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Mutualistic associations between cnidarians, such as corals, and photosynthetic 

dinoflagellate algae provide the trophic and structural foundation of coral reef 

ecosystems.  In many cases, this intracellular mutualism is highly specific and must be 

established anew for each generation of host corals.  The ability to maintain partner 

specificity across generations implies that cellular mechanisms play a role in inter-

partner recognition.  In other mutualisms where these recognition mechanisms have 

been studied, lectin/glycan interactions have been shown to function in inter-partner 

recognition during the onset of a stable symbiosis.  However, for the majority of 

symbioses, including the cnidarian/dinoflagellate mutualism, cellular recognition 

mechanisms that mediate the onset of symbiosis remain largely unknown.  How do 

larval corals and their symbiotic algae discriminate between their preferred partner and 

other hosts or microbes during the onset of symbiosis? I hypothesized that cell surface 

lectin/glycan interactions act as one mechanism of recognition and specificity during 

initial contact between the partners. 

 

Chapter one reviews the biology of cnidarian/algal symbioses and discusses the 

literature to date concerning molecular mechanisms of recognition and specificity 

during the onset of cnidarian/algal symbioses and how the cnidarian/algal system 

compares with other horizontally-transmitted mutualisms.   



Chapter two and three explore the role of algal cell surface glycans during the onset of 

symbiosis between the Hawai’ian solitary coral Fungia scutaria and its dinoflagellate 

symbiont, Symbiodinium clade C1f.  To determine whether lectin/glycan interactions 

function during infection, I modified the glycans on the cell surface of algal symbionts 

(C1f and C31, found in nature in adult F. scutaria and Montipora capitata, 

respectively), introduced the modified symbionts to F. scutaria larvae, and then 

looked for changes in infection success. After cell surface modification, infection rates 

of native C1f algae decreased.  In contrast, cell surface modification of non-native C31 

algae resulted in higher infection rates compared to unmodified, control C31 algae.  

These data suggest that the algal cell surface signals to the host F. scutaria larvae 

identifying it as either a native C1f symbiont or non-native C31 algae.   

 

These chapters also investigate the variability of glycans present on the cell surface of 

several closely-related clade C symbionts to determine if each algal subclade contains 

a unique cell surface glycan profile.  I found that cell surface glycan profiles were 

different for each symbiont tested, supporting their classification into different 

subclades.  I hypothesize that this subclade specific glycan profile creates the cell 

surface signal that identifies the symbiont to its host coral.   

 

Chapter four describes the complex array of C-type lectins, a type of glycan receptor, 

in the anemone Nematostella vectensis genome.  The diversity of glycan profiles on 

symbiont cell surfaces and C-type lectins in cnidarians suggests that these interactions 

could relay a signal for recognition and specificity between symbiotic partners. 

 

Chapter five concludes with a brief discussion that places my results in the context of 

cnidarian innate immunity and parallels between the onset of mutualistic symbioses 

and the process of infection in parasitic relationships.  I close by suggesting future 

experiments that continue to explore the role of cell surface lectin/glycan interaction in 

recognition and specificity during the onset of cnidarian/algal symbioses.  
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Chapter 1:  Introduction 

 

Mutualistic endosymbioses are found throughout every ecosystem and are a driving 

force in evolution.  These relationships are often highly specific and begin with a stage 

where the larger host must acquire its smaller symbiont.  Symbionts can be transmitted 

vertically when passed directly from host parent to offspring, or horizontally when 

symbionts are acquired from the surrounding environment.  In many cases, despite the 

presence of a broad range of partners from which to choose, horizontally transmitted 

associations are highly specific.  In several well-studied symbioses, such as 

squid/luminous bacteria and legume/nitrogen-fixing bacteria mutualisms, the onset of 

symbiosis has been shown to include a complex series of steps.  These steps range 

from inter-partner recognition and signaling to inter-microbe ecological interactions, 

all of which are necessary to establish a successful, specific symbiosis (e.g. Nyholm 

and McFall-Ngai, 2004; Somers et al., 2004).  There is growing evidence that inter-

partner recognition and signaling mechanisms during the onset of mutualistic 

symbioses are similar to initial interactions between a host (animal or plant) and their 

microbial pathogens (Heddi et al., 2005; Hentschel et al., 2000; Nakabachi et al., 

2005; Nyholm and McFall-Ngai, 2004).  One of the best studied mechanisms of inter-

partner recognition and signaling, for both mutualistic and pathogenic associations, are 

lectin/glycan interactions (for review see Kilpatrick, 2002).   
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Background 

Overview 

The goal of this background section was to provide a description of the biological 

systems and molecular components found in this study.  Section A describes the basic 

biology of cnidarian/dinoflagellate symbioses.  Section B provides evidence for 

recognition during the onset of symbiosis, using F. scutaria larvae as a model system.  

Section C describes the mechanisms responsible for recognition in other horizontally 

transmitted symbioses.  Section D discusses parallels between pathogenic and 

mutualistic associations.  And, finally, Section E outlines the specific role of lectins in 

mutualistic associations and the current knowledge of lectins in cnidarians.  

 

A. Biology of cnidarian/dinoflagellate symbioses 

As basal metazoans, cnidarians represent the most ancestral extant animal group with 

organized tissue layers.  They have an outer epidermis and an inner gastrodermis that 

are separated by an acellular, gelatinous mesoglea (Figure 1.1).  Cnidarians have two 

body forms, the polyp and the medusa.  Corals and anemones are polyps, with a basal 

disc that attaches to the substrate, an oral disc (mouth) on top of the column, and 

numerous stinging tentacles that surround the oral disc.  The oral disc contains the 

only opening to the body column and leads to a gastrovascular cavity (GVC), which is 

continuous with the inside of the tentacles and acts as the digestive, circulatory, and 

reproductive systems.  The gastrodermis is the site of symbiosis; nutritive phagocytes 

lining the GVC house the endosymbiotic dinoflagellates (Figure 1.2). 

 

The endosymbiotic dinoflagellates are in the eukaryotic genus Symbiodinium, which 

was initially believed to be a single pandemic species of dinoflagellate, Symbiodinium 

microadriaticum Freudenthal (Taylor, 1974).  Recent genetic work on Symbiodinium 

has divided the genus into 8 clades (A-H) and numerous subclades (Coffroth and 

Santos, 2005; LaJeunesse, 2001; LaJeunesse, 2002; Pochon et al., 2006; Rodriguez-

Lanetty, 2003; Stat et al., 2006).  However, it is unclear if these biodiversity estimates 
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are capturing functional differences or if they are artifacts of molecular diversity 

because most of the clade and subclade designations were identified by ribosomal 

DNA (rDNA) genotyping, including 18S, 28S, and the highly-variable ITS regions 

(Goulet, 2007; Thornhill et al., 2007).  So far, these clade designations are only 

supported by indirect functional evidence, such as differences in the physiological 

response of the holobiont (host + symbiont), which may be determined by the specific 

clade of symbiont in the partnership and/or host specificity for a particular algal 

genotype during acquisition of symbionts from the environment.  

 

The majority of symbiotic cnidarians acquire Symbiodinium from the environment via 

horizontal transmission (Fadlallah, 1983; Harrison and Wallace, 1990; Richmond and 

Hunter, 1990).  Host gastrodermal cells take up the algal symbionts by phagocytosis 

and, instead of digesting the symbionts, the host cells harbor them intracellularly in 

host-derived vacuoles (Colley and Trench, 1983; Muscatine et al., 1975; Schoenberg 

and Trench, 1980).  Once the symbiosis is established, the photosynthetic algae 

contribute significantly to host nutrition through the translocation of reduced organic 

carbon, which can sometimes account for 100% of the daily respiratory need of the 

host (e.g. Dubinsky and Jokiel, 1994).  In return, the algae receive high concentrations 

of inorganic nitrogen and carbon, a high light environment, and refuge from herbivory 

(Falkowski et al., 1984; Muscatine and Weis, 1992). 

 

The cnidarian/dinoflagellate partnership is one of the most important mutualisms in 

the marine environment.  Cnidarians, such as corals, form the structural and trophic 

foundation for a coral reef ecosystem, which provide immense economic, biological, 

and aesthetic value.  Most coral species are obligate hosts, and without their algal 

partners, corals show decreased growth and dramatically increased mortality followed 

by reef degradation.  Coral reef ecosystems are in decline globally, due in large part to 

a loss of algal symbionts, a phenomenon called coral bleaching (Glynn, 1993; Hoegh-

Guldberg, 1999; Wilkinson et al., 1999).  The reasons for bleaching are numerous but 
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global climate change, especially elevated sea surface temperature, is a major 

contributor to the massive losses of coral reefs world-wide (Brown, 1997; Donner et 

al., 2005; Hoegh-Guldberg et al., 2007).   

 

Extensive research is underway to determine the molecular processes by which 

elevated temperature elicits a bleaching response.  However, little information is 

available for mechanisms of post-bleaching recovery, which is dependent on the 

repopulation of host corals by algal symbionts.  One study showed that bleached adult 

corals were able to re-acquire symbionts from the environment (Toller et al., 2001), 

but nothing is known about the mechanisms involved in symbiont re-acquisition.  In 

order to examine the basic mechanisms of symbiont acquisition, this study focused on 

the host larval stage.  The host larval stage provides a system where the non-symbiotic 

state is a natural, unstressed condition and is where initial symbiont acquisition is 

likely to occur most often in nature.  Typically, initial symbiont acquisition by larval 

or juvenile corals occurs via horizontal transmission (Fadlallah, 1983; Harrison and 

Wallace, 1990; Richmond and Hunter, 1990), and the resulting symbiosis can be 

highly specific (Baker, 2003; LaJeunesse, 2002; LaJeunesse et al., 2004).  

 

B.  F. scutaria: A model system to study recognition during the onset of symbiosis 

Unlike colonial stony corals, the Hawai’ian coral F. scutaria occurs as a large, solitary 

polyp that does not attach to the substrate (Figure 1.3A), and adults can be easily 

collected from the environment and maintained in seawater tables (Figure 1.3B).  

During the summer months, adult F. scutaria spawn with amazing predictability, 

beginning 1-2 days after the full moon between 16:00 and 20:00 hours (Figure 1.3C).  

Sperm and eggs are collected from individuals, artificially fertilized, and reared in 

bowls with filtered seawater to maintain a dinoflagellate-free environment (Figure 

1.3D).  The planula larvae are motile, and once they develop mouths, the larvae are 

capable of taking up potential symbiotic algae.  Potential symbionts are freshly 

isolated from adult host corals, homogenized in a tissue homogenizer to remove 
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residual host tissue, and used to inoculate larvae.  The larvae release mucus strings as 

they swim about and use the strings as fishing poles to reel in symbionts (Figure 

1.4A).  Once inside the larvae, the symbiotic algae are detectable by light (not shown) 

and confocal microscopy (Figure 1.4B).   

 

Adult F. scutaria are only known to harbor Symbiodinium clade C subclade 1f 

(referred to as C1f).  Studies from the Weis lab have shown that this high level of 

symbiont specificity is present during the larval stage and can be observed as early as 

one hour post-inoculation (Rodriguez-Lanetty et al., 2004; Rodriguez-Lanetty et al., 

2006b; Weis et al., 2001).  F. scutaria larvae have been challenged with many 

potential symbionts that are closely-related to C1f, such as C1, C1d, C15, and C31, 

but isolated from different host coral species (Figure 1.5).  All infections by non-C1f 

algae were significantly less robust than infections by C1f algae isolated from adult F. 

scutaria (Figure 1.6).  However, it is possible that the larvae were responding to 

residual, foreign-host material rather than the algae alone, and therefore, only 

symbionts isolated from F. scutaria would be competent.  To test this, Rodriguez-

Lanetty et al. (2006b) isolated C1f algae from a different host coral, Leptastrea spp. 

(Figure 1.5), and compared inoculations with C1f algae from Leptastrea spp. against 

those with C1f algae from F. scutaria.  The larvae showed no significant difference in 

infection success regardless of host source (Figure 1.6).  Therefore, the observed 

specificity of F. scutaria larvae for C1f symbionts was dependent upon intrinsic 

properties of the algae, not on remnants from their previous host.  In a horizontally 

transmitted endomutualism, specificity based on intrinsic properties of the symbiont 

suggests that a recognition mechanism is mediating contact between the partners. 

 

C. Mechanisms of recognition in horizontally transmitted symbioses 

Any symbiotic relationship (pathogenic or mutualistic) with a period of non-

symbiosis, where the two partners exist independent of each other, relies on 

mechanisms of recognition to detect potential partners in the environment.  The host 
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has developed pattern recognition receptors (PRRs) that recognize highly conserved 

microbe-associated molecular patterns (MAMPs) on the microbe.  Often, recognition 

occurs at the cell surface through host PRRs that bind microbial MAMPs, which 

initiates signaling and phagocytosis.  Phagocytosis, a central player in metazoan non-

self recognition, is the function of specialized cells ranging from the most basal 

metazoan nutritive phagocyte to the vertebrate macrophage.  Inter-partner recognition 

and signaling at the surface of the phagocyte determines the outcome for the microbe 

once inside.  During a pathogenic interaction, the preferred outcome for the host is 

death of the invader, and the preferred outcome for the invader is survival.  During an 

endomutualistic interaction, an outcome that benefits both host and symbiont is 

preferred.  Often, the outcome is somewhere in between (discussed in Section D).   

 

This study focused specifically on the lectins in cnidarian/dinoflagellate symbioses, so 

I will not discuss the role of other mechanisms of inter-partner recognition and 

signaling that may occur during initial cell-cell contact between partners, such as those 

involving Toll-like receptors (TLRs) and scavenger receptors (SRs).   

 

C.1 C-type lectins 

Lectins are by far the most complex and diverse PRRs associated with phagocytic 

cells.  Lectins are defined simply as proteins that bind carbohydrate ligands via a 

carbohydrate-recognition domain (CRD).  They can be separated into two broad 

groups – those that bind carbohydrates outside the cell and those involved with 

intracellular trafficking of glycoproteins (not discussed here).  Extracellular lectins, 

such as C-type lectins (CTLs) and galectins (also not discussed here), have been 

shown to function in pathogen recognition, adhesion, internalization, and signaling.  

 

C-type lectins are a subgroup of animal lectins that require Ca2+
 for glycan binding and 

structural integrity.  CTLs can contain many diverse domains but are identified by 

their C-type lectin-like CRD (CTLD), which contains highly conserved cysteine 
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residues and usually has a triplet amino acid motif that determines general glycan 

specificity.  A CTLD with a Glu-Pro-Asn (EPN)-motif binds mannose (Man) or 

glucose (Glc) residues, which have equatorial 3- and 4-OH groups (Figure 1.7) 

(Drickamer, 1999).  A Gln-Pro-Asp (QPD)-motif binds galactose (Gal) residues with 

equatorial 3-OH and axial 4-OH.  If the EPN-motif of a Man-binding protein is 

engineered to be a QPD-motif, the protein becomes Gal-binding (Drickamer, 1992).  

However, the modified protein does not bind Gal as strongly as a native QPD-motif 

protein suggesting that there is more to glycan binding than a triplet motif.  For 

example, oligomerization of CRDs has been shown to alter the affinity and specificity 

of carbohydrate recognition (Weis and Drickamer, 1994).  Further discussion on the 

structure of CTLDs and ligand binding, as well as other accessory domains found in 

CTLs can be found in Chapter 4 of this study.  

 

Most CTLs recognize cell surface glycans, which exist as diverse, very complex 

profiles that cells can use to interact with their environment.  C-type lectins are 

extracellular and, in mammals, have been divided into 14 groups with a wide range of 

functions, predominantly cell adhesion and pathogen recognition (Drickamer, 1999; 

Drickamer and Taylor, 1993).  Five groups represent the majors PRRs: collectins, type 

2 receptors, natural killer (NK) cell receptors, and the macrophage mannose receptor 

(MMR) family.  CTLs, in association with other immune molecules, such as TLRs and 

the complement system, are responsible for binding, internalization, and direct killing 

of a pathogen by macrophages (Cambi et al., 2005; Gabius et al., 2002).  However, 

some pathogens have evolved to subvert CTLs to aid in their escape from host 

defenses.  The final immune response depends on the type of receptors involved and 

their organization on the cell surface.  

 

C.2 Invertebrate CTLs 

Numerous CTLs have been discovered in invertebrates, and the recent slurry of 

sequenced genomes has begun to provide an extensive database of CTL coding 
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regions.  In C. elegans, 180 CTLDs were uncovered in 128 proteins (Drickamer and 

Dodd, 1999).  A few associated domains normally found with vertebrate CTLs were 

also present, but the domain organization was not the same.  In Drosophila, 32 

proteins were found to contain CTLDs (Dodd and Drickamer, 2001), and one has been 

shown to functionally bind Gal (Haq et al., 1996).  Unfortunately, most invertebrate 

lectins do not fit nicely into the vertebrate categories discussed above.  Drosophila 

CTL sequences appear to be more closely-related to each other than to C. elegans or 

vertebrates, suggesting that the diversity evolved independently in each lineage (Dodd 

and Drickamer, 2001).  However, it is becoming clear that these model invertebrates 

are highly derived, and many of the sequences from lower metazoans, such as 

cnidarians, are more closely-related to vertebrate sequences than to the invertebrate 

model organisms (Kortschak et al., 2003; Rodriguez-Lanetty et al., 2006a).  Chapter 4 

of this study explores the complexity of CTLs in the recently sequenced N. vectensis 

genome and places these sequences in an evolutionary context with model 

invertebrates and humans.   

 

Whatever the relationship between invertebrate and vertebrate CTL complexity, the 

function of CTLs in pathogen recognition seems to be conserved.  Even in 

invertebrates there are examples of immune escape by pathogens using host CTLs.  

For instance, upon invasion of the mosquito’s midgut by Plasmodiums, host CTLs 

appear to help Plasmodium avoid melanization, a key step in the host immune defense 

(Christophides et al., 2004).  One study showed that the RNAi knockout of a single 

host CTL transcript resulted in the melanization (and death) of nearly all (97%) 

invading Plasmodium, compared to 0.1% melanization in control mosquitoes (Osta et 

al., 2004).  This suggests that the host CTL protects the pathogen from recognition by 

its own immune defenses.   
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D. Parallels between pathogenic and mutualistic associations 

Typically, phagocytosis of a smaller organism results in digestion or activation of an 

immune response by the larger organism.  However, in some pathogenic and in all 

mutualistic endosymbioses, the outcome is modified and the microbe survives.  

Eukaryotic parasites, such as the apicomplexans Plasmodium and Toxoplasma, are not 

only able to avoid elimination but actually utilize host cells for growth and replication.  

Mutualistic symbionts in the genus Symbiodinium are also able to avoid elimination, 

grow, and reproduce once inside the cnidarian host phagocyte.  Interestingly enough, 

the two groups, the dinoflagellates and the apicomplexan parasites, are sister taxa on 

the phylogenetic tree of life (Baldauf, 2003). 

 

For any horizontally transmitted association, one step in the recognition process 

occurs during the initial extracellular interaction via PRRs (such as TLRs, SRs, and/or 

lectins.  The final association (pathogenic, mutualistic, or death of the invader) 

depends on the organization and response of that interaction.  Whatever the 

association, there is growing evidence that inter-partner recognition and signaling 

mechanisms in mutualistic symbioses are similar to initial interactions between hosts 

and their parasitic microbes (Heddi et al., 2005; Hentschel et al., 2000; Nakabachi et 

al., 2005; Nyholm and McFall-Ngai, 2004).  For example, a study examining gene 

upregulation in a insect/bacteria endomutualism showed that the symbiont, which is 

phylogenetically linked to pathogenic bacteria, still expresses genes for cell invasion 

and mimics a pathogen-like mechanism to enter the host cells (Dale et al., 2002).  The 

host, in response, upregulates genes involved in innate immunity (Heddi et al., 2005).  

Aphid bacteriocytes, which harbor mutualistic bacteria, show increased transcription 

of “defense response” genes when compared to other cells in the aphid (Nakabachi et 

al., 2005).  These results are for associations where the host is interacting with the 

preferred, native symbiont.   
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Another study compared the fitness (defined as reproductive success) of a host 

nematode while in association with native symbionts, conspecific symbionts, or non-

native symbionts (Sicard et al., 2004).  A negative correlation was found between host 

fitness and symbiont phylogenetic distance.  Native symbionts were the most 

beneficial to the host, conspecifics were less beneficial but still able to contribute to 

host reproduction, and non-native symbionts either significantly reduced or eliminated 

host reproduction.  This suggests that some interactions between mutualistic partners 

are not entirely specific and may even become pathogenic, but the native symbiont is 

selected for because it results in the best host fitness.  In F. scutaria larvae, we also 

see a negative correlation between infection success and phylogenetic distance of the 

symbiotic algae (Figure 1.6).  Although we have no data for host fitness, it is safe to 

assume that, for obligate hosts like corals, an unsuccessful infection (e.g. inoculation 

of F. scutaria larvae with C31 algae) will result in death of the host prior to 

reproduction.   

 

There is also increasing evidence that the symbiotic host is influenced by external 

signals from the symbiont.  In the legume/Rhizobium symbiosis, exposure of plant 

roots to Rhizobium symbionts triggers a necrosis event prior to nodule colonization 

(Hentschel et al., 2000).  In the marine squid-Vibrio symbiosis, the bacteria are 

capable of inducing host cell apoptosis (Foster and McFall-Ngai, 1998).  Host 

apoptosis is common amongst microbial pathogens, but this was the first non-

pathogenic microbe shown to induce host cell apoptosis.  In conclusion, the road to a 

pathogenic or mutualistic association follows a similar path, and the final outcome 

may, depending on environmental conditions, lie somewhere in between. 

 

E. Role of C-type lectins in recognition during the onset of mutualistic associations 

For several well-studied mutualisms, lectin/glycan interactions have already been 

shown to function as an early recognition step that drives specificity between partners 

during the onset of symbiosis.  In the legume/Rhizobium symbiosis, host lectins bind 
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symbiont exopolysaccharides that are specific to the rhizobial strain (D'Haeze and 

Holsters, 2002; Oldroyd, 2001; van Rhijn et al., 2001).  Host lectin specificity for 

rhizobial exopolysaccharides is modular, as transgenic host plants can be infected by 

non-native Rhizobium that produce exopolysaccharides specific to the introduced 

lectin (D'Haeze and Holsters, 2002).  During initial contact in the squid/Vibrio 

symbiosis, the opposite arrangement occurs.  The host produces a mucus-matrix 

containing Man glycans that are bound by lectins from the symbiont (McFall-Ngai et 

al., 1998).  The host mucus is specific to Gram-negative bacteria, and only V. fischeri 

is able to move past the matrix to the site of symbiosis (Nyholm et al., 2000).  The use 

of lectin/glycan interactions for recognition in many pathogenic and mutualistic 

associations suggest that these interactions are a common mechanism of recognition 

that may function in other horizontally transmitted partnerships. 

 

In cnidarian/algal symbioses, lectin/glycan interactions have been proposed as an 

inter-partner signaling mechanism during the onset of symbiosis. The interactions 

were first suggested 30 years ago in the Hydra viridis/chlorophyte symbiosis (e.g. 

Meints and Pardy, 1980) and more recently in anthozoan/Symbiodinium associations 

(Jimbo et al., 2000; Lin et al., 2000; Wood-Charlson et al., 2006).  For example, 

repopulation of bleached adult anemones with Symbiodinium can be inhibited in the 

presence of the α-Man/α-Glc-binding lectin Concanavalin A (ConA) or if symbionts 

have been treated with enzymes that alter the algal cell surface (Lin et al., 2000; 

Reisser et al., 1982).  In addition, there is biochemical and molecular evidence for the 

presence of glycoproteins on the cell surface of Symbiodinium (Jimbo et al., 2000; 

Markell et al., 1992) as well as for lectins in several soft coral species (Fenton-

Navarro et al., 2003; Jimbo et al., 2005; Koike et al., 2004), and both components are 

hypothesized to act in inter-partner signaling.  To date, all of the studies examining 

lectin/glycan interactions have been performed on the adult life history stage of the 

host.  There have been no examinations of larval or juvenile stages where onset of 

symbiosis is likely to occur most often in nature. 
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Summary 

This study focused on lectin/glycan interactions cnidarians by examining: a) whether 

lectin/glycan interactions play a role in inter-partner recognition and specificity during 

the onset of symbiosis in the planula larva of the stony coral Fungia scutaria and its 

dinoflagellate symbiont Symbiodinium C 1f (Chapter 2), b) the diversity of glycan 

profiles on the cell surface of closely-related Symbiodinium symbionts as a functional 

expression of genetic diversity and a possible mechanism to identify the symbiont to a 

potential host (Chapter 3), and c) the complexity of C-type lectins in a cnidarian 

genome, Nematostella vectensis (Chapter 4).  I conclude this work (Chapter 5) with a 

discussion that puts Chapters 2-4 in a broader context relating to climate change and 

coral bleaching, and I present some ideas for further experiments that will continue to 

explore the role of lectin/glycan interactions in cnidarian/dinoflagellate mutualisms.  
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Figures and Tables 

 
Figure 1.1. Schematic of the two body forms found in cnidarians.  Notice the two 
body forms are basically inverted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2.  Diagram of a tentacle from a symbiotic cnidarian.  The outer epidermis 
lines the tentacle.  The inner gastrodermis lines the gastrovascular cavity and houses 
the symbiotic algae. 
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Figure 1.3.  Fungia scutaria as a model system to study coral larvae. A) Adult F. 
scutaria occur as single polyps on the ocean floor. B) Adults can be collected and 
maintained in running sea water tables year round. C) Adults spawn on a predictable 
schedule of 1-2 days after the full moon in the summer months. This individual is 
spawning eggs.  D) Eggs and sperm are fertilized artificially and kept in plastic bowls.  
They are cleaned daily with 0.22-0.45µm filtered seawater to maintain a 
dinoflagellate-free environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4.  Symbiont acquisition by Fungia scutaria larvae.  Once larvae have 
formed mouths, they are capable of establishing a symbiosis with dinoflagellate algae.  
A) Larvae release a mucus string from their mouth (m) that adheres to algae (a) 
(Schwarz et al., 1999).  B) Once inside the larvae, algae are visible by confocal 
microscopy.  ep: epidermis, gd: gastrodermis; blue: host nuclei, green: host cell 
membranes, red: algae. 
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Figure 1.5.  Phylogenetic network tree of Symbiodinium clade C (modified from 
Rodriguez-Lanetty et al., 2004).  All subclades (circled with an arrow) have been 
isolated from host corals and used previously to infect Fungia scutaria larvae.  
Abbreviations: F. scutaria, Fungia scutaria; P. damicornia, Pocillopora damicornis, 
P. compressa, Porites compressa; and M. capitata, Montipora capitata. 
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Figure 1.6.  Infection success in Fungia scutaria larvae by different strains of 
Symbiodinium as measured by proportions of larval population infected and by algal 
density in larvae.  These data were extracted from several studies (Rodriguez-Lanetty 
et al., 2004; Rodriguez-Lanetty et al., 2006b; Weis et al., 2001).  C1f(F) algae were 
isolated from Fungia scutaria, C1f(L) from Leptastrea spp., C1 from Cyphastrea spp., 
C1d from Pocillopora damicornis, C15 from Porites compressa, and C31 from 
Montipora capitata.  This figure was provided courtesy of  V.M. Weis. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7.  Diagram of common carbohydrate structures that are recognized by 
CRDs from CTLs.  The triplet motif Glu-Pro-Asn (EPN) recognizes equatorial 3- and 
4-OH groups on D-mannose and D-glucose, and Gln-Pro-Asp (QPD) recognizes 
equatorial 3-OH and axial 4-OH groups on galactose (circled). 
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Initiation of Coral/Algal Symbioses: The Role of Cell Surface Lectin/Glycan 
Interactions in Recognition and Specificity 

 

 

 

 

 

Chapter 2:  Lectin/glycan interactions play a role in recognition in a 
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Abstract 

Recognition is an important stage in the establishment of highly specific mutualistic 

associations.  Yet, for the majority of symbioses, very few of the mechanisms 

involved in recognition and specificity are known.  In this study, we provide evidence 

for a recognition mechanism at the onset of symbiosis between larvae of the coral 

Fungia scutaria and their endosymbiotic dinoflagellate algae.  This recognition step 

occurs during initial cellular contact between the symbiotic partners through a 

lectin/glycan interaction.  We determined that an intact algal cell surface was required 

for successful infection of F. scutaria larvae.  Modification of the algal cell surface by 

enzymatic digestion with trypsin or N-glycosidase significantly reduced infection 

success, and implicated algal cell surface glycans in recognition.  Using flow 

cytometry, α-mannose/α-glucose and α-galactose residues were identified as potential 

recognition ligands on the algal cell surface.  Finally, inhibition of these cell surface 

glycans significantly reduced infection of F. scutaria larvae by the algae.  These data 

provide evidence that the algal cell surface contains glycan ligands, such as α-

mannose/α-glucose and α-galactose, which play a role in recognition during initial 

contact at the onset of symbiosis with F. scutaria larvae.   

 

Introduction  

Mutualistic endosymbioses are found throughout every ecosystem and are a driving 

force in evolution.  These relationships begin with a stage where the larger host must 

acquire its smaller symbiont.  Symbionts can be transmitted vertically when passed 

directly from host parent to offspring, or horizontally when symbionts are acquired 

from the surrounding environment.  In many cases, despite the presence of a broad 

range of partners from which to choose, horizontally transmitted associations are 

highly specific.  In several well-studied symbioses, such as squid/luminous bacteria 

and legume/nitrogen-fixing bacteria mutualisms, the onset of symbiosis has been 

shown to include a complex series of steps.  These steps have been recently referred to 

by Nyholm and McFall-Ngai (2004) as “the winnowing,” and range from molecular 
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signaling involved in inter-partner recognition to inter-microbe ecological interactions, 

all of which are necessary to establish a successful, specific symbiosis (e.g. Nyholm 

and McFall-Ngai, 2004; Somers et al., 2004).  There is growing evidence, from 

genomic as well as cellular studies, that inter-partner signaling and recognition 

mechanisms during the onset of mutualistic symbioses are similar to initial 

interactions between animal or plant hosts and their parasitic microbes (Heddi et al., 

2005; Nakabachi et al., 2005; Nyholm and McFall-Ngai, 2004).   

 

Among the best studied mechanisms involved in inter-partner recognition are 

lectin/glycan interactions (Kilpatrick, 2002).  Some lectins function extracellularly, 

where they specifically and reversibly bind glycans on the surface of other cells or free 

in solution.  In parasitic interactions, binding of microbial glycans by host lectins can 

initiate a host innate immune response that leads to the destruction of the microbe (for 

review see Fujita et al., 2004; Stafford et al., 2002).  In some mutualistic 

endosymbioses, these lectin/glycan interactions are an early recognition step in the 

winnowing process that drives specificity between partners during onset of symbiosis.  

This is the case in the well-studied leguminous plant/nitrogen-fixing Rhizobium 

symbiosis, where host lectins bind symbiont exopolysaccharides that are specific to 

the rhizobial strain (D'Haeze and Holsters, 2002; Oldroyd, 2001; van Rhijn et al., 

2001).  Host lectin specificity for rhizobial exopolysaccharides is modular, as 

transgenic host plants can be infected by non-native Rhizobium producing 

exopolysaccharides specific to the introduced lectin (for review see D'Haeze and 

Holsters, 2002).  During initial contact in the squid/luminous Vibrio fischeri 

symbiosis, the opposite arrangement occurs.  The host produces a mucus-matrix 

containing mannose glycans that are bound by lectins from the symbiont (McFall-Ngai 

et al., 1998).  The host mucus is specific to Gram-negative bacteria, and only V. 

fischeri is able move past the matrix to the next winnowing step (Nyholm et al., 2000).  

The use of lectin/glycan interactions for recognition in two very diverse symbioses 

suggests that these interactions may be a common mechanism of recognition in other 
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horizontally-transmitted partnerships.  

 

Mutualistic endosymbioses between cnidarians, such as corals, and unicellular 

dinoflagellates in the genus Symbiodinium are prevalent in the marine environment 

and form the trophic and structural foundation of coral reef ecosystems.  The 

photosynthetic algae contribute significantly to host nutrition through the translocation 

of reduced organic carbon, and in return, the algae receive high concentrations of 

inorganic nitrogen and carbon, a high light environment, and refuge from herbivory 

(Falkowski et al., 1984; Muscatine and Weis, 1992).  Coral reefs are in global decline 

due in large part to the phenomenon of coral bleaching (Brown, 1997; Hoegh-

Guldberg, 1999; Wilkinson et al., 1999).  Bleaching is characterized by the loss of 

dinoflagellate symbionts from coral tissues and is primarily caused by elevated 

temperatures (Brown, 1997; Glynn, 1993).  Due to the highly obligate nature of the 

symbiosis, bleached corals begin to die within a few weeks (for discussion see Hoegh-

Guldberg, 1999).   

 

The vast majority of coral/dinoflagellate partnerships are horizontally transmitted 

(Fadlallah, 1983) and highly specific (Baker, 2003; LaJeunesse, 2002; LaJeunesse et 

al., 2004).  Each exclusive partnership develops from a broad array of potential 

partners.  The eukaryotic dinoflagellate genus Symbiodinium is highly diverse (Baker, 

2003; LaJeunesse, 2002; Rodriguez-Lanetty and Hoegh-Guldberg, 2003) and can be 

found in symbiosis with thousands of cnidarian species.  Presently, the genus is 

classified into seven phylotypes (Clade A-G), with each clade having multiple 

subclades (for details see LaJeunesse, 2001; Rodriguez-Lanetty, 2003).  Cnidarians 

typically acquire their algal symbionts by phagocytosis, and harbor the symbionts in 

vacuoles within host nutritive phagocytes (Colley and Trench, 1983; Muscatine et al., 

1975; Schoenberg and Trench, 1980).  Once inside the phagocyte, instead of being 

digested, the symbionts persist.  The onset of symbiosis in cnidarian/algal symbioses 

has been studied in a broad range of partnerships (for literature review, see Rodriguez-
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Lanetty et al., 2006).  There has been a recent return to the examination of 

mechanisms of recognition and specificity after a 25 year cessation of study in this 

area.  From these new and old studies, a picture is beginning to emerge of a 

winnowing process analogous to that in well-described model symbioses; however, 

details of the molecular and cellular interactions between the partners are just 

beginning to be discovered. 

 

Lectin/glycan interactions have been implicated as an inter-partner signaling 

mechanism during onset of symbiosis in cnidarian/algal symbioses.  The interactions 

were first suggested 30 years ago in the Hydra viridis/chlorophyte symbiosis (e.g. 

Meints and Pardy, 1980) and more recently in anthozoan/Symbiodinium associations 

(Jimbo et al., 2000; Lin et al., 2000).  Repopulation of bleached adult anemones by 

Symbiodinium can be inhibited in the presence of the α-mannose/α-glucose-binding 

lectin Concanavalin A (ConA) or when symbionts have been treated with enzymes 

that alter the algal cell surface (Lin et al., 2000; Reisser et al., 1982).  In addition, 

there is biochemical and molecular evidence for the presence of glycoproteins on the 

cell surface of Symbiodinium (Jimbo et al., 2000; Markell et al., 1992) as well as for 

lectins in several soft coral species (Fenton-Navarro et al., 2003; Jimbo et al., 2005; 

Koike et al., 2004), and both components are hypothesized to act in inter-partner 

signaling.   

 

To date, all of the studies examining lectin/glycan interactions have been performed 

on the adult life history stage of the host.  There have been no examinations of larval 

or juvenile stages where onset of symbiosis is likely to occur most often in nature.  We 

have been studying the onset of symbiosis in the planula larva of the scleractinian 

coral Fungia scutaria and its dinoflagellate symbiont Symbiodinium C1f (Clade C, 

subclade 1f).  This association is an excellent model for studying the onset of 

symbiosis due to the predictable availability of larvae, the ability to establish the 

symbiosis experimentally in the laboratory, and the ability to track infection success 
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with time.  Previous work has demonstrated that larvae acquire symbionts during 

feeding.  Algae are phagocytosed by host gastrodermal cells and persist within host 

vacuoles inside these cells (Schwarz et al., 1999).  Other studies have shown that this 

process is specific.  For example, when larvae are challenged with closely-related 

(Clade C), heterologous Symbiodinium isolated from other host corals, the symbiosis 

is less robust than that between F. scutaria and its homologous Symbiodinium C1f 

(Rodriguez-Lanetty et al., 2004; Rodriguez-Lanetty et al., 2006; Weis et al., 2001).  

Differences in infection success can be seen within 24 hours of inoculation; C1f 

symbionts are significantly more successful at infecting F. scutaria larvae than any 

heterologous symbiont tested.  Finally, studies on the temporal dynamics of infection 

by homologous and heterologous symbionts suggest that both pre- and post-

phagocytic mechanisms are at play during the recognition process driving 

host/symbiont specificity (Rodriguez-Lanetty et al., 2006).  Within one hour of 

inoculation, C1f symbionts were present in greater numbers than heterologous 

symbionts, which suggests the existence of a pre-phagocytic winnowing mechanism.  

Further, by 24 hours, the few heterologous symbionts that were able to infect were no 

longer present.  This indicates that a stable symbiosis must also satisfy a post-

phagocytic winnowing mechanism.  However, the cellular mechanisms responsible for 

this specificity remain unknown.  

 

In this study, we extend our work on the symbiosis between F. scutaria larvae and 

Symbiodinium C1f to examine the role of the symbiont cell surface in recognition 

during the onset of symbiosis.  First, we determined if recognition occurs via the C1f 

symbiont cell surface, second, if the symbiont cell surface contains glycans, and third, 

if the glycans play a role in infection success.  Our results implicate lectin/glycan 

interactions as a pre-phagocytic mechanism in the winnowing process leading to stable 

and specific cnidarian host/dinoflagellate symbiont partnerships. 
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Materials and Methods 

Collection and maintenance of coral larvae 

Adult Fungia scutaria corals were collected from several patch reefs in Kaneohe Bay 

during July 2005 and maintained in seawater tables at the Hawai’i Institute of Marine 

Biology, University of Hawai’i’s marine laboratory.  The corals spawn gametes 

lacking symbionts (aposymbiotic) between 17:00-19:00 h, 2-4 d after the full moon 

during the summer (Krupp, 1983).  Collection and fertilization was performed as 

previously described (Rodriguez-Lanetty et al., 2004).  Aposymbiotic larvae were 

reared in ~1 L of 0.22 µm filter-sterilized seawater (FSW) until formation of a mouth 

(~3 days).   

 

Preparation of algal symbionts 

Since F. scutaria symbionts have not been successfully cultured, the algae must be 

extracted from adults (Schwarz et al., 1999).  Briefly, coral tissue containing C1f 

symbionts was removed from the skeleton of adult F. scutaria using an oral hygiene 

device (Water Pik).  The mixture of host tissue and algae was further separated by 

homogenization with a glass tissue homogenizer and centrifugation at 2000 x g.  

Homogenization of the algal pellet in FSW was repeated several times to clean the 

algae of most host tissue.  Cleaned algae were used within 2 h of preparation. 

 

Surface modification:  Prior to inoculation of F. scutaria larvae with isolated algae, the 

algal cell surface was modified using methods similar to Lin et al. (2000).  Algae 

(~105 cells mL-1) were incubated in 6 µg mL-1 trypsin, 1 U mL-1 N-glycosidase, or 3 

mg mL-1 α-amylase (Sigma) in the dark at 25°C for 2 h, mixing gently every 20 min.  

Algae were rinsed and re-suspended in FSW prior to inoculation of larvae.    

 

Glycan characterization:  FITC-lectins with known glycan specificity were used to 

label C1f algal cell surface residues (Table 2.1).  Extracted algae (~105 cells mL-1) 

were mixed with FITC-lectins (final concentration 100 µg mL-1) or an equal volume of 
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FSW as a control.  Samples were incubated in the dark at 25°C for 30 min, with gentle 

mixing every 10 min.  To test the specificity of ConA, which has been previously 

shown to label dinoflagellate cell surfaces (Costas and Rodas, 1994), an inhibitory 

glycan, α-methyl-D-mannopyranoside (1 M, α-D-Man, Calbiochem), was pre-

incubated with FITC-ConA (1 mg mL-1) for 30 min (Elloway et al., 2004).  Algae 

were subsequently added, and the samples were treated as above.  After incubation, 

algae were rinsed with FSW and either visualized with a Zeiss 510 Meta laser 

scanning confocal microscope, or fixed in 3% paraformaldehyde in phosphate 

buffered saline (PBS: 2 mM NaH2PO4, 7.7 mM Na2HPO4, 0.14 M NaCl, pH 7.0-7.5) 

for flow cytometry.  Fixed algal samples were rinsed with 1X PBS and resuspended to 

a final algal concentration of 5x105 cells mL-1.  

 

FITC-lectin labeling was quantified using a Beckman Coulter FC500 benchtop flow 

cytometer (Fullerton, CA) equipped with two lasers (488 nm, 635 nm).  After 

calibrating with standard Brite Beads (Coulter, Fullerton, CA), fluorescence emissions 

were collected on a log scale for both FITC-lectin fluorescence (~530 nm) and 

chlorophyll autofluorescence (>650 nm).  Samples were filtered through a 40 µm 

mesh to remove clumps, vortex-mixed before applying to the flow cytometer and 

10,000 algal cells were measured for each sample.  Dot-plots were used to display the 

percent of cells with fluorescence in region D1, which represents positive chlorophyll 

autofluorescence only, and region D2, which represents both positive chlorophyll 

autofluorescence and positive FITC fluorescence (Figure 2.2). 

 

Glycan inhibition:  Prior to inoculation of F. scutaria larvae with isolated algae, the 

algae were incubated with FITC-labeled ConA, ConA + α-D-Man, and Jac lectins as 

described above.  Larvae were also incubated under the same conditions with ConA 

and Jac to examine the effects of lectins on the host.  Both algae and larvae were 

rinsed and re-suspended in FSW prior to inoculation.    
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Infection of larvae with algal symbionts 

All infections were performed in 6-well culture dishes that were partially submerged 

in running seawater to maintain ambient temperature.  To each well, 4 mL FSW, 5 mL 

of concentrated larvae, and 1 mL of algae were added (n = 4 per treatment).  The algae 

were pre-mixed with homogenized Artemia sp. to stimulate a feeding response in the 

larvae (Schwarz et al., 1999).  Control infections were performed with algae in FSW 

only.  After three hours, the larvae were washed to remove any remaining algae.  The 

larvae were concentrated onto a 50 µm mesh filter, rinsed with FSW, and placed into 

clean dishes (time = 0).  Samples were collected for each treatment at 5, 12, and 24 h 

using 1 mL plastic pipettes, and placed into 1.5 mL microfuge tubes.  Larvae were 

gently pelleted by spinning for 1 min at 1,000 x g, FSW supernatant was removed, and 

larvae were fixed in 3% paraformaldehyde in PBS.   

 

To quantify infection success, larvae were rinsed in 1X PBS and visualized with a 

compound microscope.  For each treatment replicate (n [wells] = 4), infection success 

was determined as percent of larvae infected (n = 100) and average density of algae in 

larvae (n = 100).   

 

Data analysis 

A two-way analysis of variance was performed to detect differences in 1) infection 

success between the control and treated algae (either cell surface modification or 

glycan inhibition) and 2) between the 5, 12, and 24 h collection times.  Multiple 

comparisons between treatments were performed using the Tukey-Kramer method.  

Algal density data were log-transformed for cell surface modification treatments, and 

log-log-transformed for glycan inhibition treatments.  All analyses were performed 

using S-PLUS 7.0. 
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Results 

Surface modification: symbiont cell surface is involved in inter-partner recognition 

To test if the C1f symbiont cell surface plays a role in the coral/algal recognition 

process, infection success was measured for F. scutaria larvae challenged with algae 

whose cell surface had been modified by enzymatic digestion with trypsin, α-amylase, 

or N-glycosidase.  Trypsin hydrolyses any exposed peptide bond on the carboxyl side 

of arginine and lysine residues, N-glycosidase cleaves asparagine-bound (N-linked) 

glycans, and α-amylase hydrolyses α-(1,4) glycan linkages in starch chains.  Infection 

success at 5, 12, and 24 h was measured in two ways: a) percent of larvae infected by 

symbionts (n = 100), and b) the density of algae in infected larvae (n = 100).  Infection 

success was significantly different between enzyme treatments for both percent of 

larvae infected and density of algae in larvae (p ≤ 0.001), but not significantly 

different with time (p > 0.05), so the temporal data were combined for further 

analysis.  Symbionts treated with trypsin were only able to infect 36.6 ± 6.8% of 

larvae (Figure 2.1A), with an average density of 2.43 ± 0.6 algae (Figure 2.1B).  When 

compared to control infections (64.2 ± 6.9% of larvae infected, 4.5 ± 0.7 algae/larva), 

the treatment of algae with trypsin resulted in a ~28% decrease in percent of larvae 

infected (p ≤ 0.001).  The N-glycosidase treatment also significantly reduced infection 

success (51.7 ± 9.5% of larvae infected, 3.0 ± 0.8 algae/larva).  However, N-

glycosidase treated algae had better percent of infection results than trypsin-treated 

algae (p ≤ 0.001), but algal densities were similar for the two enzyme treatments.  

Infection success by symbionts treated with α-amylase (66.6 ± 6.5% of larvae 

infected, 5.2 ± 1.3 algae/larva) were similar to control infections (p > 0.05).  These 

results suggest that an intact symbiont cell surface is important in a host/symbiont 

recognition process between C1f symbionts and F. scutaria larvae.   

 

Glycan characterization: symbiont cell surface contains α-Man/α-Glc and α-Gal  

To identify possible glycan ligands on the symbiont cell surface, we incubated C1f 

algae with 8 FITC-lectins that have known glycan specificity (Table 2.1).  Using 
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confocal microscopy, qualitative FITC-labeling of the algal cell surface was detected 

for Concanavalin A (ConA), which is specific for α-mannose (α-Man) and α-glucose 

(α-Glc), and Jacalin (Jac), which is specific for α-galactose (α-Gal) (data not shown).  

None of the other FITC-lectins showed obvious labeling.  Quantitative FITC-labeling 

was measured using flow cytometry.  Algal cells were identified by their chlorophyll 

autofluorescence (>650 nm), and then plotted against FITC fluorescence at 530 nm to 

identify FITC-lectin labeling on the algal cell surface (Figure 2.2).  Control, unlabeled 

algae showed no fluorescence at 530 nm, with 96% of 10,000 algal cells falling in the 

upper-left region of the plot (region D1, Figure 2.2A).  When FITC-ConA was added 

to the algae, FITC fluorescence was detected for 67% of FITC-ConA-labeled cells 

(region D2, Figure 2.2B) compared to 0.67% of control, unlabeled cells (region D2, 

Figure 2.2A).  To test for ConA specificity, FITC-ConA was incubated with an 

inhibitory glycan, α-methyl-D-mannopyranoside (α-D-Man) prior to addition of C1f 

algae.  The inhibitory glycan decreased FITC-ConA labeling on 38% of cells 

suggesting that α-D-Man specifically inhibited FITC-ConA binding to the C1f algal 

cell surface (Figure 2.2C).  When FITC-Jac was added to algal cells, FITC-

fluorescence increased from 0.67% of control cells to 22% of FITC-Jac-labeled cells 

(region D2, Figure 2.2D).  However, this increase was less dramatic than FITC-ConA.  

None of the other FITC-lectins had detectable labeling.  These results suggest that the 

C1f algal cell surface contains α-Man/α-Glc and α-Gal residues that are recognized 

and bound by ConA and Jac, respectively. 

 

Glycan inhibition: symbionts require cell surface glycans for successful infection of 

coral larvae 

To test if the symbiont cell surface glycans play a role in the coral/algal recognition 

process, infection success was measured in F. scutaria larvae challenged with algae 

that were pre-incubated with FITC-labeled ConA, ConA + α-D-Man, and Jac.  We 

hypothesized that if lectin/ glycan interactions were playing a role in recognition, then 

blocking C1f algal surface glycans with specific lectins would decrease infection 
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success.  Infection success at 5, 12, and 24 h was measured as before by percent of 

larvae infected and algal density in larvae.  Infection success was significantly 

different between lectin treatments for both percent of larvae infected and density of 

algae in larvae (p ≤ 0.001), but not significantly different with time (p > 0.05), so the 

temporal data were combined for further analysis.  Symbionts incubated with ConA 

were only able to infect 36.2 ± 6.2% of larvae (Figure 2.3A), with an average density 

of 2.0 ± 0.2 algae (Figure 2.3B).  This was ~28% decrease in infection success from 

untreated, control algae, which had 64.2 ± 6.7% of larvae infected and 4.5 ± 0.7 

algae/larva (p ≤ 0.001).  If ConA inhibits specific algal glycans, as seen in the flow 

cytometry experiment, then addition of α-D-Man to ConA prior to incubation with 

symbionts should decrease the effect of ConA on infection success.  We observed that 

infection success for algae incubated with ConA + α-D-Man was ~11% greater than 

for algae incubated with ConA alone (p ≤ 0.001).  C1f symbionts incubated with Jac 

also showed reduced infection success, with 49.0 ± 7.9% of larvae infected and 2.5 ± 

0.3 algae/larva (p ≤ 0.001).  To control for effects of lectins on the host, larvae were 

pre-incubated with either ConA or Jac and inoculated with untreated algae.  The 

lectin-treated larvae had algal densities that were similar to controls (p > 0.05), and the 

percent of larvae infected actually increased to 78.0 ± 3.8% for ConA and 72.9 ± 6.2% 

for Jac (p ≤ 0.001) (Figure 2.3A).  These results suggest that algal glycan residues, as 

detected by ConA (α-Man/α-Glc) and Jacalin (α-Gal), play a role in the winnowing 

process during the onset of symbiosis with F. scutaria larvae. 

 

Discussion 

The results of this study provide evidence for the importance of an intact 

Symbiodinium C1f cell surface in inter-partner recognition with F. scutaria larvae.  

The algal cell surface contains α-Man/α-Glc and α-Gal residues, which play a role in 

recognition during the onset of symbiosis. 
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Surface modification:  Modification of the C1f symbiont cell surface with trypsin or 

N-glycosidase resulted in decreased infection success, although N-glycosidase had a 

less severe effect than trypsin (Figure 2.1).  N-glycosidase cleaves N-linked 

glycoproteins, suggesting that these ligands were participating in, but not solely 

responsible for, recognition.  In contrast, α-amylase had no effect on infection success, 

suggesting that starch residues were not involved in recognition.  These results were 

largely consistent with a similar study in Aiptasia pulchella, an anemone that is also 

symbiotic with Symbiodinium, where adults were re-infected with algae that had been 

treated with trypsin, N-glycosidase, or α-amylase (Lin et al., 2000).  For algae treated 

with trypsin or N-glycosidase, the researchers also report a decrease in re-infection 

rates.  However, unlike our study, they observed a decrease in re-infection rates for 

algae treated with α-amylase.  There are two major differences between the A. 

pulchella study and our study.  First, the results from A. pulchella were quantified 1-3 

d post-infection.  Our results were quantified between 5 and 24 hours post-infection, 

and more accurately address the effect of cell surface modifications on recognition 

during the onset of symbiosis.  In addition, the researchers re-infected adult anemones 

that had been environmentally stressed to remove previously established algal 

symbionts.  Our study used F. scutaria larvae that were naïve to symbiosis, which 

reflects the host condition prior to horizontal transmission.   

 

The onset of symbiosis between C1f algae and F. scutaria larvae requires an intact 

symbiont cell surface, suggesting that one or more mechanisms of recognition are 

acting at the algal cell surface.  However, even after the algal cell surface was digested 

with trypsin, a few symbionts were able to infect.  One possible explanation is that the 

algae were able regenerate their cell surface ligands prior to inoculation.  In other 

dinoflagellate species, rapid turnover of cell surface components, such as glycans 

residues, has been observed throughout the cell cycle (Aguilera and Gonzalez-Gil, 

2001).  It is also possible that the enzyme modifications were incomplete and the 

remaining surface ligands allowed the algae to achieve low levels of infection success. 
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Glycan characterization:  Characterization of glycans on the C1f symbiont cell surface 

with FITC-lectins identified α-Man/α-Glc and α-Gal residues (Table 2.1, Figure 2.2).  

Specificity of FITC-ConA was examined by adding the competitive hapten α-D-Man.  

The observed decrease in FITC-fluorescence suggests that α-D-Man specifically 

inhibits ConA binding to the algal cell surface.  Although, FITC-fluorescence was not 

eliminated, possibly because the lectin/glycan interaction is reversible, fluorescence 

was significantly reduced.  Cell surface labeling of α-Gal by FITC-Jac was not as 

strong as the labeling of α-Man/α-Glc by FITC-ConA.  Jac may have a low affinity for 

the specific α-Gal ligand on the C1f cell surface, or α-Gal may be less abundant than 

α-Man/α-Glc. 

 

FITC-lectins have been used to create cell surface glycan profiles for many 

dinoflagellates (Costas et al., 1993; Costas and Rodas, 1994).  Dinoflagellates 

routinely label with ConA, but labeling by other lectins is variable between species.  

This implies that dinoflagellates may have a glycan profile that is common to all 

dinoflagellates and a profile that is unique to each species.  For Symbiodinium, there is 

only patchy information about cell surface glycans.  For instance, cell wall extracts 

from four symbiont strains, which had been in culture for several years, showed 

differential glycoprotein patterns, but the glycan residues were not identified (Markell 

et al., 1992).  Cell wall extracts from symbionts isolated from A. pulchella were 

shown to contain Man-Man and Gal-β(1,4)-N-acetylglucosamine terminal glycan 

residues (Lin et al., 2000).  A more comprehensive study of cell surface glycans from 

Symbiodinium is underway to determine if surface glycans profiles match host 

specificity and/or agree with the current Symbiodinium phylogenetic classification.   

 

Glycan Inhibition:  Inhibition of C1f symbiont cell surface glycans by FITC-ConA or 

FITC-Jac resulted in decreased infection success of F. scutaria larvae (Figure 2.3).  

However, symbionts incubated with Jac, or ConA and the specific inhibitor α-D-Man, 

had a less severe effect than ConA alone.  This suggests that, with the inhibitor 
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present, ConA was unable to bind all α-Man/α-Glc residues on the C1f algal cell 

surface.  Therefore, algal ligands were available for recognition, which resulted in 

improved infection success.  If Jac has a low affinity for the C1f symbiont’s α-Gal 

ligands, it also would have been unable to bind all cell surface glycans, which would 

explain the reduced effect of Jac on infection success.  Pre-incubation of the larvae 

with ConA or Jac had no detrimental effect on infection success.  This indicates that 

the presence of lectins did not compromise the host, and the observed decrease in 

infection success was the result of inhibiting algal cell surface glycans.   

 

Other studies have also demonstrated that infection success can be decreased by 

inhibiting algal cell surface glycans with lectins.  In adult A. pulchella, incubation of 

Symbiodinium with ConA, Limulus polyphemus agglutinin (LPA), Phaseolus vulgaris 

erythroagglutinin (PHA-E), or wheat germ agglutinin (WGA) significantly reduced re-

infection success (Lin et al., 2000).  In H. viridis, ConA completely inhibited re-

infection by Chlorella spp., while WGA, ricin and Lens culinaris lectins inhibited but 

not as strongly (Meints and Pardy, 1980).  Finally, in Paramecium bursaria, ConA 

and Ricinus communis lectin prevented uptake of Chlorella spp. (Reisser et al., 1982).  

In addition to cells surface glycans, Symbiodinium has been shown to exude water-

soluble glycoconjugates, which may also play a role in recognition (Markell and 

Trench, 1993). 

  

As with all glycan inhibition studies using lectins, it can be argued that lectin binding 

non-specifically inhibits recognition by obstructing contact between the algal cell 

surface and the host phagocyte.  This was suggested by Meints and Pardy (1980), but 

has not been directly examined.  However, in other symbioses, lectins are known to 

provide specificity in cell-cell recognition.  In the legume/Rhizobium symbiosis, 

transgenic White Clover expressing a pea seed lectin gene were nodulated by a pea-

specific Rhizobium strain (Diaz et al., 1989).  Similarly, transgenic Lotus corniculatus 

expressing a soybean lectin gene were nodulated by a soybean-specific strain (van 
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Rhijn et al., 1998).  In both cases, mutagenesis of the glycan-binding site confirmed 

that the lectin/glycan interaction was necessary for recognition of the heterologous 

Rhizobium (van Eijsden et al., 1995; van Rhijn et al., 1998).   

 

The data presented here demonstrate the involvement of the symbiont cell surface in 

inter-partner recognition during the onset of symbiosis between F. scutaria larvae and 

Symbiodinium C1f algae.  This study illustrates another example of a horizontally 

transmitted endosymbiosis that utilize lectin-glycan interactions in the winnowing 

process during the establishment of a stable and specific symbiosis.  In addition, this is 

the first study to examine recognition during the larval stage of cnidarians, where the 

onset of symbiosis most likely occurs. 
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Figures and Tables 

 
Figure 2.1.  Effect of symbiont cell surface modification on infection success in 
Fungia scutaria larvae.  Prior to infection, the algal cell surface was modified with 
trypsin (cleaves at Arg and Lys), N-glycosidase (cleaves N-linked glycoproteins), or 
α-amylase (cleaves starch residues).  (A) Percent of larvae infected, (B) Algal density 
in larvae.  Bars represent means ± SD (n [wells] = 12, except N-glycosidase n [wells] 
= 9).  Different letters over bars indicate significant differences between treatments (p 
≤ 0.001). 
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Figure 2.2.  Characterization of C1f cell 
surface glycans labeled with FITC-lectins 
and detected by flow cytometry.  FITC-lectin 
fluorescence (green) and chlorophyll 
autofluorescence (red) were quantified as 
percent of 10,000 cells in regions D1 and D2.  
D1 represents chlorophyll autofluorescence 
alone, and D2 represents both chlorophyll 
and FITC fluorescence.  (A) Control, 
unlabeled algae, (B) ConA, (C) ConA + α-D-
Man, (D) Jac. 
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Figure 2.3.  Effect of inhibiting algal glycans by FITC-lectins on infection success in 
Fungia scutaria larvae.  Prior to infection, algae and larvae were incubated with ConA 
(binds α-Man/α-Glc), ConA + α-D-Man, or Jac (binds α-Gal).  (A) Percent of larvae 
infected, (B) Algal density in larvae.  Bars represent means ± SD (n [wells] = 12, 
except ConA n [wells] = 8).  Different letters over bars indicate significant differences 
between treatments (p ≤ 0.001). 
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Table 2.1. FITC-lectins added to Symbiodinium C1f algae to test for the presence of 
glycans on the algal cell surface.  FITC-labeling was determined by confocal 
microscopy and flow cytometry. 

Lectin source Abbreviationa Glycan Specificityb FITC-labeling 
Arachis hypogaea 

Peanut PNA° β-Gal 
Gal-β(1,3)GalNAc – 

Artocarpus integrifolia 
Jackfruit Jac* α-Gal 

Gal-β(1,3)GalNAc + 

Canavalia ensiformis 
Jack bean ConA* α-Man, α-Glc 

α-GlcNAc + 

Dolichos biflorus 
Horse gram DBA° α-GalNAc 

GalNAc-α(1,3)GalNAc – 

Glycine max 
Soybean SBA* α/β-GalNAc 

α/β-Gal – 

Maackia amurensis 
Maackia seeds MAA* Sialic acid – 

Triticum vulgare 
Wheat germ WGA° (GlcNAc)2-3 

Sialic acid – 

Ulex europaeus 
Gorse, Furze UEA-I° α-L-Fuc – 

a Lectins were obtained from °Sigma-Aldrich, *EY laboratories. 
b Glc, glucose; GlcNAc, N-acetyl glucosamine; Gal, galactose; GalNAc, N-acetyl 
galactosamine; Man, mannose; Fuc, fucose 
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Initiation of Coral/Algal Symbioses: The Role of Cell Surface Lectin/Glycan 
Interactions in Recognition and Specificity 
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Abstract 

Unique cell surface glycans profiles have been used to characterize marine organisms, 

mostly focusing on identifying important players in red tides, algal blooms, and 

biofilms.  Marine dinoflagellates in the genus Symbiodinium are found in symbiosis 

with cnidarians, and these associations are a driving force behind the formation of 

coral reef ecosystems.  Improved molecular techniques have greatly expanded our 

ability to recognize diversity within Symbiodinium; however, there is very little 

evidence that ties genetic diversity with functional diversity.  Using FITC-labeled 

lectins, we characterized the cell surface glycan profiles of several closely-related 

Symbiodinium clade C algae.  The glycan profiles within a subclade, even when 

isolated from different host corals, were more similar to each other than to glycan 

profiles of other clade C algae, suggesting that genetic diversity between the subclades 

can result in molecular differences on the algal cell surface.  For most cnidarian/ 

dinoflagellate partnerships, the symbiosis must be reinitiated for every host 

generation.  Results from this study are consistent with the hypothesis that an intact 

algal cell surface may be required to properly identify the algal symbiont as native or 

non-native to a potential host. 

 

Introduction 

Glycans create diverse and complex profiles on the surface of cells that can be 

recognized by lectin receptors to bring about a variety of outcomes, including 

endocytosis, cell-cell adhesion, and self/non-self recognition (Cambi et al., 2005; 

Gabius et al., 2002).  These receptors play a crucial role in cell-cell communication 

within a multicellular organism and between cells of different organisms (Bucior et 

al., 2004; Spillmann and Burger, 1996).  Single celled-organisms display their cell 

surface glycan profiles directly to the external environment, which provides a 

characteristic signature that can identify microbes in an environmental sample.  Using 

FITC-tagged lectins to illuminate cell surface glycans, researchers are working to 

create glycan profiles for single-celled marine organisms of interest.  Most of this 
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effort has focused on identifying dinoflagellates and cyanobacteria known to cause 

red-tides, toxic algal blooms, and biofilms (Aguilera and Gonzalez-Gil, 2001; Lopez-

Rodas and Costas, 1997; Neu et al., 2001; Rhodes et al., 1995; Sengbusch and Muller, 

1983; Tien et al., 2005).  

 

Marine dinoflagellates in the genus Symbiodinium engage in a symbiotic relationship 

with cnidarians, such as corals and sea anemones.  This mutualistic relationship is 

responsible for creating a three-dimensional reef structure that provides habitat for an 

entire coral reef ecosystem.  The importance of this symbiotic partnership has become 

evident as coral bleaching events have increased world-wide in number and severity 

(Hoegh-Guldberg, 1999; Hoegh-Guldberg et al., 2007; Hughes et al., 2003).  Coral 

bleaching, characterized by the loss of algal symbionts, is often lethal to the host coral, 

resulting in large-scale degradation of coral reef ecosystems (Glynn, 1993).  Healthy 

coral/dinoflagellate mutualisms persist in nutrient-poor tropical oceans and are able to 

create limestone reefs because the photosynthetic dinoflagellate translocates reduced 

carbon to the host, sometimes accounting for 100% of the host’s respiratory needs 

(Dubinsky and Jokiel, 1994; Muscatine and Porter, 1977; Pearse and Muscatine, 

1971).  In return, the host provides the dinoflagellate with a high-light environment 

and inorganic nutrients.  For most host corals, the symbiosis is an obligate relationship 

that must be established anew from the environment each host generation (Fadlallah, 

1983; Harrison and Wallace, 1990; Richmond and Hunter, 1990).  Host acquisition of 

symbionts from the environment appears to be specific to Symbiodinium 

dinoflagellates, though the mechanisms behind recognition, initiation, and 

establishment of this ecologically important symbiosis are poorly understood.  

 

Biodiversity estimates within Symbiodinium have been increasing with the application 

of molecular techniques.  Using ribosomal DNA (rDNA), including 18S, 28S, and the 

highly variable ITS regions, recent work has divided the genus into 8 clades (A-H) and 

numerous subclades (Coffroth and Santos, 2005; LaJeunesse, 2001; Pochon et al., 
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2006; Stat et al., 2006).  However, it is unclear if these biodiversity estimates are 

capturing functional differences or if they represent artifacts of molecular diversity 

encoded by highly variable sequence regions (Goulet, 2007; Thornhill et al., 2007). 

 

To date, these clade designations are only indirectly tied to functional differences, 

such as differences in the physiological response of the holobiont (host + symbiont) 

depending on the clade of symbiont in the partnership and/or host specificity for a 

particular algal genotype during acquisition of symbionts from the environment.  For 

example, the host anemone Aiptasia pallida can be found in association with 

Symbiodinium clade A at lower latitudes (~32°N) and clade B at higher latitudes 

(~25°N).  Researchers reared A. pallida from both latitudes in identical conditions for 

a full year, but when challenged with increased temperature and irradiance, the 

holobiont with clade A symbionts was able to perform normally and the holobiont 

with clade B symbionts (native to cooler conditions) was physiologically 

compromised (Goulet et al., 2005; Perez et al., 2001).   The stony coral Montastrea 

thrives at a range of depths in the water column.  Shallow colonies, which were 

exposed to elevated temperature and irradiance, were found to contain clade A and B 

symbionts, while deeper colonies contain clade C symbionts (Rowan and Knowlton, 

1995).  The authors correlate this symbiont zonation to differences in the physiological 

tolerance of the holobiont to temperature and irradiance. 

 

Most host corals, however, are only found in association with a single clade of 

Symbiodinium (Goulet, 2006; LaJeunesse et al., 2004).  This level of specificity can be 

limited to distinct phases of the host’s development.  For example, Coffroth et al. 

(2001) observed that initial uptake of symbionts by soft coral larvae was non-specific, 

acquiring clades A, B, and C.  Over a three month period, the proportion of clades A 

and C decreased (only clade B is found in adults).  Mechanisms to explain this post-

infection selection range from internal competition between the algal clades for 

ecological dominance or active selection by the host (Coffroth et al., 2001; 
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Schoenberg and Trench, 1980).  In contrast, Fungia scutaria (Hawai’ian solitary 

coral) larvae are able to discriminate between their native C1f symbionts and other 

closely-related, non-native clade C algae (LaJeunesse et al., 2004; Rodriguez-Lanetty 

et al., 2004; Rodriguez-Lanetty et al., 2006; Weis et al., 2001). 

 

These studies provide indirect evidence for an association between molecular and 

functional diversity within Symbiodinium, but they also suggests that the two 

symbiotic partners, host cnidarian and symbiotic dinoflagellate, utilize mechanisms of 

recognition to identify each other when challenged with a vast array of other microbes 

and potential hosts from the surrounding environment.  One study on the anemone A. 

puchella and clade B algae and another on F. scutaria larvae and C1f algae, 

demonstrated that glycans on the symbiont cell surface play a role in recognition by 

the cnidarian host (Lin et al., 2000; Wood-Charlson et al., 2006).  Another study 

showed that the presence of a purified host lectin was able to invoke a behavioral 

change in cultured Symbiodinium (Koike et al., 2004).  However, no study has 

examined functional differences between the subclades of Symbiodinium as a property 

of the algae itself, nor isolated algal cell surface components that function to identify 

symbionts to a host. 

 

In this study, we examine the diversity of Symbiodinium cell surface glycan profiles 

between closely-related clade C algae.  In addition, we explore the possibility that 

these glycan profiles function to help identify the symbionts to a potential host. 

 

Materials and Methods 

Preparation of algal symbionts 

Symbiotic dinoflagellates in the genus Symbiodinium were isolated from five species 

of host corals: Fungia scutaria (C1fF), Leptastrea spp. (C1fL), Cyphastrea spp. (C1), 

Porites compressa (C15), and Montipora capitata (C31) in July 2006.  None of these 

strains has been successively cultured, so all algae were extracted from intact adult 
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coral tissue (Schwarz et al., 1999).  Briefly, coral tissue containing symbionts was 

removed from the skeleton of the adult corals using an oral hygiene device (Water 

Pik).  The mixture of host tissue and algae was further separated by homogenization 

with a glass tissue homogenizer and centrifugation at 2000 x g. Homogenization of the 

algal pellet in filter-sterilized seawater (FSW) was repeated several times to clean the 

algae of most host tissue.  Freshly isolated algal suspensions were diluted to a final 

concentration of 1x106 cells mL-1.  For infection experiments in August 2007, algae 

from F. scutaria (C1fF) and M. capitata (C31) were obtained using the same method.   

 

Characterization of cell surface glycans with FITC-labeled lectins 

Isolated algae were mixed with FITC-lectins (final concentration 100 µg mL-1) or an 

equal volume of FSW as a control (Table 3.1).  Samples were incubated in the dark at 

25°C for 30 min, with gentle mixing every 10 min.  To test the specificity of 

Concanavalin A (ConA), α-methyl-D-mannopyranoside (1 M, α-D-Man, Calbiochem), 

an inhibitory glycan, was pre-incubated with FITC-ConA (1 mg mL-1) for 30 min 

(Elloway et al., 2004).  Algae were subsequently added, and the samples were treated 

as above.  After incubation, algae were rinsed with FSW and either used immediately 

for live imaging or fixed in 3% paraformaldehyde in phosphate buffered saline (PBS: 

2 mM NaH2PO4, 7.7 mM Na2HPO4, 0.14 M NaCl, pH 7.0-7.5) and stored at 4°C.  

Fixed algal samples were rinsed with 1X PBS and re-suspended to a final algal 

concentration of 2x106 cells mL-1 prior to either qualitative visualization of lectin 

labeling by confocal microscopy or quantitative measurement of lectin labeling by 

flow cytometry.   

 

Qualitative visualization of FITC-labeling on the algal cell surface was performed 

using a Zeiss laser scanning confocal microscope for both live and fixed algae.  

Quantitative FITC-lectin labeling was measured using a Beckman Coulter FC500 

benchtop flow cytometer (Fullerton, CA) equipped with two lasers (488 nm, 635 nm).  

After calibrating with standard Brite Beads (Coulter, Fullerton, CA), fluorescence 
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emissions were collected on a log scale for both FITC-lectin fluorescence (~530 nm) 

and chlorophyll autofluorescence (>650 nm).  Samples were filtered through 40 µm 

mesh to remove clumps, vortex-mixed before applying to the flow cytometer, and 

10,000 algal cells were measured for each sample. 

 

Cell surface modification of algae 

Algae (~105 cells mL-1) from F. scutaria and M. capitata were incubated in the dark at 

25°C with trypsin and FITC-labeled WGA as described previously (Wood-Charlson et 

al., 2006).  Algae were rinsed and re-suspended in FSW prior to inoculation of larvae.  

Supernatant from the trypsin incubations was neutralized with 4 µL trypsin inhibitor 

(Sigma T9777), and 1mL was added to the appropriate treatments prior to infection of 

F. scutaria larvae (Table 3.2).   

 

Collection and maintenance of F. scutaria larvae 

Adult F. scutaria corals were collected from several patch reefs in Kaneohe Bay and 

maintained in seawater tables at the Hawai’i Institute of Marine Biology, University of 

Hawai’i’s marine laboratory.  The corals spawn gametes lacking symbionts 

(aposymbiotic) between 17:00-19:00 h, 2-4 d after the full moon during the summer 

(Krupp, 1983).  Collection and fertilization was performed as previously described 

(Rodriguez-Lanetty et al., 2004).  Aposymbiotic larvae were reared in ~1 L of 0.22 

µm FSW until formation of a mouth (~3 days).   

 

Infection of F. scutaria larvae with modified algae 

All infections were performed in 6-well culture dishes that were partially submerged 

in running seawater to maintain ambient temperature.  To each well, 4 mL FSW, 5 mL 

of concentrated larvae, and 1 mL of treated algae (Table 3.2) were added (n = 4 wells 

per treatment).  The algae were pre-mixed with homogenized Artemia spp. to 

stimulate a feeding response in the larvae (Schwarz et al., 1999).  Control infections 

were performed with algae in FSW only.  After three hours, the larvae were washed to 
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remove any remaining algae.  The larvae were concentrated onto a 50 µm mesh filter, 

rinsed with FSW, and placed into clean dishes (time = 0).  Samples were collected for 

each treatment at 5 and 12 h using 1 mL plastic pipettes and placed into 1.5 mL 

microfuge tubes.  Larvae were gently pelleted by spinning for 1 min at 1,000 x g, 

supernatant was removed, and larvae were fixed in 3% paraformaldehyde in PBS.  To 

quantify infection success, larvae were rinsed in 1X PBS and visualized with a 

compound light microscope.  For each treatment replicate (n [wells] = 4), infection 

success was determined as percent of larvae infected (n = 100) and average density of 

algae in larvae (n = 100). 

 

Data analysis 

A two-way analysis of variance was performed to detect differences in 1) infection 

success between the control and treated algae and 2) between the 5, 12 h collection 

times.  Multiple comparisons between treatments were performed using the Student-

Newman-Keuls method.  All analyses were performed using SigmaStat 3.1. 

 

Results 

Characterization of cell surface glycans with FITC-tagged lectins 

Glycans present on the cell surface of freshly isolated, symbiotic dinoflagellates were 

characterized using FITC-tagged lectins.  All algal samples were labeled with FITC-

lectins prior to fixation because fixation has been shown to permeabilize marine 

plankton (Roberts et al., 2006).  No qualitative differences in FITC-labeling were 

observed between live and fixed algae from the same host coral (data not shown).  

Using confocal microscopy, we looked for patterns in the cell surface labeling of 

several closely-related clade C algae by FITC-lectins.  FITC-Jac labeling on the 

surface of clade C algae can be observed in Figure 3.1.   FITC-Jac showed the most 

distinctive cell surface labeling between the algae, but we were unable to detect 

consistent patterns within a sample that could be used to identify a particular subclade. 
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Quantification of FITC-lectin labeling on the algal cell surface was measured using 

flow cytometry.  Chlorophyll autofluorescence (>650 nm) was used to identify algal 

cells, and log-scale FITC fluorescence (~530 nm) was used to measure the per cent of 

10,000 algal cells with positive FITC-labeling (Figure 3.2).  For all clade C algae, cell 

surface labeling by FITC-ConA (α-Man/α-Glc) was observed, and pre-incubation of 

ConA with α-D-Man decreased the number of algal cells with detectable FITC-

labeling, suggesting that FITC-ConA labeling on the surface of algal cells was a 

specific interaction (Wood-Charlson et al., 2006).  FITC-Jac (α-Gal) also labeled the 

cell surface of all clade C algae tested.  Algae isolated from F. scutaria (C1fF) and 

Leptastrea spp. (C1fL) had cell surface glycan profiles that were more similar to each 

other than to other clade C algae.  Neither showed strong FITC-labeling by PNA or 

WGA (<10% of algae) suggesting that β-Gal and GlcNAc/Sialic acid residues, 

respectively, were rare on the cell surface of C1f algae.  Both labeled with ConA and 

Jac although the intensity of the signal was not equal, which may be the result of 

variation between the hosts’ intracellular environments.  PNA and WGA labeled 

>70% of M. capitata (C31) algae, which made C31 unique among the clade C algae 

tested.  Algae from Cyphastrea spp. (C1) were labeled by WGA 40% of the time, and 

P. compressa (C15) algae were labeled by WGA 25% and PNA 31% of the time.   

 

Infection of F. scutaria larvae with modified C1fF and C31 algae 

A native C1fF cell surface is required for full infection of F. scutaria larvae (Wood-

Charlson et al., 2006), but it was unknown if the limited infection success observed 

for C31 in F. scutaria was also determined by algal cell surface components.  As seen 

previously, control C1fF algae (native to F. scutaria) had greater success infecting 

larvae than control, non-native C31 algae (Figure 3.3) (Rodriguez-Lanetty et al., 2004; 

Weis et al., 2001).  Between the 5 h and 12 h time points, there were no detectable 

differences for either infection success or density of algae in larvae, so these data were 

combined for further analysis.  Prior to infection, modifying the cell surface of C1fF 

algae by trypsin digest resulted in decreased infection success, suggesting that a cell 
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surface signal was present on the control algae that promote infection success.  

Trypsin digestion compromised this pro-infection signal on the algal cell surface, and 

host larvae had a reduced ability to recognize their native symbionts.  In contrast, non-

native C31 algae showed increased infection success for per cent of larvae infected 

and density of algae in larvae after incubation with trypsin, suggesting that C31 algae 

displayed a trypsin-sensitive cell surface component that discouraged uptake by F. 

scutaria larvae.  To determine if these signaling components could alter infection 

success while in solution, trypsin digest supernatant from C1fF or C31 algae was 

added to all combinations of control or trypsin-treated C1fF or C31 algae (see Table 

3.2 for experimental design).  The infection results for control or trypsin-digested 

algae in trypsin supernatant were similar to control or trypsin infections in FSW 

(respectively) (data not shown).  Therefore, cell surface molecules responsible for 

recognition and infection were unable to signal to the host larvae once the components 

were isolated from the algal cell surface and dissolved in solution.   

 

Previously, we demonstrated that infection success by C1fF algae could be reduced by 

masking cell surface glycans with ConA and Jac lectins (Wood-Charlson et al., 2006), 

suggesting that these lectins recognize cell surface glycans that function in 

recognition.  In this study, we observed that 1) C31 algae strongly labeled with FITC-

WGA whereas C1fF algae did not (Figure 3.2, <10% of algal cells) and 2) C31 algae 

display a cell surface component that discourages infection of F. scutaria larvae.  

Therefore, we wanted to test whether the glycan ligand labeled by FITC-WGA on the 

C31 cell surface was acting as anti-infection signal.  Masking the cell surface of C31 

algae with WGA did not affect infection success compared to control C31 algae for 

per cent of larvae infected or density of algae in larvae (Figure 3.4).  This suggests that 

the cell surface component that discourages infection by C31 algae does not contain 

GlcNAc or Sialic acid residues recognizable by WGA.  As a control, we also tested 

the effect of WGA-labeling on C1fF algal cell surface; WGA did not affect the percent 

of larvae infected, but it significantly increased density of algae in larvae. 
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Discussion 

Cell surface glycan profiles are, at least in part, genetically determined and have the 

capacity to be very complex (Raman et al., 2005), which makes them promising tools 

to identify and discriminate between the clades and subclades of Symbiodinium 

dinoflagellates.  To date, classification within Symbiodinium has predominantly relied 

on rDNA sequencing, with little direct evidence that these sequences reflect functional 

differences within the genus.  Given that most corals are only found in association 

with a specific clade of symbiont (Goulet, 2006; LaJeunesse et al., 2004), it is 

important to translate the genetic classifications into functional diversity.  This study 

examined the use of algal cell surface characteristics as a proxy for a genetic diversity 

within Symbiodinium clade C.  We used dinoflagellate cell surface glycan profiles 

because they 1) are easily accessible on the cell surface of single celled organisms, 2) 

can be detected by inexpensive, commercially available lectins, 3) have been used 

previously to characterize dinoflagellates in environmental samples, and 4) are known 

to play a role in identifying a symbiotic algae to a potential host.   

 

As seen previously with marine dinoflagellates, Symbiodinium clade C algae express 

diverse cell surface glycan profiles.  In this study, all five clade C algae were labeled 

with FITC-tagged ConA and Jac, but only C31 showed strong labeling by FITC-

tagged PNA and WGA.  FITC-labeling on the cell surface of other symbionts ranged 

from almost no labeling of C1f algae by PNA and WGA to 40% labeling of C1 algae 

by WGA.  It should be noted that these samples were not synchronized cultures but 

environmental samples that may contain algae at all stages of cell division.  FITC-

lectin labeling on the cell surface of dinoflagellates fluctuates drastically during the 

cell cycle (Aguilera and Gonzalez-Gil, 2001).  Therefore, once we can culture clade C 

symbionts, it will be interesting to see if a particular stage of the dinoflagellate cell 

cycle is more infectious than other stages and what the cell surface glycan profile is 

during that infectious stage.  Cultured clade C algae may also have reduced variability 
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in FITC-lectin patterning when observing the algal cell surface by confocal 

microscopy.  

 

The results from this study support the current genetic classification within 

Symbiodinium clade C.  Quantifiable FITC-labeling of closely-related clade C algae 

revealed unique glycan profiles suggesting functional differences between the 

subclades.  All of the symbionts were isolated from different host corals, which may 

have contributed variability to the profiles, but did not fully explain the observed 

differences in the cell surface glycan profiles.  For example, C1f symbionts isolated 

from two host corals, F. scutaria and Leptastrea spp., had cell surface glycan profiles 

that were more similar to each other than to the other clade C algae.  This suggests that 

the C1f cell surface glycan profile was governed more by the C1f genotype than by the 

different host environments.  However, within a single subclade, the observed 

variation may result from asynchronous dinoflagellate populations and/or the 

symbionts residing in different hosts.  In order to tease apart these factors, additional 

observations need to be made with freshly isolated C1f algae from both hosts over a 

broad time scale to detect changes in C1f cell surface glycan profiles from within a 

single host.  It would also be informative to examine the plasticity of cell surface 

glycan profiles within a subclade by allowing freshly isolated C1f algae from F. 

scutaria and Leptastrea spp. to infect F. scutaria larvae and observe whether their 

glycan profiles converge to reflect the same intracellular host environment.  

 

The diversity of glycan profiles on the cell surface of Symbiodinium clade C 

symbionts suggest that these profiles could be used to signal the symbiont’s identity to 

a potential host cnidarian.  Wood-Charlson, et al. (2006) showed that masking α-

Man/Glc and α-Gal residues on the surface of C1fF symbionts decreased infection 

success in F. scutaria larvae, suggesting that those residues act as a pro-infection 

signal, promoting uptake by host larvae.  The present study demonstrated that C31 

algae also contain cell surface components that affect infection success.  The control, 
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unaltered C31 cell surface contained a signal that discouraged infection in a non-

native host larvae.  However, GlcNAc or Sialic acid residues, found in abundance on 

the cell surface of C31, do not act to discourage infection since masking them on the 

surface of C31 did not change infection success.  However, these results are 

encouraging for other reasons.  One major criticism of using lectins to study cell 

surface components involved in uptake of symbionts is that lectins bound to the cell 

surface of symbionts may obstruct contact and non-specifically inhibit signaling 

between the symbiont and host (Meints and Pardy, 1980; Wood-Charlson et al., 2006).  

In this study, FITC-WGA strongly labeled the cell surface of C31 algae, but the 

presence of this lectin on the C31 cell surface did not change infection success.  This 

lends support to the hypotheses that, even with cell surface labeling by WGA, the C31 

cell surface was still recognized by F. scutaria larvae (this study) and that C1fF’s pro-

infection signal was specifically masked by ConA and Jac, decreasing the ability of 

the host to recognize its native symbiont (Wood-Charlson et al., 2006).  Lectins have 

also been implicated in promoting phagocytosis (Drickamer and Taylor, 1993), which 

may have resulted in the significant increase in density of C1fF symbionts treated with 

WGA prior to infection of F. scutaria larvae (Figure 3.4).  It is unknown why this 

increase would be seen for C1fF and not C31, especially since WGA was shown to 

only labeled ~8% of C1fF algae (Figure 3.2), or why the C1fF algal density would 

increase when per cent of larvae infected remained unchanged (Figure 3.4). 

 

This study demonstrates that cell surface glycan profiles may be useful in 

discriminating between closely-related subclades of Symbiodinium, and these cell 

surface components are likely used to identify a symbiont to a potential host.  In light 

of increasing in coral bleaching events and mortality of coral reefs across the globe 

and the fact that most coral/dinoflagellate symbioses are established from the 

environment, this study provides a mechanism to observe the diversity of symbionts 

available to a cnidarian host and how these two partners recognize each other in the 

water column.   
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Figures and Tables 
 

 
 
Figure 3.1.  Confocal image of FITC-Jac labeling on the cell surface of several 
closely-related clade C algae.  The image of C1fF control algae represents a typical 
image of an unlabeled, freshly isolated symbiont.  Red is the autofluorscence of the 
dinoflagellate, and green is the FITC fluorescence.  Algae were isolated from adult 
host corals (in order of appearance): Fungia scutaria (C1fF), Leptastrea spp. (C1fL), 
Cyphastrea spp. (C1), and Montipora capitata (C31). 
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Figure 3.2.  Cell surface glycan characterization of freshly isolated, clade C algae 
using FITC-tagged lectins. Algae were isolated from their respective host corals, 
labeled with FITC-lectins, and fixed for analysis by flow cytometry.  Log-scale 
chlorophyll autofluorescence (>650 nm) as used to identify algal cells.  FITC-
fluorescence is presented as the per cent of 10,000 cells with a log-scale positive FITC 
signal (~530 nm).   Glycan specificities are described in Table 3.1.  Algae were isolated 
from adult host corals (in order of appearance): Fungia scutaria (C1fF), Leptastrea 
spp. (C1fL), Cyphastrea spp. (C1), Porties compressa (C15),and Montipora capitata 
(C31). 

F L 
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Figure 3.3.  Effect of symbiont cell surface modification on infection success as 
measured by per cent of larvae infected and density of C1fF and C31 algae in Fungia 
scutaria larvae.  Prior to infection, the algal cell surface was modified with trypsin 
(cleaves at Arg and Lys).  Bars represent means ± SD [n (wells) = 8].  Different letters 
over bars indicate significant differences between treatments (p ≤ 0.05). 
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Figure 3.4.  Effect of masking algal cell surface glycans on the infection success as 
measured by per cent of larvae infected and density of C1fF and C31 algae in Fungia 
scutaria larvae.  Prior to infection, the algal cell surface was incubated with WGA 
(binds GlcNAc and Sialic acid residues).  Bars represent means ± SD [n (wells) = 8].  
Different letters over bars indicate significant differences between treatments (p ≤ 
0.05). 
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Table 3.1.  FITC-lectins used to characterize cell surface glycan profiles for 
Symbiodinium clade C symbionts.    

Lectin Source Abbreviation Glycan specificitya 

Arachis hypogaea 
Peanut PNA 

β-Gal 
Gal-β(1,3)GalNAc 

Artocarpus integrifolia 
Jackfruit Jac 

α-Gal 
Gal-β (1,3)GalNAc 

Canavalia ensiformis 
Jack bean ConA 

α-Man, α-Glc 
α-GlcNAc 

Triticum vulgare 
Wheat germ WGA (GlcNAc)2-3 

Sialic acid 
aGal, galactose; GalNAc, N-acetyl-galactosamine; Glc, glucose; GlcNAc, N-acetyl-
glucosamine; Man, mannose; 
 

 

Table 3.2.  Experimental design for infections of Fungia scutaria larvae by modified 
C1fF and C31 algae.  

Coral host Algal clade  Treatments used to infect larvae 

   
Control 

  Control + trypsin sup from C1fF 

Fungia scutaria C1fF Control + trypsin sup from C31 
Montipora capitata C31 Trypsin 

  Trypsin + trypsin sup from C1fF 

  

x 

Trypsin + trypsin sup from C31 
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Initiation of Coral/Algal Symbioses: The Role of Cell Surface Lectin/Glycan 
Interactions in Recognition and Specificity 
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Abstract 

C-type lectins (CTLs) are involved in cell-cell adhesion, recognition, and innate 

immunity in higher vertebrates, but little is known about CTLs in basal metazoans.  

The recent sequencing of the cnidarian Nematostella vectensis genome allowed us to 

explore the complexity and diversity of the CTL-like gene family beginning at the 

base of metazoan evolution.  We uncovered 67 CTL-like sequences, with a total of 92 

putative C-type lectin domains (CTLDs).  These sequences were classified according 

to number of CTLDs present and their association with other protein domains in the 

CTL.  Of the 17 accessory domains found in vertebrate CTLs, 10 were also found in 

N. vectensis, compared with 5 in Caenorhabditis elegans and 3 in Drosophila.  

Conserved residues in the glycan-binding pocket suggest that approximately half of 

the N. vectensis CTLDs retain glycan-binding function, with thirteen predicted to bind 

Man/Glc-derivatives and four predicted to bind Gal-derivatives.  In other model 

invertebrates, this conservation has only been observed in 10% of C. elegans and 19% 

of Drosophila CTLDs.  Phylogenetic analysis of CTLDs from N. vectensis and other 

cnidarians suggests that a diverse array of CTLs were present in the ancestral 

cnidarian.  Phylogenetic analysis of N. vectensis CTLDs with respect to other model 

invertebrates and humans indicates that the model invertebrates have undergone 

extensive gene loss and divergence and N. vectensis CTLD sequences more closely 

resemble vertebrate CTLDs.  In addition, many cnidarian CTLs either structurally 

resemble vertebrate lectins or contain domains that are known to function in immunity 

and pathogen recognition.  This study provides a cnidarian CTL database that can be 

used for further research on the evolution of CTLs and the role of CTLs in cnidarian 

immunity.  

 

Introduction 

The recent expansion of genome sequencing and the generation of large EST datasets 

is beginning to allow for studies on the evolution of gene families.  Many of these 

studies have focused on gene families that are conserved throughout metazoan 
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evolution (Bosch and Khalturin, 2002; Kortschak et al., 2003; Kusserow et al., 2005; 

Putnam et al., 2007; Technau et al., 2005).  Most of the major gene families involved 

in conserved, developmentally-regulated, vertebrate signaling pathways have also 

been identified in cnidarians, a basal metazoan group (Figure 1, Miller et al., 2005; 

Technau et al., 2005).  Recently, similar comparisons have begun for less well-

conserved gene families, such as receptors that function in innate immunity.  These 

immunity gene families, which are also present in cnidarians (Miller et al., 2007), are 

likely involved in “trench warfare” – a continuous, diversifying selection pressure 

imposed by host-microbe interactions (Stahl et al., 1999; Woolhouse et al., 2002).  

One example of an innate immune receptor family is the C-type lectin (CTL) gene 

family, which has been described for model vertebrate and invertebrate organisms 

(Drickamer and Dodd, 1999; Theopold et al., 1999; Zelensky and Gready, 2004), but 

has not been investigated for basal metazoans.   

 

CTLs make up a very diverse gene family that is identified by a C-type lectin-like 

domain (CTLD), which bind glycans in a Ca2+-dependent manner.  The CTLD ranges 

from 115-130 amino acids in length and can be identified by 14 invariant and 18 

highly conserved amino acids (Drickamer, 1993).  Most of the conserved residues 

occur within two functional sites: the first binds a single Ca2+ ion and the second binds 

another Ca2+ and the glycan ligand (Figure 2, Weis et al., 1992).  Outside of these 

motifs, CTLD sequences are not well conserved.  In addition, CTLs often contain 

more than one CTLD in association with numerous other protein domains that 

determine many of the CTL functions (Drickamer and Taylor, 1993). 

 

CTLDs play a role in a variety of biological events that require recognition of specific 

glycans, such as cell-cell adhesion and recognition and phagocytosis of potential 

pathogens (Cambi et al., 2005; Lasky, 1992; Weis et al., 1998).  Since cell-cell 

adhesion and immunity have been major contributors throughout metazoan evolution 

(Hynes and Zhao, 2000; Loker et al., 2004), understanding the diversity within the 
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CTL gene family will provide valuable insight into ancestral metazoan complexity.  A 

recent comparison of CTLDs from two invertebrate model organisms, Drosophila and 

Caenorhabditis, suggests that CTLs diverged dramatically since the split between 

vertebrate and invertebrate lineages (Dodd and Drickamer, 2001; Zelensky and 

Gready, 2005).  However, no study has examined the diversity of CTLs in basal 

metazoans, such as cnidarians, which harbor a surprising amount of genomic 

complexity that, in many cases, more closely reflects vertebrate-level complexity than 

the other invertebrate model organisms (Kortschak et al., 2003; Putnam et al., 2007; 

Rodriguez-Lanetty et al., 2006a; Sullivan and Finnerty, 2007; Technau et al., 2005).  

Aside from the preliminary genomics work, there are a few studies that have explored 

the functional role of lectins in cnidarians.  Cnidarians, such as anemones and corals, 

are often found in a mutualistic relationship with a single-celled dinoflagellate.  In 

most cases, this very selective relationship must be established anew for every host 

generation and requires a complex series of steps.  These steps include recognition 

between the appropriate symbiotic partners and phagocytosis of the symbiont by the 

host (reviewed in Rodriguez-Lanetty et al., 2006b) – both known functions of 

lectin/glycan interactions.  During the onset of symbiosis, lectin/glycan interactions 

appear to provide a mechanism of recognition between host cnidarians and their algal 

symbionts, (Koike et al., 2004; Lin et al., 2000; Wood-Charlson et al., 2006).  The 

identity, localization, and function of lectins during other stages in the symbiont 

selection process or in other aspects of cnidarian immunity remain unknown.  

 

Cnidarians, such as the non-symbiotic sea anemone Nematostella vectensis, represent 

a sister-group to the Bilateria (Figure 4.1).  N. vectensis has become a cnidarian model 

for developmental studies, and the recent sequencing of its genome allows for analyses 

of gene families in a basal metazoan (Putnam et al., 2007).  This study identifies and 

describes potential CTLs in the N. vectensis genome for future use in evolutionary and 

functional innate immunity studies.   
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Materials and Methods 

Database searching 

Using the Joint Genome Institute (JGI) interactive N. vectensis genome browser (v1.0) 

(http:// genome.jgi-psf.org/Nemve1/Nemve1.home.html), several searches were 

conducted to retrieve potential CTL-like sequences from the genome.  A tblastn search 

(e < 10-5) was performed using CTLD sequences from human, mouse, and several 

invertebrates.  In addition, the annotated N. vectensis genome was searched for key 

terms: lectin, C-type, mannose (Man), and galactose (Gal), and the PfamA C-type 

lectin ID (PF00059).  CTLD-containing sequences from other cnidarians were 

identified by a tblastn search (e < 10-5) of the cnidarian sequences (taxonomy ID: 

6073) within the nucleotide and EST databases at the National Center for 

Biotechnology Information (NCBI) and a preliminary EST dataset from Aiptasia 

pallida (Schwarz, Medina, Weis, and Pringle, personal communication). 

 

Assessing gene prediction models 

For all CTLD-containing sequences, the coding region was identified by the Ab initio 

model using Fgenesh gene prediction (available on the JGI genome browser) and only 

modified when EST data were available.  In some cases, the Ab initio model may have 

missed a potential CTLD coding sequence and/or not predicted the full-length CTLD; 

however, the Ab initio model was selected for consistency because it predicted a gene 

model for all putative CTLD sequences retrieved from the database searches.  Using a 

combination of methods, the predicted gene models were screened to confirm the 

presence of at least one CTLD: 1) a blast search against the NCBI protein database 

resulted in a significant hit to a CTLD-containing sequence (e < 10-5), and 2) a protein 

domain search against PfamA (Finn et al., 2006), ScanProsite (de Castro et al., 2006), 

and InterProScan (Quevillon et al., 2005) resulted in a CTLD profile hit from more 

than one database.  The complete list of CTLD-containing gene predictions from the 

N. vectensis genome can be found in Table 4.1.   
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Identification of domains within gene predictions 

Using the compiled dataset of N. vectensis CTL-like sequences, additional protein 

domains within the predicted coding regions were identified by PfamA, ScanProsite, 

and InterProScan.  Domains were included if they were predicted by more than one 

annotation method or if a single annotation method had a significant hit to the domain 

(e <10-5).  Putative signal sequences and transmembrane domains were identified by 

InterProScan and confirmed by hydropathy plots.   

 

Sequence analysis 

CTLDs were trimmed at the longest disulfide bond and aligned using ClustalX 

(Thompson et al., 1997).  A subset of CTLDs containing at least three out of the five 

conserved residues located in the Ca2+/glycan-binding pocket were aligned separately 

(Drickamer and Dodd, 1999).  Final alignments were performed using BioEdit (Hall, 

1999) to maintain the position of conserved residues (Drickamer, 1993).  Bayesian 

analyses were performed using MrBayes 3 (Ronquist and Huelsenbeck, 2003) and a 

mixed model of protein evolution: 1) all CTLDs recovered from the N. vectensis 

genome in addition to unique CTLDs found in other cnidarians, and 2) N. vectensis, H. 

sapiens, C. elegans, and Drosophila CTLDs containing at least three of the five 

conserved Ca2+/glycan-binding pocket residues.  The analysis of N. vectensis and other 

cnidarian CTLDs was run on four chains for 10,000,000 generations, and after a 

burnin of 50,000 generations, every 100th tree was sampled for 50% majority 

consensus.  The same analysis (burnin of 10,000 generations) was performed for N. 

vectensis, H. sapiens, C. elegans, and Drosophila CTLDs. 

 

Results 

Description of CTL-like sequences in the N. vectensis genome 

The N. vectensis genome was found to contain 92 putative CTLDs within a total of 67 

gene predictions.  Additional CTLDs may be present in the genome and could be 

discovered using less restrictive methods; however, the purpose of this study was to 
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provide a conservative list of potentially functional CTLDs, not to identify all possible 

sequences. 

 

Of the 67 CTLD-containing gene predictions in N. vectensis, 43% contained a single 

CTLD with no additional domains.  Further classification of the remaining CTLD-

containing sequences was made based on the number of CTLDs and the organization 

of other domains in the predicted coding sequence (Figure 4.3).  This method of 

CTLD classification is similar to an analysis performed on the C. elegans genome 

(Drickamer and Dodd, 1999).  In N. vectensis, this classification method resulted in 

sixteen groupings: (A) single CTLD, (B) two CTLDs, (C) two CTLDs and von 

Willebrand factor A domains (vWA), (D) CTLD and sperm-coating glycoprotein 

(SCP), (E) CTLD and epidermal growth factor (EGF), (F) CTLD, EGF, and Kazal_2, 

(G) CTLD and Link, (H) CTLD, G-protein coupled receptor (GPCR) proteolytic site 

(GPS), and a 7-pass transmembrane GPCR (7-tm), (I) CTLD and coagulation factor 

5/8 type C (F58C), (J) ten CTLDs, (K) CTLD and thrombospondin type I repeat 

(TSP1), (L) CTLD and CUB, (M) CTLD and MAM, (N) CTLD, Immunoglobulin-like 

(Ig) and/or PAN domains, (O) two CTLDs and ShK, and (P) CTLD and cadherin.  

Additional subgroups were created for sequences containing a signal sequence and/or 

transmembrane domains, or if the orientation, identity, and number of domains within 

the gene prediction changed.  It is possible that some of these subgroups were artifacts 

of the gene prediction model, especially subgroups created by the presence/absence of 

a signal sequence or transmembrane domain.  Full-length sequencing of the N. 

vectensis CTL-like coding sequences may identify additional localization domains, 

which could further condense these subgroups. 

 

Analysis of potential carbohydrate-binding sites 

The 92 N. vectensis CTLDs were isolated from the rest of the coding sequence by 

trimming the CTLD at cysteine residues that created the longest disulfide bond.  The 

sequences were then aligned, and any CTLDs that lacked the outer cysteine residues 
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were trimmed to the alignment.  To identify CTLDs that most likely complex with a 

glycan ligand, a subset of N. vectensis CTLD sequences was selected because they 

contained at least three of the five residues that form the Ca2+/glycan-binding pocket 

(Figure 2, Weis et al., 1992).  The binding pocket was completely conserved in 26% 

of CTLDs in the N. vectensis genome and 48% contained most of the conserved 

residues (Figure 4.4).  This is in contrast to other model invertebrates where only 10% 

of the 183 CTLDs in C. elegans and 19% of the 32 CTLDs in Drosophila contained 

most of the residues that form the Ca2+/glycan-binding site (Dodd and Drickamer, 

2001). 

 

In addition to predicting functional glycan-binding, the binding pocket also predicts 

general glycan specificity for Man/glucose (Glc) or Gal derivatives.  Of the 92 CTLDs 

found in the N. vectensis genome, 13 can be designated as Man/Glc-binding and 4 as 

Gal-binding.  CTLDs in these general binding groups have been shown, both 

structurally and experimentally, to rely on a triplet motif within the Ca2+/glycan-

binding pocket (Drickamer, 1992; Weis and Drickamer, 1996).  Man/Glc and Gal-

derivatives differ in the structural orientation of their 3– and 4–OH groups.  Man/Glc 

ligands, with equatorial 3– and 4–OH, are recognized by CTLDs that contain a Glu-

Pro-Asn (EPN) triplet motif, and Gal ligands, with equatorial 3–OH and axial 4–OH, 

are recognized by a Gln-Pro-Asp (QPD) triplet motif (Drickamer, 1993). 

 

Organization of CTLs in the genome 

The N. vectensis genome browser revealed that 72% of CTLDs were contained within 

a single exon, and most CTLDs were located near the C-terminus of the predicted 

gene.  In addition, 18% of CTLDs may have been cut short by the Ab initio model for 

gene prediction; therefore, predictions that did not cover the full CTLD were allowed 

to remain in the dataset (see alignment of all N. vectensis CTLDs in Figure 4.5). 
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Phylogenetic analysis of CTLDs in N. vectensis 

In addition to the 92 CTLDs from N. vectensis, 29 unique CTLDs were identified from 

other cnidarian sequencing projects, including two anthozoans – Acropora millepora 

and A. pallida, and several hydrozoans – Hydra spp. and Podocoryne carnea (Figure 

4.1).  A Bayesian analysis was conducted on an alignment of cnidarian CTLDs.  The 

resulting tree showed tight clustering of several CTLDs but very little resolution 

between clusters (Figure 4.6).  Most of the hydrozoan sequences clustered as an 

outgroup (data not shown) but some remained internal to the anthozoan sequences.  

Consistent with other immune system gene families (Miller et al., 2007), this analysis 

suggests that a diverse array of CTLDs was present in cnidarians prior to the 

divergence of Anthozoa and Hydrozoa.  

 

Even with little resolution, many N. vectensis CTLDs clustered with other CTLDs in 

their classification group.  For example, several of the single CTLDs (group A) 

clustered together along with single CTLDs from A. millepora, and the EGF + 

Kazal_2 sequences (group F) made up a single cluster.  In sequences with more than 

one CTLD, the CTLDs typically clustered with CTLDs from other sequences in their 

group rather than CTLDs from the same sequence.  This was most evident for CTL-

like sequences that contain 10 CTLDs (group J).  Each CTLD from one sequence 

paired with its respective CTLD from the other (highlighted by stars in Figure 4.6).  In 

addition, each CTLD from sequences containing vWA (group C) clustered separately 

(except 700087.2 – the gene prediction did not include a full-length CTLD so it fell 

outside the cluster).  However, a few sequences with two CTLDs did cluster within 

their sequence (group I) suggesting that CTLD duplication occurred after this 

sequence had diverged.  

 

Phylogenetic analyses of cnidarian CTLDs may help predict the structure of full-

length coding sequences from other cnidarians.  For example, we compared A. pallida 

sequences that clustered with EGF + Kazal_2 (group F) against the PfamA database.  
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One of the sequences (CCAS1081.g1) contained a single CTLD followed by four EGF 

domains, similar to the N. vectensis subgroup F4 or F6 (Figure 4.3).  Our Bayesian 

analysis predicts that the complete A. pallida coding sequence will contain a N-

terminal Kazal_2 domain.  Another A. pallida EST, Contig 156, had a CTLD and a 

vWA domain.  In our analysis, Contig 156 clustered with N. vectensis CTLDs from 

group C, which contained two CTLDs and a single vWA domain (Figure 4.6).  

Therefore, it is likely that the full-length A. pallida sequence will have an additional 

N-terminal CTLD (Figure 4.3).  Finally, an A. pallida sequence (CCAS467.g1, 

highlighted by an arrow in Figure 4.6) clustered with the 10th CTLD from N. vectensis 

group J.  The 10th CTLD in N. vectensis immediately precedes a F58C domain, and 

PfamA analysis of the A. pallida sequence identified a CTLD followed by a F58C 

domain.  Again, full-length sequencing may provide an A. pallida sequence with a 

structure similar to group J from the N. vectensis genome.   

 

Since, the Ca2+/glycan-binding pocket was conserved in many of the N. vectensis 

CTLD sequences, we wanted to determine where they fit in an evolutionary context.  

N. vectensis CTLDs containing most of the conserved binding pocket residues were 

analyzed against conserved CTLDs from H. sapiens, C. elegans, and Drosophila.  

Even for less-well conserved gene families, such as CTLs, the resulting tree 

demonstrates that cnidarians contain gene family complexity that more closely 

resembles vertebrates than do other model invertebrates (Figure 4.7).  Drosophila and 

C. elegans CTLD sequences grouped independent of each other and exclusive of N. 

vectensis (with one exception) and human CTLDs.  In contrast, N. vectensis and 

human CTLDs showed very little separation between their sequences except for a few 

terminal human sequences, such as proteoglycans, collectins, and selectins, that likely 

underwent gene duplication after metazoans diverged from the cnidarian lineage.   
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Discussion 

The diversity of CTL-like gene predictions in N. vectensis suggests that this gene 

family fills a variety of functional roles, many of which occur extracellularly and may 

function in recognition and immunity at the host/pathogen interface.  Given the current 

knowledge of the structure-function relationship within the Ca2+/glycan-binding 

pocket, almost half of the CTLDs in N. vectensis are expected to have the ability to 

bind glycan ligands.  Of those, general ligand specificity can be predicted for 

sequences that contain experimentally tested triplet motifs (EPN or QPD).  However, 

there was also a QPN motif present in several N. vectensis CTLDs (group C).  

Functional studies on the N. vectensis sequences are needed to confirm glycan 

specificity for sequences carrying the EPN/QPD motifs and to determine if the QPN 

motif represents a novel binding pocket with unique glycan specificity.   

 

Full-length sequencing of N. vectensis CTLs will also be necessary to confirm the Ab 

initio gene model predictions.  For example, one sequence (7191000001), represented 

in Figure 4.3 as subgroup F1, was only shown to contain a Kazal_2 and a CTLD 

domain.  However, the CTLD sequence clustered tightly with other N. vectensis 

sequences that contain Kazal_2 along with several EGF domains (Figure 4.3).  On the 

JGI genome browser, closer examination of the gene prediction for 7191000001 

revealed that it was located at the end of a short scaffold.  Therefore, it is likely that 

the sequence prediction was incomplete, and we predict that the full-length sequence 

will contain C-terminal EGF domains. 

 

Most of the sixteen major CTL groups contain one or more subgroups with a signal 

sequence suggesting that those sequences are likely to be extracellular, either secreted 

or localized to the plasma membrane.  Even though cnidarians arose early in metazoan 

evolution, their immune systems had already developed many of the elaborate defense 

mechanisms thought to be found only in higher metazoans (Miller et al., 2007).  

Extracellular CTLs serve as recognition receptors in other organisms, and they appear 
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to serve a similar function in cnidarians.  For example, lectin/glycan interactions have 

been shown to play a role in recognition during infection of host cnidarians by 

symbiotic algae (Lin et al., 2000; Wood-Charlson et al., 2006).  

 

Similar to CTLDs in vertebrates, cnidarian CTLDs were found in combination with a 

diverse array of other protein domains, and surprisingly, many of these domains were 

shared between them.  So far, vertebrate CTLs have been found to contain 17 

additional protein domains (Zelensky and Gready, 2005), and of those, 10 were also 

present in CTLs from N. vectensis.  For comparison, C. elegans CTLs share only 5 of 

the additional domains (all found in N. vectensis) and Drosophila CTLs share 3 (two 

found in N. vectensis) (Dodd and Drickamer, 2001; Drickamer and Dodd, 1999).  In 

addition to sharing most of the vertebrate CTL domains, N. vectensis had several 

additional protein domains there were unique to CTL sequences (underlined in Table 

4.1).  The overlap in CTL domain composition and CTLD sequence similarity 

between cnidarians and vertebrates, but not with the model invertebrates, support the 

conclusions that basal metazoans are more complex than previously thought and the 

classical invertebrate model organisms have undergone extensive gene loss and 

divergence.   

 

Identification of CTL-like sequences from the N. vectensis genome will be useful in 

future studies that focus on the functional role of CTLs in basal metazoans.  These 

studies may identify CTL-like sequences with conserved functions in cell-cell 

adhesion and immunity.  For example, the N. vectensis CTLs with 10 CTLDs (group 

J) show a similar CTLD architecture to the vertebrate mannose receptor (MR) family.  

One principle function of the MR family is phagocytosis of microorganisms, but they 

also act as cell-cell adhesion and/or recognition receptors (reviewed in East and 

Isacke, 2002).  Another interesting group of CTLs contain TPS1 domains (group K), 

which bind CD36, a host receptor involved in cell-cell adhesion that is partially 

responsible for infection of erythrocytes by Plasmodium falciparum (Oquendo et al., 
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1989).  A recent microarray study comparing a symbiotic and non-symbiotic state of a 

host cnidarian found a CD36 family member had increased expression in the 

symbiotic host (Rodriguez-Lanetty et al., 2006a).  The authors suggest that the 

cnidarian CD36 family member may facilitate the symbiosis, similar to host infection 

by P. falciparum, a member of apicomplexa (sister taxa to the dinoflagellates) 

(Baldauf, 2003).  In addition, TSP1 repeats were uncovered in a family of putative 

immune recognition proteins from the hydroid Hydractinia symbiolongicarpus 

(Schwarz et al., 2007).   

 

Cnidarian lectins have already been shown to play a role during initial contact and 

recognition of intracellular symbionts (Koike et al., 2004; Lin et al., 2000; Wood-

Charlson et al., 2006).  After contact, these algal symbionts are phagocytosed by the 

host’s gastrodermal cells (Pardy and Muscatine, 1973), but it is unknown if lectins 

also participate in the phagocytic process.  In addition to mutualistic partnerships, it 

will be interesting to examine whether lectins also play a role in cnidarian immune 

defense when challenged with potential pathogens.  This question is becoming 

increasingly important as increasing ocean temperatures, agricultural runoff, 

acidification, and other anthropogenic disturbances continue to stress coral reef 

ecosystems and instances of coral disease become more prevalent (Bruno et al., 2007; 

Hoegh-Guldberg et al., 2007).  Unfortunately, almost nothing is known about the 

immune capabilities of cnidarians.   
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Figures and Tables 

 
Figure 4.1.  Cnidarians as a basal group in metazoan evolution.  Within the Cnidaria, 
the Anthozoa are basal and the Hydrozoa are derived (modified from Miller et al., 
2007). 
 
 
 
 

 
Figure 4.2.  Structure of a typical CTLD in complex with a glycan ligand (generated 
from Protein Data Bank: 1kzc, www.rcsb.org/pdb).  The residues that create the two 
Ca2+-binding pockets are identified by their single-letter amino acid abbreviation and 
sequence position that corresponds to the alignment in Figure 4.4.  The second Ca2+-
binding pocket also binds the glycan ligand (shown here in association with Man).   
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Figure 4.3.  Overall domain structure of CTL-like gene predictions from Nematostella 
vectensis.  Sequences were grouped by number of CTLDs and their association with 
other protein domains.  A shaded CTLD indicates a subgroup with at least one CTLD 
predicted to have a Ca2+/glycan-binding pocket.  In the diagram, a boxed letter 
corresponds to the domain identified in the group heading, and additional domains are 
identified in the key.  The number of gene predictions within each subgroup is 
indicated in parentheses after the subgroup heading.  Each subgroup is cross-
referenced to its respective gene model name in Table 4.1.  Abbreviations: CTLD – C-
type lectin-like domain, EGF – epidermal growth factor, F58C – coagulation factor 
5/8 type C, Gal-lectin – D-galactoside-binding lectin, GPS – G-protein coupled 
receptor (GPCR) proteolytic site, Ig – immunoglobulin-like, LDLRA – low-density 
lipoprotein receptor A, SCP – sperm-coating glycoprotein, 7tm – 7-pass 
transmembrane GPCR, signal – signal sequence, SRCR – scavenger receptor cysteine 
rich, tm – transmembrane domain, TSP1 – thrombospondin type I repeat, vWA – von 
Willebrand factor A.     



 

 

89 

 
Figure 4.4.  Alignment of CTLDs found in the Nematostella vectensis genome that 
contain three out of the five residues shown to structurally form the Ca2+/glycan-
binding pocket.  Potential ligands for binding the first or second Ca2+ are denoted 1 
and 2, respectively.  The conserved cysteine residues, which form disulfide bonds are 
denoted by C.  Conserved aliphatic and aromatic residues are represented by * and ^, 
respectively.  Other conserved residues are identified by their single letter amino acid 
abbreviation.  Black highlighting indicates at least 50% identity at a position and grey 
indicates similar chemistry.  Sequences were named by the numerical identifier from 
their full gene model name as assigned on the N. vectensis JGI genome browser (v1.0).  
Full-length gene names are listed in Table 4.1.  Sequence names with an additional 
number after the numerical identifier indicate that multiple CTLDs were present in a 
single gene prediction, and the number corresponds to the order of CTLD appearance 
in the sequence. 
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Figure 4.5.  Alignment of all CTLDs found in the Nematostella vectensis genome.  N. 
vectensis sequences were named as in Figure 4.4.  
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Figure 4.6.  Bayesian analysis tree of the CTLD gene predictions from the 
Nematostella vectensis genome and other cnidarian sequencing projects.  Numbers at 
each branch represent posterior probabilities after 10,000,000 generations.  N. 
vectensis sequences were named as in Figure 4.4.  Specific CTLD groups discussed in 
the text have been bracketed or highlighted with an arrow, and starred branches 
identify N. vectensis CTLD group J.  Sequences from other cnidarians were named by 
species and either a Genbank accession number or current identifier from the 
sequencing project.  Abbreviations: A. millepora – Acropora millepora, A. pallida – 
Aiptasia pallida, H. magnipapillata – Hydra magnipapillata, H. viridis – Hydra 
viridis, P. carnea – Podocoryne carnea.   
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Figure 4.7.  Bayesian analysis tree of CTLDs containing at least three of the five 
conserved residues that structurally form the Ca2+/glycan-binding pocket from 
Nematostella vectensis, Homo sapiens, Caenorhabditis elegans, and Drosophila.  
Posterior probabilities for each branch point were 1.0 after 10,000,000 generations.  N. 
vectensis sequences were named as in Figure 4.4, and group codes are the same as in 
Figure 4.3.  Human CTLDs groups were identified by a numerical identifier described 
by Drickamer and Taylor (1993).  Green – N. vectensis; blue – H. sapiens; orange – C. 
elegans; yellow – Drosophila).  
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Table 4.1.  Nematostella vectensis CTL-like Sequences Recovered from the JGI 
Genome Browser (v1.0) with More Than One CTLD.   

Domain Structure Gene Model Namea Descriptionbc 

(A) Single CTLD e_gw.1517.2.1 CTLD alone 
  e_gw.2934.3.1 CTLD alone 
  e_gw.7241.1.1 CTLD alone 
  estExt_fgenesh1_pg.C_110046 CTLD alone 
  estExt_fgenesh1_pg.C_170085 CTLD alone 
  fgenesh1_pg.scaffold_12000058  CTLD alone 
  fgenesh1_pg.scaffold_17000085 CTLD alone 
  fgenesh1_pg.scaffold_3000113 CTLD alone 
  fgenesh1_pg.scaffold_3035000002  CTLD alone 
  fgenesh1_pg.scaffold_327000008 CTLD alone 
  fgenesh1_pg.scaffold_4914000001  CTLD alone 
  fgenesh1_pg.scaffold_748000003 CTLD alone 
  fgenesh1_pg.scaffold_156000026  signal/tm, CTLD 
  fgenesh1_pg.scaffold_19000102 signal/tm, CTLD 
  fgenesh1_pg.scaffold_3283000001 signal/tm, CTLD 
  fgenesh1_pg.scaffold_50000070 signal/tm, CTLD 
  fgenesh1_pg.scaffold_542000003 signal/tm, CTLD 
  fgenesh1_pg.scaffold_7000235 signal/tm, CTLD 
  fgenesh1_pg.scaffold_76000071  signal/tm, CTLD 
  fgsh_est.C_scaffold_15000009 signal/tm, tm, CTLD 
  estExt_fgenesh1_pg.C_5290004 signal, CTLD, tm 
  fgenesh1_pg.scaffold_121000039 signal, CTLD 
  fgenesh1_pg.scaffold_4000026 signal, CTLD 
  fgenesh1_pg.scaffold_66000008  signal, CTLD 
  estExt_fgenesh1_pg.C_17400001 tm, CTLD 
  fgenesh1_pg.scaffold_117000056 tm, CTLD 
  fgenesh1_pg.scaffold_76000072 tm, CTLD 
  fgenesh1_pg.scaffold_685000004  CTLD, tm (2) 
  fgenesh1_pg.scaffold_256000002 tm, CTLD, tm (2) 
(B) 2 CTLDs fgenesh1_pg.scaffold_150000031 signal, CTLD (2), tm 
(C) vWA fgenesh1_pg.scaffold_7000087  signal, CTLD (2), vWA 
  fgenesh1_pg.scaffold_161000025 signal, CTLD (2), vWA 
  fgenesh1_pg.scaffold_161000026  CTLD (2), vWA 
(D) SCP estExt_fgenesh1_pg.C_1010028 signal, SCP, CTLD 
  estExt_fgenesh1_pg.C_4250015 signal, SCP, CTLD 
  fgenesh1_pg.scaffold_425000013 signal, SCP, CTLD 
(E) EGF fgenesh1_pg.scaffold_121000042 EGF, CTLD 
  fgenesh1_pg.scaffold_18000071  signal, EGF, CTLD 
  fgenesh1_pg.scaffold_748000002 signal, EGF (3), CTLD 
(F) EGF + Kazal_2 fgenesh1_pg.scaffold_7191000001 kazal_2, CTLD 
  fgenesh1_pg.scaffold_266000022  signal, kazal_2, CTLD, EGF (2) 
  fgenesh1_pg.scaffold_367000012  signal, kazal_2, CTLD, EGF (3) 
  fgenesh1_pg.scaffold_413000002  signal, kazal_2, tm (4), CTLD, EGF (4) 
  fgenesh1_pg.scaffold_655000001  kazal_2, CTLD, EGF (3) 
  fgenesh1_pg.scaffold_89000004  signal, kazal_2, CTLD, EGF (4) 
(G) Link fgenesh1_pg.scaffold_121000041 Link, CTLD 
  fgenesh1_pg.scaffold_3000110 signal/tm, Link, CTLD 
(H) GPS/7tm fgenesh1_pg.scaffold_31000058 signal/tm, CTLD, GPS/7tm 
  fgenesh1_pg.scaffold_54000011 signal, CTLD, GPS/7tm 
  fgenesh1_pg.scaffold_48000036 signal, LDLRA, CTLD, GPS/7tm 
(I)  F58C fgenesh1_pg.scaffold_12000147 signal/tm (2), F58C, CTLD (2) 
     F58C + Ig fgenesh1_pg.scaffold_120000043 F58C (2), CTLD, Ig 
     F58C + Sushi fgenesh1_pg.scaffold_15000042 signal, F58C, Sushi (12), CTLD 

(J) 10 CTLDs + F58C  estExt_fgenesh1_pg.C_30109 signal, CTLD (3), F58C, CTLD (7), F58C (3), 
SEA, tm 

  fgenesh1_pg.scaffold_3000106 signal, CTLD (3), F58C, CTLD (2), Gal Lectin,  
CTLD (5), F58C (3), SEA 

(K) TSP1 + Astacin fgenesh1_pg.scaffold_146000014 Astacin, TSP1, CTLD, TSP1 (2), tm 
      TSP1 fgenesh1_pg.scaffold_425000001 signal, TSP1 (2), CTLD 
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(L) CUB fgenesh1_pg.scaffold_1000051 CUB (2), CTLD 
(M) MAM + SRCR fgenesh1_pg.scaffold_37000121  SRCR, MAM, CTLD 

    MAM + LDLRA/CUB fgenesh1_pg.scaffold_28000132 signal, MAM, CTLD (2), MAM, LDLRA (3),  
MAM (2) CUB 

(N) Ig estExt_fgenesh1_pg.C_490082 signal, Ig (3), CTLD 
      Ig + Collagen estExt_fgenesh1_pg.C_270065 signal/tm, collagen, Ig (3), CTLD 
      Ig + PAN fgenesh1_pg.scaffold_42000068 CTLD, Ig, PAN 
      PAN fgenesh1_pg.scaffold_156000038  signal/ tm, PAN, CTLD 
  fgenesh1_pg.scaffold_42000073 CTLD, PAN 
(O) ShK fgenesh1_pg.scaffold_68000060  signal, ShK, tm (6), CTLD (2) 
(P) Cadherin fgenesh1_pg.scaffold_7000012  tm, Cadherin (3), CTLD 

aThe gene model name corresponds to the Ab initio model of gene prediction on the 
browser.  
bAdditional domains present in the gene prediction were identified using PfamA, 
ScanProsite, and InterProScan.  Domains unique to N. vectensis CTLs are underlined.  
The number in parentheses following a domain indicates number of consecutive 
repeats of that domain in the gene prediction. 
cAbbreviations: CTLD – C-type lectin-like domain, EGF – epidermal growth factor, 
F58C – coagulation factor 5/8 type C, Gal-lectin – D-galactoside-binding lectin, GPS 
– G-protein coupled receptor (GPCR) proteolytic site, Ig – immunoglobulin-like, 
LDLRA – low-density lipoprotein receptor A, SCP – sperm-coating glycoprotein, 
7tm – 7-pass transmembrane GPCR, signal – signal sequence, SRCR – scavenger 
receptor cysteine rich, tm – transmembrane domain, TSP1 – thrombospondin type I 
repeat, vWA – von Willebrand factor A.   
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Initiation of Coral/Algal Symbioses: The Role of Cell Surface Lectin/Glycan 
Interactions in Recognition and Specificity 

 

 

 

 

 

Chapter 5:  Conclusion 

 

This study focused on lectin/glycan interactions in cnidarian/dinoflagellate symbioses 

because these interactions are known to function as mechanisms for cell-cell adhesion, 

recognition, and phagocytosis of potential pathogens in other organisms (Cambi et al., 

2005; Lasky, 1992; Weis et al., 1998), and there are many parallels between the 

establishment of mutualistic symbioses and parasitic interactions (reviewed in Chapter 

1).  Lectin/glycan interactions were determined to function during onset of the 

horizontally transmitted, highly specific symbiosis between Fungia scutaria coral 

larvae and its native Symbiodinium algae, clade C1f (Chapter 2).  Closely-related 

symbionts were determined to have discrete cell surface glycan profiles, which may 

communicate the symbiont’s identity to a potential host, providing functional support 

for the molecular classification of Symbiodinium algae at the subclade level (Chapter 

3).  Finally, the cnidarian Nematostella vectensis genome was found to contain a 

complex array of C-type lectins (CTLs) that more closely resemble higher vertebrates 

in domain organization and sequence similarity of the C-type lectin domain (CTLD) 

than the model invertebrates – Caenorhabditis elegans and Drosophila (Chapter 4).   

 

The discoveries in Chapter 4 highlight a coming revolution regarding our perception 

of basal metazoans.  More and more data are showing that cnidarians are not just 

simple, two-cell layered organisms that evolution left behind.  When compared with 

higher vertebrates, cnidarians have similar levels of gene family complexity for 

conserved gene families (Kusserow et al., 2005; Putnam et al., 2007; Rodriguez-
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Lanetty et al., 2006; Sullivan and Finnerty, 2007; Technau et al., 2005), as well as 

gene families that are under strong selection pressure (Miller et al., 2007).  As a 

consequence of this cnidarian renaissance, the classical model organisms, such as C. 

elegans and Drosophila, are starting to show their true highly-derived nature.  I 

understand and agree that the initial selection of model organisms was dependant on 

traits such as short generation time and easy manipulation in a laboratory setting, but I 

think that we, as scientists, now have the ability to work with model systems that are 

less cooperative by previous standards but more functionally relevant.  Therefore, I 

propose we adopt a cnidarian model system that better reflects vertebrate complexity 

and also addresses difficult evolutionary questions concerning the origins of 

development and immunity.  Cnidarians, which represent basal metazoans, fulfill both 

roles, as well as being of huge economic, environmental, and aesthetic importance.   

 

Corals, like all sessile marine invertebrates, are literally bathed in potential pathogens, 

so it is not surprising that they would have a highly developed immune system.  

Unfortunately, with the onset of global climate change, corals are being pushed 

towards their physiological limits and stressed to a point where they are unable to 

maintain their defenses.  For many corals, this physiological limit is partially 

determined by the susceptibility of their dinoflagellate symbionts, which varies 

between clades (reviewed in Douglas, 2003).  This is a major problem when 77% of 

corals (stony and soft) are only found in association with a single clade of 

Symbiodinium (Goulet, 2006)!  What if a particular species of coral happens to 

associate with a dinoflagellate that is highly susceptible to stressors and bleaching?  

The trajectory of global climate change suggests that these coral species likely will not 

survive another 50 years (Hoegh-Guldberg et al., 2007).   

 

The aim of this study was to understand the mechanisms of recognition that occur 

between the coral host and their dinoflagellate symbiont.  Once we understand how 

the two partners recognize each other, specifically the algal cell surface components 
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required to initiate the symbiosis, we can begin to characterize the pro-infection 

signals for each algal symbiont/host combination.  Then, when the situation is dire, we 

can select a generalist symbiont, one that is less susceptible to environmental changes, 

and bioengineer it to display a symbiont cell surface profile that will allow for uptake 

by a threatened host coral species.  Further work needs to be done to identify algal 

determinants that function in subsequent winnowing stages, but the initial uptake of 

bioengineered symbionts will hopefully provide a jumpstart towards adaptation.   

 

The following points describe additional studies that may help us reach this goal. 

1.  Identify and characterize CTLs in a symbiotic cnidarian.  Using the CTL database 

from the Nematostella vectensis genome (Chapter 4), obtain CTL sequences from 

F. scutaria and/or Aiptasia pallida.  This will be necessary for functional studies 

on the onset of symbiosis. 

2.  Examine the plasticity of glycan profile by  

  -Comparing freshly isolated symbionts from a single host over time 

  -Infect F. scutaria larvae with C1f symbionts isolated from both F. scutaria  

 and Leptastrea spp., then re-isolate the algae to determine if the glycan profiles 

change to reflect the same host environment.  

3.  Isolate host lectins using glycan-affinity columns or 2D-gels, which can be probed 

with purchased glycans to identify their glycan specificity.  Once isolated, these 

specific host lectins can be tested for ability to inhibit infection success (similar to 

ConA/Jac, Chapter 2).  

3. After determining the glycan specificity for host lectins that were able to inhibit 

infection by native algae, glycan conjugates can be used to coat non-native algae.  

Once coated, the non-native algae will “look” like native symbionts are result in 

increased infection success.   

4.  Bioengineer a closely-related, but more tolerant algal symbiont to ‘look’ like a 

native symbiont and give the host coral a chance to ‘adapt’ to changing climate 

conditions.  
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Abstract 

The obligate symbiotic relationship between dinoflagellates, Symbiodinium spp. 

and reef building corals is re-established each host generation. The solitary coral 

Fungia scutaria Lamarck 1801 harbors a single algal strain, Symbiodinium ITS2 

type C1f (homologous strain) during adulthood. Previous studies have shown that 

distinct algal ITS2 types in clade C correlate with F. scutaria—Symbiodinium 

specificity during the onset of symbiosis in the larval stage. The present study 

examined the early specificity events in the onset of symbiosis between F. scutaria 

larvae and Symbiodinium spp., by looking at the temporal and spatial infection 

dynamics of larvae challenged with different symbiont types. The results show that 

specificity at the onset of symbiosis was mediated by recognition events during the 

initial symbiont—host physical contact before phagocytosis, and by subsequent 

cellular events after the symbionts were incorporated into host cells. Moreover, 

homologous and heterologous Symbiodinium spp. strains did not exhibit the same 

pattern of localization within larvae. When larvae were infected with homologous 

symbionts (C1f), ~70% of the total acquired algae were found in the equatorial 

area of the larvae, between the oral and aboral ends, 21 h after inoculation. In 

contrast, no spatial difference in algal localization was observed in larvae infected 

with heterologous symbionts. This result provides evidence of functional 

differences among gastrodermal cells, during development of the larvae. The cells 

in the larval equator function as nutritive phagocytes, and also appear to function 

as a region of enhanced symbiont acquisition in F. scutaria. 

 

Introduction 

Mutualistic endosymbiosis between two organisms includes a stage where the larger 

host first acquires its smaller symbiont. Symbionts may be transmitted vertically 

where the symbiont is passed directly from host parent to offspring, or horizontally 

where host sexual progeny must acquire symbionts from the environment (Douglas, 

1994). In horizontally transmitted associations, the onset of symbiosis has been shown 
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for several well-studied symbioses, such as squid/luminous bacteria and 

legume/nitrogen fixing bacteria mutualisms, to include a complex series of steps, 

recently referred to by Nyholm and McFall-Ngai (2004) as “the winnowing”. These 

steps range from molecular signaling to inter-microbe ecological interactions, all of 

which are necessary but none of which are sufficient alone to establish a successful, 

specific symbiosis (e.g. Nyholm and McFall-Ngai, 2004; Somers et al., 2004).  

Moreover, this series of specificity mechanisms occurs over a considerable time, 

starting minutes after first contact and extending from weeks to months into host 

development and maturity. 

 

The onset of symbiosis in the highly diverse array of cnidarian/algal associations has 

been studied in a broad range of partnerships. These include symbioses between (1) 

the freshwater hydroid Hydra viridis and a chlorophyte (reviewed by Jolley and Smith, 

1980; Muscatine et al., 1975), (2) the scyphozoan Cassiopeia xamachana and the 

dinoflagellate Symbiodinium spp. (Colley and Trench, 1983; Colley and Trench, 1985; 

Fitt and Trench, 1983) and (3) a variety of anthozoans and Symbiodinium spp. (e.g. 

Belda-Baillie et al., 2002; Coffroth et al., 2001; Davy et al., 1997; Kinzie, 1974; 

Rodriguez-Lanetty and Hoegh-Guldberg, 2003; Schoenberg and Trench, 1980). Taken 

together, these studies suggest an analogous winnowing process in cnidarian/algal 

symbioses, which were first discussed 25 years ago (see Jolley and Smith, 1980; 

McAuley and Smith, 1982). Evidence for the steps in this process includes the 

presence of putative molecular signals on the surfaces of symbionts and in hosts 

(Koike et al., 2004; Lin et al., 2000; Markell et al., 1992; McNeil et al., 1981; Meints 

and Pardy, 1980), discrimination by the host early in infection between its own 

symbionts (homologous symbionts) and those from other hosts (heterologous 

symbionts) (e.g. Belda-Baillie et al., 2002; Jolley and Smith, 1980; Pool, 1979; 

Rodriguez-Lanetty et al., 2004; Schoenberg and Trench, 1980; Weis et al., 2001) and 

a succession of different algal phylotypes later in host development (Coffroth et al., 
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2001; Little et al., 2004; Rahat, 1991). Nonetheless, the information we have is far 

from complete. 

 

We have been studying the onset of symbiosis in the planula larva of the solitary 

scleractinian coral Fungia scutaria and its dinoflagellate symbiont Symbiodinium 

clade C1f (nomenclature sensu LaJeunesse et al., 2004). This association is an ideal 

model for studying the onset of symbiosis due to the predictable availability of larvae 

and the ability to establish the symbiosis experimentally in the laboratory. Previous 

work has demonstrated that planulae acquire symbionts during feeding. Algae are 

phagocytosed by host gastrodermal cells and persist within host vacuoles inside these 

cells (Schwarz et al., 1999). Other studies have shown that this process is specific. For 

example, when host larvae are challenged with closely related heterologous 

Symbiodinium clade C phylotypes isolated from other host corals, the symbiosis is less 

robust than that between F. scutaria and its homologous Symbiodinium C1f algae, as 

measured by the percentage of larvae infected and the density of algae in larvae 21 h 

after inoculation (Rodriguez-Lanetty et al., 2004; Weis et al., 2001). It is still 

unknown whether the development of this specific association is governed by 

processes occurring before and/or after the symbionts enter host cells. 

 

In the present study, we examined the early specificity events in the onset of symbiosis 

between F. scutaria larvae and Symbiodinium spp., after the initial contact of larvae 

challenged with different symbiont types. First, we determined whether differential 

infection by symbionts was due to recognition during the initial contact between 

gastrodermal cells and symbionts, or later within the host cells after algal symbionts 

were phagocytosed. Second, we determined if initial infection occurred in a specific 

region of the larval gastroderm, and whether there were spatial differences in algal 

uptake depending on symbiont type. 
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Materials and Methods 

Collection and maintenance of coral larvae 

Adult F. scutaria Lamarck 1801 corals were collected from several different patch 

reefs in Kaneohe Bay, Hawaii, USA in July 2003 and 2004, and placed in seawater 

tables at the Hawaii Institute of Marine Biology 4 day before full moon. This 

dioecious coral species (Kramarsky-Winter and Loya, 1998) generally spawns 

between 1700 and 1900 hours, 2–4 days after the full moon (Krupp, 1983). Collection 

and fertilization of gametes, which lack symbionts (aposymbiotic), were performed as 

previously described (Rodriguez-Lanetty et al., 2004). The experiments described 

below were conducted in non-settled larvae. 

 

Preparation of Symbiodinium isolates, genetic typing and infection experiments  

Infection experiments were conducted in July–August of 2003 and 2004. For all 

experiments, 4-day-old aposymbiotic F. scutaria larvae were kept in bowls at ambient 

temperature (~26°C), each containing an average of 105 larvae in 1 l of 0.25-µm 

filtered seawater. Algae were extracted from adult coral colonies, and before 

inoculation were mixed with homogenized Artemia spp. to stimulate a feeding 

response in the larvae (Schwarz et al., 1999). Each bowl was provided with 

approximately the same number of symbionts (~108 cells). After 3 h, larvae were 

washed, and any remaining algae not ingested by the larvae were removed by 

concentrating the larvae onto a 60-µm mesh filter and placing them in clean bowls. 

Larvae were collected at various sampling times, fixed in 4% paraformaldehyde 

fixative in phosphate buffered saline (PBS: 2 mM NaH2PO4, 7.7 mM Na2HPO4, 0.14 

M NaCl) and rinsed in PBS before examination with light and confocal microscopy. 

The genetic typing of the symbiotic dinoflagellates was determined as described by 

Rodriguez-Lanetty et al. (2004) from sequences of ITS-2 nrDNA amplified from 

genomic DNA extracts of the algal preparations used for the infection experiments. 
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In 2003, an experiment documented the uptake of homologous symbionts (C1f 

extracted from Fungia scutaria) and heterologous symbionts (C31 extracted from 

Montipora capitata Dana 1846) in the early hours following inoculation. We chose to 

use C31 symbionts based on previous studies comparing infectivity of a variety of 

symbiont C strains (Rodriguez-Lanetty et al., 2004; Weis et al., 2001). In these 

studies, C31 exhibited the lowest level of infectivity at 24 h after infection. Larvae 

were collected randomly from each treatment and fixed at 1, 5, 21, and 93 h after the 

inoculation period. 

 

In 2004, an experiment examined the uptake of homologous symbionts extracted from 

F. scutaria compared to symbionts belonging to the same genetic strain (C1f), but 

extracted from another coral species, Leptastrea spp. This experiment addressed the 

effect that potential residual host symbiosome membrane around freshly isolated cells 

might have on symbiont re-uptake. Symbionts (Symbiodinium C1) extracted from 

Cyphastrea spp. were also included in the experiment as the closest phylogenetic 

heterologous symbionts to C1f (sensu LaJeunesse et al., 2004). Nine bowls of larvae 

were inoculated with freshly isolated symbionts: three with symbionts (C1f) extracted 

from F. scutaria, three with symbionts (C1f) extracted from Leptastrea spp., and three 

with the symbionts (C1) extracted from Cyphastrea spp. We quantified percent 

infection and symbiont density at 21 h after inoculation in 100 larvae per bowl for 

each treatment. In addition, to compare the uptake of inert particles to that of 

symbionts by host cells, we provided a separate group of larvae with synthetic 

fluorescent latex beads (0.4 µm) (505/515, Molecular Probes, Invitrogen). 

 

Microscopy and data analysis 

Larvae from the experiment in 2004 were rinsed in PBS and visualized under light 

microscopy to obtain infection rates and average density of symbionts. ANOVA 

analyses were conducted to detect differences in percent of larval infection and algal 
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cell number per larva among larvae infected with homologous symbionts C1f 

(extracted from two different corals species) and heterologous (C1) symbionts. 

 

Larvae from the experiment conducted in 2003 were rinsed in PBS and stained with 

the fluorescent DNA dye Hoechst 33258 to visualize the host cells in infected coral 

larvae. Samples were mounted in well slides with glycerol (50%) and observed under 

confocal microscopy either on a Leica TCS 4D Laser Scanning or a Zeiss LSM 510 

Meta. Samples were scanned with excitations of UV (Leica: 380 nm, Zeiss: 405 nm) 

and green (Leica: 500 nm, Zeiss: 488 nm) light, and emissions were collected at 450 

nm to visualize stained host cells, 515 nm for latex beads, and 600 nm for the 

autofluorescence of algal symbionts. In larvae where spatial localization of algae was 

examined, 20-µm optical sections of a larva were scanned using green excitation to 

collect full reflected light (Leica) or Differential Interphase Contrast, (DIC, Zeiss) to 

visualize the inner gastrodermal host cells. This imaging technique allowed for 

unequivocal scoring of algae as either in host gastrodermal cells or outside of host 

cells but within the gastric cavity. ANOVA analyses were conducted to detect (1) 

differences in the proportion of symbionts in distinct sections within the larvae and 

whether it changed with time, and (2) differences in the proportion of total symbionts 

in larval gastroderm cells with time between larvae infected with homologous C1f and 

heterologous C31 symbionts. The multiple comparison test, Tukey HSD, was 

conducted after ANOVA analyses to determine significant differences between the 

treatments. Data expressed as percentages were arcsine-transformed, and data for algal 

density were log-transformed when heteroscedasticity in the original data was 

encountered. All statistical analyses were performed using SPSS v. 9.0. 

 

Results 

The density of symbionts in F. scutaria larvae infected with Symbiodinium C1f did not 

change with time from 1 h following algal inoculation (F3,60: 1.87, P=0.144) (Figure 

1). However, the density of symbionts in larvae infected with Symbiodinium C31 
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decreased with time until no algal symbionts were present after 21 h. While an initial 

uptake of C31 symbionts from gastrodermal host cells was observed at 1 h after 

inoculation, the uptake was significantly lower than in larvae containing homologous 

C1f symbionts (Algal density: C31=4.01±3.2; C1f=16.7±9.7; t 32: 4.68, P<0.001). The 

difference in infections between homologous C1f and heterologous C31 symbionts 

could be attributed to an antagonistic reaction by the larvae to foreign coral host tissue 

in the heterologous C31 symbiont extract. However, this possibility is unlikely 

because no difference in percent infection and algal cells per larva was detected when 

larvae were infected with the same C1f symbiont extracted from different corals 

species (Figure 2; Tukey’s HSD test, percentage of infection: P=0.41; algal density: 

P=0.48). Moreover, larvae infected with the more closely related symbiont (C1) also 

showed significantly lower percent infection (F2,8: 19.97, Tukey’s HSD test, P<0.01) 

and algal density (F2,8: 7.84, Tukey’s HSD test, P<0.05) at 21 h, when compared to 

larvae infected with the C1f symbiont irrespective of host (Figure 2). 

 

There was a distinct spatial pattern of algal acquisition in F. scutaria larvae (Figure 

3a). The proportion of algal symbionts was quantified in the gastric cavity and in three 

cross sections orthogonal to the oral–aboral axis of the larvae, corresponding to the 

oral, equatorial, and aboral areas (Figure 3b). The majority of the homologous (C1f) 

symbionts were acquired in the larval equator (F15,196: 26.37, Tukey’s HSD test, 

P<0.001; Figs. 3a, 4a). This spatial pattern of acquisition was detected in the early 

hours following inoculation and persisted throughout the sampling period. In addition, 

symbionts in the gastric cavity decreased with time, while those in the equatorial 

gastrodermal area increased, from 42±25% at 1 h to 85±16% at 93 h. This pattern was 

also detected in larvae infected with the same type of symbionts (C1f) extracted from 

Leptastrea spp. These larvae had 79.1% of total algae in the equatorial area at 21 h 

after inoculation. However, this spatial pattern of algal acquisition was not observed in 

larvae infected with the heterologous symbionts C31 (F6,69: 1.519, P=0.185; Figure 

4b), where initial symbiont acquisition was not different among the three areas of the 
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larva. The relative abundance of symbionts (C31) 1 h after inoculation was 12±33, 

25±34, and 5±10% for oral, equatorial, and aboral areas, respectively. 

 

To test whether the observed spatial pattern of phagocytosis of homologous symbionts 

in F. scutaria larvae could be attributed to an area specialized for algal phagocytosis, 

we inoculated coral larvae with inert fluorescent latex beads and observed them in the 

host cells after phagocytosis. If non-specific phagocytosis were more active in the 

equatorial area of the larvae, we expected to observe a significantly higher proportion 

of latex beads in the equatorial area as observed with C1f symbiont phagocytosis. 

However, the beads were phagocytosed uniformly by all gastrodermal host cells 

irrespective of larval section (Figure 3c). It is possible that the smaller size of the latex 

bead compared to the actual size of the algal symbiont could have an effect on 

mobility in the host tissue, however this could not be determined. 

 

Discussion 

This study suggests that the specificity between the scleractinian coral F. scutaria and 

Symbiodinium spp. strain C1f during the initial hours of the onset of symbiosis is 

mediated both by recognition events before phagocytosis, and by subsequent cellular 

events after the symbionts are incorporated into host cells. We conclude that these 

findings were not affected by foreign host cellular contamination as an artefact of algal 

isolation. Furthermore, we document for the first time, spatial differences in algal 

uptake within the coral larva depending on symbiont type. 

 

While both homologous C1f and heterologous C31 symbionts were initially 

incorporated into larval host cells within several hours of addition, significant 

differences in infection success between the two symbiont types were clearly detected. 

At 1 h after the inoculation period, larvae challenged with C1f symbionts from F. 

scutaria had phagocytosed three times more algae than those challenged with 

heterologous C31 algae from Montipora capitata. The observation that heterologous 
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C31 symbionts are not differentially distributed in the larvae provides additional 

evidence for a recognition mechanism(s) occurring before phagocytosis. These 

observations of infectivity patterns in coral–algae symbioses have not been described 

before, although similar patterns have been documented for the well-studied 

scyphozoan Cassiopeia xamachana during initial acquisition of different strains of 

Symbiodinium, where homologous symbionts were acquired in higher densities than 

were heterologous ones within the first 2 h after inoculation (Trench et al., 1981). 

 

Recent studies have described the molecular components putatively involved in 

cnidarian–algal recognition. Lin et al. (2000) have shown that cell surface 

modification of algal symbionts by glycosidases or lectin-masking resulted in 

decreased infection rates in Aiptasia pulchella. These results support previous findings 

showing the presence of glycoproteins associated with the cell walls of symbiotic 

dinoflagellates (Markell et al. 1992). These glycoproteins were assumed to be 

involved in cell signaling during recognition processes. The quantification of infection 

by Lin and colleagues, however, was performed several days after symbiont 

inoculation and did not directly address the effects of cell surface modification on the 

events occurring before phagocytosis. Future proteomic research on the chemical 

composition of the cell surface of Symbiodinium spp. will shed further light on this 

possibility. More recently, Koike et al. (2004) have suggested that a host-controlled 

physical environment in the gastrovascular cavity in cnidarians might play a role in 

symbiont selection. They provided evidence, from studies on cultured algae, that a d-

galactosyl-binding lectin (SLL-2) chemically selects against some non-symbiotic 

dinoflagellates and certain Symbiodinium spp. types. They also showed that SLL-2 

triggers a morphological change in the algae from a flagellated to a coccoid form, 

which may be favorable for the symbiosis between algae and host. This host-driven 

modification of the extracellular environment seems to mediate an ecological process 

of symbiont selection, however, further evidence on mechanisms of action of this 

lectin on symbionts is needed before a final conclusion can be drawn. 
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After phagocytosis, F. scutaria larvae that took up homologous C1f symbionts 

maintained a stable association throughout the experimental period (93 h). In contrast, 

the few heterologous C31 symbionts initially phagocytosed by host cells disappeared 

over the first 21 h. It is not clear whether the heterologous symbionts were expelled 

(via exocytosis) by the host cells, digested (via phagosome–lysosome fusion), or both. 

Nevertheless, this observation clearly suggests that post-endocytotic events resulted in 

the elimination of the heterologous symbionts. Similar observations have also been 

documented in Hydra–Chlorella (Muscatine et al. 1975) and Cassiopeia–

Symbiodinium (Colley and Trench 1983) systems where heterologous algae 

internalized by host cells were discarded 24–72 h after inoculation. In other cnidarian 

hosts, such as gorgonian octocorals, the time for heterologous symbiont disappearance 

was prolonged up to 3 month after symbiont infection (Coffroth et al., 2001), which 

suggests that other processes of symbiont selection must be mediating the high 

specificity outcome of these symbioses. However, it is important to mention that 

Coffroth et al.’s study only documented the presence of symbionts using molecular 

(nrDNA and cpDNA) detection techniques over a 3 month period. The density of 

homologous and heterologous symbionts was not documented, which is an important 

variable required to define successful symbiosis establishment. 

 

The observation that most homologous symbionts were acquired by host cells around 

the larval equator was unexpected since it has been assumed that all nutritive 

gastrodermal cells have the same phagocytic competence (Gauthier, 1963). We 

demonstrated that the increased incorporation of symbionts at the larval equator was 

not due to an intrinsically higher phagocytic capacity of this area because 

phagocytosis of inert latex beads, which simulate food particles, were not spatially 

different. This explanation assumes, however, that the smaller size of the latex beads 

did not cause a significant difference in particle mobility in the host tissue compared 

to phagocytosed algae. Our result provides evidence of functional differences among 

gastrodermal cells during development of the larvae. Although the cells at the larval 
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equator function as nutritive phagocytes, they also appear to function as a symbiont-

acquisition region, where symbiont incorporation is enhanced. 

 

The existence of an apparent symbiont-acquisition region during early larval 

development in F. scutaria is a novel discovery in coral–dinoflagellate symbioses. 

Anthozoan (corals and sea anemones) morphogenesis from larva to a settled adult is 

unique within cnidarians because a pharynx is formed by an inversion of the body wall 

from the oral end (Martindale et al., 2004). Settlement also results in the shortening of 

the oral–aboral axis (Schwarz et al., 1999; Weis and Buss, 1987). Therefore, tentacles 

are hypothesized to develop from the equatorial section of the larvae. This is 

consistent with the localization of homologous symbionts within the host larvae seen 

in this experiment and the observation that in adult polyps, most symbionts are housed 

in the tentacles where they have the greatest light exposure. 

 

In summary, we have presented evidence that specificity in symbioses involving 

dinoflagellates results in part from a series of cellular events early in the onset of 

symbiosis that together influence the establishment and perpetuation of these 

associations. This does not exclude the existence of other factors that may also shape 

the final expression of specificity, such as ecological interactions among different 

types of symbionts (Rahat 1991; Coffroth et al. 2001; Little et al. 2004) and 

physiological alterations of one partner over the other (Koike et al. 2004).  
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Figure 1. Algal density in Fungia scutaria larvae with time after symbiont inoculation 
period. Inoculations were carried out with symbionts from Symbiodinium C1f  (from 
F. scutaria) [white bar], and C31 (from Montipora capitata) [black bar]. Bars 
represent means + SD [n (larvae) = 15 and 19] 
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Figure 2. Infection dynamics of Fungia scutaria larvae inoculated with different 
strains of Symbiodinium spp. Inoculations were performed with Symbiodinium clade 
C1f from F. scutaria and Leptastrea spp., and C1 from Cyphastrea spp. Data were 
collected 21 h after the symbiont inoculation period. (a) Percentage of larvae infected; 
(b) Algal density per larva. Bars represent means + SD [n (bowls) = 9]. Different 
letters above bars indicate significant differences between treatments (p< 0.05). 
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Figure 3. Localization of algae 
and fluorescent latex beads 
within Fungia scutaria larvae. (a) 
3-D confocal reconstruction of a 
larva infected with C1f algae 
from F. scutaria adults. (b) 20-
µm optical reflected light section 
through a larva showing the 4 
different scored regions of the 
larva. Symbionts (red spheres) 
are present inside the larval 
gastroderm (gd). o: oral; e: 
equator; a: aboral; gc: gastric 
cavity; ep: epiderm. (c) Larva 
infected with inert fluorescent 
latex beads, which are a proxy 
for food. Red algal 
autofluorescence (488/600). Blue 
Hoechst DNA stain (405/450). 
Yellow latex beads (405/515). 
Scale bar 50µm. 
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Figure 4. Spatial distribution of phagocytosed symbionts within Fungia scutaria 
larvae at different times after inoculation. Larvae were inoculated with (a) 
Symbiodinium C1f extracted from F. scutaria; or (b) Symbiodinium C31 extracted 
from Montipora capitata. Algae were scored as occurring in one of four regions 
through the larva: oral, equator, aboral or in the gastric cavity (see Figure 3b).  Bars 
represent means [n (larvae) = 14-19]. 
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