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Abstract

Coral reefs are the most biodiverse ecosystems on Earth. Their productivity is powered by the symbiotic
association between corals and unicellular photosynthetic dinoflagellates of the family
Symbiodiniaceae. These symbionts reside inside the corals’ cells in specialized organelles, the
symbiosomes, from where they transfer energy-rich compounds to the corals to support their nutrition.
Interestingly, symbiosis is re-established every generation, as most corals produce symbiont-free
offspring, which acquire symbionts from the surrounding sea water by phagocytosis. Despite the
importance of symbiosis establishment for the coral life cycle, it is unclear how corals identify
compatible symbionts and which mechanisms allow the symbionts to persist in their intracellular
niche. For example, it is unknown how symbionts escape the host immune response and how symbiont-
derived nutrients are integrated into the host cell metabolism. Using the sea anemone Aiptasia as a
model, I characterized the underlying processes of symbiosis establishment. Aiptasia engages in
symbiosis with similar species of Symbiodiniaceae as corals, and can be induced to produce larvae
under laboratory conditions, providing access to symbiont-free larvae to study symbiosis establishment
year-round. In a first step, I compared the uptake of compatible symbionts to that of free-living
Symbiodiniaceae and inert beads in Aiptasia larvae. I uncovered that selection of symbionts occurs
already prior to their phagocytosis and that while phagocytosis was size-selective, all tested particles
were phagocytosed. This implies that additional mechanisms for the selection of compatible symbionts
occur once potential symbionts have been phagocytosed. To assess the molecular mechanisms
underlying symbiosis establishment in more detail, I developed a cell-specific method to compare gene
expression in symbiotic and non-symbiotic cells. This revealed a major down regulation of various
catabolic processes, including autophagy, as a response to symbiont uptake. Specifically, I found
evidence that the shutdown of autophagy is regulated by a conserved gene-regulatory network under
the control of the master regulator of cell growth and proliferation, mTOR (mechanistic target of
rapamycin). mTOR is activated by symbiont-derived nutrients and symbiosis resulted in increased
lipid storage and cell proliferation. Thus, I propose a model where symbiont-derived nutrients activate
mTOR signaling, which acts as a mechanism of symbiont selection. Beneficial symbionts activate
mTOR, resulting in their maintenance and allowing them to proliferate in the host tissue, while failure
to activate mTOR would result in their autophagy. Currently, coral reefs are declining world-wide at
unprecedented rates, mostly caused by global warming disrupting the symbiotic interaction leading to
loss of symbionts from the host, a process known as ‘coral bleaching’. This thesis lays the foundation
for future work studying the molecular mechanisms underlying symbiont selection and symbiosis
establishment in cnidarian-dinoflagellate symbiosis. Understanding how corals select and stably
integrate symbionts may help to predict how corals adapt to changing environments, a prerequisite to

combat the loss of these important ecosystems.






Zusammenfassung

Korallenriffe sind die artenreichsten Okosysteme der Erde. Ihre Produktivitit basiert auf der
Symbiose zwischen Korallen und einzelligen photosynthetischen Dinoflagellaten der Familie
Symbiodiniaceae. Diese Symbionten leben in speziellen Organellen, den Symbiosomen, innerhalb der
Korallenzellen. Sie teilen energiereiche Verbindungen mit den Korallen und sichern somit deren
Erndhrung ab. Die Symbiose wird in jeder Genereration neu etabliert, da die meisten Korallen
Nachkommen zeugen, die keine Symbionten besitzen. Symbionten werden deshalb aus dem
umgebenden Meerwasser durch Phagozytose aufgenommen. Obwohl die Etablierung der Symbiose so
zentral fir den Lebenszyklus der Korallen ist, ist immer noch unklar, wie Korallen kompatible
Symbionten erkennen und welche Mechanismen es den Symbionten erlauben in ihrer intrazelluldren
Nische zu uberleben. Zum Beispiel ist noch unklar wie Symbionten dem Immunsystem der Koralle
entgehen und wie die vom Symbionten transferierten Nahrstoffe in den Metabolismus der Wirtszelle
integriert werden. Im Modellorganismus Aiptasia, einer Seeanemone, charakterisiere ich die
zugrundeliegenden Prozesse der Etablierung der Symbiose. Aiptasia formt eine Symbiose mit
dhnlichen Symbiodiniaceae-Spezies wie Korallen. AuBlerdem kann in Aiptasia die Produktion von
Larven im Labor stimuliert werden, was den Zugang zu Larven ohne Symbionten erlaubt, mit denen
das ganze Jahr iiber die Etablierung der Symbiose untersucht werden kann. Zunéchst verglich ich die
Aufnahme kompatibler Symbionten zur Aufnahme von frei lebenden Symbiodiniaceae und inerten
Plastikkiigelchen. Dabei stellte sich heraus, dass die Selektion von Symbionten bereits vor deren
Phagozytose einsetzt. Die Phagozytose selbst war grof3enselektiv, aber alle Partikel wurden
phagozytiert, was darauf hinweist, dass nach der Phagozytose zuséatzliche Mechanismen zur Selektion
von Symbionten existieren. Um die molekularen Vorginge der Etablierung der Symbiose genauer zu
untersuchen, entwickelte ich eine Methode um die Genexpression in symbiotischen und
nichtsymbiotischen Zellen miteinander zu vergleichen. Dabei stellte sich heraus, dass mehrere
katabolische Prozesse, darunter Autophagie, als Reaktion auf die Aufnahme von Symbionten massiv
herunterreguliert waren. Ich fand Hinweise darauf, dass das Abschalten der Autophagie durch ein
konserviertes Genregulationsnetzwerk gesteuert wird, welches wiederum durch mTOR (mechanistic
target of rapamycin) kontrolliert wird. mTOR selbst wird durch symbiontische Nahrstoffe aktiviert
und die Symbiose bewirkte eine erhéhte Einlagerung von Lipiden sowie Zellteilung. Darauf basierend
stelle ich ein Modell vor, in dem die Aktivierung des mTOR Signalweges durch symbiontische
Nahrstoffe als Mechanismus fir die Selektion von Symbionten dient. Nutzbringende Symbionten
aktivieren mTOR durch das Teilen von Nihrstoffen, was ihnen erlaubt in der Wirtszelle zu tiberleben
und sich dort zu teilen. Symbionten die keine Néahrstoffe teilen, hingegen, schaffen es nicht mTOR zu
aktivieren, was zu ithrem Verdau durch Autophagie fiihrt. Korallenriffe werden derzeit weltweit in

noch nie dagewesenem Ausmall durch die Folgen des Klimawandels geschéadigt. Dabei wird die



4 Zusammenfassung

Symbiose zwischen Korallen und Symbiodiniaceae gestort, was zum Verlust der Symbionten und
letztendlich zum Verhungern der Korallen fiihrt. Diese Arbeit stellt eine erste Untersuchung der
molekularen Mechanismen der Symbioseetablierung und Selektion von Symbionten dar. Das
Verstdndnis, wie Korallen Symbionten auswihlen und stabil integrieren, kann dazu beitragen,
vorherzusagen, wie sich Korallen an sich veridndernde Umgebungen anpassen, eine wichtige

Voraussetzung, um den Verlust dieser fragilen Okosysteme zu verhindern.



1 General Introduction

1.1 Coral reef ecosystems
Coral reefs are biodiverse ecosystems found in shallow tropical waters. Despite covering less than 0.1%

of the ocean surface, they provide habitat for about one quarter of marine species (Spalding and
Grenfell, 1997). Due to their high biodiversity, coral reefs have been called the rainforests of the sea.
Similar to the tropical rainforests on land, which exist on poor soils, coral reefs occur in regions of
oligotrophic (nutrient-poor) tropical waters. In fact, the areas where reefs currently exist were sparsely
populated before the evolution of reef-building stony corals (Scleractinia) in the Triassic (Muscatine et

al., 2005), which form the basis of coral reef ecosystems.

1.1.1 Coral reef ecology

Reef-building corals form the basis of coral reefs, as the foundation of reefs is formed on top of limestone
deposits originating from the skeletons of stony corals (Scleractinia) and the remains of other
limestone-depositing organisms collectively referred to as ‘reef-builders’. Corals contribute the most
limestone, followed by calcareous algae (e.g. coralline algae), which deposit limestone in their cell walls
(Sorokin, 2013). Further reef-builders include sponges, mollusks (e.g. the giant clams), and
foraminifers (unicellular eukaryotes with a limestone shell). The reef-builders form the limestone by
precipitation of calcium and carbonate ions from the sea water. Limestone pieces of all sizes accumulate
on the floor of the reef between the coral skeletons where they are compacted into sheets of limestone,
which can become several hundred meters thick over time (Sorokin, 2013). This physical foundation
acts as a structure into which many species bore caves or on which new limestone structures are built
to provide habitat for many other species. This allowed reef ecosystems to become the most biodiverse
ecosystems on earth harboring 32 out of the 34 recognized animal phyla, more than in any other
ecosystem (tropical rainforests house 17 phyla) (Porter and Tougas, 2001). This immense biodiversity

is additionally supported by efficient recycling of scarce nutrients within a complex food web.

The primary producers in coral reefs are phototrophic algae, cyanobacteria, as well as the corals, which
house photosynthetic algae (Sheppard et al., 2018). These primary producers act as food for primary
consumers, mostly zooplankton and filter feeders such as sea squirts (tunicates), snails, sponges, and
herbivorous fish. At a higher trophic level are carnivorous species, including fish and many
crustaceans, that eat the primary consumers and other carnivorous species. The dense living conditions
on the reef enable the efficient recycling of nutrients up and down the food chain. Interestingly, the
coral meta-organism (comprised of corals and their photosynthetic symbionts) can be considered to
simultaneously be primary producer, primary consumer, and carnivorous, as the symbionts fix carbon

and the corals feed on both phyto- and zooplankton (Ferrier-Pagés et al., 2011).
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Besides their importance for biodiversity, coral reefs provide important ecosystem services for
approximately 500 million people around the globe (Wilkinson, 2004). By forming a living physical
barrier to waves, reefs protect coastlines from erosion during storms or tsunamis. They are a
prerequisite to many people’s income by supporting fishery and tourism and are the source of medical
compounds isolated from coral reef organisms. Altogether, the ecosystem services of coral reefs are
estimated to surmount up to 9.9 trillion USD annually (Costanza et al., 2014). Coral reefs can only
provide these services when they are healthy, but they are increasingly threatened by human

interventions (see section 1.1.3).

1.1.2 Coral reefs depend on scleractinian corals

The coral reef ecosystem strictly depends on Scleractinia (stony corals), for maintaining both structural
and trophic stability (Dubinsky, 1990; Harrison and Booth, 2007; Sheppard et al., 2018). Stony corals
are corals that build skeletons under their living tissue. The skeletons consist of limestone (calcium
carbonate) in the form of aragonite and grow continually over the lifetime of a coral (Sheppard et al.,
2018), facilitating the growth of the coral towards the light. Limestone from coral skeletons and other

reef-builders forms the foundation of the coral reef.

Besides creating the physical foundation of coral reefs, Scleractinia also support the reef’s trophic
cascade (Dubinsky, 1990). They live in symbiosis with unicellular algae of the family Symbiodiniaceae
(Boschma, 1925; Brandt, 1881; Krueger, 2017), which are among the main primary producers in the
ecosystem (Sheppard et al., 2018). By living inside of the coral host, these algae can efficiently recycle
waste products of coral metabolism, such as nitrate and phosphate, allowing them to support not only
their own growth, but also that of their host (Tremblay et al., 2012). In fact, the corals are so dependent
on this symbiosis, that when the symbiosis breaks down under stress conditions, a process known as
bleaching, failure to re-establish the symbiosis is lethal and can lead to reef decline (Hoegh-Guldberg
et al., 2007).

1.1.3 Threats to coral reefs

Extensive coral death can lead to destruction of entire reef ecosystems. Unfortunately, this is occurring
at a higher rate than ever before, due to a number of anthropogenic factors (Eakin et al., 2019; Porter
and Tougas, 2001). One major cause, particularly in close proximity to land-based agriculture and
urban centers, is eutrophication, i.e. increasing nutrient levels (Porter and Tougas, 2001). In the
naturally oligotrophic waters, coral symbionts benefit from their association with corals by recycling
nitrogen and phosphorus — waste products of coral respiration. Increased nutrient levels in the water
due to human activity take away this competitive advantage and favor the growth of macroalgae, which

can shade out the corals (Lapointe, 1999).

The effects of human activity have increased so drastically that even remote coral reefs are threatened.

Elevated atmospheric carbon dioxide levels due to industrial carbon emission lead to ocean acidification
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which results in to reduced calcification in corals (Kleypas and Langdon, 2006). Additionally, global
warming leads to sea surface temperatures above the temperature tolerance of corals, which can lead
to coral bleaching (loss of symbionts) and death (Hoegh-Guldberg et al., 2007). The most damaging
coral bleaching event ever recorded occurred from 2014 to 2017, when sea surface temperatures were

at record highs (Eakin et al., 2019).
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1.2 Symbiodiniaceae

1.2.1 Symbiodiniaceae phylogeny and systematics

Coral reefs rely on the symbiosis between corals and unicellular eukaryotes of the family
Symbiodiniaceae. Symbiodiniaceae belong to the phylum Dinoflagellata (Greek dinos "whirling" and
Latin flagellum "whip, scourge"). Dinoflagellates are flagellated unicellular eukaryotes belonging to
the superphylum Alveolata within the SAR supergroup comprising Stramenopiles (incl. diatoms);
Alveolata (ciliates, apicomplexans, and dinoflagellates), and Rhizaria, (incl. radiolarians and

foraminiferans) (Figure 1.1) (Brown et al., 2018).

Dinoflagellates are one of the most diverse groups of eukaryotes in marine surface waters (de Vargas
et al., 2015). There are almost 2,400 extant described species living both in the oceans and freshwater,
with diverse lifestyles and with different trophic and morphological adaptations (Taylor, 1987). The
dinoflagellates include photoautotrophic, heterotrophic, and mixotrophic species. About half of the
dinoflagellate species are photoautotrophs and the other half are heterotrophs (Gémez, 2012). Around

1% of dinoflagellates are symbiotic mutualists and around 7% are parasitic (Gémez, 2012).

The plastids of most photosynthetic dinoflagellates originated from a secondary endosymbiosis, i.e. the
uptake and incorporation of a photosynthetic eukaryote that arose from a primary endosymbiosis of a

cyanobacterium (as in the ancestor of land plants) by another eukaryote (Bhattacharya et al., 2004).

Alveolata, incl. dinofl

Stramenopiles
Rhizaria, incl. foram
Haptophyta

Cryptista

{ Glaucophyta
Chloroplastida, incl. land plants

—— Rhodophyta, incl. red algae

Discoba

Metamonada

{ Fungi
Metazoa, incl. cnidarians

—— Amoebozoa

Figure 1.1. Phylogenetic position of the SAR supergroup within the eukaryotes. Based on data from
(Brown et al., 2018). Branch lengths arbitrary.
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As the ability to photosynthesize was lost in the dinoflagellates several times, heterotrophic species
arose, which in some cases regained photosynthesis through tertiary, and potentially quaternary,
endosymbioses of eukaryotes with primary and secondary symbionts, respectively (Waller and Koteny,

2017).

Of the few symbiotic dinoflagellates, perhaps the most well-known belong to the family
Symbiodiniaceae, members of which form endosymbioses with corals and some other hosts. All
members of Symbiodiniaceae (formerly genus Symbiodinium) were originally regarded as a single
widely distributed species, Symbiodinium microadriaticum (Freudenthal, 1962), but genetic evidence
revealed tremendous diversity within the taxon (Rowan and Powers, 1991, 1992). Once the diversity
was discovered, nine clades A-I were described based on 18S rRNA sequences (Rowan and Knowlton,
1995). Two of these clades (H and I) are exclusively associated with foraminifers; other unicellular
eukaryotes belonging to the SAR supergroup (Pochon and Gates, 2010). Species from clades A, B, C, D,
and F establish symbiosis with cnidarians, including corals (Ladeunesse et al., 2018; Rodriguez-
Lanetty et al., 2003). The division into clades was recently augmented when several new genera in the
family Symbiodiniaceae were defined based on genetic, morphological, physiological, ecological, and
biogeographic evidence for several taxa (LaJeunesse et al., 2018; Nitschke et al., 2020) (Figure 1.2).

Within the Symbiodiniaceae, species belonging to the genera Symbiodinium (clade A), Breviolum (clade

Cladocopium (formerly clade C) _
Halluxium (formerly Clade H) |

Freudenthalidium (formerly clade F subclade Fr_
Clade F subclades Fr2 and Fr4 o ()

Fugacium (formerly clade F subclade FrS5) _
Breviolum (formerly clade B) _

Clade | ]

Durusdinium (formerly clade D)

Foraminifera clade D )]

Gerakladium (formerly clade G) _

Foraminifera clade G o Symbiosis with:
Effrenium D @ chidarians

_ @ Non-cnidarian Metazoans

L Temperate clade A (] @ Foraminifers

— Symbiodinium (formerly clade A)

Figure 1.2. Phylogeny of Symbiodiniaceae based on nuclear small subunit of rENA. Only genera and
clades Iikely to represent genera are shown. Previous clade names of new genera indicated in brackets.
Branch lengths arbitrary. Based on data from LaJeunesse et al., 2018.
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B), Cladocopium (clade C), Durusdinium (clade D), as well as species belonging to clade F establish
symbiosis with cnidarians (Ladeunesse et al., 2018; Rodriguez-Lanetty et al., 2003).

1.2.2 Symbiotic relationships of Symbiodiniaceae

Symbiotic interactions of Symbiodiniaceae are not restricted to corals. Within Cnidaria,
Symbiodiniaceae form symbioses with members of all orders of Hexacorallia (including Scleractinia),
various other Anthozoa, Scyphozoa (ellyfish), and the Milleporidae (fire corals) belonging to the
Hydrozoa (see also Figure 1.4). Symbiodiniaceae also form symbioses with other animals including
Porifera (sponges) (Carlos et al., 1999; Hill et al., 2011), Acoelomorpha (acoel flatworms) (Barneah et
al., 2007), and Mollusca (e.g. the giant clam 7ridacna sp. and various nudibranchs) (Kempf, 1984;
Norton et al., 1992). Symbiodiniaceae also establish symbiosis with various species of unicellular
eukaryotes, e.g. Foraminifera (reviewed in (Pochon and Pawlowski, 2006)) and Ciliophora (ciliates)

(Lobban et al., 2005).

transverse
flagellum ——

o

accumulation
body

longitidinal —
flagellum

T
@7 v
nucleus  chloroplast .

in hospite

in culture

Figure 1.3. Life stages of Symbiodiniaceae. Center and left show the vegetative cyst. The motile
zoospore 1s shown on the right. Note that the cell wall is usually significantly thicker in cultured
Symbiodiniaceae than in hospite. Adapted from Freudenthal, 1962.
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1.2.3 Basic biology of Symbiodiniaceae

Symbiodiniaceae are unicellular photosynthetic eukaryotes, 5-15 pm in diameter, and yellow-brown in
color (Freudenthal, 1962; Schoenberg and Trench, 1980). They have two life stages, the vegetative cyst
and the motile zoospore (see Figure 1.3) (Freudenthal, 1962). The vegetative cyst has a coccoid shape
and is the common form when endosymbiotic (Stat et al., 2006). It can divide to form two (sometimes
three) equal daughter cells (Freudenthal, 1962). Following duplication of the nucleus, a furrow is
formed, establishing an equator, along which the cell constricts to form 2 daughter cells, which often

stay attached for some time (Freudenthal, 1962).

The coccoid vegetative cyst can also give rise to one or four motile zoospores (Freudenthal, 1962;
Schoenberg and Trench, 1980). The motile zoospore has a thicker cell wall, consisting of cellulose plates
termed thecal plates, and has one longitudinal and one transverse flagellum, which facilitate motility
(Freudenthal, 1962; Schoenberg and Trench, 1980). No direct evidence was found for meiosis
(Freudenthal, 1962; Schoenberg and Trench, 1980), but genetic studies suggest that sexual
reproduction occurs in the Symbiodiniaceae, likely in the motile zoospores (Baillie et al., 1998;

LadJeunesse, 2001).
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1.3 Corals

1.3.1 Phylogenetic position of scleractinian corals

Coral reefs depend on the three-dimensional stony structures formed by hermatypic (reef-building)
corals. Most hermatypic corals belong to Scleractinia (stony corals), which form exoskeletons out of
limestone. Together with sea anemones (Actiniaria), Scleractinia are members of the subclass
Hexacorallia (Figure 1.4) (Daly et al., 2007). Most Hexacorallia have hexameric symmetry, although
exceptions exist (Daly et al., 2007). Together with Ceriantharia (tube anemones) and Octocorallia,
Hexacorallia form the Anthozoa (from Greek anthos “flower” and zoos “animal”’) (Daly et al., 2007).
Some anthozoans besides Scleractinia are also sometimes referred to as corals, e.g. the soft corals
(Alcyonacea, formerly: gorgonians), which do not form a stony skeleton. Scleractinia are not the only
hermatypic corals, however members of this class contribute the majority of the deposited limestone to
reefs (Sheppard et al., 2018). Minor reef-building corals are the blue corals (Helioporaceae) and the
organ pipe corals (Turbipora), both Octocorallia (Sheppard et al., 2018).

{ @ Corallimorpharia
@ Sclerectinia (stony corals

@ Actiniaria (anemones)

@ Zoantharia

Anthozoa

Ceriantharia (tube anemones)

——  Pennatulacea (sea pens)

Cnidaria

—— @ Helioporacea

——— @ Alcyonacea (soft corals)
@ Scyphozoa ("true” jellyfish)

Cubozoa (box jellyfish)

Medusozoa

Staurozoa (stalked jellyfish)

—— @ Hydrozoa

@ Bilateria

Porifera (sponges)

Figure 1.4. Phylogeny of Cnidaria. Branch lengths arbitrary. Green circles represent taxa that form
symbiosis with Symbiodiniaceae. Adapted from (Kayal et al., 2018), presence of symbiosis within
Octocorallia according to (Schubert et al., 2017).
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Anthozoa and Medusozoa (Hydrozoa, Staurozoa, Cubozoa, and Scyphozoa) together form the phylum
Cnidaria (Daly et al., 2007). The unifying feature of cnidarians are their cnidae, specialized organelles
which contain harpoon-like structures, which are used for multiple purposes, including the capture of
prey and defense against predators (Daly et al., 2007). Cnidarians are diploblastic animals with two
tissue layers, the ectoderm and the endoderm, and are most likely sister to Bilateria (animals with
embryonic bilateral symmetry) or potentially Placozoa (from Greek placo “flat” and zoos “animal”)

(Laumer et al., 2019). Basal to Cnidaria is Porifera (sponges).

1.3.2 Coral anatomy

Cnidarians have three life stages: medusae, planula larvae, and polyps (Daly et al., 2007). Medusae
have an umbrella-shaped body fringed by stinging tentacles. They only occur in Medusozoa, not
Anthozoa (including Scleractinia), which only have the planula larvae and polyp life stages (Daly et
al., 2007). The planulae have a simple body plan and are ovoid (egg-shaped), usually with an oral
opening on one end. The outside of the body and the tissue lining the oral opening is ectodermal. The
tissue on the inside of the larvae lining the gastric cavity is endodermal. The ciliated planula larvae
are usually free-swimming and eventually attach to a suitable substrate where they metamorphose

into the polyp (Gleason and Hofmann, 2011).

Polyps consist of a hollow cylindrical body column that is roughly circular in cross-section (Figure 1.5).
They are usually attached to a surface at the pedal disc. At the opposite end, the oral disc, they have a
single opening, surrounded by symmetrically arranged tentacles, that are employed to catch prey using
the nematocysts (a type of cnidae). The tentacles bring the captured prey to pharynx for digestion in
the body column. After digestion, any undigested debris is expelled through the mouth. Like planula
larvae, polyps also have two tissue layers, the endoderm and the ectoderm. The endoderm lines the
inside of the body column and tentacles, while ectoderm comprises the outside of the body and the
pharynx, a tube connecting the mouth opening to the gastrovascular cavity (coelenteron) (Daly et al.,
2007). Between the ecto- and endodermal tissue is the mesoglea, a mostly acellular tissue, which
functions as a hydrostatic skeleton and houses immune cells and muscle fibers (Slobodkin and Bossert,
2010). The gastrovascular cavity is divided into chambers by the mesenteries. These are radially
arranged sheets of tissue protruding from the body wall into the gastrovascular cavity that run from
the pedal to the oral disc (Khanna and Yadav, 2005) and house the gametogenic tissue as well as muscle

cells involved in retraction of the polyp (Daly et al., 2007).
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Figure 1.5. Polyp anatomy. © Hans Hillewaert / CC BY-SA 4.0.

1.3.3 Coral skeletons

Many Anthozoa, including most Scleractinia, are colonial, i.e. their polyps form large colonies
consisting of many clonal polyps. In Scleractinia, these colonies produce stony skeletons made of
limestone, which provide the polyps with shelter from predators and act as substrates for them to live
on. The massive coral skeleton is dotted with small depressions at regular intervals termed ‘corallites’,
in which individual polyps sit (Sheppard et al., 2018). The polyps are connected by living tissue, the
‘coenosarc’, which spreads over the skeletons (Sheppard et al., 2018). In most species, the polyps retract
into the corallites by day to avoid predation and protrude from them at night to feed on passing
plankton. The polyps, and in some species also the coenosarc, continually deposit limestone at their
base, resulting in the growth of the skeleton. This is facilitated by specialized cells in the ectodermal
tissue called ‘calcyoblasts’, which deposit limestone (calcium carbonate) extracellularly (Vandermeulen
and Watabe, 1973). Over time, the coral colonies form elaborate skeletons with unique patterns, which
are governed by both species-specific deposition patterns and environmental factors, such as exposure

to waves (Todd, 2008) (see Figure 1.6).
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Figure 1.6 Growth form of scleractinian corals depends on environmental factors. A) Madracis mirabilis
grown in a low-flow environment B) M. mirabilis grown in a high-flow environment. Reproduced from
(Kaandorp, 2013) published under CC-BY 3.0.

1.3.4 Coral reproduction

Most coral species reproduce sexually once per year in the polyp stage, either as hermaphrodites
(producing both sperm and eggs) or gonochorites (with separate sexes) (Harrison, 2011). There are two
main strategies for sexual reproduction: broadcast spawning (in ~83% of species) and brooding (~14%
of species), with both forms described for the remaining species (Harrison, 2011). In broadcast
spawning, all conspecifics release their symbiont-free gametes synchronously with meticulous timing
at a specific day of the year and time of the day, for external fertilization (Harrison, 2011). In brooding
corals, fertilization and subsequent larval development occurs in the parent colonies (Harrison, 2011),
which often results in vertical transmission of symbionts (Gleason and Hofmann, 2011). Planula larvae
can survive up to 100 days in some species before settling and metamorphosing into a juvenile polyp
(Davies et al., 2017). Symbionts are either acquired from the parental colony (for brooding corals)
(Hirose et al., 2000), as planula larvae (Schwarz et al., 1999; Szmant-Froelich et al., 1985), or in the

juvenile polyp stage (Hirose et al., 2008).

Following metamorphosis, skeleton formation begins, resulting in the formation of a new colony, which
grows by budding off new polyps. Budding of polyps can occur via splitting of existing polyps
(intratentacular budding) or generation of polyps from the coenosarc (extratentacular budding)
(Harrison, 2011). In addition to budding during colony growth, asexual reproduction can also result in
the formation of physically separate entities that can grow into new, genetically identical colonies
(Harrison, 2011). The asexual reproductive capacity of corals is exploited in reef restoration, where
coral colonies are fragmented and regrown in sheltered conditions before transplanting clonal colonies

onto damaged reefs (Rinkevich, 2014).
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1.4 Coral endosymbiosis

1.4.1 Coral symbiosis is driven by metabolic exchange

Coral reefs exist in the tropics, where the energy input from sunlight is particularly high. However,
this location is also characterized by oligotrophic waters, i.e. waters with low concentrations of
inorganic nutrients such as nitrates, phosphates, and carbon sources, which limits the productivity of
phytoplankton (Hecky and Kilham, 1988). Such nutrient-poor environments typically do not support
much life; however, in coral reefs, efficient recycling of inorganic nutrients leads to a thriving
ecosystem. Recycling occurs both on a macroscopic level, the reef system as a whole (Furnas et al.,
2011), and on a microscopic level, in symbiotic interactions of animals and phytoplankton, such as
corals and Symbiodiniaceae (Wang and Douglas, 1998). Instead of releasing metabolic waste products
such as nitrates, phosphates, and carbon dioxide into the surrounding water, corals can directly
transfer them to their photosynthetic symbionts. The symbionts then use the inorganic nutrients in
their metabolism, resulting in higher carbon fixation by photosynthesis. In doing so, they produce
energy-rich compounds including lipids, sugars, and amino acids, of which they are estimated to
transfer over 90% to their hosts (Davies, 1991; Davy et al., 1996; Muscatine et al., 1984; Steen and
Muscatine, 1984). In this manner, the symbiont-provided nutrients can support 100% of their host’s

respiratory carbon needs under ideal conditions (Davies, 1991).

1.4.2 Corals harbor endosymbionts in the symbiosome

The efficient exchange of nutrients between host and symbiont without loss to the surrounding sea
water is made possible by endosymbiosis (Greek endon “within”, syn “together”, and biosis “living”)
where the symbionts live within the coral cells. Symbiodiniaceae colonize juvenile corals and quickly
spread throughout the coral endoderm (Wolfowicz et al., 2016). Within their host cells, they reside in
specialized organelles termed symbiosomes, resulting from phagocytosis of symbionts (Schwarz et al.,
1999). A host-derived membrane acts as a physical boundary between host and symbiont, through
which nutrients are exchanged. How nutrients are exchanged over this membrane and which
transporters are involved remains largely unknown. Additionally, it is unclear how symbionts are able

to proliferate within their host organelle and spread throughout the host tissue.

1.4.3 Evolution of cnidarian-dinoflagellate symbiosis

Within Cnidaria, not only stony corals form a symbiosis with dinoflagellates of the family
Symbiodiniaceae. Also, sea anemones and few jellyfish (Scyphozoa) form symbioses with
Symbiodiniaceae, in some cases even with the same species (see Figure 1.4). Further, some cnidarians
also form a symbiosis with other photosynthetic eukaryotes. For example, Hydra viridis (green hydra,
also known as H. viridissima), forms a symbiosis with Chlorella vulgaris, a unicellular photosynthetic

alga of the phylum Chlorophyta (Jolley and Smith, 1980). Like in the case of cnidarian-dinoflagellate
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symbiosis, H. viridis harbor symbionts within symbiosomes of the endodermal cells (Habetha et al.,

2003).

The wide-spread occurrence of intracellular symbiosis with photosynthetic eukaryotes within Cnidaria
raises the question whether the common ancestor of cnidarians was symbiotic. However, ancestral
state reconstruction has revealed that the common cnidarian ancestor was likely not symbiotic and
that endosymbiosis evolved independently several times in the cnidarian lineage (Kayal et al., 2018).
For example, the common ancestor of Hexacorallia (including stony corals and anemones) was likely
symbiotic, but the common ancestor of Hexacorallia and Octocorallia was not and symbiosis arose in

Octocorallia independently of Hexacorallia (Kayal et al., 2018).

1.4.4 Most corals produce aposymbiotic offspring

Most corals produce sexual offspring once annually in meticulously timed events to ensure cross-
fertilization and sexual recombination. Despite the strict dependence of corals on their symbionts, in
>70% of coral species (>80% of species with broadcast spawning) there is no vertical transmission of
symbionts from parents to offspring (Baird et al., 2009). Therefore, symbionts must be taken up from
the environment either in the larval stage or as juvenile polyps following metamorphosis. It remains
unclear why symbionts are not vertically transmitted from parents to offspring, but a plausible
hypothesis is that this allows the offspring to take up symbionts that are well-adapted to the
environment where they establish a new colony. After all, corals produce copious amounts of larvae
that can persist on maternally-provided yolk for extended periods of time in the open sea, making it
possible for them to colonize locations far from their parent colonies with potentially different
environmental conditions (Davies et al., 2017). Thus, not being associated with their parent’s
symbionts may allow them to more easily adapt to the environment where they settle by taking up

native symbionts.

1.4.5 Specificity of coral symbiosis and establishment of coral symbiosis

Symbiosis establishment is a crucial process for corals, as they rely on the symbionts for nutrition. It
occurs either at the larval stage or in juvenile polyps as well as following symbiont loss in bleaching.
Symbionts are taken up via phagocytosis by endodermal cells, where they establish an intracellular
niche in the symbiosome (Schwarz et al., 1999). The symbiosome is a host-derived vesicle in which the
symbionts live, and from which they transfer nutrients to the host cell. In order to establish this host-
niche, symbionts are thought to avoid the host’s defense mechanisms, such as phagolysosomal digestion

and the innate immune system, but the underlying mechanisms remain unclear (Davy et al., 2012).

Symbiosis establishment is a selective process, with corals associating with certain species of
Symbiodiniaceae, but not others (see also Figure 1.2), and has a profound influence on coral physiology,

as the type of symbionts can influence e.g. the growth rate (Little et al., 2004) and temperature
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tolerance of the host (Jones and Berkelmans, 2010; Jones et al., 2008; Sampayo et al., 2008). However,

the criteria important for symbiont selection are only beginning to be studied.

1.4.6 Breakdown of coral symbiosis — coral bleaching

The symbiosis between corals and Symbiodiniaceae requires stable environmental conditions for
proper photosynthetic activity of the symbionts. These conditions are perturbed by increased
temperature, light and altered concentrations of inorganic nutrients (C, N, P), leading to increased
production of reactive oxygen species (ROS) as by-products of photosynthesis (Suggett and Smith, 2020;
Weis, 2008). In an effort to eliminate the source of the toxic ROS, symbionts are removed from the coral
tissue, leading to slower growth, vulnerability to disease, and often death of the coral (Brown, 1997;
Hoegh-Guldberg, 1999; Hoegh-Guldberg et al., 2007). This process is known as coral bleaching due to
the loss of symbionts and their photosynthetic pigments resulting in pale corals. Bleaching can occur
via several mechanisms, including detachment of symbiotic host cells from the coral tissue, apoptosis
or necrosis of symbiotic host cells, degradation of symbionts, or expulsion of symbionts (Bieri et al.,
2016; Weis, 2008). However, the underlying pathways triggering these mechanisms, as well as which
mechanisms contribute to bleaching under which environmental perturbations, remain largely unclear

(Bieri et al., 2016; Suggett and Smith, 2020; Weis, 2008).



General Introduction 19

1.5 The Aiptasia model system

Despite the importance of coral reefs and the threats they face, little is known about the cellular and
molecular mechanisms underlying coral symbiosis. Understanding these mechanisms is key to
understanding how corals can cope with their changing environment. Open questions include the
mechanisms of symbiont recognition and uptake, evasion of the host immune system, establishment of
the intracellular niche, cross-talk between host and symbiont, nutrient-exchange, proliferation of
symbiont within the host cell/tissue, and bleaching. This lack of understanding is in part because corals
are difficult to study under laboratory conditions and in part because a model system approach to study

coral symbiosis was only recently adopted (Weis et al., 2008).

Major advances in molecular, developmental, and cell biology have been made possible by focusing on
few model systems (Davis, 2004). These model systems were chosen because they were accessible for
experimental approaches and facilitated the reproducibility of experiments (Davis, 2004). This in turn
allowed many researchers working on the same system, resulting in rapid progress, giving rise to

synergistic effects in the development of tools and advancing research (Davis, 2004).

Unfortunately, corals lack important characteristics of model systems. They are generally slow-
growing, often endangered (limiting access to specimen), difficult to maintain under laboratory
conditions, and have a calcareous skeleton making them inaccessible for experiments. Additionally,
they only spawn once annually, severely limiting access to offspring and resulting in long generation
times. Given these difficulties with studying corals, the sea anemone Exaiptasia pallida (formerly
Aiptasia pallida or Exaiptasia diaphana, commonly referred to as Aiptasia), has emerged as a model
organism for coral symbiosis (Baumgarten et al., 2015; Bucher et al., 2016; Davis, 2004; Davy et al.,
2012; Grawunder et al., 2015; Hambleton et al., 2019; Lehnert et al., 2012, 2014; Oakley et al., 2016;
Sproles et al., 2019; Weis et al., 2008; Wolfowicz et al., 2016).

As a member of Actiniaria (sea anemones), Aiptasiais closely related to Scleractinia. Both are members
of the subclass Hexacorallia in the subphylum Anthozoa (see Figure 1.4). The main differences between
corals and sea anemones are that the former usually live in colonies on a limestone skeleton, while the
latter are solitary and do not form a skeleton. Both corals and sea anemones occur in similar habitats
(including coral reefs) and representatives of both form a symbiosis with Symbiodiniaceae. In fact,
symbiosis with Symbiodiniaceae is thought to have originated in the common ancestor of Hexacorallia,
preceding the emergence of Actiniaria and Scleractinia (Kayal et al., 2018). As such, it is likely that

common molecular mechanisms underlie endosymbiosis in both taxa.

Aiptasia can be easily maintained under laboratory conditions and is considered a pest species by
aquarists (Rhyne et al., 2004). It quickly reproduces asexually by pedal laceration. Here, a small part
of the pedal disc is pinched off and develops into a new polyp. In the laboratory, this process is

harnessed to generate and maintain clonal lines, a vital prerequisite for reproducible experimentation
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based on the same genotype. Further, Aiptasia establishes symbiosis with similar species of
Symbiodiniaceae as Scleractinia (Wolfowicz et al., 2016). Additionally, spawning can be artificially
induced, allowing access to aposymbiotic (symbiont-free) offspring on a weekly basis (Grawunder et al.,
2015). Aiptasia lends itself to comparative approaches as it can be rendered symbiont free
(aposymbiotic) (Belda-Baillie et al., 2002; Matthews et al., 2016), allowing researchers to directly study
the influence of symbiosis on host physiology in genetically identical animals. Further, it can establish
symbiosis with various species of Symbiodiniaceae allowing researchers to study the influence of

symbiont identity on the symbiosis.

1.5.1 Limitations of the Aiptasia model system

Despite its many advantages as a model system for cnidarian-dinoflagellate symbiosis, the Aiptasia
system has some limitations. Most obvious, because Aiptasia do not possess limestone skeletons, the
model system cannot be used to study the role of symbionts in coral skeleton formation (calcification)
(Weis et al., 2008). This includes studies on the impact of projected sea water acidification on skeleton

formation, which may pose a major threat to coral growth in the future.

Further, findings on the effects of symbiosis on growth in Aiptasia can only be transferred to corals to
a certain degree, as colony growth is more complex than the growth of solitary polyps. For example, in
Acroporid (staghorn) corals, nutrients are distributed among polyps through the coenosarc (Pearse and
Muscatine, 1971) to ensure nutrient availability in newly formed, growing polyps at the branch tips,
which are populated with less symbionts (Goreau and Goreau, 1959). However, given the close relation
between Aiptasia and reef-building corals, as well as their evolution from a common, symbiotic

ancestor, it 1s likely that common principles underlie symbiosis at the cell biological level.

1.5.2 Biology of Aiptasia

Aiptasia is a species of sea anemones within the family Aiptasiidae with global distribution (Grajales
and Rodriguez, 2016), likely the result of a recent introduction, either via the aquarium trade or with
ballast water (Thornhill et al., 2013). The genetic homogeneity of the species is likely facilitated its
propensity for asexual reproduction via pedal laceration (Figure 1.7 left). Sexual reproduction of
Aiptasia occurs by broadcast spawning, with different clonal lines being either male or female
(Grawunder et al., 2015). Crucially, spawning can be induced by a blue light cue and elevated
temperature allowing the production of larvae in the laboratory (Grawunder et al., 2015). Aposymbiotic
planula larvae (Figure 1.7) fully develop by 48 hours post fertilization (hpf) and are able to acquire
symbionts starting at this time (Bucher et al., 2016). The ability to acquire symbionts is maintained
until ~14 days post fertilization (dpf) (Bucher et al., 2016). Larvae survive up to 40 dpf, however,
settlement and metamorphosis into polyps has not been observed in cultured Aiptasia (Figure 1.7,

right).
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Figure 1.7, Life Cycle of Aiptasia. Aiptasia reproduce asexually by pedal laceration (left) and sexually
by broadcast spawning (right). Asterisk (*) indicates incomplete sexual life cycle under laboratory
conditions. This figure was adapted from Figure 1 in (Grawunder et al., 2015) published under CC-BY
4.0.

1.5.3 Available tools and resources in Aiptasia

Aiptasia polyps can be bleached, resulting in aposymbiotic individuals that can be used to assay uptake
of Symbiodiniaceae in genetically identical animals (Belda-Baillie et al., 2002; Matthews et al., 2016).
Because symbiosis is facultative for Aiptasia under laboratory conditions, aposymbiotic and symbiotic

animals can be used to study symbiosis with a comparative approach.

Genetic resources for the Aiptasia model system are increasing, with a published genome (Baumgarten
et al., 2015) and multiple transcriptome studies, e.g. comparing symbiotic and aposymbiotic animals
(Lehnert et al., 2012, 2014; Matthews et al., 2017; Sunagawa et al., 2009; Wolfowicz et al., 2016).
Similarly, other -omics approaches have yielded proteomic (Medrano et al., 2019; Oakley et al., 2016;
Sproles et al., 2019) and lipidomic datasets (Garrett et al., 2013).

Aiptasia larvae are especially amenable to microscopy because of their transparency and small size,
allowing imaging without the need for sectioning; this has been exploited for assessment of symbiont
uptake, immunofluorescence imaging, and in situ hybridizations (Bucher et al., 2016; Hambleton et
al., 2014, 2019; Wolfowicz et al., 2016). The use of gain of function and loss of function experiments
genetic engineering is just emerging in the field, but has not yet been applied to biologically relevant

questions (Jones et al., 2018).
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1.6 Aims of this thesis

Symbiosis establishment is fundamentally important both for successful founding of new coral colonies
and recovery of corals following bleaching events. However, little is known regarding the molecular
mechanisms of the underlying processes. This includes basic information on when selection of
symbionts occurs, how selection is mediated, and which cell biological processes are required for

successful establishment of symbiosis.

To identify when during symbiosis establishment the selection of suitable symbionts occurs, I compared
the uptake into the gastric cavity and phagocytosis of compatible and incompatible species of

Symbiodiniaceae with each other and inert beads.

To characterize the cellular processes following the phagocytosis of symbionts, it was my aim to
characterize the transcriptional response to symbiont uptake at the cellular level. To this end, I needed

to develop a method to analyze the gene expression in symbiotic cells following uptake of symbionts.

Based on results from the gene expression analysis, I aimed to validate the involvement of identified
candidate pathways in the cross-talk between host and symbiont and refine the model of the molecular

events governing cnidarian-dinoflagellate endosymbiosis.
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2.1 Introduction

In all mutualisms, the symbiotic partners need to identify compatible species for symbiosis, while
avoiding associations with other, potentially pathogenic organisms. In most corals, as well as Aiptasia,
symbiosis is established after uptake of symbionts from the surrounding sea water (Baird et al., 2009;
Bucher et al., 2016). This occurs at the beginning of the life cycle, i.e. in the larval stage or in the
juvenile polyp, but may also occur after loss of symbionts by bleaching, so that hosts avoid starvation

by re-acquiring their main source of nutrition.

Selecting appropriate symbionts is of great importance to the host, as different symbionts affect host
physiology in different ways (Jones and Berkelmans, 2010; Jones et al., 2008; Little et al., 2004;
Sampayo et al., 2008). For example, corals harbor different symbionts depending on their depth (Eckert
et al., 2020), and symbiont identity can affect the host’s growth rate (Little et al., 2004) or bleaching
susceptibility, allowing the symbiosis to persist at higher temperatures (Jones and Berkelmans, 2010;
Jones et al., 2008; Sampayo et al., 2008). The ability of corals to take up different types of symbionts
which confer different benefits has led to the hypothesis that corals may be able to quickly adapt to
environmental changes and local environments such as elevated sea temperatures and ocean
acidification, by associating with symbionts that are uniquely adapted to the local environment

(Ladeunesse et al., 2010; Rowan, 2004).

2.1.1 Specificity of cnidarian-dinoflagellate symbiosis

Members of the family Symbiodiniaceae establish symbiosis with various host species, including
various cnidarians, sponges, molluscs and foraminifers (LaJeunesse et al., 2018); however, not all
species of Symbiodiniaceae are symbiotic. Further, any given species of Symbiodiniaceae only appears

to establish symbiosis with certain host species and vice versa, known as ‘specificity.’

Interestingly, this specificity is not related to how closely related species are, as some hosts will
establish symbiosis with species of Symbiodiniaceae belonging to two or more different genera of
Symbiodiniaceae but not to all species within either of the genera. For example, the staghorn coral
Acropora digitifera establishes symbiosis with Breviolum minutum and Symbiodinium necroappetens

but not with Symbiodinium linuchae, despite being from the same genus (Wolfowicz et al., 2016).

2.1.2 Stages of symbiont selection in coral symbiosis
In other endosymbioses, symbiont selection does not occur based on a single criterion but rather on
multiple criteria, which are all required, but not alone sufficient for symbiosis establishment (Cooper,

2007; Nyholm and McFall-Ngai, 2004). Given the importance of symbiont selection for the survival of
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coral reefs, surprisingly little is known about how corals select compatible symbionts. Symbionts are

taken up into coral cells in the endodermal tissue through phagocytosis (Schwarz et al., 1999).

Phagocytosis is initiated by cell-cell contact between the symbiont and the engulfing host cell, however,
the interacting proteins have not been conclusively identified. Carbohydrate-binding lectins on the host
cell surface have been implicated in recognition of glycans on the symbiont surface (Bay et al., 2011;
Lin et al., 2000; Wood-Charlson et al., 2006). However, different studies found different results
regarding their involvement and whether they activate or inhibit phagocytosis. Following phagocytosis,
nascent canonically undergo a maturation process, in which they sequentially fuse with early
endosomes, late endosomes, and lysosomes in a kiss-and-run manner (Gotthardt et al., 2002).
Eventually, the phagosome matures into a phagolysosome, an acidic compartment (pH ~ 4.5)
containing degradative enzymes that digest the phagocytosed particle (Levin et al., 2016). It has been
proposed that the symbiosome resembles an early arrested phagosome, allowing symbionts to persist
without being digested (Chen et al., 2004; Davy et al., 2012; Mohamed et al., 2016). However, which
exact criteria allow symbionts to first enter their host cells and then persist there, is unclear (Davy et

al., 2012).

To characterize when selection of symbionts occurs, I used a controlled symbiosis establishment assay
in Aiptasialarvae to compare the uptake of two species of Symbiodiniaceae. These were the compatible
Breviolum minutum and the free-living Effrenium voratum, as well as inert beads as a control. B.
minutum, originally isolated from Aiptasia, is readily taken up and establishes symbiosis with
Aiptasia, as well as the corals A. tenuis and A. digitifera (Hambleton et al., 2014; Wolfowicz et al.,
2016). E. voratum, on the other hand, is a free-living species of Symbiodiniaceae and was originally

isolated from sediment (Santos et al., 2002; Xiang et al., 2013).
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2.2 Results

2.2.1 Uptake of non-symbiotic Effrenium voratum and inert beads
In order to characterize the mechanisms underlying the uptake of symbionts, a comparative approach
was used to evaluate the uptake of clonal axenic strains of B minutum (strain SSBO1), the

incompatible Effrenium voratum (strain SSE01), as well as inert beads of a similar size as B. minutum.

In previous experiments, . voratum failed to be taken up by Aiptasia polyps or larvae (Hambleton et
al., 2014; Xiang et al., 2013). However, these experiments used concentrations of only 104 algae/ml for
durations between 2 — 31 days (Hambleton et al., 2014). Based on the increased infection with B.
minutum at concentrations of 105 algae/ml after 4 days of exposure in a later publication (Bucher et
al., 2016), Aiptasia larvae were infected with E. voratum, as well as beads, at this concentration.
Indeed, after 4-5 days, 19% of larvae had taken up £. voratum, 65 % B. minutum, and 10 % inert beads
(Figure 2.1 A).
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Figure 2.1. Preferential acquisition of compatible symbionts. A) Proportion of infected larvae 9 dpf after
exposure to B. minutum, E. voratum, or beads for 4 or & days. Bar and whiskers represent mean and
SEM of 4 replicate experiments. B) Total number of particles in the gastric cavity (GC) or endodermal
tissue (EN) for larvae in A.C) Representative DIC images of larvae hosting particles in their gastric
cavity or endodermal tissue used for analysis shown in A and B. This figure was rearranged from
Figure 4 in (Wolfowicz et al., 2016) published under CC-BY 4.0.
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Figure 2.2. Intracellularization of B. minutum and E. voratum. Representative confocal images of B.
minutum and E. voratum in the endodermal tissue of Aiptasia larvae. A) overview of whole larvae.
Colors in merge are nuclei in blue (Hoechst33258), F-actin (detected with phalloidin-Alexa488) in
green, and algal auto-fluorescence in red. Scale bars 25 ym. B) Confocal images of intracellular B.
minutum (SSBO0I1) and E. voratum (SSE01). Colors in merge are nuclei in blue (Hoechst33258), F-actin
(detected with phalloidin-Alexa488) in green, and algal auto-fluorescence in red. Scale bars 10 um. This
figure was rearranged from Figure 4 in (Wolfowicz et al., 2016) published under CC-BY 4.0.

Inspection of infected larvae with differential interference contrast (DIC) microscopy revealed that both
algae and beads were located, at least in part, within the endodermal tissue (Figure 2.1 B).
Quantification of the location of the particles using DIC microscopy revealed that in the case of B.
minutum, 63 % of algae (1072/1693) were located in the endodermal tissue, while only 33 % of E.
voratum (65/198) were localized to the endoderm. Interestingly, 49 % of beads (48/98) were located in
the endodermal tissue, intermediate between the compatible B. minutum and incompatible %. voratum
(Figure 2.1 C). Confocal microscopy confirmed that £. voratum were localized within endodermal cells

of Aiptasialarvae, just like B. minutum (Figure 2.2).

2.2.2 Size selection in the uptake of incompatible Effrenium voratum

A notable difference between B. minutum and E. voratum is the larger size of the latter. Phagocytosis
efficiency varies with the size and shape of the phagocytosed particle and is higher for smaller particles
(Champion et al., 2008). To test whether lower uptake of E. voratum could be the result of particle size,
we measured the size of algae located in the gastric cavity (GC) or within the endodermal tissue (EN).
Indeed, £. voratum in the endodermal tissue were significantly smaller than those in the gastric cavity
(8.5 vs. 11 um, Figure 2.3), while B. minutum in the gastric cavity and endodermal tissue were of the

same size (Figure 2.3).
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Figure 2.83. Size selection in uptake of E. voratum. B. minutum in the gastric cavity (GC) and
endodermal tissue (EN) were of the same size, while E. voratum in the EN were significantly smaller
than their counterparts in the GC (8.6 ym vs 11 ym mean diameter; Student’s unpaired t-test,
p<0.0001). This figure was rearranged from Figure 4 in (Wolfowicz et al., 2016) published under CC-

BY 4.0.
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2.3 Discussion

The results presented here suggest that selection of symbionts occurs at three stages during symbiont
uptake in Aiptasia larvae: uptake from the medium into the gastric cavity, during phagocytosis by

endodermal cells, and following phagocytosis.

2.3.1 Preferential uptake of compatible algae into the gastric cavity

For the compatible symbiont B. minutum, both the proportion of infected larvae, as well as the total
number of particles per larva (in the gastric cavity or in the endodermal tissue) was by far the highest.
This suggests that there is selection for B. minutum in the gastric cavity. Whether this is mediated by
the preferential uptake of B. minutum into the gastric cavity or elevated retention of symbionts there
remains unclear. In either case, it suggests that there is a step in symbiont selection that precedes
their phagocytosis. Whether this step is mediated by action of the larvae (e.g. by active seeking of
symbionts or preferential retention of symbionts in the gastric cavity) or by the symbionts remains
unclear. It 1s possible that symbionts use phototactic or chemotactic behavior to enter the larval mouth,
as has been shown for symbionts infecting juvenile polyps of the coral A. tenuis (Aihara et al., 2019;
Takeuchi et al., 2017; Yamashita et al., 2014). Another explanation is that larvae could be more likely
to meet B. minutum than E. voratum or beads because of different local densities of the different
particles. B. minutum and E. voratum swim actively, while beads do not and lie on the bottom of the
container, which could result in a lower probability of the swimming larvae encountering the beads
than the Symbiodiniaceae. Additionally, the swimming behavior might be different between
E. voratum and B. minutum, which could (at least in part) explain differences in numbers of particles
in the gastric cavity of the larvae. To test the influence of local densities of the particles on uptake into

the gastric cavity, future studies could keep all particles suspended by rotating the container.

2.3.2 Selection during phagocytosis

It has been suggested that symbiosis specificity is in part mediated by interactions between surface
markers on the symbionts and pattern recognition receptors (PRRs) on the host cells, which lead to the
initiation of phagocytosis, e.g. by lectin-glycan interactions (Bay et al., 2011; Lin et al., 2000; Wood-
Charlson et al., 2006). However, the uptake of beads suggests that, as in mammalian phagocytes,
phagocytosis does not necessarily require initiation by PRRs and can be induced by mere physical
contact (Flannagan et al., 2012). This suggests that PRR interactions do not act as an all-or-nothing
switch to regulate uptake of specific algae, but rather as one factor which guides phagocytosis of
particles. In fact, different studies have revealed both activating and inhibiting effects of lectin-glycan
interactions on phagocytosis of symbionts in different species, suggesting that these interactions could

be species specific (Bay et al., 2011; Lin et al., 2000; Wood-Charlson et al., 2006).

Interestingly, £. voratum in the endodermal tissue were significantly smaller than those in the gastric

cavity. Because phagocytosis efficiency and rate depends on particle size, with higher efficiency for
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phagocytosis of smaller particles (Champion et al., 2008), this is likely the result of different rates of
phagocytosis for different-sized particles. Indeed, a later study corroborated the role of symbiont size
in uptake, and showed that larger beads or species of Symbiodiniaceae are taken up at lower rates
than smaller particles (Biquand et al.,, 2017). This selection against larger particles during
phagocytosis could at least partly explain the lower proportion of endodermal £. voratum compared to

B. minutum or the beads.

2.3.3 Post-phagocytic selection of symbionts

Both species of Symbiodiniaceae, as well as beads, were taken up into endodermal cells. The uptake of
inert beads and incompatible £. voratum suggests that phagocytosis is to some degree unspecific. This
implies that further symbiont selection occurs following phagocytosis, e.g. through intracellular
sorting, as in the Hydra Chlorella symbiosis (Davy et al., 2012). If this were not the case, pathogens
could easily persist and easily infect corals and Aiptasia via phagocytosis, leading to detrimental

effects.

The proportion of particles in the endodermal tissue was highest for the compatible B. minutum (63%),
followed by beads (49%) and E. voratum (33%). This suggests selection for the compatible B. minutum,
however, it is unclear by which mechanism this selection is facilitated. If could be the result of either
preferential phagocytosis or preferential retention of B. minutum by the endodermal cells, or a
combination of both. To elucidate this mechanism, a higher temporal resolution would be necessary,
for example to study the fate of phagocytosed particles. Since publication of these results (Wolfowicz et
al., 2016), a method for live imaging of Aiptasia larvae has been developed and used to study the fate
of non-symbiotic algae (Jacobovitz et al., 2019). We challenged Aiptasia larvae with various non-
symbiotic algae, and found that they are phagocytosed, just like E. voratum, corroborating our results
that phagocytosis is to some degree unspecific (Jacobovitz et al., 2019). Monitoring the fate of
phagocytosed B. minutum and non-symbiotic algae revealed that symbionts are retained in the host
cells and proliferate, while the non-symbiotic algae are eliminated from the host cells by non-lytic
expulsion (Jacobovitz et al., 2019). Interestingly, expulsion occurred at different time points for

different algae, suggesting that the host response varies with the type of algae (Jacobovitz et al., 2019).

Further investigating the events following phagocytosis, we found that persistence of symbionts
appeared to be linked to quickly (< 6h) establishing a LAMP1-positive niche in the host cell while
incompatible algae failed to do so or did so at a much slower rate, resulting in their expulsion from host
cells (Jacobovitz et al., 2019). Further, symbiont persistence was accompanied by a suppression of host
immunity, while stimulation of host immunity resulted in the expulsion even of newly taken up
compatible B. minutum (Jacobovitz et al., 2019). Together, these findings suggest a complex interplay

of vesicular trafficking and innate immunity to be involved in symbiosis establishment.
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2.3.4 Outlook

The results presented here lay the groundwork for further inquiries about symbiont selection in
cnidarian-dinoflagellate symbiosis. They show that selection of suitable symbionts occurs at three steps
in symbiosis establishment: 1) the uptake or retention of algae into the gastric cavity, 2) size selection

during phagocytosis, and 3) during post-phagocytic processes.

How the overall selection process works and how the individual steps are involved in symbiont selection
remains unclear and could be further elucidated using live imaging of larvae. This would allow to assess
the retention times of the phagocytosed particles which would make it possible to determine the
contributions of each of the steps to the overall selection process. Further it could be used to examine

the fate of phagocytosed incompatible algae.

In order to identify the underlying molecular and cellular mechanisms of symbiont selection,
hypothesis-generating experiments will be crucial to identify candidate genes involved in the both the

initial host-symbiont contact and the maturation of phagosomes into symbiosomes.



3 Nutrient-dependent mTORC1 signaling in cnidarian-

dinoflagellate symbiosis

3.1 Exchange of nutrients fuels cnidarian-dinoflagellate symbiosis

The symbiosis between Cnidaria and Symbiodiniaceae revolves around the exchange of nutrients
between host and symbiont. Symbionts provide photosynthetically fixed carbon to fuel the host’s energy
requirements and receive end products of the host’s metabolism, in return. These inorganic nutrients
are limiting to the growth of photosynthetic organisms in the coral reef environment. Thus, the efficient
recycling of nutrients is to the benefit of both host and symbionts and gives both the ability to thrive
in their nutrient-poor environment (Muscatine, 1990; Yellowlees et al., 2008). The efficient use of their
partner’s metabolic products is made possible by the close association of the two with the symbionts

living inside the host’s cells in symbiosomes.

3.1.1 Importance of symbiont-derived lipids for host nutrition

It remains largely unclear how fixed carbon and inorganic nutrients are exchanged between the host
and symbiont (Davy et al., 2012). Symbionts receive nitrogen, in the form of ammonium (NH4*) and
nitrate (NOs) and phosphorus, mostly in the form of phosphate (PO43) from their host (Davy et al.,
2012). Nutrients transferred from the symbiont to the host include carbohydrates, amino acids and
lipids (Lewis and Smith, 1971; Peng et al., 2011; Whitehead and Douglas, 2003). While their precise
respective proportions remain unclear, there is consensus that lipids constitute the major component
of symbiont-derived nutrients (Battey and Patton, 1984; Crossland et al., 1980; Revel et al., 2016). In
fact, the formation of lipid droplets in corals depends on the symbionts (Chen et al., 2012; Muscatine
et al., 1994) and lipid droplets serve as a source of energy to endure times of low nutrient availability
(Stimson, 1987), Additionally, corals also provide their larvae with lipid reserves to fuel early

development, like many other marine invertebrates (Marlow and Martindale, 2007).

Among lipids, sterols have emerged as an important nutrient, as both corals and anemones are sterol-
auxotroph, and rely on sterols derived from either food or symbionts (Baumgarten et al., 2015; Goad L.
J., 1981; Hambleton et al., 2019). Indeed, both Aiptasia and Scleractinia have expanded repertoires of
sterol-binding NPC2 proteins, likely to be able to use symbiont-derived sterols (Hambleton et al., 2019;
Lehnert et al., 2014).

Despite the reliance of hosts on the nutritional input from their symbionts, how symbiont-derived
nutrients are integrated into host cell metabolism and functions remains largely unclear. To address
this, we performed a series of experiments to characterize the nutritional status of aposymbiotic

Aiptasia larvae and how it changes upon symbiont acquisition.
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3.1.2 mTOR as a master regulator of growth and proliferation in response to nutrient

availability
For all organisms, nutrient availability limits their ability to grow and reproduce. Therefore,
mechanisms have evolved to regulate growth based on nutrient availability. From yeast to vertebrates,
regulation of growth and cell proliferation is coordinated by the conserved protein kinase mTOR, which
translates growth signals and nutrient abundance into cellular activity necessary for cell growth and
proliferation. When nutrient levels are high, anabolic processes and cell proliferation are activated,
and when they are low, catabolic processes such as autophagy are activated to make nutrients
available. In animals, this is mediated by two distinct protein complexes, mTOR complex 1 (mTORC1)
and mTORC2. mTORC1 is responsible for regulating cell growth and anabolism, while mTORC2
regulates cell survival and proliferation by activating Akt, a key effector of insulin/PI3K signaling
(Saxton and Sabatini, 2017). Unfortunately, the molecular mechanisms of mTOR regulation are only
known in detail in mammals. Therefore, the following description of mTORC1 regulation is based on

mammalian research.

Activation of mTORC1

mTORC1 is active only when both cellular nutrient levels and growth signals allow it. This is achieved
by separate regulation of mMTORC1 recruitment to the lysosomal surface and activation (Figure 3.1A).
Recruitment of mTORC1 depends on nutrient availability, while mTORC1 activation depends on
growth signaling (Saxton and Sabatini, 2017). When nutrients are available, the Rag GTPases
associated with the Ragulator complex on the lysosomal surface are activated, triggering the assembly
of mTORC1 on the lysosomal surface (Sancak et al., 2008, 2010). Sensed nutrients include cytosolic
levels of amino acids sensed via Sestrin and CASTORI1 (cytosolic arginine sensor for mTORC1 protein
1) (Chantranupong et al., 2014; Parmigiani et al., 2014; Wolfson et al., 2016). Further, the production
of nutrients in catabolic processes is assessed by monitoring lysosomal nutrient levels. Both lysosomal
cholesterol and amino acids are sensed by the amino acid transporter SLC38A9 and result in mTORC1
assembly at the lysosome in a H*-ATPase-dependent manner (Castellano et al., 2017; Rebsamen et al.,

2015; Wang et al., 2015).

The assembled mTORCI1 is activated by its activator Rheb only when growth signaling via the insulin,
Wnt, or TNFa pathways results in the inhibition of its negative regulator TSC (tuberous sclerosis
complex) (Saxton and Sabatini, 2017). As a further control of mTORC1 activity, the stress regulator
AMPK (AMP-activated protein kinase) is activated in the absence of ATP, which can inhibit mTORC1
directly by phosphorylation of the mTORC1 component Raptor as well as indirectly by activation of
TSC (Inoki et al., 2003).
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Figure 8.1. Upstream and downstream of mTORCI in mammals. A) Regulation of mTORCI requires
both nutrient-dependent mTORCI1 recruitment to the lysosome and growth signaling-dependent
activation. B) Activated mTORC1 stimulates protein, nucleic acid, lipid and sterol biosynthesis while
Inhibiting lysosomal biogenesis and autophagy.

mTORC1I activation of protein, nucleotide and lipid synthesis

Following recruitment of mTORCI1 to the lysosomal surface and its activation by Rheb, mTOR kinase

activity results in the switch from catabolic to anabolic activity by altering the activity of several target

proteins, thereby promoting protein, nucleotide, and lipid synthesis (Figure 3.1B).

Protein synthesis is promoted by mTORC1 through inhibition of the negative regulator 4-EBP1 as well
as phosphorylation of the positive regulator S6 kinase (S6K). S6K further activates the carbamoyl-
phosphate synthetase (CAD), a critical component in de novo pyrimidine synthesis. Purine synthesis

is similarly promoted through increased activity of Atf4 (activating transcription factor 4) (Ben-Sahra
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et al., 2016). Lipid synthesis is activated via phosphorylation of SREBP (sterol responsive element
binding protein) transcription factors, which regulate the expression of various genes involved in sterol

and lipid biosynthesis (Porstmann et al., 2008).

mTORCI-mediated regulation of autophagy

In addition to activation of cellular anabolism, mTORC1 also regulates protein turnover by inhibition
of autophagy (Figure 3.1B). In autophagy, autophagic vesicles are formed around misfolded proteins
and organelles, which are then degraded following fusion of the vesicles with lysosomes (Kaur and
Debnath, 2015). mTORC1 regulates autophagy directly by phosphorylation and inhibition of ULKI,

which initiates autophagic vesicle formation (Ganley et al., 2009).

Additionally, mTORC1 controls autophagy at the transcriptional level wvia inhibition of the
transcription factor EB (TFEB) (Perera and Zoncu, 2016). TFEB promotes expression of the CLEAR
network (Coordinated Lysosomal Expression And Regulation), a gene regulatory network of autophagy
and lysosomal biogenesis by binding to E-box motifs (CANNTG) in the promoters of CLEAR genes
(Bouché et al., 2016; Sardiello, 2016). TFEB is itself a CLEAR network gene, promoting its own
expression in an auto-regulatory feedback loop via an E-box motif in its own promoter (Sardiello et al.,
2009; Settembre et al., 2013). Phosphorylation of TFEB by mTORC1 results in cytosolic retention, and
thus inhibition of CLEAR network expression (Martina et al., 2012; Roczniak-Ferguson et al., 2012;
Settembre et al., 2012).

3.1.3 Need for cellular resolution in analyses of the cellular mechanisms of symbiosis
In order to understand how the cellular functions of host and symbiont are integrated to allow for
coordination of their metabolisms, we studied the role of symbiont-derived nutrients in symbiont
establishment after phagocytosis of symbionts, by performing a transcriptome experiment. Previous
gene expression experiments have compared gene expression of aposymbiotic and symbiotic whole
anemones or corals (Lehnert et al., 2014; Matthews et al., 2017; Mohamed et al., 2016; Wolfowicz et
al., 2016; Yuyama et al., 2018). While this approach has significantly improved our understanding of
cnidarian-dinoflagellate symbiosis in general, it has limited capacity to identify the processes that
occur at the cellular level, a prerequisite to understanding the underlying mechanism of the
interactions between the dinoflagellate symbionts and their host cells. Whole-organism transcriptomes
cannot identify the source of differences in gene expression, and unfortunately often attribute observed
changes to the symbiotic cells, while they could have occurred in other cells of the organism. Further,
using whole-organism transcriptome approaches it is particularly difficult to identify the responses to
symbiosis in circumstances when comparatively few cells are symbiotic, like e.g. during symbiosis
establishment. Here, any signal from the few symbiotic cells is “diluted” by that from the more

abundant non-symbiotic cells.
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To circumvent these issues, we aimed to perform a transcriptome study that compared the gene
expression in symbiotic cells to that in non-symbiotic cells. Planula larvae are comprised of relatively
few cell types, making them a good model for such an approach. They consist of only four differentiated
broader cell types: epitheliomuscular cells, cnidocytes (stinging cells), gland cells, and nerve cells;
additionally, they have stem cells (Frank and Bleakney, 1976; Sebé-Pedroés et al., 2018; Siebert et al.,
2019). The cnidocytes only occur in the ectodermal tissue, making the endodermal tissue comprised of
only 3 differentiated cell types, of which the epitheliomuscular cells, which take up the symbionts, are
the predominant one (Plickert et al., 1988). Thus, in this study we sought to develop a protocol to isolate
symbiotic epitheliomuscular cells as well as non-symbiotic cells for comparison of their transcriptional

profiles.
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3.2 Results

3.2.1 Aposymbiotic larvae quickly deplete maternally-deposited nutrients

Corals store large amounts of lipids to endure times of low nutrient availability (Stimson, 1987), and
also provide their larvae with lipid reserves to fuel early development, just like other marine
invertebrates (Marlow and Martindale, 2007). To be aware of possible interference of nutrient-
signaling from maternally-deposited nutrients with that of symbiont-derived nutrients, we first

assessed the nutritional state of aposymbiotic Aiptasia larvae.

Aposymbiotic larvae 2 dpf had large amounts of lipids, especially in the endodermal tissue (Figure 3.2
A, left panels). By 6dpf, stored lipids were mostly used and by 10 dpf, they were effectively depleted
(Figure 3.2 A). We then measured cell proliferation in larvae as a proxy for the presence of other
nutrients (e.g. carbohydrates) which could fuel larval metabolism (Figure 3.2B). Cell proliferation
dropped from occurring in 44% of cells 1 dpf to less than 10 % of cells 3dpf and then stayed below 4 %
from 6 — 9 dpf in aposymbiotic larvae (Figure 3.2 C). This is in line with the development of Aiptasia
larvae. Larvae are fully formed including the oral opening by 48 hpf (Bucher et al., 2016). This suggests
that Aiptasia larvae deplete maternally-provided nutrients in early development and depend on an

alternative energy source for survival and metamorphosis into polyps.

Together, these results suggest that lipid stores and other energy sources are depleted by 6 dpf, making
larvae of this age or older suitable to study the effects of symbiont derived nutrients with minimal

interference from stored nutrients.
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Figure 3.2° Depletion of maternally-provided nutrients in aposymbiotic larvae. A) Representative
confocal images of lipid content in Aiptasia larvae 2, 6, and 10 dpf. Images are maximum projections
of 30 um thick larval mid-sections. Colors in merge are- nuclei in blue (Hoechst35258) and lipid droplets
in green (Nile Red). Scale bar 25 um. B) Representative images (maximum projections of whole larvae)
of EdU incorporation in Aiptasia larvae used for analysis in C. Colors in merge are’ nuclei in blue
(Hoechst33258) and nuclei of proliferating cells in green (EdU). Scale bars 25 um. C) Proportion of
proliferating cells in aposymbiotic larvae, measured by EdU incorporation in the previous 18 h (1dpf)
or 24 h (2-9 dpf). Each data point represents one larvae (n = 9 — 13). This figure was reproduced from
Figure 1 A-C in (Voss et al., 2019) published under CC-BY-NC-ND 4.0.

3.2.2 Symbiosis establishment results in increased lipid stores and cell proliferation
Symbiodiniaceae provide corals with the majority of their nutrients and the formation of lipid droplets
in corals depends on the symbionts (Chen et al., 2012; Muscatine et al., 1994). To characterize how
quickly after symbiosis establishment symbionts transfer nutrients to their host, we compared the lipid
stores of symbiotic and aposymbiotic Aiptasia larvae of the same age (Figure 3.3 A and B). Lipid stores
were significantly increased in symbiotic larvae 2 and 8 dpi compared to aposymbiotic larvae,
suggesting that symbionts transfer lipids quickly after uptake (Figure 3.3 B). In line with this,
symbiont uptake resulted in significantly increased cell proliferation in symbiotic larvae (adjusted p-
value < 0.001) compared to aposymbiotic larvae of the same age 3 days after symbiont uptake (Figure
3.3 C). Together, this suggest that symbiont-derived nutrients are transferred to the host early after
symbiosis establishment, leading to an improved nutritional status in symbiotic larvae. This is in line
with a previous study in the coral Pocillopora damicornis, which found that symbionts transfer

nutrients early after symbiosis establishment, albeit at lower rates than in older larvae or polyps (Kopp
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Figure 3.3. Symbiosis establishment improves nutritional status of Aiptasia larvae. A) Representative
confocal images of aposymbiotic and symbiotic Aiptasia larvae 2 and 8 dpi, used in B). Colors in merge
are nuclei in blue (Hoechst335258), lipid droplets in green (Nile Red), and symbionts in red (symbiont
autofluorescence). Dashed lines outline the endodermal tissue. Scale bar 25 um. B) Lipid droplets in
the endodermal tissue of aposymbiotic (gray) and symbiotic (red) larvae 2, 4, and 8 dpi. Each data point
represents one larva (n = 9 — 13). Error bars represent mean and 95% confidence interval. For ImageJ
macros used for quantification, see Source Code 5.1 and Source Code 5.2. C) Cell proliferation in
aposymbiotic (gray) vs. symbiotic (red) larvae 1, 2, and 3 dpi. Fach data point represents one larvae (n
=15 — 16). Error bars represent mean and 95% confidence interval. This figure was reproduced from
Figure 1 D-Fin (Voss et al., 2019) published under CC-BY-NC-ND 4.0.

et al., 2016). These results show that symbiotic Aiptasia larvae are a suitable model to study how
symbiont-derived nutrients are sensed and affect host metabolism and physiology at the cellular and

molecular levels.

3.2.3 Development of a method to isolate symbiotic and aposymbiotic endodermal
cells

To identify the changes in gene expression which occur upon uptake of symbionts, I developed a
protocol to isolate symbiotic and aposymbiotic endodermal cells from Aiptasialarvae (Figure 3.4 A and
B). The dissociation procedure consists of two steps. First, larvae are incubated in a mixture of sodium
thio glycolate, which reduces disulfide bonds in extracellular matrix proteins, and Pronase, a mixture
of peptidases, to cleave extracellular matrix proteins to facilitate cell dissociation. This leads to the
selective removal of ectodermal tissue from the larvae, while the endodermal tissue remains intact

within a transparent membrane, likely the mesoglea (Figure 3.4 A and B). In a second step, the washed
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endodermal tissue was mechanically dissociated by pressing it on a cover slip, resulting in a mixture
of single endodermal cells and clumps of few cells. From this endodermal cell suspension, symbiotic
and aposymbiotic endodermal cells can be isolated using micropipetting with especially produced
microcapillary needles that had a diameter slightly larger than the symbiotic endodermal cells,

~10 pm.

A Symbiotic larva Aposymbiotic larva

Figure 3.4 Isolation of symbiotic and aposymbiotic endodermal cells from Aiptasia larvae. A)
Schematic of the cell isolation procedure. Following dissociation with Pronase, endodermal was
macerated to obtain dissociated cells. Pools of either symbiotic (red circle) or aposymbiotic (gray circles)
were collected for RNAseq experiment. B) Representative images of the steps displayed in A). Colors
in merge are nuclei in blue (Hoechst33258) and symbionts in red (symbiont autofluorescence). This
figure was reproduced from Figure 2 A and B in (Voss et al., 2019) published under CC-BY-NC-ND 4.0.

3.2.4 Transcriptional response to symbiont uptake is mostly restricted to symbiotic

cells
Larvae 6 or 7 dpf that had been infected with symbionts for 24 or 48 h, as well as aposymbiotic larvae
of the same age as a control were dissociated with the developed method for cell isolation. Pools of 7 to
20 either symbiotic or aposymbiotic endodermal cells (Figure 3.4 B, center panels) were collected by
micropipetting and directly lysed before snap-freezing in liquid nitrogen. Samples were prepared for
RNA-sequencing using the SmartSeq2 method, which allows sequencing of full-length transcripts from

only picograms of RNA (Picelli et al., 2014).

Sequenced reads were mapped to the Aiptasia genome to filter out transcripts derived from the
symbionts or contaminating RNA from e.g. bacteria in the medium. Filtered reads were then mapped

to the Aiptasia transcriptome (GCA_001417965.1) to quantify gene expression.

Overall mapping rates of transcripts from aposymbiotic cells (56.9 - 71.7%) were high (Supplemental
Table 5.1). Mapping rates for symbiotic cells were lower and more variable than in aposymbiotic cells

(4.6 — 44%), likely due to the presence of symbiont transcripts. This was partially compensated by


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ncbi.nlm.nih.gov/genome/40858?genome_assembly_id=255433

40 Nutrient-dependent mTORC1 signaling in cnidarian-dinoflagellate symbiosis

deeper sequencing of symbiotic cells (24 — 54 M reads vs. 11 — 28 M reads). Variability of mapping rates

in symbiotic cells likely stemmed from differences in the lysis efficiency of symbionts.

Principal component analysis comparing the expression of all genes showed differences in gene
expression between symbiotic (red) and aposymbiotic (gray) cells, indicating that gene expression is
drastically altered following uptake of symbionts (Figure 3.5). However, whether aposymbiotic cells
originated from symbiotic (+) or aposymbiotic (x) larvae was indistinguishable in principal components
1 and 2. This suggests that at 24 - 48 hpi, differences in gene expression due to symbiont presence are
mostly restricted to symbiotic cells, while gene expression in aposymbiotic endodermal cells of the same
larvae remains largely unchanged. This underlines the importance of a cell-type-specific approach to
identify differences in gene expression resulting from symbiont uptake, especially to identify where
these changes occur — in the symbiotic cells or in other cells of the organism. As symbiotic cells are only
a small proportion of the entire larva, the restriction of gene expression changes to symbiotic cells we
observe here could also explain why previous studies comparing gene expression in symbiotic and
aposymbiotic larvae only find minor differences shortly after symbiont uptake (Mohamed et al., 2016;

Wolfowicz et al., 2016).
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Figure 3.5° Principle component analysis of gene expression in host cells in all replicates. Circled
replicates were used for differential gene expression analysis. For total read counts and mapping
statistics of individual replicates, see Supplemental Table 5.1. This figure was reproduced from Figure
2C in (Voss et al., 2019) published under CC-BY-NC-ND 4.0.
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3.2.5 Down regulation of gene expression in symbiotic cells

To identify the most drastic changes in gene expression upon symbiont uptake, we compared gene
expression of the samples with the largest differences in Principle component analysis (Figure 3.5 , red
and gray circles). Using DESeq2 (log2-fold change > 2; false-discovery-rate < 0.01), we found 4,456
differentially expressed genes (DEGs), with the majority (>99%) down regulated in the symbiotic cells
(4,421/4,456), and only 35 genes upregulated in the symbiotic cells (Figure 3.6 and Supplemental File
5.5).

A higher proportion of down-regulated genes in the symbiotic condition has been reported in previous
studies (Matthews et al., 2017; Mohamed et al., 2016; Wolfowicz et al., 2016), albeit to a lesser extent
than in our data set. We hypothesize that it could be detected due to the improved signal-to-noise ratio

of our approach over the previous whole-organism approaches.

aposymbiotic

-10 0 10

Figure 5.6. Heat map of differentially expressed genes (DEGs) between symbiotic and non-symbiotic
cells. 4,456 out of 27,334 genes were diftferentially expressed; 4,421 genes were down -regulated in the
symbiotic condition and 35 genes were up-regulated (log2-fold change > 2; false-discovery-rate < 0.01).
For a complete list of differentially expressed genes, see Supplemental File 5.4. For results of KEGG
enrichment analysis, see Table 3.1 and Supplemental File 5.5. For a schematic summarizing gene
expression of core metabolic pathways, see Supplemental Figure 5.1. This figure was reproduced from
Figure 2D in (Voss et al., 2019) published under CC-BY-NC-ND 4.0.
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3.2.6 Host cell metabolism and autophagy are down regulated upon symbiosis

uptake.

In order to interpret the DEGs in the context of the biological processes occurring in the cells, we
performed KEGG pathway enrichment analysis. This revealed that several pathways in the categories
Metabolism, Cellular Processes, Genetic Information Processing, and Environmental Information
Processing were significantly enriched among the down-regulated genes in symbiotic cells (Table 3.1,
Supplemental File 5.5).

Table 3.1. Overview of enriched KEGG pathways among the down-regulated DEGs in symbiotic cells

(p-value < 0.15). For a complete list of DEGs in each KEGG pathway, see Supplemental File 5.5. This
table was reproduced from Table 1 in (Voss et al., 2019) published under CC-BY-NC-ND 4.0.

Pathway KEGG Pathway ID

Metabolism

PATH:ko00072
PATH:ko00900
PATH:ko00220
PATH:ko00500

Synthesis and degradation of ketone bodies [ ]
[ ]
[ ]
[ |
Galactose metabolism [PATH:ko00052]
[ |
[ ]
[ ]
[ ]

Terpenoid backbone biosynthesis
Arginine biosynthesis

Starch and sucrose metabolism

PATH:ko00510
PATH:ko00051
PATH'ko00240
PATH'ko00563

N-Glycan biosynthesis
Fructose and mannose metabolism
Pyrimidine metabolism

Glycosylphosphatidylinositol (GPI)—anchor biosynthesis

Cellular Processes

Autophagy - yeast [PATH:ko04138]
Peroxisome [PATH:ko04146]
Endocytosis [PATH:ko04144]

Genetic Information Processing

Basal transcription factors PATH:ko03022

[ |
RNA polymerase [PATH:ko03020]
RNA degradation [PATH:ko03018]
Protein export [PATH:ko03060]
RNA transport [PATHko03013]
Non-homologous end—joining [PATHko03450]
Spliceosome [PATH:ko03040]

[ ]

Ribosome biogenesis in eukaryotes PATH:ko03008

Environmental Information Processing

Phosphatidylinositol signaling system [PATH:ko04070]
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In the category Genetic Information Processing, several pathways related to transcription and protein
translation were enriched, suggesting a general down regulation of these processes in symbiotic cells.
In the category Cellular Processes, the pathways endocytosis and autophagy were enriched. Symbiont
uptake occurs via phagocytosis (Schwarz et al.,, 1999). In mammalian phagocytic cells (e.g.
macrophages), following engulfment and uptake into the cell, nascent phagosomes fuse with endosomal
vesicles, first with early and then with late endosomes, before eventually fusing with lysosomes to form
phagolysosomes, in which the phagocytosed particle is digested. It has been hypothesized that
phagosomal maturation is arrested after fusion of the phagosome with early endosomes in cnidarian-
dinoflagellate symbiosis, for symbionts to avoid digestion (Chen et al., 2004; Mohamed et al., 2016). In
line with this hypothesis, gene expression of several genes associated with late endosomes are down
regulated in symbiotic cells. However, also many early endosomal genes are down regulated, making
it difficult to draw conclusions regarding the arrest of phagosomal maturation based on the gene

expression data in this study.

In the autophagy pathway, > 20% of DEGs (17/83) are down regulated in symbiotic cells, including the
key players ATG2, ATG4, ATG9, ATG13, ATG18, HIF1a, TSC1, PKCS and RagC/D. Additionally, genes
of the endocytosis pathway are down regulated in symbiotic cells (Supplemental File 5.5). Based on
this, together with our finding that maternal nutrients are depleted in aposymbiotic larvae 6 dpf, we
hypothesized that aposymbiotic larvae meet their energy requirements with autophagy. Upon uptake
of symbionts, autophagy is then shut down, as symbiont-derived nutrients become available to the host

cell.

In line with this hypothesis, various catabolic pathways (i.e. pathways involved in the degradation of
energy-rich compounds) including autophagy, peroxisomes, and metabolic pathways such as starch and
sucrose metabolism are suppressed in symbiotic cells (Table 3.1). A detailed analysis of core metabolic
pathways shows the down regulation of key enzymes in the pathways glycolysis/gluconeogenesis, fatty
acid biosynthesis and degradation, as well as oxidative phosphorylation, and the TCA cycle, most of
which are catabolic pathways (Supplemental Figure 5.1). Indeed, the expression of several genes
encoding some of the key enzymes in these pathways was below the detection limit, indicating drastic

down regulation of primary metabolic pathways shortly after symbiont uptake.

These results support that aposymbiotic larvae engage in autophagy and other catabolic processes to
maintain cellular functions, including gene expression and protein synthesis, as well as cell
proliferation. Upon uptake of symbionts, however, cellular metabolism is altered, possibly due to the

availability of symbiont-derived nutrients.
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3.2.7 Regulation of autophagy by MITF-like transcription factors is evolutionarily

conserved.
How cells maintain a balance between autophagy and other catabolic processes and anabolism is well
understood in mammals, and depends on the nutritional state of the cell (Perera and Zoncu, 2016). It
is transcriptionally regulated in the CLEAR network (Coordinated Lysosomal Expression And
Regulation). The CLEAR network is transcriptionally activated when cellular nutrient levels are low,
and leads to autophagy, the consumption of cellular components, to maintain cellular homeostasis
(Settembre et al., 2011). The CLEAR network is under the control of transcription factor EB (TFEB),
which activates gene expression of CLEAR network genes by binding to E-box motifs (CANNTG) in
their promoters (Bouché et al., 2016; Sardiello, 2016). TFEB is itself a CLEAR network gene, regulating
its own expression in an auto-regulatory feedback loop via an E-box motif in its own promoter (Sardiello

et al., 2009; Settembre et al., 2013).

TFEB belongs to the MITF family of transcription factors, which expanded from one homolog in
invertebrate Bilateria to four homologs in vertebrates, one of which is TFEB (Bouché et al., 2016;
Sardiello, 2016). The single MITF-family proteins in Drosophila melanogaster and in Caenorhabditis
elegans both regulate expression of autophagy and lysosome related genes via E-box motif binding
(Bouché et al., 2016; Lapierre et al., 2013; O'Rourke and Ruvkun, 2013; Settembre et al., 2013),
suggesting that this is the ancestral function of MITF-family transcription factors. The function of

MITF-family transcription factors in non-bilaterian animals, however, is unknown.

To see whether autophagy could be regulated in a similar manner in Cnidaria, we conducted a
phylogenetic analysis of MITF-family transcription factors in vertebrate and invertebrate animals,
including Cnidaria. The resulting phylogeny recapitulates the expansion of the MITF-family in
vertebrates from one invertebrate ancestor that was already present in Cnidaria (Figure 3.7A). This
suggests that the coordinated regulation of autophagy in a CLEAR-like network is the ancestral

function of MITF-like genes in invertebrates including Cnidaria.

In line with MITF-like regulating the expression of CLEAR-network genes, for 16 out of 17 homologs
of mammalian CLEAR network genes, including MITF-like itself, E-box motifs were significantly
enriched in their promoter regions (Figure 3.7 B and C). Additionally, 12 out of 17 of these genes were
significantly down regulated in symbiotic cells (Figure 3.7 B). Together, these results indicate that the
regulation of autophagy via a CLEAR network in response to nutrient availability is conserved in

Aiptasia and could be the mechanism by which autophagy is down regulated upon symbiont uptake.
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Figure 3.7 Conservation of transcriptional regulation of autophagy. A) Maximum Likelihood
phylogeny (PhyML) of MITF-family transcription factors in vertebrates and invertebrates. Bootstrap
values >50 are indicated next to nodes. Upstream stimulatory factors were used as an outgroup. Species
names are Italized, triangles represent collapsed branches; position of Aiptasia MITF-like 1is
highlighted in red. For raw sequences, trimmed alignments and tree information see Supplemental
File 5.6. B) Overview of gene expression of Aiptasia homologs of mammalian TFEB target genes
including number of significantly enriched E-box elements in their promoter regions. Significantly
differentially expressed genes (log2-fold change >2; false-discovery-rate < 0.01) indicated by asterisks
(*). C) Visualization of positions of significantly enriched E-box motifs in the promoters of CLEAR
network homologs in Aiptasia. Figure 3.7 A was reproduced from Figure 3A in (Voss et al., 2019)
published under CC-BY-NC-ND 4.0. Figure 3.7 B was adapted from Figure BA in (Voss et al., 2019)
published under CC-BY-NC-ND 4.0 with friendly permission by the authors.
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3.2.8 Conservation of MITF-like phosphorylation sites

In mammals, the activity of TFEB is regulated via post-translational modification by the master
growth regulator mTOR. When nutrients are available, mTOR kinase activity leads to the
phosphorylation of TFEB at conserved binding sites (Martina et al., 2012; Roczniak-Ferguson et al.,
2012; Settembre et al., 2012). This phosphorylation results in the cytosolic retention of TFEB,
inhibiting its function as a transcriptional activator of the CLEAR network. Conversely, under
starvation conditions (in the absence of mTOR activity) TFEB is dephosphorylated by calcineurin

(activated by lysosomal calcium release) resulting in a positive feedback loop of TFEB expression and

expression of CLEAR network genes (Napolitano et al., 2018).

Alignment of Aiptasia MITF-like with H. sapiens TFEB reveals the conservation of the mTOR
phosphorylation sites at S142 and S211, further suggesting conservation of the regulation of autophagy
in Aiptasia by MITF-like (Figure 3.8).
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Figure 3.8 Alignment of amino acid sequences of Aiptasia MITF-like (XM _020895872.1) with H.
sapiens TFEB (P19484). Conserved mTOR-specific phosphorylation sites framed in red. This figure
was reproduced from Figure S24 in (Voss et al., 2019) published under CC-BY-NC-ND 4.0.

3.2.9 Symbiosis activates mMTORC1 signaling.

When nutrients are available, mTOR kinase is activated in the mTOR complex 1 (mnTORC1). Homologs
of all major mTORC1 components, including mTOR, raptor, deptor, mLST8, and Rheb, with the
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exception of PRAS40, are encoded in the Aiptasia genome (Kanehisa and Goto, 2000) and not
differentially expressed between symbiotic and aposymbiotic cells (Supplemental File 5.4). Similarly,
various effector proteins of mTORC1, including eukaryotic translation initiation factor 4E (eIF4E)-
binding protein 1 (4E-BP1) and ribosomal protein S6, are encoded in the Aiptasia genome (Kanehisa
and Goto, 2000) and not differentially expressed between symbiotic and aposymbiotic cells

(Supplemental File 5.4).

To test whether mTORC1 signaling is conserved in Aiptasia, we tested the effect of mTOR inhibition
on mTORC1-specific phosphorylation of the mTOR targets 4E-BP1 and S6. For both proteins, levels of
phosphorylated protein in Aiptasia polyps decreased with increasing concentrations of the mTOR
kinase inhibitor AZD8055 (AZD) (Figure 3.9). This indicates that mammalian mTOR-specific phospho-
sites are conserved in the Aiptasia homologs of both 4E-BP1 and S6.
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Figure 3.9. Conservation of mTOR signaling in Aiptasia. A) Decreasing levels of p4E-BP1 with
increasing concentration of mTOR kinase inhibitor AZD. B) Decreasing levels of pS6 with increasing
concentration of mTOR kinase inhibitor AZD.

We then tested whether mTOR kinase is active in symbiotic Aiptasia by Western blot using the
antibody against phosphorylated 4E-BP1 (p4E-BP1). We find that symbiotic starved polyps have
similar levels of p4-EBP1 as aposymbiotic and symbiotic polyps which had been fed 1 day prior, while
starved aposymbiotic polyps have low levels of p4-EBP1 (Figure 3.10 A). This indicates that symbiont-
derived nutrients can activate mMTORC1 signaling in the same way as food-derived nutrients. However,
mTORCI1 activation in the presence of symbionts is continuous, while mTORC1 activation from feeding

is lost 3 days after feeding in aposymbiotic animals (Figure 3.10 A, right panels).

No differences in mTORC1 activation could be detected when comparing symbiotic and aposymbiotic
larvae, likely due to the low proportion of symbionts per larva in the larval stage (Supplemental Figure

5.2).

Consistent with mTORC1 activation promoting anabolic processes (Perera and Zoncu, 2016), lipid
droplet formation was elevated in starved symbiotic polyps compared to starved aposymbiotic polyps
(Figure 3.10 B). Corroborating the Western Blot results that feeding only has a temporary effect on
mTORC1 activation, fed aposymbiotic polyps had less lipids than starved symbiotic animals, albeit
more than starved aposymbiotic animals (Figure 3.10 B). The highest levels of lipids were detected in
fed symbiotic animals, in line with previous work showing the positive effect of symbiosis on growth

and asexual reproduction under starvation conditions in polyps of Aiptasia (Clayton and Lasker, 1985).
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Figure 3.10. Symbiont-derived nutrients activate mTOR signaling. A) Representative Western Blots
comparing p4-EBP]1 levels in aposymbiotic and symbiotic Aiptasia polyps. Anemones were either fed
(3 times per week for > Sweeks) or starved (for > 3 weeks). B) Representative confocal images of Iipid
content of cells from starved (for 9 days) and fed (3 times per week for 10 days), symbiotic and
aposymbiotic Aiptasia polyps. Colors in merge are nuclei in blue (Hoechst33258), lipid droplets in green
(Nile Red), and symbionts in red (symbiont autofluorescence). Scale bar 25 um. Asterisks (*) indicate
interference of symbiont autofluorescence. C) Representative Western Blots comparing p4-EBPI levels
in fed (3 times per week for >13 days) and starved (for 13 days) aposymbiotic and symbiotic Aiptasia
polyps under normal light conditions (12L:12D, sampled 6h into the light period) or darkness (66h prior
to experiment) to block photosynthesis. D) Representative confocal microscopy images of mTOR
localization in Aiptasia larvae. Colors in merge are nuclei in blue (Hoechst33258), mTOR (detected
with Alexa488-anti-rabbit-IgG) in green, and symbiont in red (symbiont autofluorescence. Scale bars
25 um (upper panel) and 5 um (lower panel). Figure 3.10 A and D were reproduced from Figures 3C
and 3E, respectively in (Voss et al., 2019) published under CC-BY-NC-ND 4.0. Figure 3.10 B was
rearranged from Figure S2B in (Voss et al, 2019) published under CC-BY-NC-ND 4.0 with friendly
permission from the authors.

To verify that symbiont-derived nutrients, and not another factor released by the symbionts activates
mTORC1 signaling, we blocked photosynthesis in the symbiont using a dark treatment (Figure 3.10
O). In starved symbiotic anemones under dark conditions, levels of p4-EBP1 dropped to similar levels
as in aposymbiotic anemones. In well-fed anemones, p4-EBP1 levels were higher in the symbiotic
condition than in the aposymbiotic condition, likely due to larger nutrient reserves in that condition

(Figure 3.10 B and O).

All these results support that mMTORC1 signaling is stimulated by symbiont-derived nutrients, raising
the question whether mTOR is localized in the vicinity of symbionts. Immunofluorescence using an
mTOR-specific antibody revealed the presence of mTOR in the vicinity of symbionts (Figure 3.10 D).
Interestingly, mTOR was not localized exclusively in direct vicinity of the symbionts, but throughout

the symbiotic cell and possibly also neighboring cells (Figure 3.10 D), potentially due to trafficking of
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symbiont-derived nutrients to neighboring cells. Further, mTOR localized in the vicinity of symbionts
only in 53% of larvae (Supplemental Table 5.2), suggesting that mTOR recruitment could be

dynamically regulated, e.g. in response to changing nutrient transfer rates or hormonal signaling.
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3.3 Discussion

The endosymbiosis between Cnidaria and dinoflagellates is driven by a mutually beneficial nutrient
exchange. The host provides the dinoflagellate with inorganic nutrients, which are scarce in the
oligotrophic reef environment, in exchange for fixed carbon, mostly in the form of lipids and
carbohydrates. Despite the reliance of hosts on the nutritional input from their symbionts, how
symbiont-derived nutrients are integrated into host cell metabolism and functions remained largely
unclear. To address this, we performed a series of experiments characterizing the nutritional status of
aposymbiotic Aiptasialarvae and their gene expression response to symbiont acquisition. This revealed
the conservation of a gene regulatory network involved in the switch between autophagy and
anabolism, which is regulated by the master regulator of the nutritional response, mMTOR. mTOR likely
acts as the activator of cell proliferation in response to symbiont-derived nutrients and may be

activated by symbiont derived sterols, sensed by the lysosomal transmembrane protein SLC38A9.

3.3.1 Nutritional benefit of symbionts on Aiptasia larvae

Our results indicate that aposymbiotic Aiptasia larvae quickly depleted maternally deposited energy
reserves, leading to their reliance on autophagy to fuel cellular functions. In this situation, symbiont
uptake quickly had positive effects, as already 2 days after the uptake of symbionts, larval lipid stores
began to be replenished. The availability of nutrients not only led to an increase in the lipid stores, but
also resulted in increased cell proliferation, highlighting the importance of symbiosis establishment for
Aiptasialarvae. Interestingly, lipid stores were significantly increased 2 and 8 dpi, but not 4dpi (Figure
3.3). This is just 1 day after the increase in cell proliferation and could be the result of quick use of the

symbiont-derived lipids as an energy source for proliferation.

The nutritional input from symbionts thus appears to have considerable effects on host metabolism in
Aiptasialarvae. In contrast, the contribution of symbiont-derived nutrients to host nutrition has been
shown to be low in young larvae (1d) of the brooding coral Pocillopora damicornis, partly because of the
low symbiont density and partly because symbionts transferred less nutrients than in adults (Kopp et
al., 2016). However, these larvae still relied on maternally-deposited nutrients (Kopp et al., 2016) and
in older larvae of P. damicornis (22-27d), transfer of nutrients was similar to that in adults (Gaither
and Rowan, 2010). Thus, the contribution of symbiont-derived nutrients to planula nutrition likely
varies from species to species with the amount of maternally-deposited nutrients, symbiont density,

and duration of the symbiosis.

In the case of Aiptasialarvae, where maternally-deposited nutrients are quickly depleted, the input of
symbiont-derived nutrients may be a crucial to meet the energy demands of metamorphosis into
juvenile polyps. Thus, future experiments with the aim to close the life cycle of Aiptasia should try to

trigger metamorphosis in symbiotic, and not aposymbiotic larvae.
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3.3.2 New insights from symbiotic-cell specific transcriptome
To our knowledge, this is the first transcriptome study in cnidarian-dinoflagellate symbiosis comparing
gene expression at a level below the whole organism. To this end, non-symbiotic and symbiotic

endodermal epitheliomuscular cells were i1solated based on morphology 24-48 hpa.

This has two distinct advantages over previous whole-organism approaches: 1) it allows to detect
smaller differences in gene expression in response to symbiosis, as symbiosis-specific gene expression
changes are not “diluted” by non-symbiotic cells. 2) it allows the identification of where in the organism

gene expression changes occur in response to symbiosis.

This approach allowed insights into the gene expression changes at the level of the cell state —
comparing gene expression between symbiotic and non-symbiotic epitheliomuscular endodermal cells.
This has two distinct advantages over previous whole-organism approaches: 1) it allows to detect
smaller differences in gene expression in response to symbiosis, as symbiosis-specific gene expression
changes are not “diluted” by non-symbiotic cells. 2) it allows the identification of where in the organism
gene expression changes in response to symbiosis occur. Previous whole-organism studies assumed
that changes in gene expression in response to symbiosis occurred in cells containing symbionts, but
some changes could have been the result of changes in non-symbiotic cells affected e.g. by transfer of
nutrients. We show that 24-48 hpi, the majority of changes do occur in the symbiotic cells. However,
we expect that gene expression changes also occur in non-symbiotic cells in later stages of symbiosis,

especially once nutrient transfer between host and symbiont is fully established.

The time point of sampling in this study was chosen to reflect an intermediate time point during
symbiosis establishment, which appears to take at least several days. The transfer of lipids started to
be detectable 2 days after symbiosis establishment. Similarly, previous studies have shown that
nutrient transfer takes time to be fully established and is low shortly after symbiosis establishment
(Kopp et al., 2016). In line with this, the symbiosomal NPC2 proteins, which are involved in transfer
of symbiont-derived sterols, can only be detected at symbiosomes after several days, as symbiosomes
mature (Hambleton et al., 2019). Therefore, the results presented here represent one time point in
symbiosis establishment and it is to be expected that different time points yield different results, as in
previous studies (Mohamed et al., 2016). For these reasons, the transcriptome data was analyzed at
the level of KEGG pathways and used for hypothesis generation rather than detailed analysis of gene

expression.

This revealed a major down regulation of gene expression in symbiotic cells as well as a down-
regulation of autophagy and several other catabolic pathways. Combined with the observed depletion
of maternal nutrient deposits and drop in cell proliferation, this led to the hypothesis that aposymbiotic

larvae quickly deplete their lipid reserves and resort to autophagy to meet their energy requirements.
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Upon uptake of symbionts, transferred nutrients can be used to fuel host cell metabolism, resulting in

a shut-down of autophagy in the symbiotic cells.

3.3.3 Conserved regulation of autophagy in Cnidaria

Corroborating this hypothesis, we identified a homolog of the mammalian transcriptional regulator of
autophagy TFEB. Phylogenetic analysis revealed that the invertebrate ancestor of vertebrate MITF-
family transcription was already present in Cnidaria. The invertebrate MITF-family TFs have been
shown to regulate autophagy in C. elegans and D. melanogaster (Bouché et al., 2016; Lapierre et al.,
2013; O'Rourke and Ruvkun, 2013; Settembre et al., 2013) suggesting that regulation of autophagy via
the CLEAR network is the ancestral function of all invertebrate MITF-family TFs, including those in
Cnidaria. Corroborating this, we found an enrichment of E-box motifs in the promoters of Aiptasia
homologs of mammalian CLEAR network genes. Further, mTOR-specific phosphorylation sites
important for the regulation of mammalian TFEB were found to be conserved in Aiptasia MITF-like.
However, the data regarding the conservation of CLEAR network in Cnidaria is based on in silico

analysis.

To prove conservation of MITF-like as a transcriptional regulator of autophagy, further validation is
necessary. This could for example be done using qPCR experiments to monitor the expression of MITF-
like and CLEAR network homologs in response to symbiosis in Aiptasialarvae or in response to feeding
of Aiptasia polyps. If regulation of MITF-like and the CLEAR network is conserved, their expression
1s expected to drop in symbiotic or fed animals and increase in aposymbiotic or starved animals.
Similarly, expression of MITF-like and CLEAR network homologs is expected to increase in animals
treated with an mTOR inhibitor if Aiptasia MITF-like is under the control of mTOR, as in Bilateria.
Binding of MITF-like to E-boxes in promoters of CLEAR network homologs could be tested using ChIP-
seq experiments. Unfortunately, no commercially available antibodies likely to be specific for the

Aiptasia homolog were available at the time of this study.

3.3.4 Role of mMTORC1 in sensing of symbiont-derived nutrients

Similarly, nutrient-dependent mTOR signaling appears to be conserved in Aiptasia. The activation of
mTORC]1 in response to food or symbiont presence shows the conservation of this pathway in Cnidaria
(Figure 3.9 and Figure 3.10) and suggests that it was co-opted to integrate input of symbiont-derived

nutrients and host cellular processes in cnidarian-dinoflagellate symbiosis.

Immunolocalization showed mTOR in symbiotic cells and near symbiosomes (Figure 3.10 D). This
raises the question where exactly mTOR is localized. mMTORC1 activity in symbiotic animals (Figure
3.10) suggests that mTOR is in the mTORC1 complex, which is formed on the lysosomal surface.
However, mTORC1 could also be assembled directly on symbiosomes, which could facilitate direct
sensing of symbiosomal nutrient levels, without shuttling of nutrients to other cellular compartments.

Direct sensing of transferred nutrients at the symbiosome could then allow host cells to quickly adapt
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their own functions, in particular their own metabolism, to the availability of nutrients. In line with
this hypothesis, two proteins involved in mTORC1 regulation in response to lysosomal nutrient levels
have been shown to localize to the symbiosome: the lysosomal H+*-ATPase and the cholesterol
transporter NPC1 (Barott et al., 2015; Dani et al., 2017). Sensing of lysosomal amino acids is dependent
on interaction of the lysosomal H*-ATPase with Rag proteins, activators of mTORC1 (Zoncu et al.,
2011), while NPC1 acts as an inhibitor of mTORC1 when lysosomal cholesterol levels are low
(Castellano et al., 2017).

To test this hypothesis, the subcellular localization of mTORC1 needs to be identified. To do so, a
double-staining using e.g. an mTOR antibody and a symbiosomal marker such as LAMP1 (this study),
Rab5 (Chen et al., 2004), or H+-ATPase (Barott et al., 2015) would be necessary. Unfortunately, all of
these antibodies were raised in rabbits, just as the mTOR antibody. The mTOR antibody used in this
study was selected because of the high sequence homology between the immunogen used for its
generation and Aiptasia mTOR, and other commercial mTOR antibodies are less likely to work in
Aiptasia due to lower sequence homology. Unfortunately, double staining with mTOR and LAMP1
antibodies using a directly-labeled LAMP1 antibody was unsuccessful, likely due to lacking signal
amplification from secondary antibody binding. In the future, it would be interesting to identify the

precise subcellular localization of mTOR in symbiotic cells as new antibodies become available.

3.3.5 Symbiont-derived sterols as a candidate mTORC1 activator

Which symbiont-derived nutrients trigger mTORC1 activity? Previous studies suggest that lipids are
the major component of symbiont-derived nutrients (Battey and Patton, 1984; Crossland et al., 1980;
Revel et al., 2016). In particular, sterols have emerged as an important nutrient transferred to the
cnidarian host, as corals and anemones are sterol-auxotroph, and rely on sterols derived from either
food or symbionts (Baumgarten et al., 2015; Goad L. J., 1981; Hambleton et al., 2019). Indeed, both
Aiptasia and Scleractinia have expanded repertoires of NPC2 proteins, which bind sterols in the
lysosomal lumen for transfer into the cytoplasm (Hambleton et al., 2019; Lehnert et al., 2014). This
makes sterols a likely candidate to be sensed in symbiotic cnidarians by mTORCI1. In line with this,
NPC2 proteins and NPC1 have been found to be localized to the symbiosome (Dani et al., 2017;
Hambleton et al., 2019). NPC2 functions by handing off cholesterol to the lysosomal membrane protein
NPC1 for transport to the cytoplasm (Kwon et al., 2009; Pfeffer, 2019; Subramanian and Balch, 2008).
In addition to NPC1, the more abundant lysosome-associated membrane proteins (LAMPs) have been
shown to interact with NPC2 in the export of cholesterol from the lysosome (Li and Pfeffer, 2016).
Consistent with export of symbiont-derived sterols, immunofluorescence with an Aiptasia-LAMP1-
specific antibody (Supplemental Figure 5.3) shows localization of LAMP1 on symbiosomes (Figure 3.11
A).
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In mammals, mTORC1 is activated in response to elevated lysosomal cholesterol levels by the amino
acid transporter SLC38A9 (Castellano et al., 2017). SLC38A9 acts as an antagonist to NPC1, which
inhibits mTORC1 activation in the absence of cholesterol (Castellano et al., 2017). We found a homolog
of SLC38A9 in Aiptasia (XM_021036759.2), which contains the conserved cholesterol binding CRAC
(cholesterol recognition amino acid consensus) and CARC motifs in transmembrane domain 8 (Figure
3.11 B). This makes SLC38A9 a promising candidate as a symbiosomal nutrient-sensor, involved in
the detection of symbiont-derived sterols to activate the mTORC1 pathway. To test its involvement in
activation of mTORC1 in response to symbiont-derived nutrients, immunolocalization of SLC38A9

could be performed.
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Figure 5.11. Possible nutrient sensing at the symbiosome. A) Representative confocal images of LAMP1
localization in aposymbiotic and symbiotic Aiptasia larvae. Colors in merge are nuclel in blue
(Hoechst33258), LAMPI (detected with Alexa488-anti-rabbit-IgG) in green, and symbiont in red
(symbiont autofluorescence. Scale bars 25 um (larval overviews) and 5 um (inset). B) Protein sequence
alignment of transmembrane domain 8 of SLC38A9 homologs. Conserved phenylalanine (F) and
tyrosine (Y) residues in the CARC and CRAC cholesterol-binding domains are framed in red. Figures
A and B were reproduced from Figures 3D and F, respectively, in (Voss et al., 2019) published under
CC-BY-NC-ND 4.0.

3.3.6 The symbiosome as a lysosome-related organelle

The possibility that the symbiosome is the site of mMTORC1 activation raises questions regarding the
nature of the symbiosome. It has been proposed to resemble an arrested early phagosome (Chen et al.,
2004; Davy et al., 2012; Mohamed et al., 2016). This hypothesis is based on the presence of the early
endodermal marker Rab5 on symbiosomes, which is switched to the late endosomal marker Rab7 under
stress conditions (Chen et al., 2003, 2004; Downs et al., 2009). Additionally, the guanosine nucleotide
exchange factors (GEFs) ALS2 and rabenosyn-5 associated with the early endosomal marker Rab5
(Hadano et al., 2007; Jovic et al., 2010) were found to be transiently upregulated in symbiotic Acropora
millepora 4 hpi (but not 12 or 48 hpi) which led to the conclusion that phagosome maturation is arrested
(Mohamed et al., 2016). However, this data should be interpreted with caution, as the up regulation of
ALS2 and rabenosyn-5 was transient and observed in a whole-animal transcriptome, which does not
allow conclusions about where it occurred. In fact, no other whole-organism transcriptome study found

the GEFs to be differentially regulated between aposymbiotic and symbiotic animals (Lehnert et al.,
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2014; Matthews et al., 2017; Wolfowicz et al., 2016; Yuyama et al., 2018), and rabenosyn-5 was actually
down regulated in symbiotic cells in this study (Supplemental File 5.4).

Several studies have identified features of the symbiosome inconsistent with it being an early arrested
phagosome and some characteristics of the symbiosome more closely resemble those of lysosomes.
Symbiosomes are acidified by the vacuolar H*-ATPase to ~pH 4 to facilitate symbiont photosynthesis
(Barott et al., 2015), while early phagosomes have pH > 6 and lysosomes have pH ~4.5 (Flannagan et
al., 2012). Symbiosomes harbor the lysosomal Niemann-Pick Type C2 (NPC2) and NPC1 sterol-binding
proteins, for transport of symbiont-derived sterols to the host (Dani et al., 2017; Hambleton et al.,
2019). and are positive for LAMP1, which mainly associates with late endosomes and lysosomes (Figure
3.11 B). While LAMP1 can be trafficked through early endosomes (Cook et al., 2004), which would
make a weak association of LAMP1 with symbiosomes possible if phagosomal maturation was
arrested. However, symbiosomes are strongly associated with LAMP1 without exception, and appear
to have an even stronger signal than other LAMP1-positive vesicles (Figure 3.11 B). Additionally,
symbiosomes are associated with LAMP1 as early as 6 h after uptake, while other phagocytosed algae
are not decorated with LAMP1 (Jacobovitz et al., 2019).

Based on these data, it seems unlikely that phagosomal maturation is arrested; however, it appears
similarly unlikely that it proceeds in the canonical sequence of phagolysosomal maturation, as this
would lead to symbiont digestion. To reconcile existing data on the symbiosome, I propose describing
the symbiosome as a lysosome-related organelle (LRO) resulting from altered phagosomal maturation.
LROs are described as cell-type specific organelles derived from the early or late endosomal/lysosomal

systems, and around thirty have been described so far in various organisms (Delevoye et al., 2019).

In line with altered phagosomal maturation, we find several genes involved in lysosomal biogenesis,
as well as several lysosomal acid hydrolases to be significantly down regulated in symbiotic cells
(Supplemental File 5.4 and Supplemental File 5.5). Similarly, down-regulation of lysosomal acid
hydrolases has previously been reported in symbiotic Acropora tenuis (Yuyama et al., 2018) and could

be a way in which phagosomal maturation 1s altered to avoid the degradation of symbionts.

Given the somewhat contradicting data regarding the nature of the symbiosome, we encourage future
studies to further characterize its physiology and protein composition to better understand how it is

regulated to adapt symbiosome function to endosymbiotic associations in cnidarians.
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3.3.7 Working model

Based on the findings presented in this thesis, we propose a working model for nutrient sensing in
cnidarian-dinoflagellate symbiosis: Symbionts transfer nutrient to their hosts, resulting in the
activation of mTORC1. This results in the activation of anabolic pathways and cell proliferation. At
the same time, mTORC1 activity leads to inhibition of autophagy, which is regulated in a gene
regulatory network under the control of MITF-like, which has a similar function as the CLEAR network

in mammals.
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Figure 3.12. Model of mTORC1 activation in response to symbiont-derived nutrient transfer in
cnidarian-dinoflagellate symbiosis.



4 General Discussion

Corals need to be associated with beneficial symbionts in order to persist. In coral bleaching, symbionts
which are beneficial under normal circumstances become detrimental to the holobiont (i.e. the
combined unit of host and symbionts) because they produce toxic ROS and are thus eliminated to
ensure host survival. Similar to coral bleaching as a mechanism to select against ROS-producing,
‘defective’ symbionts during heat stress, corals must have evolved other mechanisms to select beneficial
symbionts under normal conditions. Otherwise, parasitic symbionts which transfer few or no nutrients
could easily populate corals. In this light, sensing of symbiont-derived nutrients via mTORC1 as
identified in this thesis emerges as a possible mechanism for the selection of suitable or beneficial

symbionts.

Symbionts which transfer nutrients inadvertently activate mTORC]1, leading to cellular growth and
proliferation and the maintenance of these symbionts. Conversely, parasitic Symbiodiniaceae which do
not share nutrients would fail to activate mTORC1, leading to the activation of autophagy and
potentially their digestion. In fact, autophagy is one mechanism by which symbionts are lost in
bleaching and mTOR inhibition in Aiptasia has been shown to result in the digestion of symbionts
(Dunn et al., 2007; Hanes and Kempf, 2013). Thus, nutrient-dependent mTORC1 signaling emerges as
a mechanism for both positive and negative selection of symbionts at the cellular level. Additionally,
the positive selection could emerge as a mechanism leading to the preferential colonization of a host
with the most beneficial symbionts. Even slightly increased growth and proliferation of host cells
harbouring ‘generous’ symbionts would favour their proliferation in the host organism. This would lead
to a positive selection for beneficial symbionts at the organismal level, and preferential colonization of

the host with these symbionts.

Selection of symbionts based on the amount of shared nutrients has been observed in the Hydra-
Chlorella symbiosis. Here, strains of Chlorella which release large amounts of maltose were better able
to spread in the host than strains that share little or no maltose (Hohman et al., 1982; McAuley and
Smith, 1982). Interestingly, persistence of symbionts was reduced when nutrient transfer was
inhibited by either darkness or photosynthesis inhibition. However, no mechanism of selection of
beneficial symbionts was proposed. mMTORC1-mediated sensing of symbiont-derived nutrients could be

a mechanism by which this selection is mediated.

Selection of nutritionally beneficial symbionts has profound implications on coral adaptation to their
changing environment. By associating with different symbionts corals may quickly adapt to changing

environmental conditions due to climate change

Coral adaptation by association with different types of symbionts is best studied in heat

tolerance/bleaching tolerance. Following bleaching events, surviving corals are often predominantly
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associated with heat-tolerant Symbiodiniaceae of the genus Durusdinium (Grottoli et al., 2014;
Kennedy et al., 2015). Interestingly, these symbionts are usually lost in favor of the less heat-tolerant

strains that are usually associated with the corals under ‘normal conditions (LaJeunesse et al., 2009;

Thornhill et al., 2006).

So far, the mechanisms underlying the loss of heat-tolerant symbionts remains unknown. Researchers
have speculated that Durusdinium, which transfers less nutrients under normal temperatures is
replaced by other, more nutritionally beneficial symbionts (LaJeunesse et al., 2009). My model that
mTORC1-mediated nutrient sensing is involved in selection of nutritionally beneficial symbionts can

explain this observation, as it favors symbionts which transfer more nutrients.

Furthermore, the model could help guide efforts to generate strains of symbionts that allow corals to
adapt to environmental change more rapidly. For example, there are efforts to generate strains of
symbionts that are adapted to higher temperatures, by directed or experimental evolution (Buerger et
al., 2020; Chakravarti and van Oppen, 2018; Chakravarti et al., 2017). To ensure that the resulting
strains are beneficial even under normal conditions and form a lasting symbiosis that equips corals for
future stress conditions, it should be taken into account that they need to transfer stable levels of
nutrients to the host even under changing environmental conditions. This shows that understanding

the molecular mechanisms is crucial to guide efforts aiming at coral adaptation to climate change.
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Supplemental Figure 5.1 Changes in gene expression in major metabolic pathways based on KEGG
pathways. Down-regulated genes are indicated by their Enzyme Commission (EC) number in red.
Where no expression was detected for any gene coding for an enzyme, the corresponding reaction is
crossed out in red. This figure was reproduced from Figures SI in (Voss et al., 2019) published under
CC-BY-NC-ND 4.0.

Apo Sym

Tubulin [=we s

raide) |
(Thr37/46)

Supplemental Figure 5.2. mTORC1 activity in Aiptasia larvae. Representative Western Blot comparing
p4-EBP1I levels in aposymbiotic (Apo) and symbiotic (Sym) Aiptasia larvae. No differences in p4E-BP1
levels were detected in larvae.
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Supplemental Figure 5.3. Verification of Aiptasia-specific LAMPI-antibody. LAMPI 1s a heavily
glycosylated protein, which runs at a higher than predicted (38 kDa) molecular weight (Winchester,
2001). In line with this, deglycosylation of homogenates of both symbiotic and aposymbiotic Aiptasia
polyps with the glycosidase PNGase F resulted in a shift of the detected protein to lower molecular
weight. Detection using antibody pre-absorbed to the antigenic peptide resulted in loss of detection,
Indicating specificity of the raised LAMPI-antibody. This figure was reproduced from Figure S2C in
(Voss et al., 2019) published under CC-BY-NC-ND 4.0.
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5.2 Supplemental Tables

Supplemental Table 5.1 Mapping statistics of RNAseq experiment. Samples used for DEG analysis are
highlighted in gray (aposymbiotic cells) and red (symbiotic cells).

total . paired reads % paired reads
paired reads % mapped to
number of . . mapped mapped
sample . mapped to Aiptasia
paired . . concordantly 1x to concordantly 1x to
Aiptasia genome genome . ] . )
reads Aiptasia genome Aiptasia genome
1 20,087,830 12,399,278 61.7 6,912,518 34.4
o (%]
s @ 2 20,877,749 11,886,311 56.9 6,431,597 30.8
2 O
}3 E 3 11,171,715 6,389,709 57.2 4,316,128 38.6
Q
€
§>~, § 4 22,872,259 15,128,631 66.1 10,614,751 46.4
o Q
Q ©
© 5 18,697,844 12,246,128 65.5 8,530,464 45.6
1 18,957,950 13,592,731 71.7 7,761,680 40.9
ﬁ 2 28,482,747 19,324,494 67.9 10,635,619 37.3
E 3 16,926,849 12,030,290 71.1 8,200,187 48.4
€
§ 4 18,564,553 13,107,033 70.6 9,217,977 49.7
Q.
©
§ 5 21,428,035 12,643,721 59.0 12,014,891 56.1
&
L
kS
fe)
€
3 »
E
Q
k<!
o)
E
2 5 49,034,909 14,759,837 30.1 10,348,880 21.1
6 54,295,092 23,885,879 44.0 16,739,833 30.8

Supplemental Table 5.2. Localization of mTOR. Raw data of proportion of larvae where mTOR was
localized near symbionts.

Larvae with mTOR Total number | % mTOR-positive Mean % mTOR-
near symbionts of larvae larvae positive larvae
22 50 44.0
29 50 58.0 53.3
29 50 58.0
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5.3 Supplemental Files provided in digital format only

Supplemental File 5.1. Related to Figure 3.2 C. Excel file (xlsx) containing raw data for quantification
of cell proliferation in aposymbiotic larvae.

Supplemental File 5.2. Related to Figure 3.3 B. Excel file (xlsx) containing raw data for quantification
of number of Ilipid droplets per endoderm.

Supplemental File 5.3. Related to Figure 3.3 C. Excel file (xlsx) containing raw data and statistical
tests for comparison of cell proliferation in aposymbiotic and symbiotic larvae. Tukey's multiple
comparisons test was used to determine significant differences in cell proliferation between either
aposymbiotic or symbiotic larvae over time.

Supplemental File 5.4. Related to Figure 3.6. Excel file (xlsx) containing different data sets in different
tabs’ one contains raw read counts for each gene per replicate, one contains normalized expression
values (TMDM) for all genes and replicates, one contains log2-fold changes and normalized expression
values of significantly down regulated genes in symbiotic cells, and one contains log2-fold changes and
normalized expression values of significantly down regulated genes in symbiotic cells. This file was
reproduced from Table SI in (Voss et al., 2019) published under CC-BY-NC-ND 4.0 and expanded by
adding additional tabs containing raw read counts for each gene and replicate.

Supplemental File 5.5. Related to Table 3.1. Excel file (xlsx) containing lists of DEGs of KEGG
pathways that were significantly enriched among the down-regulated genes. This file was reproduced
from Table S2 in (Voss et al., 2019) published under CC-BY-NC-ND 4.0.

Supplemental File 5.6. Related to Figure 5.7A. Nexus file (nex) containing raw sequences of MITF*-
family genes, trimmed alignments, and tree information for maximum Ilikelihood phylogeny. This file
was reproduced from File S3 in (Voss et al., 2019) published under CC-BY-NC-ND 4.0.

Supplemental File 5.7. Related to Figure 3.7B and C. Text file (txt) containing a library of 9
transcription factor binding patterns including a manually generated E-box motif and several MITF
and USF TF binding motifs used in CLOVER analysis of overrepresented E-box motifs.

Supplemental File 5.8. Related to Figure 3.7B and C. Fasta file (fasta) containing promoter sequences
of 10 randomly chosen genes used as a control in CLOVER analysis of overrepresented E-box motifs.
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5.4 Source Code

Source Code 5.1. ImageJ macro used for analysis shown in Figure 3.3 B to make maximum projections
of center 30 um of Z-stacks.

path = File.openDialog("Select a 1lif File");

output = File.openDialog("Select a output location")
setBatchMode (true) ;

run ("Bio-Formats Macro Extensions");
Ext.setlId(path);

Ext.getCurrentFile (file);

Ext.getSeriesCount (seriesCount) ;

for (i=1; i<=seriesCount; i++) {
//open file and get info

run ("Bio-Formats Importer", "open=é&path autoscale color mode=Composite
view=Hyperstack stack order=XYCZT series "+i);

getDimensions (width, height, channels, slices, frames);
name = getTitle();

//specify range (30 pm around the center of the larva)
start = slices/2-15;

stop = slices/2+15;

// (images of symbiotic larvae have 3 channels, images of aposymbiotic
larvae have 2 channels

if (channels == 3){ // for symbiotic larvae

name = getTitle();

run ("Split Channels");

selectWindow ("C3-"+name+""); //C3 nile red channel

run ("Smooth", "stack"); //smooth to enhance removing of symbionts
selectWindow ("C2-"+name+""); //C2 symbiont channel

run ("Smooth", "stack"); //smooth to enhance removing of symbionts

imageCalculator ("Subtract create stack", "C3-"+name+"","C2-"+name+""); //
substract symbionts

run ("Merge Channels...", "cl=[C2-"+name+"] c2=[Result of C3-"+name+"]
c3=[Cl-"+name+"] create ignore"); // combine channels to stack
run ("2 Project...", "start="+start+" stop="+stop+" projection=[Max

Intensity]"); // do projection of 30 pm in the middle
saveAs ("Tiff", output+name+" proj.tif");
run ("Stack to RGB"); // convert to RGB
saveAs ("Tiff", output+name+" proj RGB.tif");

close();
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close() ;
}
else { // for aposymbiotic larvae
name = getTitle();
run ("Split Channels");
selectWindow ("C2-"+name+""); //C2 nile red channel

run ("Smooth", "stack"); //smooth for consistency with treatment of images
of symbiotic larvae

run ("Merge Channels...", "c2=[C2-"+name+"] c3=[Cl-"+name+"] create
ignore"); // combine channels to stack

run ("2 Project...", "start="+start+" stop="+stop+" projection=[Max
Intensityl");// do projection of 30 pm in the middle

saveAs ("Tiff", output+name+" proj.tif");
run("Stack to RGB");// convert to RGB
saveAs ("Tiff", output+name+" proj RGB.tif");
close();

close();

1}

Source Code 5.2. Imaged macro used for analysis shown in Figure 3.3 B to count the number of lipid
droplets per larval endoderm.

// 1. select endoderm, then run script
output = File.openDialog("Select an output location")
name = getTitle();

run ("Set Scale...", "distance=3.3231 known=1 pixel=1 unit=micron global"™); //
make sure scale is set correctly (sometimes got lost with previous script)

// make duplicate of endoderm and select duplicate
run ("Copy") ;

run ("Internal Clipboard");

selectWindow ("Clipboard") ;

//Auto-detect vesicles

setAutoThreshold ("MaxEntropy dark");

setOption ("BlackBackground", true);

run ("Convert to Mask");

saveAs ("Tiff", ""+output+name+" endo specles.tif");
//Count vesicles

run ("Set Measurements...", "area mean modal centroid integrated display
redirect=None decimal=3");

run ("Analyze Particles...", "display clear");
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saveAs ("Results", ""+output+name+" endo specles.csv");
//Measure endoderm size

selectWindow (name) ;

run ("Internal Clipboard");

selectWindow ("Clipboard") ;

saveAs ("Tiff", ""+output+name+" endo.tif");
setThreshold (1, 255);

run ("Convert to Mask");

run ("Analyze Particles...", "display clear");

saveAs ("Results", ""+output+name+" endo size.csv");

// Measure endoderm intensitiy

selectWindow (name) ;

run ("Measure") ;

saveAs ("Results", ""+output+name+" endo channel.csv");
selectWindow (name) ;

run ("Draw", "slice");

Stack.setActiveChannels ("111");

run ("Stack to RGB");

saveAs ("Tiff", ""+output+name+" merge.tif");

run ("Clear Results");

close();
close () ;
close () ;

close();







6 Methods

6.1 Live Organism Culture and Maintenance

6.1.1 Algal culture maintenance

For infection of aposymbiotic Aiptasia larvae, clonal axenic cultures of B. minutum (strain SSB01),
originally isolated from Aiptasia strain H2, and E. voratum (strain SSE01), originally isolated from
sea water off the coast of New Zealand (Xiang et al., 2013) were used. Cultures were grown in cell
culture flasks in 0.22 um filter-sterilized 1X Daigo’s IMK medium (398-01333, Nihon Pharmaceutical
Co. Ltd., Tokyo, Japan) on a 12h light:12h dark (12L:12D) cycle under 20-25 pmol m—-2 s—1 of
photosynthetically active radiation (PAR) at 26 °C.

6.1.2 Aiptasia culture conditions and spawning induction

Aiptasia clonal lines CC7 (hosting Symbiodinium linuchae, (Sunagawa et al., 2009)) and F003 (hosting
a mixture of B. minutum, a variant of B. minutum, and S. linuchae (Grawunder et al., 2015)) were
maintained at 26 °C in a 12L:12D cycle. Animals were induced to spawn following the previously
described protocol (Grawunder et al., 2015). Aiptasia larvae were maintained at ~300 larvae per ml in
glass beakers in 0.22 pm filter-sterilized artificial sea water (FASW) at 26°C and exposed to a 12L:12D

cycle.

6.1.3 Infection experiments

Larvae 6 or 7 dpf at a concentration of ~300 larvae per ml were exposed to B. minutum, E. voratum or
inert beads #C36950, Thermo Fisher Scientific) at 105 particles per ml for 4 or 5 days at 26°C and
exposed to a 12L:12D cycle. At this time, algae or beads were washed out and larvae were fixed in 4 %

formaldehyde for 30 min at room temperature followed by 3 washes in PBS.

For assessment of proportion of infected larvae and localization of algae or beads (Figure 2.1) and size
comparisons (Figure 2.3), larvae were mounted in 87% glycerol in PBS. Microscopic analysis was
carried out with a Nikon Eclipse Eclipse 80i microscope using Differential Interference Contrast (DIC).
Representative images were captured using a Digital Sight DS-U1 color camera (Nikon Instruments).
Four replicates (separate infections from distinct spawning events) were counted, with a minimum of
85 larvae per replicate. Sizes of B. minutum and E. voratum were measured from images using the

Measure tool in Imaged software (Schindelin et al., 2012, 2015).

6.2 Transcriptome sample preparation

Aiptasia larvae (~300 per ml) were infected 5 or 6 dpf with 105 B. minutum cells per ml for 24 or 48
hours or left aposymbiotic. Three to five infected larvae were transferred in 2 pl FASW to 5 ml of

Calcium- and Magnesium-free artificial sea water (CMF-SW, doi:10.1101/pdb.rec12053). After


http://cshprotocols.cshlp.org/content/2009/12/pdb.rec12053.full?text_only=true
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incubation for 5 min, larvae were transferred to a 70 pl drop of Pronase (0.5 % in CMF-SW;
10165921001, Sigma-Aldrich Co. LLC, St. Louis, MO, USA) and sodium thio glycolate (STG, 1 % in
CMF-SW; T0632, Sigma-Aldrich Co. LLC) on a glass microscopy slide. After mixing larvae by pipetting
up and down in 20 ul 3 to 5 times, larvae were incubated for ca. 2 min until ectodermal cells began to
be released from the larval body. The endoderm was transferred to a drop of 70 ul FASW and remaining
ectodermal cells were washed off by pipetting up and down five to 10 times in 20 pl. Endodermal tissue
was transferred to a 70 pl drop of FASW on a cover slip and crushed using the tip of tweezers to yield
single cells. The total time from beginning of dissociation of larvae to lysis was 30 min.

Pools of 7 to 20, either non-symbiotic (five pools, each) or symbiotic (6 pools) cells were picked using
special microcapillary needles with openings of 8 to 12 um diameter pulled with a P-97 Flaming/Brown
Micropipette puller from glass capillaries (GB100T-8P, Science Products, Hofheim, Germany). Glass
capillaries were pre-loaded with 4.3 ul of lysis buffer (0.2 % TritonX-100, 1U/ul Protector RNase
inhibitor (3335399001, Sigma-Aldrich Co. LLC), 1.25 uM oligo-dT3VN, and 2.5 mM dNTP mix) and
collected cells were flushed out of the capillary with the lysis buffer into a PCR tube before flash-
freezing in liquid nitrogen. After cell capture and lysis as described above, sequencing libraries were
prepared as previously described (Picelli et al., 2014). Briefly, full-length polyA+ mRNA was reverse
transcribed using SuperScript II Reverse Transcriptase (18064014, Sigma-Aldrich Co. LLC), followed
by pre-amplification of cDNA over 21 PCR cycles using KAPA HiFi Hotstart Ready Mix (07958935001,
Roche Diagnostics International AG, Rotkreuz, Switzerland). cDNA libraries were then prepared for
Illumina sequencing using the Nextera XT sequencing kit (FC-131-1096, Illumina, Inc., San Diego, CA,
USA) and sequenced on NextSeq500 with 75 bp paired-end sequencing.

6.3 Computational Methods

6.3.1 Differential gene expression analysis

To exclude reads derived from the symbiont or bacteria in the medium, paired-end reads were mapped
to the Aiptasia genome version GCF_001417965.1 using HISATZ2 version 2.1.0 at default settings,
except -X 2000 --no-discordant --no-unal --no-mixed. Host-derived transcripts were quantified in
Trinity v2.5.1 using salmon v0.10.2 at default settings. Principal component analysis of gene
expression across all samples was conducted using the perl script PtR supplied with Trinity based on
raw expression counts. Differentially expressed transcripts between clustered symbiotic and non-
symbiotic samples (circled in Figure 2C) were detected using DESeq2 (log2-fold change > 2; false-

discovery-rate < 0.01) from raw read counts using default settings.

6.3.2 KEGG pathway enrichment analysis

Differentially expressed genes were examined for enrichment of KEGG pathway terms in R v3.4.1

using the ‘enricher’ function from the R package ‘clusterProfiler’ (Yu et al., 2012) at standard settings



Methods 69

(with p-value <0.15). clusterProfiler adjusted the estimated significance level to account for multiple

hyphothesis testing and q-values were calculated for FDR control (Gu et al., 2016).

6.3.3 Phylogeny of MITF-family

For MITF phylogenies, metazoan MITF and USF (upstream stimulatory factor) homologs were
identified from public databases. Alignments were generated using ClustalW v2.0 (Larkin et al., 2007)
and manually corrected in Geneious v10.2.6 (Biomatters). Ambiguous sites and poorly aligned regions
were removed automatically using trimAI set to ‘automatedl’ (Capella-Gutiérrez et al., 2009). We
then determined the best-fitting substitution model using ModelFinder (set to -m MF -msub nuclear’)
within iqTree 1.6.10 and PROTTESTS (set to -JTT -LG -DCMut -Dayhoff -WAG -G -I -F -AIC -BIC)
(Darriba et al., 2011; Kalyaanamoorthy et al., 2017; Nguyen et al., 2014). Maximum-likelihood
phylogenies were inferred with iqTree using a JTT+I+G4 substitution matrix with USF sequences as
outgroups with the following settings: “m JTT+I+G4 -bb 10000 —bnni —nt AUTO -alrt 10000 -abayes’.
The resulting tree was finalized using FigTree v1.4.4 (Morariu et al., 2008) and Adobe Illustrator CC
2018.

6.3.4 Alignment of Homo sapiens TFEB and Aiptasia MITF-like

Amino acid sequences of Homo sapiens TFEB (P19484) and Aiptasia MITF-like (XM_020895872.1)
were aligned using ClustalW v2.0 (Larkin et al., 2007) in Geneious v10.2.6 (Biomatters).

6.3.5 Search for E-box motifs

Aiptasia homologs of human CLEAR network genes (Palmieri et al., 2011) were identified using
reciprocal BLAST. Promoter sequences (defined as intergenic sequences upstream of each CLEAR gene
transcription start site) were then searched for statistically overrepresented motifs using Clover (Frith,
2004) and a library of 9 transcription factor binding patterns (Figure 3 — Source Data 2), including a
manually generated E-box motif and several MITF and USF TF binding motifs from JASPAR at
standard settings. An approx. 6Mbp Aiptasia genomic scaffold (Genbank Accession NW_018384103.1)
was used as a background sequence. Promoters of 10 randomly chosen genes from genomic scaffold
NW_018384103.1, which are not CLEAR homologs, were also tested as control (Figure 3 — Source Data
3).

6.3.6 Alignment of SLC38A9 transmembrane domain 8

Amino acid sequences of SLC38A9 homologs in Homo sapiens (QSNBW4), Danio rerio
(NP_001073468.1), Xenopus tropicalis NP_001011337.1), Caenorhabditis elegans (NP_001076680.1),
and Aiptasia (XP_020892418.1) were analyzed using SMART protein prediction v8.0 (Letunic and
Bork, 2017) to identify transmembrane domain 8 (TM8). TM8 sequences were aligned using ClustalW
v2.0 (Larkin et al., 2007) in Geneious v10.2.6 (Biomatters, Auckland, New Zealand).
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6.4 Staining procedures in Aiptasia larvae

6.4.1 Phalloidin staining and confocal imaging

Larvae 6 dpf were infected with 105 algae (B. minutum or E. voratum) per ml for 4 days and fixed for
30 min in 4% formaldehyde at room temperature (RT), followed by 3 washes in 0.2% Triton X-100 in
PBS (PBT). Larvae were then permeabilized in 0.01 mg/ml Proteinase K#03115879001, Roche
Diagnostics International AG, Rotkreuz, Switzerland) in PBS for 8 min. Permeabilization was stopped
by washing larvae in 2 mg/ml glycine in PBT twice for 15 min each. Larvae were post-fixed in 4%
formaldehyde in PBT for 20 min and then washed twice in PBT and twice in PBS, for 15 min each.
Larvae were stained with Phalloidin-Atto 565 #94072, Sigma-Aldrich Co. LLC) diluted 1:200 in PBS
for 60 min at 20 rpm.

Larvae were washed twice in PBT, followed by a 15-minute incubation with 10 pg/ml Hoechst 33258
(B2883, Sigma-Aldrich Co. LLC) in buffer (Tris-buffered saline, pH 7.4; 0.1% Triton X-100; 2% bovine
serum albumin; 0.1% sodium azide). After three washes in PBT for 15 min, each, larvae were mounted
in 87% glycerol in PBS containing 2.5 mg/ml DABCO (1,4-Diazabicyclo[2.2.2]octan, #D27802, Sigma-
Aldrich Co. LLC). Confocal images were acquired using a Nikon A1R confocal microscope with a Nikon
Plan Apo 60x oil immersion objective (NA 0 1.4) and Nikon Elements Software. Image processing and

maximum projections of Z-stacks were performed in Imaged software (Schindelin et al., 2012, 2015).

6.4.2 Lipid droplet staining with Nile Red

For assessment of maternal lipids in Aiptasia larvae, aposymbiotic larvae were fixed 2, 6, and 10 dpf
in 4 % formaldehyde for 20 min at room temperature followed by 3 washes in PBS. For assessment of
lipid contribution by symbionts, larvae were infected with 105 SSB01 per ml at various time points (2-
5 dpf, 6-7 dpf, 8-9 dpf) or left aposymbiotic and fixed 10 dpf in 4 % formaldehyde for 20 min at RT,
followed by 3 washes in PBS. Larvae were stained with Nile Red (final concentration 5 ug/ml in 1x PBS
from 0.5 mg/ml stock in acetone; N3013, Sigma-Aldrich Co. LLC) for 15 min, followed by staining with
Hoechst 33258 (final conc. 10 pg/ml in 1x PBS; B2883, Sigma-Aldrich Co. LLC) for 15 min and 2 washes
in 1x PBS before mounting in 87% glycerol in PBS. Images were acquired on a Leica TCS SP8 confocal
laser scanning microscope using a 63x glycerol immersion lens (NA 1.30) and Leica LAS X software.
Hoechst 33258 and symbiont autofluorescence were excited with the 405 nm laser line, and Nile Red
autofluorescence was excited with the 488 nm laser. Fluorescence emission was detected at 405 — 480

nm for Hoechst 33258, 540 — 620 nm for Nile Red and 700 — 740 nm for symbiont autofluorescence.

For assessment of lipid contribution by symbionts, the number of lipid droplets in the endodermal
tissue was counted. To this end, stacks of whole larvae with a step size of 1 pm were acquired with
confocal microscopy. Maximum projections of the center 30 um were made in FIJI (Schindelin et al.,
2012, 2015) using a custom macro (Source Code 1), followed by manual selection of the endodermal

tissue. In order to measure only signal from host tissue, the signal from symbionts was subtracted from
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the Nile Red signal. The number of lipid droplets was determined using a custom Imaged macro (Source

Code 2).

6.4.3 Lipid droplet staining in polyp macerates

For assessing the abundance of lipids in Aiptasia polyps depending on their symbiotic state,
aposymbiotic and symbiotic polyps that either had been starved (for 9 days) or fed (3 times per week
for 10 days) were macerated and stained with Nile Red. Small polyps (~2 mm oral disc) in 100 pl FASW
were pulled through hypodermic needles of decreasing sizes five times each (gauges 23 and 25). The
resulting suspension was fixed in 4 % formaldehyde for 20 min and washed in PBS twice before
resuspension in 20 pl PBS. 15 pl of tissue suspension was pipetted onto a well of a 10-well PTFE
diagnostic slide (631-1371, VWR International GmbH, Radnor, PA, USA) and left to dry completely.
Tissue was rehydrated with 15 pl of MilliQ water before staining with Nile Red (final concentration 5
pg/ml in 1x PBS) for 15 min, followed by staining with Hoechst 33258 (final conc. 10 pg/ml in 1x PBS)
for 15 min and 1 wash in PBS before mounting in 4 ul of 87% glycerol in PBS. Images were acquired
on a Leica TCS SP8 confocal laser scanning microscope using a 63x glycerol immersion lens (NA 1.30)
and Leica LAS X software. Hoechst 33258 and symbiont autofluorescence were excited with the 405
nm laser line, and Nile Red autofluorescence was excited with 488 nm laser. Fluorescence emission
was detected at 405 — 480 nm for Hoechst 33258, 540 — 620 nm for Nile Red and 700 — 740 nm for

symbiont autofluorescence. Transmitted light from the 488 nm laser was also detected.

6.4.4 Cell proliferation assay with EAU

Cell proliferation was determined using the 5-ethynyl-2-deoxyuridine (EdU)-Click 488 kit (BCK-
EDU488, Sigma-Aldrich Co. LLC). Larvae were washed and resuspended in FASW to a density of ~500
larvae per ml. For assessment of cell proliferation in aposymbiotic Aiptasia larvae over time, larvae
were incubated in 10 pM EdU for 18 h (6 — 24 hpf) or 24 h (24-48 hpf, 48-72 hpf, 120-144 hpf, 144-168
hpf, 168-192 hpf, and 192-216 hpf). To assess the effect of symbiosis on cell proliferation, larvae that
had been symbiotic for different durations were compared to aposymbiotic larvae of the same age.
Symbiotic larvae were infected at 5 dpf with 105 SSBO1 per ml for 24 hours before wash-out. Larvae
were incubated with EdU for 24 h periods prior to fixation in 3.7 % formaldehyde for 15 min at 6, 7,
and 8 dpf, respectively. Following 3 washes in 0.05 % PBS-Tween 20 (PBS-T), larvae were stained with
Hoechst 33258 (final conc. 10 pg/ml) for 40 min. Larvae were washed twice in PBS-T and mounted in
~100 % glycerol. Stacks of whole larvae were acquired on a Leica TCS SP8 confocal laser scanning
microscope using a 63x glycerol immersion lens (NA 1.30) and Leica LAS X software. Hoechst 33258
and EdU were excited with 405 and 488 nm laser lines, respectively. Fluorescence emission was
detected at 410-501 nm for Hoechst 33258 and 501 — 556 nm, for EAU. For enumeration of nuclei and

EdU-positive nuclei, pixel classification was performed in ilastik (Sommer et al., 2011) followed by
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nuclei identification and enumeration in “vision 4d” software (arivis AG, Munich, Germany) using the

blob finder tool.

6.4.5 Aiptasia-specific anti-LAMP1 antibody purification

An antibody against the Aiptasia LAMP1 homolog (KXJ16564.1) was raised using the peptide
IIGRRKSQRGYEKV coupled to the adjuvant keyhole limpet hemocyanin in rabbit (DJ-Diagnostik
BioScience, Géttingen, Germany). The antibody was affinity purified from the third bleed using the
synthetic peptide coupled to N-hydroxysuccinimide esters (NHS)-activated sepharose (17090601, GE

Health Care Life Sciences, Chicago, IL, USA) according to manufacturer’s protocols.

6.4.6 Immunofluorescence of LAMP1 and mTOR

Larvae (5 dpf, 24 hpi for LAMP1, and 6dpf, infected 2 — 5 dpf, for mTOR) were fixed for 45 minutes in
4% formaldehyde at room temperature (RT), followed by 3 washes in 0.2% Triton X-100 in PBS (PBT)
and one wash in PBS. Larvae were then permeabilized in PBT for 1.5 hours at RT, followed by blocking
in 5% normal goat serum and 1% BSA in PBT for 1 hour. Primary antibody was diluted in blocking
buffer (rabbit-a-LAMP1: 1:100; rabbit-a-mTOR (HPA071227, Sigma-Aldrich Co. LLC): 1:12.5, final
concentration 4 ug/ml) and incubated overnight at 4°C. After 3 washes in PBT, the secondary antibody
(goat-a-rabbit Alexa 488, ab150089, Abcam plc., Cambridge, United Kingdom) diluted 1:500 in blocking
buffer was added and incubated for 1.5 hours at RT. Larvae were washed 2 times in PBT, followed by
a 15-minute incubation with 10 pg/ml Hoechst 33258 protected from light at RT, and 2 final washes in
PBT and 1 in PBS before mounting in 87 % glycerol. Larvae were imaged on a Leica TCS SP8 confocal
laser scanning microscope using a 63x glycerol immersion lens (NA 1.30) and Leica LAS X software.
Hoechst 33258, Alexa 488, and symbiont autofluorescence were excited with 405, 496, and 633 nm
laser lines, respectively. Fluorescence emission was detected at 410-501 nm for Hoechst 33258, 501-

541 nm goat-a-rabbit Alexa 488, and 645-741 for symbiont autofluorescence.

6.5 Western blots

6.5.1 Western blot analysis of LAMP1 antibody and LAMP1 deglycosylation assay

Two aposymbiotic or symbiotic adult Aiptasia were homogenized in 50 mM Tris-HCI pH 7.5, 200 mM
NaCl, and 1% NP-40 with 2X Halt Protease Inhibitor Cocktail (78430, Thermo Fisher Scientific,
Waltham, MA, USA) and then sonicated on ice (Sonifier 250, Branson Ultrasonics, Danbury, CT, USA)
with two rounds of 25 pulses at duty cycle 40%, output control 1.8. The homogenate was centrifuged at
maximum speed at 4°C for 10 minutes and the supernatant was transferred to a new tube.
Deglycosylation assay using PNGase F (P0704S, New England BioLabs Inc., Ipswich, MA, USA) was
performed according to manufacturer’s protocol with the exception of incubating the reaction for 3
hours at 37°C followed by overnight at RT. 0.5 mg/ml of LAMP1 antibody was pre-adsorbed with 1
mg/ml of LAMP1 peptide in 4% milk in 0.1% PBT overnight at 4°C. Untreated and treated extracts
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were diluted 1:1 in 5X loading dye and heated to 100°C or 60°C, respectively, for 5 minutes. Samples
were loaded into a 4-20% precast gel (4561095, Bio-Rad Laboratories Inc., Hercules, CA, USA), which
was run at 90 V for 15 minutes then at 200 V for 1 hour at room temperature in 1X SDS running buffer.
The proteins were transferred onto a nitrocellulose membrane at 0.37 A for 1 hour and 15 minutes at
RT in 1X transfer buffer (20% v/v methanol, 200 mM glycine, 25 mM Trizma in water). The membrane
was blocked for 1 hour at room temperature in 4% milk in 0.1% Triton X-100 in PBS. The blot was
divided in two and incubated in either LAMP1 antibody diluted 1:2000 in blocking buffer or pre-
adsorbed LAMP1 overnight at 4°C. The following day the blots were washed in 0.1% Triton X-100 in
PBS 3 x 15 minutes at RT. The secondary antibody, goat-a-rabbit-HRP (Jackson ImmunoResearch,
West Grove, PA, USA), was added at a dilution of 1:5000 for 1 hour at RT, protected from light, followed
by 3 x 15 minute washes in either 0.1% Triton X-100 in PBS and one final wash in 1X PBS. The blot
was developed using 1:1 ECL (GERPN2232, Sigma-Aldrich Co. LLC) and imaging on ECL Imager

(ChemoCam, Intas Science Imaging Instruments GmbH, Géttingen, Germany).

6.5.2 Western blot analysis of phospho-4E-BP1 (p4E-BP1) and phospho-S6
Phosphorylation levels of 4E-BP1 and ribosomal protein S6 (S6) were analyzed by Western blotting in

symbiotic Aiptasia polyps that had been exposed for 12h to various concentrations of the mTOR kinase
inhibitor AZD8055 (Chresta et al., 2010) in DMSO or an equal concentration of DMSO as a control
(Figure 3.9). Phosphorylation levels of 4E-BP1 were analyzed by Western blotting in symbiotic and
aposymbiotic Aiptasia that were either fed (3 times per week) for > 13 days or starved for > 13 days
(Figure 3.10A). Animals were either kept under a regular light regime (12L:12D) or at constant
darkness for 66h before analysis. Phosphorylation levels of 4E-BP1 in dependence on light were
analyzed in symbiotic and aposymbiotic polyps that were either fed (3 times per week for 213 days) or
starved (for 13 days) under normal light conditions (12L:12D, sampled 6h into the light period) or
darkness (66h prior to experiment) to block photosynthesis (Figure 3.10C).

In all of these experiments, animals were harvested 6h into the light period, dried on tissue paper and
resuspended in 75 pl of 2x loading dye (120 mM Tris-HC1 pH 6.8, 20 % glycerol, 2 % SDS, 40 mM
dithiothreitol) and incubated at 95 °C for 10 min. Lysed samples were then put on ice, and sonicated
(Sonifier 250, Branson Ultrasonics), with two rounds of 30 and 20 pulses, respectively, at duty cycle
40% and output control 1.8), followed by incubation at 95 °C for 5 min. Samples were then pelleted by
centrifugation at 2000 rcf for 30 s at room temperature and total protein concentrations of the
supernatant were determined via Bradford Assay, masking SDS interference with 125 mg/ml a-
cyclodextrin (Rabilloud, 2018). Samples were stored at room temperature until loading on gels. 30 pg
(fed 1 d before sampling) or 45 ug (fed 3 d before sampling) of total protein were loaded per sample.
Samples were run on 12 % SDS gels at 90 V (stacking gel) and then 150 V (resolving gel) in SDS
running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). Proteins were transferred onto a
nitrocellulose membrane at 0.35 A for 1 hour at RT in 1x transfer buffer (25 mM Tris, 200 mM glycine,
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20% methanol). The membrane was blocked for 1 hour at room temperature in 5% milk in 0.1% Tween
20 in TBS. The blot was cut at the 25 kDa marker band. The top was incubated with a-tubulin antibody
(1:3000; T9026, Sigma-Aldrich Co., LLC), the lower half incubated with the p4E-BP1 primary antibody
(1:1000; 2855T, Cell Signaling Technology, Danvers, MA, USA) overnight at 4°C. The following day the
blots were washed in 0.1% Tween 20 in TBS 3 x 5 minutes at RT. The secondary antibody, goat-a-
rabbit-HRP (115-035-144, Jackson ImmunoResearch) for p4E-BP1 and goat-a-mouse-HRP (115-035-
044, Jackson ImmunoResearch) for a-tubulin, was added at a dilution of 1:10000 for 1 hour at RT,
followed by 3 x 5 minute washes in 0.1% Tween 20 in TBS. The blot was developed using ECL
(GERPN2232, Sigma-Aldrich) and imaging on ECL Imager (ChemoCam, Intas).

6.6 Statistical Information

Biological replicates are defined as individual animals, either larvae or polyps, except for Western blot
of larvae, in Supplemental Figure 5.2, where biological replicates refer to pools of larvae from separate
spawning events. Technical replicates are defined as repetitions of the same experiment. Shown in
Figure 3.2A are representative images of n = 7 biological replicates for 2dpf and 6dpf larvae, and n =5
biological replicates for 10dpf larvae. In the timeline of cell proliferation in aposymbiotic larvae shown
in Figure 3.2C, n > 15 biological replicates were used, with the exception of 2dpf, where n = 7 biological
replicates were measured. In the comparison of number of lipid droplets in Figure 3.3 B, n = 10
biological replicates were used for aposymbiotic larvae, larvae 4dpi, and larvae 2dpi. n=14 biological
replicates were measured for larvae 8dpi. For each condition, one outlier was removed, because noise
was erroneously detected as lipid droplets in those samples with low signal. In the comparison of cell
proliferation between aposymbiotic and symbiotic larvae in Figure 3.3 C, 15 < n < 16 biological

replicates were used.

For gene expression analysis, n = 5 biological replicates (pools of cells) were collected for non-symbiotic
cells from aposymbiotic and symbiotic larvae, each, and n = 6 biological replicates were collected for
symbiotic cells. For differential gene expression analysis, the replicates most representative of gene

expression in non-symbiotic cells (n = 7) and symbiotic cells (n = 4) were used.

Western blots shown in Figure 3.9, Supplemental Figure 5.2, and Supplemental Figure 5.3 are
representative of n = 2, and Western blots shown in Figure 3.10 are representative of n = 3 biological
replicates, each. Immunofluorescence comparing lipid content in aposymbiotic and symbiotic, fed and
starved Aiptasia polyps in Figure 3.10C is representative of n = 10 replicates for the aposymbiotic
condition, and n = 12, or 13 for the starved and fed symbiotic condition, respectively.
Immunofluorescence of mTOR in Aiptasia larvae shown in Figure 3.10D is a representative image of
an mTOR positive larva (three technical replicates with n = 50 biological replicates, each).
Immunofluorescence of LAMP1 in Aiptasia larvae shown in Figure 3.11 A are representative images

of >15 biological replicates, each.
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