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Abstract

Cnidarians such as corals, anemones and hydroids commonly form an intracellular
symbiosis with photosynthetic dinoflagellates of the genus Symbiodinium. Dinoflagellate
symbionts are most often obtained anew from the environment during larval
development, and, once acquired reside inside host-derived vacuoles within the
cnidarian gastrodermal cells. In order to gain entry to host cells, the symbionts likely
interact with innate immune receptors in the extracellular matrix, the first line of
defense against microbial attack. While several innate immune pathways have been
described in cnidarians, little is known about the specific receptor-ligand interactions
that allow the symbiont to gain entry to host cells. Furthermore, it is unclear how these
pathways are involved in enabling friendly microbes to reside within host cells while
maintaining an immune response to harmful pathogens.

The invasion strategies of vertebrate intracellular parasites are well studied, especially
those used by members of the Apicomplexa. Apicomplexan parasites have evolved
mechanisms to evade immune receptors in the extracellular matrix and exploit specific
receptors to their own benefit, to gain entry to host cells. Apicomplexans are closely
related to dinoflagellates, both belonging to the infrakingdom Alveolata. The malaria
parasite Plasmodium spp. has evolved the thromobospondin-related anonymous
protein, or TRAP, that uses a thrombospondin structural homology repeat (TSR)
domain to bind to a scavenger receptor (SRB1) on the hepatocyte cell surface and gain
entry to the cell. This is of particular interest, as class B scavenger receptors are
upregulated in the symbiotic state of two anemone species. The aims of the research
presented in this thesis were to: (1) characterize the scavenger receptor (SR) repertoire
in cnidarians; (2) characterize the TSR-domain-containing protein repertoire of
cnidarians and their symbiotic dinoflagellates; and (3) establish, through experimental
manipulation, the potential role for SR-TSR domain interactions at the onset of
symbiosis in the sea anemone Aiptasia sp, a model system for the study of the cnidarian-
dinoflagellate symbiosis.

In Chapter 2, I characterized the large and diverse SR repertoire of six cnidarian species.
Cnidarians lack the classic SR type-A collagen domain-containing proteins that are

common in humans, however the cnidarian SR cysteine-rich domain-containing protein
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repertoire is expanded and diverse. Phylogenetic analysis of SR type-B proteins defines
two or three distinct groups. Functional experimental data presented here show that
blocking SR binding sites with fucoidan significantly reduces dinoflagellate uptake by
the anemone Aiptasia sp. These data provide further evidence that SRs are important to
symbiont recognition and uptake, and may be an essential component of symbiont
acquisition.

In Chapter 3, I investigated a SR ligand, the thrombospondin structural homology
repeat, or TSR domain. In particular, I characterized the TSR-domain-containing protein
repertoire of six cnidarian species and compared these proteins to vertebrate TSR
proteins of known function. Searches revealed a large repertoire of TSR-domain-
containing proteins. Of particular interest is the large number of Adams
metalloprotease-like proteins, a group that is common in both humans and cnidarians,
suggesting that this is an ancestral TSR protein group. Phylogenetic analysis of TSR
domains shows that binding motifs and 3-D folding sites are highly conserved. These
data suggest that TSR domains are ancient and have changed very little in amino acid
sequence from lower metazoans to vertebrates.

In Chapter 4, I explored the role of TSR-domain-containing proteins at the onset of
symbiosis in the model Aiptasia sp. system. In functional experiments, aposymbiotic
anemones were challenged with proteins and antibodies to either block or stimulate
TSR domain binding. Symbiont uptake was measured over several time-points to
determine the effects on symbiont acquisition. Adding an excess of TSR-domain-
containing protein or TSR synthetic peptide increased symbiont uptake, while blocking
TSR domains prevented symbiont uptake. Finally, the addition of exogenous TGFf3 to
TSR antibody-challenged anemones, reversed the blocking effect. These data suggest
that the immune-suppressive TGF3 pathway is involved in early onset of the symbiosis.
Since the TSR domain is implicated in the TGF[ pathway, these results support previous
findings of the involvement of TGFf in promoting tolerance of symbionts within the
host. Apicomplexan parasites exploit scavenger receptor-TSR domain-binding to gain
entry, and also use immune modulation to persist inside host cells. Data presented here
suggest that dinoflagellates are utilizing the same mechanisms to form a mutualistic
relationship with the cnidarian host.

Overall, the work presented here provides new information about several cnidarian

extracellular matrix proteins, with searches revealing large repertoires of both
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scavenger receptors and TSR-domain-containing proteins. Functional data suggest that
both protein families are involved in the cnidarian-dinoflagellate symbiosis. Searches of
the dinoflagellate genome did not find a clear dinoflagellate homologue to the
apicomplexan TRAP proteins. However, this research provides further evidence that
similar receptor-ligand interactions are involved in the entry of both beneficial and
pathogenic microbes to host cells. These results add to growing knowledge about the
complex molecular pathways that enable and support cnidarian-dinoflagellate
symbiosis. An understanding of the mechanisms that support healthy symbiosis is
essential when trying to predict the vitality and productivity of reef ecosystems in the

face of climate change.
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SR: scavenger receptor

SRA: sequence read archive

SRB1: scavenger receptor class B member 1, also known as SCARB1

SRCL: scavenger receptor C-type lectin, (also known as SR-A2) have a C-type
lectin domain (CTLD)

SRCR: scavenger receptor cysteine rich domain

tBLASTn: search translated nucleotide database using a protein query

tBLASTx: search translated nucleotide database using a translated nucleotide
query

TGFp: transforming growth factor beta

TLR4: toll-like receptor 4

TLRs: toll-like receptors

TRAF6: TNF receptor associated factor 6

TRAP: thrombospondin-related anonymous protein

TSR: thrombospndin structural homology repeat

UBOX: The U box is a domain of approximately 70 amino acids that is present in

proteins from yeast to humans.
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Chapter 1

General Introduction

1.1 Symbiosis

Symbiosis describes a close relationship between two or more phylogenetically
different organisms. Symbiotic associations are prevalent in all environments and are a
driving force in evolution: many species have evolved to use one another to achieve
greater reproductive successes. The term symbiosis was formally described by the
German mycologist Heinrich Anton de Bary, who stipulated that the relationship must
be constant, intimate and between dissimilar species (De Bary 1878). Although
mutualism, the symbiotic association where all partners benefit, is the type of
association most commonly thought of in the context of symbiosis, the original
definition implied no cooperation or mutualism between partners anymore than it
implied exploitation; it simply described an intimate association. Mutualisms thus
represent a fraction of symbiotic relationships: The term symbiosis also describes
commensal associations (where one partner receives neither benefit nor harm) and
parasitic associations (where one partner benefits at the expense of another) (Douglas
2009). Despite this, parasitic relationships are very rarely described as symbiotic and
for this reason the term ‘symbiont’ is usually used to describe a microorganism that is
beneficial to its host.

Symbiotic associations can also be either obligate or facultative, depending on the
necessity of the association for one or more partner’s survival. An example of obligate
mutualism is the mycorrhizal fungi that associate with plant roots; the fungus increase
water uptake by the plant and the plant provides essential nutrients to the fungus
(Neuhauser 2004). Neither partner can survive without the other. By contrast, in a
facultative mutualism, both organisms can survive independently, however both derive
benefit from the association. In commensalism or parasitism, the relationship is usually
obligate for the commensal or the parasite, since, by definition, they depend on the host.

On the other hand, the host is in a facultative relationship with the commensal or
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parasite, as it gains nothing from the association, and in the case of the parasite it would
be better off without it (Sapp 1994, Leung and Poulin 2008).

Microorganisms living within a host are called endosymbionts or endoparasites in
contrast to ectosymbionts and ectoparasites that reside on the external surface of a
host. In the case of endosymbiosis, symbionts or parasites can be intracellular (inside
host cells) or extracellular (outside host cells in the body cavity or in a specific organ).
In humans and other vertebrates, the vast majority of microbial diversity is
extracellular. The human gut, for example, hosts large microbial communities - in a
healthy human body more than 90% of the cells are of microbial origin - and the only
intracellular microorganisms are parasites (Douglas 2009). Endosymbiotic
relationships are more common in invertebrates, perhaps due to the more complex
adaptive immune system found in vertebrate hosts (Leung and Poulin 2008).

Symbiosis at the cellular level is highly complex and evolutionarily important, as
highlighted by the endosymbiotic theory of evolution (Margulis 1975, Margulis and
Bermudes 1985, Margulis 1988, Vesteg and Krajcovic 2008). Inside every eukaryotic
cell there are organelles that have bacterial origin. Nucleated (or eukaryotic) cells are
thought to be a collection of non-nucleated prokaryotic cells that have evolved into
organelles that fulfil specialist roles within cells, such as photosynthetic chloroplasts
and mitochondria. Endosymbiotic theory states that these organelles were once free-
living specialists in their own right, but formed an alliance with nucleated cells, evolving
through a series of multiple endosymbiosis (Schwartz and Dayhoff 1978, Vesteg and
Krajcovic 2008). In its strongest form, symbiosis can lead to symbiogenesis - the
evolution of a new species via the genetic integration of a symbiotic partner. Indeed, the
photosynthetic dinoflagellate symbionts of many marine invertebrates, including
cnidarians, evolved by an endosymbiosis between a red alga and a heterotrophic host
(Archibald and Keeling 2002).

The cnidarian-dinoflagellate symbiosis is one of only very few examples of a mutualism
formed between an animal and a unicellular eukaryote. The vast majority of eukaryotic
microbes are parasitic. Indeed approximately half of all dinoflagellates themselves are
heterotrophic and/or parasitic - some parasitic dinoflagellates even parasitize other
parasitic dinoflagellates (Coats 1999). In reality, the lines between mutualism,
commensalism and parasitism are often fluid on evolutionary and ecological timescales

(Leung and Poulin 2008, Sachs et al. 2011a, 2011b): a single mutation can transform a
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beneficial symbiont into a pathogen and vice versa (Douglas 2008), and a symbiotic
relationship can shift from mutualism to parasitism due to a change in environmental
conditions upsetting a complicated balance between partners (Neuhauser 2004, Sachs
and Wilcox 2006, Sachs and Simms 2006, Douglas 2008). Indeed, even the cnidarian-
dinoflagellate symbiosis can be thought of on a continuum of symbiotic states (Lesser et
al. 2013): cnidarians associate with a range of Symbiodinium spp. phylotypes (see below
for further discussion), and some of these may not be beneficial for their hosts.
Furthermore, coral bleaching, the loss of coral symbionts due to high temperature or
other environmental stresses, can be viewed as a state in which the cost of the
symbiosis outweighs its benefits, and the host expels the symbionts, which act as
parasites under such unfavourable conditions (Wooldridge 2010).

Due to their clinical, veterinary or economic importance, many parasites have been the
focus of extensive research. In apicomplexans, a group of obligate intracellular parasites
related to dinoflagellate coral symbionts, decades of research have revealed complex
cellular mechanisms of host-cell entry and maintenance of the parasite. A famous
apicomplexan, Plasmodium sp. - the malaria parasite - is reported as having
approximately 50 different proteins involved in merozoite invasion of red blood cells
and approximately 30 proteins in sporozoite invasion of liver cells (Patarroyo et al.
2015). This complexity of invasion mechanisms has developed over long-term co-
evolution with the animal innate immune system (Sacks and Sher 2002). The animal
innate immune system is designed to recognise, internalise and destroy pathogenic
microbes, so parasitic microbes have evolved sophisticated mechanisms to gain entry to
host cells and manipulate immune responses to their own benefit (Medzhitov and
Janeway 2000, Janeway and Medzhitov 2002, Pliiddemann et al. 2011). Our wealth of
knowledge about parasitic mechanisms can both inform and benefit the study of
mutualistic relationships. In particular, advances in apicomplexan parasitology may
offer important clues of how the taxonomically related dinoflagellates gain entry to
cnidarian hosts (Schwarz 2008). Many of the mechanisms of host entry and persistence
within host cells are potentially shared among these systems (Sachs et al. 2011a), and
cross-pollination between the two fields is a way to gain an understanding of the

complexity of signalling mechanisms involved in intracellular symbioses.
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1.2 Cnidarian-dinoflagellate symbiosis

Cnidarians are diploblastic: they have two-tissue layer organisation rather than the
triploblastic (three-tissue layer) organisation found in the majority of metazoan phyla.
A single opening acts as both mouth and anus to the gastrovascular cavity, and is
essentially a blind sac filled with seawater (Figure 1.1a). The epidermal tissue layer
houses specialised stinging cells called nematocysts, which can capture small
zooplankton prey and enable the cnidarian to feed heterotrophically. Despite this
heterotrophic ability, many cnidarians rely heavily on energy gained from a partnership
with photosynthetic microalgae (Venn et al. 2008, Yellowlees et al. 2008). The
cnidarian-dinoflagellate symbiosis is ecologically important as it is responsible for
supporting the construction of coral reefs (Muscatine and Cernichiari 1969), which
contain a quarter of global marine biodiversity (Wilson and Peter 1988, Reaka-Kudla et

al. 1996).

Bilateria

Anthozoa

Corals and anemones

Hydrozoa . .
s Cnidaria

— Cubozoa

Scyphozoa

Porifera

Sponges

Figure 1.1: Cnidarians as a basal group in metazoan evolution. Within the Cnidaria, the
Anthozoa are basal and the Hydrozoa are derived. Adapted from Miller et al. (2007).

Photosynthetic symbionts (microalgae and cyanobacteria) are common in the marine
invertebrate phyla Porifera (sponges) and Cnidaria (hydroids, jellyfish, anemones and
corals). The simple body organisation and large surface area-to-volume ratio of these
animal groups makes them ideal algal hosts (Venn et al. 2008). Cnidarians form an
important group of basal metazoans, and as a sister taxon to the bilaterians, they are

important to the study of metazoan evolution (Dunn et al. 2008). Figure 1.2 shows the
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phylogenetic relationships between members of the Cnidaria and other metazoans, with
a basal group, the Anthozoa, and a derived group, the Hydrozoa (Miller et al. 2007).
Corals and anemones belong to the cnidarian class Anthozoa, characterised by the lack
of a medusoid stage in their life cycle. Many anthozoans, including hermatypic corals
(reef-building corals), form a symbiotic association with dinoflagellate algae belonging
to the genus Symbiodinium. This relationship is ancient and widespread in tropical and,

to a lesser extent, temperate oceans (Stanley 2003).

d
Tentacle
Mouth
Gastrovascular cavity Mesoglea
Gastrodermis derived
Ectodermis from endoderm

b

Dinoflagellate symbiont

Gastrodermis

Gastrovascular cavity

Ectodermis Mesoglea

Figure 1.2: Simplified schematic diagram of a symbiotic anthozoan (phylum Cnidaria). (a) Polyp
showing two layered (diploblastic) tissue organisation and gastrovascular cavity filled with
seawater. (b) Transverse section through a tentacle showing dinoflagellate symbionts within
the gastrodermal tissue layer.

The cnidarian-dinoflagellate relationship is mutualistic; both partners derive benefit.
The partnership is based on nutritional exchange: dinoflagellates offer
photosynthetically fixed carbon (e.g. glucose, glycerol, amino acids) to the host in

exchange for inorganic nitrogen, phosphorus and carbon and a high-light, herbivore-
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free home (Yellowlees et al. 2008). Dinoflagellate symbionts reside inside host
gastrodermal cells (Figure 1.2b). In optimal sunlight, when the tentacles are fully
expanded, the symbionts form a monolayer to optimise light capture (Glider et al.
1980). The host has adapted to recycle inorganic nutrients that would ordinarily be
excreted and has developed mechanisms to deliver these to the symbiont (Yellowlees et
al. 2008). The symbiont can be described as providing a ‘waste disposal service’ to the
host by removing respiratory CO; and waste metabolites (Allemand et al. 1998). Figure
1.3 provides a detailed summary of the nutritional interactions between host and
symbiont. Many of the key questions regarding the mechanisms behind the metabolic
integration and transfer of metabolites in the alga-invertebrate symbiosis were raised
in the 1970s and early 80s by Muscatine and Trench, but remain unanswered
(Muscatine and Cernichiari 1969, Trench 1971, Muscatine 1974, Muscatine et al. 1975,
Colley et al. 1983, Fitt and Trench 1983). Indeed, despite decades of research in this
area, it is still not clear which organic compounds are available to the host and the
regulation of their release is even less clear (Venn et al. 2008, Davy et al. 2012).

Much of the early work exploring the cell biology of cnidarian-algal symbiosis used the
freshwater hydroid, Hydra viridis (or green hydra) that forms an intracellular
association with a chlorophyte belonging to the genus Chlorella (Cernichiari et al. 1969,
Muscatine et al. 1975, Jolley and Smith 1980, McNeil et al. 1982, McAuley and Smith
1982). This green Hydra research provided the basis for more recent studies of the
cnidarian-dinoflagellate symbiosis. Despite the difference in symbiotic partners, this
work is still relevant to the anthozoan-dinoflagellate symbioses, as very little research
of this type has been done since. Several studies from these early years are especially
relevant to the present study as they examine the mechanisms of symbiont recognition
and uptake, and will be considered further below (Cernichiari et al. 1969, Jolley and

Smith 1980, McNeil et al. 1982, McAuley and Smith 1982).
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Gastrovascular cavity: seawater pH ~8.2
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Host endodermal cell: pH ~ 7-7.5
Mesoglea

Figure 1.1: Schematic summary of nutritional interactions in the cnidarian-dinoflagellate
symbiosis. 1. Dissolved inorganic carbon (DIC) uptake. DIC is acquired either as bicarbonate
(HCO3) from the surrounding seawater or as CO; from the seawater or host
metabolism/calcification. In the case of HCOsz, it must be converted to CO; prior to
photosynthesis by the dinoflagellate symbiont. 2. Photosynthesis. CO; is photosynthetically
fixed through the Calvin-Benson cycle (i.e., the C3 pathway), with the dinoflagellate ultimately
synthesizing a range of organic compounds, including amino acids. 3. Translocation. A portion of
the photosynthetic products are translocated to the host cell. 4. Reverse translocation. Organic
compounds are likely translocated from the host to the symbiont; these compounds could arise
from host metabolism or be in the same forms as those originally translocated by the symbiont.
5. Host metabolism. Translocated compounds are used, alongside dissolved organic matter
(DOM) and particulate organic matter (POM) taken up from seawater, to support host
metabolism. The catabolism of nitrogenous compounds ultimately leads to the generation of
ammonium waste that can be assimilated by the symbiont. 6. Ammonium assimilation.
Excretory and seawater ammonium can be assimilated by both the host cell (pathway not
shown) and the symbiont, with translocated organic compounds providing carbon skeletons
necessary for host assimilation. The assimilation of excretory ammonium back into amino acids
by the dinoflagellate symbiont completes the process of “nitrogen recycling” by the symbiosis. 7.
Nitrate assimilation. Nitrate is taken up from the seawater, but only the symbiont can convert it
to ammonium for subsequent assimilation into amino acids. 8. Phosphate assimilation.
Phosphate is likewise taken up from seawater and can be assimilated by the dinoflagellate
symbiont. Note that uptake of nutrients can also occur from the ambient seawater via the
epidermis (not illustrated), but for simplicity these pathways are not shown. Re-drawn from
Davy et al. (2012).
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1.3  Establishment of cnidarian-dinoflagellate symbiosis

In relatively few cnidarians, dinoflagellate symbionts are transmitted through maternal
inheritance (i.e., in asexual reproduction or budding, or via implantation into the egg)
(Davy and Turner 2003), but in most cases symbionts must be acquired from the
surrounding seawater by cnidarian larvae or settling polyps (Babcock et al. 1986). The
mechanism by which the symbiont colonizes the host and is tolerated is a subject of
recent interest (Schwarz 2008, Weis et al. 2008, Davy et al. 2012, Lehnert et al. 2014).
The establishment of a symbiont population within the host can be described by three
sequential steps: (1) recognition and phagocytosis; (2) selection (specificity); and (3)
arrest of phago-lysosome maturation and symbiont persistence (Nyholm and Mcfall-
Ngai 2004, Davy et al. 2012). Each step involves inter-partner signalling and a degree of

cooperation between partners.

1.3.1 Symbiont recognition and uptake via phagocytosis

Host-symbiont recognition involves molecular signalling between host and symbiont, in
the form of complex partner crosstalk using a vast array of ligands, receptors and
protein cascades that control and regulate the onset of symbiosis. This initial contact
occurs between receptors within the extracellular matrix (ECM) of host gastrodermal
cells and the algal cell surface proteins. The Symbiodinium cell secretes large molecular
weight glycoproteins (Markell and Trench 1993). These secreted glycoconjugates
provide candidates for signalling and binding to host ECM receptors (Markell and
Wood-Charlson 2010). Lectin-glycan interactions are among some of the most studied
inter-partner recognition mechanisms. Several studies have investigated the role of
lectin-glycan signalling in the onset of cnidarian-dinoflagellate symbiosis (Lin et al.
2000, Wood-Charlson et al. 2006, Kvennefors et al. 2008, Wood-Charlson and Weis
2009, Logan et al. 2010, Markell and Wood-Charlson 2010), the green Hydra-Chlorella
symbiosis (Meints and Pardy 1980), and in the squid-Vibrio symbiosis (Nyholm et al.
2003, Nyholm and Mcfall-Ngai 2004). Experimental evidence in several symbiotic
systems implicates lectin-glycan interactions in recognition and phagocytosis of
symbionts by host cells (Wood-Charlson et al. 2006, Schwarz et al. 2008, Kvennefors et
al. 2008, Kerrigan and Brown 2009, Markell and Wood-Charlson 2010). The lectin-
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glycan signalling mechanism is discussed in terms of the host’s innate immune system
in the relevant section below.

Photosynthetic products can also act as signalling molecules enabling symbiont uptake
by the host. As previously mentioned, much of the early research in this area was
performed using the green Hydra-Chlorella symbiosis (Jolley and Smith 1980, McNeil et
al. 1982, McAuley and Smith 1982). Examination of the potential signalling molecules
found that certain strains of Chlorella released large amounts of photosynthate in the
form of the sugar maltose. These Chlorella strains were more successful at colonizing
the host than those releasing little or no maltose (Hohman et al. 1982, McNeil et al.
1982). Low maltose-releasing symbionts were attacked by host lysosomes, whereas
high maltose-releasing algae persisted inside the host cell. Interestingly, high maltose-
releasing algal cells treated with the photosynthetic inhibitor 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) were also destroyed by the host (McAuley and Smith 1982).
Symbionts are taken in through the host mouth and are subsequently taken up by
gastrodermal cells via phagocytosis (Schwarz et al. 1999). Dinoflagellate cells present in
the seawater can enter the gastrodermal cavity of polyps via the oral disc. Captured
particles can be wiped from tentacles on the oral disc, transported via ciliated grooves
on the tentacle and/or taken in with seawater by micro-currents generated by cilia
around the oral disc; alternatively, motile forms of the symbiont may swim directly into
the gastrodermal cavity (Fitt and Trench 1983). Once inside, the algae are ingested by
phagocytosis (Muscatine et al. 1975, McNeil 1981, Colley et al. 1983). Phagocytosis is a
special form of endocytosis, used to ingest large particles such as microorganisms and
dead cells (Sansonetti 2000).

Three distinct methods of phagocytosis of live symbionts have been characterised in
hydra: either a multiple membrane fold, a meshwork of microvilli or a funnel shaped
extension of the plasmalemma (McNeil 1981, McNeil et al. 1981). Specifically, heat-
killed cells were only ingested by a modified funnel mode and that Artemia (food
particles) were ingested only by a multiple membrane-fold mode (McNeil 1981). By
using plain latex beads and beads suspended in various solutions containing polyanions,
it was shown that ingestion via the microvilli mesh mode can be induced (McNeil et al.
1981). These observations lead to the following questions: does the mode of
phagocytosis determine the fate of the phagosome? Or does recognition or sorting into

digestible and non-digestible phagosomes occur post-phagocytosis? Phagocytic
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recognition by digestive cells is a separate mechanism to post phagocytic symbiont
recognition and symbiont selection (McNeil et al. 1982). Phagocytosis can be both
nutritive and act as an innate immune protective mechanism, whereby digestive cells
take up dangerous microbes with intent to destroy them (Sansonetti 2000).
Phagocytosis therefore be can be a non-specific uptake of a wide range of cells and
subsequent discrimination between symbionts, food particles and pathogens occurs

after entry to cells not before or during phagocytosis (McNeil et al. 1982).

1.3.2 Selection (specificity)

The dinoflagellate symbiont enters the host via phagocytosis, surrounded by a
phagosome composed of host-derived plasma membrane. Following successful uptake,
phagosomes containing specific dinoflagellate strains selectively develop into a
specialised vacuole referred to as the ‘symbiosome’, while other strains are expelled or
destroyed (Kazandjian et al. 2008, Peng et al. 2010). Only live and photosynthetically
active symbionts are retained by the host; dead and dysfunctional cells are rejected by
this post-phagocytic selective process (Dunn and Weis 2009).

Since the Symbiodinium phylotype can determine cnidarian host fitness, selection of
phylotypes by the host is important on both evolutionary and ecological timescales
(Lesser et al. 2013). Indeed, cnidarian hosts have been observed to preferentially form
associations with specific Symbiodinium phylotypes; this is termed ‘specificity’ (Baker
2003, LaJeunesse et al. 2004, Coffroth and Santos 2005, Van et al. 2005). Genetic
diversity within the genus Symbiodinium has been categorised into nine clades (A-I)
using the nucleotide sequence of the large ribosomal subunit to distinguish between
clades (Rowan and Powers 1991, Pochon et al. 2004) and the internal transcribed
spacer-2 (ITS2) to distinguish within clades. Clade C in particular shows considerable
within-clade diversity (LaJeunesse 2001). Some of these clades may be more beneficial
to their hosts than others: clade C, for example, may be interpreted as the optimal
symbiont for coral, whereas clades A & D may lower host fitness and may thus act as
parasites (Lesser et al. 2013). Most hosts are therefore equipped to preferentially retain
or reject certain Symbiodinium phylotypes, and the majority (approx. 75%) of host
species associate with one or two main Symbiodinium phylotypes, while maintaining a

very small population of diverse phylotypes (Baker 2003, Silverstein et al. 2012). For
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instance, in the coral Fungia scutaria, the larval preference for certain symbiont types
appears stable over geographic and temporal scales (Weis et al. 2001). These larvae
employ apoptosis-like pathways to prevent colonisation by unsuitable symbionts, and
inhibition of these pathways results in persistent infection of the host by these

previously incompatible Symbiodinium types (Dunn and Weis 2009).

1.3.3 Arrest of phago-lysosome maturation and persistence within host cells

Early cell biology research into the cnidarian-algal association investigated the
mechanisms of phago-lysosome maturation arrest and evasion of digestion. #C-labelled
and heat-killed Chlorella cells were readily and equally taken into hydra digestive cells
by phagocytosis, however heat-killed cells were rapidly digested while healthy
symbionts persisted (Hohman et al. 1982). The same study also found that healthy
symbionts were selectively transported from the apical site of phagocytosis to the base
of digestive cells. By labelling lysosomes with ferritin, it was shown that live symbiont-
containing phagosomes failed to attach to lysosomes whereas ferritin was found in 50%
of vacuoles containing heat-killed symbionts and all vacuoles containing Artemia food
particles (Hohman et al. 1982). Similar experiments were repeated using a marine
system, the jellyfish-dinoflagellate (Cassiopeia xamachana-Symbiodinium) symbiosis.
Again, phago-lysosome fusion occurred in heat-treated symbiont and food-containing
vacuoles, but there was no evidence of lysosome fusion with those containing live
symbionts (Fitt and Trench 1983). Evasion of phago-lysosome fusion can be reversed by
treatment with photosynthetic inhibitors such as polycationic polypeptides, DCMU and
darkness (Perez et al. 2001, Belda-Baillie et al. 2002, Weis et al. 2008). Dead or
photosynthetically-compromised dinoflagellate cells have been observed to accumulate
surface proteins that lead to lysosome targeting and eventual destruction (Fitt and
Trench 1983, McNeil and McAuley 1984). This would suggest that photosynthetic
products are necessary signals to avoid lysosome development.

The phagosome membrane contains proteins that provide signals to progress phago-
lysosome maturation. By manipulating the phagosome membrane, these essential
signalling proteins can be excluded (Zerial and McBride 2001, Hong et al. 2009b). The
symbiosome lacks characteristics of an ordinary phagosome (Chen et al. 2003b). Rab

GTPases coordinate membrane traffic, including vesicle formation and vesicle
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movement (Zerial and McBride 2001). Rab proteins can be used as markers to indicate
stages in endosome development: Rab5, 4, 15, 18, 20 and 22, for example, indicate early
endosome, while Rab11, 25 and 17 indicate recycling endosome, and Rab7, 9, 27 and 24
are associated with late endosome and lysosome fusion (Zerial and McBride 2001,
Greenberg and Grinstein 2002). In the sea anemone, Aiptasia-Symbiodinium association,
Rab proteins (Rab 7 and Rab 11) are excluded from the symbiosome membrane (Chen
et al. 2003b). These proteins are involved in the recycling process essential for
phagosome maturation, and their active exclusion, halts phagosome maturation and
prevents phago-lysosome fusion (Schwarz 2008). Further study of Rab proteins and
their association with the symbiosome in Aiptasia sp. showed that early endosomal Rab
proteins (Rab 3, 4 and 5) are associated with healthy symbionts within symbiosome

membranes (Chen et al. 2004, Hong et al. 2009b, 2009a).

1.4 Innate immunity in the context of cnidarian algal-symbiosis

The intracellular nature of the cnidarian-dinoflagellate mutualism raises many
questions regarding how the symbiont manages a potential immune response from the
host to gain entry and persist within host cells. All animals possess an innate immune
defence system that responds to microbial attack by recognising microbial associated
molecular patterns (MAMP’s) in the form of tell-tale microbial surface proteins, such as
glycans and lipopolysaccharide (LPS). The surface receptors of the innate immune
system are known as pattern recognition receptors (PRRs) and are responsible for
initiating various host defence pathways (Janeway and Medzhitov 2002). Several
studies have investigated innate immune pathways in cnidarians (Miller et al. 2007,
Schwarz et al. 2007, Bosch 2008, Wood-Charlson and Weis 2009, Kvennefors et al.
2010, Lépez et al. 2011, Hamada et al. 2012, Poole and Weis 2014) and in particular
potential tolerogenic signals between the two partners (Detournay et al. 2012). It is not
known how the cnidarian host manages the balance between beneficial microbes, such
as their symbiotic dinoflagellates, and the maintenance of an immune response to
pathogenic attack.

In mammalian cells, the extracellular matrix (ECM) provides the first line of defense
against invading microbes. PRRs of the animal innate immune system are responsible

for managing the microbiome, maintaining a balance between tolerating beneficial
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microflora and a response to pathogenic microbial attack (Schwarz 2008). PRRs in the
ECM are both secreted and transmembrane multi-ligand proteins, which recognise
MAMPs and trigger phagocytosis of alien microbes, leading to a cascade of phago-
lysosome maturation and proteolytic degradation or apoptosis (Sacks and Sher 2002,
Sotolongo et al. 2012). ECM proteins are therefore potential target ligands for microbial
surface proteins to bind and gain entry to host cells. Figure 1.4 describes host-microbe
signalling mechanisms during microbial invasion and phagocytosis in human
phagocytic cells and macrophages. Many of these receptor-ligand signalling
mechanisms have been identified in cnidarian systems through analysis of cnidarian
genomic resources (Miller et al. 2007, Bosch 2008, Kvennefors et al. 2008, Wood-
Charlson and Weis 2009, Kvennefors et al. 2010, Detournay et al. 2012). Phagocytic
surface receptors of the ECM include non-opsonic receptors (e.g. C-type lectins and
Scavenger Receptors), as well as opsonic receptors (e.g. complement receptor and Fc

receptors).

31



Opsonization C3 GPIs PG

Glycans

Microbe/Pathogen/Symbiont

* K

Collectins/

Ficolins
SR-A

SR-A/MARCO  SR-B
PRRs CD36/SRB1 CLEC MR : l
a ; , TLRs Complement

et recne receptors

K Phagocytic cell /

Figure 1.2: Host-microbe signalling during microbial invasion and phagocytosis in human

phagocytic cells and macrophages. Multiple pattern recognition receptors (PRRs) are expressed
in the extracellular matrix (ECM), either secreted or membrane bound. PRRs recognize
pathogens and symbionts alike via telltale microbe associated molecular patterns (MAMPs) on
the microbe surface, either through direct binding or by opsonization. Many pathogenic
microbes utilize these innate immune PRRs to gain entry to host cells via phagocytosis, though
certain apicomplexan parasites use active penetration after binding to the host cell surface
receptors, rather than receptor-mediated phagocytosis to enter host cells. Phagocytic surface
receptors include non-opsonic receptors (e.g. C-type lectins and scavenger receptors) as well as
opsonic receptors (e.g. complement receptor and Fc receptors). The toll-like receptor, TLR4 is
responsible for activating an immune response via NF-kB transcription. Collectins and ficolins
are secreted pattern recognition molecules that bind microbial oligosaccharides, enabling
complement activation and phagocytosis. MAMP signals can be amplified by the process of
opsonization, where secreted host opsonins such as C3, collectins and ficolins, bind to pathogen
cells to allow easier detection. MAMPs are sugar, protein, lipid, and nucleic acid compounds.
Abbreviations: TRAPs: thrombospondin-related anonymous proteins; C3: complement protein;
GPIs: glycosylphosphatidylinositol anchors; PG: peptidoglycan; LPS: lipopolysaccharide; SR:
scavenger receptors Class A and B; CD: cluster of differentiation; CLEC: C type lectin receptor;
MR: mannose receptor and FcR: receptor for the Fc portion of immunoglobulin. Figure compiled
from McGuinness et al. (2003), Pluddemann et al. (2011) and Davy et al. (2012).
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1.4.1 Complement pathway PRRs

The complement system is an innate immune pathway that, in vertebrates, promotes
phagocytosis and lysis of invading microbes. The complement protein C3, collectins and
ficolins are secreted pattern recognition molecules or opsonins that bind microbial
oligosaccharides, enabling complement activation and phagocytosis (Pinto et al. 2007,
Kimura et al. 2009, Dunkelberger and Song 2010, Nonaka 2011). This process of
labelling the surface of invading microbes in proteins refered to as opsonins such as C3,
is referred to as opsonization. Opsonin-coated microbes are recognized by complement
receptors such as CD14, complement receptor 3 (CR3) and Fc receptors, which in turn
initiate phagocytosis by host cells and also activate an inflammatory response (Gros et
al. 2008). The complement protein C3 has been identified in cnidarians and implicated
in symbiosis. C3 has been characterized in the coral Acropora millepora, where the
protein was shown to localize directly around symbionts in adult tissue (Kvennefors et
al. 2010). In addition, in the anemone Anemonia viridis, one C3 isoform showed tissue-
specific expression, while the other varied with symbiotic state (Ganot et al. 2011).
Other complement system molecules, including Factor B and MASP, have also been
characterized in cnidarians (Kimura et al. 2009, Shinzato et al. 2011). Three factor B and
two MASP sequences were characterised in the anemone Aiptasia sp., where functional
work determined that both proteins showed reduced expression in symbiotic animals,

indicating potential immune suppression in the host (Poole 2014).

1.4.2 C-type lectins

The C-type lectin defines a super family of proteins that are characterised by the
presence of one or more C-type lectin domains or CTLDs. CTLDs are involved in the
recognition of specific glycans, cell-cell adhesion and phagocytosis of potential
pathogens (Cambi et al. 2005, Kerrigan and Brown 2009). Examples of CTLD proteins in
mammalian systems are the mannose receptor (MR), which is implicated in opsonic
recognition and activation of the complement system and Dectin 1, which can directly
recognise MAMPs on the surface of microbes and mediate phagocytosis. In addition,
some C-type lectins work in combination with the complement system (e.g. mannose

binding lectin (MBL) promotes opsonisation of microbes by C3, and associated MASP
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proteins are activated on binding to pathogens which in turn cleave complement
components and activate the complement system).

Sixty-seven putative CTLD-domain-containing proteins, corresponding to a total of 92
putative CTLD domains have been identified in the genome of the non-symbiotic
anemone Nematostella vectensis (Wood-Charlson and Weis 2009). The Symbiodinium
cell surface glycome is recognised by host lectins, and glycan removal significantly
affected infection success in functional experiments involving the enzymatic removal of
surface glycans and the blocking of binding sites with various lectins prior to infection
(Bay 2011). Furthermore, experiments using fluorescently-labelled lectin probes
revealed very different binding patterns among Symbiodinium types, suggesting that the
dinoflagellate Symbiodinium cell surface glycome differs among different Symbiodinium

types (Wood-Charlson et al. 2006, Logan et al. 2010).

1.4.3 Scavenger receptors

Scavenger receptors (SR) comprise a large family of transmembrane cell surface
glycoproteins. They bind and initiate phagocytosis of microorganisms and their
products, such as LPS. SRs can alter cell morphology and their expression is modulated
by a wide range of cytokines (Areschoug and Gordon 2009). SRs are multi-domained,
however no single domain is common to all (Gough and Gordon 2000). As the name
‘scavenger’ suggests, all these proteins have a high affinity for a wide range of ligands,
and such is their plasticity that they have been described as “molecular fly paper”
(Krieger 1992). This flexibility of binding to potential ligands suggests that SRs provide
a wide range of cellular functions additional to host defence and innate immunity
(Greaves and Gordon 2009).

Class A and I SRs contain the scavenger receptor cysteine rich (SRCR) domain, which
consists of a 110 amino acid residue motif with conserved spacing of six to eight
cysteines that are involved in intradomain disulphide bridges (Hohenester et al. 1999).
The SRCR domain is an ancient and conserved protein domain that often occurs in
repeats in membrane and soluble proteins. In vertebrate systems, proposed functions
include acting as phagocytic receptors, epithelial homeostasis, cell aggregation and
immunity (Yamada et al. 1998, Janeway and Medzhitov 2002, Mukhopadhyay et al.
2004, Sarrias et al. 2004, Martinez et al. 2011, Whelan et al. 2012). SRCR-domain-
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containing proteins are important in pathogenesis and diseases such as atherosclerosis,
autoimmune diseases and cancer (Martinez et al. 2011). There are six different
subclasses of scavenger receptors (Classes A-F). Vertebrate SR Classes A and E contain
C-type lectin domains (CTLDs), which are involved in lectin-glycan interactions.
Vertebrate Class B SRs, such as CD36 and SRB1, consist of the CD36 domain, named
after the CD36 protein. The CD36 domain, via its ability to recognise oxidized
phospholipids and lipoproteins, is involved in lipid transport, recognition and
instigating the phagocytosis of apoptotic cells, bacterial and fungal pathogens and
modified low density lipoprotein (mLDL) (Silverstein and Febbraio 2009). In addition to
this, the vertebrate CD36 protein has been implicated in both assisting the pathogenesis
of various microbial pathogens (Gantt et al. 1997, Sacks and Sher 2002, Schafer et al.
2009) and the control of angiogenesis (Silverstein and Febbraio 2007).

SRs have been identified in invertebrate systems. Studies of the purple sea urchin,
Strogylocentrotus purpuratus, genome discovered a vastly expanded innate immune
receptor repertoire, including 218 genes encoding SRCR-domain-containing proteins
(Pancer et al. 1999, Pancer 2000, Rast et al. 2008). In cnidarians, SRs have been
identified in searches of the genomic data for Nematostella vectensis (Putnam et al.
2007), Acropora sp. (Schwarz et al. 2008) and the reef building coral, Pseudodiploria
strigosa (Ocampo et al. 2015). Two functional transcriptomic studies examined
differential expression of genes between symbiotic and aposymbiotic individuals of the
sea anemones Anthopleura elegantissima (Rodriguez-Lanetty 2006) and Aiptasia sp.
(Lehnert et al. 2012). Both studies found an SRB1-like protein to be upregulated in the
symbiotic state. However, to date, no comprehensive characterisation of the cnidarian
SR repertoire has been completed. The cnidarian SR repertoire represents one of many
potential surface receptors involved in the recognition and entry of symbionts into host

gastrodermal cells.
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Figure 1.3: Signalling pathway of toll-like receptors (TLRs). The pattern recognition receptors
(PRRs) such as the complement receptors, CD14 and TLR4, work in combination to respond to
microbe associated molecular patterns (MAMPs) such as lipopolysaccharide (LPS). The TLR
signalling cascade leads to the activation of NFkB and the activation of immune response genes.
(Takeda et al. 2003).

1.4.4 Toll-like receptors

Toll-like receptors (TLRs) are an evolutionarily conserved family of pattern recognition
receptors. TLRs are sensing receptors, some of which are expressed on the surface (e.g.
TLR4), while others are vacuolar (e.g. TLR9).. The TLR4 signalling cascade involves up
to nine signalling molecules (main molecules shown in Figure 1.5), and leads to the
activation of the major immunity gatekeeper transcription factor, NFkB. NFkB migrates
into the cell nucleus and activates a wide variety of genes that instigate an immune
response, such as the expression of nitric oxide synthase (NOS), which triggers the
production of cytotoxic nitric oxide (NO) and pro-apoptotic genes (Chang et al. 2002,
Takeda et al. 2003, Takeuchi and Akira 2010). TLR pathway components have been
characterised in cnidarians: five putative TLRs and all other pathway components were

identified in the non-symbiotic anemone Nematostella vectensis, and various

36



components have been identified in Acropora sp. Hydra sp. Fungia scutaria and
Aiptasia sp. (Miller et al. 2007, Schnitzler 2010). The production of NO in response to
multiple stressors, including elevated temperature, photosynthetic inhibitors and LPS
has been demonstrated in functional experiments in the anemone Aiptasia sp. (Perez
and Weis 2006, Detournay et al. 2012, Hawkins et al. 2013). The production of NO is
associated with the immune response triggered during cnidarian (coral) bleaching,
which is a collapse or dysfunction of the symbiosis at the cellular level as a response to
environmental stressors such as increased temperature and solar radiation (Douglas

2003, Hughes et al. 2003, Hawkins 2015).

1.4.5 TSR and TRAP proteins

The thrombospondin structural homology repeat, or TSR domain, was originally
characterized in the human thrombospondin-1 protein (TSP1). Protein-protein
interactions involving the TSR domain are central to TSP1 protein function, and the
discovery of multiple invertebrate and vertebrate TSR-domain-containing proteins has
raised questions about the importance and shared functions of this highly conserved
domain (Adams and Tucker, 2000). All TSR-domain-containing proteins have one or
more TSR domains, similar to the three repeats originally characterized in the human
TSP1 protein (Tucker 2004). The TSR domain consists of approximately 60 amino acids,
with several highly conserved motifs. TSR domains contain 6 conserved cysteine
residues, forming three disulphide bridges with the exception of a few malaria
thrombospondin-related anonymous proteins (TRAP’s) and human complement factor,
which contain five cysteines.

Several apicomplexan parasites use a TSR-domain-containing protein to assist in gliding
motility, recognition and to gain entry to host cells (Kappe et al. 1999, Vaughan et al.
2008, Morahan et al. 2009). The involvement of a TSR-domain in recognition and entry
of an apicomplexan parasite into host cells makes the TSR domain a target of interest in
the study of cnidarian-dinoflagellate symbiosis. Dinoflagellates are a sister taxon to the
apicomplexans within the infrakingdom Alveolata (Baldauf 2003, Saldarriaga et al.
2004, Janouskovec et al. 2010a), and might therefore share mechanisms of host
invasion (Schwarz 2008).

A recent investigation into the evolution of thrombospondin proteins revealed that
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cnidarians do not possess a classic TSP1 gene; the thrombospondin-like proteins in
cnidarians lack TSR domains (Bentley and Adams 2010). However, TSR-domain-
containing proteins were identified in all ten cnidarian species searched in a recent
study of candidate symbiosis related genes in all available cnidarian sequence resources
(Meyer and Weis 2012). A rhamnospondin gene with eight TSR domain repeats was
identified in the colonial hydroid Hydractinia symbiolongicarpus (Lopez et al. 2011), and
several TSR domain-containing proteins were identified in two species of corals,

Acropora palmata and Montastraea faveolata. (Schwarz et al. 2008).

1.5 Parasitic behaviour - links to the Apicomplexa

The exact role of innate immune receptors in the onset and maintenance of the
cnidarian-dinoflagellate symbiosis is only just starting to be understood. However, the
cellular process of invasion of several parasitic Protozoa is well studied and understood,
particularly for members of the phylum Apicomplexa (Sibley 2004). This group is
comprised entirely of obligate intracellular parasites. Parasitic protozoans are
important causes of infectious disease globally, and are responsible for prolonged and
chronic mammalian infections (Sacks and Sher 2002). Of these, three apicomplexan
parasites of medical or agricultural importance have been investigated in detail:
Plasmodium spp (the causative agent of human malaria), Toxoplasma gondii and

Cryptosporidium sp.

38



Prlmary
. > endosymb|05|s

O
Red algae green algae ’\

Glaucophytes

Secondary
endosymbiosis

——

Land plants

O/

v v

28

Dinoflagellate

Cryptomondas

020 ©©

Heterokont

Ciliate

Haptophyte

Apicomplexan

l Alveolates ]

1 Chromalveolates

Figure 1.4: A schema for the origin and evolution of plastids by primary and secondary
endosymbiosis, following the fate of the red algal lineage. A single primary endosymbiosis
between an unknown heterotrophic eukaryote (green) and a cyanobacterium led to the three
primary-plastid-bearing lineages (top). A secondary endosymbiosis between a red alga and a
heterotrophic host led to all red plastid containing eukaryotic algae (blue). Loss of
photosynthesis is pervasive in several of these lineages and, in the ciliates, the entire lineage is
non-photosynthetic. Dinoflagellates are a sister taxon to the Apicomplexa. Adapted from
Archibald et al. (2002), Keeling (2004) and Keeling (2013).

The apicpomplexans are a sister taxon to the dinoflagellates within the infrakingdom

Alveolata (Baldauf 2003, Janouskovec et al. 2010a). Apicomplexans have a cryptic (non-



photosynthetic) plastid discovered in the malaria parasite, Plasmodium sp. (McFadden
et al. 1996). Whole plastid genome phylogenies provide evidence that the plastid found
in both apicomplexans and dinoflagellates originates from a common red algal
endosymbiont ancestor to both (Janouskovec et al. 2010a). This secondary
endosymbiosis can be described by the event of a phototrophic eukaryote containing a
primary red plastid (a red algal primary endosymbiont) being phagocytosed but not
digested by a heterotrophic eukaryote (Archibald and Keeling 2002, Keeling 2004,
2013)(Figure 1.6). In apicomplexans, the cryptic plastid is called an apicoplast and in
Plasmodium sp. its prokaryotic cellular pathways have become important targets for

drug therapy against the parasite (Foth and McFadden 2003).

A close photosynthetic relative to apicomplexan parasites has been described and
provides a new model with which to study the evolution of parasitism within the
alveolates (Moore et al. 2008, Okamoto and McFadden 2008). Interestingly, this new
photosynthetic relative to the Apicomplexa, Chromera velia, is also a coral symbiont
(Moore et al. 2008). Within the alveolates, symbiosis and parasitism are thus
widespread, and indeed, these protists have a long history of interaction with animal
immunity. Due to the taxonomic proximity of dinoflagellates and apicomplexan
parasites, it may therefore be possible to draw comparisons between the mechanisms of
host invasion and host microbe signalling with those operating at the onset and
establishment of cnidarian-dinoflagellate symbiosis (Sacks and Sher 2002, Schwarz

2008, Areschoug and Gordon 2009).
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Table 1.1: Comparison of molecules and mechanisms used by two apicomplexan intracellular

parasites, a bacterium and Symbiodinium sp. Adapted from Schwarz et al. (2008).

Microbe

Toxoplasma

Plasmodium

Mycobacteria

Symbiodinium

Site of host-microbe
contact

Gastrointestinal
tract

Blood and liver via
blood or lymphatic
system

Gastrointestinal
tract and lung

Gastrovascular
cavity

Active invasion

Active invasion

Active invasion

Host-mediated
phagocytosis

Host-mediated
phagocytosis

Host target cell type

All nucleated cells

Merozoites target

Phagocytes within

Phagocytes within

maturation arrest

erythrocytes macrophage cells gastrodermal cells

Sporozoites target

Hepatocytes
Recognition/adhesion Glycosaminoglycans SRB1 + CD81 Complement C3 Lectins

e ;
molecules Sialicacid SRB1 SRB1?
Intracellular niche Non-phagosome Non-phagosome Modified Modified
vacuole vacuole phagosome phagosome

Manipulation of host Manipulation of Manipulation of host Phagosome Phagosome

maturation arrest

host signalling
pathways

response signalling pathways

In the case of host invasion, two general strategies are observed, active penetration and
host-mediated phagocytosis (Table 1.1). For example, both the apicomplexan parasites,
Toxoplasma gondii and Plasmodium spp., enter the host by active penetration. T. gondii
parasites attach to the outside of the host cell, and there is subsequent invagination of
the host-cell membrane. This invagination of the membrane is selective, excluding
specific host trans-membrane proteins by means of a moving junction, and creates a
specialised compartment within the host cell referred to as the parasitophorus vacuole
(PV) (Mordue et al. 1999). The PV is a non-phagosomal compartment, providing a safe
intracellular environment in which the parasite can divide and grow, eventually killing
the host cell by lysis and invading a new host cell. The malaria parasite, Plasmodium
falparcium, uses a transmembrane protein on the parasite’s cell surface, the
thrombospondin-related anonymous protein (TRAP), which binds to the CD36 domain
of SRB1 and to the tetraspanin CD81 on host hepatocyte cells (Ejigiri and Sinnis 2009).
CD36 aids formation of a tight junction, whereby selective invagination of the host
membrane forms the PV membrane (PVM), which is composed of both host- and
parasite-derived proteins, and bears no resemblance to the membrane of host

phagolysosomes or to that of digestive vacuoles (Lingelbach and Joiner 1998). The PVM
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allows complex signalling between host and parasite, and manipulation of the host
immune response (Musumeci et al. 2003).

Symbiodinium sp. uses the innate phagocytic mechanisms of cnidarian host digestive
cells to gain entry (McNeil 1981, McNeil et al. 1981). In relatively simple organisms,
such as cnidarians, digestive cells can also act like vertebrate macrophages and trigger
innate immune pathways, via phagolysosome maturation (McNeil 1983, McNeil and
McAuley 1984). Intracellular parasites, commonly manipulate host defence mechanisms
to their own advantage, making use of innate immune phagocytic mechanisms to gain
entry to host cells (Dietrich and Doherty 2009, Flannagan et al. 2009). For example,
Mycobacterium tuberculosis, the bacterium causing tuberculosis, makes use of
phagocytes within macrophages. More specifically, it arrests phagosome maturation by
interfering with the Rab-mediated progression of endosomal interaction with
lysosomes that deliver proteases and cause acidification within the phagolysosome
(Dietrich and Doherty 2009). By halting phagosome maturation at the early endosome
Rab5-mediated stage, the pathogen is able to persist (Schwarz 2008). Symbiodinium sp.
enters the cnidarian host via ingestion and is phagocytosed into host gastrodermal cells.
Invagination of the host membrane forms the host-derived symbiosome vacuole
(Muscatine et al. 1975, Roth & Stacey 1989), and phago-lysosome maturation is
manipulated via the same method of excluding specific Rab proteins from the

symbiosome membrane (Chen et al. 2003b, Fransolet 2012).

Both the symbiosome and the PV avoid fusion with the host endolysomal system. By
manipulating the ‘alien’-containing vacuole-membrane components, both
apicomplexans and dinoflagellates alter cell-signalling pathways and evade or halt
innate immune responses from the host cell. The vertebrate immune response is
undoubtedly more complex than the immune response provided by the cnidarian host.
However, macrophage innate immune receptors (depicted in Figure 1.4) such as
scavenger receptors (SRs), C-type lectins and toll-like receptors all have homologs
identified within cnidarian models (Rodriguez-Lanetty et al. 2006, Miller et al. 2007,
Wood-Charlson and Weis 2009, Lehnert et al. 2014).

The scavenger receptor class B type 1 (SRB1), which is upregulated in symbiotic

individuals of the sea anemone Anthopleura elegantissima (Rodriguez-Lanetty et al.
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2006), is known to facilitate infection of hepatocyte cells by Plasmodium (Rodrigues et
al. 2008, Yalaoui et al. 2008). In particular, the inhibition of SRB1 function reduced
Plasmodium berghei infection in mouse hepatocytes, and additional analyses revealed
that SRB1 plays a dual role in Plasmodium infection, affecting both sporozoite invasion
and intracellular parasite development (Rodrigues et al. 2008). Another study used
SRB1-knockout, SRB1-hypomorphic and SRB1-transgenic primary hepatocytes, as well
as specific SRB1-blocking antibodies, to show that SRB1 significantly boosts hepatocyte
permissiveness to Plasmodium entry and promotes parasite development (Yalaoui et al.
2008). Over-expression of SRB1 produced a conformational change in the plasma
membrane, making it easier for malaria sporozoites to attach and gain entry. Given the
taxonomic relatedness of Symbiodinium and members of the Apicomplexa, it is
conceivable that Symbiodinium makes use of similar pathways to gain entry and
establish itself within cnidarian host cells. SRB1 is also implicated in mycobacterial
recognition, however the pathogen employs multiple adhesion molecules and SRB1 is
not essential for successful pathogen entry (Schafer et al. 2009).

While many microbial pathogens avoid host recognition or dampen immune activation
in the host via sophisticated signalling, some pathogens benefit from the stimulation of
host immune pathways (Medzhitov 2007). A good example of this is the TGF immune
pathway, which is largely responsible for inducing tolerance and containing
inflammation (Li et al. 2006). In general, most macrophage pathogens have evolved
mechanisms to induce the production of TGF3 protein production as a mechanism for
supressing the macrophage inflammatory response and thus enhance pathogen
proliferation (Ming et al. 1995). Experimental evidence suggests that there is a
tolerogenic response to the symbiont via activation of the TGF immune suppressive
pathway (Detournay et al. 2012). Blocking the putative cnidarian TGFf protein reduced
infection success in re-infection experiments using aposymbiotic Aiptasia sp. anemones.
Blocking TGFf ligands also induced an immune response in symbiotic anemones in the
form of increased NO production (Detournay et al. 2012). In comparison to
aposymbiotic Aiptasia sp. symbiotic anemones produce significantly less NO in
response to immune stimulation by LPS (Detournay et al. 2012). This response is
mirrored in vertebrate macrophages parasitized by Leishmania major and Toxoplasma
gondii, where NO production is suppressed due to the tolerogenic effects of the TGF[
pathway (Li et al. 2006).
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1.6 Aiptasia sp. as a model organism

The field of cnidarian research has historically lacked a clear single model organism that
enables the study of all aspects of the cnidarian-dinoflagellate symbiosis. Corals are
notoriously difficult to keep in aquaria, however anemones lack the skeleton of
hermatypic (reef building) corals. The symbiotic Indo-Pacific branching coral Acropora
millepora is the preferred model species for the study of the coral skeleton and tissue
interface, as it is relatively easy to collect branch fragments and maintain them in
laboratory aquaria (Weis et al. 2008). However, this species is not ideal for symbiosis
studies as it cannot be rendered aposymbiotic (cleared of algal symbionts) and
specimens re-infected under laboratory conditions do not survive. Using A. millepora
also involves taking coral fragments from living reefs. For these reasons, the glass
anemone (Aiptasia sp.) has been proposed as a model organism for studying the
cnidarian-dinoflagellate symbiosis (Weis et al. 2008). The functional work presented in
this thesis is all performed on this model organism.

Aiptasia sp. is a common pest species colonising marine tropical aquaria, producing
large clonal populations that are difficult to remove (Figure 1.7a). Due to its robust
nature, Aiptasia sp. is a good species for laboratory culture, where it is easily maintained
in small aquaria. Symbionts can be removed completely by cold shock, and
aposymbiotic anemones can be maintained and re-infected with a variety of
Symbiodinium strains (Schoenberg and Trench 1980, Lin et al. 2000, Belda-Baillie et al.
2002, Perez and Weis 2008, Starzak et al. 2014) (Figure 1.7b). Access to both symbiotic
and aposymbiotic animals allows for the study of symbiosis onset (Figure 1.7 c and d).
Aiptasia sp. is dioecious (of both sexes), and reproduction is both sexual and asexual. As
with corals, gametes are released into the water column, where fertilisation occurs and
planula larvae develop. Asexual reproduction occurs by basal or pedal laceration,
whereby small pieces of tissue bud from the base of the anemone where it attaches to
the substrate. These small buds metamorphose into tiny clones of the original
anemone. During times of extreme stress, such as low light, disturbance, heat stress and
low oxygen, Aiptasia sp. increases asexual reproduction by pedal laceration (Belda-

Baillie et al. 2002).

44



Figure 1.5: (a) The model anemone Aiptasia sp. is a considered a pest by tropical marine
aquarium enthusiasts, as it grows quickly by asexual reproduction (Image: Dan Logan). (b)
Confocal microscope image of whole Aiptasia sp. anemone. DAPI (blue) stains the nuclei of both
anemone and Symbiodinium cells; red chloroplast autoflorescence labels healthy dinoflagellate
cells within the tentacle gastrodermal layer during the early stages of infection (Image: Dan
Logan). (c) Aiptasia sp. in the symbiotic (c) and aposymbiotic (d) states (Images: Tom Hawkins).

Aiptasia sp. has been used experimentally to examine: recognition and specificity
(Schoenberg and Trench 1980, Lin et al. 2000, Belda-Baillie et al. 2002, Starzak et al.
2014), stress (Perez and Weis 2006, Dunn et al. 2007a), gene expression (Kuo et al.
2004, Dunn et al. 2006, 2007b, Lehnert et al. 2014), the biology of the symbiont (Glider
et al. 1980, Steen 1986, Lesser and Shick 1989), symbiosis maintenance and cellular
alteration (Chen et al. 2003b, 20033, 2004, 2005, Detournay and Weis 2011, Detournay
et al. 2012), and nutrition (Wang and Douglas 1997, Muller-Parker 2001). In addition, a
transcriptome for A. pallida is available (Lehnert et al,, 2012; Lehnert et al,, 2014), and
genome sequencing was completed during the writing of this thesis (Baumgarten et al.
2015). Figure 1.8 shows confocal microscope images (a and b) of symbionts within the
tentacles of Aiptasia sp, and a light microscope image of dinoflagellate cells in

laboratory culture (c).
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Figure 1.6: (a) Confocal microscope image of a tentacle squash of the symbiotic anemone
Aiptasia sp. Dinoflagellate symbionts are clearly visible by the red chlorophyll autoflorescence
(Image: Dan Logan). (b) Confocal microscope image of proliferation of dinoflagellate cells
within an Aiptasia sp. tentacle (Image: Emilie Neubauer). A single host gastrodermal cell may
contain up to four dinoflagellate cells. (c) Light microscope image of Symbiodinium cells in
culture (Image: Tom Hawkins).

1.7 Available sequence resources for cnidarians

Due to the lack of a clear cnidarian model organism and the relatively small field of
cnidarian researchers, cnidarian sequence resources have lagged behind those for all
other taxa, including sponges. Until very recently there was no whole sequenced
genome of a symbiotic cnidarian available. The combination of a general cooperative
approach and next generation sequencing (NGS) technologies becoming both easier and
cheaper has led to a recent sharp increase in available sequence data for cnidarian
species. The newly available data have provided much needed comparative possibilities
for the study of the cnidarian-dinoflagellate symbiosis. The first publically available,
sequenced anthozoan genome was for the non-symbiotic brackish water anemone,
Nematostella vectensis (Putnam et al. 2007). The N. vectensis genome provided insight

into the genetic complexities of cnidarians, and several studies revealed vertebrate
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signalling pathways to be conserved in cnidarians (Ryan et al. 2006, Sullivan et al. 2006,
Putnam et al. 2007, Dunn et al. 2008, Wood-Charlson and Weis 2009). Recently a
symbiotic anthozoan genome has become available, for the reef building coral Acropora
digitifera (Shinzato et al. 2011). Comparison of N. vectensis and A. digitifera genomes
has revealed putative symbiosis-associated genes that may function in the onset and
maintenance of cnidarian-dinoflagellate symbiosis (Meyer and Weis 2012).

The majority of genetic data projects over the last decade have produced transcriptome
data rather than full genomes. Transcriptomes generated using next-generation
sequencing (expressed sequence tags (ESTs), 454 pyrosequencing and Illumina HiSeq
technologies), have been published for 12 anthozoan species: Montastraea faveolata
(Schwarz et al. 2008) Acropora millepora (Schwarz et al. 2008, Meyer et al. 2009, Moya
et al. 2012); Acropora palmata (Polato et al. 2011); Pocillopora damicornis (Traylor-
Knowles et al. 2011, Vidal-Dupiol et al. 2013); Porites astreoides (Kenkel et al. 2013);
Aiptasia pallida (Lehnert et al. 2012); Porites australiensis (Shinzato et al. 2014a);
Corallium rubrum (Pratlong et al. 2015); Fungia scutaria, Montastraea cavernosa,
Seriatopora hystrix and Anthopleura elegantissima (Kitchen et al. 2015). These resources
represent various developmental stages and symbiotic states, which limits the study of
interplay between the two partners. Indeed, several studies have shown differential
gene expression when comparing transcriptome data from symbiotic versus
aposymbiotic anemone tissues (Rodriguez-Lanetty et al. 2006, Moya et al. 2012, Lehnert
et al. 2014).

While these data are valuable, they can only provide a snapshot of the proteins
expressed at the time the transcriptome was made. Comparison of specific proteins
found between species for which only transcriptome data are available is problematic,
as they simply may not be expressed at the time of sequencing. The amount of available
cnidarian sequence data is increasing exponentially, thereby increasing the number and
diversity of anthozoan resources for comparative, phylogenetic and functional analyses.
During the completion of this thesis, the genome for the symbiotic anemone Aiptasia sp.
has been published (Baumgarten et al. 2015), this allows a direct comparison of genome

and transcriptome data.

47



1.8

Aims and scope of this study

This thesis aimed to unravel certain aspects of the cellular mechanisms underlying the

establishment and maintenance of the cnidarian-dinoflagellate symbiosis, learning from

the cellular mechanisms employed by various parasitic Protozoa. By taking a model-

systems approach with Aiptasia sp, | aimed to contribute to the global effort to advance

our understanding of the cell biology of this ecologically important symbiosis. My work

combined cell biology and microscopy techniques with molecular techniques, as well as

immunological manipulation and bioinformatics.

The three experimental chapters have the following objectives and hypotheses:

Chapter 2:

Objective 1: Characterise the scavenger receptor repertoire in six cnidarian
species using available sequence resources and bioinformatics techniques.
Objective 2: Examine the role of SRs in symbiont uptake and recognition using

functional experiments with Aiptasia sp.

Hypotheses: a) SRs are involved in symbiont recognition and uptake; b) blocking
SRs will induce an immune response in the host, indicating SR involvement in

modulation of a host immune response to the symbiont.

Chapter 3:

Objective 1: Characterise the TSR-domain-containing protein repertoire in six
cnidarian species and the dinoflagellate Symbiodinium minutum, using available
sequence resources and bioinformatics techniques.

Objective 2: Compare and contrast vertebrate TSR-domain-containing proteins
of known function with the cnidarian and Symbiodinium minutum TSR

repertoires.
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e Objective 3: Establish the presence of known binding motifs and their

conservation within the cnidarian TSR-domains.

Hypotheses: a) Cnidarians posses multiple TSR-domain-containing proteins; b)
Cnidarian TSR domains contain conserved binding motifs for CD36/SRB1 and

Glycosaminoglycans.

Chapter 4:

e Objective: Establish functional evidence that TSR-domain-containing proteins

are involved in the regulation of the cnidarian-dinoflagellate symbiosis.

Hypotheses: a) A TSR-domain-containing protein is essential for successful
symbiont entry to host cells; b) a TSR-domain-containing protein provides a
ligand for SRB1 proteins upregulated in the cnidarian symbiotic state; c) a TSR-
domain-containing protein is involved in initiation of the TGF@ pathway in

cnidarians.

This thesis draws on the knowledge-base of parasite research, which provides a
focus and suggests potentially important receptor-ligand signalling pathways for
host entry and intracellular persistence. By studying specific aspects of innate
immune pathways [ will draw parallels between known mechanisms of parasite
invasion and symbiont acquisition, thereby providing further evidence for shared

strategies among parasites and mutualistic symbionts.
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Chapter 2

The scavenger receptor repertoire in six cnidarian species
indicates a potential role in the establishment of cnidarian-

dinoflagellate symbiosis.

2.1 Introduction

The scavenger receptor ‘superfamily’ comprises a large family of structurally diverse
transmembrane cell surface glycoproteins. Scavenger receptors (SRs) are named for
their role in scavenging and clearing of modified host molecules, microbial invaders and
apoptotic cell debris, and play an important role in innate immune defense by acting as
pattern recognition receptors (PRRs) against microbial pathogens (Yamada et al. 1998,
Areschoug and Gordon 2009). The first SR was discovered in cholesterol experiments in
1979 (Goldstein et al. 1979). Vertebrate SRs were originally defined functionally by
their ability to bind modified low-density lipoproteins (mLDL), but not native LDL.
However, it is now known that all SRs have a high affinity for a wide range of ligands.
This flexibility of binding to potential ligands has led SRs to be described as ‘molecular
fly paper’ (Krieger 1992). The most commonly described function for SRs is to act as
phagocytic receptors mediating direct non-opsonic phagocytosis of pathogenic
microbes (Areschoug and Gordon 2009). Unlike complement pathway receptors, SRs
recognise microbe associated molecular patterns (MAMPs) on the microbe surface

without the need for opsins such as C3 to first bind the microbe and aid detection.

SRs exist in multiple Classes with overlapping specificities that allow for the recognition
of many microbial- and pathogen-associated molecular patterns (MAMPs and PAMPs)
(Krieger 1997). This extensive binding capability is due not only to the wide range of
proteins included in the SR superfamily, but also to their capacity to partner with
various co-receptors (Canton 2013). Similar to other innate immune receptors, it is
likely the SRs arose early in evolution to recognize a multitude of endogenous and

exogenous structures (Krieger 2001). Recent studies show that several pathogens have
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evolved mechanisms to evade SR-mediated recognition (Areschoug et al. 2008, Faure
and Rabourdin-Combe 2011). Indeed, several human pathogens exploit specific SRs for
their own benefit, using their phagocytic abilities to gain entry to host cells. Both the
Hepatitis C virus (HCV) (Catanese et al. 2007) and sporozoites from the malaria parasite
(Plasmodium falciparum) (Ndungu et al. 2005, Rodrigues et al. 2008) have surface
ligands that are recognized by the scavenger receptor SRB1, and use this method to gain

entry to human hepatocyte cells.

Domain architecture Class A Class B Class E Class |
SRA1 SRB1 LOX1 CD5/6
| Cytoplasmic tail MARCO CD36 CD163
SRCL LMP2
Transmembra”e Extracellular
domain

[l Collagen domain /]

© SRCR domain

Plasma membrane

. - = F=:T'7'—T _]'
D CTLD domain Endothelial Expressed
Localised to macrophages Concentrated in receptor, also in epithelia
Initiates phagocytosis and Plasma found on
CD36 domain cell to cell adhesion membrane macrophages Intracellular
caveolae and smooth

muscle cells

Figure 2.1: Domain architecture of vertebrate SRs. Class A mammalian SRs are characterized by
having one or more collagen domains. Class B SRs are defined by having two cytoplasmic tails
either side of the CD36 domain (there is an SRB protein also named CD36), Class E SRs have a C-
type lectin domain (CTLD). Class I SRs have multiple copies of the SRCR and no other
identifiable domains. SRCR, scavenger receptor cysteine-rich domain; CTLD, C type lectin
domain; MARCO, macrophage receptor with collagenous structure (also known as SCARAZ and
SR-A2); SRCL, scavenger receptor with C-type lectin (also known as SCARA4 and CLP1); LOX1,
lectin-like oxidized LDL receptor 1; LMP2, lysosomal integral membrane protein.

Membrane associated SRs are divided into nine Classes, labeled SR-A to -I, although
Class C scavengers are only found in the fruitfly, Drosophila melanogaster (Canton
2013). Figure 2.1 provides a diagrammatic representation of four of the nine SR classes.
Members within a given Class share some sequence similarity, though among classes
there is little similarity of domain structure; SRs are multi-domained, and no single
domain is common to all (Gough and Gordon 2000, Gordon 2002). SRs are found in the
extracellular matrix (ECM), anchored in the cell membrane with a cytoplasmic talil,

which is short and does not contain any identifiable protein domains. The extracellular
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domain contains a myriad of receptor domains. This study focuses on three common SR

domains, the SRCR domain, the CTLD, and the CD36 domain.

Class A and I SRs contain the scavenger receptor cysteine rich (SRCR) domain, which
consists of a 110 amino acid residue motif with conserved spacing of six to eight
cysteines that are involved in intradomain disulphide bridges (Hohenester et al. 1999).
The SRCR domain is an ancient and conserved protein domain that often occurs in
repeats in membrane and soluble proteins. In vertebrate systems, proposed functions
include acting as phagocytic receptors, epithelial homeostasis, cell aggregation and
immunity (Yamada et al. 1998, Janeway and Medzhitov 2002, Mukhopadhyay et al.
2004, Sarrias et al. 2004, Martinez et al. 2011, Whelan et al. 2012). SRCR-domain-
containing proteins are also important in pathogenesis and diseases such as
atherosclerosis, autoimmune diseases and cancer (Martinez et al. 2011). Vertebrate SR
Classes A and E contain C-type lectin domains (CTLDs), which are involved in lectin-
glycan interactions. Vertebrate Class B SRs consist of the CD36 domain, named after the
CD36 protein. Class B SRs have two cytoplasmic tails rooted in the membrane, forming a
loop in the ECM. SR genes coding for all three of these domains - SRCR, CTLDs and CD36
- have also been described in invertebrates (Pancer et al. 1997, Hibino et al. 2006,
Schwarz et al. 2007, Wood-Charlson and Weis 2009, Lehnert et al. 2014). However, little
is known about the functions of these SR domains, and in particular the CD36 domain, in

invertebrates, including cnidarians.

Cnidarians represent a basal metazoan phylum of invertebrates that includes sea
anemones, corals, jellyfish and hydroids. Cnidarians regularly form an intracellular
symbiosis with photosynthetic dinoflagellates of the genus Symbiodinium. The
relationship between reef-building corals and dinoflagellate endosymbionts provides
the trophic and structural foundation of the coral reef ecosystem, supporting immense
biodiversity. The symbiont resides within a host-derived vacuole within host
gastrodermal cells. The relationship is based on mutualistic nutrient exchange, where
the dinoflagellate provides fixed carbon to the cnidarian host in return for inorganic
nutrients and a high light environment safe from predation (Yellowlees et al. 2008). In

contrast to our knowledge of the mechanisms employed by vertebrate parasites and
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pathogens to invade host cells, there is limited research and understanding of how the

cnidarian-dinoflagellate symbiosis is established and maintained.

There is strong evidence to suggest that the establishment of a steady state cnidarian-
dinoflagellate symbiotic relationship involves a number of complex steps: recognition,
phagocytosis, selection, arrest of phago-lysosome maturation, and control of the cell
cycle and symbiont proliferation (Davy et al. 2012). Dinoflagellate symbionts are most
commonly obtained from the environment during host early life history stages rather
than directly via the gametes. Symbionts are taken in through the host mouth and are
subsequently taken up by gastrodermal cells via phagocytosis (Schwarz et al. 1999).
Initial recognition between cnidarian host and dinoflagellate symbiont, as well as
symbiont uptake, are thought to involve a series of complex receptor-ligand interactions
(Davy et al. 2012). Dinoflagellates somehow gain entry into host gastrodermal cells and
avoid digestion once inside the host vacuole. It is not known how the cnidarian host
manages the balance between beneficial microbes, such as their symbiotic

dinoflagellates, and the maintenance of an immune response to pathogenic attack.

While the exact role of innate immune receptors in the onset and maintenance of the
cnidarian-dinoflagellate symbiosis is only just starting to be understood, known
invasion mechanisms from apicomplexan intracellular parasites may provide clues
about mechanisms at play. The Apicomplexa comprise a well-studied group of
unicellular eukaryote parasites such as P. falciparum and Toxoplasma gondii, which are
the sister taxon to dinoflagellates within the kingdom Alveolata (Baldauf 2003,
Janouskovec et al. 2010b). Due to the taxonomic proximity of dinoflagellates and
apicomplexan parasites, it is possible to draw comparisons with the mechanisms
operating at the onset and establishment of cnidarian-dinoflagellate symbiosis (Sacks
and Sher 2002, Schwarz 2008, Areschoug and Gordon 2009). The host cell invasion
strategies employed by apicomplexan parasites, such as the malaria parasite P.
falparcium, are well studied and involve a unique process by which a transmembrane
protein on the parasite’s cell surface, the thrombospondin-related anonymous protein
(TRAP), binds to the CD36 domain of SRB1 on host hepatocyte cells. SRB1 plays an
important role in Plasmodium infection, as it promotes sporozoite invasion of

hepatocyte cells and subsequent intracellular parasite development (Rodrigues et al.
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2008). Thus, in malaria, the CD36 domain is targeted by the parasite and prevented
from raising the alarm in host defense.

The cnidarian SR repertoire represents one of many potential surface receptors
involved in the recognition and entry of symbionts into host gastrodermal cells. Two
functional transcriptomic studies examined differential expression of genes in
symbiotic compared to aposymbiotic individuals of the sea anemones Anthopleura
elegantissima (Rodriguez-Lanetty 2006) and Aiptasia sp. (Lehnert et al. 2012). Both
studies found an SRB1-like protein to be upregulated in the symbiotic state. In Aiptasia
sp., the SR type B gene showed a 28-fold increase in expression between symbiotic and
aposymbiotic anemone clones. This substantial increase in expression suggests that the
SR Class B gene is involved in maintenance of the cnidarian-dinoflagellate symbiosis.
The Class E SRs, which contain C-type lectin domains (CTLDs), are another potential SR
ligand involved in recognition and uptake of dinoflagellate symbionts by cnidarian host
cells. Studies of the make-up of the Symbiodinium cell surface glycome used florescent
lectin probes to identify potential glycan-lectin ligands on freshly isolated Symbiodinium
cells (Wood-Charlson et al. 2006, Logan et al. 2010). Another study identified 92 C-type
lectins in the genome of the non-symbiotic sea anemone Nematostella vectensis,
suggesting that a repertoire of lectins could be operating as MAMP-PRR interactions
during establishment of a symbiosis. Two studies of coral species identified mannose-
binding lectins with CTLDs: Millectin from Acropora Millepora (Kvennefors et al. 2008,
2010) and PdC lectin from Pocillopora damicornis (Vidal-Dupiol et al. 2009).

The aim of this chapter was to examine the repertoire of SRs in six cnidarian species
using a variety of available genomic and transcriptomic resources. A complete genome
is available for the symbiotic anthozoan Acropora digitifera, and transcriptome data are
available for several more symbiotic cnidarian species (Kitchen et al. 2015). The
description of the cnidarian SR repertoire, together with a comparison to vertebrate SRs
of known function, will provide a platform for identifying potential roles of cnidarian SR
proteins. These bioinformatic searches were paired with a set of simple functional
experiments, which examined a role for SRs in symbiont recognition and uptake by host

gastrodermal cells.
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2.2 Materials and Methods

2.2.1 Cnidarian genomic and transcriptomic resources

To characterize the SR protein repertoire in cnidarains, six anthozoan (coral, sea
anemone) species with publically available genomic or transcriptomic resources were
searched for SR proteins. These included three anemone species: Anthopleura
elegantissima (Kitchen et al. 2015), Aiptasia sp. (Lehnert et al. 2012, Baumgarten et al.
2015) and Nematostella vectensis (Putnam et al. 2007), and three coral species:
Acropora digitifera (Shinzato et al. 2011), Acropora millepora (Moya et al. 2012) and
Fungia scutaria (Kitchen et al. 2015). These resources represent various developmental
stages and symbiotic states (Table 2.1). All resources were used without manipulation,
with the exception of the Aiptasia sp. transcriptome, for which raw Illumina sequence
reads for accession SRR696721 were downloaded from the sequence read archive entry
for the aposymbiotic CC7 transcriptome (www.ncbi.nlm.nih.gov/sra/SRX231866) and
reassembled using Trinity (Grabherr et al., 2011).

2.2.2 SR sequence searching and verification

Twenty-four non-cnidarian sequences were obtained, primarily from GenBank, for use
in creating multiple sequence alignments and protein trees (accession numbers listed in
Appendix A3). Eleven human SR genes were chosen to produce reference protein
domain architecture diagrams, to compare predicted cnidarian proteins with human SR
proteins of known function (Figure 2.2).

To search for cnidarian SR proteins, initial searches were performed in N. vectensis,
through the Joint Genome Institute Genome portal (http://genome.jgi-
psf.org/pages/blast.jsf?”db=Nemvel). Keyword searches within the N. vectensis online
genome portal were performed using the keywords: scavenger, SR, SRCR, CD36, and
LMP2. In annotated genomes, keyword searches are comprehensive, and BLAST
searches using mouse and human SR protein sequences indicated that all SR-like
sequences had been identified through keyword searches. Consensus sequences
(pfam01130: CD36, pfam00530: SRCR) from the conserved domain database
(http://www.ncbi.nlm.nih.gov/cdd) (Marchler-Bauer et al., 2013) were used as queries

in tBLASTn searches of each anthozoan resource. A high E-value cutoff (1x10-1) was
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used in the tBLASTn searches to recover more divergent sequences. All BLAST searches

were performed using Geneious pro version 5.4.3 (Drummond et al,, 2011).

All databases were queried in the same way, using either BLASTp or tBLASTn searches
using mouse and human SR protein sequences (SR-A1, MARCO, SRCL, CD36, SRB1/2,
LMP2, and LOX1), combined with keyword searches (CD36, SRCR and scavenger) of the
GO or KEGG annotation. To ensure that as many SR protein sequences as possible were
recovered, representative N. vectensis sequences of each protein type (SRCR-domain-
containing, CD36, SRB1, and LOX1) were also used as queries for tBLASTn searches of
the other five anthozoan resources. To confirm that the sequences obtained contained
SR domains, nucleotide sequences were translated using the program Geneious version
7.1.8 (http://www.geneious.com, (Kearse et al. 2012) and then annotated using the
Geneious InterProScan plugin (Quevillon et al. 2005). InterProScan simultaneously
searches nine different protein domain databases, only sequences where two or more
databases found either SRCR, CD36 and CTLD domains and with an E- value of less than
1x10-4 were used. Where InterProScan was unable to resolve protein domains these
sequences were used as query sequences for the online protein domain database PfamA
(http://pfam.sanger.ac.uk) (Punta et al,, 2012). Sequences for each species were aligned
and those that were identical or almost identical (less than 5aa difference in the
conserved domains) were omitted from the analysis as they likely represented artifacts
of assembly issues or different isoforms of the same protein. Protein fragments missing

a start or a stop codon were removed from the analysis.

To verify SR proteins, only proteins that showed significant pfam A matches to a SR
domain or motif were included in the analysis. Proteins were annotated using the
Geneious plugin InterProScan, using the Pfam A database, and then checked by eye.
Diagrammatic representations of the various protein domain configurations were then
produced using this information. Protein-domain architectures were grouped together

according to common domains and compared to known human SR proteins (Figure 2.3).

CD36 domains were extracted and a multiple sequence alignment was performed with
the MAFFT v 7.017 plug-in through Geneious, using the default settings (Katoh et al.
2002, Kearse et al. 2012). To choose the best-fit model of protein evolution, I used the
program ProtTest v2.4 (Abascal et al. 2005) to apply AIC1, AIC2Z and BICZ model
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selection criteria to a variety of possible substitution matrices and rate assumptions.
The results from the overall comparison of these metrics indicated that the best-fit
model for the full-length alignment was WAG+G+F (Whelan and Goldman 2001). A
maximum likelihood tree was produced using FastTree v2.1.5. Bootstrap support values
were generated using the online program SEQBOOT and values above 60-100% support

were displayed in the tree as decimals at tree nodes.

2.2.3 Maintenance and preparation of anemone and dinoflagellate cultures

Symbiotic Aiptasia sp. cultures were maintained in saltwater aquaria at 26°C with a
12/12 h light/dark photoperiod, and were fed twice weekly with live brine shrimp.
Animals were rendered aposymbiotic with incubation for 8 h at 4 °C followed by
maintenance in the dark. Anemones were fed daily with brine shrimp, and cleaned of
expelled symbionts and food debris daily.

Cultured dinoflagellates, Symbiodinium sp., clade B1 (culture ID: CCMP830) were
maintained in 50 ml flasks in sterile Guillard’s f/2 enriched seawater culture medium
(Sigma, St. Louis, MO, USA). Dinoflagellate cultures were maintained at 26°C ona 12/12
h light/dark photoperiod.

In preparation for experimental manipulations, individual anemones were placed in 24-
cell well-plates in 2.5 ml of 1-pm filtered seawater (FSW) and acclimated to the well-
plate for 3-4 days, with the water replaced daily. Well plates containing aposymbiotic
anemones were exposed to as little light as possible and symbiotic anemones were
maintained in an incubator at 26°C with a 12/12 h light/dark photoperiod. Animals

were not fed during the experimental time period.

2.2.4 Addition of fucoidan to block SR binding function

To explore a role for scavenger receptors in the onset of symbiosis, fucoidan, a known
SR ligand, was added to anemones to block SR binding sites. Fucoidan is a protein
derived from the brown alga Fucus vesiculosus; this polyanionic ligand is known to bind
positively charged portions of Class A and B SR proteins, and block the binding of
modified LDL (Hsu et al. 2001, Dinguirard and Yoshino 2006, Thelen et al. 2010).
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To examine the effect of blocking SR binding capabilities on symbiont infection success
aposymbiotic anemones (three anemones per treatment per time point) were pre-
incubated in fucoidan (Sigma Eldrich #F563), at a concentration range of 0 (FSW
control), 100, 200 and 400 pg/ml for 18 hours, according to Bowdish Lab protocols
(online at McMaster University; www.bowdish.ca/lab/protocols). Fucoidan-treated
aposymbiotic anemones were subsequently re-infected with Symbiodinium clade B1
(culture ID: CCMP830). Symbiodinium cell cultures were rinsed clean with FSW twice,

re-suspended in FSW, and then added to well-plates (containing anemones) to a final

concentration of 2 x 10° symbionts per ml. After incubation for 12 h at 26°C in the light,
anemones were rinsed twice with FSW and fucoidan treatments were refreshed. To test
the effect of fucoidan on host health, a second control treatment (fucoidan-washed
control), was prepared where aposymbiotic anemones were pre-incubated in 200
ug/ml fucoidan for 18 hours, and then washed clean with FSW prior to re-infection with
symbionts as described above. Anemones for all treatments were sampled at 48 and 96
h post-infection (three tentacles per anemone, for n = 3 anemones per treatment per

time point).

A second experiment examined the potential stress response to blocking SR binding
capabilities in symbiotic anemones. The production of nitric oxide (NO) is known to
indicate an immune or stress response in anemones (Perez and Weis 2006, Detournay
and Weis 2011). If a symbiont is utilizing host SRs in order to initiate tolerogenic
pathways (such as the TGF( pathway) that dampen or prevent an immune or
inflammatory response, blocking SR ligand binding capabilities should induce a stress
response with the addition of lipopolysaccharide (LPS) to illicit an immune response. To
induce a stress response, symbiotic anemones were incubated for 12 hours in FSW with
1 pg/ml LPS (Sigma, St. Louis, MO, USA). LPS has been shown to induce a stress
response measured as increased NO production in aposymbiotic anemones but not in
symbiotic anemones (Detournay et al. 2012). Anemones were incubated at increasing
concentrations of Fucoidan: 0 (FSW control), 100, 200, 400 and 800 pg/ml, for 4 h, prior
to the addition of 1 pg/ml of LPS for a further 12 h to elicit an immune response. The

FSW control was also exposed to 1 ug/ml LPS for 12 hours.
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2.2.5 Assessing infection success using confocal microscopy

Infection success was assessed flourometrically by confocal microscopy, following
methods detailed in Detournay et al. (2012). Following experimental manipulation,
anemone treatments were replaced with 1 ml of relaxing solution (1:1 0.37 M MgCl; :
FSW). Samples were observed under a Zeiss LSM 510 Meta microscope with a 40x/0.8
water objective lens and a working distance of 0.8-3.2 mm. Dinoflagellate cells present
were visualised by detecting chlorophyll autofluorescence with excitation and emission
wavelengths of 543 and 600-700 nm, respectively. Before image scanning, the focal
plane of the optical section was adjusted to include the gastrodermal cells within the
anemone tentacle. For each experiment, all images were obtained with the same
software scanning settings, including detector gain and laser intensity. Quantification of
fluorescence was achieved by first defining the gastrodermal tissue area within the
anemone tentacles as a region of interest and then measuring the mean fluorescence
intensity (MFI) for that region with the LSM 5 software (Zeiss). Symbiont numbers were
quantified in host tentacles using confocal imaging. Chlorophyll autofluorescence
intensity for each pixel was measured and a threshold value corresponding to the
background was defined by measuring the MFI at 600 nm of a gastrodermal section
without symbionts (threshold MFI = 20). Infection success was expressed as percent of
pixels with autofluorescence intensity above the threshold. In reinfection experiments,
each treatment represents a sample size of four anemones per treatment and time-
point, with % infection taken as the mean over six tentacles per anemone. Three
untreated symbiotic anemones (six tentacles per anemone) were examined to

determine a baseline infection level for symbiotic anemones.

To measure and visualise production of NO, animals were transferred from the well-
plate to a microfuge tube containing 500 pl of relaxing solution and 15 uM 4-amino-5-
methylamino-2,7 difluorofluorescein diacetate (DAF-FM DA, Molecular Probes, Eugene,
OR, USA) (Detournay and Weis 2011, Detournay et al. 2012). Animals were incubated
for 30 min in the dark and then rinsed twice with relaxing solution. Confocal
microscopy of anemone tentacles was used to visualize fluorescence of the DAF FM DA
molecular probe following the methods detailed in Detournay et al (2012). The DAF FM

DA molecular probe has excitation and emission wavelengths of 488 and 510- 530 nm,
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respectively. Quantification of fluorescence was achieved by first defining the
gastrodermal tissue area within the anemone tentacles as a region of interest and then
measuring the mean fluorescence intensity (MFI) for that region with the LSM 5
software (Zeiss). For each experiment, all images were obtained with the same software
scanning settings, including detector gain and laser intensity. Quantification of
fluorescence was achieved by first defining the gastrodermis of the tentacles as a region
of interest, and then measuring the mean fluorescence intensity (MFI) for that region
with LSM 5 software (Zeiss, Germany).

The statistical significance of treatment effects was assessed using a Bayesian mixed-
effects analysis of variance model (Gelman 2005). As multiple samples from a single
anemone likely violate independence assumptions, a random effect was used for
individual anemones in the experiment. Main effects included time and treatment, and
their interaction was estimated to account for differences in slope between treatments.
The model was estimated using Laplacian approximation methods implemented in the

INLA package (Rue et al. 2009), for the statistical computing software R (www.R-

project.org/).

2.3 Results

2.3.1 Searches of six anthozoan species reveal an expanded repertoire of SRCR-domain-

containing proteins in cnidarians

Annotated predicted cnidarian SR proteins were illustrated according to their domain
architecture and compared with known human SR protein domain organisation (Figure
2.2). The SRCR domain is present in five of the six SR protein types described. Although
Class-A SRs are poorly represented in the cnidarian study group, the SRCR domain is
very well represented. The vertebrate Class-A SRs are defined by a collagen domain
coupled with either an SRCR domain or a C-type lectin at the C terminus. Cnidarian

SRCR-domain-containing proteins lack collagen domains, with the exception of two

putative cnidarian Class-A SRs identified in one of the six species searched, the
symbiotic coral A. digitifera. Table 2.1 shows numbers of SRCR-domain-containing
proteins in relation to developmental stage, data source and symbiotic state for the six

cnidarian species searched. The overall numbers of SRCR-domain-containing proteins
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within these six species can be explained by data source. In particular, genomic data are
available for Aiptasia sp., A. digitifera and N. vectensis, and these have the three highest
numbers of SRCR-domain-containing proteins, (66, 62 and 61) respectively. In
constrast, the overall numbers of TSR-domain-containing proteins are lower in species
for which only transcriptome data are available. The three remaining species had the
following numbers of genes encoding SRCR-domain-containing proteins: A.
elegantissima (12); A. millepora (15); and F. scutaria (11). Aiptasia sp. has both
transcriptome and genome data available and a direct comparison shows that the
transcriptome has less than a third (20) SRCR-domain containing proteins versus 66

identified in the genome.

Table 2.1 Anthozoan resources searched for SR proteins

Organism Family Developmental Data type Symbiotic state SRCR domain
stage containing proteins

Anemones
Nematostella vectensis Edwardsiidae Larvae Genome Non-symbiotic 61
Anthopleura L . -
s - Actiniidae Adult Transcriptome Aposymbiotic 12
Aiptasia sp. Aiptasiidae Adult Transcriptome Aposymbiotic 20
Aiptasia sp. Aiptasiidae various Genome various 66
Corals
Acropora digitifera Acroporidae Sperm Genome Symbiotic 62
Acropora millepora Acroporidae Adult and Larvae Transcriptome Symbiotic 15
Fungia scutaria Fungiidae Larvae Transcriptome Aposymbiotic 11

Database searches identified a total of 18 full-length putative cnidarian Class-B SR
protein sequences. These proteins all contained a CD36 domain with significant PfamA
database matches. Full-length proteins were defined as those containing both
transmembrane regions that form the Class-B SR extracellular loop protein
configuration. Humans contain four distinct Class-B SR proteins - CD36, SRB 1 & 2, and
LMP2 - while the six cnidarian species searched contained between two and four full-

length proteins containing a CD36 domain.
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Figure 2.2 Domain architecture of cnidarian SR’s compared to Human SR’s of known function.
SR’s display eclectic domain architecture, multiple combinations and permutations create
considerable diversity even within classes. In the above subset 15 different domains are listed.
All proteins have one transmembrane domain and associated cytoplasmic tail, the three
members of class B, SRB1, CD36 and lysosomal integral membrane protein, LMP2 have two
transmembrane domains and two tails rooted in the cell forming an extracellular loop structure
(see figure 4).Cytoplasmic tails do not display any identifiable protein domains, acting simply as
a root for the extracellular protein portion. For full descriptions of domain abbreviations and
known functions see PFAM or SMART websites. Human class A SR’s are characterised by having
one or more collagen domains, in this analysis very few cnidarian SR’s were identified with
collagen domains and SRCR or Lectin domains. CLEC, C-type lectin; CTLD, C type lectin domain;
EGF, epidermal growth factor; LOX1, lectin-like oxidized LDL receptor 1; MARCO, macrophage
receptor with collagenous structure (also known as SCARA2 and SR-A2); SCARAS, scavenger
receptor class A member 5; SRCL, scavenger receptor with C-type lectin (also known as SCARA4
and CLP1); SRCR, scavenger receptor cysteine-rich domain; DMBT, deleted in malignant brain
tumour. Human SR data taken from Canton et al. 2013.
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Class-E SRs in humans are defined by the presence of a C-type lectin terminal domain
(CTLD). The human LOX1 has a cytoplasmic tail, a transmembrane domain and a single
CTLD. In contrast, several predicted cnidarian CTLD-containing proteins contain
multiple other domains including SRCR repeats, MAM, EGF and CUB domains. The MAM
domain likely has an adhesive function, it contains 4 conserved cysteine residues. The
EGF domain is an evolutionary conserved protein domain, which derives its name from
the epidermal growth factor where it was first described. It comprises about 30 to 40
amino-acid residues and is found in the extracellular domain of membrane-bound
proteins or in secreted proteins. The CUB domain is a structural motif of approximately
110 residues found almost exclusively in extracellular and plasma membrane-
associated proteins, many of which are developmentally regulated. The human CUB
domain protein ‘deleted in malignant brain tumour (DMBT) protein’ contains eight
SRCR repeats, a single CUB domain and the zona pelucida terminal domain. Predicted
cnidarian proteins that resemble DMBT contain 1-3 CUB domains combined with a wide
range of other protein domains, including multiple SRCR repeats and fibronectin
domains. Another protein resembling DMBT, but with two transmembrane domains,
was found in four out of the five symbiotic cnidarian species; this protein has a terminal

UBOX domain, four SRCR repeat domains, two MAM domains and two CUB domains.

A potentially novel cnidarian SRCR-domain-containing protein group, found in all
cnidarians (accept the F. scutaria transcriptome) in various forms, contains a trypsin
terminal domain. Various configurations exist, all containing a trypsin terminal domain
and 2-8 SRCR repeats. Other repeat domains include the immunoglobulin repeat

domain.

Class I SRs are defined by containing only SRCR domains in various numbers of repeats.
In humans there are three Class I SRs: CD5, CD6 and CD163. Class I SRs were abundant
in all cnidarian study species, in identical configurations to the human Class I SRs,

CD5/6 and CD163, and with variable numbers (3-23) of SRCR repeats.

2.3.2 Phylogenetic analysis of Class B CD36-domain containing proteins

The Class-B scavenger receptor SRB1 is upregulated in the symbiotic state of two

anemones, implicating the CD36 domain in symbiosis maintenance (Rodriguez-Lanetty
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et al. 2006, Lehnert et al. 2014). Phylogenetic analysis was carried out on the CD36
domains identified in this study, with the aim of identifying potential binding motifs and
a possible role for this protein domain in symbiosis (Figure 2.3). Protein sequence
alignments of the predicted SRB-like proteins from cnidarians, combined with a subset
of known vertebrate and invertebrate sequences, revealed that the CD36 domain is
highly conserved from sponges to humans. Cnidarian sequences showed between 26%
and 32% identity to human CD36 protein, between 28% and 37% identity to human
LMP2 protein, and between 28% and 33% identity to human SRB1 protein. Percent
identity among the cnidarian sample group was substantially higher, ranging from 39%
to 95%. Proteins from the two Acropora species (A. digitifera and A. millepora) showed
the highest percent identity with one another (95%). Cnidarian sequences showed
between 21% and 27% identity to the predicted SRB-like protein sequence from the
sponge, Suberites domuncula. Cnidarian sequences also showed between 31% and 34%
identity to the LMP2-like sequence from the amphibian Xenopus laevis. The full

alignment is available as supplemental data (Appendix A4).

Predicted cnidarian proteins used in this analysis lacked one of the three sets of
cysteine residues known to form three disulphide bridges in the human CD36 protein.
However, a pair of cysteine residues was found in all cnidarian study species at
positions C107 and C117. Predicted cnidarian proteins had 8-10 N-linked glycosylation
sites compared with 11 known sites in human SRB1 and eight known sites in human

CD36 proteins.
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Figure 2.3| Maximum likelihood protein tree produced using SR class B protein, CD36 domains
only within Geneious v7.1.2 created by Biomatters, available from http://www.geneious.com/.
Proteins aligned using MAFT v7.017 with Blossum 80. Prottest v2.4 was used to suggested best
model of evolution for this alignment. Tree produced using FastTree v2.1.5 with Whelan And
Goldman, 2001. Bootstrap support values were generated using SEQBOOT, values above 60%
(0.6) are shown as proportion at nodes. PhyML alternate tree produced identical topography.
Cnidarians display at least 2 if not 3 distinct SR class B proteins, corals show two distinct groups
as shown by the two labels in green. The anemones A. pallida and N. vectensis group to indicate
3 possible SRB variants. The SRB CD36 protein domain is highly conserved among all taxa.

There were two well-supported cnidarian clades, containing both coral and anemone
species (Figure 2.3). Corals and anemones formed distinct groupings within each of the
two clades. The putative cnidarian SRB proteins grouped together, forming a separate
clade from other metazoans except for sponges and ctenophores, which formed a
separate ancestral grouping. In contrast, other invertebrates such as the fruitfly
Drosophila melanogaster, the sea urchin, Strongylocentrotus purpuratus, and the
urochordate Ciona intestinalis grouped with mammalian sequences in several different

sub-clades of SRBs: LMP2, CD36, CD36-like, SRB1, and SRB1-like proteins.
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2.3.3 Experimental blocking of SR proteins in the symbiotic anemone Aiptasia sp.

Fucoidan-treated anemones showed lower levels of infection (0-3% infection) than
both the control and the fucoidan-washed control (7-8% infection), and infection
success was significantly decreased with increasing fucoidan concentration (Figure 2.4).
The Bayesian ANOVA suggested that the probability of these effects occurring under a
control treatment was indistinguishable from zero at both time points and for all
treatments. Lowered infection levels were reversed by washing fucoidan-treated
anemones with FSW and resting anemones for 48 h in FSW before re-infection; this

control suggests the treatment is not toxic to the anemone.

A second fucoidan experiment investigated the possible immune-regulation role of a SR
in symbiosis maintenance. Symbiotic anemones were treated with increasing
concentrations of fucoidan to block positively-charged binding sites of SRs and were
subsequently immune-challenged by incubation with LPS. In the present experiment,
the FSW/symbiotic anemone control treatment showed low levels of NO production in
response to LPS. However, fucoidan treatments showed increasing NO production with

increasing concentrations of fucoidan (Figure 2.5).
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--- 100 pg/ml Fucoidan
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Figure 2.3: Experimental re-infection of aposymbiotic Aiptasia sp. treated with the known SR
ligand, fucoidan, from the algae, Fucus vesiculosus. Graph shows percent infection success at two
time points post re-infection (48 and 96h). Five treatments include two controls; filtered sea
water (FSW) control and 200pg/ml fucoidan treatment washed after 18h incubation with
fucoidan and rested 48h in FSW. Fucoidan is a known polyanionic ligand of positively charged
binding sites on both SRCR and CD36 SR domains. Fucoidan treatments show significantly
lower symbiont uptake than both controls, the highest concentration of fucoidan shows the
lowest infection success. Bars represent means + SE, n = 3 anemones per treatment. Stars
indicate high (p>0.999) posterior probability of treatment effects being different from controls
under the Bayesian ANOVA model.
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Figure 2.4: Effect of immune stimulation by LPS on NO production in symbiotic A. pallida treated
with the known SR ligand fucoidan from the seaweed Fucus vesiculosus. Graph shows mean
florescence intensity of the molecular probe DAF-FM used to label nitric oxide as an indicator of
stress; plotted against treatments of increasing concentrations of the sulphated polysaccharide
fucoidan. Anemones were incubated in four increasing concentrations of fucoidan from
100pg/ml to 800pug/ml, for 4 hours prior to the addition of 1 lg/ml LPS for a further 12 hours to
challenge an immune response. Filtered sea water control was also exposed to 1 Ig/ml LPS
overnight. Fucoidan is a known polyanionic ligand of positively charged binding sites on both
SR class A and class B proteins. Inset representative confocal images show the DAF-FM DA
(510-530 nm) NO-dependent fluorescent signal appears in green and symbiont
autofluorescence (600-700 nm) in red. Bars represent means + SD; n = 3 anemones.

2.4 Discussion

The aim of this study was to explore the SR protein repertoire in cnidarians, and to
identify potential SR protein candidates for involvement in the establishment and

maintenance of the cnidarian-dinoflagellate symbiosis. The six cnidarian species

68



searched have a large SR repertoire, including an expanded SRCR-domain-containing
protein complement. Class-B CD36-domain-containing proteins were found in all six
species in numbers comparable to the four found in humans. However five of the six
study species lack the classic vertebrate macrophage SRA1/MARCO-like proteins that
contain collagen domains, with the exception of A. digitifera, which has two proteins
containing both collagen and SRCR domains. Searches targeted SRs containing three
specific domains: the SRCR domain, the CTLD and the CD36 domain. These three
domains have been previously identified as potentially important to cnidarian-
dinoflagellate symbiosis; SRCR and CD36 are upregulated in the symbiotic compared to
aposymbiotic state in two anemone species (Rodriguez-Lanetty et al. 2006, Schwarz et
al. 2008, Lehnert et al. 2014), and CTLD’s have been implicated in the recognition of
symbiont cell-surface glycans (Wood-Charlson et al. 2006, Logan et al. 2010). Searches
identified cnidarian SR proteins belonging to four out of nine possible sub-classes of

human SRs (Classes A, B, E, and I).

2.4.1 The SRCR-domain-containing protein repertoire in cnidarians is expanded compared

to vertebrates

The purple sea urchin, Strogolocentrotus purpuratus, contains a vastly expanded innate
immune receptor repertoire, including 218 genes encoding SRCR-domain-containing
proteins (Pancer et al. 1999, Pancer 2000, Rast et al. 2008). Comparable expansion has
been reported in the amphioxus, Branchiostoma floridae, genome with 270 genes
encoding SRCR-domain-containing proteins (Huang et al. 2008). The SRCR-domain-
containing protein repertoire in cnidarians is likewise expanded although not as
dramatically as in the sea urchin and in amphioxius. This study found 62 and 61 genes
encoding SRCR-domain-containing proteins in the genomes of A. digitifera and N.
vectensis, respectively, compared with 16 genes in humans. In addition, cnidarian SRCR
proteins contain a diverse complement of other protein domains, including CUB, CTLD
and immunoglobulin domains.

Vertebrate Class-I SR proteins contain only SRCR domains. Examples of human Class I
proteins include CD5/6 and CD163, which are described as cell adhesion molecules
(Bowen 1995, Madsen et al. 2004, Martinez et al. 2011). Class-I SR proteins have been

identified in the sponge Geodia cydonium and the starfish Asterina pectinifera (Pancer et
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al. 1997, Furukawa et al. 2012). In G. cydonium, a protein composed of 14 SRCR domains
is described as ‘sponge aggregation factor’, and mediates the re-aggregation of
disassociated sponge cells (Blumbach et al. 1998). In the sea urchin, Strongylocentrotus
purpuratus, another Class-I SR protein has been named ‘speract receptor’, and assists
sperm/egg adhesion. All of the known functions for Class-I SR proteins involve cell
adhesion.

In the context of cnidarian-dinoflagellate symbiosis, SRCR-domain-containing proteins
could function in recognition of Symbiodinium cells and initial binding to the host cell
surface. There is also some evidence to suggest a potential role in initiating
phagocytosis. In the purple sea urchin, for example, SRCR proteins are expressed by
coelomocytes, phagocytic cells that function in immunity. Sea urchin and amphioxus
SRCR proteins share structural similarities to the mammalian DMBT protein. DMBT has
eight SRCR repeats, a CUB domain and a zona pelucida terminal domain. In mammals,
TLR4, NOD2 and DMBT1 function together in gut immunity, and DMBT has been shown
to bind bacteria. CUB domains are found in many cell-surface receptors and are
involved in binding target molecules (Martinez et al. 2011). Several cnidarian SRs
containing 1-3 CUB domains were identified, however domain organization in these

proteins shows few similarities with DMBT or sea urchin and amphioxus examples.

2.4.2 Putative CTLD-domain-containing SRs in cnidarians also contain the SRCR domain

C-type lectin domain (CTLD)-containing proteins have been identified as having a
potential role in the recognition of Symbiodinium cell surface glycans (Wood-Charlson et
al. 2006, Logan et al. 2010). Experimental removal and blocking of glycans on the
Symbiodinium cell surface significantly reduced infection success rates in aposymbiotic
anemones and coral larvae infected with treated dinoflagellates (Wood-Charlson et al.
2006). Previous searches identified 92 CTLDs in the genome of the non-symbiotic
anemone N. vectensis (Wood-Charlson and Weis 2009). Searches carried out in the
current study identified several putative Class-E SRs that contain CTLD domains. All six
cnidarian species have between 1-32 vertebrate LOX1 homologues and 1-4 other CTLD-
domain-containing proteins combined with SRCR, MAM, CUB and EGF domains. In
vertebrates, the LOX1 protein is involved in intracellular trafficking and signalling,

activating apoptosis and mediating phagocytosis of apoptotic cells (Murphy et al. 2005).
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Cnidarian CTLD-domain-containing proteins described here provide potential target
proteins for experimental investigation of the lectin-glycan interactions between
cnidarian gastrodermal cell-surface receptors and the Symbiodinium cell-surface
glycome. Further investigation is needed to confirm whether these CTLD SRs are
symbiosis-specific proteins that have evolved to detect specific symbiont strains in the

selection (“winnowing”) process during symbiont acquisition.

2.4.3 CD36-domain-containing proteins in cnidarians

This study presents the first detailed analysis of multiple cnidarian CD36-domain-
containing proteins. All six cnidarian species have between 1-4 genes encoding CD36-
domain-containing proteins, belonging to the vertebrate Class-B SR group. Class B SRs
have been implicated in the maintenance of steady state symbiosis, due to their
upregulation in the symbiotic state of A. elegantissima and A. pallida (Rodriguez-Lanetty
2006, Lehnert et al. 2014). At the domain level of organization, predicted cnidarian
Class-B  SRs appear identical to all other metazoan Class-B SRs; with two
transmembrane domains flanking a large CD36 domain. Further analysis of cnidarian
CD36 domain amino acid sequences, in a pairwise protein alignment with a full
complement of metazoan species, revealed differences in folding potential. While many
amino acid motifs are conserved within all metazoan species, the six cysteine residues
that are known to form three disulphide bridges in human CD36 domains, were not all
present in cnidarians. Specifically, the CD36 domain has six cysteine residues that form
bridges at C23- C311, C?72-C333, and C313-C322, (Silverstein and Febbraio 2009), yet in
cnidarians the C243- C311 bridge cysteine residues are both missing. However, cnidarians
have two cysteine residues at C®* and C8¢. This cysteine pair was also found in the SRB1-
like sequence from the nematode Caenorhabditis elegans. In contrast, the three sponges,
Oscarella carmella, Suberites domuncula, and Amphimedon queenslandica, and the
ctenophore Mnemiopsis leidyi do not contain any of the conserved cysteine residues
found in vertebrate proteins. These differences may explain why human and mouse
antibodies for SRB1 and CD36 failed to bind Class-B SRs in Aiptasia sp. in repeated
western blot experiments (E.F. Neubauer; unpublished data). A difference in 3-D folding

structure will alter the binding capabilities of these glycoproteins.
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2.4.4 Functional experiments suggest that blocking SRs decreases symbiont acquisition

and increases the stress response to immune challenge in the anemone Aiptasia sp.

Fucoidan blocks the positively-charged binding sites on vertebrate Class-A and Class-B
SRs (Hsu et al. 2001, Dinguirard and Yoshino 2006, Li et al. 2008), however this
blocking effect is indiscriminate, blocking both SRCR and CD36 domains. Despite the
lack of discrimination between SR Classes and binding domains, fucoidan is regularly
used to block vertebrate macrophage SR activity, and in the absence of specific
antibodies to SRs, it provides a rapid method for testing the effect of blocking SR-
binding within the context of symbiont uptake. Experimental blocking of SRs in
aposymbiotic anemones resulted in a marked decrease in symbiont infection rate. This
result provides the first functional evidence that one or many SRs with SRCR or CD36

domains are essential for symbiont uptake by the cnidarian host.

My experimental results further support a role for SRs in immune suppression and
symbiont tolerance. The symbiont must avoid digestion once inside the host vacuole;
mechanisms for promoting tolerance may involve immune modulation or suppression.
Previous experiments with Aiptasia sp. showed that symbiotic anemones produced
significantly less nitric oxide (NO) as a stress response to LPS challenge than
aposymbiotic anemones exposed to the same conditions (Detournay et al. 2012). In a
second fucoidan-treatment experiment, I demonstrated that the stress response (NO
production) in symbiotic Aiptasia sp. can be re-activated by blocking SR-binding
domains with fucoidan. This suggests that SRs play an active role in regulating the
stress response in symbiotic cnidarians. In Aiptasia sp., previous experimental evidence
suggests that the activation of the host TGFQ innate immune pathway promotes
tolerance of the dinoflagellate symbiont at the onset of symbiosis and during the stable
symbiotic state (Detournay et al. 2012), while in humans, CD36 is required to turn
latent TGFf into its active form (Khalil 1999). I suggest that the dinoflagellate symbiont
manipulates the cnidarian host SR’s, initiating phagocytosis and subsequently initiating
the TGF( pathway. The dominant role of the TGFf immune pathway is to promote
tolerance and resolve inflamation (Li et al. 2006). Many intracellular parasites
manipulate the host innate immune defence mechanisms to their own advantage

(Medzhitov and Janeway 2002). Immune receptors have a dual role, they exist not only
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to protect from pathogenic attack but also to maintain and control beneficial microbial

communities within the host or holobiont (Mcfall-Ngai 2007).

2.5 Concluding remarks

This study provides the first detailed description of scavenger receptors in cnidarians
and contributes to basic knowledge about the transmembrane protein repertoire for
this basal metazoan group. The cell membrane and transmembrane protein receptors
form the first line of defense for cells against invading microbial attack and is therefore
important to research on coral disease and immunity, as well as in the context of
mutualistic partners such as Symbiodinium spp. These genomic data enable and inform
ongoing work investigating a potential role for SRs in the establishment of a healthy
cnidarian-dinoflagellate symbiosis. The bioinformatic searches and analyses carried out
in this study reveal a wide variety of cnidarian SR proteins with potential involvement
in recognition and uptake of dinoflagellate symbionts. All three domains, the SRCR
domain, the CTLDs, and the CD36 domain are implicated in recognition and
phagocytosis in other systems, such as those involving apicomplexan parasites and
vertebrates, and within the cnidarian-dinoflagellate symbiosis. In particular, The CD36
domain is implicated in immune modulation and maintenance of the symbiosis by
potential involvement in the tolerogenic TGFf pathway. The apicomplexan TRAP
protein provides a suggested ligand for the CD36 domain; a TRAP homologue or TSR-
domain-containing protein may therefore be involved in phagocytosis and modulation

of the host immune response in the cnidarian-dinoflagellate symbiosis.

While results presented here clearly implicate the SR superfamily of proteins in the
establishment of the cnidarian-dinoflagellate symbiosis, further investigation is
necessary to establish the specific SR proteins involved. Blocking of specific SR domains

and proteins using antibodies may reveal a clearer picture of events.
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Chapter 3

The large and diverse TSR-domain-containing protein
repertoire of six cnidarian species contains highly conserved

binding sites and motifs

3.1 Introduction

In mammalian cells the extracellular matrix (ECM) is made up of modular secreted
proteins that contain a number of repeat motifs and binding domains; many of these act
as pattern recognition receptors (PRRs) and form the first line of defense against
invading microbes. PRRs of the animal innate immune system recognize microbial
molecular patterns from both parasitic and beneficial microbial invaders (Schwarz
2008). Extracellular and transmembrane proteins are therefore potential target ligands
for microbial surface proteins to bind and gain entry to host cells. Human
thrombospondin proteins (thrombospondin 1,2,3,4 and 5 or cartilage oligomeric matrix
protein (COMP) are a well-studied family of ECM glycoproteins due to their multiple
roles, including platelet aggregation, clot formation and cell attachment, anti-angiogenic
capabilities (Adams and Lawler, 2004). The human thrombospondin protein family
provides potential angiogenesis inhibitors, treatments for cancer and other diseases
that involve a proliferation of blood vessels (Folkman 2004, Silverstein and Febbraio
2007, Kazerounian et al. 2008, Yee et al. 2009). The thrombospondin structural
homology repeat, or TSR domain, was originally characterized in the human
thrombospondin-1 protein (TSP1). Protein-protein interactions involving the TSR
domain are central to TSP1 protein function, and the discovery of multiple invertebrate
and vertebrate TSR-domain-containing proteins has raised questions about the

importance and shared functions of this domain (Adams and Tucker, 2000).

All TSR-domain-containing proteins have one or more TSR domains, similar to the three
repeats originally characterized in the human TSP1 protein (Figure 3.1) (Tucker 2004).

TSR domains are found in secreted proteins or in the extracellular portions of
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transmembrane proteins, with functions as varied as extracellular matrix remodelling,
cell-cell interactions, and development (Lawler 1986, 2000). The TSR domain consists
of approximately 60 amino acids, with several highly conserved motifs. TSR domains
contain six conserved cysteine residues, forming three disulphide bridges with the
exception of a few human complement factors and two malaria proteins (TRAP’s), that
have TSR domains that contain five cysteines (Tan et al. 2002). The NHz-terminal
portion of the TSR domain contains two or three tryptophan residues separated by two
amino acids (i.e. WSXWSXW (Adams and Tucker 2000)). This latter motif binds

glycosaminoglycans (GAGs), integrins and other proteins (see Chen et al. (2000) for a

review).
Domain Amino Pro- TSR Type 2 Carboxy
terminus collagen . repeats RHESESEE terminus
name domain
hrom: I ¢¢é oo i@
Thrombospondin 1
protein

Human TSP1 TSR2 sequence

L 1
Protein and CD36 binding Inhibition of angiogenesis
glycosaminoglycan
binding

Figure 3.1: What is a TSR? Schematic representation of Human Thrombospondin 1 (TSP1)
protein. The human TSP1 protein comprises multiple functional domains and each domain has
multiple individual functions. The three TSR (Thrombospondin Structural homology Repeat)
domains are depicted by three red diamonds. The amino acid sequence of the second TSR
sequence is shown with six conserved cysteines in red. Known binding motifs and capabilities of
the human TSP1 TSR2 domain are listed and depicted in boxes (Re-drawn from Zhang and
Lawler 2007).

Several studies have used synthetic peptides designed from the TSR domains of human
TSP1 to determine which motifs have anti-angiogenic activity. The type-B scavenger

receptor, CD36, which is located on human endothelial cells, is responsible for the anti-
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angiogenic activity of TSP1 (Dawson et al. 1997). Synthetic peptide experiments show
that the conserved ‘CSVTCG' motif within the TSR domain, are important to anti-
angiogenic activity and binding of CD36 (Tolsma et al. 1993, Dawson et al. 1997). Areas
flanking, but not including the CSVTCG motif, also have anti-angiogenic capabilities.
These include the tryptophan GAG-binding motif ‘WXXW’ (Guo et al. 1992), and the
‘GVITRIR’ motif, which contains highly conserved arginine residues (Dawson et al. 1999,
Anderson et al. 2007, Garside et al. 2010). However, whether these flanking motifs are
specifically binding CD36 to give anti-angiogenic effects has not been tested (see

(Kazerounian et al. 2008) for a review of thrombospondins and cancer therapeutics).

The TSR domain is evolutionarily ancient and has been duplicated and shuffled many
times. For instance, 41 human genes contain one or more TSR domain copies
(Silverstein 2002), while 27 genes in C. elegans and 14 in Drosophila contain TSR
repeats (Tan et al. 2002). This large and diverse group of TSR-domain-containing
proteins is collectively referred to as the TSR super-family (Adams and Tucker 2000).
The key members of the TSR-domain-containing protein super family are considered in

more detail here.

Several apicomplexan parasites use a TSR-domain-containing protein to assist in gliding
motility, recognition and to gain entry to host cells (Kappe et al. 1999, Vaughan et al.
2008, Morahan et al. 2009). The host cell invasion strategies employed by
apicomplexans, such as the malaria parasite Plasmodium falparcium, are well studied
and involve a unique process by which a transmembrane protein on the parasite’s cell
surface, the thrombospondin-related anonymous protein (TRAP), links the parasite’s
cytoskeleton with the host cell membrane. The TRAP protein’s cytoplasmic tail links to
actin within the parasite, while extracellular domains bind host hepatocytes (Morahan
et al. 2009). TRAP proteins have subsequently been discovered in all Plasmodium
species, and in other members of the Apicomplexa, including Toxoplasma gondii,
Cryptosporidium, Theileria, Eimeria and Babesia (Templeton and Kaslow 1997, Robson

et al. 1998, Morahan et al. 2009).

The extracellular TRAP TSR domain is responsible for binding proteins on the host cell

membrane. The amino acid motif ‘WSPCSVTCG’ is specifically responsible for the ability
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to bind sulphated glyconjugates and hepatocytes, in the P. falciparum TRAP protein and
portion two of the circumsporozoite protein (CS) (Miiller et al. 1993). This suggests
that TRAP proteins are involved in recognition and entry of hepatocytes, as sporozoite

entry was inhibited by antisera raised against WSPCSVTCG.

The specific involvement of a TSR-domain motif in recognition and entry of an
apicomplexan parasite into host liver cells makes the TSR domain a target of interest in
the study of cnidarian-dinoflagellate symbiosis. Dinoflagellates are a sister taxon to the
apicomplexans within the infrakingdom Alveolata (Baldauf 2003, Saldarriaga et al.
2004, Janouskovec et al. 2010a), and might therefore share mechanisms of host
invasion (Schwarz 2008). Initial recognition between a cnidarian host and its
dinoflagellate symbionts involves several complex ligand/receptor interactions (Davy
et al. 2012). The TSR domain is a candidate for motifs involved in the recognition and

entry of the dinoflagellate into cnidarian gastrodermal cells.

Cnidarian species regularly form an intracellular symbiosis with photosynthetic
dinoflagellates of the genus Symbiodinium. The dinoflagellate is housed inside a vacuole
in the host gastrodermal cell, and symbionts proliferate within the host, maintaining an
optimal symbiont population for light capture. The relationship is based on nutritional
exchange: the symbiont translocates fixed carbon to the host in return for inorganic
nutrients and a high light environment, the exact detail of the exchange are not fully
understood (Yellowlees et al. 2008). This symbiotic partnership allows corals to form
the basis for the entire reef ecosystems in nutrient-poor shallow tropical seas. It is
unknown how cnidarians manage the balance of beneficial microbes such as
dinoflagellates, while maintaining an immune response to microbial invasion. Several
studies have investigated innate immune pathways in cnidarians (Miller et al. 2005,
Schwarz et al. 2007, Bosch 2008, Wood-Charlson and Weis 2009, Shinzato et al. 2014b,
Poole and Weis 2014), and in particular potential tolerogenic signals between the two

partners (Detournay et al. 2012).
Aside from their taxonomic proximity to apicomplexan obligate intracellular parasites,

other factors point to the involvement of TSR proteins in the establishment of the

cnidarian-dinoflagellate symbiosis: Firstly, the TSR domain binds to the Class-B SRs,
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CD36/SRB1 (Asch et al. 1987, Li et al. 1993, Frieda et al. 1995, Dawson et al. 1997). A
homolog to the CD36/SRB1 gene was found to be upregulated in the symbiotic state of
the anemones Anthopleura elegantissima (Rodriguez-Lanetty et al. 2006) and Aiptasia
sp. (Lehnert et al. 2014). Secondly, the human TSP1 protein functions in transformation
of latent TGFB to the active form, and the subsequent activation of the
immunosuppressive TGF( pathway responsible for blocking a response to immune
challenge in humans. Previous work in cnidarians identified many proteins within the
TGFB immune suppressive pathway and suggesting a tolerogenic balance between host

and symbiont (Detournay et al. 2012).

Cnidarians do not possess a classic TSP1 gene; the thrombospondin-like proteins in
cnidarians lack TSR domains (Bentley and Adams 2010), however other studies have
identified TSR domains within cnidarians. A rhamnospondin gene with eight TSR
domain repeats was identified in the colonial hydroid Hydractinia symbiolongicarpus
(Lopez et al. 2011), and several TSR domain-containing proteins were identified in two
species of corals, Acropora palmata and Montastraea faveolata. TSR domains were
found in four life-history stages (spawned eggs, early stage planulae, late stage planulae,
and adult corals) (Schwarz et al. 2008). Furthermore, TSR-domain-containing proteins
were identified in all ten cnidarian species searched in a recent study of candidate genes

in all available cnidarian sequence resources (Meyer and Weis 2012).

The aim of this chapter was to identify and compare the TSR-domain-containing protein
repertoire of six cnidarian species (five symbiotic, one non-symbiotic) and one
symbiotic dinoflagellate, to investigate potential ligands for scavenger receptor class-B
members (CD36/SRB1) and potential TRAP-like proteins in the host and symbiont
respectively. Using a variety of genomic and transcriptomic resources, I compared and
contrasted vertebrate TSR proteins of known function with the cnidarian TSR
repertoire. | investigated the presence of known binding motifs and their conservation
within the cnidarian TSR-domains. In addition, I identified potential TSR proteins and
TRAP homologues in the Symbiodinium minutum genome (Shoguchi et al. 2013). The
current study characterizes a large repertoire of TSR-domain-containing proteins
within all six cnidarian species investigated. Detailed description of TSR-domain-

containing protein sequences will inform the design of further functional experiments
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to investigate the possibility that one or more of these proteins is involved in the

initiation of the cnidarian-dinoflagellate symbiosis.

3.2 Materials and methods

3.2.1 Cnidarian genomic and transcriptomic resources

To characterize the TSR-domain-containing protein repertoire of cnidarians, the
publically available genomic or transcriptomic resources for six Anthozoan species
were searched. These included three sea anemone species: Anthopleura elegantissima

(Kitchen et al, submitted: http://people.oregonstate.edu/~meyere/ data.html),

Aiptasia sp. (Lehnert et al. 2012) and Nematostella vectensis (Putnam et al. 2007), and
three coral species: Acropora digitifera (Shinzato et al. 2011), Acropora millepora (Moya
et al. 2012) and Fungia scutaria (Kitchen et al,, submitted). In addition the genome of
the symbiotic dinoflagellate Symbiodinium minutum (Shoguchi et al. 2013) was searched
for TSR-domain-containing proteins, to investigate the presence of a potential TRAP-
like protein. These resources represent various developmental stages and symbiotic
states (Table 3.1). All resources were used without manipulation, with the exception of
Aiptasia sp, for which raw Illumina sequence reads for accession SRR696721 were
downloaded from the sequence read archive (SRA) entry for the aposymbiotic CC7
transcriptome (http:// www.ncbi.nlm.nih.gov/sra/SRX231866) and reassembled using
Trinity (Grabherr et al., 2011).
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Table 3.1: Anthozoan resources searched for TSR-domain-containing proteins

Organism Family Developmental Symbiotic Data type Publication
stage state
Nematostella Edwardsiidae | Larvae Non- Genome Putnam et al.
vectensis symbiotic 2007
Kimura et al.
2009
Anthopleura Actiniidae Adult Aposymbiotic | Transcriptome Kitchener et al.
elegantissima in prep
Aiptasia sp. Aiptasiidae Adult Aposymbiotic | Transcriptome Lehnert et al.
2012
Acropora Acroporidae Sperm Symbiotic Genome Shinzato et al.
digitifera 2011
Acropora Acroporidae Adult and Larvae Symbiotic Transcriptome Moya et al.
millepora 2012
Fungia Fungiidae Larvae Aposymbiotic | Transcriptome Kitchener et al.
Scutaria in prep

3.2.2 TSR sequence searching, verification and phylogenetic analysis

A variety of invertebrate genomic and transcriptomic resources were searched for TSR-
domain-containing proteins (Appendix B1). Searches of the N. vectensis genome protein
models were performed using a combination of BLASTp and tBLASTn searches using
protein fragments from the TSR domains in human and mouse TSP1, and the keywords:
thrombospondin (162 genes found), tspl (125 genes found), adam (28 genes found),
and sema (two genes found). All databases were queried in the same way, using either
BLASTp or tBLASTn searches with the most closely related annotated protein
sequences available, combined with keyword searches of the GO or KEGG annotations.
Transcriptome data was loaded into Geneious version 7.1.8 (http://www.geneious.com,
(Kearse et al. 2012) and BLAST searches were carried out within this program. To
ensure as many TSR-domain-containing protein sequences as possible were recovered,
representative N. vectensis sequences of each protein type (ADAMTS, Astacin, Trypsin,
VWA, SEMA, Igg, TSR domains only) were also used as queries for tBLASTn searches of
the other five anthozoan resources. To confirm that the sequences obtained contained
TSR domains, nucleotide sequences were translated using the program Geneious
version 7.1.8 (http://www.geneious.com, (Kearse et al. 2012) and then annotated using
the Geneious InterProScan plugin (Quevillon et al. 2005). InterProScan simultaneously

searches nine different protein domain databases, only sequences where two or more
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databases found TSR domains and with an E- value of less than 1x10-4 were used.
Where InterProScan was unable to resolve protein domains these sequences were used
as query sequences for the online protein domain database PfamA
(http://pfam.sanger.ac.uk) (Punta et al,, 2012). Sequences for each species were aligned
and those that were identical or almost identical (less than 5aa different in the
conserved domains) were thrown out of the analysis due to the fact that they likely
represented artifacts of assembly issues or different isoforms of the same protein.
Protein fragments were identified as missing a start or a stop codon and therefore left

out of the analysis.

To verify that proteins contained TSR domains, only proteins that showed significant
pfam A matches to a TSR domain were included in the analysis. Proteins were
annotated using the Geneious plugin InterProScan, using the Pfam A database, and then
checked by eye. Diagrammatic representations of the protein domain configurations
were then generated using this information. Consensus sequences (cl15278: TSP_1
Superfamily) from the conserved domain database (http://www.ncbi.nlm.nih.gov/cdd)
(Marchler-Bauer et al, 2013) were used as queries in tBLASTn searches of each
anthozoan resource. A high E-value cutoff (1x10-1) was used in the tBLASTn searches
to recover more divergent sequences. All BLAST searches were performed using
Geneious pro version 5.4.3 (Drummond et al, 2011). Full details and accession
numbers for all cnidarian scavenger receptors identified in this study are listed in
Appendix A2.

A multiple sequence alignment was performed on the protein sequences with the
MAFFT v 7.017 plug-in through Geneious, using the default settings (Drummond et al,,
2011; Katoh et al,, 2002). To standardize the data used, the second TSR domain from
proteins with multiple repeats was always chosen for alignment. This method is
consistent with previous studies involving human TSP1 protein (Zhang and Lawler
2007). Accession numbers for all proteins used are listed in Appendix B2. To determine
the best model of protein evolution for each alighment, ProtTest v 2.4 (Abascal et al,
2005) was run and results were compared using statistical model selection for all
possible substitution matrices and improvements. The best model was LG+I+G.
Maximum likelihood phylogenetic analysis was performed using the PhyML 3.0 web
server (http://www.atgc-montpellier.fr/phyml) (Guindon and Gascuel, 2003) using the

81



appropriate model of protein evolution and 500 bootstrap replicates. FigTree v1.4
(http://tree.bio.ed.ac.uk/software/figtree/) was used to visualize and annotate the

resulting tree.

3.3 Results

3.3.1 TSR-domain-containing proteins in Symbiodinium minutum

Searches of the Symbiodinium minutum genome identified 175 contigs containing TSR
domains, however predicted proteins contained no other identifiable domains. TSR
domains were alone or in repeats of up to 15 (Figure 3.2). In contrast, most other
apicomplexan sequences possessed other domains, including a Von Willebrand factor
(VWA) domain and all had a C-terminal transmembrane domain. Figure 3.3 shows a
protein domain alignment of TSR domains, including TRAP-protein TSR domains
from several apicomplexans, S. minutum TSR domains, human TSP1 TSR2, and TSR
domains from two cnidarian TSR-domain-containing proteins. TSR domains from S.
minutum TSR-domain-containing proteins have five or six cysteines, a variation that
is consistent with two apicomplexan TRAP proteins (Tan et al. 2002). The
CD36/SRB1 binding sites but not the glycosaminoglycan-binding sites are well-

conserved in S. minutum.
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Species TRAP name Domain organization

TRAP oD ¢ —
Plasmodium CSP O ¢ -
f alc’ p arum CT R P VWA VWA VWA VWA VWA VWA

MTRAP %o —
Toxoplasma TgMNP O 9000000 i

gondii

Neospora NcMNP .W

caninum

Eimeria tenella | E+tMC1 O D ¢¢00e— |

Eimeria maxima | ETFP250 O 9900 -390 900 000000000

Babesia bovis BbTRAP -
Cryptosporidium TRAP-C1 O— 900000

spp.
Symbiodinium TRAP- 00— between 1-15 TSR domains
minutum LIKE?
Key <> TSR domain W Transmembrane domain
O Signal peptide @ EGF domain
W GPI anchor signal Von Willebrand Factor A

Figure 3.2: What is a TRAP (thrombospondin-related anonymous protein)? Schematic
representation of different members of the thrombospondin gene family in apicomplexan
parasites. Apicomplexan TRAP proteins (orange background) and TSR-domain-containing
proteins from the dinoflagellate Symbiodinium minutum (green background).
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1 10 20 30 40 50 60 62
Consensus WSEWSXCSVTCGGGXQIRTRECL-SPPXSXGGXTCP-GLXX---~-~- XESCNXX-====== XC

CD36/SRB1 binding

Identity el s . = e
1. H.sap TSP1 TSR2 WSPWSSCSVTCGDGVITRIRLCN-SPSPQMNGKPCE-GEARE-~---TKACKKD--=-—-—-—-— AC
2. N.vec ADAMTS-like TSR2 WSLWSSCSRSCGNGVVKRVRSCN-FPAPSYGGADCP-GDAEE----IKACKLQ-=-=-==--— DC
3. A.pal ADAMTS-like TSR2 WS-LTSCSVTCGSGVQTRLRRCD-SPPPKNGGKACV-GKSRE----QTVCTRT-=-==---— SC
4. C.parTRAP WSEWSDCSTSCGEGNRIRTREIT-KPPLNGDDSKCP-ELIE--~--- KESCNKD-=-—-—--~— VEC
5. C.wraTRAP WSEWSDCSTSCGEGNRIRTREST-KPPLNGDESTCP-ELIA-~-~-~-- KESCNKD-===--~- VEC
6. S.minTSR2 GTTWGACSVTCGTGNRARSRGGQ-CPPYSE------------—-——— TESCNQG---=-=--- SC
7. N.canTRAP WSEWSPCSATCGVGTQGRTRQQL-SPPAP-GTPTCP-DCIPP---MGRSCEEQGGVKENRSC
8. T.gonMIC2 WSAWSPCSVSCGDGSQIRTRTEV-SAPQP-GTPTCP-DCPAP---MGRTCVEQGGLEEIREC
9. P.falTRAP WDEWSPCSVTCGKGTRSRKREIL-=-=-===-—-- HEGCT-SEL-=----- QEQCEEE-=-=-=-=--- RC
10. S.minTSR3 WSSWSDCSKTCGGGQMYRKRSLL-TPNTKGGYCNFA-VLSQ--~-~-~- AEPCGMD------~— AC
11. E.tanTRAP WTEYSACSRTCGGGTQERKREPW-LDNAQHGGRTCM-EQYPDGPISVRECNTQ-===——-~— PC
12. S.minTSR1 WSDWSSCSTSCGSGIQSRSVSCP-SDSLEDCGQTPH-T-=-=-=-—--- YVTCTSY—-=-—-=-—-- TGC
13. S.minTSR4 SSEWNPCSVTCGGGSQDRTVLCKGSDGISYSDNRCTIGDAPE---RSRICGTS------~— IC

Figure 3.3: TSR domain alignment comparing apicomplexan TRAP TSR domains with TSR
domains from the dinoflagellate Symbiodinium minutum, TSR 2 from human TSP1, and Adamts-
like TSR domains from the anemones Nematostella vectensis and Aiptasia sp. Positioning and
absence of specific cysteine residues (coloured yellow) in TRAP and S. minutum TSRs will result
in different patterns of disulphide bonds and three-dimentional folding. Binding sites for
glycosaminoglycans (GAGs) and the scavenger receptors CD36/SRB1 (annotated in red) are
somewhat conserved. Consensus sequence is generated from the cnidarian, apicomplexan and
human sequences in the above alignment.

3.3.2 Analysis of potential binding sites and conserved motifs in cnidarian TSR domains

TSR domains taken from a selection of TSR-domain-containing proteins in the cnidarian
species searched, show strong amino acid sequence homology to the second TSR repeat
in the human TSP1 protein (Figure 3.4). Three-dimensional folding sites described for
the TSR domains of human TSP1 (Tan et al. 2002) are present in the cnidarian TSRs: all
six cysteine residues are present, forming three disulphide bridges. Arginine residues
are present in the motif RXRXR, form salt bridges with other polar residues to form
further folding these are referred to by Tan et al. (2002) as the R layers. Three
tryptophan residues form the ‘WXXWXXW’ motif provides protein and
glycosaminoglycan-binding sites. The ‘CSVTCG’ and ‘GVQTRXR’ motifs, which bind

CD36/SRB1, are also very well conserved in cnidarian TSRs.
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1 10 20 30 40 50 52
Consensus WSSWSXWSSCSVTCGXGVQTRSRXCXXPPPQHGGXXCQGDXEETRACNXQPC

Identity Pl el - A = _ - BN _.._§N _§N
. H.sap TSP1 TSR2 WSHWSPWSSCSVTCGDGVITRIRLCNSP SPQMNGKPCEGEARETRACKKDAC
2. N.vec ADAMTS-like TSR2 W/S SWISLWSSCSRSCGNGVVKRVRSCNFPAPSYGGADCPGDAEEIRKACKLQDC
3. A.pal ADAMTS-like TSR2 W|/G SWISL -TSCSVTCG SGV[QTRLRRCD SPPPKNGGKACVGRISREQTVCTRT SC
4. A.mil VWA TSR2 WA SWKPWSTCPVTCGGGVQSRSRTCTKPPPTHGGEDCQGDIGLMTRISCNENPC
5.
6.
7.

-

F.scu ADAMTS-like TSR2 WISDW/EDW SDCPVTCGGGI[QNRSRTCT--PPQFGGEPCIGMD|/SEETRACNEKPC
A.ele ADAMTS-like TSR2 WIT PW SAWGPCSVTCGNGRIQMQTRSCSNPKPQHGGRECQG(SIL ENWHDCVLQAC

A.dig TRYPSIN TSR2 WIS SWSRWSVCSRTCSVGWQVRSRINCSNHSTHHVGQ SCRGN|F SDVRINCNVGPC
C STRAND

Figure 3.4: The TSR domain is very well conserved from cnidarians to humans with binding
motifs for glycosaminoglycans (GAG’s) and the type B scavenger receptors, CD36/SRB1. All the
three dimensional folding sites are present as described by Tan et al (2002) for the crystal
structure of human TSP1 TSR2. Six conserved cysteine residues are highlighted in yellow and
form three disulphide bridges (C1-C5, C2-C6 and C3-C4). Three conserved tryptophan residues
are shown in blue boxes and mark the ‘WXXW’ protein binding motif. Amino acids that form the
R layers are marked with purple boxes, pairings forming three R layers are as follows R3-R4,
R2-R5 and R1-Ré6. The B strands are annotated at the bottom in blue strands A,B and C. Please
refer to Tan et al. (2002) for a more detailed explanation of the three-dimensional folding.
Consensus sequence is generated from the cnidarian and human sequences in the above
alignment.

3.3.3 Cnidarian TSR-domain-containing proteins

TSR-domain-containing proteins identified from the six cnidarian reources searched
were compared to mammalian TSR-domain-containing proteins of known function
(Figure 3.5). Sequences obtained from searches of transcriptomes represent proteins
identified within the available data, not necessarily the total number of these proteins
present in these species. The overall numbers of TSR-domain-containing proteins
within the six cnidarian species can be explained by data source: N. vectensis and A.
digitifera, the two species with a full genome sequence, have the highest number of TSR-
domain-containing proteins (Figure 3.5).

None of the cnidarians resources searched contained a TSR-domain-containing
thrombospondin protein. Putative thrombospondins lacking TSR repeats and a pro-
collagen domain and similar to human TSP 3,4 and 5 were identified in all species. The
ADAMTS metalloproteases are the largest group of TSR proteins with cnidarian
homologues. Searches of the N. vectensis genome database recovered 134 contigs
encoding predicted proteins that contain one or more TSR domains. 59% of the 134
contigs encode short protein fragments containing only 1-6 TSR domains, while 23%

encode ADAMTS metalloprotease-like proteins. Searches of the Acropora digitifera
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genome database identified 109 TSR-domain-containing genes; 28% of the 109 genes
contain only TSR domains, while 17% encode ADAMTS metalloprotease-like proteins.
The majority of cnidarian ADAMTS-like proteins lack the disintegrin domain. TSR-
domain-containing proteins containing the astacin metallopeptidase domain are found
in five of the six species searched. A novel TSR-domain-containing protein, with a
trypsin domain and ShK domains, was found in all five of the symbiotic cnidarians
searched. Stichodactyla toxin is a potassium channel toxin first discovered in the sea
anemone Stichodactyla helianthus (Castafieda et al. 1995). VWA-domain-containing TSR
proteins were also found in all five of the symbiotic cnidarian species searched.
Homologues of the human semaphorin proteins were found in all species, except for F.
scutaria. Immunoglobulin-domain-containing TSR proteins were only found in three out
of the six cnidarian species searched. Large numbers of proteins with TSR repeats alone,
and no other identifiable domains, were also found. In comparison, in humans, only the

complement factor properdin contains six TSR repeats and no other domains.

3.3.4 Phylogenetic analysis of TSR domains reveals high conservation between

vertebrates and invertebrates.

Phylogenetic analysis of the TSR domains in cnidarians, other invertebrates, humans, S.
minutum and a variety of apicomplexans shows that the TSR domain is very highly
conserved (Figure 3.6). Human domains group with invertebrate domains, and TSR
domains from very different protein types group closely; for example, the human TSP1
TSR domain clusters with the TSR domain from Aiptasia sp. trypsin-containing TSR
protein. TSR domains from apicomplexan TRAP proteins group together with domains

from S. minutum in a single clade.
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Figure 3.5: Domain architecture of cnidarian TSR super-family proteins compared to known
vertebrate TSR-domain-containing proteins.

87




spa01 I 00$
AdigAD12 —@p{ }—

R4
Aelers2 (OG- TsRX 15\ %
s % T
% 2
etorss Q-0 % g
% %
e}
®
nsaou@EDEENES 00000 o s \\7 58
“, Yo %, S e 0
& Ty 077 0.8 A
0, 0 % BO
Ko Ay ® g
Yiog, “Sap, ©
0, ™,
Ap,
40, .'
4-(7' O
Al 4~e/e,482 940;,
-eleAgs
H.sapap 13
H.sapAD18
S.purPLA
H.sapAD7 D
D
C"\ntAD‘
pdigh??
20
\,\‘sapp\o 2
o2
Wt o0
N\
5® A G
Y
P\'b\g ©
& S
\e\.e' N OO
\?9 N
Q¢ ~
< o & =
’ PP s Q9
S R ~ 8=
F e Qg &
H.sapAD7 RTRX o IS <
- O F & 2 2
[ > () PLAC § & l? @ 5
& =
C.intAD1 < g
TR O060000 00000 *
A.digAD14
D, L) PLAC

SYMABIPY

GHSLNos'd

F.scuTSR1
F.scuvwa

H.sapADii1
H.sapADIi3

znavdes’H

0.3

gyades ™
I~ o\

aydro

88

s.minTsR2 @)— @G OO—
p.falTRAP .-M—

N.canTRAP

C.wra/C.parTRAP

HgiPTHYP
Fsci,?é’gesm

H.sapAD14
A.milAD18

A.milAD8

H.sapTSP1

@ o6

AipTRYP

G T+ @

. TSR domain
. Signal peptide
Iw‘ Transmembrane
domain
- Pro- collagen
@ Cterminal
@  EGF domain
D Type 3 repeat

Reprolysin Protease and
D propeptide lacunin
- Reprolysin Von Willebrand
metaloprotease factor A
g Disintegrin-like - Astacin
| ADAM spacer G Trypsin
(D Ctypelectin g MAM
A cuB ‘ ShK




Figure 3.6: Maximum-likelihood tree of TSR protein domains, constructed using PhyML with 200 bootstraps. Circles at nodes indicate bootstrap
support values: full circles 85-100%, half circles 70-85% and open circles 50-70%. Colour coded inlays show the full protein domain organisations
and for parts of the tree. TSR domains are depicted by a red diamond. The apicomplexan TRAP protein TSR domains all group together (pink), with
one protein from Symbiodinium minutum (brown)(S.min). Human (H.sap) reference TSR domain sequences are shown in blue. A.dig, A. digitifera;
A.mil, A. millepora; Aip, Aiptasia sp.; A.ele, A. elegantissima; N.vec, N. vectensis; F.scu, F. scutaria; S.pur, S. purpuratus; C.ele, C. elegans; C.int, C.
intestinalis; D.mel, D. melanogaster. The alignment used to produce this tree is given in Appendix B3.
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3.4 Discussion

The purpose of this study was to characterise the TSR-domain-containing protein
repertoire of both partners involved in the cnidarian-dinoflagellate symbiosis. The TSR
protein motif is one of many potential ligands involved in the establishment and
regulation of a stable symbiotic relationship. Data presented here reveal a large and
diverse TSR-domain-containing protein repertoire in all six cnidarian species searched.
The TSR domain is very well conserved from cnidarians to humans, with binding
domains for GAGs and CD36/SRB1. The 3-D folding sites, as described by Tan et al
(2002) for the crystal structure of the TSR domains in human TSP 1, are present in all

six cnidarian species searched.

3.4.1 Dinoflagellate TRAP-like proteins

TSR domain sequences obtained from the Symbiodinium minutum genome, in contrast
to cnidarian TSR domains, have variable numbers of cysteine residues (4-6), and known
binding motifs and 3-D folding sites are not well conserved. Phylogenetic analysis
grouped all three S. minutum TSR sequences within the same clade as the apicomplexan
TRAP TSRs. However, it is not clear from the data presented here whether
Symbiodinium sp. has a TRAP-like protein that it could use to gain entry into cnidarian
host cells. There are similarities between well-studied apicomplexan TRAP proteins
and the TSR-domain-containing protein repertoire of S. minutum, but further
investigation is required to ascertain whether the dinoflagellate is using a TRAP-like
protein.  Experiments investigating Symbiodinium cell surface proteins, using
techniques previously used to identify surface lectins (Wood-Charlson et al. 2006,
Logan et al. 2010) and techniques used to investigate the release of photosynthetic
products (e.g. including protein-containing glycoconjugates) in response to the

presence of host tissue (Davy 2001), may be necessary to answer this question.

3.4.2 What can be inferred from known functions of vertebrate TSR domains?

The TSR domains in human TSP 1/2 bind a wide range of ligands and are responsible

for many of the functions of the thrombospondin protein. Tan et al. (2002) crystallized
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the structure of TSR repeats 2 and 3 in the human thrombospondin-1 protein, revealing
many of the essential binding domains. The human TSP1 protein has a large repertoire
of cellular functions, many of which appear to be antagonistic. TSP1 promotes cell
adhesion and tumour progression, disrupts of cellular adhesion and inhibits of tumour
growth (Lopez-Dee et al. 2011). This duality likely stems from the ability to bind
multiple receptors presented by a variety of cell types: Receptors include integrins,
CD36 and cellular glycosaminoglycans (GAGs) (Lawler 2000).

Human TSP1 TSR domains bind the Class-B scavenger receptors CD36, SRB1 and LIMP
in humans; this receptor/ligand interaction has been studied in some detail due to
important roles in human disease and immunity (Leung et al. 1992, Li et al. 1993,
Silverstein and Febbraio 2007). A CD36-like SRB1 protein is upregulated in the
symbiotic state of two different anemones (Rodriguez-Lanetty et al. 2006, Lehnert et al.
2014), however the function of this scavenger receptor is still unknown. The TSR
protein domain provides a potential ligand for the upregulated SRB1. Possible roles for
scavenger receptors in relation to the establishment and maintenance of a healthy
cnidarian-dinoflagellate symbiosis are discussed in detail in chapter 2. Briefly, firstly
SRB1 could be used by the symbiont to gain entry to the host cell as in an immune
receptor capacity SRB1 initiates phagocytosis of microbes (Schifer et al. 2009,
Silverstein and Febbraio 2009). Secondly, in humans TSP1 protein binds CD36 in order
to activate latent TGFB and initiate the TGFB pathway, which has an immune
suppressive effect that enables tumour progression (Khalil 1999, Murphy-Ullrich and
Poczatek 2000, Koli et al. 2001, Uchida et al. 2008), this tolerogenic response could be

beneficial to an invading dinoflagellate cell.

3.4.3 Which TSR proteins are present in cnidarians?

The six cnidarian species searched in this study have genes that encode proteins with
only TSR domains, in repeats from 1-15. In humans, the complement factor properdin
is a protein that contains only six repeat TSR domains and no other protein domains.
Properdin is involved in tissue inflammation and pathogen engulfment by phagocytes
(Nolan et al. 1992); initiating phagocytosis is an important mechanism for establishing
an endosymbiotic relationship. The TSR domain could thus represent a mechanism by

which the dinoflagellate uses the host cell’s immune receptors to initiate phagocytosis
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and gain entry to the host gastrodermis. This mechanism is used by Plasmodium spp.
and the Hepatitis C virus to enter human hepatocyte cells (Areschoug and Gordon
2009). In both cases, the host receptor is the scavenger receptor SRB1, and in the case
of Plasmodium the ligand used is the TSR domain of a TRAP protein (Miiller et al. 1993,
Yalaoui et al. 2008).

ADAMTS metalloprotease-like proteins form the second largest group of TSR-domain-
containing proteins identified in five of the six cnidarian species searched. The ADAMTS
metalloproteases are a group of disintegrin metalloproteases with thrombospondin
motifs. In humans there are 19 ADAMTS genes that encode for secreted proteases, some
of which bind to the ECM (Tang and Tang 2001). The TSR domains within these
ADAMTS proteins anchor the protease to the extracellular matrix (Kuno et al. 1998).
The TSR domain is involved in proteolysis and can cleave the proteoglycans, aggrecan,
versican, brevican and neurocan (Porter et al. 2005). ADAMTS metalloproteases have
important roles in connective tissue organization, inflammation, angiogenesis and cell
migration (Kuno et al. 1998, Tang and Tang 2001, Davis et al. 2009).

The ADAMTS proteases are much less common in non-mammalian metazoans. There
are five ADAMTS genes in C. elegans and three ADAMTS-like protein sequences in
Drosophila melanogaster. The ascidian, Ciona intestinalis, has six ADAMTS proteases and
the purple sea urchin, Strongylocentrotus purpuratus, has six ADAMTS-like proteins
(Nicholson et al. 2005, Huxley-Jones et al. 2005, Fernando et al. 2011). Four of the six
cnidarian species searched show expanded numbers of ADAMTS genes compared to the
numbers of ADAMTS genes identified in other invertebrate model organisms. N.
vectensis has 26 ADAMTS-like genes, while A. digitifera and A. millepora both have 17
and Aiptasia sp. has 13. The number of ADAMTS genes found here is closer to that of
vertebrates than to other invertebrate species. In humans, ADAMTS 13 binds CD36,
localizing the protease on the endothelial cell surface where it regulates the cleavage of
VWA. The ADAMTS-like proteins thus have potential roles in anchoring dinoflagellates
to cnidarian gastrodermal cells, dinoflagellate cell migration within the gastrodermis,
and initiation of an immune response.

A novel member of the TSR-domain-containing superfamily was found in all five
symbiotic cnidarians, but not in the non-symbiotic anemone N. vectensis. This protein
contains 3-5 TSR repeats, the toxin ShK domain and a terminal trypsin domain. The

presence of the trypsin domain suggests that this protein is involved in protein
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digestion, but it is not clear why this protein would be found in symbiotic cnidarians
and not in the non-symbiotic species. TSR proteins containing 1-5 VWA domains and
between 2-15 TSR domain repeats were also found in the five symbiotic cnidarians but
not in the non-symbiotic anemone N. vectensis. These VWA TSR proteins are unlike any
known vertebrate TSR proteins, but they are very similar to the CTRP protein of P.
falciparum and the other TRAP proteins. The TRAP protein binds to hepatocytes
through a dual ligand system that uses the TSR and VWA domains; while invasion is
possible when one or other domain bears a mutation, invasion is more successful when
both domains are present (Morahan et al. 2009). Due to their exclusive presence in
symbiotic species, both of these TSR proteins are potential targets for further study in
the context of cnidarian-dinoflagellate symbiosis.

A homologue to the human SEMAS5 protein was found in five of the six cnidarian species
searched. The semaphorins are a family of growth-guidance proteins that guide axons
during neural development, initiate bone growth, and bind to B1 plexin, while SEMA4
and -7 are involved in immune functions (Kruger et al. 2005). SEMAS is highly
evolutionarily conserved and contains between five and seven TSR repeats.
Homologues to the human SEMAS5 have been found in mice, flies, zebrafish and now
cnidarians. Very little is known about the specific functions of SEMAS5 and its TSR
domains. It may be involved in cell morphology, cytoskeletal organisation, neural
connectivity and vasculature patterning in humans (Yazdani and Terman 2006). A
homologue to the human B1 plexin transmembrane receptors has also been identified

in N. vectensis (Putnam et al. 2007).

3.4.4 Data constraints on protein analysis: data source, developmental stage and

symbiotic state

The genetic data used in this study represent various developmental stages and
symbiotic states. Fully annotated genomes are only available for the non-symbiotic
anemone N. vectensis and the symbiotic coral A. digitifera, while a draft genome
assembly is available for the dinoflagellate S. minutum. The four remaining cnidarian
species used in this study have only transcriptome data available. While these data are
valuable, they can only provide a snapshot of the proteins expressed at the time the

transcriptome was made. Therefore, it is not possible to compare numbers of specific
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proteins found between species for which transcriptome data are available. With the
exception of the coral A. millepora, the transcriptomes were all produced using
aposymbiotic tissues, and hence the lack of symbionts could affect the types of proteins
expressed and could exclude symbiosis-specific proteins. Indeed, several studies have
shown differential gene expression when comparing transcriptome data from symbiotic
versus aposymbiotic anemone tissue (Rodriguez-Lanetty et al. 2006, Moya et al. 2012,
Lehnert et al. 2014). These data constraints can explain several of the discrepancies in
the numbers of proteins. For example, both A. elegantissima and F. scutaria, for which
only transcriptome data are available, have low numbers of ADAMTS-like proteins,
whereas all other species searched have high numbers of these proteins. Indeed, the
transcriptome for F. scutaria has low numbers of all TSR proteins compared to the five
other species searched. Further comparisons between genomic and transcriptomic data
at various developmental stages and symbiotic states within the same species could
provide a more detailed picture of the expression patterns of these genes within

cnidarians.

3.4.5 Phylogenic analysis of TSR domains reveals high conservation

The patterns observed in the protein domain phylogeny presented here indicate that
TSR domain sequences are very similar, with the exception of the apicomplexan TRAP
TSR domains. TSR domains for all taxa sampled group together and the TSR domains
from very different proteins also group together. For example, the TSR domain from a
trypsin-domain-containing protein from the anemone Aiptasia sp. groups with the TSR
domain from the human TSP1 protein. The TSR domains from ADAMTS proteins of all
species searched here group together; these groups include Anthozoan TSR proteins of
all types, while some dinoflagellate TSR domains group with human ADAMTS14 and A.
millepora ADAMTS-like protein domains. The phylogeny indicates that the TSR domains
across taxa and different TSR-domain-containing proteins are highly similar.
Conservation of 3-D folding and binding motifs would suggest that the TSR domains and
proteins are interchangeable between systems. This hypothesis was tested in the next
chapter, where treatment of Aiptasia sp. anemones with human TSP1 protein produced

the same effect as peptides derived from native Aiptasia sp. TSR proteins.
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3.5 Concluding remarks

The bioinformatic searches and analyses carried out in this study suggest that the TSR
domain, its functions and binding sites are ancient and highly conserved. Anthozoan
cnidarians contain a large and diverse TSR protein repertoire, exhibiting similarities to
the human TSR protein repertoire and also some novel proteins, which could be
potential targets for further investigation. More work is needed to determine the
function and evolutionary history of these uncharacterized proteins. This study
provides the first detailed description of TSR-domain-containing proteins in cnidarians
and contributes to basic knowledge about the secreted and ECM protein repertoire for
this basal metazoan group. The ECM is the first line of defense for cells against invading
microbial attack and is therefore important to research on coral disease and immunity,
as well as in the context of mutualistic partners such as Symbiodinium spp. These
genomic data enable and inform ongoing work investigating a potential role for TSR-
domain-containing proteins in the establishment of a healthy cnidarian-dinoflagellate

symbiosis.
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Chapter 4

The thrombospondin structural homology repeat (TSR)
domain is important in successful dinoflagellate infection of

the anemone Aiptasia sp.

41 Introduction

The innate immune system is responsible for managing the microbiome, maintaining a
balance between tolerating beneficial microbes and a response to pathogenic microbial
attack. It responds to microbial attack by recognising microbe associated molecular
patterns (MAMPs) in the form of tell-tale microbial surface molecules such as glycans
and lipopolysaccharides (LPS). Host pattern recognition receptors (PRRs) - located on
host membranes or in the extracellular matrix (ECM) - recognise MAMPs and can
trigger phagocytosis of invading microbes, quickly leading to a cascade of
phagolysosome maturation and ending in proteolytic degradation.

Many intracellular parasites manipulate host defence mechanisms to their own
advantage. Both the malaria parasite Plasmodium spp. and the hepatitis C virus have
ligands recognised by the scavenger receptor (SR) SRB1 and exploit the phagocytic
mechanisms of SRB1 to gain entry to host hepatocytes (Rodrigues et al. 2008, Catanese
et al. 2010). Many microbial pathogens avoid host recognition or dampen immune
activation through sophisticated signalling, however some pathogens benefit from the
stimulation of host defence pathways. The parasite Trypanosoma cruzii requires the
presence of thrombospondin 1 (TSP1) protein in the ECM of host cells and the
activation of the transforming growth factor-3 (TGFf) signalling pathway for entry into
mammalian cells (Ming et al. 1995, Waghabi et al. 2005, Simmons et al. 2006, Nde et al.
2012). TGFp is a regulatory cytokine; its main role in the immune system is to maintain
tolerance via the regulation of lymphocyte proliferation, and to resolve inflammation (Li
et al. 2006). This tolerance-promoting immune pathway is exploited by pathogens to
facilitate entry, replication, and persistence within the host. Both the intracellular

parasites Leishmania major and Toxoplasma gondii have developed mechanisms to
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induce macrophages to produce high levels of active TGFf, which in turn suppresses

nitric oxide (NO) production and reduces an inflammatory response (Li et al. 2006).

The TGFB pathway has the potential to be both beneficial and detrimental to the
pathogen. In cancer, TGF[ has been described as a molecular ‘Jekyll and Hyde’, acting as
both a tumour suppressor by initiating apoptosis, and as a tumour promoter by
enhancing growth, invasion and metastasis (Bierie and Moses 2006, Massagué 2008,
Ikushima and Miyazono 2010). Activation of the TGF( pathway in vertebrates is not
fully understood, however in many cases the activation of latent TGFf into its active
form requires the interaction of the TSP1 protein with CD36, a Class B scavenger
receptor found in the ECM (Khalil 1999). Within TSP1, the TSR domain specifically
binds the CD36 domain on the CD36 protein (Murphy-Ullrich and Poczatek 2000) (see
Figure 4.1a for an illustration of a simplified TGFf signalling pathway). The mechanisms
employed by obligate intracellular parasites to gain entry to host cells and manipulate
immune responses to their own benefit are of particular interest to the study of

mutualistic relationships such as the cnidarian-dinoflagellate symbiosis.

The cnidarian-dinoflagellate symbiosis is an intracellular relationship where
dinoflagellate symbionts of the genus Symbiodinium reside within the host
gastrodermis, the innermost cell layer lining the gastrovascular cavity. The relationship
is based on mutual nutritional exchange: the symbiont translocates fixed carbon to the
host in return for inorganic nutrients and a high light environment (Yellowlees et al.
2008). In the majority of cnidarian species, symbionts must be acquired from the
surrounding seawater by cnidarian larvae. The mechanism by which the symbiont
colonizes the host and is tolerated is a subject of recent interest (Dietrich et al. 2006,
Schwarz 2008, Davy et al. 2012, Lehnert et al. 2014). The symbiont enters the host via
phagocytosis, and becomes surrounded by a phagosome composed of host-derived
plasma membrane that develops into a specialised vacuole referred to as the
‘symbiosome’ (Kazandjian et al. 2008, Peng et al. 2010).

The establishment of a healthy cnidarian-dinoflagellate symbiotic relationship involves
a series of complex steps: symbiont recognition and uptake via phagocytosis, selection,
arrest of phago-lysosome maturation and cell cycle control, followed by symbiont

proliferation within the host cells (Davy et al. 2012). Each step involves inter-partner
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signalling and a degree of cooperation between partners. Several recent genomic
studies have uncovered a complex innate immune repertoire in cnidarians (Miller et al.
2007, Bosch 2008, Kvennefors et al. 2010, Lehnert et al. 2014, Baumgarten et al. 2015).
Partner crosstalk is complex and involves a vast array of ligands, receptors and protein
cascades. Individual studies are contributing to our understanding of the complexity of
the molecular mechanisms that support cnidarian-dinoflagellate symbiosis (Chen et al.
2004, Wood-Charlson et al. 2006, Wood-Charlson and Weis 2009, Detournay and Weis
2011, Meyer and Weis 2012, Detournay et al. 2012).

In figure 4.1b, I introduce a testable cellular model for how the TGF pathway may be
involved in cnidarian-dinoflagellate symbiosis. A previous study in Aiptasia identified
several proteins within the TGF3 immune pathway and proposed a tolerogenic balance
between host and symbiont (Detournay et al. 2012). A TGF3 sensu stricto has been
characterized in Aiptasia sp., along with the Smad transcription factors that function
downstream of TGFB activation (Technau et al. 2005, Detournay et al. 2012).
Phosphorylated Smad proteins 2/3 were present in higher quantities in symbiotic
versus aposymbiotic Aiptasia sp., via immunoblot analysis (Detournay et al. 2012). In
functional genomic studies examining genes differentially expressed in aposymbiotic
versus symbiotic states, the class B SR, SRB1, is upregulated in the symbiotic state of
both the anemones A. elegantissima and Aiptasia sp. (Rodriguez-Lanetty et al. 2006,
Lehnert et al. 2014). The up-regulation of this protein post-phagocytosis indicates a
potential role in symbiosis maintenance. Both CD36 and TSR-domain-containing
proteins identified in this thesis (Chapters 2 and 3) provide new putative TGF3 pathway

components.
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Figure 4.1: a) A simplified TGF( signaling pathway. TGFp is secreted in a latent form, and

activation of latent TGFB to its active form often involves the TSR domain of the
thrombospondin 1 protein binding to the Class B scavenger receptor, CD36 (Schultz-Cherry et
al. 1994; Murphy-Ullrich et al. 2000). TGFB activation initiates a signalling cascade via
transmembrane TGFB Receptors I and II, activating the phosphorylation of the Smad
transcription factors. Smads migrate to the nucleus and promote or inhibit transcription of a
large variety of genes (Li et al. 2006). b) Proteins and potential elements of the TGF3 pathway
identified in cnidarians. Previous work supports the involvement of TGFB in promoting
tolerance of symbionts within the cnidarian host (Detournay et al. 2012). Upward pointing red
arrows indicate proteins identified as upregulated in the symbiotic state: SRB1 (Rodriguez-
Lanetty et al. 2006; Lehnert et al. 2014); Smad 2/3 (Detournay et al. 2012). Downward pointing
red arrow indicates a down-regulation of the host immune response. In comparison to
aposymbiotic Aiptasia sp., symbiotic anemones produce significantly less NO in response to
immune stimulation by LPS (Detournay et al. 2012).
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Experimental evidence suggests that there is a tolerogenic response to the symbiont via
activation of the TGF immune suppressive pathway (Detournay et al. 2012). Blocking
the putative cnidarian TGFf protein reduced infection success in re-infection
experiments using aposymbiotic Aiptasia sp. anemones. Blocking TGFf3 ligands also
induced an immune response in symbiotic anemones in the form of increased NO
production (Detournay et al. 2012). In comparison to aposymbiotic Aiptasia sp,
symbiotic anemones produce significantly less NO in response to immune stimulation
by LPS (Detournay et al. 2012). This response is mirrored in vertebrate macrophages
parasitized by Leishmania major and Toxoplasma gondii, where NO production is
suppressed due to the tolerogenic effects of the TGF3 pathway (Li et al. 2006).

Searches of the available genomic and transcriptomic resources for six cnidarian
species revealed a large and complex repertoire of TSR-domain-containing proteins in
cnidarians (Chapter 3). Several apicomplexan parasites use a TSR domain-containing
protein referred to as the “thrombospondin related anonymous protein“ (TRAP) to bind
to and gain entry to host cells (Morahan et al. 2009). The TSR domains in cnidarian TSR-
domain-containing proteins show strong amino acid sequence conservation when
compared to vertebrate TSR domains: The 3-D folding sites and significant binding
motifs are highly conserved, indicating that this domain is ancient and highly conserved
from vertebrates to lower metazoans (Chapter 3). The characterisation of cnidarian and
dinoflagellate TSR domains and the TSR-domain-containing repertoire thus provides
targets for the functional investigation of these proteins in the onset of the cnidarian-
dinoflagellate symbiosis.

The aim of this chapter was to investigate the role of TSR-domain-containing proteins in
the establishment of the cnidarian-dinoflagellate symbiosis within the anemone
Aiptasia sp. This anemone represents a model system, for the study of cnidarian-
dinoflagellate symbiosis, as it can be maintained in both symbiotic and aposymbiotic
states in the laboratory (Dietrich et al. 2006). The central hypothesis tested is that a
TSR-domain-containing protein is involved in symbiont uptake. Specifically I focussed
on: (1) whether TSR-domain-containing proteins involved are of symbiont or host
origin; and (2) if the dinoflagellate uses a TRAP-like TSR-domain-containing surface
protein to gain entry to host cells or alternatively if the symbiont utilises host TSR-
domain-containing protein(s) to gain entry to host cells. Western blots showed that

TSR-domain-containing proteins are present in higher quantities in symbiotic versus
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aposymbiotic anemones. Functional experiments measured symbiont uptake in
aposymbiotic anemones, after challenge with proteins and antibodies to either
stimulate or block TSR-domain-binding. Overall, results suggest that host derived TSR-
domain-containing proteins are important to symbiont acquisition in the anemone
Aiptasia sp. Immunofluorescence microscopy of symbiotic anemones showed that anti-
TSP localises in gastrodermal cells containing symbionts. These images suggest a
potential role for TSR-domain-containing proteins in symbiosis maintenance. This study
provides information on the role of a novel group of proteins in symbiosis onset and

also potential mechanisms of inter-partner signalling and innate immune modulation.

4.2 Materials and Methods

4.2.1 Maintenance and preparation of anemone and dinoflagellate cultures

Symbiotic Aiptasia cultures were maintained in saltwater aquaria at 26°C with a 12/12
h light/dark photoperiod, and were fed twice weekly with live brine shrimp. Animals
were rendered aposymbiotic by incubation for 8 h at 4 °C, after a few days recovery this
cold shock was repeated 4-5 times, followed by maintenance in the dark. Anemones
were fed daily with brine shrimp, and cleaned of expelled symbionts and food debris
daily. Aposymbiotic animals were verified fusing a florescence microscope checking for
dinoflagellate chloroplast auto-fluorescence.

Cultured dinoflagellates, Symbiodinium sp., ITS2 type B1 (culture ID: CCMP830) were
maintained in 50 ml flasks in sterile Guillard’s f/2 enriched seawater culture medium
(Sigma, St. Louis, MO, USA). Dinoflagellate cultures were maintained at 26°C ona 12/12
h light/dark photoperiod.

4.2.2 Western blot analysis of TSP1 antibody protein targets

Western blots were performed to assess the expression levels of TSR proteins binding
to the rabbit polyclonal antibody with an epitope corresponding to the three TSR
domains of human thrombospondin proteins 1 and 2 (H-300, Santa Cruz Biotechnology
sc-14013). The epitope used to make the antibody showed significant similarity with a
TSR-domain-containing protein identified in the experimental anemone Aiptasia sp.

(Figure 4.2). Sets of eight aposymbiotic or symbiotic anemones were homogenized on
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ice in 1 ml of homogenization buffer (50 mM Tris-HCI, pH 7.4, 300 mM NaCl, 5 mM
EDTA) with a protease inhibitor cocktail (BD Biosciences, San Jose, CA, USA).
Homogenates were centrifuged at 4°C for 15 min at 14,000 x g, supernatants were
decanted and protein concentrations were determined using the Bradford assay.
Protein concentrations were adjusted or diluted to a standard (50 pg/ml) and boiled for
5 min in loading dye. Proteins were resolved on a 7% SDS-PAGE gel. Proteins were
electrophoretically transferred overnight onto nitrocellulose membrane. After blocking
with 5% non-fat dry milk in TBS-Tween 20 (0.1%) for 1 h at 37 °C, membranes were
incubated with anti-TSP or an IgG isotype control, both at a dilution of 1:200, for 2 h at
room temperature. The blots were washed three times in TBS-Tween 20 followed by
incubation in a secondary HRP-conjugate goat anti-rabbit IgG (0.2 Ig/ml, Sigma, St.
Louis, MO, USA) for 1 h. Each sample contains eight anemones; protein concentrations
standardised to contain 50 pug/ml of protein per well. Bands were detected by enhanced
chemiluminescence (Millipore, Temecula, CA, USA). Relative band intensities were

quantified with IMAGE | software.
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Figure 4.2: A section of the antibody binding region of the human thrombospondin 1/2 antibody
(H-300, sc-14013 from Santa Cruz Biotechnology), aligned to a TSR protein fragment from
Aiptasia sp.

4.2.3 Cryosectioning and immunofluorescence microscopy to localise binding of the

human TSP antibody

Immuno-fluorescence was used to investigate the presence of TRAP-like proteins on the

surface of dinoflagellate cells. I compared anti-TSP binding in Symbiodinium cells from
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cultured algal strain CCMP830 to algal cells freshly isolated from Aiptasia sp. To obtain
freshly isolated algal cells with intact symbiosome membranes, anemones were
homogenised in a microfuge tube with a micro-pestle and the resulting homogenate was
centrifuged to produce an algal pellet. The pellet was washed several times in FSW and
re-pelleted. Algal cells were re-suspended to a concentration of 25,000 cells per ml.
Both cultured and freshly isolated Symbiodinium cells were incubated with the anti-TSP
conjugated to a fluorescent probe. The lipophilic membrane stain, ‘Dil’ (1,1'-
Dioctadecyl-3,3,3",3"-Tetramethylindocarbocyanine Perchlorate; DilC18(3); Molecular
Probes), was used to test for the presence of host derived plasma symbiosome

membrane surrounding freshly isolated algal cells.

To investigate where anti-TSP binds within both symbiotic and aposymbiotic
anemones, 20um thick cryosections of both whole symbiotic and aposymbiotic
anemones were made using methods modified from (Dunn et al. 2007b) (see:

http://people.oregonstate.edu/~weisv/assets/cryosectioning.pdf for the full protocol

pdf). Whole anemone sections were frozen to slides and stored at -20°C. Slide-mounted
sections were then thawed to room temperature for further processing. The sections
were washed twice in phosphate-buffered saline (PBS) and fixed with 4%
paraformaldehyde (PFA) for 10 min, and then washed twice in PBS. Sections were then
made permeable with 0.2% Triton-X-100 in PBS for 5 min and blocked in 3% bovine
serum albumen (BSA), 0.2% Triton-X-100 in PBS for 30 min, before being incubated in
the anti-TSP rabbit polyclonal antibody at a 1:200 dilution (in blocking buffer) for 4 h at
4°C. Slides were subsequently washed three times for 5 min each with 0.2% Triton-X-
100 in PBS at room temperature. Alexa Fluor 488 (ThermoFisher Scientific) secondary
fluorescent antibody was diluted in blocking buffer (1:150 dilution) and incubated on
the slides at room temperature in the dark for 1 h. Slides were washed in the dark three
times for 5 min with 0.2% PBS/Triton-X-100. A drop of Vectashield DAPI hard set
mounting medium was then used to stain nuclei and mount cover slips onto slides.
Immunofluorescence was visualised using the Zeiss LSM 510 Meta microscope through
a Plan-APOCHROMAT 63x/1.4 O0il DIC objective lens. The fluorescence
excitation/emission was 488/556-573 nm for Alexa Fluor 488 secondary antibody and

688/679-754 nm for Symbiodinium chlorophyll autofluorescence.
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4.2.4 Experimental manipulation of anemones

In preparation for experimental manipulations, individual anemones were placed in 24-
cell well plates in 2.5 ml of 1-um filtered seawater (FSW) and acclimated to the well
plate for 4 days, with FSW replaced daily. Well plates containing aposymbiotic
anemones were exposed to as little light as possible and symbiotic anemones were
maintained in an incubator at 26°C with a 12/12 h light/dark photoperiod. Animals
were not fed during the experimental time period.

Aposymbiotic Aiptasia sp. anemones were subjected to experimental re-infection with
Symbiodinium cells; infection success was determined by counting the number of
symbionts present in host gastrodermal cells (see 4,2,7 for full details). Experimental
treatments (see below) were initiated 2 hours prior to infection with Symbiodinium. For
infection experiments, cultured Symbiodinium sp. cells of ITS2 type B1 (culture ID:
CCMP830) were added to each well to give a final concentration of 2 x 105 cells/ml.
After incubation with dinoflagellate cells for 4 h in an incubator at 26°C under 40 umol
quanta/m?/s of light, anemones were washed twice in FSW and experimental
treatments were refreshed. Well-plates were then placed in an incubator at 26°C under

40 umol quanta/m?/s of light and a 12/12 h light/dark cycle.

4.2.5 Addition of anti-TSP to aposymbiotic anemones during the onset of symbiosis

To investigate the effects of blocking TSR domains at the onset of the symbiosis,
anemones were incubated in a rabbit polyclonal antibody with an epitope
corresponding to the three TSR domains of human thrombospondin proteins 1 and 2
(H-300, Santa Cruz Biotechnology sc-14013). Anemones were incubated for 2 h prior to
infection with dinoflagellate cells (described above) in anti-TSP at a concentration of 0.5
ug/ml. Control animals were given fresh FSW at the same time. A second IgG control to
control the use of an antibody used normal rabbit IgG isotype/pre-immune serum at
1000 pg/ml also from Santa Cruz (sc:2027). Anemones were sampled at 48, 72, 96 and
120 h post-infection, with a sample size of four anemones per treatment per time-point.

Treatment conditions of these animals were refreshed once every 24 h.
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4.2.6 Addition of TGFf protein to anemones already treated with anti-TSP

To investigate if the inhibitory effect on infection success observed with the addition of
anti-TSP could be reversed, TGF[3 protein was added to anemones pre-treated with anti-
TSP. The hypothesis supporting this experiment suggests that TSR-domain-containing
proteins are involved in initiating the tolerogenic TGFf3 pathway. For an overview of
the TGFB pathway components see Figure 4.1. Recombinant TGFf protein (Sigma,
St.Louis, MO, USA) at a concentration of 100 pg/ml was added at the time of infection to
well-plates containing aposymbiotic anemones pre-treated (2 hours prior) with human
thrombospondin antibody at a concentration of 0.5 pg/ml. Control animals were given
fresh FSW at the same time. Anemones were sampled at 65 and 95 h post-infection;
sampling time-points were limited by the available quantity of TGFf protein. Treatment

conditions of these animals were refreshed once every 24 h.

4.2.7 Addition of human TSP1 protein and synthetic TSR peptides

To investigate the effect of TSR-containing proteins on dinoflagellate infection success,
soluble human thrombospondin-1 protein (TSP-1) (thrombospondin human platelet,
Athens research and technology, #:16-20-201319) was added to aposymbiotic
anemones. Anemones were incubated for 2 h prior to infection in 25 pg/ml human TSP-
1 in FSW. Control animals were given fresh FSW at the same time. Anemones were
sampled at 48, 72, 96 and 120 h post-infection, with a sample size of four anemones per
treatment per time-point. Treatment conditions of these animals were refreshed once

every 24 h.

To investigate whether native Aiptasia sp. TSR domains would produce a similar effect
to human TSP1 protein, anemones were incubated in synthetic TSR peptides. Several
studies have used TSR peptide fragments to investigate the binding sites of specific
receptors such as the scavenger receptor type B CD36 (Tolsma et al. 1993, Li et al. 1993,
Karagiannis and Popel 2007, Cano et al. 2009). The putative TSR domain from Aiptasia
sp. contains multiple binding motifs, WXXWXXW, CSVTCG and GVQTRLR, which are all
known to bind glycosaminoglycans and class B scavenger receptors in humans (Figure
4.3). Two separate peptides were designed: Peptide 1 was identical to TSR domain 2

from the predicted protein Aiptasia sp. comp25690 (taken from an Aiptasia sp.
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transcriptome (Lehnert et al. 2012)). Peptide 2 cysteine residues in peptide 1 were
substituted with alanine residues to avoid peptide self-adhesion and resultant loss of
adhesion to target molecules. Peptides were designed according to the peptide design
guidelines (version 3) available at www.biomatik.com. Anemones were incubated for 2
h prior to infection in either of the two peptides at a concentration of 150 pg/ml of FSW.
Control animals were given fresh FSW at the same time. Anemones were sampled at 48,
72,96 and 120 h post-infection, with a sample size of four anemones per treatment per

time-point. Treatment conditions of these animals were refreshed once every 24 h.
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Figure 4.3: Alignment of the second TSR domains from human thrombospondin 1 and TSR
proteins from the anemone Aiptasia sp. and the dinoflagellate Symbiodinium minutum. In red
are the binding sites for glycosaminoglycans (GAGs) and CD36; greyscale indicates the %
identity of the three sequences. Pink annotation indicates the TSR peptide sequence covering all
three binding domains; inset are the synthetic peptide sequences for experimental peptides. In
peptide 2, the cysteine residues were replaced with alanine residues as shown in red.

4.2.8 Assessing infection success using confocal microscopy

Symbiont numbers were quantified in host tentacles using confocal imaging. Infection
success was assessed flourometrically by confocal microscopy, following methods
detailed in Detournay et al. (2012). Following experimental manipulation, anemone
treatments were replaced with 1 ml of relaxing solution (1:1 0.37 M MgCl; : FSW).
Relaxing solution is used to keep the live anemone still and prevent it from contracting.
DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) ThermoFisher scientific,
(catalog number: D1306) was added to the relaxing solution to stain nuclei. Samples

were observed under a Zeiss LSM 510 Meta confocal microscope with a 40x/0.8 water
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objective lens and a working distance of 0.8-3.2 mm. Dinoflagellate cells present were
visualised by detecting chlorophyll autofluorescence with excitation and emission
wavelengths of 543 and 600-700 nm, respectively. Before image scanning, the focal
plane of the optical section was adjusted to include the gastrodermal cells within the
anemone tentacle. For each experiment, all images were obtained with the same
software scanning settings, including detector gain and laser intensity. Quantification of
fluorescence was achieved by first defining the gastrodermal tissue area within the
anemone tentacles as a region of interest and then measuring the mean fluorescence
intensity (MFI) for that region with the LSM 5 software (Zeiss). Chlorophyll
autofluorescence intensity for each pixel was measured and a threshold value
corresponding to the background was defined by measuring the mean fluorescence
intensity (MFI) at 600 nm of a gastrodermal section without symbionts (threshold MFI =
20). Infection success was expressed as percent of pixels with autofluorescence
intensity above the threshold. In reinfection experiments, each treatment represents a
sample size of four anemones per treatment and time-point, with % infection taken as
the mean over six tentacles per anemone. Three untreated symbiotic anemones (six
tentacles per anemone) were examined to determine a baseline infection level for

symbiotic anemones.

4.3 Results

4.3.1 Evidence of TSR domain proteins in host but not symbiont

Anti-TSP labelled the same two bands between 72 and 43 kDa in Western blot analysis
of homogenate from both symbiotic and aposymbiotic Aiptasia sp. (Figure 4.4).
However band intensities were higher in symbiotic, compared to aposymbiotic samples.
The exact nature of these target proteins remains unknown, as immuno-precipitation

and mass spectrometry failed to resolve this matter (see Appendix C1).
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Figure 4.4: TSP antibody binding proteins are expressed in higher quantities in symbiotic
Aiptasia sp. than in the aposymbiotic state of this anemone. Western blot image shows protein
from symbiotic (labelled SYM) and aposymbiotic (labelled APO) anemones. All four wells
showed bands at approx. 47 kD and approx. 53-55 kD. Stronger intensities of bands in symbiotic
samples indicate larger quantities of TSR domain-containing proteins binding to the TSP
antibody.

Anti-TSP labelled freshly isolated, but not cultured Symbiodinium cells (Figure 4.5).
Label appeared around the outside of cells, suggesting that it was labelling symbiosome
membrane or host material associated with freshly isolated algae. Freshly isolated algae
were surrounded by a host-derived symbiosome membrane and/or gastrodermal cell

membranes, as indicated by the presence of DIL membrane stain fluorescence (Figure

4.5).
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Figure 4.5: Confocal microscope images of dinoflagellate cells taken from culture (left) and

freshly isolated cells taken from Aiptasia sp. anemone homogenate (right). The DIL membrane
stain treatment indicated anemone plasma membrane (symbiosome membrane) present
around the freshly isolated cells and absent around the cultured cells. A fluorescent probe
conjugated to the TSP1 antibody showed that the antibody bound to a target protein within the
anemone-derived plasma membrane present on the freshly isolated cells. The lower resolution
image (bottom left) shows no binding in the cell culture.

Anti-TSP labelled anemone tissue closely associated with symbionts in whole mount
specimens (Figure 4.6). Labelling was localised within host gastrodermal cells: both
host and symbiont nuclei labelled blue with DAPI indicating symbionts tightly enclosed
within host gastrodermal cells (Figure 4.6 ¢ & d). Green anti-TSP labelling is visible

surrounding the red autofluorescence of the dinoflagellate chloroplast.
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Figure 4.2: Confocal microscope images of cryosections from whole symbiotic anemones
(Aiptasia sp.). (a) A section of anemone gastrodermis stained with anti-TSP conjugated with a
florescent probe (green) and the dinoflagellate chloroplast autoflorescence (red). DAPI (blue)
stains the nuclei of both anemone and Symbiodinium cells; arrows indicate where the anemone
cell nuclei are visible near the dinoflagellate cell nuclei, indicating symbiont cells tight inside
host gastrodermal cells. (b) The secondary antibody-only control, with no green fluorescent
staining visible. (c) and (d) Thrombospondin antibody binding within the host gastrodermal
cells surrounding the symbiont.

4.3.2 Blocking TSR domains inhibits symbiont uptake

Incubation of aposymbiotic anemones with anti-TSP inhibited uptake of dinoflagellate
cells (Figure 4.7; see inset confocal images showing representative tentacle slices at 72
h post-infection.). In comparison, anemones incubated in the FSW control showed
relatively slow re-infection rates for the first 72 h and increased infection rates
thereafter, and infection levels in the IgG antibody control followed a similar pattern. At

48 h post-infection, anemones in the anti-TSP, FSW and IgG treatments had a mean
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percent infection of 0.6% (SE: 0.15), 2.4% (SE: 0.55) and 2.9% (SE: 1.04), respectively,
while at 120 h, the percent infection was 1.26% (SE: 0.86%), 18.1% (SE: 2.65%) and
17.8 % (SE: 2.56%) respectively.
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Figure 4.7: Infection rates in anemones treated with a rabbit polyclonal antibody with an
epitope corresponding to amino acids 401-700 of thrombospondin 2 of human origin.
Thrombospondin antibody (green dashed line) had a substantial effect on infection success
compared to the filtered seawater (solid blue line) and IgG (orange dashed line)
controlanemones, which showed expected infection rates. Infection success determined using
autofluorescent area with the confocal microscope; each time-point represents four individual
anemones per treatment, and three tentacles per anemone we sampled at random. Inset
confocal images show representative tentacle slices at 72 h post-infection.

4.3.3 Blocking effect of TSP antibodies can be partially reversed by the addition of TGFf

protein

The inhibitory effect on infection success of anti-TSP incubation was partially reversed
by addition of exogenous TGF[( protein. Adding exogenous TGFf(3 protein to anti-TSP
treated anemones restored infection to levels close to those found in FSW controls
(Figure 4.8). At 65 h post-infection, anemones treated with both TSP antibody and TGFf3
protein showed mean infection levels of 2.4% (SE: 0.3%), versus 0.02% (SE: 0.02%) in
the antibody treatment, 3.14% (SE: 1.2%) in the FSW control, 3.1% (SE: 0.9%) in the
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IgG control, and 3.3% (SE: 1.1%) in the IgG / TGF@ control. This suggests that
tolerogenic TGF[B activity is linked to TSP activity in the recognition process.
Experimental time points were limited by available TGF@ protein. Overall infection
levels were low in these data compared with those measured in naturally symbiotic
anemones (mean: 41.96%, SE: 2.31), suggesting that uptake is slow and proliferation of

symbionts takes time to reach an optimal symbiont load within a host anemone.
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Figure 4.8: The blocking effect of thrombospondin antibody can be reversed by the addition of
TGFB protein. The addition of TSP1 antibody (green dashed line) had a substantial blocking
effect on infection success, while adding exogenous TGF[ protein combined with TSP1 antibody
(blue dotted line) restored infection success to those rates seen in the seawater control (solid
blue line), and IgG (orange dashed line) and IgG combined with TGFf protein treatments.

4.3.4 An excess of human Thrombospondin-1 induces ‘super’ infection

Addition of exogenous human thrombospondin-1 (TSP1) protein accelerated the rate of
infection by symbionts. Infection experiments using anemones pre-treated with soluble
TSP1 protein showed markedly increased infection success when compared with FSW
controls (Figure 4.9). Infection success after 48 h was 8.05% (SE: 0.98) in the TSP1
treatment versus 1.18% (SE: 0.28) in the FSW treatment, and after 96 h infection
success was 25.1% (SE: 2.6) in the TSP1 treatment versus 9.87% (SE: 2.4) in the FSW

control. This suggests that exogenous TSP is promoting recognition events between
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host and symbiont. Confocal images (Figure 4.9 inset) show representative tentacle
sections through the gastrodermis at 96 h post-infection and confirm a difference in
infection levels between treated and untreated aposymbiotic anemones. Ultimately
(120 h post-infection), infection levels in the TSP1 treatment and FSW control
converged, at 31.35% (SE: 1.6) and 26.22% (SE: 2.49), respectively, highlighting that the

effect of human TSP1 was most apparent at the onset of symbiont acquisition.
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Figure 4.9: The addition of exogenous (human platelet) thrombospondin (TSP -1) (red dashed
line) substantially increased the infection rate at the onset of infection, when compared with
control anemones in filtered seawater (FSW) (blue line). Infection success determined using
autofluorescent area with the confocal microscope; each time-point represents four individual
anemones per treatment, and three tentacles per anemone were sampled at random. Inset
confocal images show representative tentacle slices at 96 h post infection.

4.3.5 Addition of TSR peptide fragments also increases infection success at the onset of

infection

As with human TSP1, pre-treating anemones with short synthetic TSR peptides
produced increased infection success (Figure 4.10), with higher infection levels in
treated anemones across all time-points. In particular, at the onset of symbiosis, during
the first 48 h post-infection, symbiont acquisition was faster in peptide-treated
anemones (Peptide 1: 11.14%, SE: 1.1% and Peptide 2: 11.78%, SE: 0.9%) compared to

the FSW control anemones (2.08% infection, SE: 0.29%). After 48 h, infection levels in
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the Peptide 2 treatment were consistently higher than in the Peptide 1 treatment. This
difference was particularly apparent at 72 h, where infection levels in anemones in the
Peptide 2 treatment were 5% higher than in the Peptide 1 treatment (Peptide 2:
20.24% infection [SE: 1.4%] versus Peptide 1: 15.11% infection [SE: 1.98%]). The
peptide treatments showed the largest increase relative to the FSW control at 96 h, with
18.8% (SE: 1.3%) and 20.9% (SE: 1.68) infection for Peptides 1 and 2, respectively,
compared to only 6.15% (SE: 0.75%) for the FSW control. However, as in the TSP1
treatment, the extent of this difference declined by the end of the experiment (120 h),
with infection in the FSW control increasing nearly 3-fold from the value at 96 h, to
17.01% (SE: 1.22%), and infection in the peptide treatments increasing only slightly
over this same period (Peptide 1: 22.79% [SE: 2.66] and Peptide 2: 24.82% [SE: 1.87]).
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Figure 4.10: The effect of synthetic TSR peptides 1 (blue dashed line) and 2 (orange dashed line)
on infection rates compared to the control anemones in filtered seawater (blue solid line).
Anemones treated with both peptides 1 and 2 showed increased uptake of algae at the onset of
infection.

4.4 Discussion

This functional experimental work aimed to investigate the possible involvement of
TSR-domain-containing proteins in symbiont uptake by the model anemone Aiptasia sp.
All TSR-domain-containing proteins have one or more TSR domains, similar to the three

repeats originally characterized in the human TSP1 protein (Tucker 2004). The TSR
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protein domain is one of many potential ligands involved in the establishment of a
stable cnidarian-dinoflagellate symbiotic relationship. Using an anti-TSP antibody
(directed against three TSR domains), [ found that TSR-containing proteins are present
in higher quantities in symbiotic versus aposymbiotic anemones, and confocal
microscopy suggests that these proteins are localised within anemone gastrodermal
cells containing dinoflagellates. Functional experiments further showed an inhibitory
effect of anti-TSP, and a stimulating effect of human TSP and synthetic TSR-domain-
containing peptides on symbiont uptake. Data presented here therefore suggest that
TSR-domain-containing proteins play a key role in host-symbiont recognition and

uptake.

4.3.6 TSR-domain-containing proteins involved in cnidarian-dinoflagellate symbiosis are

likely of host origin

One hypothesis for how TSR-domain-containing proteins are involved in initiating
symbiont uptake is the use of a TRAP-like protein on the symbiont surface (Figure 4.11,
Hypothesis 1). The TRAP protein is used by several apicomplexan parasites to gain
entry to mammalian host cells. For example, the malaria parasite, Plasmodium
falciparum, uses a TRAP to bind to the hepatocyte cell surface (Miiller et al. 1993). A
second hypothesis suggests that the symbiont utilises host TSR proteins, by initiating
TSR protein expression within host gastrodermal cells (Figure 4.11, hypothesis 2). The
symbiont may actively sort membrane proteins at the point of phagocytosis, excluding
unwanted proteins and seeking out host TSR-domain-containing proteins to be part of
the host-derived symbiosome membrane. This strategy is used by the apicomplexan
parasite Toxoplasma gondii., which initiates selective invagination of the membrane
during phagocytosis by host cells, excluding specific host trans-membrane proteins by
means of a moving junction (Mordue et al. 1999).

Immuno-fluorescent labelling of anti-TSP antibodies localised the TSR-domain
containing proteins in the symbiosis. Whereas anti-TSP failed to label the surface of
cultured Symbiodinium cells. (phylotype B1; culture ID: CCMP830) (Figure 4.5), it did
label anemone tissue associated with Symbiodinium spp. freshly isolated from Aiptasia
sp. (Figure 4.5). Whole mount sections of symbiotic anemone tissue confirmed that anti-

TSP binding was localised within anemone gastrodermal tissue surrounding the
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symbionts (Figure 4.6). Furthermore, anti-TSP labelled the same two bands in both
symbiotic and aposymbiotic anemones in Western blot analysis, indicating that no new
TSR proteins are present in the symbiotic state. The CD36 domain binding sites
identified in human TSP1 are present in both cnidarian and dinoflagellate TSR domains.
3-D folding sites and glycosaminoglycan binding motifs are not as well conserved in
sequences obtained from the dinoflagellate, Symbiodinium minutum draft genome

(figure 4.2).
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Figure 4.11: Three possible hypotheses for how TSR proteins may be involved in the onset and
maintenance of cnidarian/dinoflagellate symbiosis.
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Together, my experiments provide support for Hypothesis 2 (i.e., a host origin of TSR-
domain-containing proteins involved in symbiosis), and no evidence in support of
Hypothesis 1 (the use of symbiont-derived TRAP-like proteins). However, gene searches
revealed multiple TSR domain-containing proteins within the Symbiodinium minutum
genome (Chapter 3), and dinoflagellate TSR-domain-containing proteins could be
released only in response to signals provided by the anemone host during the onset of
symbiosis. Similar mechanisms have been found in P. falciparum, for which TRAP
expression increases during sporozoite ontogeny, suggesting that the TRAP proteins are
only expressed in response to specific cues (Robson et al. 1995). Indeed, the cnidarian
host is known to stimulate the release of various metabolites from the dinoflagellate
symbionts (e.g. (Gates et al. 1995, Davy 2001, Markell and Wood-Charlson 2010)). This
study does not rule out the potential involvement of TRAP-like proteins in the onset of
the cnidarian-dinoflagellate symbiosis. However my experiments suggest that TSR-
domain containing proteins are upregulated within the cnidarian host in response to
cues from the symbiont rather than the host stimulating the secretion of TRAP-like

proteins by the symbiont.

4.3.7 Re-infection experiments implicate the TSR domain in symbiont uptake

Functional experiments in this study involved the re-introduction of dinoflagellate cells
to aposymbiotic anemones pre-treated to either block, stimulate or mimic TSR-domain-
containing proteins. These experiments focussed on the involvement of a TSR domain in
the early onset of symbiosis and symbiont uptake by the host. Initial interest in the TSR
domain was prompted by the search for a binding target for the scavenger receptor
SRB1. A cnidarian SRB1 gene was upregulated in the symbiotic state of the anemones
Anthopleura elegantissima (Rodriguez-Lanetty et al. 2006) and Aiptasia sp. (Lehnert et
al. 2014). The TSR domain also binds the Class B scavenger receptor CD36/SRB1 (Asch
et al. 1987, Li et al. 1993, Frieda et al. 1995, Dawson et al. 1997). The binding of a TSR
protein to SRB1 can initiate the TGFf3 immune pathway within the host by activating
latent TGFf protein (Khalil 1999, Murphy-Ullrich and Poczatek 2000, Koli et al. 2001).
This pathway provides a hypothesis for symbiosis maintenance, persistence and

proliferation within the anemone host (Figure 4.11, Hypothesis 3).

117



Many intracellular parasites manipulate the host innate immune defence mechanisms
to their own advantage (Medzhitov and Janeway 2002). The most commonly described
function of scavenger receptors (SRs) is to act as phagocytic receptors (Areschoug and
Gordon 2009). A common mechanism of entry by microbes to host cells is to alter and
gain control over the host phagosome which engulfs them with the intent to destroy the
pathogen (Mcfall-Ngai 2007, Schwarz 2008). The malaria parasite P. falciparum uses the
motif ‘WSPCSVTCG’ to bind to sulphated glycoconjugates and SRB1 on hepatocytes, as
the first step to gaining entry to host cells (Miiller et al. 1993, Areschoug et al. 2008).
SRB1 is thus a key element in Plasmodium infection, as it promotes sporozoite invasion
of hepatocyte cells and subsequent intracellular parasite development (Rodrigues et al.
2008). TSR-domain-containing proteins provide a potential ligand for the upregulated
scavenger receptor protein SRB1 (Rodriguez-Lanetty et al. 2006, Lehnert et al. 2014),
thereby initiating phagocytosis of dinoflagellate symbionts.

In this study, an antibody raised against the three TSR domains in human TSP1 protein
inhibited dinoflagellate entry to host gastrodermal cells. This inhibitory effect on
symbiont uptake suggests that anti-TSP is binding to TSR-domain-containing proteins
that play a role in host-symbiont recognition. It is not clear exactly which TSR-domain-
containing proteins are actively involved in symbiont acquisition and are therefore
blocked by the anti-TSP in these experiments. Previous work revealed a large cnidarian
repertoire of TSR domain-containing proteins such as ADAMTS metalloprotease-like
proteins (Chapter 3). The cnidarian TSR domains within these cnidarian TSR proteins is
highly conserved and functional motifs are intact, including the tryptophan GAG-binding
motif ‘WXXW’ and scavenger receptor binding motifs ‘CSVTCG’ and ‘GVITRIR’ (Adams
and Tucker 2000, Silverstein 2002). In humans, the metalloprotease ADAMTS 13 binds
to CD36 (Davis et al. 2009) and in Caenorhabiditis elegans, an ADAMTS protein (AD-2) is
responsible for initiating the TGF[3 pathway, regulating body growth and maintaining
cuticle formation (Fernando et al. 2011). It is therefore conceivable that an ADAMTS-
like TSR protein is involved in TGFf initiation in the cnidarian-dinoflagellate symbiosis.
In Chapter 3, a number of potential TSR proteins were presented that could form the
basis of further investigation, using specific antibodies designed for known targets.
Binding motifs within the TSR domain are so highly conserved across taxa that the
synthetic peptides designed from TSR domains have been employed by a number of

studies, including determining which motifs have anti-angiogenic activity in human
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TSP1 (Tolsma et al. 1993, Anderson et al. 2007, Cano et al. 2009, Garside et al. 2010),
which motifs bind to CD36 (Li et al. 1993) and which Plasmodium sp. TSR peptides bind
to red blood cells (Calderén et al. 2008). In the present study, a TSR peptide was
designed from the TSR domain in an Aiptasia sp. TSR-domain-containing protein. This
synthetic peptide contained both the tryptophan GAG-binding motif ‘WXXW’ and
scavenger receptor binding motifs ‘CSVTCG’ and ‘GVXTRXR’. Both soluble TSP1 protein
and the Aiptasia sp. synthetic TSR peptides increased the rate of symbiont uptake in
treated versus non-treated aposymbiotic anemones. This result suggests that one or
multiples of these binding motifs are involved in successful entry to host cells by the

dinoflagellate.

4.4 Concluding remarks

This study provides the first functional evidence for involvement of TSR-domain-
containing proteins in both the onset and maintenance of cnidarian-dinoflagellate
symbiosis. Western blots showed that anti-TSP labelled bands had stronger intensities
in symbiotic compared to aposymbiotic anemone protein homogenates. The larger
quantities of TSR-domain-containing protein in symbiotic anemones suggests that a
TSR protein is involved in the long-term maintenance of the symbiosis. Pre-treatment of
aposymbiotic anemones with anti-TSP inhibited symbiont uptake compared with
untreated controls. This blocking effect was partially reversed by the addition of
exogenous TGFB protein; symbiont uptake levels were restored, supporting the
hypothesis that TSR-domain-containing proteins may be involved in triggering a
tolerogenic response in the host that occurs post-phagocytosis via the TGFf3 pathway. In
this case, host-derived TSR proteins would initiate the TGFf3 immune pathway, resulting
in persistence of symbionts within the host gastrodermal cells (Figure 4.11, Hypothesis
3). In mammalian systems, the TGF pathway is responsible for maintaining immune
homeostasis; the dominant role of this pathway is to induce tolerance, and to contain
and resolve inflammation(Li et al. 2006).

Proteins of the TGFp pathway have been identified in cnidarians (Samuel et al. 2001,
Technau et al. 2005), and are expressed in the symbiotic state of the anemone Aiptasia
sp. (Detournay et al. 2012). Data presented here support both Hypotheses 2 and 3,

which may well be sequential (Figure 4.11); host derived TSR proteins are upregulated
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and important to both the process of symbiont acquisition via SRB1, as well as

maintenance of a healthy symbiotic relationship between host and symbiont.
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Chapter 5

General Discussion

5.1 Summary of research findings

The research detailed in this thesis can be divided into two main questions areas: (1)
what are the potential receptor-ligand signaling mechanisms utilized during initial
contact and symbiont invasion of the cnidarian host and (2) how may these ECM
proteins be involved in immune modulation of the host and persistence inside the host
phagosome. The motivation for investigating scavenger receptor (SR) proteins came
from the results of a transcriptome study in the anemone Anthopleura elegantissima,
where the SR SRB1 was upregulated in the symbiotic relative to the aposymbiotic state
(Rodriguez-Lanetty et al. 2006). A review of the apicomplexan parasite literature,
where TSR-domain-containing proteins are used to gain entry to host cells, motivated
characterization of the TSR-domain-containing protein repertoire in cnidarians
(Morahan et al. 2009). The TSR domain is also implicated in the tolerogenic TGFf3
pathway. Most vertebrates macrophage pathogens have evolved mechanisms to induce
TGFB production, which, in turn, suppresses apoptosis, enhances intracellular
proliferation of the pathogen, and thus favours parasite virulence (Li et al. 2006). The
TSR domain provides a potential ligand for the upregulated SRB1 protein that is
implicated in symbiosis maintenance.

The work presented here provides new information about several cnidarian
extracellular matrix (ECM) proteins that are potentially important during symbiosis
onset. In chapter 2, characterisation of the scavenger receptor protein repertoire of 6
cnidarian species suggested that cnidarians have an expanded SRCR-domain-containing
protein repertoire compared to vertebrates. This expansion has been observed in other
invertebrate models such as the purple sea urchin, Strongylocentrotus purpuratus and
the amphioxus, Branchiostoma floridae. Although the reason for this expansion is
unknown, in invertebrates, innate immune receptors maintain control over both
pathogens and beneficial microbial communities. The latter may provide clues about the

expansion of the SRCR-protein repertoire, as regulation of the holobiont requires a
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greater complexity of signaling mechanisms (Mcfall-Ngai 2007, Messier-Solek et al.
2010). Simple functional experiments blocked positively charged binding sites on both
SRCR and CD36 protein domains, resulting in decreased symbiont invasion success in
aposymbiotic Aiptasia sp. This blocking experiment also produced an increase in the
inflammatory response to immune stimulation by lipopolysaccharide in symbiotic
Aiptasia sp. These data support the hypothesis that SRs are involved in both symbiont
uptake and persistence within host phagosomes.

In chapter 3, a large and diverse TSR-domain-containing protein repertoire of 6
cnidarian species was characterized and compared to vertebrate TSR proteins of known
function. Of particular interest is the large number of ADAMTS metalloprotease-like
proteins. This group is large in both humans and cnidarians and my findings suggest
this is an ancestral TSR protein group. The Symbiodinium minutum genome in
comparison contains proteins with TSR domains in repeats without any other
identifiable domains. The TSR domain is of interest in terms of symbiosis maintenance,
as in humans it is instrumental in initiating the TGF@ pathway, which among many
homeostatic functions is responsible for inducing tolerance, as well as containing and
resolving inflammation (Li et al. 2006). Phylogenetic analysis of TSR domains revealed
strong conservation of binding motifs and 3-D folding sites, suggesting this domain is
ancient and highly conserved from lower metazoans to vertebrates. Conservation of 3-D
folding and binding motifs would suggest that the TSR domains and proteins are
interchangeable between vertebrate and cnidarian systems.

In chapter 4 the role of TSR proteins at the onset of symbiosis was examined in the
model anemone Aiptasia sp. system. Various functional experiments measured
symbiont uptake in aposymbiotic anemones, after challenge with proteins and
antibodies to either stimulate or block TSR-domain-binding. Adding soluble human
TSP1 protein increased the rate of symbiont uptake; dinoflagellate cells were taken up
faster and in larger numbers compared to the control. It is not clear exactly why the
human protein has such an effect on the early stages of symbiont acquisition. One
hypothesis is that the TSR domain is a limiting factor in symbiont acquisition. Parasites
stimulate the overexpression of TGFf protein to modulate the host immune response,
ADAMTS and TRAP are involved in activation of TGFf3 (Omer et al. 2003, Li et al. 2006).
In the absence of a clear TRAP protein homologue found in the symbiont, a second

hypothesis suggests that the symbiont stimulates production of one or more host TSR-
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domain-containing proteins, such as ADAMTS. The addition of synthetic peptides
designed from Aiptasia TSR-domain-containing proteins also increased symbiont
uptake, while the addition of an antibody with an epitope corresponding to three TSR
repeats shut down symbiont uptake. A final functional experiment added exogenous
TGFp to antibody challenged anemones and the blocking effect was reversed suggesting
that the TGFB pathway is involved in early onset of the symbiosis. Fluorescence
microscopy of symbiotic Aiptasia sp. found the antibody localized within gastrodermal
cells containing symbionts, showing that TSR protein expression may be localized and
contained within the symbiosome membrane. Previous work identified proteins of the
TGFB pathway within cnidarians (Detournay et al. 2012). These results provide strong
for support the involvement of TGFf3 in promoting tolerance of symbionts within the
host. These data further support the hypothesis that a TSR domain containing protein is

important to symbiont acquisition and the maintenance of a healthy symbiosis.

5.2 How are scavenger receptors implicated at initial contact, host-symbiont

signaling and host phagocytosis?

The mechanisms of symbiosis establishment have been broken down into a series of
steps to allow each process to be studied in detail. These steps are: (1) recognition and
phagocytosis, (2) selection (specificity), (3) arrest of phago-lysosome maturation and
cell cycle control (Nyholm and Mcfall-Ngai 2004, Davy et al. 2012). Recognition involves
molecular signaling between host and symbiont. This initial contact occurs between
receptors within the ECM of host gastrodermal cells and the algal cell surface proteins.
The cocoid phase of the Symbiodinium cell is surrounded by a cellulosic cell wall that
secretes large molecular weight glycoproteins (Markell and Trench 1993). These
secreted glycoconjugates provide candidates for signaling and binding to host ECM
receptors (Markell and Wood-Charlson 2010). The lectin-glycan interactions are among
some of the most studied inter-partner recognition mechanisms. In the ECM, lectins act
as pattern recognition receptors (PRRs), binding microbial glycans and initiating a
innate immune response, subsequent phagocytosis and destruction of the invading
microbe (Vasta 2009). Several studies have investigated the role of lectin-glycan
signaling in the onset of cnidarian-dinoflagelate symbiosis (Lin et al. 2000, Wood-

Charlson et al. 2006, Kvennefors et al. 2008, Wood-Charlson and Weis 2009, Logan et al.
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2010, Markell and Wood-Charlson 2010), the green Hydra-Chlorella symbiosis (Meints
and Pardy 1980), and in the squid-vibrio symbiosis (Nyholm et al. 2003, Nyholm and
Mcfall-Ngai 2004). Experimental evidence in several symbiotic systems implicates

lectin-glycan interactions in recognition and phagocytosis of symbionts by host cells.
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Figure 5.1: Recognition and phagocytosis - testable cellular model. Suggested symbiont cell
surface ligands for the three groups of SRs identified. TSR-domain-containing proteins or a
possible Symbiodinium TRAP homolologue binds to the CD36 domain of class B scavenger
receptors. Gycoconjugates, such as glycoproteins, glycopeptides, peptidoglycans and glycolipids
are common microbe associated molecular patterns (MAMPs) recognized by CTLD and SRCR
domain containing SRs. All three SR groups have the ability to bind symbionts and initiate
phagocytosis.

In the present study, several C-type lectin domain (CTLD) containing SR proteins were
identified and described in the 6 cnidarian species searched. Figure 5.1 provides a
testable cellular model for how three SR types may be involved in symbiont recognition
and subsequent phagocytosis. Both CTLD and SRCR-domain containing SR proteins
described in chapter 2 are potential receptors for secreted, symbiont derived
glycoconjugates. In vertebrates, the LOX1, a CTLD containing SR protein, is involved in
intracellular trafficking and signaling, it activates apoptosis and mediates the

phagocytosis of apoptotic cells (Murphy et al. 2005). Cnidarians possess a LOX1

124



homologue and CTLD containing SRs with multiple other domains including SRCR
domains. Much less is known about the ligands of the SRCR domain, however, they are
implicated in aggregation and cell to cell signaling (Aruffo et al. 1997, Blumbach et al.
1998), phagocytosis and initiation of an innate immune response (Hohenester et al.
1999, Sarrias et al. 2004). I propose here that SRCR domains act in a similar capacity to
the CTLD, and bind glycoconjugates in the exuded mucous layer associated with the
algal cell surface and initiate phagocytosis of symbionts. The CD36 domain in class B
SRs has the capacity to bind a wide range of ligands from lipoproteins to bacteria
(Silverstein and Febbraio 2009). The CD36 domain has the potential to bind algal cell
surface glycoconjugates in the same way it has been shown to bind the E2 glycoprotein
of the hepatitis C virus (Areschoug et al. 2008, Catanese et al. 2010).

It is unclear from the data presented in this study if dinoflagellates posses a homologue
to the TSR-domain-containing TRAP proteins used by apicomplexan parasites,
Plasmodium spp, Toxoplasmosa spp, and Cryptosporidium spp. to invade host
hepatocytes. Several Symbiodinium minutum TSR-domain-containing proteins were
described in this study, however there is no evidence to suggest these are TRAP-like
proteins or that they are expressed on the cell surface as they are on malaria
sporozoites. The TSR domain amino acid motif ‘WSPCSVTCG’ of Plasmodium falciparum
is required for binding sulphated glycoconjugates and to hepatocytes (Miiller et al.
1993). The TSR motifs of human TSP1 protein bind to the CD36 domain of class B SRs
using the amino acid motifs ‘CSVTCG’ and ‘GVITRIR’ (Zhang and Lawler 2007). The
‘CSVTCG’ motif is shared and highly conserved in axpicomplexan, dinoflagellate and
cnidarian sequences analyzed in multiple sequence alignments in chapter 3. Based on
this binding motif overlap, I suggest a symbiont derived TSR-domain-containing protein
could be involved in binding the CD36 domain of cnidarian class B SRs. However data
presented in this thesis do not support a dinoflagellate TRAP protein homologue. In
chapter 4, functional experiments suggest that a TSR-domain-containing protein is
necessary to symbiont uptake, however it is unclear whether these proteins are of host
origin, symbiont origin or indeed TSR proteins from both are involved in enabling
symbiont uptake. Plasmodium utilises both host ADAMTS proteins and the parasite
TRAP protein to activate the tolerogenic TGFf pathway (Omer et al. 2003). The present
study supports the involvement of host derived TSR-domain-containing protein such as

one of the many cnidarian ADAMTS proteins described in chapter 3.
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Figure 5.2: Post phagocytosis - in the host gastrodermal cell, the symbiont encapsulated is
within the symbiosome membrane complex. The top three pie slices show ECM proteins
involved in symbiont recognition; the lectin complement pathway, lectin/glycan signalling and
scavenger receptors. The bottom three pie slices show modulation of host immune pathways,
the TLR pathway, halting of phagosome maturation by selection of early endosome Rab proteins
and tolerance promoted via the TGF pathway. Upward pointing red arrows show proteins that
are upregulated in the symbiotic state, the large down arrow in the host nucleus indicates a
down regulation of the immune response induced via LPS in symbiotic anemones.
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5.3 What happens post phagocytosis? How does the symbiont modulate the

host immune response and evade digestion?

Post phagocytosis, the symbiont is contained in the host membrane, and the host
phagosome matures into the symbiosome membrane complex (Muscatine et al. 1975).
The phagosome is composed of host plasma membrane, internalized at the point of
host- symbiont contact. However, it is not clear if ECM receptors involved in recognition
and initial binding are also internalized and remain part of the symbiosome membrane
complex. Figure 5.2 shows the dinoflagellate symbiont within the host gastrodermal
cell, combining the data presented here on SRs and TSR-domain-containing proteins in
the context of current knowledge. This model proposes that the ECM receptors
involved in recognition and uptake remain attached to the symbiont post-phagocytosis.
The involvement of CTLD-containing receptors is well established within the recent
literature, and the lectin complement pathway protein C3 has been characterized in the
coral A. millepora. C3 could be opsonizing the symbiont, enabling interpartner
communication and recognition (Kvennefors et al. 2010). Research into the functional
mechanisms of how innate immune PRRs may be implicated in dinoflagellate
recognition and uptake is in its infancy (Davy et al. 2012). Details of specific SR proteins
described here will enable further functional experiments to investigate the role SRs in
interpartner signaling and recognition. The CTLD-glycan signaling mechanism
investigated using confocal imaging of infection, suggests selective uptake of
homologous algae glycan signatures by Fungia scutaria larvae (Wood-Charlson et al.
2006). I suggest that all three SR domains; CTLD, SRCR and CD36 have the potential to
be involved in symbiont recognition and uptake, involvement in post phagocytosis
mechanisms is unclear. These mechanisms of inter-partner signaling may be essential
to symbiosis maintenance as well as successful invasion.

The class B SR, SRB1, is upregulated in the symbiotic state of both the anemones A.
elegantissima and Aiptasia sp, in functional genomics studies examining genes
differentially expressed in aposymbiotic versus symbiotic states (Rodriguez-Lanetty et
al. 2006, Lehnert et al. 2014). The up regulation of this protein post-phagocytosis
indicates a potential role in symbiosis maintenance. Data presented in chapters 3 and 4
support a role for a cnidarian SRB1 protein in TSR-domain-containing protein binding

and subsequent activation of the TGF@ pathway. Figure 5.2 shows cnidarian TGFf3

127



pathway proteins identified in cnidarians: a TGFf ligand was characterized in Aiptasia
sp., as have the Smad proteins that function downstream post TGF[ activation (Technau
et al. 2005, Detournay et al. 2012). Phosphorylated Smad proteins 2/3 were present in
higher quantities in symbiotic versus aposymbiotic Aiptasia sp. detected using
immunoblots (Detournay et al. 2012). Both CD36 and TSR-domain-containing proteins
identified in the current research; provide new potential TGF3 pathway components. In
vertebrates, the activation of latent TGF[ into its active form requires the interaction of
TSP1 protein with CD36 (Khalil 1999), and within TSP1, the TSR domain binds the
CD36 domain on the CD36 protein. In chapter 3, multiple sequence alignments of TSR
domains show conservation of the known CD36 domain binding sites within cnidarian
TSR domains, suggesting that cnidarian TSR-domain-containing proteins can bind to
CD36-domain-containing SRs.

The TGFB pathway controls many interactions between host and pathogen. The
majority of vertebrate macrophage pathogens have evolved mechanisms that promote
TGFp production to induce tolerance and enhance intracellular proliferation within the
host (Li et al. 2006). The TGFB pathway has the potential to be both beneficial and
detrimental to the invading parasite. The parasite Trypanosoma cruzii requires the
presence of TSP1 protein in the ECM of host cells and the activation of the TGFf
signaling pathway for entry into mammalian cells (Ming et al. 1995, Waghabi et al. 2005,
Simmons et al. 2006, Nde et al. 2012). Both Leishmania major and Toxoplasma gondii
have developed mechanisms to induce macrophages to produce high levels of active
TGFpB, the TGFf produced by infected macrophages suppresses NO production and
reduces an inflammatory response (Li et al. 2006). Interestingly, in red blood cells
infected with Plasmodium spp., high levels of active TGF[3 are associated with slowing
parasite replication and protection of the host. Activation of latent TGFf3 by malaria
parasites is a two-step process involving ADAMTS metalloproteases and the malaria
TSR-domain-containing TRAP protein (Omer et al. 2003). The mechanism of TGFf
activation in Plasmodium spp, is of particular interest to cnidarian-dinoflagellate
symbiosis as it provides evidence of both ADAMTS metalloprotease and TRAP TSR-
domain-containing proteins activating TGFf in a similar mechanism as is described for
mammalian systems. Several ADAMTS metalloprotease TSR-domain-containing

proteins were identified in the six cnidarian species searched in chapter 3. These and
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other cnidarian TSR-domain-containing proteins could be involved in TGFf activation
in cnidarian cells.

Several studies in vertebrates show that high glucose levels increase TSP1 production
(Wang et al. 2004, Yung et al. 2006, Dabir et al. 2008) and this effect subsequently
increases levels of active TGFB (Tada et al. 2001, Shalev et al. 2002). Within the
cnidarian-dinoflagellate symbiosis, the TSR domain provides a potential ligand for the
upregulated SRB1 proteins post symbiont phagocytosis. Confocal microscopy evidence
presented in chapter 4 suggests that TSR-domain-containing proteins are localized in
gastrodermal cells containing symbionts. [ propose that photosynthetic glucose
released by the symbiont could increase production of TSP-domain-containing proteins
locally, within the host gastrodermal cell. This mechanism could explain the localization
of TSR-domain-containing proteins within cells containing symbionts.

In comparison to aposymbiotic Aiptsia sp., symbiotic anemones produce significantly
less NO in response to immune stimulation by LPS (Detournay et al. 2012). This
response is mirrored in vertebrate macrophages parasitized by Leishmania major and
Toxoplasma gondii, where NO production is suppressed due to the tolerogenic effects of
the TGFB pathway (Li et al. 2006). In figure 5.2, the TLR pathway is activated by
addition of LPS, cnidarian homologues of the TLR receptor and NFKB have been
identified (Miller et al. 2007, Palmer and Traylor-Knowles 2012). Data presented in this
thesis supports the hypothesis presented by Detournay et al. (2012), the cnidarian host
immune response is used and modulated by the symbiont via activation of the tolerance
promoting TGF[3 pathway.

The process of symbiosome membrane formation is unclear; it has been suggested that
a process of sorting membrane proteins may occur (Peng et al. 2010). The
apicomplexan parasite Toxoplasmosa gondii, actively penetrates its host cell by the
creation of a moving junction in the host cell plasma membrane (Mordue et al. 1999).
This junction allows selective control of host cell plasma membrane proteins, enabling
the parasite to design its own specialized vacuole referred to as the parasitophorous
vacuole (PV). In cnidarian-dinoflagellate symbiosis, the symbiosome membrane is also
modified. In the Aiptasia-Symbiodinium association, Rab proteins (Rab 7 and Rab 11)
are excluded from the symbiosome membrane (Chen et al. 2003b). These proteins are
involved in the recycling process essential for phagosome maturation and, by their

active exclusion, the symbiont halts phagosome maturation and prevents phago-
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lysosome fusion. Further study of Rab proteins and their association with the
symbiosome in Aiptasia sp. shows that early endosomal Rab proteins (Rab 3, 4 and 5)
are associated with healthy symbionts within symbiosome membranes (Chen et al.

2004, Hong et al. 2009b, 2009a).

5.4 Future directions

The work presented here has generated a myriad of hypotheses to be explored by
future functional investigations into the roles of ECM proteins in establishment and
maintenance of cnidarian-dinoflagellate symbiosis. Blocking experiments performed in
chapter 2 used fucoidan, which binds multiple SR classes. Commercially available
antibodies have epitopes that are designed for mammalian proteins and are often
problematic for use within invertebrate systems. SR protein sequences identified and
described in chapter 2 provide the basis for designing specific Aiptasia sp. antibodies to
block specific SRs in functional re-infection experiments, to identify the SRs involved in
symbiont uptake. Western blot analysis of SRs at different stages of symbiosis will also
determine which SRs are present at different points. So far we are only aware that SRB1
is present at higher levels in the symbiotic state as opposed to the aposymbiotic state,
and its presence at the onset of symbiosis should be investigated.

TSR-domain-containing proteins characterized in chapter 3 are of interest for future
research as their functions in invertebrates are largely unexplored. Furthermore, the
question of a Symbiodinium spp. TRAP-like protein remains unanswered. Due to the
nature of the dinoflagellate cell wall, I am skeptical that the TRAP proteins identified in
apicomplexan parasites are found in dinoflagellates. It is possible that a TRAP-like
protein is exuded by the dinoflagellate in response to host stimuli or that the symbiont
could increase production of TSP-domain-containing proteins by the release of
photosynthate in the form of glucose. These hypotheses require further investigation. It
is possible that the addition of glucose to symbiotic anemones will increase infection
success in the same way the addition of TSR protein did in functional re-infection
experiments of aposymbiotic Aiptasia sp. Western blot analysis using a specific Aiptasia
sp. TSR antibody could then be used to investigate increased expression of TSR proteins

in glucose treated anemones.

130



Further work is needed to explore the potential role of the TGF8 pathway in regulating
stable symbiosis and a possible role in symbiosis dysfunction. This work identifies
several potential new components of a cnidarian TGF3 pathway. Future functional work
is needed to identify whether one of the TSR-domain-containing proteins described
here is responsible for activating the TGF3 pathway during symbiosis onset. Research
into TGFB pathway driven innate immune modulation by parasitic species such as
Trypanosoma spp. suggests that the tolerogenic signal can easily be switched from
encouraging pathogenesis to host protection and pathogen destruction. This suggests
the possibility that the TGF pathway is involved in symbiosis dysfunction and coral
bleaching. Heat stress experiments in Aiptaisia sp. indicated that TGFp treated
anemones showed significantly less symbiont loss than animals without TGFf
(Detournay et al. 2012). The dominant role of TGFf3 in the immune system is to induce
tolerance, contain and resolve inflammation (Li et al. 2006). This role of maintaining
immune homeostasis is essential to a successful symbiotic relationship between host
and symbiont.

Lastly the sequencing of more cnidarian genomes, combined with transcriptomes taken
at various symbiotic states for comparison will enable further comparative genomic
studies and lead to a better understanding of ECM protein cross-talk and innate immune

complexity in cnidarians.
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Appendices

Appendix Al

Table A.1: Resources providing invertebrate SR sequences.

Phylum Class Organism Resource Publication
Homoscleromorpha Oscarella carmella http://www.compagen.org/index.html Nichols et al. 2012
Porifera Domospongiae Suberites domuncula NCBI: http://www.ncbi.nIm.nih.gov/ Harcet et al. 2010
Domospongiae Amphimedon queenslandica http://metazoa.ensembl.org/Amphimedon_queenslandica Srivastava et al. 2010
Ctenophora Tentaculata Mnemiopsis leidyi http://research.nhgri.nih.gov/mnemiopsis/blast/ Ryan et al. 2013
Nematostella vectensis http://genome.jgi-psf.org/Nemvel/Nemvel.home.html Putnam et al. 2007, Kimura et al. 2009
Anthopleura elegantissima http://people.oregonstate.edu/~meyere/data.html Kitchener et al. in prep
Aiptasia pallida http://pringlelab.stanford.edu/projects.html Lehnert et al. 2012
Cnidaria Anthozoa
Acropora digitifera http://marinegenomics.oist.jp/genomes/gallery Shinzato et al. 2011
Acropora millepora http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html Moya et al. 2012
Fungia scutaria http://people.oregonstate.edu/~meyere/data.html Kitchener et al. in prep
Placozoa n/a Trichoplax adhaerens http://genome.jgi-psf.org/Triad1/Triad1l.home.html Srivastava et al. 2008
Echinodermata Echinoidea Strongylocentrotus purpuratus http://www.spbase.org/SpBase/ Cameron et al. 2009
Nemotoda Chromadorea Caenorhabditis elegans http://www.wormbase.org/ Chen et al. 2005
Arthropoda Insecta Drosophila melanogaster NCBI: http://www.ncbi.nIm.nih.gov/ Smith et al. 2007
Chordata Acidiacea Ciona intestinalis http://genome.jgi-psf.org/Cioin2/Cioin2.home.html Dehal et al. 2002
Chordata Leptocardii Branchiostoma floridae http://genome.jgi- psf.org/Brafl1/Brafll.home.html Putnam et al. 2008
Chordata Amphibia Xenopus laevis NCBI: http://www.ncbi.nlm.nih.gov/ Klein et al.2002
Chordata Actinopterygii Danio rerio NCBI: http://www.ncbi.nIm.nih.gov/ Strausberg et al. 2002
Chordata Mammalia Mus musculus NCBI: http://www.ncbi.nIm.nih.gov/ Acton et al. 1996
Chordata Mammalia Homo sapiens NCBI: http://www.ncbi.nlm.nih.gov/ Calvo et al. 1993
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Appendix A2

Table A.2: SR protein information

Length
Protein Type Sequence Organism Original identifier/ Accession Number Domain structure (Pfam) of
protein
aug_v2a.13777 SIG PEP-TM-CollagenX2-CUB- 55
Class A SR's A.digitifera SRA-like1 Acropora digitifera SRCR
Adigitifera SRA-like2 aug_v2a.04186 SIG  PEP-TM-Collagen-ISETX2- | o0
Acropora digitifera EGFCAX2-CUB-SRCR
N.vectensis SRB1 Nematostella vectensis jgi|lNemve1|12228|gw.216.12.1 CD36 379
N.vectensis SRB2 Nematostella vectensis jgilNemve1|93030|e_gw.32.86.1 CD36 397
N.vectensis SRB3 Nematostella vectensis jgi|lNemve1]|115992|e_gw.135.24.1 CD36 394
A.elegantissima SRB1 Anthopleura elegantissima comp27898 TM-CD36-TM 408
A.elegantissima SRB2 Anthopleura elegantissima comp105988 CD36-TM 247
Aiptasia SRB1 Aiptasia sp. AIPGENE27709, COMP18601 TM-CD36-TM 517
Aiptasia SRB2 Aiptasia sp. AIPGENE13459, COMP 9241 TM-CD36-TM 518
Aiptasia SRB3 Aiptasia sp. AIPGENE25617, COMP18959 CD36-TM 495
Class B SR's Aiptasia SRB4 Aiptasia sp. AIPGENE9495, COMP18212 TM-CD36 561
A.digitifera SRB1 Acropora digitifera aug_v2a.07404 TM-CD36-TM 553
A.digitifera SRB2 Acropora digitifera aug_v2a.02372 CD36-TM 254
A.digitifera SRB3 Acropora digitifera aug_v2a.04988 CD36-TM 237
A.digitifera SRB4 Acropora digitifera aug_v2a.16675 CD36-TM 323
A.millepora SRB1 Acropora millepora c004851 CD36-TM 424
A.millepora SRB2 Acropora millepora c007468 CD36-TM 524
A.millepora SRB3 Acropora millepora c011462 CD36-TM 281
F.scutaria SRB1 Fungia scutaria comp23243 TM-CD36-TM 520
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Length

Protein Type Sequence Organism Original identifier/ Accession Number Domain structure (Pfam) of
protein
F.scutaria SRB2 Fungia scutaria comp8783 CD36-TM 472
F.scutaria SRB3 Fungia scutaria comp207143 TM-CD36 238
jgilNemve1|239025|estExt_fgenesh1_pg.C_
N.vectensis LOX1-like1 Nematostella vectensis 110046 CTLD 115
jgilNemve1|210164|fgenesh1_pg.scaffold_1
N.vectensis LOX1-like2 Nematostella vectensis 17000056 CTLD 281
N.vectensis LOX1-like3 Nematostella vectensis jgi|lNemve1|154303|e_gw.7191.2.1 CTLD 137
N.vectensis LOX1-like4 Nematostella vectensis jgilNemve1]|138199|e_gw.425.7.1 CTLD 92
N.vectensis LOX1-like5 Nematostella vectensis jgi|lNemve1|118816|e_gw.156.96.1 CTLD 80
N.vectensis LOX1-like6 Nematostella vectensis jgilNemve1|103399|e_gw.68.85.1 CTLD 129
N.vectensis LOX1-like7 Nematostella vectensis jgi|lNemve1|102786|e_gw.66.179.1 CTLD 138
N.vectensis LOX1-like8 Nematostella vectensis jgi|lNemve1|88150je_gw.17.229.1 CTLD 125
N.vectensis LOX1-like9 Nematostella vectensis jgi|lNemve1|87968|e_gw.17.235.1 CTLD 121
N.vectensis LOX1-like10 | Nematostella vectensis jgi|lNemve1|83478|e_gw.7.7.1 CTLD 121
Class E SR's "\ Vectensis LOX1-like11 | Nematostella vectensis jgilNemve1(83039]e_gw.7.243.1 CTLD 146
N.vectensis LOX1-like12 | Nematostella vectensis jgi|lNemve1|66344|gw.3.677.1 CTLD 99
A.elegantissima LOX1-
like1 Anthopleura elegantissima comp29206 TM-CTLD 177
A.elegantissima LOX1-
like2 Anthopleura elegantissima comp206797 SIG-TM-CTLD 241
A.elegantissima LOX1-
like3 Anthopleura elegantissima comp147141 SIG-TM-CTLD 115
A.elegantissima LOX1-
like4 Anthopleura elegantissima comp991 SIG-TM-CTLD 179
A.elegantissima LOX1-
like5 Anthopleura elegantissima comp165958 SIG-CTLD 267
A.elegantissima LOX1- | Anthopleura elegantissima comp160005 CTLD 115
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Length

Protein Type Sequence Organism Original identifier/ Accession Number Domain structure (Pfam) of
protein

like6

A.elegantissima LOX1-

like7 Anthopleura elegantissima comp16589 CTLD 140
A.elegantissima LOX1-

like8 Anthopleura elegantissima comp12131 CTLD 330
A.elegantissima LOX1-

like9 Anthopleura elegantissima comp8014 CTLD 252
Aiptasia LOX1-like1 Aiptasia sp. AIPGENE25771 TM-CTLD-TM 378
Aiptasia LOX1-like2 Aiptasia sp. AIPGENE25770 TM-CTLD-TM 509
Aiptasia LOX1-like3 Aiptasia sp. AIPGENE25914 SIG-TMX2-CTLD-TM 524
Aiptasia LOX1-like4 Aiptasia sp. AIPGENE25775 SIG-CTLD 404
Aiptasia LOX1-like5 Aiptasia sp. AIPGENE24234 SIG-CTLD 748
Aiptasia LOX1-like6 Aiptasia sp. AIPGENE22689 SIG-CTLD 197
Aiptasia LOX1-like7 Aiptasia sp. AIPGENE17171 SIG-CTLD 175
Aiptasia LOX1-like8 Aiptasia sp. AIPGENE17156 SIG-CTLD 193
Aiptasia LOX1-like9 Aiptasia sp. AIPGENE17147 SIG-CTLD 120
Aiptasia LOX1-like10 Aiptasia sp. AIPGENE4175 SIG-CTLD 302
Aiptasia LOX1-like11 Aiptasia sp. AIPGENE2158 SIG-CTLD 385
Aiptasia LOX1-like12 Aiptasia sp. AIPGENE26260 CTLD-TM 379
Aiptasia LOX1-like13 Aiptasia sp. AIPGENE23661 CTLD-TM 589
Aiptasia LOX1-like14 Aiptasia sp. AIPGENES8793 CTLD 143
Aiptasia LOX1-like15 Aiptasia sp. AIPGENE25745 CTLD 300
Aiptasia LOX1-like16 Aiptasia sp. AIPGENE22161 CTLD 127
Aiptasia LOX1-like17 Aiptasia sp. AIPGENE20196 CTLD 132
Aiptasia LOX1-like18 Aiptasia sp. AIPGENE18051 CTLD 188
Aiptasia LOX1-like19 Aiptasia sp. AIPGENE18018 CTLD 224
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Length

Protein Type Sequence Organism Original identifier/ Accession Number Domain structure (Pfam) of
protein
Aiptasia LOX1-like20 Aiptasia sp. AIPGENE18000 CTLD 241
Aiptasia LOX1-like21 Aiptasia sp. AIPGENE17873 CTLD 214
Aiptasia LOX1-like22 Aiptasia sp. AIPGENE17207 CTLD 297
Aiptasia LOX1-like23 Aiptasia sp. AIPGENE17153 CTLD 173
Aiptasia LOX1-like24 Aiptasia sp. AIPGENE16190 CTLD 131
Aiptasia LOX1-like25 Aiptasia sp. AIPGENE15934 CTLD 112
Aiptasia LOX1-like26 Aiptasia sp. AIPGENE13331 CTLD 250
Aiptasia LOX1-like27 Aiptasia sp. AIPGENE11521 CTLD 668
Aiptasia LOX1-like28 Aiptasia sp. AIPGENE10805 CTLD 137
Aiptasia LOX1-like29 Aiptasia sp. AIPGENE9848 CTLD 209
Aiptasia LOX1-like30 Aiptasia sp. AIPGENES8532 CTLD 206
Aiptasia LOX1-like31 Aiptasia sp. AIPGENE2088 CTLD 364
Aiptasia LOX1-like32 Aiptasia sp. AIPGENEG6834 CTLD 243
A digitifera LOX1-like1 Acropora digitifera aug_v2a.15486 TM-CTLD-TM 564
A .digitifera LOX1-like2 Acropora digitifera aug_v2a.03583 SIG-TM-CTLD 188
A .digitifera LOX1-like3 Acropora digitifera aug_v2a.09977 SIG-CTLD 222
A .digitifera LOX1-like4 Acropora digitifera aug_v2a.20063 CTLD-TM 446
A .digitifera LOX1-like5 Acropora digitifera aug_v2a.12238 CTLD-TM 425
A .digitifera LOX1-like6 Acropora digitifera aug_v2a.06178 CTLD-TM 633
A .digitifera LOX1-like7 Acropora digitifera aug_v2a.23858 CTLD 140
A .digitifera LOX1-like8 Acropora digitifera aug_v2a.12298 CTLD 329
A .digitifera LOX1-like9 Acropora digitifera aug_v2a.10868 CTLD 121
A .digitifera LOX1-like10 Acropora digitifera aug_v2a.07446 CTLD 130
A .digitifera LOX1-like11 Acropora digitifera aug_v2a.06416 CTLD 180
A.millepora LOX1-like1 Acropora millepora c030119 TM-CTLD 220
A.millepora LOX1-like2 Acropora millepora c008721 SIG-TM-CTLD 639
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Length

Protein Type Sequence Organism Original identifier/ Accession Number Domain structure (Pfam) of
protein
A.millepora LOX1-like3 Acropora millepora c026988 CTLD 129
A.millepora LOX1-like4 Acropora millepora c024702 CTLD 156
A.millepora LOX1-like5 Acropora millepora c022421 CTLD 197
F.scutaria LOX1-like1 Fungia scutaria comp33746 SIG-TM-CTLD 578
F.scutaria LOX1-like2 Fungia scutaria comp30359 SIG-CTLD 167
F.scutaria LOX1-like3 Fungia scutaria comp22746 SIG-CTLD 633
F.scutaria LOX1-like4 Fungia scutaria comp246601 CTLD 137
F.scutaria LOX1-like5 Fungia scutaria comp111893 CTLD 169
F.scutaria LOX1-like6 Fungia scutaria comp96085 CTLD 161
F.scutaria LOX1-like7 Fungia scutaria comp42537 CTLD 72
F.scutaria LOX1-like8 Fungia scutaria comp30359 CTLD 152
F.scutaria LOX1-like8 Fungia scutaria comp11329 CTLD 174
F.scutaria LOX1-like10 Fungia scutaria comp280 CTLD 355
jgilNemve1|242231|estExt fgenesh1
N.vectensis CUB Nematostella vectensis 590046 MAM SRCR MAM LDL CUB X3 1310
A.elegantissima CUB Anthopleura elegantissima comp13519 SRCR FN3 SRCR FN3 FN3 CUB 1997
SRCR FN3X2 SRCR FN3X2 CUB
Aiptasia CUB1 Aiptasia sp. AIPGENE22865 VWB EGFX3 3718
SRCR fn3 SRCR FN3X2 CUB VWD
CUB domain Aiptasia CUB2 Aiptasia sp. AIPGENE22864 EGFX3 4280
Aiptasia CUB3 Aiptasia sp. AIPGENE2358 CUB SRCRX2 345
A digitifera CUB1 Acropora digitifera aug_v2a.02958.t1 EGF CUB SRCR 2 375
MAM LDL MAM SRCR2 CUB TM
A.digitifera CUB2 Acropora digitifera aug_v2a.03894.t12 UBOX 1126
A.digitifera CUB3 Acropora digitifera aug_v2a.10056.t1 PAN1 EGFCA CUB SRCR 453
A.digitifera CUB4 Acropora digitifera aug_v2a.13776.t1 SIG PEP EGF CA CUB SRCR 506
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Length

Protein Type Sequence Organism Original identifier/ Accession Number Domain structure (Pfam) of
protein
A.digitifera CUB5 Acropora digitifera aug_v2a.18885.11 SRCR FN3 CUB EGF 3001
A.digitifera CUB6 Acropora digitifera aug_v2a.19537.11 EGF CA CUB SRCR2 382
A .digitifera CUB7 Acropora digitifera aug_v2a.23712.t1 LECTIN C CUB SRCR2 1087
A.digitifera CUB8 Acropora digitifera aug_v2a.24394.11 EGF 2 CUB 3 SRCR 376
A.digitifera CUB9 Acropora digitifera aug_v2a.18043.t1 CUB SRCR2 305
SIG TM MAM SRCR MAM LDL
A.millepora CUB1 Acropora millepora c000424 MAM SRCRX3 WSC CUBX2 UBOX 1948
A.millepora CUB2 Acropora millepora c009570 EGF-CAX3 CUB SRCRX2 558
F.scutaria CUB1 Fungia scutaria comp2166 SRCRX2 WSC CUB 341
F.scutaria CUB2 Fungia scutaria comp2699 SRCR FN3 CUB FN3 767
jgilNemve1|199744|fgenesh1 pg.scaffold | SRCRX3 EGF SRCRX6 TRYPSIN
N.vectensis TRY1 Nematostella vectensis 17000033 ™ 1823
A.elegantissima TRY1 Anthopleura elegantissima comp713 TRYPSIN SRCR 621
A.elegantissima TRY2 Anthopleura elegantissima comp8236 c0 seq?2 translation SRCRX2 IG X6 TRYPSIN 1096
Trypsin domain Aiptasia TRY1 Aiptasia sp. AIPGENEG6890 SRCRX3 TRYPSIN 530
SRCRX2 MAM ISET IG2 I1G3 1G2X2
Aiptasia TRY2 Aiptasia sp. AIPGENE15640 IG3 TRYPSIN 1337
SRCRX2 MAMX2 1G2X2 1G3X2
A.digitifera TRY1 Acropora digitifera aug_v2a.02016.t1 TRYPSIN 1216
A.millepora TRY1 Acropora millepora c000899 sig SRCRX4 MAM IGX7 TRYPSIN 1647
N.vectensis SRCR1 Nematostella vectensis jgi|lNemve1|118215|e_gw.152.94.1 SRCRX2 242
N.vectensis SRCR2 Nematostella vectensis jgi|lNemve1|130928|e gw.287.21.1 SRCRX3 327
Class | SRs jgilNemve1|212232|fgenesh1_pg.scaffold_1
N.vectensis SRCR3 Nematostella vectensis 52000003 SRCRX3 1282
jgilNemve1|217833|fgenesh1 pg.scaffold
N.vectensis SRCR4 Nematostella vectensis 314000022 SRCRX3 1003

164




Length

Protein Type Sequence Organism Original identifier/ Accession Number Domain structure (Pfam) of
protein
jgilNemve1|224889|fgenesh1 pg.scaffold
N.vectensis SRCR5 Nematostella vectensis 6484000001 SRCRX3 328
jgilNemve1|230058|fgenesh1  pm.scaffold
N.vectensis SRCR6 Nematostella vectensis 134000005 SRCRX3 322
N.vectensis SRCR7 Nematostella vectensis jgilNemve1]|141947|e gw.622.10.1 SRCRX5 409
jgilNemve1|208577|fgenesh1 pg.scaffold
N.vectensis SRCR8 Nematostella vectensis 93000088 SRCRX6 681
N.vectensis SRCR9 Nematostella vectensis jgi|lNemve1]|133966|e gw.325.30.1 SRCRX9 951
A.elegantissima SRCR1 Anthopleura elegantissima comp8605 SRCRX2 431
A.elegantissima SRCR2 | Anthopleura elegantissima comp29440 SRCRX2 222
A.elegantissima SRCR3 | Anthopleura elegantissima comp754 SRCRX11 1307
A.elegantissima SRCR4 | Anthopleura elegantissima comp11108 SRCRX5 801
A.elegantissima SRCR5 | Anthopleura elegantissima comp30702 SRCRX3 324
A.elegantissima SRCR6 | Anthopleura elegantissima comp43117 SRCRX3 477
A.elegantissima SRCR7 | Anthopleura elegantissima comp885 SRCRX3 315
Aiptasia SRCR1 Aiptasia sp. AIPGENE2115 SRCR 662
Aiptasia SRCR2 Aiptasia sp. AIPGENE5740 SRCR 142
Aiptasia SRCR3 Aiptasia sp. AIPGENE13496 SRCR 180
Aiptasia SRCR4 Aiptasia sp. AIPGENE14367 SRCR 162
Aiptasia SRCR5 Aiptasia sp. AIPGENE17877 SRCR 463
Aiptasia SRCR6 Aiptasia sp. AIPGENE19256 SRCR 166
Aiptasia SRCR7 Aiptasia sp. AIPGENE20918 SRCR 117
Aiptasia SRCR8 Aiptasia sp. AIPGENE10213 SRCRX2 230
Aiptasia SRCR9 Aiptasia sp. AIPGENE14004 SRCRX2 276
Aiptasia SRCR10 Aiptasia sp. AIPGENE15247 SRCRX2 260
Aiptasia SRCR11 Aiptasia sp. AIPGENE28925 SRCRX2 578
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Protein Type Sequence Organism Original identifier/ Accession Number Domain structure (Pfam) of
protein
Aiptasia SRCR12 Aiptasia sp. AIPGENES5733 SRCRX2 530
Aiptasia SRCR13 Aiptasia sp. AIPGENE7410 SRCRX2 261
Aiptasia SRCR14 Aiptasia sp. AIPGENE15393 SRCRX2 264
Aiptasia SRCR15 Aiptasia sp. AIPGENE19188 SRCRX2 268
Aiptasia SRCR16 Aiptasia sp. AIPGENE19250 SRCRX2 236
Aiptasia SRCR17 Aiptasia sp. AIPGENE19488 SRCRX2 509
Aiptasia SRCR18 Aiptasia sp. AIPGENE28950 SRCRX2 264
Aiptasia SRCR19 Aiptasia sp. AIPGENE18935 SRCRX3 807
Aiptasia SRCR20 Aiptasia sp. AIPGENE10883 SRCRX3 544
Aiptasia SRCR21 Aiptasia sp. AIPGENE18484 SRCRX3 828
Aiptasia SRCR22 Aiptasia sp. AIPGENE28939 SRCRX3 567
Aiptasia SRCR23 Aiptasia sp. AIPGENE20912 SRCRX4 475
Aiptasia SRCR24 Aiptasia sp. AIPGENE28215 SRCRX4 383
Aiptasia SRCR25 Aiptasia sp. AIPGENE7405 SRCRX6 998
Aiptasia SRCR26 Aiptasia sp. AIPGENE13495 SRCRX6 956
Aiptasia SRCR27 Aiptasia sp. AIPGENE13497 SRCRX8 1269
Aiptasia SRCR28 Aiptasia sp. AIPGENE13500 SRCRX12 1778
Aiptasia SRCR29 Aiptasia sp. AIPGENE4659 SRCRX23 3592
A digitifera SRCR1 Acropora digitifera aug_v2a.00627.t1 SRCR 160
A.digitifera SRCR2 Acropora digitifera aug_v2a.06512.t1 SRCR 194
A.digitifera SRCR3 Acropora digitifera aug_v2a.08252.t1 SRCR 112
A.digitifera SRCR4 Acropora digitifera aug_v2a.12043.t1 SRCR 676
A.digitifera SRCR5 Acropora digitifera adi_v1.05932 SRCRX2 266
A.digitifera SRCR6 Acropora digitifera aug_v2a.21107.t1 SRCRX2 218
A.digitifera SRCR7 Acropora digitifera aug_v2a.05932.t1 SRCRX2 266
A.digitifera SRCR8 Acropora digitifera aug_v2a.24114.11 SRCRX2 218
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protein
A.digitifera SRCR9 Acropora digitifera adi_v1.02987 SRCRX4 806
A.digitifera SRCR10 Acropora digitifera adi_v1.20497 SRCRX6 1014
A.digitifera SRCR11 Acropora digitifera adi_v1.18340 SRCRX8 1265
A.millepora SRCR1 Acropora millepora c001468 SRCRX10 1120
F.scutaria SRCR1 Fungia scutaria comp217598 SRCRX2 232
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Appendix A3

Table A.3: Accession numbers for CD36-domain-containing proteins used for phylogenetic

analysis in Figure 2.3

Original identifier/ Accession

Phylum Organism Sequence identifier Number
Oscarella carmela 0. carmela_1 comp37448
Porifera Suberites domuncula S. domuncula gi|46981146
Amphimedon queenslandica A.queenslandica gi| 340380125
Ctenophora Mnemiopsis leidyi M. leidyi ML01096
Nematostella vectensis N. vectensis_1 jgi|Nemvel|12228|gw.216.12.1
Nematostella vectensis N. vectensis_2 Jsgzllé\l ;rlnvel (SR,
Nematostella vectensis N. vectensis_3 J;I_g;‘!s’.\lzirﬁlve“ IR (& T
Anthopleura ellegantissima A. elegantissima comp27898
Aiptasia pallida A. pallida_1 comp18601
Cnidaria Aiptasia pallida A. pallida_2 comp9241
Aiptasia pallida A. pallida_3 comp18959
Acropora digitifera A. digitifera adi_v1.07404
Acropora millepora A. millepora_1 c004851
Acropora millepora A. millepora_2 c007468
Fungia scutaria F. scutaria comp23243
Fungia scutaria F. scutaria_2 comp8783
Placozoa Tricoplax adherans . adherans XP_002112871.1
Nematoda Caenorhabditis elegans . elegans gi| 25005153 |emb|CAB11566.3

Strongolocentrotus pupuratus

. pupuratus_1

XP_003729136.1

Echinodermata

Strongolocentrotus pupuratus

. pupuratus_2

XP_003723576.1

Homo sapiens

. sapiens_CD36

NP_001001547

Homo sapiens

. sapiens_LMP2

T
©
S
S
Drosophila melanogaster D. melanogaster_peste NP_609168.1
Arthropoda Drosophila melanogaster D. melanogaster_croque NP_787957.1
Drosophila melanogaster D. melanogaster_EMP NP_523859.2
Ciona intestinalis C. intestinalis_1 XP_002127015.1
Ciona intestinalis C. intestinalis_2 XP_002123211.2
Branchiostoma floridae B. floridae XP_002229898.1
Xenopus laevis X. laevis NP_001080106.1
Danio rerio D. rerio_SRB1 AAH44516.1
Danio rerio D. rerio_CD36 AAH76048.1
Chordata Danio rerio D. rerio_LMP2 NP_775366.1
Mus musculus M. musculus_SRB1 Q61009
Mus musculus M. musculus_CD36 Q08857.2
Mus musculus M. musculus_LMP2 NP_031670
Homo sapiens H. sapiens_SRB1 Q8WTV0.1
H
H

NP_005497
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Appendix A4

1 10 20 30 40
Consensus [V | S KP-GHLAGK - QIKKPPV - PHYMQF YIEGNFHTIPDIFVL N
Identity | i S i -l---_LI-—-h-L-I—-
1.O.carmela_.1  #AIf-----——— ED-GKTIMT-QILEPDIGPFYKVETLETHRIADBIVAK
2.Sdomuncula 2 WER----=-=-- HN-GEALIN-QLONPGL-PHAWKSFYFINATHY QIFWAD
3.Mdeidyi  A#----—---- TN-GHMLSED-QFLAPTP -ARFK IV TVINHTIPAIVRA
4. A.queenslandica = [{SH---ee—--- TK-GEAATD-QIISKPGA -AFJIYMS FYMINIAT YK DIFF LN
S.F.scutaria_.2  HO@#---eeee= KP-GGLVEK-EJIVKTTI-PHYMQYYViJHAVIPVIIVF A
6. Amillepora_.1 {O0f----ee—- KP-GEFVEK-EQITRPTT-PHUYMKYFVEHHSTIPDQIVK
7.N.vectensis .1 HE#----e-—-—- KN-GHLVEK -QIRKQTS - PHYMQYFVIIDAQNPAFVMN
8.Apalida.l  {HER---e-e—--- KE-GELVEK-NKKPTS -PAYMQYFVEHENTISDOVLA
9.Apallida3  WVE-----—--- KDDNELREK -QIIKSPTL - PR IKFFVEINHTIG PRI KK
10. N.vectensis.2 ~ HPP---ee-—- RPGTHDRIK -QIIFPTV-Pid ITEL YVigH fiVIPDIIVR S
11. F.scutaria V- -———-——~ KP-NEEVVK-QEKDPSV-PHYLQFFIEGDFANPAFARQ
12. Adigitifera = AVl--—-———- GP - DEEGHA - QLN P TV - PHHMQYFIEDHVIPERVL Q
13. A.millepora_2 ~ HVl----———— GP-DEEGHA-QELNPTV-PHEMQYFIEDHVIPEFRVLQ
14. N.vectensis. 3 ~ HVfl------=- KP-GESSHK-QIKEPPI-PHYLQFFIRNGVIEMFAKN
15. Apallida.2 V- SP-TEINALK-EJJKSPDV-PHYLQFFLIEIN{ENKDIgVKN
16. A.elegantissima = ME@-----—-—- KP-GEDSEHK-QIRSPNV-SHYLQFFIGHFONYKIFASL

= 17.T.adherans ~  [{E#-------- LP-NWTGHN-NILEPGG-PHYMQFYIGNVIPLHATIEQ
18. C.intestinalis_.1 V- -----—-- SL-DEPAIS -QIIMNPKP - PHYMEYWLIINMTIPEFV S N
19. D.rerio.tMvP2  HWTH-----=== AE-NERVLD-GINPPP-PHYMQYFFENFITIPDIEHF LA

1 20. X.laevis  WVf---eee== KN-EFEVEE-DIVNPPP -PHYMQFYFEANFNTPLIFILN
21. M.musculus_LMP2 --QN-GHKVEN-SHEKPPL-PHUYIQFYFENFTIPEHILQ
22. H.sapiens_LMP2 --RN-GHEARD-SHEKPPL-PHYTQFYFEANFTIPEHILR
23.S.purpuratus.2 @ GIf-------- VP-SALAJP-L{EEVPI-PIYFQFWFWNATIPEFYLQ
24.B.floridae @ GVH----==== KQ-GHEYL{D-Q[ISNI PV -PHFMQFWVWDALYPEFVLQ
25. C.intestinalis .2 ~ §Af-------- VP-GRVMINLN{JYDVKT-PHYRSFYLENFUTIKEHFLA
26.D.rerioCD36  TVle—ee e EN-GULAFD-THTSVDI-ATIYRQFWIENFENPDKVLS
27.M.musculus CD36 @V~ EE-GUTAFK-NVKTGT-THYRQFWIEDHQONPDEIVAK
28. H.sapiens.CD36  @{@Vl---e-ee-—- EE-GHIAGK-NIVKTGT-EfYRQFWIEDFEQNPQIAVMM
29. C.elegans DFMGYTRDENGTEVPNAMTK - SELKPLY - ATIQLN I WMEINFTIVDGILK

{[ 30. D.melanogaster_pste ~ TA#----—---- SP-NERSHE-GIKVSPL-PHADFDIYLGENWTIPDRIF YV
31. D.melanogaster croqg = MATH---ee-—- KP-GUDAJJE-STILEAPI -PHYL S FYMigNW TRIPERIIRN
32.S.purpuratus_.1 OVl------—~ EE-SEHLIMQ-EJIAHPTL-PSFLSYYLLDQNPEAFKN
33. D.melanogaster EMP  JFA#-----——- RP-GAKTHG-WIAKPPV-EPRISLYIFNFTIADBIFLS
34.D.rerioSRB1  HWSP--eeee—- TP —————— CGRDIPV-PFFMSVYFEHRVIPDIHILK
35.M.musculus SRB1 fRfA----—---- DP-SELSEHG-MIKEIPV-PFYLSVYFEEFHVIPNEVLN

36. H.sapiens SRB1 fRfA-------- DP-SELSEN-MIKEIPI-PFYLSVYFEDEMIPSHILK

Figure A.1: Protein alignment of SR class B proteins used to produce the ML protein tree in
Figure 2.3. Alignment shows similarity according to Blossum matrix 80, amino acids shaded
according to similarity (black = fully conserved and white = variable).
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Figure A.1 continued

60 70 80 a0
- —— EK- BVE R NI - HYRPEEHTF N - DIGH- - - ~HUSENEN
L el il =5 e

g----- AK-PN{Hs BV Ry @3- BVRKEFRIPQQV - EIDHE- - - VEREK QN
G----- KSLPKHEFKFFISF#i- ANRTY ~-HQ S I -EGDH- - - -AVENQT
G----- GK-PVHEALSFIYFA-FYREDVRHEEV - YHQE - - - -AWEGEK
@----- EK-ATRKEI FFIVEN - ISKTERY FARWN - SHE@- - - TAEHF EN
g@----- TAIPTHKMSFISITI-FAIRSNEVEANWT - SOREA- - - IFTEMPN
g----- SAIPNETPIKSGRISHRA-HAIRTNEVEANWT - ARQE- - - VEITEMP N
g----- SELPY I AR FFISIEI-HATRSVDIBNY S -ARKE- - - IHTEMPN
B----- EEIPHHENRERISHEI-HAIRSNDVRNWS - LEHN- - - EGTEMPN
B----- KR-PSBQFIR EFF4V igd- AYM DK IS FN - GSEP - - - M{SFAD QE
g----- AT -PVHRELGFITIF-HYL LIEIFIT F N - QDEN- - - LESFN QK
T ER-PY 8V IK EHB4SHed- JHR P iIK JFT WN - TT D - - - SUTHNE T
g----- KK-PYUF PR FFISHE- FHRHFR YT WN - TSYA - - - STTHNQE
g----- KK-PYUF PR FFISHEI- JHRHER YT WN - TSYA - - - STTHN QK
g@----- SP-LVHAPMQFISHA-FYRRFEIFTWC - QMNE- - - THTEN EXK
#3----- GK-PY[HI K SFISiFd-AHRLEENNTWH - NENA - - - TESFINER
[ LP - PHEV §IK B4SFd- JYRRFE T WH - DENF- - - THSHNER
B----- QR-PAFERI FFATHER- IR I FTERIVF Y - TG~ - - ~ASFANEK
g----- GK-PDHTHISIIREI-LFQPRIPNAF Y - TUDH- - - -HAFK YN
GK - - - -EK-AKHT oM ERITi3- AYRPRETNT YL - ENGH- - - KWFATNP
B----- EK-PFEUTEI BITH- JYRQREBTF S - VIE@- - - EGSAVTP
B----- EI-PLRAEEVBITIE- JLRNFATRQF G - ENGHE- - - THSAVTN
B----- ET - PREUE AV FBITHE- JLRN A THQF G - DYGHE- - - THSAVSN
E@----- GP -ARBVELGFITHII-HYRPIVIBITHY - DURIY- - - ~ASFILNM
G----- AK-PAHRFIKFFITFES - HRV VIITIRIT F H - DG - - - -ESHLQP

QKPGKYVK-PVi#QHI FITi#l-FF L AKEDIIQ Y LEF JKMY PEQMYRQT
EG----SK-PVIRVEIKSFITFIIVRY I PidTIEIT FN - DN~ - - -fSIFVL P
NS----SK-IKHKFREGPITFFIVR YLAKNETEIT QDPERHN- - - -[GSEHVQP
NS----SN-IQHKFREPITFFIVRFLAKERNTQDAERNN- - - -[HGSEHLQP
RH----EK-PN#HEI GFIVEAD -FVQERVY HRFA - DIDM- - - RGF KN Q
GSN---KK-PHFENLGFREFI-FKP DiIJVEHEWHNHIAR- - - ~-HSEH KK
PD----IK-PNFVaMIPITEL - HAKEKHENYTFY - DIAM- - - -fAFY ER

G----- EK-LIFKDKSFIVigi-IYVDRADIATF H - DIGH- - - -ASF{V TR
NG----SK-AIFDEVSFIVEES - ETWERVIEVEN - DIGH- - - -ASFNLR
G----- GR-PMHI IR FFIVigI-EANRWIHD AT F H - EQJH Y- - - -fISTIKE Y
A----- QK-PVHRER EBFIV i3~ HFRQIJVIEIT F N - DUDH - - - -ESEVEN
G----- EK-PQUREREFFIViI-HFRHESIBITF N - NID - - - -HGSELEY
190 ulo 12.0 1?0 14.0

KTEVEADPETHCG---———==~ DPEKNXVITIRFIPALTVAELAKN - - -~
—J— L_

KYfViIDRSKPAE -~ —— ———— LDPDKEAVITIIAIFATS IDKYLKG-~~
KYPHWDQSARGE----——-~ NLTADBIICTIFIPIVAAI SEKEDA~ -~
KWiJEGDN S TN KGNNGS TKLLDPVKDI FITIYAA YVGVAFNLTYS - -~
TSHIPNKEKENR- - - ===~ LDPSHVNITTHYAPHAIGFLLQFEKLINI
RTVEADPETHCAG---- -~ CDDKKETFVSIRFIPALT TALWLKNT - -~
RSIVEADPDTHCAG---- -~ CDDXN[ES FVIFRFIPALT VALWLRNT - - -
RTEIQDPETHCKG-----—~ CNDTTRTFINRFIPALT TDYKSKH -~~~
RTHIGDPETHCAN - - == ==~ C-SDDENF I TN PALT TAIWLEET - -~
KWEPIPEKDEFCAT - - - ——~ CDPHNRIITTIIAPYVIMAEVAKTY - -~
KWHVETPELECSG----—-~ CDPEARSVITIRFIAYAIMTEVAKSY - -~
MSEVEDAETEHCDS - === ==~ CDPFTRTVITIFIPAVALAEAAKNL - -~
MYBVEDPSTEHCSS === ==~ CDPHVFEVTTIFIPAVT LAEAARNF - -~
KYRVEDPSTHCSS — - == —-~ CDPHVFEVITIFIPAVT LAEAVRNF - -~
QWEVEDPATHCNT - - - - ——~ CDPYKEVVITIRNIPAVT LAGVLKNL - -~
QWEVEDVATEHCNG - - - - ——~ CDPFKEQITNMPFIPFMT LADVINKY - -~
QWEVEDPETHCAK -~ - - —-~ CDPTKEVIVNIRFIPAITIASIVKNF - -~
KIQIPLPDRAID----=—m ==~ SDNF TF I TP ALT TLEIMRKD - -~
HTLV@VSEGHYN---—————- HPSKINITOIRFIPAFTIKELIKTL-~~
KSEAVELRNMAAG----————~ DPEVRRVITIRFIPUIAVMNELNSY - - -
KTHVEEPEMAVG----——— -~ DPKVQILIRTFRFIPAVTVMEMTKDS - - -
KARVEERNQAVG- -~ === -~ DPNVQILIRTAFPALTVVDLAQL -~~~
KARVEERDQAVG- - === -~ DPKIDLIRTMFIPHLTVIEWSQV -~~~
KSEAVEDLEMEAVG-----====~ PESHITFTAMYGPHFT IAHWLKNA - -~
RTEATEALRNMAVG- - === ==~ PENDITF ITSiFIPAMT IAELIENE - -~
AIQTEAIDQERANG---=—--==—~ SETHVVITHAYF IMALLPGLIDHI -~~~
AGATHEPSMAVG-----——===~ SEERVFISAYAAFAGVYRLIG- -~~~
NGAIGEPSLEVG-----—m=—= TEDRINFTVIRJAAJAAAPHIYON - — -~
NGAIGEPSLEVG-----—-=== TEARNFTVIRJAAJAAASHIYON - — -~
KLHENKNARCP- - - = ===~ TCHLDMKVTIPIFIVFQKLIDAADVT -~
SWEYRDAAGEANG----=————~ SLWRKVITTIS VAHSAARRAAVD - -~
RTWFEDPERANG----=————~ TLDPMVTAAFRIAITATVADEMRDQ -~~~
YIFFPEPEQRAVG--—————=== PETPHRVITPIAAAISSVYAARNE - -~
KIfSEREDLAVG-----—-m-== PEDPRIVVIVPIFIPTILSATSQSKHA - -~
ROMFRPEESMAVG- - - === ==~ DESPIVVTIPIILLGASVMMENM — — -
RSLHEPQPDKAHG---=-=—= ===~ SESHYIVLPYRLFLGGS ILMESK -~ -~
RTEQEQOPSKHHG- - === ==~ SESHYIVMPYFILFLGAAVMMENK - -~

170



Consensus
Identity

1. O.carmela_1
2. S.domuncula

3. M.leidyi

4. A.queenslandica
5. F.scutaria_2

6. A.millepora_1

7. N.vectensis_1

8. A.pallida_1

9. A.pallida_3
10. N.vectensis_2
11. F.scutaria
12. A.digitifera
13. A.millepora_2
14. N.vectensis_3
15. A.pallida_2

16. A.elegantissima
= 17. T.adherans

18. C.intestinalis_1
19. D.rerio_LMP2
20. X.laevis

21. M.musculus_LMP2

22. H.sapiens_LMP2
[ 23. S.purpuratus_2

24. B.floridae

25. C.intestinalis_2

26. D.rerio_CD36

27. M.musculus_CD36

28. H.sapiens_CD36
‘[I: 29. C.elegans

30. D.melanogaster_pste
31. D.melanogaster_croq
{ 32. S.purpuratus_1
33. D.melanogaster_EMP
34. D.rerio_SRB1
‘[I: 35. M.musculus_SRB1
36. H.sapiens_SRB1

Consensus
Identity

1. O.carmela_1
2. S.domuncula

3. M.leidyi

4. A.queenslandica
5. F.scutaria_2

6. A.millepora_1

7. N.vectensis_1

8. A.pallida_1

9. A.pallida_3
10. N.vectensis_2
11. F.scutaria
12. A.digitifera
13. A.millepora_2
14. N.vectensis_3
15. A.pallida_2

16. A.elegantissima
- 17. T.adherans

18. C.intestinalis_1
19. D.rerio_LMP2
20. X.laevis

21. M.musculus_LMP2
22. H.sapiens_LMP2
[ 23. S.purpuratus_2
24. B.floridae
25. C.intestinalis_2
26. D.rerio_CD36
27. M.musculus_CD36
28. H.sapiens_CD36
29. C.elegans
‘[[ 30. D.melanogaster_pste
31. D.melanogaster_croq
32. S.purpuratus_1
33. D.melanogaster_EMP
‘[[34. D.rerio_SRB1

35. M.musculus_SRB1
36. H.sapiens_SRB1

Figure A.1 continued
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Figure A.1 continued
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27. M.musculus_CD36
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30. D.melanogaster_pste
31. D.melanogaster_croq
32. S.purpuratus_1
33. D.melanogaster_EMP
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Appendix B1

Table B.1: Resources from which invertebrate TSR-domain-containing sequences were obtained

Phylum Class Organism Resource Publication
Nematostella vectensis http://genome.jgi-psf.org/Nemvel/Nemvel.home.html Putnam et al. 2007, Kimura et al. 2009
Anthopleura elegantissima http://people.oregonstate.edu/~meyere/data.html Kitchener et al. in prep
Aiptasia pallida http://pringlelab.stanford.edu/projects.html Lehnert et al. 2012
Cnidaria Anthozoa

Acropora digitifera

http://marinegenomics.oist.jp/genomes/gallery

Shinzato et al. 2011

Acropora millepora

http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html

Moya et al. 2012

Fungia scutaria

http://people.oregonstate.edu/~meyere/data.html

Kitchener et al. in prep

Dinoflagellata

Dinophyceae

Symbiodinium minutum

http://marinegenomics.oist.jp/genomes/gallery

Shoguchi et al. 2013

Aconoidasida

Plasmodium falciparum

Toxoplasma gondii

Neospora caninum

Apicomplexa Conoidasida Eimeria tanella NCBI: http://www.ncbi.nlm.nih.gov/ Morahan et al.2008
Eimeria maxima
Cryptosporidium sp.
Piroplasmea Babesia bovis
Echinodermata Echinoidea Strongylocentrotus purpuratus Sp Base: http://www.spbase.org/SpBase/ Cameron et al. 2009
Nemotoda Chromadorea Caenorhabditis elegans http://www.wormbase.org/ Chen et al. 2005
Chordata Acidiacea Ciona intestinalis http://genome.jgi-psf.org/Cioin2/Cioin2.home.html Dehal et al. 2002
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Appendix B2

Table B.2: TSR-domain-containing protein sequence information

Protein

Original identifier/

Sequence type Organism Accession Number
A.digAD1 adi_v1.06910
A.digAD2 adi_v1.22282
A.digAD3 adi_v1.01169
A.digAD4 adi_v1.05790
A.digAD5 adi_v1.02358
A.digAD6 adi_v1.16603
A.dngD7 i?kDeAMTS_ Acropora digitifera adf_v1.22282
A.digAD8 adi_v1.10799
A.digAD9 adi_v1.14055
A.digAD10 adi_v1.14580
A.digAD11 adi_v1.14366
A.digAD12 adi_v1.13631
A.digAD13 adi_v1.13245
A.digAD14 adi_v1.01169
A.diglG1 Acropora digitifera adi_v1.11759
A.diglG2 Igg domain Acropora digitifera adi_v1.14581
A.diglG3 Acropora digitifera adi_v1.07946
A.digVWA1 VWA Acropora digitifera adi_v1.24510
A.digVWA2 domain Acropora digitifera adi_v1.20375
A.digVWA3 Acropora digitifera Adi_v1.00391
A.digCUl CUB domain Acropora digitifera adi_v1.07445
A.digCu2 CUB domain Acropora digitifera adi_v1.06393
A.digTRYP Trypsin Acropora digitifera Adi_v1.01708
A.digLAM Laminin Acropora digitifera Adi_v1.07180
A.digF5F8 F5 F8 typeC Acropora digitifera Adi_v1.05945
A.digTSR1 Acropora digitifera adi_v1.01708
A.digTSR2 TSR domain Acropora digitifera Adi_v1.19596
A.digTSR3 only Acropora digitifera Adi_v1.05200
A.digTSR4 Acropora digitifera Adi_v1.13412
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Sequence :’rotein Organism Origina! identifier/
ype Accession Number
A.milAD1 Acropora millepora C000480
A.milAD2 Acropora millepora C017471
A.milAD3 Acropora millepora C023777
A.milAD4 Acropora millepora C009153
A.milAD5 Acropora millepora C001892
A.milAD6 Acropora millepora C002682
A.milAD7 Acropora millepora C€002928
A.milAD8 Acropora millepora C003233
A.milAD9 Acropora millepora C€002240
ADAMTS-
A.milAD10 like Acropora millepora C002566
A.milAD11 Acropora millepora C001019
A.milAD12 Acropora millepora C008221
A.milAD13 Acropora millepora C004467
A.milAD14 Acropora millepora C018737
A.milAD15 Acropora millepora C000549
A.milAD16 Acropora millepora C004934
A.milAD17 Acropora millepora C002834
A.milAD18 Acropora millepora C010562
A.milVWA1 Acropora millepora c001933
A.milVWA2 VWA Acropora millepora c001272
A.milVWA3 domain Acropora millepora c001380
A.milVWA4 Acropora millepora c002257

SEREEEE

2
I | | I
Acropora-millepora=— cOT: 1J3 55.
A.milSEMA Sema Acropora millepora 001041
A.milTYRO Tyrosinase Acropora millepora 007877
A.milTSR1 Acropora millepora 025507
ISR ONLY
A.milTSRZ Acropora millepora c016853
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Protein

Original identifier/

Sequence type Organism Accession Number
AipAD1 Aiptasia sp. comp15249
AipAD2 Aiptasia sp. comp22854
AipAD3 Aiptasia sp. comp19879
AipAD4 Aiptasia sp. compl17790
AipAD5 Aiptasia sp. compl4a764
AipAD6 Aiptasia sp. comp19492
AipAD7 Aiptasia sp. comp24280
AipAD8 ADAMTS- Aiptasia sp. comp13560
AipAD9 like Aiptasia sp. compll171
AipAD10 Aiptasia sp. comp9866
AipAD11 Aiptasia sp. comp31581
AipAD12 Aiptasia sp. comp19879
AipAD13 Aiptasia sp. compl10621
AipAD14 Aiptasia sp. comp10097
AipAD15 Aiptasia sp. compl4944
AipAD16 Aiptasia sp. comp3980
AipAS1 Aiptasia sp. comp17259
AipAS2 Astacin Aiptasia sp. compl17991
AipAS3 Aiptasia sp. comp28344
AipWVA WVA Aiptasia sp. compl6584
AipTRYP TRYPSIN Aiptasia sp. comp25690
AipLAM Laminin_G3 Aiptasia sp. comp18801
A.eleAD ADAMTS- Anthopleura elegantissima comp13383
like
A.eleAS1 Anthopleura elegantissima comp625
A.eleAS2 Anthopleura elegantissima comp23921
A.eleAS3 Astacin Anthopleura elegantissima comp27202
A.eleAS4 Anthopleura elegantissima comp12431
A.eleAS5 Anthopleura elegantissima comp6424
A.eleVWA1 Anthopleura elegantissima comp7794
A.eleVWA2 A Anthopleura elegantissima comp40534
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Sequence Protein type Organism Original identifier/ Accession Number
A.elelG lgg domain Anthopleura elegantissima compl146376
A.eleTRYP TRYPSIN Anthopleura elegantissima comp6788
A.eleCUB CUB domain Anthopleura elegantissima comp27202
A.eleMAM MAM domain Anthopleura elegantissima comp37953
A.eleSEA SEA domain Anthopleura elegantissima comp199145
A.eleLAM Laminin G3 Anthopleura elegantissima compl111612
A.eleCALX Calx-beta Anthopleura elegantissima comp530
A.eleCBM CBM 14 Anthopleura elegantissima comp11405
A.eleTSR1 Anthopleura elegantissima comp2495
A.eleTSR2 Anthopleura elegantissima comp44203
A.eleTSR3 Anthopleura elegantissima comp52752
A.eleTSR4 TSR only Anthopleura elegantissima comp6899
A.eleTSR5 Anthopleura elegantissima comp137837
A.eleTSR6 Anthopleura elegantissima comp123466
A.eleTSR7 Anthopleura elegantissima comp109002
F.scuTRYP TRYPSIN Fungia scutaria comp3626
F.scuVWA VWA Fungia scutaria comp4904
F.scuLECB Lectin B Fungia scutaria compl1435
F.scuTSR1 Fungia scutaria comp153497
F.scuTSR2 Fungia scutaria comp54007
F.scuTSR3 Fungia scutaria comp134907
TSR only
F.scuTSR4 Fungia scutaria comp35136
F.scuTSR5 Fungia scutaria compl15630
F.scuTSR6 Fungia scutaria comp108427
N.vecAD1 Nematostella vectensis 95408 |e_gw.39.117.1
N.vecAD2 Nematostella vectensis 202989 |fgenesh1_pg.scaffold_39000072
N.vecAD3 ADAMTS- like Nematostella vectensis 208839 |fgenesh1_pg.scaffold_98000003
N.vecAD4 Nematostella vectensis 212944 |fgeneshl_pg.scaffold_166000015
N.vecAD5 Nematostella vectensis 87270|e_gw.15.9.1
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Original identifier/ Accession

Sequence Protein type Organism Number
N.vecAD6 Nematostella vectensis 246133
N.vecAD7 Nematostella vectensis 201879
N.vecAD8 Nematostella vectensis 247539
N.vecAD9 Nematostella vectensis 193804
N.vecAD10 Nematostella vectensis 101427
N.vecAD11 Nematostella vectensis 30346
N.vecAD12 Nematostella vectensis 246133
N.vecAD13 Nematostella vectensis 246132
N.vecAD14 Nematostella vectensis 30019
N.vecAD15 Nematostella vectensis 217812
N.vecAD16 Nematostella vectensis 215900
N.vecAD17 ADAMTS - like Nematostella vectensis 215897
N.vecAD18 Nematostella vectensis 133001
N.vecAD19 Nematostella vectensis 246793
N.vecAD20 Nematostella vectensis 212948
N.vecAD21 Nematostella vectensis 30434
N.vecAD22 Nematostella vectensis 174601
N.vecAD23 Nematostella vectensis 95477
N.vecAD24 Nematostella vectensis 222694
N.vecAD25 Nematostella vectensis 212950
N.vecAD26 Nematostella vectensis 126434
N.vecAD27 Nematostella vectensis 139926
N.vecAD28 Nematostella vectensis 99266
N.veclG1 Nematostella vectensis 20471

lgg domain
N.veclG2 Nematostella vectensis 12396
N.vecSEMA SEMA domain Nematostella vectensis 197331
n/a Nematostella vectensis 33857, 138675, 2608, 86049, 34322
n/a Nematostella vectensis 110159, 116985

TSR only

n/a Nematostella vectensis 919
n/a Nematostella vectensis 101342, 241642
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Original identifier/

Sequence Protein type Organism Accession Number
112027, 39497, 84016, 27059,
101677, 110056, 110059,
112221, 112324, 117067,
120076, 121678, 122783,
/ 126293, 128245, 129869,
n/a Nematostella vectensis 130270, 138181, 155648,
185165, 201458, 28108, 39429,
39467,57118, 81752, 8468,
85411, 85746, 86478, 88028,
TSR only 88031, 9083, 91405, 92306,
92318, 9250, 9631
218033, 39112, 121670, 127215,
146328, 148689, 5633, 19215,
126298, 147698, 148395, 79287,
n/a N i . 94713, 97881, 6402, 16630,
ematostella vectensis 6589, 106372, 110258, 110590,
116940, 119602, 79262, 86063,
9468, 9859, 119266, 245175,
203983, 214340, 218031
N.vecAS1 ASTACIN Nematostella vectensis 232545
N.vecAS2 peptidase Nematostella vectensis 211915
N.vecFIB1 Fibronectin Nematostella vectensis 217643, 217642
N.vecFIB2 domain Nematostella vectensis 213652
N.vecCAD Cadherin Nematostella vectensis 247587
N.vecSOMA Somatomedin Nematostella vectensis 226328
N.vecWSC WSC domain Nematostella vectensis 208719
S.minTSR1 Symbiodinium minutum symbl.aug_v1.008489.t1
S.minTSR2 Symbiodinium minutum symbl.aug_v1.031565.t1
TSR only
S<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>