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ABSTRACT 

 

All organisms on Earth engage in microbial symbioses. These alliances between animals and 

microbes are situated along a continuum of benefits versus costs with mutualism at one end 

and parasitism at the other. Even within one group of microbes—sub-Kingdom Alveolata—

we find classic mutualists such as the Symbiodiniaceae (Dinoflagellata) that are endosymbionts 

of reef-building corals, and the parasitic Apicomplexa such as the malaria-causing 

Plasmodium. 

Both Symbiodiniaceae and Plasmodium are intracellular symbionts. Contact, recognition and 

ingress of the symbionts into their host cells are pivotal for commencement of their symbioses. 

These mechanisms are mediated by the innate immune system, and eukaryotic pattern 

recognition receptors (PRRs) recognize microbial-associated molecular patterns (MAMPs). 

These molecules, traditionally known to trigger an inflammatory response during microbial 

infections, also mediate the cross-talk between host and symbiont. Glycan-lectin interaction is 

a common MAMP-PRR pathway that apparently acts as a lock-and-key mechanism in both 

mutualistic and parasitic symbioses. The mechanism used by Plasmodium to invade the host is 

well understood, whereas the ingress of dinoflagellates into their cnidarian hosts remains 

enigmatic. In Chapter 2, I compare our knowledge of the Plasmodium-human parasitism to 

explore whether it could perhaps inform the understanding of how cnidarian-Symbiodiniaceae 

mutualisms are initially established.  

To explore establishment of symbiosis between corals and their symbiotic algae (Chapter 3), I 

created a matrix of symbiotic compatibilities between a wide range of Symbiodiniaceae and 

three genotypes of Exaiptasia diaphana—a model organism for the cnidarian-dinoflagellate 

symbiosis—from the Great Barrier Reef. This study permitted the selection of 

Symbiodiniaceae types with various level of affinity to the cnidarian host: Breviolum minutum 

is the homologous species (i.e., native), Cladocopium goreaui is the compatible heterologous 

species (i.e., non-native), and Fugacium kawagutii is the heterologous-incompatible species. 

Symbiont species and host genotype influenced colonization dynamics, which is consistent 

with selectivity roles for both host and symbiont at the onset of symbiosis.  

This matrix of different host–symbiont compatibilities was used in Chapter 4 to explore the 

molecular mechanisms of recognition and establishment of the cnidarian-Symbiodiniaceae 

symbiosis. I used anion-exchange chromatography, lectin array technology and confocal 
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microscopy to develop an inventory of sugars potentially acting as MAMPS on the 

dinoflagellate surface. The Symbiodiniaceae cell surface glycome was diverse and varied 

among algal species. By comparing the glycan inventories of the homologous symbiont B. 

minutum, the heterologous, compatible symbiont C. goreaui, and the incompatible species (F. 

kawagutii), I was able to focus on selected sugars implicated in recognition and then attempt 

to perturb recognition by modifying or masking epitopes on either the host or symbiont. D-

galactose (especially methyl-b-D-galactose), xylose and fucose seem to regulate the host 

invasion by homologous or heterologous algae.  

In Chapter 5, I further explored Symbiodiniaceae cell surface with a proteomic analysis of algal 

cell wall. Several proteins with transmembrane translocating activity were identified, and a 

large proportion of the amino acid residues are still uncharacterized. Intriguingly, the 

reticulocyte-binding-like (RBL) protein was identified on the surface of Symbiodiniaceae used 

here. RBL proteins are involved in the recognition of sialic acid-containing receptors of host 

cells during malaria infection.  

This thesis describes in detail the Symbiodiniaceae cell surface and contributes to the 

knowledge of how this structure could mediate the symbiosis with cnidarians. Furthermore, 

my work highlights important similarities between Symbiodiniaceae and their relatives in the 

Phylum Apicomplexa. If, in the Alveolata, mutualism did lead to parasitism, Symbiodiniaceae 

and Plasmodium may have conserved symbiont/host recognition mechanisms, perhaps sialic 

acid mediated, to access the host and start symbioses.  
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CHAPTER 1 

GENERAL INTRODUCTION 

 

Symbiosis is defined as the long term, intimate association between two or more species. All 

biological entities on Earth are the result of different organisms that live, develop, evolve and 

function together1. Symbiotic relationships have several varieties, which include mutualism 

(both partners benefit from the association), commensalism (one of the partners benefits from 

the association and the other is unaffected), and parasitism (the parasite benefits and the host 

is harmed). Mutualistic interactions are widespread in nature2 and can form the foundation of 

entire ecosystems, as is the case for coral reefs.  

Coral reefs are among the most diverse and productive systems in the world. A quarter of all 

marine species inhabit coral reefs, although reefs occupy less than the 0.1% of the ocean 

surface3. Scleractinian corals of the phylum Cnidaria are the builders of this valuable ecosystem 

and engage with a variety of partners to create the coral holobiont. The coral holobiont is a 

complex community comprising eukaryotes, prokaryotes and viruses4. Among the eukaryotic 

partners of corals are the Symbiodiniaceae mutualists.  

Symbiodiniaceae are single-celled alveolate protists of the phylum Dinoflagellata. 

Dinoflagellata are part of the sub-kingdom Alveolata, together with chromerids, corallicolids 

and apicomplexans. First described as the genus Symbiodinium in the 19625, the taxonomy of 

these organisms has frequently been revised to reflect the great diversity of the group. Recently, 

the family Symbiodiniaceae has been defined and the original genus split up into nine genera 

and several additional, currently unnamed, clades. The family is characterized by high variation 

in physiology, ecology and genetics6,7. 

Symbiodiniaceae are photosynthetic and are believed to have been supporting coral reefs since 

the middle of the Mesozoic Era (~160 mya), a timing that corresponds with the adaptive 

radiation of equivalents to the modern shallow-water stony corals. Hence, the evolutionary 

success of reef-building corals seems reliant on their partnership with Symbiodiniaceae6. The 

mutualism between Symbiodiniaceae and cnidarians combines the autotrophic capacity of the 

photosynthetic symbiont with the heterotrophic capacity of the cnidarian host to create a 

mixotrophic holobiont in which primary production, nutrient acquisition, nutrient 

conservation, and nutrient cycling enable very high productivity in oligotrophic 
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environments8,9,10. Scleractinian corals thus rely on their symbiotic partners energetically for 

their growth, reproduction, survival, and calcification, all of which are fundamental to their 

ability to build the vast three-dimensional structures of coral reefs. When this association is 

disrupted (i.e. coral bleaching), the cnidarian host is unable to nutritionally support itself, and 

often does not survive11. 

Corals are influenced by their photosynthetic endosymbionts. The physiological features of 

different Symbiodiniaceae species shape the physiology of the whole coral holobiont. Indeed, 

it is pivotal for the cnidarian host to engage with specific symbiont strains appropriate to its 

needs12. The majority of coral offspring acquires symbionts from the surrounding waters in a 

process named horizontal transmission13. This mutualism often is governed by high 

specificity14, as host and symbiont need to recognize each other to start living together. A series 

of cell-cell interactions and molecular cross-talk between partners has evolved to permit the 

efficient association of the coral with suitable symbionts15. The current knowledge of inter-

partner molecular signaling in the cnidarian-Symbiodiniaceae symbiosis includes glycans, 

lipids, proteins, nucleotides, small peptides, and dissolved gases. These compounds act as 

extracellular ligands and intracellular messengers to establish and maintain the symbiosis16.  

The innate immune system plays a pivotal role during establishment of symbiosis and permits 

to the host to distinguish between mutualists and parasites/pathogens. Some of the immune 

strategies used by cnidarians resemble the interaction of mammals with microbes17. In this 

scenario, eukaryotic pattern recognition receptors (PRRs) recognize a specific range of 

conserved, taxon-specific microbial-associated molecular patterns (MAMPs) to trigger an 

inflammatory response during microbial infection18. New hypotheses support a role for PRRs 

that goes beyond their canonical roles of pathogen recognition to recognition of beneficial 

symbiosis partners. In these models, in addition to triggering inflammation during pathogen 

attack, PRRs might also mediate the bidirectional cross-talk between host and symbiont18. If 

this is the case, mutualists and parasites may share mechanisms of host invasion. The 

interaction between glycans and lectins, a common MAMP-PRR pathway, is the proposed 

model for the establishment of symbiosis between corals and  photosynthetic dinoflagellates19.  

This thesis explores the role of the glycan-lectin pathway in the establishment of the mutualism 

between cnidarians and Symbiodiniaceae. To pursue this, I adopted a model organism approach 

and used the sea anemone Exaiptasia diaphana (formerly Exaiptasia pallida, commonly 

referred to as “Aiptasia”) to study the cnidarian symbiosis. Like corals, E. diaphana is an 

anthozoan that lives in symbiosis with Symbiodiniaceae. Compared to corals, the anemones 
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are better suited to laboratory manipulation, more accessible for analysis (as they lack a 

skeleton), can be freed of symbionts, maintained symbiont-free for months, and re-infected 

with various Symbiodiniaceae species19. These characteristics make E. diaphana a tractable 

model for the exploration of host-symbiont specificity and establishment of symbiosis. In this 

thesis, I take inspiration from the well-characterized malaria parasite Plasmodium to explore 

and compare patterns of host invasions. Plasmodium and Symbiodiniaceae are 

phylogenetically related and share a common ancestor that could well have developed a 

successful mechanism to enter the host and trigger (or suppress) its immune system in ways 

that led to a symbiosis—one parasitic in the case of Plasmodium and one mutualistic in the 

case of Symbiodiniaceae.  

Chapter 2 of this thesis reviews and compares the state of play in the cnidarian-

Symbiodiniaceae mutualism and the human-Plasmodium parasitism, with a focus on the early 

steps of symbiosis establishment.  

My Chapter 3 explores the specificities and compatibilities of three genotypes of E. diaphana 

from the Great Barrier Reef (GBR) for seven GBR-sourced Symbiodiniaceae species. I created 

a new method that tracks the number of symbionts in the anemone tentacles by quantitative 

microscopy of algal chlorophyll auto-fluorescence. Here, I found that host colonization by 

suitable symbionts was influenced by symbiont type and host genotype, suggesting that a 

mechanism of recognition and incorporation has components in both symbiont and host. 

Importantly, this study permitted the development of a matrix of different host-symbiont 

compatibilities to be used in the fourth chapter of this thesis.  

Chapter 4 describes in detail the cell surface of three Symbiodiniaceae species identified as 

homologous compatible (Breviolum minutum), heterologous compatible (Cladocopium 

goreaui) and heterologous incompatible (Fugacium kawagutii) to E. diaphana in Chapter 3. I 

chose these three symbionts so that I could make comparisons of their surface properties and 

then relate these back to their ability to establish a mutualism with the anemone host. Detailed 

exploration of the symbiont cell surface molecular entities was undertaken by using a multi-

step approach. I firstly identified the nucleotide sugars of the algal cell, expecting some of them 

to be precursors of the monosaccharides incorporated into the symbiont cell surface glycome. 

Then, I created an inventory of possible Symbiodiniaceae cell surface glycan moieties by 

exploring the surface of B. minutum, C. goreaui and F. kawagutii with monosaccharide 

analysis, lectin array technology and fluorescence microscopy. Finally, I altered these 

structures—either on the host or on the symbiont—to test their involvement in symbiosis 
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establishment. I found that a high variability of monosaccharides populates the surface of the 

three Symbiodiniaceae. D-galactose (in particular methyl-b-D-galactose), L-fucose and D-

xylose seem potential candidates involved in the setup of symbiosis between E. diaphana and 

the compatible symbionts.  

Finally, in Chapter 5 I describe a proteomic characterization of proteins in the Symbiodiniaceae 

cell surface of the three algal species B. minutum, C. goreaui and F. kawagutii. Here, just a few 

proteins were shared among the three algal species. Also, little overlap was found between the 

surface peptides of B. minutum and C. goreaui, both affine to E. diaphana from the GBR, 

suggesting that the differences between different Symbiodiniaceae clades may indeed be 

reflected on their proteome. 

My thesis thus makes several key contributions to unravelling the mystery of how a successful 

partnership between a cnidarian host and a mutualistic algal symbiont is established. I develop 

a matrix of compatible and incompatible interacting partners that can be manipulated to give a 

readout of how molecular perturbations of the partners impact compatibility. I then undertake 

a comprehensive analysis of MAMP-like moieties on the surface of compatible and 

incompatible symbionts to develop the first thorough overview of candidate molecules with 

potential roles in symbiont/host recognition. Based on leads from this cataloguing, I make 

molecular interventions to explore ways in which the symbiont/host recognition can be 

disrupted to develop more insight into which are the key players in establishment of the 

partnership, and I also create the first inventory of symbiont cell surface proteins that might be 

the carriers of the recognition flags essential to symbiont/host recognition. This work provides 

fundamental information on Symbiodiniaceae biology and offers precious insights into the role 

of glycans and lectins in the cnidarian-algal symbiosis.  
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CHAPTER 2 

SYMBIODINIACEAE VERSUS PLASMODIUM: SIMILARITIES, 

DIFFERENCES, KNOWNS AND UNKNOWNS 

Giada Tortorelli, Sarah Farrell, Simon K. Davy, Madeleine J. H. van Oppen, Geoffrey I. 

McFadden 

IN PREPARATION FOR PUBLICATION 

2.1 Abstract 

Symbiosis describes two different organisms living in intimate contact. Symbiotic interactions 

range from cooperative mutualism to pathogenic parasitism. Symbiodiniaceae, the iconic 

dinoflagellate micro-algae that lives in corals, is an endosymbiotic mutualist providing energy 

in the form of photosynthate to its animal host in exchange for shelter and nutrients. 

Conversely, Plasmodium lies at the other end of the symbiotic spectrum, being a devastating 

parasitic symbiont of humans. Symbiodiniaceae and Plasmodium belong to sister lineages in 

the eukaryotic tree, and there is accumulating evidence that the lineage of parasites to which 

Plasmodium belongs was originally comprised of photosynthetic mutualists within animals 

which converted to parasitism by stopping photosynthesis and learning how to steal energy 

from the host. Here, I review what is known about how these two symbionts establish their 

symbiosis within their respective hosts, comparing and contrasting their mechanisms of 

recognition and the way they both end up within a membranous vacuole inside the host animal 

cell. I also examine what is known—and not known—about how they cope with replication 

within the host and transitions from one host to another. 

 

2.2 Introduction 

All organisms on Earth engage with a variety of microbes in intimate, long-term symbiotic 

associations1. This interaction of species creates complex communities that live, develop and 

co-evolve across millions of years of existence2,3,4,5. “Holobionts”, a term referring to these 

symbiotic consortia6,7 are widespread in nature, and the fitness consequences of these 

interspecies interactions are fundamental drivers of ecological functions and evolutionary 

processes8,9. During the 1950s and 1960s, early molecular biological methods demonstrated 

the translocation of photosynthates and mineral nutrients in several symbioses, including the 
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Hydra viridis-Chlorella symbiosis10, the lichen Peltigera polydactyla11, and mycorrhizae-plant 

symbioses12. These pioneering studies established the critical involvement of the host-

associated microbial community in nutrient exchange and shared metabolic pathways with the 

host4,13. The nature of the alliance between animals and microbes is shaped by environmental 

and biological factors9, and fluctuates along a continuum of losses and gains that determines 

three forms of symbiosis: mutualism (host and symbiont reciprocally benefit from the 

relationship); commensalism (the symbiont benefits from the relationship without benefiting 

or harming the host); and parasitism (one partner benefits at a cost to the other)9,14. Although 

mutualistic and parasitic endosymbiosis represent the opposite ends of the symbiosis spectrum, 

they share similarities and are underpinned by the same key biological processes15: 

1. Initial contact and host-symbiont recognition 

2. Symbiont invasion of the host, or host uptake of the symbiont 

3. Dynamic intracellular sorting of the symbionts 

4. Proliferation of the symbionts within the host tissues 

5. Molecular and metabolite exchange between the symbiotic partners 

6. Dysfunction and breakdown of symbiosis 

Both poles of this symbiotic interactive spectrum are often evident within closely related 

partner groups. For instance, the protist sub-kingdom Alveolata is comprised of three main 

phyla (ciliates, dinoflagellates, and apicomplexans; Fig. 1), whose members conduct 

symbioses ranging from mutualistic to parasitic. Classic mutualists are represented by the 

Symbiodiniaceae (Dinoflagellata), which are typically endosymbionts of reef-building corals. 

In contrast, the Apicomplexa, such as the malaria-causing Plasmodium, are parasites. Both 

symbionts live within the tissues of animal hosts, the key difference being that dinoflagellates 

nourish the host with glucose in exchange for refuge and nutrients, whereas the apicomplexan 

parasites take nutrients from their hosts and are pathogenic. While the two lifestyles appear 

very different superficially, the revelation that apicomplexans harbor a relict, non-

photosynthetic plastid (known as the apicoplast) that is homologous to the dinoflagellate light-

catching plastid opened up the possibility that a mutualistic symbiosis had perhaps converted 

to a parasitic interaction16,17. Given that dinoflagellates and apicomplexans share a common 

ancestor that diverged from ciliates approximately 613 million years ago18 (Fig. 1), a plausible 

evolutionary hypothesis is that mutualism was an ancestral lifestyle and that parasitism within 

the apicomplexans is a more recently evolved trait, i.e. mutualism led to parasitism in this 

lineage.  
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Figure 1. Phylogenetic tree showing the relative positions of ciliates, dinoflagellates, perkinsids, chromerids, 
corallicoids and apicomplexans within the Alveolata. Some common hosts for dinoflagellates and 
apicomplexans are represented: corals, clams, sea anemones and sponges for dinoflagellates, and birds, 
reptiles and mammalians (such as humans and mice) for apicomplexans. C= chloroplast; F= transverse and 
longitudinal flagella; N = nucleus; Mi = micronemes; R = rhoptries; A = apicoplast. 
Drawing by Sarah Farrell.  
 
Support for a hypothetical origin of apicomplexan parasites from mutualists came with the 

discovery of photosynthetic coral symbionts that branched on the apicomplexan lineage. 

Dubbed chromerids, these new protists are more closely related to apicomplexan parasites than 

to dinoflagellates (Fig. 1). Two species have been described thus far: Chromera velia19 and 

Vitrella brassicaformis20. C. velia is a photosynthetic alga that associates with stony corals. 

The plastid of C. velia is a photosynthetic homologue of the apicomplexan apicoplast, but it 

differs substantially from the plastids of the more distantly related dinoflagellates in that it 

lacks chlorophyll c and peridinin, and is bound by a different number of membranes. 

Nevertheless, all these plastids (dinoflagellate peridinin plastids, chromerid plastids, and 

apicomplexan apicoplasts) share a common origin in the common ancestor. Thus, chromerids 
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intracellular parasites emerged very recently with the discovery of the “corallicolids”21 (Fig. 

1). Corallicolids are the second most abundant microeukaryotes found in association with 

corals, after the Symbiodiniaceae. They are apicomplexans with a plastid, which is presumably 

non-photosynthetic but retains the four ancestral genes involved in chlorophyll biosynthesis21. 

These two alveolates (chromerids and corallicolids) share similarities with both apicomplexan 

parasites and mutualistic dinoflagellates, corroborating their intermediate placement in the 

evolution from mutualism to parasitism21. Thus, there is a plausible Darwinian ‘transition 

series’ from photosynthetic mutualists like the dinoflagellates and chromerids, through the 

quasi-photosynthetic symbionts known as corallicolids, through to parasites with vestigial 

plastids like the apicomplexan, strongly supporting the hypothesis that the latter evolved from 

a phototrophic ancestor that eventually lost the ability to synthetize food from sunlight and 

CO2, and progressed to parasitism. This means that both mutualistic and parasitic alveolates 

have presumably been interacting with the animal immune system since the early beginnings 

of animal evolution15. Given that the symbionts share a common ancestry, what traits of the 

host/symbiont interaction do they share? This review compares the two models of symbiosis, 

seeking to identify similarities, differences, and questions to be answered. 

Both Symbiodiniaceae and apicomplexan parasites such as Plasmodium are intracellular 

symbionts. In both cases there is a mechanism of contact, apparent recognition and ingress of 

the symbiont into the host cell, which are, superficially at least, similar to the strategies 

employed by various microbial pathogens22. Given the threat that malaria represents for 

humans, considerable progress has been made in understanding how this parasitism works. 

Conversely, many aspects of the cnidarian-dinoflagellate mutualism remain mysterious. In this 

review I examine the current understanding of symbiotic recognition in these two systems, 

comparing and contrasting what is known about how the partners interact and examining what 

can be learned from our knowledge of the Plasmodium-human parasitism to better understand 

the crucial relationship between Symbiodiniaceae and their coral hosts.  

 

2.3 Mutualism: cnidarian-Symbiodiniaceae symbiosis 

Symbiodiniaceae are single-celled alveolate protists of the phylum Dinoflagellata. The 

Symbiodiniaceae family is currently divided into nine genera that differ in morphology, 

biochemistry, physiology, behavior, ecological breadth, and genetics23,24. Symbiodiniaceae can 

alternate between a motile zoospore and a coccoid vegetative cyst, the latter being the 
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predominant morphotype when symbiotic within a host (Fig. 2A). Hosts include animals such 

as sponges, cnidarians and mollusks, plus some protist hosts such as rhizarians and ciliates 

(Fig. 1). Symbiodiniaceae apparently reproduce asexually in the host, but sexual replication 

may occur when free-living25,26.  

Across temperate and tropical latitudes, Symbiodiniaceae usually associate with cnidarians. As 

endosymbionts, the algae gain protection from grazers, a stable position in the water column 

to access light for photosynthesis, and a supply of inorganic nutrients from host metabolism 

(e.g. CO2, NH3, PO4³-). The algae transfer the majority of their photosynthate (amino acids, 

lipids, glycerol, but predominantly glucose) to their host, thus supporting the energetic 

requirements that corals need to survive and build coral reefs27.  

Although select cnidarian species show parental inheritance of Symbiodiniaceae (vertical 

transmission), the majority of coral offspring acquire symbionts from the surrounding 

environment via horizontal transmission25,28. In the latter case, the symbiosis between 

Symbiodiniaceae and cnidarians is established through a multi-step process involving 

attraction, recognition and selection of suitable symbionts by the host (Fig. 2A). Free-living, 

flagellated Symbiodiniaceae are active during the light phase of their daily cycle29, and are able 

to swim in an oriented matter and are chemotactic towards the host30,31,32. Since the cnidarian-

dinoflagellate mutualism is highly species-specific, the two partners probably need to 

recognize each other prior to establishing a stable relationship. Corals acquire the algae through 

a nutritional mechanism29 and internalize them as a result of phagocytic uptake by gastrodermal 

cells33,34. During phagocytosis, the suitable Symbiodiniaceae cell is surrounded by the 

symbiosome35,36, a multilayer membrane complex (an outer, host-derived membrane that is 

formed by a phagosome undergoing early arrest37,38 and multiple algal-derived inner layers)39 

that apparently prevents host digestion of the algal cells but also becomes an interface for 

molecular exchange between host and symbiont33,40. Importantly, the successful 

endosymbionts seem somehow not affected by host immune response and, similar to 

apicomplexan parasites, are not digested by host cells, but grow and replicate within them41.  

Once established, the ongoing stability of this new relationship depends on a dynamic 

equilibrium between host cell growth and dinoflagellate proliferation. It is crucial that the 

symbionts do not overwhelm the host tissues. Conversely, it is critical that the symbionts 

multiply sufficiently so that they can meet the metabolic needs of the growing host27. 

Symbiodiniaceae growth and replication in hospite is potentially controlled by a nitrogen 

limitation mechanism, where nitrogen becomes limiting for the algae as their population within 
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the host increases42. Indeed, the cnidarian-Symbiodiniaceae association is characterized by 

specific metabolic processes and physiological coordination of partner organisms, but some of 

the underlying mechanisms remain unknown.  

 

2.4 Parasitism: Plasmodium-animal symbiosis 

All species in the genus Plasmodium are parasitic and obligate endosymbionts for a large 

portion of their life-cycle43. In contrast to Symbiodiniaceae, Plasmodium parasites use two 

hosts during their life cycle: mosquitoes and vertebrates (Fig. 2B). Plasmodium parasites have 

no free-living stage, always existing within one of the hosts. Vertebrate Plasmodium parasite 

hosts include reptiles, birds and mammals. At least six species of malaria parasites 

(Plasmodium falciparum, P. vivax, P. ovale wallickeri, P. ovale curtisi, P. malariae, and P. 

knowlesi) infect humans44, with P. falciparum causing the most severe form of the disease and 

largest mortality45. Although mortality and morbidity have reduced considerably in areas such 

as South Asia, ~435,000 people died worldwide of malaria in 2017, mostly in sub-Saharan 

Africa46. The disease is a major threat to global health and negatively impacts the economies 

of many developing countries. 

A key difference between Plasmodium and Symbiodiniaceae is the mechanism of host cell 

entry. Like all members of the phylum Apicomplexa, malaria parasites have an apical 

organellar complex specialized in host cell invasion that allows them to force their way into a 

host cell and, at the same time, surrounds themselves with a membranous vacuole that is termed 

the parasitophorous vacuole47,48. Host cell invasion by apicomplexan parasites is thus an active 

process driven by parasite machinery, whereas entry of Symbiodiniaceae into host cells seems 

to be mostly host driven (phagocytosis by gastrodermal cells), although the dinoflagellates do 

swim towards the host30,31. 

The parasitic life-style of Plasmodium is an obligate association in which the microorganism 

utilizes a vertebrate host and negatively affects its fitness49 often leading to fever, anaemia, 

organ failure and coma44. The parasite life cycle is a complex multistage process spread across 

the two hosts50 (Fig. 2B). During the life cycle, malaria parasites go through at least 10 

morphological states and undergo remarkable increases in number, going from a single 

parasitic cell generated by syngamy in the mosquito gut to ≥103 mature sporozoites in the 

mosquito salivary glands, and then ~104 exoerythrocytic parasites in the vertebrate host liver, 

and eventually >106 asexually replicating parasites per human host.  
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Figure 2. (A) Symbiodiniaceae and (B) Plasmodium life cycles. The blue sections (left-hand side) represent 
the free-living, water column stage for Symbiodiniaceae and the mosquito stage for Plasmodium, while the 
red sections are the endosymbiotic stages (within the coral endodermal cells for Symbiodiniaceae, and within 
human liver and then red blood cells -RBC- for Plasmodium). 
(A) A free-living, flagellated Symbiodiniaceae cell (i.e. motile zoospore, S, 1) goes through cytokinesis (2) 
and divides into two cells (3) that access the coral through the host mouth and are phagocytized by host 
endodermal cells (En) to start symbiosis (4). The coral host is composed of a gastrovascular cavity (GC), 
endodermis (En), mesoglea (Me) and ectodermis (Ec). The symbiont cell lives within the En of the host and 
loses the flagella when endosymbiosis starts (i.e. coccoid vegetative cyst). The mechanism used by 
Symbiodiniaceae to propagate within the host is still unknown. Some speculations are (a) the symbiont goes 
in and out of the En cells to spread within the host; (b) the symbiont divides within the En cell, then the 
symbionts exit the host cell to distribute to other En cells; (c) the symbiont divides within the En, and the En 
cell divides and brings one of symbiont cells within it. When corals bleach (5), they lose the Symbiodiniaceae 
cells that return to the surrounding environment (1).  
(B) The malaria parasite, at the stage of sporozoite (Sp), is transmitted via mosquito saliva to the human 
bloodstream (1), where it infects liver cells (LC, 2). The parasite replicates mitotically into thousands of 
merozites (Me, 3) that are released into a blood capillary and replicate asexually within a red blood cell 
(RBC, 4). The infected RBC eventually bursts and liberates numerous merozites (4), and a few select 
parasites then differentiate into dormant gametocytes (G, 5). The G are activated in gametes (Ga) by the 
drop in temperature and chemical cues caused by the passage from the warm human blood to the mosquito 
stomach (6). Male gametes fertilize female gametes and generate a zygote (Z, 7), which differentiates into a 
motile ookinete (Ok, 8) that exits the mosquito stomach, finds its way to the haemocoel and transforms into 
an oocyst (Oc, 8). The cyst produces thousands of sporozoites (Sp) that propagate to the mosquito salivary 
glands (9) and wait to be transferred to a vertebrate host during the next blood meal (1).  
Drawing by Sarah Farrell.  
 
Anopheles female mosquitoes, which are usually vegetarian, seek nutrients in human blood to 

sustain developing eggs while pregnant. During a blood meal, the mosquito prevents blood 

clotting by injecting saliva, and it is within this saliva that malaria parasites (sporozoites) ride 

from the mosquito vector into the human host. The sporozoites then use the human bloodstream 

to access and infect the liver through Kupfer cells and eventually enter a hepatocyte. The 

parasite differentiates into a feeding growing stage in the hepatocyte, and after a period of a 
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few days so-called exo-erythrocytic schizogony occurs in which the parasite undergoes 

numerous unusual mitotic divisions and replicates into thousands of merozoites that egress 

from the hepatocyte releasing them into a blood capillary. This new generation of parasites 

invades erythrocytes, which allows them to hide from the host immune system and replicate 

asexually within a red blood cell (RBC) in a process named erythrocytic schizogony.  

The parasite invasion of RBC is rapid and efficient, and has been fundamental to the 

evolutionary success of Plasmodium and, indeed, all apicomplexan parasites51. The merozoite 

induces invagination of the RBC membrane and drives itself into a growing membrane sack, 

the parasitophorous vacuole48. Thus, while both Plasmodium parasites and Symbiodiniaceae 

end up inside the host cell and are enclosed within a membranous vacuole (the parasitophorous 

vacuole or symbiosome, respectively) the mechanism of generation of these membrane 

enclosures differs, even if the end result is somewhat equivalent. To support rapid parasite 

biomass production, Plasmodium activates what is referred to as the “new permeability 

pathways”, which radically alter the metabolism of the RBC to better suit the parasite’s needs. 

Metabolites typically under-represented in human RBCs are concentrated within the RBC from 

the blood plasma courtesy of transporters located in the blood cell membrane52,53. These 

nutrients subsequently reach the parasite through size-selective pores on the parasitophorous 

vacuole54—no equivalent mechanisms have yet been identified in the dinoflagellate 

symbiosome. The infected RBCs, which contain trophozoites and are misshapen due to the 

large parasite within, are now targeted by the spleen for removal. To avoid being eliminated 

by the spleen, the malaria parasite decorates the surface of the host RBC surface with adhesive 

molecules (encoded and secreted by the parasite outwards to its host cell) so that infected RBCs 

bind to the vascular endothelium in the more peripheral blood circulation and thus avoid 

destruction55. Much of the pathology caused by malaria parasites is due to these infected cells 

clogging up peripheral capillaries, especially in the brain where symptoms of cerebral malaria 

then occur. 

The trophozoites within adhered RBCs then mature into schizonts and the blood cell eventually 

bursts, releasing numerous merozoites into the blood stream to invade fresh RBCs and repeat 

this asexual cycle. A select few parasites differentiate into sexual cells (microgametocytes ♂ 

and macrogametocytes ♀). The gametocytes are dormant while in the warm human blood, but 

when transmitted to the mosquito stomach after a female mosquito ingests her blood meal, the 

drop in temperature and some chemical cues induce dramatic development into gametes to start 

the sponogonic cycle that occurs within the insect host. Male gametes (microgametes) fertilize 
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female gametes (macrogametes) to generate zygotes, which promptly differentiate into 

ookinetes, which are actively motile and rapidly exit the mosquito stomach to avoid being 

digested with the blood meal and find their way to the haemocoel, where they transform into 

oocysts. The cysts produce thousands of slender parasites (sporozoites) that glide around in the 

mosquito haemocoel (body cavity), eventually making their way into the salivary glands where 

they lie in wait to be transferred to a vertebrate host during the next blood meal and thus infect 

a new human victim45. 

The Plasmodium infection of both arthropod and vertebrate hosts is governed by elegant 

processes and tightly regulated cell transformations that evolved over millions of years. Given 

the obvious importance of understanding the fundamentals of malaria infection, much more 

progress has been made in this field compared to the cnidarian-Symbiodiniaceae system (Fig. 

3). Some key questions yet to be answered in cnidarian-Symbiodiniaceae symbioses are — 

How are the respective partners identified molecularly? 

Do Symbiodiniaceae contribute in any active way to their ingress and/or the formation of the 

symbiosome? 

How do the Symbiodiniaceae propagate throughout the host tissues? 

Is egress of Symbiodiniaceae from the host (such as during coral bleaching) controlled in any 

way by the symbiont, or is the entire event driven by the host?  
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Figure 3. Timetable of some crucial scientific discoveries for the cnidarian-Symbiodiniaceae mutualism (green panel) and Plasmodium-human parasitism (red panel).  
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2.5 Symbiosis establishment: molecular basis of inter-partner 
recognition and host invasion 

The establishment of symbiosis represents a challenge for both partners. In the cnidarian-

dinoflagellate symbioses, the host must acquire specific symbionts from the environment while 

retaining the ability of its immune system to ward off other, potentially deleterious, 

microorganisms that might opportunistically infect it. Having acquired a suitable symbiont, the 

cnidarian host then has the challenge of allowing the symbiont to multiply as the host grows. 

At the same time, the host has to ensure that the population of symbionts is kept stable in 

number, so that the microorganism does not overgrow the host but also does not get too low in 

density such that its photosynthesis cannot support the dependent host biomass. In 

apicomplexan parasite symbioses, the host attempts to avoid and/or control infection. 

From the perspective of the symbiont, the challenges are different. In both the mutualistic and 

parasitic symbioses, the symbiont must be able to survive abrupt niche switches, making 

unpredictable host switches in the case of apicomplexan parasites, and similarly unpredictable 

switches from a free-living to symbiotic lifestyle (and potentially back to free-living during 

some coral bleaching events) in cnidarian-dinoflagellate symbioses. Much is understood about 

how Plasmodium parasites deal with these abrupt environmental segues. Some molecular 

preparedness for host switches occurs, but we know very little about how Symbiodiniaceae 

symbionts prepare for or achieve the changes required for switching from free-living to 

symbiotic life style other than changes in gene expression56. A future challenge is to better 

understand the process of Symbiodiniaceae adapting from an environment composed of a 

variable assortment of organisms and external factors to a more defined holobiont57. To ensure 

that the symbiosis is established efficiently, host and symbiont have apparently developed 

effective inter-partner communication. Recognition is thus pivotal, and involves a series of 

cell-cell interactions, inter-symbiont competition for the host intracellular niche, and molecular 

signaling between partners. This process is highly specific58,59, as there is a limited taxonomic 

range of partners that the host can associate with and for which it developed an immune 

‘tolerance’60. 

The molecular cross-talk between host and symbiont appears to be mediated by the innate 

immune system through a series of signaling molecules at the symbiotic interface. Despite their 

phylogenetic distance, some of the immune strategies relied on by cnidarians to interact 

appropriately with microbial organisms also occur in mammals61. For example, eukaryotic 
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pattern recognition receptors (PRRs) recognize a specific range of conserved, taxon-specific 

microbial-associated molecular patterns (MAMPs) on the symbiont cell surface (Fig. 4A). 

Several PRRs in animals have homologs in cnidarians (i.e., lectins, scavenger receptors, Toll-

like receptors-TLRs, and nucleotide-binding oligomerization domain proteins-NODs)27. PRRs 

are traditionally known to recognize MAMPs and trigger an inflammatory response during 

microbial infection. More recent schools of thought are challenging this immunology 

paradigm, as PRRs are not exclusive to pathogens but are also produced by the microbiota 

involved in beneficial symbioses. Thus, it is now believed that these molecules do not solely 

trigger inflammation, but also mediate the bidirectional cross-talk between host and 

symbiont62. Glycan-lectin interactions are a common MAMP-PRR pathway in animal innate 

immune repertoires that acts as a lock-and-key mechanism in both beneficial and detrimental 

symbioses and is the focus of this review (Fig. 4). 

2.5.1 Symbiodiniaceae and cnidarian gastrodermal cells — the glycan-lectin hypothesis 

The first isolation of the cell wall of four different Symbiodiniaceae species, published in 1992, 

revealed proteins and glycoproteins with molecular mass ranging from 13.5 kDa  to more than 

200 kDa63. Although molecules of similar size were shared among the walls of different algae, 

some polypeptides were unique to each species63. Subsequently, it was discovered that similar 

glycoproteins were released by the dinoflagellate into the culture medium64 and in hospite65,66, 

which led to the hypothesis that these molecules may serve as signals between symbiotic 

partners, perhaps involved in the cell-cell interactions during establishment of symbiosis, but 

what these glycoproteins were, and any specific roles in symbiosis were not determined.  

Approximately 10 years later, the Symbiodiniaceae cell wall molecules were found to bear 

predominantly two types of sugar linkages, mannose-mannose and galactose-β(1-4)-N-

acetylglucosamine, with the most abundant glycoprotein (64 kDa) showing a terminal 

mannose67. In parallel, host-centered studies identified cnidarian lectins likely to be involved 

in symbiotic recognition, as these show high affinity for the glycans found on the algal surface. 

Millectin, an ancient mannose-binding lectin isolated from Acropora millepora, has been 

localized to host epidermal tissue and nematocysts. Millectin binds to both bacterial pathogens 

and beneficial symbionts (Symbiodiniaceae) in vivo, suggesting roles in both immunity and 

symbiont acquisition. Indeed, cDNA analysis indicated high sequence variability in the binding 

region, which may indicate competence of this PRR to recognize multiple mannose-bearing 

epitope structures68, which could be consistent with a role in symbiont selection.  
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The involvement of algal cell wall residues in symbiosis establishment was further explored in 

the sea anemone Exaiptasia diaphana. The surface of freshly isolated Symbiodiniaceae was 

altered by enzymatic denaturation of surface proteins (trypsin) or surface glycans (α-amylase, 

N-glycosidase F, O-glycosidase) and the impact on their ability to invade the symbiont-free 

host assayed. Conversely, symbiont glycans were masked with various lectins (ConA, LPA, 

PhaE, WGA) and again their ability to invade the symbiont-free host assayed67. Overall, this 

study indicated that the treated algae could not invade the symbiont-free host as efficiently as 

the control, unmodified algae, which is consistent with a specific glycan recognition system; 

exactly what type of glycan was involved could not be determined, however. Indeed, the fact 

that both N- and O-glycosidases perturbed invasion makes it hard to envisage how two wholly 

different classes of surface glycans could both have roles in specificity. A similar study 

modified various Symbiodiniaceae species with glycosidases or masked recognition lectins of 

the host (juvenile polyps of Acropora tenuis) with carbohydrates, prior to re-inoculation. 

Glycosidase treatments and the presence of D-galactose, N-acetyl-D-galactosamine, and N-

acetyl-D-glucosamine decreased symbiont acquisition by the host, whereas L-fucose, N-

acetylneuraminic acid and sucrose had no significant effects69. Again, these findings support 

the notion that symbiont surface glycoproteins (or other glycans) are used during the 

establishment of specific symbiosis with cnidarians, but specifics are wanting and the similar 

impact that different enzymes and lectins have on symbiont infectivity perhaps suggests that 

host-symbiont recognition is more complex than previously thought.  

In line with the observed decrease of Symbiodiniaceae acquisition by N-acetyl-D-

galactosamine, two N-acetyl-D-galactosamine binding lectins have been isolated from the 

coral A. tenuis. These are similar to Tachylectin-2-like lectin from the horseshoe crab 

Tachypleus tridentatus, which has been proposed to play a role in immunity70. Homologues of 

the Tachylectin-2-like lectin have now been reported in several coral species71,72  and, although 

their function remains unclear, in A. tenuis it seems to play a role in symbiont acquisition by 

binding the algae and promoting their uptake69. Based on the effects of D-galactose on 

symbiosis establishment, the D-galactose binding lectin SLL-2 was isolated from the octocoral 

Sinularia lochmodes and found in high amounts in host nematocysts; it was also detected 

around Symbiodiniaceae cells within the host gastrodermis. Interestingly, exposure of cultured 

Symbiodiniaceae to SLL-2 results in the loss of motility, but the algae retain their ability to go 

through cell division73,74,75,76,77, which could be a factor in conversion to the coccoid non-motile 

stage characteristic of Symbiodiniaceae in hospite. Additionally, another D-galactose-binding 
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lectin, CecL, has been purified from the scleractinian coral Ctenactis echinata. CecL locks 

Symbiodiniaceae cells in the coccoid form upon contact in a concentration-dependent manner 

but, unlike SLL-2, suppresses algal cell division78. These results suggest that D-galactose-

containing glycoconjugates are key ligands in symbiosis establishment.  

The employment of fluorescent lectin probes, coupled with confocal microscopy and flow 

cytometry, described a-mannose/a-glucose and a-galactose on the cell surface of the 

Symbiodiniaceae species Cladocopium goreaui isolated from the coral Fungia scutaria. The 

subsequent inhibition or enzymatic modification of these residues partially inhibited 

colonization by dinoflagellates of their host at the larval stage79, hence supporting lectin-glycan 

interactions as a pre-phagocytic mechanism in the process of starting a new, stable symbiosis 

in cnidarians. The same approach was expanded to several different genera of 

Symbiodiniaceae. Once again, mannose, N-acetyl and galactose residues emerged as 

prominent glycans, but a general trend of correlation between glycan profile and 

Symbiodiniaceae genus was not found. Some characteristics of the dinoflagellate surface 

glycome emerged though. Firstly, the glycome did not vary over time nor over growth-phase 

within each culture, and it was sometimes very similar for algal species isolated from the same 

host species, and at other times identical for algal species isolated from different host species80. 

Similarly, when a lectin array was used to compare the glycan profiles of the Symbiodiniaceae 

species Breviolum minutum (ITS2 type B1; colonizing E. diaphana) and Symbiodinium 

pilosum (ITS2 type A2; non-colonizing E. diaphana), they were found to be surprisingly 

similar to each other, with subtle differences that, once tested by algal cell surface masking 

experiments, resulted in no effect on symbiont density after anemone inoculation with altered 

algae81. Although previous studies identified an unmodified algal surface as fundamental to 

successfully being recognized by the cnidarian host, these most recent efforts point toward a 

role for cell surface glycans in controlling post-phagocytosis processes, rather than pre-

phagocytic recognition. Experiments on larvae of the coral A. tenuis found the highest 

abundance of C. goreaui in larvae when algal cells were treated with enzymes that modified 

the 40–100 kDa glycome82. Although this supports the glycan-lectin interactions as not 

necessarily prescriptive during first contact between host and symbiont, a couple of details may 

explain the results of this study. Firstly, coral larvae are promiscuous, as they initially acquire 

multiple Symbiodiniaceae in a largely non-specific manner83. Secondly, in this particular 

experiment the host was exposed to the modified algae for 96 h, during which time the surface 

glycans had time to regenerate after enzymatic depletion, as demonstrated some years later81. 
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It is critical to highlight that indirect glycan-detection methods have limitations that could 

inhibit the understanding of Symbiodiniaceae surface glycans roles in the setup of symbiosis. 

For instance, the employment of enzymes aimed to disrupt specific cell surface glycan 

moieties, may indirectly affect carbohydrate structures that have roles in the cnidarian-

dinoflagellate symbiosis other than cell-cell recognition. A screening of cell surface LC-

MS/MS profiles among different Symbiodiniaceae species with known compatibility to 

particular hosts, would offer a more detailed understanding of the relation between the 

Symbiodiniaceae surface glycome and symbiotic specificity. Additionally, this indirect 

technique does not permit to understand whether the recognition between partners of the 

symbiosis occurs pre- or post-phagocytosis of the microalgae by the host. Live imaging of 

symbiosis establishment between hosts and (in)compatible symbionts would show whether 

algal discrimination happens before or after uptake by the host. 

Recently, the N-glycan biosynthesis pathway of B. minutum has been investigated and 

demonstrated to be mostly conserved. This information has been used as a basis to alter the 

mannosidase enzymatic steps of glycan production at the ER and Golgi level using the inhibitor 

kifunensine. E. diaphana polyps exposed to kifunensine-treated symbionts (hence enriched in 

mannose) had a lower algal density than the untreated control84. This is the first evidence that 

high proportions, as well as low abundances, of high-mannose glycans reduce colonization of 

the host by algae, suggesting that glycan composition is indeed a key factor in establishment 

of the cnidarian-dinoflagellate symbiosis and emphasizes the role of mannose in early 

symbiosis steps.  

While the field is still in its infancy, the use of indirect glycan-detection methods (e.g., lectin 

binding), coupled with more advanced, direct glycomics techniques (e.g., chemical analysis of 

carbohydrates) is facilitating the exploration of Symbiodiniaceae and has shown that these 

organisms are far more complex than previously thought. Of note, when Symbiodiniaceae cells 

(C. goreaui) were masked with LPA lectin (which binds N-acetylneuraminic acid, glycuronic 

acid and/or phosphorylcholine), the number of algae in the host was significantly lower82, 

implying a role for these sugar moieties in early recognition of compatible symbionts by the 

cnidarian host. Sialic acids are rarely present in algae in general85. Coupled liquid 

chromatography-mass spectrometry (LC-MS/MS) has been used to characterize the cell-

surface N-glycans of B. minutum, and exhibited 52% high-mannose, 12% core-fucosylated, 

and, for the first time, 3% sialylated glycans84. Sialic acids are found on the surface of higher 

invertebrates and used by pathogens (such as P. falciparum) to infect the host, as I describe 
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later in this review. The presence of this molecule in Symbiodiniaceae highlights the strong 

connection between dinoflagellates and apicomplexans and inspires new frontiers of 

comparative exploration.  

2.5.2 Plasmodium spp. and human erythrocytes  

At the very beginning of a malaria parasite infection in the vertebrate host, Plasmodium 

sporozoites deposited by the infected mosquito invade several cells of different types before 

settling into a host hepatocyte cell to develop further. The initial invasions, referred to as 

‘traversals’, see the sporozoite traversing through the skin and into the circulatory system 

where it rides among the plasma and blood cells until it reaches the liver. The sporozoite then 

exits the blood stream, crossing several physical barriers (e.g. fibroblasts, Kupffer cells, 

sinusoidal endothelial cells) to enter the liver milieu. At this point the sporozoite selects a 

hepatocyte and invades this in a process known as ‘hepatocyte infection’, the second type of 

invasion and one that involves the formation of a parasitophorous vacuole, whereas the 

previous cell traversal apparently does not. Primary merozoites, released after the 

exoerythrocytic form has matured, divided, and egressed from its hepatocyte, eventually enter 

the blood stream and develop into mature merozoites that perform the third type of invasion, 

the ‘erythrocyte invasion’, to continue their asexual development86. Thus, Plasmodium 

parasites have different invasion cells (sporozoites and merozoites) and different types of 

invasion (traversals, hepatocyte infection, and erythrocyte invasion). As far as is known, 

Symbiodiniaceae do not have different cell or invasion types, but the question has not really 

been addressed. 

To explore some of the detail of Plasmodium host cell invasion, I focus here on erythrocyte 

invasion, which is best understood for the human parasite P. falciparum. Indeed, we now have 

detailed anatomic level structures for the recognition of host epitopes by parasite ligands87, 

emphasizing that our understanding of parasite/host recognition far outstrips our understanding 

of Symbiodiniaceae/host recognition. 

The erythrocyte invasion process involves a number of steps and starts with the binding 

between merozoite and RBC, followed by a reorientation that permits contact between the 

apical end of the parasite and the erythrocyte membrane. The merozoite stage of the malaria 

parasite is highly specialized in accessing erythrocytes, and as such is designed for this purpose. 

Its apical end presents organelles that aid the primary contact between partners: micronemes 

(which contain adhesins involved in erythrocyte binding), and rhoptries (that facilitate invasion 
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and help form the parasitophorous vacuole). These structures, while essential for RBC 

invasion, work in concomitance with the surface of merozoites, where proteins such as MSP1 

and AMA188 mediate the process and activate a cascade of mechanical steps that bring the 

parasite into the host cell. Following reorientation, there is a secondary, specific interaction 

between the parasite and the host cell: this is the point at which recognition occurs. The 

merozoite-erythrocyte binding initiates a series of signal transduction pathways that lead to 

invasion. Here, the indentation of the RBC membrane allows the formation of a tight junction, 

a special structure that encircles the parasite and permits it to generate the parasitophorous 

vacuole and propel itself into the host cell courtesy of an actin-myosin motor. Meanwhile, 

several proteases cause a localized disruption in the host cell cytoskeleton to enhance rapid (the 

process lasts only seconds) invasion of the host cell89. The invasion process concludes with the 

separation of the parasitophorous vacuole membrane from the erythrocyte plasma membrane, 

and the disassembly of the tight junction. 

These steps were first visualized in P. knowlesi merozoites87 and subsequently defined for P. 

falciparum90. Different Plasmodium species target distinct types of erythrocyte, and this can 

be seen in the extensive differentiation between species of the loci for several orthologous 

invasion ligands91. Despite that, the mechanism of invasion is conserved across Plasmodium 

spp.89, it is highly specific and is mediated by two major families of adhesins, Duffy binding-

like (DBL or erythrocyte-binding-like [EBL]) proteins and the Reticulocyte-binding-like 

proteins homolog (Rh or RBL)89 (Fig. 4B). 

DBL are proteins characterized by a conserved cysteine-rich domain of approximately 35 kDa, 

that are responsible for adhesion between parasite and host cell receptors92. These proteins 

were first identified in P. knowlesi, then in P. vivax and P. falciparum. In the latter, members 

of the DBL family for which receptor-binding specificities have been described are PfEBA-

175, PfEBA-181 (also known as JSEBL)94 and PfEBA-140 (also known as BAEBL)95,96. 

Enzyme treatments of erythrocytes showed DBL proteins to bind erythrocytes in a sialic acid-

dependent manner. PfEBA-175 binds to glycophorin A97, and when gene knockout 

experiments directly disrupted EBA175, the parasite was unable to utilize glycophorin A as a 

receptor during the invasion process98,99. PfEBA-140 binds to glycophorin C95,100,101, and 

PfEBA-181 binds to an uncharacterized erythrocytic glycosylated receptor94,102. While the 

sialic acid component on these receptors is important for binding, treatment of erythrocytes 

with neuraminidase (to remove sialic acid) greatly reduces erythrocyte binding and parasite 

replication but does not completely ablate invasion93,103,104,105. This suggests that Plasmodium 
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is able to adapt by switching to a different invasion pathway and utilize another erythrocyte 

receptor88.  

RBL proteins, the second family of adhesins involved in host invasion, are crucial in 

erythrocyte recognition, as enhanced by their expression pattern and apical localization88. The 

first member of the superfamily was discovered in P. yoelii for its ability to discriminate 

between different RBC types106, while orthologs were subsequently found in other Plasmodium 

spp. In P. falciparum, five RBL proteins have been identified: PfRh1 (rhoptry protein 

homologue 1, also named normocyte binding protein 1 NBP1)107, PfRh2a and PfRh2b 

(reticulocyte-binding protein homologues 2a and 2b)107,108,109,110, PfRh4 (reticulocyte- binding 

homologue 4, binds to complement receptor 1 [CR1, CD35])111, and PfRh5 (reticulocyte-

binding protein homologue 5, binds to basigin [BSG, CD147])112. Although the individual role 

of these proteins is not pivotal, the overall cooperation between different types of RBL is 

essential to invade the host113. Interestingly, PfRh1 has been shown to bind erythrocytic, 

trypsin-resistant receptors containing a sialic acid, and antibodies raised against this protein 

inhibit merozoite invasion of trypsin-treated erythrocytes107. Although they contain a number 

of conserved blocks of amino acids, the overall gene sequence identity among members of the 

superfamily is low88. Different Plasmodium spp. present various degrees of sequence variation 

between the same RBL proteins, their transcription and expression patterns vary114,115 and, 

sometimes, members of the superfamily are not identifiable in some parasitic lines109. This 

variability suggests a role for RBL in mediating changes in the binding properties of the 

protein. Indeed, various RBL polymorphisms reflect different pathways of parasitic invasion 

and recognition of different erythrocyte receptors115.  

The human RBC surface varies considerably among individuals and within each person based 

on age, sex, diseases and nutrition, so a diverse repertoire of parasite invasion ligands is 

apparently adaptative to this human polymorphism. Indeed, it is clear that selection pressure 

by the parasite has impacted the genetic make-up of people in malaria endemic regions, with 

sickle cell anaemia being the notable case but various blood polymorphisms (Gerbich, Duffy 

negative) exhibiting parasite-induced geographic distributions. Thus, having a flexible invasive 

repertoire opens the door to multiple infection pathways and enhances the Plasmodium parasite 

fitness88. While some Plasmodium strains do not necessarily require the presence of sialic 

acids, some others are highly dependent on these molecules to invade the host. Many ligand-

receptor interactions remain to be characterized, but N-acetylneuraminic acid (Neu5Ac) on 

human RBCs is the recognition key of P. falciparum, as shown by both DBL and RBL 
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specificity116. Indeed, the alteration of processes mediated by either DBL or RBL significantly 

inhibits merozoite invasion. Several ligand-receptor pathways are yet to be unveiled, but it is 

clear that members of DBL and RBL protein families are pivotal to host cell selection by the 

malaria parasite merozoite. 

 

Figure 4. Host-symbiont recognition and symbiont uptake in the cnidarian-Symbiodiniaceae mutualism (A) 

and human-Plasmodium parasitism (B).   

(A) The mechanism used by Symbiodiniaceae (S) to access cnidarians cells of the endodermis (En) and start 

symbiosis is still unknown but suspected to involve a MAMP-PRR interaction. Lectin receptors (R) on the 

cell surface of host En are proposed to recognize taxon-specific glycan ligands (L) of the cell surface of the 

Symbiodiniaceae symbiont. GC = gastrovascular cavity; Me = mesoglea; Ec = ectodermis.  

(B) The invasion of human red blood cells (RBC) by Plasmodium (P) is mediated by two major families of 

adhesins found at the apical end of the parasite: Duffy binding-like (DBL) proteins and the Reticulocyte-

binding-like proteins homolog (RBL). The protein receptors (R) are found on the symbiont surface (P), and 

specifically recognize ligands (L) with sialic acid components on the RBC.  

Drawing by Sarah Farrell.  
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the cells of their partners, through a molecular cross-talk mediated by a MAMP-PRR 

interaction. Whilst the recognition between Plasmodium and mammals has been widely 

investigated and involves host sialic acids and symbiont DBL and RBL proteins, the factors 

involved in establishment of the cnidarian-dinoflagellate symbiosis are still to be determined. 

Microbial cell surface MAMPs include glycans, lipopolysaccharides, and peptidoglycan117. 

This review focused on the hypothesis that a glycan-lectin interaction with the opposite 

orientation to that of the malaria parasite (i.e., hosts lectins and symbionts glycans) may well 

be involved in the setup of the cnidarian-Symbiodiniaceae symbiosis. A detailed description of 

Symbiodiniaceae molecular surface is still lacking. The high-resolution characterization of 

these structure via LC-MS/MS would be critical to acknowledge differences among 

Symbiodiniaceae species and explore their relation to symbiosis specificity. 

Once inside the host, the mutualistic dinoflagellates are taken up via phagocytosis while the 

parasitic apicomplexans actively invade the host. The two symbionts are then surrounded by 

host-derived membranes, the Symbiodiniaceae symbiosome and the Plasmodium 

parasitophorous vacuole. Whether Symbiodiniaceae contribute in any active way to their 

ingress and/or the formation of the symbiosome, remains an open question. In the case of 

Plasmodium invasion of RBCs, combining transmission electron microcopy (to chemically 

characterize the parasitophorous vacuole) with fluorescent probes, lead to the understanding 

that this structure is generated from the host membrane, with the contribution of parasite 

lipids48. Similar experiments would open the way to dissect the nature of the symbiosome in 

the cnidarian-dinoflagellate symbiosis. 

Then, a series of processes allow the parasite to multiply and spread by avoiding the partner’s 

immune system, a process that is poorly understood in the cnidarian-dinoflagellate symbiosis. 

In light of the shared ancestral origins between dinoflagellates and apicomplexans, I support 

the hypothesis that parasitism evolved from mutualism in the sub-kingdom Alveolata. Future 

directions should focus on the microscopic, detailed visualization of the algal symbiont 

accessing the cnidarian host and spreading in the organism. Immunofluorescence studies with 

the use of antibodies raised against molecular candidates involved in starting symbiosis are 

urged. Ambitiously, gene knockout of specific ligands would provide insights into receptors 

crucial in the invasion of the coral by the symbiont alga.  

Here I provide the first comprehensive comparison of Symbiodiniaceae dinoflagellates and 

Plasmodium apicomplexans, to incite an era of comparative biology between the well-known 

human parasite and the poorly understood coral mutualist.  
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3.1 Abstract 

The mutualistic symbiosis between cnidarians and photosynthetic dinoflagellates supports one 

of the most diverse ecosystems on the planet, coral reefs. Cnidarian-Symbiodiniaceae 

symbioses are broadly species-specific, but little is known about the mechanisms underpinning 

this specificity. Here, I explored the ability of three genotypes of the sea anemone Exaiptasia 

diaphana (Aiptasia) – a model organism for the cnidarian-dinoflagellate symbiosis – from the 

Great Barrier Reef (GBR), to take up and maintain seven different Symbiodiniaceae strains. A 

method to track the number of symbiont cells by quantitative microscopy of algal chlorophyll 

auto-fluorescence in the anemone tentacles was developed. Breviolum minutum, the 

homologous (i.e., native) symbiont in these anemones, was the most successful of the seven 

algal types tested at colonizing aposymbiotic anemones of all three genotypes. The 

heterologous (i.e., non-native) but compatible species Cladocopium goreaui was also able to 

colonize GBR anemones, albeit at lower cell densities. Durusdinium trenchii, Fugacium 

kawagutii, “Symbiodinium F5.1,” and “Symbiodinium G3” showed little or no ability to 

colonize any E. diaphana genotype, and Symbiodinium tridacnidorum, isolated from clams, 

apparently killed the anemones. Histology localized the homologous and compatible 

heterologous symbionts within the endodermis of the host, but appreciable numbers of C. 

goreaui cells were not fully internalized by anemone cells. Colonization dynamics were 

influenced by symbiont type and host genotype, suggesting that a mechanism of recognition 

and incorporation has components in both symbiont and host. The matrix of different host–

symbiont compatibilities described here can be used to explore the molecular mechanisms of 

recognition and establishment of cnidarian-Symbiodiniaceae symbiosis. 

 



 51 

3.2 Introduction 

Symbiotic associations that are of mutual advantage to both partners are common and 

widespread in nature—so common in fact that probably all macroorganisms rely on microbial 

symbionts for optimal health and function (McFall-Ngai et al., 2013). Mutualistic interactions 

underpin a significant amount of biodiversity and can become the basis of entire ecosystems, 

as is the case for coral reefs. In coral reef symbioses, the autotrophic capacity of the 

photosynthetic symbiont (Symbiodiniaceae) combines with the heterotrophic capacity of the 

cnidarian host to create a mixotrophic holobiont in which nutrient acquisition, conservation, 

and cycling enable very high productivity in oligotrophic environments (Margulis, 1971; 

Lipschultz and Cook, 2002; Yellowlees et al., 2008). 

The family Symbiodinaceae comprises at least seven different genera showing various 

morphologies, physiologies, ecological niches and lifestyles (LaJeunesse et al., 2018). These 

protists have been intensively studied in the past 40 years, revealing an enormous inter-species 

diversity and a phylogenetic placement close to apicomplexan parasites within the sub-

Kingdom Alveolata (Lenaers et al., 1991; Coats, 2002; Adl et al., 2012). 

The majority of newborn coral offspring are aposymbiotic and must acquire their 

Symbiodinaceae algae from the environment. Although there is some flexibility in the choice 

of a mutualistic partner, various cnidarian-algal pairings show a high level of specificity, 

particularly in the adult stages (Baker, 2003; Thornhill et al., 2013). This specificity 

demonstrates the existence of a recognition mechanism between symbiotic partners. In other 

symbioses there typically exists an intricate series of inter-partner molecular signals that allow 

suitable partners to be identified at the onset of symbiosis (Nyholm and McFall-Ngai, 2004), 

but how this works for cnidarians and Symbiodinaceae is largely unknown (Davy et al., 2012; 

Parkinson et al., 2018). 

Much progress in science has come from research on model organisms (Davis, 2004), and the 

sea anemone Exaiptasia diaphana (formerly Exaiptasia pallida and commonly referred to as 

‘Aiptasia’) is increasingly used by biologists investigating the cnidarian-dinoflagellate 

symbiosis and its role in coral reef function. Symbiosis studies of E. diaphana usually employ 

one or more of five clonal lines: two from the Atlantic Ocean (CC7 and F003), one from the 

Pacific Ocean (H2 from Hawaii), one from an unknown location in the Indo-Pacific (NZ1), 

and one from the Okinawa region. E. diaphana has been divided into a lineage from the 

Atlantic Ocean and a network of genotypes from other localities (Thornhill et al., 2013). 



 52 

These genetically distinct populations of E. diaphana are further defined by their homologous 

Symbiodiniaceae symbiont. CC7 anemones naturally harbor Symbiodinium linucheae (ITS2 

type A4), whereas anemones from the Indo-Pacific region contain Breviolum minutum (ITS2 

type B1) as their native (homologous) symbiont species (Thornhill et al., 2013). It is common 

for E. diaphana to have affinities for heterologous symbionts (Table 1). For instance, anemone 

genotype CC7 exhibits high compatibility for the homologous algae of E. diaphana from other 

regions (Hambleton et al., 2014; Wolfowicz et al., 2016), and the genetic lines of anemones 

from both Atlantic and Indo-Pacific regions are able to establish symbiosis with members of 

the Durusdinium genus (Wolfowicz et al., 2016; Gabay et al., 2018; Medranos et al., 2019; 

Sproles et al., 2019). This matrix of compatibility/incompatibility between hosts and symbionts 

probably represents an underlying system of genetic match-ups that regulates which 

partnerships occur in any given region, but the underlying cellular mechanisms are completely 

unknown. 

Here, I introduce for the first time E. diaphana from the Great Barrier Reef (GBR) with its 

homologous symbiont B. minutum. Four distinct anemone genotypes (AIMS1, AIMS2, 

AIMS3, AIMS4) are maintained in the laboratory at the University of Melbourne, offering an 

ideal opportunity to perform true biological replication of host/symbiont compatibility 

experiments. To explore the specificity of Australian E. diaphana strains during onset of 

symbiosis, three anemone genotypes (AIMS2, AIMS3, AIMS4) were chemically bleached to 

achieve the aposymbiotic state and challenged with seven different Symbiodinaceae strains 

representing five genera (Symbiodinium, Breviolum, Cladocopium, Durusdinium and 

Fugacium) and two ‘Symbiodinium’ clades (F and G) as distinguished by the former ITS2 

nomenclature. I quantified the ability of hosts to establish symbiosis with homologous and 

heterologous symbionts over 30 days using a method to measure symbiont colonization rate 

that does not require the sacrifice of the experimental unit. A grid of compatibilities across this 

collection of seven potential symbionts and three potential hosts was defined, thereby creating 

an excellent system with which to begin dissecting some of the underlying cellular mechanisms 

of host/symbiont compatibility. 
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Table 1. Literature describing affinity of E. diaphana genetic lines from different localities for homologous and heterologous symbionts. 

According to the Symbiodiniaceae classification used at the time of the study, symbiont types are reported with the culture ID and ITS2 genotype 

(when identified). All symbiont types reported have been described as symbiotic except when the free-living state is specified. 

 
E. diaphana 

genotype Region Homologous 
symbiont  High affinity symbionts Low affinity symbionts Reference 

CC7 Atlantic A4 SSA02 (A4), SSB01 (B1) 
SSA03 (clade A), CCMP2556 
(D1a), SSE01 (clade E), SSF01 

(clade F) 

Xiang et al., 2013; 
Hambleton et al., 2014; 
Medranos et al., 2019 

CC7 x F003 Atlantic A4 SSA02 (A4), SSA01(clade A), 
SSB01 (B1), CCMP2556 (D1a) SSE01 (clade E) Wolfowicz et al., 2016 

H2 Pacific B1 Mf1.05b and FLAp2 (B1) CCMP 2461 (clade A) Parkinson et al., 2018 

NZ1 Indo-Pacific B1 
CCMP2467 (A1), FlCass 

(A1.4), FlAp2 (B1), Ap2 (D1a), 
CCMP421 (E2), Sin (F5.1) 

Mp (C3), CCMP421 (E) 
Starzak et al., 2014; Gabay 
et al., 2018; Gabay et al., 
2019; Sproles et al., 2019 

n/a Okinawa B1 

CS164 and Fiz (clade B), Hh2a 
and Tc2a (clade A), Mf1.05b 

(B1), CS-164 (B1), CCMP2470 
(B1), CCMP2462 (B3), 

CCMP2459 (B2), CCMP2458 
(A1), CCMP2457 (A3), 

CCMP2464 (A1), CCMP2467 
(A1), CCMP2465 (A3), M2456 

(A3) 

CS156 (clade C), HA3-5(free-
living, clade A), Zs-H412 (A2), 
L2469 (A3), L830 (A3), L1633 

(A3) 

Belda-Baillie et al., 2002; 
Biquand et al., 2017 
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3.3 Materials and methods 

3.3.1 Experimental cnidarian host  

E. diaphana polyps were of central GBR origin and were sourced from the Australian Institute 

of Marine Science (AIMS), Townsville, Australia. The anemones used in this study represent 

three different genotypes (AIMS2, AIMS3, AIMS4), distinguished based on genome-wide 

SNP analysis (Dungan et al., in prep). Anemones were maintained in 0.2 μm-filtered, 

reconstituted seawater (FRSW) prepared with Red Sea Salt (Red Sea) dissolved in deionized 

water (34 ppt) and were fed ad libitum twice per week with freshly hatched Artemia sp. nauplii. 

Aposymbiotic anemones were created by 6 weeks of chemical-induced bleaching (Matthews 

et al., 2016) in a growth chamber (LE-509, Thermoline scientific) under constant temperature 

(26°C), 12 h:12 h light:dark photoperiod cycle, and 15 µmol photons m-2 s-1 irradiance (white 

+ red LED lights; EDOLED). 

3.3.2 Experimental algal symbionts 

B. minutum was isolated from GBR E. diaphana tissue to establish a laboratory culture line 

(MMSF 01), which I refer to as the homologous algal symbiont. An anemone was anaesthetized 

by immersion in a 1:1 mixture of 0.37 M MgCl2 and FRSW, and a tentacle removed and 

homogenized with a micro-pestle. Cells were pelleted and washed four times in FRSW and 

resuspended in 1x IMK+ culture medium (Daigo’s IMK, 1% w/v) prepared in FRSW (34 ppt), 

and supplemented with antibiotics (penicillin, streptomycin, nystatin 100 µg/ml each, 

amphotericin 2.5 µg/ml) to minimize bacterial growth, and germanium dioxide (GeO2 50 µM) 

to minimize diatom growth (Beltran et al., 2012). Algae were transferred to 24-well plates and 

incubated in growth chambers (740FHC LED, HiPoint) under constant temperature (26°C), 12 

h:12 h light:dark photoperiod cycle, and 60 µmol photons m-2 s-1 of light. Cultures were 

checked for cell growth and, when confirmed, the culture medium was refreshed every day (to 

minimize proliferation of ciliate protozoans) and algae sub-cultured in a new well. The 1x 

IMK+ was used for 10 additional subcultures, and then replaced by 1x IMK- (antibiotics and 

GeO2 free). After one month of incubation under the conditions described above, algae were 

transferred to culture flasks with 0.2 µm membrane vented caps, and maintained under constant 

temperature, photoperiod and irradiance. 

Cultures of Symbiodinium tridacnidorum (ITS2 type A3c), Cladocopium goreaui (ITS2 type 

C1), Durusdinium trenchii (ITS2 type D1), Fugacium kawagutii (ITS2 type F1), 
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‘Symbiodinium F5.1’ (ITS2 type F5.1) and ‘Symbiodinium G3’ (ITS2 type G3) were obtained 

from AIMS. Algal cultures were maintained under the conditions reported above. The identity 

and source of the cultures used in this experiment are provided in Supplementary Table 1. 

3.3.3 Experimental design  

Three anemone genotypes (AIMS2, AIMS3, AIMS4) were used in this study. Bleaching was 

performed on 288 anemones with an oral disc diameter of ~3 mm, each of which was isolated 

in a single well of a 12-well plate. Each 12-well plate contained n = 4 anemone genotype 

replicates, organized randomly to minimize well effect. Each 12-well plate had n = 3 technical 

replicates, all inoculated with the same symbiont type. Seven Symbiodiniaceae cultures were 

sub-cultured in 25 cm2 flasks, six weeks prior to inoculation of anemones. Every two weeks, 

1x IMK- medium was refreshed (to keep the cells in the exponential growth phase), and cultures 

were sub-cultured to bigger flasks (75, 150 and 225 cm2). A total of seven different algal 

inoculations were performed (one per each Symbiodiniaceae strain). Anemones in negative 

control plates did not receive algal cells. Three anemone replicates per each genotype and 

symbiont treatment were selected randomly at every time point post-inoculation for tentacle 

sampling, and three tentacles were sampled from each anemone. At 30 days post-inoculation 

(dpi), three anemone replicates per genotype and symbiont treatment were selected randomly 

for symbiont DNA extraction or histology. The experimental design is illustrated in 

Supplementary Figure 1. 

3.3.4 Inoculation of aposymbiotic anemones with algal symbionts 

Bleaching of anemones was assessed microscopically and, at the end of the menthol-Diuron 

treatment, experimental anemones were kept in FRSW and—one week prior to inoculation 

with symbionts—feeding of anemones was discontinued. For each algal culture, a sample was 

fixed, and cell density was determined with an automated cell counter (CountessTM II FL). 

New aliquots were then prepared by concentration of the algal cells and one milliliter of 1x106 

algal cells/ml was added to each anemone well with a sterilized glass pipette, followed by 10 

µl of freshly hatched brine shrimp to stimulate a feeding response (Davy et al., 1997). Four 

hours post-inoculation (4 hpi), a second dose of algae was provided following the same 

procedure. At 24 hpi, 500 µl of FRSW were added to each well to improve oxygenation and 

re-suspend the symbiont cells. At 48 hpi, a total medium exchange was performed, and 

standard feeding of anemones resumed. 
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3.3.5 Measurement of symbiont cell densities in hospite 

To monitor symbiont uptake and colonization rate in the anemones, I extended methods from 

earlier works (Berner et al., 1993; Neubauer et al., 2016; Chakravarti et al., 2017; Parkinson et 

al., 2018) by including a calibration curve that allows symbiont coverage to be expressed as in 

hospite cell density. This approach takes advantage of fluorescent microscopy and symbiont 

red chlorophyll auto-fluorescence. Anemone replicates were randomly selected, anesthetized 

for 30 min with MgCl2 solution and tentacles excised. Because tentacle excision is non-lethal, 

this assay allows multiple time-points to be sampled from one individual. The interval in 

between sampling from the same anemone was 20 days. Excised tentacles were fixed in 4% 

paraformaldehyde (PFA)/phosphate buffered saline 1x (PBS) for one hour, then stored 

overnight at 4°C in PBS 1x. The day after, fixed tentacles were mounted onto microscope slides 

in mounting medium (90% glycerol/PBS 1x) and imaged with a Leica M205 FA dissecting 

microscope equipped with a Leica DFC450 C camera, using the software LAS X Life Science 

Leica. Microscope and software settings were constant over the course of the experiment. 

Bright field (BF) images were captured to visualize tentacles, and algal chlorophyll auto-

fluorescence within the tentacles was observed with Green Fluorescence Protein Longpass 

emission (GFP-LP). To monitor the uptake during the early stages of symbiosis establishment, 

tentacles were sampled and analyzed every five days post-inoculation for a total of 30 days (5, 

10, 15, 20, 25 and 30 dpi). Image analysis was performed with FiJi software (Schindelin et al., 

2012). Regions of interest (ROI) were determined on BF images by delineating the outline of 

each tentacle and calculating the area within the polygon selection (Fig. 1a). The ROI was then 

overlaid on the corresponding GFP-LP image (Fig. 1b), and a threshold was applied to the red 

channel of the fluorescent picture (Fig. 1c) to quantify the tentacle surface area covered by 

algal autofluorescence. To calibrate this visual method, single tentacles of aposymbiotic 

anemones inoculated with the homologous alga were homogenized and symbiont cells counted 

in each replicate by quadruplicate hemocytometer counts. In this case, to record all the stages 

of symbiosis establishment, triplicate measurements were taken at 2, 5, 7, 9, 12, 15, 19, 22, 25, 

30 dpi and on a permanently symbiotic anemone. The number of cells in each tentacle was 

plotted against the red fluorescent surface area within the same tentacle to establish a 

calibration curve allowing transformation of red fluorescent surface area into algal cell number 

(Fig. 1d). Linear regression analysis was performed in R (Team, 2017) and plots were obtained 
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using the package ggplot2 (Wickham, 2016). The detailed protocol can be accessed on 

protocols.io at dx.doi.org/10.17504/protocols.io.2i6gche. 

 

Figure 1. Accurate, non-lethal symbiont quantitation method. (a) bright field image of a tentacle with region 
of interest (ROI) selected in FiJi software (dotted white line); (b) fluorescent image of the same tentacle 
showing algal chlorophyll autofluorescence in red and host autofluorescence in green; (c) superimposition 
of ROI on the red channel to which a threshold has been applied to score the pixels as either red (symbiont 
present) or black (symbiont absent), which allows a simple estimate of percentage area colonized, which I 
show is proportional to the number of symbiont cells per tentacle in (d); scale bar 250 µm; (d) calibration 
curve of the number of symbiont cells and the corresponding fluorescent area occupied within single 
tentacles from N = 40 anemones at 2, 5, 7, 9, 12, 15, 19, 22, 25, 30 days post inoculation and a permanently 
symbiotic anemone with the homologous alga B. minutum. The two values correlate significantly (R2 = 
0.948), and the resulting equation has been used to obtain symbiont density from the measured 
autofluorescence coverage. 
 
3.3.6 Symbiont DNA extraction and ITS2 amplicon sequencing 

To confirm that inoculated anemones did indeed become colonized by the strain present in the 

inoculum, re-colonized anemones were snap-frozen at 30 dpi and DNA extracted according to 

Wilson et al., 2002 but modified with the inclusion of 15 minutes incubation with 20 ml of 10 

mg/ml lysozyme along with of lysis buffer, and 60 seconds bead beating at 30 Hz (Qiagen 

Tissue-Lyser II) with 100 mg of sterile glass beads (Sigma G8772). Polymerase chain reaction 

(PCR) was performed using the Symbiodiniaceae-specific ITS2 forward primer (ITS2-F) 5’-

GTGAATTGCAGAACTCCGTC-3’ and reverse primer (ITS2-R) 5’-
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CCTCCGCTTACTTATATATGCTT-3’ (Pochon et al., 2012). Reactions were performed in a 

total volume of 25 µl using MangoMix (Bioline 25034) with amplification profile: 1 cycle of 

5 min at 94°C; 35 cycles of 45 s at 94°C, 45 s at 55°C, and 45 s at 72°C; 1 cycle of 5 min at 

72°C; and a final hold temperature of 15°C. Both strands of PCR products were Sanger 

sequenced with the forward and reverse primers mentioned above at the Australian Genome 

Research Facility (Melbourne, Australia). Taxonomic identification of sequences (CodonCode 

Aligner V.8.0.1) was followed by a BLASTn search performed at the National Centre for 

Biotechnology Information (NCBI) against the nr/nt database to taxonomically assign the 

sequences. 

3.3.7 Localization of symbionts within host tissues 

To verify that the algal cells were incorporated in the gastrodermal (= endodermal) tissue of 

the host, 30 dpi anemone tentacles were fixed in 4% PFA/PBS overnight at 4°C, and then 

processed at the Melbourne Histology Platform (Melbourne, Australia).  

3.3.8 Statistical analyses 

To test the effect of host genotype (AIMS2, AIMS3, AIMS4), symbiont type, and time (as days 

post inoculation, i.e. dpi) on symbiont uptake by the host (as number of symbiont cells/mm2 of 

anemone tentacle), a linear mixed effects model (LMEM) was used for those symbiont species 

for which an increase of in hospite cell densities over time was observed. Anemone genotype, 

time and their interaction were treated as fixed effects, plate and well placement of the 

organism were considered as nested random effects, and symbiont uptake was the response 

variable of the model. Analyses were conducted in R v. 3.4.3 (Team, 2017) with the packages 

lme4 (Bates et al., 2012) and lmerTest (Kuznetsova et al., 2017). The lmer specification for the 

model was: 

!"#$	('(")*+,-	./-01#	~	3+'-	4#,+-(/#	 + 	-*"#	 + 	3+'-	4#,+-(/#	 ∗ 	-*"#	

+	(7|/!0-#/:#!!)) 

Inspection of residual plots did not reveal any obvious deviation from homoscedasticity or 

normality for the data where an increase in number of algal cells in host could be observed. 

The model was checked with a correlation test between observed and predicted data by using 

Pearson’s product moment correlation coefficient (confidence level = 0.95). Best model 

selection was performed by comparing the full model with all the effects against the model 

without each of the effects in question and confirmed using the Akaike Information Criterion 

(AIC). Analysis of variance was used for the significance of the overall fixed effects fitted in 
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the model. Post hoc tests for multiple comparisons were carried out using Tukey’s test (p > 

0.05). 

 

3.4  Results and discussion 

To explore the mechanisms involved in recognition and establishment of symbiosis, a set of 

host-symbiont pairs with different levels of colonization and compatibility would provide an 

invaluable experimental system with which to dissect the mechanism(s) of specificity. Here I 

describe a tractable approach to assay the number of algal cells in a host over 30 days after 

inoculation with prospective symbionts. I used my method to quantify the ability of three 

genotypes of E. diaphana from the GBR to establish symbioses with seven different strains of 

Symbiodiniaceae to develop a grid of compatible and incompatible matchings for further 

exploration. 

3.4.1 An accurate, non-lethal symbionts quantitation method 

The number of algae internalized and retained by the host cells, especially when measured at 

early stages of colonization, is an index of the progress of symbiosis establishment. Although 

several techniques have been developed to quantify the density of in hospite symbionts, they 

often require the sacrifice of the organism, which prevents continuous monitoring and limits 

the scale of experiments. 

To develop an accurate symbiont quantitation method that, while preserving host viability also 

provides a reasonable throughput, I took advantage of the ability of anemones to survive 

tentacle excision. Since tentacles are among the first areas to be colonized by symbionts in E. 

diaphana (Gabay et al., 2018), this approach seems especially well suited to documenting the 

initial stages of algal colonization. I validated my method by comparing the number of 

microalgae within host tentacles with the relative fluorescence area measured and showed that 

these measures are proportional (R2 = 0.948), which allowed me to generate a calibration curve 

(Fig. 1d), and thus extrapolate the number of symbiont cells represented by the measured 

fluorescence coverage with a simple equation: 

 

( = 7=>?. AB + 7>B. 77C 
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3.4.2 Breviolum minutum is the homologous symbiont of GBR anemones 

I confirmed findings from a previous report (Thornhill et al., 2013) that E. diaphana from the 

GBR harbors B. minutum. I established a unialgal culture (MMSF 01) with algae extracted 

from GBR anemones, and ITS2 sequencing identified it as B. minutum. I refer to this as the 

homologous type, whereas the six other strains used here are referred to as heterologous. 

3.4.3 Confirmation that the symbionts reside in the anemone gastrodermis and are 

descendants of the inoculated strain 

Histology confirmed that symbionts quantified using the fluorescence area assay were 

localized predominantly within gastrodermal cells of the anemones, thereby confirming 

symbiotic uptake and establishment of bona fide endosymbiosis (Supplementary Fig. 2). 

Sequencing of the diagnostic ITS2 region of the symbionts at the end of the colonization 

experiment confirmed that in most cases the established symbiotic population was derived from 

the inoculum provided. In select cases, anemones inoculated with heterologous types turned 

out to be colonized by the homologous B. minutum; namely, two out of 12 replicates inoculated 

with D. trenchii, nine out of 12 replicates inoculated with F. kawagutii and four out of 12 

replicates inoculated with ‘Symbiodinium G3’. For this reason, these samples where not 

considered in the analyses. Whether colonization by B. minutum resulted from incomplete 

bleaching or from spurious introduction is not known, but it is consistent with relatively poor 

colonization rates by these heterologous symbionts (see below). Anemones of the negative 

control showed no algae at the end of the experiment (Supplementary Fig. 3). From all these 

observations, I conclude that the inoculation, and quantitation protocols used provide a valid 

method to assess symbiotic compatibility between these algae and animal hosts. 

3.4.4 Homologous symbionts are the most effective colonizers 

The densities of six viable Symbiodiniaceae strains at the end of the 30-days experiment 

exhibited considerable variation among the three E. diaphana genotypes (Figs. 2, 3). The 

homologous B. minutum was the most effective colonizer (Fig. 3). At five dpi, the density of 

B. minutum was greater than for any other symbiont (70 ± 10 cells/mm2). B. minutum density 

increased further over time, reaching a maximum of 127 ± 2 cells/mm2 at 30 dpi. These results 

are congruent with my identification of B. minutum as the homologous symbiont in GBR 

anemones and are consistent with previous works showing that the homologous symbiont is 

the most efficient colonizer of other E. diaphana genotypes (Belda-Baillie et al., 2002; Xiang 

et al., 2013; Gabay et al., 2018; Gabay et al., 2019; Parkinson et al., 2018; Medranos et al., 
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2019; Sproles et al., 2019). Such an affinity profile is not exclusive to anemones, as it has also 

been reported in several corals (Weis et al., 2001; Rodriguez-Lanetty et al., 2003; Rodriguez-

Lanetty et al., 2004; Wolfowicz et al., 2016; Lin et al., 2019). Importantly, this consistency in 

preference for homologous symbionts lends further weight to the putative existence of a 

recognition mechanism that shapes cnidarian specificity for particular endosymbionts (Weis et 

al., 2008). The system described here is in line with prior findings and confirms the possibility 

of using homologous symbionts as positive controls in future investigations on recognition in 

symbiosis. 

3.4.5 The heterologous symbiont C. goreaui can also colonize GBR anemones 

Although C. goreaui was never recovered from the source stocks of GBR E. diaphana animals, 

it was able to colonize and proliferate in these hosts (Figs. 2, 3). C. goreaui achieved densities 

of 91 ± 9 cells/mm2 in AIMS2, and 86 ± 15 cells/mm2 in AIMS3 anemones at 30 dpi, which 

approaches the densities achieved by the homologous symbiont (see above). AIMS4 anemones 

inoculated with C. goreaui showed a peak of 106 ± 9 cells/mm2 at 25 dpi, which later dropped 

to 28 ± 6 cells/mm2 at 30 dpi. Localization of the symbionts in these colonizations revealed 

that not all the C. goreaui cells were in the endodermis, with appreciable numbers observed in 

the gastrovascular cavity of the anemones at 30 dpi (Supplementary Figs. 2b). Other studies 

also observed good affinity of E. diaphana for select heterologous symbionts (Belda-Baillie et 

al., 2002; Xiang et al., 2013; Hambleton et al., 2014; Starzak et al., 2014; Biquand et al., 2017; 

Gabay et al., 2018). Cell surface characteristics may perhaps be shared between two or more 

algal types, thus tricking the lock-and-key mechanism that allows uptake of the symbiont by 

the host. In the present system, the comparison between B. minutum and C. goreaui cell 

densities at each time-point highlights somewhat reduced colonization by the heterologous 

species over time (Fig. 3). For instance, B. minutum had colonized more than the 70 % of host 

tissue after just 10 days, and the number of cells gradually increased over time. By contrast, 

the in hospite density of C. goreaui fluctuated over the 30-days period, achieving a maximum 

of just 60 % colonization at the end of the experiment. Colonization patterns in E. diaphana 

were, indeed, significantly influenced by symbiont taxonomic identity (LMEM, F = 248.12, df 

= 1, p < 0.001), time post-inoculation (LMEM, F = 35.89, df = 5, p < 0.001) and the interaction 

of the two effects (LMEM, F = 3.19, df = 5, p < 0.05). The different colonization kinetics may 

be attributed to differences in host efficiency to internalize homologous versus heterologous 

symbionts. Perhaps the presence of C. goreaui cells expanded to the gastrovascular cavity of 

the host (Supplementary Fig. 2b) might indicate subtle differences in the uptake and symbiosis 
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establishment of homologous versus heterologous algae. I encourage further research on the 

spatial and temporal dynamics of Symbiodiniaceae uptake by E. diaphana.  

3.4.6 Several heterologous symbionts are poor colonizers of GBR anemones 

Inoculations of E. diaphana with D. trenchii, F. kawagutii, ‘Symbiodinium F5.1’ and 

‘Symbiodinium G3’ resulted in these algal types achieving only relatively low host densities 

compared to B. minutum and C. goreaui inoculations (Figs. 2, 3). Hence, it was not possible to 

meet the model assumptions, so a LMEM was not fitted to these data. These heterologous 

symbionts are apparently unable to strongly colonize and grow within E. diaphana from the 

GBR within the 30 days of the experiment and might need longer to reach in hospite densities 

similar to the homologous and heterologous-compatible types (Starzak et al., 2014; Gabay et 

al., 2018). 

 

 
Figure 2. Representative fluorescence microscopy of the three E. diaphana genotypes (AIMS2, AIMS3, 
AIMS4) colonized by six Symbiodiniaceae strains (B. minutum, C. goreaui, D. trenchii, F. kawagutii, 
‘Symbiodinium F5.1’ and ‘Symbiodinium G3’) at 15 and 30 days post inoculation. Symbiodiniaceae 
chlorophyll autofluorescence is in red, and E. diaphana autofluorescence is in green. Pictures of anemones 
inoculated with S. tridacnidorum are not shown as exposure to this strain resulted in the death of all host 
organisms. Scale bar 3 mm. 
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3.4.7 Giant clam symbionts are apparently lethal to GBR anemones 

S. tridacnidorum was apparently lethal to the anemones just 24 h after the inoculation. All 

anemone genotypes inoculated with S. tridacnidorum became dark-colored, shriveled and 

appeared dead (G. Tortorelli personal observation); thus, it was not possible to consider this 

algal species in the analysis, but it deserves further investigation. Certain non-native 

Symbiodiniaceae have been shown to be symbiotically disadvantageous and harmful to the 

host (Starzak et al., 2014; Matthews et al., 2017). Indeed, the high energetic cost of some 

symbionts’ rapid proliferation may impact symbiosis functionality and eventually lead to the 

death of anemones colonized by these algae. 

3.4.8 Host genotype influences symbiont compatibility 

While symbiont taxonomy was a determinant in the success or failure of new associations with 

E. diaphana from the GBR over the 30-day experiment, host genotype also played a significant 

role in defining patterns of symbiosis establishment. The in hospite density of the homologous 

B. minutum and the heterologous but compatible C. goreaui over 30 days was affected by host 

genotype (LMEM, F = 4.55, df = 10, p < 0.001), and by its interaction with symbiont type and 

time post-inoculation (LMEM, F = 2.54, df = 10, p < 0.01). The leading role of host genotype 

in determining both abundance and diversity of its symbionts, or even its entire microbiome, 

has been reported in a variety of organisms, ranging from cnidarians (Grajales et al., 2015; 

Grajales and Rodriguez, 2016; Quigley et al., 2016; Goldsmith et al., 2018) to mammals 

(Zoetendal et al., 2001; Campbell et al., 2012; Liu et al., 2015). In previous studies, host 

genetics have been shown to be responsible for modelling the physiological flexibility and 

hence the tolerance of host and symbiont to stress events, especially temperature-driven 

bleaching through symbiont loss (Manzello et al., 2018). The involvement of host genotype in 

both establishment and disruption of symbiotic associations is thus further evident. My findings 

showed that anemone genotype influences the onset of symbiosis by dictating, in part, the pace 

at which new associations are established. The expression of genes responsible for the synthesis 

of molecules (e.g. lectins; Davy et al., 2012) of the lock-and-key symbiont recognition 

mechanism may perhaps differ among anemone genotypes, creating variations in symbiosis 

establishment. This system of colonization measurement should now enable experimental 

testing of such a hypothesis. 
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Figure 3. Colonization of three E. diaphana genotypes (AIMS2, AIMS3, AIMS4) with six Symbiodiniaceae 
(B. minutum, N = 146; C. goreaui, N = 156; D. trenchii, N = 157; F. kawagutii, N = 138; ‘Symbiodinium 
F5.1’, N = 135; ‘Symbiodinium G3’, N = 144) during the 30-days experiment. Each panel of the graph 
represents the mean (±SEM) density of one algal symbiont type in tentacles of three anemones per genotype 
at each time point post inoculation (5, 10, 15, 20, 25, 30 days post inoculation, days post inoculation). Where 
error bars are not visible, they are small and hidden by the symbols. Exposure of anemones to Symbiodinium 
tridacnidorum resulted in the decease of all organism hence it was not possible to sample the tentacles for 
analysis. For ‘Symbiodinium F5.1’ it was not possible to perform the sampling at 5 days post inoculation. 
 

3.4.9 Concluding remarks 

The exploration of host-symbiont specificities is fundamental to understanding mechanisms of 

symbiosis establishment. The present study used algal coverage in anemone tentacles as a tool 

to measure the capacity of seven Symbiodiniaceae strains to colonize E. diaphana from the 

GBR. The onset of this mutualistic relationship appears to be a synergistic process governed 

by complex specificities (Hambleton et al., 2014) and my results confirm that the association 

is shaped by both symbiont and host features. The differences in host-algal affinity allowed me 

to create a matrix of symbiotic compatibilities that I can strategically use to investigate 

mechanisms of recognition and establishment in the cnidarian-Symbiodiniaceae symbiosis 

system. Importantly, E. diaphana genetics was shown to have an influence on the onset of the 

relationship. Different host-symbiont genotypic combinations better mirror the performance of 

the mutualistic units during early stages of the association and, therefore, I encourage the use 
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of true biological replication in future investigations. Further research should explore 

variability in the expression of symbiosis genes among the different E. diaphana genotypes 

and consider the effect of host genetics in symbiosis establishment and dysfunction studies. 
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CHAPTER 4 

THE ROLE OF CELL SURFACE CARBOHYDRATES IN THE 

ESTABLISHMENT OF CNIDARIAN-DINOFLAGELLATE 

(SYMBIODINIACEAE) SYMBIOSIS 

Giada Tortorelli, Carsten Rautengarten, Berit Ebert, Antony Bacic, Simon K. Davy, 

Madeleine J. H. van Oppen, Geoffrey I. McFadden 

IN PREPARATION FOR PUBLICATION 

4.1 Abstract 

Symbiodiniaceae algae are often photosymbionts of reef-building corals. The establishment of 

their symbiosis resembles a microbial infection where eukaryotic pattern recognition receptors 

(PRRs) recognize a specific range of conserved, taxon-specific microbial-associated molecular 

patterns (MAMPs). The present study used the sea anemone, Exaiptasia diaphana, and three 

species of Symbiodiniaceae (the homologous Breviolum minutum, the heterologous-

compatible Cladocopium. goreaui, and the heterologous-incompatible Fugacium kawagutii) to 

explore the molecular mechanisms of recognition and establishment of symbiosis. I used a 

multi-step approach. First, I characterized the types of nucleotide sugars of the algal cells in 

culture via LC-MS/MS, on the assumption that these precursors could be incorporated into the 

symbiont cell surface glycome. Second, I examined glycans on the cell wall of the three 

symbiont species with monosaccharide analysis, lectin array technology and fluorescence 

microscopy of the algal cell decorated with fluorescently tagged lectins. Armed with this 

inventory of possible glycan moieties, I then assayed the ability of the three Symbiodiniaceae 

to colonise aposymbiotic E. diaphana after two different interventions: i. masking potential 

PRRs on the host with monosaccharides, and ii. modifying potential MAMPs on the symbiont 

surface by enzymatically digesting the algae and challenging them against the anemones. The 

Symbiodiniaceae cell surface glycome includes L-arabinose, L-fucose, D-galacturonic and D-

glucuronic acids, D-galactose, D-glucose, D-mannose, L-rhamnose and D-xylose, and varies 

among algal species. Trypsin treatment of the alga changed the rate of B. minutum and C. 

goreaui uptake, suggesting that a protein-based moiety is an essential part of compatible 

symbiont recognition. D-galacturonic acid and sialic acids seemed to be important components 

of the glycoproteins involved in the recognition of the homologous symbiont but not the 
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heterologous ones. These data strongly support the importance of D-galactose and, in 

particular, methyl-b-D-galactose residues in the establishment of the cnidarian-dinoflagellate 

symbiosis, and I propose a potential involvement of L-fucose and D-xylose in the early steps 

of this mutualism.  

 

4.2 Introduction 

Symbiodiniaceae are single-celled alveolate protists of the phylum Dinoflagellata. 

Dinoflagellates inhabit temperate and tropical areas as phototrophs, heterotrophs, parasites and 

symbionts, but the Symbiodiniaceae are most widely recognized as intracellular 

photosymbionts of reef-building corals1. Coral-Symbiodiniaceae symbiosis is a mutualism 

where the symbiont benefits from inorganic nutrients coming from host metabolism, and the 

coral host receives a large proportion of photosynthate produced by the dinoflagellates, thus 

providing the coral partner with most of its energy requirements and therefore underpinning 

the entire coral reef ecosystem2.  

The taxonomy of this group of algal symbionts has recently been revised; since the first 

description of Symbiodinium microadriaticum Freudenthal as a monotypic genus with 

worldwide distribution3, we now recognize that the family Symbiodiniaceae is comprised of at 

least nine genera, one of which is Symbiodinium1,4. The physiological differences among the 

genera, and even within genera, are enormous5, and dramatically influence the physiology of 

the coral holobiont (i.e., the coral and its associated microbiota) and its ability to cope with 

environmental stressors6. Indeed, it is pivotal for the coral host to engage in symbiosis with 

specific symbiont types to survive7.  

Some cnidarian species inherit their dinoflagellate symbionts directly from their parents 

through vertical transmission. The majority of coral species, however, have a horizontal 

transmission mode and must acquire suitable symbionts from the surrounding environment8,9. 

Most vertical transmitters also acquire additional symbionts from the environment, thus having 

a mixed transmission mode10. Symbiosis establishment via horizontal mechanisms involves 

attraction, recognition and uptake of appropriate symbionts by phagocytosis2. Although there 

is some knowledge about the processes of attraction11,12 and uptake13,14,15, little is known on 

the mechanisms of symbiotic specificity and host-symbiont selection, and whether the latter 

takes place pre- or post-phagocytosis.  
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The interaction of cnidarians with microbes somewhat resembles mammalian immune 

strategies16, and the initiation of symbiosis between corals and symbiotic dinoflagellates has 

been compared to the recognition of a pathogen during microbial infection17. In this model, the 

molecular cross-talk between the two symbiotic partners is mediated by the specific interaction 

between taxon-specific microbial-associated molecular patterns (MAMPs) and pattern 

recognition receptors (PRRs). A widespread MAMP-PRR system is the glycan-lectin 

interaction that acts as a lock-and-key mechanism in both beneficial and detrimental 

symbioses18, and this is a proposed model for establishment of the cnidarian-dinoflagellate 

mutualism17. 

The cell surface of symbiotic dinoflagellates is populated with several glycoconjugates, with 

some glycan motifs similar among species and others unique to each species19. Two types of 

sugar linkages, mannose-mannose and galactose-β(1-4)-N-acetylglucosamine, have been 

reported in the algal cell walls20. A mannose-binding lectin (Millectin)21, two N-acetyl-D-

galactosamine binding proteins22 (Tachylectin-2-like lectin AtTL-2, homologous to the 

Tachylectin-2 lectin from the horseshoe crab Tachypleus tridentatus23) and two D-galactose 

binding lectins (SLL-224 and CecL25) have been isolated from several coral species and suggest 

an involvement in various phases of symbiosis establishment. The well-described N-glycan 

biosynthesis pathway in yeast, plants and humans26 is also present in Symbiodiniaceae and has 

been shown to be a key factor in cnidarian-dinoflagellate symbiosis establishment, highlighting 

the importance of the symbiont’s cell-surface sugar composition in this process. The majority 

of the N-glycan types found on the symbiont surface were mannose-rich, further supporting 

the role of mannose in symbiosis onset27. The sugars N-acetyl-D-glucosamine22,28, N-

acetylneuraminic acid27,29, fucose27 and a-glucose28,30 were also found on the symbiont cell 

surface, but their roles (if any) in symbiosis establishment require further exploration.  

Investigations of the mechanisms that symbiotic dinoflagellates use to invade cnidarians are 

still in their infancy, and difficulties of working with live corals have largely hindered progress 

of this field. Symbiosis establishment in corals typically happens early in the animal’s life 

cycle, thus necessitating spawning of corals in the laboratory and rearing of aposymbiotic 

larvae for inoculation with symbionts. Here, I adopted a model organism approach to explore 

the molecules at the interface of the cnidarian-dinoflagellate symbiosis and investigate their 

role in the initiation of this relationship. The model is the sea anemone, Exaiptasia diaphana 

(formerly Exaiptasia pallida, commonly referred to as “Aiptasia”), which forms symbioses 

with members of the Symbiodiniaceae. Importantly, E. diaphana can be freed of all symbionts 
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by chemical bleaching, and then inoculated with new symbionts, thus providing an ideal 

platform to dissect host/symbiont recognition at a molecular level. I previously developed a 

matrix of host-symbiont compatibilities31 with homologous-compatible (Breviolum minutum), 

heterologous-compatible (Cladocopium goreaui) and incompatible (Fugacium kawagutii) 

symbionts and three different anemone genotypes32, which thus provides true biological 

replication for a powerful suite of interactions to dissect. Using this experimental system, I 

explored the composition of host and symbiont cell surfaces, and strategically altered relevant 

cell surface molecules to investigate their role during the first stages of symbiosis.  

 

4.3 Materials and methods 

4.3.1 Experimental organisms  

Three anemone genotypes (AIMS2, AIMS3 and AIMS4)32 of the model symbiotic cnidarian 

E. diaphana sourced from the Great Barrier Reef (GBR) were used in this study. Polyps were 

kept in reconstituted seawater (RSS)31 in a growth chamber (LE-509, Thermoline Scientific) 

under constant temperature (27oC), 12 h:12 h light:dark photoperiod cycle and 15 μmol photons 

m−2 s−1 irradiance (white + red LED lights, EDOLED), and fed with freshly hatched Artemia 

sp. nauplii ad libitum twice per week.  

Three Symbiodiniaceae species, B. minutum (MMSF 01, ITS2 type B1), C. goreaui (SCF 055-

01.10, ITS2 type C1) and F. kawagutii (SCF 089.01, ITS2 type F1) were used in this work. 

These algae were chosen based on the different compatibilities with the anemone host31. The 

B. minutum culture was isolated from the E. diaphana anemones mentioned above31, while C. 

goreaui and F. kawagutii were obtained from the Australian Institute of Marine Science 

(AIMS) and were originally isolated from the GBR-sourced corals Acrocopora tenuis and 

Pocillopora damicornis, respectively. B. minutum and C. goreaui are the primary 

Symbiodiniaceae mutualists of their hosts, whereas F. kawagutii was present in P. damicornis 

in lower abundance as it is commonly a non-symbiotic species. All cultures were maintained 

in IMK medium, in 1 L Schott bottles with 0.2 μm membrane vented caps in a growth chamber 

(740FHC LED, HiPoint) under constant temperature (27°C), 12 h:12 h light:dark photoperiod 

cycle, and 60 μmol photons m− 2 s− 1 of light.  
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4.3.2 Nucleotide sugar and monosaccharide component analysis of Symbiodiniaceae cell 

walls 

The nucleotide sugar and cell wall monosaccharide compositions of B. minutum, C. goreaui 

and F. kawagutii were profiled using methods well established in higher plants33,34. For the 

nucleotide sugar analysis, Symbiodiniaceae cultures were harvested after 5 hours of exposure 

to light by centrifugation at 3,000 x g; the supernatant was then discarded, and the weight of 

the cells determined. Fifty milligrams of algae per sample were resuspended in ice-cold 

methanol/chloroform to quench metabolism and remove lipids and proteins, transferred into 

custom lysing matrix D 2 ml tubes (MP Biomedicals), ground in liquid nitrogen using a 

cryomill, then vortexed and placed at -20°C for 2 h. Following the addition of 400 µL ice-cold 

water, the samples were centrifuged at maximum speed at 4°C for 5 min and the upper phase 

was transferred into 15 ml tubes placed on ice. The addition of ice-cold water and 

centrifugation steps were repeated two more times, and the supernatants combined with the 

previously collected aqueous phase. Samples were frozen in liquid nitrogen and freeze dried 

overnight. Sample purification was undertaken by solid phase extraction, then nucleotides 

sugars were detected and quantified by liquid chromatography tandem mass spectrometry (LC-

MS/MS) using a 4000 QTRAP LC/MS/MS system (SCIEX) equipped with a TurboIonSpray 

source (SCIEX) and an Agilent 1100 Series Capillary LC System. Data were acquired using 

Analyst 1.5.1 (SCIEX) and nucleotide sugars were quantified using MultiQuant 2.1 software 

(SCIEX) by linear regression of the peak areas35. 

To analyse the algal cell wall monosaccharide composition, I took 300 mg of pelleted algae, 

washed the pellet in phosphate-buffered saline 1× (PBS) and ground the cells in liquid nitrogen 

as described above. To obtain cell wall alcohol insoluble residues (AIR), the homogenate was 

incubated in 100% EtOH at 100°C for 30 min under constant shaking at 1400 rpm. Then, tubes 

were centrifuged at 20,000 x g for 5 min to pellet the insoluble fraction. The pellet was washed 

twice in 70% EtOH and subsequently in acetone, and then left to dry overnight. Single sugar 

units (monosaccharides) were produced through hydrolysis of AIRs with 2N TFA 

trifluoroacetic acid (TFA) and incubation at 120°C for 1 h. The TFA solution was removed by 

evaporation overnight in a vacuum concentrator. The monosaccharide analysis was performed 

using High Performance Anion Exchange Chromatography coupled with Pulsed 

Amperometric Detection (HPAEC-PAD). Three replicates for each Symbiodiniaceae species 

were diluted and subsequently analysed on an ICS 3000 (Dionex Corporation, Sunnyvale, CA) 

as described in Rautengarten et al., 2016. 
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A one-way Anova (or a non-parametric Kruskal-Wallis test if normality criteria were not met) 

was performed to compare the relative amount of all monosaccharides found within a 

Symbiodiniaceae species and of each individual monosaccharide among B. minutum, C. 

goreaui and F. kawagutii. Pairwise comparisons were performed post-hoc with Tukey’s tests 

or non-parametric Dunn test (p> 0.05).  

4.3.3 Confocal microscopy of Symbiodiniaceae cell surface 

Fluorescent molecular probes conjugated with eight different lectins were used to explore their 

affinity for the glycoconjugates populating the cell surface of B. minutum, C. goreaui and F. 

kawagutii. Symbiodiniaceae cultures were sampled to obtain four aliquots of 1.5 x 106 cells for 

each species and treatment. The pelleted cells were resuspended in 4% paraformaldehyde 

(PFA)/ 1× PBS, fixed for 24 h at 4°C, washed in 1× PBS and stored at 4°C. Three days later, 

each sample was washed three times in 1× PBS , then one of the fluorescent lectins was added 

to the algal solution at a final concentration of 1 mg/ml29. The fluorescent lectin conjugates 

used in this study and their glycan affinities are described in Table 1. After a 1 h incubation at 

room temperature in the dark, samples were washed three times in 1× PBS and concentrated to 

100 µl. Five microliters of each sample were placed in four wells of a teflon printed microscope 

slide (ProSciTech), and then mounted with ProLong gold antifade mountant (ThermoFisher 

scientific). Unstained controls were also prepared to profile the innate fluorescence of all algal 

strains. Samples were visualised with a Nikon A1R confocal laser scanning microscope with 

the NIS-Element software. The acquisition of signals from specific fluorophores was obtained 

by recording variable emission bandwidth with the virtual band mode. A 409 nm laser was 

used to detect chlorophyll autofluorescence from dinoflagellate cells, while the fluorophores 

Texas Red and AlexaFluor 568, 594 and 488 were specifically excited by the lasers reported 

in Table 1. An oil immersion objective of 60X magnification and 1.4 numerical aperture was 

used to image three different sections of each well, hence 12 observations were made for each 

algal species and lectin treatment. I used a Gallium arsenide phosphide (GaAsP) 

Photomultiplier tube (PMT) detector and a Galvano scanner at a scan speed of ¼ fps. The 

image of the algal species and lectin was unmixed against its negative control to remove any 

background signal caused by algal chlorophyll autofluorescence. A macro was developed to 

process Nd2 files using Fiji and obtain the mean fluorescence intensity (MFI) of the signal 

provided by the lectin binding to the symbiont surface. Twenty-five algal cells were randomly 

selected from each image, and hence 300 cells were analysed for each sample of a 

Symbiodiniaceae species incubated with each lectin. Data were tested for normality with the 
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Shapiro-Wilk test and, when parametric assumptions were not met, I used the Kruskal-Wallis 

test to explore the fluorescence intensity profiles of different lectins binding to the surface of a 

Symbiodiniaceae species. Finally, Tukey’s test was used for multiple comparisons (p > 0.05). 

 

Table 1. Fluorescent molecular probes conjugated with lectins used in this study for analysis 

of the Symbiodiniaceae cell surface at the confocal microscope. ConA= concanavalin A; GS-

II= lectin from Griffonia simplicifolia; LPA= lectin from Limulus polyphemus (horseshoe 

crab); PhaL= lectin from Phaseolus vulgaris; PNA= lectin from Arachis hypogaea (peanut); 

SBA= lectin from Glycine max (soybean); UEA= lectin from Ulex europaeus; WGA= wheat 

germ agglutinin. 

 

Lectin probe Glycan affinity Fluorophore Laser 

ConA D-mannose; D-glucose AlexaFluor 488 488 

GS-II 
terminal, non-reducing  

α-/b-N-acetyl-D-glucosamine 
AlexaFluor 594 561 

LPA N-acetylneuraminic acid; glycuronic acid FITC 488 

PhaL N-acetyl-D-galactosamine AlexaFluor 488 488 

PNA lactose; D-galactose AlexaFluor 568 561 

SBA 
N-acetyl-d-galactosaminea; D-galactosea; 

terminal methyl-α-D-galactopyranoside 
AlexaFluor 594 561 

UEA α-L-fucose Atto 594 561 

WGA N-acetyl-D-glucosamine Texas Red 561 
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4.3.4 Lectin array of Symbiodiniaceae cell surface glycoproteins 

To isolate glycoproteins from the Symbiodiniaceae cell surface, I used guanidinium chloride 

(GuHCl) extraction36, and confirmed that the isolation of cell surface glycoproteins did not 

result in lysis of the algal cell by using Calcofluor-white to stain the cellulosic algal cell wall37. 

Calcofluor-stained algae were visualised with a Nikon A1R confocal laser scanning 

microscope with a 409 nm laser to detect stained cellulose and chlorophyll autofluorescence 

from dinoflagellate cells. 

For each algal species, an aliquot of 1 x 108 cells/ml was centrifuged at 1500 x g, washed twice 

in 1x PBS, resuspended in 3 ml of 6 M GuHCl and divided into two tubes. After 4 h of 

incubation at RT under constant shaking at 800 rpm, cells were pelleted at 15,000 x g for 30 

min at RT and discarded; the supernatant of the two tubes was then concentrated and combined 

together with an Amicon Ultra MWCO 3 KDa. Protein concentration was checked on aliquots 

of each sample with the Pierce BCA Protein Assay. Each algal species had n = 4 replicates. 

Samples were run on a Ray Biotech Lectin array 95, which has 95 different lectins 

(Supplementary Table 1). One milligram per millilitre of glycoproteins suspension was run on 

the lectin array by Crux Biolabs Australia. The binding of glycoproteins to different lectins 

produced fluorescence intensity signals informative of a certain glycan abundance. The data 

were background corrected, tested for normality and a one-way Anova used to explore the 

binding of a certain lectin among Symbiodiniaceae cell surface glycoproteins. Finally, Tukey’s 

test was used for multiple comparisons (p > 0.05), and the variation in B. minutum, C. goreaui 

and F. kawagutii cell surface glycomes was visualised using Principal Component Analysis 

(PCA).  

4.3.5 Cell surface alteration and host-symbiont inoculation experiments 

A total of 1,134 anemones (oral disc diameter of ∼5 mm) was chemically bleached of algal 

symbionts as previously described38. After bleaching, anemones were kept in RSS and fed with 

brine shrimp. One week prior to inoculation with Symbiodiniaceae symbionts, feeding was 

discontinued, and anemones were transferred to 12-well plates such that each 12-well plate 

contained n = 3 anemone genotype replicates, organized randomly to minimize well effect. 

Each 12-well plate had n = 3 technical replicates, all altered with the same enzymatic or 

masking treatment and inoculated with one symbiont type.  

The anemone surface lectins were masked with the sugars D-glucose, D-mannose, D-galactose, 

methyl-a- and b-D-galactose, L-fucose, D-xylose, D-galacturonic acid, D-glucuronic acid and 
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L-rhamnose, all at a concentration of 10 mM22. Organisms were incubated in RSS 

supplemented with one of the sugars for an hour under the conditions described above, and 

subsequently inoculated with one of the three Symbiodiniaceae species. Positive control 

organisms did not receive any sugar prior to symbiont inoculation.  

The symbiont cell surface was altered via digestion with one of three enzymes: a-amylase29, 

trypsin29, or neuraminidase39. Enzyme specificities are reported in Table 2. Algal cells were 

sampled in the exponential growth phase, pelleted and resuspended in a digestion solution 

composed of RSS and one of the enzymes used in the study. After a 2 h digestion step at 27°C 

in the dark29 in a shaking incubator at 90 rpm, the symbionts were washed twice in RSS and 

used immediately to inoculate the bleached, unmodified anemones. Positive control organisms 

received untreated symbionts.  

For both host and symbiont surface modification experiments, inoculations were performed as 

previously described31. Briefly, 1 ml of algal cells (1 × 106 cells/ml) was added to each 

aposymbiotic anemone, followed by 50 µl of freshly hatched brine shrimp to stimulate a 

feeding response40 A second dose of algae was provided 4 h post-inoculation (4 hpi), following 

the same procedure, then 500 µl of RSS were added at 24 hpi to improve oxygenation and 

resuspend the symbiont cells. Given that most Symbiodiniaceae cell surface glycans recover 

within 48-72 h post enzymatic cleaving41, anemones were anesthetized with MgCl2 two days 

post-inoculation, and tentacles then sampled, fixed and microscopically analysed to calculate 

symbiont cell densities in E. diaphana from algal chlorophyll autofluorescence31. Data were 

log-transformed to achieve normality and a generalized linear model (GLM) with a Gaussian 

distribution was used to test the influence of E. diaphana genotype (i.e. AIMS2, 3 and 4), 

Symbiodiniaceae species (i.e. B. minutum, C. goreaui and F. kawagutii) and treatment (i.e. 

enzymatic treatment of symbiont surface or masking of host lectins with carbohydrates) on 

symbiont uptake by the host (as number of symbiont cells/mm2 in anemone tentacles). 

Analyses were conducted in R v. 3.6.142 with the package Tidyverse43. The GLM specification 

for the model was: 

4!"	(E ∼ 3+'-	4#,+-(/# ∗ '(")*+,-	'/#F*#' ∗ -$#0-"#,-, H0"*!(

= 40.''*0,	(!*,1 = log)) 

Best model selection was performed by comparing the full model with all the effects and 

interactions against the model without each of the effects or interactions and confirmed using 
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the Akaike Information Criterion (AIC). Analysis of variance was used to test the significance 

of the overall fixed effects fitted in the model. 
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Table 2. Enzymes used to alter Symbiodiniaceae cell surface molecules and carbohydrates used to mask E. diaphana cell surface lectins, prior to 

inoculation experiments. All products were purchased from Sigma-Aldrich.  

 

Organism Treatment Product # Concentration Enzyme specificity 

Symbiodiniaceae α-amylase A6255 5 mg/ml α-(1,4) glucan linkages 

Symbiodiniaceae neuraminidase 11080725001 6 µg/ml neuraminic acids 

Symbiodiniaceae trypsin T6567 20 mU/ml 
Peptide bonds on the C-terminal side of 

lysine and arginine residues 

E. diaphana D-galactose G0750  10 mM / 

E. diaphana methyl-α-D-galactose G1000 10 mM / 

E. diaphana methyl-b-D-galactose G1125 10 mM / 

E. diaphana D-glucose 47829 10 mM / 

E. diaphana D-mannose M6020 10 mM / 

E. diaphana D-galacturonic acid 48280 10 mM / 

E. diaphana D-glucuronic acid G5269 10 mM / 

E. diaphana L-fucose F2252 10 mM / 

E. diaphana L-rhamnose W373011 10 mM / 

E. diaphana D-xylose PHR2102 10 mM / 
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4.4 Results 

4.4.1 Nucleotide sugar and monosaccharide composition analysis of Symbiodiniaceae cell 

walls 

The surface of the symbiont cell constitutes an intricate mesh of cellulose, glycoproteins and 

polysaccharides19. In eukaryotes, matrix polysaccharides are synthesized from activated sugar 

substrates called nucleotide sugars, most of which are transferred by nucleotide sugar 

transporters from the cytosol into the Golgi apparatus where they are assembled into glycan 

polymers by various glycosyltransferases, and then transported via vesicles to the cell wall35. 

Therefore, I decided to investigate the nucleotide sugar profiles from whole cells to gain insight 

into possible end products present in the dinoflagellate wall. I detected numerous nucleotide 

sugars in the three species of Symbiodiniaceae investigated, including UDP-D-galacturonic 

acid (UDP-GalA) and UDP-D-glucuronic acid (UDP-GlcA), CMP-neuraminic acid (CMP-

Neu5Ac), UDP-arabinopyranose (UDP-Arap), UDP-rhamnose (UDP-Rha), dTDP-rhamnose 

(dTDP-Rha), UDP-galactopyranose (UDP-Galp), UDP-glucose (UDP-Glc), UDP-xylose 

(UDP-Xyl), UDP-N-acetylglucosamine and N-acetylgalactosamine (UDP-GlcNAc/GalNAc), 

UDP-D-galactofuranose (UDP-Galf), mannose (GDP-Man), and GDP-fucose (GDP-Fuc; see 

Fig. 1). The respective sugar residues may potentially be present in cell wall polymers, 

glycoproteins and/or surface glycans. In addition, the symbiont profiles also revealed an 

unknown component which has the same mass as UDP-Rha.  

I then examined the monosaccharide composition of insoluble cell wall extracts from each of 

the three Symbiodiniaceae species (Fig. 2). The most abundant monosaccharide detected in the 

three species was glucose (Fig 2). In lesser amounts, L-arabinose, L-fucose, D-galacturonic 

acid, D-galactose, D-glucuronic acid, D-mannose, L-rhamnose and D-xylose were also found 

in the cell wall extracts of the three species (Fig. 2). All cell wall monosaccharides identified 

were also evident in their respective precursor form in the nucleotide sugar analysis (Fig. 1). 

Sugars corresponding to the nucleotide sugars UDP-Galp, UDP-GlcNAc/GalNAc, and UDP-

Galf, however, were not detected among the cell wall monosaccharides, which is likely due to 

methodological limitation as they cannot be separated with the gradient system used in this 

study. The analysis of neuraminic acids (corresponding to CMP-Neu5-Ac) requires a different 

methodology that needs optimisation; future work should focus on this part of the study to 

permit a better understanding of these molecules in Symbiodiniaceae.  
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D-mannose was the only monosaccharide for which the relative amount did not statistically 

differ among the three Symbiodiniaceae species (p > 0.05; Fig. 2). The relative amounts of L-

fucose, L-rhamnose, D-galactose, D-glucose, D-xylose and D-galacturonic acid differed 

among species (p < 0.05; Fig. 2), while D-glucuronic acid was dissimilar between B. minutum 

and F. kawagutii only (p < 0.05; Fig. 2). L-arabinose was barely detectable in samples of any 

of the three algal species (particularly B. minutum), since its abundance was at the lower limit 

of monosaccharide detection, while UDP-Arap was also in low abundance in the nucleotide 

sugar profile. I therefore did not further investigate the effect of arabinose on symbiosis 

establishment. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Separation and MS/MS detection of nucleotide sugars present in Symbiodiniaceae. UDP-GalA= 
UDP-D-galacturonic acid; UDP-GlcA= UDP-D-glucuronic acid; CMP-Neu5Ac= neuraminic acids; UDP-
Arap= UDP-arabinopyranose; UDP-Rha= UDP-rhamnose, dTDP-Rha= dTDP-rhamnose; UDP-Galp= 
UDP-galactopyranose; UDP-Glc= UDP-glucose; UDP-Xyl= UDP-xylose; UDP-GlcNAc/GalNAc= UDP-
N-acetylglucosamine and UDP-N-acetylgalactosamine; PAPS= adenosine 3'- phosphate 5'-phosphosulfate; 
UDP-Galf= UDP-galactofuranose, GDP-L-Gal= UDP-D-galactose; GDP-Man= GDP-mannose; GDP-Fuc= 
GDP-fucose. 
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Figure 2. Monosaccharide composition of hydrolysed alcohol insoluble residue extracted from the cell wall 
of B. minutum (purple), C. goreaui (blue) and F. kawagutii (green). Each bar represents the mean (±SEM) 
molar percentage of a monosaccharide. Stars indicate statistically supported differences. 

 
4.4.2 Confocal microscopy of Symbiodiniaceae cell surfaces 

The mean fluorescence intensity (MFI) profile of different lectin conjugates varied among the 

three Symbiodiniaceae species (Figs. 3 and 4). The lectins ConA, GS-II, LPA, PhaL, SBA, 

UEA and WGA bound significantly to the surface of B. minutum. The C. goreaui surface was 

populated by glycans with an affinity to ConA, GS-II, LPA, PhaL, PNA, SBA and UEA. The 

surface of F. kawagutii exhibited significant binding for all the lectin conjugates used in the 

study. ConA, which specifically binds to terminal D-mannose and D-glucose residues, had a 

stronger intensity profile in C. goreaui compared with B. minutum and F. kawagutii (p < 0.001). 

The latter two species showed similar binding of the probe to their cell surfaces. The lectins 

GS-II, LPA, PhaL, SBA and UEA all bound to B. minutum, C. goreaui and F. kawagutii, and 

showed different MIFs among symbiont species. C. goreaui and F. kawagutii presented 

different amounts of a-lactose and D-galactose on their cell surfaces, as revealed with the lectin 

probe PNA (p < 0.001), however the lectin WGA identified a dissimilar abundance of 
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glycoconjugates containing N-acetylglucosamine residues on B. minutum and F. kawagutii (p 

< 0.001). 

 

 
Figure 3. Mean Fluorescence Intensity (MFI ± SEM) of lectin conjugate binding to the cell surface of 
Symbiodiniaceae species B. minutum (purple), C. goreaui (blue) and F. kawagutii (green). ConA = 
concanavalin A; GS-II = lectin from Griffonia simplicifolia; LPA = lectin from Limulus polyphemus 
(horseshoe crab); PhaL = lectin from Phaseolus vulgaris; PNA = lectin from Arachis hypogaea (peanut); 
SBA = lectin from Glycine max (soybean); UEA = lectin from Ulex europaeus; WGA = wheat germ 
agglutinin. Stars indicate statistically supported differences. 
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Figure 4. Representative cells of B. minutum, C. goreaui and F. kawagutii labelled with the lectin probes 
ConA (concavalin A specific for D-mannose and D-glucose; light blue), UEA (lectin from Ulex europaeus 
specific for α-L-fucose; yellow), PNA (lectin from Arachis hypogaea specific for lactose and D-galactose; 
green) and LPA (lectin from Limulus polyphemus specific for N-acetylneuraminic acid and glucuronic acid; 
magenta) and imaged using confocal microscopy. Scale = 10 µm.  
 

4.4.3 Lectin array of Symbiodiniaceae cell surface glycoproteins 

Confocal microscopy showed an intact Calcofluor-stained cell wall surrounding the 

Symbiodiniaceae cells after the GuHCl treatment (Fig. 5).  

In line with the results reported above, the Symbiodiniaceae surface glycome varied among B. 

minutum, C. goreaui and F. kawagutii. I used PCA to assist in the visualization of cell surface 

glycoproteins clustering according to symbiont species (Fig. 6). The presence/absence of D-

mannose, D-glucose, D-galactose, L-fucose, N-acetyl-D-galactosamine and N-acetyl-D-

glucosamine identified via confocal microscopy (Fig. 3) was confirmed by the lectin array, but 

the array did not detect any statistically supported difference among algal species for the lectins 

PhaL, SBA, UEA and WGA. This discrepancy may be attributed to the sensitivity of each 

method. 

The glycoproteins extracted from the three Symbiodiniaceae species did not bind to lectins PA-

IL, PPL, RPA, SSA and VVA on the array. Significant binding to the lectin ABA was only 

observed for B. minutum, and of DBA only for F. kawagutii. Fifty-four percent of the lectins 

showed a difference in their affinity to the three Symbiodiniaceae species (Supplementary 

Table 1).  

 
 
 

B. minutum

F. kawagutii

C. goreaui

Chl a-ConA Chl a-LPAChl a-PNAChl a-UEA
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Figure 5. Calcofluor staining of the cell wall of Symbiodiniaceae in unprocessed (a, control) cells and after 
GuHCl treatment (b). Cellulosic cell wall is stained in blue, and the innate chlorophyll a fluorescence of 
Symbiodiniaceae is in red. Scale 10 µm. 

 
 
 
 

Figure 6. PCA visualization of B. minutum (purple), C. goreaui (blue) and F. kawagutii (green) cell surface 
glycoproteins binding to 95 different lectins of a lectin array 
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4.4.4 Cell surface alteration and host-symbiont inoculation experiments 

Congruent with findings in my previous study31, the density of B. minutum and C. goreaui 

populating E. diaphana at 48 hpi varied considerably (Fig. 7) and was significantly affected by 

host genotype (GLM, df = 2, p < 0.001), symbiont species (GLM, df = 1, p < 0.001), treatment 

(GLM, df = 12, p < 0.001), and the interaction of these three factors (GLM, df = 24, p < 0.001). 

The homologous species (B. minutum) colonised the anemones rapidly, whereas the compatible 

heterologous species (C. goreaui) also colonised the animals but at a lower density, and the 

incompatible strain (F. kawagutii) did not measurably colonise the hosts (Fig. 7). 

After exposing aposymbiotic anemones to certain monosaccharides, I observed significantly 

lower in hospite B. minutum and C. goreaui cell densities at 48 hpi for D-galactose (pB < 0.001; 

pC < 0.05), b-D-galactose (pB < 0.05; pC < 0.001), L-fucose, and D-xylose (pB < 0.001; pC < 

0.05). Exposure of the aposymbiotic hosts to each of three additional sugars to block lectin 

receptors resulted in lower algal densities (compared to the controls) for B. minutum but 

revealed no difference for C. goreaui (glucose, mannose [pB < 0.001; pC > 0.05] and D-

galacturonic acid [pB < 0.01; pC > 0.05]). Exposing the hosts to a-D-galactose and L-rhamnose 

had no effect on symbiosis establishment with any of the two compatible symbionts (p > 0.05). 

The inability of F. kawagutii to colonise E. diaphana did not change (p > 0.05) as a result of 

any of the monosaccharide host-masking trials (Fig. 7). Incubation of E. diaphana with D-

glucuronic acid was lethal to the anemones, hence it was not possible to collect data for this 

treatment. 

Digesting proteins at the symbiont surface with the enzyme trypsin prior to inoculation 

significantly affected the uptake of both compatible symbionts (p < 0.05), severely reducing 

the success of B. minutum but marginally increasing the success of in hospite C. goreaui cell 

densities (Fig. 7). Neuraminidase treatment negatively affected the numbers of B. minutum 

found in anemones at 48 hpi but not those of C. goreaui (pB < 0.001; pC > 0.05), whereas a-

amylase had no influence on the density of either B. minutum or C. goreaui found in the host 

compared to the positive control (p > 0.05; Fig. 7). The infectivity of F. kawagutii for all 

genotypes of E. diaphana did not differ significantly (p > 0.05) from the control after a-

amylase, trypsin, or neuraminidase pre-digestion (Fig. 7). 
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Figure 7. Number of B. minutum (purple), C. goreaui (blue) and F. kawagutii (green) cells/mm2 in the 
tentacles of E. diaphana 48 hours post inoculation after enzymatic treatment of the Symbiodiniaceae surface 
with alpha-amylase, trypsin or neuraminidase, and masking of the host surface lectins with the carbohydrates 
methyl-alpha-D-galactose, methyl-beta-D-galactose, D-galactose, glucose, mannose, fucose, D-galacturonic 
acid, L-rhamnose or xylose, compared to the positive control. Red stars indicate statistically supported 
differences of the number of cells/mm2 of a Symbiodiniaceae species compared to the control. 

 
4.5 Discussion 

I explored the involvement of glycan-lectin interactions in the establishment of endosymbiosis 

between the sea anemone, E. diaphana, and three species of Symbiodiniaceae algae, the 

homologous B. minutum, the heterologous-compatible C. goreaui, and the heterologous-

incompatible F. kawagutii, using a multi-step approach. First, I identified the precursors of 

sugars present in the symbiont cells that could potentially be incorporated into glycan structures 

on the algal cell surface. I then analysed the monosaccharide composition of the cell wall to 

examine the overall composition of algal cell surface. A complementary analysis of surface 

glycans via lectin array technology and fluorescence microscopy of the symbiotic 

dinoflagellates decorated with labelled lectins was then undertaken. Armed with this inventory 

of possible glycan moieties, I then assayed the ability of the three Symbiodiniaceae species to 

colonise aposymbiotic hosts after two different interventions: i. attempting to mask any lectin-

type receptors on the host with monosaccharides, and ii. attempting to modify glycans on the 

algal surface by enzymatically digesting the algae prior to infection (Table 3). 
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As expected, I found good concordance between the nucleotide sugar repertoire in the three 

Symbiodiniaceae species and the monosaccharide analysis, which is consistent with these 

precursors finding their way into glycan structures such as those making up the cell walls. The 

cell surface glycome varies among B. minutum, C. goreaui and F. kawagutii, as shown by the 

monosaccharide analysis, confocal microscopy, and PCA visualisation of the lectin array 

results (Figs. 2, 3 and 6).  

 

Table 3. Summary of the effects of host lectin masking and Symbiodiniaceae cell surface 

enzymatic modification prior to inoculation of E. diaphana with B. minutum, C. goreaui and 

F. kawagutii. (↓) means the treatment inhibited re-infection of the anemones by the symbiont; 

(−) means the treatment had no influence and allowed re-infection of the anemones by the 

symbiont; (↑) means the treatment resulted in a super-infection of the anemones by the 

symbiont. 

 

  B. minutum C. goreaui F. kawagutii 
D-glucose ↓ − − 

D-mannose ↓ − − 
D-galactose ↓ ↓ − 

 a-D- galactose − − − 
 b-D-galactose ↓ ↓ − 

L-fucose ↓ ↓ − 
D-xylose ↓ ↓ − 

D-galacturonic acid ↓ − − 
L-rhamnose − − − 
 a-amylase − − − 

trypsin ↓ ↑ − 
neuraminidase ↓ − − 
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4.5.1 Glucose and mannose 

D-glucose stands out as highly abundant in both the nucleotide sugar pools and in the cell wall 

extracts of the three Symbiodiniaceae species (Figs. 1 and 2). The symbiont cell wall is 

predominantly composed of cellulose19, a polysaccharide consisting of b-linked D-glucose, so 

the abundance of this molecule across the three algal species is not surprising. Binding of the 

lectin molecular probe ConA, which is specific for D-glucose (and D-mannose), to all the three 

algal species (Figs. 3 and 4) is also consistent with cellulose in the algal cell walls. B. minutum, 

C. goreaui and F. kawagutii cell surface glycoproteins bound to several lectins specific for 

glucose and mannose in the lectin array study (i.e. LcHA and PSA). When I treated the 

anemones with D-glucose prior to inoculation with symbionts, it significantly decreased the 

colonisation success of the homologous B. minutum but had no impact on the colonisation 

success of C. goreaui and F. kawagutii (Figs. 7 and Table 3). 

D-mannose was the only sugar that did not differ significantly in mole percentage amongst the 

three species of Symbiodiniaceae (Fig. 2). Previous work has shown that high-mannose glycans 

constitute 52% of the B. minutum cell surface N-glycome27, and the most abundant protein on 

the cell surface of symbiotic dinoflagellates found by Lin and co-workers bears a terminal 

mannose20. Here, lectins specific for high mannose such as BC2L-A, CALSEPA, GRFT and 

ORYSATA recognised glycoproteins of the three Symbiodiniaceae species in the array 

experiment. Furthermore, two mannose-binding lectins, ‘Millectin’ from Acropora millepora21 

and ‘PdC lectin’ from Pocillopora damicornis44, bind around the algae in the gastrodermis of 

the host44 and are characterised by extensive sequence variation of the binding region, which 

may reflect the capacity to recognise both beneficial symbionts and pathogens21. Here, treating 

the anemones with D-mannose prior to inoculation with symbionts decreased the colonisation 

success of the homologous B. minutum but had no effect on experiments with C. goreaui and 

F. kawagutii (Figs. 7 and Table 3). ConA negatively influenced symbiosis establishment 

between the coral Fungia scutaria and its symbionts30, but, in the case of A. tenuis, the lectin 

had no effect on symbiotic colonisation29. Taken together, these results suggest that both D-

mannose and D-glucose residues are likely important functional components of the symbiont 

surface that participate in recognition of Symbiodiniaceae and maintenance of the mutualism, 

rather than just being a crucial monosaccharide responsible for the discrimination between 

compatible and incompatible symbionts.  
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4.5.2 D-galactose 

The presence of D-galactose molecules on the symbiont cell wall (Fig 2) was confirmed via 

confocal microscopy with the lectin probes PNA and SBA (Figs. 3 and 4), and with the binding 

of algal surface glycoproteins to galactose-specific lectins on the array, such as MNAG, 

RCA120 and RCA60. Interestingly, monosaccharide analysis showed the sugar to be more 

abundant in or on the cell wall of the homologous B. minutum compared to the heterologous 

C. goreaui and F. kawagutii (Fig. 2). Previous studies reported the presence of D-galactose on 

the surface of several Symbiodiniaceae species27,28, and the colonisation of A. tenuis larvae 

during symbiosis establishment was negatively influenced by the presence of the sugar22. Here, 

D-galactose pre-exposure significantly decreased colonisation success of the homologous B. 

minutum and the heterologous-compatible C. goreaui in E. diaphana, compared to the control 

(Figs. 7 and Table 3). Thus, several lines of evidence support the involvement of D-galactose 

in the establishment of symbiosis between Symbiodiniaceae and cnidarians. For instance, the 

D-galactose-binding lectin SLL-2 has been isolated from the coral Sinularia lochmodes. This 

protein was localised surrounding the symbiont cells when resident in the gastrodermis of the 

host, and in vitro experiments showed the ability of SLL-2 to arrest the dinoflagellate in the 

typical symbiotic state, viz non-dividing and non-motile24,45,46,47. Another lectin (CeCL) that 

binds to carbohydrate chains with a D-galactosyl moiety was found in Fungia echinate, and, 

similar to SLL-2, CeCL transformed Symbiodiniaceae cells from a flagellated and motile state 

to a coccoid and non-motile form25.  

Considering that the activity of CeCL on the symbiont cells was concentration dependent25, 

and that in the present study D-galactose was found to be more abundant in the compatible 

symbionts than the incompatible one, it raises the question whether the relative amount of a 

certain glycan has an impact on symbiont selection27. Another open question is whether the 

stereochemistry of a sugar is important in symbiont selection. To further explore the possible 

role of D-galactose in symbiont selection, I utilised different conformations of the molecule, 

namely methyl-a- or methyl-b-D-galactose, which are fixed isomers due to the methyl group. 

Intriguingly, the methyl-a- sugar had no effect on host colonisation, whereas methyl-b-D-

galactose significantly altered the establishment of symbiosis between the host and compatible 

symbionts, by reducing the number of B. minutum but increasing the number of C. goreaui 

present in the host at 48 hpi (Figs. 7 and Table 3). I conclude that D-galactose, and methyl-b-

D-galactose in particular, are crucial players of the lock-and-key mechanism responsible for 

recognising suitable symbionts during the establishment of symbiosis.  
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4.5.3 Fucose and xylose  

Like D-galactose, L-fucose and D-xylose are more abundant in extracts from the homologous 

B. minutum than the heterologous C. goreaui and F. kawagutii (Fig. 2), and the lectin probe 

UEA confirmed the presence of L-fucose exposed on the surface of symbiont cells (Figs. 3 and 

4). Accordingly, PA-IIL and RSFUC, specific for fucose, bound to the surface glycome of the 

three algal species in the lectin array. Both carbohydrates have been associated with 

Symbiodiniaceae before, as N-glycan transferases for fucose and xylose are encoded in the 

algal genome27. Here, I show that both L-fucose and D-xylose pre-exposure decrease the 

colonisation success of B. minutum and C. goreaui in E. diaphana (Figs. 7 and Table 3). 

Although the role of these sugar residues at the initiation of symbiosis needs further 

exploration, these results suggest a function in the recognition of compatible algal types. 

4.5.4 D-galacturonic acid 

The relative amount of D-galacturonic acid was different among Symbiodiniaceae species, 

being more abundant in the homologous B. minutum compared to the non-compatible F. 

kawagutii (Fig. 2). When I incubated the anemones in D-galacturonic acid, colonisation 

success significantly decreased for B. minutum but remained unaltered for C. goreaui and F. 

kawagutii (Figs. 7 and Table 3). Given the compatibility of E. diaphana from the GBR for both 

B. minutum and C. goreaui, I would expect a collective decrease in the in hospite density of 

compatible algae in the presence of a sugar suspected to be a key component of symbiont 

recognition. Therefore, I speculate D-galacturonic acid may be an important component of the 

glycoproteins involved in the recognition of the homologous symbiont but not the heterologous 

ones.  

4.5.5 N-acetyl groups 

The cell surface glycoproteins of the three algal species interacted with several N-

acetylglucosamine and N-acetylgalactosamine specific lectins. The lectins PhaL, GS-II and 

WGA share specificity for glycans with N-acetyl groups. Although Logan and co-workers 

showed identical binding of these probes to various Symbiodiniaceae species28, the confocal 

microscopy study presented here found they bind differently to the surface of the strains of B. 

minutum, C. goreaui and F. kawagutii from the GBR (Fig. 3). In particular, the incompatible 

F. kawagutii presented high levels of N-acetyl-D-galactosamine compared to the compatibles 

B. minutum and C. goreaui, perhaps suggesting that N-acetyl-D-galactosamine residues 

characterize symbionts incompatible with the host used here, E. diaphana from the GBR. In a 
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previous study, the pre-exposure to carbohydrates with N-acetyl groups decreased the 

acquisition of compatible symbionts in the scleractinian A. tenuis, and the coral host possesses 

two N-acetyl-D-galactosamine binding lectins22. The N-acetyl group is, indeed, a common 

human MAMP48, further reinforcing the potential involvement of N-acetyl groups in the 

acquisition of compatible symbionts in other systems and therefore 

cnidarians/Symbiodiniaceae symbioses.  

4.5.6 Large & a-linked polysaccharides and L-rhamnose  

Treating the three symbiont species with a-amylase, or challenging them against E. diaphana 

in the presence of L-rhamnose, did not alter the symbionts’ ability to colonize E. diaphana 

(Figs. 7 and Table 3). Starch-like structures are not typical components of dinoflagellate cell 

walls, so it is not surprising that a-amylase treatment had no effect on establishment of 

symbiosis here and in a previous study30. Indeed, a-linked polysaccharides and L-rhamnose do 

not seem to be crucial in establishment of the cnidarian-dinoflagellate symbiosis.  

4.5.7 Trypsin treatment  

Trypsin is a protease that cleaves peptides on the C-terminal side of lysine and arginine amino 

acid residues. It has been used widely on Symbiodiniaceae20,29,30 to examine the contribution 

of symbiont cell wall or surface protein moieties to host cell invasion. Previous studies have 

shown that homologous symbiont colonisation success was negatively affected by trypsin 

treatment in E. diaphana from Taiwan20 and larvae of the coral F. scutaria 30. Conversely, an 

experiment on A. tenuis larvae in which algal glycan surface exudates were digested with 

trypsin resulted in a super-infection by C. goreaui, one of the compatible symbionts during the 

larval stage of this coral species29. In this study, trypsin treatment negatively influenced 

colonisation by the homologous B. minutum but enhanced uptake of C. goreaui, resulting in a 

super-infection of the anemones (Figs. 7 and Table 3). A specific configuration of 

glycoproteins might, on one hand, ensure the recognition of C. goreaui as a compatible partner; 

on the other hand, it might be the crucial factor that regulates the uptake of a symbiont that, 

although compatible, is not the homologous type of E. diaphana from the GBR. The alteration 

of these glycan structures, besides altering the establishment of symbiosis with compatible 

symbionts, might also allow C. goreaui to more easily invade the host by avoiding the host 

mechanism of minimizing the uptake of heterologous algae.  
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4.5.8 Neuraminic acids 

Neuraminic (sialic) acids are pivotal molecules for host cell invasion by the apicomplexan 

parasite Plasmodium49, a relative of Symbiodiniaceae that also establishes intracellular 

symbiosis with animal hosts. Neuraminic acids are best known for their important roles in 

mammals, but a recent study identified neuraminic acids in Symbiodiniaceae27, and I provide 

the first evidence of the sugar precursor for sialic acid in a dinoflagellate (Fig. 1). I further 

provide evidence for neuraminic acids on the surface of Symbiodiniaceae through binding of 

the LPA lectin probe and the lectins ACG, HMA and SAMB of the array to B. minutum, C. 

goreaui and F. kawagutii. Interestingly, the LPA binding intensity profile differ significantly 

among Symbiodiniaceae species (Figs. 3 and 4), and removal of symbiont neuraminic acids 

with neuraminidase treatment significantly decreased the ability of B. minutum, but not C. 

goreaui and F. kawagutii, to colonise the anemones (Figs. 7 and Table 3). Consistent with my 

results, Bay et al. (2011) recorded a significantly lower density of C. goreaui, the homologous 

symbiont of A. tenuis, after treating the coral’s larvae with LPA lectin29. These findings support 

the intriguing possibility that two related symbionts—Symbiodiniaceae [Dinoflagellata] and 

Plasmodium [Apicomplexa]—might share mechanisms of neuraminic acid-based symbiosis 

establishment.   

 

4.6 Conclusions 

The present study explored glycan-lectin interactions during the establishment of symbiosis 

between cnidarians and three Symbiodiniaceae (B. minutum, C. goreaui and F. kawagutii) with 

different compatibility with the model symbiotic cnidarian E. diaphana. I profiled cell surface 

molecules via nucleotide sugar analysis, monosaccharide composition analysis, confocal 

microscopy and lectin array analysis. The surface glycome differed among the algae. It is 

important to note that these dinoflagellate species belong to highly divergent lineages, hence 

the variability in the surface of B. minutum, C. goreaui and F. kawagutii may relate to 

divergence in the Symbiodiniaceae lineages. 

Once I had assessed the differences between the three cell surface glycomes, I examined the 

importance of selected sugar residues in the initiation of a mutualistic relationship between the 

three algae and three genotypes of aposymbiotic E. diaphana from the GBR. D-glucose and 

D-mannose were the most abundant monosaccharides of B. minutum, C. goreaui and F. 

kawagutii. For these sugars, I envision a role as pivotal functional components of the symbiont 
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surface glycome, which are probably involved in the recognition between acceptable and 

unacceptable symbionts but not necessarily associated with host discrimination among 

Symbiodiniaceae types. Masking of host cell surface lectins with L-rhamnose and the alteration 

of the symbiont’s surface with a-amylase had no influence on the establishment of symbiosis, 

and I therefore assume that these sugar residues are not critical. Treatment of the algal cells 

with trypsin changed their rate of uptake, reinforcing previous conclusions that a protein-based 

moiety, likely a glycoprotein, is an essential part of compatible symbiont recognition. 

Neuraminidase treatment and masking with D-galacturonic acid influenced the performance of 

homologous B. minutum, but not heterologous-compatible C. goreaui, in colonising the host, 

suggesting that the role of sialic acids and D-galacturonic acid in symbiosis establishment may 

be related to higher order selection resulting in homologous versus heterologous symbioses. I 

also present initial evidence for the involvement of sialic acids in the cnidarian-dinoflagellate 

symbiosis, consistent with their role in the malaria parasite symbiosis with humans. 

Intriguingly, my data also strongly support the importance of D-galactose and, in particular, b-

D-galactose residues in the establishment of the cnidarian-dinoflagellate symbiosis, and I 

propose a potential involvement of other sugar residues such as L-fucose and D-xylose in the 

early steps of this mutualism. The results of this study showed, sometimes, conflict in the data, 

that might be influenced by methods accuracy. The exposure of anemones to carbohydrates, or 

the enzymatic manipulation on algae, may have unplanned, side effects on the partners of the 

symbiosis. Furthermore, extending this analysis to other members of the Symbiodiniaceae 

family is encouraged to confirm the role of D-galactose (b-D-galactose), L-fucose and D-

xylose in symbiotic specificity between cnidarians and their photosymbionts. 
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5.1 Abstract 

The algal cell wall is an important cellular component that functions in defense, nutrient 

utilization, signaling, adhesion, and cell-cell recognition — processes important in the 

cnidarian–dinoflagellate symbiosis. The cell wall of symbiodinacean dinoflagellates is not well 

characterized, and a detailed description of the molecular structures associated with the wall is 

lacking. Here, I present a method to isolate cell walls of Symbiodiniaceae and prepare cell 

wall-enriched samples for proteomic analysis. Label-free liquid chromatography-electrospray 

ionization tandem mass spectrometry (LC-ESI-MS/MS) was used to explore the surface 

proteome of three Symbiodiniaceae species from the Great Barrier Reef: Breviolum minutum, 

Cladocopium goreaui and Fugacium kawagutii. Transporters, hydrolases, translocases, and 

proteins involved in cell-adhesion and protein-protein interactions were identified among the 

cell wall proteins (CWPs), but the majority of CWPs had no homologues in the public 

databases. I propose roles for some of these proteins in the cnidarian–dinoflagellate symbiosis. 

This work provides the first proteomics investigation of CWPs in Symbiodiniaceae and 

represents a basis for future explorations of the roles of CWPs in Symbiodiniaceae and other 

dinoflagellates. 
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5.2 Introduction 

Dinoflagellates are a large and diverse group of unicellular protists with a great variety of 

forms. These organisms mostly inhabit marine environments, including benthic and sea-ice 

systems, but can also be found in freshwater habitats1. They are important planktonic primary 

producers and prominent components of aquatic food webs2. Many dinoflagellates are 

photosynthetic, including members of the family Symbiodiniaceae, many of which are 

endosymbionts of cnidarians3. The symbiosis of Symbiodiniaceae with stony corals underpins 

tropical coral reef ecosystems because it is the main primary producer and builds the three-

dimensional reef framework 4.  

Symbiodiniaceae deliver photosynthate to their hosts, typically meeting most of the host’s 

energetic requirements for growth, reproduction and survival. In return, the host provides the 

symbionts with shelter and inorganic nutrients from its metabolism. The algal symbionts reside 

within the endodermal cells that line the gastrovascular cavity of the wherein they are bounded 

by a specialized set of membranes, the symbiosome membrane complex, which seems to 

prevent the digestion of the dinoflagellate cell by lysosomal fusion4.  

The symbiosis between cnidarians and Symbiodiniaceae is highly specific, as different species 

of cnidarians engage with selected species of Symbiodiniaceae5. The establishment of this 

relationship requires steps of recognition between the partners and uptake of the symbiont by 

the host. A suite of different molecular classes is being investigated for their roles in potentially 

mediating the cross-talk between partners and maintaining the symbiosis once established. 

These molecules seem to be microbial associated molecular patterns (MAMPs) and pattern 

recognition receptors (PRRs) that coat the cellular surface of both host and symbiont4. 

The cell surface of dinoflagellates consists of a robust and intricate multi-layered mesh of 

cellulose, polysaccharides6 and proteins7. In Symbiodiniaceae, a relatively thick internal cell 

wall is positioned between thinner membranous layers. Although the exact chemical structure 

of the cell wall is unknown, there is evidence of the presence of a large amount of cellulose 

and the existence of a variable number of amphiesmal plates8,6,9. A few studies have localized 

glycoconjugates on the surface of Symbiodiniaceae and investigated their role in the onset of 

symbiosis with cnidarians. Particular protein moieties on the surface of the alga seem to 

participate in the onset of symbiosis with cnidarians, and chemical alteration of cell wall 

glycoproteins negatively affects the colonization of the host by the symbiont9,10,11,12,13. This 
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field is still in its infancy, and although some proteomics studies have been performed on the 

host14,15,16, a full screen of Symbiodiniaceae cell wall proteins (CWPs) has never been done.  

In this study, I present a newly-developed method for the isolation of the Symbiodiniaceae cell 

wall and preparation of cell wall-enriched samples. I used label-free liquid chromatography-

electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) shotgun proteomics to 

characterize CWPs of three species of Symbiodiniaceae from three genera, Breviolum 

minutum, Cladocopium goreaui and Fugacium kawagutii. Members of the genus Breviolum 

have a small cell (6 to 10 μm in diameter), dominate shallow water cnidarian communities and 

are uncommon in the Indo-Pacific. Algae of the genus Cladocopium have larger cells (9 to 11 

μm) and are extremely diverse in terms of ecological distribution, geographical prevalence and 

physiological attributes. The Fugacium genus comprises algae of size similar to the 

Cladocopium members (8 to 9 μm) and is found non-symbiotic, symbiotic with foraminifera 

or symbiotic with cnidarians but at low abundance3. 

I previously demonstrated that whilst B. minutum and C. goreaui can establish symbiosis with 

E. diaphana from the GBR, F. kawagutii is a less suitable symbiont17. With the present study, 

I tested the hypothesis that the surface proteomes of B. minutum and C. goreaui would be 

similar but differ from F. kawagutii. An additional goal of this work was to provide an 

overview of the proteins populating the Symbiodiniaceae cell wall, address the variability of 

the wall peptides between the three species and offer a foundation for future investigations of 

the functions of CWPs in Symbiodiniaceae and other dinoflagellates.  

 

5.3 Materials and methods 

5.3.1 Symbiodiniaceae cultures 

Three Symbiodiniaceae species were used in this study: B. minutum (MMSF 01, ITS2 type 

B1), C. goreaui (SCF 055-01.10, ITS2 type C1) and F. kawagutii (SCF 089.01, ITS2 type F1). 

B. minutum was isolated from the sea anemone Exaiptasia diaphana17, whereas C. goreaui and 

F. kawagutii were obtained from the scleractinian corals Acropora tenuis and Pocillopora 

damicornis. All organisms were sourced from the Great Barrier Reef (GBR). Cultures were 

maintained in 1× IMK- culture medium (1% w/v, prepared in 0.2-µm filtered, reconstituted 

seawater prepared with Red Sea Salt dissolved in deionized water; 34 ppt), in 1l Schott bottles 

with 0.2 μm membrane vented caps in a growth chamber (740FHC LED, HiPoint) under 
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constant temperature (27 °C), 12 h:12 h light:dark photoperiod cycle, and 60 μmol photons m−2 

s−1 of light. 

5.3.2 Symbiodiniaceae cell wall isolation and proteins extraction 

B. minutum, C. goreaui and F. kawagutii were sampled in the middle of the culture exponential 

growth phase. Each algal strain had n = 6 replicates, each of 5 x 106 cells ml−1, of which three 

out of six replicates were used for cell walls protein extraction and the rest were used for protein 

extraction of the whole algal cells.  

Algal cell wall isolation was adapted from Feiz et al.200618. Cell aliquots were washed twice 

in ice-cold MilliQ water to remove salts and resuspended in 500 µl of ice-cold acetate buffer 

(5mM, pH 4.6, 0.4 M sucrose, 20 µl protease inhibitor cocktail [Sigma-Aldrich 4693132001]). 

To break the cells, 300 mg of sterile glass beads (Sigma-Aldrich G8772) and 20 min bead 

beating at 30 Hz (Qiagen Tissue-Lyser II) were used. Cell walls were concentrated (along with 

the glass beads) by centrifugation at 16,000 × g at 4°C for 15 min, and the pellet then washed 

from the beads with ice-cold acetate buffer and transferred to a new tube. Soluble cytoplasmic 

fluid and organelles were separated from the cell wall fraction by centrifuging the homogenate 

at 2500 × g at 4°C for 30 min, and cell walls were further purified by two consecutive washes 

in ice-cold acetate buffer at 0.6 M and 1 M sucrose and two more washes in MilliQ water. To 

ensure that the isolation of algal cell walls was successful, I used calcofluor-white to stain the 

cellulosic Symbiodiniaceae cell wall9,19 and visualised the fractions with a Nikon A1R confocal 

laser scanning microscope with a 409 nm laser to detect stained cellulose. 

Whole algal cell samples were washed twice in ice-cold MilliQ water, resuspended in 500 µl 

of 5% sodium deoxycholate detergent (SDC) with 20 µl protease inhibitor cocktail (Sigma-

Aldrich 4693132001) and cells lysed as described above. The homogenate was then decanted 

into a new tube, to which B-mercaptoethanol (BME, 1% total volume) was added to. 

The cell wall pellet was suspended in 100 µl 5% SDC 1% BME, and both cell wall and whole 

cell samples were incubated at 85°C for 20 min to solubilise proteins. Whole-cell protein 

samples were concentrated with Amicon 0.5 ml 3 kDa molecular weight cut-off filters. Both 

concentrated samples were diluted to 1% SDC with 50 mM Tris pH 8.5, and then incubated in 

10 mM tris(2-carboxyethyl)phosphine (TCEP) reducing agent at 95°C for 10 min to denature 

disulfide bonds into free thiol groups, and 55 mM iodoacetamide at 37°C for 45 min to alkylate 

free thiol groups on cysteine and avoid the re-formation of disulfide bonds. Trypsin digestion 

was carried out at 37°C and terminated after 18 h by addition of formic acid to 1% final 
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concentration. Debris was pelleted at 16,000 × g for 10 min, and peptides transferred to a new 

tube for LC-ESI-MS/MS analysis.  

5.3.3 LC-ESI-MS/MS 

Samples were analysed by nano electrospray ionization-liquid chromatography coupled to 

tandem mass spectrometry (LC-ESI-MS/MS). An Ultimate 3000 RSLC nano-LC system 

(Thermo Fisher Scientific) was equipped with an Acclaim Pepmap nano-trap column (C18, 

100 Å, 75 μm × 2 cm, Thermo Fisher Scientific) and an Acclaim Pepmap RSLC analytical 

column (C18, 100 Å, 75 μm × 50 cm, Thermo Fisher Scientific) maintained at a temperature 

of 50°C. For each LC-MS/MS experiment, peptides were loaded onto the trap column at an 

isocratic flow of 5 μl min−1 of 3% acetonitrile (ACN)/0.05% trifluoroacetic acid (TFA) for six 

min before the trap column was switched in-line with the analytical column. The eluents used 

were water with 0.1% v/v formic acid (FA) and 5% v/v dimethyl sulfoxide (DMSO) for solvent 

A and ACN with 0.1% v/v FA and 5% DMSO for solvent B. The gradient used at 300 nl min−1 

was from 3% B to 25% B in 34 min, 25% B to 45% B in 8 min, and 45% B to 80% B in 2 min, 

followed by holding at 80% B for the final 3 min before dropping to 3% B in 1 min and 

equilibration for 11 min at 3% B prior to the next analysis. Peptides were ionised with a spray 

voltage of 1.9 kV and analysed by a Q Exactive Plus Orbitrap mass spectrometer (Thermo 

Fisher Scientific). The full MS scans were acquired in the Orbitrap at m/z 375 – 1400, a 

resolving power of 70,000, an AGC target value of 3.0 × 106 and a maximum injection time of 

50 ms. The top 15 most abundant ions in the MS1 spectrum were subjected to higher-energy 

collisional dissociation (HCD) and analysed in the ion trap at a resolving power of 17,500, auto 

gain control (AGC) target value of 5 × 104, isolation window of m/z 1.2 and normalized 

collision energy (NCE) of 30%. Dynamic exclusion of 30 s was enabled. 

5.3.4 Protein identification  

The LC-ESI-MS/MS spectra were compared with a custom protein database constructed from 

B. minutum and C. goreaui transcriptomes20 and F. kawagutii genome21,22 on MaxQuant23 

(v1.6.12.0). Trypsin was designated as the digest enzyme with a maximum of two missed 

cleavages. The first and main search peptide tolerances were 20 ppm and 4.5 ppm, respectively, 

and the ion trap MS2 search used a mass tolerance of 0.5 Da. Protein and peptide false 

discovery rates were both set to 1% with a minimum of two peptides for identification. 

Methionine oxidation and n-terminus acetylation were allowed as variable modifications and 

cysteine carbamidomethylation was allowed as a fixed modification. Label-free quantification 
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was enabled with a minimum of two unique peptides. Contaminant proteins and known false 

hits were filtered out using Perseus (v1.6.10.45) and the data log2-transformed. The matrix was 

exported to classify proteins that were found either in the whole cell, just in the cell wall, or 

both in the whole cell and cell wall fractions. I discarded the whole cell sequences and focused 

on the sequences identified in the cell wall and the ones common to both the whole cell and 

cell wall fractions. These protein sequences were annotated with GO terms by searches using 

diamondBLAST24 (v0.9.24) against the publicly available Symbiodinium microadriaticum 

protein sequences (UniProt taxon identifier 2951)22. The top S. microadriaticum match 

(maximum expected value 0.001) was used for each sequence. GO term enrichment was 

performed by using aGOtool25 to compare the cell wall and whole cell protein preparations and 

the resulting list assessed manually to identify potential CWPs. 

 

5.4 Results and discussion 

In this study, I prepared CWPs of three Symbiodiniaceae species (B. minutum, C. goreaui and 

F. kawagutii) by adapting a method developed in the model plant Arabidopsis18. Complete 

separation of cell walls from internal membranes and organelles of the algal cell was difficult 

to achieve. The cell-wall-enriched fraction likely includes algal membranes, particularly the 

plasma membrane and the alveolar sac membranes (also known as amphiesmal vesicles). A 

series of centrifugations was performed aiming to separate cell walls from membranes and 

organelles of the Symbiodiniaceae cell. The efficacy of the cell wall isolation was then 

confirmed microscopically, and permitted the proteomic analysis of Symbiodiniaceae cell-

wall-enriched samples (Fig. 1, Supplementary Fig. 1).  

In general, this proteomics analysis provided better results for B. minutum and C. goreaui than 

for F. kawagutii. This is attributed to the quality of the sequence databases used for peptide 

identification. Analysis of the F. kawagutii genome with BUSCO (v5)26, indeed, indicated low 

genome completeness (13%, I. Ashley, personal communication). 

I identified a total of 786 proteins for B. minutum and 1486 proteins for C. goreaui and 625 

proteins for F. kawagutii. Filtering of these proteins according to their potential relevance to 

the cell wall resulted in 76 high confidence CWPs, of which 25 were identified for B. minutum 

and 54 for C. goreaui and 15 for F. kawagutii (Table 1; Supplementary Table 1). The CWPs 

clustered accordingly to the Symbiodiniaceae species (Fig. 2). The proteins were annotated as 

integral components of the membrane and grouped into five main functional categories: 



 105 

transporters (12), hydrolases (4), translocases (10), uncharacterized proteins (38), and other 

functions (12; Fig. 3; Table 1; Supplementary Table 1). Just a few proteins were shared among 

B. minutum, C. goreaui and F. kawagutii. Also, little overlap was found between the surface 

proteome of B. minutum and C. goreaui, both affine to E. diaphana from the GBR, suggesting 

that the differences between two Symbiodiniaceae clades may indeed be reflected by their 

surface proteome. If Symbiodiniaceae utilize surface glycoproteins to recognize specific hosts, 

one hypothesis is that different peptides expressed on the wall of different algal species might 

be similarly glycosylated, hence a precise glycan moiety would provide specificity to the same 

host. Additional studies are needed to explore the role of surface proteins in the setup of 

symbiosis between Symbiodiniaceae and cnidarians. 
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Table 1. List of all cell wall proteins identified in the Symbiodiniaceae species Breviolum minutum, Cladocopium goreaui and Fugacium 

kawagutii. GOterm, protein name and functional category are reported for each protein Uncharacterised proteins have been omitted and are 

included in the Supplementary Table 1. 

 
GOterm Protein name Functional category B. minutum C. goreaui F. kawagutii 

A0A1Q9E3Y3 Choline transporter-like protein 5-A transporters  x  

A0A1Q9DXM6 Divalent metal cation transporter MntH transporters  x  

A0A1Q9CX31 GTP-binding protein yptV4 transporters  x  

A0A1Q9EVT1 High affinity nitrate transporter 2.5 transporters x   

A0A1Q9F6C9 Protein ZINC INDUCED FACILITATOR-LIKE 1 transporters  x  

A0A1Q9D599 Putative ABC transporter ATP-binding protein transporters x   

A0A1Q9D599 Putative ABC transporter ATP-binding protein transporters   x 
A0A1Q9EZY9 Putative E3 ubiquitin-protein ligase HERC1 transporters x   

A0A1Q9E7B9 Putative transporter YrhG transporters x   

A0A1Q9E7B9 Putative transporter YrhG transporters  x  

A0A1Q9CTV0 Sodium-dependent phosphate transport protein 2A transporters  x  

A0A1Q9CTV0 Sodium-dependent phosphate transport protein 2A transporters   x 
A0A1Q9D6M3 Solute carrier family 12 member 7 transporters  x  

A0A1Q9CNB5 Synaptic vesicle 2-related protein transporters x   

A0A1Q9EBY9 Vignain transporters  x  

A0A1Q9E5T8 (3S)-malyl-CoA thioesterase hydrolases  x  

A0A1Q9D1Y5 AAA domain-containing protein hydrolases x   

A0A1Q9F599 Metalloendopeptidase (EC 3.4.24.-) hydrolases  x  

A0A1Q9CVW0 Putative isochorismatase family protein YddQ hydrolases  x  

A0A1Q9CTN2 Acyl_transf_3 domain-containing protein translocases  x  

A0A1Q9C4Z0 Canalicular multispecific organic anion transporter 
2 (Fragment) translocases x   
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A0A1Q9BYL0 dTDP-4-amino-4,6-dideoxygalactose transaminase translocases  x  

A0A1Q9EF77 H(+)-exporting diphosphatase (EC 7.1.3.1)  translocases x   

A0A1Q9EF77 H(+)-exporting diphosphatase (EC 7.1.3.1)  translocases  x  

A0A1Q9EF77 H(+)-exporting diphosphatase (EC 7.1.3.1)  translocases   x 
A0A1Q9EUX6 Hematopoietic prostaglandin D synthase translocases  x  

A0A1Q9CDQ7 Proton-translocating NAD(P)(+) transhydrogenase 
(EC 7.1.1.1) translocases x   

A0A1Q9CDQ7 Proton-translocating NAD(P)(+) transhydrogenase 
(EC 7.1.1.1) translocases  x  

A0A1Q9EXD2 Proton-translocating NAD(P)(+) transhydrogenase 
(EC 7.1.1.1) translocases  x  

A0A1Q9EGY9 Protein translocase subunit SecA translocases  x  

A0A1Q9F1J3 Putative serine/threonine-protein kinase-like 
protein CCR3 translocases x   

A0A1Q9CEJ3 Serine/threonine-protein kinase Nek5 translocases  x  

A0A1Q9EGG1 14 kDa zinc-binding protein other  x  
A0A1Q9D706 ANK_REP_REGION domain-containing protein other  x  

A0A1Q9D706 ANK_REP_REGION domain-containing protein other   x 
A0A1Q9DP71 ANK_REP_REGION domain-containing protein other  x  
A0A1Q9F7U4 Ankyrin repeat domain-containing protein 50 other  x  

A0A1Q9CVK2 Ankyrin-1 other x   

A0A1Q9CVK2 Ankyrin-1 other  x  
A0A1Q9CVK2 Ankyrin-1 other   x 
A0A1Q9CRV7 Long-chain-fatty-acid--CoA ligase 4 other  x  

A0A1Q9EJE9 Long-chain-fatty-acid--CoA ligase ACSBG2 other x   

A0A1Q9D7L1 Oxygen-independent coproporphyrinogen-III 
oxidase-like protein other x   

A0A1Q9DK01 Potassium voltage-gated channel subfamily H 
member 5 other  x  
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A0A1Q9CCS4 Reticulocyte-binding protein 2-like a other x   

A0A1Q9ERN9 Reticulocyte-binding protein 2-like a other  x  

A0A1Q9D5J5 Transmembrane protein 87A other  x  
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Figure 1. Calcofluor staining (blue) of the cellulosic Symbiodiniaceae cell wall. (a) Symbiodiniaceae cell 
with cell wall in blue and algal chlorophyll autofluorescence in red. (b, c, d) Fractions of Symbiodiniaceae 
cell walls (blue) after isolation; scale 10 μm. (e) Fractions of Symbiodiniaceae cell walls (blue); scale 100 
μm.  
 

 
Figure 2. Venn diagram of cell wall proteins identified in B. minutum (purple), C. goreaui (blue) and F. 
kawagutii (green). B. minutum = 13 proteins; C. goreaui = 41 proteins; F. kawagutii = 6 proteins; B. minutum, 
C. goreaui and F. kawagutii = 2 proteins; B. minutum and C. goreaui = 7 proteins; B. minutum and F. 
kawagutii = 3 proteins; C. goreaui and F. kawagutii = 4 proteins.  
 

 
Figure 3. Relative proportions of proteins identified on the cell wall of B. minutum, C. goreaui and F. 
kawagutii. The proteins are grouped in five main functional categories: hydrolases, translocases, 
transporters, uncharacterized proteins and other (oxidases, protein-protein interactions, cell adhesion).  
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5.4.1 Transporters  

Membrane transport proteins regulate the selective passage of molecules across membranes, 

and so their presence in the algal cell wall is unsurprising (Fig. 3; Table 1; Supplementary 

Table 1).  

I identified zinc (Zn) and nitrate (NO3-) transporters as potential CWPs. Both Zn and NO3- are 

used by the dinoflagellate cell in several biological functions, ranging from cell growth to 

metabolism27, and must be acquired from the surrounding environment. The presence of Zn 

induced facilitator-like-1a and high affinity NO3− transporters has been previously shown in 

plants28,29, so their presence is not surprising in the cell wall of Symbiodiniaceae. The high 

affinity NO3- transporter 2.5, in particular, is well-studied in higher plants, where it is localized 

to the plasma membrane and involved in NO3- acquisition and remobilization29. Nitrate – 

together with ammonium (NH4+), are two common forms of available nitrogen (N) found in 

natural ecosystems and are key nutrients for cellular growth and development. In the cnidarian–

dinoflagellate symbiosis, there is a highly efficient system of N cycling and assimilation30. 

Indeed, Symbiodiniaceae are specialized in assimilating dissolved inorganic nitrogen (DIN) 

from the environment and, although both host and symbiont have the enzymes to incorporate 

DIN, it is the symbiont that accounts for the majority of NO3- and NH4+ acquired from the 

surrounding water30. N transporters are therefore important players in the regulation of the 

mutualism between cnidarians and their symbiotic dinoflagellates. 

A choline-like transporter (CTL) involved in the movement of choline for phospholipid 

synthesis31, was detected among the CWPs of C. goreaui. CTLs are enriched in the 

Symbiodiniaceae genome compared to other eukaryotes22, and genes for this class of 

transporters were found to be differentially expressed in the algae when in culture compared to 

in hospite32. When symbiotic with cnidarians, the dinoflagellate produces lipids that are 

transferred to the host33. CTL proteins may thus have a role in regulating lipid biosynthesis and 

metabolism of the cnidarian-dinoflagellate mutualism32.  

ABC transporters belong to the ATP-binding cassette (ABC) superfamily, characterized by 

two regions: a highly conserved ABC and a transmembrane domain. These transporters 

hydrolyse ATP to energise the import-export of substrates including small ions, metabolic 

products, lipids and sterols7,34. Here, a putative ABC transporter was found in the CWPs of B. 

minutum and F. kawagutii. The transporter has previously been identified in the cnidarian-

Symbiodiniaceae symbiosis in both the symbiont22 and the host35, and on the symbiosome 
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membrane36. The cell walls of the green alga Haematococcus pluvialis37 and the dinoflagellate 

Alexandrium catenella7 also possess several ABC transporters, suggesting a role for these 

proteins in nutrient transport. Although these transporters remain uncharacterized in the 

cnidarian–dinoflagellate symbiosis, it is possible that they are involved in inter-partner nutrient 

flux. 

5.4.2 Hydrolases  

Hydrolases catalyse hydrolysis reactions, the cleavage of a covalent bond by the addition of a 

water molecule). This class of enzymes is commonly found on the walls of bacteria38 and 

higher plants39. In this study, I identified four hydrolases: (3S)-malyl-CoA thioesterase, AAA 

domain-containing protein, metalloendopeptidase and putative isochorismatase family protein 

YddQ (Fig. 3; Table 1; Supplementary Table 1).  

B. minutum CWPs showed a AAA domain containing protein belonging to a large family of 

proteins that are characterized by a conserved 230 amino acid residues. AAA proteins activity 

combines the chemical energy provided by the hydrolysis of ATP and alterations in their 

structural conformation to induce conformational changes in a wide range of 

macromolecules40. They are involved in many cellular processes and their functions range from 

membrane fusion to signal transduction41.  

C. goreaui CWPs contained a metalloendopeptidase, a protein belonging to a diverse group of 

enzymes that catalyses the hydrolysis of internal, α -peptide bonds of a polypeptide chain. 

Previously found in Symbiodiniaceae42, the integral membrane metalloendopeptidases play a 

role in physiological and pathological processes and are involved in cell-adhesion43,44.   

5.4.3 Translocases 

Translocases are proteins that use enzyme activity to move molecules across membranes. 

Seven translocases were found across the cell wall of B. minutum, C. goreaui and F. kawagutii 

(Fig. 3; Table 1; Supplementary Table 1).  

Two translocases were common to the cell wall of all three Symbiodiniaceae species: H(+)-

exporting diphosphatase and proton-translocating NAD(P)(+) transhydrogenase. The first 

enzyme uses the energy from diphosphate hydrolysis to move protons across the membrane, 

while the second one catalyses the transfer of hydride equivalents from NADH to NADP+, 

hence regenerating NADPH in the cell43.  
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I identified the hematopoietic prostaglandin D synthase (HPGDS) among the CWPs of C. 

goreaui. HPGDS is a key enzyme in the synthesis of prostaglandins (PGs)45, as the name 

suggests. PGs are derivates of polyunsaturated fatty acids that commonly act as mediators in a 

range of physiological and pathological processes46. First described in higher vertebrates, these 

molecules have also been discovered in marine invertebrates (Cnidaria, Mollusca and 

Crustacea), macro- and microalgae47. Animal-like PGs in unicellular photosynthetic 

eukaryotes have been proposed to play a role in mediating intracellular and extracellular (cell-

cell) signalling47,48. Although the function of these proteins has not yet being described in 

Symbiodiniaceae, they might play a similar role in dinoflagellates. 

A subunit of the Sec pathway, the SecA protein was also found in C. goreaui. The SecA 

translocase protein is a cell membrane associated subunit of the Sec pathway and has been 

described in diatoms49. It has the functional properties of an ATPase and translocates 

macromolecules involved in the biogenesis of cell walls and signalling50.  

5.4.4 Other  

Proteins with several other functions (oxidases, protein-protein interaction, cell adhesion) were 

identified on the cell wall of Symbiodiniaceae and considered here (Fig. 3; Table 1; 

Supplementary Table 1). 

The ANK repeat (ANKr) is a conserved domain of approximately 33 amino acids, 

characteristic of the components of the Ankyrin family, one of the most common protein 

families across all kingdoms of life51. I found proteins containing this domain in B. minutum, 

C. goreaui and F. kawagutii CWPs. In general, ANKr functions as protein-protein interaction 

domains and mediates the cross-talking between host and symbiont in various 

endosymbioses52,53. For instance, four ANKr proteins were discovered in γ ‐proteobacterial 

when symbiotic with sponges, and proposed to function against phagocytosis and hence allow 

the symbiont to escape the digestion by the sponge host54. In some cases this protein motif is 

part of the signalling network of viral infections and works against to host innate immunity by 

preventing apoptosis of infected cells51,55. In the Symbiodiniaceae genome, ankyrin repeats 

represent the second largest gene family (after the EF-hand family)56. A transcriptomic study 

of F. kawagutii showed variations in ANKr expression under thermal and nutritional stress57. 

Although the function of ANKr is not well characterized in Symbiodiniaceae, these 

polypeptides may play a role in suppressing the phagocytosis of the alga, as they appear to do 

in in the bacterial-sponge symbiosis.  
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One CWP that caught my attention is a putative homologue of the malaria parasite reticulocyte-

binding-like (RBL) protein 2a, found here on the wall of B. minutum and C. goreaui. RBL 

proteins are sialic acid receptors crucial to host cell recognition and invasion by Plasmodium, 

the malaria-causing pathogen58. Dinoflagellates and Plasmodium are closely related both being 

members of the Infra-Kingdom Alveolata, and it is widely held that Apicomplexa, the group 

of parasites to which Plasmodium belongs, arose from photosynthetic, endosymbiotic 

mutualists akin to modern day Symbiodiniaceae59. Thus, at face value, RBL homologues in the 

cell walls of Symbiodiniaceae might point to an ancient, conserved mechanism of host cell 

recognition/invasion. However, the sequence similarity between A0A1Q9CCS4, 

A0A1Q9ERN9 in the S. microadriaticum genome22 and RBL homologues of Plasmodium is 

confined to low complexity repeats. Whether or not CWPs A0A1Q9CCS4 and A0A1Q9ERN9 

have a role in dinoflagellate-cnidarian symbiosis remains to be determined. 

 

5.5 Conclusions 

This study explored the cell wall protein composition of three cultured Symbiodiniaceae 

species: B. minutum, C. goreaui and F. kawagutii. I developed a method to isolate 

Symbiodiniaceae cell walls and performed a proteomic analysis of cell wall-enriched samples. 

Transporters, translocases, hydrolases and polypeptides involved in protein-protein 

interactions and cell signalling were identified in this analysis of the algal cell wall proteome. 

The majority of proteins identified have yet to be functionally characterized in 

Symbiodiniaceae, so this study flags numerous interesting candidates for further investigation 

to better understand this iconic symbiosis. I found little overlap between the cell wall proteome 

of B. minutum, C. goreaui and F. kawagutii. Previous studies showed that the Symbiodiniaceae 

cell wall adjusts its thickness when switching from cultured to being in hospite8,60. Thus, it is 

feasible that the suite of proteins populating the cell wall might change as the algae switch 

between their two lifestyles. Here I developed a protocol to isolate and characterise CWPs in 

free-living algae, which paves the way for future work to compare the cell wall proteome of 

free-living vs symbiotic Symbiodiniaceae. This would provide precious insights into the 

molecules that are critical to the mutualistic state and the effect that symbiosis has on the 

mutualistic partners. 
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CHAPTER 6 

GENERAL DISCUSSION 

The aim of this thesis was to explore the mechanisms used by Symbiodiniaceae and cnidarians 

to establish symbiosis. To do this, two things were required: a system in which symbiont 

compatibility could be established before and after intervention in the recognition components, 

and a detailed inventory of the potential interacting components so that informed decisions 

could be made on what interventions to attempt. For the former, I chose the now well-

established cnidarian symbiosis model of Exaiptasia anemones. For the second requisite, I 

focused my attention on the symbionts generating a thorough characterization of the cell 

surface glycans plus a preliminary survey of the proteins/glycoproteins in the algal cell wall.  

The onset of the mutualism between cnidarians and Symbiodiniaceae appeared to be a 

synergistic process, in which both partners contribute to shaping the relationship (Chapter 3). 

From my re-infection trials it was clear that host genotype played a role in defining patterns of 

symbiosis establishment. Here, the in hospite density of compatible algal species was different 

among AIMS2, 3 and 4 anemones and significantly affected by the genotype of Exaiptasia 

diaphana. From cnidarians1,2 to mammals3,4, host genotype determines the diversity and 

abundance of its microbiome and models the physiology of the whole holobiont. This 

emboldens me to speculate that genotypic variation influences the expression of molecules 

crucial in the lock-and-key mechanism of symbiotic recognition. I therefore endorse the use of 

genotypic variability in future experiments to better address the contributions of the host to 

compatibility and selection. This will of course increase the number of parameters to assay, but 

will give a better understanding of the dynamics modelling the association.  

A very important insight from my research was that the taxonomic identity of the symbiont 

was crucial in determining the success or failure of the association. This corroborates previous 

work indicating that the cnidarian-dinoflagellate symbiosis is governed by complex 

specificities5, and only select species of Symbiodiniaceae successfully colonize particular 

aposymbiotic hosts6. The genetic matchings vary among distinct populations from various 

locations. For instance, E. diaphana from the Atlantic Ocean (CC7 x F003) or from New 

Zealand (NZ1) have high affinity for D. trenchii symbionts7,8, a symbiont unable to fully 

colonize the anemones of GBR origin6. By the same token, it is becoming clear that starting 

symbiosis with a homologous symbiont is different compared to starting with a heterologous 

symbiont. Thus, when a new association starts, several “symbiosis proteins” are differentially 
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expressed between homologous and heterologous types. For example, homologous symbionts 

show higher immune tolerance in the host cell compared to heterologous species. A longer 

evolutionary history of partnering presumably permitted to the homologous symbiont to 

develop a finer way of interacting with the host immune system (compared to the heterologous 

one)9.  

This might change among heterologous symbionts though, as some matchings still seem to 

work. Some heterologous symbionts successfully engage in symbiosis with new genetic 

partners, as was shown here by Cladocopium goreaui and the GBR anemones6. Although this 

symbiosis has not yet been explored with “omics” approaches, I assume C. goreaui is a 

reasonably compatible symbiont of GBR E. diaphana as the anemones looked healthy and 

were fully colonized by the heterologous species. Thus, the molecular structures decorating the 

algal surface may be shared between two or more algal types and be responsible for the 

“unusual host-symbiont matching”. Hence, I hypothesized that the compatible symbionts 

(homologous or heterologous) have similar cell surface structures that fit the lock-and-key 

mechanism of the host and are different from the ones on the cell surface of incompatible algae.  

I tested my hypothesis by picking three Symbiodiniaceae species with different affinities to 

GBR E. diaphana and comparing the surface of their cells (Chapter 4): Breviolum minutum 

(homologous compatible), C. goreaui (heterologous compatible), and Fugacium kawagutii 

(heterologous incompatible). Overall, the cell surface of the three Symbiodiniaceae was 

variable among species and presented a large variety of sugar structures. Three 

monosaccharides particularly caught my attention: D-galactose, fucose, and xylose. 

D-galactose seems to be part of the lock-and-key mechanism of symbiosis establishment 

between cnidarians and Symbiodiniaceae. In a D-galactose enriched environment, the setup of 

symbiosis between E. diaphana and compatible algae is altered10, presumably because the host 

receptors specific for D-galactose glycoproteins are occupied by exogenous D-galactose 

(Chapter 4). Two proteins with high affinity for D-galactose have been isolated from corals: 

SLL-2 lectin from Sinularia lochmodes11, and CecL lectin from Fungia echinate12. These two 

lectins induced cellular changes in Symbiodiniaceae and caused switching from the flagellated 

to coccoid stage, the latter of which is typical of the alga when endosymbiotic. Several lines of 

evidence thus point towards D-galactose as one of the players in the mechanism of symbiosis 

setup between cnidarians and Symbiodiniaceae. To deepen the knowledge around this 

interesting monosaccharide, I utilized methyl-a- or methyl-b-D-galactose, which hold the 

sugar in a particular linkage configuration (Chapter 4). Methyl-b-D-galactose was more 
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efficacious and could interact with specific receptors, negatively affecting colonization of the 

homologous B. minutum and positively influencing the ingress of the heterologous C. goreaui 

in E. diaphana. This different trend of alteration seems to suggest a role for D-galactose in 

regulating the host invasion by homologous or heterologous algae. 

Glycoproteins with terminal fucose and xylose might also be involved in the start of symbiosis 

between E. diaphana and compatible Symbiodiniaceae (Chapter 4). These sugar residues also 

appear to block specific receptors and inhibit the colonization of anemones by the compatibles 

B. minutum and C. goreaui. Beyond some early studies identifying fucose and xylose on the 

surface of Symbiodiniaceae, nothing was known about their role in symbiosis establishment. 

My thesis thus provides the first evidence for a likely role in establishment, and I would 

encourage additional studies of these two sugars in the cnidarian-dinoflagellate symbiosis. 

My exploration of the cell surface of B. minutum, C. goreaui and F. kawagutii continued with 

a proteomic characterization of the cell wall proteins (Chapter 5). Transporters, translocases, 

hydrolases and polypeptides implicated in cell signaling and protein-protein interactions were 

identified as integral component of the algal walls. The majority of proteins identified from the 

cell wall fraction are “unknown” proteins, which is a problem facing all such “omics” analyses 

when the hits have no apparent homology to proteins or genes with annotated functions. 

Nevertheless, each such characterization of players helps us build a shared database of key 

pieces in a greater puzzle. Importantly, a small fraction of proteins was shared among the three 

Symbiodiniaceae species, the most interesting one being the reticulocyte-binding-like (RBL) 

protein 2a. RBL proteins are a family of adhesins and central protagonists of the lock-and-key 

mechanism of the parasitism between Plasmodium and humans. Plasmodium and 

Symbiodiniaceae—both alveolates—share a common ancestor, which means that both 

mutualistic and parasitic alveolates have presumably been interacting with the animal immune 

system since the early beginnings of animal evolution. It will now be interesting to follow up 

on RBL proteins and determine if they represent some shared and ancient way of entering the 

host that is common to dinoflagellates and apicomplexans13.  

In this context, it is paramount to reflect that we tend to assume that a ligand (glycan) on the 

symbiont would be recognized by a receptor (lectin) on the host in the cnidarian-dinoflagellate 

symbiosis establishment. In some ways this assumption is host centric and depicts a master 

(the cnidarian host) and servant (the algal symbiont) relationship. My research leads me to 

consider an alternate paradigm where the polarity is reversed, and the holders of the locks and 

keys may not be who we assumed. Given the results of this thesis, and considering that 
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parasitism likely evolved from mutualism in the Alveolata (Chapter 2), it seems possible that 

the symbiont chooses its host rather than vice versa. In any case, it behooves us to keep an open 

mind about the remarkable establishment of symbiosis in the cnidarian-dinoflagellate system. 

Indeed, it could even involve activity from both partners.  

Some technical issues constrain the experimental work crucial to answering these questions. 

For instance, the collection of biomass to perform experiments is especially challenging. In my 

case, it was not easy to extract sufficient glycoproteins exposed on their cell surface to study 

the Symbiodiniaceae glycome by lectin array or proteomics technology (see Chapters 4 & 5). 

Indeed, Symbiodiniaceae are far from being an ideal model organism because their genomes 

are not all curated to a high standard. Furthermore, despite global efforts, there is still no 

tractable way to manipulate their genomes for experimental genetics, either forwards or 

backwards. Hence the experimental toolkit and bioinformatic resources are restricted and often 

reduce the power of analysis.  

I have demonstrated that carbohydrate analyses commonly done on higher plant cell walls can 

be readily adapted to Symbiodiniaceae cell wall research (i.e. sugar nucleotide analysis and 

monosaccharide component analysis). Using these approaches, I generated a comprehensive 

description of all sugar molecules on the surface of Symbiodiniaceae, which was lacking until 

now. This information is pivotal for the understanding of Symbiodiniaceae organisms and their 

symbiosis with cnidarians. These analyses should be expanded to other Symbiodiniaceae to 

compare the monosaccharide profiles among other species and potentially relate sugar 

proportions to the affinity that member of the family has for different cnidarian hosts. 

Moreover, it would be intriguing to test what happens to these carbohydrate repertoires under 

stress (e.g. thermal, nutritional), and examine whether they change or remain consistent. 

Chakravarti and co-workers developed thermotolerant cultures of C. goreaui from the GBR14. 

Preliminary results indicate that the thermotolerant species maintain affinity to GBR-sourced 

E. diaphana, hence exploring whether the experimental evolution of the strain at higher 

temperatures altered the surface glycome is an experiment that I look forward to seeing done. 

Perhaps, it would also be worthwhile to develop a thermotolerant B. minutum and assess any 

carbohydrate modifications. A further positive aspect of symbiosis research is the emerging 

ability to use CRISPR/Cas9-mediated genome editing in corals15. The prospect of applying 

host genome editing to help unravel the role of molecular candidates in the setup of symbiosis 

between cnidarians and Symbiodiniaceae is tantalizing and perhaps not far away. 
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This thesis showed that the establishment of symbiosis between cnidarians and 

Symbiodiniaceae is a synergetic process governed by both host and symbiont features. Indeed, 

not just Symbiodiniaceae species, but also host genotype, are crucial to determine the onset of 

this relationship. The surface of different Symbiodiniaceae species varies in both carbohydrate 

and protein content. I provide a list of algal surface monosaccharides, identified by LC-

MS/MS, that was previously unknown, and confirmed surface glycan moieties with confocal 

microscopy and lectin array technology. This work tried to relate the cell surface divergences 

among algal species, with symbiotic specificity. D-galactose (in particular b-D-galactose), L-

fucose, D-xylose might play important roles in the start of symbiosis between E. diaphana and 

compatible symbionts B. minutum and C. goreaui. Among Symbiodiniaceae surface proteins, 

I found the RBL2a protein that, known to be involved in the start of malaria by apicomplexan 

parasites, has unknown function for Symbiodiniaceae and deserves further exploration. The 

biodiversity and productivity of coral reefs depends on the mutualism between reefal 

invertebrates and Symbiodiniaceae. The biological mechanism that permits this symbiosis to 

be established is therefore pivotal. The approaches adopted in this thesis, using a tractable 

model organism, provide novel insights into the processes that mediate the setup of the 

symbiosis that powers coral reefs.  
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SUMMARY 

The cnidarians-Symbiodiniaceae mutualism is the foundation of coral reefs. The start of this 

symbiosis requires recognition between partners and uptake of the symbiont by the host, but 

the molecular mechanisms and immune strategies regulating this association are still unknown. 

Despite the phylogenetic distance, some of the immune activities between cnidarians and 

microbes also occur between mammals and their pathogens like malaria parasites 

(apicomplexans). Symbiodiniaceae and apicomplexans are indeed related within the Alveolata. 

The interaction between eukaryotic pattern recognition receptors (PRRs, e.g. lectins) and a 

specific range of conserved, taxon-specific flags on the symbiont cell surfaces (microbial-

associated molecular patterns—MAMPs, e.g. glycans) seems the key to unlock the 

establishment of the association between cnidarians and Symbiodiniaceae.  

In this thesis, I used the cnidarian-symbiosis model, Exaiptasia diaphana, and examined the 

lock-and-key mechanism responsible for the establishment of symbiosis with 

Symbiodiniaceae. This included: (a) create a system with different host-symbiont 

compatibilities among E. diaphana and various Symbiodiniaceae species— Chapter 3; (b) 

characterize sugars on the Symbiodiniaceae cell surface, generate a list of potential MAMPs 

and explore their roles in the setup of symbiosis— Chapter 4; (c) produce the first proteomic 

profile of Symbiodiniaceae cell wall— Chapter 5. 

(a) I tested the ability of three genotypes of the sea anemone E. diaphana to take up and 

maintain seven different Symbiodiniaceae strains. I describe a non-destructive method that I 

developed to track the number of symbiont cells in the anemone tentacles by quantitative 

microscopy of algal chlorophyll auto-fluorescence. I observed that the homologous symbiont 

Breviolum minutum, and the heterologous Cladocopium goreaui, successfully colonized the 

anemones, whereas the species Durusdinium trenchii, Fugacium kawagutii, “Symbiodinium 

F5.1,” and “Symbiodinium G3” were suboptimal at colonizing GBR E. diaphana. 

Symbiodinium tridacnidorum, isolated from clams, killed the anemones. The colonization 

dynamics were influenced by symbiont type and host genotype. The matrix of host-symbiont 

matchings with various degree of affinity hence included the three anemone genotypes and B. 

minutum as the homologous, C. goreaui as the heterologous compatible, and F. kawagutii as 

the heterologous-incompatible symbionts. 

(b) The next step was to develop an inventory of sugars potentially acting as MAMPs on the 

dinoflagellate surface of B. minutum, C. goreaui and F. kawagutii. To this end, I undertook the 
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first identification of dinoflagellate nucleotide sugars on the assumption that these precursors 

could become part of the cell surface glycome. Next, I looked at the monosaccharide 

composition of isolated dinoflagellate cell walls to identify wall glycans. Thirdly, I labelled 

dinoflagellates with fluorescent lectins and visualised specific sugar moieties on the cell 

surface by confocal microscopy. Finally, I subjected extracted dinoflagellate wall proteins to 

lectin array technology to catalogue cell surface glycoproteins. By comparing the glycan 

inventories of the homologous symbiont B. minutum, the heterologous, compatible symbiont 

C. goreaui, and the incompatible species (F. kawagutii), I was able to focus on selected sugars 

implicated in recognition and then attempt to disrupt or perturb recognition by modifying or 

masking epitopes on either the host or symbiont. Two approaches were used: i/ masking any 

lectin-type receptors (PPRs) on the host with monosaccharides, and ii/ modifying glycans on 

the algal surface by enzymatically digesting the algae prior to assaying infection success as per 

the system developed in (a). The Symbiodiniaceae cell surface glycome includes arabinose, 

fucose, D-galacturonic and D-glucuronic acids, galactose, glucose, mannose, rhamnose and 

xylose, and varies among algal species. F. kawagutii remained an incompatible symbiont after 

all treatments, but the performance of the compatibles B. minutum and C. goreaui was affected 

by several interventions. Glucose and mannose were the most abundant monosaccharides, with 

a potential role in the recognition between good and bad symbionts but not necessarily 

associated with host discrimination among Symbiodiniaceae types. The presence of D-

galacturonic acid influenced B. minutum, but not C. goreaui, in colonizing the host. Rhamnose 

did not affect the initial establishment of symbiosis, while D-glucuronic acid was lethal to all 

anemones. Interestingly, D-galactose (in particular methyl-b-D-galactose), fucose and xylose 

seemed to mask important lectins on the host surface, resulting in an alteration of the early 

steps of symbiosis establishment. Treating the symbionts with trypsin changed the performance 

of the compatible symbionts, suggesting that glycoproteins are essential for Symbiodiniaceae 

to be recognized. The depletion of large, α-linked polysaccharides had no influence on the 

initiation of symbiosis. Lastly, sialic acids (the molecules responsible for Plasmodium invasion 

of human red blood cells during malaria infection) may be involved in the cnidarians-

Symbiodiniaceae symbiosis, as neuraminidase treatment made B. minutum a less successful 

colonizer of anemones.  

(c) To further characterize the surface of Symbiodiniaceae, I developed a method to isolate the 

algal cell wall and performed a proteomics analysis. I compared the cell wall protein profile of 

the three differentially-compatible strains—B. minutum, C. goreaui and F. kawagutii—and 
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found it variable among species. The majority of cell wall proteins (CWPs) were 

uncharacterized, and I found several proteins with transmembrane translocating activity. 

Among the CWPs, there was the homologous of the Plasmodium reticulocyte-binding-like 

(RBL) protein. RBL proteins are involved in the recognition of sialic acid-containing receptors 

of host cells during malaria infection. The discovery of a homologous host/symbiont 

recognition factor in the two related symbionts—Symbiodiniaceae [Dinoflagellata] and 

Plasmodium [Apicomplexa]— suggests that these two symbionts might share mechanisms of 

neuraminic acid-based symbiosis establishment. 

The findings of this thesis indicate that the establishment of symbiosis between cnidarians and 

Symbiodiniaceae is a synergetic process that involves both host and symbiont. The cell surface 

of the partners involved in the association is populated by a variety of molecular structures that 

differ among species and seem responsible for specific host-symbiont matchings. The cell 

surface sugars D-galactose (particularly methyl-b-D-galactose), fucose and xylose play 

important roles in the start of symbiosis between E. diaphana and compatible symbionts, and 

D-galacturonic acid and sialic acids may be involved too. Future studies should focus on 

expanding the description of cell surface monosaccharides to other Symbiodiniaceae species 

not investigated in the present work. The identification of RBLs on Symbiodiniaceae cell wall 

also inspires the investigation of a ligand (glycan) on the host that would be recognized by a 

receptor (lectin) on the symbiont, a scenario that revolutionize what we assumed and that urges 

further exploration.  
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SUPPLEMENTARY MATERIAL 

CHAPTER 3 SUPPLEMENTARY MATERIAL 

 

Supplementary Table 1. Identity and source of Symbiodiniaceae cultures used in the 
experiment. 
 

Species Strain ID 
ITS2 
type 

Host species 
Geographic 

origin 

Symbiodinium 

tridacnidorum 
SCF 022.01 A3c Tridacna maxima Heron Island 

Breviolum minutum MMSF 01 B1 Exaiptasia diaphana 
Central 

GBR 

Cladocopium goreaui 
SCF 055-

01.10 
C1 Acropora tenuis Whitsundays 

Durusdinium trenchii SCF 086.01 D1a Porites lobata Davies reef 

Fugacium kawagutii SCF 089.01 F1 
Pocillopora 

damicornis 
Heron Island 

undescribed SCF 092.01 F5.1 
Pocillopora 

damicornis 
Heron Island 

undescribed SCF 097.01 G3 
Diploastrea 

heliopora 
Davies reef 
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Supplementary Figure 1. Experimental design showing the bleaching and inoculation of three 
aposymbiotic E. diaphana genotypes (AIMS2, AIMS3, AIMS4) with seven different 
Symbiodiniaceae strains (S. tridacnidorum, B. minutum, C. goreaui, D. trenchii, F. kawagutii, 
‘Symbiodinium F5.1’, ‘Symbiodinium G3’). Each experimental unit, consisting of twelve 
anemones in total (four anemones per genotype), was inoculated with one algal symbiont type. 
Each experimental unit had three technical replicates. Three tentacles were sampled from three 
anemones per genotype per experimental unit every 5 days post infection for 30 days. At 30 
dpi, histology and molecular analysis were performed to verify bona fide symbiosis with the 
inoculated strain. Anemone icon by Vega Asensio, culture bottle icon by Sumana 
Chamrunworakiat and tentacle icon by Iconic, all from the Noun Project and modified by Giada 
Tortorelli for this work. 
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Supplementary Figure 2. Localization of B. minutum (a) and C. goreaui (b) within tentacles 
of E. diaphana at 30 dpi. (a) Histology on anemone tentacle colonized by B. minutum. ECTO= 
ectodermis; M= mesoglea; ENDO= endodermis; GV= gastrovascular cavity; the arrow 
indicates Symbiodiniaceae cell within the endodermis. Scale bar 50 µm. (b) Histology on 
anemone tentacle colonized by C. goreaui; Symbiodiniaceae cells are found within the 
endodermis (arrow) and in the gastrovascular cavity (arrow head).  
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Supplementary Figure 3. E. diaphana genotypes (AIMS2, AIMS3, AIMS4) of the negative 
control (N = 146) during the 30-days experiment. Mean (±SEM) density of the algal symbiont 
in tentacles of three anemones per genotype at each time point post inoculation (5, 10, 15, 20, 
25, 30 days post inoculation, days post inoculation). Where error bars are not visible, they are 
small and hidden by the symbols. 
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CHAPTER 4 SUPPLEMENTARY MATERIAL 

Supplementary Table 1. List of 95 lectins used in this study for the lectin array experiment: organism from which the lectin has been isolated, 
abbreviation of the lectin name, specificity of the lectin and statistical output of the binding of the lectin to B. minutum, C. goreaui and F. kawagutii. 
* = p < 0.05; ** = p < 0.01; *** = p < 0.001; = p > 0.05. Fuc = L-fucose; Gal = D-galactose; Glc = D-glucose; Lac = lactose; Man = mannose; 
GlcNAc = N-acetylglucosamine; GalNAc = N-acetylgalactosamine.  

 

Lectin form Abbreviation Specificity B. minutum ≠ 
C. goreaui 

B. minutum ≠ 
F. kawagutii 

C. goreaui ≠ 
F. kawagutii 

Anguilla 
anguilla  AAA αFuc  . .  

Aleuria aurantia AAL Fucα6GlcNAc  . ** ** 

Agaricus 
bisporus  ABA Galactose (β1,3) N-Acetylgalactosamine  ** ** . 

Agaricus 
bisporus  ABL 

galactose-β-1,3-N-acetylgalactosamine, galactose-
β-1,3-N-acetylglucosamine 

* . . 

Agrocybe 
cylindracea  ACG α2-3 Sialic Acid . * . 

Amaranthus 
caudatus ACL Galβ3GalNAc  . .  

Arum 
maculatum  AMA Mannose  ** . ** 

Allium sativum ASA αMan   . . 

Musa acuminata  BANLEC containing α1,3-glycoside bond ** ** . 

Burkholderia 
cenocepacia  BC2L-A High-mannose  *** *** . 

Burkholderia 
cenocepacia  BC2LCN 

Fucα1-2Galβ1-3GalNAc , Fucα1-2Galβ1-
3GlcNAc 

** ** . 

Bauhinia 
purpurea  BPA Galβ3GalNAc  . . . 
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Colchicum 
autumnale CA Lactose > N-Acetylgalactosamine > Galactose ** ** . 

Caragana 
arborescens CAA N-Acetylgalactosamine . . . 

Calystegia 
sepium  CALSEPA High-mannose  . * . 

Coprinopsis 
cinerea  CGL-2 GalNAcα1-3Gal, Galα1-3Gal . . . 

Clitocybe 
nebularis  CNL 2]Galβ1-4GlcNAc  . ** ** 

Coanavalin A CONA αMan, αGlc . . * 

Cicer arietinum  CPA Fetuin  . * . 

Cytisus 
scoparius  CSA N-Acetylgalactosamine  . . . 

Dolichos biflorus DBA αGalNAc . ** ** 

Dictyostelium 
discoideum  DISCOIDIN I αGalNAc, LacNAc . . . 

Dictyostelium 
discoideum  DISCOIDIN II 

Gal, LacNAc, Asialoglycans, Gal/GalNAcβ1-
4GlcNAcβ1-6Gal/GalNAc 

. . . 

Datura 
stramonium DSA (GlcNAc)2-4  * . . 

Erythrina 
cristagalli  ECA Galβ4GlcNAc  . . . 

Eunonymus 
europaeus EEL Galα3Gal  . . . 

E. coli  F17AG GlcNAc  . . . 

Human galectin 1  GAL-1 branched LacNAc, Gal . . . 

Human galectin 
1-S  

GAL-1S branched LacNAc ** ** . 

Human galectin 
2  

GAL-2 GalNAcα1-3Gal, branched LacNAc . . . 
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Human galectin 
3  

GAL-3 poly LacNAc . * . 

Human galectin  
3C-S  

GAL-3C-S poly LacNAc * * . 

Human galectin 
7-S  

GAL-7S Galβ1-3GlcNAc  . ** ** 

Human galectin 
9  

GAL-9 poly LacNAc, GalNAcα1-3Gal  . . . 

Glechoma 
Hederacea  GHA Gal, methyl a-D-galactopyranoside, GalNAc ** . . 

Galanthus nivalis GNA αMan  *** *** *** 

Griffithia sp.  GRFT High-mannose  ** ** . 

Griffonia 
(Banderaea) 

simplicifolia I 
GSI αGal, α3GalNAc * . . 

Griffonia 
(Banderaea) 

simplicifolia II 
GSII α or βGlcNAc  *** *** . 

Pure Helix 
aspersa  HAA N-Acetylgalactosamine  . * . 

Hippeastrum 
hybrid  HHA αMan  *** *** *** 

Homarus 
americanus  HMA N-Acetylneuraminic acid, N-Acetylgalactosamine *** *** . 

Iris hybrid  IRA N-Acetyl-D-Galactosamine  . . . 

Jacalin  JACALIN Galβ3GalNAc  . * * 

Laburnum 
anagyroides  LAL lectinLALa-Me-L-Fucose among monosacchrides *** *** . 

Phaseolus 
lunatus LBA GalNAcα(1,3)[αFuc(1,2]Gal  . . . 

Lens Culinaris LCHA αMan, αGlc . . * 
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Lycopersicon 
esculentum LEA (GlcNAc)2-4  . . . 

Lentil  LENTIL D-Mannose, D-glucose . . . 

Lotus 
tetragonolobus  LOTUS αFuc  . . . 

Limulus 
polyphemus LPA Sialic Acid (N-Acetylneuraminic acid) . . . 

Laetiporus 
sulphureus  LSLN LacNAc, poly LacNAc ** ** . 

Maackia 
amurensis I MAA Galβ4GlcNAc  * . . 

Human malectin  MALECTIN Glc2-N-biose  . . . 

Pure Morniga G  MNA-G Galactose  . . * 

Morniga M  MNA-M Mannose  *** . *** 

Marasmius 
oreades  MOA 3Galβ1-4GlcNAc, Galα1-3Gal . . . 

Maclura 
pomifera MPL Galβ3GalNAc  . . . 

Narcissus 
pseudonarcissus NPA αMan  *** . *** 

Oryza sative  ORYSATA High-mannose  *** *** *** 

Pseudomonas 
aeruginosa II PA-IIL Fucose, Fucose containing oligosaccharides,  ** ** . 

Pseudomonas 
aeruginosa I PA-IL Fucose, Fucose containing oligosaccharides,   . . 

Phlebodium 
aureum  PALa High-mannose  . . . 

Phaseolus 
vulgaris 

Erythroagglutinin 
PhaE 

Galβ4GlcNAcβ2Manα6(GlcNAcb4) 
(GlcNAcβ4Manα3)Manβ4 

** ** . 

Leucoagglutinin PHA-L Galβ4GlcNAcβ6(Gl cNAcβ2Manα3)Manα3 . . . 
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Phaseolus 
vulgaris 

agglutinin 
PHA-P 

Galβ4GlcNAcβ2Manα6(GlcNAcb4) 
(GlcNAcβ4Manα3)Manβ4, Galβ4GlcNAcβ6(Gl 

cNAcβ2Manα3)Manα3 
. . . 

Peanut  PNA Galβ3GalNAc  * . . 

Pleurocybella 
porrigens  PPL α/βGalNAc  . . . 

Pisum sativum PSA αMan, αGlc70Polyporus  * . . 

Polyporus 
squamosus  PSL-1A α2-6 Sialic Acid . . . 

Psophocarpus 
tetragonolobus I PTL-1 GalNAc, Gal  * . 

Psophocarpus 
tetragonolobus II PTL-2 blood group H structures and the T-antigen . . . 

Phytolacca 
americana  PWA GlcNAc(β1,4) GlcNAc oligomers, [Gal-(β1,4)  *** *** . 

Ricinus 
communis 

agglutinin I  
RCA120 galactose, lactose * * . 

Ricinus 
communis 

agglutinin II 
RCA60 Galactose, N-acetyl-D-galactosamine, lactose  ** . ** 

Robinia 
pseudoacacia  RPA N-Acetylgalactosamine, thyroglobulin  . . . 

Ralstonia 
solanacearum  RS-FUC Fucose  . . * 

Sambucus 
Sieboldiana  SAMB NeuAcα2-6Gal/GalNAc  ** ** . 

Soybean  SBA α > βGalNAc  . . . 

Salivia 
horminum  SHA N-Acetylgalactosamine  *** ***  

Sophora 
japonica  SJA α > βGalNAc  . . . 
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Sambucus nigra 
I  SNA-I NANAα(2,6)GalNAc > GalNAc = Lac >  . . . 

Sambucus nigra 
II  SNA-II NANAα(2,6)GalNAc > GalNAc = Lac >  . . . 

Salvia sclarea  SSA NANAα(2,6)GalNAc > GalNAc = Lac >  . . . 

Solanum 
tuberosum  STL (GlcNAc)2-4  ** ** . 

Tulipa TL N-Acetylgalactosamine ** ** . 

Urtica dioica  UDA GlcNAc  . * . 

Ulex europaeus 
I  UEA-I αFuc  . . . 

Ulex europaeus 
II  UEA-II Poly β(1,4)Gl cNAc  . . . 

Vicia faba  VFA αMan  . . . 

Vigna radiata  VRA a-Galactose  . . . 

Vicia villosa  VVA GalNAc  . . . 

Vicia villosa  VVA-M Mannose  . . . 

Wisteria 
floribunda  WFA GalNAc  * . . 

Wheat Germ  WGA GlCNAc  . . . 
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CHAPTER 5 SUPPLEMENTARY MATERIAL 

Supplementary Table 1. List of all cell wall proteins identified in the Symbiodiniaceae species Breviolum minutum and Cladocopium goreaui. 

GOterm, protein ID, protein name, gene name, functional category, peptides, sequence coverage (%), molecular wight (kDa) and sequence length 

are reported for each protein. 

 

GOterm Protein ID Protein name Gene name 
Function

al 
category 

B. 
minut

um 

C. 
gore
aui 

F. 
kawag

utii 

Pepti
des 

Seque
nce 

cover
age 
[%] 

Mol
. 

wei
ght 
[kD
a] 

Seque
nce 

lengt
h 

A0A1Q9E
3Y3 

TRINITY_DN81331_
c0_g1_i1.p1 

Choline 
transporter-

like protein 5-
A 

slc44a5a 
AK812_SmicGe

ne15055 

transporte
rs 

 x  4 9 68.2 631 

A0A1Q9
DXM6 

TRINITY_DN12400_
c0_g1_i1.p1 

Divalent 
metal cation 
transporter 

MntH 

mntH 
AK812_SmicGe

ne17473 

transporte
rs 

 x  4 8 76.7 701 

A0A1Q9
CX31 

TRINITY_DN81400_
c0_g1_i1.p1 

GTP-binding 
protein yptV4 

YPTV4 
AK812_SmicGe

ne31283 

transporte
rs 

 x  3 16.1 28.1 249 

A0A1Q9E
VT1 

TRINITY_DN8565_c
0_g2_i3.p1 

High affinity 
nitrate 

transporter 
2.5 

NRT2.5 
AK812_SmicGe

ne4635 
AK812_SmicGe

ne4659 

transporte
rs 

x   2 5.7 32.4 300 
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A0A1Q9F
6C9 

TRINITY_DN75323_
c0_g1_i1.p1 

Protein ZINC 
INDUCED 

FACILITAT
OR-LIKE 1 

ZIFL1 
AK812_SmicGe

ne469 

transporte
rs 

 x  17 23.1 96.9 909 

A0A1Q9
D599 

TRINITY_DN589_c0
_g1_i1.p1 

Putative ABC 
transporter 

ATP-binding 
protein 

AK812_SmicGe
ne28158 

transporte
rs 

x   8 56.4 17.6 165 

A0A1Q9
D599 

Skav214632 

Putative ABC 
transporter 

ATP-binding 
protein 

AK812_SmicGe
ne28158 

transporte
rs 

  x 8 32.7 64 596 

A0A1Q9E
ZY9 

TRINITY_DN1165_c
0_g1_i4.p1 

Putative E3 
ubiquitin-

protein ligase 
HERC1 

HERC1 
AK812_SmicGe

ne3039 

transporte
rs 

x   3 11.1 40.6 379 

A0A1Q9E
7B9 

TRINITY_DN4547_c
0_g4_i1.p1 

Putative 
transporter 

YrhG 

yrhG 
AK812_SmicGe

ne13733 

transporte
rs 

x   2 7.9 37.8 356 

A0A1Q9E
7B9 

TRINITY_DN2129_c
0_g1_i3.p1 

Putative 
transporter 

YrhG 

yrhG 
AK812_SmicGe

ne13733 

transporte
rs 

 x  2 7.9 39.6 369 

A0A1Q9
CTV0 

TRINITY_DN331_c0
_g1_i9.p1 

Sodium-
dependent 
phosphate 
transport 

protein 2A 

SLC34A1 
AK812_SmicGe

ne32588 

transporte
rs 

 x  2 6.4 57.2 543 

A0A1Q9
CTV0 

Skav211948 

Sodium-
dependent 
phosphate 
transport 

protein 2A 

SLC34A1 
AK812_SmicGe

ne32588 

transporte
rs 

  x 6 18.1 57.6 547 
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A0A1Q9
D6M3 

TRINITY_DN22423_
c0_g2_i1.p1 

Solute carrier 
family 12 
member 7 

SLC12A7 
AK812_SmicGe

ne27515 

transporte
rs 

 x  2 8.3 48.7 446 

A0A1Q9
CNB5 

TRINITY_DN66597_
c0_g1_i1.p1 

Synaptic 
vesicle 2-

related protein 

SVOP 
AK812_SmicGe

ne34731 

transporte
rs 

x   2 4.6 55.2 482 

A0A1Q9E
BY9 

TRINITY_DN61236_
c0_g1_i1.p1 

Vignain 
CYSEP 

AK812_SmicGe
ne11951 

transporte
rs 

 x  4 18.6 40 361 

A0A1Q9E
5T8 

TRINITY_DN68576_
c0_g1_i1.p1 

(3S)-malyl-
CoA 

thioesterase 

mcl2 
AK812_SmicGe

ne14316 

hydrolase
s 

 x  15 47.6 37.6 349 

A0A1Q9
D1Y5 

TRINITY_DN1384_c
0_g1_i12.p1 

AAA domain-
containing 

protein 

AK812_SmicGe
ne29413 

hydrolase
s 

x   2 5.1 44.6 389 

A0A1Q9F
599 

TRINITY_DN2468_c
0_g1_i1.p1 

Metalloendop
eptidase (EC 

3.4.24.-) 

AK812_SmicGe
ne955 

hydrolase
s 

 x  4 9 82.1 743 

A0A1Q9
CVW0 

TRINITY_DN12416_
c0_g1_i1.p1 

Putative 
isochorismata

se family 
protein YddQ 

yddQ 
AK812_SmicGe

ne31815 

hydrolase
s 

 x  3 12.3 37.3 334 

A0A1Q9
CTN2 

TRINITY_DN6337_c
0_g1_i1.p1 

Acyl_transf_3 
domain-

containing 
protein 

AK812_SmicGe
ne32637 

translocas
es 

 x  4 17.2 18.1 174 

A0A1Q9
C4Z0 

TRINITY_DN8204_c
0_g1_i1.p1 

Canalicular 
multispecific 
organic anion 
transporter 2 
(Fragment) 

Abcc3 
AK812_SmicGe

ne41887 

translocas
es 

x   2 1.7 164 1488 



 141 

A0A1Q9
BYL0 

TRINITY_DN294_c0
_g1_i6.p1 

dTDP-4-
amino-4,6-

dideoxygalact
ose 

transaminase 

rffA 
AK812_SmicGe

ne44383 

translocas
es 

 x  12 27.8 56.5 515 

A0A1Q9E
F77 

TRINITY_DN3047_c
0_g1_i4.p1 

H(+)-
exporting 

diphosphatase 
(EC 7.1.3.1)  

AK812_SmicGe
ne10685 

translocas
es 

x   6 9.5 80.8 765 

A0A1Q9E
F77 

TRINITY_DN1694_c
0_g1_i1.p1 

H(+)-
exporting 

diphosphatase 
(EC 7.1.3.1)  

AK812_SmicGe
ne10684;  

translocas
es 

 x  7 11.3 56.8 542 

A0A1Q9E
F77 

Skav212344 

H(+)-
exporting 

diphosphatase 
(EC 7.1.3.1)  

AK812_SmicGe
ne10684;  

translocas
es 

  x 6 9.6 78.4 740 

A0A1Q9E
UX6 

TRINITY_DN1401_c
0_g1_i3.p1 

Hematopoieti
c 

prostaglandin 
D synthase 

HPGDS 
AK812_SmicGe

ne4996 

translocas
es 

 x  5 18.6 27.5 253 

A0A1Q9
CDQ7 

TRINITY_DN3840_c
0_g1_i1.p1 

Proton-
translocating 
NAD(P)(+) 

transhydrogen
ase (EC 
7.1.1.1) 

NNT 
AK812_SmicGe

ne38460;  

translocas
es 

x   6 10.2 108 1034 

A0A1Q9
CDQ7 

TRINITY_DN1231_c
0_g1_i1.p1 

Proton-
translocating 
NAD(P)(+) 

transhydrogen

NNT 
AK812_SmicGe

ne38460;  

translocas
es 

 x  13 16.6 108 1034 
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ase (EC 
7.1.1.1) 

A0A1Q9E
XD2 

TRINITY_DN11568_
c0_g1_i2.p1 

Proton-
translocating 
NAD(P)(+) 

transhydrogen
ase (EC 
7.1.1.1) 

pntA 
AK812_SmicGe

ne3948 

translocas
es 

 x  13 17.7 111 1058 

A0A1Q9E
GY9 

TRINITY_DN55363_
c0_g1_i1.p1 

Protein 
translocase 

subunit SecA 

secA 
AK812_SmicGe

ne9992 

translocas
es 

 x  5 5.1 113 1011 

A0A1Q9F
1J3 

TRINITY_DN14529_
c0_g1_i1.p1 

Putative 
serine/threoni

ne-protein 
kinase-like 

protein CCR3 

CCR3 
AK812_SmicGe

ne2484 

translocas
es 

x   2 3.6 88 828 

A0A1Q9
CEJ3 

TRINITY_DN47369_
c0_g1_i1.p1 

Serine/threoni
ne-protein 

kinase Nek5 

NEK5 
AK812_SmicGe

ne38102 

translocas
es 

 x  14 13 167 1539 

A0A1Q9E
LI9 

TRINITY_DN86343_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne8197 

uncharact
erized 

proteins 
x   5 12.5 37.2 343 

A0A1Q9E
LI9 

TRINITY_DN64096_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne8197 

uncharact
erized 

proteins 

 x  14 50.8 34.9 317 

A0A1Q9
DWT8 

TRINITY_DN2136_c
0_g1_i2.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne17770 

uncharact
erized 

proteins 
x   2 2.8 89.5 835 

A0A1Q9
DWT8 

TRINITY_DN11949_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne17770 

uncharact
erized 

proteins 

 x  2 3.6 93.3 869 
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A0A1Q9
DWI2 

TRINITY_DN1573_c
0_g1_i3.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne17912 

uncharact
erized 

proteins 
x   2 21.7 21.4 198 

A0A1Q9
DWI2 

Skav204082 
Uncharacteriz

ed protein 
AK812_SmicGe

ne17912 

uncharact
erized 

proteins 

  x 2 24.7 18.6 174 

A0A1Q9
BYL8 

TRINITY_DN4010_c
0_g1_i2.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne44375 

uncharact
erized 

proteins 
x   7 20.4 37.3 362 

A0A1Q9
CNN8 

TRINITY_DN91170_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne34561 

uncharact
erized 

proteins 
x   2 9.6 38.2 355 

A0A1Q9
DJ60 

TRINITY_DN77139_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne22673 

uncharact
erized 

proteins 
x   2 6.3 42.1 382 

A0A1Q9
DJ60 

TRINITY_DN10180_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne22673 

uncharact
erized 

proteins 

 x  7 18.5 42.2 379 

A0A1Q9E
620 

TRINITY_DN353_c0
_g1_i5.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne14237 

uncharact
erized 

proteins 
x   4 5.3 125 1146 

A0A1Q9F
2P2 

TRINITY_DN59391_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne1986 

uncharact
erized 

proteins 
x   4 20.8 27.5 255 

A0A1Q9E
3B6 

TRINITY_DN1253_c
0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne15333 

uncharact
erized 

proteins 
x   3 7.4 63.5 581 

A0A1Q9E
3B6 

TRINITY_DN16743_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne15333 

uncharact
erized 

proteins 

 x  10 19.3 65 596 
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A0A1Q9E
VK3 

TRINITY_DN2488_c
0_g1_i8.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne4674 

uncharact
erized 

proteins 
x   2 20.6 15.6 141 

A0A1Q9E
VK3 

Skav200182 
Uncharacteriz

ed protein 
AK812_SmicGe

ne4674 

uncharact
erized 

proteins 

  x 2 22 14.6 132 

A0A1Q9
CID1 

TRINITY_DN66444_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne36620 

uncharact
erized 

proteins 
x   4 4.3 145 1315 

A0A1Q9
CID1 

TRINITY_DN75374_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne36620 

uncharact
erized 

proteins 

 x  14 14.8 145 1312 

A0A1Q9
CHJ5 

TRINITY_DN6589_c
0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne36947 

uncharact
erized 

proteins 

 x  3 6.1 92.4 831 

A0A1Q9
CM79 

TRINITY_DN68464_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne35136 

uncharact
erized 

proteins 

 x  2 11.5 34.8 305 

A0A1Q9
CQW9 

TRINITY_DN7431_c
0_g6_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne33696 

uncharact
erized 

proteins 

 x  2 7.6 30.6 278 

A0A1Q9
CTL4 

TRINITY_DN60664_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne32633 

uncharact
erized 

proteins 

 x  7 17.2 49.1 436 

A0A1Q9
DAH7 

TRINITY_DN47489_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne26103 

uncharact
erized 

proteins 

 x  5 13.3 49.8 435 

A0A1Q9
D8B1 

TRINITY_DN16711_
c0_g2_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne26953 

uncharact
erized 

proteins 

 x  2 2.5 83.9 775 
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A0A1Q9E
380 

TRINITY_DN54168_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne15312 

uncharact
erized 

proteins 

 x  9 15.8 73.9 663 

A0A1Q9
DNR2 

TRINITY_DN74055_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne20935 

uncharact
erized 

proteins 

 x  3 17.1 18.8 170 

A0A1Q9
DNR2 

Skav204429 
Uncharacteriz

ed protein 
AK812_SmicGe

ne20935 

uncharact
erized 

proteins 

  x 6 27.7 23 206 

A0A1Q9E
HZ5 

TRINITY_DN17010_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne9627 

uncharact
erized 

proteins 

 x  2 4.3 70.5 628 

A0A1Q9F
076 

TRINITY_DN7947_c
1_g2_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne3034 

uncharact
erized 

proteins 

 x  3 0.9 527 4646 

A0A1Q9E
B28 

TRINITY_DN48601_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne12282 

uncharact
erized 

proteins 

 x  3 9.7 25.2 238 

A0A1Q9E
9D3 

TRINITY_DN80659_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne12940 

uncharact
erized 

proteins 

 x  3 14.6 31.9 274 

A0A1Q9
D6Z2 

TRINITY_DN9490_c
0_g1_i2.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne27469 

uncharact
erized 

proteins 

 x  11 54.5 23.1 224 

A0A1Q9E
5A1 

TRINITY_DN4050_c
0_g1_i5.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne14541 

uncharact
erized 

proteins 

 x  8 39 21.9 205 

A0A1Q9E
5A1 

Skav231630 
Uncharacteriz

ed protein 
AK812_SmicGe

ne14541 

uncharact
erized 

proteins 

  x 11 53.9 15.7 141 
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A0A1Q9
DWY8 

TRINITY_DN1705_c
0_g1_i4.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne17715 

uncharact
erized 

proteins 

 x  2 8.5 22.1 213 

A0A1Q9
CHN1 

TRINITY_DN1941_c
0_g2_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne36902 

uncharact
erized 

proteins 

 x  8 26.4 42.4 398 

A0A1Q9E
G46 

TRINITY_DN154_c0
_g5_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne10264 

uncharact
erized 

proteins 

 x  6 13.1 52.5 450 

A0A1Q9
DW61 

TRINITY_DN74757_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne18047 

uncharact
erized 

proteins 

 x  4 17.3 17.7 168 

A0A1Q9
CCY5 

TRINITY_DN49848_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne38746 

uncharact
erized 

proteins 

 x  2 18.1 20.3 188 

A0A1Q9
DCI0 

TRINITY_DN60867_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne25396 

uncharact
erized 

proteins 

 x  7 18.5 56.1 523 

A0A1Q9
CP84 

TRINITY_DN47476_
c0_g1_i1.p1 

Uncharacteriz
ed protein 

AK812_SmicGe
ne34395 

uncharact
erized 

proteins 

 x  4 8.9 43.3 403 

A0A1Q9E
D44 

Skav202071 
Uncharacteriz

ed protein 
AK812_SmicGe

ne11434 

uncharact
erized 

proteins 

  x 4 10 27.4 250 

A0A1Q9
DSL8 

Skav228786 
Uncharacteriz

ed protein 
AK812_SmicGe

ne19388 

uncharact
erized 

proteins 

  x 4 31.6 10.6 98 

A0A1Q9E
2D2 

Skav233570 
Uncharacteriz

ed protein 
AK812_SmicGe

ne15683 

uncharact
erized 

proteins 

  x 4 19.2 33 302 
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A0A1Q9
DBS2 

Skav219478 
Uncharacteriz

ed protein 
AK812_SmicGe

ne25493 

uncharact
erized 

proteins 

  x 4 20.1 16.8 159 

A0A1Q9
CHY1 

Skav236306 
Uncharacteriz

ed protein 
AK812_SmicGe

ne36795 

uncharact
erized 

proteins 

  x 5 18.7 16.5 155 

A0A1Q9E
4I4 

Skav206925 
Uncharacteriz

ed protein 
AK812_SmicGe

ne14851 

uncharact
erized 

proteins 

  x 4 14.9 32.6 303 

A0A1Q9E
GG1 

TRINITY_DN2237_c
0_g1_i2.p1 

14 kDa zinc-
binding 
protein 

ZBP14 
AK812_SmicGe

ne10174 
other  x  5 52.6 15.1 135 

A0A1Q9
D706 

TRINITY_DN775_c0
_g1_i1.p1 

ANK_REP_R
EGION 
domain-

containing 
protein 

AK812_SmicGe
ne27441 

other  x  8 26.5 29.5 268 

A0A1Q9
D706 

Skav227374 

ANK_REP_R
EGION 
domain-

containing 
protein 

AK812_SmicGe
ne27441 

other   x 10 35.7 26.3 235 

A0A1Q9
DP71 

TRINITY_DN19289_
c0_g1_i3.p1 

ANK_REP_R
EGION 
domain-

containing 
protein 

AK812_SmicGe
ne20729 

other  x  4 4.4 111 983 

A0A1Q9F
7U4 

TRINITY_DN2962_c
0_g1_i1.p1 

Ankyrin 
repeat 

domain-
containing 
protein 50 

ANKRD50 
AK812_SmicGe

ne83 
other  x  3 5.4 69.3 606 
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A0A1Q9
CVK2 

TRINITY_DN47063_
c0_g1_i1.p1 

Ankyrin-1 
ANK1 

AK812_SmicGe
ne31912 

other x   10 20.2 58.3 539 

A0A1Q9
CVK2 

TRINITY_DN49615_
c0_g1_i1.p1 

Ankyrin-1 
ANK1 

AK812_SmicGe
ne31912 

other  x  10 22.9 55.6 512 

A0A1Q9
CVK2 

Skav235923 Ankyrin-1 
ANK1 

AK812_SmicGe
ne31912 

other   x 7 20.8 38.2 355 

A0A1Q9
CRV7 

TRINITY_DN9643_c
0_g1_i2.p1 

Long-chain-
fatty-acid--

CoA ligase 4 

ACSL4 
AK812_SmicGe

ne33346 
other  x  2 6.5 64.7 589 

A0A1Q9E
JE9 

TRINITY_DN55895_
c0_g1_i1.p1 

Long-chain-
fatty-acid--
CoA ligase 
ACSBG2 

ACSBG2 
AK812_SmicGe

ne9054 
other x   4 7.1 80.1 732 

A0A1Q9
D7L1 

TRINITY_DN1621_c
0_g1_i1.p1 

Oxygen-
independent 

coproporphyri
nogen-III 

oxidase-like 
protein 

AK812_SmicGe
ne27203 

other x   2 2.4 141 1317 

A0A1Q9
DK01 

TRINITY_DN757_c0
_g4_i1.p1 

Potassium 
voltage-gated 

channel 
subfamily H 
member 5 

Kcnh5 
AK812_SmicGe

ne22354 
other  x  2 4 57.3 519 

A0A1Q9
CCS4 

TRINITY_DN55369_
c0_g1_i1.p1 

Reticulocyte-
binding 

protein 2-like 
a 

AK812_SmicGe
ne38827 

other x   3 3 152 1366 
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A0A1Q9E
RN9 

TRINITY_DN16676_
c0_g1_i1.p1 

Reticulocyte-
binding 

protein 2-like 
a 

AK812_SmicGe
ne6218 

other  x  3 27.1 16.4 140 

A0A1Q9
D5J5 

TRINITY_DN67878_
c0_g1_i1.p1 

Transmembra
ne protein 

87A 

tmem87a 
AK812_SmicGe

ne27971 
other  x  2 6.2 54 483 
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Supplementary Figure 1. Brightfield image of Symbiodiniaceae cell wall fractions after 

isolation. Arrow indicates an intact Symbiodiniaceae cell. Scale 20 μm. 
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