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Preface

This thesis manuscript is the result of four years of PhD research on the establishment of the cali-
codermis cell layer in the metamorphosing scleractinian coral larva. The work presented here was realized at
the laboratory for biological geochemistry at EPFL in close collaboration with the laboratory of communica-
tion molecules and micro-organisms adaptation at the National Muséum of Natural History in Paris, France.
Field experiments at the Inter University Institute (Red Sea, Eilat, Israel) were also achieved and are part of

this work.






Abstract

Metamorphosis is a crucial step in the life cycle of a scleractinian coral: The swimming coral larva,
the planula, settles, and metamorphoses into a sessile calcifying primary polyp, which subsequently grows
into an adult colony. Importantly, morphogenesis into a primary polyp involves the establishment of the
skeletogenic cell layer, the so-called calicodermis, but the cellular mechanisms that support this process are
not well understood. In the work presented here, calicodermis establishment was studied in two scleractini-
an corals, Pocillopora damicornis and Stylophora pistillata using cell proliferation and apoptosis assays, elec-

tron microscopy, molecular biology tools, and isotopic imaging using NanoSIMS.

Cell proliferation during coral metamorphosis was evaluated with BrdU (5-bromo-2’-deoxyuridine) incuba-
tion pulses (24 h). In the primary polyp stage, cell migration was observed in the chase phase for several days
(48 to 64 h) after the incubation pulse. A number of key observations were made: 1) Right after settlement,
during the earliest metamorphosis stage that includes initial skeletal formation and therefore requires a fully
functional calicodermis, cell proliferation rate in this tissue layer is in fact not significantly higher than in the
preceding planula larval stage. This indicates that calicodermis establishment is primarily happening through
transdifferentiation of cells from the aboral pseudostratified epithelium of the planula into calicodermis
cells. 2) Later, in the growing primary polyp local cell proliferation in the calicodermis remains low, indicating
that these cells do not originate in the calicodermis itself. 3) At the same time, it is observed in S. pistillata
that the pharynx is the most proliferative area with up to 19% of cells dividing, and that cells migrate from
this area through pseudostratified epithelium and/or mesenterial filaments to reach the expanding calico-
dermis, which is actively forming skeleton at this stage. 4) In order to identify potential stem cells and calico-
dermis precursor cells locations, biological markers where developed. Potential stem cells expressing piwi
genes were localized in the mesenteries and below tentacle tips of P. damicornis. These sites contain prolif-
erative areas involved in gametogenesis and nematogenesis, respectively. 5) Pdcyst-rich is a protein local-
izedin the adult calicodermis and potentially involved in skeleton formation. The related gene was observed
to be expressed at the early metamorphosis stage, when skeleton deposition commences. Preliminary re-
sults indicate that Pdcyst-rich proteins are also located in the calicodermis of the forming polyp and skeleton
of the primary polyp stage. This suggests a role of Pdcyst-rich in skeletogenesis but it is not clear if it acts as a

protein of the skeletal organic matrix or as an adhesion protein.

Keywords: Scleractinia — metamorphosis — calicodermis — cell proliferation — stem cells —



Résumé

La métamorphose est une étape cruciale du cycle de vie des coraux scléractiniaires : la larve planc-
tonique, la planula, se fixe au substrat et se métamorphose en un polype primaire sessile qui donnera la
colonie adulte. Cette morphogenése en polype primaire implique la mise en place de la couche cellulaire
formant le squelette, appelée calicoderme, mais les mécanismes cellulaires sous-jacent ne sont pas bien
compris. Dans la présente étude la mise en place du calicoderme a été étudiée chez deux espéces de coraus,
Pocillopora damicornis et Stylophora pistillata, en évaluant la prolifération cellulaire et I’'apoptose ainsi que
par I'utilisation de méthodes de microscopies électroniques, d’outils de biologie moléculaire et d’imagerie

isotopique par NanoSIMS.

La prolifération cellulaire pendant la métamorphose du corail a été évaluée par incubation en présence de
BrdU (5-bromo-2’-deoxyuridine) durant 24 h. De plus, au stade polype primaire, la migration des cellules
marquées a été suivi sur plusieurs jours (48 a 64 h) apres le pulse initial. Plusieurs observations ont été
faites : 1) Au stade précoce de la métamorphose, pendant lequel débute la formation du squelette et donc
qui requiere un calicoderme fonctionnel, le taux de prolifération des cellules dans ce tissu n’est pas significa-
tivement plus élevé que dans le stade précédent, la planula. Cela indique que la mise en place du calico-
derme se fait via transdifférentiation des cellules de I'épithélium pseudostratifié aboral de la planula en cel-
lules du calicoderme. 2) Plus tard, dans le polype primaire en croissance, le taux de division des cellules reste
bas dans le calicoderme ce qui indique que les cellules qui le composent ne proviennent pas directement du
calicoderme. 3) Au méme stade, le pharynx du polype primaire présente le taux de prolifération cellulaire le
plus élevé avec 19% de ses cellules marquées au BrdU. Ces cellules migrent ensuite du pharynx jusqu’au
calicoderme en passant par I'épithélium pseudostratifié et/ou les filaments mésentériaux. 4) De facon a
identifier de potentielles cellules souches ainsi que le lieu de la différentiation des cellules en cellules du
calicoderme, des marqueurs biologiques ont été développés. Des cellules souches potentielles exprimant le
gene piwi ont été localisées dans les mésentéres et sous le bulbe des tentacules de P. damicornis. Ces zones
correspondent a des sites de prolifération et sont associées respectivement avec la gamétogenése et la né-
matogenese. 5) Pdcyst-rich est une protéine spécifique du calicoderme des polypes adultes et est potentiel-
lement impliquée dans la formation du squelette. Le gene associé s’exprime au stade précoce de la méta-
morphose, au moment ou le squelette commence a se former. Les résultats préliminaires indiquent que la
protéine est aussi présente lors de la formation du polype primaire ainsi que dans le squelette du polype
primaire. Cela suggére un role de Pdcyst-rich dans la squelletogenese, potentiellement en tant que protéine

de la matrice organique du squelette ou que protéine d’adhésion au squelette.

Mots-clés : Scleractinia — métamorphose — calicoderme — prolifération cellulaire — cellules souches
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Introduction

Coral reefs are the most diverse ecosystems in the oceans. Often considered “oases in the desert”
or “rainforests of the sea” these biostructures provide shelter for at least 25% of all known marine species
while occupying less than 0.1% of ocean surface (Spalding et al., 2001). In addition, coral reefs are economi-
cally important for tourism, fisheries, and coastline protection representing an estimated 30-375 billion USS
(Cesar, 2002; Cooper et al., 2008; Costanza et al., 1997; Sarkis et al., 2010). But today these impressive eco-
systems are threatened by global stress from increasing sea surface temperature (SST) and ocean acidifica-
tion related to increasing atmospheric CO, concentrations (Cohen and Holcomb, 2009; Hoegh-Guldberg et
al., 2007). Moreover, urbanization of coastal environments is adding pressure from local pollution and sedi-
mentation that affect coral health (Carpenter et al., 2008). Today the world has effectively lost 19% of its
coral reefs areas since 1998; another 15% are in serious danger of being lost in the next 10-20 years; and
further 20% considered under threat of loss over a timescale of 20—40 years (Wilkinson, 2008). Given this
situation, it is urgent to improve our knowledge of the organisms that constitute the basis of coral reefs, the

Scleractinia.

Scleractinian corals are marine animals that, aided by photosynthetic dinoflagellate algae (light enhanced
calcification; Allemand et al., 2004) continuously form an external hard skeleton of calcium carbonate (arag-
onite), which accumulates and forms vast reef structures in shallow-waters of the (sub-)tropics. The largest
coral reef system in the world is the Great Barrier Reef (GBR), which extends over an amazing 2,300 km
along the north north-east coast of Australia. More than 90% of the shallow water coral species live in the
Indo-Pacific region (from Pacific to southern Asia, including Australia and the Red Sea); the rest are located
primarily in the Caribbean and Atlantic (Spalding et al., 2001). Most of these corals live under oligotrophic
conditions, i.e. in waters very poor in nutrients. How corals exist (not only survive, but flourish) in such low
nutrient conditions initially gave rise to “Darwin’s paradox” (Darwin, 1897). The ecological success of coral
reef have been since attributed to the endosymbiosis with unicellular dinoflagellates of the genus Symbio-
dinium (MclLaughlin and Zahl, 1959). Through photosynthesis and translocation of photosynthates from
symbionts to host, these algae can supply up to 90% of a corals nutrient requirements (Muscatine, 1990) and
are thus critically important for the vitality of corals. As a consequence, coral bleaching, i.e. the process of
losing the symbiont algae, e.g. due to stress in the form of elevated SST, which reveals the white skeleton
underneath the coral tissue (hence the term bleaching), is very often catastrophic for the coral. Because this
event is simple to observe, it has been used in coral health monitoring for years (e.g. by the Australian Insti-
tute of Marine Science). After major bleaching events of 1998, 2002 and 2010, the Australia’s Great Barrier
Reef have undergone, during the spring of 2016, a new bleaching event, which is the most severe on record-
ed history (Cressey, 2016). In the coming years, bleaching events are expected to be more and more fre-

qguent as SST will continue to increase (Berkelmans et al., 2004).
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Introduction

Major axes of research on scleractinian corals are symbiosis establishment and disruption (i.e. coral bleach-

ing), coral disease, and biomineralization. But large gaps still exist in our basic physiology knowledge about

the coral organism and how it responds to environmental changes, which is essential in a reef conservation

and restoration perspective. This thesis work has focused on coral physiology, i.e. tissue homeostasis with

emphasis on the skeletogenic tissue, the calicodermis, in an attempt to understand its establishment

through polyp morphogenesis: from stem cells to differentiated calicodermis cells. More precisely, the ob-

jectives were the followings:

1.

Understand the dynamics of cell division and death, i.e. cell turnover, in the different cell layers of

the metamorphosing larva and, alternatively, in a primary cell culture model.

Determine the cellular mechanisms, cell division and/or differentiation, by which the calicodermis is

formed at early metamorphosis stage.
Design specific cell markers to localize tissue hosting potential stem cells in the adult polyp.

Investigate the use of a cysteine-rich peptide specific to the Scleractinia, as a marker to assess spatial

and temporal calicoblast differentiation during metamorphosis.

Investigate the pathway/mechanism for metamorphosis induced by natural cues, via visualization of

metabolite translocation from the settlement biofilm.

Two scleractinians from the Pocilloporidae family, which are among the most studied species, have been

systematically used:

Pocillopora damicornis (Linnaeus, 1758) was made available for study through a fruitful collaboration
with two public aquaria, the Aquarium Tropical du Palais de la Porte Dorée (ATPD, Paris, France) and
Océanopolis (Brest, France). Colonies of P. damicornis from both facilities were releasing planula lar-

vae on a regular basis, rendering effective studies of metamorphosis feasible.

Stylophora pistillata (Esper, 1797), a dominant coral species in the Gulf of Agaba (Red Sea), was
made available at the Inter-University Institute of Marine Sciences (Eilat, Israel) through the ASSEM-

BLE call 6 program.

Furthermore, the availability of EST (expressed sequence tag) databases for both species provided the op-

portunity to search for specific genes during method development (Karako-Lampert et al., 2014; Traylor-

Knowles et al., 2011).

This thesis manuscript is composed of a literature review followed by four chapters presenting results and a

global discussion.



Introduction

Chapter 1 presents a published study on coral cell proliferation in polyps of Pocillopora damicornis adult
colonies and derived explant tissue cultures (Lecointe et al., 2013). Coral cell cultures are alternative models
to in vivo laboratory settings, to study in simplified, controlled conditions, applied or fundamental coral re-
search topics, including calicodermis establishment. Cell proliferation was assessed through BrdU pulse-
labeling experiments in polyps from adult colonies and their forming tissue explants, during the initiation of

coral primary cell cultures.

Chapter 2 is a published paper on S. pistillata cell proliferation and apoptosis during metamorphosis (Le-
cointe et al., 2016). It focuses on tissue turnover and cell migration in the polyp as well as Symbiodinium sp.

symbiont density regulation during metamorphosis.

Chapter 3 presents resultsfocused on the identification of cellular markers of calicodermis differentiation
from precursor cells. Cell proliferation is assessed at tissue scale in P. damicornis during metamorphosis,
coupled with investigations of spatial and temporal expression of piwi gene family expressing putative stem
cells as well as a Pdcyst-rich protein marker of the calicodermis, specific to the Scleractinia. The objectives
are to develop precursors of the calicodermis lineage.These results will contribute to a manuscript in prepa-

ration

Chapter 4 presents a study of transfer of isotopically labeled molecules from a biofilm to the metamor-

phosed larva and thus to test the hypothesis of a molecular transfer inducing metamorphosis in settled larva.

Finally, a chapter is dedicated to discussion of the obtained results attempting to place the work into a larger

perspective.






Literature review

I. The coral holobiont

A. Phylogeny of the Cnidaria
Scleractinian corals belong to the phylum Cnidaria, which is characterized by an epithelial “stinging

|H

cell”, the cnidocyte. This cell possesses a particular organelle, the cnidocyst (or cnida) that is discharged after
mechanical stimuli of the cnidocil. Cnidaria possess neurons and muscle cells and thus belong to the Meta-
zoa phylum. The phylogenetical position of Cnidaria, as a sister-group of Bilateria, makes it a very interesting
phylum for studies of either basal mechanisms proper to Bilateria such as the establishment of the anterior-
posterior axis and hox genes (Finnerty et al., 2004) or metazoan common traits such as stem cells and their

related genes like piwi (detailed later).

The Cnidaria phylum is composed of the class Anthozoa, which includes Hexacorallia (including Scleractinia)
and Octocorallia and are characterized by the presence of a reproductive polyp and the absence of medusa
stage, and the subphylum Medusozoa, which includes four classes Hydrozoa, Scyphozoa, Cubozoa and Stau-
rozoa that possess a reproductive medusa stage in addition to their sessile polyp. Life cycle of medusozoans
can be very diverse and the presence of polyp or medusa stage secondarily lost. Cnidaria is an ancient phy-
lum, among the most basal metazoan phyla. Scleractinian corals arose about 240 Million years ago (Ma) dur-
ing the Triassic (Stolarski et al., 2011). Its phylogeny is in constant evolution and is currently undergoing in-
tense discussion. For example, the recent use of mitochondrial protein coding genomes evoke the possibility
that Octocorallia could be reattached to medusozoan, challenging the concept of Anthozoa monophyly
(Kayal et al., 2013). In contrast, other phylogenetic analyses, combining genomic and transcriptomic data-
bases, confirm the “traditional” phylogenetic tree (Zapata et al., 2015). Genomic and transcriptomic analysis
are cheaper and faster than ever and will continue to develop. We are now in the —omic era and the multi-
plication of data will allow us to further refine the analysis of the phylogenetic relationships between meta-
zoans and, more generally, the phylogenetic tree of Cnidaria. Meanwhile, in this document, we will consider

the “traditional” phylogenetic tree as represented in Figure 1-1.
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Figure 1-1: Simplified phylogenetic tree of Metazoa with inset on Cnidaria.

Branches are not scaled. The view of Cnidaria most widely accepted today sees Anthozoa as a monophyletic group with two sub-
classes Octocorallia and Hexacorallia that includes the reef-building species, the scleractinians. Medusozoa subphylum is character-
ized by the presence of a reproductive medusa stage, which is subsequently lost in some classes. Adapted from Zapata et al. 2015.

B. Polyp: functional life unit

The coral life cycle is dominated by the time spent as a benthic, sessile animal. Members of the
Pocilloporidae family are branching colonies of many polyps connected through the coenosarc tissue (Veron,
2000).

Polyps are radially symmetric and cylindrical in shape, with a mouth in the middle of the oral disc
externally delimited by a single row of tentacles. Hexacorallia are characterized by a multiple of 6 tentacles.
P. damicornis and S. pistillata both have 12, which all end in a terminal bulb (Figure 1-2) (Peters, 2016). The
visible part of the polyp, extending outwards from the skeleton, is referred to as “body column”. The polyp
mouth opens into the gastrovascular cavity, which is internally delimited by mesenteries; folds of tissue that
extends from the external body wall into the middle of the polyp. Between the mouth and the actual gastro-
vascular cavity is situated the pharynx (or actinopharynx, gullet, or stomodeum), which is an invagination of
the oral epithelium formed during embryogenesis. In Scleractinia, mesenteries are arranged in pairs of com-
plete (i.e. extending from the column wall to the pharynx) and incomplete (i.e. not connected to the pharynx
with an unilobed end) (Daly et al., 2003). Mesenteries, the site of gametogenesis, are composed of two
parts: The mesenterial filament which is present all along the column and is of endodermal origin (locally
these filaments have lobed structures), and the mesenterial bulbs or cnidoglandular bands, of ectodermal
origin (Peters, 2016) (Figure 1-3). Externally, mesenteries are visible because the absence of endosymbiotic
algae in the ectoderm derived part of this tissue makes them appear as uncolored lines on the oral disc be-

tween tentacles and on the body column (Figure 1-2).
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Figure 1-2: Pocillopora damicornis adult polyps.
A circle of 12 tentacles surrounds the mouth aperture. Tentacle terminal bulbs are clearly visible as they are not pigmented due to
the absence of endosymbiont dinoflagellates. tb: tentacle terminal bulb, m: mouth aperture. Scale bars: 500 pm.

Polyps and coenosarc are composed or two tissues, both made of two epithelia separated by an amorphous
gel, the mesoglea (Figure 1-3). The oral tissue facing the seawater is composed of a pseudostratified epithe-
lium (pse) also called epidermis, and oral gastrodermis. The aboral tissue, in contact with the skeleton is
composed of the aboral gastrodermis and the skeletogenic epithelium, the calicodermis. Both calicodermis
and pse are derived from the ectoderm while the gastrodermis is derived from the endoderm. The gastro-
dermis is also the principal location of endosymbiosis, with gastrodermal cells frequently hosting one or

more unicellular dinoflagellates.
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Figure 1-3: Tissue organization of a primary polyp.

Tissues are composed of two epithelia separated by an acellular gel, the mesoglea. Oral tissue is composed of the pseudostratified
epithelium and the oral gastrodermis. The aboral tissue facing the skeleton is composed of the oral gastrodermis and the skele-
togenic tissue, the calicodermis. Inside the gastrodermis are found unicellular symbiotic algae of Symbiodinium genus, the dinoflag-
ellates. Adapted from Lecointe et al. 2016.

C. Coral symbiont: Symbiodinium sp.

The success of scleractinian corals in oligotrophic-, shallow-waters is attributed to the presence of
endosymbiotic dinoflagellates of the genus Symbiodinium in their gastrodermis. This symbiosis has received
large interest as the bleaching, resulting from symbiosis disruption, is an important indicator of coral de-
creasing health. Cnidaria-dinoflagellate endosymbiosis is mutualistic meaning that it benefits both organ-
isms. Corals are heterotroph with a double capability to take up nutrients (dissolved and particulate organic
matter; DOM and POM) from the ambient seawater and capture plankton using their tentacles, respectively.
The symbiosis with the autotroph dinoflagellates offer them an additional source of nutrients, in the form of
photosynthates (Davy et al., 2012). As this work focus on the calicodermis establishment during coral mor-
phogenesis, we were interested in dinoflagellate proliferation and population regulation during metamor-
phosis. Symbiont acquisition is a necessary step before talking about population regulation and is thus also

discussed in this literature review.
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Symbionts can be maternally inherited, i.e. by vertical transmission or acquired from the environment i.e. by
horizontal transmission, independently of the reproduction mode; either brooder or spawner. Spawners
release gametes in water and form an azooxanthellate planula larva by fertilization in the water column. This
larva acquires symbionts from its environment but the spawned egg can also contain dinoflagellates upon
release (Hirose et al., 2000). Such colonization by dinoflagellates can occur after settlement, during primary
polyp development as it is the case in several Acropora sp. (Gomez-Cabrera et al., 2008). In brooders, fertili-
zation occurs inside the polyp where the planula larva develops before being ejected in the water-column;
this is referred to as planulation. When the planula already contains dinoflagellates at the moment of planu-
lation (examples are P. damicornis and S. pistillata) these symbionts are assumed to be maternally inherited.
However it has been shown that S. pistillata but also Pocillopora meandrina can obtain their symbionts from
both parent colony and the environment (Byler et al., 2013; Magalon et al., 2005), exhibiting a certain flexi-

bility in symbiont acquisition strategy.

Both modes of symbiont acquisition have pros and cons. Maternal inheritance ensure a high host-symbiont
specificity and thus a holobiont more adapted to their environment but also more sensitive to environmental
changes, whereas environmental inheritance allows to adjust the symbiosis to the environment. Indeed
Symbiodinium is highly diverse and today are subdivided into 9 clades (A-1) and multiple sub-clades (LaJeu-
nesse, 2001; Rowan and Powers, 1991). Different clades and sometimes sub-clades have different tolerance
to temperature and irradiance and thus are suitable for different depth and/or environment. For example, in
the Caribbean, genotyping of Symbiodinium in 25 scleractinian corals have shown that there are species with
symbiont zonation, i.e. the same coral species can harbor different symbiont clades depending on the water
depth (Bongaerts et al., 2015). Clade B and C are the most abundant and found at all depths whereas clades
A, D, and H are only present in corals from shallow habitats (<5 m). Symbiont zonation has also been shown
in S. pistillata from the Gulf of Agaba, Red Sea, with clade A dominant in the shallow-water and clade C in the
deep water (Byler et al., 2013). Flexibility in symbiont acquisition allows corals to select the most suitable

clade according to environmental conditions.

This raises the question of how the dinoflagellate population is regulated in hospite. In P. damicornis and S.
pistillata, the number of symbionts per host cell is usually one. This number can reach 12 in certain Antho-
zoa, including a few reef-building corals (Muscatine et al., 1998). The host regulates its symbiont population
using pre- or post-mitosis mechanisms (Davy et al., 2012). One way to inhibit dinoflagellate proliferation is
through nutrient limitation. In hospite the dissolved inorganic nitrogen is limited by the host, avoiding dino-
flagellates cell division (Cook et al., 1988; Hoegh-Guldberg and Smith, 1989). High nitrogen levels, e.g. from
local eutrophication, can disrupt the symbiosis due to lose of control by the host on dinoflagellates prolifera-
tion but also make coral more sensitive to thermal stress (Fabricius, 2005; Wiedenmann et al., 2013). Similar-

ly phosphorus limitations have been observed in Symbiodinium from Acropora Formosa (Jackson et al.,
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1989). Also, addition of sodium bicarbonate in seawater increases dinoflagellate photosynthetic rates in P.
damicornis and Aiptasia pulchella revealing carbon limitation in these organisms (Lesser et al., 1994; Weis,
1993). When dinoflagellates are expelled or artificially extracted from their host, their proliferation rate in-

creases showing loss of host control of their population density (Baghdasarian and Muscatine, 2000).

The other way to control symbiont population is by using post-mitotic controls via degradation and/or expul-
sion of unwanted dinoflagellates (Davy et al., 2012). Expulsion can involve both healthy or degraded dino-
flagellates, and in some cases the symbiont is released intact within its host endoderm as observed in P.
damicornis and Aiptasia pulchella (Gates et al., 1992). Degradation of symbiont occurs through two cell
death pathways, apoptosis or autophagy. It is thought that both pathways are used to eliminate dinoflagel-
lates (Dunn et al., 2007; Titlyanov et al., 1998). If symbiont expulsion and degradation are completely normal
in order to balance the symbiosis, under certain circumstances (including environmental stress) it can lead to

total loss of the dinoflagellate population, i.e. coral bleaching.

II. The metamorphosing coral larva as a model to study calicodermis
establishment

A. Diversity of reproduction modes and life cycle

Like other Cnidaria, scleractinian corals can reproduce sexually and asexually (Fautin, 2002; Fox et
al., 2003). Asexual reproduction occurs through formation of new polyps by budding. In solitary organisms
polyps are separated by fission whereas in colonial species polyps are connected through tissue called the
coenosarc or coenenchyme. Scleractinian corals, being Anthozoa, do not have a medusa stage. Sexual repro-
duction starts with the polyp that can either spawn gametes in water where the fertilization occurs (spawn-
ing species or spawners) or only the sperm is released and fertilization occurs inside polyps where the egg
develops (brooding species or brooders). In both cases, planula larvae are formed, with brooders releasing
them during the planulation. In several brooding species the existence of asexually produced planulae was
shown (Ayre and Resing, 1986; Stoddart, 1983). Ecological advantages of this surprising aspect of coral re-

production are still unclear.

Diverse sexual patterns exist: Colonies can have separated sexes, i.e. being gonochoric, or have both male
and female polyps, i.e. being hermaphroditic (Harrison, 2011). In the latter case, hermaphroditism can also
occur within the same polyp, which has the capacity to produce both sperm and oocyte. It was though that
the dominant pattern was the gonochoric brooding species but the discovery of mass coral spawning on the
GBR in the early 1980s changed this perception (Harrison, 2011). It is interesting to notice that on a total of
444 coral species studied around the world, the majority (354) are hermaphroditic broadcast spawners (Har-
rison, 2011). The advantage of broadcasting gametes is an increase of the dispersal potential. While fertiliza-

tion and planula development occurs inside a brooding coral, gametes and developing planulae of spawners
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are carried by water currents. This greater dispersal capacity allows planulae to reach distant reefs, colonize
new environments or even re-colonize bleached reefs, as first demonstrated with a gene flow study (Nishi-

kawa et al., 2003).
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Figure 1-4: Schematic Pocilloporidae life cycle.

(A) Fertilization occurs inside adult polyp gastric cavity and planulae are released when fully developed (Brooding coral). The planu-
lae probe the substrate before they settle and undergo metamorphosis. At early metamorphosis, tentacles are not formed yet but
skeleton deposition starts. Then the primary polyp is formed with tentacles and body column fully developed. Finally secondary
polyps bud around the primary polyp, forming the juvenile colony. (B) Picture of P. damicornis larvae at the different stages illus-
trated in the life cycle. Scale bars 500 um. Adapted from Lecointe et al., 2016.

Both models used in this thesis work (i.e. Pocillopora damicornis and Stylophora pistillata) are brooding
scleractinian corals. Their life cycle is presented in Figure 1-4. Fertilization occurs inside the polyp. The re-
leased, mature planula larva probes new surfaces with its oral pole. When a suitable substrate is encoun-
tered metamorphosis starts. During metamorphosis the planula larva flips to present its aboral pole to the

substrate, makes contact and then flattens into a disc. In this early metamorphosis stage, the coral does not
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yet possess tentacles but is already able to secrete skeleton and immediately starts forming its basal plate
(Gilis et al., 2014, 2015; Vandermeulen and Watabe, 1973). Tentacle buds appear 24-72 hours after settle-
ment as the larva continues to spread on the surface during developing polyp stage. When tentacles are
developed and the body column is extended vertically, the primary polyp is formed. Secondary polyps bud
around the primary polyp starting from 6 to 12 days after metamorphosis of P. damicornis (personal obser-
vations). Metamorphosis is not synchronized and different levels of development co-exist even within a

same batch of larvae that initiated metamorphosis at the same time.

B. Inducing metamorphosis

Scleractinians are benthic organisms. Following the settling step of the larva, the coral lives fixed
onto a substrate during its remaining life. Survival of the future colony relies on the settlement location and
thus is critical. As mentioned above, the dispersal capacity of corals is different depending on the reproduc-
tive mode. Once fully developed and ready to settle, planulae are described as having an “explorative behav-
jor”: They probe the surface before settlement. The ideal emplacement has to be found and planulae are

sensitive to several environmental cues, physical as well as chemical.

Physical cues include a large variety of environmental factors that influence planula settlement and meta-
morphosis. First scleractinian planulae respond to light intensity (e.g. Goniastrea aspera, Acropora tenuis)
and/or quality, i.e. light spectrum (e.g. Goniastrea favulus, Montipora peltiformis) and search light conditions
similar to those of experienced by their parent colony, indicating that optimal light conditions are species
specific (Mundy and Babcock, 1998). Planula from Porites astreoides and Acropora palmata have been
shown to settle preferentially on red substratum (Mason et al., 2011). Temperature effect is less clear, as
high temperatures increase settlement rate but in the meantime decreases recruits survival in Acropora
solitaryensis and Favites chinensis corals (Nozawa and Harrison, 2007). Surface also matters, as coral larvae
settle less on completely flat surfaces (Nozawa et al., 2011) compared to surfaces with holes or topography.
Acropora millepora and Ctenactis crassa planulae have been observed to settle preferentially on surfaces
with micro-perforation closely matching their own size (Whalan et al., 2015). More surprisingly, sounds can
influence planulae. Montastraea faveolata planulae are attracted by speaker playing reef sounds (Vermeij et

al., 2010). Principal physical cues are summary in Figure 1-5.

Chemical cues that induce planula settlement have been studied with the hope to provide biotechnological
tools for reef re-seeding, aquaculture, and research. Such chemical cues are collectively called morphogen
because they induce polyp morphogenesis. Crustose coralline algae (CCA) and associated biofilms are known
to chemically induce planula settlement and metamorphosis in several coral species, including A. millepora
or Agaricia sp. (Heyward and Negri, 1999; Morse et al., 1988). For example, tetrabromopyrrole (TBP) pro-

duced by the bacteria genus Pseudoalteromonas has been shown to induce (in a dose-dependent manner)
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planula metamorphosis in Orbicella franski (formerly Montastraea franksi), Acropora palmata, and A. mille-
pora even without settlement (Sneed et al., 2014; Tebben et al., 2011), indicating a decoupling between
settlement and metamorphosis in scleractinian larvae (Tebben et al. 2015). Gene expression patterns of A.
millepora metamorphosis induced by either CCA or TBP alone have been shown to differ significantly. Inter-
estingly, GABA (gamma-aminobutyric acid) neurotransmitter-related genes are up-regulated in presence of
TBP whereas they are not involved in CCA-induced metamorphosis (Siboni et al., 2014), again emphasizing
the difference in morphogenic induction by CCA vs TBP alone and the dissociation between larval settlement
and metamorphosis. CCA and their chemical extracts can induce proper metamorphosis even if pre-treated
with antibiotics, excluding a prominent role of CCA-associated biofilms (Tebben et al., 2015). Morphogenic
compounds associated with CCA are glycoglycerolipids and polysaccharides identified in Porolithon onkodes

(Tebben et al., 2015).
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Figure 1-5: Schematic summary of the physical and chemical cues that induce planula metamorphosis.

Physical cues are mostly environmental. Chemical cues are related to the substrate. A crustose coralline alga is known to induce
settlement and metamorphosis but the molecules responsible are less known, it could be glycoglycerolipids and polysaccharides
(Tebben et al. 2015). Regarding the associated biofilm it has long been shown to induce metamorphosis, particularly the tetrabro-
mopyrrole (TBP) but it occurs in open-water, without settlement and thus other inducers are searched. Scale bars 500 pm.

In Hydrozoa peptides with amidated glycine-leucine-tryptophan C-terminus motif (GLW-amide family), are
hypothesized to be the internal signal that answer to external cues. It has been shown that synthetic GLW-
amide induce Hydractinia echinata metamorphosis (Schmich et al., 1998). Furthermore this peptide was
found to be common in Cnidaria and therefore tested against coral planulae. The Hydra-derived GLW-amide
neuropeptide Hym-248 successfully induced metamorphosis of nine Acropora species. But it was not the
case with other species like Montastraea faveolata and Favia fragum (Erwin and Szmant, 2010; Iwao et al.,
2002) showing a species specific response. Nevertheless, like for TBP, most larvae do not settle properly on

the substrate and there is an upregulation of a GABA genes in response to GLW-amide neuropeptide while
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no significant up- or down-regulation happen when induction with CCA (Siboni et al., 2014; Tebben et al,,
2015). This indicates that GLW-amides acts through GABA neurotransmitters to induce partial metamorpho-

sis but that CCA induced metamorphosis goes through different pathways.

It is clear that there is dissociation between settlement and induction of scleractinian larvae metamorphosis.
Although CCA is able of inducing both, the exact effect of TBP from CCA biofilm is unclear and its role as a
neuroactive signaling compound remain speculative. Molecular signaling and metabolic pathways that
transduce signals from external cues, physical or chemical, have still to be understood. GLW-amide partial
effect leads us to look toward neuronal signal transduction but is not sufficient by itself to trigger proper

metamorphosis. Metamorphosis induction is probably the result of multiple cues.

C. Calicodermis establishment during metamorphosis

Scleractinian corals, also called hard or stony corals, are able to form this calcareous skeleton due
to a specific cell layer, the calicoblastic epithelium or calicodermis. A major fraction of the present thesis
work focuses on calicodermis establishment. To date, little is known about the cellular mechanisms underly-
ing the transition from the swimming planula to the calcifying polyp. Studies of calicodermis cell origin (local
division or cell migration) and turnover are missing. Detailed histology of the forming calicodermis was pre-
sented for P. damicornis by Vandermeulen (1974, 1975). In this species, the aboral epithelium of the planula,
i.e. the site of the future calicodermis, is described as a tall columnar epithelium composed of a heterogene-
ous cell population with cnidocytes, flagellated epithelial cells, secretory (gland cells) and mucus cells, with
potential neurosecretory activity. Upon settling, the epithelium in contact with the substrate changes into a
flattened epithelium made of interdigitated cells, the calicoblast, containing vesicles of potential organic
matrix and numerous mitochondrias. This cell layer also possesses anchoring cells, the desmocytes (Muscat-
ine et al., 1997). Vandermeulen and Watabe underline the impressive speed at which this morphogenesis
occurs; calicoblast specific ultrastructural characteristics are visible only after settlement and the skele-

togenesis starts within hours following settlement (Vandermeulen and Watabe, 1973).

D. Alternative study model: coral explant cultures

Planula larvae are a great model to study calicodermis establishment because, under the right con-
ditions, they naturally initiate the differentiation of this tissue layer during metamorphosis. But the supply in
planulae can be irregular because not all corals have their life cycle completed in aquaria and field sampling
requires adjustments to planulation or gametes broadcast periods. Finally, achieving settlement and meta-
morphosis in the laboratory can be a challenge in itself. Coral tissue culture appears as an alternative model

to study morphogenesis.

Cell culture is the maintenance and growth in vitro of living cells and tissues. In Bilateria, cell cultures have

served as a simplified system to study a broad range of topics, including ecotoxicology, drugs response of a
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particular cell type, pathogens action, stem cells maintenance and differentiation, etc. In Scleractinia, such a
model would avoid repetitive sampling in environment and/or coral growth in aquaria, which is not trivial
and indeed time- and resource consuming. Unfortunately to date, no proliferative coral cell line exists, but
primary cell or explant culture are being developed using different methodologies (Domart-Coulon and Os-
trander, 2016; Vizel and Kramarsky-Winter, 2016). Briefly, samples are dissociated mechanically, chemically
or enzymatically yielding either tissue (explant) or mixed cell type cultures (Figure 1-6). Cells can re-
aggregate and explants round up into suspended multicellular aggregates with a smooth surface also called
tissue ball due to its round shape. These structures possess an endoderm with symbionts and a ciliated ecto-
derm and rotate into the medium. These explants, are used in different studies, including biomineralization
(Domart-Coulon et al., 2001; Helman et al., 2008; Mass et al., 2012). Vizel et al., 2011 succeeded to induce
development of these explants into polyps (at low yield) without the use of chemicals, only using environ-

mental parameters such as light and temperature cycling. A growing number of studies encourages the use

of coral explant and assesses their viability (Feuillassier et al., 2014; Gardner et al., 2015).

Figure 1-6: Tissue ball formation.

(A) P. damicornis dissociated cells in culture, the black arrow indicates cells that have re-aggregated and start forming a tissue ball.
(B) Two small spinning tissue balls after 24 h among multi-cellular cell culture, their brown color is due to the presence of dinoflag-
ellates into their endoderm. Surrounding transparent ectoderm is also visible. (C) A large tissue ball moving into cell medium a few
days after cell dissociation. cc: coral cell, d: dinoflagellate, cni: cnidocyte. Scale bars: 10, 50 and 100 um for A, B and C respectively.

Care must be taken during transposition of results obtain in vitro to the actual organism. Neverthe-
less, coral explant culture is a promising model to study different aspect of coral physiology (calicodermis

establishment, symbiosis, biomineralization, environmental stress, cell de- or trans-differentiation, etc.).

III. Role of the calicodermis in coral biomineralization

To study calicodermis establishment during polyp morphogenesis one goal was to develop new
molecular markers of calicoblast precursors and thus we review below the role of the calicodermis and asso-
ciated proteins. We distinguished three parts, proteins of the skeletal organic matrix (SOM), proteins in-

volved in carbon transport and proteins involved in calcium transport.

A. Calicodermis and the skeletal organic matrix
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Coral growth is supported by the external skeleton which is an accumulation of calcium carbonate
in the form of aragonite. Biominerals include an organic and an inorganic matrix, in corals the organic matrix
is made of proteins that must be synthesized and transported to the site of calcification (Al-Horani, 2015).
The inorganic matrix is made of calcium carbonate (CaCOs;). Skeletal formation is a biologically controlled
process. However cellular mechanisms of biocalcification are not fully understood. Calicoblasts do not form
aragonite crystals internally but rather secrete a skeletal organic matrix (SOM) made of proteins, that initiate
biomineralization (Puverel et al., 2005). This SOM has received increasing interest and proteomic identifica-
tion of the proteins that constitute it has been done in A. millepora and S. pistillata (Drake et al., 2013; Ra-
mos-Silva et al., 2014) with the purpose to identify a biomineralization “toolkit”, i.e. an organic scaffold for
aragonite deposition and orientation. This toolkit includes adhesion proteins -such as cadherins, integrins
and contactin- and structural proteins -such as actin, tubulin, and collagen-. Moreover highly acidic proteins
were found that are potentially specific to coral skeleton. They were named the coral acid-rich protein
(CARP) subfamily and were only detected in coral transcriptomes (Drake et al., 2013). However the affiliation

of proteins from the cytoskeleton (actin, tubulin, etc.) to the SOM is refuted by Ramos-Silva et al. (2013).

Another coral SOM protein was identified in Galaxea fascicularis and named galaxin. This protein is not a
CARP and does not bind Ca®* but its sequence analysis reveals that it is a protein made of a signal peptide, a
propeptide, and a mature protein sequence, and it is suggested to be secreted by the calicodermis (Fukuda
et al., 2003). This protein of 298 amino acids is rich in cysteine, the amino acid responsible for disulfide
bridge formation, with 28 out of 30 cysteine residues forming tandem repeats (dicysteine sequences). Dicys-
teine repeats were also found in a protein of the SOM of Mollusca, the lustrin (Shen et al., 1997). All togeth-
er these elements suggest that galaxin is a promising structural protein of the SOM. Galaxin-like proteins
were found in other scleractinian species (e.g. Acropora millepora) and in the calcifying octocoral Sinularia

notanda (Reyes-Bermudez et al., 2009; Kim et al., 2015).

In expressed sequence tag (EST) libraries of the Montastrea faveolata scleractinian coral, small cysteine-rich
proteins (SCRiPs) were identified (Sunagawa et al., 2009). Furthermore these SCRiPs were found only in
scleractinian species and might be involved in biomineralization, but their exact function remains to be elu-

cidated.

Finally, another cysteine-rich protein has been identified in adult polyps of Pocillopora damicornis (named
Pdcyst-rich) where it is specifically expressed in the calicodermis (Vidal-Dupiol et al., 2009). Galaxin and
Pdcyst-rich share features like the secretory protein-like structure with a peptide signal sequence. However,

in contrast to galaxin, only 2 among the 16 cysteines residues form tandem repeats.

The discovery in calcifying corals of several cysteine-rich proteins, putatively involved in biomineralization as

SOM structural proteins, is an interesting feature that merits more attention. In mammals, cysteine-rich ker-
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atin-associated proteins (KRTAPs) are important components of hairs, and in birds feather epidermal differ-
entiation cysteine-rich proteins (EDCRP) are conserved (Strasser et al., 2015). Although EDCRPs and KRTAPs
have no common ancestor, cysteine-rich proteins are important components of skeletal organic matrices, in
Cnidaria as well as outside of this phylum and this feature raises questions about the functional evolution of

cysteine-rich proteins among Metazoa (Strasser et al., 2015).

B. Carbon source of biomineralization

Calcium carbonate (CaCOs) is formed through precipitation from calcium and carbonate ions (Ca**
and CO5?). Dissolved inorganic carbon (DIC) is thus necessary and can be obtained directly from seawater as
bicarbonate ions (HCOs") or from cell respiration as carbon dioxide (CO,) which is then hydrated to bicar-
bonate ions. Finally bicarbonate ions will form carbonate ions (CO5*") as follow:

H"+HCOs™ = 2 H" + CO5™ (1]

In vivo carbon dioxide hydration is catalyzed by carbonic anhydrase (CA) to form HCO5™ + H" and vice versa.
The CA enzyme superfamily is widespread in Metazoa and has been identified in several corals (Weis et al.,
1989). CA has two major roles: supplying CO, to the symbiont for use in photosynthesis and supplying HCO5’
for calcium bicarbonate formation (Weis et al., 1989). Evidence of CA in dinoflagellate membrane and in the
calicodermis attest to these functions (Al-Moghrabi et al., 1996; Isa and Yamazato, 1984; Tambutté et al,,
2007b). Interestingly, in sclerites of octocorals, some components of the SOM have been identified with a CA

domain suggesting that SOM proteins are not only structural but also are able to locally hydrate carbon diox-

ide (Rahman et al., 2006).
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Figure 1-7: Dissolved inorganic carbon pathways.
Sources of dissolved inorganic carbon in the biomineralization process and transfer through aboral tissue according to Bertucci et

al. 2013. CA: carbonic anhydrase.
While HCO3 can be obtained directly from seawater or indirectly from CO, (Bertucci et al., 2013; Furla et al.,,

2000a, 2000b; Moya et al., 2008) it is not clear whether HCO;3 can penetrate oral tissue and/or aboral gas-
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trodermis through para-cellular or trans-cellular pathways. CO, can be obtained by simple diffusion through
tissue and come from either seawater or from mitochondrial respiration. Once inside the tissue, CA trans-
forms CO, in HCO;". Sources and pathways of dissolved inorganic carbon are resumed in Figure 1-7 (accord-

ing to Bertucci et al. 2013).

C. Calcium source of biomineralization

Transport of calcium ions may be trans- or para-cellular and this topic is highly discussed in the lit-
erature. Both pathways have been shown in different corals making it difficult to conclude and/or generalize
for all scleractinian coral species (Allemand et al., 2004, 2011). Even within the same species (Stylophora
pistillata) both pathwaysmay be used, with calcein-labeling of intercellular spaces indicating para-cellular
pathway and Ca,-ATPase enzyme immunolocalization indicatingtranscellular pathways through specific cell

types (Tambutté et al., 2012).

Diffusion of Ca** through para-cellular pathways has been suggested in Heliofungia actiniformis and S. pistil-
lata (Bénazet-Tambutté et al., 1996; Tambutté et al., 1995). On the other hand, active transport of Ca’*
through calcium ATPase and Na*/Ca”" exchange mechanisms are suggested in G. fascicularis and S. pistillata
(Ip et al., 1991; Marshall, 1996; Zoccola et al., 2004). A plasma membrane calcium pump (PMCA) was local-
ized in calicoblasts of S. pistillata. Likewise, in P. damicornis Ca”* transporters are present (Vidal-Dupiol et al.,

2013). It is likely that both passive diffusion and active transport of calcium occur in coral calicodermis.

We have seen that the components of the Skeletal Organic Matrix and the transport pathways of calcium
ions and bicarbonate ions have received a lot of attention because these processes are of great importance
in the comprehension of the molecular mechanisms of biocarbonate skeleton formation. Nevertheless, there
is less consideration for the cellular mechanisms of calicodermis establishment, its differentiation, growth
dynamics, and homeostasis (tissue maintenance through cell proliferation and death). This thesis work fo-

cused on these cellular aspects.

IV. Stem cell in Cnidaria and corals

Stem cells are well studied in Bilateria models. Adult stem cells are pluripotent, i.e. they give rise to
a limited number of cell types of differentiated, somatic or germinal, cells. In contrast, stem cells are poorly
studied in scleractinian models where basic data are missing. Indeed, in Cnidaria attention has been mostly
focused to hydrozoan models such asHydra or Hydractinia species . The following section briefly presents

stem cell systems and related genes identified in cnidarians.

A. Stem cell lineages in Cnidaria

In Bilateria, separation between germinal and somatic line is well defined, with germinal stem cells

dedicated to gamete production. Questions regarding the origin of this separation pushed research toward
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more ancient phyla, like Cnidaria, and is still a matter of debate (Gold and Jacobs, 2013). If it is presumed
that all Cnidaria possess stem cells, the potency and separation between germinal and somatic lineages is
not clear in all cases. These questions have been mostly studied in Hydra and in some other hydrozoan gene-
ra, and much less is known for scleractinian species. The following paragraphs report what is known in these

species and a graphical summary is presented in Figure 1-8.

Hydra has three different stem cell lineages. The first two lineages consist of pluripotent epithelial stem cells,
endodermal and ectodermal, respectively, that self-renew and give rise to endodermal and ectodermal cells.
The “stemness” of these two types of epithelial stem cells is debated, as they are described as differentiated,
epitheliomuscular cells (Gold and Jacobs, 2013). In classic Bilateria models, stem cells are undifferentiated
cells that self-renew or commit to differentiation into specialized cell types. In Hydra, epithelial stem cells
located in the body column give rise to epithelial cells that migrate basally towards the foot and apically to-
wards the tentacles (Frank et al., 2009; Gold and Jacobs, 2013). The third type of stem cell lineage is located
between epithelial cells and called interstitial cells (i-cells). These small, round, undifferentiated cells with
large nucleus give rise to stinging cells (cnidocytes), gametes, neurons, secretory, and sensory cells but also

to the gametes (Bode et al., 1987; Marcum and Campbell, 1978).

But the stem cell system is not homogenous in all Hydrozoa. In the colonial marine hydroid Hydractinia, i-
cells give rise to the same differentiated cells as in Hydra but they also have the ability to replace epithelial
cells from both endodermal and ectodermal origin (Mdiller et al., 2004). They are thus multipotent stem cells
that give rise to all cell types. Although it has not been demonstrated yet, it seems possible that epithelial
cells dedifferentiate into i-cells. In Podocoryne carnea, isolated striated muscle cells (ectodermal cells) cul-
tured with endodermal cells will regenerate a manubrium, the sexual and feeding organ, including cell types
such as, gametes, i-cells, cnidocytes, gland cells, secretory cells, showing the ability of striated muscle cells
co-cultured with endodermal cells to transdifferentiate into diverse cell types (Schmid et al., 1982). It was
also shown that in vitro collagenase treatment triggers transdifferentiation of striated muscle into all these
cell types in the absence of endodermal cells(Schmid and Alder, 1984). These results show that separation
between somatic and germ line is not clear in P. carnea, with germ line cells arising from somatic cells. The
germ line cells come from somatic cells in the budding area of the female gonozoid polyp and migrate to the
manubrium of the early medusa bud. Several possibilities have been discussed: male and female germ cells
originating from somatic cells of the manubrial endoderm and/or sharing a common stem cell with all somat-
ic cells, the i-cells (Gold and Jacobs, 2013; Seipel et al., 2004). Clytia hemisphaerica possesses i-cells at the
base of the tentacles that differentiate into cnidocytes duringmigration from the proximal to the distal re-
gion of tentacles (Denker et al., 2008). But i-cells also give rise to the germ cells, indicating once again that in

this species there is no separation between somatic and germ lines (Leclere et al., 2012).
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Figure 1-8: Stem cell systems in Cnidaria.

Hydrozoans possess three stem cell lineages, including i-cells. In Hydra they are well separated, epithelial stem cells (endoder-
mal+ectodermal) self-renew and produce the epithelial cells. I-cells give rise to different cell types including cnidocytes, gametes,
granular cells and neurons. In Hydractinia the separation between the three lineages does not exist anymore as i-cells can also
produce epithelial cells. In Anthozoa the i-cell lineage was not found. Epithelial cells give rise to the different cell type. Separation of
cell lineage is less clear. Concerning gametes production it has been observe to come from endodermal cell (Shikina et al. 2015) but
another study argue in favor of a gametogenesis independent of epithelial cells (Barfield et al, 2016). Adapted from Gold and Ja-

cobs 2013. SC: stem cell, i-cell: interstitial cell.

In Anthozoa, no i-cell lineage has been found so far (Gold and Jacobs, 2013; Technau and Steele, 2011). In
the sea anemone Nematostella vectensis, neuron, sensory cell, cnidocytes and ganglion cells are formed
from ectoderm but neurons can also be formed by endoderm in planulae (Marlow et al., 2009; Nakanishi et

al., 2012). Primordial germ cell in N. vectensis are located in the endodermal mesenteries (Extavour et al.,

2005).

In scleractinian corals studies are scarce. One recent study proposes that oocytes arise from an ovarian so-
matic cell located in the endodermal mesenteries of Euphyllia ancora (Shikina et al., 2015). Nevertheless,
Barfield et al. (2016) observed that somatic mutants in Orbicella faveolata did not transfer their mutation to
gametes and thus argue in favor of a separation between somatic stem cell linage(s) and germ cell lineage. A
few studies propose that amoebocyte cell types, found in epithelia and mesoglea at all life stages, could cor-
respond to Hydrozoa i-cells, but this hypothesis is primarily based on histological studies, with no lineage
tracing experiments to identify progeny. Furthermore, there amoebocytes are mostly reported to have

phagocytosis abilities and thus are more likely involved in corals innate immune system rather than “true
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stem cells” (Bruckner, 2015; Olano and Bigger, 2000). Stem cell systems in Anthozoa and particularly in

Scleractinia are not well understood and need further study.

B. Stem cell related genes

|//

Identification of stem cells in situ can be done with morphological criteria. A “typical” stem cell, e.g.
an i-cell, is described as small and round with a high nucleus/cytoplasm ratio corresponding to an undifferen-
tiated cell. Nevertheless, in Hydrozoa epithelial stem cells do not match this morphological description. In
order to identify stem cells, the use of genetic markers is more and more frequent. This requires knowledge
about the genes that are expressed in stem cells. In Cnidaria, most studies have looked for gene homologs to

Bilateria stem cell genes, based on the hypothesis that the stem cell system is ancestral, common to all met-

azoans. In the following paragraph we present some of the genes found in cnidarians.

Nanos and Vasa genes are involved in the gametogenesis of metazoans such as Drosophila melanogaster. In
Cnidaria nanos homologs were found in the Hydrozoa Hydra (Cnnosl) and the Anthozoa Nematostella
(Nvnos1 and Nvnos2). Cnnos1 is expressed in the germline cells (Hemmrich et al., 2012; Mochizuki et al.,
2000). In Nematostella, Nvnos1 and Nvnos2 are expressed in primordial germ cells (PGCs) but also in somatic
cells and thus potential ectodermal and endodermal stem cell respectively (Extavour et al., 2005). A nanos
homolog is also expressed in Hydractinia i-cells (Plickert et al., 2012). Vasa homologs were also found. In
Hydra Cnvasl and Cnvas2 are expressed in germline cells as well as Nvvas1 and Nvvas2 in Nematostella (Ex-

tavour et al., 2005; Mochizuki et al., 2001). In Hydractinia vasa is expressed in i-cells (Rebscher et al., 2008).

The gene c-myc is described as a proto oncogene which is involved in stem cell self-renewal in metazoans
such as D. melanogaster (Eilers and Eisenman, 2008). In Cnidaria it has been study in Hydra where it is ex-
pressed in all stem cells (Hartl et al., 2010). More specifically mycl expression is restricted to i-cells (Hob-

mavyer et al., 2012). Hydractinia i-cells also express myc (Plickert et al., 2012).

Wnt signaling supports the formation and maintenance of somatic stem cells in Bilateria but also their em-
bryonic patterning (Wend et al., 2010). In Hydra it has been shown to be expressed in the head organizer
and involved in the axis formation (Hobmayer et al., 2000). In Clytia hemisphaerica the Wnt signaling path-
way, involving Frizzled receptor proteins and a Wnt ligand, is implicated in axial patterning through maternal
RNA present in the egg and early embryos (Momose et al., 2008). The same receptors and ligand are ex-

pressed in Hydractinia i-cells (Plickert et al., 2012).

Another stem cell related gene is piwi. Piwi proteins are involved in stem cell maintenance in Bilateria. Also,
piwi genes were detected in the cnidarian species previously cited, Hydra, P. carnea, Hydractinia, Clytia hem-
isphaerica and N. vectensis (Denker et al., 2008; Grimson et al., 2008; Hemmrich et al., 2012; Lim et al,,

2014; Plickert et al., 2012; Seipel et al., 2004). In hydrozoans piwi was expressed in all stem cells. In the an-
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thozoan N. vectensis three piwi genes were detected by transcriptomic analysis but not localized in situ. Con-
trary to the other stem cell related genes, piwi expression has also been identified in two scleractinian corals.
It has been localized at the site of gametogenesis of Euphyllia ancora (Shikina et al., 2015) and detected in S.

pistillata EST library (Liew et al., 2014).

This listing of stem cell related genes detected in Cnidaria, although not exhaustive, attests that these genes
are strongly conserved among metazoans and confirm that they are potential tools to localize in vivo the

stem cells.
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Chapter 1: Explant formation in primary coral
cell culture

I. Context

Cell culture from scleractinian corals offers the possibility to address coral physiology questions in
simplified and controlled conditions. To date no coral cell line exists but primary mixed cell type cultures and
explant (tissue) cultures are done and maintained in laboratory for days up to weeks without propagation
(Vizel and Kramarsky-Winter, 2016). In certain conditions of light and temperature coral explants can be
induced to develop into calcifying polyps (Vizel et al., 2011). Interestingly the formation of a mouth on ex-
plants obtained from Fungia granulosa fragments was described as a critical and necessary step to further
obtain development of a polyp. If induced polyps can be maintained for months, explant cultures only allow
short-term experiments, up to a few weeks. Cell proliferation activity in these round ciliated tissue explants
(or tissue balls) is not known. This Chapter 1 presents a publication in the Cytotechnology journal in which

cell proliferation during tissue ball formation was assessed (Lecointe et al., 2013).

PhD student’s contribution: The PhD student designed the experiments with I. Domart-Coulon, A. Meibom
and S. Cohen, carried out the experiments with IDC and SC and technical support of M. Géze and C. Djediat,

and analyzed statistically the data. All Authors contributed to drafting and editing the manuscript.

II. Publication
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Scleractinian coral cell proliferation is reduced in primary
culture of suspended multicellular aggregates compared

to polyps

A. Lecointe - S. Cohen - M. Geéze - C. Djediat -
A. Meibom * 1. Domart-Coulon

Received: 4 February 2013/ Accepted: 1 April 2013 /Published online: 12 June 2013

© Springer Science+Business Media Dordrecht 2013

Abstract Cell cultures from reef-building sclerac-
tinian corals are being developed to study the response
of these ecologically important organisms to environ-
mental stress and diseases. Despite the importance of
cell division to support propagation, cell proliferation
in polyps and in vitro is under-investigated. In this
study, suspended multicellular aggregates (tissue
balls) were obtained after collagenase dissociation of
Pocillopora damicornis coral, with varying yields
between enzyme types and brands. Ultrastructure and
cell type distribution were characterized in the tissue
balls (TBs) compared to the polyp. Morphological
evidence of cellular metabolic activity in their ciliated
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cortex and autophagy in their central mass suggests
involvement of active tissue reorganization processes.
DNA synthesis was evaluated in the forming multi-
cellular aggregates and in the four cell layers of the
polyp, using BrdU labeling of nuclei over a 24 h
period. The distribution of BrdU-labeled coral cells
was spatially heterogeneous and their proportion was
very low in tissue balls (0.2 £ 0.1 %), indicating that
suspended multicellular aggregate formation does not
involve significant cell division. In polyps, DNA
synthesis was significantly lower in the calicoderm
(<1 %) compared to both oral and aboral gastroderm
(about 10 %) and to the pseudostratified oral epithe-
lium (15-25 % at tip of tentacle). DNA synthesis in
the endosymbiotic dinoflagellates dropped in the
forming tissue balls (2.7 £ 1.2 %) compared to the
polyp (14 + 3.4 %) where it was not different from
the host gastroderm (10.3 £ 1.2 %). A transient
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(24 h) increase was observed in the cell-specific
density of dinoflagellates in individually dissociated
coral cell cultures. These results suggest disruption of
coral cell proliferation processes upon establishment
in primary culture.

Keywords Primary culture - DNA synthesis - BrdU -
Coral - Scleractinia - Dinoflagellate - Cell proliferation

Introduction

Since the 1960s there have been multiple efforts to
develop cell cultures from the scleractinian coral
organisms, which build the structural framework of
marine reefs. Coral cell cultures are potentially
alternative tools to study the response of corals to
environmental stress and diseases. In vitro experi-
ments may complement and extend in vivo experi-
ments in the aquarium or the natural reef environment.
However, to date no coral cell lines have been
established and isolated scleractinian coral cells can
only be maintained in primary cultures on timescales
from a few days to a few weeks, without continuous
propagation.

Development of the methodology for coral cell
cultures has been sporadic. Difficulties stem from a
limited knowledge about cell nutritional requirements
and physiology in vitro that lead to short-term
functional viability (Domart-Coulon et al. 2004a).
Limited tools for characterization of cell types,
frequent overgrowth of contaminants (especially chy-
trid protists) (Rinkevich 1999, 2005), and a lack of
characterization of the proliferating stem cell niches
(Rinkevich 2011) add more complexities. Moreover,
most  unsuccessful strategies have remained
unpublished.

To isolate cells, methods include mechanical
detachment of soft tissue from the skeleton, either by
pinching off tissue fragments with tweezers (Kramar-
sky-Winter and Loya 1996; Vizel et al. 2011) or by
blasting the tissue with a jet of pressurized seawater
(Nesa and Hidaka 2009). Alternately, coral soft tissue
is chemically induced to detach, in response to
removal of divalent cations (Gates and Muscatine
1992; Frank et al. 1994; Kopecky and Ostrander 1999;
Domart-Coulon et al. 2001, 2004a; Mass et al. 2012)
or exposure to a reducing agent, such as N-acetylcys-
teine (Peng et al. 2008). Enzymatic digestion has also
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been widely used to dissociate the tissue into single
cells (Gates and Muscatine 1992; Frank et al. 1994,
Helman et al. 2008; Downs et al. 2010). Types and
brand of enzymes used in dissociation studies vary
between laboratories, and are often not detailed by
authors, making it difficult to standardize protocols for
coral cell isolation. Spontaneous dissociation has also
been reported after freeze—thaw cycles (Frank et al.
1994) or after exposure of larvae to antibiotics (Reyes-
Bermudez et al. 2009).

These methods yield either tissue (explant) cul-
tures, or mixed cell type single dissociated cultures,
which may be further enriched in specific cell types
and for example applied to ecotoxicology testing
(Downs et al. 2010). Suspended multicellular isolates
(explants) are formed in cell culture medium within
3 days of culture initiation after divalent cation
removal (Kopecky and Ostrander 1999; Domart-
Coulon et al. 2001, 2004a). Similar structures (called
tissue balls) are also formed in seawater via individual
cell aggregation after mechanical dissociation (Nesa
and Hidaka 2009) or rounding up and closure of soft
tissue spheroids microdissected from the skeleton
(Kramarsky-Winter and Loya 1996; Vizel et al. 2011).

Suspension cultures of multicellular aggregates
have been applied to the study of symbiosis, the
response to thermal stress, and interactions between
coral and fungi (Kopecky and Ostrander 1999; Nesa
and Hidaka 2009; Domart-Coulon et al. 2004b).
Adherent cultures of multicellular aggregates have
been used to develop models of in vitro biomineral-
ization (Domart-Coulon et al. 2001; Helman et al.
2008; Mass et al. 2012). Decreasing in vitro viability
usually limits the timescale of experiments using such
primary cultures from a few days to a few weeks,
enabling only short-term study of physiological
mechanisms.

A major problem is the current lack of character-
ization of in vitro proliferation. Once the tissue is
dissociated from the initial fragment, the biomass of
primary cultures does not increase over time (in terms
of cell number or protein content), so it is assumed that
coral cells do not divide significantly. Clusters of cells
have been reported to form in suspension in several
models, including embryonic cells (Reyes-Bermudez
et al. 2009) as well as adult cells (Kopecky and
Ostrander 1999; Nesa and Hidaka 2009) or in adherent
cultures on Primaria substrate (Domart-Coulon et al.
2001; Helman et al. 2008; Mass et al. 2012). In the soft
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coral Sinularia flexibilis, these aggregates were inter-
preted as a sign of cell proliferation (Khalesi et al.
2008). Recent encouraging results have reported
regeneration of polyps from suspended spheroid tissue
cultured in seawater (Vizel et al. 2011). However cell
division activity has not been investigated within these
coral primary cultures and especially during formation
of the multicellular aggregates.

Incorporation of BrdU (5-Bromo-2'-deoxy-uridine
analogue of deoxythymidine) in the DNA of cell
nuclei is an indicator of DNA synthesis and is widely
used to estimate rates of cell division (Dolbeare and
Selden 1994), although its interpretation requires
caution as it may also detect DNA repair events not
linked to S-phase of the cell cycle (Taupin 2007).
Within the phylum Cnidaria, this method is commonly
used in hydrozoans, for example in the marine species
Hydractinia echinata and Clytia hemisphaerica, in
short-term pulse (5 mM BrdU for 30 min to a few
hours)—chase assays to detect mitotic activity and
cellular self-renewal (Miiller et al. 2004; Denker et al.
2008). In adult colonies of scleractinian corals the
BrdU labeling method has recently been used, at much
lower concentrations and longer exposure periods, to
investigate cell proliferation activity in aquarium-
based studies. DNA synthesis was detected in 2—4 %
of the Symbiodinium dinoflagellate endosymbionts of
Montipora capitata, via BrdU (50 uM) labeling
during 48 h (Santos et al. 2009). In another study,
mitotic activity was assessed by expression of the
conserved Proliferating Cell Nuclear Antigen (PCNA)
protein in the species Montipora foliosa and Acropora
pulchra, following creation of a lesion (D’Angelo
et al. 2012). But in both cases, the spatial distribution
of the proliferation activity was determined only at the
level of the colony, comparing top versus underside
and margin versus inner area of plate-forming Mon-
tipora corals, and comparing apex versus branch of
branching Acropora corals. A very recent study
reported differential cellular kinetics in the oral and
aboral tissue layers of healthy and diseased corals
(Porites australiensis and Montipora informis)
exposed to BrdU (100 uM) for 3 days, showing an
increase in cell division and a decrease in apoptosis in
growth anomaly lesions versus control tissue (Yasuda
and Hidaka 2012).

In this study, we have evaluated the efficiency of
different brands and types of collagenase to obtain cells
and tissue balls (TBs) from adult colonies of the Indo-

Pacific scleractinian coral Pocillopora damicornis. The
structure and cell type distribution of TBs were
characterized and compared to polyps. The DNA
synthesis activity was investigated via BrdU incorpora-
tion into nuclei over a 24 h period, at the onset of
primary cultures in the forming TBs, and in vivo in the
polyps. BrdU-labeled cells were localized and quanti-
fied in the cortex and the center of TBs, and in the four
tissue-layers characteristic of coral polyps. The cell-
specific density (CSD) of dinoflagellate symbionts was
also monitored in vitro, during the first 2 days after
establishment of single dissociated cell cultures. Impli-
cations for the proliferation activity of coral cells and
their dinoflagellate endosymbionts in the polyp and in
the TBs at the onset of primary cultures are discussed.

Materials and methods
Biological material

Small nubbins (~5 cm height) of the scleractinian
coral P. damicornis (Linnaeus, 1758) were prepared
by fragmentation from one large adult colony grown at
the Aquarium Tropical, Palais de la Porte Dorée
(ATPD), Paris, France. They were allowed to recover
more than 3 weeks until completely covered with
tissue, then used for cell isolation and BrdU labeling of
DNA synthesis activity. Colony nubbins were cultured
under a 12/12 h light/dark cycle (5000 Lux, provided
by 6 fluorescent tubes, including 3 white light
10,000 K and 3 blue light 20,000 K) in equilibrated
closed-circuit artificial seawater at 25 °C, salinity
35°/°°, pH 8.1 &£ 0.2 (daily pH fluctuations due to
photosynthesis and respiration activity). During the
24 h BrdU labeling experiment, the light cycle was
conserved, seaweater was renewed every 6 h, and air
was gently bubbled in for gaz equilibration. Temper-
ature and pH were monitored to remain within the
recorded growing range (25-27.5 °C and pH 8.0-8.3).

Coral cell isolation

The apex of branches (~5 mm height) from P.
damicornis nubbins were sampled with scissors at the
Aquarium Tropical, Palais de la Porte Dorée (ATPD,
Paris) and placed for ~2-3 h at room temperature in
0.2 pm filtered sea water (FSW)—sampled from a
1,500 L tank with artificial seawater (closed system)
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equilibrated for a live stony coral exhibit. This
seawater was supplemented with (v:v) 3 % antibiot-
ics-antimycotics 100x solution (AB-AM, Gibco/Life
Technologies, Carlsbad, CA, USA) corresponding to
final concentrations of Amphotericin B <0.3 %, Pen-
icillin 1.5-4.5 %, Streptomycin 1.5-4.5 % .

After three successive rinsing steps to remove
loosely attached surface contaminants, the coral frag-
ments were incubated at 24 °C in 5 mL collagenase
0.05-0.15 % (weight/volume) solution in FSW, stirred
at 75 rpm with a magnetic stir bar, for periods ranging
10-30 min. Different types and commercial brands of
collagenase were tested, with collagenase activity
given either in Collagen Degrading Units (CDU) or in
Wiinsch units/mg of product. For comparison of the
efficiency of collagenase digestion between brands, the
Wiinsch unit was converted in CDU (1 Wiinsch
unit/mg = 1,000 CDU/mg, after Roche manufac-
turer’s manual). The enzyme percent concentration
(weight/volume) traditionally used was standardized a
posteriori per mg of wet tissue digested: this was
calculated from the final weight of enzyme in a defined
volume (5 mL) standardized to 100 mg of wet tissue.
Here, wet tissue is defined by the difference between
wet weight of coral fragments before (t = 0) and after
complete tissue dissociation (t = 3 days), once the
skeleton is bare. The range of activity for each enzyme
was derived from repeated experiments with the same
enzyme, on different batches of coral fragments.

The exact composition of collagenase blends is not
specified by the provider(s). Collagenase type IV
Sigma-Aldrich (C5138) from Clostridium histolyticum
has a collagenase activity of 125 CDU per mg of
product and also contains clostripain, a non-specific
neutral protease and tryptic activities. Collagenase
type IV Gibco (17104-019) from Clostridium histolyt-
icum is prepared with low amount of tryptic activity
and guaranteed to have at least 160 CDU per mg of
product. Collagenase type I Sigma-Aldrich (C0130)
from Clostridium histolyticum has 125 CDU per mg of
product, and contains non-specific protease and clos-
tripain activity. Two Liberase purified enzyme blends
from Roche Diagnostics (Mannheim, Germany) were
also used: Liberase DL (05401160001) and Liberase
TM (05401119001). Both contain the same amount of
collagenase activity (26 Wiinsch units/5 mg of prod-
uct, i.e. 5,200 CDU/mg of product) but differ in the
type of combined neutral protease, its amount and its
aggressiveness. According to the manufacturer,
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Liberase DL contains low amount of dispase with weak
aggressiveness and Liberase TM contains medium
amount of thermolysin with high aggressiveness.

Tissue digestion was stopped by rinsing fragments
15 min with FSW at 75 rpm and 24 °C. Then each
collagenase-treated apex was placed individually into
separate wells of a 6-well plate (Nunclon/Thermo
Fisher, Illkirch, France) in 5 mL of cell culture
medium. These primary explant cultures were incu-
bated at 24 °C under air, with a 10/14 h day/night
light cycle under very low white light, 2—4 photosyn-
thetic photon flux density (PAR) pmol per m> per
second (measured with LI-COR LI-250A light meter
Quantum/Radiometer/Photometer). Tissue dissocia-
tion was monitored using an inverse phase contrast
light microscope Olympus CK40 (Tokyo, Japan) and
micrographs were acquired with Canon camera
(Tokyo, Japan). Cell viability was determined by the
trypan blue exclusion assay and cell counting on a
Malassez hemacytometer.

The cell culture medium was modified from
Domart-Coulon et al. (2001) and Helman et al.
(2008). Its composition was based on filtered seawater
(FSW) supplemented with commercial formula for
vertebrate cell culture, with added salts to adjust
osmolarity, and various amino-acid supplements, as
well as trace amount of fetal calf serum to provide
undetermined growth factors Antibiotics-antimycotics
mix (AB-AM, Gibco) was added to limit overgrowth
of microbial contaminants. Prepared in FSW, this
complex medium contained (v/v) 12.5 % modified
DMEM (Gibco 11880 without phenol red and with
1 g L™ glucose and 100 mg L~" sodium pyruvate, to
which were added NaCl 18.1 g L™, KC10.35 g L™,
CaCl, 1.1 gL™", Nay,SO, 1 gL', MgClL-6H,0
102 gL', aspartic acid 20 mg L™, taurine
52 mg L', SrCl, 26 mg L") buffered with Hepes
5.96 g L™, and pH adjusted to 7.9 and (v/v) 1.25 %
Fetal Calf Serum (Sigma-Aldrich, St. Louis, MO,
USA), (v/v) 1 % AB-AM (Gibco), (v/v) 1 % Gluta-
max (Gibco), and 50 pg/mL ascorbic acid (Sigma-
Aldrich) freshly prepared from frozen 5 mg/mL stock
solution. Unless otherwise specified, all chemicals
were from Sigma-Aldrich. Final concentration of
antibiotics and antimycotics were Penicillin
0.5-1.5 %, Streptomycin 0.5-1.5 %, Amphotericin B
<0.1 %. The culture medium was renewed every
week by 50 %, with weekly addition of 50 pg/mL
ascorbic acid as antioxidant compound.
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Isolated cells or tissue which detached from the
skeleton were transferred into fresh culture medium in
separate wells of a 6 or 24 well microplate (Nunclon),
in order to limit contamination by ciliates, bacteria or
chytrid-like protists associated with the original coral
fragments. Substrate of culture dishes was plastic
(Nunclon) or glass (autoclaved coverslips or Labtek
chambers).

Scanning electron microscopy (SEM)

and transmission electron microscopy (TEM)
of coral polyps and multicellular aggregates
formed in primary cultures

For ultrastructural observations, polyps at the apex of
colony branches and cell aggregates formed in
primary cultures were fixed overnight at 4 °C in
2.5 % glutaraldehyde and 0.2 % saturated picric acid
in 0.1 M Sorensen-phosphate buffer at pH 7.9 (made
with NaH,PO,—2H,0 and Na,HPO,-2H,O) contain-
ing 0.6 M sucrose. The skeleton of fixed colony
fragments was decalcified in EDTA 0.5 M in 0.1 M
Sorensen-phosphate buffer at pH 7.9 for 2 days at
4 °C. Polyps were then microdissected under a
binocular. Fixed samples (polyps or cell aggregates)
were rinsed three times in Sorensen-phosphate-
sucrose buffer, post-fixed in 1 % osmium tetroxide
(OsQy4) in 0.1 M Sorensen-phosphate-0.6 M sucrose
buffer for 1 h at room temperature, and dehydrated in
a graded series of increasing ethanol concentrations.

For scanning electron microscopy (SEM), ethanol
was substituted with liquid CO, and samples were
critical point dried, mounted on SEM stubs, fractured
with a scalpel, and gold-coated. Observations were
performed at 15 kV with a JEOL 840A scanning
electron microscope (Tokyo, Japan) equipped with
SEMAFORE image acquisition software at the elec-
tron microscopy platform (PIME) of the Muséum
National d’Histoire Naturelle.

For transmission electron microscopy (TEM),
dehydrated samples were embedded at 60 °C in Spiirr
resin. Semi-thin sections (0.5-1 pm) were cut with a
35° diamond blade (Diatome) on an ULTRACUT E
Reichert-Jung microtom (Buffalo, NY, USA) and
stained with 1 % toluidine blue containing sodium
tetraborate (EMS, Fort Washington, PA, USA) fol-
lowed by 0.1 % basic fuchsin (EMS). Ultra-thin
sections (50-70 nm) were contrasted with saturated
uranyl acetate 50 % in ethanol at room temperature,

and observed at 75 kV with a Hitachi H-7100
transmission electron microscope (Tokyo, Japan)
equipped with a CCD Hamamatsu camera (Hamama-
tsu Photonics, Hamamatsu, Japan). Photos were taken
with AMTV 542 image acquisition software, at the
electron microscopy platform (PIME) of the Muséum
National d’Histoire Naturelle.

Estimation of DNA synthesis
via immunodetection of BrdU labeled cell nuclei

For primary cultures and coral colonies incubated,
respectively, in cell culture medium and seawater, the
BrdU labeling solution was renewed every 4-6 h, due
to the reported instability of BrdU beyond 6 h after
dilution in seawater (Santos et al. 2009). Reagents
from the commercial 5-Bromo-2'-deoxy-uridine
Labeling and Detection Kit II (Roche) were used,
except that the colorimetric detection system was
replaced by an epifluorescence detection system after
preliminary assays revealed significant endogenous
alkaline phosphatase activity in coral tissue, creating
false positive labeling. Therefore a secondary (goat)
antimouse antibody coupled to Alexa594 fluoro-
chrome (Invitrogen/Life Technologies, Carlsbad,
CA, USA) was used for detection of the primary
antiBrdU mouse antibody (Roche).

In order to evaluate DNA synthesis at the onset of
primary cultures, coral cells were incubated with
50 uM BrdU labeling reagent in cell culture medium
(5 mL), between Day 1 and Day 2 from collagenase
treatment. Labeling was carried out during one diurnal
cycle (24 h), with two successive changes of BrdU
solution, first after 4 h then after 8 h, for an estimated
exposure time of at least 14 h to active BrdU, covering
the last 5 h of the dark photoperiod and 9 h of the light
photoperiod. The experiment was repeated three times
independently.

In order to evaluate DNA synthesis in situ in the
polyps, coral nubbins were incubated with 25 uM
BrdU in seawater (250 mL) during one diurnal cycle
(24 h), with four successive changes of the BrdU-
labeled seawater, i.e. every 6 h starting with the 12 h
light photoperiod and finishing with the 12 h dark
photoperiod.

For immunohistological detection of BrdU incor-
poration, the apex of colony branches (four replicate
nubbins exposed to BrdU and one unexposed control)
and the multicellular aggregates were fixed overnight
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at 4 °C with 0.5 % glutaraldehyde (Sigma-Aldrich),
2 % paraformaldehyde (Fluka/Sigma-Aldrich), and
0.2 % saturated picric acid (Sigma-Aldrich) in 0.1 M
Sorensen-phosphate—0.6 M sucrose buffer at pH 7.9.
Fixed tissue was rinsed in 0.1 M Sorensen-phos-
phate—0.6 M sucrose buffer, and the skeleton of
colony fragments was decalcified in EDTA 0.5 M in
0.1 M Sorensen-phosphate buffer at pH 7.9 for 2 days
at 4 °C, before microdissection of individual polyps
under a binocular.

Samples were dehydrated in graded ethanol series
and embedded at 37 °C under vacuum in LR-White
medium grade resin (Fluka/Sigma-Aldrich). Serial
semi-thin sections (1 um) were cut with a 35°
diamond knife (Diatome) on an ULTRACUT micro-
tome and placed on Superfrost glass slides in five sets
of five serial sections. One set was stained with
toluidine blue—basic fuchsin for orientation in the
tissue (cf. above for detailed stain composition), two
sets were used for immunodetection of BrdU and the
two other sets were used for internal immunolabeling
negative controls, without antibodies (for autofluores-
cence) and without primary antibody. Finally, for each
slide, the total tissue area examined to detect BrdU-
positive nuclei corresponded to a surface of
15 x 10* pm? by 5-10 pm depth, and consecutive
areas were spaced by at least 3040 um. So, within an
individual polyp or TB, each area corresponded in fact
to a specific depth in the polyp or the TB.

Sections were permeabilized with PBS, 10 mM, pH
7.4, containing (v:v) 0.1 % Triton X100 (PBST),
treated 10 min with HC12 M, washed with PBST, pre-
incubated for 30 min in saturation solution (PBST
with (w:v) 1 % BSA and (v:v) 2 % Normal Goat
Serum), then incubated for 3 h at room temperature
with the primary anti-BrdU mouse antibody (Roche
kit no. 11299964001) diluted 1/50 in the saturation
solution. Sections were washed three times in PBST
then incubated 1 h at RT with the secondary goat anti-
mouse antibody labeled with Alexa-594 (Invitrogen)
diluted 1/100 in PBS. Sections were washed three
times in PBS and slides were coverslipped in the
mounting medium Prolong Gold Antifade with DAPI
(Invitrogen).

Labeling was detected at x20 and x40 at the
Centre de Microscopie de fluorescence et d’'IMagerie
numérique (PIME) of the Muséum National d’Histoire
Naturelle with a Nikon Eclipse TE 300 inverse wide-
field fluorescence microscope, equipped with a
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mercury lamp, a z acquisition design, and a CDD
camera. Images and image stacks were acquired using
Metamorph software with MonoD excitation-emis-
sion settings (Aey: 340-380 nm, Ay, 445-465 nm) for
DAPI, with MonoR excitation-emission settings (Aex:
540-565 nm, Aen: 580-620 nm) for dinoflagellates
autofluorescence, and with HQ-APC excitation-emis-
sion settings (Aqx: 563-617 nm Ay, 632-697 nm) for
Alexa-594. Selected optical planes were stacked to
visualize BrdU-labeled structures. Localization of
dinoflagellate cells was confirmed by overlay of
chlorophyll autofluorescence images (MonoR set-
tings) with DAPI images (MonoD settings). Specific-
ity of BrdU signal was checked by colocalization of
Alexa-594 (HQ-APC settings) with DAPI-counter-
stained nuclei (MonoD settings).

Evaluation of the cell specific density
of dinoflagellate endosymbionts

The cell-specific density (CSD) is an estimation of the
number of dinoflagellates contained in one host cell.
CSDs were estimated at the onset of coral primary
cultures in five independent collagenase experiments,
with the method of Muscatine et al. (1998). The
number of dinoflagellates per host cell was counted
with an Olympus CK40 inverse phase contrast micro-
scope (providing enhanced contrast of the host cell
cytoplasmic membrane), in three to five hundred coral
gastrodermal cells per well, in four to five replicate
wells per culture. The cell-specific density data were
expressed in terms of the frequency or percent
distribution of host cells (f;) with a given number of
dinoflagellates per cell (1;).

CSD = > (r+f)/ > fi

Data and statistical analysis

For quantification of the relative abundance of cells
having engaged in DNA synthesis during the 24 h
labeling period, BrdU-positive and DAPI-positive
nuclei were counted using Image] image analysis
software (U.S. National Institutes of Health, Bethesda,
Maryland, USA, http://www.rsb.info.nih.gov/ij/)
using the cell counting tool and checking for colo-
calization of Alexa-594 and DAPI signals with the
colocalization plugin. Each slide was considered to
represent one area in the depth of the polyp or the TB,
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as it corresponded to 5-10 serial semi-thin (1 pm)
sections, for which the total numbers of counted nuclei
were pooled. Percentages of BrdU-labeled nuclei were
compared after arcsine transformation and the data
distribution was tested. Non-parametric statistical
analyses of the data were performed with either
Kruskal-Wallis test for comparison between more
than two groups, or Mann—Whitney test for compari-
son between two non-paired groups, or signed Wil-
coxon test between two paired groups (e.g. DNA
synthesis data between tissue types from the same
series of serial sections—same slide).

For CSDs of dinoflagellates measured over time in
primary culture, data were transformed using arcsine.
Data coherence between the five independent collage-
nase experiments was checked with a non-parametric
Kruskal-Wallis test. When no significant differences
were found, data were pooled. Differences between
CSD at each time point were evaluated with non-
parametric Mann—Whitney test, after at least one
difference was found between timepoints with a
Kruskal-Wallis test. In all statistical analyses, signif-
icance was associated with p values <0.05.

Results

Effect of collagenase type and commercial brand
on tissue dissociation efficiency

Within 3 days from collagenase treatment, cells
continued to detach from the polyp tissue, coming
off the skeleton of the colony (Fig. 1a) as single
dissociated individual cells and as tissue fragments.
Derived primary cultures displayed a mixed cell type
composition (Fig. 1b), including cnidocytes, brown-
pigmented dinoflagellate endosymbionts of coral cells
(about 8 pm in diameter), and undetermined rounded
clear or granulous coral cells (4-10 pm in diameter).

Spontaneous aggregation of individual cells was
observed in vitro, forming irregular cell clusters about
100 pm in diameter (Fig. Ic) which fused on the
second day (Fig. 1d) and developed a smooth surface
on the third day of culture (Fig. le). Both these
multicellular aggregates and the detached tissue
fragments rounded up and closed into spherical or
ellipsoidal tissue balls (TBs) delimited by a smooth
surface and rotating in suspension. Fusion of TBs over
the first 5 days of the primary cultures (Fig. 1f) led to

increase in TB size, reaching final diameters in the
range of 250-900 um, and averaging 520 £ 230 um
(n = 133, pooled from all experiments), generally
below the average diameter of apical polyps
(620 + 70 pm, n = 18) and of branch lateral polyps
(900 £ 130 pum, n = 27). Dissociation of the initial
colony fragment tissue was usually complete within
3-5 days, leaving the skeleton bare.

Results presented in Table 1 indicate that the
dissociation efficiency varied depending on the type
and brand of commercial collagenase enzyme used.
Each collagenase type targets a specific type of
collagen molecule, and commercial brands include
varying amounts of other proteases (detailed in
“Material and methods™). Standardized to collagenase
digestive units (CDU) per mg wet coral tissue, the
tissue dissociation yield varied depending on treat-
ment, in terms of number of individual cells, and
number and size of tissue balls. The viability of
dissociated cells measured by the trypan blue exclu-
sion assay was, however, similar between all treat-
ments, in the range of 70-80 %. (The trypan blue
assay has low precision, due to the differential staining
reaction for different coral cell types and dinoflagel-
lates.) The quantity of single dissociated cells obtained
right after the incubation was low with collagenase
Sigma type I and collagenase Gibco type IV and
higher with collagenase Sigma type IV (for similar
activity range), and was also high with Liberase TM
and Liberase DL. Nevertheless, the three latter
enzymes had distinct effects on the capacity of
individual cells to reaggregate over time in primary
culture. Aggregation of single dissociated cells into
TBs was not observed for Liberase Roche TM, which
contains high concentrations of additional proteases.
Collagenase Sigma type IV and Liberase DL demon-
strated the highest efficiency in terms of single cell
numbers right after incubation (at t = 0) but repro-
ducibility in obtaining TBs in primary culture (at
t = 2 days) was better with collagenase Sigma type
IV compared to Liberase DL. The average size of
tissue balls did not vary with enzyme treatment, but
their number was reproducibly highest after treatment
with 0.15 % collagenase type IV from Sigma. As a
conclusion, the treatment with (weight/vol) 0.15 %
collagenase Sigma type IV had a good yield of single
cell isolation at culture initiation and was the most
efficient to obtain the formation of tissue balls in
primary culture.
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Fig. 1 Invitro cell aggregation and the formation of tissue balls
in primary cultures from P. damicornis scleractinian coral.
a Polyps at the apex of a colony branch (scale bar 500 pum).
b Mixed morphological cell types in 1 day cell culture from
collagenase type IV (Sigma) dissociated tissue (scale bar
15 pum); brown spherical dinoflagellates (dino); spindle cells
corresponding to various subtypes of cnidocytes (cni); clear
rounded unidentified coral cells. ¢ Irregular cluster formed by

Morphology and structure of the tissue balls
formed in vitro

The structure of tissue balls formed in vitro was
compared to the structure of the polyps, visualized in
scanning electron microscopy (SEM) after decalcifi-
cation of the skeleton (Fig. 2). Typical of scleractin-
ians, the polyp (Fig. 2a) is characterized by four cell
layers organized in two tissues: the oral tissue facing
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aggregation of mixed cell types in 1 day cell culture (scale bar
100 pm). d Cell aggregate formed by fusion of irregular cell
clusters between first and second day of primary culture (scale
bar 500 pm). e Tissue balls are spheroid cell aggregates with a
smooth surface, rotating in suspension in a 2 day primary
culture (scale bar 500 um). f Fusion of suspended tissue balls in
a 2 day primary culture (scale bar 500 pm)

seawater, composed of the pseudostratified epithelium
and the oral gastroderm containing dinoflagellate
endosymbionts; the aboral tissue facing the skeleton,
composed of the aboral gastroderm and the calico-
derm. The gastroderm lines the internal gastric cavity
(Fig. 2c). Comparatively, the organization of tissue
balls formed in primary culture (Fig. 2b) was simpler,
with only two distinct zones, described as a cortex and
a central mass of cells. A small internal cavity was
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Fig. 2 Structure of tissue ball (TB) compared to polyp.
Scanning electron micrographs of a Fractured polyp of P.
damicornis and b Fractured set of 2 fused tissue balls. Insets are
higher magnifications showing (c) the polyp’s four cell layers,
including pse.: pseudo-stratified epithelium, o.g.: oral gastro-
derm, ab.g.: aboral gastroderm, cal.: calicoderm, and (d) the

Autofluorescence observations in epifluorescence
microscopy of live material (Fig. 5) revealed differ-
ences between tissue balls and polyps in the spatial
distribution of chlorophyll-containing dinoflagellates
(in red) and of the coral cells containing Green
Fluorescent Protein (GFP)-like molecules (in green).
In the polyp, dinoflagellate density was highest in the
oral tissue and tentacles (Fig. 5a), and GFP-like
molecules were most concentrated at the apex of
tentacles and at the periphery of the oral disk (Fig. 5¢
and overlay Fig. 5e). In the tissue balls, the distribu-
tion of dinoflagellates (Fig. 5b) and of GFP-like
molecules (Fig. 5d and overlay Fig. 5f) was spatially
highly heterogeneous, corresponding to individual
cells dispersed throughout the tissue.

@ Springer

TB’s two zones, including co.: cortex, and c.m.: central mass,
with a small internal cavity (white dots). Close-up on the ciliated
external surface of respectively the polyp e and the TB f, facing
respectively sea water or cell culture medium. Scale bars: a,
b 100 pm, ¢, d 10 pm, and e, f 1 pum

DNA synthesis in vitro in the tissue balls compared
to in situ in the polyps

Detection of BrdU incorporation into cell nuclei in
semi-thin sections of the polyps and of the tissue balls
(Fig. 6) allowed localization of DNA synthesis both
in situ in the polyp and in vitro, during formation of the
tissue balls. Specific labeling of DAPI stained nuclei
(Fig. 6a, b) with Alexa-594-conjugated anti-BrdU
secondary antibody (Fig. 6¢c, d) was confirmed by
co-localization of BrdU with DAPI (Fig. 6e, f) and
absence of labeling in internal negative controls, and
in tissue unexposed to BrdU (data not shown).

The percentage of cells having incorporated BrdU
during 24 h was quantified in apical polyps from four
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Fig. 3 Histological organization of coral tissue balls compared
to polyp. Optical micrographs of semi-thin sections (0.5-1 pm)
stained with toluidine blue borax then basic fuchsin. Tangential
section through (a) a polyp of P. damicornis and (b—f) a TB
formed in vitro, either (b, ¢, d) via fusion and reorganization of
detached tissue fragments or (e, f) via aggregation of single
dissociated cells; g, h Single dissociated coral cell types

replicate colonies, and in three replicate TBs. Several
areas corresponding each to data pooled from 5 to 10
serial sections were analyzed, corresponding each to a
specific depth in the polyp or TB (see “Materials and
methods”). Average relative abundance of BrdU-
positive nuclei are reported in Table 2 for each cell
layer and each zones of the polyp and the TB.
Differences in average BrdU-labeling index between
polyp cell layers or zones in the TBs, and between
coral cells (oral gastroderm) and dinoflagellates are
illustrated in Fig. 7. The percentage of BrdU-positive
coral cell nuclei was counted separately for each cell
layer of the polyp and each zone (cortex or central
mass) of the TB (Fig. 7a). The BrdU-labeling index of
dinoflagellate endosymbionts was also evaluated, to
compare DNA synthesis rate of symbionts and host
cells, in the polyp and in the TBs (Fig. 7b).

For TBs, no statistical differences in BrdU incor-
poration rates were found within similar zones (cortex
or central mass) between the replicate TBs, so data
were pooled. For comparison between zones, a similar
very low rate of BrdU incorporation (0.2 & 0.1 %,
mean =+ standard error) was detected in nuclei of the

featuring a cnidocyte g and a gastrodermal host cell containing
a doublet of symbiotic dinoflagellate (h) SW sea water, sk.
decalcified skeleton, pse. pseudo-stratified epithelium, 7. tenta-
cle, o.g. oral gastroderm, ab.g. aboral gastroderm, g.c. gastric
cavity, cal. calicoderm, co. cortex, c.m. central mass. Scale bars:
a,b,e 100 pmand ¢, d, f, g, h 10 pm

coral cells in the cortex and the central mass (Signed
Wilcoxon, p value = 0.205, n = 40 total sections). In
the central mass, BrdU labeling index of dinoflagellate
symbionts was significantly higher than BrdU labeling
index of coral cells (Signed Wilcoxon, paired data,
p value = 0.000, n = 38 total sections), indicating
that inside the tissue balls DNA synthesis activity was
higher in dinoflagellates compared to coral cells.

For polyps, the average percentage of BrdU-
positive nuclei was evaluated per area in the tissue
depth and, within each area, the BrdU incorporation
rates were collected separately for each cell layer. The
BrdU labeling index of each cell layer varied between
areas. All results are summarized in Table 2. For the
pseudo-stratified oral epithelium (pse), BrdU incor-
poration rates ranged from 6.1 to 31.5 %, reaching 5.3
to 40.7 % at the tip of tentacles. In the oral gastroderm
(0.g.), BrdU incorporation rates were similar in coral
cells (from 5.1 to 159 %) and in dinoflagellate
symbionts (from 5 to 21 %). In the aboral gastroderm
(ab.g.), BrdU incorporation rates in coral cells ranged
from 4 to 23.7 %. The calicoderm was the only cell
layer with low variations in BrdU incorporation rates
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Fig. 4 Ultrastructure of tissue balls. Transmission electron
micrographs of TBs formed in vitro by a Aggregation of tissue
fragments or b Aggregation of single dissociated cells; ¢,
d Higher magnification of the cortex epithelium, composed of
interdigitated ciliated cells joined by apical septate junctions
(black arrows), and containing abundant mitochondria (m) and
electron-dense fibrillar material (white arrows) in proximity to

between areas (from O to 1.5 %). In order to evaluate
differences in DNA synthesis activity between the four
cell layers, arcsine transformed data averaged from all
areas in the polyp replicates were compared with non-
parametric tests. For coral cells, the calicoderm was
the only cell layer statistically different from all
others, with lowest BrdU Ilabeling (0.8 £ 0.4 %
mean =+ standard error, n = 6 areas). In the pseud-
ostratified epithelium, BrdU labeling was 15.9 &
4.2 % (n = 6), reaching 21.4 + 3.4 % (n = 6) at tip
of tentacle. BrdU labeling index of coral cells was
similar in the oral gastroderm (10.3 £ 2.2 % n = 5),
and the aboral gastroderm (10.3 £3.3 % n = 6)
(Mann—Whitney tests, p value <0.0001). The dinofla-
gellate symbionts displayed no statistically significant
differences in BrdU incorporation rates compared to
their host coral cells (oral gastroderm) (Signed Wilco-
xon, p value = 0.584 n = 4).

Compared to polyp coral cells, the DNA synthesis
activity of coral cells in TBs was significantly reduced
(Fig. 7a). The DNA synthesis activity of dinoflagellate

@ Springer

Golgi structures (G.) Higher magnification of the central mass,
with e Cnidocytes (cni) grouped in clusters, f a doublet of
dinoflagellates (dino) in their coral host cell, g cnidocytes,
dinoflagellate and intercellular spaces. h Autophagosome fig-
ures (black stars) are abundant inside cells of the central mass,
and a few pigmented cells (pi) are observed. Scale bars a, e, f,
g2 umandb, ¢, d, h 500 nm

endosymbionts was also reduced in TBs compared to
polyps, with rates of BrdU incorporation rates esti-
mated at 2.7 & 1.2 % in vitro inside the central mass
of TBs compared with 14.0 £ 3.4 % in situ in the oral
gastroderm of polyps (Fig. 7b). (The lower number of
counted nuclei from dinoflagellates compared to coral
cells was due to their lower relative abundance inside
the TB central mass or the polyp, and to the lower
number of semi-thin sections (1 pm) passing through
their nucleus.)

For polyps as well as for tissue balls, the important
standard deviations noted for measured BrdU-labeling
indexes were caused by the wide range of data
distribution, due to high labeling variability between
areas in the tissue depth. This large spatial variability
indicates that the distribution of cells engaged in DNA
synthesis is spatially highly heterogeneous, depending
on their location in the polyp or the TB: within the
same cell layer, cell proliferation rates vary locally.

In single dissociated cells, exposed to BrdU in
parallel to tissue ball formation at the onset of primary
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Fig. 5 Compared auto-
fluorescence of a live polyp
and a tissue ball.
Epifluorescence images of
chlorophyll (in red), GFP-
like molecules (in green)
and their image overlay in a
polyp of P. damicornis (a, c,
e), and a tissue ball formed
in primary cell culture (b, d,
f), showing differences in
the distribution of
chlorophyll and GFP
between the polyp and the
TB. Scale bars 500 pm

cultures, preliminary assessment of BrdU labeling of
nuclei suggests that up to 20 % of the dinoflagellates
had incorporated BrdU (14/70 total counted nuclei),
but not the coral cells. The low number of counted
nuclei (due to low cell yield of immunocytochemistry
on suspended cells) will however require future
confirmation of this preliminary observation.

Evolution of the cell specific density
of dinoflagellate symbionts in primary cultures

The cell-specific density (CSD) of dinoflagellate
endosymbionts was quantified in single dissociated
gastrodermal cells (after the method of Muscatine
et al. 1998) at the onset of primary cultures, over the
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Fig. 6 BrdU-labeled nuclei
in polyp and in tissue ball
formed in 2 days primary
cell culture. Semi-thin

(1 um) sections stained with
toluidine blue and basic
fuchsin of a polyp and b TB.
Insets are light micrographs
indicating the orientation of
the sections in respectively
the P. damicornis polyp or
the TB. Fluorescence of
nuclei stained with DAPI (in
blue) (¢, d), immunolabeled
with Alexa-594 (in red) (e,
f) and their image overlay
(g, h) in semi-thin sections
of a polyp (a, ¢, e, g) and a
tissue ball (b, d, £, h). sk.
skeleton, pse. pseudo-
stratified epithelium, o.g.
oral gastroderm, ab.g. aboral
gastroderm, cal. calicoderm,
g.c. gastric cavity. Scale
bars: 100 pm
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Table 2 BrdU labeling index of nuclei of coral cells and dinoflagellate symbionts in the different tissue layers of the polyp and in vitro, during (2d) formation of the tissue balls

Tissue ball

Polyp

% BrdU-positive nuclei

Central mass

Cortex

Calicoderm

Aboral

Oral gastroderm

Pseudo-stratified epithelium

Dinoflagellate

Coral
cells

gastroderm
Coral cells

Dinoflagellate

Tip of

Oral disk,

endosymbionts

tentacle endosymbionts

coenosarc, tentacle

10.3 % 0.8 % 0.2 % 0.2 % 2.7 %

33 %

10.3 %
22 %

14.0 %
34 %

214 %
5.6 %

159 %
4.2 %

Average

1.2 %
0-10 %

0.1 %
0-1.2 %

0.4 %

0.1 %

0.4 %

Standard error

0-0.7 %
0.3 %

0-1.5 %
0.9 %

4.0-23.7 %

82 %

5.1-159 %

4.9 %

521 %
6.8 %

5.3-40.7 %
13.6 %

6.1-31.5 %
10.3 %
6

Min-max

34 %

Standard deviation

Number of replicate tissue areas

37,567 2,910

1,418 866 11,054

1,919

317

4,760

10,207

Total counted nuclei

first 2 days from collagenase treatment. Data were
averaged for three to five hundred gastrodermal
(holobiont) cells counted per replicate well of a
primary culture. No statistical difference was detected
between the five independent collagenase experiments
for each time point (Kruskal-Wallis test, p value
>0.05 at t = 16, 20, 24 h; 40 and 45 h, n = 4-6), so
data were pooled. Between time points there were
statistically significant differences (Kruskal-Wallis
test, p value <0.0001). The CSD at t = 0 h differed
from the CSD at t = 16/20/24 h (Mann—Whitney test,
p value = 0.001/0.010/0.043). Figure 8 illustrates the
increase in average CSD during the first 20 h of
primary culture, starting from 1.29 dinoflagellates per
host cell at culture initiation and reaching 1.46
dinoflagellates per host cell at t = 16 h. After 40 h,
the CSD returned to control level at beginning of
culture.

Discussion

Cell dissociation methods are critical to the isolation
of scleractinian coral cells and affect their in vitro
survival and functionality. Enzyme digestion induces
dissociation of individual cells and small cell clusters,
which remain suspended or adhere to the culture
substrate and may aggregate over time (Gates and
Muscatine 1992; Frank et al. 1994; Helman et al. 2008;
Downs et al. 2010). The mesoglea gel separating the
two epithelial layers (epiderm and gastroderm) of
cnidaria is an extracellular matrix (ECM) which, in
Hydra, has been reported to contain collagen type IV
(Fowler et al. 2000) associated to laminin in the
subepithelial basal lamina and to fibrillar collagen type
I (Shimizu et al. 2008; Sarras 2012). Collagenase is the
most widely used enzyme for cnidarian tissue disso-
ciation, with protocols first developed for hydrozoans,
jellyfish and sea anemones, then adapted to the
octocorals and stony corals (Gates and Muscatine
1992; Frank et al. 1994; Helman et al. 2008). Optimal
reported concentrations of collagenase range from
0.05 to 0.15 % (dry weight/volume) with incubation
times of 30 min to 4 h. However information on
collagenase type and commercial brand is frequently
missing from the literature. In this study, various
collagenase-based cell dissociation methods were
compared for their effects on cell yield and aggrega-
tion in primary culture. This study highlights
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Fig. 7 Compared BrdU incorporation rates of coral cells and
dinoflagellates in polyps and in tissue balls obtained in 2 days
primary culture. Data indicate mean =+ standard error (SE) for
a coral cells in the different polyp tissue layers and the TB zones,

differences in the nature and yield of tissue versus
single cell cultures obtained, depending on the colla-
genase type and commercial brand used. Aggregation
of individual cells into suspended multicellular aggre-
gates with a smooth surface (tissue balls) was
optimized for P. damicornis after 15 min treatment
with collagenase type IV (Sigma) adjusted to 5-15
collagen-degrading units (CDUs) per mg of wet tissue.
These results confirm previous reports of the forma-
tion of adherent cell aggregates following collagenase
(unspecified type) dissociation of tissue from the coral
Montipora digitata (Helman et al. 2008). Compared to
calcium removal treatment, after which dissociated
cells failed to re-aggregate (Domart-Coulon et al.
2004a), this collagenase treatment preserves the coral
cell adhesion capacities.

The timing of formation of suspended multicellular
aggregates (tissue balls) in scleractinian coral primary
cultures has been described (Kopecky and Ostrander
1999; Domart-Coulon et al. 2004a; Nesa and Hidaka
2009). Nevertheless mechanisms underlying forma-
tion of these structures are poorly understood, includ-
ing potential involvement of in vitro proliferation. In
this study, detailed morphological and ultrastructural
observations of the forming cell aggregates highlight
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and b for dinoflagellates in the polyp oral gastroderm and in the
TB (central mass). pse pseudo-stratified epithelium. Black star
indicates significant difference between calicoderm and other
tissue layers, and between TB and polyps

their tissue-grade structure, with a cortex differenti-
ated from the central mass by its cell type composition.
Morphologically, these structures are similar to
spheroids formed by wound healing of scleractinian
soft tissue fragments manually peeled off the skeleton
(Kramarsky-Winter and Loya 1996; Vizel et al. 2011),
or to bailed out polyps (Sammarco 1982) after a few
days incubation in seawater without attachment (data
not shown).

Visualization of apical septate junctions between
the interdigitated ciliated cells of the cortex indicates
that this cell layer constitutes an epithelium, delimi-
tating the surface of cell aggregates. A morphologi-
cally distinct underlying basal matrix was however not
detected, in contrast to mesoglea observed in spher-
oids formed from Fungia granulosa tissue (Vizel et al.
2011), possibly reflecting species-specific differences
in extra-cellular matrix abundance. Inside the cortex
cells, abundance of mitochondria, electron-dense
fibrillar material and Golgi apparatus are morpholog-
ical indications of intense secretory activity. In a
previous study, it was reported that the cells located at
the surface of multicellular isolates formed from P.
damicornis coral were immunoreactive to an antibody
raised against the soluble organic matrix from the
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Cell Specific Density
of dinoflagellates in host coral cells

=0h t=16h =20h t=24h t=40h =45h
Time in primary culture

Fig. 8 Cell Specific Density of dinoflagellate symbionts at
initiation of coral primary cultures. For each time point, data
were pooled from five independent experiments and are
expressed as mean =+ standard deviation. A dark star indicates
significant difference with control att = 0 h

skeleton of the related Pocilloporid coral Stylophora
pistillata (Domart-Coulon et al. 2004b; Puverel et al.
2005). These cells might thus share features of
calicoblast cell types.

Abundant autophagosomes in the central mass
provide morphological evidence that autophagy
events are involved in the formation of TBs. Com-
bined with the spatially restricted distribution of
cnidocytes and dinoflagellate endosymbionts to the
center of tissue balls, these results suggest that cell
sorting activities may exist, which could play a role
during in vitro aggregation of scleractinian coral cells.
Indeed, in the hydrozoan Hydra sp. homotypic inter-
actions switching to heterotypic interactions have
been reported during aggregation of epithelial cells
(Hobmayer et al. 2001).

It was shown that a critical step for obtaining polyp
regeneration from cultured spheroid explants is the
development of a mouth, which can be induced by
light and temperature cycling in seawater (Vizel et al.
2011). In the polyps of P. damicornis, we have
observed that the oral disk was delimited by a
concentrated ring of GFP-like molecules. According
to D’Angelo et al. (2012), GFP-like proteins are
concentrated in areas of growth and accelerated cell
proliferation in several coral species (Porites lobata,
Montipora foliosa, Acropora pulchra/polystoma) and
could be used as a biomarker of locally accelerated
growth and tissue regeneration. In the forming tissue
balls of P. damicornis, we did not record any spatially
differentiated pattern of distribution of GFP-like

molecules. Instead, cells containing GFPs were dis-
persed throughout the structure of the tissue balls, with
a highly heterogeneous spatial distribution. These
results indicate disorganization of tissue balls com-
pared to polyps, with lack of an oral disk structure.

It is known that collagenase treatment of the extra-
cellular matrix of cnidarian tissue may stimulate
reprogramming and transdifferentiation of cell types, a
process well described in the jellyfish (Scyphozoa)
Podocoryne carnea (Schmid et al. 1999; Schmid and
Reber-Miiller 1995). In the jellyfish, collagenase
treatment of isolated pieces of the umbrella triggers
de-differentiation of striated muscle cells, followed by
transdifferentiation to smooth muscle cells. In our
case, collagenase may induce scleractinian coral tissue
re-organization processes and the differentiation of
cortex cells. Tissue re-organization may also be a
common mechanism in scleractinian corals, triggered
by several signals, after artificial or spontaneous
detachment from skeleton.

Our results using BrdU labeling of nuclei show a
very low level and high spatial heterogeneity of DNA
synthesis activity inside the forming tissue balls, in our
primary culture conditions. As DNA repair mecha-
nisms in response to stress also involve limited DNA
synthesis events before engagement in cellular apop-
tosis pathways, the BrdU labeling method cannot
unambiguously detect cell proliferation activity in the
coral primary cultures and should be complemented
by other methods targeting proteins regulating pro-
gression through the cell cycle, to label cells engaged
in mitosis. However, the low DNA synthesis rates
measured for coral cells throughout the TB (about
0.2 %) indicate that the formation of these multicel-
lular aggregates does not involve significant prolifer-
ation. Further analyses to investigate more precisely
cell fate in longer-term cultures of tissue balls will be
performed.

In situ labeling with BrdU of the polyps of P.
damicornis, over a 24 h period in aquarium settings,
revealed that DNA synthesis occurred in all four
cellular layers composing the tissue, with a signifi-
cantly lower rate in the calicoderm layer, which is
involved in skeleton formation. No statistical differ-
ences of BrdU incorporation were found between the
three other cell layers. The pseudostratified oral
epithelium was highly labeled with 15.9 + 4.2 %
BrdU-positive cells, reaching 21.4 4+ 5.6 % at tips of
tentacles. Coral cells of the oral and aboral gastroderm
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were characterized by respectively 10.3 & 2.2 % and
10.3 + 3.3 % BrdU incorporation rates. Our results
are in agreement with the values reported for the BrdU
labeling index of the gastroderm in polyps of Monti-
pora informis and Porites australiensis healthy colo-
nies (Yasuda and Hidaka 2012) but we report lower
rates in the calicoderm and higher rates in the
pseudostratified epithelium (oral epidermis). However
this recent study used a longer exposure time to BrdU
(3 days) than our study (24 h) and did not focus on
differences between cell layers within an individual
polyp. With long exposure periods, the distribution of
BrdU positive cells is the result of combined cell
division and migration, the cellular turnover masking
potential differences in cell proliferation between cell
layers (for example accumulation of BrdU positive
cells may occur in regions of low turnover). The high
variations of BrdU labeling index we observed from
one area to the next within the same tissue layer of the
same polyp suggest that there may be some highly
proliferative clusters of cells inside each tissue layer.
Additional experiments must be done to identify
potential niche of stem cells and distinguish migration
from division, with varying BrdU exposure times in
pulse-chase labeling experiments.

Major differences in proliferation activity of the
dinoflagellate endosymbionts were observed between
in vitro and in situ conditions. Cell division of
dinoflagellates was higher when located inside indi-
vidually dissociated gastrodermal cells than when
located inside the intact polyp or inside the tissue
balls: the endosymbiont specific density (CSD) of
gastrodermal cells peaked within the first day of
individual cell culture and the proportion of dinofla-
gellate cells having incorporated BrdU seemed to
increase from 14 % in intact polyp to 20 % in
individually dissociated cells, whereas it dropped to
2.7 % inside the tissue balls. These combined BrdU
labeling and CSD data suggest that tissue dissociation
into individual gastrodermal cells induces an increase
in dinoflagellate proliferation. Tissue dissociation is
likely to disrupt the controls exerted by the coral host
cell on its dinoflagellate symbiont proliferation,
explaining the rapid and transient rise of CSDs.
Restrictions of the intracellular availability of nitrog-
enous nutrients needed to undertake dinoflagellate cell
cytokinesis is one of the processes which maintain
dinoflagellates in a growth-limited state (Wooldridge
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2010). In single dissociated cell cultures, the dissolved
amino-acids contained in the complex cell culture
medium are likely to be rapidly assimilated by the
dinoflagellates (Grover et al. 2008), fueling their cell
growth and division. The expulsion or degradation of
dinoflagellates by the host cell after the peak of CSD
could explain the return to initial CSD. Alternately, the
coral host cell may die after the peak of CSD, releasing
dividing dinoflagellates into the culture medium.

In this study, a nutrient-rich culture medium
(containing (v:v) 12.5 % commercial DMEM) was
used to establish primary coral cell cultures, under
air and 10/14 h light/dark cycle, with very low
white light intensity (2—-4 photosynthetic photon flux
density micromoles m~2s~!). These conditions
differ from the natural conditions for growth of
the polyps and may contribute to limit the in vitro
cellular DNA synthesis rate. Tissue-grade cell
aggregates can also be obtained in seawater (Vizel
et al. 2011; Nesa and Hidaka 2009), and they
survive longest at low light intensity and constant
low temperature as reported for the spheroid tissue
from Fungia granulosa (Vizel et al. 2011). Nutrients
and light intensity can have an impact on the
survivorship of multicellular isolates from some
coral species (e.g. Acropora micropthalma) and not
from others (e.g. P. damicornis) (Kopecky and
Ostrander 1999). These observations confirm that
cell culture conditions have to be adjusted between
species, since optimal light- and temperature-range
differ between scleractinian coral species.

Understanding processes leading to in vitro coral
growth arrest and cellular senescence remains an
exciting challenge (Rinkevich 2011). To date, most
coral primary cultures are established from differen-
tiated tissue from scleractinian adult colonies. In order
to improve in vitro cell proliferation, it would be
useful to differentiate more finely which area in the
adult tissue layer has the highest proliferation
potential, and attempt cultures from selected micro-
dissected tissue fragments. Alternately, cultures could
be established from highly proliferative larval tissue,
as attempted on embryonic cells from Acropora
millepora (Reyes-Bermudez et al. 2009) or hyperpla-
sic tissue from growth anomalies (so-called ‘tumors’)
for example of Porites compressa (Domart-Coulon
et al. 2006), and Porites australiensis or Montipora
informis (Yasuda and Hidaka 2012).
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Conclusion

In this study, spatial differences in DNA synthesis
activity were detected in the different cell layers of
scleractinian coral polyps with the BrdU labeling
method (24 h exposure), with significantly lower
proliferation in the calicoderm at the surface of
skeleton compared to the pseudostratified epithelium
facing seawater and the gastroderm lining the diges-
tive cavity. BrdU incorporation rates evaluated during
the process of formation of suspended multicellular
aggregates in primary cultures initiated with collage-
nase were found to be very low, in both coral and
dinoflagellate cells, indicating that cell aggregation
does not imply simultaneous proliferation. Dissocia-
tion of the tissue into single cells was followed by a
transient rise in the cell specific density of dinoflagel-
late symbionts of isolated gastrodermal cells. These
results suggest that mechanisms controlling prolifer-
ation of coral cells and their dinoflagellate endos-
ymbionts are disrupted by current in vitro primary
culture conditions.
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Chapter 1: Explant formation in primary coral cell culture

II1. Conclusion

Tissue explants obtained from P. damicornis branch apexes require 3 days after cell dissociation to
re-aggregate and/or round up. They are able to fuse together forming a round rotating tissue explant cov-
ered by a smooth ciliated surface, called tissue ball (TB). Cell proliferation was assessed during the first 24 h
of TB formation using 5’-bromo-2’deoxyuridine (BrdU) incorporation and data were compared between
forming explants and the adult polyp. Main result is that TB formation does not require significant cell divi-
sion. This lack of proliferation while the soft tissue detaches from the skeleton and rounds up into a sphere is
similar to what was observed in Hydra head regeneration in which cell proliferation decrease during the first
24 h, also regeneration can occurs without cell proliferation (Cummings and Bode, 1984; Holstein et al.,
1991). Investigation of cell proliferation in TB older than 24 h would provide information about cell division

dynamics over longer periods of time in vitro.
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Chapter 2: Cell proliferation hot spots and cell
migration during primary polyp morphogenesis

I. Context

Metamorphosis is a critical step of coral life cycle during which the calicodermis cell layer, involved
in skeleton formation, is established. Cellular mechanisms that support this step are not known. In the previ-
ous chapter heterogeneity of cell division pattern in the adult polyp of P. damicornis was revealed in close
circuit aquarium conditions. Here we assessed cell division pattern of S. pistillata during metamorphosis us-
ing the same BrdU method in reef condition. Furthermore a chase experiment of BrdU signal was done at

primary polyp stage to study cell migration.

PhD student’s contribution: The PhD student designed the experiment with I. Domart-Coulon and A. Mei-
bom, carried out the experiments and statistically analyzed the data with A. Paris. All authors contributed to

drafting and editing the manuscript.

II. Publication
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In scleractinian reef-building corals, patterns of cell self-renewal, migration
and death remain virtually unknown, limiting our understanding of cellular
mechanisms underlying initiation of calcification, and ontogenesis of the
endosymbiotic dinoflagellate relationship. In this study, we pulse-labelled
the coral Stylophora pistillata for 24 h with BrdU at four life stages (planula,
early metamorphosis, primary polyp and adult colony) to investigate coral
and endosymbiont cell proliferation during development, while simul-
taneously recording TUNEL-positive (i.e. apoptotic) nuclei. In the primary
polyp, the fate of BrdU-labelled cells was tracked during a 3-day chase.
The pharynx and gastrodermis were identified as the most proliferative
tissues in the developing polyp, and BrdU-labelled cells accumulated in
the surface pseudostratified epithelium and the skeletogenic calicodermis
during the chase, revealing cell migration to these epithelia. Surprisingly,
the lowest cell turnover was recorded in the calicodermis at all stages,
despite active, ongoing skeletal deposition. In dinoflagellate symbionts,
DNA synthesis was systematically higher than coral host gastrodermis,
especially in planula and early metamorphosis. The symbiont to host cell
ratio remained constant, however, indicating successive post-mitotic control
mechanisms by the host of its dinoflagellate density in early life stages,
increasingly shifting to apoptosis in the growing primary polyp.

1. Introduction

Scleractinian corals are evolutionary ancient marine animals that build large reef
structures in (sub-)tropical coastal waters, providing habitats for extremely
diverse marine ecosystems [1]. The reefs are constructed through accumulation
of aragonitic exoskeleton produced by the polyps, which are the fundamental
physiological unit of scleractinian corals. The polyps host endosymbiotic photo-
synthetic dinoflagellates that strongly boost skeletal production [2]. However, the
cellular processes initiating and driving skeletogenesis and controlling the den-
sity of Symbiodinium sp. endosymbionts remain obscure in both adult colonies
and early life stages, which are critical to coral recruitment and reef survival.
Studies on tissue homeostasis in scleractinians have mostly focused on the vul-
nerability of adults and their dinoflagellates to environmental stress, which can
lead to symbiont loss and tissue bleaching (reviewed in [2] and [3]). Processes
of cellular turnover, which include cell proliferation, migration and death, have
hardly been investigated, and sparse existing work has focused on adult corals.
Indeed, it was shown that colonies undergo apoptotic death in response to
increased temperature and reduced pH [4,5], or changes in proliferation during
disease and lesion repair [6,7]. Baseline levels of coral and dinoflagellate cell pro-
liferation were recently experimentally determined at tissue scale in polyps from
adult Pocillopora damicornis coral colonies, pulse-labelled for 24 h with BrdU [8].

© 2016 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Tissue organization during Stylophora pistillata metamorphosis. (a) Coral cycle of development. The planula probes the substrate with its oral pole and,
upon reception of suitable cues, flips over and flattens into a disc with its aboral pole pressed against the substrate, characteristic of the ‘early metamorphosis’ stage.
Complete metamorphosis leads to the primary polyp stage, with tentacles budding around the mouth aperture, lateral spreading of the tissue and vertical extension
of the body column. (b) Tissue structures in the primary polyp. Oral tissue, facing the seawater, is composed of a relatively thick bilayer of pseudostratified epi-
thelium (pse, also called epidermis), with oral gastrodermis lining the gastric cavity. The mouth in the centre of the oral disc is connected to a ring of upward
growing tentacles, while the pharynx grows inward and connects with radial mesenteries. Aboral tissue, facing the skeleton, is composed of a thin bilayer
of calicodermis (skeletogenic tissue) and aboral gastrodermis. Dinoflagellate symbionts are hosted in the gastrodermal cells. Epithelial bilayers are separated by

mesogleal gel.

However, early life stages offer the unique opportunity to
investigate the ontogeny of morphogenetic processes in each
specialized coral tissue, particularly with respect to the skel-
eton-forming calicodermis, and the host regulation of its
Symbiodinium endosymbiont density.

The life cycle of a colonial reef-building scleractinian coral is
illustrated in figure 1a, for species with internal fertilization,
such as Stylophora pistillata (Esper, 1797), which releases swim-
ming planktonic planula larvae from the brooding colony [9].
Metamorphosis-induced morphogenetic  tissue changes
enable the coral to rapidly initiate skeletal deposition [10,11].
Within 2-4 days, the primary polyp is fully functional and con-
tinues to grow vertically and horizontally (illustrated in
figure 1b). Within 6-12 days, secondary polyps start to bud at
the periphery of the primary polyp, forming a juvenile colony.

In this study, we evaluated cell turnover, by which we
mean proliferation, migration and death (by apoptosis), in
each forming epithelium during planula larval metamorpho-
sis into primary polyp, permitting us to (i) identify reservoirs
of high proliferation activity, (ii) infer cell migration patterns
and (iii) quantitatively investigate the ontogeny of coral host
control over its dinoflagellate symbiont density.

2. Material and methods
(a) Biological material

Planula larvae of S. pistillata were collected at approximately 5 m
depth in May 2013 from 7 to 11 parent colonies (greater than
30 cm width), on the reef of the Inter-University Institute for
Marine Sciences, 5 km south the Coral Nature Reserve of Filat,
Israel, under permit number 2011/38182. Shallow-water (2—6 m)
S. pistillata from the Gulf of Eilat contain clade A Symbiodinium
sp., both at planula and adult colony stages [12]. Actively swim-
ming planulae were distributed in batches of 10 larvae in 10 ml

seawater in plastic dishes (lumox Sarstedt, or classic Petri
dishes, 5 cm diameter), fitted with underwater paper that had
been exposed for 5 days to natural seawater to initiate biofilm
formation. Dishes were incubated in shaded outdoor running
seawater tables, at 23-25°C, with seawater renewal every 6 h.
Inorganic nutrient concentrations at the seawater surface and
20 m depth, obtained for the week of the experiments from
the Israel National Monitoring Program at the Gulf of Eilat
(http://www.iui-eilat.ac.il/Research/ NMPmeteodata.aspx), were
0.014-0.018 M NHy, 0.007-0.011 pM NO,, 0.04-0.36 pM NO3
and 0.023 uM POy, corresponding to an oligotrophic environment.
Salinity was 40.7 %0, pH 8.17 and oxygen 218.5-219.9 pM. Ambi-
ent daylight intensity of approximately 500 p.Einstein m *s™"
was measured at the water surface at midday with a LI-CORE
1000 Data Logger radiometer, corresponding to attenuation of
direct sunlight by a factor three. Asynchronous larval metamor-
phosis and polyp development were monitored under the
binocular microscope (5x) during 6 days. Replicates of each of
three different early life stages, identified by their morphogenetic
features, were collected: planula, early metamorphosis and pri-
mary polyp (figure 1a). Small colonies (less than 1 cm width
and 0.5 cm tall), spontaneously settled in the outdoor seawater
tables about two months earlier from another batch of S. pistillata
planulae, were used as control adult life stage.

(b) BrdU pulse-chase labelling to detect DNA synthesis
and cell turnover

Cell proliferation during larval metamorphosis and primary
polyp development was assessed using the BrdU (5-bromo-2'-
deoxyuridine) labelling method, slightly modified from [8,13].
Larvae or recruits were incubated for 24 h at selected develop-
mental stages in seawater containing 50 uM BrdU (Roche),
renewed every 6 h. Corresponding unlabelled controls were incu-
bated in normal seawater without BrdU. At the end of the 24 h
pulse, three to five individual replicates and their corresponding
controls were sampled for each life stage. Among the primary
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polyps pulse-labelled with BrdU for 24 h, a few individuals were
allowed to further grow in running seawater for a chase period of
48 h (two replicates; the third was lost) or 64 h (three replicates).

(c) Serial tissue sectioning

At the end of the BrdU pulse or the chase, samples were fixed
overnight at 4°C and prepared for serial sectioning following
procedures detailed by Lecointe et al. [8]. Unicryl (EMS)-
embedded samples were cut into semi-thin sections (1 um
thick) with a 35° diamond knife (Diatome) on an Ultracut micro-
tome, at the MNHN PtME platform of electron microscopy
(Paris). Serial sets of sections, obtained at three separate depths
in each replicate, were used for (i) histological staining with tolui-
dine blue-basic fuschin (EMS) for identification and orientation
in the larval/polyp structure, (ii) BrdU immunolocalization
and (iii) apoptosis detection by terminal transferase-mediated
dUTP nick end labelling (TUNEL) assay.

(d) Immunolocalization of BrdU-labelled nuclei

The BrdU-labelling index measures the proportion of cell nuclei
having incorporated BrdU in their newly synthesized DNA
during the 24 h pulse. BrdU was immunodetected in tissue
sections with primary anti-BrdU mouse antibody (Roche) and
Alexa-594-labelled secondary goat anti-mouse antibody (Invitro-
gen), and nuclei were counterstained with DAPI (Invitrogen),
following [8]. Sections were observed on a wide-field fluorescence
microscope (Olympus XM10 slide scanner) at the EPFL PT-
BIOP platform (Lausanne) using DAPI (Ex 377/50 nm, Em 440/
40nm), and CY3 filters (Ex 560/25nm, Em 607/36 nm) at
spatial lateral resolution of approximately 0.5 um. A total of
four to eight sections were imaged for each of three to five biologi-
cal replicates per life stage, and analysed with IMAGE] software
(v. 1.49) using the cell counter plug-in to manually count BrdU-
labelled nuclei among DAPI-counterstained total nuclei (for
method, see electronic supplementary material, figure S1).
Labelled nuclei were not detected in control tissue unexposed
to BrdU (one negative control examined per life stage). Totals of
345-64 810 nuclei were counted per tissue type (depending on
section orientation).

Dilution of BrdU labelling intensity was quantified during
the 3 days chase in seawater. Dilution is caused by de novo syn-
thesis of unlabelled DNA, through entry of cycling cells into S
phase and division. An intensity drop by a factor of two can
thus be attributed to one cell division. During the chase exper-
iment, the fluorescent signal intensity of labelled nuclei was
measured for BrdU and DAPI, background was substracted and
the CY3/DAPI signal intensity ratios were compared (1 = 30—60
nuclei per tissue type, per chase time-point).

(e) Tunel assay for detection of apoptotic cell nuclei

Apoptosis was evaluated in the same biological samples pre-
viously analysed for BrdU labelling, using serial sections at
similar depths in the tissue. Control samples not exposed to
BrdU were also assessed for apoptosis (one control per life
stage). Apoptosis is characterized by formation of DNA breaks
(nick), and the TUNEL reaction uses the enzyme terminal
deoxynucleotidyl transferase (TdT) to fill these gaps with fluor-
escein (FITC)-labelled dUTP. The TUNEL assay was performed
for 1h at 37°C according to kit instructions (in situ cell death
detection—fluorescein, Roche). For negative controls, TdT
enzyme was omitted from the reactive solution. For positive
controls, sections were pre-incubated with recombinant
DNAse I 3 Uml !, Ambion) for 10 min at room temperature.
Treated sections were mounted with Prolong Gold Antifade
reagent with DAPI (Invitrogen) and observed on a wide-field
fluorescence microscope (Olympus XM10 slide scanner,

PT-BIOP, EPFL), using DAPI (Ex 377/50 nm, Em 440/40 nm)
and FITC filters (Ex 485/20nm, Em 525/30nm), at spatial
lateral resolution of approximately 0.3 pm. The proportion of
TUNEL-positive cell nuclei was calculated from acquired
images, using the counter cell plugin from IMAGE] software. For
each life stage, three biological replicates were assessed, with
one to four sections imaged per replicate, and totals of 657 to
8219 nuclei counted per tissue type (depending on section
orientation).

(f) Mitotic index and abundance of dinoflagellates
For the endosymbiotic dinoflagellates, the mitotic index was cal-
culated as the ratio of the number of dinoflagellate doublets
(undergoing cytokinesis) to single dinoflagellate cells [14], in
toluidine blue-stained sections of three replicates for each life
stage (two to eight sections per replicate and 1200—-2000 dinofla-
gellates counted per life stage). Results are presented as the
mean + 1 s.d. of doublet-to-single dinoflagellate ratio, for three
biological replicates per life stage.

Dinoflagellate abundance (i.e. the number of symbiont nuclei
relative to coral cell nuclei within the gastrodermal host
tissue) was calculated using DAPI-stained nuclei counts pre-
viously obtained for assessment of the BrdU-labelling index
(electronic supplementary material, table SI). Results are
presented as mean + 1 s.d. for three to five biological replicates
per life stage.

(g) Statistical analyses

Fluorescence images, acquired from BrdU and TUNEL assays in
semi-thin sections at three different depths in each replicate
sample, allow visualization of labelled or unlabelled nuclei
according to tissue type. The data follow a binomial distribution
with uneven variance and were statistically analysed using the
generalized linear model (GLM) using the binomial family and
logit link function in R software v. 3.2.0. Significance was
assessed at a =0.05 threshold p-value. Quantitative data for
BrdU and TUNEL labelling are presented as boxplots, also
reporting the means (as a cross) and outliers (detected outside
the 1.5x inter-quartile range). The CY3/DAPI signal intensity
ratio does not follow a normal distribution, as cells are not syn-
chronous and the quantity of BrdU incorporated into the DNA
is time-dependent (during the 24 h pulse, a cell ending the
S-phase will incorporate less BrdU than a cell that is just starting
DNA replication). Therefore, non-parametric Kruskal-Wallis
tests were used, followed by pairwise Wilcoxon’s test when
significant. For dinoflagellate mitotic index and abundance,
the normality of residues and homoscedasticity of data
allowed application of one-way ANOVA followed by Tukey
HSD tests.

3. Results

(a) Tissue organization and remodelling during
metamorphosis

Major changes in tissue structure occur during coral lifestyle
transition from swimming planula to sessile polyp, illustrated
in figure 2 for four life stages: planula larva, early metamor-
phosis, primary polyp and adult polyp. The larval single
bilayer of epithelia—pseudostratified epithelium (pse) and
lipid-filled gastrodermis (g)—transforms into the polyp
double bilayer of epithelia. Specialized areas connected to
the surface pse develop from the larval oral and aboral
poles during metamorphosis. The skeletogenic calicodermis
(cal) differentiates in the basal floor at the interface with the
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Figure 2. Distribution of BrdU-labelled nuclei in coral tissue from planula to adult polyp. (a—d) Toluidine blue-stained (1 p.m) tissue sections. (e—h) BrdU-positive
nuclei immunodetected with Alexa-594 fluorochrome (red) among nuclei counterstained with DAPI (blue). Scale bars, 100 p.m; pse, pseudostratified epithelium;
ph, pharynx; g, gastrodermis; m, mesentery; cal, calicodermis; lip, lipids; sk, skeleton.

substrate, and the pharynx (ph) forms by inward invagina-
tion of the pse, just below the oral disc. Tentacles grow
upward from the oral disc (figure 1b; electronic supplemen-
tary material, figure S1; not visible in figure 2 in the
sections selected), but were not studied here because they
retracted upon fixation, and thus were hard to distinguish
from inner mesenterial bulbs (or cnidoglandular bands
[15]), which were therefore also not included in this study
(figure 1b).

The inner gastrodermis, lining the digestive cavity, forms
a continuous epithelium from oral to aboral pole in the larva,
and connects the oral disc with the basal floor in the
polyp (figures 1b and 2a—d). The gastrodermis contains intra-
cellular symbiotic dinoflagellates, which are more abundant
in oral compared with aboral areas (figure 1b). Mesenteries,
already present in this species at the planula stage, are
radial inward-growing tissue folds attached below the phar-
ynx and composed of gastrodermis and a thin layer of pse,
forming radial partitions of the gastric cavity. In the polyp,
these mesenteries connect the pharynx to the edges of the
basal floor (figure 1b and figure 2a—d).

(b) Coral cell proliferation and apoptosis

The spatial distribution of dividing cells, in the S phase of
DNA synthesis (and thus labelled with BrdU during
the 24 h pulse), is illustrated for each tissue structure and
developmental stage in figure 2e—h, and electronic sup-
plementary material, figure Slb—e, where BrdU is
immunodetected (in red) among the DAPI-counterstained
nuclei (in blue). Labelled nuclei were not detected in control
tissue unexposed to BrdU (data not shown). Cell proliferation
was found to be spatially and temporally highly hetero-
geneous, with scattered distribution of BrdU-positive nuclei,
at densities depending on cell type and coral life stage.

The proportion of BrdU-positive nuclei is summarized for
each tissue and developmental stage (figure 3a—d), along
with the proportion of apoptotic nuclei, positive for the
TUNEL enzymatic assay (figure 3e—h). Data are presented
for the pharynx, pse and calicodermis, which share a

common ectodermal origin, and for the gastrodermis, of
endodermal origin. No significant differences were observed
between oral and aboral gastrodermis, so these data were
pooled. In planulae and early metamorphosis, less than 3%
of coral cells from all three epithelia of ectodermal origin syn-
thesized DNA within the 24 h pulse period, while in the
gastrodermis up to 6% of the cells were BrdU-positive
(figure 3a—d). However, in developing primary polyps, a
peak of BrdU labelling was observed in the pharynx
(19.3 + 7.3%) together with a significant increase in BrdU
labelling of the gastrodermis (11.1 + 6.7%). Interestingly,
this sudden increase in proliferation was not observed in
other areas of the developing primary polyp, such as the
pse, or the calicodermis (despite active, ongoing skeleton
deposition; see electronic supplementary material, figure S2).
In adult polyps, BrdU labelling strongly decreased compared
with in the primary polyp, in both pharynx (by a factor 4)
and gastrodermis (by a factor 3), whereas it increased (by a
factor 2) in the pse (7.3 + 1.6%). In adult polyps, the pse
and the pharynx are the most proliferative tissue types,
with 7.3 + 1.6% and 5.5 + 2.0% BrdU-labelled nuclei during
the 24h pulse, respectively, whereas the calicodermis
remains the least proliferative tissue (figure 3a—d; electronic
supplementary material, table SI).

The number of TUNEL-positive, apoptotic nuclei did not
increase in sections of tissue exposed to BrdU compared with
control tissue unexposed to BrdU, indicating no effect of the
BrdU-labelling protocol on apoptosis (data not shown). Glob-
ally, in all three epithelial tissues of ectodermal origin, the
relative abundances of TUNEL-positive nuclei were lower
than BrdU-positive nuclei, with less than 1% of apoptotic
cells counted in the pse, less than 2% in the calicodermis
and a maximum of 25% in the pharynx of primary
polyps, and non-significant differences between life stages
(figure 3a—c and e—g; electronic supplementary material,
table SII). In the gastrodermis, however, TUNEL labelling
of nuclei was higher, at 3.3 +2.2% in planulae, reaching
5.1 + 2.4% during early metamorphosis, and then decreasing
in primary polyps, to below 2% in adults (figure 3d,h;
electronic supplementary material, table SII).
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(¢) Coral cell movements in the ectoderm-derived

epithelia
The fate of BrdU-labelled cells was monitored at the pri-
mary polyp stage during a 64 h chase period in normal
seawater, allowing tracking of labelled cells in the develop-
ing epithelia, particularly in the pharynx, the pse and the
calicodermis of the growing primary polyp (figure 4a,c,e).
Accumulation or depletion of BrdU-labelled cells in specific
tissue structures provide indirect evidence for cell import
or loss, through cell death or export to other areas. De
novo cell cycling in normal seawater dilutes the BrdU
signal intensity because BrdU-labelled cells synthesize
new, non-labelled DNA before division. The patterns of
coral cell movements were thus recorded in these three
connected epithelia in order to investigate the origin and
turnover of cells in the skeletogenic calicodermis. All data
are provided in electronic supplementary material, tables
SIII and SIV.

At the beginning of the chase, the pharynx of the primary
polyp was highly BrdU-labelled (19.3 +7.3%) compared
with the pse (2.9 + 2.5%) and calicodermis (0.4 + 0.4%). At
48 h into the chase, the proportion of BrdU-labelled nuclei
remained stable in the pharynx (19.8 + 4.4%), whereas it
increased by fivefold and sevenfold in the pse (15.6 + 5.7%)
and calicodermis (2.9 + 2.5%), respectively. At 64 h into the
chase, the BrdU-labelling index had significantly decreased
in the pharynx (11.4 + 6.6%), and returned to the initial low
levels seen at the beginning of the chase in both pse and
calicodermis (figure 4a,c,e).

At 48 h into the chase, a twofold dilution of the BrdU
signal intensity was observed in both pharynx and pse, indi-
cating division of BrdU-positive cells, whereas a similar
decrease was difficult to detect in the calicodermis, in
part due to high signal heterogeneity and lower initial
BrdU-labelling levels (figure 4b,d f).

(d) Dinoflagellate cell turnover in the coral host
gastrodermis

Comparative dynamics of cell proliferation and apoptosis in
endosymbiotic dinoflagellates and coral gastrodermis are
presented in figure 5, along with the evolution of dinoflagel-
late mitotic index and relative dinoflagellate abundances. All
data are provided in electronic supplementary material,
tables SI, SII and SV.

Rates of BrdU-labelled nuclei were systematically two to
five times higher in endosymbiotic dinoflagellates than in
host gastrodermis in all three early life stages (GLM analysis,
p < 0.05; figure 5a). In adult polyps, DNA synthesis was also
twice as high in endosymbionts as in the host. High variabil-
ity of the BrdU signal in dinoflagellates indicates spatial
heterogeneity and asynchronous cell cycling during the 24 h
pulse. No significant differences were observed for dinofla-
gellates between oral and aboral tissue, however. The
mitotic index of dinoflagellates (representing a snapshot of
the frequency of dinoflagellate doublets, i.e. visible mitotic
figures at the time of tissue fixation) was lower than 2.5%
at all stages, except in the primary polyp where it reached
6.3 & 2.3% (figure 5b). Owing to their small size, the mitotic
index of coral cells could not be accurately estimated.

Higher apoptotic indices were observed for dinoflagellates
than gastrodermis in planulae and at early metamorphosis
(about 11-12% versus 3-5%, respectively). However, in
primary polyps, apoptosis of dinoflagellates rose dramati-
cally (up to 35%) compared with coral cells (approx. 4%). In
adult polyps, apoptosis of the endosymbionts remained
high at approximately 28% versus less than 2% for the
gastrodermis (figure 5¢c; electronic supplementary material,
table SIT).

Interestingly, the dinoflagellate relative abundance (ratio
of symbiont to host nuclei in the gastrodermis) remained
stable throughout metamorphosis, at about 5-10% (one-way
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ANOVA, p = 0.2; figure 5d), indicating a series of post-mitotic
control mechanisms by the host of its endosymbiont popu-
lation with an increasing role for apoptosis in the developing
primary polyp.

During the chase in normal seawater, the proportion of
BrdU-labelled dinoflagellate symbionts remained stable at
20-25% in the growing primary polyp, with very slow dilution
of BrdU (significant only at 64 h; electronic supplementary
material, figure S3a and table SIII), indicating decreased dino-
flagellate division. By contrast, the combined depletion by a
factor of 3 of BrdU-labelled gastrodermal cells and their corre-
sponding BrdU signal dilution at the end of the chase
(electronic supplementary material, figure S3b,c) indicate
active cell division in the host gastrodermis. Taken together,

these results indicate decreasing cycling of endosymbiont
cells relative to host cells in the growing primary polyp.

4, Discussion

This work presents the first detailed assessment of cellular
turnover at tissue scale during developmental morphogenesis
in a scleractinian coral, and reveals the ontogenetic flexibility
of its dinoflagellate-host density regulations. Cellular mor-
phogenetic processes have mostly been characterized in
Cnidaria during regeneration or development of medusozo-
ans, such as freshwater Hydra and marine Hydractinia [16-18].
Proliferating cells from adult anthozoans, pulse-labelled
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Figure 5. Dinoflagellate turnover in host gastrodermis during metamorphosis. (a) BrdU-labelling index in the gastrodermis after the 24 h pulse, for the dinofla-
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with thymidine analogue EAU or BrdU, were monitored
during wound-regeneration and post-bleaching recovery in
oral tissue of sea anemones [19,20], and during growth
anomaly disease in Porites or Montipora corals [7]. However,
the spatial and temporal dynamics of cell proliferation,
migration and death have never been investigated in the
developing calcifying scleractinians. Larval metamorphosis
requires extensive tissue remodelling to establish the primary
polyp structures. Here, we quantify the cell turnover in each
forming scleractinian coral epithelium, and the symbiont-to-
host cell ratio, from initiation of larval metamorphosis to
the fully developed primary polyp.

(a) Identification of the pharynx as a hotspot of coral

cell turnover during development
At the end of the 24 h BrdU pulse, a comparison of labelling
levels between tissues from all life stages reveals enhanced
coral cell proliferation in the primary polyp, with a hotspot
of DNA synthesis localized in the pharynx (figure 3a). This
specialized epithelium of ectodermal origin is the most pro-
ductive tissue area, with up to 19% of cells undergoing
DNA synthesis in the primary polyp, and low rates of cell
death by apoptosis (less than 2.5%). In the rest of the pseu-
dostratified epithelium (pse), DNA synthesis rates vary

from less than 3% in early life stages to 7.3% in the adult
polyp, and few cells are lost via apoptosis (less than 1.5%).

The second highest proliferative tissue is the gastroder-
mis, of endodermal origin, which also displays the highest
apoptotic index in early life stages (figure 3d). DNA synthesis
rates in this cell layer vary between 3.8 and 11.1%, peaking in
the developing primary polyp. Apoptotic indices peak in
early metamorphosis and primary polyp (at about 5%),
then drop to 1.5% in adult coral. These data indicate that
developmental morphogenetic processes in the gastrodermis
simultaneously involve coral cell apoptosis in the early life
stages (planula to primary polyp), and proliferation peaking
in the primary polyp.

During the chase, the pharynx maintains high pro-
portions of BrdU-labelled cells, but with a twofold decrease
in BrdU signal intensity, indicating that active cell division
compensates for cells leaving the pharynx area (figure 4a,b).
The duration of the cell cycle is not known for scleractinian
coral cells and few data are available for other cnidarian
species. In Hydra sp. the cell cycle has been estimated to
last 3—4 days, up to 7 days for epithelial cells and 8.5 days
for gastrodermal cells [21-23]. In our study, the twofold
dilution of BrdU-labelling over a 2 days chase suggests a
shorter cell cycle compared with Hydra, lasting about 2
days for the coral epithelial cells from the pse and pharynx
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areas. Further flow cytometry experiments would shed more
light on cell cycling times in scleractinian corals. In this study,
we show that BrdU-labelled cells accumulate in the pse of the
oral tissue and also in the calicodermis of the aboral tissue
(figure 4c—f). Taken together, these results reveal cell move-
ments, migrating away from the pharynx to the pse and
calicodermis. Additional influx of cells to these tissue layers
from the gastrodermis is also possible, as this epithelium is
the second most proliferative tissue in the primary polyp.
These results are consistent with our earlier findings in
another scleractinian species, in which the pse (including
the pharynx area) was also observed to be the most prolifera-
tive tissue in adult polyps, followed by the gastrodermis [8].
Spatial patterns of cell division observed in S. pistillata are
similar to patterns reported for another anthozoan, the sea
anemone Nematostella vectensis, where scattered cell division
is observed along the entire body, with a hotspot of DNA
synthesis identified in the pharynx [19,24]. More restricted
proliferation patterns are present in hydrozoans. For example,
in the freshwater Hydra polyp, proliferating cells are restricted
to the body column, in which there is constant renewal of
cells and migration to the apical and basal end of the polyp
[16,22]. In the marine Clytia hemisphaerica, cell division of
interstitial i-cells occurs in the epithelium at the tentacle
base, from which cells migrate and differentiate into mature
nematocysts mounted at the tip of tentacles [25].

(b) Cells in the skeletogenic calicodermis are non-
cycling despite rapid growth of early life stages

The calicodermis appears to be essentially a non-proliferative
epithelium (less than 2.5% of BrdU-positive cells), with non-
cycling, terminally differentiated cells that are, however,
actively producing skeleton (electronic supplementary
material, figure S2). Cellular control of the coral biominerali-
zation process has been proposed to involve highly localized
proliferation or metabolic activity in the calicodermis [26].
Here, we demonstrate that active skeletal accretion is not
associated with locally increased cellular proliferation in the
overlying calicodermis. Moreover, our chase results indicate
influx into the calicodermis of labelled cells from more prolif-
erative reservoirs, primarily the pharynx and gastrodermis of
the developing polyp. The exact migration pathway and
number of divisions, from precursor cell until differentiated
calicoblast, remains to be established. However, the BrdU
signal intensity in calicoblast nuclei during the chase is
lower by a factor of 2 to 4 compared with nuclei in more pro-
liferative areas, which suggests one to two divisions during
cell migration to the calicodermis. Correspondingly large
standard deviations of the BrdU signal intensity in the calico-
dermis (figure 4f) indicate asynchronous cycling of the
incoming cells. Migration may occur via displacement of epi-
thelial cells in the pse, as in the Hydra body column [22], or
through the mesenteries that connect the pharynx to the
polyp basal floor [15,27].

The longevity of cells in quiescent calicodermis remains
unclear. The calicodermis of the developing primary polyp is
characterized by low rates of cell death via apoptosis (less
than 3% TUNEL-positive nuclei). However, the transient
accumulation, observed at 2 days into the chase, of BrdU-
labelled cells imported from more proliferative reservoirs is
followed by return to the initial low level at 64 h (figure 4c),
indicating cell loss via a pathway different from apoptotic cell

death. Future experiments with autophagy markers would [ 8 |

shed more light on these processes; autophagy is known to
be an important process in vertebrate development [28].

(c) Differential control of symbiont population by the
host cells, depending on life stage

Constant dinoflagellate-to-gastrodermal cell ratio during meta-
morphosis indicates that the symbiont population is controlled
by the host from the earliest life stages. In adult corals, it is
known that a steady-state symbiont/host cell ratio is main-
tained through processes involving inorganic nutrient
limitation (pre-mitotic control) and expulsion or cell death
(post-mitotic control via autophagy or apoptosis) [2,28,29].
The dinoflagellate-to-gastrodermal cell ratio we observed
through metamorphosis and development of S. pistillata was
in the range 0.05-0.10 (figure 5d), with high variability in
adult polyps reflecting high spatial heterogeneity of dinoflagel-
late abundance at colony level. This ratio is lower than the 0.15
ratio observed in adult Acropora millepora corals, but far above
the ratio of bleached corals (0.005) [30]. The mitotic index we
observed at all life stages is in agreement with values reported
in adult scleractinian corals, typically being around or slightly
below 5% [2]. However, the BrdU-labelling index was consist-
ently higher for dinoflagellates compared with coral host
(figure 5a), indicating that, early in development, the cell cycling
activity of the endosymbionts surpasses that of the host cells.
During our experiments, inorganic nutrient concentrations
in Eilat seawater were low, corresponding to an oligotrophic
environment, and thus could not be responsible for the
observed high Symbiodinium proliferation rates. The stability
of dinoflagellate-to-gastrodermal cell ratio (figure 5d), despite
higher DNA synthesis rates of endosymbionts (figure 5a),
implies host regulation via post-mitotic control mechanisms.
In planulae and during early metamorphosis, our results
show that apoptosis is not the main endosymbiont regulation
process, but that programmed cell death becomes essential
for symbiont density regulation in the primary polyp and, to
alesser degree, in adult polyps (figure 5¢). In planulae of S. pis-
tillata, degradation of dinoflagellates has been reported [29] as
well as release of symbionts into the water column [9]. Auto-
phagy might also be involved in host regulation of the
dinoflagellate population at early life stages, as it is known to
be involved in adult coral bleaching [30]. Pre-mitotic control
by host of dinoflagellate proliferation may be established
only at the adult stage, when nutrient limitation and recycling
mechanisms in the coral holobiont become fully developed [2].

5. Conclusion

This study has clearly identified the pharynx and gastroder-
mis as the most proliferative areas in the developing
scleractinian polyp. Coral skeletal deposition does not
involve proliferation of cells in the calicodermis, even
during rapidly growing early life stages. Furthermore, our
observations reveal an ontogenic succession of post-mitotic
control mechanisms of the endosymbiotic dinoflagellate
population density during host early development.

Data accessibility. The supporting datasets are summarized in the elec-
tronic supplementary material, tables SI-SV, and have been
uploaded in the Dryad repository under the accession number
http://dx.doi.org/10.5061/dryad.d9v45.
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Chapter 2: Cell proliferation hot spots and cell migration during primary polyp morphogenesis

II1. Supplementary material
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Figure 3-S1: Imaging method for quantification of BrdU-labeled nuclei immunodetected in the coral tissue layers.

(A) Toluidine blue semi-thin section (1 um) of S. pistillata adult polyp. (B-E) BrdU is detected with Alexa-594 (red) co-localized with
DAPI-stained nuclei (blue) in (B) the corresponding serial transverse section from the same adult polyp, (C) longitudinal section
from a primary polyp, oriented through the highly labeled pharynx area (cell layers are outlined in white). (D-E) Magnified view
highlighting in (D) the pharynx with (a) unlabeled nuclei (b) BrdU-labeled nuclei, and in (E) the gastrodermis with (c) a dinoflagellate
cell with unlabeled nuclei (d) a dinoflagellate cell with BrdU labeled nuclei. t: tentacle, gc: gastric cavity, pse: pseudostratified epi-
thelium, og: oral gastrodermis, ag: aboral gastrodermis, cal: calicodermis, sk: decalcified skeleton. Alexa-594 labeling which does
not co-localize to nuclei is considered an artefact.
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Figure 3-S2: Skeleton deposition during metamorphosis.
(A) Scanning electron micrograph of skeleton already deposited by Stylophora pistillata at the early metamorphosis stage. (B) Mag-

nified view of growing septa.
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Figure 3-53: Chase of the BrdU labeling in the gastrodermis.

(A) BrdU-labeling index in the primary polyp at the start, 48 h, and 64 h into the chase in normal seawater. Data are expressed as
boxplots (c.f. M&M in main text) for the dinoflagellates (dark grey) and the gastrodermal coral cells (light gray). A star indicates
statistical difference between gastrodermal cells and dinoflagellates (glm, p-value<0.05). (B) Dilution of BrdU signal intensity for the
gastrodermal coral cells and (C) for the dinoflagellates. A star indicates a statistical difference between two consecutive time points
(Kruskal-Wallis and pairwise Wilcoxon test, p-value<0.05).
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Supple mentary table I: BrdU 24h-labeling index of coral and dinoflagellate cells

Planula Early metamorphc Primary polyp Adult
Tissue mean SD  #nuclei|mean SD  #nuclei|mean SD  #nuclei|mean SD  #nuclei
pharynx 2.3% + 2.2% 5214 2.4% + 1.2% 2575 19.3% + 7.3% 1921 5.5% + 2.0% 3455
pseudostratified | Jo '\ 1 000 64810 | 2.9% = 2.6% 46583 | 2.9% £ 2.5% 27176 | 7.3% + 1.6% 589
epithelium
calicodermis 0.4% + 0.7% 10972 | 2.2% + 3.8% 14498 | 0.4% + 0.4% 11362 | 2.5% + 2.2% 345
gastrodermis 5.7% + 4.4% 46796 | 4.7% £ 1.5% 12713 | 11.1% + 6.7% 24513 | 3.8% + 1.6% 7885
dinoflagellates | 29.5% + 20.9% 1793 10.0% + 15.2% 669 20.8% =+ 12.8% 1204 9.8% + 4.8% 737

nuclei pooled from 2-6 sections per replicate, 3-5 replicates per timepoint
Supple me ntary table 1I: Apoptotic index of coral and dinoflagellate cells

Planula Early metamorphc Primary polyp Adult
Tissue mean SD  #nuclei|mean SD  #nuclei|mean SD  #nuclei|mean SD  #nuclei
pharynx 0.6% + 0.4% 2121 1.1% + 0.7% 1496 2.5% + 2.1% 1053 0.5% + 0.4% 1168
pseudostratified| ) o0\ (4v0 7021 | 0.7% = 0.5% 8219 | 1.0% £ 0.9% 5992 | 14% £ 1.1% 1300
epithelium
calicodermis 1.5% + 1.5% 2139 1.4% + 1.2% 4124 1.9% + 1.1% 2493 2.6% + 0.7% 657
gastrodermis 3.3% + 2.5% 4675 5.1% + 2.4% 5136 4.1% + 4.3% 3927 1.5% + 0.7% 2120
dinoflagellates | 12.8% + 6.7% 172 11.3% + 5.6% 149 34.5% + 27.8% 209 27.7% + 11.6% 172

nuclei pooled from 1-4 sections per replicate, 3 replicates per timepoint

Supple me ntary table I11: BrdU labeling index during the chase experiment

Primary polyp (t0) 48 h Chase 64 h Chase
Tissue mean SD #nuclei|mean SD #nuclei|mean SD #nuclei
pharynx 19.3% + 7.3% 1921 19.8% + 4.4% 1756 11.4% + 6.6% 2848
pseudostratified| ) o0 5 S0y 27176 | 15.6% £ 5.7% 6886 | 23% +24% 10534
epithelium
calicodermis 0.4% + 0.4% 11362 2.9% + 2.5% 5188 1.0% + 1.0% 2131
gastrodermis 11.1% + 6.7% 24513 | 10.9% + 2.8% 9032 3.5% + 1.7% 6563
dinoflagellates | 20.8% =+ 12.8% 1204 26.7% + 4.4% 656 25.1% + 4.7% 365

nuclei pooled from 4-6 sections per replicate, 2-5 replicates per time-point

Supple me ntary table 1V: Nuclei BrdU-labeling inte nsity

Primary polyp 48 h Chase 64 h Chase
Tissue mean SD  #nuclei|mean SD  #nuclei|mean SD  #nuclei
pharynx 0.94 £ 0.40 30 0.36 £ 0.12 30 0.18 £ 0.06 30
pseudostratified| ) ) | 45 54 044+ 021 60 026+ 010 37
epithelium
calicodermis 057+ 046 19 0.40 £ 0.12 21 0.28 £ 0.08 7
gastrodermis 1.99 £ 1.13 59 0.98 £ 0.60 60 0.30 £ 0.17 58
dinoflagellates 0.8+ 0.6 30 0.8+04 30 05+ 03 30

7-60 nuclei measured per replicate, 3 replicates per time-point
Supple me ntary table V: Mitotic index of dinoflagellates

Planula Early metamorphosis Primary polyp Adult

mean SD  #nuclei|mean SD  #nuclei|mean SD  #nuclei|mean SD  #nuclei

dinoflagellates 1.6% + 0.7% 1978 2.2% + 1.2% 1168 6.3% + 2.3% 1424 2.4% + 0.9% 1196

mitotic index evaluated in 2-8 sections per replicate, 3 replicates per time-point
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IV. Conclusion
Cell proliferation rates at the site of the future calicodermis remain low through metamorphosis.
But active skeleton deposition attests for an early establishment of a functional calicodermis. Thus calico-
blasts and desmocytes that constitute this cell layer more likely come from transdifferentiation of the aboral
pseudostratified epithelium of S. pistillata planula. In the primary polyp the pharynx is the most proliferative
area from which cells migrate through pseudostratified epithelium and/or mesenterial filaments up to the
calicodermis. This pattern of cell division and migration in a scleractinian coral is put forward here for the

first time.
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Chapter 3: Calicodermis establishment during
Pocillopora damicornis metamorphosis: towards
the development of precursor cell markers

I. Abstract

Successful coral larval recruitment is crucial for reef maintenance and growth. Metamorphosis
from the planktonic swimming planula to the sessile calcifying polyp implies important transformations sup-
porting the differentiation of a specialized skeletogenic epithelial cell layer, the calicodermis, which forms
the massive calcium carbonate exoskeleton typical of Scleractinia. Nevertheless the cellular mechanisms
underlying this calicodermis differentiation process are not known. Here we recorded cell proliferation at
tissue-scale in the metamorphosing polyp of Pocillopora damicornis exposed to a 24 h BrdU pulse, and de-
veloped molecular markers of proliferative cells and calicodermis differentiation. Cell proliferation does not
start at the onset of metamorphosis but with a delay, and the calicodermis remains the lowest proliferative
cell layer at all stages. These results suggest that calicodermis establishment follows a sequential process,
involving first a direct transdifferentiation of the pseudostratified epithelium at the planula aboral pole, and
then an influx of cells migrating out from other tissue areas in the developing polyp. We located piwi-
expressing cells at two tissue sites in the adult polyp, at the base of tentacle bulbs, and inside the mesenter-
ies near the cnidoglandular band. Both sites displayed a high proliferation index, and may function as poten-
tial somatic stem cell reservoirs. We detected a cysteine-rich protein named “Pdcyst-rich”, previously re-
ported in adult corals and showed that its expression was restricted to calcifying life stages: Pdcyst-rich was
absent from planula larvae but expressed in the developing primary polyp at the calicodermis interface with
the skeleton, and later inside the calicodermis of polyps from adult colonies. Hypotheses are discussed re-
garding potential precursor cell migration from reservoirs in the pseudostratified epithelium and the mesen-

teries, towards the polyp basal floor, but the exact lineage of the calicodermis needs further investigation.

II. Introduction

Reef-building corals are threatened by sea surface temperature elevation and ocean acidification
both being consequences of global warming. Elevated temperatures disrupt existing coral endosymbiosis
with Symbiodinium sp. dinoflagellates, while reduced pH slows down or stops calcification and these com-
bined parameters thus affect coral growth and larval recruitment. Metamorphic transition from the swim-
ming planula larva to the sessile polyp is a critical step of coral life cycle that includes important morphologi-
cal changes, most notably with the establishment of the skeletogenic tissue, the calicodermis, which controls
rapid skeleton deposition on the substrate. Nevertheless, the calicodermis cell lineage is not known. In Hy-

dra, interstitial stem cells (i-cells) are scattered throughout the polyp body column and proliferation is re-
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stricted to this column from which cells migrate to the apical and basal end of the polyp (David and Camp-
bell, 1972; Holstein et al., 1991). In scleractinian corals, stem cells have not been formally identified. Prolifer-
ative cell types are more likely to be sensitive to DNA mutation due to high cell division rates. RNA silencing
systems, such as the transposon silencing system, protect DNA of dividing cells. In Bilateria, repeat-
associated small interfering RNAs (rasiRNAs) are involved in maintaining genomic stability through silencing
of transposons (Vagin et al. 2006). These rasiRNAs, also called piwi-interacting RNAs (piRNAs), interacts with
Piwi proteins to form the piRNA-induced silencing complex (piRISC) that will detect and degrade transpos-
ons, thus protecting the genome integrity (Siomi et al. 2011). Consequently we used piwi expression as a
potential marker for undifferentiated precursor cells. This gene family may have a broader role in Cnidaria
than in Bilateria. In the scleractinian Euphyllia ancora, piwi expression was recently localized in the mesen-
teries, and thus associated with germline production (Shikina et al., 2015). In the ctenophoran Pleurobrachia
pileus, piwi expression was also associated with the germline, with piwi paralogues expressed in somatic

territories (Alié et al. 2011).

During metamorphosis, initiation of skeleton deposition by the settled larvae (Vandermeulen and Watabe,
1973; Gilis et al., 2014) implies rapid differentiation of the polyp skeletogenic tissue. How this calicodermis
cell layer is formed, and whether it involves processes of direct differentiation of cells at the aboral pseudo-
stratified epithelium and/or rapid cell proliferation are unclear. In Stylophora pistillata cell migration from
highly proliferative tissue areas to the forming, non-proliferative calicodermis has been shown (Lecointe et
al., 2016). Nevertheless the location of potential multipotent stem cells and the temporal characterization of
events supporting calicodermis differentiation are missing. Galaxin, Small Cysteine-Rich Proteins (SCRiPs) and
Pdcyst-rich protein are secreted proteins restricted to scleractinian corals and characterized by high cysteine
amino-acid residue proportions, withan N-terminal peptide signal sequence. These proteins are thought to
be involved in skeletal biomineralization (Fukuda et al., 2003; Kim et al., 2015; Reyes-Bermudez et al., 2009;
Sunagawa et al., 2009; Vidal-Dupiol et al., 2009). The Pdcyst-rich protein was localized in tissue sections of
adult colonies of Pocillopora damicornis and found to be restricted to the skeletogenic epithelium at the
interface with the skeleton (Vidal-Dupiol et al., 2009), making it a potential calicodermis differentiation

marker.

Here, we assessed cell proliferation at tissue scale in the metamorphosing larva of Pocillopora damicornis
(Linnaeus, 1758) via BrdU pulse-labeling aquarium experiments. Novel piwi gene markers were developed to
locate potential proliferative precursor cells and their expression was localized in polyp tissue of adult colo-

nies. Experiments are presented to validate Pdcyst-rich protein as a marker of calicodermis differentiation.
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II1. Materials and Methods

A. Biological material
Planula larvae were obtained from the Aquarium Tropical du Palais de la Porte Dorée (ATPD, Paris,
France) or from Océanopolis (Brest, France), where larvae are periodically emitted from large colonies of
Pocillopora damicornis coral, grown in aquarium under 12 h/12 h light/dark period. Settlement of planulae
was promoted by placing them in contact with biofilm-covered underwater paper or plastic dishes incubated
for more than three months in aquaria at ATPD. Metamorphosis was monitored under the binocular (at 5x

magnification), and larvae were sorted by developmental stage, classified as “planula”, “early metamorpho-

sis”, “forming polyp”, and “primary polyp” according to morphological characteristics.

B. BrdU pulse to assess cell proliferation

To assess cell proliferation during metamorphosis, coral samples of each of developmental stage
were incubating in artificial seawater (ASW) with 50 uM of 5-bromo-2’-deoxyuridine (BrdU) for a 24 h pulse
(12h day /12h night). This thymidine analog is incorporated in DNA during the S-phase of dividing cells. Pulse-
labeled and control unlabeled samples were rinsed and fixed overnight at 4°C in 0.5% glutaraldehyde, 2%
paraformaldehyde and 0.2% saturated picric acid in 0.1 M Sérensen-phosphate-0.6 M sucrose buffer (after
Lecointe et al., 2013). For adult colony controls, pulse-labeled branch apexes were fixed similarly, then de-
calcified in EDTA 0.5 M in Soérensen-phosphate buffer at pH 8 for several days at 4°C and individual polyps
were microdissected under the binocular. Samples were dehydrated in graded ethanol series, embedded in
Unicryl resin at 37°C, and semi-thin sections (1 um) were cut with a 35° diamond knife (Diatom) on an UL-
TRACUT microtome. Alternately, thicker (3-5 um) tissue sections were cut with a Leica microtome from par-

affin (ParaplastPlus, Leica) — embedded samples.

C. Immunolocalisation of BrdU and Pdcyst-rich protein

For immunolocalization of BrdU in the cell nuclei, a commercial primary anti-BrdU mouse mono-
clonal antibody from the 5-Bromo-2’-deoxy-uridine Labeling and Detection Kit Il (Roche) was used, according
to the protocol described in Lecointe et al. 2013. For immunolocalization of the Pdcyst-rich protein in the
differentiating calicodermis, a rabbit polyclonal antibody was custom-generated (Proteogenics, France) using
the following synthetic peptide target sequence, 5’- MRNCSSSLVCDAQSDL-3’. This target sequence, selected
after bioinformatics analysis of published Pdcyst-rich protein sequences from Pocillopora damicornis and
Acropora digitifera, is different from the peptide sequence used in Vidal-Dupiol et al. 2009 although also

located in the protein extracellular domain.

Coral tissue sections were permeabilized with PBS 10mM pH 7.4 containing 0.2% Triton X100 (PBSt) and
treated for 10 min with HCl 2 M or 0.02-0.2 M (for respectively BrdU and Pdcyst-rich immunolocalization),

then blocked for 30 min in saturation solution (PBSt containing 1% Bovine Serum Albumin and 1% Natural
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Goat Serum) and incubated 3 h at room temperature with primary antibody diluted 1/100 in saturation solu-
tion. After rinsing steps, sections were incubated 1 h at room temperature with secondary antibody coupled
with either Alexafluor-594 (BrdU) or Alexafluor-660 (Pdcyst-rich) diluted 1/200 in PBSt, rinsed and finally
mounted with Prolong Gold antifade reagent with DAPI (Roche). Alternately, a Horse-Raddish Peroxydase
(HRP) amplification step was added for Pdcyst-rich protein immunolocalization, using an HRP-conjugated
anti-rabbit secondary antibody, reacted with tyramide-conjugated fluorochrome Alexafluor-488 (Molecular
Probes, TSAkit #12). Slide acquisitions were done at the BIOP platform (EPFL, Lausanne) and at the CeMIM
platform (MNHN, Paris). For BrdU, images were acquired on a wide-field fluorescence microscope (Olympus
Slide Scanner) using DAPI (Ex 377/50 nm, Em 440/40 nm), and CY3 filters (Ex 560/25 nm, Em 607/36 nm) at
spatial lateral resolution of approximately 0.5 um. Three sections at different tissue depths were imaged per
life stage and the proportion of BrdU containing cell nuclei (i.e. the labeling index) was manually counted for
each cell layers and tissue areas using the cell counter plugin from ImageJ software (v1.49). The data fol-
lowed a binomial distribution with uneven variance and were statistically analyzed using the generalized
linear model (glm) with binomial family and logit link function in R software v. 3.2.0. Significance was as-
sessed at a=0.05 threshold p-value. For Pdcyst-rich protein immunolocalization, images of thin sections
(1 um) were acquired on a ZEISS LSM710 confocal microscope using DAPI (Ex. 405 nm Em. 450/40 nm) and
Far red (Ex. 633 nm Em. 695/45 nm) filters. Images of thicker sections (5 um) were acquired in z series (0.2
to 0.5 um step) on a Nikon Eclipse 350 wide-field fluorescence microscope using DAPI and FITC settings of a

qguadruple dichroic filter set.

D. Bioinformatics identification of piwi gene related sequences in Pocillopora
damicornis transcriptome and phylogenetic study.

Piwi protein sequences were first obtained from NCBI. Clytia hemisphaerica piwi sequence was
blasted  against the  NGS-based  transcriptome  dataset  PocilloporaBase  available  at
http://cnidarians.bu.edu/PocilloporaBase/cgi-bin/index.cgi (Traylor-Knowles et al., 2011) and two piwi se-
quences (named piwil and piwi2) were identified and assembled from EST sequences. Corresponding trans-
lated nucleotide sequences were blasted against NCBI with a cut-off value of at least 2e-100. Additional Piwi
sequences from Cnidaria (Scleractinia, Actinaria, Hydrozoa) but also from Porifera and Bilateria were select-
ed for phylogenetic tree construction and rooted with three argonaute sequences. Selected sequences were
aligned using BioEdit (v.7.2.5), restricted to the piwi-like Eukaryote domain (397 amino acid) and maximum-
likelihood phylogenetic tree constructed on Mega (v7.0.14) using the Jones-Taylor-Thornton (JTT) model of

amino-acid substitution with a bootstrap of 100.

E. Semi-quantitative RT-PCR
For total RNA extraction, branch apexes from adult colonies and batches of 5 larvae/post-larvae

were sampled in RNA later (Invitrogen) and stored at -20°C until use. Extractions were carried out using Tri-
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zol (Invitrogen) according to manufacturer’s instructions. RNA quality was checked on agarose gel and ab-
sence of DNA contamination was checked with PCR. Total cDNA was obtained by RT-PCR using the Super-

Script® lll Reverse Transcriptase and random hexamer (Invitrogen).

Specific primers (supplementary table 1) were designed for RT-PCR, using Primer3Plus software, to amplify
piwil and piwi2 from the cDNA of our Pocillopora damicornis model, as well as primers for Pdcyst-rich cDNA
(modified from (Vidal-Dupiol et al., 2009). Amplicons were cloned and cDNA sequences of these three genes
will be deposited in Genbank. To compare gene expression levels at different stages of the metamorphosis,
semi-quantitative reverse transcriptase PCR (sqRT-PCR) were performed. The following program was used:
Denaturation (95°C, 2 min), amplification (95°C for 15 s, 50°C for 15 s, and 72°C for 30 s) and final extension
at 72°C for 5 min. In sqRT-PCR saturation must not be reached, hence the number of amplification steps (i.e.
cycles) necessary to reach the exponential phase of the amplification reaction was first experimentally de-
termined for each gene. Then, the same amount of cDNA was added for each PCR reaction/each develop-
mental stage and the amplicons of target and housekeeping genes at all developmental stages were visual-
ized simultaneously on the same 1% agarose electrophoresis gel. After migration, images of the gel were
acquired using E-box Vilber and analyzed using the gel analyzer plugin of Imagel) software. Normalized gene
expression was obtained by dividing target gene expression (piwil or piwi 2, or pdcyst-rich) with housekeep-
ing gene expression (18S rRNA or eif5). Three independent sqRT-PCR experiments were carried out using
independent sets of coral sample replicates and the mean and standard deviation of the normalized expres-
sion were calculated at each developmental stage for piwi 1 and piwi 2 and pdcyst-rich genes. Data were
checked for normality and homoscedasticity followed by one-way ANOVA test and Tukey HSD test when

significant (a<0.05) using R software.

F. Whole-mount in situ hybridization (ISH) of piwi 1 and piwi 2 mRNA

DIG-labeled antisense RNA probes were synthesized from linearized pGEM-T Easy plasmid
(Promega) using T7 or SP6 polymerase and the RNA DIG-labeling mix (Roche). Total sense and antisense
probe sequences are given in supplementary Figure S1. Branch apexes (0.5 cm long) of adult colonies were
fixed in 4% paraformaldehyde, 275 mM EDTA in saline buffer (0.1 M MOPS, 2 mM MgSO,4, 1 mM EDTA, 0.5 M
NaCl) for 24 h at 4°C, washed thoroughly in the saline buffer and stored in methanol at -20°C. Tissues were
not demineralized. After stepwise rehydration to PBST (PBS pH 7.4, 0.1% tween 20) and 10 min digestion
with 10 pg/ml Proteinase K in PBST at 37°C, samples were washed in PBST with 2 mg/ml glycine and trans-
ferred progressively to hybridization buffer (HB, 5X Saline Sodium Citrate (SSC) pH 7.4, 50% deionized
formamide, 0.1% tween 20), pre-hybridized for 2 h at 52°C in HB (containing 0.1% SDS, 50 ug/mL heparin,
100 pg/mL salmon DNA and 1% dextran sulfate), then hybridized with 1 ng/uL DIG-labeled RNA probes for
19 h at 52°C. Sense probes were used as a control. Tissues were washed in HB at 52°C and at RT, in consecu-

tive washing buffers (WB) WB1 (2X SSC, 50% deionized formamide, 0.1% tween 20) and WB2 (2X SSC, 0.1%
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tween 20). After transfer in MABt buffer (100 mM maleic acid, 150 mM NaCl, pH7.5, 0.1% triton X100) and
blocking in MABt + 2X blocking reagent (Roche) samples were incubated 3 h in MABt + 2X blocking reagent
containing 1/2000 anti-DIG-alkaline phosphatase (Roche) at RT. After five washing in MABt and transfer to
TMNT (100 mM Tris-HCI, 100 mM NaCl, 0.1% Tween 20, pH 9.5), color was developed using 225 pg/mL NBT,
175 pg/mL BCIP, 50 mM MgCl, in TMINT. Reaction was stopped by washing with distilled water and samples
were post-fixed with 4% formaldehyde in PBS overnight at 4°C before PBS washes and mounting in 50%
glycerol/PBS. Coral tissue was pulled out from the skeleton of hybridized apexes and polyps were individually
dissected for observation at the MNHN with an Olympus SZX12 binocular (x63, x90) equipped with a CCD

camera.

IV. Results

A. Cell proliferation in the different tissues through metamorphosis

Five life stages were differentiated according to morphological characteristics, from the free-
swimming planula larva to the benthic calcifying polyp from adult colonies, as illustrated in Figure 4-1A. At
the onset of settlement, the disc-shaped larva corresponds to the “early metamorphosis” stage. During met-
amorphosis, the “forming polyp” is characterized by visible budding of tentacle structures around the mouth
aperture. The “primary polyp” is characterized by extended tentacles and vertically growing body column.
This metamorphosis process spans about 2-3 days since induction by natural cues from biofilm-covered sub-
strate, but development is asynchronous among larvae from the same batch. Later, within 5 to 10 days, sec-
ondary polyps will bud at the periphery of the primary polyp, forming the juvenile colony (“adult polyp”

stage).
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Figure 4-1: Cell proliferation through metamorphosis.

(A) Pictures of studied life stages, scale bars: 500 um. (B) BrdU labeling index after a 24 h pulse in all cell layers/tissue areas at the
different life stages. For each tissue areas significant differences between life stages are labeled with different letters and a star
when different from all other stages (generalized linear model, p-value<0.05). Early meta.: early metamorphosis.

Major changes occur at tissue scale, notably with transformation of the larval single bilayer of epithelia—
pseudostratified epithelium (pse) and lipid-filled gastrodermis (g) — into the polyp double bilayer of epithe-
lia. The skeletogenic epithelium, the calicodermis (cal), differentiates at the interface with the substrate. A
few specialized structures are already present in the planula of P. damicornis, such as the pharynx, formed
by inward invagination of the pse, and the mesentery filaments attached below the pharynx and which ex-
tend in the primary polyp to its basal floor (cf schematic representation of the primary polyp of Stylophora

pistillata, a related Pocilloporid species, in Lecointe et al., 2016).

Figure 4-1B presents the BrdU labeling index, i.e. the proportion of cell nuclei having incorporated BrdU dur-
ing the 24 h pulse, in the different cell layers/tissue areas through metamorphosis. Planula and “early meta-
morphosis” stages present the lowest BrdU labeling index in all tissue areas (< 6%), suggesting that the be-
ginning of metamorphosis is not a proliferative process. Cell proliferation significantly increases in the “form-
ing polyp”, with a three to tenfold increase of the labeling index in almost all tissues areas. Most drastic in-
creases are observed in the pse (from 0.9+0.6% up to 20.4+4.3%) and the cnidoglandular bands of the mes-
enteries (from 1.1+1.0% up to 10.8+6.4%) while a threefold increase is observed in the rest of the mesen-
terial filaments (5.6+4.2% to 17.3+3.9%) and the gastrodermis (4.0+1.8% to 12.4+3.7%). At the “primary

polyp” stage, the labeling index is maintained at high level in the whole mesentery, but continues to increase
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in the gastrodermis (to 16.7+5.0%) and the pharynx (3.9+5.6% to 9.2+1.0%) while it decreases in the pse (to
10.613.1%). Interestingly, despite active skeleton deposition since the onset of metamorphosis (Gilis et al.,
2014), the calicodermis is one of the least proliferative tissue, with a labeling index remaining below 2% ex-

cept at the “forming polyp” stage when it transiently increases to 4.9+2.8%.

B. Identification and expression localization of piwi genes from P. damicornis

Two piwi genes were identified in silico from the available transcriptomic data base PocilloporaBase
(Traylor-Knowles et al., 2011) using BLAST. The alignment of these translated sequences with Piwi sequences
obtained on NCBI from other Cnidaria, is available as supplementary data 1, and includes representative
species of Scleractinia, Hydrozoa and Actinaria, but also Porifera and Bilateria. Maximum likelihood analysis
was limited to the piwi-like eukaryote domain conserved between all families. The resulting phylogenetic
tree presented in Figure 4-2, and rooted using Argonaute sequences - as this family is close to the Piwi family

- places both piwi 1 and piwi 2 with homologues from Scleractinia among Cnidaria.
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Figure 4-2: Piwi maximum-likelihood phylogeny.

Constructed using the Jones-Taylor-Thornton (JTT) model of amino-acid substitution with bootstrap (100) support values above
branches, on the piwi-like Eucaryote conserved domain (397 amino acids). Ael: "Anthopleura elegantissima", Aqu: "Amphimedon
queenslandica", Che: "Clytia hemisphaerica", Ean: "Euphyllia ancora", Efl: "Ephydatia fluviatilis", Hvu: "Hydra vulgaris", Mmu: "Mus
musculus", Nve: "Nematostella vectensis", Pca: "Podocoryna carnea", Pda: "Pocillopora damicornis", Pst:"Pseudodiploria strigosa",
Spi:"Stylophora pistillata".

Expression levels of piwi 1 and piwi 2, assessed by semi-quantitative RT-PCR, were constant through meta-
morphosis (Figure 4-3, one-way ANOVA p-value 0.21 and 0.79 respectively). In the adult polyp, expression of
both piwi genes was visualized by whole mount in situ hybridization (ISH), and was spatially restricted to the
tentacles, below their terminal bulb (also called acrosphere) and inside the mesenteries, near the cnidoglan-
dular bands (Figure 4-4). These results must be considered as preliminary as only the adult life stage was

tested, and the labeling was not consistently detected in the concerned polyp structures. Improvements to
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the protocol have to be made particularly regarding RNA preservation and sample permeabiliza-

tion/hybridization conditions. Moreover, early life stages should also be tested

Piwi 1 Figure 4-3: piwi 1 and piwi 2 expression through
metamorphosis.
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piwi 1 _ Diwi 2

Figure 4-4: piwi expression pattern in P. damicornis adult polyps.

Expression of piwi 1 and piwi 2 were localized in mesenteries, respectively illustrated in (A) and (B), and in tentacles tips, respec-
tively illustrated in (C) and (D) Black arrows points to labeled areas. Insets present corresponding controls using sense probe. m:
mesentery, t: tentacle. Scale bars 10 um.

C. pdcyst-rich gene expression and protein localization

Expression levels of pdcyst-rich gene, assessed by semi-quantitative RT-PCR, reached a peak right
after settlement, at the beginning of the metamorphosis (Figure 4-5) then it decreased in the forming polyp,
before a slight increase at the primary polyp and adult stages. At the protein level of regulation, the Pdcyst-
rich protein was immunolocalized in the cytoplasm of cells of the calicodermis in the adult demineralized
polyp (Figure 4-6E) but not in the pse at the aboral pole of the planula (Figure 4-6A). In the primary polyp, it
was detected at skeleton location against the calicodermis (Figure 4-6D). Surprisingly we could not detect it

in thin sections (1 um) at the “early metamorphosis” stage nor the “forming polyp” stage (Figure 4-6B-C).
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However, by using thicker histological sections (5 um, in paraffin) and a horseradish peroxidase (HRP) ampli-
fication step, we detected a signal at the apical pole of cells in the differentiating calicodermis, facing the
skeleton (Figure 4-7). Interestingly, this Pdcyst-rich protein label is heterogeneously distributed along the
calicodermis, with spatial discontinuity at all stages, from the forming primary polyp to the polyp of adult
colonies and may react with specific cell types. These results must be confirmed, as the paper substrate on
which coral larvae had settled was autofluorescent, and only the portion of tissue areas detached from it
could be read unambiguously. Thus non fluorescent settlement substrates should be used. Additionally, the
Pdcyst-rich protein could be detected by Western Blots of tissue extracts and its presence/absence com-

pared across life stages.

Pdcyst-rich

Figure 4-5: pdcyst-rich expression through meta-

morphosis.
Intensities were normalized using 18S as a house-
1.20 keeping gene. Data are expressed in mean relative
intensity + 1SD. Different letters mean a significant
1.00 T difference (ANOVA followed by TukeyHSD test, p-
é‘ value<0.05). Early meta.: early metamorphosis.
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Figure 4-6: Pdcyst-rich protein localization through
coral metamorphosis.

No signal in the aboral pseudostratified epithelium
of the planula larva (A) neither in the calicodermis
of both early metamorphosis (B) and forming polyp
(C) stages. Pdcyst-rich protein was localized against
the calicodermis in the non-demineralized primary
polyp (D) and inside the calicodermis of the demin-
eralized adult polyp (E). Dashed white lines indicate
aboral pse mesoglea and thus delimit cell layers. Early meta:
early metamorphosis, o.pole: oral pole, a.pole:
aboral pole, pse: pseudostratified epithelium, g:
gastrodermis, cal: calicodermis, sk: skeleton loca-
tion. Scale bars 10 um, 500 um in inset of (A).
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Figure 4-7: Pdcyst-rich protein localization in the
forming polyp stage in thicker section and using an
HRP amplification system.

Nuclei are stained in blue (DAPI) and Pdcyst-rich is
localized in green (Alexa 488). Dashed white line
indicates mesoglea and thus delimits cell layers. g:
gastrodermis, cal: calicodermis

V. Discussion

A. Proliferation and candidate precursor cells

In early metamorphosis, within the few hours following the initiation of larval settlement, the ma-
jority of cells in all tissue areas do not proliferate (Figure 4-1B) suggesting that onset of metamorphosis does
not require cell division but rather implies tissue remodelling, including rapid transdifferentiation of the abo-
ral pseudostratified epithelium of the planula, which will form the initial skeletal deposits. Growth of the
calicodermis can then be explained, at least at primary polyp stage, by cell influx from highly proliferative
tissue areas. These results are consistent with processes observed in another pocilloporid species, Stylopho-
ra pistillata, during metamorphosis in reef settings (Lecointe et al., 2016). Similar delayed proliferation pro-
cesses have also been observed in the marine hydrozoan Hydractinia echinata where larval cells go directly
through differentiation without dividing, and cell proliferation is recorded only nine hours after the onset of
metamorphosis (Kroiher et al., 1990; Plickert et al., 1988). In S. pistillata growing primary polyp, cell migra-
tion from proliferative areas (mostly the pharynx) to the calicodermis has been highlighted, suggesting that
precursor cells originate from outside this skeletogenic tissue, and pointing to a metabolic trade-off limiting
cell division in favour of rapid skeleton deposition (Lecointe et al., 2016). In P. damicornis, our results indi-
cate that cell proliferation is not restricted to the pharynx of the forming polyp, as a higher level of cell divi-
sion was recorded in the surrounding pseudostratified epithelium (Figure 4-1). Low levels (< 5%) of prolifera-
tion in the calicodermis were observed, in agreement with the previous study on Stylophora pistillata, with a
transient increase at the “forming polyp” stage, a developmental stage which was not examined in the for-
mer study. Moreover, here our results reveal high proliferation inside the mesenterial filaments and their
associated cnidoglandular bands, two specific tissue areas that were not examined in Lecointe et al., 2016

and where gametogenesis of scleractinian corals is known to take place (Harrison, 2011).
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In Bilateria, somatic and germinal cell lineages are well studied and both are separated, however the origin
of this separation in early metazoans is still debated (Gold and Jacobs, 2013). In Hydrozoa, the freshwater
Hydra sp., which is the historically studied developmental model in Cnidaria, possesses three stem cell (SC)
lineages (ectodermal, endodermal and interstitial (i-cell) stem cell lineages) which are well separated, with
specific progeny. These are pluripotent SCs and one SC cannot differentiate into another SC type. Neverthe-
less in the marine Hydractinia model, this separation is less clear, with the possibility for i-cells to also differ-
entiate into epithelial SC and hence all cell types; these cells are thus considered multipotent (Mdiller et al.,
2004). Furthermore the “stemness” of Hydra epithelial lineages is discussed as these cell possess characteris-
tics of differentiated cells. In Anthozoa, no i-cell lineage has been found so far, and only pluripotent epithelial
cells have been described. In Nematostella vectensis (Actinaria, Anthozoa) gametes arise from endodermal
cells. In Orbicella faveolata (Scleractinia, Anthozoa) Barfield et al., 2016 observed that somatic mutants did
not transfer their mutation to gametes and thus argue in favor of a separation between somatic and germ
stem cell linages. The existence of i-cells could be restricted to Hydrozoa, and Anthozoa could contain only
epithelial “stem cell” lineages. Further studies focused on anthozoan species are needed to answer this
question. In Hydra, the three SC lineages express piwi homologues, Hyli and Hywi (Hemmrich et al., 2012;
Juliano et al., 2014). In other Cnidaria, like medusozoans Podocoryne carnea and Clytia hemisphaerica, but
also in the ctenophore Pleurobrachia pileus, piwi is expressed in germ and somatic cells (Alié et al., 2011;
Leclére et al., 2012; Seipel et al., 2004). Thus piwi expression does not seem to be restricted to one cell line-
age. In Scleractinia, only one study localized piwi expression, in the solitary species Euphyllia ancora, only in
the endodermal part of the mesenteries (Shikina et al., 2015), corresponding to an extension of the gastro-

dermis. Hence caution must be taken with the use of the term “stem cell” in Anthozoa.

In this study, we found two piwi genes, with preliminary expression pattern obtained for both in at least two
tissue locations in the scleractinian coral P. damicornis, inside the mesenteries and at the base of the tenta-
cle terminal bulb. Interestingly, inside the mesenteries, increased cell proliferation was recorded during late
metamorphosis, both in the mesenterial filament and its cnidoglandular band compartments, where high
proportions of BrdU labeled cells were detected (Figure 4-1B). These sites could be involved in the formation
of dividing precursor cells, migrating to terminally differentiated epithelia, such as the calicodermis, or they
could be involved in gametogenesis. Morphological characterization of the piwi-expressing territories in
mesenteries by thin section and/or TEM is needed. Similarly, we propose that piwi expressing cells located
near the tentacle terminal bulbs are likely to be involved as precursor cells for the nematocyte lineage (cni-
darian stinging cells): indeed nematoblasts are known to differentiate while they migrate to their final posi-
tion at the tip of tentacles. In the jellyfish C. hemisphaerica, piwi expression is localized at the base of tenta-
cle bulbs, called the nematogenic ectoderm, which is the area that supply nematocytes to the tentacles

(Denker et al., 2008; Leclere et al., 2012). Unfortunately, in this study of the coral Pocillopora damicornis,

77



Chapter 3: Calicodermis establishment during Pocillopora damicornis metamorphosis: towards the development of precursor cell markers

tentacles retracted inside the polyp during fixation for the BrdU labeling experiments, preventing accurate

assessment of cell proliferation in these areas.

In the “forming polyp” and “primary polyp”, tissues such as the pharynx and surrounding pse, and the
cnidoglandular bands inside the mesenteries are all highly proliferative (Figure 4-1B), they share a common
ectodermal ontogeny and connect with the calicodermis in the polyp basal floor. It is possible that precur-
sors of the calicodermis originate from these areas and migrate while dividing to finally differentiate in the
calicodermis, as suggested for S. pistillata (Lecointe et al., 2016). However, no piwi-expressing cells were
detected in the pharynx of Pocillopora damicornis. If proliferative cells are scattered through the pharynx
and surrounding pse, this dispersion could have prevented their detection with our current protocol of
whole mount ISH, as this method is sensitive to revelation time and acquisition system sensitivity/resolution.

Further experimentations are needed to investigate this hypothesis.

B. Pdcyst-rich protein and calicodermis differentiation

There is more and more evidence about the involvement of proteins rich in cysteine residues in the
calcium carbonate biomineralization process of scleractinian species. Fukuda et al., 2003 identified galaxin in
Galaxea fascicularis, a cysteine-rich protein with cysteine tandem repeats and a potential role in calcifica-
tion. A galaxin homologue and two galaxin-like proteins were later identified in the acroporid species
Acropora millepora (Reyes-Bermudez et al., 2009). More recently, galaxin and a galaxin-like proteins have
been found in the calcifying octocoral Sinularia notanda (Kim et al., 2015). A phylogenetically distinct family
of Small Cysteine-Rich Proteins (SCRiPs) was also discovered in Montastrea faveolata,restricted to scleractin-
ian corals, and hence was proposed to be involved in biomineralization (Sunagawa et al., 2009). In Pocillo-
pora damicornis, our results confirm that another cysteine-rich protein, called Pdcyst-rich, is expressed in the
calicodermis of polyps from adult colonies (Figure 4-6E, Vidal-Dupiol et al., 2009). Moreover, our new data
show that this protein is absent from the planula larva and is expressed only in the calcifying life stages, at-
larval metamorphosis into primary polyp and during subsequent growth of the colony. This temporal expres-
sion pattern supports its validation as a biological marker for calicodermis differentiation. The new antibody
developed against this protein cross-reacted with material located at the interface of the calicodermis and
the skeleton in developing primary polyps of P. damicornis, as well as inside the calicodermis of adult colo-
nies. Interestingly, this spatial distribution was highly heterogeneous, in the form of discontinuous hotspots
along the calicodermis. The mRNA expression peak of pdcyst-rich recorded at early metamorphosis stage is
expected to be correlated with a peak in protein translation, in the forming polyp. Using thin sections (1 um)
we did not detect Pdcyst-rich protein in the forming polyp. However, by using thicker paraffin-embedded
tissue sections (5 um instead of 1 um) and an additional amplification step of the fluorescent immunolabel-
ing signal(mediated by horseradish peroxidase reaction with tyramide-conjugated fluorochromes in the

presence of H,0,), we were able to identify a signal in the calicodermis of the forming polyp (Figure 4-7),
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which was also present in adult calicodermis and absent in the planula. One hypothesis is that the abun-
dance of this Pdcyst-rich protein is too low in the early stages of metamorphosis to be detected without the
use of thick sections and an amplification step. Future complementary Western Blot experiments are needed
to further investigate this protein expression in tissue extract across life stages. Also, the skeleton is very
rapidly deposited at the early stages (Gilis et al., 2014) and hence the corresponding low intracellular labeling
intensity of the calicodermis may be explained by a potentially higher turnover of the protein at these early

stages. In the adult, this protein amount might be higher and/or its turnover may slow down.

Preliminary bioinformatics analyses indicate that the Pdcyst-rich protein from Pocillopora damicornis clusters
with predicted keratine-like proteins from another coral species Acropora digitifera (see supplementary Fig-
ure 3). In mammals and birds, cysteine-rich proteins with a keratin domain have been shown to have a role
as structural proteins in respectively hair and feather mineralization (Strasser et al., 2014, 2015). Several
studies on lizards, chicken, and humans have suggested the diversification of a gene cluster called epidermal
differentiation complex, providing major structural proteins to the cornified layers of the epidermis. Genes
with a cysteine/proline content superior to 50%. and involved in keratinocyte cornification have indeed been
shown, in the western painted turtle Chrysemys picta bellii, to have evolved from this complex (Holthaus et
al., 2015). The high cysteine content in organic matrix proteins of a broad range of Metazoans, including
Pdcyst-rich protein in scleractinian coral, suggests a potential common ancestral role in the structural pro-

tein toolkit and for skeletogenic epithelium differentiation.

In conclusion, this study provides tissue-scale characterization of cell proliferation in the metamorphosing
polyp of Pocillopora damicornis coral exposed to a 24 h BrdU pulse, and preliminary results onnew molecular

markers of putative somatic stem cells and calicodermis differentiation in scleractinian corals.
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VI. Supplementary material

Table 4-S | : PCR primer sequences used in semi-quantitative RT-PCR

P. damicornis Genes PCR forward primer PCR reverse primer

pdcyst-rich 5'-CGCAAAGCCTTTCTTAGTTG-3"' 5'-AGGCTCAAGGGAAAGACTGT-3"
piwi 1 5'-TCCCAGGTCATTGTTGGC-3" 5'-GCAACAAATCCACCAACAG-3"
piwi 2 5'-ACAATTGAAGACTGTGGC-3" 5'-AACTCTGACTTGTCGTGT-3"'
Eif5 5'-AGTCAATCATGGCTCTCGTC-3" 5'-TGCAAGGCTTTGGCAATTTC-3"
18S 5'-AATCCTGACTCAGGGAGGT-3" 5'-CACCAGACTTGCCCTCCAAT-3"
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> anti-sense piwi 1 probe

R
CAGGAAACAGCTATGACCATGATTACGCCAAGCTATTTAGGTGACACTATAGAATACTCAAGCTATGCATCCAACGCGTTGGGAGCTCT
CCCATATGGTCGACCTGCAGGCGGCCGCACTAGTGATTGCAACAAATCCACCAACAGAGCGGCCCTTCTGCAGACTATCATGATAAGTG
TCAATTCCTATCACCATAGTCCTCTTCATAGGAATTTCGACAGCCCACGCTTCACCACCAAGTTTACAGTTTAGCTGGATGCCAATTTT
GGTGCATACACTCATTACCATATTICTTICTTTGAGATGGTTCGGCCAACAATGACCTGGGAATCCCGCGGCCATGGCGGCCGGGAGCATG
CGACGTCGGGCCCAATTCG-37

> sense piwi 1 probe

57-
TGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGGCCCGACGTCGCATGCTCCCGGCCGCCATGGCCGCGG
GATTCCCAGGTCATTGTTGGCCGAACCATCTCAAAGAAGAATATGGTAATGAGTGTATGCACCAAAATTGGCATCCAGCTAAACTGTAA
ACTTGGTGGTGAAGCGTGGGCTGTCGAAATTCCTATGAAGAGGACTATGGTGATAGGAATTGACACTTATCATGATAGTCTGCAGAAGG
GCCGCTCTGTTGGTGGATTTGTTGCAATCACTAGTGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAACGCGTTGGATGCATA
GCTTGAGTA-3”

> anti-sense piwi 2 probe

5 B e
CAGGAAACAGCTATGACCATGATTACGCCAAGCTATTTAGGTGACACTATAGAATACTCAAGCTATGCATCCAACGCGTTGGGAGCTCT
CCCATATGGTCGACCTGCAGGCGGCCGCACTAGTGATTAACTCTGACTTGTCGTGTACAATAATGTAACGGGTTGGGGTAACTGTTCCC
TGCCGTACATGCTGACTGACGAGGTAAAAGTCGTACCAGTCTCTCCTTGTGATTGTGTGGTCCAGTATGGTGCCGGGACCGGGGTTATC
AAGTTTGGGCCTGGGCCCACCTCCCTGAGCTGCAAAGATTCGTGCATTGATTCTCTTTGACACGATCACCACTGCCATCTTGGGGTGAT
AGTTACCACCAAAGTGGACAARACACTCGGAGAGCTGTTGCACTTCATACCCAGCCACAGTCTTCAATTGAATCCCGCGGCCATGGCGE
CCGGGAGCATGCGACGTCGGGCCCAATTCG-37

> sense piwi 2 probe

5 T
TGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGGCCCGACGTCGCATGCTCCCGGCCGCCATGGCCGCGE
GATTCAATTGAAGACTGTGGCTGGGTATGAAGTGCAACAGCTCTCCGAGTGTTTTGTCCACTTTGGTGGTAACTATCACCCCAAGATGG
CAGTGGTGATCGTGTCAAAGAGAATCAATGCACGAATCTTTGCAGCTCAGGGAGGTGGGCCCAGGCCCAARACTTGATAACCCCGGTCCC
GGCACCATACTGGACCACACAATCACAAGGAGAGACTGGTACGACTTTTACCTCGTCAGTCAGCATGTACGGCAGGGAACAGTTACCCC
AACCCGTTACATTATTGTACACGACAAGTCAGAGTTAATCACTAGTGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAACGCG
TTGGATGCATAGCTTGAGTA-3"

Figure 4-S1: Probe sequences used to target piwi mRNA in whole mount in situ hybridization
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Pca Cniwi  QEADWSRETRGKELISTVNMIN--WVLLYTQRDSNIANDFKQTLQRVCGEMGMOVADPOMCRLNSDSAQTYFSTLKEQINPQ--TQIVVCIVENNRKDRY
Hvu Hyli READWGKEATREAVITGIDINS--WMVISTKRDQPKAFEFVQTMKQCCPOMGFKCGDPFFFALNDDRTETYLRTIRENLNQK--VQCVVCIFPTSRDDRY
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Pst piwi2
Pda:piwi 1  KTADWSREMRGNPLQSTVNLDS--WLLIYSSRDSGNAKDFAQTLNKVCGPMGIKVSKSVECQLNNDRTESYLEATKGNFSDS--LOMVVIILTTNRKDRY
Pda_piwi2 YVNRDKSKAVE FVGMMNKVT PAMGIEVHQPNMLELRDDRTET YLRMIREYLNPQ--TQVVVIIFPTSRDDRY
Spi_piwil  RTAEWSREMRGNPLQSTVNLNN--WILIYTNRDSGNAKDFAQTLSRVCGPMGIQVSKPYEFELNNDRTESYLHAINERYCSS--LQMVVAVLTITTRKDRY
Spi piwi2  PQADWGQQAVKEQVITPVPLRN--WLVLYVNRDKSKAVEFVSMMNKVI PAMGIEVHQPNMLELRDDRTETYLRMIREHLNPQ--TQVVVVIFPTSRDDRY
Mmu piwill QFADWSKETRGAPLISVKPLDN--WLLIYTRRNYEARNSLIQNLFKVIPAMGIQMKKAIMIEVD-DRTEAYLRALQOKVISD--TQIVVCLLSSNRKDKY
Mmu piwil2 EDLNWVKEVIRDASILTIPMHF--WALFYPKRAMDQRRELVNMLEKIAGPIGMRISPPAWVELKDDRIETYIRTIQSLLGVEGKIQMVVCIIMGTRDDLY
Mmu piwil4 FAADWSKDMRSCKVLSSQPLNR--WLIVCCNRAEHLIEAFLSCLRRVGGSMGFNVGYPKIIKVD-ETPAAFLRATQVHGDPD--VQLVMCILPSNQKNYY

Pda_ago  -—--------- SLHDGARIEKWALACFCRR--CREDQLRXFSKQMGNVSSRQGLRMSEE PVVVRYGRDAREVE SLF SKWVVDI PGLQLIMATILPERDKQIY
Hvu_ago ~NGAWNMKGRRLYKGAT IKKWGLIVYDIGKPLQNEVLIKFQTELIKSAKE IGIQIDN-EVYQARAPANELPESVI SKAFKKDKDIELLVFILEGKTP-FY
Nve_ago -GGVWDMRGRQLFHGIEIRTWAIACFVKQOMCTEDSLRRESNQLMKI SVEQGMPI SCPPVFFRYARNPDEVERMFRRLKEAHPDLQMI LVVLEGKT P-VY
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Ael piwill DAIKKLCCLEK-------=-=-=-==-= PVPSQVIVSRILSKKQMIMSVCTKIGIQLNCKLGGEAWALE - ———————~~ IPLKGLMVIGVDTYHDSA--E
Rel piwil2
Nve piwil  DSIKKLCCLEK-----------—--——- GVPSQVVVSRTLSKKQMLMSVCTKIGIQLNCKLGGEARAVD-————————— IPLKNLMIVGIDTYHDSS--Q
Nve piwi2 PVPSQVIISKTISNPTKLRSVVQKIALQINVKLGGELWALD- ---IPSRSLMVCGIDVYHDKA--R
Aqu piwill PVPSQCIVSRILSKKQTLMSVATKIVLQMNCKLGGELWALD-————————- IPLKNLMVIGIDTYHDSA--5
Aqu_piwil2 PIPSQVINARTISQRQKLRSVIQKVALQINVKLGGELWAVK-——-———--~- TPLENAMVIGIDVYHDST--R
Efl piwill PVPSQCVTARVLTKKQGLMSVATKIALQLDCKLGGELWALE—————————- IPMKNVMVIGIDAYHDIV--T
Efl piwil2 PIPSQVLIARTITQRQKLRSVAQKVALQMIAKLGGELWAVE-——--——-—- IPLKSCMVVGIDVYHDKS--Y
Che piwi PVPSQVVVSRILSKQQMLMSVCTKIAIQLNCKLGGEVWATE - ---IPVKKLMVIGFDVYHDSM--N
Pca_Cniwi PVPSQVVVSRTLSKKQMLMSVCTKIGIQLNCKLGGEVWAVD-————————- IPLKNVMVVGFDVYHDSA--T
Hvu Hyli PVPSQMINART ISQANKLRSVIQKVALQINVKLGGELWALN-——--————- IEMKNVMICGIDVHHDTS--K
Hvu HyWi PIPSQVVVSRILSKQQMIMSVCTKIGIQLNCKMGGNVINAVD-————————- IPIQ-VMVVGYDVYHDSL--T
Pst piwil PVESQVIVGRT ISKKQMLMSVCTKIGIQINVKLGGERWAVE-————————- IPLQKTMVIGIDCYHDSL--T
Pst_piwi2 SGRKIALQINCKLGGELWALD- ---IPLKSIMVIGIDVYHDAS--R
Pda_piwil PVPSQVIVGRTISKKNMLMSVCTKIGIQLNCKLGGEAWAVE- ---IPMKRTMVIGIDTYHDSL--Q
Pda_piwi2 PVESQVINAKT ISQQNKLRSVIQKIALQINCKLGGELWALD- ---IPLKSIMVIGIDVYHDAS--R
Spi_piwil PVPSQVIVSRIISKKQMIMSVCTKIGIQLNCKLGGEAWAVE ~———————~~ IPLKKIMVIGIDTYHDSL--Q
Spi_piwi2 PVPSQVINAKT ISQONKLRSVIQKIALQINCKLGGELWALD-————————— IPLKSIMVIGIDVYHDAS--R
Mmu_piwill PTPSQCVVARTLGKQQTVMATATKIALQMNCKMGGELWRVD- ---MPLKLAMIVGIDCYHDTT--A
Mmu_piwil2 PVPSQVINVRTIGQPTRLRSVAQKI LLQMNCKLGGELWGVD- ---IPLKQLMVIGMDVYHDPS--R
Mmu_piwild --PVESQCVLIRTLNKQGTMLSVATKI AMOMT CKLGGELWSVE—————————— IPLKSLMVVGIDICRDAL--N
Pda_ago PEIKRVEDN-——=——====mmmmm o VIGIPTQCVQSKHVNRTN--PQVCANIALKINSKLGGINHVIDPGVKSP----VFREPVIIFGADVIHPSPTEN
Hvu_ago GDIKRLCETENGFNGFSDPGVQNLIKNKGVCTQCIQSKNVLKCN--PMT LAQLCLKINSKMGGTNNVIDSNNKI TRPLNVFKE VI FLGADVTHPGLGDK
Nve_ago AEVKRVGDT—————====——==—==-] MLGVITQCIQGKNVIKPS--PQTLSNLCLKINAKLGGVNNI LAPEIRPP-—~-VFREPAI FLGADVTHPAAGDD
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Ael piwill KGRSVGGFVASLNQTLTR---YYSRCTFQHSG----- QELIDGLKVCMARALRKYQEING-MLPDKI IMYRDGVGDGRLQLVIEHEVSQLLQCFKTIQS!

Rel piwil2
Nve piwil KGRSVGGFVASLNKPCTRQREYYSRCTFQHSG—-——— -QELVDGLKVCMTARLRQWQQING-VLPDKIIVFRDGVGDGQLRAVIEHEVPQILSTFKQFQDG

Nve piwi2 QELIDGLKMLLIKGIRKWHDVNN-ALPERIIVYRDGVGDGQLKVVAGYEVQQFEECFASFGES
Aqu piwill QELGDNLKACMIMALKKYHSINN-TFPDRIVVYRDGVGDGQLHIVKEHEVVQMLESFSSTSGD
Aqu piwil2 QEIGDGLKICFQSSLRKYYEINH-NLPDRIVIFRDGVGDGQVKTVVEFEI PQMKSCLAMFGES

Efl piwill RGRSVCGFIASTNQSLTR---YYSQCFLQHIG QELADNLKVAMSKALQKYHQINK-VLPDRIIVYRDGVGDGQLAMVVNYEVPOMMDT FKQFSSG
Efl piwil2 GNKSIAGFVASTNPSFIR---WYSRTAMQEQS----- QELIHELKLCMQARLKKYNEMNQ-SLPERIIVFRDGVGEGREEYVSEFEVPQFNSCFSIFGEN
Che_piwi KGQSIGGFIASTNDSLTR---YYSRITKQRSH NEICSQLKICMIGALKKYREVNG-HDPDRIIVYRDGVGDGQIYDVKDHEVPQFKARIQEFNEN
Pca Cniwi  KGKSIGGFVASTNRYLTR---YYSRITSQTSH QEICNQLKVCMIGALKKYHEVNN-TLPDRIIVYRDGVGDGONSDGYEHELPQLKSAFSARQAN
Hvu Hyli GSRSVGGEVASTNSTFTR---WYSRCVFQNIG QELIDGLKLCFVGALKKYHDENH-SLPEKIFVFRDGVGDGQLEIVSNYEVKQLQDCFPLLNDS
Hvu_HyWi KGKSFGGFVASTNKSLTN---YYSRITAHTSH QEICDQLKICMIGALKKYHEINN-TLPDKIIVYRDGVGDGQLGMVHGHELPQLKEARFKDVGAG
Pst piwil  KGRSVGGFVASMNKTLTK---YHSSVIFQHTG MELIDELKTCMTAALKKYSEING-DLPERIIIYRDGVGDGQLRLVVEHEVPQLKASFQEIAGG
Pst piwi2  GGRSVGGFVASMNKSLIR---WFSRVCFQSPG QELIDGLKMALTASLKKYHEVNH-TLPDRIIVFRDGVGDGQLRTVAGYEVQQLSECYTLFGES
Pda piwil  KGRSVGGFVASTINATLTK---YYSRVIFQHIG: MELIDGLKTIMTAALKKYRDLNG-GLPDRIIVYRDGVGDGQLKTVVNHEVPQLKASFKDLETD
Pda piwi2  GGRSVCGFVASMNKSLIR---WNSRVCFQSEG QELIDGLKMCFVSSLKKYHEINH-ALPDRIVVYRDGVGDGQLKTVAGYEVQQLSECFVHFGGN
Spi_piwil  KGRSVGGFVASTINPTLTK---YYSRVIFQHIG: MELIDGLKTSMIGISSCI
Spi_piwi2  GGRSVCGFVASMNKSLIR---WNSRVCFQSPG: QELIDGLKMCLVSSLKKYHEINH-TLPDRIVVYRDGVGDGQLKTVAGYEVQQLSECFVHFGVN
Mmu piwill GRRSIAGFVASINEGMIR---WFSRCVFQDRG: QELVDGLKVCLQARLRANSGCNE-YMPSRVIVYRDGVGDGQLKT LVNYEVPQFLDCLKSVGRG
Mmu piwil2 GMRSVVGFVASINLTLTK---WYSRVVFQMPH QEIVDSLKLCLVGSLKKYYEVNH-CLPEKIVVYRDGVSDGQLKTVANYEI PQLOKCFEAFDN-
Mmu piwild KNVVVVGEVASINSRITR---WESRCVLQRTA: ADIADCLKVCMTGALNRWYRHNH-DLPARIVVYRDGVGNGQLKAVLEYEVPQLLKSVIECG--
Pda_ago GIPSIAAVVASMDANATK---YCARVRAQNHKSGKGAQEI INDLAVMVKELLIDFYKANRKLKPNKI I FYRDGVSEGQFDOVLVHEVRAVQOACIMLEKD
Hvu_ago SSPSIARIVGSIDEVPSR---YSACVRIQGHR----- -VEVIEDLENVIVELLKQFYRHMK-VKPRKI IMFRDGVSEGQFQQVLFHEMSATQKACIKLEKG
Nve_ago KRPSVARVVGSMDAHLSR---YYASVRVQTHR----~ QEIIAELARMVRELLVQFYRSTR-HKPQRIVFYRDGVSEGQFRQVLVHELKAIREACIKLEVG
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Ael piwill AAYNPKFAVVVVKKRINTRLFLKDPRDSNMINLNNPPPGTVVDKAVIKPEWFDFFLVSQCVRQGTVIPVHFNVIYDSTGLKPDHFQRLSYKLTHLYYNWP

Ael piwil2

Nve:piwil --YDPKFGFTVVKKRIQTRLFMREARDPDMRNLMNPPPGTVVDKEVIRSENFDFFIVSQSVRQGTVS PTHYNVIHDTTGLRPDHWQQLSYKLTHLYYNWP
Nve piwi2  --YKPKLAVLVVQKRINTRIFSAE------PRLGNPGPGSVLDHTVIRKDWNDFFLVSQHVRQGTVIPTHYVVVYDTSNWKPDIMQKLSYKLTHLYYNWP
Aqu piwill S-YKPKFAVVVVKKRINTRLFAPDQRG----QPSNPLPGTVVDDQVIKPDWYDFFLVSQSVRQGTVSPTHFNVIHDTSGLTPDHMORLTYKLTHLYYNWP
Aqu piwil2 --YKPKIGFVIVQKRIATRLFSHG----- PQGYENPCPGTVLDHTVIRKGWYDYFLVSQHVRQGTVI PTHYHVVLDNAGLKPDHMQKLT YKLTHMY YNWP
Efl piwill G-YIPKFSVVVVIKRIITRIFLN-QRG----QISNPPPGTVVDIEITKPQWYDFFIVSQSVRQGTVAPTHFNVVYDTSGLKPDHMQRLTYKLCHLYYNWQ
Efl piwil2 --YCPKLAVVVVQKRITTRIFGRS----- GHSYDNPPPGVIVDHT ITKS--YDFYLVSQHVRQGTVSPTYYRVIYDKSGLKPDHLQRLT YKLTHMYYNWP
Che_piwi --IT-KFSMIIVKKRVSTRLFAHSRGG-----ISNPMPGTIVDSAVIRPEFYDFFLCSQTVRQGTVI FVNYNI IEDSSGLKPDHLQKLT YKLCHLYYNWE
Pca Cniwi  --YEPKFAMLIVKKRVSTRLFLAANGQ----- YSNPAPGT IVDSVVIRPEWYDFLLISQSVRQGTVI PTHYNVINDT SGLKPDHFQRLT YKLCHLYYNWP
Hvu Hyli --YHPKMCVVVVQKRISQRLFAIQ-———-! NGGLENPAPGSVLDHTVIRKDWFDFFLVSQHVRQGTVI PTHYVVVYDDTGLKPDHIQRLSYKLTHLYYNWP
Hvu HyWi --YNPKFAMIVVKKRITTRLFLGNNGQ----- YSNPEPGTVVDIVVIRPEWYDFFLISQSVRQGTVSPTHYNVISDNTGLKPDHFQRLT YKLCHLYYNWP
Pst piwil --YKPKFSVVIVKKRISARIFSRSGGP----NLINPPPGTVVDIDITRKEWYDFFLISQSVRQGTVSPTHYNVIEDSSGLTPDHFQRLTYKLTHLYYNWP
Pst piwi2 --YKPKMAVVIVSKRINARIFASQGGGP-MPKLDNPGPGTVLDHTITRKDWYDFYLISQHVRQGTVIPTHYIVVHDKSELKPDYMORLAYKLTHLYYNWP
Pda piwil --YSPKFAVVIVKKRISARIFHQTSVD----ALSNPPPGTVVDSVITKKQWYDFFCVSQSVRQGTVSPTHYNVIEDSTGLMPDHFQRLTYKLTHLYYNWP
Pda piwi2 --YHPKMAVVIVSKRINARIFAAQGGGP-RPKLDNPGPGTILDHTITRRDWYDFYLVSQHVRQGTVIPTRYIIVHEDKSELKPDYMQRLSYKLTHLYYNWP
Spi piwil

Spi:piwiz --YHPKMAVVIVSKRINARI FARQGGGP-RPKLDNPGPGTVLDHT ITRKDWYDFFLISQHVRQGTVI PTRY I IVHDKSELKPDYMORLSYKLTHLYYNWE
Mmu piwill --YNPRLTVIVVKKRVNARFFAQSGGR----- LONPLPGTVIDVEVIRPEWYDFFIVSQAVRSGSVSPTHYNVIYDSSGLKPDHIQRLT YKLCHVYYNWE
Mmu piwil2 --YHPKMVVEVVQKKISTNLYLAAPDH----- FVIPSPGTVVDHTITSCEWVDFYLLAHHVRQGCGI PTHY ICVLNTANLSPDHMQRLT FKLCHMYWNWP
Mmu piwild SDARYDFYLISQTANRGTVSPTHYNVIYDDNALKPDHMQRLT FKLCHLYYNWQ
Pda_ago --YRPRITFVVVQKRHHTRLFCENQRDE-VGKARNVPPGTTVDSGITHPYEFDFYLCSHYGIQGT SRETHYHVLYDDNSFTADGLQQLT YQLCHVYARCT
Hvu_ago --YEPGITFVVVQKRHKAKFF-

Nve_ago --YQPGISFIVVQKRHHTRLFCQRDQDK-CGKSGNVPPGTTVDRGITHEPTEFDFYLCSHAGIQGT SRPSHYHVLWDDNNFSADELQALTYQLCHTYVRCT
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Ael piwill GIVRVPAPCQYAHKLAFLVGQSLHREPDQS-LADKLFFL
Ael piwil2
Nve piwil  GIVRVPAPCQYAHKLAFLVGQSLHKEPSLK-LADKLYFL
Nve piwi2 GIVRVPAPCQYAHKLAYQVGQSIHGQPSQE-LCDRLEFL
Aqu piwill GIVRVPAPCQYAHKLAFLVGQSIHKSPSTA-IADRLYFL
Aqu piwil2 GTIRVPAPCQYAHKLAFLVGQSLHREPSLE-ISDRLFFL
Efl piwill GIVRVPAPCQYAHKLAYLVGESIHREPDED-LADRLYFL
Efl piwil2 GIIRTPAPCNYAHKLAFLVGKSLHRDPAHE-LSDRLFFL
Che piwi GTIKVPAPCQYAHKLAFLVGQSVHTDPALE-LSDRLYYL
Pca Cniwi  GIIRVPAPCQYAHKLAFLVGQSIHTEPSSH-LADRLYYL
Hvu Hyli GTIRVPAPCQYAHKLAFLVGTSLHKDPALE-LSDRLFFL
Hvu_ HyWi GTIRVPAPCQYAHKLAFLVGQSIHSEPNFV-LADRLYYL
Pst piwil GIVRVPAPCQYAHKLAFLVGQSLHQKPNKETLADKLYFL
Pst piwi2 GIVRVPAPCQYAHKLAYLVGQNIHNEPSHD-LSDRLFFL
Pda piwil  GIVRVPAPCQYAHKLAFLVGQSLHKPPHIE-LAEKLFFL
Pda piwi2 GIVRVPAPCQYAHKLAYLVGQONIHNEPSHD-LSDRLFFL
Spi_piwil
Spi piwi2  GIVRVPAPCQYAHKLAYLVGQNIHNEPSHD-LSDRLFFL
Mmu piwill GVIRVPAPCQYAHKLAFLVGQSIHREPNLS-LSNRLYYL
Mmu piwil2 GTIRVPAPCKYAHKLAFLSGQILHHEPAIQ-LCGNLFFL
Mmu piwild GLISVPAPCQYAHKLTFLVAQSVHKEPSLE-LANNLFYL

Pda_ago RSVSMPAPAYYAHLVAFRARHHVI -——-—~— GNGSIDLVK
Hvu_ago
Nve_ago RAVSIPAPAYYAHLVAFRARYHMMDRDKEAGNDNSSVAS

Figure 4-S2: Piwi-like Eukaryote domain alignment used to generate phylogenetic tree of Figure 4-2. Ael: "Anthopleura elegantissi-
ma", Aqu: "Amphimedon queenslandica", Che: "Clytia hemisphaerica", Ean: "Euphyllia ancora", Efl: "Ephydatia fluviatilis", Hvu:
"Hydra vulgaris", Mmu: "Mus musculus", Nve: "Nematostella vectensis", Pca: "Podocoryna carnea", Pda: "Pocillopora damicornis",
Pst:"Pseudodiploria strigosa", Spi:"Stylophora pistillata"
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Figure 4-S3: Pdcyst-rich associated protein maximum likelihood tree.
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Preliminary results. Constructed using the Jones-Taylor-Thornton (JTT) model of amino-acid substitution with bootstrap (1000)
support values above branches. Pdcyst-rich protein is clustered with keratin-associated proteins of Acropora digitifera.
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Chapter 4: Tracing isotopically labeled biofilm
compounds into coral host tissue during settle-
ment

I. Abstract

Larval recruitment is a critical step in the life cycle of reef-building corals. Location of settlement of
the scleractinian planula larva will determine the chances of survival and the probability of successful estab-
lishment of colony. Environmental cues, physical or chemical, play a major role in this process (Hadfield and
Paul, 2001) and their study is important in the context of reef decline. The metabolic pathways involved in
larval settlement remain to be elucidated and whether the chemical cues are acting at the cell surface or
intracellularly in planula tissue is not known. In this study, newly released Pocillopora damicornis planulae
were exposed to isotopically labeled (**N, **C) mature crustose coralline algae-containing biofilms. High reso-
lution isotopic imaging with NanoSIMS allowed us to visualize a few *C and/or *°N enrichment spots (<1 pm
diameter) in the calicodermis of metamorphosed larva. An unsettled planula showed similar enrichment
spots in its pharynx, with the rest of the tissue unlabeled. Although preliminary, these results indicate that
there are transferable cues, from biofilm to the larva that are potentially involved in the induction of meta-

morphosis in scleractinian corals.

II. Introduction

In the search for determining settlement inducers of coral metamorphosis, most studies have fo-
cused on chemical cues from bacterial biofilms growing on surfaces or associated with crustose coralline
algae (CCA) (Baird and Morse, 2004; Grasso et al., 2011; Tebben et al., 2011). Several chemical cues have
been identified, such as tetrabromopyrrole (TBP) produced by bacterial genus Pseudoalteromonas isolated
from CCA surface biofilm (Sneed et al., 2014; Tebben et al., 2011). However, a recent study in five coral spe-
cies (Acropora millepora, A. tenuis, A. globiceps, A. surculosa, and Leptastrea purpurea) pointed out that
metamorphosis induced by TBP was not ecologically realistic because it occurred without settlement of the
larvae on the substrate, on the contrary when induced by CCA or CCA cell wall-associated compounds (gly-
coglycerolipids and polysaccharides) larvae properly settled and underwent metamorphosis (Tebben et al.,
2015). Also they obtained same metamorphosis rates with CCA treated or not with antibiotics, showing that
the associated biofilm was not involved in the process. Nevertheless, if bacterial cell wall components are
the metamorphosis cues, they are still present after antibiotics treatment. In Acropora microphtalma settle-
ment and metamorphosis was induced with 8-weeks old biofilms in the absence of CCA (Webster et al.,
2004). If CCA and/or associated biofilms can induce proper metamorphosis it is not clear what are the com-

pounds involved.
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Regarding potential internal responses to such cues, the GLW-amide neuropeptide family has been
shown to induce metamorphosis in hydrozoans and a few scleractinian corals, e.g. Acropora sp., Montastrea
faveolata, and is thought to act as a hormone (Erwin and Szmant, 2010; Iwao et al., 2002). Environmental
cues might trigger neuropeptide secretion from planula neuro-epithelial cells which will act on the tissue to
provoke metamorphosis (Takahashi et al., 2011). Nevertheless, in contrast with CCA induced metamorpho-
sis, metamorphosis induced by exposure to neuropeptides is not always combined with settlement (Erwin
and Szmant, 2010; Iwao et al.,, 2002). A study on gene regulation after either a CCA-induced or a TBP-
induced metamorphosis indicates that GABA (gamma-aminobutyric acid) transporters, which are involved in
neurotransmission process, are upregulated in the presence of TBP, whereas there are no changes in expres-
sion after CCA extract inducement (Siboni et al., 2014). The change of expression from TBP- to CCA-induced
metamorphosis indicates that TBP inducement uses a different signaling pathway than CCA-inducement.
Thus, it is clear that chemical compounds can induce partial or complete metamorphosis in coral larvae, but
the identification of these cues is still under debate and the molecular mechanisms underlying this conver-
sion of external cues into internal signals are generally poorly understood. Whether the molecular signal is
integrated inside the larval tissue or not is not known. To begin answering this question, we labeled a mature
biofilm (containing CCA) with stable isotopes (**C and *°N) and exposed Pocillopora damicornis planula larvae
to it. The presence of stable isotopic enrichments within the tissue of unsettled planulae and properly settled
and metamorphosed larvae was investigated with high resolution secondary ion mass spectrometry (Na-

noSIMS) imaging.

II1. Material and methods

A. Biofilm labeling with stable isotopes and larvae exposure

Planulae were obtained from the public aquarium of Océanopolis (Brest, France) where larvae are
emitted regularly from large colonies of P. damicornis scleractinian coral. Mature biofilms were grown in
closed-circuit aquaria and recirculating artificial seawater equilibrated in large exhibit tanks during 5 months
on under-water papers (~10x15 cm) at the Aquarium Tropical du Palais de la Porte Dorée (ATPD, Paris,
France). At the time of the experiment underwater papers were totally covered with recognizable crustose
coralline algae (CCA), filamentous red and green algal turf (See supplementary Figure 5-S1, pictures from A.
Massé). Biofilms were then transferred in beaker filled with 300 mL of artificial seawater (ASW) modified
from Harrison et al., (1980) made of 355.6 mM NaCl, 24.4 mM Na,SO,, 7.9 mM KCl, 46.2 mM MgCl,, 9 mM
CaCl,-2H,0 and completed with isotopically labeled 1.3 mM sodium bicarbonate (**CHNaOs), 5 tM ammoni-
um chloride (**NH,Cl) and 5 UM potassium nitrate (K>NOs) (ASWi), final salinity 28%o. Unlabeled control
biofilms were exposed to similar concentrations of unlabeled sodium bicarbonate, ammonium chloride, and
potassium nitrate. During 5 days ASWi was renewed twice a day and experimental settings were as follows:

pH 8.2940.2, temperature 25.5+0.6°C, under 12/12h light period. After the 5 days enrichment period, bio-
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film were rinsed several time and 3 mm diameter discs of biofilm were sampled in a fixative solution of 2.5%
glutaraldehyde, 0.8% paraformaldehyde, 0.2% picric acid, 10 mM CaCl,-2H,0 in 0.1 M Sérensen-phosphate-
0.6 M sucrose pH 8. Rest of biofilm was used for incubation with freshly released planula larvae (n=30) from
the morning or the day before. Control experiments were achieved in the same conditions with unlabeled
biofilm (n=30). The following morning (t=16 h), after 3 h light—12 h dark—-1 h light, 3 mm diameter discs of
biofilm were again sampled in fixative solution, as well as unsettled planulae, and metamorphosed larvae
that had settled on the substrate. The later are characterized by a disc-shape structure with no tentacles yet

developed and refers as “early metamorphosis” stage.

B. Histological procedures

After 24 h at 4°C in the fixative solution, samples were prepared for microscopy and NanoSIMS as
follows: rinsed in PBS (Phosphate buffered saline, pH 8) and post-fixed in osmium (0s0,4) 4% in Sérensen 0.1
M, rinsed and dehydrated in graded series of ethanol before embedding in Splrr resin with polymerization
for a few days at 60°C. Resin blocs were cut in semi-thin sections (1 um) with a 35° diamond knife (Diatom)
on an ULTRACUT microtome at the MNHN PtME platform for electron microscopy (Paris, France). A longitu-
dinal sections going through the pharynx was put on a glass slide and stained 10 s with toluidine blue stain
(1% in sodium borate 1% buffer) and the following serial section was placed on 10 mm diameter coverslip,
suitable for both NanoSIMS holders and SEM holders. Stained sections were mounted with Eukitt medium
and acquired under light microscope Olympus Slide Scanner (Objectif 40x) at the Bioimaging and optics plat-
form (BIOP, EPFL, Lausanne).

C. Scanning electron microscopy in backscattered electron mode (SEM, BSE)

For tissue orientation and ultrastructure identification, semi-thin tissue and biofilm sections were
first observed on a scanning electron microscope (SEM) Hitachi SU 3500 from the Electron Microscopy Plat-
form (PtME, MNHN, Paris, France) using back-scattered electron detector (BSE), in collaboration with Dr. S.

Djediat. The SEM was operated at 10 kV under 50 Pa.

D. NanoSIMS isotopic imaging

The tissue and biofilm sections observed in SEM where then coated with ~10 nm gold before anal-
ysis with the NanoSIMS 50L ion microprobe (Cameca) in the Laboratory for Biological Geochemistry (EPFL,
Lausanne, Switzerland). Samples were bombarded with a 16-keV primary ion beam of caesium (1 to 3 pA).
Secondary molecular ions 12C2’, Beler 2N and CPNT were simultaneously collected in electron multi-
pliers at a mass resolution sufficient to avoid potentially problematic isobaric interferences on *C**C” and
2CN". Isotopic images (256 x 256 pixels) of 40x40 um” were obtained. Distribution maps of the *C/**C and
N/™N ratios were obtained by taking the ratio between the drift-corrected *C**C” and **C,” images and the

€N and C*N” images, respectively. °C and N enrichments were expressed in the & notation
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8X(%0) = (32— 1) x1000 (1)

Xnat

where 8X is either 8C or 8"°N, X, is the measured *C/**C or ®N/*N ratio, and X, is the average natural
Bc/™C or N/*N ratio measured in non-labeled samples. To obtain quantitative enrichment of a specific

area, region of interest (ROI) where delimited. & value are reported as mean + 1SD of total pixels included in

the selected ROlIs.

E. Transmission electron microscopy (TEM)

In parallel, ultrathin (70 nm) sections of early metamorphosis larva were cut, contrasted with satu-
rated uranyl acetate 50 % in ethanol at room temperature and acquired using a TEM Hitachi H-7100 at 75 kV
at the PtMe (MNHN, Paris, France).

IV. Results

After 5 days incubation with isotopically labeled ASW, isotopic enrichment in bacteria from the bio-
film surface was measured with NanoSIMS. The 8C and 8N enrichments averaged 741+220%o and
7361+2472%o, respectively (Figure 5-1). Carbon enrichment is lower than nitrogen probably because of **C
dilution due to fixation and epoxy embedding that adds additional **C atoms (Pernice et al., 2015). After 16 h
exposure to the isotopically labeled biofilm, 19 larvae settled on UWP and started metamorphosis (63%),
only one did not settle. In a similar control experiment using biofilm with normal isotopic composition 26
(87%) settled in the same 16 h time interval, only one did not settle. Note that, after 16 h in isotopically
normal ASW, the biofilm was still enriched, with a slight decrease due to dilution of *C and N with **C and
YN, respectively, yielding average 8"°C and 8"°N enrichments of 515+85%0 and 4992+1381%o, respectively
(Figure 5-1). Both planulae and metamorphosed larvae presented C enrichment in some of their dinoflagel-

lates, localized in the primary starch around the pyrenoid (Figure 5-2).
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Planula Metamorphosed

Figure 5-2: B¢ enrichment in Symbiodinium sp. of
both planula and metamorphosed larvae.

SEM images in BSE modes of dinoflagellates and the
corresponding 5"C and 8"°N NanoSIMS images. The
white arrows point the enriched primary starch
around the pyrenoid and mean+1SD value of this
enriched area is indicated. py: pyrenoid, n: nucleus,
c: chloroplast. Scale bar 5 um.
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In the planula, no enrichment was observed in the future calicodermis, i.e. the aboral pseudostratified epi-
thelium (pse) neither the gastrodermis. Nevertheless, one spot of 8°N was observed with an enrichment of
657+87%o in the pharynx area of the oral pse (Figure 5-3). Although this represents a clear detection, it has

been observed only once in the all pharynx surface of the section imaged (pharynx area: 3000 um?) and calls

for further investigation.
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Figure 5-3: Isotopic ratios in the unsettled planula.

(A) Toluidine blue stained semi-thin (1 um) section of a P. damicornis planula. Panel underneath shows SEM and corresponding
NanoSIMS images of the different epithelium in the planula. A spot of BN enrichment (657+87%.) is observed in the pharynx area
(white arrow). ph: pharynx, g: gastrodermis, d:dinoflagellate, sw: seawater. Dotted line indicates mesoglea and thus cell layer lim-
its. Scale bars: (A) 100 um, panel 5 um.

In the metamorphosed larva, no enrichment was observed in the pharynx, neither in the pse nor in the gas-
trodermis. Several enrichment spots were observed in the differentiating calicodermis (Figure 5-4). Total
surface of calicodermis available on the section was about 40,000 um?” and 11 images (40x40 um) were ac-
quired, covering around a third of the surface (13,200 um?). Five of these images exhibited 1 to 3 enrichment

spots with sizes under 1 pm?® Among these enrichment spots, two types were identified: 1) structure-
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associated °N-enrichment spots without *C-enrichment (Figure 5-4, columns I-11), and 2) spots not associat-
ed with visible structures and enriched in both *C and "N (Figure 5-4, columns IlI-IV). In the former case, the
enriched structures appear strongly stained with toluidine blue indicating acidic tissue components and with

surrounding structures indicative of cnidocytes (Figure 5-52).

Figure 5-4: Isotopic enrichment in the metamorphosed larva.

(A) SEM image of a semi-thin (1 um) section of a P. damicornis metamorphosed larva, scale bars 100 um. Panel underneath shows
toluidine blue/sodium borate stain (TBx) of four areas in the calicodermis, followed by YN/Pe topography of and corresponding
NanoSIMS images presenting enrichment spots (white arrows) in 3¢ and/or 15N, scale bars 5 um. The red arrow point the structure
in TBx stained section in which a >N enrichment has been detected. Dotted line indicates mesoglea and thus cell layer limits. pse:
pseudostratified epithelium, phx: pharynx, b: biofilm, g:gastrodermis, I: lipids, cal: calicodermis.

V. Discussion

This data presented above are to be considered preliminary results illustrating a methodology that

might prove helpful in identifying possible pathways taken by chemical cues that trigger coral larva settle-
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ment and metamorphosis. In the following discussion, it is cautioned that only one section was imaged with
the NanoSIMS for each, unique, sample. Nevertheless, it is the first time that such an experimental design
has been carried out and these preliminary observations outcomes are discussed qualitatively.

The results show unambiguously that unidentified molecules from the mature biofilm were trans-
ferred to the settled metamorphosing larva. In the presence of crustose coralline algae (CCA) (and associated
bacterial biofilm) settlement and metamorphosis of P. damicornis planulae was induced. The presence of **C
labeling in the primary starch surrounding the pyrenoid of dinoflagellates was observed in both unsettled
planula and metamorphosed larva. Most likely, this is due to rapid photo-assimilation of *CO, respired by
the labeled biofilm. Unsettled planula did not display any isotopic enrichment from the biofilm in their aboral
pseudostratified epithelium (pse) - which is the future site of calicodermis differentiation - but did exhibit
one N enrichment spot (< 1 um) in the pharynx area of the oral pole. Before settlement, planulae probe
substrate surface with their oral pole. This >N-enrichment in the pharynx may be due to a potential cue or
inhibitor (as they did not settle) of metamorphosis. We did not observe any enrichment in the oral pse sur-
rounding the pharynx.

Settled and metamorphosed larvae exhibited a few spots with isotopic enrichment in its calico-
dermis. Two kind of spots where observed: N-enrichment without *C-enrichment or both *C and “N-
enrichments, which most likely indicates that more than one type of molecules were transferred to the coral
tissue. In some cases the former type of enrichment was associated with structures of the calicodermis that
are interpreted to be cnidocytes (Figure 5-4, 5-S2), although this hypothesis should be confirmed with
transmission electron microscopy of serial ultra-thin sections. Hexacorallia have two types of cnidocytes
(Peters, 2016) that are thought to be involved in settlement (Vandermeulen, 1974). It is possible that settle-
ment and metamorphosis involve two distinct induction pathways, because a chemical cue such as TBP gen-
erally induces metamorphosis without settlement. No enrichment was observed in the other cell layers of
the metamorphosed larva, including the pharynx, indicating that most of the chemical cues for settlement go
through the aboral epithelium/differentiating calicodermis. Nevertheless due to the small size of enrichment
spots, (<1 um), and the fact that only one section was imaged per sample, we cannot rule out the possibility

that other enrichment spots are present in other cell layers.

This study is the first revealing a transfer of molecules from the biofilm to the metamorphosing scleractinian
larva with a spatial resolution that allow subcellular structures to be resolved. Further replicates and analysis
are needed, but this approach could bring more information about the chemical cues involved in settlement

and metamorphosis induction.
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VI. Supplementary material

Figure 5-S1: Mature biofilm grown on underwater paper in aquaria conditions at the Aquarium Tropical du Palais de la Porte Dorée
(Paris, France). Scale bars: 1 cm.

A

cal

cnil

Figure 5-S2: Early metamorphosis calicodermis with some of its cnidocyte and mucous cells.

(A) Semi-thin section (1 um) stained with toluidine blue in which we can see at least two types of cnidocyte and mucocyte. Dashed
white line indicates mesoglea location and thus delimits cell layers. (B) Transmission electron microscopy of an ultra-thin section
(70 nm) with the corresponding type 1 and 2 cnidocytes and unidentified mucocytes. (C) SEM BSE acquisition of a cnidocyte type 2
and a mucocyte. cal: calicodermis, g: gastrodermis, cni: cnidocyte type 1 or 2, m: mucocyte type 1 or 2, d: dinoflagellate.
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General discussion and conclusion

A critical step in the coral life cycle is the metamorphosis of the planula into a benthic polyp and fu-
ture colony. However the cellular mechanisms that support this step, and particularly the formation of the
skeletogenic cell layer, are not understood. The global objective of this thesis was to increase knowledge
about the establishment of the calicodermis during polyp morphogenesis and a fundamental question that
initiated this thesis work was: By which cellular mechanisms do corals develop from a non-calcifying swim-
ming planula larva into a benthic calcifying polyp? Two pocilloporid scleractinian coral species (Pocillopora
damicornis and Stylophora pistillata) were studied using fluorescence and electron microscopy technics,
tissue homeostasis assays (BrdU labeling, TUNEL), molecular biology tools and NanoSIMS isotopic imaging.
The work contributes to better understand cellular processes during coral metamorphosis and, as discussed
in the introduction, is set in a context of high coral mortality and stress from both local and global anthropo-

genic environmental impact, including climate change.

I. Metamorphosis induction

Environmental cues induce coral metamorphosis (Heyward and Negri, 1999; Mason et al., 2011,
Morse et al., 1988; Mundy and Babcock, 1998; Nozawa and Harrison, 2007; Nozawa et al., 2011; Vermeij et
al., 2010; Whalan et al., 2012, 2015). How these physical and chemical cues trigger coral settlement and
metamorphosis remain poorly understood. In Chapter 4, a molecular transfer from an isotopically labeled
biofilm containing coralline crustose algae (CCA) to the forming calicodermis of a settled early metamorpho-
sis stage recruit was visualized for the first time using nanoscale secondary ion mass spectrometry (Na-
noSIMS). This finding, although representing relatively low levels of detection, supports an internalization of
unidentified biofilm-derived compounds, which can provoke morphogenetic changes associated with coral
settlement and metamorphosis. The NanoSIMS detection in the coral tissue of at least two types of signals,
one enriched exclusively in >N and another enriched in both N and *C, suggests that multiple inducers
might be involved in metamorphosis. The existence of distinct cues for settlement and metamorphosis is a
likely possibility, based on the observation that different cues can induce complete (settlement and meta-
morphosis) or incomplete metamorphosis (no settlement but metamorphosis). In Porites astreoides CCA
always induce complete metamorphosis whereas tetrabromopyrrole isolated from CCA-associated biofilm
induces both complete and uncomplete settlement ,(Sneed et al., 2014; Tebben et al., 2015). To further
strengthen the significance of the preliminary NanoSIMS observations presented in Chapter 4, a study would
have to be established to include more replicate samples with precise TEM or SEM-BSE identification of the
structures associated with the observed isotopic signals. Chemical identification of the labeled molecules

transferred from the biofilm to the host coral would be another essential step to better understand this pro-
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cess. This could be achieved with, for example, MALDI-TOF mass spectrometry (matrix-assisted laser desorp-

tion/ionization time-of-flight) that allows metabolite imaging in tissue sections.

II. Calicodermis establishment during metamorphosis

Establishment of the calicodermis is required to be a fast process given that skeleton deposition is
visible as early as 6 hours after settlement (Vandermeulen and Watabe, 1973, Gilis et al. 2014). Results of
Chapters 2 and 3 indicate that cell division at the early metamorphosis stage stays low, similar to the planula
stage. This demonstrates that, in the two species studied, formation of the calicodermis does not require cell
proliferation. Thus it is more likely that this cell layer initially emerges from direct trans-differentiation of the
aboral pseudostratified epithelium of the planula. To our knowledge, no published studies exist on cell pro-
liferation during metamorphosis in scleractinian corals. However, similar cell behavior has been observed in
Hydractinia metamorphosis, during which some cells directly trans-differentiate into post-metamorphosis
cells and cell proliferation activity increases only 9 h after beginning of the metamorphosis (Kroiher et al.,
1990; Plickert et al., 1988). Thus, in Cnidaria it is not uncommon that in the metamorphosis process existing
larval cells rapidly trans-differentiate and that only hours later, proliferation significantly increases in the
cnidarian tissues. Interestingly, results from primary cell cultures in Chapter 1 show that explant formation
does not imply cell proliferation. Similarly, it has been shown in Hydra that the regeneration process, i.e.
after head ablation, can occur without cell proliferation (Cummings and Bode, 1984). Together this data

demonstrate great cell plasticity of corals and other Cnidaria.

Primary polyps grow rapidly while supporting active skeleton formation. However, the calicodermis remains
the cell layer with the least proliferation activity at all stages for both species investigated (Chapters 2 and 3),
raising questions about the origin of calicoblasts. Direct trans-differentiation of the aboral pseudostratified
epithelium might supply calicoblasts during early metamorphosis, but in the developing primary polyp, the
low cell division rate in calicodermis cannot sustain its growth. As possible solution to this problem, support-
ed by the observations presented in Chapter 2, is that differentiating cells migrate from regions character-
ized by high proliferation rates (such as the pharynx), through the pseudostratified epithelium and/or the

mesenterial filaments, to the calicodermis.

Cell proliferation patterns seem to be diverse in cnidarians. In Clytia hemisphaerica cnidocyte progenitors
divide fast locally, at the base of tentacle and in the tentacle bulb, and progenies migrate and differentiate
on their way up to the tentacle tip (Denker et al., 2008). In Hydra, all cell types are formed from interstitial
cells dividing in the body column and progeny cells migrate either to the polyp tentacles or to the foot (Frank
et al., 2009; Gold and Jacobs, 2013); there is no cell proliferation activity outside the body column. In the
anthozoan Nematostella vectensis, cell migration was not assessed but cell proliferation occurs broadly dis-

tributed throughout the polyp, with the highest rate in the pharynx area (up to 49.0+3.9%) (Fritz et al., 2013;
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Passamaneck and Martindale, 2012). It seems that in scleractinians, there is an intermediate system be-
tween the hydrozoan system (with locally restricted areas of proliferation) and the more homogeneous pro-
liferation pattern observed in the anthozoan N. vectensis. According to our results (Chapters 2 and 3) low
levels of cell division occur in the entire polyp but with areas of high proliferation in the pharynx and pseudo-
stratified epithelium from which cells may migrate. It is the first time such a pattern of cell division and mi-

gration has been proposed in scleractinian corals.

To monitor the establishment of the calicodermis during early life stages, a calicodermis cell differentiation
marker (anti-Pdcyst-rich antibody) was developed and PCR primers were designed (Chapter 3). Semi-
quantitative reverse transcriptase PCR revealed gene expression starting at early metamorphosis stage. Lo-
calization in the adult calicodermis was confirmed by immunolocalization in semi-thin (1 um) sections. At
primary polyp stage, Pdcyst-rich protein was localized at the interface with the newly formed skeleton. How-
ever, in the forming primary polyp stage localization was only possible in thicker sections using a HRP signal
amplification method. Difficulties in immunohistolocalizing Pdcyst-rich protein in polyp of early life stages
could be explained by a low level of protein translation and/or a rapid protein secretion due to high skeleton
deposition at earlier life stages. These findings need further investigations andadditional western blotting

experiments.

II1. Stem cells in Scleractinia

Identification of high proliferation areas from which cells migrate indicates the existence of local-
ized precursor cell sources or niches. In S. pistillata, this source is most likely the pharynx area. In P. dami-
cornis, the source is less localized but the highest division rate was observed in the pseudostratified epitheli-
um. Only one previous study has localized stem cells in the coral Euphyllia ancora (Shikina et al., 2015) with a
focus on germ cell lineages and the gametogenesis and without studying epithelial cells. It is therefore the
first time that the pharynx is put forward as a potential precursor cell pool in the scleractinian coral S. pistil-
lata. Assays to localize piwi expression in P. damicornis polyp revealed other precursor cell pools, near the
cnidoglandular bands of the mesenteries and just below the tentacle tips (Chapter 3). Mesenteries were
identified as highly proliferative areas and are the site of gametogenesis, consistent with the findings of
Shikina et al. (2015), it is therefore not surprising to have found piwi expression in this area. Here, based on
the observations in Chapter 3, the hypothesis is presented that P. damicornis may also possess germline

precursors in the mesenteries.

In tentacles, the observation of piwi expression just below the terminal bulb could indicate a nematogenesis
site (i.e. cnidocyte production). The high proliferation rate (up to 20%) observed in the tentacle tips of P.
damicornis in Chapter 1 (Figure 7) support this hypothesis. In Hydra and Hydractinia, cnidocytes are progeny

of stem cells, referred to as i-cells, that divide in the epithelium of the body column and then migrate to the
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tentacle tip while differentiating (Gold and Jacobs, 2013). In C. hemisphaerica, nematogenesis is restricted to
the base of the tentacle, the area referred to as ‘tentacle bulb’.In this jellyfish species, cnidocytes are formed
from stem cells in the proximal zone and migrate while differentiating to the distal zone, i.e. the tentacle tip
(Denker et al., 2008). Furthermore, the stem cells of the tentacle bulb express piwi. In Anthozoa there are no
i-cells (Gold and Jacobs, 2013) and nematogenesis is less studied. In N. vectensis, cnidocytes derive from
ectodermal stem cells, but it is not clear if their formation occurs at the base of the tentacle or throughout
the epithelium (Marlow et al., 2009). In scleractinian corals, the location of the cells giving rise to cnidocytes
is not known. Here it is proposed that a pool of precursor cells is located just below the tentacle tips in P.
damicornis. Location of these piwi-expressing cells needs to be confirmed, for example by ultrastructure in
transmission electron microscopy. If confirmed, the progeny of these cells may migrate while differentiating

up to tentacle base and tip.

IV. Symbiont regulation during metamorphosis

While coral-dinoflagellate symbiosis was not the main focus of this work, interesting observations

of the symbiont cell population arose from the work in Chapter 2.

High division rates of Symbiodinium in hospite at planula, early metamorphosis, and primary polyp stages
indicate an absence of proliferation regulating mechanisms for this cell population (Chapter 2, Figure 5(a)).
At the same time, the observation of a constant symbiont/host ratio in the same samples indicates regula-
tion and points to a post-mitotic control mechanism (Chapter 2, Figure 5(d)). Regulation of the symbiont
population density by the host occurs through different processes; nutrient limitation (nitrogen and/or
phosphorus) prevents dinoflagellate division in hospite (Cook et al., 1988; Hoegh-Guldberg and Smith, 1989;
Jackson et al., 1989) and expulsion or degradation eliminates symbionts in situations with overabundance
(Davy et al., 2012; Dunn et al., 2007; Gates et al., 1992; Titlyanov et al., 1998). Degradation and death of
symbionts occur through apoptosis or autophagy. In Chapter 2, low apoptotic indices for the symbionts dur-
ing at planula and early metamorphosis stages (Chapter 2, Figure 5(c)) indicate that this post-mitotic regula-
tion is probably not the main process regulating the population in these stages, with autophagy a more likely
alternative (Klionsky et al., 2012). Future work to clarify these aspects should include autophagic structures
identification using transmission electron microscopy and/or the use of autophagy-blockers such as e.g.
wortmannin (Dunn et al., 2007) to test if dinoflagellate population increases in the planula when autophagy
is blocked. The increasing rates of apoptosis in the primary and adult polyps (Chapter 2, Figure 5(c)) imply

that regulation through apoptosis increases in significance during later developmental stages.

This interesting pattern of symbiont proliferation and regulation during coral metamorphosis raises the
question of its ecological significance. What could be the advantage of letting symbionts proliferate at early

life stages? S. pistillata from the Gulf of Agaba, Red Sea, inherits its symbionts primarily by vertical transmis-
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sion, i.e. from the mother colony, but also by horizontal transmission i.e. from the environment (Byler et al.,
2013). In S. pistillata larvae from shallow waters of the Gulf of Agaba, which are the one studied in Chapter
2, Byler et al. (2013) observed that planulae were only harboring one dominant clade (A or C), which always
corresponded to the dominant clade of the parent colony. However a shift in clade domination in juvenile
colonies was observed with juvenile hosting clade A symbiont whereas their parental colonies were domi-
nated by clade C. Hence S. pistillata juveniles are capable of selecting clades from the environment and shift-
ing their dominant population. Combination of both types of symbiont acquisition is most advantageous to
the future colony: obtaining the necessary symbionts from the mother colony while acquiring a perhaps
even more suitable clade from the environment and transmitting such new symbiont type(s) to the next
generation (Byler et al., 2013). The fact that symbionts proliferate rapidly in hospite but with a post-mitotic
control of the population (Chapter 2), could be a way for the host to select an appropriate clade from the
environment. Released planula can swim for a few days before settling (Richmond and Hunter, 1990) and
thus during this time can acquire symbionts from the environment. Nevertheless Byler et al. (2013) did not
observe any background clades in the collected planula, hence either the symbiont acquisition occurs during
early metamorphosis or they only studied freshly released planulae that did not start to acquire new symbi-
onts. This hypothesis has to be tested e.g. by exposing S. pistillata planulae hosting clade C Symbiodinium to

clade A Symbiodinium while preventing metamorphosis for a few days.

The new data on symbiont regulation in a scleractinian coral presented here raises new questions about the

acquisition, selection and maintenance of dinoflagellates in early life stages.

V. Conclusion

This work assessed cellular mechanisms supporting calicodermis establishment during primary pol-
yp morphogenesis. Cell-proliferation and death patterns in two pocilloporid corals were quantified at the
tissue level. Initiation of metamorphosis does not require active cell proliferation. However, primary polyp
growth is supported by areas of high cell division activity, localized to the pharynx and pseudostratified epi-
thelium, from which cells may migrate to reach the calicodermis. Cell markers were developed and potential
proliferative precursor cells have been localized in two areas: The mesenteries, potentially involved in game-
togenesis, and right below the tentacle tips, potentially involved in nematogenesis, opening new questions

regarding their commitment to specific lineages of differentiated cell types.
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