104 and 1 x 105 cells mL-1 (Figure III, Appendix IV), indicating 

high levels of abundance of Symbiodinium within sediment. The results suggest that the 

larval stage is the most common point of infection because symbionts are present in a 

high proportion of larvae shortly after exposure to sediments. Larvae search the 

substratum for a place to settled and metamorphose into a juvenile coral (Harrison and 

Wallace, 1990). This mobile benthic searching behaviour increases the likelihood of 

interaction with, and subsequent infection by, Symbiodinium. Larvae are promiscuous, 

associating with multiple Symbiodinium types independent of coral species or location. 

The one exception was the absence of type C2 in larvae at Magnetic Island, which 

probably occurred because type C2 is not available or is extremely rare at this location. 

As sea surface temperatures rise, the promiscuity of larvae could benefit corals by 

enabling them to establish symbionts with greater heat-tolerance in each new generation 

(LaJeunesse et al. 2004, Baird et al. 2007). This mechanism of acclimatisation will most 

likely be restricted to species that show horizontal transmission of symbionts (~85% of 

all species). Additionally and importantly, this mechanism of acclimatisation will be 

dependent on the availability of functionally different free-living symbionts within the 

environment.  
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Figure 2-1: Acropora millepora larva containing Symbiodinium under fluorescent 

microscopy. The larva fluoresces green while the symbionts are red. 
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Table 2-1: Symbiodinium types found within A. millepora and A. tenuis larvae on days 

3, 6 and 20 after exposure to sediment from three locations at Lizard, Orpheus and 

Magnetic Islands. Larvae were removed from sediment after day 6. The dominant type 

is indicated in bold, and the background types in italics.  

  Time (d) 
Species Location 3 6 20 
A. millepora Lizard Isl. C1   D D    C1, C2 D     C2 
 Orpheus Isl. D    C1 D    C1 D    A, C1, C2 
 Magnetic Isl. D D    C1 D 
A. tenuis Lizard Isl. *failed D    C1, C2 D    C1, C2 
 Orpheus Isl. D D    C1, C2 D    C1, C2 
 Magnetic Isl. D D    C1 D    C1 

* Amplication failed 

 

Table 2-2: Symbiodinium types found in 125 species in 66 genera of cnidarian host at 

Lizard (L. Tonk pers. comm.), Orpheus and Magnetic Islands (Ulstrup and van Oppen 

2003, van Oppen et al. 2001, Abrego et al. 2009a).  

Location Symbiodinium type within cnidarian hosts 
Lizard Isl. C1   C2   C3   C•   D 
Orpheus Isl. C1   C2   C3   C•   D    
Magnetic Isl. C1  C2 (in one colony)  C•   D    
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Table 2-3: Symbiodinium types found to associate with A. millepora and A. tenuis 

larvae (this study), juveniles and adults (field based studies by Abrego et al. 2009a and 

L. Tonk pers. comm.) at three locations at Lizard, Orpheus and Magnetic Islands. 

Currently there are no data on the type of Symbiodinium associating within juveniles at 

Lizard Island.  

 A. millepora A. tenuis 
Location Larvae Juveniles Adults Larvae Juveniles Adults 
Lizard  C1   C2   D - C2 C1 C2 D - C2 
Orpheus A C1 C2 D A C1 C2 D C2 C1 C2 D A C1 C2 D C2 
Magnetic C1   D C1   D D C1   D C1   D C1 
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Figure 2-2: The proportion of A. millepora (A) and A. tenuis (B) larvae acquiring 

Symbiodinium (mean ± SE) after 3 and 6 days of exposed to sediment from Lizard 

(circle), Orpheus (square) and Magnetic (triangle) Islands. 

 

 

 

 

 

 

 

 

 

Figure 2-3: The number of Symbiodinium cells within infected A. millepora (A) and A. 

tenuis (B) larvae (mean ± SE) after 3 and 6 days of exposed to sediment from Lizard 

(circle), Orpheus (square) and Magnetic (triangle) Islands. 
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Table 2-4: Two-way fixed factor ANOVA test for differences in the mean proportion of 

Acropora millepora larvae acquiring Symbiodinium among locations (Magnetic, 

Orpheus and Lizard Islands) and between times (day 3 and 6).  

Response 
Variable 

Source df MS F P 

Location 2 0.027 3.000 0.088 
Day 1 0.109 12.250 0.004 
Location by Day 2 0.016 1.750 0.215 

% of larvae 
acquiring 
Symbiodinium 

Error 12 0.009   
 

 

Table 2-5: Two-way fixed factor ANOVA test for difference in the mean proportion of 

Acropora tenuis larvae acquiring Symbiodinium among locations (Magnetic, Orpheus 

and Lizard Islands) and between times (day 3 and 6). 

Response 
Variable 

Source df MS F P 

Location 2 0.052 4.227 0.041 
Day 1 0.001 0.045 0.835 
Location by Day 2 0.017 1.409 0.282 

% of larvae 
acquiring 
Symbiodinium 

Error 12 0.012   
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Table 2-6: ANOVA test for differences in the mean number of Symbiodinium cells in 

Acropora millepora among locations (Magnetic, Orpheus and Lizard Islands) and 

between times (day 3 and 6). 

Response 
Variable 

Source df MS F P 

Location 2 6.059 6.662 0.029 
Aquaria(Location) 6 0.909 1.110 0.451 
Day 1 15.069 18.365 0.005 
Location by Day 2 0.388 0.473 0.644 
Aquaria(Location) 
by Day 

6 0.820 0.881 0.511 

Symbiodinium 
numbers 
within larvae 

Error 120 0.930   
 

 

Table 2-7: ANOVA testing for differences in the mean number of Symbiodinium cells 

within Acropora tenuis among locations (Magnetic, Orpheus and Lizard Islands) and 

between times (day 3 and 6). 

Response 
Variable 

Source df MS F P 

Location 2 8.507 6.724 0.029 
Aquaria(Location) 6 1.266 3.340 0.084 
Day 1 32.792 84.686 <0.001 
Location by Day 2 2.482 6.478 0.030 
Aquaria(Location) 
by Day 

6 0.379 0.333 0.919 

Symbiodinium 
numbers 
within larvae 

Error 135 1.138   
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Chapter 3: Environmental controls on the establishment and 

development of symbiosis in corals 

 

Introduction 

An increase in atmospheric CO2 generated by human activities, such as burning 

of fossil fuels and deforestation, is causing the average global temperature to rise. 

Global sea surface temperatures have risen by ~0.2ºC per decade over the past 30 years 

(Hansen et al. 2006), with further increases of between 2 to 4ºC by 2100 projected under 

business-as-usual scenarios (Meehl et al. 2007). Increases in global temperature threaten 

the stability of many ecosystems, with coral reefs being among the most vulnerable 

(Meehl et al. 2007). Under high temperatures, corals bleach due to a disruption of the 

association between the coral host and their symbiotic algae, Symbiodinium spp. 

Symbiodinium cells are expelled from the coral host, and/or their photosynthetic 

pigmentation decreases markedly, giving corals a white or “bleached” appearance 

(Hoegh-Guldberg & Smith 1989). The effect of elevated temperature on coral reefs has 

already been observed, with increases in the frequency and severity of coral bleaching 

events occurring on reefs worldwide (Hughes et al. 2003). 

The genus Symbiodinium consists of several divergent groups. Based on 

ribosomal DNA (rDNA), nine distinct phylogenetic clades have been identified (A - I), 

six of which are known to occur in corals (A-D, F and G) (Baker 2003, Stat et al. 2006, 

LaJeunesse et al. 2010, Pochon & Gates 2010). Additional genetic diversity exists 

within each clade, and genetically distinct Symbiodinium within a clade are generally 

referred to as “types” (LaJeunesse 2001, van Oppen et al. 2001, LaJeunesse 2002). The 
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physiological response of different types of Symbiodinium varies both in hospite and in 

culture, with different types varying in their thermal tolerance and photoacclimatory 

abilities (Kinzie III et al. 2001, Brown et al. 2002, Bhagooli & Hidaka 2004, Iglesias-

Prieto et al. 2004, Tchernov et al. 2004). Therefore, temporal changes in the in hospite 

Symbiodinium community in favour of more thermally tolerant symbionts may provide 

the host with the means of rapidly adjusting to increases in seawater temperature. This 

process of rapid adjustment was first postulated as the Adaptive Bleaching Hypothesis 

(ABH) (Buddemeier & Fautin 1993). The ABH posits that coral bleaching is an 

adaptive mechanism because it enables the coral hosts to remove existing symbionts and 

replace them with different Symbiodinium that is are better suited to a changed 

environment (Buddemeier & Fautin 1993), with associated increases in fitness for the 

coral host. The new dominant symbiont is obtained by “shuffling” the ratio of existing 

symbiont types already within the coral tissue, or by “switching” symbionts by 

acquiring different symbionts from the environment (Buddemeier & Fautin 1993, Baker 

2003, Stat et al. 2006).  Despite the profound influence of this theory on the field of 

coral-algal symbiosis, and much experimental work to test it, there is as yet no evidence 

demonstrating that coral bleaching, and a change in symbiont type results in an increase 

in fitness of the organism.  

Acquisition of Symbiodinium occurs either vertically or horizontally. Vertical 

transmission is the direct transmission from the adult coral to the coral egg. This mode 

of transmission is considered a ‘closed system’ because offspring do not have a choice 

of the type of Symbiodinium they associate with (but see van Oppen 2004, Coffroth & 

Santos 2005). In contrast, other corals must acquire Symbiodinium from the 

environment in each generation, which in known as horizontal transmission. Coral 
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species that lack Symbiodinium in the eggs most likely acquire their symbionts when 

larvae begin to explore the substratum or shortly after attachment to the substratum and 

metamorphosis (Chapter 2, Baird et al. 2007). Coral larvae and juveniles that acquire 

symbionts via horizontal transmission are promiscuous and host a larger number of 

symbiont types than their adult counterparts (Chapter 2, Weis et al. 2001, Gomez-

Cabrera et al. 2008, Abrego et al. 2009a, Adams et al. 2009). Approximately 85% of 

coral species acquire symbionts horizontally (Baird et al. 2009b), and this ‘open system’ 

provides corals with an opportunity to establish associations with symbionts that are 

more suited to the environment in which a larva finds itself, which may be very 

different from that of the parent if the larva has dispersed over long distances 

(LaJeunesse et al. 2004, Baird et al. 2007). Corals may respond to increased 

temperatures in the larval phase by establishing symbiosis with heat-tolerant 

Symbiodinium types, thereby increasing their thermal tolerance (Baird et al. 2007).  

Environmental conditions can affect the establishment and development of 

symbiosis. Baird and colleagues (2009a) compared infection rates of three 

Symbiodinium ITS2 types in A. intermedia larvae exposed to 25, 30 and 34ºC, and 

showed that initial rates of infection of Symbiodinium were influenced by temperature in 

two of the three types tested. Rates of infection with Symbiodinium C9b peaked at 30°C, 

while type A6 infection rates declined with increasing temperature. Infection with 

Symbiodinium C1 was uniformly low. While this study demonstrated temperature has an 

effect on establishment of symbiosis, there were some limitations including the large 

difference in temperatures (+4ºC and +5ºC between treatments) that makes it difficult to 

ascertain the temperature range controlling establishment of symbiosis for each 

Symbiodinium type. To better describe the interaction temperature has on establishment 
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and development of symbiosis with functionally different Symbiodinium types, it would 

be advantageous to have multiple temperature treatments, no greater that 2 - 3ºC apart, 

spaning the normal range found at the sampling location plus higher temperatures 

similar to those predicted to occur by 2100 (Meehl et al. 2007). Different light 

conditions should also be investigated for two reasons. Light conditions vary with depth 

on reefs, and symbiont communities within single host species of some corals differ 

with depth, and light irradiance (e.g. Montastraea annularis and M. faveolata; Rowan 

and Knowlton 1995, Rowan et al. 1997). Therefore establishment patterns may differ 

under different light environments. Furthermore, at increased irradiance, high 

temperatures can increase photoinhibition of Symbiodinium (Bhagooli & Yakovleva 

2004), which in turn may affect establishment of symbiosis. To assess the success of the 

symbiosis, the development (addition uptake and growth) of Symbiodinium within the 

larvae should also be followed over time.  

This study aimed to determine if environmental conditions affect the 

establishment of symbiosis with Symbiodinium in coral larvae and the development of 

Symbiodinium types with contrasting thermal tolerance. Specifically, it tested whether 

temperature and light affect the proportion of larvae infected with Symbiodinium; and 

goes further by assessing the success of symbiosis by tracking the Symbiodinium 

densities within the larvae of Acropora millepora and A. monticulosa over time. 

Temperature conditions ranged from 25ºC – 32ºC, increasing by +2ºC or +3ºC 

increments, and acquisition experiments were setup 6 days after spawning to achieve 

the maximum rates of infection (Yasuda et al. 2007, Harii et al. 2009). 

 



 

 47 

Materials and Methods 

Symbiodinium Cultures 

Symbiodinium culture HA3-5, purchased from the Marine Biotechnology 

Institute Culture Collection (MBIC), was isolated from beach sand on Coconut Island, 

Hawaii in March 1996. Symbiodinium culture CS-159, purchased from the Australia 

Commonwealth Scientific and Industrial Research Organisation (CSIRO), was isolated 

from the giant clam, Tridacna maxima, from Palau in January 1983. Symbiodinium 

culture AT-MI1 was isolated in 2005 from Acropora tenuis from Magnetic Island on the 

Great Barrier Reef by Dr Christopher Marquis and Vivian Cumbo. Cultures were 

maintained in f/2 medium (Guillard & Ryther 1962) at 25°C with a light/dark cycle of 

12/12hrs and a light intensity of approximately 115 µmol photon m-2 s-1. Two of the 

three types used were not coral-derived and are therefore not known to associate with 

coral in the natural environment. However, the main aim of the study was to determine 

if establishment of symbiosis and development of Symbiodinium within larvae was 

affected by prevailing environmental conditions, dependent on the thermal tolerance of 

the symbiont. To answer this question, the Symbiodinium types must have different 

thermal thresholds, and be able to establish symbiosis with coral larvae, even if these 

types are not known to associate with coral in the natural environment. 

Genetic identification of cultured Symbiodinium  

DNA extractions were carried out on the Symbiodinium cultures and the 

Symbiodinium ITS-1 region was amplified as described in chapter 2. Successful PCR 

products were sent to Macrogen (Japan) for sequencing. The electropherograms were 

verified by eye and aligned using the BioEdit sequence alignment editor version 7.0.0. 
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A contiguous sequence was generated from both the forward and reverse sequences. 

BLAST searches were undertaken on the sequences using GenBank 

(www.ncbi.nlm.nih.gov/genbank) to identify databased taxa with matching sequences. 

ITS1 sequences obtained for the cultures were identical to sequences available in 

GenBank. Culture HA3-5 was identified as Symbiodinium A (Baillie et al. 2000, 

GenBank Accession # AF184948), culture CS-159 was identified as Symbiodinium A3 

(Baillie et al. 2000, GenBank Accession # AF195143) and culture AT-MI1 was 

identified as Symbiodinium C1 (van Oppen et al. 2001, GenBank Accession # 

AF380551). No studies to date have found Symbiodinium A in symbiosis with corals, 

however Symbiodinium A3 occurs in multiple corals species in the Western Atlantic and 

Caribbean (summarised in LaJeunesse et al 2009), and Symbiodinium C1 occurs in 

multiple species in the Indo-Pacific (van Oppen et al 2001). 

Assessing heat tolerance of Symbiodinium cultures 

 Pulse amplitude modulated (PAM) fluorometry was used to assess the 

photophysiology of the Symbiodinium cultures by measuring their maximum dark-

adapted yields (Fv/Fm) at five different temperatures. Changes in Fv/Fm can detect 

damage to the photosynthetic apparatus, with heat sensitivity demonstrated by a 

decrease in Fv/Fm indicating damage to PSII (Jones et al. 1998, Bhagooli & Hidaka 

2003). Fv/Fm was measured using an imaging pulse amplitude modulated fluorometer (I-

PAM, Walz GmbH, Effeltrich, Germany). Cultures were exposed to 25°C (control), 

28°C, 31°C, and 34°C, and their Fv/Fm measured over a 9 day period, including an 

initial 24 hr acclimation period. A wide temperature range (25 - 34°C) was selected to 

aid in distinguishing the photosynthetic response of the three Symbiodinium types. 

Temperatures treatment were set at a maximum of 32ºC in the Symbiodinium 
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acquisition experiments (below) because larval mortality would likely be too high over 

the course of the incubation period at 34ºC. Cultures were added randomly into black 

24-well Krystal microplates (Povair-Science) at densities of ~6 x 105 cells mL-1, with a 

total of 2 mL of culture per well and 5 replicates of each culture. They were placed in 

their selected temperature treatments with a 12/12hr light/dark cycle of 115 µmol 

photon m-2 s-1 (acclimated light level). Fv/Fm measurements were taken on dark-adapted 

cultures prior to illumination each day.  At the end of each day the cultures were 

centrifuged at 2000 g for 10 mins, 1 mL of f/2 medium was removed and 1 mL of fresh 

f/2 was added. This was done to keep the cultures in their exponential growth phase, 

thereby standardizing the influence of culture age on physiological response. On day 5, 

900 µl of f/2 medium was removed/added after which the cultures were re-suspended 

and 100 µl of culture was removed and 100 µl of fresh f/2 added to reduce the 

increasing density of cells. 

Symbiodinium Acquisition Experiment  

Larval collections and temperature experiments were run using Acropora 

millepora in Australia in 2006 and A. monticulosa in Japan in 2007. The same three 

Symbiodinium cultures were used for both sets of experiments.   

Larval collection 

Four A. millepora colonies were collected on 10 November 2006 from Pioneer 

Bay, Orpheus Island in the central Great Barrier Reef (GBR), Australia (18º36’15”S, 

146º29’02”S) and placed in an outdoor aquarium with running filtered seawater (FSW). 

Colonies were isolated before dusk and all colonies spawned at approximately 20:00 

hrs. Larvae were cultured following Graham et al. (2008) and transported to James 
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Cook University on the 13 November 2006 where water changes were performed daily 

until the beginning of the experiment on the 16 November 2006. In 2007, six A. 

monticulosa colonies were collected from the southwest side of Akajima Island, Japan 

(26°10'54”N, 127°16'19”E) and placed in tanks with running seawater at the Akajima 

Marine Science Laboratory (AMSL). Spawning occurred on 4 August 2007 between 

23:00 and 23:30 hrs. Eggs and sperm were collected, fertilized and then reared in 

filtered seawater (0.22 µm). Two day old, swimming larvae were transport to Sesoko 

Station, Tropical Biosphere Research Center, University of the Ryukyus, Okinawa, 

Japan and maintained as described above. The acquisition experiment was started on 10 

August 2007. Both acquisition experiments were set up 6 days post spawning, when the 

maximum rates of infection are achieved (Yasuda et al. 2007).  

The effect of temperature on the establishment and development of symbiosis 

In 2006, coral larvae from Acropora millepora were exposed to each 

Symbiodinium culture at five temperatures: 25, 26, 28, 30 and 32°C, and two light 

treatments (low = 8 ± 1 µmol photon m-2 s-1 and high = 424 ± 6 µmol photon m-2 s-1).  

This temperature range covers the mean summer SST range around Orpheus Island (25-

28°C) (in situ data available from: http://www.aims.gov.au/docs/data-

centre/seatemperatures. html) plus high temperature treatments to simulate projected 

increases by 2050 - 2100 (30 - 32°C) (Meehl et al. 2007). Different light levels were 

used to investigate the combined effect of temperature and light on the establishment of 

symbiosis.  High irradiance and high temperature can increase photoinhibition in 

Symbiodinium, which could affect establishment of symbiosis in the larvae. Forty larvae 

were placed in 120 mL glass jars containing 0.2 micron FSW and Symbiodinium 

cultures were added at densities of 1 x 104 cells mL-1. The jars were placed in water 
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baths, which were heated (TH1 thermoregulator, Raytek) and chilled (Unistar-85) to 

maintain the desired temperatures, with temperature measured three times daily.  The 

jars were illuminated on a 12:12 hr light:dark cycle (with lights on at 0700 h) with metal 

halide lamps for high light intensity, and fluorescent lamps for low light intensities. 

Light intensities were measured using a Li-Cor meter [LI-1400] and sensor [LI-

192SA]).  To ensure the water temperature in the jars was unaffected by the lights, a 

large piece of Perspex was hung underneath the lights to reduce the amount of heat 

reaching the jars. In addition, one fan was placed above and the other below the Perspex 

to dissipate the heat generated by the lights. The temperature in the jars remained 

relatively stable, with the only noticeable difference occurring right when the lights 

switch on in the morning. There were three jars per culture/temperature/light treatment 

plus a negative control (i.e., no symbionts added). Ten larvae were sub-sampled from 

each jar on day three and six. 

In 2007 coral larvae of A. monticulosa were exposed to Symbiodinium cultures 

at densities of ~1 x 104 cells mL-1 at three different temperatures (25, 28 and 31°C). 

Temperatures were chosen to cover the mean summer sea surface temperature (SST) 

range around Akajima Island (25-28°C) (Nadaoka et al. 2001) plus a high temperature 

treatment (31°C). The tanks were illuminated with flurorescent lamps on a 12:12 hr 

light:dark cycle (with lights on at 0700 h) at 86 ± 2 µmol photon m-2 s-1. Twenty larvae 

were added to 40 mL jars, with three jars for each culture per temperature including 

negative controls. Eight larvae were sub-sampled from each aquarium on days 3 and 6.   

To determine the success of establishment of symbiosis, otherwise known as the 

rate of infection of Symbiodinium in larvae, the proportion of larvae acquiring 

Symbiodinium at each time point was assessed by inspecting larva under a fluorescent 
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microscope at 20x magnification following the methods outlined in Chapter 2. 

Additionally, to determine whether symbiosis successfully developed within the larvae, 

as demonstrated by an increased in symbiont cell numbers, the density of Symbiodinium 

within the larvae were counted at each time point. Symbiodinium development included 

uptake of Symbiodinium from the environment, in addition to in hospite proliferation of 

symbiont cells. 

Statistical analyses 

Differences in the mean proportion of A. millepora larvae infected with 

Symbiodinium were tested using ANOVA. Factors in the ANOVA were temperature 

(fixed) with five levels (25, 26, 28, 30 and 32ºC), light (8 ± 1 µmol photon m-2 s-1 and 

424 ± 6 µmol photon m-2 s-1) and time (fixed) with two levels (day three and day six).  

Ten larvae were sampled from each of three replicate aquaria for each temperature and 

light level on each day to provide a mean proportion of larvae infected. A similar model 

was used to test for significant differences in the mean number of Symbiodinium cells 

within the larvae, except the tank effect was incorporated into the model as a random 

factor nested with temperature by light. The same ten larvae from three replicate tanks 

per temperatures, light, and day were used as above. Each species was analysed 

independently. Similar models to those stated above were used to test for difference in 

the mean proportion of A. monticulosa larvae infected, and the mean number of cells 

within the larvae. Light was not included in this model, and temperature had only three 

levels (25, 28 and 31ºC). In all instances residuals were graphed to test for bias in the 

models. The number of Symbiodinium within A. millepora larvae was square root 

transformed, and the number of Symbiodinium within A. monticulosa larvae was fourth 

root transformed, to improve the model fit. Tukey post-hoc tests were performed on 
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significant factors to determine the levels within that factor that differed. All analyses 

were carried out using the statistical programs SPSS (version 19.0). 

 

Results 

Heat tolerance of the Symbiodinium cultures 

After a 24 hr exposure the Symbiodinium cultures acclimated to the different 

temperature and light conditions, with the exception of type A3 at 34ºC (Figure 3-1), 

which experienced severe declines in Fv/Fm and had crashed by day 3.  The three 

Symbiodinium types differed markedly in their thermal tolerance. Symbiodinium A was 

relatively unaffected by temperature (Figure 3-1a). The maximum dark-adapted 

quantum yields of PSII (Fv/Fm) were similar at every temperature and remained constant 

over the 7 days, with a mean of 0.538 ± 0.003 (± SE).  In contrast, Symbiodinium A3 

was very sensitive to 34ºC, demonstrated by the sharp decline in Fv/Fm during the 24 hr 

acclimation period, and subsequent mortality two days later (Figure 3-1b).  Type A3 

was unaffected by temperatures between 25 – 31ºC (Figure 3-1b), with a mean Fv/Fm of 

0.538 ± 0.004 among the three temperatures over the 7 days.  Symbiodinium C1 was 

also sensitive to 34ºC, with lower Fv/Fm than at the other three temperatures over the 7 

day period. Type C1 became more sensitive to 34ºC over time, with a ~ 9.6% decline in 

Fv/Fm occurring on day 5 (Figure 3-1c). Type C1 was unaffected by temperatures 

between 25 – 31ºC, having similar Fv/Fm over the 7 days (0.510 ± 0.005). While 

Symbiodinium C1 was sensitive to 34ºC, it continued to photosynthesise, unlike type 

A3. Therefore, the Symbiodinium were ranked in terms of their thermal tolerances as A 

> C1 > A3. 
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Acquisition and growth of Symbiodinium at different temperatures 

Proportion of Acropora millepora larvae acquiring Symbiodinium 

Symbiodinium A: Successful uptake occurred at all temperatures and light levels 

by day three (Figure 3-2a). The mean proportion of larvae infected with Symbiodinium 

differed among temperatures (F4, 35 = 5.411, P = 0.002; Table 3-1) but not between light 

levels or days. Uptake of Symbiodinium was significantly lower at 25ºC compared to 

28, 30 and 32ºC (Tukey’s post-hoc test: P = 0.006, P = 0.006 and P = 0.010 

respectively), with 92.3 ± 2.3 % (mean ± SE) of larvae infected at 25ºC, and 100.0 ± 0% 

of larvae infected at 28, 30 and 32ºC. While the proportion of larvae infected with type 

A differed among temperatures, uptake rates were still very high in all treatments 

(Figure 3-2 a and b). 

Symbiodinium A3: Successful uptake occurred at all temperature and light levels 

by day three (Figure 3-2b). Differences in the mean proportion of larvae infected with 

type A3 among temperatures were dependent on the light levels (interaction term: F4, 36 

= 21.184, P < 0.001; Table 3-2). Between 98.3 – 100.0% of the larvae acquired 

Symbiodinium when exposed to 25 – 30ºC regardless of the light level. However, at 

32ºC, only 15.4 ± 6.3% of larvae were infected when exposed to high light, while 68.3 ± 

10.5% of larvae were infected under low light. Differences in the mean proportion of 

larvae infected with Symbiodinium A3 among temperatures were also dependent on the 

day of sampling (interaction term: F4, 36 = 4.231, P = 0.007; Table 3-2). Establishment of 

symbiosis was high among temperatures of 25 – 30ºC, with between 98.3 – 100% of 

larvae infected on day three, increasing to 100% on day six. Conversely, symbiosis 

broke down over time at 32ºC (Figure 3-2 c and d). On day three, 53.3 ± 14.1% of 

larvae had acquired type A3 but by day six this had decreased to 30.4 ± 13.4%. 
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Symbiodinium C1: Successful uptake occurred at all temperature and light levels 

by day three (Figure 3-2c). The mean proportion of larvae infected differed among 

temperatures (F4, 37 = 28.486, P < 0.001; Table 3-3), and between days (F1, 37 = 8.029, P 

= 0.007; Table 3-3) but not between light conditions. At temperatures between 25 – 

30ºC, acquisition was high (between 87.3 – 96.4%), whereas uptake decreased 

significantly to 29.5 ± 7.8% when larvae were exposed to 32ºC. Establishment of 

symbiosis increased through time with 73.3 ± 5.9% of larvae infected with 

Symbiodinium C1 on day three and 86.6 ± 4.9% on day six. 

The proportion of A. millepora larvae infected was influenced by the thermal 

tolerance of the symbiont. Types A3 and C1 were more heat-sensitive than A (Figure 3-

1), and for both types a reduction in the proportion of larvae infected occurred at 

temperatures above 30ºC, with the rates of infection of type A3 being lower under high 

light than low light.  The establishment of symbiosis with type A3 broke down over 

time at 32ºC.  No reduction in uptake of type A was detected at any temperature.  

Proportion of Acropora monticulosa larvae acquiring Symbiodinium 

Symbiodinium A: Successful uptake occurred at all temperature by day three 

(Figure 3-3a). The mean proportion of larvae infected differed among temperatures (F2, 

11 = 10.733, P = 0.003; Table 3-4), but not between days (Figure 3-3a). Acquisition was 

significantly higher at 31ºC, compared to 25 and 28ºC (Tukey’s post hoc: P = 0.002 and 

0.011 respectively). A high proportion of larvae (76.2 ± 9.1%, mean ± SE) were 

infected with type A at 31ºC, decreasing to 30.4 ± 10.1% at 28ºC and 16.4 ± 7.4% at 

25ºC.  

Symbiodinium A3: Successful uptake occurred at all temperatures by day three 

(Figure 3-3b). The mean proportion of larvae infected was independent of temperature 
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and time (Table 3-5; Figure 3-3b), with an average of 75.7 ± 3.7% of larvae acquiring 

type A3 in every treatment.  

Symbiodinium C1: Successful uptake occurred at all temperatures by day three 

(Figure 3-3c). The mean proportion of larvae infected differed among temperatures (F2, 

12 = 22.517, P < 0.001; Table 3-6), but not between days. Acquisition was higher at 

25ºC, compared to 28 and 31ºC (Tukey’s post hoc: P = 0.003 and < 0.001 respectively). 

At 25ºC, 77.6 ± 7.4% of larvae were infected with type C1, decreasing to 39.6 ± 6.0% at 

28ºC, and 18.8 ± 2.8% at 31ºC. 

In A. monticulosa uptake of the heat-tolerant Symbiodinium A at 25 and 28ºC 

was low compared to 31ºC. Uptake rates with the heat-sensitive Symbiodinium A3 were 

independent of temperature. Acquisition of the heat-sensitive type C1 was highest at 

25ºC, and decreased as temperature increased, but was only significantly lower at 32ºC. 

Since uptake of Symbiodinium A3 was independent of temperatures, the proportion of 

A. monticulosa larvae infected was not completely influenced by Symbiodinium thermal 

tolerance. Overall, rates of infection were lower in A. monticulosa compared to A. 

millepora.  

Number of Symbiodinium in Acropora millepora larvae 

Symbiodinium A: The replicate tanks among each temperature and light 

treatment differed between days (F15, 376 = 2.699, P = 0.001; Table 3-7), consequently 

the variation in the number of Symbiodinium A within the larvae between tanks was too 

large to draw conclusions about the temperature and light effect. However, there were 

some clear patterns that might be of ecological significance. At 25ºC, there was an 

average of 57 ± 5 Symbiodinium cells in the larvae, which was almost half the number 

of cell in larvae exposed to 28ºC (103 ± 9 cells) (mean ± SE), 30ºC (81 ± 6 cells) and 
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32ºC (91 ± 12 cells), but not substantially lower than cell numbers at 26ºC (67 ± 7 

cells). Acquisition and growth of Symbiodinium A was fastest at 32ºC, with a 3.2- and 

4.1- fold increase in cell numbers from day three under low and high light respectively 

(Figure 3-4a and b). Comparatively there was only between 1.2 to 2.1-fold increase in 

type A cell numbers from day three to six at 25, 26, 28, and 30ºC under both light 

regimes. Development of symbiosis with Symbiodinium A was successful under every 

temperature and light level (Figure 3-4a and b).  

Symbiodinium A3: The replicate tanks among each temperature and light 

treatment differed between days (F14, 365 = 2.170, P = 0.009; Table 3-8) consequently the 

variation in the number of Symbiodinium A3 within the larvae between tanks was too 

large to draw conclusions about the temperature and light effect. However, there were 

some clear patterns that might be of ecological significance. Symbiodinium numbers 

were lowest at 32ºC, with an average of 4 ± 1 cells per larva. At 25ºC, symbiont cell 

numbers were higher than at 32ºC, with an average of 187 ± 16 symbiont cells per 

larvae but lower than those in the larvae at 26, 28 and 30ºC. Symbiodinium cell numbers 

in larvae exposed to 26, 28 and 30ºC were similar, with an average of 272 ± 16, 339 ± 

21, and 288 ± 16 cells respectively. Under both light levels, the relative difference in 

symbiont numbers from day three to six were similar at temperatures between 25 – 

30ºC. The only exception was cell numbers within the larvae exposed to 28ºC and low 

light, which did not increase as quickly over time (Figure 3-4ca and d). Symbiosis with 

type A3 did not develop within the larvae at 32ºC (Figure 3-4c and d).  

Symbiodinium C1: Differences in the mean proportion of larvae infected with 

symbionts among temperatures was dependent on light level (interaction term F4, 16 = 

5.334, P = 0.003; Table 3-9). Under low light, Symbiodinium populations in the larvae 
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were highest at 28ºC, with an average of 170 ± 16 cells per larva. Densities were lower 

at 25 and 26ºC, with an average of 104 ± 13 and 88 ± 11 respectively. At temperatures 

above 28ºC, symbiont cell densities decreased so that there were 21 ± 6 cells per larvae 

at 30ºC, and only 2 ± 1 cells per larvae at 32ºC. Scoring cell densities under low light 

the highest cell numbers occurred within the larvae at 28ºC > 25ºC = 26ºC > 30ºC > 

>32ºC (Figure 3-4e). Under high light a different pattern emerged. Symbiodinium cell 

densities in the larvae were highest at 26ºC, with an average of 138 ± 18 cells per larva. 

Densities of Symbiodinium were an average of 81 ± 13 cells in larvae exposed to 25ºC, 

54 ± 11 cells in larvae exposed to 28ºC, decreasing to 24 ± 5 cells in larvae exposed to 

30ºC, and 2 ± 1 cells in larvae exposed to 32ºC. Therefore, under high light, symbiont 

cell densities were highest at 26ºC > 25ºC > 28ºC > 30ºC >> 32ºC (Figure 3-4f). 

Differences in the mean proportion of larvae infected with symbionts among 

temperature were also dependent on time (interaction term F4, 16 = 3.916, P = 0.014; 

Table 3-9). Symbiodinium populations within the larvae were 2 – 3 times higher on day 

six compared to day three at every temperature except 32ºC. At 32ºC, cell numbers were 

low (~2 cells per larvae), and did not increase through time (Figure 3-4 e and f). With 

the exception of Symbiodinium A at 32ºC¸ the greatest increase in relative abundance of 

Symbiodinium from day three to six occurred in larvae exposed to Symbiodinium type 

C1 at temperatures between 25 – 30ºC under high light.  

Temperature affected Symbiodinium A and A3 cell numbers within the larvae, 

however the optimum temperature varied among types. The highest growth of type A 

occurred at 32ºC. This was different to type A3 where the highest growth occurred 

between 26 – 30ºC, and development of the symbiosis broke down at 32ºC. Growth of 

Symbiodinium C1 was dependent on both temperature and light. Under low light, 28ºC 
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was the optimal temperature for growth, while under high light the optimum 

temperature was 26ºC. Growth rates of type C1 were the lowest at 30 and 32ºC 

regardless of light level. 

Number of Symbiodinium in Acropora monticulosa larvae 

Symbiodinium A: Plotting the residuals indicated that the assumptions of 

ANOVA were not met. However, there were some clear patterns that might be of 

ecological significance. Symbiodinium cell numbers within the larvae were low at 25ºC 

(10 ± 3 cells) compared to 28ºC (46 ± 25 cells) and 31ºC (49 ± 14 cells). Symbiosis 

within the larvae developed through time, with increasing cell numbers from day three 

to six under every temperature, however development was slower at 25ºC (Figure 3-5c).  

Symbiodinium type A3: The mean number of Symbiodinium in infected larvae 

differed among temperatures (F2, 6 = 6.142, P = 0.035; Table 3-10). Symbiodinium cell 

numbers within the larvae were higher when exposed to 25ºC (86 ± 17 cells) compared 

to 28ºC (32 ± 5 cells) and 31ºC (24 ± 9 cells) (Tukey’s post hoc: P = 0.001 and P < 

0.001 respectively). Symbiosis with type A3 developed through time, with cell numbers 

increasing within the larvae from day three to six at every temperature (Figure 3-5b). 

The mean number of Symbiodinium in infected larvae differed between days (F1, 6 = 

18.194, P = 0.005; Table 3-8). On day three, there was a mean of 18 ± 5 Symbiodinium 

cells in the larvae, increasing ~4 times to 73 ± 12 cells by day six.  

Symbiodinium type C1: The mean number of Symbiodinium in infected larvae 

differed among temperatures (F2, 6 = 6.142, P = 0.035; Table 3-11).  Symbiodinium cell 

numbers were significantly lower in larvae exposed to 31ºC (2 ± 1 cells) compared to 

25ºC (44 ± 14 cells) and 28ºC (41 ± 15 cells) (Tukey’s post hoc: P = 0.002, P = 0.013 

respectively). Symbiodinium cell numbers in the larvae increased from day three to six 
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at 25 and 28ºC, however symbiosis with type C1 did not develop at 31ºC (Figure 3-4c). 

The increase in symbiont cells over time at 25 and 28ºC drove the significant day effect 

(F1, 6 = 6.060, P = 0.037; Table 3-11). There was a 16-fold increase in growth of type C1 

from day three to six at 28ºC, and an 8- fold increase in growth at 25ºC. 

Temperature affected symbiont cell numbers within the larvae for all the 

Symbiodinium types, however the optimum temperature varied among types. For the 

highest growth within the larvae, 28 and 31ºC was the optimum temperatures for type 

A, 25ºC was the optimum temperature for type A3, and 28ºC was the optimum 

temperatures for type C1. Growth rates of all three Symbiodinium types were slower in 

A. monticulosa then A. millepora. 

 

Discussion 

Environmental conditions had a profound effect on the establishment of 

symbiosis, and the effect was mostly dependent on the physiology of the symbiont. 

Similarly, the environmental optima differed for each host/symbiont combination; 

however, this optimum was not always dependent on the thermal tolerance of the 

symbiont. These results indicate that both the host and the symbiont, in addition to the 

prevailing environment, affect the establishment and development of symbiosis.  

The proportion of infected larvae depended on the prevailing environment for 

each Symbiodinium type. Of the two variables tested, temperature had the strongest 

effect, influencing establishment with every Symbiodinium type (Figures 3-2 and 3-3), 

with the exception of type A3 in A. monticulosa (Figure 3-3b). High temperatures 

negatively affected the proportion of larvae infected with Symbiodinium C1 and A3 

(Figure 3-2 and 3-3), with symbiosis with type A3 at 32ºC in A. millepora larvae 
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breaking down over time (Figure 3-2c and d). Conversely, infection rates with type A in 

A. millepora were high at every temperature, including 32ºC, with lower rates of 

establishment only detected in A. monticulosa larvae exposed to 25 and 28ºC (Figure 3-

2a and Figure 3-3a). Work by Baird and colleagues (2009a) also showed that rates of 

establishment of symbiosis in coral larvae are temperature dependent. Rates of infection 

with the heat-tolerant ITS2 Symbiodinium A3 and C9b in A. intermedia larvae differed 

at 25, 30 and 34ºC, with the lowest infection rates occurring at the highest temperature 

of 34ºC (Baird et al 2009a). However, infection rates with the heat-sensitive ITS2 type 

C1 were low at every temperature. Both these studies clearly demonstrate temperature 

play an important role in determining the success of establishment of symbiosis in coral 

larvae.  

Seawater temperatures also had a strong effect on the development of symbiosis. 

Each host-symbiont combination had an optimum temperature for further uptake and/or 

growth of Symbiodinium in hospite. For example, development of Symbiodinium A was 

faster in A. millepora and A. monticulosa at temperatures between 28 – 32ºC (Figure 3-

4a and b, Figure 3-5a), whereas Symbiodinium C1 generally increased densities faster in 

both species at temperatures of 25 – 28ºC (Figure 3-4e and f, Figure 3-5c). High 

temperature had the greatest negative effect on Symbiodinium A3 and C1 in hospite, 

with no development of type A3 occurring in A. millepora at 32ºC and no development 

of type C1 in A. millepora and A. monticulosa at 32ºC and 31ºC respectively (Figure 3-4 

and 3-5). The lack of development of symbiosis at high temperatures could be attributed 

to the Symbiodinium dying outside the host and therefore reducing the number of cells 

available for uptake. Other explanations for lack of development include: Symbiodinium 

cell division within the larvae may be slower at higher temperatures, larvae may have 
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expelled the symbionts from their tissues, and/or the larvae digested the Symbiodinium 

because they did not have enough energy to maintain the symbiosis. The differential 

success of various Symbiodinium in hospite at different temperatures could explain why 

background types dominate coral assemblages directly following thermally induced 

bleaching events (Baker et al. 2004, Jones et al. 2008). After the expulsion of the 

dominant symbiont type, pre-existing background Symbiodinium within the host, such 

as some members of clades A and D, could grow rapidly when temperatures are high 

(Baker et al. 2004, Jones et al. 2008). As seawater temperature continues to rise because 

of climate change, the growth rates of susceptible symbiont types will decrease, which 

will coincide with increased growth of types which thrive at high temperatures. 

Unfortunately, these new associations will probably come at a cost, with work showing 

that less dominant symbiont types provide less photosynthate to the host (Stat et al. 

2008, Cantin et al. 2009, Stat and Gates 2011), which could decrease growth rate of the 

holobiont (Little et al. 2004). 

The prevailing irradiance level did not have a strong effect on the establishment 

and development of symbiosis.  Light only operated synergistically with temperature in 

influencing the rate of infection of type A3 in A. millepora at 32ºC (Figure 3-2 c and d), 

and changed the optimal temperature for growth of type C1 from 28ºC (low light) to 

26ºC (high light) within A. millepora. It was surprising that high light did not have a 

greater negative effect on the establishment and development of Symbiodinium, since 

high irradiance working synergistically with high temperature increases photoinhibition 

in Symbiodinium (Bhagooli & Yakovleva 2004), particularly in cultured compared to in 

hospite Symbiodinium (Bhagooli et al. 2009). If establishment of symbiosis were solely 

dependent on the health of the Symbiodinium outside the host, one would expect a 
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greater decrease in establishment under high temperatures and high light, compared to 

low light. Our results are consistent with Abrego and colleagues (2009b) who 

demonstrated that light does not affect the Symbiodinium types that established 

symbiosis with juvenile Acropora spp. placed in the field. A four-fold difference in light 

environment (high = 540 µmol quanta/m2/s and low light =140 µmol quanta/m2/s) had 

no effect on the initial association in A. millepora and A. tenuis juveniles, with both 

species dominated by type D regardless of the light environment (Abrego et al. 2009b). 

Both these results indicate that light does not play an important role in driving symbiont 

community composition during the initial stages of symbiosis. 

While temperature controlled the rates of infection and development within the 

host, the success of the association was not always directly related to the thermal 

tolerance of Symbiodinium. In culture, all three Symbiodinium types were relatively 

unaffected by temperatures between 25 – 31ºC, as indicated by similar maximum dark-

adapted quantum yield values when exposed to these temperatures (Figure 3-1). This 

suggests these Symbiodinium cultures were tolerant of this temperature range.  If rates 

of infection and growth of Symbiodinium in the larvae was entirely dependent on 

Symbiodinium thermal tolerance there should be no difference in these rates for every 

Symbiodinium type at temperature between 25 - 31ºC in both species of coral. However, 

infection rates for type A and C1 varied with temperatures in A. monticulosa (Figure 3-

3a and c), and each combination of host and Symbiodinium had a different optimal 

temperature for symbiont growth (Figure 3-4 and 3-5). Therefore, a combination of the 

prevailing environmental conditions, Symbiodinium health outside the host under these 

conditions, and host controls were the likely drivers for different patterns in the 

establishment and development of symbiosis. 
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In majority of treatments symbioses was established and persisted for at least 6 

days, with the symbiosis developing through time as evident by the increased 

Symbiodinium numbers within the larvae over time. However, there were some notable 

exceptions, for example, the proportion of A. millepora larvae associating with 

Symbiodinium A3 declined over time under both light regime, coupled with no increase 

in symbiont densities over time. Furthermore, there was no increase in the proportion of 

A. monticulosa larvae associating with type C1, and no increase in densities within the 

larvae over time. Be that as it may, these two difference species of larvae successfully 

developed symbiosis with all three Symbiodinium types. This indicates that coral larvae 

are flexible in their associations with (or at least open to infection by) a range of 

different types of Symbiodinium, including those they do not normally associate with 

under most conditions (i.e. type A and A3). This suggests that host-symbiont 

recognition processes are not fully developed during the initial stages of symbiosis.  

The Symbiodinium A used in this study is not found to associate with corals but is 

readily isolated from sand, reef rubble and benthic substrate (Cofforth et al. 2006, 

Hirose et al 2008, Reimer et al. 2010).  However, with future seawater temperatures 

increases, host-Symbiodinium combination may change, and the uptake of types 

currently not found in symbiosis with corals may occur. Certain A types have been 

described as opportunists (Toller et al. 2001a, Baker 2003) or parasitic (Stat et al. 2006, 

Mieog et al. 2009a). This is because they are fast growing (Toller et al. 2001a) and are 

rarely reported to occur in corals (e.g. LaJeunesse et al. 2004) except after disturbance 

(Toller et al. 2001a, Baker et al. 2004). Additionally, health comprised Acropora 

cytherea colonies surveyed around Hawaii were always found to contain clade A 

Symbiodinium, while healthy colonies contained clade C (Stat et al. 2008). The amount 
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of carbon released by this Symbiodinium A was lower than Symbiodinium C, which 

suggests that it does not provide enough carbon to the host therefore making it 

vulnerable to disease (Stat et al. 2008). However, the Symbiodinium A used in this study 

was the only type that remained healthy under high temperature (Figure 3-1), and was 

therefore the most successful at establishing and developing symbiosis at high 

temperature. While the amount of carbon release was not monitored (and therefore it is 

unknown how much photosynthates were being transferred to the host), development of 

symbiosis with any Symbiodinium is most likely better than no symbiosis at all, unless 

of course the Symbiodinium in question turns out to be parasitic. It is therefore likely 

that establishment of symbiosis with more heat-tolerant Symbiodinium types will occur 

with continuing chronic increases in sea-surface temperature. 

The Symbiodinium C1 used in the study has been shown to associate with many 

adult and juvenile corals on the GBR (van open et al. 2001, LaJeunesse 2001, Jones et 

al.2008, Abrego et al 2009). Symbiodinium C1 is heat-tolerant in hospite in A. millepora 

juveniles (Mieog et al. 2009a), and increases in relative abundance in A. millepora 

colonies at Keppel Islands after a bleaching event (Jones et al. 2008). Although it is 

heat-tolerant in hospite, the present study showed decreased establishment and 

development with increasing temperature. This suggest it is heat-sensitive outside the 

host and therefore increases in seawater temperatures in response to climate change will 

reduce the number of corals establishing symbiosis with this type. 

The environment clearly affects the type(s) of Symbiodinium that become 

established and develop in corals that horizontally acquire their symbionts. Currently, it 

is still unclear whether adult scleractinian corals have the ability to acquire novel 

Symbiodinium types from the environment (but see Coffroth et al. 2010), therefore the 
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early life stages may be the only point when novel symbionts are acquired. With 

projected increases in sea-surface temperature (Meehl, et al. 2007), scientists have 

predicted dramatic declines in corals in the next 50 years if they cannot acclimatise or 

adapt (Hoegh-Guldberg 1999, Hughes et al. 2003) quickly enough. This present study 

demonstrates that one possible mechanism of acclimatisation is the establishment of 

heat-tolerant Symbiodinium in the larvae of corals that acquire their symbionts from the 

environment, which are likely to be favoured with increases in temperature. Novel 

symbiont assemblages will most likely develop when symbiosis is established in each 

new generation as opposed to switching symbionts in adults following disturbance.  
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Figure 3-1: Mean maximum quantum yield (Fv/Fm) (± SE) of Symbiodinium types A 

(a), A3 (b) and C1 (c) at 25°C (closed circle), 28°C (open triangle), 31°C (closed 

diamond) and 34°C (open square) over an 8 day exposure period. Dashed line indicates 

end of acclimation period. 
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Table 3-1: Three-way fixed factor ANOVA testing for differences in the mean 

proportion of Acropora millepora larvae acquiring Symbiodinium A among 

temperatures (25, 26, 28, 30, 32ºC), light levels (10 and 400 µmol photon m-2 s-1) and 

times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 4 0.013 5.411 0.002 
Light 1 0.003 1.026 0.318 
Day 1 0.002 0.821 0.371 
Temperature by Light 4 0.002 0.619 0.652 
Temperature by Day 4 0.001 0.537 0.709 
Light by Day 1 0.005 1.921 0.174 
Temperature by Light 
by Day 

4 0.002 0.771 0.552 

% of larvae 
acquiring 
Symbiodinium 

Error 35 0.002   
 

 

Table 3-2: Three-way fixed factor ANOVA testing for differences in the mean 

proportion of Acropora millepora larvae acquiring Symbiodinium A3 among 

temperature (25, 26, 28, 30, 32ºC), light levels (10 and 400 µmol photon m-2 s-1) and 

times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 4 0.778 95.573 <0.001 
Light 1 0.125 15.421 <0.001 
Day 1 0.018 2.163 0.150 
Temperature by Light 4 0.172 21.184 <0.001 
Temperature by Day 4 0.034 4.231 0.007 
Light by Day 1 0.000 0.028 0.868 
Temperature by Light 
by Day 

4 0.004 0.508 0.730 

% of larvae 
acquiring 
Symbiodinium 

Error 36 0.008   
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Table 3-3: Three-way fixed factor ANOVA testing for differences in the mean 

proportion of Acropora millepora larvae acquiring Symbiodinium C1 among 

temperature (25, 26, 28, 30, 32ºC), light levels (10 and 400 µmol photon m-2 s-1) and 

times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 4 0.802 28.468 <0.001 
Light 1 0.020 0.714 0.404 
Day 1 0.226 8.029 0.007 
Temperature by Light 4 0.034 1.198 0.328 
Temperature by Day 4 0.004 0.144 0.964 
Light by Day 1 8.042e-5 0.003 0.958 
Temperature by Light 
by Day 

4 0.029 1.043 0.398 

% of larvae 
acquiring 
Symbiodinium 

Error 37 0.028   
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Figure 3-2: The proportion of Acropora millepora larvae establishing symbiosis over 

time with Symbiodinium type A under low light (a) and high light (b), type A3; low 

light (c) and high light (d), and type C1; low light (e) and high light (f) at 25°C (closed 

circle), 26°C (open diamond), 28°C (closed square), 30°C (open circle) and 32°C 

(closed triangle). 
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Table 3-4: Two-way fixed factor ANOVA testing for differences in the mean 

proportion of Acropora monticulosa larvae acquiring Symbiodinium A among 

temperature (25, 28, 31ºC), and between times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 2 0.524 10.733 0.003 
Day 1 0.110 2.245 0.162 
Temperature by Day 2 0.012 0.244 0.788 

% of larvae 
acquiring 
Symbiodinium 

Error 11 0.049   
 

 

Table 3-5: Two-way fixed factor ANOVA testing for differences in the mean 

proportion of Acropora monticulosa larvae acquiring Symbiodinium A3 among 

temperature (25, 28, 31ºC), and between times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 2 0.043 1.960 0.183 
Day 1 0.070 3.240 0.097 
Temperature by Day 2 0.003 0.120 0.888 

% of larvae 
acquiring 
Symbiodinium 

Error 12 0.022   
 

 
Table 3-6. Two-way fixed factor ANOVA testing for differences in the mean 

proportion of Acropora monticulosa larvae acquiring Symbiodinium C1 among 

temperature (25, 28, 31ºC), and between times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 2 0.535 22.517 <0.001 
Day 1 0.002 0.087 0.773 
Temperature by Day 2 0.005 0.197 0.824 

% of larvae 
acquiring 
Symbiodinium 

Error 12 0.024   
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Figure 3-3: The proportion of Acropora monticulosa larvae establishing symbiosis over 

time with Symbiodinium type A (a), A3 (b), and C1 (c) at 25°C (circle), 28°C (square), 

31°C (diamond). 
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Table 3-7: ANOVA testing for differences in the number of Symbiodinium type A cells 

in Acropora millepora larvae among temperature (25, 26, 28, 30, 32ºC), and light (10 

and 400 µmol photon m-2 s-1) and between times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 4 97.705 3.748 0.018 
Light 1 6.947 0.268 0.609 
Temperature by Light 4 22.542 0.846 0.512 
Tank(Temperature by 
Light) 

20 29.994 0.885 0.608 

Day 1 516.606 17.543 0.001 
Temperature by Day 4 28.729 0.950 0.460 
Light by Day 1 22.074 0.731 0.405 
Temperature by Light 
by Day 

4 17.125 0.558 0.696 

Tank(Temperature by 
Light) by Day 

15 32.645 2.699 0.001 

% of larvae 
acquiring 
Symbiodinium 

Error 376 12.095   
 

 

Table 3-8: ANOVA testing for differences in the number of Symbiodinium type A3 

cells in Acropora millepora larvae among temperature (25, 26, 28, 30, 32ºC), and light 

(10 and 400 µmol photon m-2 s-1) and between times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 4 1031.473 26.634 <0.001 
Light 1 24.698 0.711 0.405 
Temperature by Light 4 44.573 1.143 0.359 
Tank(Temperature by 
Light) 

20 46.080 1.097 0.437 

Day 1 902.440 25.668 <0.001 
Temperature by Day 4 33.279 0.899 0.485 
Light by Day 1 33.927 0.974 0.335 
Temperature by Light 
by Day 

4 7.127 0.194 0.939 

Tank(Temperature by 
Light) by Day 

14 42.622 2.170 0.009 

% of larvae 
acquiring 
Symbiodinium 

Error 365 19.643   
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Table 3-9: ANOVA testing for differences in the number of Symbiodinium type C1 

cells in Acropora millepora larvae among temperature (25, 26, 28, 30, 32ºC), and light 

(10 and 400 µmol photon m-2 s-1) and between times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 4 546.434 24.581 <0.001 
Light 1 20.297 0.965 0.333 
Temperature by Light 4 118.548 5.334 0.003 
Tank(Temperature by 
Light) 

19 24.092 1.684 0.148 

Day 1 448.741 30.967 <0.001 
Temperature by Day 4 56.448 3.916 0.014 
Light by Day 1 0.106 0.007 0.932 
Temperature by Light 
by Day 

4 8.862 0.615 0.656 

Tank(Temperature by 
Light) by Day 

16 14.305 0.959 0.501 

% of larvae 
acquiring 
Symbiodinium 

Error 351 14.914   
 

 

 
 

 
 

 

 

 

 

 

 

 

 

 



 

 75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4: The number of Symbiodinium with Acropora millepora larvae over time. 

Cell numbers of Symbiodinium type A under low light (a) and high light (b), type A3; 

low light (c) and high light (d), and type C1; low light (e) and high light (f) at 25°C 

(closed circle), 26°C (open diamond), 28°C (closed square), 30°C (open circle) and 

32°C (closed triangle). 
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Table 3-10: ANOVA testing for differences in the number of Symbiodinium type A3 

cells in Acropora monticulosa larvae among temperatures (25, 28, 31ºC) and between 

times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 2 5.730 6.142 0.035 
Tank(Temperature) 6 0.943 1.390 0.350 
Day 1 12.227 18.194 0.005 
Temperature by Day 2 0.355 0.528 0.614 
Tank(Temperature) by 
Day 

6 0.678 1.666 0.138 

% of larvae 
acquiring 
Symbiodinium 

Error 91 0.407   
 

 

Table 3-11. ANOVA testing for differences in the number of Symbiodinium type C1 

cells in Acropora monticulosa larvae among temperatures (25, 28, 31ºC) and between 

times (day 3 and 6). 

Response Variable Source df MS F P 
Temperature 2 3.010 5.906 0.025 
Tank(Temperature) 6 0.512 0.540 0.764 
Day 1 4.975 6.060 0.037 
Temperature by Day 2 0.866 0.988 0.418 
Tank(Temperature) by 
Day 

6 0.947 1.898 0.103 

% of larvae 
acquiring 
Symbiodinium 

Error 43 0.499   
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Figure 3-5: The number of type A (a), A3 (b) and C1 (c) Symbiodinium with Acropora 

monticulosa larvae over at 25°C (circle), 28°C (square), and 31°C (diamond). 
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Chapter 4: Competition among different symbionts influences 

infection dynamics in coral larvae 

 

Introduction 

The obligate symbiosis between corals and their symbiotic algae, Symbiodinium 

spp., is of vital importance to coral reef ecosystems. The endosymbiotic algae provide 

coral hosts with up to 90 % of their energy requirements in the form of translocated 

carbon derived from photosynthesis (Muscatine 1990), thereby providing the energy 

required for coral calcification. This association facilitates the building of the reefs 

structural framework, in addition to creating a highly productive environment in 

oligotrophic waters (Muscatine & Porter 1997). Despite the importance of the coral-

algal symbiosis for reef ecology, surprisingly little is known about the mechanism 

involved in the initial process of symbiosis establishment. Starch residues and 

glycoproteins may enable the host to recognise preferred symbiont types (Markell & 

Trench 1993, Markell & Wood-Charlson 2010), as may lectin/glycan interactions 

(Wood-Charlson et al. 2006). However, experimental support for these mechanisms is 

weak and contradictory (see Wood-Charlson et al. 2006, Bay et al. 2011). Indeed, while 

most adult colonies associate with a single symbiont type that is characteristic of the 

species and or location, coral larvae and juveniles are highly promiscuous and readily 

associate with many different Symbiodinium types. For example, Symbiodinium types 

not usually associated with the adult often dominate in early life stages (Chapter 2, 

Gomez-Cabrera et al. 2008, Abrego et al. 2009b). Therefore, while cell recognition 
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processes may be involved in a gradual winnowing of symbionts through ontogeny, the 

evidence suggests such processes are not active, or are highly unspecific, early in the 

coral life cycle when symbiosis is established. Furthermore, it remains to be shown 

whether the host or the symbiont controls the process of initial establishment. 

Symbiodinium either actively seek or are attracted to the host via chemotaxis (Fitt 1984, 

Pasternak et al. 2004), and may even compete with different strains to infect a preferred 

host. 

Establishment of symbiosis in corals is controlled to some extent by 

environmental conditions (Baird et al 2009). In chapter 3, I demonstrated that the 

establishment and development of symbiosis between two host species and three 

Symbiodinium types (ITS1 types A, A3 and C1) varied in response to temperature and 

light. In particular, the optimum environmental conditions varied according to the 

symbiont type and the experiment in question (A. millepora in Australia in 2006, and A. 

monticulosa in Japan in 2007). For example, high temperatures of 31 - 32ºC were 

optimal for uptake and development of symbiosis with Symbiodinium A, whereas 

temperatures of 25 - 28ºC were optimal conditions for uptake and development of 

symbiosis with Symbiodinium C1. This work in chapter 3 explored the establishment 

and early development of symbiosis under no-choice conditions. Here, I explore the 

situation where the host is offered a choice of symbionts with contrasting thermal 

tolerance, which more closely resembles the natural environment (see chapter 2). I 

examine how temperature impacts the establishment and development of symbiosis by 

investigating the uptake dynamics of two common Symbiodinium types from the GBR 

when both are available in the experimental system (a competitive scenario). Uptake 

and proliferation of mixed and monotypic populations of Symbiodinium C1 and D in A. 
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tenuis were monitored to assess whether the Symbiodinium most suited to the prevailing 

environment was most successful at establishing symbiosis.  

 

Materials and Methods 

Experiment Set-up 

Larval Collection 

Mature Acropora tenuis colonies were collected from Nelly Bay, Magnetic 

Island (19°09’44.39”S, 146°51’14.90”E) on the Great Barrier Reef (GBR) between the 

16 – 20 October, 2008. Colonies were kept in individual flow-through tanks containing 

1.0µm filtered seawater (FSW).  Spawning occurred at ~19:00 hrs on the 20 October 

2008, five days after the full moon. Gametes were collected from each colony and 

fertilized following the method outlined in Chapter 2. Four days after spawning the 

larvae were transported to a temperature-controlled laboratory (27ºC) at the Australian 

Institute of Marine Science and placed in fresh FSW, which was changed daily until the 

start of the experiment. Larvae were visualised daily to ascertain the development of an 

oral pore, required for Symbiodinium uptake in this species (Harii et al. 2009). The 

acquisition experiment begun was 11 days after fertilization. 

Freshly-isolated Symbiodinium 

Symbiodinium C1 and D were freshly isolated from fragments of A. tenuis and 

A. millepora colonies, respectively, collected from Magnetic Island. Adult colonies of 

these species from Magnetic Island are dominated by a single symbiont type (Abrego et 

al. 2009b). Both types are prevalent in corals on the GBR (LaJeunesse 2001, van Oppen 

et al. 2001) and occur within A. tenuis larvae and juveniles (Chapter 3, Abrego et al. 
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2009). Additionally, both types are considered thermally tolerant due to their presence 

in relatively warm, inshore locations (van Oppen et al. 2001, van Oppen et al. 2005), 

and increased abundance relative to the usually dominant type C2, after a natural 

bleaching event (Jones et al. 2008). Furthermore, A. millepora juveniles associating 

with Symbiodinium C1 and D had similar thermal tolerance (Mieog et al. 2009a). 

However, Symbiodinium C1 appears relatively sensitive to high temperatures in culture 

(Chapter 3), and was therefore considered more thermally sensitive than Symbiodinium 

D in this study. Symbiodinium cells were removed from the coral by airbrushing coral 

tissue with 0.2 µm FSW and collecting the resulting tissue slurries in a bag before 

homogenizing and filtering through a 60-µm mesh to remove the mucus portion of the 

coral. Samples were centrifuged (3000 g for 4 min) and washed 3 times in FSW, and 

then vacuum filtered through 20 µm membranes (Millepore) to remove any remaining 

coral cells and skeletal debris.  The cell extracts were resuspended in 600 mL of 0.2 µm 

FSW and left overnight.  Cell densities of each Symbiodinium type were determined in 

five replicate samples using a haemocytometer. To verify that the correct types had 

been isolated, DNA was extracted from donor coral branches and Symbiodinium 

extracts. The Symbiodinium ITS1 region was amplified and the resulting PCR products 

were analysed using single-stranded conformation polymorphism (SSCP) analysis 

(Chapter 2, Fabricius et al. 2004). This extraction and identification procedure was 

repeated on experimental days 3 and 6, when freshly isolated cell were added to the 

treatments. SSCP identified Symbiodinium isolated from A. tenuis coral fragments and 

isolated symbionts as type C1 (van Oppen et al. 2001, GenBank accession no. 

AF380551) and Symbiodinium from A. millepora as type D (van Oppen et al. 2001, 

GenBank accession no. EU024793).   
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Symbiodinium acquisition experiment 

A total of 120 A. tenuis larvae were transferred into one of 36 containers (500 

mL) with 200 mL of 0.2 µm FSW. Each container was randomly assigned a temperature 

and Symbiodinium treatment, totalling three replicates per treatment. There were three 

temperature treatments (26.4, 29.4 or 31.8ºC), and four Symbiodinium treatments 

including type C1-only, type D-only, mixed C1+ D, and a no-Symbiodinium control. 

Temperature treatments were maintained by placing the cylindrical containers into a 30 

L water bath that was independently controlled with a heater/chiller and mixed using 

submersible aquarium pumps.  The locations of containers within each tank were 

changed daily to minimise within-tank effects.  One water bath was used per 

temperature treatment, and contained 12 tanks. Three additional water bath set at 26.4, 

29.4 and 31.8ºC were utilised to supply pre-heated FSW for water changes, which 

occurred on experimental days 3 and 6. Aliquots of Symbiodinium were added to tanks 

to achieve final densities of 8 x 104 cells mL-1.  For the mixed C1+D treatment, equal 

densities of C1 and D cells were added to give a final density of 8 x 104 cells mL-1. 

Fresh cell extracts of similar densities were added to the tanks after water changes on 

experiment days 3 and 6. Tanks were illuminated on a 12:12 hr light:dark cycle with 

compact fluorescent lights (10000K, AquaOne) at an average light intensity of 299 

µmol photos m-2 s-1. On days three, six and nine, 10 larvae were sub-sampled from each 

treatment, washed by rapidly pipetting the larvae in FSW, and viewed under a 

fluorescent microscope (following the methods in Chapter 2). The number of 

Symbiodinium cells in each larva was counted. Larvae did not initially contain 

Symbiodinium, and larvae from the no-Symbiodinium control did not acquire 

Symbiodinium, indicating that larvae only acquired the Symbiodinium type/s offered. 
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Identifying and quantifying larval Symbiodinium using quantitative PCR 

Ten larvae were removed from each replicate tank, washed by rapidly pipetting 

the larvae in FSW, and placed in 100% ethanol to preserve the DNA to identify the 

symbiont types within the larvae using quantitative PCR (qPCR). DNA was extracted 

from the larvae collected on days 3, 6 and 9 using a CTAB extraction method (Chapter 

2, Mieog et al. 2007). qPCR was used to determine relative abundance of Symbiodinium 

C1 and D in the larvae from the mixed cultures follow the methods outline in Mieog et 

al 2007. The qPCRs were run on a Rotor-Gene system (RG-3000A, Corbett Research). 

Symbiodinium internal transcribed spacer region 1 (ITS1) primer and probes sequences, 

consisting of a clade Symbiodinium- universal forward primer (U-FP), clade C- or D- 

specific reverse primer (C- RP and D- RP respectively), and a universal probe (Ulstrup 

& van Oppen 2003) were utilized to amplify a short (~100 bp) fragment of the ITS1 

region. Each 20-µl qPCR reaction contained 10 µl of 1 x Platinum SYBR green 

supermix-UDG (Invitrogen), 2 µl of U- FP (180 nM), 2 µl of C- RP or D- RP (180 nM), 

4 µl of MilliQ H2O and 2 µl of DNA (~ 4.5 ng/µl). For the no-template controls MilliQ 

H2O was used instead of DNA. DNA templates were quantified spectrophotometrically 

by measuring the absorbance at 260 and 280 nm (ND-1000, NanoDrop Technologies). 

Standard curves for each Symbiodinium type were constructed using DNA of known 

concentrations, which were extracted from A. millepora (type D) and A. tenuis (type 

C1) fragments collected from Magnetic Island. Curves were generated by performing 

six 10-fold serial dilutions and plotting the resulting cycle threshold (CT) vs. the 

logarithm of the corresponding concentration; the slope and R2 values were recorded. 

The CT is the PCR cycle at which the fluorescence of the sample exceeds the chosen 

threshold limit. Setting the threshold to a fixed value allowed comparisons of CT values 
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between runs. The fluorescent threshold was set at 0.014 for every run. Duplicates of 

clade C and D reactions were run for each sample, in addition to a positive and negative 

(no-template) control.  The CT values for unknown samples were generated by 

comparison with a sample from each calibration curve within the same run. The PCR 

profile for real-time detection of PCR is outlined in Miego et al 2007.  Run outputs were 

analysed using the Roto-Gene v6.0 software.  Inclusion of false positives was avoided 

by setting the detection ranges three cycles prior to CT of the no-template controls that 

emitted a non-specific florescence signal. In treatments containing one Symbiodinium 

type, only the prescribed type was found. 

The Symbiodinium C1:D cell ratios within each larval sample from the mixed 

culture treatments was calculated using the formula D:C = (2CT(C1) - CT(D))/KDC1; where 

CT(C1) is the threshold cycle for the Symbiodinium C1 specific reaction, CT(D) the 

threshold cycle for the clade D specific reaction, and KDC the ratio of average copy 

numbers per cell between clades D and C (Mieog et al. 2007). The proportion of 

Symbiodinium C1 to D was determined from the cell ratios, and graphically presented. 

The Symbiodinium D used in this present study has 3-times higher ITS1 copy numbers 

compared to Symbiodinium C1 (Mieog et al. 2007).  

 

Statistical Analysis 

Differences in the mean proportion of Symbiodinium D in larvae from the mixed 

culture treatments, and the mean proportion of larvae infected with Symbiodinium were 

tested using ANOVA. Factors in both ANOVA were temperature (fixed) with three 

levels (26.4, 29.4 and 31.8ºC) and time (fixed) with three levels (day three, six and 

nine).  Ten larvae were sampled from each of three replicate tanks for each temperature 
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on each day to provide a mean proportion of larvae infected. A similar model was used 

to test for significant differences in the mean number of Symbiodinium cells within the 

larvae, except the tank effect was incorporated into the model as a random factor nested 

with temperature. The same ten larvae from three replicate tanks per temperature and 

day were used as above. Each Symbiodinium treatment was analysed independently. In 

all instances residuals were graphed to test statistical assumptions. The proportion of 

Symbiodinium D within the larvae from the mixed cultures treatment was arcsine 

transformed, while the proportion of larvae infected with Symbiodinium and the number 

of Symbiodinium within the larvae was square root transformed to improve the model 

fit. Tukey post-hoc tests were performed on significant factors to determine the levels 

within that factor that differed. All analysis were carried out using the statistical 

programs SPSS (version 19.0). 

 

Results 

Acquisition and growth of Symbiodinium at different temperatures 

Symbiodinium types within larvae  

Larvae acquired Symbiodinium C1 and D in mixed cultures at every temperature 

on day three (Figure 4-2). The mean proportion of Symbiodinium D within the larvae at 

each temperature was dependent on the day of sampling (interaction term F3, 11 = 4.456, 

P = 0.028; Table 4-1).  At 26.4ºC, Symbiodinium C1 was more abundant, on day three, 

and the proportion of Symbiodinium C1 to D cells increased over time so that by day 

nine, 99.2% of cells within the larvae were type C1 (Figure 4-1). At 29.4ºC, 

Symbiodinium C1 was initially more abundant; however, on day six there was a higher 
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proportion of Symbiodinium D to C1 in the larvae (59.3% to 40.7% respectively).  By 

day nine, the proportion of Symbiodinium C1 cells was higher than D (70.1% to 29.9% 

respectively). Similarly, at 31.8ºC, the proportion of Symbiodinium C1 was higher than 

D on day three with 96.9%, but Symbiodinium D was more abundant on day six 

(61.3%). However, on day 9 no Symbiodinium were found within the larvae (Figure 4-

1). 

Proportion of larvae acquiring Symbiodinium 

Mixed cultures of Symbiodinium C1 and D: Successful uptake occurred at all 

temperatures on day three (Figure 4-2a). The mean proportion of larvae infected at each 

temperature was dependent on the day of sampling (interaction term F4, 17 = 3.149, P = 

0.045; Table 4-2). On day 3, 73.3 ± 6.7% (mean ± SE) of larvae were infected at 

26.4ºC, whereas only 6.7 ± 6.7% and 6.7 ± 3.3% of larvae were infected at 29.4 and 

31.8ºC (Figure 4-2a). On day 6, the proportion of larvae infected at 29.4ºC had doubled 

to 15.6 ± 8.7% (Figure 4-2a); however, there was no change at 26.4 and 31.8ºC. On day 

nine, the proportion of larvae infected at 29.4ºC had further increased to 60.0 ± 40.0% 

(Figure 4-2a). At 31.8ºC no larvae were infected and rates had therefore declined to 

zero.  

Symbiodinium C1 only: Successful uptake had occurred at all temperatures on 

day three (Figure 4-2b). The mean proportion of larvae infected varied among 

temperatures (F2, 18 = 37.369, P < 0.001; Table 4-3), but not between days. The 

proportion of larvae infected was significantly higher at 26.4ºC compared to 29.4 and 

31.8ºC (Tukey test: P <0.001, P <0.001 respectively), with no difference in infection 

rates at 29.4 and 31.8ºC. At 26.4ºC, 96.7 ± 1.7% of larvae had established symbiosis, 
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whereas only 21.4 ± 5.0% and 16.7 ± 3.3% of larvae were infected at 29.4 and 31.8ºC 

respectively. 

Symbiodinium D only: Successful uptake of Symbiodinium occurred at 26.4 and 

29.4ºC on day three, whereas uptake at 31.8ºC did not occur until day nine (Figure 4-

2c). Differences in the mean proportion of larvae infected at each temperature were 

dependent on the day of sampling (interaction term F4, 17 = 7.018, P = 0.002; Table 4-4). 

On day three, the proportion of larvae infected at 26.4 and 29.4 ºC was similar (10.0 ± 

5.8% and 13.3 ± 3.3%), while no larvae were infected at 31.8ºC. On day 6, the 

proportion of larvae infected had increased to 46.7 ± 16.7% at 26.4ºC, decreased to 0% 

at 29.4ºC and no larvae were infected at 31.8ºC. On day nine, the proportions of larvae 

infected with were similar under every temperature (40.0 ± 10.0% at 26.4ºC, 37.8 ± 

2.2% at 29.4ºC and 36.3 ± 26.3% at 31.8ºC; Figure 4-3c). 

Temperature has less effect on the establishment of symbiosis with 

Symbiodinium D when compared with Symbiodinium C1 and mixed cultures. On day 9, 

~40 % of larvae exposed to Symbiodinium D were infected at every temperature. In 

contrast, the proportion of larvae infected with Symbiodinium C1 was considerably 

lower at the higher temperatures; however, the symbiosis persisted to day nine at every 

temperature. In contrast, symbiosis broke down on day nine in larvae exposed to mixed 

Symbiodinium C1 and D cultures at 31.8ºC.  

Number of Symbiodinium within the larvae 

Mixed cultures of Symbiodinium C1 and D: The mean number of Symbiodinium 

in infected larvae varied among temperature (F2, 4 = 4.328, P = 0.019; Table 4-5), but 

not between days. Cell numbers were significantly higher in larvae exposed to 26.4ºC 

compared to 29.4 and 31.8ºC. Larvae exposed to 26.4ºC contained 44 ± 6 cells (mean ± 
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SE) , whereas at higher temperatures cell numbers decreased to 5 ± 1 cell at 29.4ºC, and 

2 ± 1 cell at 31.8ºC. No Symbiodinium were detected in the larvae exposed to 32ºC on 

day nine (Figure 4-3a). 

Symbiodinium C1 only: The mean number of Symbiodinium in infected larvae 

varied among temperatures (F2, 10 = 50.416, P <0.001; Table 4-6), but not between days. 

Cell numbers were significantly higher in larvae exposed to 26.4ºC compared to 29.4 

and 31.8ºC (Tukey’s test: P <0.001 and P <0.001 respectively). Larvae exposed to 

26.4ºC contained an average of 108 ± 12 cells, whereas at higher temperatures cell 

numbers were markedly lower: 3 ± 1 cells at 29.4ºC, and 3 ± 1 cells at 31.8ºC.  

Symbiodinium D only: The mean number of Symbiodinium in infected larvae 

did not differ among temperatures, or days (Table 4-7; Figure 4-3c). Mean cell numbers 

within the larvae were uniformly low at 7 ± 2 cells across all treatments. Symbiont 

number per larva at 26.4 ºC was considerably lower when compared to larvae exposed 

to Symbiodinium C1 and mixed C1 and D cultures, however, at 29.4ºC there was 1.5 to 

3 times 1.6 more symbiont cells in larva exposed to Symbiodinium D cultures mixed 

cultures than C1 respectively.    

 

Discussion  

Temperature had a strong influence on the relative abundance of different 

Symbiodinium types acquired by coral larvae in the choice experiment, with 

Symbiodinium D becoming relatively more abundant after 6 days at high temperatures. 

However, in the highest temperature treatment (31.8ºC), these mixed symbioses did not 

persist. In contrast, symbioses formed following exposure to a single Symbiodinium 

type persisted for 9 days even at high temperature. This suggests that competition 
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among different symbiont types within the host may have deleterious effects on the 

holobiont.  

Temperature influenced the establishment of symbiosis, and development of 

Symbiodinium within the larvae following exposure to both the mixed, and monotypic 

Symbiodinium populations. In general, while Symbiodinium C1 dominated the 

symbiosis at all temperatures on day three following exposure to the mixed cultures, the 

Symbiodinium type that was eventually most successful under the prevailing 

temperatures in the monotype scenario dominated the symbiosis in the competitive 

scenario. For example, the proportion of larvae infected, and the number of 

Symbiodinium within the larvae was high at 26.4ºC in the competitive scenario, which 

was driven by the fact that Symbiodinium C1 was more successful in symbiosis than D 

at this temperature (Figures 4-1, 4-2a and b, 4-3a and b). Alternatively, the abundance 

of Symbiodinium C1 and D was unstable over time at 29.4ºC because both types were 

both equally successful at proliferating within the larvae at this temperature (Figures 4-

1, 4-2, 4-3). Finally, Symbiodinium D dominated on day six following exposure to 

mixed cultures at 31.8ºC, which was most likely because uptake of Symbiodinium C1 

was affected by high temperatures, resulting in a decrease in abundance, while the 

establishment and development of symbiosis with type D was not affected by 

temperature resulting in an increased abundance over time (Figures 4-2c and 4-3c). For 

example, by day nine ~40% of larvae had established symbiosis with Symbiodinium D 

at every temperature (Figure 4-2c), with an average of 7 ± 1 cell per larva.  In contrast, 

establishment with Symbiodinium C1 decreased to only 16.7% at 31.4ºC. This decrease 

was coupled with a decrease in the development of symbiosis, with only an average of 3 

± 1 cell per larvae. Prevailing temperature conditions may explain the symbiont 
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association observed at different locations on the GBR. Eight-day old aposymbiotic 

juvenile A. millepora and A. tenuis corals explanted to the warm inshore location around 

Magnetic and Orpheus Island, were dominated by Symbiodinium D after thirty days 

(Abrego et al. 2009b), even though types A, C1, C2 and D are present in the 

environment at these locations (Chapter 2, Ulstrup & van Oppen 2003, Abrego et al. 

2009b). In contrast, ~50% of the A. tenuis juveniles explanted to the cooler mid-shelf 

reef, Davies Reef, were infected with Symbiodinium C1 (Abrego et al. 2009b), although 

a lower number of juveniles were analysed due to high mortality at this site. Similar 

temperature controls on the establishment of symbiosis may explain other 

biogeographic patterns in host symbiont association, e.g. the high prevalence of 

Symbiodinium A in juvenile A. longicyathus on southern areas of the GBR (Gomez-

Cabrera et al 2008); although biogeographic differences in the free-living symbiont pool 

may also affect these patterns.  

Interestingly, at the high temperature of 31.8ºC the patterns of persistence in 

mixed Symbiodinium cultures were different to that expected from patterns of 

persistence when only one type was available for infection. Symbioses with 

Symbiodinium C1 and D persisted until day 9 in the monotypic scenario, but symbiosis 

collapsed in the competitive scenario (Figure 4-2). This suggests that at high 

temperatures, competition between the symbionts within larvae may result in symbiont 

depletion. This poses a significant problem for the holobiont with predicted increases in 

temperature due to climate change.  

Symbiodinium C1 and D are both thermally tolerant in hospite, with A. millepora 

juveniles associating with either type conferring similar heat tolerance (Mieog et al. 

2009a), and A. tenuis juveniles with Symbiodinium C1 having a greater tolerance to heat 
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than those with type D (Abrego et al. 2008). However, the decline in the establishment 

and development of symbiosis with Symbiodinium C1 as temperature increased, in 

addition to no evidence for change in uptake of Symbiodinium D under any temperature 

suggests that Symbiodinium C1 is less thermally tolerant than D outside the host 

(Figures 4-2 and 4-3). Uptake of Symbiodinium C1 is lower at high temperatures either 

because the health of free-living Symbiodinium C1 is compromised, or the recognition 

systems in this Symbiodinium may have been disabled. The health of free-living 

Symbiodinium D appeared relatively unaffected by temperature, as demonstrated by the 

similar rates of establishment of development of symbiosis with this type by day nine 

under every temperature (Figures 4-2 and 4-3). Furthermore, the high relative 

abundance of Symbiodinium D in hospite at high temperatures compared to 26.4ºC on 

day six suggests that Symbiodinium D is more competitive against Symbiodinium C1 

under increasing temperature (Figure 4-1). Therefore, despite initial infection with 

Symbiodinium D being slower than those with Symbiodinium C1, rising seawater 

temperatures caused by climate change are likely to cause shifts in symbiont 

communities to favour Symbiodinium D on the GBR. 

ITS1 Symbiodinium C2, which was not included in the study, is the most 

abundant symbiont in corals on the Great Barrier Reef (LaJeunesse 2001, van Oppen et 

al. 2001, van Oppen et al. 2005). This symbiont appears more thermally sensitive than 

either Symbiodinium C1 or D, as demonstrated by its decrease in relative abundance 

compared to type C1 and D in A. millepora adult after a thermal bleaching event around 

the Keppel Island, GBR (Jones et al. 2008), and lower thermal tolerance of A. millepora 

adults dominated by Symbiodinium C2 compared to D (Berkelmans and van Oppen 

2006). Symbiodinium C2 was omitted from this study because previous attempts to 
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initiate associations with freshly isolated Symbiodinium samples in larvae (V. Cumbo 

unpublished data), and juveniles (Mieog et al. 2009a) under laboratory conditions were 

unsuccessful. However, uptake of this type does occur when larvae are exposed to reef 

sediment (Chapter 2), and also in juveniles explanted onto reefs (Abrego et al. 2009b). 

This suggests that an intermediate host, or co-factor for uptake may be present in the 

sediment. Alternatively, the extraction process is potentially more harmful to this 

Symbiodinium type or it has more specific nutrient requirements that are not met by 

currently used culture media.  

The highest temperature treatment resulted in the breakdown of symbiosis when 

more than one Symbiodinium type was available. Therefore, because this is typical of 

the situation in the field, predicted rises in seawater temperature attributed to climate 

change may make the establishment of symbiosis more difficult. Furthermore, the 

health of Symbiodinium outside the host may also affect which symbioses develop at 

specific temperatures. Further research determining the diversity of free-living 

Symbiodinium, assessing their tolerance to temperatures, and their ability to associate 

with corals, will help determine how the holobiont adjusts to projected increases in 

seawater temperatures. 
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Table 4-1: Two-way fixed factor ANOVA testing for difference in the mean proportion 

of Symbiodinium D in A. tenuis larvae from mixed cultures of Symbiodinium C1 and D 

among temperatures (26.4, 29.4 and 31.8ºC) and between times (day 3, 6 and 9). 

Response Variable Source df MS F P 
Temperature 2 0.297 11.492 0.002 
Day 2 0.380 14.704 0.001 
Temperature by Day 3 0.115 4.456 0.028 

% of 
Symbiodinium D 
within the larvae 

Error 11 0.026   
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1: The proportion of Symbiodinium C1 (grey) and D (black) (± SE; black 

spots) cells within A. tenuis larvae on days 3, 6 and 9. Larvae were exposed to equal 

densities of Symbiodinium C1 and D. 
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Table 4-2: Two-way fixed factor ANOVA testing for differences in the mean 

proportion of A. tenuis larvae acquiring mixed cultures of Symbiodinium C1 and D 

among temperatures (26.4, 29.4 and 31.8ºC) and between times (day 3, 6 and 9). 

Response Variable Source df MS F P 
Temperature 2 1.219 33.905 <0.001 
Day 2 0.037 1.031 0.378 
Temperature by Day 4 0.113 3.149 0.041 

% of larvae 
acquiring 
Symbiodinium 

Error 17 0.036   
 

 

Table 4-3: Two-way fixed factor ANOVA testing for differences in the mean 

proportion of A. tenuis larvae acquiring Symbiodinium C1 among temperatures (26.4, 

29.4 and 31.8ºC) and between times (day 3, 6 and 9). 

Response Variable Source df MS F P 
Temperature 2 1.031 37.369 <0.001 
Day 2 0.001 0.022 0.978 
Temperature by Day 4 0.019 0.691 0.608 

% of larvae 
acquiring 
Symbiodinium 

Error 18 0.028   
 

 

Table 4-4: Two-way fixed factor ANOVA testing for differences in the mean 

proportion of A. tenuis larvae acquiring Symbiodinium D among temperatures (26.4, 

29.4 and 31.8ºC) and between times (day 3, 6 and 9). 

Response Variable Source df MS F P 
Temperature 2 0.228 10.849 0.001 
Day 2 0.397 18.901 <0.001 
Temperature by Day 4 0.147 7.018 0.002 

% of larvae 
acquiring 
Symbiodinium 

Error 17 0.022   
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Figure 4-2: The proportion of Acropora tenuis larvae establishing symbiosis over time 

with mixed cultures of Symbiodinium C1 and D (a) Symbiodinium C1 (b), and D (c) at 

26.4°C (circle), 29.4°C (square), 31.8°C (triangle). 
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Table 4-5: ANOVA testing for differences in the mean number of mixed culture of 

Symbiodinium C1 and D cells within infected A. tenuis larvae among temperatures 

(26.4, 29.4, 31.8ºC) and between times (day 3, 6 and 9). 

Response Variable Source df MS F P 
Temperature 2 55.658 4.328 0.019 
Tank(Temperature) 6 7.677 0.439 0.841 
Day 2 15.124 0.872 0.435 
Temperature by Day 3 5.998 0.347 0.792 
Tank(Temperature) by 
Day 

4 18.540 1.122 0.355 

Number of 
Symbiodinium in 
larvae 

Error 58 16.530e   
 

 

Table 4-6: ANOVA testing for differences in the mean number of Symbiodinium C1 

cells within infected A. tenuis larvae among temperatures (26.4, 29.4, 31.8ºC) and 

between times (day 3, 6 and 9). 

Response Variable Source df MS F P 
Temperature 2 561.828 50.416 <0.001 
Tank(Temperature) 6 2.299 0.227 0.963 
Day 2 6.147 0.368 0.693 
Temperature by Day 4 8.627 0.552 0.698 
Tank(Temperature) by 
Day 

10 8.008 0.326 0.972 

Number of 
Symbiodinium in 
larvae 

Error 90 24.545e   
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Table 4-7: ANOVA testing for differences in the mean number of Symbiodinium D 

cells within infected A. tenuis larvae among temperatures (26.4, 29.4, 31.8ºC) and 

between times (day 3, 6 and 9). 

Response Variable Source df MS F P 
Temperature 2 2.596 0.890 0.431 
Tank(Temperature) 5 2.934 1.114 0.441 
Day 2 3.441 1.308 0.338 
Temperature by Day 1 0.592 0.213 0.653 
Tank(Temperature) by 
Day 

5 2.588 0.810 0.552 

Number of 
Symbiodinium in 
larvae 

Error 31 3.195e   
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Figure 4-3: Symbiodinium cell numbers within A. tenuis larvae over time when exposed 

to mixed cultures of type C1 and D (a), Symbiodinium C1 (b), and Symbiodinium D (c) 

26.4°C (circle), 29.4°C (square), and 31.8°C (triangle). 
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Chapter 5. Isolation of Chromera velia from the reef coral 

Montipora digitata and uptake by Acropora tenuis larvae 

reveals the opportunistic nature of chromerids 

 

Introduction 

Symbiosis is defined as the co-existence of different species, with either one or both 

species benefiting from the association. Symbiotic interactions are classified into three 

categories; mutualistic, commensal or parasitic (Douglas 1994). Mutualistic 

associations benefit both species involved in the interaction. Commensalism occurs 

when at least one species benefits from the interaction while the other has no benefits 

but receives no harm (benign). Finally, parasitism occurs when one species benefits 

from the other whilst causing harm to the second species (Douglas 1994). The 

symbioses between scleractinian corals and the dinoflagellate, Symbiodinium spp., is 

one of the best studied in nature, having first been identified by Brandt (1881). The 

symbiosis is clearly mutualistic, with endosymbiotic algae providing the coral host with 

up to 90 % of their energy requirements in the form of translocated carbon derived from 

photosynthesis (Muscatine 1990). In return, Symbiodinium cells benefit from a 

relatively stable environment and a supply of nutrients from the host (Trench 1979). 

However, corals form symbioses with many organisms, including both prokaryotes and 

eukaryotes (Knowlton and Rohwer 2003; Rosenberg et al. 2007; Ainsworth et al. 2010), 

and not all the associations are beneficial to both partners (Bourne et al. 2008). 
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Symbionts of corals include organisms that live within the coral cells, the 

skeleton, or the coral’s surface mucus layer (Knowlton and Rohwer 2003). Some of 

these associations are mutualistic, such as the cyanobacteria that co-exist alongside 

Symbiodinium in the endodermal cells of Montastraea cavernosa and are a potential 

source of nitrogen for the host (Lesser et al. 2004). Organisms found in coral skeleton 

include algae (Lukas 1974), fungi (Le Campion-Alsumard et al. 1995) and bacteria (Di 

Salvo 1969, Yuen et al. in review). These organisms may benefit the coral host by 

translocation of nutrients and physicochemical enhancement of calcium carbonate 

precipitation (Visscher et al. 2009; Zhang 2009). Alternatively, some of these organisms 

may produce secondary metabolites that chemically defend the host against fouling 

organisms and disease (Gil-Turnes et al. 1989; Holmström et al. 2002). For example, 

epibiotic bacteria isolated from the soft coral Dendronephthya sp. inhibit the attachment 

and growth of marine bacteria and larvae (Harder et al. 2003; Dobretsov and Qian 

2004). However, other symbioses can result in disease and death of the host. For 

example, black-band disease, white pox and white plague are all caused by bacteria that 

reside in coral surface mucus layer, which, when the host is under stress, can proliferate 

and result in coral tissue degradation and death (Richardson et al. 1998; Patterson et al. 

2002; Richardson 2004; but see Lesser et al. 2007). Parasitic microorganisms include 

the ciliate Halofolliculina corallasia, which causes skeletal eroding disease (Willis et al. 

2004) and Helicostoma nonatum, which is thought to be the causative agent for brown 

band disease (Bourne et al. 2008). 

Another group of organisms, recently identified in association with corals are 

the Apicomplexa (Toller et al. 2002, Moore et al. 2008). Apicomplexans are a group of 

mostly parasitic protists, which include the malaria parasite Plasmodium. Many 
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apicomplexans contain a non-photosynthetic plastid called the apicoplast (e.g. Moore et 

al. 2008). Apicomplexan gene sequences have been detected in tissue extracts of the 

octocoral Plexaura kuna (Goulet and Coffroth 2003) and Montastraea annularis (Toller 

et al. 2002). Recently, Moore et al. (2008) described a new apicomplexan-like 

organism, Chromera velia, which was isolated from two coral species: Plesiastrea 

versipora (Faviidae) from Sydney Harbour and Leptastrea purpurea (Faviidae) from 

One Tree Island (Moore et al. 2008). C. velia is the closest known photosynthetic 

relative of the apicomplexan parasites, and is more closely related to apicomplexans 

than dinoflagellates are (Moore et al. 2008).  

The photosynthetic plastid of C. velia is related both to the non-photosynthetic 

chloroplast remnant (termed the ‘apicoplast’) of apicomplexan parasites and the 

photosynthetic chloroplast of the dinoflagellate Symbiodinium (Moore et al. 2008). The 

discovery and characterisation of C. velia supported a known relationship; that 

dinoflagellates and apicomplexans share a common ancestor (Gajadhar et al. 1991), and 

confirmed the hypothesis that dinoflagellates and apicomplexans share a common 

ancestral chloroplast lineage (Fast et al. 2001; Ralph et al. 2004). In terms of lifestyle 

evolution, it is interesting to ask whether C. velia may represent an ancestral symbiosis-

ready lineage, whose own ancestors developed into the dinoflagellate and apicomplexan 

lineages respectively. Additionally C. velia is a potentially valuable research tool in 

studying evolution from symbiosis to parasitism, because unlike parasitic 

apicomplexans it can live without a host and can grow readily in culture (Moore et al. 

2008). 

Chromera velia was independently isolated during research into the chemical 

ecology of the scleractinian coral, Montipora digitata (Cumbo 2005). M. digitata was 
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chosen for culturing studies because of 11 scleractinian species studied, it was the only 

one with antimicrobial activity in the eggs. M. digitata was also the only species with 

Symbiodinium in the eggs, suggesting the symbionts may be the source of the bioactive 

compounds (Marquis et al. 2005). During attempts to produce monoclonal 

Symbiodinium cultures from the eggs and tissue of M. digitata, C. velia was isolated. 

The aim of this study was to explore the symbiosis between C. velia and a coral host. In 

particular, we aimed to test whether or not C. velia could establish symbioses with coral 

larvae. 

 

Materials and Methods 

Isolation and identification of Chromera velia 

Mature Montipora digitata colonies were collected from Nelly Bay, Magnetic Island 

(Lat 19°09’44.39”S, Long 146°51’14.90”E) on the Great Barrier Reef (GBR) and 

placed into separate buckets containing seawater. Spawning occurred at ~8:00 pm on 

the 29th of October 2004. The positively buoyant egg/sperm bundles were collected for 

each colony, poured onto a 65-µm mesh and washed in filtered seawater (FSW) to 

separate the eggs and sperm. The eggs were further separated from the sperm by 

centrifuging at 2000 g for 5 min, washing in FSW and repeating these steps. The 

resulting egg pellet (≈30 µl) was transferred to 15 mL Falcon tubes with 8 mL of 

modified f/2 medium (Guillard and Ryther 1962), and placed in indirect sunlight to 

promote growth of algae. Germanium dioxide was used in place of silicate in the f/2 

medium, to minimise growth of diatoms.  
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After spawning, coral nubbins were removed from each colony and washed in 

filtered seawater (FSW). Epi- and endophytic algae were removed using a high-pressure 

air gun (Air-Pik). The resulting algal slurry was centrifuged and washed to remove 

residual coral tissue after which approximately 30 µl of each algal pellet was transferred 

into 15 mL Falcon tubes with 8 mL of modified f/2 medium (Guillard and Ryther 1962) 

and placed in indirect sunlight to promote growth of the different algae.  

The f/2 medium was changed three times over a period of 10 days by 

centrifuging the samples at 2000 g for 5 min, decanting the medium and adding fresh 

f/2. After transportation to the University of New South Wales (UNSW) the cultured 

algae were transferred into 100 mL Erlenmeyer flasks containing 50 mL of f/2 medium, 

which was changed every 2-3 weeks. Cultures were placed in a growth cabinet at 25°C–

27°C with a light/dark cycle of 12/12 h and a light intensity of approximately 200 µEm-

2.s-1. These preliminary cultures were viewed under fluorescence microscope (Leica DM 

LB) which revealed the presence of two distinct cell types, one resembling 

Symbiodinium, which are easily identifiable by their single large and distinctive 

pyrenoid and cell size 7-12 µm and a second type quite unlike Symbiodinium.  

A second collection of five nubbins of Montipora digitata was made at Nelly 

Bay Magnetic Island in July 2009 to confirm that C. velia could be isolated from adult 

corals. Nubbins were shipped alive from Magnetic Island to Sydney, placed into 15 ml 

falcon tubes containing autoclaved seawater and 5 mg/ml (final concentration) of 

trichloroisocyanurate (Sigma, MO, USA) overnight to remove ciliates and any algae 

that may be on the surface of the coral. The next day the treated nubbins were placed 

into clean plastic stomacher bags, and a focussed strong jet of air was streamed onto 

them to sluice the coral cells from the nubbins. The coral slurry was placed into 15 
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falcon tubes containing autoclaved seawater. The tubes were shaken vigorously by hand 

for 30 s to separate algae cells from coral cells (Moore et al. 2008), and then centrifuged 

at 3500 rpm for 8 min to pellet the algae cells. Before discarding the supernatant, tubes 

were inverted gently several times to dislodge white coloured coral and bacterial cells 

from the top layers of the pellet, as algae cells are visibly darker and pellet at the very 

bottom of the tube. Layers in between are a lighter shade of brown and contain coral 

cells with algae still inside. Gentle inversion was continued only until the holobiont cell 

layer was reached, and after discarding the bacterial and coral slurry, the pellet was 

resupended in autoclaved seawater, and again shaken vigorously, centrifuged and 

cleaned as before. The process was repeated at least 5 times, and the pellet became 

successively darker. The end point was discernible when no top layer of coral and 

bacterial cells was seen (Moore et al. 2008). Algae were inoculated into f/2 medium, 

and cultured in a growth cabinet at 25°C–27°C with a light/dark cycle of 12/12 hours 

and a light intensity of approximately 200µEm-2.s-1. Two out of five M. digitata nubbins 

yielded algae cultures, and these were ultimately named as cultures C. velia Mdig4 and 

C. velia Mdig5. 

Developing monoclonal cultures 

Fluorescence-activated cell sorting (FACS) (Sensen et al. 1993) was undertaken to 

develop monoclonal cultures from the algal cultures isolated from coral nubbins. 

Monoclonal cultures were achieved by separating cells based on their size and emission 

fluorescence. Aliquots of the algal cell suspensions were centrifuged at 1500 g for 10 

min and more than half of the supernatant was decanted to concentrate the cell samples. 

Samples were filtered through sterile nylon mesh filters into FACS sample tubes to 

reduce clumping of the cells. FACS was undertaken using a MoFlo MLS 
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(Dakocytomation). The chlorophyll autofluorescence (FL4) within the cells was excited 

with a 200 mW argon ion laser (Innova 90 ion laser, Coherent) at 488 nm and measured 

through a 590 nm long-pass filter. The forward scatter (FSC) and the side scatter (SSC) 

of the laser beam were also measured. Two dimensional profiles of FSC against FL4 

and FSC against SSC were plotted and sorting windows were positioned at appropriate 

areas within the distribution profile of the cell samples. The window positions were 

selected to sort the smaller sized cells which did not fluoresce as brightly as the other 

cell clusters. This gating had been decided upon after visualising the cell cultures by 

digital light and fluorescence microscopy and determining that the cells of interest were 

smaller and did not fluoresce as brightly as the contaminants. The samples were sorted 

under sterile conditions at 16 psi using a 70 µm ceramic nozzle with a drop drive 

frequency of 97.4 kHz , a drop drive amplitude of 14.61 V and a flow rate of between 

300 and 500 cells per second. The sheath fluid contained 1 x PBS. The cells were sorted 

into 96-well microtitre plates (1 cell per well) that contained 100 µL of f/2 medium. 

After 5 weeks the cultures were observed under a light microscope to determine which 

wells contained monoclonal cell cultures. Twelve monoclonal cultures from each 96-

well microtitre plate were randomly chosen and transferred into 24-well microtitre 

plates containing 2 ml of f/2 medium (1 monoclonal culture per well). After 

approximately 3 weeks the cultures were observed again under a light microscope and 6 

of the 12 monoclonal cultures were randomly selected and transferred into 100 mL 

Erlenmeyer flasks containing 50 mL of f/2 medium. 
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Visualisation of algal chloroplast using confocal microscopy 

The chloroplast structure of the monoclonal algal cells was visualised with confocal 

laser scanning microscopy and compared to the chloroplast morphology of 

Symbiodinium. Imaging was by a Nikon Eclipse E800 microscope fitted with a Bio-Rad 

Radiance Plus Confocal Scanning System (Bio-Rad Microscience Ltd.) and a 100x oil 

immersion objective. The algal chloroplasts were imaged by chlorophyll 

autofluorescence excited by a 488 nm laser line of the Kryron/Argon laser (blue laser) 

and the chlorophyll emitted a red light above 680 nm using the technique developed by 

Salih et al (1998). Serial optical sections at 0.15 µm incremental depths were made of 

randomly selected cells to a depth of approximately 8 µm (cell diameter), which 

resulted in approximately 53 sections scanned. The serial scans were reconstructed into 

a three dimensional (3D) image of the cell’s chloroplast using the software VoxelView 

Ultra 2.1.2 (Vital Images) on an Indigo computer workstation (Silicon Graphics). 

DNA Extractions, PCR and Sequencing of algal isolates 

Genomic DNAs from the three cultures used in this infection study (ultimately named 

C. velia Mdig1, C. velia Mdig2, C. velia Mdig3) and two isolates obtained in 2009 (as 

described previously; C. velia Mdig4 and C. velia Mdig5) were obtained for 18s rDNA 

sequence analysis. The cells were first pelleted by centrifugation at 500g for 5 minutes, 

and then subjected to 10 cycles of freezing in liquid nitrogen and thawing in a 55 ºC 

water bath. The cells were then homogenized using a QIAGEN® Tissue Lyser 

(QIAGEN) at 50Hz for 10 minutes. The PowerPlant® DNA isolation kit (IRT, MOBio 

Laboratories) was used to extract the DNA following the instructions provided by the 

manufacturer. DNA concentrations were then determined using a Nanodrop ® ND-100 

Spectrophotometer. 
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PCR amplification of the 18s rDNA was performed using universal eukaryotic 

Forward (ss5 - 5’- GGTTGATCCTGCCAGTAGTCATATGCCTTG – 3’) and Reverse 

(ss3 – 5’- GATCCTTCCGCAGGTTCACCTACGGAAACC - 3’) primers (Rowan and 

Powers 1992) (Sigma-Aldrich) to obtain a PCR product of ~1800 bp in size. PCR was 

performed using 100 ng genomic DNA as template with  50 µl master mix ( 2.5mM 

MgCl2, 0.4 µM of each primer, 200 µM of each dNTP (Invitrogen), 1.25 units GoTaq® 

DNA Polymerase (Promega) and a buffer supplied by the manufacturer (Promega)). 

The PCR conditions were 95ºC for 3 min, followed by 35 cycles of 95ºC for 30 s, 55ºC 

for 30 s and 72ºC for 3 min, and then a final extension at 72ºC for 10 min. 

The PCR products were electrophoresed in an agarose gel and were purified by 

gel extraction using the Wizard® SV Gel and PCR Clean-Up System (Promega) 

.Purifed PCR products were ligated into the pGEM-T Easy Vector System (Promega). 

The vectors were then transformed into JM109 E.coli competent cells. The plasmids 

were extracted from the positive clones using Wizard® Plus Minipreps DNA 

Purification System (Promega) and sequencing PCR was performed using the ABI Big 

Dyeterminator 3.1 System (ABI) with plasmids as templates. The primers used for 

sequencing are tabled in the Supplementary Material for this manuscript.  Sequencing 

was performed  at the UNSW Ramaciotti Centre for Gene Function Analysis. 

Sequences were edited and combined using ContigExpress (Vector NTI Suite 

6.0, Invitrogen.). A multiple sequence alignment was generated using Clustal W2 and 

culture identities were analysed at blast.ncbi.nlm.nih.gov, using the sequences 

individually as BLASTn queries (details shown in the Supplementary Materials). 
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Chromera velia acquisition experiment  

Acropora tenuis larvae cultured from adults that spawned on 20th of October 2008 at 

Magnetic Island, GBR were exposed to each of three C. velia cultures (C. velia Mdig1, 

C. velia Mdig2, C. velia Mdig3) and a positive Symbiodinium control (type C1). A total 

of 100 A. tenuis larvae were transferred into one of twelve 350 mL containers 

containing 200 mL of 0.2 µm FSW. Algal densities of approximately 1x105 cells per 

mL were added to each container. Ten larvae were sub-sampled from each of the 

replicates after one and three days. The proportion of larvae infected and the number of 

photosynthetic cells within larva were determined using a fluorescent microscope at 20x 

magnification. Cells were excited in the green range with a band-pass 515-560 nm 

excitation filter, a 580 nm dichromatic mirror and a long-pass 590 nm suppression filter. 

Upon excitation, the chlorophyll within the symbiotic cells fluoresced red, thus assisting 

cell counts within the larvae. 

 

Results and Discussion 

The algal cultures isolated from the eggs and nubbins of Montipora digitata 

were identified as Chromera velia. The shape of the chloroplast was similar to that 

previously described for C. velia and very different to those of Symbiodinium (Figure 5-

1). Similarly, each of DNA sequences from the cultures were analysed by BLASTn 

(blast.ncbi.nlm.nih.gov) and were found to be almost identical to that of C. velia 

CMS22 (Moore et al. 2008). The fact that C. velia was repeatedly isolated from coral 

tissue, suggests it is symbiotic with the coral host. 

Successful infection of Acropora larvae with all three Chromera cultures 

assayed (Figure 5-2A and 5-3) suggests the symbiosis is indeed intimate. One day after 
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the larvae were introduced to the cultures the mean proportion of larvae infected ranged 

from 23 % ± 3.3 (SE) when exposed to C. velia Mdig2, to 33 % ± 15 when exposed to 

C. velia Mdig1. On day three it was evident that some of the C. velia cultures were 

more infective than others, with three to five- fold more larvae infected by C. velia 

Mdig3 compared to C. velia Mdig2 and C. velia Mdig1 (Figure 5-3). Similar differences 

in infectivity occur among Symbiodinium types (Schoenberg & Trench 1980). While, C. 

velia cells were contained fully within larvae of A. tenuis, we could not establish 

whether they were in the coelenteron, or within the larval gastrodermal cells. 

Nonetheless, larva that acquired C. velia look very similar to those with Symbiodinium 

(Figure 5-2) and future work should aim to establish whether C. velia is endosymbiotic. 

While a temporary symbiosis with coral larvae was confirmed it remained to be 

determined whether or not the symbioses would persist. By day three, the proportion of 

infected larvae that were exposed to two of the cultures, C. velia Mdig 1 and C. velia 

Mdig 2, had declined (Figure 5-3). In contrast, 100 % of larvae exposed to 

Symbiodinium C1 were infected on day three (Figure 5-3). Similarly, the symbioses did 

not develop in larvae exposed to C. velia. The mean number of C. velia cells in larvae 

remained constant or declined between day one and day three (Figure 5-4). In contrast, 

there was a 40-fold increase in the mean number of Symbiodinium C in larvae by day 3 

(Figure 5-4). However, the lack of proliferation of C. velia could be due to low cell 

division rates in hospite, and larva infected with C. velia need to be followed for more 

time to determine whether or not the symbioses will persist. 

Chromera velia was identified as the closest known photosynthetic relative of 

the apicomplexan parasites (Moore et al. 2008) and, therefore, it would not be 

surprising if it became parasitic under certain conditions. During the infection 
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experiments, C. velia in culture occasionally formed clumps. Two such clumps came 

into contact with a coral larva while it was being observed under fluorescent 

microscope, although it could not be determined if this collision was caused by motility 

of the clumps, or capilliary action of fluids under the cover slip. The larva responded to 

the contact by contracting around one of the clumps. Within 5 minutes, the clump 

appeared to digest some of the larval epidermis suggesting the free living C. velia had 

become predatory (Figure 5-5). This potential change in the nutritional/lifestyle strategy 

of C. velia may be correlated with living free of the coral host. Homologues of the 

apical complex of organelles which in apicomplexans are specialised for invasion of 

cells and ingestion of materials are only seen in C. velia when motile (Obornik et al. 

2010). No host benefits of associating with C. velia were evident. Apicomplexans 

produce many unique metabolites (Lim and McFadden 2010; Obornik et al. 2011) and 

therefore C. velia could be a source of antimicrobial compounds for the coral host. 

However, extracts from the cultures of C. velia were inactive against numerous 

microorganisms in disc diffusion assays in marked contrast to extracts from crude 

pellets of the tissue and eggs of Montipora digitata that were active against a range of 

bacteria (Cumbo 2005). Insufficient data where collected in this experiment to be 

certain that any harm was being done to this coral larva, and the phenomenon was not 

observed again, though attempts were made. However, the ability of a chromerid to 

hunt algal prey (Isochrysis prey) has been photographed (D. Patterson pers. comm.). 

The predator was the chromerid CCMP3155 in its motile life stage. As such the 

question of whether other eukaryotes (i.e. corals) might also be targeted as prey by the 

motile life stages of chromerids required further investigation. 
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In conclusion, the precise nature of the association between C. velia and corals 

remains unclear. Being photosynthetic, C. velia could provide fixed nutrients to corals, 

and this could be tested by examination of the transfer of radio-labelled carbon from the 

seawater into larval or juvenile coral tissues infected with C. velia. Alternatively, the 

decline in density of C. velia through time within M. digitata larvae may indicate it is 

digested by the host. In addition, under some conditions, C. velia may become 

opportunistic or harmful. Finally, the association between coral and C. velia appears to 

be quite common. On the basis of this study, and the type host and alternate host 

(Moore et al. 2008) C. velia associates with at least three coral genera at sites separated 

by thousands of km on the east coast of Australia, suggesting that this alga is ubiquitous 

in the environment and is probably associating with numerous other coral species. The 

exact role of C. velia in association with these cnidarians remains to be determined. 

 



 

 114 

	  

 

 

Figure 5-1: Confocal image of the chloroplast of the unknown algae later identified as 

Chromera velia (A) and Symbiodinium (B). 
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Figure 5-2: Successful uptake of Chromera velia (A), and Symbiodinium C1 (B) by 

Acropora larvae.  
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Figure 5-3: The proportion of Acropora tenuis larvae infected with different cultures of 

Chromera velia and the Symbiodinium control. 
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Figure 5-4: Numbers of Chromera velia and Symbiodinium cells within Acropora 

tenuis larvae. 
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Figure 5-5: Two Chromera velia clumps colliding with an Acropora larva. Clump 1 

has apparently begun to digest the larval ectoderm. Field of view is approximately 400 

microns. 
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Chapter 6: General Discussion 

 

The symbiotic partnership between corals and Symbiodinium is fundamental to 

the existence of coral reefs. The main objective of this thesis was to understand the 

processes controlling the initial establishment of symbiosis in corals that acquire their 

Symbiodinium from the environment in each generation. And further, to determine 

initial establishment and development of symbiosis is affected by predicted increases in 

sea surface temperatures (SST) caused by global warming. Several major advances in 

knowledge have come out of this research. These include: 1) symbionts are acquired 

during the larval stage in corals that horizontally acquired their symbionts; 2) 

symbionts are mainly found in the sediment; 3) larvae are promiscuous in the 

acquisition of symbionts; 5) the thermal environment determines which symbionts 

become established and which ones develop over time; 5) the relative success of 

symbiosis establishment and development at different temperatures largely agrees with 

the relative thermo-tolerance of the symbionts in culture, although there may be smaller 

host- and geographic- interactions; (6) Chromera velia is acquired by coral larvae and 

is probably an endosymbiont that that may be mutualistic but which may also behave 

parasitically; (7) horizontal transmission has adaptive value in changing environments.  

Before the commencement of this study it was still a matter of debate at what 

life history stage symbiosis was established in corals that acquire Symbiodinium via 

horizontal transmission. The first study to examine this question recorded the 

incorporation of Symbiodinium into the primary polyps of juvenile corals 13 days after 

being placed out on the reef (Babcock and Heyward 1986), which lead to the general 

assumption that establishment of symbiosis occurred in juveniles. Subsequently, onset 
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of symbiosis was demonstrated to occur in the larval stage after the development of an 

oral pore, in Fungia scutaria (Schwarz et al. 1999). However, it was still unclear 

whether this was a feature specific to Fungia scutaria larvae or a common occurrence 

in corals that horizontally acquire their symbionts. Due to the high abundance and 

species diversity of the Acropora genus on the Great Barrier Reef, my interest was 

directed at understanding which life stage established symbiosis in this genus. Research 

demonstrating that Acropora larvae were capable of establishing symbiosis with 

Symbiodinium (van Oppen 2001) had little bearing on the general assumption that 

symbiosis was more likely to begin post-settlement. I argue that coral larvae are the 

most likely point in the life history at which symbiosis is established because the 

probability of encountering symbionts is high when larvae are actively searching the 

substratum at settlement. Indeed, three species of Acropora larvae established 

symbiosis with up to six Symbiodinium types within three days of exposure to either 

reef sediment or Symbiodinium cultures. Furthermore, these symbioses developed over 

time as indicated by an increase in the number of symbionts within larvae (Chapter 2 - 

4). In addition, an experiment not included within the main section of this thesis 

revealed that larvae from a range of coral species, covering three genera collected from 

multiple locations in the Indo Pacific, successfully established symbiosis with 

Symbiodinium (Table III; Appendix IV). During the course of this study, further 

support that establishment of symbiosis occurs in the larvae of broadcast spawning 

species has also emerged (Baird et al. 2006, Marlow and Martindale 2007, Adams et al. 

2009, Baird et al. 2009a, Harii et al. 2009).  

 Sediment is most likely the primary source of free-living Symbiodinium 

(Littman et al. 2008, Adams et al. 2009). My research provides further evidence that 
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Symbiodinium reside in the sediment. A high proportion of larvae exposed to sediment 

from three different locations on the Great Barrier Reef (GBR) successfully established 

symbiosis within three days (Chapter 2). Infection rates were similar to those seen in 

larvae exposed to Symbiodinium cultures of densities between 1 x 104 and 1 x 105 cells 

mL-1 (Figure III; Appendix IV), suggesting a high abundance of Symbiodinium cells in 

the sediment. Symbiodinium are most likely at high densities because they are 

negatively buoyant and immobile for much of their life cycle (Yacobovitch et al. 2004; 

Coffroth et al. 2006). Larvae most likely acquire Symbiodinium when they are 

searching the substratum for a place to settle and metamorphose into a juvenile coral 

(Baird et al. 2007). This would explain why higher establishment and development 

rates of symbiosis occurred in larvae exposed to sediment compared to seawater 

(Adams et al. 2009; Appendix I).  

In horizontally-transmitted symbioses, coral larvae of multiple species were 

highly promiscuous during the initial establishment of symbiosis. Larvae were able to 

associate with a number of different Symbiodinium (Chapter 2 – 4); including types 

with which corals do not commonly associate (i.e., type A) (Chapter 3). Some studies 

have suggested that cell surface recognition systems are active during the onset of 

symbiosis between corals and Symbiodinium (Wood-Charlson et al. 2006, Bay et al. 

2011 (Appendix II)). However, in both these studies uptake of experimentally altered 

Symbiodinium still occurred, suggesting that pre-phagocytic recognition of a preferred 

symbiont is not vital. I proposed that cell recognition systems are not fully developed 

or are very unspecific in this life stage, which is supported by the fact that larvae 

associated with a range of Symbiodinium types. Symbiont recognition and resulting 

specificity is probably active post-phagocytosis, with the host eventually controlling 
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their symbiont population through the winnowing process that occurs throughout 

ontogeny narrowing the partners from many early in the life history to one or a very 

few (Nyholm & McFall-Ngai 2004). For example, A. tenuis juveniles from Magnetic 

Island initially associate with Symbiodinium C1 and D, with D being the dominant type 

at this stage, however, winnowing occurs gradually over a 2.5-3.5 yr period, after 

which C1 becomes the dominant symbiont (Abrego et al. 2009b).  

One important caveat of my research is the genetic analyses on the 

Symbiodinium types within the larvae were unable to verify whether one larva hosted 

one or multiple types of Symbiodinium. This was because current genetic techniques 

are not sensitive enough to determine Symbiodinium types when only a small number 

of cells are present. To increase Symbiodinium numbers, multiple larvae had to be 

pooled for DNA analyses (Chapter 2 and 4). However, it is unlikely that a single larva 

only hosted one Symbiodinium type since single juvenile corals of the same species 

associate with multiple Symbiodinium (Abrego et al. 2009b).  

Promiscuity is common in the early life stages of coral. This study along with 

Baird et al. (2009a) showed seven different Acropora spp. acquired Symbiodinium from 

three different clades (Chapter 3 and 4; Table III; Appendix IV; Baird et al. 2009a).  

This promiscuity is likely an integral part of the biology of coral species exhibiting 

horizontal symbiont transmission. The ability to associate with multiple types of 

Symbiodinium early in ontogeny may be an adaptive mechanism to acquire symbionts 

appropriate for the prevailing environment following dispersal. In the context of global 

climate change, this promiscuity might be advantageous because it provides a possible 

mechanism to cope with increases in SST by acquiring better-adapted symbionts 

(LaJeunesse et al 2004; Baird et al. 2007). 
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The prevailing environmental conditions clearly affected the establishment and 

development of symbiosis in a range of Symbiodinium types (Chapter 3 and 4). 

Temperature and light had a strong effect on the proportion of larvae infected and the 

density of symbionts within larvae, but temperature had the greater effect (Chapter 3). 

Different Symbiodinium varied in their thermal tolerance in culture, but these 

differences were not always consistent in two studies that looked at different species in 

different locations. This suggests there may be interactions with coral host species and 

geographic location that can determine symbiotic outcomes.  However, when more than 

one type of Symbiodinium was available, the type best suited to the environment usually 

dominated the symbiosis, and in general, when seawater temperatures exceeded 30ºC, 

the establishment and development of symbiosis was severely hindered (Chapter 3 and 

4). However, there were notable exceptions. Rates of uptake and development of 

symbiosis with Symbiodinium D were less affected by temperature compared to C1 

(Chapter 4), and uptake and development of heat-tolerant type A thrived at temperatures 

above 30ºC (Chapter 3). This suggests that, with increases in sea–surface temperatures 

caused by climate change, symbiont communities are likely to shift to favour more heat-

tolerant Symbiodinium types. However, once temperatures reach a threshold (in this 

case ~3.5ºC above the mean summer temperature), competition among symbionts may 

be deleterious to the holobiont. The highest seawater temperature resulted in the 

breakdown of symbiosis when more than one Symbiodinium type was available 

(Chapter 4). Therefore, under high temperatures the adaptive value of promiscuity in the 

early life of coral may have tradeoffs, with establishment of symbiosis becoming more 

difficult. 
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Acropora larvae also appeared to establish symbiosis with a close relative of 

Symbiodinium, Chromera velia. Symbiosis between C. velia and corals may be common 

on the Great Barrier Reef, with C. velia having been isolated and cultured to date from 

colonies of Montipora digitata, Plesiastrea versipora and Leptastrea purpurea. 

However, the symbiotic interaction may be either mutualistic or parasitic, perhaps 

depending on conditions.  Both interactions are possible because C. velia appears to be 

a common ancestor of both the apicomplexan parasites and Symbiodinium. To better 

understand the symbiosis between coral and C. velia, and the mechanism involved in 

the onset of symbiosis between coral larvae and Symbiodinium, interactions between 

host and symbiont at the level of the host cell need to be explored. However, the 

techniques required to explore such questions are currently in their infancy. 

With forecasted increases in SST (Meehl et al. 2007), scientists have predicted a 

mass loss of corals in the next 50 years if they cannot acclimatise or adapt (Hughes et 

al. 2003) quickly enough. The initial establishment of symbiosis is an important part in 

the life cycle of corals. In conclusion, this thesis demonstrated that many different 

factors control the establishment of symbiosis, including but not limited to, the 

abundance of free-living Symbiodinium (Chapter 2, Adams et al. 2009) and their health 

at specific temperatures (Chapter 3), the prevailing environment (Chapter 3 and 4), the 

Symbiodinium type and competition between types (Chapter 3 and 4), and potential host 

recognition (Bay et al. 2011 (Appendix II)). Temperature clearly plays an important role 

in controlling the Symbiodinium types that establish and develop in corals. Fortunately 

the promiscuity of the larval stage enables them to take up symbiont best suited to the 

prevailing environment. Consequently, symbiont communities are expected to change in 

each new generation as sea surface temperatures increase due to climate change. 



 

 125 

Therefore, horizontal transmission of symbionts appears to be adaptive and may be a 

mechanism that will enable some corals to compensate for climate change. 
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Appendix I 

Exposure to sediment enhances primary acquisition of 

Symbiodinium by asymbiotic coral larvae 

 

This chapter is inserted without abstract as published in Marine Ecology Process Series:  

Adams LM, Cumbo VR, Takabayashi M (2009) Exposure to sediment enhances 

primary acquisition of Symbiodinium by asymbiotic coral larvae. Marine Ecology 

Progress Series 377: 149-156 

 

Introduction 

An array of foraminiferans, mollusks, and cnidarians benefit from mutualistic 

symbioses with dinoflagellates of the genus Symbiodinium, commonly known as 

zooxanthellae. Genetic analyses have divided the genus Symbiodinium into eight clades 

(A-H) and numerous subclades and strains (Pochon et al. 2006, Sampayo et al. 2007). 

The type of Symbiodinium in hospite can influence the biological processes of the 

invertebrate host such as growth and reproduction (Kinzie & Chee 1979, Fitt 1985, 

Little et al. 2004). Ultimately, the dinoflagellate symbiont plays a crucial role in 

determining the fate of the host throughout its lifetime and host adaptability under 

variable environmental conditions over generations. Thus the fitness of the host may be 

enhanced by associating with diverse Symbiodinium types and/or those best adapted to 

the local environment (Toller et al. 2001b, Berkelmans & van Oppen 2006).  
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Invertebrate hosts may obtain Symbiodinium “vertically”, from parent to 

offspring; or “horizontally”, from the environment surrounding them (Harrison & 

Wallace 1990). Horizontal acquisition is, debatably, beneficial to hosts, giving each 

generation of hosts an opportunity to associate with diverse types or a particular type of 

Symbiodinium that is adaptive to the local environmental conditions (Buddemeier & 

Fautin 1993; Glynn 1993; Brown 1997; Kinzie et al. 2001; Douglas 2003; Fautin & 

Buddemeier 2004). Dominance of a new symbiont type may disadvantage the host, such 

as decreased health, growth or reproduction (Little et al. 2004, Stat et al. 2008). 

However if the new dominant symbiont enables survival of the host through stress 

events such as bleaching then this mode may be advantageous in the long-term life 

history of the species. Furthermore, adults of some host species may be able to acquire a 

new strain of Symbiodinium through secondary acquisition following stress events, such 

as bleaching (Kinzie et al. 2001). Despite its apparent adaptive advantages, secondary 

acquisition in scleractinian corals has not been observed possibly due to experimental 

limitations. This lack of evidence has lead investigators to suggest that hosts shuffling 

proportions of different Symbiodinium strains already in hospite is the predominant 

mode of physiological adaptation in scleractinian corals (Berkelmans & van Oppen 

2006). If this is the case, then primary acquisition of Symbiodinium strains is critically 

important in the entire life history of these hosts. Resilience of symbiotic reef 

organisms, like corals, may thus be especially reliant upon the symbiont types 

specifically involved in primary acquisition (Baird et al. 2007).  

Given the dependency of reef invertebrates on environmental pools of 

Symbiodinium, it is imperative to understand the diversity and ecology of free-living 

Symbiodinium and their interactions with potential hosts. Free-living Symbiodinium 



 

 139 

have been identified in the water column and substrates of coral reefs (Carlos et al. 

1999, Coffroth et al. 2006, Koike et al. 2007, Hirose et al. 2008, Littman et al. 2008, 

Manning & Gates 2008, Porto et al. 2008). To date the diversity of free-living 

Symbiodinium and the availability for uptake by their host have been poorly 

characterized. In hospite studies have utilized settled coral recruits to investigate 

primary acquisition of Symbiodinium (Kinzie et al. 2001, Coffroth et al. 2006). 

However, settlement materials may influence results if free-living Symbiodinium are 

attracted to artificial substrates. Moreover, acquisition could occur in larvae before 

metamorphosis into a juvenile polyp (Schwarz et al. 1999, Weis et al. 2001, Rodriguez-

Lanetty et al. 2004, Marlow & Martindale 2007). In the present study, we tested 

whether asymbiotic coral larvae of Acropora monticulosa preferentially acquired free-

living Symbiodinium from the water column or sediment. 

 

Material and Method 

Collection 

Six mature colonies of Acropora monticulosa were collected from the southwest 

side of the island of Akajima at Sakubaru, Japan, and taken to the Akajima Marine 

Science Laboratory (AMSL). Colonies were maintained in tanks with running seawater 

until spawning time, where they were isolated in an aquarium and allowed to spawn. 

Spawning occurred between 23:00 and 23:30 h on August 4, 2007. Eggs and sperm 

were collected, allowed to fertilize for 30 min and then reared in filtered seawater (0.22 

µm) until larvae were ready for transport. The 2 d old asymbiotic larvae that were 

swimming and had developed a mouth were transported in filtered seawater (0.22 µm) 
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to the Sesoko Tropical Biosphere Research Center, Okinawa, Japan. These larvae were 

added to experimental treatments on the third day after spawning. Additionally, 

fragments from 10 adult colonies of A. monticulosa were also collected from Sakubaru 

at a depth of 1 to 4 m for DNA analysis of symbiont type to compare with those 

acquired by larvae. 

Acquisition Experiment 

Four treatments, each with 3 replicates (12 aquaria total), were used to identify 

the source of Symbiodinium that were acquired by asymbiotic Acropora monticulosa 

larvae in a tank experiment: (1) filtered (0.22 µm) seawater (FSW), (2) unfiltered 

seawater (SW), (3) natural sediment and filtered seawater (FSW & SED), and (4) 

natural sediment with unfiltered seawater (SW & SED). Seawater and sediment used in 

treatment aquaria were collected from the reef immediately south of Sesoko Station 

between 15:00 and 17:00 on August 7, 2007 (Day 0 of the experiment). Surface 

seawater was collected from directly over the reef at <1 m depth. Sediment was 

collected using a 50 mL falcon tube by gently collecting the top, oxic layer (determined 

by coloration; gray or black sediment indicating anoxic conditions) of sediment. All 

sediment samples were collected from the reef in 2 to 5 m depth. Aquaria were 

approximately 1.5 L in volume, and contained 1.0 L of seawater and, when appropriate, 

100 mL of sediment. Aquaria were left alone for 6 h to allow sediment to settle and 

temperatures of seawater to equilibrate with room temperature (27ºC). On Day 0, 100 

larvae were added to each aquarium. Aquaria were maintained at 27ºC and exposed to 

an average of 60 to 80 µmol photons. m-2.s-1 of light on a 12 h light:dark cycle. Gentle 

airflow was also applied to all aquaria producing minimal water circulation.  
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At each census (3, 6, and 12 d after initiation), 10 larvae from each aquarium 

were surveyed for the presence or absence of Symbiodinium. Larvae were washed in 

filtered seawater (0.22 µm), mounted onto glass slides with cover slips, and viewed 

under an epifluorescent microscope (Nikon Microphot- FXA). With excitation of 450 to 

490 nm and filter of 510 to 550 nm (B2 filter set), the larvae fluoresced green and the 

Symbiodinium were bright red due to chlorophyll a (chl a), making the presence of 

symbionts very easy to identify. Cover slips were placed gently over the larvae, 

flattening without rupturing them, into a 1-dimensional plane to more accurately count 

Symbiodinium in hospite. For each larva, acquisition status (presence or absence of 

Symbiodinium) and the number of resident Symbiodinium were recorded. 

Statistical Analysis 

The Day 6 data were used in statistical analysis of Symbiodinium densities 

because it was the only day that had density data for all treatments, and essentially 

represented the end of the experiment. The filtered seawater and seawater treatments 

were the only ones for which data were available on Day 12; both the proportion of 

symbiotic larvae and Symbiodinium densities per larva in the seawater treatment were 

not significantly different (p > 0.05) between Day 6 and Day 12. Logistic regression 

analysis was performed to compare the proportions of symbiotic larvae among 

treatments. A nested ANOVA was used to test if treatments or replicate aquaria had an 

effect on Symbiodinium densities in the larvae; replicated aquaria were nested within 

treatments. A Tukey’s multiple comparisons test was used to pinpoint the differences in 

in hospite densities of larvae between treatments. The Symbiodinium densities in the 

larvae were transformed [log(density+1)] to normalize the data for analysis. Density 
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data included zero values from larvae that did not acquire Symbiodinium. All statistical 

analyses were performed in S-Plus® 8.0 for Windows (Insightful). 

DNA Analysis 

The clade of Symbiodinium residing in larvae was identified genetically. At the 

end of the acquisition experiment above, remaining larvae from each aquarium were 

washed in filtered seawater (0.22 µm) and pooled for DNA extraction. The larval and 

adult coral samples were incubated in 300 µl of a guanidinium lysis buffer (4 M 

guanidinium isothiocyanate, 0.05 M Tris pH 7.6, 0.01 M EDTA, 0.07 M Sarkosyl, ß-

mercaptoethanol 1% v/v) (Pochon et al. 2001) for 5 to 17 days at room temperature and 

then at 72° C for 10 min before being centrifuged for 5 min at 16 060 x g at room 

temperature. DNA from the resulting supernatant was precipitated with 100% 

isopropanol, pelleted, rinsed with 70% EtOH, dried and resuspended in 0.01 M Tris-

HCL pH 8. PCR amplifications were performed using the Symbiodinium-specific 

primers ‘23SHYPERUP’ and ‘23SHYPERDN’ for the hyper-variable region of Domain 

V in the large subunit of the chloroplast ribosomal array (cp23S-HVR) (Santos et al. 

2003). PCRs were carried out on an ABI 2720 thermal cycler under the following 

conditions: initial denaturing period of 2 min at 94° C, 50 cycles consisting of 94° C for 

30 s, 55° C for 1 min, 72° C for 1 min 15 s, and a final extension period of 7 min at 72° 

C. Amplification products were difficult to obtain and optimization of the PCR required 

the cycle number to increase from 36 cycles to 50 cycles as recommended by Palumbi 

et al. (1991). Amplification products were separated by cloning with the pGEM®-T 

Easy Vector System II (Promega) according to the manufacturer’s protocol. The 

resulting products were sequenced using an ABI 3730XL capillary-based DNA 

sequencer (Applied Biosciences) at the Advanced Studies in Genomics, Proteomics and 
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Bioinformatics Sequencing Facility at University of Hawai‘i at Manoa. A total of 19 to 

25 clones per aquarium sample and 1 to10 clones per adult coral colony were 

sequenced. Chromatograms of sequenced clones were manually checked and aligned 

with Sequencher 4.5 (Gene Codes). True alleles were determined by having multiple 

sequences. A few alleles were represented by only 1 sequence and had only 1 base pair 

different from the majority of sequences, these alleles were deemed the result of PCR, 

cloning or sequencing error and discarded. The clade identity of each true allele was 

determined by a positive match (100 % sequence identity) with genotyped sequences in 

GenBank database using the BLAST analyses (Altschul et al. 1990).  

 

Results 

Larvae of both sediment-containing treatments (FSW & SED and SW & SED) 

acquired Symbiodinium earlier and in higher densities than those in treatments without 

sediment (Figure I-1). Data shows that treatments had significantly affected the 

proportion of larvae containing Symbiodinium (p < 0.001). Throughout the experiment, 

Symbiodinium densities in larvae of treatments without sediment, 2.2 ± 0.27 cells per 

larva (mean ± SE), were significantly lower (F3, 4 = 219.15, p < 0.001) than those of 

treatments with sediment, 23.77 ± 4.09 cells per larva. Symbiodinium densities in larvae 

of replicates of each treatment aquaria were not significantly different from each other 

(F4, 112 = 0.21, p= 0.93).  

Clade A Symbiodinium was only recovered in the larvae from the sediment-

containing treatments. DNA sequence analyses revealed that larvae acquired clades B 

and C Symbiodinium from the water column, and clades A, B and C from the sediment; 

whereas adults of the same species harbored clade C (Table I-1) (GenBank accession 
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numbers: EU514958, EU514976, EU515077 and EU515094). Four alleles of 

Symbiodinium were detected in this study and are referred to as A196, A192, B182, 

C178 as the appropriate nomenclature for cp23S-rDNA domain V sequences (Santos et 

al. 2003).   

Larvae lost due to mortality or settlement averaged 36 ± 4.36 larvae (mean ± 

SD) in FSW treatments, 67 ± 4.73 larvae in SW treatments, 53 ± 20.6 larvae in FSW & 

SED treatments and 66 ± 4.72 larvae in SW & SED treatments. Mortality was likely the 

result of poor water quality in aquaria caused by an extended period of time with low 

circulation. Sediment-containing treatments were terminated at Day 6 due to insufficient 

number of larvae remaining as a result of mortality. The remaining larvae in these 

treatments were thus ‘rescued’ at Day 6 and maintained in filtered seawater without 

sediment for 6 d until the DNA analyses. One replicate of the seawater treatment did not 

have excess larvae for DNA analysis due to a high amount of settlement of larvae on the 

sides of the aquarium. 

 

Discussion 

Free-living Symbiodinium may be crucially important to the recovery, resilience, 

and adaptation of symbiotic invertebrates as the future of these organisms continues to 

be critically compromised (Hoegh-Guldberg et al. 2007). The abundance and 

distribution of different types of free-living Symbiodinium and relative availability of 

Symbiodinium inhabiting different sectors of the marine environment to asymbiotic 

hosts have been poorly investigated to date (Coffroth et al. 2006, Koike et al. 2007, 

Hirose et al. 2008, Littman et al. 2008, Manning & Gates 2008, Porto et al. 2008).  
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The results from our tank experiment clearly showed Symbiodinium were 

acquired by asymbiotic coral larvae earlier, in greater proportion, and with greater in 

hospite Symbiodinium densities in sediment-containing treatments when compared to 

seawater only treatments. The enhanced acquisition and in hospite densities of 

Symbiodinium in larvae exposed to the sediment substrate may be due to higher 

abundances of Symbiodinium in sediment than water column, high replication of 

Symbiodinium, the relatively non-motile nature of Symbiodinium in sediment, frequent 

contact with the substrate by coral larvae searching for suitable settlement grounds, or 

any combination of these factors. In cultures, Symbiodinium tend to reside relatively 

still on the bottom of culture containers and periodically become mobile and move into 

the upper water column upon the introduction of light (Freudenthal 1962, Fitt & Trench 

1983, Crafts & Tuliszewski 1995, Yacobovitch et al. 2004). Free-living Symbiodinium 

may have similar diurnal mobility patterns which would explain the presence of 

Symbiodinium in the water column and in reef substrate. Few data are available for the 

relative abundance of Symbiodinium in sediment as compared to water column, 

however reef substrate is likely the primary habitat for Symbiodinium with a higher 

abundance of cells in sediments at Lizard Island, Australia (Littman et al. 2008). A 

previous culture study has shown that the rate of acquisition of Symbiodinium is 

positively correlated to the densities of Symbiodinium to which a host is exposed 

(Kinzie et al. 2001). Likewise, the rapid uptake of Symbiodinium in sediment-containing 

treatments of this experiment is likely the result of higher densities of Symbiodinium in 

the sediment compared to the water column. Free-swimming coral larvae are less likely 

to be in contact with Symbiodinium in the water column because of lower chances of 

encounter caused by lower abundances and active motility of swimming Symbiodinium. 
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Conversely, Symbiodinium in the sediment would be relatively still, and easily 

accessible to larvae searching the substrate for suitable settlement grounds. Though the 

results of this study cannot conclusively determine if the coral larvae in aquaria 

acquired Symbiodinium from the sediments or water column, it is clear that the higher 

acquisition and densities seen in the larvae of the sediment containing treatments was 

the result of Symbiodinium that originated from sediments.  

An alternative- not exclusive of the above- factor for higher densities of in-

hospite Symbiodinium in sediment-containing treatment is increased nutrients. Studies 

have shown that nutrients can greatly enhance in hospite Symbiodinium replication 

(Muscatine et al. 1989, Hoegh-Guldberg 1994, Marubini & Davies 1996, Hoegh-

Guldberg & Williamson 1999). Therefore, the increased Symbiodinium densities in 

larvae of sediment-containing treatments may also be attributed to high in hospite 

replication rates as well as a greater uptake of Symbiodinium cells. Furthermore, 

increased nutrients in sediments may have also influenced free-living Symbiodinium 

replication and contributed to increased abundance of Symbiodinium.  

In seawater-only treatments acquisition of Symbiodinium by larvae occurred 

later (Day 6 of the experiment) than those in sediment-containing treatments (Day 3). 

Though larvae of many coral species can remain competent for up to 100 d, most reach 

their settlement peak by 7 d after spawning (Harii et al. 2002, Miller & Mundy 2003, 

Nishikawa et al. 2003, Nishikawa & Sakai 2005, Nozawa & Harrison 2005). Moreover, 

population gene flow data indirectly suggest short larval periods and recruitment being 

derived locally for many species of corals, with a few exceptions (Ayre et al. 2000, 

Takabayashi et al. 2003, Nishikawa & Sakai 2005). Therefore, the ecological 

significance of such late acquisition as seen in the seawater-only treatment of our study 
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is questionable. The larvae of seawater-only treatments in this study were 9 d old when 

Symbiodinium was first detected in the host. Larvae of this age in nature would most 

likely have settled and therefore be out of contact with the Symbiodinium in the water 

column.  

The likelihood of larvae acquiring specific types of symbionts may also depend 

on differential distribution and motility patterns of free-living Symbiodinium types. In 

the present study, clade A Symbiodinium was acquired only by larvae in sediment-

containing treatments while clades B and C were acquired by larvae in all treatments. 

This may be the result of intrinsic biases with PCR, cloning or number of larvae 

sampled for DNA analyses (SW= 16 larvae, FSW & SED= 80 larvae, SW & SED= 61 

larvae). However, previous studies have found clade A Symbiodinium in the sediments 

but not in the water column in Hawai‘i (Carlos et al. 1999), the Florida Keys (Coffroth 

et al. 2006), Japan (Hirose et al. 2008), and Colombia (Porto et al. 2008), despite the 

clades B, C, D and H being detected in the water column (Manning & Gates 2008). 

Therefore, the present result of clade A Symbiodinium being detected in coral larvae of 

sediment-containing treatments is speculated to be due to differential distribution 

pattern of clade A compared to others. Another alternative explanation is that different 

types of free-living Symbiodinium possibly display varying patterns of diurnal motility 

between the sediment and water column, rendering clade A to be absent in the water 

column at the time of collection and unavailable to larvae in the seawater-only 

treatment. It is also possible that differences in nutrient concentrations among 

treatments caused different clades to dominate. Assessment of the diversity of 

Symbiodinium available to coral larvae in the seawater and sediments of aquaria would 

have enhanced our understanding of symbiont preferences or specificity of Acropora 
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monticulosa in this study. Nonetheless, varying distribution patterns of free-living 

Symbiodinium, with or without symbiont-host specificity, are expected to play an 

important role in determining which type of Symbiodinium establishes symbioses with 

hosts in early life history stages.  

Initial acquisition and subsequent flexibility of coral larvae with hosting 

different types of Symbiodinium are important for determining the success of the 

specific symbioses into adulthood of corals (Schwarz et al. 1999, Weis et al. 2001, 

Rodriguez-Lanetty et al. 2004). Our results show that A. monticulosa larvae are able to 

acquire symbiont types in three Symbiodinium clades, despite adults being dominated 

by a single symbiont type in clade C. Although all Symbiodinium types analyzed in this 

study are known to have successful, stable, symbioses with other invertebrates (Table I-

2), it is unknown if these symbionts can continue stable relationships over a long term 

in A. monticulosa, despite initial establishment within larvae. This therefore indicates 

that the host-symbiont specificity is flexible in this species, at least in the early life 

history stage. It should be noted that the analysis in this study is unable to verify 

whether 1 larva hosted 1 or multiple types of Symbiodinium because all larvae of each 

aquarium were pooled for DNA analyses. Nonetheless, if the uptake of Symbiodinium 

types is dependent upon what hosts are exposed to and is fixed at an early age of the 

host (Little et al. 2004) then primary acquisition by larvae is a critical stage in the entire 

life history of the host (Baird et al. 2007). 

The ecology of free-living Symbiodinium is not well understood, and surveys on 

the abundance, distribution, motility patterns and diversity of Symbiodinium in the water 

column and sediment communities are vital. A recent study found sediments to hold a 

significantly greater abundance of Symbiodinium cells than the water column on the 
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Great Barrier Reef (Littman et al. 2008). However, the migration of Symbiodinium 

between sediments and the water column could significantly alter the abundance of 

Symbiodinium in each environment throughout the day, on which there is currently no 

data. In addition, comparable investigations on primary acquisition in other species of 

symbiotic invertebrates are needed to determine if similar patterns exist. The roles of 

free-living Symbiodinium populations in secondary acquisition should also be 

examined. 

Conclusion 

Under the wide array of acute environmental and ecological pressures that coral 

reefs are currently subjected to, coral recruitment and primary acquisition of 

Symbiodinium by larvae are crucial to the sustainability of this ecosystem. Initiation of 

host-Symbiodinium association in early life stages and re-establishment of this 

symbiosis after bleaching events cannot happen without healthy and diverse populations 

of free-living Symbiodinium. The sediment substrate environment of coral reefs is often 

overlooked. However, our tank experiment showed that the sediment-associated 

Symbiodinium are acquired by asymbiotic coral larvae earlier and in more abundance 

than the Symbiodinium residing in the water column. Our results emphasize the 

importance of the sediment substrate for supporting resident pools of Symbiodinium that 

are crucial for establishing symbiosis with invertebrate hosts. Further understanding of 

the ecology and diversity of free-living Symbiodinium in reef ecosystems and 

surrounding areas which might represent source populations for them is vital to future 

management of coral reefs.  
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Figure I-1: Acropora monticulosa. (A) Proportion of larvae (mean ± SD) that acquired 

Symbiodinium and (B) in hospite Symbiodinium densities (mean ± SE) within larvae 

from each treatment at each survey day. (FSW: filtered seawater; SW: unfiltered 

seawater; SED: sediment). All larvae from the control aquaria (FSW) remained 

asymbiotic throughout the duration of the experiment. No acquisition was seen in larvae 

of the seawater treatment (SW) on Day 3. Supply of larvae from treatments with 

sediment was depleted after Day 6; thus no data were available for these treatments on 

Day 12.
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Table I-1: Acropora monticulosa. Number of larvae and adult colonies from which 

DNA was extracted, total number of Symbiodinium cp23S-HVR sequences and the 

number of sequences for each allele of Symbiodinium obtained from each aquarium. 

Alleles are referenced by the clade and length of the cp23S-HVR region, according to 

Santos et al 2003. (SW: unfiltered seawater; FSW: filtered seawater; SED: sediment). 

No data are available for 1 replicate of SW treatment due to high settlement of larvae 

before collection occurred. 

 

Treatment # larvae or # 
colonies 
extracted 

# Total 
sequences 

# A196 
sequences 

# A192 
sequences 

# B182 
sequences 

# C178 
sequences 

SW 1 9 25 0 0 17 8 
SW 2 7 19 0 0 19 0 
FSW & SED 1 11 20 0 0 20 0 
FSW & SED 2 50 19 7 0 12 0 
FSW & SED 3 19 21 7 0 0 14 
SW & SED 1 19 23 3 20 0 0 
SW & SED 2 32 19 10 0 0 9 
SW & SED 3 10 21 21 0 0 0 
Total  167 48 20 68 31 
Adult colonies 10 63 0 0 0 63 
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Table I-2: Summary of Symbiodinium sequences that have 100% genetic match to the 

Symbiodinium alleles identified in this study. GBR: Great Barrier Reef. 

Allele  GenBank 
No.  

Host Species Name  Collection site  Reference  

A196  EU514958  
AY035410  
AY035411  
AY035412  

Acropora monticulosa  
Cassiopea xamachana  
C. xamachana  
Tridacna gigas  

Okinawa  
Hawai‘i  
Hawai‘i  
Indo-Pacific  

This study  
Santos et al. 2002  
Santos et al. 2002  
Santos et al. 2002  

A192  EU514976  
AY035405  
AY035406  
AY035407  
AY035408  
AY035409  

A. monticulosa  
C. xamachana  
C. xamachana  
C. xamachana  
Plexaura kuna 
Pseudoplexaura porosa  

Okinawa  
Hawai‘i  
Jamaica  
Florida Keys  
Panama  
Panama  

This study  
Santos et al. 2002 
Santos et al. 2002 
Santos et al. 2002 
Santos et al. 2002 
Santos et al. 2002  

B182  EU515077  
AY035416  
AY035418  
AY055236  

A. montiuclosa 
Aiptasia pulchella  
Porites evermanni  
Pocillopora damicornis  

Okinawa  
Okinawa  
Hawai‘i  
Hawai‘i  

This study  
Santos et al. 2002 
Santos et al. 2002 
Santos et al. 2002  

C178  EU515094  
AJ872079  
EF140806  
EF140805  
EF140804  

A. monticulosa  
Lobophyllia sp.  
Acropora millepora 
A. millepora  
Acropora tenuis  

Okinawa  
Guam  
Central GBR 
South GBR  
Central GBR  

This study  
Pochon et al.2006 
unpublished  
unpublished  
unpublished  
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Appendix II 

Infection dynamics vary between Symbiodinium types and cell 

surface treatments during establishment of endosymbiosis 

with coral larvae 

 

This chapter is inserted without abstract as published in Diversity: Bay L.K., Cumbo 

V.R., Abrego D., Kool J.T., Ainsworth T.D., Willis B.L. Infection dynamics vary 

between Symbiodinium types and cell surface treatments during establishment of 

endosymbiosis with coral larvae. Diversity. 2011; 3(3):356-374. 

 

Introduction 

Symbioses between higher organisms and microbes are widespread in the 

animal and plant kingdoms and often underpin high biodiversity (reviewed in [1,2]). 

Symbiotically derived benefits for hosts may be nutritional, for example, up to 90% of 

plants form associations with arbuscular mycorrhizal (AM) fungi that fix nitrogen 

essential for plant growth [3]. Similarly, hermatypic corals routinely obtain > 90% of 

their energy requirements from their photosynthetic endosymbionts [4]. Symbiotic 

relationships may confer other physiological advantages to hosts, such as enhanced 

thermal and drought tolerance in plants when associated with AM fungi and viruses [5]. 

The coral-Symbiodinium association also affects the growth, survival, nutritional status 

and bleaching tolerance of coral hosts [6-10]. In light of these far reaching benefits, the 

break-up of symbiotic associations can have widespread ecosystem implications, 
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particularly when hosts are the source of resources and habitat structural complexity 

supporting associated organisms, as is the case with trees and corals. Many symbioses 

are particularly sensitive to fluctuations in ambient environmental conditions, and it is 

widely recognised that coral bleaching, the process by which coral hosts and 

Symbiodinium populations disassociate during stress, is a major threat to coral reefs 

world-wide [11]. As environmental fluctuations associated with human activities 

continue to increase, there is an urgent need to better understand symbiotic interactions 

in many systems [12]. 

The processes by which symbioses are established can affect host symbiont 

diversity and in turn, their ecology and evolution [1]. In symbioses with vertical 

transmission, symbionts are passed from parents to offspring; hence, their genetic and 

physiological diversity within offspring will be determined predominantly by the 

composition and availability of symbionts in the parental pool [1]. In symbioses with 

horizontal transmission, symbionts are procured exclusively from the environment 

through a colonisation process we refer to here as “infection”, without implying 

negative aspects of the term associated with pathogen interactions [1,2]. Horizontal 

transmission is the dominant process of Symbiodinium infection in scleractinian corals 

[13,14] and may provide corals with flexibility to associate with a range of symbiont 

genotypes and the opportunity for procurement or maintenance of optimal symbiont 

types under the prevailing environmental conditions [12]. For example, some corals 

may host multiple symbiont types [15] and may become dominated by more tolerant 

ones following environmental perturbations [8,16]. Despite this flexibility, many 

horizontally transmitted symbioses are specific: corals associate with a single 

Symbiodinium type or a small subset of available types and revert to pre-stress 
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Symbiodinium complements relatively quickly following stress-induced shuffling of 

dominant symbiont types [16]. To understand the mechanisms that allow this specificity 

to occur, it is necessary to identify the cellular mechanisms underlying the initiation and 

maintenance of symbiosis in different coral species.  

Hypotheses about the cellular mechanisms that underlie coral symbioses can be 

based on knowledge from other cnidarian symbioses, including symbioses between 

Hydra viridis and Chlorella [17,18], Cassiopeia xamachana and Symbiodinium spp. [19-

22], as well as those involving anemones and corals [23]. These studies demonstrate 

that the complexity of cellular and molecular mechanisms that underpin successful 

cnidarian symbioses include both differences in initial infectivity of symbionts 

[17,23,24] and post-infection re-sorting of initial symbiont complements [17,23,25]. 

The molecular and cellular communication mechanisms underlying the establishment, 

reshaping and maintenance of cnidarian symbioses involve a range of cellular exudates 

and surface molecules [26] combined described by the glycome [27]. Long chain starch 

residues and glycoproteins are part of the Symbiodinium glycome in culture and in 

hospite [20,28,29], suggesting that they may play a role in cell recognition and/or host 

nutrition [19,20]. Cassiopea xamachana antibodies recognised exudates from 

Symbiodinium types capable of inducing developmental metamorphosis, but did not 

recognise those from other Symbiodinium types that do not induce metamorphosis. This 

supports a signalling function for Symbiodinium glycomes in this species [20]. 

Molecules found on the surfaces of host and symbiont cells, like glycans and lectins, 

have also been implicated in cellular communication in cnidarian symbioses [29-32]. 

Lectins are carbohydrate-binding proteins found on host cells that conjugate with mono- 

or simple oligosaccharides [33]. The glycomes of phytoplankton, including 
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Symbiodinium spp., contain a range of oligosaccharide molecules that vary within and 

among species [29-31,34,35]. In particular, glycans containing mannose residues and N-

acetyl groups have been detected on the surface of a broad range of Symbiodinium types 

[29]. Cell surface sugars can be experimentally modified using either enzymes that 

cleave terminal residues or artificial lectins that block receptor sites. Experimental 

removal of specific cell surface cues enables their importance to be examined under 

controlled symbiont densities and environmental conditions. For example, aposymbiotic 

Fungia scutaria larvae and bleached Aiptasia pulchella adults showed significantly 

lower uptake of most enzyme- or lectin-treated Symbiodinium cells compared to 

unmodified Symbiodinium, despite cells representing the dominant symbiont type found 

in adults of host species [30,31]. This suggests that F. scutaria and A. pulchella use cell-

surface sugars as cues for the procurement of symbiont types that are dominant in adult 

hosts. The role of cell surface recognition in the onset of other cnidarian symbioses, 

particularly those where hosts associate with multiple symbiont types during early 

ontogeny [7,36], is currently not known. 

Coral endosymbionts of the genus Symbiodinium are genetically diverse and 

nine main clades (A–I) are currently recognized, each containing many sub-clades or 

types [37-40]. Although the distribution and abundance of free-living symbionts are 

generally unknown for most types and locations, Symbiodinium cell densities can be 

high in sediments on some reefs [41] and higher initial uptake by larvae occurs when 

exposed to reef sediments compared to water column samples [42]. The larvae and 

juveniles of many coral species are able to take up a range of Symbiodinium types 

[36,43] that can differ from those dominating adult corals [7,25,36,44-46]. Relative 

infection rates can differ among symbiont types and can be higher with types that 
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dominate in adult symbiosis [23,24,46] but see [43]. Ontogenetic shifts in dominant 

symbiont types occur in some corals, with adults dominated by different symbiont types 

than juveniles at the same reef locations [7,25,36,47]. For example, adult colonies of 

Acropora tenuis associate with C1 and C2 Symbiodinium throughout their Indo-Pacific 

range [48,49], with adult A. tenuis associating almost exclusively with C1 on Magnetic 

Island reefs in the central region on the Great Barrier Reef [50,51]. In contrast, juveniles 

(1 month–2 years) are dominated by type D symbionts on Magnetic Island reefs [7,47]. 

Such temporal patterns in coral-Symbiodinium associations are consistent with a number 

of alternative interpretations, including differences in initial infection rates among 

symbiont types, differences in post-infection survival and growth rates among symbiont 

types, the presence of a host-mediated, post-infection “winnowing” mechanism [2], 

and/or differences in the abundance of Symbiodinium types among reefs, with one or all 

of these processes shaping specificity of symbiosis during early ontogeny. The relative 

importance of host recognition mechanisms, symbiont availability and/or post-infection 

symbiont interactions in this winnowing process is currently unclear. 

Here we examine the proportion of larvae infected with Symbiodinium cells and 

symbiont abundance over four days in A. tenuis larvae provided with controlled 

quantities of C1 and D Symbiodinium (sensu [51]). We examine the roles of cell surface 

molecules on the early stages of symbiosis by comparing uptake and proliferation of 

untreated positive control cells versus cells whose surface had been modified using 

either enzymes to denaturate glycoproteins or lectins to mask glycans. We found 

significantly more larvae were infected with more C1-type symbionts compared to D. 

We observed the highest uptake of C1 Symbiodinium when cell surface glycome was 

modified using enzymes, suggesting a role of glycoproteins and long chain starch 
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residues in post-phagocytosis processes rather than initial uptake, during the early 

establishment of this coral-Symbiodinium symbiosis. We also report evidence of the 

initiation of a possible winnowing process to establish the dominant juvenile symbiont 

type after 5 days.  

 

Experimental section 

Larval husbandry 

Fecund colonies of Acropora tenuis were collected from Magnetic Island, 

Australia (19°10’S, 146°50’E) and spawned at 7:00 pm on the 20th of October 2008, 5 

days after the full moon. The colonies were kept in individual 60 L tanks with flow-

through 1 µm filtered seawater (FSW). Gametes were collected from spawning colonies 

and fertilized in separate containers filled with 1µm FSW. After fertilization, the 

embryos were transferred to 600 L tanks with flow-through FSW, where they were 

raised until they developed into planula larvae. Four days after spawning, the larvae 

were transferred to a temperature-controlled laboratory (27 °C) at the Australian 

Institute of Marine Science for allocation into experimental treatments. Planula larvae 

were eight days old (12 days post fertilisation) when the experiment commenced. 

Preparation of freshly extracted Symbiodinium cells 

Fresh extracts of Symbiodinium ITS-1 types D and C1 were obtained from 

fragments of Acropora millepora and A. tenuis colonies, respectively, collected from 

Magnetic Island (19°10’S, 146°50’E). Coral tissue containing Symbiodinium cells was 

isolated by high-pressure airbrushing and collected in a bag containing 0.2 µm FSW. 
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Slurries were homogenized and filtered through a 60 µm mesh, centrifuged (3000 g for 

4 min) and washed 3 times, then filtered through a 10 µm membrane (Millepore) to 

remove most coral cells and skeletal debris. Symbiodinium extracts were kept in 0.2 µm 

FSW for 26 hours, after which cell densities were determined in five replicate samples 

per type using a haemocytometer. DNA was extracted from donor coral branches and 

Symbiodinium cell extracts, and the dominant Symbiodinium type was confirmed using 

Single Strand Conformation Polymorphism (SSCP) [52]. To examine differences in cell 

integrity of Symbiodinium C1 and D, the proportion of dead cells was quantified in fresh 

Symbiodinium isolates in Oct 2010. Symbiodinium C1 cells were extracted from A. 

tenuis and D cells from Acropora pulchra and genotyped as above. A. millepora could 

not be used as the D-type donor because of significant mortality at the only known 

location where this species associates almost exclusively with D-type Symbiodinium 

[36]. Dead cells were stained with Evans blue [53] immediately following extraction, 

and at 24, 48 and 72 hours after extraction. Four replicate counts of the number of 

stained dead cells vs. unstained live cells were conducted using a haemocytometer and 

light microscope.  

Cell surface modifications of freshly isolated Symbiodinium spp. 

Five symbiont cell surface modifications were undertaken using two enzymes 

[α-Amylase (Sigma A6255) and trypsin (Sigma T6567)] and three lectins 

[(Concanavilin A (ConA) from Jack bean (Sigma C7275), LPA from Limulus 

polyphemus (Sigma L2263) and WGA from Triticum vulgaris (Sigma L9640)]. The two 

enzyme treatments modified molecules on the surface of Symbiodinium cells: α-

Amylase hydrolyses α- (1,4) glycan linkages, whereas trypsin hydrolyses any exposed 
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peptide bonds on the carboxyl side of arginine and lysine residues. Specifically, trypsin 

digests the 40–100 kD range of glyco-protein exudates of Symbiodinium 

microadriaticum [20]. The lectin treatments blocked specific glycans: ConA blocked α-

mannose and α-glycose residues; LPA blocked N-acetyl neuraminic acid, glycuronic 

acid and phosphorylcholine analog residues; and WGA blocked N-acetyl-β-D-

glycosaminyl and N-acetyl-β-D-glycosamine oligomers. The lectin and enzyme 

treatments were selected to overlap with those used in previous studies (as outlined in 

[30,31]) and to reflect the likely surface glycans of Symbiodinium strains used [29]. 

Symbiont cells were diluted to 1 × 105 cells/mL and digested with final concentrations of 

either 5 mg/mL α-Amylase (resuspended in 25 mM Tris–HCl pH 7.5, 100 mM KCl), 6 

µg/mL trypsin (resuspended in 1mM HCl) or 0.1 mg/mL of lectin (resuspended in PBS) 

(as outlined in [30,31]). Cells in all treatments were incubated at room temperature for 2 

hrs in the dark, mixing gently every 20 min. Following incubation, algae were 

centrifuged at 3000 g for 5 mins, washed 3 times and re-suspended in fresh 0.2 µm 

FSW before infection. 

To examine the binding of lectins to the surface of Symbiodinium cells, 

Alexa488 fluoro-labelled ConA and WGA lectins (Invitrogen: C11252 and W11261) 

were hybridised to fresh extractions of Symbiodinium C1 and D obtained in Oct 2010, 

as described above. Alexa488 labelled LPA was not available and therefore could not 

be tested. For each cell type, approx 1 × 107 cells were preserved in 4% 

paraformaldehyde 24 hours after extraction and stored at 4 °C. After 4 days, fixed cells 

were spun at 3000 g for 6 min and washed twice in PBS (pH 7.2). Separate aliquots of 

500 µL (1 × 106 Symbiodinium cells/mL) were incubated with the two fluorescently 

labelled lectins in a final concentration of 50 µg/ mL for one hour in the dark, alongside 
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a non-modified control. In two separate 500 µL aliquots, C1- and D-type cells were 

incubated with ConA and WGA lectins that had been pre-exposed to lectin inhibitors 

(WGA with N-Acetyl-D-glucosamine [Sigma A8625]; ConA with Methyl alpha-D-

mannopyranoside [Sigma: M6882]) at a concentration of 1 M for 1 hr. Following 

incubation, cells were washed twice in PBS and resuspended in 100 µL PBS. Ten 

microlitres of each cell suspension was placed into 4 wells of a teflon coated eight-well 

microscope slide (ProSciTech G350805-BK) and mounted with fluorescent mounting 

media (VectaSheild H-1400) for imaging using confocal microscopy. Unstained control 

cell suspensions were also prepared for both C1 and D type symbionts to allow for 

spectral profiling of the innate fluorescence. Symbiont cells were imaged using a Zeiss 

Meta 710 confocal microscope, excited using a 488 nm (argon) laser. Emissions were 

collected using 34 spectral detection channels within 488 to 690 nm emission. 

Following spectral mapping of both innate fluorescence and labelled cell fluorescence, 

online profiling was used to image 800–1100 individual cells of both labelled and 

control cell suspensions. The use of online fingerprinting and confocal microscopy to 

determine the proportion of cells labelled allows for the resolution of multiple distinct 

fluorescent emissions associated with a single cell within a pixel resolution [54]. The  

auto-fluorescence of the 5 µm diameter accumulation body within the 10 µm 

Symbiodinium cell results in a similar 590 nm emission peak as the Alexa488 surface 

labelled lectins. Therefore this method allows for high-resolution spectral separation of 

labelled and unlabelled cells, which is otherwise unachievable using flow cytometry.  

Experimental design 

Approximately 200 larvae were placed in experimental tubs containing 200 mL 

of 0.2 µm FSW. After 24 hrs, 3 × 106 untreated Symbiodinium cells (positive control, 
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POS) or similar numbers of Symbiodinium from one of five cell surface modification 

treatments were separately added to three replicate containers per treatment, resulting in 

a concentration of 1.5 × 104 cells/mL. A negative control was also employed, i.e., larvae 

in containers without Symbiodinium cells. Fifteen coral larvae were sampled randomly 

from each of the three containers per treatments at 12, 24, 48, 72 and 96 hours post 

infection (PI) and preserved in 1 mL 2.5% glutaraldehyde in FSW. Two hours after 

each sampling, the fixative was removed and the coral larvae were washed 3 times then 

stored in 1 mL 0.1 M phosphate buffer (0.2 M NaH2PO4, 0.2 M Na2HPO4 and pH = 

7.2). The proportion of larvae infected with Symbiodinium and the cell abundance 

within larvae were quantified by counting the number of Symbiodinium cells in 15 

larvae per tub per treatment (total n per treatment = 45 larvae). Larvae were squashed 

under a cover slip and symbiont cells were counted at 20 × magnification under 

fluorescent light (Axioskop 2 Zeiss). Samples of 20 larvae from all surface treatments 

were preserved in 100% EtOH at the end of the experiment. These samples were 

analysed using SSCP of ITS-1 to confirm that only a single Symbiodinium type (C1 or 

D) had been taken up [52].  

Statistical analysis 

The number of larvae infected and the level of infection (density of 

Symbiodinium cells per larva) were analysed using bootstrap-based ANOVA [55]. The 

assumption of homoscedastic variances required for ANOVA was violated and 

transformations did not rectify this problem. The observed F-statistics were therefore 

tested against the distribution of F-statistics resulting from 4999 randomisations of the 

data. The negative control treatment never resulted in infection, and was therefore not 

included in the analyses. To test whether symbiont abundance per larva were 
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independent at the experimental container level, we first conducted a random bootstrap-

based one-way ANOVA. Because infection levels did not vary significantly among 

larvae within an experimental container (F = 1.69; p = 0.19), this level was omitted 

from further analyses. However, the number of infected larvae did vary among 

experimental containers within a treatment (F = 0.71; p = 0.007), and therefore the 

experimental container was used as the unit of replication. 

Three-way random bootstrap-based ANOVAs were used to test whether the 

abundance of Symbiodinium cells per larva and the number of larvae infected per 

sample differed between Symbiodinium types (n = 2), or among surface treatments (n = 

6) or sample times (n = 5). This analysis is appropriate for proportional data when test 

distributions are generated via bootstrapping [55,56]. The model used contained all 

interaction terms among the following main effects: S = µ + α + β + γ + ε, where S is 

the number of Symbiodinium cells per larva or the number of larvae infected per sample  

(α, β and γ are the main effects of Symbiodinium type, time and treatment, and ε the 

error). Post-hoc comparisons were conducted using Matlab’s multcompare function 

[57]. This function performs multiple comparisons while correcting for repeated tests. 

Tukey’s HSD criterion was used to provide the correction [58,59]. To reveal within-

type differences potentially obscured by large overall differences between 

Symbiodinium C1 and D, post-hoc analyses were conducted separately for each 

symbiont type. Differences in the proportion of dead cells between C1 and D type 

Symbiodinium extractions were tested using a two-way bootstrap-based ANOVA (Time 

= 0, 24, 48, 72 hours; Type = C1, D) and post-hoc analyses as described above. 
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Results 

Differences in infection dynamics between C1 and D Symbiodinium  

The mean abundance of Symbiodinium cells taken up by coral larvae in the first 

96 hours following symbiont addition and the mean proportion of larvae infected per 

treatment differed significantly between Symbiodinium types (Table II-1 and II-2). The 

proportion of larvae infected by C1 was almost 100%, whereas only 29–71% of larvae 

exposed to D type Symbiodinium were infected at the end of the experiment. Post-hoc 

comparisons revealed a more than five-fold greater mean (± SE) abundance of 

symbionts in larvae offered C1 (45.64 ± 2.36) than in those offered D Symbiodinium 

(1.05 ± 0.17). The process of freshly extracting cells from coral hosts affected 

Symbiodinium types differently, resulting in significantly higher, albeit still relatively 

low, mean (± SE) proportions of dead cells for D (5.8 ± 2.3% dead cells) compared to 

C1 Symbiodinium (1 ± 0.41% dead cells) (Figure II-1; Table II-3). 

Cell surface recognition and the onset of symbiosis 

Treatments that modified Symbiodinium cell surface molecules significantly 

affected the number of cells in larvae (Table II-1) but not the proportions of larvae 

infected (Table II-2). Variation in C1 symbiont abundance within larvae was high 

among treatments, and notably, significant differences were found between enzyme-

treated versus both untreated and lectin-treated cell surfaces for this symbiont type 

(Figure II-2a). In general, larvae contained significantly more algal cells when they 

were treated with the enzymes α-Amylase [AA] and Trypsin, which modified glyco-

protein surface exudates, compared to unmodified Symbiodinium cells (Figure II-2a). In 

our larval study, the numbers of Symbiodinium C1 cells taken up when cells were 
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treated with the lectins ConA and WGA were similar to those of unmodified cells, but 

significantly lower than numbers of enzyme-treated cells (Figure II-2a). In contrast to 

patterns of infection found for Symbiodinium C1, larvae supplied with Symbiodinium D 

had greater mean levels of infection at 96 hours when supplied with untreated and 

lectin-treated cells compared to enzyme-treated cells, although post hoc tests did not 

indicate that differences were statistically significant overall (Figure II-2b). 

Confocal microscopy revealed that the ConA and WGA lectins used here bind to 

the cell surface of both Symbiodinium cell types, either in localised areas or as a smooth 

layer surrounding Symbiodinium cells (Figure II-3b, d, g, i). The absence of 

corresponding fluorescent patterns in control cells (Figure II-3a, f) and reductions in 

localised areas of fluorescence when inhibitors were added to lectin treatments (Figure 

II-3c, e, h, j) confirm that the fluorescent patterns observed are attributable to the 

lectins. These lectin binding patterns are consistent with those detected by Logan et al. 

[29] on cultured material and support lectin specificity for algal fractions rather than 

host debris in fresh isolates. Overall, lectin labelling was high (76–85%) in three 

treatments, but was only 25% for C1-type cells labelled with ConA (Figure II-3b). In 

comparison, 10–32% of cells were labelled with lectins pre-exposed to an inhibitor 

(Figure II-3c, e, h, j), suggesting incomplete inhibition and/or non-specific labelling at 

levels similar to those detected by flow cytometry by Wood-Charlson et al. [30]. 

Temporal dynamics of Symbiodinium infection in Acropora tenuis larvae 

We detected significant changes in densities of both Symbiodinium types and the 

proportion of larvae infected in the first 96 hours (Table II-1 and II-2). The proportion 

of larvae infected with C1 Symbiodinium differed significantly among earlier but not 

later sampling times for type-C1, and almost all larvae were infected in all treatments 
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after 48 hours (Figure II-4a). The proportions of larvae infected with Symbiodinium D 

were lower and more variable across all treatments, and post-hoc comparisons revealed 

a significant increase in the proportions of D infected larvae at 48 hours compared to 

earlier and later time points (Figure II-4b). While almost 100% of larvae were infected 

with Symbiodinium C1 at 48 hours (Figure II-4a), post hoc analyses of cell densities 

revealed significant overall increases at 48 hours and further changes at 72 and 96 hours 

(Figure II-2a). In contrast, overall cell densities in larvae exposed to Symbiodinium D 

did not increase significantly until 96 hours (Figure II-2b). Interestingly, Symbiodinium 

C1 cell densities declined for larvae exposed to untreated Symbiodinium (POS: p = 

0.009) and two lectin-blocked cell extracts (ConA: p = 0.02 and WGA: p = 0.03) 

between 72 and 96 hours but not in the remaining cell surface treatments (AA: p = 0.92; 

LPA: p = 0.08; Trypsin: p = 0.74). Conversely, Symbiodinium D cells increased in 

abundance within larvae between 72 and 96 hours in ConA treated and unmodified cells 

(ConA: p < 0.001; POS: p = 0.02) but not in the remaining treatments (AA: p = 0.96; 

LPA: p = 0.13; WGA: p = 0.44; Trypsin: p = 0.66).  

 

Discussion 

Differences in infection dynamics between C1 and D Symbiodinium 

This study found significant differences in the degree to which A. tenuis larvae 

procured C1 compared to D Symbiodinium in the early establishment stages of 

symbiosis, leading to a higher proportion of larvae infected and up to a five-fold greater 

abundance of C1 Symbiodinium compared to D Symbiodinium after four days of 

symbiont exposure. In contrast to our finding of greater initial procurement of C1 
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Symbiodinium by larvae, one-month-old A. tenuis juveniles, naturally inoculated and 

grown at the parental location (Magnetic Island), host mostly Symbiodinium D for up to 

2 years [7,47]. Differences in symbiont patterns between larvae and juveniles could 

arise from differences in infectivity of symbiont types and/or post-infection growth rate, 

both potentially affected by host “winnowing” mechanisms and local environmental 

conditions [2,12,23,24,46,60]. The greater larval uptake of the Symbiodinium type 

dominating adult populations of A. tenuis (i.e., Symbiodinium C1) found here accords 

with results found for other coral species. In Fungia scutaria, for example, the most 

robust symbiosis occurs when larvae were exposed to the Symbiodinium type 

dominating adult F. scutaria populations (i.e., C1f) [46,60,61]. Conversely, differences 

in infection levels may also exist because of symbiont dynamics. For example, 

Symbiodinium A from Montastraea annularis and Tridacnea crocera has been 

described as “weedy” because of its higher high stress tolerance, superior ability to 

infect larvae, and greater post-infection growth rates compared to the more variable C 

type [10,43,62]. Prevailing environmental conditions also affect rates of uptake and 

proliferation of different Symbiodinium types [12]. Symbiodinium C1 is more infective 

and proliferates more readily within Acropora larvae at temperatures between 25–28 °C, 

with infection rates decreasing significantly at temperatures above 29 °C [63]. In 

contrast, uptake of Symbiodinium D is unaffected by temperature, with low initial 

uptake increasing over time at temperatures between 26–32 °C [63]. Our study was 

conducted at 27 °C, which promotes uptake and proliferation of Symbiodinium C1, 

potentially explaining the higher proportion of larvae infected by Symbiodinium C1 and 

its high abundances within A. tenuis larvae. 
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An alternative explanation for differences in initial infection and/or post-

infection growth found between Symbiodinium cells could arise as a consequence of 

processes used to freshly extract Symbiodinium cells from donor coral tissues. A follow-

up test found that extraction processes compromised Symbiodinium D significantly 

more than Symbiodinium C1 cells, although mortality of Symbiodinium D was only 6% 

after 72 hours (i.e., a loss of 900 cells). Although we cannot discount the possibility that 

differences in infection dynamics between D and C1 symbionts were a consequence of 

compromised health of D cells, the magnitude of the differences found, both in the 

proportion of larvae infected and in cell densities between the two Symbiodinium types, 

suggest that it is unlikely that they were due to Symbiodinium health alone. The 

difficulty in culturing many Symbiodinium types justifies the use of freshly extracted 

Symbiodinium in experimental research on corals, however extraction effects must be 

(but rarely are) quantified because of their potential to affect infection dynamics. For 

example, Weis et al. [46] found that repeated washing of freshly isolated Symbiodinium 

cells from four coral sources reduced their ability to establish symbiosis with Fungia 

scutaria. To correctly assign differences in infection and post-infection growth among 

Symbiodinium types, cultures of ecologically relevant, similarly acclimated types must 

be used. If fresh extraction cannot be avoided, their health and viability must be 

accounted for using techniques such as PAM fluorometry and vital stains. 

Cell surface recognition and the onset of symbiosis within C1 and D Symbiodinium 

Treatments that modified Symbiodinium cell surface molecules significantly 

affected the number of cells in larvae, but not the proportion of larvae infected. This 

suggests that Symbiodinium cell surface molecules are involved in post-phagocytosis, 

rather than pre-phagocytosis recognition [12,36,42,63]. Coral larvae are promiscuous 
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and initially associate with multiple types of Symbiodinium, suggesting that their pre-

phagocytosis recognition system is non-specific. Little is known about post-

phagocytosis processes, but the high abundance of symbionts found in larvae exposed to 

enzymatically treated C1 Symbiodinium cells suggests that the 40–100 kD glycome, 

including glycoproteins and long chain starch residues, plays a role in controlling post-

phagocytic survival and growth of C1 symbionts within coral larvae. Our findings 

contrast with previous studies, which have uniformly found lower (or similar) infection 

levels with enzyme-treated compared to untreated Symbiodinium cells [30,31]. 

Differences in ontogenetic patterns of symbiosis among corals may explain these 

contrasting results. Coral species examined in previous studies were dominated by the 

same symbiont type in both the juvenile and adult life stages [30,31], whereas two 

symbiont types occur in A. tenuis and vary in dominance between juvenile and adult 

corals. We hypothesise that cell surface recognition molecules may differ among 

Symbiodinium types and vary in their capacity to maintain symbiosis in different life 

stages of the coral. However, the hypothesis that surface recognition molecules can 

limit uptake or post-infection cell proliferation in flexible coral-Symbiodinium 

symbioses requires further testing in a range of species and environmental conditions. 

Interestingly, the LPA lectin treatment resulted in significantly lower numbers of 

Symbiodinium C1 cells compared to all other treatments but the ConA treatment, 

indicating that N-acetyl neuraminic acid, glycuronic acid and/or phosphorylcholine 

sugar moieties on Symbiodinium C1 cell surfaces are involved in early recognition of 

compatible Symbiodinium cells by the coral host. Conversely, the similarity in infection 

levels among WGA-treated, ConA-treated and untreated cells suggests that  

α-mannose, α-glycose, N-acetyl-β-D-glycosaminyl and/or N-acetyl-β-D-glycosamine 
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sugar residues on Symbiodinium cell surfaces do not play an important role in 

determining levels of early uptake under our laboratory conditions. This result is 

surprising, because these sugars commonly occur on the surfaces of a range of micro-

algae [28-30,34], and have been implicated in cellular recognition [28-32,34]. The presence 

of a range of sugar molecules can vary among cell stages, species and geographical 

locations [28,64], potentially explaining the results obtained here. We exposed coral 

larvae to Symbiodinium cells for the duration of the experiment, during which time cell 

surface molecules may have changed. For example, Aguilera and Gonzáles-Gil [28] 

found that while α-mannose, α-glycose and N-acetyl residues were common and 

relatively stable on the surface of four dinoflagellate species (but not Symbiodinium 

spp), they were reduced or absent at certain sampling times during the 52-hour 

experimental period. In contrast, Logan et al. [29] found that all eight Symbiodinium 

cultures tested displayed significant binding to ConA at all sampling times (3.5 and 5.5 

weeks after sub-culturing, repeated over four culture cycles) indicating the widespread 

and stable presence of mannose residues on these cell types, assuming specificity of the 

ConA probe. Likewise, 50% of cell types tested bound equally well to WGA at all 

sampling times, demonstrating the common presence of N-acetyl residues on the cell 

surfaces of cultured Symbiodinium types. Our results confirm the presence of both 

mannose and N-acetyl groups on both the C1 and D-type Symbiodinium used here. If 

these molecules are temporally stable in the C1 and D Symbiodinium types studied here, 

then our results suggest that these residues are less important in the early onset of this 

symbiosis compared to long chain starch and glyco-proteins. It is also possible that 

other glycans, not tested here, may be important for cell recognition in A. tenuis. For 

example, lectins specific for galactose-residues (termed galectins) bound to most 
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Symbiodinium types tested by Logan et al. [29] and may be important in the 

maintenance of successful symbioses by keeping Symbiodinium cells in a non-motile 

phase [65]. Lin et al. [31] and Wood-Charlson et al. [30] detected a reduced uptake of 

Symbiodinium cells whose galactose residues had been obscured. Detailed 

characterisations of the glycomes of Symbiodinium populations and types, for both 

freshly extracted and cultured Symbiodinium material (as demonstrated by [29]), 

combined with examinations of the ability of respective Symbiodinium cells to establish 

symbiosis with coral species will be required to further explore the role of cellular 

recognition in onset and maintenance of coral-Symbiodinium symbiosis.  

Temporal dynamics of Symbiodinium infection in Acropora tenuis larvae 

The temporal scale over which infection by Symbiodinium cells occurs varies among 

coral species. In Fungia scutaria, larvae are infected within a few hours, after which 

densities of cells remain relatively constant [46,60]. In contrast, we detected significant 

variation in the temporal infection dynamics of C1 and D type Symbiodinium used here. 

While almost 100% of larvae were infected with Symbiodinium C1 after two days 

overall cell densities in larvae exposed to Symbiodinium D did not increase significantly 

until four days after symbiont exposure. Interestingly, C1 cell densities declined 

between days three and four in larvae exposed to untreated Symbiodinium and to two 

out of three lectin-blocked cell extracts. In contrast, Symbiodinium D cells increased in 

abundance over the same time scale within larvae exposed to ConA treated and 

unmodified cells, possibly suggesting the initiation of a winnowing process involving 

specific glycan-lectin interactions. The time frame over which these declines in C1 and 

increases in D occurred is similar to delays in cell “sorting” processes reported for 

Hydra endosymbiosis, cell sorting being the process by which Hydra modifies their 
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Chlorella complement through disintegration or ejection of cells [66]. Similarly, Davy 

et al. [23] found that both homologous and heterologous symbiont densities declined 

four days after uptake, but ultimately increased and stable symbioses were formed with 

both types 36 weeks after infection. Our results suggest that glycan-lectin interactions, 

in particular those involving N-acetyl residues, may be associated with the initiation of 

a winnowing mechanism after only four days and, if continued, may explain the 

dominance of the D type in juveniles of A. tenuis [7,36]. To elucidate the complex 

recognition mechanisms that corals may use to shape their symbiont communities 

during the establishment of symbiosis and subsequent winnowing process, future 

studies should examine infection dynamics over an extended temporal scale.  

 

Conclusions 

In summary, our results suggest that glycoprotein exudates and molecules on the 

surface of Symbiodinium cells play a role in controlling post-infection growth of 

Symbiodinium C1. Reduced proliferation of Symbiodinium C1 when some lectin 

receptor sites were blocked suggests that specific sugar moieties (N-acetyl neuraminic 

acid, glycuronic acid and/or phosphorylcholine) are involved in recognition of this 

symbiont type in hospite. Higher abundance of symbiont cells with modified  

glycoproteins and long chain starch residues compared to the control treatment suggests 

that the absence of these cues promotes the proliferation of Symbiodinium C1 cells. The 

combination of several techniques, including transcriptomic analysis of symbiosis 

[67,68], high throughput glycome characterisation [27], as well as increased ability to 

culture local Symbiodinium types, will enable an increased understanding of the 
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molecular and cellular mechanisms underlying establishment of coral-Symbiodinium 

symbioses in the future. 
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Table II-1. Three-factor orthogonal ANOVA comparing the mean abundance of 

Symbiodinium cells in larvae of Acropora tenuis between symbiont types (C1 and D), 

among cell surface treatments (two enzymes, three lectins and unmodified controls) and 

sampling times (12, 24, 48, 72 and 96 hours).  

Source SS d.f. Mean Sq Observed F Prob > F 
Symbiodinium type 1827020 1 1827020 583.1 < 0.001 
Treatment 355979 5 71196 22.7 < 0.001 
Time 1638229 4 409557 130.7 < 0.001 
Type*Treatment 384978 5 76996 24.6 < 0.001 
Type*Time 1524336 4 381084 121.6 < 0.001 
Treatment*Time 551839 20 27592 8.8 < 0.001 
Type*Treatment*Time 579771 20 28989 9.3 < 0.001 
Error 8272171 2640 3133   

SS = Sums of Squares, Mean Sq = Mean squares, Prob > F = probability of F being 
greater than the distribution of F-values obtained through randomisation. 
 
 

Table II-2. Three-factor orthogonal ANOVA comparing the proportion of A. tenuis 

larvae infected with Symbiodinium cells between symbiont types (C1 and D), among 

cell surface treatments (two enzymes, three lectins and unmodified controls) and 

sampling times (12, 24, 48, 72 and 96 hours). 

Source SS d.f. Mean Sq. Observed F Prob > F 
Symbiodinium type 7.52 1 7.524 174.5 < 0.001 
Treatment 0.25 5 0.0504 1.2 0.330 
Time 10.09 4 2.524 58.5 < 0.001 
Type*Treatment 0.10 5 0.0204 0.5 0.800 
Type*Time 0.70 4 0.175 4.1 0.003 
Treatment*Time 0.89 20 0.045 1.0 0.444 
Type*Treatment*Time 1.57 20 0.078 1.8 0.004 
Error 5.18 120 0.043   

SS = Sums of Squares, Mean Sq = Mean squares, Prob > F = probability of F being 
greater than the distribution of F-values obtained through randomisation. 
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Table II-3. Two-factor orthogonal ANOVA comparing the proportion of dead C1 and 

D Symbiodinium cells among sampling times (0, 24, 48 and 72 hours). 

Source SS d.f. Mean Sq. Observed F Prob > F  
Symbiodinium type 36.86 1 36.86 8.61  0.007 
Time 10.09 3 10.47 2.45 0.089 
Type*Time 26.80 3 8.69 2.03 0.136 
Error 102.71 24 4.27     

SS = Sums of Squares, Mean Sq = Mean squares, Prob > F = probability of F being 
greater than the distribution of F-values obtained through randomisation. 
 
 

 

 

 

 

 

 

 

 

Figure II-1. Comparison of mean percentage of dead cells between C1 and D 

Symbiodinium at four times after extraction. Grey bars = type C1 (mean ± SEM); white 

bars = type D (mean ± SEM). 
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Figure II-2. Mean number of (a) C1 and (b) D Symbiodinium cells per larva (n = 45). 

Statistical significance of pairwise post-hoc comparisons among sampling times and 

cell surface treatments are presented in boxes (+ indicates significance at α = 0.05). AA 

= α-Amylase, TRY = Trypsin, POS = Positive unmodified control, ConA = Concanavilin 

A lectin from Jack bean, LPA = lectin from Limulus polyphemus, WGA = lectin from 

Triticum vulgaris. 
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Figure II-3. Representative confocal images of lectin-labelled (as indicated by green 

fluorescence) and unmodified (control) Symbiodinium cells for the following treatments 

to C1/D cells: (a/f) unmodified control cells; (b/g) ConA treated cells; (c/h) ConA plus 

inhibitor treated cells; (d/i) WGA treated cells; and (e/j) WGA + inhibitor treated cells. 

Percent of cells labelled indicated in bottom right corner All scale bars = 10 µm.  

1 = Accumulation body, 2 = articulated chloroplast, 3 = Bound Alexa488 fluorolabelled 

lectin. ConA = Concanavilin A lectin, WGA = lectin from Triticum vulgaris. 
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Figure II-4. Proportions of infected larvae using (a) C1 and (b) D Symbiodinium cells 

(n = 3). Statistical significance of pairwise post-hoc comparisons among sampling 

times and cell surface treatments are presented in boxes (+ indicates significance at α = 

0.05). AA = α-Amylase, TRY = Trypsin, POS = Positive unmodified control, ConA = 

Concanavilin A lectin from Jack bean, LPA = lectin from Limulus polyphemus, WGA = 

lectin from Triticum vulgaris. 
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Appendix III 

 

Flexibility of coral symbioses in response to climate change 

 

This chapter is inserted without abstract as published in Marine Biology Progress 

Series: Baird AH, Cumbo VR, Leggat W, and Rodriguez-Lanetty, M (2007). Fidelity 

and flexibility in coral symbioses. MEPS  347: 307–309 

 

Coral reefs are under severe threat from many sources, including rising sea 

surface temperature caused by climate change (Hughes et al. 2003). A major concern is 

that the accelerating rate of environmental change could exceed the capacity of coral 

species to acclimate and/or adapt (Hoegh-Guldberg 1999). One mechanism that may 

allow zooxanthellate corals to respond in ecological time is for the host to switch to a 

more thermally tolerant symbiotic partner (Buddemeier & Fautin 1993). A number of 

authors have recently presented convincing data which suggest that few coral symbioses 

host more than one type of symbiont (Knowlton & Rohwer 2003, Goulet 2006; but see 

Baker & Romanski 2007). This lack of flexibility in present-day coral-algae symbioses 

has led some to argue that changing symbionts to cope with climate change is, 

therefore, not an option for most coral species (e.g. Goulet 2006). However, we believe 

current estimates of flexibility in coral-algal symbioses are unreliable for reasons we 

outline below. To make further progress towards understanding the potential of host 

flexibility as a mechanism for acclimation, we need to recognise that host flexibility is a 

trait that varies among individuals. Furthermore, we need to be clear about the types of 
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symbiont change that are meaningful, the environmental conditions that might induce 

symbiont change, and at which point in the life history of coral species symbiont change 

is most likely to occur. 

What type of change among symbionts within a host are relevant when 

considering acclimation to stress? If we are interested in physiological differences then 

the sub-clade must be the focus, because generalisations of functional difference among 

clades are no longer tenable (Savage et al. 2002). For example, there are both heat 

tolerant and heat susceptible sub-clades within both Clades C (Bhagooli & Hidaka 

2004) and D Symbiodinium (Tchernov et al. 2004). Indeed, characterisation of 

Symbiodinium phenotypic differences has lagged far behind our ability to genotype sub-

clades, partly because many Symbiodinium are difficult to maintain in culture, making it 

difficult to determine the ecological significance of genotypic differences. Estimates 

that 25% of species can host more than one clade (e.g. Goulet 2006) may, therefore, 

underestimate flexibility, because the relevant question is: how many species can host 

more than one sub-clade? 

Where should we be looking for flexibility in the host? We argue it is the 

individual. While few studies have specifically set out to examine flexibility within 

species, the dominant pattern, particularly in the Indo-Pacific, is for all colonies of a 

species to host a single symbiont (Knowlton & Rohwer 2003, LaJeunesse et al. 2003). 

While recent work with more sensitive techniques indicates that a much higher 

proportion of host populations contain multiple clades (Mioeg et al. 2007), it may not be 

correct to characterise a species as flexible on the basis of a trait shared by few 

individuals.  
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Furthermore, should we expect to see changes in present day coral symbioses, 

even if flexibility is an intrinsic feature of most species? While sea surface temperatures 

are trending upward, the absolute change at any one location over the last 20 yr is 

generally less than 0.5°C (Hoegh-Guldberg 1999, IPCC 2007). Is such an increase 

sufficient to provide the ecological opportunity for heat tolerant strains to out-compete 

susceptible strains? Are there any good tests of flexibility available in present day coral 

symbioses? We suggest the best place to look for flexibility is where there is a distinct 

and lasting difference in environmental conditions; e.g. colonies of the same species at 

different depths, or in different regions. Depth patterns of association are, however, 

inconclusive (Thornhill et al. 2006). In some species, such as Montastrea annularis, 

colonies host different symbionts at different depths (Rowan et al. 1997). In contrast, 

there is no correlation between symbionts and depth in 5 morphospecies of Madracis 

(Diekmann et al. 2002). However, in the few species sampled over a broad geographical 

range, symbionts vary predictably with latitude. For example, all colonies of Plesiastrea 

versipora host stable populations of Clade B on the temperate southeastern coast of 

Australia, whereas sub-tropical and tropical populations host stable populations of 

Clade C (Rodriguez-Lanetty et al. 2001). Similarly, colonies from the sea anemone 

Anthopleura elegantissima host only Symbiodinium muscatinei in high latitudes and 

only S. californium in lower latitudes (LaJeunesse & Trench 2000). These 

biogeographical data suggest that when species need to respond to novel environments, 

they have the flexibility to do so. 

If changes in coral symbioses are to be induced by rising sea surface 

temperature, how is this most likely to happen? The current focus of research has been 

on adult colonies shuffling or switching among symbionts in response to acute 
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disturbances, such as bleaching (Baker 2001, Baker et al. 2004). We suggest that change 

is more likely to occur between generations, i.e. when symbiosis is re-established. For 

coral species, most of which lack maternal transmission of symbionts, initial infection 

occurs in larvae or early juveniles when they are much more flexible than adults. For 

example, juveniles of Acropora tenuis regularly harbour mixed assemblages of 

symbionts, whereas adults almost invariably host a single clade (Little et al. 2004). 

Similarly, larvae of Fungia scutaria ingest symbionts from multiple hosts, whereas 

adult colonies typically host a single clade (Weis et al. 2001), a process moderated by 

recognition events post-infection (Rodriguez-Lanetty et al. 2006). Consequently, 

flexibility is potentially part of the life history of every coral with horizontal 

transmission of symbionts (>75% of hermatypic corals, but interestingly, only ∼50% of 

corals in the Caribbean), and each sexual reproductive event provides the opportunity 

for the symbiosis to change. There is no need for acute disturbance, such as bleaching, 

to induce this change. Certainly, under current environmental conditions, even species 

that are flexible at the time of infection have strong fidelity as adults (Little et al. 2004). 

However, as sea temperatures rise, juveniles hosting thermo-tolerant sub-clades may be 

favoured and new symbiotic combinations may emerge in adult populations. Whether 

these changes can occur quickly enough to prevent the future degradation of reef corals 

remains an open question. 

Finally, we believe much of the current literature creates the impression that 

changing symbionts is the most likely mechanism by which corals may adjust to climate 

change. This view does not give ample consideration to the fact that both partners in the 

association have the capacity to evolve, and that there are many host and algal-based 

mechanisms for acclimation (Coles & Brown 2003). Furthermore, it is increasingly 
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apparent that evolution by natural selection can occur very rapidly in some situations 

(Carroll et al. 2007) and therefore there may be no need to postulate novel mechanisms 

of acclimation, such as changing symbionts. Nonetheless, flexibility of symbiont 

association as a trait in host populations should be addressed, but progress can best be 

assured by searching for flexibility in the most appropriate places. 

 



 

 194 

References 

Baker AC (2001) Reef corals bleach to survive change. Nature 411:765–766 
Baker AC, Romanski AM (2007) Multiple symbiotic partnerships are common in 

scleractinian corals, but not in octocorals: Comment on Goulet (2006). Mar Ecol 
Prog Ser 335:237–242 

Baker AC, Starger CJ, McClanahan TR, Glynn PW (2004) Corals' adaptive response to 
climate change. Nature 430:741–741 

Bhagooli R, Hidaka M (2004) Photoinhibition, bleaching susceptibility and mortality in 
two scleractinian corals, Platygyra ryukyuensis and Stylophora pistillata, in 
response to thermal and light stresses. Comp Biochem Physiol A Mol Integr 
Physiol 137:547–555 

Buddemeier RW, Fautin DG (1993) Coral bleaching as an adaptive mechanism: a 
testable hypothesis. Bioscience 43:320–326 

Carroll SP, Hendry AP, Reznick DN, Fox CW (2007) Evolution on ecological time-
scales. Funct Ecol 21:387–393 

Coles SL, Brown BE (2003) Coral bleaching: capacity for acclimatization and 
adaptation. Adv Mar Biol 46:183–223 

Diekmann OE, Bak RPM, Tonk L, Stam WT, Olsen JL (2002) No habitat correlation of 
zooxanthellae in the coral genus Madracis on a Curacao reef. Mar Ecol Prog Ser 
227:221–232 

Goulet TL (2006) Most corals may not change their symbionts. Mar Ecol Prog Ser 
321:1–7 

Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the world's 
coral reefs. Mar Freshw Res 50:839–866 

Hughes TP, Baird AH, Bellwood DR, Card M and 13 others (2003) Climate change, 
human impacts, and the resilience of coral reefs. Science 301:929–933 

IPCC (Intergovernmental Panel on Climate Change) (2007) Working Group 1 Report: 
The physical science basis. UNEP, Geneva 

Knowlton N, Rohwer F (2003) Multispecies microbial mutualisms on coral reefs: the 
host as a habitat. Am Nat 162:S51–S62 

LaJeunesse TC, Trench RK (2000) Biogeography of two species of Symbiodinium 
(Freudenthal) inhabiting the intertidal sea anemone Anthopleura elegantissima 
(Brandt). Biol Bull 199:126–134 

LaJeunesse TC, Loh WKW, van Woesik R, Hoegh-Guldberg O, Schmidt GW, Fitt WK 
(2003) Low symbiont diversity in southern Great Barrier Reef corals, relative to 
those of the Caribbean. Limnol Oceanogr 48:2046–2054 

Little AF, van Oppen MJH, Willis BL (2004) Flexibility in algal endosymbioses shapes 
growth in reef corals. Science 304:1492–1494 

Mieog JC, van Oppen MJH, Cantin NE, Stam WT, Olsen JL (2007) Real-time PCR 
reveals a high incidence of Symbiodinium clade D at low levels in four 
scleractinian corals across the Great Barrier Reef: implications for symbiont 
shuffling. Coral Reefs 26:449457 

Rodriguez-Lanetty M, Loh W, Carter D, Hoegh-Guldberg O (2001) Latitudinal 
variability in symbiont specificity within the widespread scleractinian coral 
Plesiastrea versipora. Mar Biol 138:1175–1181 



 

 195 

Rodriguez-Lanetty M, Wood-Charlson EM, Hollingsworth LL, Krupp DA, Weis VM 
(2006) Temporal and spatial infection dynamics indicate recognition events in 
the early hours of a dinoflagellate/coral symbiosis. Mar Biol 149:713-719Rowan 
R, Knowlton N, Baker A, Jara J (1997) Landscape ecology of algal symbionts 
creates variation in episodes of coral bleaching. Nature 388:265–269 

Savage AM, Trapido-Rosenthal H, Douglas AE (2002) On the functional significance 
of molecular variation in Symbiodinium, the symbiotic algae of Cnidaria: 
photosynthetic response to irradiance. Mar Ecol Prog Ser 244:27–37 

Tchernov D, Gorbunov MY, de Vargas C, Yadav SN, Milligan AJ, Haggblom M, 
Falkowski PG (2004) Membrane lipids of symbiotic algae are diagnostic of 
sensitivity to thermal bleaching in corals. Proc Nat Acad Sci USA 101:13531–
13535 

Thornhill DJ, LaJeunesse TC, Kemp DW, Fitt WK, Schmidt GW (2006) Multi-year, 
seasonal genotypic surveys of coral-algal symbioses reveal prevalent stability or 
post-bleaching reversion. Mar Biol 148:711–722 

Weis VM, Reynolds WS, deBoer MD, Krupp DA (2001) Host-symbiont specificity 
during onset of symbiosis between the dinoflagellates Symbodinium spp. and 
planula larvae of the scleractinian coral Fungia scutaria. Coral Reefs 20:301–
308 

 



 

 196 

 
 
 



 

 197 

 

Appendix IV 

 
 
 

 

Figure IV: The proportion of Acropora tenuis larvae infected over time after exposure 

to different densities of Symbiodinium C. 
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Table IV: Coral larval species from a range of locations in the Indo Pacific that 

successfully established symbiosis with Symbiodinium types (ITS1 nomenclature). 

Symbiodinium was obtained from sediment, cultures or freshly isolated from adult 

corals.  

Coral species Larval collection 
location 

Symbiodinium 
type 

Symbiodinium 
Source 

Acropora digiterfera Sesoko Station, 
Okinawa 

A3, C1 Cultures 

 Sesoko Station, 
Okinawa 

C Freshly isolated 

Acropora lastistella Magnetic Island, GBR A, A3, F Cultures 

Acropora millepora Orpheus Island, GBR A, A3, C1, F Cultures 

 Orpheus Island, GBR C1, D Freshly isolated 

 Orpheus Island, GBR A, C1, C2, D Sediment 

Acropora monticulosa Akajima, Okinawa A, A3 C1 Cultures 

Acropora nasuta Orpheus Island, GBR C1, D Freshly isolated 

Acropora tenuis Sesoko Station, 
Okinawa 

A3, C1 Cultures 

 Magnetic Island, GBR C1, D Freshly isolated 

 Orpheus Island, GBR C1, C2, D Sediment 

Echinopora lamellosa Orpheus Island, GBR A Culture 

Montastrea 
magnistellata 

Orpheus Island, GBR A, A3, F Cultures 

Great Barrier Reef = GBR 
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