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RÉSUMÉ 
 
Comparaison des types cellulaires entre les stades de vie de l'hydrozoaire Clytia 
hemisphaerica 

 

L'hydrozoaire Clytia hemisphaerica présente un cycle de vie triphasique comprenant une 
colonie de polypes à propagation végétative et la méduse, qui est le stade se reproduisant de 
façon sexuée. Les méduses mâles et femelles libèrent leurs gamètes quotidiennement  et 
environ un jour après la fécondation, une larve planula ciliée se forme. Après trois jours, la 
planula se fixe sur un substrat et se métamorphose pour donner naissance à un polype 
fondateur de la colonie, destiné à l’alimentation, le gastrozoïde. La colonie se propage par 
extension du stolon et un deuxième type de polype, le gonozoïde, libère des méduses par 
bourgeonnement. Les analyses précédentes du génome et des transcriptomes des trois 
principaux stades de vie de Clytia ont révélé des programmes d'expression génique 
spécifiques à chaque étape (Leclère et al. 2019, Nature Ecology & Evolution). J’ai étendu 
cette comparaison au niveau des types cellulaire  en utilisant la technologie du sc-RNA-seq 
chez la méduse et la larve de Clytia. Avec des collègues du LBDV, en collaboration avec les 
laboratoires de L. Pachter et de D. Anderson à Caltech nous avons généré un premier “atlas” 
des types cellulaires de la méduse de Clytia (Chari et al. 2021, Science Advances). J’ai élargi 
cet atlas en intégrant des données supplémentaires. L'analyse de l'atlas a révélé huit grands 
types cellulaires, dont l'épiderme et le gastroderme, les cellules bioluminescentes, les 
ovocytes et les cellules souches multipotentes des hydrozoaires (i-cells) et leurs dérivés telles 
que les cellules neurales, les nématocytes et les cellules glandulaires. L'analyse par 
hybridation in situ des profils d'expression a révélé des sous-types non caractérisés 
auparavant, dont 14 sous-populations neuronales. L'analyse de la trajectoire de la lignée des 
nématocystes a révélé deux programmes transcriptionnels distincts, un programme 
"nématoblaste", caractérisé par la production de la nématocyste, et la phase de différenciation 
du nématocyte, caractérisée par la production du nématocil. 

Pour obtenir les données sc-RNAseq pour la planula j’ai optimisé les protocoles de 
dissociation, de fixation et de tri des cellules. J’ai obtenu un jeu de données  pour  la planula 
de 4370 cellules, regroupées en 19 clusters cellulaires. Après l’analyse des profils 
d'expression par hybridation in situ de gènes à trois stades de développement de la planula, 
j’ai pu attribuer des identités cellulaires et regrouper les 19 clusters en 8 grandes classes 
cellulaires. Celles-ci correspondent à l'épiderme, le gastroderme, les i-cells, les nématocytes, 
les cellules neurales, les cellules neurosécrétrices aborales et les cellules muqueuses et les 
cellules excrétrices putatives (PEC). Cet inventaire des types cellulaires de la planula de Clytia 
représente le premier atlas cellulaire d'une larve d'hydrozoaire et fournit la caractérisation de 
populations cellulaires non décrites auparavant ainsi que des informations supplémentaires 
sur les types cellulaires déjà connus. 

Enfin, j’ai exploité les données sc-RNAseq de la planula et de la méduse pour explorer les 
signatures transcriptionnelles partagées par type cellulaire. La méduse est la forme la plus 
complexe des cnidaires. Mon but était de tester si l'augmentation du répertoire moléculaire 
reflète une expansion des types de cellules chez l'adulte. J'ai comparé les signatures 
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moléculaires des types de cellules de méduse avec celles de planula et cherché lesquelles 
étaient partagées ou uniques. Cette étude comparative est préliminaire, mais elle permet de 
tirer quelques interprétations biologiques. Les transcriptomes de certaines classes de cellules 
telles que le gastroderme, les i-cells, les cellules neurales et les nématocytes se sont révélés 
clairement similaires entre méduse et planula. En revanche, d’autres classes ont montré une 
probabilité plus faible d'être partagées entre les stades, comme l'épiderme, les cellules 
muqueuses et les cellules excrétrices putatives (PEC) de la planula et l'épiderme et les 
cellules glandulaires digestives de la méduse. Cette approche comparative fournit des 
résultats prometteurs, permettant une première compréhension des similitudes entre les 
étapes à un niveau plus large de classes de cellules. Cependant, les méthodes nécessitent 
de l’optimisation  pour permettre une comparaison beaucoup plus fine au niveau du type de 
cellule. La classe des nématocytes est le seul exemple où il a été possible d'établir une 
similarité entre les types cellulaires. Dans l'ensemble, les résultats de cette exploration initiale 
des programmes de régulation, ainsi que les informations que j’ai pu recueillir à partir des 
analyses comparatives, ont permis de dessiner des scénarios évolutifs sur l'origine et le 
développement des types de cellules chez Clytia.  
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ABSTRACT 
 

Cell type comparison across life stages of the hydrozoan Clytia hemisphaerica 

 
The hydrozoan Clytia hemisphaerica displays a typical tri-phasic hydrozoan life cycle including 
a vegetatively propagating polyp colony and free-swimming medusa form as the sexually 
reproductive life stage. Male and female jellyfish spawn daily and after fertilisation a ciliated 
planula larva forms in about one day. After three days the planula settles and metamorphoses 
to give rise to a primary feeding polyp, the gastrozooid, founder of the polyp colony. The colony 
propagates by stolon extension and a second type of polyp, the gonozooid, releases medusa 
by budding. Previous analysis of the genome and the bulk transcriptome across the three life 
stages revealed specific gene expression programs for each stage (Leclère et al. 2019, Nature 
Ecology & Evolution). In this work I have extended this comparison to the level of individual 
cell types via single-cell RNA transcriptomics of Clytia medusa and larva.  

Together with colleagues from LBDV and members of the Pachter’ and Anderson’s lab at 
Caltech, we generated the first female medusa cell type atlas (Chari et al. 2021, Science 
Advances). I extended this atlas by generating and integrating further sc-RNAseq data. 
Analysis of the medusa cell type atlas revealed eight broad cell type classes including 
epidermis and gastrodermis, bioluminescent cells, oocytes and the hydrozoan multipotent 
stem cells (i-cells) and their derivatives such as neurons, nematocytes and gland cells. In situ 
hybridisation analysis of  expression patterns revealed previously uncharacterized subtypes 
including 14 neuronal subpopulations. Trajectory analysis of the nematocyte lineage revealed 
two distinct transcriptional programs within this cell class, a “nematoblast” phase, 
characterised by the production of the typical nematocyte capsule, and the nematocyte 
differentiation phase, characterised by the production of the nematocil apparatus. 

Sc-RNAseq for the Clytia planula required refinement of cell dissociation, fixation and sorting 
protocols (collaboration with Arnau Sebé-Pedros’ group, CRG, Barcelona). The planula cell 
atlas consists of 4370 cells grouped in 19 cell clusters. Following in situ hybridisation 
expression patterns analysis of known and novel genes at three planula developmental stages 
I could assign cell identities and combine the 19 clusters in 8 broad cell classes. These 
correspond to the two cnidarian epithelial tissue layers, the epidermis and the gastrodermis, 
the i-cells, the nematocytes, neural cells, aboral neurosecretory cells and distinct populations 
of secretory cells, mucous cells and putative excretory cells (PEC). This Clytia planula cell 
atlas is the first cell atlas of an hydrozoan larva and provides characterization of previously 
undescribed cell populations as well as further information on already known cell types. 

Finally, I exploited our cell type atlases of the planula and medusa to explore shared 
transcriptional signatures at the cell type level. The medusa is the most complex form of 
cnidarians. The aim of this comparative analysis is to clarify whether the increase in molecular 
repertoire reflects an expansion of cell types in the adult. I compared the molecular signatures 
of jellyfish cell types with those of the planula and asked which were shared or unique. This 
comparative study is still in its early stages, however it has allowed some preliminary biological 
interpretations. The transcriptomes of certain cell classes such as gastrodermis, i-cells, neural 
cells and nematocytes showed clear similarity. In contrast, some other classes showed a lower 
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probability of being shared between stages, such as the epidermis, mucous cells and PECs 
of the planula and the epidermis and digestive glandular cells of the jellyfish. This comparative 
approach provides promising results, allowing a first understanding of the similarities between 
the steps at a broader level of cell classes. However, the methods require further optimisation 
to allow comparison at the cell type level. Finer level of comparison was revealed so far only 
within the nematocyte class with stages of nematogenesis showing a high degree of similarity 
in gene usage between medusa and planula. Overall, these results allowed evolutionary 
scenarios on the origin and development of cell types in Clytia to be drawn.  
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COLLABORATIONS 
 
My PhD project was undertaken as part of EvoCELL, a Marie Skłodowska-Curie Innovative 
Training Network (MSCA-ITN) aiming at studying the evolution of cell types and tissues in 
vertebrates and invertebrates (https://evocell-itn.eu/). In this context I received training on 
experimental work and computational analysis. Most importantly, I had the opportunity to 
discuss with the PIs and the other students of the network concerning the best strategies to 
overcome experimental and computational issues. 
 
My work contributed to the first medusa cell atlas, published in collaboration with the Pachter 
and Anderson groups at Caltech (Chari, Weissbourd, Gehring, Ferraioli et al., 2021). The sc-
RNAseq data for this first atlas was generated at Caltech from adult control and starved Clytia 
medusae. I contributed to the regular discussions on data  processing, presentation and 
interpretation held between the LBDV and Caltech teams. My experimental role in the 
collaboration was to validate the identity of cell types extracted from single cell data by 
selecting marker gene candidates and carrying out in situ hybridization. In addition, I validated 
the effect of starvation on adult medusae in the gonads by confocal microscopy and made the 
corresponding figure for the paper. Together with Lucas Leclère, I also generated all the 
figures for the paper that include expression pattern images.  
 
Encapsulation experiments that led to the generation of planula single cell transcriptomics 
data were performed by Marta Iglesias-Garcia (Sebé-Pedros lab) at the CRG genomics facility 
(Barcelona) by using frozen samples of planula dissociated cells that I prepared in Villefranche 
and shipped to the platform. Additionally, in collaboration with the Sebé-Pedros group, I tested 
encapsulation of freshly dissociated cells using the InDrop platform and prepared the cDNA 
libraries with the help of the Sebé-Pedros group members. 
 
Fixation of specimens, embedding and sectioning of Clytia planula and medusa for TEM were 
performed by Sophie Pagnotta at the Plateforme Commune de Microscopie Électronique, 
Université Côte d’Azur. I provided the living material and contributed to the imaging and 
interpretation. 
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PREFACE 
 
My thesis manuscript is structured in four chapters. 
 

● Chapter 1 includes a general introduction which begins by introducing the concept of 
the evolution of the cell types. The overview of the single cell transcriptomics 
methodology follows in Section 1.2. In Section 1.3 I introduce the diversity of cnidarian 
life cycles and briefly describe the contribution of the two main cnidarian models, Hydra 
and Nematostella, to the understanding of cnidarian cell types. A description of Clytia 
hemisphaerica as a model organism used in this study follows in Section 1.4. Finally, 
the overview of the objectives of this study are described in Section 1.5.  
 

The following chapters include a general overview at the beginning and are organised in four 
sections each, such as a brief introduction, the results, the methods and finally a discussion.  
 

● In Chapter 2 I present the work I did to generate and validate the cell type atlas of the 
Clytia medusa. This chapter begins with a general introduction to the first medusa cell 
atlas paper in section 2.1 that included this work in the framework of a collaboration 
with the Pachter and Anderson groups at Caltech (Chari, Weissbourd, Gehring, 
Ferraioli  et al.,  2021). The following sections cover additional results and analysis I 
did to extend the medusa atlas after the publication. These include an enlarged 
medusa dataset I compiled and the ultrastructural characterisation of the medusa cell 
types through electronic microscopy imaging and analysis. This chapter contains the 
publication concerning the first medusa atlas as an annex. 

 
● In Chapter 3 I introduce the generation and validation of the cell atlas of the planula of 

Clytia. After a short introduction in section 3.1 I present the results in section 3.2 which 
is subdivided in several subsections where results concerning each cell class are 
presented. This chapter includes an additional section on troubleshooting the planula 
dissociation protocol (section 3.4). 

 
● Chapter 4 includes the comparative analysis at the cell type level I performed by 

exploiting the information included in the available atlas. Following a short introduction 
which contextualises my comparative study, the results section begins with the outline 
of our approach in section 4.1. The following sections include considerations we could 
draw by interpreting the results. Alternative results we obtained with our approach are 
presented as annex to the chapter. 

 
Finally I summarise my findings and outline evolutionary considerations I could draw from 
those in the General Discussion. Conclusions and Future perspectives follow in the end. 
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CHAPTER 1 -  
Introduction 
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1.1 - Cell types as evolutionary units 

 
One important strategy to reconstruct the evolutionary history of structures or traits is to 
determine homology across species and infer characteristics of the common ancestor. The 
concept of homology linked to common evolutionary origin was first introduced by Charles 
Darwin in his historical work “On the Origin of Species” : 
 
 
“ We have seen that the members of the same class, independently of their habits of life, 
resemble each other in the general plan of their organisation. This resemblance is often 
expressed by the term “unity of type”; or by saying that the several parts and organs in the 
different species of the class are homologous. [...] If we suppose that the ancient progenitor, 
the archetype as it may be called, of all mammals, had its limbs constructed on the existing 
general pattern, for whatever purpose they served, we can at once perceive the plain 
signification of the homologous construction of the limbs throughout the whole class. ” 

 
On the Origin of Species - Charles Darwin (1859) 

 
 
A way to establish homology is by measuring how similar two structures are. In the past, 
homology has been determined mainly by morphological observation which has represented 
a valuable tool for comparing structures. However morphology-based analyses might not be 
sufficient to discriminate between different cells that co-exist in the same tissue (Hwang et al., 
2018). 
At present, scientists can exploit a variety of molecular tools to investigate homology (Arendt, 
2003, 2005). Indeed, the combination of morphological and molecular approach can facilitate 
the establishment of homology between cells (Arendt, 2003). 
 
The cell is the biological unit of tissues and organs. Cells with the same functions or similar 
morphology in a given tissue or organ can be seen as a group forming a “type”. A confluence 
of technology development in microfluidics, sequencing and imaging has led to the delineation 
of cell types becoming a major focus of the modern era of biology. 
A cell type can be defined by the expression of a unique combination of effector genes and 
transcription factors which determine its phenotype and function (Arendt, 2003, 2005, 2008). 
This unique combination of genes has been described as the “molecular fingerprint” of a cell 
type (Arendt, 2005). On this basis, cell type-specific fingerprints can be compared on a 
molecular level to decipher homologies within and across species, allowing the reconstruction 
of their evolutionary history. Indeed, considering the relationship between homology and 
common ancestry, determining homology between two cell types across species implies the 
existence of a similar cell type in the common ancestor (Arendt, 2008). This requires a clear 
determination of the identity of a given cell type which can be defined by the identification of 
the specific regulatory programs that affect gene expression or “core regulatory complex 
(CoRC)” (Arendt et al., 2016).  
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The core regulatory complex is defined as  
 
“ A protein complex composed of terminal selector transcription factors that enables and 
maintains the distinct gene expression programme of a cell. ”  
 

Arendt et al. (2016) 
 
Where “terminal selectors” are transcription factors that regulate cell type specific gene 
expression in differentiated cells and control their identity by repressing the emergence of 
alternative types (Arendt et al., 2016). When, in an organism, the regulatory programs that 
define the identity of a given cell type undergo modifications during the evolution in a partially 
independent manner, a cell type can be considered as an “evolutionary unit” (Arendt et al., 
2016). 
 
This proposed definition of cell type opens the way to establish comparative evolutionary 
studies under a new light. An important challenge has been to find experimental approaches 
for the collection of molecular data at the cell type level. In the next section I will introduce the 
principle of the methodology of single cell transcriptomics which, over the last few years, has 
been developing rapidly to face this challenge. 

 

1.2 - Single cell transcriptomics 

 
In the modern genomic era, many approaches to study gene expression have been 
developed. Sequencing of genomes and bulk transcriptomes have made it possible to address 
questions in many fields of biology. However, bulk gene expression approaches do not provide 
the required resolution to investigate the differences between cells in a given tissue or animals 
(Hwang et al., 2018; Marioni & Arendt, 2017). 
 
During the past decade the single cell based technological approaches have been developed 
and are nowadays, widespread techniques in continuous and rapid advancement. Among 
many applications including mapping of epigenetic landscapes and sequencing of genomes 
of single cells, the most popular remains single-cell RNA sequencing (sc-RNAseq) (Marioni & 
Arendt, 2017). A variety of methods have been developed to enable the processing of isolated 
cells to allow cDNA libraries to be produced in which the sequences are barcoded to trace 
them back to individual cells. Single cells can be sorted into multiwell plates (Deng et al., 2014; 
Jaitin et al., 2014) or encapsulated in aqueous droplets within an oil-based phase by using 
droplet based microfluidic devices (Klein et al., 2015; Macosko et al., 2015; 
https://www.10xgenomics.com/). Plate-based methods allow information concerning the size 
of the cells and the surface proteins  to be obtained (Jaitin et al., 2014), whereas  droplet-
based systems do not. On the other hand, droplet-based systems ensure the encapsulation 
of tens of thousands of cells and are more convenient than the plate-based methods, which 
can profile only hundreds of cells in a single experiment (Macosko et al., 2015; Marioni & 
Arendt, 2017).  
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When applied to tissue or whole animals, one of the challenges of single cell transcriptomics  
is sample preparation (Shapiro et al., 2013). It is critical to establish a good dissociation 
protocol which allows maximum recovery of cell types and a low percentage of cell death. 
Sample  preparation  is even more challenging when downstream processing of dissociated 
cells is applied to marine animal cells which, in some cases, can undergo osmotic or ionic 
shock when transferred into solutions with compositions that vary significantly from sea water.  
 
The most widely used method for Sc-RNAseq is currently the commercial Chromium system 
by 10X Genomics which enables high-throughput profiling of 3’ ends of RNAs from single cells 
along with elevated encapsulation efficiency (Hwang et al., 2018; 
https://www.10xgenomics.com/). The Chromium system allows the encapsulation of isolated 
cells and gel beads containing barcoded oligonucleotides into aqueous droplets on a 
microfluidic device. The formation of the droplets is ensured by a continuous flow of an oil 
phase. The droplets are termed Gel Beads in Emulsion, or GEMs. Each functional GEM 
contains a single cell, a single gel bead and reverse transcriptase (RT) reagents. Within each 
GEM single cells are lysed, the gel bead is dissolved and the identically barcoded 
oligonucleotides bind the 3’ end of the transcripts released by the cell. A cDNA library is 
generated through reverse transcription of the polyadenylated mRNA molecules bound to the 
barcoded oligonucleotides. As a result, the cDNA library from a single cell will have the same 
barcode, allowing the sequencing reads to be mapped back to the cell of origin. A second type 
of randomised barcode, termed Unique Molecular Identifier (UMI), labels each of the RNA 
molecules (Fig. 1.1, https://www.10xgenomics.com/). Paired-end sequencing with a single 
index follows the library preparation. Sequencing reads are associated in pairs, with one read 
containing barcode and UMI sequences and the second containing the transcript. Sequencing 
reads are then mapped against a suitable genome and used to generate a matrix of counts vs 
cells, which is exploited for downstream cluster analysis. 
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Figure 1.1 - Cell Encapsulation in a microfluidics system 
Diagram based on the 10X Genomics Chromium system (https://www.10xgenomics.com/). 
 
 

1.3 - The phylum Cnidaria and life cycle diversity   

 
The phylum Cnidaria is a group predominantly constituted by marine invertebrates composed 
of about 11.000 species (Appeltans et al., 2012; Collins, 2009; Zapata et al., 2015). It includes 
corals, jellyfish, sea anemones, hydroids and the freshwater polyp Hydra (Zapata et al., 2015). 
The most obvious common trait of the phylum is a particular intracellular structure, the 
cnidocyst, also known as cnida or nematocyst (Collins, 2009; Zapata et al., 2015). This 
specialised  organelle contains venom and a tightly coiled dart-like structure, and  is enclosed 
in a particular cell type, the stinging cells or cnidocytes (nematocytes).  
 
Cnidarians are a diverse group of animals and raise interest among scientists for many 
reasons (Zapata et al., 2015). Relatively recent phylogenetic analyses placed Cnidaria as the 
sister group of Bilateria after a divergence that occurred around 550 million years ago (Fig. 
1.2; Dunn et al., 2014). Given this phylogenetic position, knowledge from cnidarians  can be 
very  informative regarding metazoan evolution as they share many features with bilaterians 
such as tissue layers, muscle fibres and sensory organs (Boero et al., 2005; Technau & Steele, 
2012).  
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The large diversity of cnidarian species reflects their variety of life cycles (Collins, 2002). The 
most representative is a pelago-benthic life cycle with a ciliated planula larva, a benthic polyp 
and a free swimming medusa as sexually reproductive form (Nielsen, 1998; Technau & Steele, 
2012).  
Cnidarian species are classified into two evolutionary branches with distinct life cycle 
characteristics: Anthozoa and Medusozoa (Fig.1.2). These are strongly supported as sister 
groups on the basis of phylogenetic analysis of molecular and morphological data (Bridge et 
al., 1995; Collins, 2002; Kayal et al., 2018). Anthozoa include Octocorallia and Hexacorallia,  
while Medusozoa are constituted by four classes, Hydrozoa, Scyphozoa, Staurozoa and 
Cubozoa (Fig.1.2). 
 

 
 
Figure 1.2 - Phylogeny of Cnidaria 
(a) Phylogenetic tree showing relationships within the main cnidarian groups and with Bilateria. The 
name of some of the species with a sequenced genome in pink and black. Taken from Technau & 
Steele (2012). (b) Nematostella vectensis (Anthozoa) adult polyps. Taken from Miller & Ball (2008).  (c) 
Acropora millepora (Anthozoa) adult colony. Taken from Technau & Steele (2012). (d) Calvadosia 
cruxmelitensis (Staurozoa). Taken from Ohdera et al. (2019). (e) Morbakka virulenta (Cubozoa) adult 
medusa. Taken from Khalturin et al. (2019). (f) Aurelia aurita (Scyphozoa) adult medusa. Taken from 
Miller & Ball, (2008). (g) Physalia physalis (Hydrozoa, Siphonophora). (h) Cephea cephea (Scyphozoa). 
(g) and (h) are taken from Zapata et al. (2015). 
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Anthozoan life cycles are generally constituted by a planula larva which settles and 
metamorphoses into an adult polyp (Fig. 1.3; Collins, 2002). On the other hand, Medusozoa 
are mainly constituted by species forming a free-swimming medusa as well as a polyp stage 
(Fig. 1.3; Technau & Steele, 2012). The alternation of the polyp stage which is characterised 
by asexual reproduction and a sexually reproductive medusa stage represents one of the main 
features of Medusozoa (Brusca & Brusca, 1996). The largest variety of life cycles is observed 
within Hydrozoa, with many hydrozoan species displaying planula larvae, sessile polyps and 
medusae, which are released by budding from the polyps (Fig. 1.3; Collins, 2002). Examples 
of exceptions are siphonophores, which form polymorphic pelagic colonies composed of 
several polyps and a reduced medusa (Fig. 1.2; Bouillon & Boero, 2000) and the freshwater 
polyp Hydra, which lacks a medusa stage (Fig. 1.3; Bouillon & Boero, 2000; Technau & Steele, 
2012). Scyphozoan life cycles generally include a planula larva, a sessile polyp form and a 
medusa. To produce the juvenile medusae, or ephyrae, the polyps go through a process 
termed strobilation, which consists in the serial production of juvenile medusa by transverse 
fission at the oral end of the polyps (Fig. 1.3; Collins, 2002). Cubozoan life cycles generally 
follow the same alternation between planula, polyp and medusa, however each polyp 
metamorphoses completely into a single medusa (Fig. 1.3; Collins, 2002). Finally, the 
enigmatic class of Staurozoa does not produce a free-swimming medusa. Indeed, 
stauromedusae live on the substrate attached to a stalk. The larvae are non ciliated and crawl 
on the substrate before transforming into polyps (Fig. 1.3; Collins, 2002). 
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Figure 1.3 - Cnidarian life cycles 
(a) Life cycle of Nematostella vectensis (Anthozoa). (b) Life cycle of Acropora millepora (Anthozoa). (c) 
Life cycle of Hydra (Hydrozoa). (a), (b) and (c) are taken from Technau & Steele (2012). (d) Life cycle 
of Clytia hemisphaerica (Hydrozoa). (e) Life cycle of Aurelia aurita (Scyphozoa). (d) and (e) are taken 
from Miller & Ball (2008). (f) Life cycle of Tripedalia cystophora (Cubozoa). Taken from Gurska & Garm 
(2014). (g) Hypothetical life cycle of Haliclystus antarcticus (Staurozoa). Taken from Miranda et al 
(2010). 
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The most studied laboratory cnidarian species are the freshwater hydrozoan polyp-only Hydra 
(H. vulgaris and H. magnipapillata; Fig. 1.3) and the brackish water sea anemone 
Nematostella vectensis (Anthozoa; Fig. 1.2 and 1.3). More recently, a number of other 
cnidarian experimental models such as Aurelia aurita (Fig. 1.2; Khalturin et al., 2019),  
Acropora millepora (Fig. 1.2; Fig. 1.3; Ball et al., 2002), Hydractinia echinata (Frank et al., 
2020) and Clytia hemisphaerica (Fig. 1.3; Houliston et al., 2010, 2022; Leclère et al., 2019) 
have been developed. In the following sections I briefly discuss Hydra and Nematostella model 
systems, highlighting their contribution to the understanding of the cnidarian cell types. Finally 
I will introduce Clytia hemisphaerica as the model used in this study. 
 
 

 

1.3.1 - Hydra and the interstitial stem cells lineage 
 
Hydra was the first cnidarian model system used for developmental biology, in particular for 
exploring regenerative capabilities (Technau & Steele, 2012; Trembley et al., 1744). The life 
cycle of Hydra is mainly constituted by a polyp stage which is capable of asexual reproduction 
and forms new polyps through budding. When sexual reproduction occurs, the embryo 
develops in a cuticule from which a fully formed polyp hatches after a period of dormancy that 
can last between 2 and 24 weeks (Martin et al., 1997). Hydra is a versatile model system and 
has proven suitable to address several developmental biology problems, for instance, 
neurogenesis (Mcconnell, 1932), the phenomenon of polyp induction (Browne, 1909) as well 
as regeneration (H. R. Bode, 2003), and stemness (David & Murphy, 1977). 
 
In line with the typical cnidarian organisation, Hydra polyps are constituted by two tissue 
layers, the ectoderm and the endoderm, separated by a layer of acellular mesoglea (Fig. 1.4a; 
Bode et al., 1973) The epithelial cells of the two layers are constantly in a proliferative state 
(Campbell, 1967) and are considered epithelial stem cells (Bode, 1996). Cell division occurs 
along the body column. As the cells divide they get displaced along the axis of the polyp, 
towards the apical region and the foot where they get expelled or become part of a budding 
polyp (Bode, 1996). All the other cell types are enclosed in the interspace between the two 
layers and constitute the interstitial cell lineage (Fig. 1.4a; Bode et al., 1973). The interstitial 
cells (i-cells) are a multipotent stem cell population (Bosch & David, 1987) that can give rise 
to germline cells (Nishimiya-Fujisawa & Kobayashi, 2012) and somatic derivatives such as 
neural cells (Davis et al., 1968), nematocytes (David & Challoner, 1974) and secretory cells 
(Bode et al., 1987; Fig. 1.4b).  
A recent study provided detailed transcriptional signatures of the cell types of Hydra exploiting 
single cell transcriptomics (Siebert et al., 2019). Analysis of the gene signatures revealed that 
the three stem cell lineages exhibit distinct profiles. Analysis of the i-cell lineage revealed the 
presence of a common interstitial cell state which is a progenitor of gland cells and neural 
cells. The signature of the gland cell/neural cell precursor is distinct from that of nematocyte 
precursors suggesting a distinct developmental origin of this cell type with respect to neural 
and secretory cells. Furthermore, these findings provide a novel interpretation of the i-cell 
model in which the multipotent progenitor undergoes a first differentiation in either 
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nematocytes or the neural/gland progenitor. A second decision is then made by the 
neural/gland progenitor which migrates from the ectodermal layer and can provide neural or 
gland cells to the endodermal layer (Fig. 1.4b; Siebert et al., 2019). 
 
 

 
Figure 1.4 - Anatomy of Hydra and derivatives of the I-cells. 
(a) Hydra polyp is a two-layered tube, with a ring of tentacles around the mouth opening. Asexual 
budding occurs laterally. Details of the two tissue layers show ectoderm and endoderm separated by 
the mesoglea. Interstitial cells and their derivatives are scattered between endodermal and endodermal 
cells. Taken from Technau & Steele (2012). (b) Schematic of cell proliferation and differentiation in the 
i-cell lineage. Multipotent progenitors are highlighted in green. Committed progenitors or transient 
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amplifying cells are in red. Taken from Hobmayer et al. (2012) and modified acoording to Siebert et al. 
(2019) (red cross, red arrow, red question mark). 
 
 
 

 1.3.2 - Nematostella vectensis and the evolution of nervous system 
 
Nematostella vectensis was the first cnidarian model species to have its genome sequenced 
(Putnam et al., 2007; Technau & Steele, 2012). In contrast with Hydra, the life cycle of 
Nematostella includes a planula larva as well as a sessile polyp stage. The accessibility of the 
larvae has allowed detailed description of embryogenesis and larval development (Hand & 
Uhlinger, 1992; Fig. 1.5a), which have made Nematostella informative for evolutionary studies 
of bilaterian traits. Several studies have addressed axial patterning (Röttinger et al., 2012; 
Wikramanayake et al., 2003), and mesoderm evolution (Martindale, 2005) aiming to establish 
a comparison with Bilateria and gain insight on the evolution of those features. Other  studies 
of Nematostella have focused on the nervous system to gain knowledge on the neural 
architecture of the common Cnidaria/Bilateria ancestor. A degree of conservation has been 
uncovered as explained more below. 
 
The neural cells of Nematostella are organised in a nerve net along the oral-aboral axis and 
distributed in the two tissue layers. Distinct neural populations are detected in specific regions 
of the body, such as the pharyngeal and oral nerve rings, tentacle tips and larval apical tuft 
(Marlow et al., 2009; Fig. 1.5b).  
Neurogenesis occurs in the ectoderm at gastrula stage. Analysis of bHLH and HMG-box Sox 
transcription factor families indicate many similarities with the neurogenesis  described in 
Bilateria, suggesting conserved functions in neurogenic pathways (Layden et al., 2012; 
Marlow et al., 2009). Furthermore, Notch signalling during Nematostella development inhibits 
downstream neurogenesis pathways in a likely-conserved role to that in Bilateria (Richards & 
Rentzsch, 2015).  
A recent study provided molecular signatures at single cell level of the larva and the adult of 
Nematostella (Sebé-Pedrós, Saudemont, et al., 2018). Analysis of the cell type atlases 
revealed two broad groups of neural cells including several subtypes with potential specialised 
functions. Analysis of the larval neural cells identified a novel transcriptional state putatively 
involved in neural function which indicates the identification of a novel neural population 
specific to the planula stage (Sebé-Pedrós, Saudemont, et al., 2018). The high resolution of 
the molecular signatures permitted a comparison with some bilaterian species, in particular 
with the nematode C.elegans. Comparative analysis of broad neural signatures revealed a 
degree of similarity of co-expressed modules across Nematostella and C.elegans supporting 
the existence of a neural-like cell type in the common Cnidaria/Bilateria ancestor.  On the other 
hand, no clear correlation across species was observed when comparing gene signatures of 
specialised neural subtypes. This suggests that the assembly of neural molecular components 
might occur independently in each lineage and coincide with the emergence of specific neural 
subtypes (Sebé-Pedrós, Saudemont, et al., 2018).  
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Figure 1.5 - Development of Nematostella and anatomy of the nerve net 
(a) Schematics of the development of Nematostella vectensis from embryo to adult. Abbreviations are: 
Animal Plate(AnPl) Animal pole (An). Aboral Ectoderm(AbEc) ,Aboral Hemisphere (AbHe), Animal pole 
(An), Animal Hemisphere (AnHe), Animal/Oral (An/Or),Animal Plate (AnPl),Apicaltuft (At), Apical tuft 
Ectoderm (AtEc), Apical tuft Endoderm (AtEn), Body wall Ectoderm (BwEc), Body wall Endoderm 
(BwEn), Endoderm (En), Ectoderm (Ecto), Left (L), Mouth (M), Mesentery Ectoderm (MeEc), Mesentery 
Endoderm (MeEn), Non-Siphonoglyph Side (NSiS), Oral Ectoderm (OrEc), Oral Hemisphere (OrHe), 
presumptive Endoderm (pEn), Pharyngeal Ectoderm (PhEc), Pharyngeal Endoderm (PhEn),Right 
(R),Siphonoglyph (Si), Siphonoglyph Side (SiS), Tentacle Bud (TeB), Tentacle Base (TeBa),Tentacle 
Ectoderm (TeEc), Tentacle Endoderm (TeEn), Tentacle Tip (TeTi), Vegetalpole (Ve),Vegetal/Aboral 
(Ve/Ab), Vegetal Hemisphere (VeHe). Taken from Ormestad et al. (2011). (b) Schematics of the 
organisation of the nerve net of Nematostella. Taken from Layden et al. (2016). 
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1.4 - Clytia hemisphaerica and the evolution of the hydrozoan life cycle 
 
 
Clytia hemisphaerica was selected as an experimental model species around 15 years ago 
for its suitability in addressing embryonic axis specification (Houliston et al., 2022; Momose et 
al., 2008; Momose & Houliston, 2007).  
Clytia belongs to Hydrozoa and unlike its cousin Hydra exhibits the ‘complete’ hydrozoan life 
cycle including a free-swimming medusa stage. The life cycle of Clytia comprises three main 
life forms. The medusa is the sexually reproductive stage. Male and female medusae release 
gametes into the sea water triggered by light on a daily basis (Quiroga Artigas et al., 2018). 
From fertilised eggs, a ciliated planula larva forms in about one day. In laboratory conditions, 
after three days the larvae undergo a drastic metamorphosis during which the body flattens 
against the substrate and it gives rise to a sessile primary polyp, or gastrozooid, in about 24 
hours. Once fully formed, the primary polyp is capable of catching prey and feeding using the 
tentacular system which surrounds the mouth. The primary polyp is the founder of the polyp 
colony and it propagates by stolon extension. The polyp colony includes a second form of 
polyp, the gonozooid, which is a specialised form of polyp that releases clonally identical baby 
medusae by budding. The polyp colony is potentially immortal due to the constant vegetative 
growth and replacement of the old parts. Once released by the gonozooid, the baby medusae 
reach sexual maturity in two-three weeks and can live for about one month in laboratory 
conditions (Fig. 1.6A and B; Houliston et al., 2010; Lechable et al., 2020). 
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Figure 1.6 - The life cycle of Clytia 
(A) Schematics of the life cycle of Clytia. Edited from Leclère et al. (2019). (B) Images of the life cycle 
stages: (a) adult medusa. (b) planula larva; the aboral pole at the bottom. (c) Steps of metamorphosis 
and formation of the primary polyp. (d) polyp colony. Arrows indicate gonozooid (go), gastrozooid (ga) 
and stolon (st). (e) juvenile medusa. Edited from Lechable et al. (2020). 
 
 
 
All the life cycle stages, including the eggs, exhibit transparency (Fig. 1.6B) and the entirety 
of the life cycle can be reproduced in the laboratory. Over the years a culture protocol has 
been established. Crucial aspects are the use of different tanks for each life stage and 
ensuring a continuous water flow. Baby medusae are kept in “nursery” tanks with a continuous 
and circular water flow to provide a constant movement and avoid the sinking of the medusae. 
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Similarly, adult medusae are kept in modified “Kreisel tanks”. Spawning of adult medusae is 
achieved daily by light cues (see Chapter 2). Embryos are cultured at 17 degrees in small 
glass dishes with sea water and a mix of antibiotics. Polyp colonies are raised on glass slides 
suspended in commercial zebrafish tanks. Larval metamorphosis naturally occurs after 3 days 
post fertilisation upon uncharacterised bacterial cues. It can be induced by adding synthetic 
GLWamide peptide to the sea water, allowing different strains to be produced and maintained 
easily (Lechable et al., 2020). 
 
Established experimental methods and resources for Clytia include in situ  hybridisation,  
transmission electron microscopy,  genomic resources (for instance an EST collection), and 
genetic tools, for instance gene knockdown and a very recent transgenesis method (reviewed 
in Houliston et al., 2022). 
In 2019 the genome of Clytia along with transcriptomic data for each stage became available 
(Leclère et al., 2019). After Hydra (Chapman et al., 2010), Clytia is the second hydrozoan 
species for which the genome has been sequenced and the first one with a complete life cycle 
(Leclère et al., 2019). The availability of molecular data for all stages allowed a detailed 
characterisation of differentially expressed genes across the life cycle, showing greater 
complexity of gene expression within polyp and medusa stages. The medusa represents an 
evolutionary novelty of Medusozoa but its evolution is not associated with the evolution of new 
genes (Gold et al., 2019; Khalturin et al., 2019; Leclère et al., 2019). Indeed, comparative 
analysis across stages of Clytia of taxa-restricted genes do not show a preferential enrichment 
in the medusa stage. On the other hand, analysis of transcription factors showed a larger 
number associated with the medusa stage, with a subset of those shared between medusa 
and polyp. Fewer transcription factors were associated with the planula stage (Fig. 1.7a). 
Notably, a large number of transcription factors that are conserved within Bilateria, known to 
be involved in development, have been detected in different sites of the well-organised 
medusa nervous system, but not at planula stage (Fig. 1.7b). This suggests a possible 
association with diverse cell types in the medusa. In contrast gene families associated with 
neurogenesis have been detected across all the life stages. This indicates that a shared 
molecular repertoire is involved in the genesis and maintenance of neural cell types. However, 
differentiated cell types at planula and medusa stages might rely on distinct molecular and 
cellular programs (Leclère et al., 2019). The association of the expanded expression of 
transcription factors with the emergence of putative novel cell types in the medusa stage is 
addressed in this thesis. 
 
In the following subsections I present the general anatomy of the medusa and the planula of 
Clytia, which are the main focus of my study, along with the state of knowledge concerning 
their cell types prior to this study. 
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Figure 1.7 - Analysis of transcription factors and expression patterns 
(a) Heatmap of differentially expressed transcription factors across stages. Abbreviation on the top of 
the heatmap are; EG, early gastrula; P1/P2/P3, planula at 24 h/48 h/72 h after fertilisation; PoPr, primary 
polyp; St, stolon; GO, gonozooid; PH, gastrozooid/polyp head; BMF, baby female medusae 1 day old; 
MMF, mature female medusa; M, mature male medusa. (b) In situ hybridization of whole female medusa 
(left, scale bar represents 500 μm) and tentacle bulb (right, scale bar represents 50 μm) of medusa-
enriched transcription factors. Both (a) and (b) are taken and edited from Leclère et al. (2019).  
 
 

 

1.4.1 -  The adult medusa of Clytia 
 
In the past few years, several medusozoan genomes have become available (Gold et al., 
2019; Khalturin et al., 2019; Kim et al., 2019; Leclère et al., 2019) and interest concerning the 
complexity of medusae has increased. The fast-swimming behaviour of the medusa requires 
specialised muscle cells and a coordination of those by a relatively organised nervous system 
(Khalturin et al., 2019). The tentacular systems bear stinging cells which are used as weapons 
to actively catch prey for feeding (Condamine et al., 2019). Food is processed in a relatively 
organised digestive system. In cubozoan and scyphozoan medusae specialised sensory 
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organs termed rhopalia have been described. Cubozoan medusae have the most complex 
ones, each containing six eyes, two of which are sophisticated camera-eyes, and a statocyst 
for orienting the rhopalia (Nilsson et al., 2005). Some hydrozoan medusae also have 
statocysts and even sometimes eyes (Singla, 1975; Suga et al., 2010).  
 
The medusa of Clytia develops within the specialised gonozooids of the polyp colony and is 
released by lateral budding (Houliston et al., 2010). The budding process starts with an 
outgrowth of the ectodermal and gastrodermal layers of the polyp (Kraus et al., 2015). A layer 
of cells delaminate and form a transient structure called the entocodon, which will develop into 
smooth and striated muscles of the sub-umbrella. The ectodermal protrusion will generate the 
exumbrella, the external layer of the velum and the tentacle epidermis. The gastro digestive 
system will generate from the endodermal bud (Kraus et al., 2015). The gelatinous body of 
the medusa of Clytia is organised according to a tetra-radial symmetry. The bell-shaped 
umbrella is constituted by two layers, the outer exumbrella and the inner sub-umbrella 
separated by a thick layer of acellular mesoglea (Fig. 1.8; Houliston et al., 2010). The mouth, 
or manubrium is placed in the centre of the subumbrella. The base of the manubrium is 
constituted by the gastric cavity, or stomach, and it is connected to four tubular-shaped radial 
canals (Fig. 1.8). The radial canals run along the subumbrella and are connected to the gonads 
and to a circular canal which runs around the bell margin (Fig. 1.8). The canals serve to 
distribute nutrients from the manubrium to the other organs. The circular canal connects the 
tentacular system, more precisely joining the tentacle bulbs which produce the tentacles (Fig. 
1.8). When baby medusae bud from the gonozooids, they have four bulbs linked to the four 
radial canals. As the medusae grow, the number of bulbs increases to 32 (Houliston et al., 
2010; Schmid et al., 1974). Statocyst sensory structures are located on the bell margin 
between each pair of tentacle bulbs (Singla, 1975). The nervous system consists of a diffuse 
nerve net which innervates the subumbrella and the organs, and two condensed nerve rings, 
motor and sensory nerve rings, which run round the bell margin and are connected with the 
statocysts (Fig. 1.8; Houliston et al., 2010; Weissbourd et al., 2021). 
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Figure 1.8 - Diagram of the medusa of Clytia 
Edited from Chari et al. (2021). 
 
The medusa exhibits great ability to  regenerate organs and part of the bell (Sinigaglia et al., 
2020). Even when dissected, the manubrium, the gonad and the tentacle bulbs remain 
functional for some time, for instance dissected tentacle bulbs will continue to produce 
tentacles. This is in part due to the population of hydrozoan  i-cells, which are well described 
in Hydra (see above; Sinigaglia et al., 2020). I-cell pools in the medusa are present in the 
gonads and in the proximal region of the tentacle bulb ectoderm (Leclère et al., 2012).  
 
In the Clytia medusa the relationships between i-cells and their derivatives, such as neural 
cells and nematocytes, has been partly resolved by analysis of sc-RNAseq data (Chari et al., 
2021) and is discussed in Chapter 2. The generation of nematocytes from i-cell progenitors , 
a process highly active in the tentacles, was already well characterised prior to the generation 
of the cell atlas. Indeed, the well-ordered tentacular system of the medusa, described as a 
cellular conveyor belt, has allowed a precise molecular characterisation of nematocytes 
development (Condamine et al., 2019; Denker et al., 2008). The pool of stem cells in the 
proximal region of the ectoderm of the bulb proliferates and differentiates into mature 
nematocytes while migrating towards the tentacle (Condamine et al., 2019; Fig. 1.9). Analysis 
of transcriptomic data obtained from isolated parts of the tentacle, notably the proximal, middle 
and distal regions, revealed differentially expressed genes across the samples. The Wnt 
signalling pathway potentially plays a role in their regulation given the spatially distinct 
expression of Wnt-related genes in the tentacle and tentacle bulb (Condamine et al., 2019).  
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Figure 1.9 - Model of nematogenesis in Clytia medusa tentacles 
Diagram of the tentacle bulb of a Clytia medusa with area of progressive nematogenesis highlighted. 
Greek letters indicate portions of the tentacle bulb and tentacle. Arrows indicate the direction of the 
differentiation. Edited from Denker et al. (2008). 
 
 
 
 
As already mentioned, fast contractile muscle fibres are needed for the swimming movement 
of the medusa. Muscle fibres lie in the subumbrella layer, which includes the endodermal plate 
associated with the mesoglea, an overlapping layer of radially oriented smooth 
epitheliomuscular cells and a layer of circularly oriented striated epitheliomuscular fibres. The 
striated fibres are only found in the most peripheral part of the bell and are responsible for the 
fast contractions during swimming (Leclère & Röttinger, 2017; Sinigaglia et al., 2020; Fig. 1.8).  
 
Previous studies dating back to 1966 have described at least three types of glandular digestive 
cells in the medusa of Clytia based on morphological observation (Bouillon, 1966). Two of 
those were mainly observed at the apical side of the manubrium while the third one was mainly 
observed in the region of the stomach. Sc-RNAseq data allowed the characterisation of 
additional digestive gland cell types (Chari et al., 2021) which are described in detail in Chapter 
2.  
 

 

1.4.2 -  The planula larva of Clytia 
 
The planula larva of Clytia has a diploblastic structure with two tissue layers, and a simple 
body plan organised along an oral-aboral axis (Bodo & Bouillon, 1968; Freeman, 2005). The 
anterior end or aboral pole is more rounded and the posterior end or oral pole, more pointed 
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(Fig.1.10). The larva swims by directional beating of the ectodermal cilia, moving  with the 
aboral pole in front. 
 
The two main tissue layers forming the planula are the outer ectoderm and the inner endoderm 
(Fig.1.10). At the cellular level, the formation of these layers begins at the blastula stage, when 
an initial epithelialization of the blastodermal cells occurs. During this phase of embryogenesis 
blastodermal cells start to change shape and each becomes polarised according to an apical-
basal axis. As the polarisation proceeds, blastodermal cells develop cilia that start beating. 
With the progression of the blastula stage the cells become columnar, although the shape of 
individual cells is not uniform. At the late blastula stage the blastoderm becomes thicker in a 
specific region that will be the future oral pole. At the onset of gastrulation, some cells at the 
oral pole adopt a particular shape exhibiting an elongated apical-basal axis and enlarged basal 
sides. Because of this peculiar shape, they are defined as “bottle cells” (Kraus et al., 2020). 
The formation of the bottle cells is associated with Epithelial-mesenchymal transition, or EMT 
(Shook & Keller, 2003). Indeed, following the progressive enlargement of the basal side and 
the restriction of the apical domain, these cells, the presumptive endoderm, detach from the 
epithelium and adopt a mesenchymal morphology starting to migrate into the blastocoel. At 
the mid gastrula stage the site of ingression becomes thinner and the embryo exhibits a more 
rounded shape at the aboral pole and becomes more pointed at the oral pole. Bottle cells are 
still present at the oral pole of the late gastrula indicating that in Clytia endoderm is generated 
during the whole gastrulation period. At 24 hpf, cell ingression terminates and ingressed cells 
start to form the endodermal epithelial layer. At 48hpf the formation of the planula is complete 
and the distinctive shapes of the oral and aboral pole become very clear. Further cell 
differentiation continues until 72hpf (Fig. 1.10; Kraus et al., 2020).  
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Figure 1.10 - The planula larva of Clytia 
Confocal image of 48hpf planula larva. Abbreviations are: Aboral pole (Ab.p), Oral pole (Or.p), Ectoderm 
(Ec), Endoderm /Gastrodermis (En). Nuclei in cyan (Hoechst); Cell boundaries in grey (Phalloidin).  
Maximum projection of two Z-planes from a confocal stack. Scale bar 50µm. 
 
 
 
The planula stage, as well as embryonic stages, have proven suitable to address questions 
concerning the evolution of axial patterning systems. The developmental patterning of the 
planula is regulated by evolutionary-conserved programs, notably the Wnt pathway, which 
defines the oral-aboral axis (Momose et al., 2008; Momose & Houliston, 2007). Potential 
patterning genes in the planula acting downstream of Wnt signalling and affected by PCP were 
identified by an unbiased transcriptome comparison (bulk RNA seq) between early gastrula 
stage embryos in which these pathways were experimentally up or downregulated (Lapébie 
et al., 2014). The transcriptional responses of the identified genes correlated with regionalised 
expression in the embryo and larva. These genes, which include both members of known 
families of developmental regulators as well as poorly characterised taxon-restricted genes, 
are  candidates for patterning roles but also as differentiation genes for different cells (Lapébie 
et al., 2014).  
 
Early embryonic expression of genes belonging to the Forkhead subfamilies (Fox) suggests 
an evolutionary conserved role of these genes during embryogenesis in Clytia (Chevalier et 
al., 2006). Expression during planula development as well as specific structures in the medusa 
suggest that members of the Fox subfamilies might play an additional role in cell type 
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development that has been lost in Bilateria or acquired in Cnidaria. For instance, expression 
of FoxB and FoxQ2 family genes is detected in early stages of embryogenesis (eggs and 
blastula and gastrula). This is consistent with involvement in early embryonic pattern systems 
as is also seen in Bilateria. Clytia FoxB is also detected later in the development of the planula 
and is associated with a putative nematogenic site as well as three distinct regions in the adult 
medusa suggesting a possible involvement of this gene in the development of neural cell types 
(Chevalier et al., 2006). 
Comparison with other cnidarian as well as bilaterian species shows that some aspects of the 
gene expression and function are also conserved in Clytia for the Sox family genes. The 
expression of some Sox genes in Clytia show consistency across life stages at the cell type 
level. For instance, four Sox genes contribute to the i-cell lineage and five are expressed in 
nematoblasts in both planula and medusa. On the other hand, other Sox genes show poor 
correlation of gene expression across life stages within potentially similar cell types. For 
instance, Sox10 in the medusa is expressed in a subpopulation of neurons as well as i-cells 
and maturing oocytes suggesting a role in i-cell-derived neurogenesis. In contrast in the 
planula,  Sox10 expression is associated with putative neurogenic cells  forming an inner layer 
of the ectoderm at the gastrula stage, distinct from the i-cells (Jager et al., 2011; Kraus et al., 
2020). This suggests a potential role in the diversification of planula specific cells and/or a 
possible association with a pathway for neurogenesis in the planula not mediated by i-cells. 
This will be discussed further in Chapter 3 and Chapter 4. 
Phylogenetic analysis of Hox, Parahox and Hox-related genes have identified orthologous 
genes in Clytia. Analysis of the expression patterns of seven genes revealed that those 
belonging to Hox9-14 and CDX groups showed expression along the oral-aboral axis during 
planula development suggesting a potential conserved role in axial patterning. However, other 
Hox genes were observed to be expressed only at medusa stage in putative specialised 
regions. For instance, cheGSX and cheHOX1 show expression respectively in tentacle bulb 
nematogenic cells and in statocysts, implying a potential involvement in cell type specification 
(Chiori et al., 2009). 
These findings indicate that some well known patterning genes potentially play evolutionary 
conserved roles in the development of Clytia, while others show expression in the medusa 
stage of the hydrozoan life cycle in particular cell types .  
 
In this context, the characterization of the cell types is crucial to gain insights on the evolution 
of conserved pathways and to determine the possible role of these genes in the development 
of specific cell types. 
 

 

1.4.2.1 - Cell types of the planula of Clytia 
 
Prior to the present work, our knowledge of the Clytia planula cell types has relied on   
histological studies.   
 
The first study on the planula larva of Clytia dates back to 1886 when Elie Metchnikoff provided 
a description of jellyfish he collected at Napoli, Trieste and Villefranche-sur-mer. In his work 
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“Embryologische Studien An Medusen'' (Metchnikoff, 1886) he published his studies on 
cnidarian embryology in which he describes the development from eggs to adult stages of 
some cnidarian species, including Clytia. Almost a century later, in 1968, Jean Bodo and 
France Bouillon published their comparative studies of hydrozoan larvae belonging to five 
species collected at Roscoff, including Clytia hemisphaerica, referred to as Phalidum 
hemisphaericum. This study represents the first characterization of the cell types of Clytia the 
planula based on histology and morphological observations. Following classical histological 
approaches involving fixation, embedding of the specimens, mainly in paraffin, for sectioning 
and finally classical stainings highlighting different kinds of macromolecules, the authors were 
able to discriminate between different cells and provide the first detailed characterization of 
cell types with a particular focus on glandular cells and nematocytes (Fig. 1.11; Bodo & 
Bouillon, 1968). 
  
Two types of glandular cells were identified. The first type is reported as ‘cellules  glandulaires 
spumeuses’ (termed ‘foamy‘ mucous cells by Campbell & Bode (1983)) differentiating from 
the aboral ectodermal cells already at the gastrula stage. These are characterised by the 
presence of multiple irregular vacuoles containing foamy secretion materials that are 
described as of an acid mucopolysaccharide nature (Bodo & Bouillon, 1968). The nucleus is 
mainly located on the basal side of the cells while the vacuoles are concentrated in the apical 
side (Fig. 1.11). A morphologically similar cell type has also been observed in adult polyps 
and medusae of several species, notably in the hypostomal region of the polyps and in the 
manubrium (mouth) of medusae (Bouillon, 1966). In the adults  such  foamy gland cells 
differentiate mainly within the endoderm.  
A second type of glandular cell was described as ‘cellules sphéruleuses’ (termed  ‘granular’ 
mucous cells by Campbell & Bode (1983)) which are characterised by multiple small granules 
or droplets containing muco-proteinic secretion materia (Bodo & Bouillon, 1968). These cells 
appear to differentiate from the aboral ectoderm in late planula stages and are reported to be 
less numerous than the foamy glandular cells. The shape and the secretory mode of action of 
these cells appears to be similar to the spheroulous glandular cells described in adult polyps 
and medusae (Bouillon, 1966). However, the latter is exclusively localised in the endoderm of 
the hypostome and the manubrium of the adults (Bouillon, 1966). 
 
The ectodermal cells located along the flanks of the larva on the median band surrounding the 
larval body are characterised by the presence of small granules. Bodo & Bouillon (1968) 
suggested a relationship between these granules and the formation of the ‘perisarc’ such as 
the typical chitinous layer produced by the hydrozoans as a protection for the soft parts of the 
body, notably the ‘theca’ (Fig. 1.11).  
 
A cell type reported as of endodermal origin is the i-cells, characterised by a rounded shape 
and a large nucleus and identified predominantly in the endoderm or located between 
endodermal cells and the mesoglea (Fig. 1.11). 
 
According to Bodo and Bouillon (1968), mature nematocytes are mainly found in the ectoderm 
at the oral (posterior) pole of the planula  (Fig. 1.11).  Early stages of nematocytes, the 
nematoblasts, can be distinguished as early as the gastrula stage, persisting throughout later 
planula stages in the endoderm (Fig. 1.11). Nematoblasts migrate through the mesoglea, 
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towards the ectoderm and completely differentiate following migration. Nematoblasts were 
observed earlier in development than i-cells suggesting that these might both originate directly 
from the differentiation of some ‘cellules endodermique banales’, or classical epithelial 
endodermal cells. Furthermore, in some older larvae, after at least four days post fertilisation, 
nematoblasts were observed to continue to proliferate and differentiate but migration towards 
the ectoderm was not reported (Bodo & Bouillon, 1968). 
Another type of cell characterised by irregular granules in the cytoplasm was described, mainly 
in the ectoderm at the oral pole. The granules were defined as ‘excretion granules’, possibly 
corresponding to residues of digestion of the larval yolk. However these types of cells were 
only found rarely and only in older larvae (Bodo & Bouillon, 1968). 
 
Potential planula neurosensory and ganglion cell ultrastructures were described in another 
study published in the following years, in which transmission electron microscopy (TEM) was 
used to describe cell types in the Clytia planula (Thomas et al., 1987). Neurosensory cells 
were observed mainly at the aboral pole and laterally in the ectoderm. These cells are 
characterised by the presence of a distinctive invagination of the apical cytoplasm surrounding 
the base of the cilium and by a long ciliary rootlet. Neurosecretory-like vesicles were observed 
around the nucleus along with neurites closely associated with the basal contractile processes 
of the  epithelio-muscular cells. Ganglion cells were identified by the unique ovoid shape and 
by free ribosomes in the cytoplasm. These cells were mainly found at the base of the epidermis 
layer. Neurite-like projections of ganglion cells were described as forming a network with other 
neurites from the neurosensory cells at the level of the mesoglea and epithelio-muscular cells 
(Thomas et al., 1987). 
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Figure 1.11 - View of the cells of the planula 
(a) Diagram of a longitudinal histological section of the planula in a terminal phase of the development. 
(b) Detail of the anterior region of the planula with the two types of aboral glandular cells highlighted. 
Abbreviations are: glandular “foamy” cells (C.Gl.Sp), granular mucous cells (C.Gl.Sph), Ectodermal 
granular cells (C.Gr), Interstitial cells (or I-cells, C.Int.), ectoderm (Ecto), endoderm (Endo), mesoglea 
(M), nematoblasts (Nmbl), nematocytes (Ny), aboral or anterior pole (p.A), oral or posterior pole (p.P). 
Taken from Bodo & Bouillon (1968).  
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1.5 - Objectives 

 
 
In this Introduction chapter I have illustrated the concept of the evolution of the cell types which 
proposes a novel perspective to trace the evolutionary history by using the cells as units. In 
the framework of large comparative studies, Cnidaria is well placed as an “early branching” 
taxon, sister group to Bilateria. I introduced the model species used in this project, Clytia 
hemisphaerica, and illustrated what is known concerning its cell types prior to this study. The 
characterisation of the cell types of Clytia can contribute to expanding the knowledge on the 
evolution of metazoan cell types in a broader comparative context. Furthermore, Clytia 
belongs to Hydrozoa which, among Cnidaria, is considered the group with the largest diversity 
of life cycles. The accessibility of the adult medusa and the planula larva permits the 
application of innovative single cell transcriptomics approaches to characterise molecular 
signatures of cell types. Besides representing a valuable resource for the Clytia and the 
cnidarian community in general, those data serve as a foundation to establish a comparative 
analysis of the cell types within a complete hydrozoan life cycle allowing the complexity of the 
medusa to be compared to the much simpler planula.  
 
Based on these concepts my thesis work has three main objectives: 
 

- The characterisation of the cell types of the adult medusa. This required the 
establishment of a dissociation protocol and generation of single cell transcriptomics 
data. The validation of the data via in situ hybridization and the interpretation of gene 
expression patterns permitted the generation of the cell atlas of the medusa. (Chapter 
2). 
 

- The characterisation of the cell types of the planula larva. As for the previous objective, 
this required establishment of a dissociation protocol, validation and interpretation of 
the data and finally the generation of the cell type atlas of the planula larva. (Chapter 
3). 
 

- Comparative analysis of cell type signatures by exploiting the cell atlases of the 
medusa and the planula of Clytia as a foundation. The ultimate aim of my PhD project 
was to resolve similarities and differences across life stages of Clytia and to start to 
address the complexity of the medusa in relation to a putative expansion of cell types. 
(Chapter 4). 
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CHAPTER 2  -  
Cell types of the adult medusa of 
Clytia 
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Overview of the chapter  
 
The free-swimming medusa stage, or jellyfish, is the fundamental innovation of Medusozoa, 
which is considered the sister group of Anthozoa. Medusozoa includes Hydrozoa, Scyphozoa, 
Staurozoa and Cubozoa. 
 
The medusa represents the most complex body form of the cnidarian lineage. The body plan 
is organised with radial symmetry and shows distinct organs such as the manubrium 
(mouth/stomach) and the gonads. The medusa actively catches prey using the typical 
cnidarian weapons, the cnidocytes or nematocysts. The gelatinous bell is constituted by 
various tissues along with the acellular mesoglea, derived from the classical cnidarian 
epitheliomuscular cells of the ectoderm and endoderm layers. These include on the 
subumbrellar side striated muscle fibres that provide fast contractions for swimming. 
Swimming and other sophisticated behaviours unique to the medusa stage are  coordinated 
by a well organised nervous system involving two condensed nerve rings running around the 
bell margin, which in some species are linked to additional organs such as statocysts and 
even complex camera-eyes. 
 
In the past few years, several medusozoan genomes have become available, raising interest 
in understanding which cell types contribute to the complexity of the medusa stage. In this 
Chapter I introduce the cell type atlas of the medusa of Clytia which I generated exploiting 
single cell transcriptomics. I obtained the data using freshly dissociated cells from individuals 
that were just about to reach sexual maturity. I integrated the data from these cells with a 
recently published dataset generated by our collaborators in the Pachter and Anderson 
groups. In the context of that collaboration, I contributed to the interpretation and the validation 
of the data by mining marker gene lists and performing in situ hybridisation of selected 
candidate genes. Using existing information about genes expressed in each cell cluster and 
additional in situ hybridisation analysis we could assign cell type identities to 36  clusters, 
which we grouped into seven broad cell classes. To address the complexity of the medusa 
nervous system we isolated and reclustered the neural cells and selected neural-specific 
candidate genes to carry out in situ hybridisations. Analysis of the expression patterns 
revealed 14 putative neural subpopulations. We charted the origin and development of neural 
cells and nematocytes from the i-cells by performing pseudotime analysis. Trajectory analysis 
of the nematocyte lineage revealed two distinct transcriptional programs, which we 
characterised as the “nematoblast” phase, defined by the production of the nematocyte 
capsule, and the “nematocyte differentiation” phase, distinguished by the production of the 
nematocil apparatus. 
 
My final integrated dataset consists of 25819 cells grouped in 40 cell types. I transferred the 
annotation we proposed for the first atlas achieving broadly equivalent cell types, with a slight 
increase in the numbers of neural cells and an additional cluster which likely represents 
technical artefacts. To further characterise the medusa cell types, I investigated their 
ultrastructure by electron microscopy, deducing identity from the spatial distributions and 
molecular signatures obtained in the atlas analysis. 
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This medusa cell atlas provides a valuable tool to address the complexity of the medusa stage 
at the cell type level. Along with available atlases of other cnidarian species, it opens the way 
to comparative analyses concerning cell type evolution within this group. 
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2.1 - INTRODUCTION 
 
The central aim of my project is to establish a comparison at cell type level across life cycle 
stages of Clytia. 
 
As described in Chapter 1, Clytia belongs to Hydrozoa and exhibits a ‘complete’ hydrozoan 
life cycle including three main life forms, the planula larva, the polyp colony and the adult 
medusa or jellyfish (Houliston et al., 2010). It displays a complex body organisation based on 
tetra-radial symmetry and proper organs such as the manubrium (feeding organ comprising 
mouth and stomach), the gonads and tentacle bulbs. Smooth and striated muscle fibres are 
present in the subumbrella, along with a nervous system condensed into two nerve rings, and 
diffuse nerve nets associated with tissue layers of the subumbrella and organs (see Chapter 
1).  
 
We initially characterised the cell types of the medusa of Clytia in the context of a collaboration 
with the Pachter and Anderson groups at Caltech. The resulting publication of the first cell 
type atlas of Clytia medusa, is included as an annex to this chapter (Chari et al., 2021). 
I contributed to this collaboration mainly by interpreting and validating the identity of cell types 
by in situ hybridisation and confocal microscopy. The Pachter lab developed a multiplexed 
single cell sequencing approach which allows several samples treated with different conditions 
to be pooled into a single experimental run. As a proof of concept that this could be used to 
compare cellular responses within whole animals, they applied this approach to Clytia medusa 
fixed dissociated cells. For the main dataset, they pooled dissociated cells from  animals in 
control condition and after a period of starvation. An additional experimental approach involved 
exposing medusae to multiple ionic stimuli with the aim to predict the expression of immediate 
early genes in Clytia which are described to be expressed in neurons that respond to stimuli 
(Sheng & Greenberg, 1990). These experimental designs resulted in the generation of two 
medusa cell type atlases, the “Fed and Starved” and the “Stimulation” atlases (Chari et al., 
2021). We exploited lists of cluster-specific marker genes computed from an integrated “Fed 
and Starved” and “Stimulation” atlases. We attributed tentative identities using previously 
characterised genes (Balasubramanian et al., 2012; Condamine et al., 2019; Denker et al., 
2008; Gillespie & Müller, 2009; Leclère et al., 2012; Leclère & Röttinger, 2017; Quiroga Artigas 
et al., 2018; Tucker, 2010) and selecting novel candidates by picking highly specific markers 
from the signature of the clusters. I then selected cluster specific candidates and carried out 
in situ hybridisation to assign identities. Analysis of the expression patterns revealed 36 cell 
types which we manually grouped in seven cell classes: the two epitheliomuscular layers 
(epidermis and gastrodermis), bioluminescent cells, germ cells grouped with the i-cells, and 
three classes of i-cell-derivatives notably, the nematocytes, the neural cells and the digestive 
gland cells (Chari et al., 2021). Comparisons of the scRNAseq data obtained from control and 
starved medusae revealed some specific changes in cell type transcriptomes. In particular, 
the oocytes and the gastrodermis cells were the most affected by starvation. This reflects a 
marked visible reduction in gonad size as well as in the overall decrease of the medusa body 
mass during starvation. I explored in more detail the consequences of starvation on the cellular 
organisation within the gonad by phalloidin/hoechst staining and confocal microscopy, by 
comparing control and starved medusae. This imaging analysis confirmed that during 
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starvation a substantial reorganisation of gastrodermal cells occurs along with depletion of the 
majority of medium sized oocytes (Fig.7 in Chari et al., 2021). In addition, we exploited the cell 
atlas to address the origin of neural cells and nematocytes from the i-cells, as has been shown 
in Hydra. Pseudotime analysis revealed continuity between i-cells to neural cells, and i-cells 
to nematocytes. Indeed, we were able to distinguish two phases of nematogenesis associated 
with two distinct but consecutive transcriptional programs. Additionally, we identified 14 
putative medusa neural subpopulations by reclustering analysis of isolated neural cells. This 
analysis has been particularly useful for predicting novel neuropeptide precursors by exploring 
the gene signatures of the putative subpopulations (Chari et al., 2021). 
 
In parallel to this collaboration on the inital atlas, I generated and analysed two additional 
female medusa single cell datasets using freshly dissociated cells from sexually immature 
jellyfish. I integrated these two datasets with the ones we published with our collaborators.  
The integrated medusa cell atlas is presented in the section below along with the validation 
by in situ hybridisation and micrographs of the identified cell types.  
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2.2 - RESULTS  
 

2.2.1 - A Clytia Medusa Cell Type Atlas 
 
Clytia medusae can live for around one or two months in laboratory conditions (Lechable et 
al., 2020). To generate single cell transcriptomics data I chose to use 10-to-14 day-old jellyfish 
that had not yet reached sexual maturity. At maturation, gametes are continuously produced 
in the gonads to allow daily spawning. Before maturity, the numbers of these cells is lower, 
reducing the risk of predominantly sampling gametes. 
I generated two single cell libraries by performing encapsulation experiments at two different 
institutes (at the France Genomics platform at the IPMC in Nice, and at the EMBL genomics 
core facility in Heidelberg, see Methods) using 10X Genomics technology 
(https://www.10xgenomics.com). For each experiment I loaded a maximum of 10000 freshly 
dissociated female medusa cells into the 10X Chromium controller. I generated two sets of 
data, respectively “IPMC” and “EMBL” datasets, that I integrated with the “Fed and Starved” 
medusa data from Chari et al (2021) and corrected for the batch effect using Harmony 
(Korsunsky et al., 2019; Fig. 2.1b). 
 
My integrated dataset consists of 25819 cells grouped in 40 clusters that I refer to as cell types 
throughout (Fig 2.1a). Verification of batch effect correction demonstrated homogeneous 
mixing of the cells from the three batches into each cluster as well as some interesting 
differences across those (Fig 2.1b). For instance, the “IPMC” data were generated from a 
medusa that was just about to reach sexual maturity, so this dataset is dominated by oocyte 
mRNA signatures. Indeed, in the integrated atlas there is a large contribution to the oocyte 
class from this dataset. The medusae that I used to generate the “EMBL” data had gone 
through travelling and I couldn’t ensure the best conditions of feeding and seawater 
temperature once I arrived in Heidelberg. Therefore, at the time of the experiments, the 
medusae were starving and likely physiologically stressed. This resulted in a greater number  
of epidermis cells and very few oocytes (Fig. 2.1b).  
I assigned cell types identities on the basis of the medusa atlas we published in the context of 
the collaboration. Cell types of the integrated medusa atlas could largely be re-assigned from 
the Chari et al., (2021) dataset by using the same markers (Fig. 2.1c and 2.2d).  
Our integrated cell altas allowed the identification of three additional neural cell types and 
larger numbers of cells per cluster with respect to the dataset published in Chari et al., (2021), 
providing a more solid classification of medusa cell types. An additional cluster that we 
identified in our integrated medusa atlas is cluster 13. I initially classified this cluster as an 
additional i-cell type given the expression of Piwi and Vasa in these cells. However, analysis 
of the markers indicate that many more markers from other cell types are expressed by these 
cells which might ultimately represent a technical artefact (Fig. 2.1c).  I do not  yet understand 
their identity and for the moment I named them “mixed profile” and I do not consider those 
further in the chapter. 
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Figure 2.1 - Integrated Medusa Cell Atlas 
(a) 2D-UMAP plot embedding according to the Leiden algorithm annotation of the clusters. (b) 2D-
UMAP plot embedding of the cell atlas showing cells belonging to the 3 libraries following batch effect 
correction. Libraries or batches are labelled with custom names according to the platform where the 
experiments were performed respectively “IPMC'' and “EMBL”. The label “FedStarved” refers to the 
“Fed and Starved” dataset published in Chari et al., 2021. (c) Cell type annotation . 
 
I grouped the resulting 40 cell types into cell classes according to the analysis of expression 
patterns as previously described in Chari et al., (2021). Indeed, because of the large 
correspondence of the cell types across datasets, our classes are consistent with the ones 
assigned previously. In detail, I distinguished seven cell classes corresponding to the 
epidermis, the gastrodermis, the bioluminescent cells, the germ cells/i-cells, which includes i-
cells and oocytes, the neural cells, the digestive gland cells and the nematocytes (Fig. 2.2b). 
The spatial distribution of the cell classes in the medusa is shown by the diagram in Figure 
2.2a. 
The integrated medusa cell atlas is presented in detail in the sections below. Each class is 
treated in a separate section along with the cell types included in each of them. Oocytes and 
i-cells belong to the same class of stem-cells/germ-cells although are treated into separate 
sections. The heatmap in Figure 2.2d shows the distribution across cell types and classes of 
the markers I used to assign identity and additional diagnostic markers that are discussed 
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below. The research article which includes our first medusa cell atlas is presented as an annex 
to this chapter. 
 

 
Figure 2.2 - Medusa Cell Type Classes 
(a) Simplified diagram of adult medusa showing the spatial distribution of the broad cell classes 
(Adapted from Weissbourd et al., 2021). Bioluminescent cells are not shown. Colour code is according 
to (c). (b) Diagram showing a portion of the umbrella and the organisation of the layers of the epidermis 
and the gastrodermis. Abbreviations are: gastrodermis (ga), gonad (go), endodermal plate (ep), tentacle 
bulb (tb), tentacle (t), velum (v). (c) 2D-UMAP plot embedding showing the seven broad cell classes. 
(d) (on the following page) Heatmap of in situ candidates and diagnostic markers grouped by cell 
classes. Expression of genes is standardised between 0 and 1 using ‘standard_scale = ‘var’’ option of 
the Scanpy function ‘sc.pl.heatmap’.   
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Figure 2.2d - Medusa Cell Classes 
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2.2.1.1 - Epitheliomuscular cells (epidermis) 
 
The epidermis cell class covers a set of variations on the classical cnidarian epitheliomuscular 
cell type, which are characterised by having their apical poles facing externally. These include 
the medusa striated muscle type, which along with radially aligned  smooth muscle lines the 
subumbrellar surface (Leclère & Röttinger, 2017). 
 
Analysis of the gene expression in our integrated atlas revealed an additional cluster of 
exumbrella epidermis compared to the initial atlas (Chari et al., 2021). As mentioned above, 
the “EMBL '' dataset was dominated by epidermal cells due to the physiological condition of   
the medusae prior to the encapsulation experiment. Indeed, this additional cluster is generated 
by the relatively large number of epidermal cells in the “EMBL” dataset. Another difference 
with the published atlas is that cells of the gonad epidermis and the manubrium epidermis are 
merged into a single cluster. 
 
The exumbrella epidermis (cluster 0 and 8) is characterised by the expression of GFP3 (Fig. 
2.2d; Fourrage et al., 2014) and forms a monolayer of cells overlaying the outer part of the 
bell (Fig. 2.2b).  
 
We assigned cluster 22 as radial smooth muscle based on strong expression of the marker 
Tropomyosin-A (TPMA; Fig. 2.3b and c). In Clytia medusa the smooth muscle fibres lie in the 
subumbrella and extend radially from the manubrium to the bell margin (Fig. 2.2a). The muscle 
fibres of these cells are on the external side of the cells of the striated muscle layer (Fig. 2.4). 
The identity of the striated muscle type is assigned based on the expression of Tropomyosin-
B, ST-MyHCa and ST-MyHCb (Myosin heavy chain - striated type I and II; Fig. 2.3b and c). 
These muscle fibres are oriented circularly in the subumbrella, organised in a band at the 
periphery of the bell (Fig. 2.2a) and are responsible for the folding of the bell and swimming 
(Leclère & Röttinger, 2017). We assigned cluster 33 as a second striated muscle type of the 
velum, characterised by the expression of ST-MyHCa, ST-MyHCb and Peroxidase (Fig. 2.3b 
and c).  
 
Each of the medusa organs (i.e. manubrium, gonads and tentacle bulbs), as well as the bell 
(umbrella) are covered by an outer epidermal layer. We deduced that cluster 14 includes  
gonad and manubrium epidermis, both characterised by the expression of GFP4 (Fig. 2.2d; 
Fourrage et al., 2014). Tentacle bulb epidermis was assigned based on the expression of 
Wnt2 (Fig. 2.2c; Condamine et al., 2019) among others such as TPMA, ST-MyHCa and ST-
MyHCb (Fig. 2.3b and c).  
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Figure 2.3 - Validation of epidermis  and muscle cell types  
(a) 2D-UMAP plot coloured by epidermis cell class annotation. (b) 2D-UMAP plot coloured by epidermis 
cell type annotation, (c) In situ hybridization of epidermis marker genes of 10-14 days-old medusa edited 
from Chari et al., 2021, Supplementary Figures. Images from left to right: whole medusa, manubrium, 
gonad, tentacle bulb. Right column: 2D-UMAP plots representing the expression for each of the marker 
genes on the cell atlas. Scale bars in the whole medusa images represent 200 μm; in the manubrium, 
gonad and tentacle bulb images they represent 100 μm. 
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Figure 2.4 - Ultrastructure of the subumbrella epidermis 
Electron micrographs of sections through the subumbrella of a Clytia medusa. (a) Organisation of 
smooth muscle and striated muscle in the subumbrella of the medusa. Smooth muscle layer (cyan) 
overlies the striated muscle (blue). (b) Higher magnification of another section of the subumbrella 
showing distinct smooth muscle fibres.  Scale bar in (a) represents 2μm. A layer of mesoglea divides 
the muscle cell from the endodermal plate cells. Scale bar in (b) represents 1μm. 
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2.2.1.2 - Gastro-digestive cells (gastrodermis) 
 
The Gastrodermis is the second typical epithelium of cnidarian (Steinmetz, 2019) and in the 
medusa of Clytia also represents the tissue committed to digestion of food. The manubrium, 
the gonads and the tentacle bulbs exhibit gastro-digestive cell types likely involved in distinct 
functions not yet characterised. 
 
As in Chari et al., (2021), in our integrated atlas we identified six gastrodermis subtypes likely 
involved predominantly in digestion (GastroDigestive types A, B, C, D, E, F; Fig.2.5a and b 
which I refer throughout as GD-A, GD-B GD-C, GD-E and GD-F) as well as two types likely to 
be heavily involved in extracellular matrix formation (Endodermal Plate, Tentacle Bulb 
Gastrodermis; Fig. 2.5a and b). 
  
Gastrodermis cells are characterised by the expression of the enzyme CathepsinL, involved 
in intracellular digestion, detected throughout the eight clusters (Fig. 2.5c). Single cell data 
allowed the characterisation of previously undescribed subtypes of gastrodermis in the 
medusa by analysis of the expression patterns of cluster-specific candidates (Fig. 2.5b; Chari 
et al., 2021). We could not identify any specific expressed marker genes for two of the 
subtypes, GD-A and B, due to the largely shared gene signature with the other subtypes. 
However, CheGast (Clytia specific gastrodermal marker), an otherwise uncharacterised gene 
detected in GD-A, B and D, is expressed in the distal segment of the manubrium (Fig. 2.5c), 
suggesting that a possible specialised compartmentalisation exists. 
 
Analysis of in situ expression patterns of the extracellular protease BP10-like (BP10-like Zinc 
metalloprotease) and the ECM glycoprotein Fibulin (Fibulin family protein) allowed the 
localisation of GD-C to the region of contact between the canals and the three organs (Fig. 
2.5b and c; Fig. 2.6c and d). Furthermore, BP10-like is also expressed in the endodermal plate 
cell type, consistent with a structural function in the formation and/or remodelling of the 
mesoglea in all these cell types (Fig. 2.5c, 2D-UMAP plot; Fig. 2.6a and b). 
 
The GD-F cells are characterised by the expression of DDAH (dimethylarginine 
dimethylaminohydrolase), which is involved in Nitric Oxide signalling and in vascular functions. 
The localisation of this cell type at the base of the manubrium is complementary to BP10-like, 
corresponding to cells that are on the distal side of the expanded gastric region of the radial 
canal (Fig. 2.5c). Similarly, DDAH is expressed in a particular region of the tentacle bulb 
gastrodermis likely corresponding to a specialised group of cells of which the function remains 
to be determined (Fig. 2.5c). 
 
In situ hybridisation expression patterns for FibCdom-2 (Fibrinogen-C domain protein 2) and 
VCBSprot (VCBS repeat-containing protein) show a diffuse signal in the gastrodermis of 
gonads manubrium and tentacle bulb (Fig. 2.5c). The expression of these two genes shows 
high specificity for GD-D and E respectively (Fig. 2.5c, 2D-UMAP plots). Analysis of the 
molecular signature revealed that GD-D contains a module associated with cell-cell junctions 
(Chari et al.,2021). However, the exact role of these two cell types and whether they are part 
of a distinct gastrodermis compartment is not clear and would require further investigation.  
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We assigned two further gastrodermis types based on the expression of two fibrillar collagen 
genes (FibColl-A and FibColl-B; Fig.2.5b and c) as endodermal plate and tentacle bulb 
gastrodermis. The Endodermal plate cell type is organised into a thin pseudo bilayer within 
the subumbrella  and is responsible for producing the collagen-rich jelly of the bell (Fig.2.6a 
and b). The tentacle bulb gastrodermis is characterised by the expression of the same genes, 
although the expression FibColl-B in a distal portion of the tentacle bulb gastrodermis, which 
is not interested by the expression of FibColl-A is diagnostic for this cell type (Fig.2.5b and c).  
 
 
 

 
Figure 2.5 - Validation of Gastrodermis cell types  
(a) 2D-UMAP plot coloured by gastrodermis cell class annotation. (b) 2D-UMAP plot coloured by 
gastrodermis cell types annotation. (c) In situ hybridization of gastrodermis marker genes of 10-14 day-
old medusae edited from Chari et al., 2021, Supplementary Figures (on the following page). Images 
from left to right: whole medusa, manubrium, gonad, tentacle bulb. Right column: 2D-UMAP plots 
representing the expression for each of the marker genes on the cell atlas. Scale bars in the whole 
medusa images represent 200 μm; in the manubrium, gonad and tentacle bulb images they represent 
100 μm. 
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Figure 2.5c - Validation of Gastrodermis cell types 
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Figure 2.6 - Ultrastructure of gastrodermis cell types 
Micrographs of sections through the subumbrella of the medusa of Clytia. (a) Organisation of the 
endodermal plate (red) around the radial canal. (b) organisation of the endodermal plate (red) in another 
section of the subumbrella where the pseudo bilayer is visible (arrow).  Scale bars represent 2μm.  
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Figure 2.6 c-d - Ultrastructure of gastrodermis cell types 
Micrographs of sections through the manubrium of the medusa of Clytia. (a) Organisation of the 
gastrodermis in the portion of the manubrium linked to a radial canal. (b) Section through the manubrium 
with gastrodermis cell types facing the gastric cavity. Endodermal plate (red), unidentified gastrodermis 
type (darker red); Basal gastrodermis or GD-C (orange)  Scale bars represent 10μm.  
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2.2.1.3 - Bioluminescent Cells 
 
Bioluminescence is a process that results in the generation of light through a biochemical 
reaction in which a photoprotein catalyses the oxidation of a substrate. In Clytia 
Bioluminescence has been already described along with the characterisation of genes for the 
calcium-activated photoprotein Clytin, which belongs to the Aequorin family of photoproteins, 
and four fluorescent proteins (GFPs) that can convert the blue Clytin bioluminescence into 
green flashes. The different Clytin and GFP genes are expressed in distinct tissues in medusa 
and planula (Fourrage et al., 2014; Leclère et al., 2019). 
 
To characterise medusa cell types we exploited the different GFP and Clytin gene expressions 
as diagnostic markers for exumbrella epidermis (GFP3; Fig. 2.2d), gonad and manubrium 
epidermis (GFP4; Fig. 2.2d) and oocytes (GFP2a and Clytin 2; Fig. 2.2d). 
 
In our cell atlas we assigned Cluster 31 as GFP2 positive bioluminescent cells (Fig. 2.7a and 
b) which are scattered in the tentacle and tentacle bulbs of the medusa (Fig. 2.7c). These cells 
are GFP positive and so detectable by fluorescent microscopy following excitation with blue 
light as shown in Fig.2.7c and previously described by Fourrage et al., (2014).  
 

 
Fig.2.7 - Bioluminescent cells   
(a) 2D-UMAP plot coloured by bioluminescent cell class annotation. (b) 2D-UMAP plot coloured by 
bioluminescent cell type annotation. (c) Confocal microscopy image of GFP2 in cells in the tentacle and 
tentacle bulb edited from Chari et al., 2021, Supplementary Figures. Scale bar represents 100 μm. 
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2.2.1.4 - Oocytes 
 

As described above, the three datasets that I combined to generate the integrated medusa 
cell atlas were generated using dissociated cells from female medusae. 
 
The medusa is the sexually reproductive form of Clytia and spawning of female and male 
jellyfish is triggered every morning by light (Houliston et al., 2010; Lechable et al., 2020). 
Immediately before spawning, the female gonads contain oocytes at all stages of development 
(Fig. 2.8a and b). 
 
Oocyte meiotic maturation, followed by spawning, is regulated by Maturation Inducing 
Hormones (MIH) which are released from the gonad upon light signals (Freeman & Ridgway, 
1988; Ikegami et al., 1978). Previous analysis of transcriptomic data from dissected gonads 
revealed the expression of several opsin genes, among which Opsin9 was the most highly 
expressed. Opsin9 and PP4, an MIH (maturation inducing hormone) precursor of Clytia, were 
found to be co-expressed in the same neural-type cells in the medusa gonad ectoderm. 
Knockout of the Opsin9 gene led to failure of both oocyte maturation and spawning upon light 
stimulation, demonstrating that Opsin9 mediates light induced maturation and spawning 
(Quiroga Artigas et al., 2018). Additionally, this study generated transcriptome data for 
dissected mid and late stages of oocytes which were used to assign oocyte identities in the 
atlas. 
 
In my integrated medusa cell atlas I assigned three clusters as oocytes, which we designated 
as very early, small and medium oocytes (Fig.2.8a and b). As mentioned above, the majority 
of cells populating the oocyte clusters derive from the “IPMC” dataset. However, fully grown 
oocytes (around 200 μm in diameter) are likely absent from our data since in all cases the cell 
suspension was filtered through a 40μm cell strainer which is smaller than the size of those 
cells (see Methods). Medium oocytes are characterised by the expression of previously 
described marker genes such as Clytin2, also expressed in bioluminescent cells,  and GFP2a 
(Fourrage et al., 2014) among others, while very early oocytes express meiotic recombination 
proteins such as Spo11 and Scyp1 which are part of the synaptonemal complex (Fig.2.8c; 
Munro et al., 2022). 
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Figure 2.8 - Oocytes  
(a, b) Confocal sections through gonads from 2 weeks-old medusae with cell morphology revealed by 
phalloidin staining of cell boundaries in magenta and grey. The first panel of a and b shows  co-staining 
of nuclei with Hoechst (cyan). Each panel shows co-existence of several stages of oocyte development 
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in two different gonads: epidermis (epi), vitellogenic oocytes (vo), medium oocytes (mo) and early 
oocytes (arrows). Very early stage oocytes can be distinguished near the arrows (Munro et al., 2022). 
Scale Bars represent 50 μm. (c) Electron Micrograph showing a section through the gonad of a 10 day-
old medusa. Very early oocytes are highlighted in yellow. The arrow indicates a synaptonemal complex. 
Scale bar represents 5μm 
 
 
 

2.2.1.5 - Interstitial cells (i-cells) 
 
Interstitial cells, or i-cells, are the hydrozoan stem cell population that gives rise to germ cells 
as well as somatic derivatives. In Hydra they give rise to neural cells, nematocysts, and gland 
cells (Bode, 1996; Watanabe et al., 2009; see Chapter 1). 
 
In my integrated cell atlas I identified one cluster of i-cells, cluster 1. (Fig. 2.9 a and b). I 
assigned the identity on the basis of the diagnostic expression of previously described i-cell 
marker genes, such as Piwi, Vasa and Nanos1 (Leclère et al., 2012; Fig. 2.9 c and d). 
 
In medusa, the i-cells are predominantly found in the ectoderm and are most abundant in the 
gonads and tentacle bulbs. Populations of i-cells are present in the proximal portion of the 
tentacle bulb ectoderm and also at the manubrium base as shown by the in situ hybridisation 
for Nanos1 in Fig.2.9c.  In the medusa atlas Nanos1 is detected only in a small number of 
cells (Fig. 2.9c, atlas plot). The expression of Piwi and Vasa however,  argues in favour of our 
annotation (Fig. 2.9d).  
 
Pseudotime analysis including i-cells, neural cells and nematocytes showed that single cell 
data support the developmental origin of neural cells and nematocytes from the i-Cell 
population (Chari et al., 2021), as is described in Hydra (Bode, 1996).  
A question that still remains to be resolved is whether the digestive gland cells of Clytia are 
also derived from i-cells according to the model in Hydra (Bode et al., 1987). We addressed 
this question in the published analyses of the initial medusa atlas. We were not able to identify 
a direct link between i-cells and Digestive Gland Cells (Chari et al., 2021). One possibility is 
that digestive gland cells are generated from i-cells very early during medusa development 
and so the link is not detectable in more advanced stages. Under this scenario digestive gland 
cells would go through self renewal following differentiation leading to the maintenance of a 
very distinct transcriptional profile (Siebert et al., 2019). Alternatively, digestive gland cells 
derive from a different precursor which has no i-cell-like features. At present, the available 
medusa datasets still do not provide potential candidate regulatory genes for functional 
analysis which would allow these hypotheses to be tested. The increased number of cells in 
the integrated atlas would potentially enable the identification of putative candidates by 
repeating pseudotime analyses on the basis of a larger set of information. However, 
computational constraints are caused by the batch effect correction and this analysis requires 
further refinement (see below in Methods). 
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Fig.2.9 - Validation of the interstitial cells (i-cells) 
(a) 2D-UMAP plot coloured by i-cells annotation. (b) 2D-UMAP plot coloured by i-cell type annotation 
(c) In situ hybridization of i-cells marker gene, Nanos1, of 10-14 days-old medusa edited from Chari et 
al., 2021, Supplementary Figures. Images from left to right: whole medusa, manubrium, gonad, tentacle 
bulb. Right column: 2D-UMAP plots representing the expression for Nanos1 on the cell atlas. Scale 
bars in the whole medusa images represent 200 μm; in the manubrium, gonad and tentacle bulb images 
they represent 100 μm. (d) Expression of Vasa and Piwi on the cell atlas. 
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2.2.1.6 - Nematocytes  
 
 
The cnidarian stinging cells, known as nematocytes or cnidocytes, are a unique feature of the 
phylum. 
Nematocytes are highly concentrated in the tentacles and in the tentacle bulbs of the medusa 
of Clytia as well being distributed widely across other sites including  the rim of the manubrium. 
The medusa tentacular system is particularly useful for studying nematocyte production as it 
can be structurally defined as a cellular conveyor belt in which cellular proliferation and 
differentiation occur in an ordered fashion along the tentacle (Condamine et al., 2019). 
Proliferation of precursor cells takes place in the tentacle bulb epidermis (Condamine et al., 
2019; Denker et al., 2008). The proximal pole of the tentacle bulb epidermis includes a pool 
of i-cells expressing Nanos1 (see above) and Piwi (Denker et al., 2008). Additional genes 
characterising nematogenesis are expressed in a spatially ordered progression in the 
intermediate and the distal part of the tentacle bulb epidermis, for example Minicollagen 3/4 
and Nowa which encode for specialised proteins responsible for the formation of the 
nematocyte capsule (Condamine et al., 2019).  
 
Analyses of the single cell data of Clytia medusae support the previous knowledge regarding 
nematocyte development and bring to light additional molecular information (Fig.2.10a and b; 
Chari et al., 2021). We identified two distinct transcriptional programs within this cell class. 
Using previously described and novel marker genes, we could show that these correspond to 
two largely separate phases of nematogenesis. To distinguish these we adopted the terms 
“nematoblasts” for the clusters of the first phase and “nematocytes” for clusters of the second. 
The initial phase, nematoblast development, notably includes production of the nematocyst 
(i.e. the highly specialised stinging capsule; Fig. 2.11a). This phase is characterised by early 
expression of previously described genes Znf845 and Mos3 (Lapébie et al., 2014) not 
originally associated with this cell class, as well as known nematocyst genes such as 
Minicollagen 3/4 (Condamine et al., 2019). The second phase of nematogenesis is 
characterised by the expression of proteins relating to mechanosensory function, including 
Nematocilin, a component of the elaborated structure around the nematocyte cilium, the 
nematocil, that triggers the capsule discharge upon stimulation (Fig. 2.11b; Balasubramanian 
et al., 2012). The nematocil is formed following the placement of the mature nematocyte in the 
epidermis of the tentacle (Fig.2.11b). Nematocytes also strongly express markers orthologous 
to protein components of vertebrate vibration-sensitive “hair cells'' such as Harmonin, Whirlin 
and Sans-USH-1G (Chari et al., 2021; Gillespie & Müller, 2009; Fig. 2.10c). In contrast they 
show no detectable expression of nematoblast phase gene. The mapping of the two sets of 
nematogenesis genes onto the cell atlas highlighted the clear successive stages of 
nematocyte development (Fig. 2.10c atlas plots). To establish the spatial ordering of these 
stages along the tentacle I compared  in situ hybridisation patterns along the tentacle bulbs 
and tentacles of the medusa (Chari et al., 2021; Fig.2.10c). I selected candidate gene markers 
for each of the nematoblast and nematocyte cell clusters using the cell atlas data and 
performed in situ hybridisation. I found that the transition between the two phases 
corresponded precisely to the junction between the tentacle bulb and the tentacle, and also 
that mature nematocytes are organised in two rows along the axis of the tentacles (Chari et 
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al., 2021; Fig.2.10c). The two distinct phases are linked by the expression of M14-peptidase, 
a cluster specific marker (cluster 28, integrated medusa atlas, Fig. 2.10b; cluster 10 in Chari 
et al., 2021), previously overlooked. Indeed, the large availability of the cells for this cluster 
and the expression of M14-peptidase in differentiating nematocytes at the base of the tentacle 
bulb were enlightening and enabled the two transcriptional programs to be identified (Chari et 
al., 2021). For instance, in the Hydra cell type atlas this link is not obvious as clusters 
corresponding to  the two phases are disconnected (Siebert et al., 2019). 
The succession during nematogenesis of two distinct transcriptional programs within the cell 
class are demonstrated by pseudotime analysis (Chari et al., 2021). The nematocyte 
developmental trajectory described in Chari is thus corroborated by our integrated medusa 
atlas (Fig 2.10a, b and c, 2D-UMAP plots). This represents a particularly striking example of 
a drastic switch in transcriptional regulation during cell type differentiation. 
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Figure 2.10 - Validation of nematocytes  
(a) 2D-UMAP plot coloured by nematocyte class annotation. (b) 2D-UMAP plot coloured by nematocyte 
cell type annotations. (c) In situ hybridization of nematocytes marker genes of 10-14 days-old medusa 
edited from Chari et al., 2021, Supplementary Figures. Images from left to right: whole medusa, 
manubrium, gonad, tentacle bulb. Right column: 2D-UMAP plots representing the expression for each 
of the marker genes. Scale bars in the whole medusa images represent 200 μm; in the manubrium, 
gonad and tentacle bulb images they represent 100 μm. 
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Figure 2.11 - Developmental stages of nematocytes  
(a) Micrograph of a section through the epidermis of the tentacle bulb of the medusa of Clytia. 
Nematoblasts (green) show high content of Golgi and nematocysts (or stinging capsules) at different 
stages of development. The arrow indicates a nematocyst in its initial phase of formation. (b) Micrograph 
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of a section through the tentacle of the medusa. The mature nematocyte (green) exhibits a mature 
nematocysts and a typical nematocil on the apical side. Scale bar in (a) represents 10 μm. Scale bar in 
(b) represents 2μm. 
 
 
 

2.2.1.7 - Neural Cells 
 
In our integrated medusa atlas we identified seven neural cell types expressing genes of the 
ELAV family, widely used as neural markers (Nakanishi et al., 2012). These included one 
cluster of putative neural precursors and six putative differentiated neural cells enriched in 
various neuropeptide precursors (Fig. 2.12 a and b).  
 
During the analysis of the initial medusa atlas, we validated several putative neural 
subpopulations of Clytia medusa based on reclustering analysis on isolated neural cells (Chari 
et al., 2021). Sequence analysis of the gene lists obtained from reclustered neural cells 
facilitated the prediction of novel neuropeptide precursors (Chari et al., 2021). We analysed 
the expression of these along with previously characterised neuropeptide precursor genes 
(Takeda et al., 2018) and other markers by in situ hybridization. These experiments allowed a 
high diversity of expression domains in the nerve rings, in the manubrium and in the tentacular 
system to be uncovered (Chari et al., 2021). Pseudotime analysis of reclustered neural cells 
indicated the expression of neuropeptide precursors towards the end of the trajectory 
consistent with their function in differentiated subpopulations (Chari et al., 2021). In detail, 
cells expressing the RFamide precursor Pp5 are scattered throughout the manubrium and the 
nerve rings and are organised in two lines along the axis of the tentacles on the oral 
(neurogenic) side (Fig. 2.12c). The precursor gene Pp25 shows partial co-expression with Pp5 
(Fig. 2.12c, atlas plot). Its expression pattern is similar to Pp5 but highly enriched in the nerve 
rings and less detectable in the tentacles (Fig. 2.12c). Pp17 enriched cells are specifically 
localised in the tentacles in the region opposite to mature nematocytes, on the same side as 
Pp5 and Pp25 expressing cells (Fig. 2.12c). Pp7 expression could be detected in putative 
neural cells associated with the statocysts (balance organs) positioned around the rim of the 
bell (Fig. 2.12c and 2.13b). Pp26 and Pp1 show expression in patches of cells scattered 
throughout the nerve rings and the tentacles (Fig. 2.12c). Pp11-expressing cells are scattered 
on the manubrium and the nerve rings while Pp20-enriched cells show a particular 
organisation in patches on the distal portion of the tentacle bulbs (Fig. 2.12c). ELAV positive 
cells are located in dense aggregates in the nerve rings and scattered cells on the tentacle 
bulbs (Fig.2.12c). As described in Chari, we assigned cluster 9 as neural precursors based on 
the expression of the transcription factors Hlh6, Neurogenin and Sox10, previously described 
to be involved in neurogenesis.  
To further investigate putative neural subtypes I analysed the expression patterns of 
additionally predicted neuropeptides (Chari et al., 2021). I detected  Pp14-enriched cells on 
the oral side of the tentacle bulbs (Fig. 2.12c). Pp27-expressing cells are localised on the 
tentacles showing a similar expression pattern with Pp17-expressing cells although expressed 
in a different cluster (Fig. 2.12c). Finally we detected Pp9 expression in a small number of 
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cells scattered in the nerve rings (Fig. 2.12c). These additional patterns contribute to the 
spatial mapping of putative neural subtypes in the medusa initiated in Chari et al. (2021). 
The integration of three medusa datasets allowed me to increase the resolution of the 
clustering in regard to neural cells, with the detection of three more clusters (Fig. 2.12b). As 
already mentioned, the constraints associated with the computational correction of the batch 
effect of the integrated atlas do not allow reclustering analysis (see Methods). However, the 
increased number of cells certainly represents an advantage for a better representation of the 
gene expression and potentially allows a more detailed characterisation of putativel neural 
subtypes in the medusa. 
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Figure 2.12 - Validation of neural cell types 
(a) 2D-UMAP plot coloured by neural cells class annotation. (b) 2D-UMAP plot coloured by neural cells 
types annotation. (c) In situ hybridization of neural cell marker genes of 10-14 days-old medusa edited 
from Chari et al., 2021, Supplementary Figures. Images from left to right: whole medusa, manubrium, 
gonad, tentacle bulb, details of tentacles. Right column: 2D-UMAP plots representing the expression  
for each of the marker genes on the cell atlas. Scale bars in the whole medusa and manubrium images 
represent 200 μm; in the gonad, tentacle and tentacle bulb images they represent 100 μm. 
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Figure 2.12c - Validation of neural cell types 
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Figure 2.13 - Micrographs of neural cells 
(a) Micrograph of a section through the tentacle bulb of the medusa of Clytia. Three groups of neural 
cells (blue) are condensed in the epidermis of the tentacle bulb and show the organisation of the nerve 
rings. (b) Micrograph of a section through the subumbrella of the medusa. Neural cells (blue) are 
condensed in a nerve ring (likely the sensory nerve ring) in contact with the sensory organ (statocyst). 
Scale bar in (a) represents 2μm. Scale bar in (b) represents 10μm. 
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2.2.1.8 - Gland Digestive Cells 
 

As in our initial medusa atlas (Chari et al., 2021) , I could assign digestive gland cell identity 
to five clusters obtained from my combined dataset designated as  digestive gland cells A-E. 
These each expressed different combinations of digestive enzymes (Fig. 2.14 a and b).  
 
Previous studies have described at least three types of hydrozoan glandular digestive cells 
based on morphology and histochemistry. Two of those types are located respectively in the 
oral region of the hypostome of the polyps and the oral pole of the manubrium. The last type 
is prevalently found in the digestive trait/stomach region (Bouillon, 1966). Consistent with 
this observation, we detected the expression of cluster-specific digestive enzymes in 
particular in the manubrium but also in the gonads, as shown by in situ expression patterns 
of the genes designated as FibrinogenC-dom1 and C-type lectin in gland digestive cells C 
and D (Fig. 2.14c). Gland digestive cells A specifically express ShKT-TrypB and they are 
detected in aggregates along the proximal part of the manubrium, including the stomach 
(Fig. 2.14c). Gland digestive cells B are localised at the base of the manubrium and express 
the geneTrypsin-Like as a unique marker (Fig. 2.14c). ShKT-TrypA is expressed in both 
gland digestive cells A and B, although the expression pattern does not recapitulate 
completely the expression patterns of cluster-specific markers. These cells are localised 
more orally in the manubrium showing a distinct expression pattern with respect to the other 
markers (Fig. 2.14c). ShKT-TrypB positive cells potentially represent an additional gland 
digestive cell type. Alternatively, this gene could mark a subpopulation of gland digestive 
cells A and B. These two hypotheses indicate that further diversity in this cell class remains 
to be discovered. Finally, gland digestive cells E express Chitinase, a marker shared with 
GD-C. This shows a similar expression pattern to the genes BP10-like and Fibulin at the 
contact between radial canals, manubrium and gonads, with the additional expression at the 
distal oral part of the manubrium but absent at the contact between tentacle bulbs and 
circular canal (Fig. 2.14c and Fig. 2.5c).  
 
The expression profiles enriched in digestive enzymes and the localisation in the manubrium 
supports the hypothesis that the digestive gland cells are likely involved in the process of 
primary digestion. The secretion of several enzymes can be advantageous to cope with 
different types of prey organisms ingested. However, functional studies are needed to 
understand the exact role of each of those types. Micrographs of morphologically distinct 
types of digestive gland cells located at the basal side (a), on the “flanks” towards the apical 
side (b) and at the apical side of the manubrium (c and d) are shown in Figure 2.15. 
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Figure 2.14 - Validation of digestive gland cell types 
(a) 2D-UMAP plot coloured by gland digestive cell class annotation. (b) 2D-UMAP plot coloured by 
digestive gland cell  types annotation. (c) In situ hybridization of digestive gland cell marker genes of 
10-14 days-old medusa edited from Chari et al., 2021, Supplementary Figures. Images from left to right: 
whole medusa, manubrium, gonad, tentacle bulb, details of tentacles. Right column: 2D-UMAP plots 
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representing the expression  for each of the marker genes on the Cell Atlas. Scale bars in the whole 
medusa images represent 200 μm; in the gonad, manubrium and tentacle bulb images they represent 
100 μm. (d) Diagram of distribution of the digestive gland cell types in the manubrium of the medusa of 
Clytia. 

Figure 2.15a-b - Ultrastructure of digestive gland cells 
Micrographs of sections through the manubrium of the medusa of Clytia. (a) Micrograph of a section 
through the basal part of the manubrium. Digestive gland cells scattered in the manubrium 
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gastrodermis. The three morphologically distinct types identified (dgc) are colured in magenta, blue and 
purple. (b) Micrograph of a section through the flanks of the manubrium toward the apical side, or “lips”. 
Morphologically similar digestive gland cell types (dgc) are coloured with the colour code in (a), (blue 
and magenta). Scale bas in (a) represents 20μm. Scale bar in (b) represents 10μm. 

Figure 2.15c-d - Ultrastructure of digestive gland cells 
Micrographs of sections through the apical side of the manubrium (“lips”) of the medusa of Clytia. (a) 
Micrograph of a section through the apical side of the manubrium. Digestive gland cells embedded in 
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the manubrium gastrodermis. The three morphologically distinct types identified (dgc) are colured in 
pink, lavender and orange. (b) Micrograph of another section through the apical side of the manubrium. 
Morphologically similar digestive gland cell types (dgc) are coloured with the colour code in (a), 
(lavender). Two additional morphologically distinct types are coloured in blue and cyan. The digestive 
gland cells facing the internal side of the manubrium (manubrium int). Scale bars in (a) and (b) represent 
10μm.  
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2.3 - METHODS 
 

2.3.1 - Clytia medusae Culture 
 

Clytia female jellyfish (Z4B strain) were cultured as previously described (Lechable et al., 
2020) for 10-14 days and fed twice a day. 
 

2.3.2 - Clytia medusa dissociation  
 

Dissociation of medusae was performed without the use of digestive enzymes. Medusae were 
collected between the 10th and the 14th day after hatching when sexual maturation was not 
yet reached. 2-3 jellyfish were used for each dissociation experiment. Jellyfish were washed 
in Ca/Mg-free artificial sea water (Table 2.1) three times by serial transfer in medium sized 
dishes. Cell dissociation was performed by incubating the jellyfish in Ca/Mg-free artificial sea 
water for ten minutes within a cell strainer and observed with a dissecting microscope. After 
incubation, excess sea water was removed with a tissue and jellyfish were gently pressed 
against the 40um mesh using the rubber plunger of a 1ml syringe. The cell strainer was 
washed five times with 100 μl of Low-Ca artificial sea water (Table 2.2). Single cells were 
collected in a 2ml tube by pipetting the solution from the bottom of the strainer until 500µl of 
cell suspension was collected. To estimate cell concentration, 20μl of cell suspension were 
counted manually at A2 Axio Imager (Zeiss) binoculars with the use of a Neubauer improved 
counting chamber (Sigma-Aldrich BR717810-1EA) filling the two grids available with 10μl of 
cell suspension each.  
Cell mortality was estimated during previous separate test experiments diluting the cell 
suspension with 1:1 ErythrosinB 0.5mg/ml solution, which labels dead cells in red. 
The mortality data were used to develop the final dissociation protocol with the aim of reducing 
cell mortality to 10-20% maximum.  
Cell dissociation was performed immediately before the encapsulation experiment at the 
genomics facilities of the IPMC and the EMBL.  
Repeated dissociation and cell counting experiments provided enough data to estimate that a 
young medusa consists of about 80000 cells. 
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Calcium/Magnesium - Free Artificial Sea Water 
 

NaCl 31 g 

KCl 0.8 g 

NaHCO3 0.29 g 

Na2SO4 1.6 g 

MilliQ H2O Up to 1 litre 

*final pH 8.0 
Table 2.1 - Calcium/Magnesium - Free Artificial Sea Water 
 
 

Low Calcium/Magnesium-Free Artificial Sea Water 

 

NaCl 26.88 g 

KCl 0.74 g 

CaCl2 0.16 g 

HEPES 2.38 g 

MilliQ H2O Up to 1 litre 

*final pH 7.6 
Table 2.2 - Low-Calcium/Magnesium - Free Artificial Sea Water 
 
 

2.3.3 - Cell Sorting, Encapsulation, Preparation of single cell libraries 
 
Encapsulation of dissociated medusa cells was performed once at the UCAGenomiX platform 
at ‘Institut de Pharmacologie Moléculaire et Cellulaire’ (IPMC), in Sophia Antipolis, Nice, and 
once at the ‘GeneCore’ Genomics facility at the European Molecular Biology Laboratory 
(EMBL) in Heidelberg. Cells were encapsulated using the 10X Genomics Chromium and 
cDNA libraries were prepared according to the Chromium Next GEM Single Cell 3ʹ library 
preparation protocol v3.1 (https://www.10xgenomics.com). I prepared the cDNA libraries at 
the EMBL GeneCore while cDNA libraries were prepared by the technician in charge at the 
IPMC. Sequencing of single cell libraries at EMBL was carried out with a NextSeq 500 
Midoutput kit and with NextSeq 500/550 Midouput kit at UCAGenomiX (75 cycles for both). In 
both cases we loaded 10000 freshly dissociated cells and aimed to recover 6-7000.  
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2.3.4 - Mapping and Clustering analysis 
 
Demultiplexing and quality check of sequencing output was carried out by the respective 
genomics facility in both cases. 
 
I received the sequencing files (fastq files) and mapped the reads individually for each sample 
against the genome reference (Leclère et al., 2019) using STARSolo (Dobin et al., 2013). The 
reference genome including annotation of mitochondrial genes was generated with STAR 
according to the STAR manual recommendation (Dobin et al., 2013). I set a cutoff and retained 
only cells with more than 100 UMIs for the following steps to allow a better exploration of the 
data. I applied the same workflow to the published “Fed and Starved”’ medusa data. The 
resulting cell x gene count matrices were analysed with Scanpy 1.8.0  (Wolf et al., 2018) and 
Jupyter Notebook (https://jupyter.org/) . 
 
Preprocessing and quality checks were performed broadly in accordance with the Scanpy 
tutorial (https://scanpy-tutorials.readthedocs.io/en/latest/pbmc3k.html) but with modifications 
outlined here. Initially I concatenated the 3 batches (“IPMC”, “EMBL” and “FedStarved” 
medusa gene x count matrices) and removed 6209 low quality cells with less than 500 counts 
along with cells displaying more than 1% of mitochondrial gene counts, which are assumed to 
be poor quality cells (Lun et al., 2016). I decided on this threshold after several tests. 
Additionally I filtered out 4043 genes that were detected in less than 2 cells. 
Counts per cell were normalised, log-transformed and highly variable genes were computed 
retaining genes with a minimum mean value of 0.0125 and a maximum mean value of 3. 
Counts were scaled and Principal Components (PCs) were computed on highly variable 
genes. At this step I noticed a large batch effect (Fig.2.16) and tested several batch effect 
correction methods (BBKNN (Polański et al., 2019), Scanorama (Hie et al., 2019), Seurat 
(Stuart et al., 2019). 

 
Figure 2.16 - Uncorrected Batches 
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Finally, by applying the Harmony algorithm (Korsunsky et al., 2019; 
https://github.com/slowkow/harmonypy) iteratively and re-computing PCs with it, I achieved 
an homogeneous mixing of the cells from the three batches which converged after 8 iterations 
with all the batches contributing to all the cell types (Fig. 2.17).   
 

Fig.2.17 - Corrected Batches 
Bar plot showing the contribution of the cells belonging to the 3 batches to the cell clusters after applying 
Harmony batch correction. Number of cells is plotted on the y axis and clusters are plotted on the x 
axis. Bars are coloured according to the batches (see legend)  
 
 
The Neighbour Graph was computed with 40 PCs derived from the Harmony algorithm and 
50 neighbours. The Neighbour graph was embedded in two dimensions using UMAP (McInnes 
et al., 2018). Clustering of the Neighbour Graph was performed with the Leiden algorithm 
(Traag et al., 2019) at resolution = 1.5 which resulted in 40 clusters. I applied the PAGA 
partition-based graph abstract method which provides a more faithful representation of the 
connectivities between cells (Chari et al., 2021; Wolf et al., 2019). I then generated the UMAP 
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embedding initialised with PAGA-graph structure and obtained the final atlas shown in Fig.2.1 
and throughout this chapter.  
 
Cell clusters in our integrated medusa dataset were annotated according to the expression of 
marker genes described in Chari et al., 2021. Batch effect correction performed with Harmony 
preserved key biological observations already reported in Chari et al., 2021, i.e. it returned 
largely the same cell types. 
 

2.3.5 - Constraints of batch effect correction analysis 
 
Batch effects can be caused by several factors, for instance, different technology platforms 
(10X Genomics, MARs-Seq etc), experimental design or sequencing conditions. At present, 
assessing which factors are causing batch effects in single cell data is still a challenge . 
 
The Harmony method performs batch effect correction by aligning the cells in a low 
dimensional space and by recomputing the Principal Components iteratively until 
convergence.  The underlying gene expression values remain unaltered (Korsunsky et al., 
2019) which represents a disadvantage in the context of differential expression analysis.  
To overcome this issue I extracted marker genes using the ‘FindAllMarker’ function from the 
Seurat workflow (Stuart et al., 2019) in RStudio (https://satijalab.org/seurat/), adding the 
options ‘test.use=LR’ and ‘latent.vars = “batch”’ which allows the generation of a list of marker 
genes per cluster while taking into account the batches.  
 
x <- FindAllMarkers(object = object, test.use = "LR", latent.vars = "batch") 
 
According to the documentation (https://satijalab.org/seurat/reference/findallmarkers) this 
function provides a list of differentially expressed genes for each of the variables stated with 
the ‘latent.vars’ option which in our case refers to the 3 batches constituting the integrated 
medusa dataset (notably “IPMC”, “EMBL” and “FedStarved”). Additionally, the option 
‘test.use=LR’ computes differentially expressed genes through a logistic regression model and 
by comparing it to a null one using a Likelihood Ratio test, which provides a more robust 
prediction of differentially expressed genes with respect to other tests allowed by this function.   
 
Given the constraints derived by the batch effect correction I did not perform pseudotime 
analysis to address the development of digestive gland cells given that it couldn’t be possible 
to confidently determine genes expressed in pseudotime. Furthermore, I tested re-clustering 
of isolated neural cells using raw data by computing batch effect correction after 
preprocessing. I found that this analysis was unreliable because of the  lack of correction of 
the gene expression values between batches.  
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2.3.6 - In situ Hybridisation 
 
In situ hybridisation was performed in a robot (Intavis AG, Bioanalytical Instruments) as 
previously described (Chari et al., 2021). Probes were generated by polymerase chain 
reaction (PCR) from cDNA clones of our expressed sequence tag (EST) collection (Chari et 
al., 2021; Chevalier et al., 2006) and from cDNA of medusa. Oligonucleotide primers were 
designed with PrimerBlast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) for Pp9, Pp14 
and putative neuropeptide probes and successfully cloned in pGemT-easy vector according 
to the manufacturer recommendations. Sequences of the oligonucleotide primers and EST 
identification names are provided in Table A which is included in the annexed electronic 
documents for this manuscript.  
Some of the in situ images shown in the figures of the chapter were generated by merging 
images from several z-planes with the program Helicon Focus (https://www.heliconsoft.com/). 
 
 

2.3.7 - Confocal microscopy 
 
Confocal microscopy of the gonads of the medusa of Clytia was performed as previously 
described (Chari et al., 2021). 
 
 

2.3.8 - Transmission Electron Microscopy 
 
Fixation of 10 days old medusae, embedding in Epoxy resin and sectioning for TEM were  
performed by Sophie Pagnotta at the Plateforme Commune de Microscopie Électronique, 
using the Osmium/glutaraldehyde fixation method  described by Eisenman & Alfert (1982). 
With Evelyn Houliston, we joined Sophie Pagnotta for the imaging sessions at the Plateforme 
Commune de Microscopie Électronique, Université Côte d’Azur.  
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2.4 - DISCUSSION 
 
The integrated medusa cell atlas that I have presented in this chapter is an extension and 
consolidation of our initial medusa cell atlas published in Chari et al. (2021). The main purpose 
of performing the integration was to increase resolution of clusters within the cell classes and 
provide for a more robust characterisation of the cell types. Cell types in this integrated 
medusa atlas match almost perfectly with the cell types described in Chari et al. (2021) 
supporting the previous classification. In addition, I increased resolution within the neural cell 
class and increased the overall number of cells per cluster.  
 
The final integrated medusa cell atlas consists of 40 cell types grouped into seven cell classes 
as in Chari et al. (2021). Two of the seven classes correspond to epitheliomuscular cells of 
the epidermis and gastrodermis. The stem-cells/germ-cells class includes oocytes and the 
population of hydrozoan stem cells or i-cells. The remaining classes are  the neural cells, 
nematocytes, bioluminescent cells and digestive gland cells. 
 
Single cell transcriptome data of the medusa revealed a rich diversity within the 
epidermis/muscle cell class which includes seven cell types covering basic structural 
epidermis types and unique smooth and striated muscle types. Unexpected diversity was also 
detected within the gastrodermis cell class which includes eight cell types. Within those, we 
could identify two ‘structural’ types associated with extracellular matrix and mesoglea 
formation and six previously undescribed types (or states), very likely involved in different 
digestive functions, which remain to be investigated in detail.  
 
Our atlas supports the presence of the hydrozoan stem cell population, the interstitial cells or 
i-cells, well described in Hydra (Bode, 1996). In Hydra  i-cells give rise to four main derivatives: 
neural cells, nematocytes, gland cells and germ cells (Bode, 1996). We provided 
developmental transcriptional signatures of neurogenesis and nematogenesis from i-cells by 
pseudo-time analysis (Chari et al., 2021). In contrast we could not detect convincing 
developmental transcriptional signatures linking the digestive gland cells to the i-cells (Chari 
et al., 2021). This is possibly due to a self-renewal mechanism gland cells following 
differentiation which results in the maintenance of a distinctive transcriptional profile. 
Additionally, the link between i-cells and gland cells in Hydra is corroborated by analysis of 
the single cell transcriptomics data. Likely, the large availability of those cells played a role in 
the determination of this connection (Siebert et al., 2019). My integrated medusa atlas 
provides a larger set of cells allowing to test this hypothesis in Clytia. For this purpose, a 
refinement of the computational correction of the batch effect will be essential.  
 
As in Chari et al. (2021), we assigned six clusters to digestive gland cells based on strong and 
distinctive transcriptional signatures, including the production of different combinations of 
multiple digestive enzymes (Chari et al., 2021). We classified seven clusters as neural cells 
given the expression of ELAV (Nakanishi et al., 2012) and several neuropeptide precursors 
(Chari et al., 2021). Re-clustering analysis of neural cells in Chari et al. (2021) revealed 14 
sub-clusters  encompassing one cluster of neural precursors and 13 putative specialised 
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subtypes. I further explored the possibility that additional neural subpopulations could be 
present in the medusa by in situ hybridisation of additional newly predicted neuropeptide 
precursors. Although these did indeed show some differences in spatial distributions, in 
several instances the neuropeptide precursors mapped to the same clusters of our integrated 
medusa atlas. This suggests that additional neural heterogeneity is still overlooked. Increased 
scRNAseq data targeted to medusa neural cells, further re-clustering analyses as well as 
functional studies will be required to fully address the neural subpopulations of the medusa.  
 
Finally, we assigned seven clusters to the Clytia nematocytes. We recovered a large number 
of cells for this class, which allowed the characterisation of two phases of nematogenesis 
displaying distinct but consecutive transcriptional programs. We assigned four clusters as 
nematoblasts, covering the first phase of nematogenesis, characterised by the formation of 
the characteristic nematocyte capsule (Chari et al., 2021). The expression of genes widely 
associated with this process (Condamine et al., 2019; Denker et al., 2008) argues in favour of 
the classification. The second and terminal phase of nematogenesis includes three clusters 
that correspond to the cell migration along the axis of the tentacles and their subsequent 
deployment in the tentacle ectoderm. These stages are characterised by the formation of the 
nematocil, a specialised mechanosensory structure associated with  nematocyte cilium which 
triggers the ejection of the capsule upon contact with prey. This is supported by the expression 
of the specific structural component Nematocilin in the final step of maturation 
(Balasubramanian et al., 2012) along with homologs of components of  the functionally 
equivalent ‘stereocilia’ of vertebrate hair cells (Gillespie & Müller, 2009).   Expression of these 
genes underlines the close relationship of this unique cnidarian cell type to mechanosensory 
neurons (Bosch et al., 2017).  
 
The integration analyses represented a challenge due to a large batch effect. Assessing which 
is the factor responsible for batch effect is also quite difficult since several variables can 
contribute to it at the same time. Very likely in our case the major cause is the use of different 
versions of the 10X genomics chemistry to encapsulate and generate the single-cell cDNA 
libraries (v2 for “Fed and Starved” dataset, Chari et al., 2021; v3.1 for “IPMC” and “EMBL” 
datasets). Another factor is probably represented by the sequencing setup and by the 
experimental conditions (fixed cells for “Fed and Starved” dataset, Chari et al., 2021; freshly 
dissociated cells for  “IPMC” and “EMBL” datasets). After testing several batch effect 
correction workflows we obtained the best result by applying Harmony (Korsunsky et al., 
2019). The Harmony algorithm computes the alignment of the cells in a low dimensional space 
achieving a joint embedding of similar cells. However, the underlying gene expression matrix 
remains unaltered which is not suitable for differential expression analysis as well as 
pseudotime or re-clustering analysis (Korsunsky et al., 2019). We overcame this issue by 
using an alternative method to extract marker genes taking into account the variability between 
the batches. Furthermore, we detected a similar content of cell types and marker genes across 
the three atlases when analysed individually. Finally, the description of the medusa cell types 
and their marker genes allowed the validation of the integrated medusa dataset by mapping 
the previously identified genes on the integrated atlas. 
 
The Clytia medusa cell type atlas represents a valuable tool to address the development and 
the evolution of this most complex cnidarian body form at the cell type level. We found larger 
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cell type diversity in the medusa of Clytia compared with the hydrozoan polyp-only Hydra and 
the anthozoan Nematostella, concordant with the higher degree of complexity of the medusa. 
As the single-cell “field” moves forward very rapidly and the number of the available atlases 
increases accordingly, this medusa cell type atlas can be seen as a useful resource to 
encourage the classification of cell types in other medusozoan species.  
In addition, to the molecular characterisation we initiated a morphological description of the 
medusa cell types based on their ultrastructure which opens the way for more in-depth studies 
of the 3D organisation of selected types. 
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Annex – Whole animal multiplexed single-cell RNA-seq reveals transcriptional 
shifts across Clytia medusa cell types 
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CHAPTER 3 -  
Cell types of the planula larva of 
Clytia 
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Overview of the chapter  
 

The planula is the characteristic larval form of many species belonging to the phylum Cnidaria. 
Even though for many cnidarian species the general anatomy/morphology of the planula along 
with some cell types have been described, there is still a gap to be filled  regarding cell type 
transcriptional programs. Here I introduce the cell types atlas of the planula larva of Clytia that 
I obtained by dissociating 2-day-old planulae and processing the single cells via single-cell 
RNA-seq technology to generate the data. At this stage of development, cell diversity should 
include both differentiated and differentiating cells.  
Dissociated planula cells showed a particular fragility. For this reason I developed a protocol 
that includes immediate fixation of single cells and a sorting step prior to encapsulation. The 
final dataset is the result of the integration of 6 libraries and consists of 5347 cells which could 
be computationally combined in 22 clusters corresponding to 20 transcriptional signatures that 
could be assigned to cell types and two mixed profile clusters of putative technical artefacts. 
Reclustering analysis of the 20 cell types yielded a definitive atlas including 4370 cells grouped 
in 19 cell clusters. 
Following in situ hybridization analysis of known and novel genes at three planula 
developmental stages I could assign cell identities and combine the 19 clusters in 8 broad cell 
classes. These correspond to the two cnidarian epithelial tissue layers, the epidermis and the 
gastrodermis, the hydrozoan stem cells (i-cells), the nematocytes (stinging cells), neural cells, 
aboral neurosecretory cells and distinct population of secretory cells, mucus cells and putative 
excretory cells (PEC). 
This Clytia planula cell type atlas represents the first cell atlas of an hydrozoan larva and 
provides characterisation of previously undescribed cell populations as well as further 
information on already known cell types. Additional cell diversity might be overlooked in our 
data considering the overall low number of cells, in particular concerning the neural 
populations. Therefore, in the future, it would be worth increasing the number of cells by 
integrating this dataset with newly produced single cell libraries of whole larvae or specifically 
targeted cells. 
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3.1 -   INTRODUCTION  
 
The ultimate aim of my PhD project is to compare cell type transcriptional profiles across life 
stages of Clytia hemisphaerica in order to understand better which are the cell types that are 
shared throughout the life cycle and how the different life forms diverged during evolution. 
Concretely, I focused on the adult medusa and the larval forms of the life cycle of Clytia to 
establish the comparison at cellular level. Previous analysis of the genome and the stage 
specific transcriptome of Clytia revealed a substantially low proportion of planula specific 
transcription factors compared to the polyp and medusa stages, suggesting a lower complexity 
in terms of cell types (Leclère et al., 2019). A number of different evolutionary scenarios could 
have led to this situation, as addressed in more detail in Chapter 4 and in the General 
Discussion. To distinguish between them, transcriptional profiles at the cellular level are 
required.  
 
In Chapter 2 I introduced the medusa cell type atlas which represents a first step addressing 
these aims.  In this Chapter, I present the work I carried out to generate a cell type atlas of the 
planula of Clytia. The planula exhibits a basic body organisation along an oral-aboral axis and 
two main tissue layers, the outer epidermis and the inner gastrodermis. The planula forms in 
about 24 hours after fertilisation. And after three days in laboratory conditions it undergoes a 
drastic metamorphosis to generate the primary polyp. The development and the organisation 
of the planula is reviewed in detail in Chapter 1 along with an overview of the knowledge 
concerning the cell types prior to this study.  
  
The planula cell atlas provides the first characterization of transcriptional profiles at cellular 
level of a hydrozoan planula larva.  To generate the data I used  dissociated cells from whole 
2-days old Clytia planulae (51-52 hpf at 17°C, see Methods) by initially employing a similar 
dissociation protocol used for the medusa (see Chapter 2). The goal was to generate data 
starting from living cells as I did for the medusa. Although the dissociations appeared very 
promising from observation of dissociated cells through the microscope, the encapsulation 
experiments were unsuccessful (see Troubleshooting section). For this reason I introduced a 
fixation step in the protocol, immediately after dissociation and stored the cells at -80°C until 
the day of the encapsulation. Finally, I generated data in collaboration with the Sebé-Pedros 
lab and integrated data from six libraries obtained with two fixation methods (see Methods). 
The resulting atlas consists of 4370 cells that could be grouped in 19 transcriptional profiles 
and eight broad cell classes. 
 
The cell atlas of the planula of Clytia provides molecular characterization of known cell 
populations and  of previously undescribed larval cell types. 
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3.2 -   RESULTS 
 

3.2.1 - A Clytia Planula Cell Atlas 
 
As starting material for the generation of the planula cell type atlas I chose larvae at two days 
of development (50-52 hpf at 17°C, see Methods). High levels of transcriptional activity are 
expected at this stage therefore we predicted to detect differentiating as well as differentiated 
cells. 
 
I initially carried out cell dissociation in Calcium/Magnesium free seawater as described for 
the medusa in Chapter 2, with the aim of generating data from freshly dissociated cells. 
Encapsulation of freshly dissociated cells from whole animals was successful for the Clytia 
medusa (see Chapter 2) and other species (Sebé-Pedrós, Chomsky, et al., 2018; Sebé-
Pedrós, Saudemont, et al., 2018).  
The dissociation of two-day-old planula initially appeared very promising but the encapsulation 
experiments were unsuccessful. We attribute the poor results to particular  fragility of the cells 
and/or excess debris (see Troubleshooting section). For this reason I adapted the protocol by 
adding a fixation step immediately after dissociation. Batches of cells were fixed using either 
80% Methanol or ACME solution (Chari et al., 2021; García-Castro et al., 2021). The fixed 
cells could be conserved at -80°C until the day of the encapsulation (see Methods). A FAC 
sorting step prior to encapsulation was performed at CRG in Barcelona in collaboration with 
Marta Iglesias and Arnau Sebé-Pedros, and the data were generated from the subsequent 
encapsulation experiment (see Methods). 
 
The initial planula cell type atlas from this experiment includes 5347 cells resulting from the 
integration of six single cell libraries (Fig. 3.1a and b). Using the STAR 2.7.0 (Dobin et al., 
2013) with exploitation of the STARSolo algorithm and Scanpy (Wolf et al., 2018) pipelines I 
obtained 22 cell clusters (see Methods). Cells belonging to each of the batches contribute to 
each of the clusters (Fig. 3.1c). 
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Figure 3.1 - Generation of the cell atlas 
(a) 2D-UMAP plot embedding showing the Leiden algorithm annotation of the clusters. (b) UMAP plot 
embedding of the cell atlas showing cells belonging to the six libraries. Libraries/batches are labelled 
according to the technique used to prepare the samples: 80% Methanol fixed cells (MET) and ACME 
fixed cells (ACME). (c) Bar plot showing the contribution of the cells belonging to the six libraries/batches 
to the Leiden clusters. Number of cells is plotted on the y axis and clusters are plotted on the x axis. 
Bars are coloured according to the legend in (b). 
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To address the identity of each cell cluster I first ranked genes expressed in each of the 22 
groups using a Wilcoxon non parametric test (Mann & Whitney, 1947; see Methods) and 
obtained a marker gene list of genes per cluster. I then assigned tentative identities to these 
clusters on the basis of known genes from the list, including markers from the medusa atlas. 
Additionally, I selected known and novel candidate genes and carried out  in situ hybridization 
to determine the distribution of each cell type at successive stages of planula formation (24 
hpf; 48 hpf; 72 hpf). Criteria for selecting candidates included expression levels high enough 
to be mapped onto the atlas and specificity to the clusters. A heatmap of candidate genes and 
additional diagnostic genes across cell types is shown in Figure 3.2b. The table including 
candidate genes information is provided as annex (Annex Table B). 
 
I assigned identities to 20 cell clusters (Fig. 3.2a). I was unable to assign a clear identity to 
two of the clusters, 0 and 3, as they were characterised by a mixed  transcriptome profile. This 
corresponds to a combination of all the other profiles, notably genes predominantly expressed 
at high levels in the epidermis cell types and in secretory cells such as neural cells, mucous 
cells, PEC and aboral neurosecretory cells (Fig. 3.2b). Consequently it was not possible to 
define statistically significant cluster specific marker genes. We consider that these clusters 
probably arise as an artefact during sample preparation as the mixed profile resembles the 
data obtained by previous unsuccessful experiments (see Troubleshooting section). 
 
 

 
Figure 3.2 - Annotated cell atlas and candidate genes  
(a) 2D-UMAP plot embedding with annotated Leiden clusters according to cell type identities following 
the analysis of in situ patterns of candidate genes. (b) Heatmap of candidate genes used for in situ 
hybridisation with additional diagnostic markers (following page). Genes are plotted on the y axis and 
cells are plotted on the x axis grouped by the annotation. 
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Figure 3.2b - Annotated cell atlas and candidate genes  
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I derived a second atlas by removing these mixed population ‘cells’ of cluster 0 and 3 (Fig. 
3.3a). I transferred the annotation of the initial atlas to the second atlas (Fig. 3.3b) and 
recomputed the heatmap of candidate genes (Fig. 3.3c). The other cell clusters  showed a 
rearrangement on the embedded UMAP projection graph but could be re-assigned to the 
same cell types according to the expression of marker genes. The final planula atlas 
introduced in Figure 3.3 is discussed in the section below and throughout the chapter.  
 

 
  
Figure 3.3 - Recomputed and annotated cell atlas and candidate genes 
(a) Recomputed atlas following the exclusion of the ‘mixed profile” clusters from the primary  atlas, with 
original annotation of the cell types. (b) Planula cell atlas with cell type annotation transferred from 
primary atlas. (c) Heatmap of candidate genes used for in situ hybridization with additional diagnostic 
markers plotted on the recomputed atlas with annotation of cell type (on the following page).  
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Figure 3.3c - Recomputed and annotated cell atlas and candidate genes 
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The final planula cell atlas consists of 4370 cells grouped into 19 distinct transcriptional profiles 
(Fig. 3.3a). Similarly to the medusa atlas, I grouped the 19 cell clusters into 8 broad cell 
classes: epidermis, gastrodermis, i-cells, nematocytes (differentiating and mature), neural 
cells, aboral neurosecretory cells, mucous cells and putative excretory cells (Fig 3.4b). 
 
The diagram in Figure 3.4a represents the distribution of cell classes in the two-day-old 
planula. The heatmap of candidate genes and additional diagnostic genes grouped by cell 
classes is shown in Figure 3.4c 

 
Figure 3.4 - Cell classes   
(a) Diagram of 2-day-old planula larva with cell classes coloured according to the atlas. (b) 2-D UMAP 
embedding of the cell atlas grouped by cell classes. (c) Heatmap of in situ gene candidates and 
diagnostic markers grouped by cell classes.  
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Figure 3.4c - Cell classes   
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3.2.1.1 - Ectodermal epithelial cells (Epidermis) 
 

Ectodermal epithelial cells are the basic building blocks of the ectodermis and gastrodermis 
tissue layers in cnidarians (Leclère & Röttinger, 2017). 
In the planula atlas I assigned four clusters of ectodermal epithelial cells (Fig. 3.5a). All the 
cells of the class are characterised by the expression of cadherin genes such as Fat4like 
(Magie & Martindale, 2008; Fig. 3.5b and c), a marker expressed throughout the life cycle (Fig. 
3.8d). Within those, I could identify a sub-type of ectodermal cells enriched in muscle genes 
such as Tropomyosin-A (TPMA), a marker expressed at medusa stage as well (Chari et al., 
2021; Fig. 3.5e), which likely represents the epitheliomuscular cells of the planula (Leclère & 
Röttinger, 2017; Fig. 3.5b and c). The upregulated expression at 24hpf of general 
epitheliomuscular markers indicates the differentiation of the basic epitheliomuscular cells in 
early stages of planula development (Fig. 3.5c; panels “24 hpf”).  
 
Among the four epidermis clusters I could identify two previously undescribed cell types. I 
assigned cluster 11 as an epidermal subtype expressing Fat4like and a planula specific 
putative antimicrobial protein (Fig. 3.5f). The cells are organised in a band in the aboral half of 
the larvae. The expression of this marker gene is only detectable at 48 and 72hpf  (Fig. 3.5b 
and c). I assigned the second type as “basolateral epidermal cells”. These are characterised 
by a gene signature enriched in vesicle trafficking mediators including the Rab/RAS small 
GTPase marker. This population of cells is localised in the oral half of the larvae in the basal 
region of the ectoderm close in contact with the mesoglea  (Fig. 3.5b and c). The lack of 
expression of the muscle markers TPMA suggests a non-muscular epidermal type. Cells of 
this cluster show a shared gene signature with the mucous cells suggesting a link between 
these cell types and/or shared secretory functions (see below). These last two markers 
(notably the putative antimicrobial marker and Rab/RAS) are specifically expressed at planula 
stage (Fig. 3.5f and g) suggesting that the epidermis subtype of the aboral ring and the 
basolateral epidermal cells are  likely planula specific.  
 
Marker genes expressed in putative planula specific epidermis subtypes are upregulated at 
later stages of larval development (Fig. 3.5b). We can speculate their involvement in 
specialised roles linked to behaviours that the planula exhibits towards the end of its lifetime. 
In the case of the unclassified epidermis subtype, one possibility is settlement, given the 
expression of a putative antimicrobial marker. Bacterial cues play a role in settlement and 
these cells might somehow contribute to this process. On the other hand, the basolateral 
epidermis subtype could be linked to signalling pathways which involve the mucous cells (see 
below), and potentially play a role prior to metamorphosis. At present, the function of those 
two subtypes remains to be determined. The marker genes I presented here can represent 
good candidates for future functional analyses.  
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Figure 3.5 - Ectodermal epithelial cells  
(a) 2D-UMAP plot coloured by epidermis cell types and legend with the cell type annotation. (b) In situ 
hybridization of epidermis marker genes at the three planula developmental stages. Scale Bars 
represent 100μm. (c) Dot Plot of expression of epidermis marker genes. (d, e, f, g) Expression of 
epidermis marker genes across developmental stages of Clytia. Transcripts per million (tpm) calculated 
from bulk RNA-seq data from Leclère et al., (2019). EG = Early gastrula, P1 = Planula 24 hpf = Planula 
48 hpf, P3 = Planula 72 hpf, St = Stolon, PoPr = Primary polyp, PH = Polyp head, GO = Gonozooid, 
BMF = Baby medusa female, MMF = Mature medusa female, M = Mature medusa male 
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3.2.1.2 - Endodermal epithelial cells (Gastrodermis) 
 
The inner epithelium of the planula or gastrodermis is the second classic cnidarian epithelium 
(Leclère & Röttinger, 2017). In the adult stages it has digestive function and usually 
gastrodermis cells surround digestive gland cells (see Chapter 2). In the gastrodermis of the 
planula there are numerous nuclei with irregular shapes which suggest that a process similar 
to phagocytosis is occurring (Fig. 1.10 - Chapter 1). Given that the planula does not feed, one 
possibility is that epithelial cells or yolk are digested by other cells to recycle cellular 
components used in other functions. How  the cells of gastrodermis of the planula are  involved 
in digestion or phagocytosis remains to be determined. One process that is active in the 
gastrodermis is the production of early stages of nematocytes. Additionally, i-cells also 
originate in the gastrodermis, potentially explaining why some of the planula i-cells share 
expressed genes with the gastrodermal epithelial cells.  
 
In the planula atlas I could distinguish two clusters of gastrodermal epithelial cells (Fig. 3.6a). 
Analysis of the gene signatures revealed the expression of multiple proteins which likely 
represent components of the ECM/mesoglea such as laminins and cadherins (Magie & 
Martindale, 2008). We assigned the two cell types on the basis of  previously described 
markers relating to intracellular digestion such as CathepsinL from Chari et al., (2021; Fig. 
3.69b and c) as well as the taxon specific gene WegIE2 and transcription factor FoxC from 
Lapébie et al., (2014). The expression of CathepsinL and Innexin-A in gastrodermis-B 
compared to gastrodermis-A, suggests that type B might represent a more specialised 
subtype. However, the analysis of the in situ expression patterns did not highlight particularly 
striking subtypes. It is possible that the stage of development of the planula used for the 
generation of the data (notably 50-52 hpf) is not suitable to determine clear gastrodermis 
subtypes. The limited number of cells also likely  hinders discrimination  between types. The 
generation of additional data from the one used and from earlier stages of development would 
help to clarify the situation. 
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Figure 3.6 - Gastrodermis cells  
(a) 2D-UMAP plot coloured by gastrodermis cell types and legend with the cell type annotation. (b) In 
situ hybridization of gastrodermis marker genes at the three planula developmental stages (b) Scale 
Bars represents 100μm. (c) Dot Plot of expression of gastrodermis marker genes.  
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3.2.1.3 - Hydrozoan Stem Cells (I-Cells) 
 
The i-cells are hydrozoan stem cells that give rise to nematocytes, neural cells, gland cells 
and germ-line according to what has been described in Hydra (see Chapter 1; Bode, 1996; 
Watanabe et al., 2009). 
In the planula cell atlas I assigned two clusters as i-cells (Fig.3.7a) on the basis of the 
expression of previously described i-cell marker genes such as Piwi, Nanos1 and Vasa 
(Leclère et al., 2012; Fig. 3.7b and c). Analysis of the gene signatures of the clusters and 
expression of Piwi in i-cells and in putative nematoblasts precursors (Fig. 3.7c) suggests that 
a large population of i-cells is committed to producing nematoblasts at this stage of planula 
development. I attempted to assess whether these two clusters represented stages of i-cells 
differentiation but could not detect clear differences between the two. One hypothesis is that 
the two clusters might represent cell states instead of cell types of i-cell committed to become 
nematocytes and the subtle difference is not clearly recognisable in the data.  
 
In the medusa, nematoblast as well as neural cells derive from a population of i-cell-like 
precursors. This is corroborated by pseudotime analysis of single cell transcriptomics data of  
isolated i-cell, neural cells and nematocytes (Chari et al., 2021). Indeed, in the medusa atlas 
presented in Chapter 2 we assigned two clusters of nematocyte and neural cell precursors.   
I could not identify a population of i-cells sharing a gene signature with neural cells, /neural 
cell precursors in the planula atlas. Analysis of the marker genes did not reveal a striking 
connection between i-cells and neural cells as they did for nematocyte and i-cells (see below). 
One hypothesis is that neurogenesis in the planula occurs before the stage we sampled (50-
52 hpf). In this case, the differentiation of an i-cell-like precursor would occur earlier, with 
neural cells completely differentiated at this stage hence not represented in our data. The low 
number of neural cells might also impact our ability to detect a potential precursor population. 
Finally, the lack of connection between neural cells and i-cells could reflect a parallel or 
alternative neurogenesis pathway operating at this stage, but not in the medusa. An alternative 
neurogenesis pathway that could be operating at planula stage is discussed in Chapter 4.   
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Fig.3.7 - I-Cells  
(a) 2D-UMAP plot coloured by i-cell types and legend with the cell type annotation. (b) In situ 
hybridisation of i-cell marker genes at the three planula developmental stages (b) Scale Bars represents 
100μm. (c) Dot Plot of expression of i-cell marker genes. 
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3.2.1.4 - Nematocytes 
 
In the medusa atlas, the large number of cells allowed the characterisation of two phases of 
nematogenesis (Chari et al., 2021: see Chapter 2). We use the term nematoblast to 
characterize the cells in the initial phase of nematogenesis during which the stinging capsule 
(nematocyst) is formed (Chari et al., 2021; Condamine et al., 2019; Denker et al., 2008; see 
Chapter 2). The second phase of nematogenesis is characterised by migration of 
nematoblasts towards the distal portion of the medusa tentacle and the formation of the 
cnidocil (Tardent, 1995) or “nematocil”. This is the mechanosensory structure that triggers the 
ejection of the nematocytes capsule upon stimulus to sting the prey (Chari et al., 2021; 
Tardent, 1995; see Chapter 2). The two phases of nematogenesis are characterised by distinct 
and consecutive transcriptional profiles and by spatial distribution of the cells in different 
developmental stages from proximal to distal parts of the tentacle bulb and then along the 
tentacle (Chari et al., 2021; see Chapter 2). 
 
In the planula atlas we could identify five clusters corresponding to nematoblasts and 
nematocytes (Fig. 3.8a) which are grouped into the nematocyte class. Remarkably, the 
expression of marker genes in common with the medusa stage recapitulated the bi-phasic 
developmental trajectory (Fig. 3.8b and c). The dataset that I generated, using 2 day-old 
planula stage, allowed me to reconstruct the nematocyte developmental trajectory. Indeed, all 
the genes identified as marking different stages of nematogenesis  could be mapped onto the 
atlas. As in medusa, expression of marker genes such as Znf845, Mos3 and Minicollagen 3/4 
(Mcol3/4) characterise the nematoblasts phase (Fig. 3.8b). Interestingly, the expression of 
Minicollagen 3/4 persists until later stages (Fig. 3.8b, 72 hpf panel) of planula development, 
when the planula is competent to metamorphose (Fig. 3.8b). This suggests that not all the 
planula nematoblasts are programmed to transition to mature nematocytes until later stages. 
Presumably the nematoblasts in the planula that do not differentiate into nematocytes 
represent a ‘reservoir’ for the polyp stage after metamorphosis. This observation is also 
consistent with previous observations of ongoing production of nematoblasts in later stages of 
planula development (Bodo and Bouillon, 1986). 
The second phase of nematogenesis is characterised by the expression of M14-peptidase 
and Nematocilin, as in medusa stage (Chari et al., 2021). M14-peptidase expression marks 
the initial phase of differentiation into mature nematocytes in medusa (Chari et al., 2021). 
Surprisingly, this marker is expressed in fewer cells at early stages of planula development 
(24 hpf; Fig. 3.8b) and the signal is weaker than nematoblast genes. This is consistent with 
the idea that only few nematoblasts go through complete differentiation, with the transition to 
the second phase of nematogenesis occurring in early stages of planula development, and a 
large reservoir of nematoblasts persisting (Fig. 3.8b).   
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Figure 3.8 - Nematocytes 
(a) 2D-UMAP plot coloured by nematocyte cell types and legend with the cell type annotation. (b) In 
situ hybridization of nematocyte marker genes at the three planula developmental stages (b) Scale Bars 
represents 100μm. In situ hybridization of Mcol 3/4 by Antonella Ruggiero. (c) Dot Plot of expression of 
i-cell marker genes. The images of Nematocilin at 48 and 72 hpf are generated by merging of several 
Z planes (c) Dot Plot of expression of nematocyte marker genes. 
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3.2.1.5 - Neural Cells and Aboral Neurosecretory Cells 
 
 
In the planula cell type atlas I could identify two clusters of neural cells (Fig. 3.9a) expressing 
previously described markers such as ELAV (Nakanishi et al., 2012) and Pp9 (Chari et al., 
2021; Fig. 3.9b, c, d, e). ELAV is expressed in a scattered population of neural cells (Fig. 3.9b). 
Analysis of the transcriptome signature of ELAV-enriched neural cells indicates that this 
cluster is a mix of putative neural subpopulation expressing previously described and 
predicted neuropeptide precursors such as Pp5, Pp11, Pp2 and others (Chari et al., 2021). 
Neural cells expressing Pp9 are localised in the aboral half of the larva and the expression of 
the gene is higher at later stages of planula development indicating a differentiated neural cell 
population with potential specialised function. 
 
A distinct population of neurosecretory cells is localised at the aboral pole (Fig. 3.9b). The 
transcriptome signature of these cells is enriched in genes encoding for secreted proteins 
expressed specifically at the planula stage (Fig. 3.9 e, f, g). The aboral neurosecretory cells 
show a particular “hourglass” shape with the elongated cellular body in contact with the 
mesoglea on the basal side and embedded in between epithelial cells. The nucleus is 
generally located in a basal position. The centre is shrunken and compressed between 
epithelial cells and it exhibits a slight enlargement  at the apical side as  shown in the electron 
micrograph in Figure 3.10. The presence of small vesicles throughout the cytoplasm, 
especially in the apical region, argues in favour of the classification as secretory cells (Fig. 
3.10, arrows). Along with the presence of neural related components in the gene signature, 
the location of these cells at the aboral pole of the planula and the distinctive shape support 
the involvement in neural-like functions (Sinigaglia et al., 2015). Likely,  the cells we designate 
as aboral neurosecretory cells correspond to those described by Bodo and Bouillon (1968) as 
‘foamy’ glandular cells containing multiple irregular secretion vacuoles (Bodo & Bouillon, 1968; 
see Chapter 1). 
 
I performed reclustering of neural cells and neurosecretory cells to search for potential 
subpopulations, as done for the medusa (Chari et al., 2021). For this I repeated preprocessing 
and clustering analysis (see Methods) on neural and neurosecretory cells only. This 
reclustering analysis included 360 cells which were computationally grouped into 10 clusters. 
(Fig. 3.11a). I extracted marker genes following the same approach used for the whole atlas 
to validate putative subpopulations (see Methods) and identified a few additional markers (Fig. 
3.11b). However, the clusters obtained from this rather low number of cells probably do not 
correspond to discrete planula neural subpopulations. One indication of this was that the 
expression of some neuropeptide precursors (Pp5 and Pp9) that were previously observed to 
be specific for neural subpopulations in medusa (Chari et al., 2021), spanned more than one 
cluster (Fig. 3.11c). Furthermore, it was not always possible to select cluster specific genes 
(i.e. for clusters 7, 9 and 4, Fig 3.11c). This suggests that some clusters represent 
uninformative groupings of cells during reclustering analysis, very likely caused by the low 
number of cells. Nonetheless this reclustering atlas was useful for the identification of few new 
neural-specific genes and for the characterisation of some putative planula neural 
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subpopulation expressing Pp14, the transcription factor Nk2d and a putative neuropeptide 
(Fig. 3.11b).  

 
Figure 3.9 - Neural and Neurosecretory Cells  
(a) 2D-UMAP plot coloured by neural and neurosecretory cell types and legend with the cell type 
annotation. (b) In situ hybridization of epidermis marker genes at the three planula developmental 
stages. Scale Bars represent 100μm. In situ hybridization of ELAV by Sandra Chevalier. (c) Dot Plot of 
expression of neural and neurosecretory marker genes. (d, e, f, g) Expression of neural and 
neurosecretory marker genes across developmental stages of Clytia. Transcripts per million (tpm) 
calculated from bulk RNA-seq data from Leclère et al., (2019). EG = Early gastrula, P1 = Planula 24 
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hpf = Planula 48 hpf, P3 = Planula 72 hpf, St = Stolon, PoPr = Primary polyp, PH = Polyp head, GO = 
Gonozooid, BMF = Baby medusa female, MMF = Mature medusa female, M = Mature medusa male 
 

 
Figure 3.10 - Ultrastructure of aboral neurosecretory cells  
Electron micrographs of sections through the aboral epidermis of a 3-day-old Clytia planula. (a) 
Organisation of aboral neurosecretory cells (ans, blue) in the aboral epidermis of the larva. Putative 
neurosecretory vesicles are concentrated at the apical side of the cells (arrow). (b) Higher magnification 
of another section of the aboral epidermis of the larva showing apical side of neurosecretory cells.  Scale 
bar in (a) represents 5μm. Scale bar in (b) represents 2μm. 
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Figure 3.11 - Reclustering of neural and neurosecretory cells 
(a) 2D-UMAP plot corresponding to Leiden clusters following reclustering analysis. (b) In situ 
hybridization of candidates at the three planula developmental stages. Scale bars represent 100µm. 
The image forPp14 and ‘Putative neuropeptide’ at 48 and 72 hpf are generated by merging of several 
Z planes. (c) Heatmap of expression of selected candidate genes across clusters.. 
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3.2.1.6 - Mucous Cells 
 
I assigned cluster 6 as mucous cells (Fig. 3.12a). Very likely this cell type corresponds to the 
mucous cells previously observed and described (Bodo and Bouillon, 1986; see Chapter 1) 
as glandular spheroulous cells, characterised by a muco-proteinic secretion. The 
transcriptional signature is characterised by highly expressed secreted proteins, including 
novel glycoproteins. 
 
One of the candidate genes that we used for in situ experiments codes for is a C-terminal 
cysteine-knot-domain-containing protein (CtCK, Fig. 3.12b), a domain found in several mucins 
(Bythell & Wild, 2011). We confirmed the expression pattern with another marker,  the O-
linked-mannose beta-1,2-N-acetylglucosaminyltransferase-1 protein (POMGNT1), that shows 
expression highly specific to cluster 6, (Fig. 3.12b). Both markers showed that mucous cells 
are distributed through the planula epidermis, in lateral and oral regions, as well as in cells of 
the underlying basal epidermis. Several genes, including ones with predicted functions in 
vesicle trafficking are shared by this mucous cell cluster and cluster 2, the baso-lateral 
epidermis subtype. One hypothesis to explain these common features is that the mucous cells 
derive from a basal layer of ectoderm during development, along with some of the aboral 
neural and neural secretory cell types (See Chapter 4). The ultrastructure of mucous cells is 
clearly distinct from the epithelial cells (Fig. 3.13). The cytoplasm of the apical side faces the 
external space and is filled with numerous vesicles, similarly to descriptions of mucocytes in 
corals (Bakshani et al., 2018). It has been suggested that mucous in cnidarians, especially in 
corals, might be involved in various  functions including feeding, protection against microbes 
and even larval settlement (Bakshani et al., 2018; Brown & Bythell, 2005). 
Although we are not sure of the role of the mucous cells in the planula of Clytia, the high 
expression of many diagnostic genes specific to this stage (Fig. 3.12d and e) indicates that 
mucous cells are a specialised cell type of the planula, and might play a specific role at larval 
stage, for instance in interacting with biofilm substrates ahead of settlement.  
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Figure 3.12 - Mucous cells  
(a) 2D-UMAP plot coloured by mucous cell cluster and legend with the annotation. (b) In situ 
hybridisation of mucous cells marker genes at the three planula developmental stages. Scale Bars 
represent 100μm. The images for CtCK at 24, 48 and 72 hpf and og POMGNT1 at 24 hpf are merged 
from several z-planes. (c) Dot Plot of expression of mucous cells marker genes. (d, e, f, g) Expression 
of mucous cells marker genes across developmental stages of Clytia. Transcripts per million (tpm) 
calculated from bulk RNA-seq data from Leclère et al., (2019). EG = Early gastrula, P1 = Planula 24 
hpf = Planula 48 hpf, P3 = Planula 72 hpf, St = Stolon, PoPr = Primary polyp, PH = Polyp head, GO = 
Gonozooid, BMF = Baby medusa female, MMF = Mature medusa female, M = Mature medusa male  
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Figure 3.13 - Ultrastructure of mucous cells 
Electron micrographs of sections through the epidermis of a 3-day-old Clytia planula. (a) isolated 
mucous cell (mc, purple) in the epidermis of the larva. White arrow indicates a secretory vesicle. Black 
arrow indicates the apical side of the cell which protrudes from the epidermis with intact apical 
membrane.  (b) Higher magnification of another section of the epidermis of the larva showing isolated 
mucous cell (mc, purple). White arrow indicates a secretory vesicle. Black arrow indicates the apical 
side of the cell with irregular apical membrane which likely corresponds to an advanced stage of 
secretion compared to (a).  Scale bars in (a) and (b) represent 2μm. 
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3.2.1.7 - Putative Excretory Cells (PEC) 
 
 
Clustering analysis revealed two small clusters of cells that did not correspond to any of the 
medusa cell types. We labelled these as Putative Excretory Cells or PEC (Fig.3.14a) based 
on correspondence in position and morphology with previously described larval cell type (Bodo 
& Bouillon, 1968). 
 
Analysis of the marker gene signature of these two clusters revealed several unclassified 
putative secreted proteins. Furthermore, the two cell types, designated PEC-A and PEC-B, 
show highly similar transcriptional profiles, coding for proteins containing Trypsin domains, 
Shk domains, and collagen domains as well as cadherins. Additionally, PECs express 
numerous proteins with spondin and thrombospondin domains, suggesting a possible 
association with cell adhesion and extracellular matrix. 
 
Selected marker genes for in situ hybridisation included two Clytia specific and cell type 
specific genes for each cluster (chePEC-A and chePEC-B, Fig. 3.17b and c) strongly 
expressed in isolated gastrodermal cells in particular at 48 and 72 hpf. Similar expression 
patterns are obtained by in situ hybridisation of Collagen triple helix containing protein 
(CTHRC), a specific marker for PEC-A cells and thrombospondin type-1 repeat-containing 
protein (TSP type-1), a specific marker for PEC-B cells (Fig. 3.14c and d). All the selected 
candidates also show expression in the stolon of the polyp colony (Fig. 3.14e, f, g and h) 
indicating a possible role of these cells beyond planula stage.  
 
A putative excretory cell type was described by Bodo and Bouillon (1986; see Chapter 1) as 
unique to later planula stages. These cells were mainly found in the ectoderm, and were 
characterised by the presence of putative excretion granules filled with possible  products of 
yolk digestion (Bodo & Bouillon, 1968). The authors speculated that these cells participate in 
the digestion of yolk and other cellular components in the endoderm through endocytosis,  and 
then migrate out through the ectoderm to excrete the contents. 
To explore this hypothesis I carried out in situ hybridisation for CTHRC and TSP type-1 at 96 
hpf (i.e. in 4 day-old planulae). The CTHCR positive cells appeared to relocate from the 
endoderm to the ectoderm at later stages (Fig. 3.17d). Interestingly, CTHCR expression 
persists at 96 hpf while TSP type-1 expression is almost completely undetectable (Fig. 3.17d). 
The persistence of PEC-A but not of PEC-B cells in ageing planulae suggests that they might 
have distinct functions. 
 
I propose a putative excretory classification for the two clusters based on analysis of the 
expression patterns of candidate genes and similarities with previous descriptions (Bodo & 
Bouillon, 1968). However, additional single cell data and functional studies are needed in order 
to understand the nature of these cells. 
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Figure 3.14 - Putative Excretory Cells   
(a) 2D-UMAP plot coloured by putative excretory cells cluster and legend with the annotation. (b) In situ 
hybridization of putative excretory cells marker genes at the three planula developmental stages. Scale 
Bars represent 100µm. The images for chePEC-A and , chePEC-B at 24, 48 and 72 hpf as well as 
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CTHRC and TSP type-1 at 48, 72 and 96 hpf are merged from several z-planes. (c) Dot Plot of 
expression of PEC marker genes. (d) In situ hybridization of putative excretory cells marker genes at 
four planula developmental stages. Scale Bars represent 100μm. (e, f, g, h) Expression of PEC marker 
genes across developmental stages of Clytia. Transcripts per million (tpm) calculated from bulk RNA-
seq data from Leclère et al., (2019). EG = Early gastrula, P1 = Planula 24 hpf = Planula 48 hpf, P3 = 
Planula 72 hpf, St = Stolon, PoPr = Primary polyp, PH = Polyp head, GO = Gonozooid, BMF = Baby 
medusa female, MMF = Mature medusa female, M = Mature medusa male  
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3.3 - METHODS 
  

3.3.1 - Clytia planula culture 
 
Fertilisation was carried out by mixing  gametes from adult medusae (Z23 female strain and 
Z4C male strain). Planula larvae were cultured in filtered sea water with 1:25000 penicillin 
and streptomycin solution at 17°C. (see Chapter 1; Lechable et al., 2020)) 
 
 

3.3.2 - Clytia planula dissociation and cell fixation 
 

Larvae were collected after 50 hpf and washed with Ca/Mg-free artificial seawater three times 
by serial transfer from sea water using medium sized petri dishes. 500 to 700 larvae were 
used for each experiment. Single cell dissociation was carried out incubating the larvae in 
Ca/Mg-free artificial sea water (Table 3.1) and 40U/ml SUPERase•In™ RNase Inhibitor (20 
U/μL, Invitrogen) for ten minutes in a small sized plastic petri dish within a 40μm cell strainer 
and observed with a dissecting  microscope (Fig. 3.15a).  
After incubation, excess sea water was removed from the strainer and larvae were gently 
pressed against the mesh using the rubber plunger from a 1ml syringe (Fig. 3.15b).  
The cell strainer was washed several times with 100 μl of Low-Ca artificial sea water (Table 
3.2; (Fig.3.15b) and 40U/ml SUPERase•In™ RNase Inhibitor (20 U/μL). Single cells were 
collected in a tube by pipetting the solution from the bottom of the strainer (Fig. 3.18c) until 
1ml of cell suspension was collected. 
To estimate cell concentration, 20 μl of cell suspension were stained with 1:1000 Hoechst 
33258 (1 mg/ml stock; Sigma-Aldrich).  
Cells were counted manually at A2 Axio Imager (Zeiss) binoculars with the use of a Neubauer 
improved counting chamber (Sigma-Aldrich BR717810-1EA) filling the two grids available with 
10 μl of cell suspension each.  
Cell mortality was estimated during previous separate test experiments diluting the cell 
suspension with 1:1 ErythrosinB 0.5mg/ml solution, which labels dead cells. 
The mortality data were used to develop the final dissociation protocol with the aim of reducing 
cell mortality to 10-20% maximum.  
Dissociated cells were immediately fixed with 80% ice cold methanol as in (Chari et al., 2021) 
or ice cold ACME solution (García-Castro et al., 2021; Table 3.3) and 40U/ml SUPERase•In™ 
RNase Inhibitor (20 U/μL), then incubated for 30 min at -20°C or on ice, depending on the 
fixation solution. 
After 30 min, PBS-1%BSA and 40U/ml SUPERase•In™ RNase Inhibitor (20 U/μL) was added 
1:1 to the cell suspension and mixed gently by pipetting in order to mobilise the cells. 
Cells were split in 3 or 4 aliquots depending on initial cell concentration and centrifuged for 10 
min at 700 rcf in a swinging bucket centrifuge. 
Supernatant (900μl) was discarded and the cell pellet was resuspended with 800μl of PBS-
1%BSA and  100U/ml SUPERase•In™ RNase Inhibitor (20 U/μL). 
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To estimate cell concentration in each aliquot, 20 μl of cell suspension were stained with 
1:1000 Hoechst 33258 (1 mg/ml stock; Sigma-Aldrich). Cells were counted manually using 
the Neubauer chamber as described above.  
Finally, DMSO was added to a final concentration of 10% to preserve the cells during freezing.  
Repeated dissociation and cell counting experiments provided enough data to estimate that a 
2-day-old larva consists of about 3000 to 4000 cells. 
 
The solution was snap-frozen in liquid nitrogen and stored at -80°C until the day of the 
encapsulation. 
Several aliquots containing at least 500 cells/μl fixed with ACME and 80% Methanol were 
collected over several days and finally shipped to the Sebé-Pedros lab at the CRG, Barcelona, 
where I went to perform encapsulation trials using different platforms (see below) 
 
 
 

 
Figure 3.15 - Dissociation protocol 
Diagram showing  (a) larvae of Clytia collected in a tube and transferred to a plastic petri dish within a 
40 μm cell strainer for observation with a binocular. (b) Dissociation with the plunger of a 1ml syringe 
and repeated washing. (c) Collection of single cell suspension from the bottom part of the cell strainer. 
Created with BioRender.com 
 
 
 

Calcium/Magnesium - Free Artificial Sea Water 
 

NaCl 31 g 

KCl 0.8 g 

NaHCO3 0.29 g 

Na2SO4 1.6 g 

MilliQ H2O Up to 1 litre 

*final pH 8.0 
Table 3.1 - Calcium/Magnesium - Free Artificial Sea Water 
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Low Calcium/Magnesium-Free Artificial Sea Water 

 

NaCl 26.88 g 

KCl 0.74 g 

CaCl2 0.16 g 

HEPES 2.38 g 

MilliQ H2O Up to 1 litre 

*final pH 7.6 
Table 3.2 - Low-Calcium/Magnesium - Free Artificial Sea Water 
 
 
 

ACME fixattive solution 

 

Low Calcium/Mg-Free ASW 2.25 ml 

Glycerol 0.5 ml 

Glacial acetic acid 0.5 ml 

Ice cold 100% Methanol 0.75 ml 
 
Table 3.3 - ACME fixative solution 

 

3.3.3 - Cell Sorting, Encapsulation, Preparation of single cell libraries 
 
Planula single cell aliquots were processed and sorted in collaboration with Marta Iglesias 
Garcia at CRG in Barcelona. Cells were encapsulated using the 10X Genomics Chromium 
system and cDNA libraries were prepared according to the Chromium Next GEM Single Cell 
3ʹ library preparation protocol v3.1. 
 
Cells were thawed on ice and tubes were centrifuged at 1000xG in a swinging bucket 
centrifuge. The supernatant was discarded and the cell pellet was washed with PBS-0.5%BSA 
and 40U/ml RNase inhibitor. Cells were washed two times to eliminate the DMSO.  
3-4 aliquots were combined according to previous estimated cell concentration in each tube 
and the cells were finally transferred to Low Binding tubes in a total volume of 500ul PBS-
0.5%BSA with 100U/ml RNase inhibitor.  
 



 127 

To estimate cell concentration, 6 μl of cell suspension were stained with 1:1 PBS-1:100 DAPI 
and counted using a Countess machine (Invitrogen) . 
The remaining cells were stained in the dark with nuclei and membrane staining (1:300 
DRAQ5, Stock 5 mM,  and 4 μl/mL Concanavalin-A, Stock 1 mg/ml) and finally FACSorted. 
FACSorted target populations were collected into a round-bottom-96-well plate containing RT 
buffers prepared according to the Chromium Next GEM Single Cell 3ʹ library preparation 
protocol v3.1.  Finally the mix was transferred to low binding tubes and reverse transcriptase 
enzyme was added. Cells encapsulation targeting 4000 to 6000 cells and cDNA library 
preparation according to the Chromium Next GEM Single Cell 3ʹ library preparation protocol 
v3.1 was performed by the CRG Genomics facility.  
Sequencing of single cell libraries was carried out on NextSeq 150 Midoutput and NextSeq 75 
High output kits at the CRG Genomics facility (see Troubleshooting). 
 
 

3.3.4 - Mapping and Clustering analysis 
 

Demultiplexing of sequencing output and quality check was carried out by the CRG Genomics 
facility. 
 
Once I received the sequencing files (fastq files), I mapped the reads individually for each 
sample against the genome reference (Leclére et al., 2019) using STARSolo (Dobin et al., 
2013). The gene reference including annotation of mitochondrial genes was made with 
STAR according to the STAR manual recommendation. Only cells with more than 100 UMIs 
were retained for the following steps. The resulting cell x gene count matrix was analysed 
with Scanpy 1.8.0 (Wolf et al., 2018) and Jupyter Notebook (https://jupyter.org/) . 
 
Preprocessing and quality checking were performed according to the Scanpy tutorial 
(https://scanpy-tutorials.readthedocs.io/en/latest/pbmc3k.html) with the following 
modification: I concatenated the 6 libraries and filtered out 4760 low quality cells with less 
than 500 counts along with cells with more than 1% of mitochondrial gene counts, which are 
assumed to be poor quality cells (Lun et al., 2016). Additionally I filtered out 3619 genes that 
were detected in less than 2 cells. I decided on the final filtering thresholds after several 
tests. 
Counts per cell were normalised, log-transformed and highly variable genes were computed 
retaining genes with a minimum mean value of 0.0125 and a maximum mean value of 3. 
Counts were scaled and Principal Components (PCs) were computed on highly variable 
genes. PCs were ranked by variance and the Neighbour graph was computed with 20 PCs 
and 20 neighbours. The Neighbour graph was embedded in two dimensions using UMAP 
(McInnes et al., 2018). Clustering of the Neighbour Graph was performed with the Leiden 
algorithm (Traag et al., 2019) and it resulted in 22 clusters. No batch effect was observed 
between the libraries at this stage (Fig. 3.1).  
Candidate genes were selected from a list of 1000 genes for each cluster and ranked with 
Scanpy rank_genes_groups function using the Wilcoxon non parametric test (Mann & 
Whitney, 1947).   
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Clusters were annotated as cell types using previously described and novel genes (Fig. 3.2). 
Cluster 0 and Cluster 3 could not be assigned as cell types due to absence of specific 
marker genes, (see Troubleshooting section).  
We excluded the corresponding barcodes and recomputed a final atlas using the same 
parameters described above, starting from the raw data object which contained all the genes 
not filtered out in the preprocessing.  
We observed a rearrangement of the cells in 19 clusters and we re-annotated the cell types 
according to the expression of marker genes (Fig. 3.3). Cell types were manually grouped 
into eight Cell Classes based on gene expression pattern analysis (Fig.3.4)  
 
 

3.3.5 - In situ Hybridisation 
 
Larvae were fixed at 24, 48, 72 and 96 hours post fertilisation in a cold solution of 3.7% 
formaldehyde and 0.2% glutaraldehyde in PBS on ice for 40 min as described for medusa 
stage (Chari et al., 2021; see Chapter 2). Specimens were then washed with PBST (PBS + 
0.1%Tween 20), dehydrated stepwise in methanol on ice, and stored in 100% methanol at 
−20°C.  
In situ hybridisation was performed in a robot (Intavis AG, Bioanalytical Instruments) as 
previously described (Chari et al., 2021). Probes were generated by polymerase chain 
reaction (PCR) from cDNA clones of our expressed sequence tag (EST) collection (Chari et 
al., 2021; Chevalier et al., 2006) and from cDNA of planula. Oligonucleotide primers were 
designed with PrimerBlast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) for POMGNT1, 
Pp9, Pp14 nad Pp27 probes and successfully cloned in pGemT-easy vector according to the 
manufacturer recommendations. Sequences of the oligonucleotide primers and EST 
identification names are provided in Table C which is included in the annexed electronic 
documents for this manuscript.  
 
 

 

3.3.6 - Transmission Electron Microscopy 
 
Fixation of 48 and 72hpf larvae, embedding in Epoxy resin and sectioning for TEM were 
performed by Sophie Pagnotta at the Plateforme Commune de Microscopie Électronique, 
Université Côte d’Azur using the Osmium/glutaraldehyde fixation method  described by 
Eisenman & Alfert, (1982). With Evelyn Houliston, I joined Sophie Pagnotta for the imaging 
sessions at the Plateforme Commune de Microscopie Électronique, Université Côte d’Azur to 
identify and document the cell types. 
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3.4 - TROUBLESHOOTING  
 

3.4.1 - Cell dissociation troubleshooting  
 
To dissociate planula cells I initially applied the same dissociation protocol I developed for the 
medusa stage. I performed a first encapsulation experiment by loading 10.000 freshly 
dissociated cells using the 10X Chromium System and prepared the libraries according to 10X 
Genomics technology recommendations (https://www.10xgenomics.com).  
I performed downstream analysis of the sequenced reads using Cellranger (10x Genomics 
Cell Ranger 3.0.0) and the output revealed a recovery of around 70.000 barcodes (Fig. 3.16a) 
while I expected less than 10.000 cells. This indicates that almost all the droplets were 
saturated with transcripts. Clustering analyses revealed a non structured UMAP plot where 
almost no distinct clusters could be obtained. Analysis and visualisation of known marker 
genes indicated mixed profiles. 
 
I then developed a gentler dissociation protocol making sure to not excessively damage the 
cells and that no RNA degradation occurred during the process of dissociation. I repeated the 
encapsulation experiment as described above and obtained a similar output. I tried to salvage 
the data by extracting a matrix containing UMI counts per barcode to search for a threshold 
that would allow only ‘true’ cells to be selected. Analysis of the matrix indicated that the 
majority of the barcodes contained a large number of UMIs and it was not possible to 
discriminate between ‘true’ cells and background. I also carried out clustering analysis testing 
several filtering parameters with the purpose of retaining only cells with high UMI counts (Fig. 
3.16b). However, previously identified cell-type-specific marker genes were expressed across 
the majority of the barcodes suggesting that the RNA captured in each droplet belonged to 
different cells (Fig. 3.16c).  
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Figure 3.16 - Example of an unsuccessful planula scRNAseq experiment 
(a) Detail of Cell Ranger 3.0 summary. (b) 2D-UMAP with stringent parameters consisting of 2672 cells. 
(c) Expression plot of the nematoblast-specific gene Minicollagen 3/4. 
 
 
One hypothesis to explain the failure in these experiments was that planula cells are 
particularly sensitive to an osmotic type shock induced by mixing the cell suspension prepared 
in sea water with the reverse transcriptase (RT) reagents prepared in nuclease free water prior 
to the encapsulation. Accordingly, the lysis of the cells caused the release of RNA molecules 
in the solution resulting in the generation of droplets including RNA from various cells. 
 
To overcome this issue I tested the InDrop (Indexed Droplets) system (Klein et al., 2015), a 
distinct droplet-based method, in collaboration with the Sebé-Pedros lab at the CRG in 
Barcelona (Fig. 3.17a). The InDrop microfluidic chip has four inlets, respectively for the 
hydrogel microspheres labelled with different barcodes, for the cells, for RT/lysis reagents and 
for oil, and an outlet for droplet collection (Klein et al., 2015, Fig. 3.17b).  The three aqueous 
inlets are connected by a junction corresponding to the first contact point between hydrogel 
microspheres, RT/lysis reagents and cells. 
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Figure 3.17 - InDrop system setup at CRG (Barcelona) 
(a) Detail of the chip placement. (b) Snapshot of the encapsulation. 
 
 
The advantage of this method is that the cells are kept in sea water until the encapsulation 
and the risk of osmotic shock followed by cell lysis should be reduced.  
At the CRG we used InDrop to encapsulate freshly dissociated 2-day-old planula cells and 
prepared the gene expression library the next day with help from Sebé-Pedros lab members.  
Shortly afterwards we proceeded to sequencing. Unfortunately, the sequenced library showed 
an unsatisfactory complexity (i.e. few UMIs x Barcode). 
 
Before visiting the Sebé-Pedros lab I optimised dissociation protocols involving a fixation step 
of planula single cells. I used two fixation methods, 80% methanol fixation, as in Chari et al. 
(2021) and ACME fixation, as in García-Castro et al. (2021). 
I then prepared aliquoted single cell samples using the two fixation methods and I sent the 
samples to the Sebé-Pedros lab (see above). 
I developed cell fixation protocols in case the experiment with freshly dissociated cells was 
unsuccessful and to explore how different methods would affect the encapsulation.  
Also, I expected to accomplish a successful experiment with at least one of those methods. 
 
With the help of Sebe-Pedros lab members, in particular Marta Iglesias García, we proceeded 
to process the fixed cells with both fixatives using 10X technology.  
We included an additional sorting step (FACS) to eliminate any source of ambient RNA from 
the cell suspension and we encapsulated the sorted cells using the 10X Chromium Controller 
by aiming to encapsulate 4000 to 6000 cells for each experiment. The CRG genomics facility 
prepared the gene expression libraries according to the 10X Genomics recommendations and 
the libraries were sequenced on NextSeq 150 Midoutput and NextSeq 75 Highoutput. 
 
After receiving the reads I mapped the data as described above and carried on with clustering 
analysis. Encapsulation experiments with FACsorted cells fixed with both fixatives were 
successful and we integrated all the produced libraries in our final atlas. Additionally, we were 
able to compare the effect of the two fixatives on planula cells after mapping (Table 3.4). 
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Sample 

 
Fixative 

Input 
read 

length 

Uniquely 
mapped 
reads % 

 
nUMIs 

 
nCells 

Mean 
UMI per 

Cell 

Mean 
Gene per 

Cell 

Planula 1 ACME 91 62.80% 6910892 2252 2192 621 

Planula 2 ACME 91 60.37% 6703480 2149 2224 646 

Planula 3 ACME 56 62.67% 4218581 686 2235 605 

Planula 4 ACME 56 63.12% 5390430 1191 2211 588 

Planula 5 ACME 56 60.04% 5293104 1349 2087 572 

Planula 6 Methanol 80% 56 47.19% 9634406 3783 1388 627 

 
Table 3.4 - Statistics of planula analysed libraries  
 
 
We consider the quality of the ACME fixed cells better than methanol fixed cells, as confirmed 
during FACS experiments. The mapping rate against the genome was higher for ACME fixed 
cells (“Uniquely mapped reads”, Table 3.4). The methanol-fixed cells yielded the highest 
number of total UMIs (“nUMIs”, Table 3.4), althoug the values of UMIs per cell (“Mean UMI 
per Cell”, Table 3.4) are higher for ACME-fixed samples, indicating that the integrity of the 
cells and the transcripts it’s better preserved by ACME fixative.  
Interestingly, we obtained higher recovery of cells from methanol samples. This is possibly 
because the cell membranes are less sticky when fixed in 80% methanol therefore less prone 
to form clumps and/or sticking  to tubes or pipettes with respect to ACME fixed cells. 
 
 
 

3.4.2 - Clustering analysis troubleshooting  
 
Following clustering analysis of the integrated dataset including the 6 libraries we obtained an 
initial atlas consisting of 5347 cells and 22 clusters (Fig. 3.1). Clustering analysis, extraction 
of marker genes, selection of candidates and validation by in situ hybridization were performed 
as described above. We assigned 20 clusters as cell types. 
 
Two of the clusters, clusters 0 and 3, were not assigned as cell types as they had a mixed  
transcriptome profile corresponding to a combination of the majority of genes specifically 
expressed in other cell types, especially in epidermis, neural cells and mucous cells (Fig. 
3.2b). One hypothesis is that those clusters represent a cell state or alternatively a precursor 
of epidermal cells that eventually will differentiate in more specialised secretory cells (neural 
or mucous cells) in later planula developmental stages. On the other hand, I noticed the 
expression of other cell type specific markers, for instance CathepsinL, a marker for 
gastrodermis, suggesting that the mixed expression profile goes beyond epidermis and 
secretory cells.  
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I then computed co-expression of some cell type specific markers to address the co-
expression of genes in the same cells. I used cell type specific markers with non-overlapping 
in situ expression patterns, also expressed in cluster 0 and 3 (Fig. 3.18c).  
Strikingly, The UMAP plots of co-expressed genes (Fig. 3.18a and b) show that cell type 
specific marker genes are co-expressed in some barcodes belonging to cluster 0 and 3 
indicating that those barcodes may very likely represent a technical artefact. We consider that 
they probably arise as an artefact of sample preparation, for instance due to ambient RNA 
associating with cell debris and subsequently being treated as cells. 
 

 
Figure 3.18 - Co-expression of marker genes 
(a and b) 2D-UMAP plot of initial planula cell atlas. (a) The cells coloured in blue co-express the putative 
antimicrobial marker, CtCK, Minicollagen 3/4, and the Aboral Secreted marker. (b) The cells coloured 
in blue co-express CathepsinL and, CtCK markers. (c) Heatmap of candidate genes selected to address 
the co-expression . 
 
 
 
The barcodes belonging to clusters 0 and 3 show a comparable number of counts to the other 
cells ranging from 500 counts to 3000 (Fig 3.19) so it is not possible or justified to filter them 
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out on the basis of the counts per cell. I manually removed barcodes belonging to clusters 0 
and 3 and proceeded to recluster the remaining cells using the same parameters obtaining 
the atlas shown in Figure 3.3.  

  
Figure 3.19 - Distribution of counts per cell across the clusters of the initial planula atlas 
Distribution of counts in the initial planula atlas grouped by clusters/cell types. Numbers of the y axis 
correspond to clusters in Figure 3.2. Counts are shown on the x-axis and are log transformed. 
 
 
 
The development of protocols to fix cells immediately after dissociation was crucial to obtain 
a satisfactory planula dataset. The unsuccessful encapsulation of freshly dissociated cells is 
very likely caused by augmented fragility of planula single cells compared to the medusa 
stage. The dataset obtained from the encapsulation of fixed planula cells still shows some 
features of previously unsuccessful experiments (notably cluster 0 and 3). However, the 
majority of the cells are of good quality and allowed the characterization of previously 
undescribed as well as providing further knowledge of known planula cell types. 
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3.5 - DISCUSSION 
 
The Clytia planula cell atlas presented in this chapter represents the first cell type atlas of an 
hydrozoan larva. Four other cell atlas of cnidarian species have been published in the last few 
years, notably the hydrozoan polyp Hydra (Siebert et al., 2019), the anthozoan Nematostella 
(Sebé-Pedrós, Saudemont, et al., 2018), the soft coral Xenia (Hu et al., 2020) and the stony 
coral Stylophora (Levy et al., 2021) cell atlases. Only two of those include larva cell atlases: 
Nematostella and Stylophora.  
 
Although the availability of cnidarian cell atlases has increased in the last few years, many 
questions concerning the evolution of cnidarian cell types remain open. Comparative analysis 
of hydrozoan and anthozoan cell atlases revealed a poor correlation between Hydra cell types 
and the others, concordant with the phylogenetic distance (Levy et al., 2021). Our planula cell 
atlas will allow comparisons and should help to gain insight on this issue. Furthermore, Clytia 
represents an advantage to address questions concerning the evolution of hydrozoan life cycle 
since the research on the model Hydra has focused on the adult polyp form.  
 
I identified the hydrozoan planula cell types previously described in the literature, and gained 
additional understanding of their complexity along with uncharacterized types. I characterised 
transcriptional signatures for cells of the classical epitheliomuscular tissue layers, the 
epidermis and the gastrodermis, detecting additional epidermal subtypes potentially specific 
to the planula stage. Clustering analysis and validation via in situ hybridisation revealed the 
existence of cell types previously described on the basis of histology and morphology: the 
mucous cells, PECells and a population of aboral neurosecretory cells, originally termed 
glandular/granular cells (Bodo & Bouillon, 1968). 
 
This Clytia planula cell atlas has proven useful for supporting existing knowledge of larval cell 
types as well as enhancing it with new information. One example concerns the nematocyte 
lineage. Strikingly, nematogenesis seems to employ similar sets of genes in both the medusa 
and the planula stages and is clearly a biphasic process. Furthermore, in situ hybridisation 
pattern analysis of nematogenic genes revealed that the first phase of nematogenesis 
(production of nematoblasts) is stalled for most cells at planula stage suggesting that these 
nematoblasts with intact nematocysts serve as a reserve to undergo final differentiation and 
deployment after metamorphosis at the polyp stage. The relatively small number of mature 
nematocytes in the planula may have the same fate, and/or have a defensive role already for 
the planula stage. The Clytia planula does not feed, therefore nematocytes are not needed to 
catch prey as they are in the adult stages. The presence of nematocyte capsules has been 
shown in the disk-like form into which the planula transforms a few hours after settlement 
(Krasovec et al., 2021), supporting this hypothesis. 
Clustering analysis revealed two clusters of neural cells from the planula scRNAse data.  Each 
of these clusters includes more than one neural subtypes, as shown by visualising the 
expression of several neuropeptide precursors previously described in medusa (Chari et al., 
2021). We performed reclustering analysis of neural and neural-like cells, notably the aboral 
neurosecretory cells, to address the classification of planula neural subtypes. However, the 



 136 

small number of cells used for reclustering yielded clusters of cells that could not be confidently 
assigned to neural subtypes. Analysis of the marker gene lists helped to identify few further 
neural cells-specific markers that very likely correspond to neural subpopulations.  
 
The generation of the planula single cell dataset was more challenging compared to the 
medusa one. Despite several troubleshooting tests, I had to manually remove data associated 
with some UMI barcodes considered technical artefacts, which show similarities to the output 
obtained following unsuccessful experiments. Following discussion within the EvoCELL 
network, other PhD students encountered the same type of issue indicating that this type of 
output is common in such experiments starting with complex biological starting material such 
as whole animal larvae. For the final planula atlas, we excluded around 1000 cells reducing 
the number of cells to 4370. Given the relatively low number of cells, I consider that some 
additional cell diversity might be overlooked. Further single cell transcriptomics experiments 
are needed to increase the resolution of this atlas and possibly identify rare cell types. 
However, this planula cell atlas already makes a substantial contribution for expanding the 
knowledge on cnidarian cell types as well as representing a useful resource for the community. 
Furthermore, in the context of my PhD study, the planula atlas was crucial to allow the 
comparative analysis with the medusa atlas and to address the complexity of the medusa.  
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CHAPTER 4 -   
Comparison of cell types across 
stages of Clytia 
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Overview of the chapter  
 
Single cell transcriptomics allows the molecular characterisation of thousands of cells at the 
same time. When applied to whole organisms, this technique provides a large amount of 
information regarding gene regulation at the cell type level. In this chapter I present initial steps 
in a comparative study at the cell type level across life stages of the hydrozoan Clytia 
hemisphaerica, which represents the ultimate goal of my project. My main aim was to address 
the complexity of the medusa form by comparison with a simpler planula larva and detect 
differences or similarities at the cell type level within the hydrozoan life cycle. 
 
Clytia displays a tri-phasic hydrozoan life cycle including a vegetatively propagating polyp 
colony, a free-swimming medusa form and a planula larva. Previous analysis of the genome 
and of bulk transcriptomes across the three life forms revealed distinct stage-specific gene 
expression programs indicating a potential diversification at the cell type level. The majority of 
stage specific transcription factors were detected within the medusa stage, suggesting a 
potential expansion of cell types in the adult of Clytia. For my comparison of cell types across 
life stages, I focused on the adult medusa and the planula larva of Clytia and generated single 
cell data. Besides being a resource for understanding the basis of the transcriptional regulation 
of the cell types, these data serve as a foundation to address similarities at the cell type level 
across the life cycle of Clytia.  
 
Together with Richard Copley I generated a presence/absence matrix of expression of marker 
genes across the clusters using a method developed previously (Leclère et al., 2019). We 
then applied a phylogenetic statistical approach usually employed to predict gene “gain” and 
“loss”, in this case to generate a binary cell type tree which represents hierarchical 
relationships between cell clusters/types. We applied this workflow using presence/absence 
matrices computed with different combinations of the available atlases to test its robustness. 
We observed some degree of consistency between the results of different analyses at the 
level of cell classes, but relationships across cell types were not always coherent. Thus, I 
restricted my interpretations to relationships at a broad level, such as between cell classes 
that are consistent across the analyses. 
These analyses allowed me to propose shared and unique cell classes across life stages. Cell 
classes potentially unique to stages, include the planula aboral neurosecretory cells and 
mucous cells, and the medusa digestive gland cells. The planula and medusa epidermis cell 
types do not show strong similarities in these analyses, likely reflecting the higher degree of 
specialisation of the medusa epidermal cell types. The analyses revealed consistent similarity 
of the  gastrodermis class between planula and medusa, as well as of the neural cell class, 
with diversification into specialised subtypes detectable only in the medusa in both cases.  
These analyses suggestd similarity at the level of cell types within two classes, one of these 
being the nematocytes. Cell types included in the nematocyte cell class, which represent 
successive stages of nematogenesis, show a high degree of similarity across life stages. 
Similarly, cell types belonging to the i-cell classes showed consistent relationships between 
stages across different analyses. However, the biological interpretation of the state of 
differentiation of planula i-cell types is not yet clear which makes the interpretation of the 
relationships difficult. Interestingly, some of the analyses suggested similarity between neural 
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cells and mature nematocytes, suggesting common elements in the transcriptional programs 
of these cell types as suggested in Nematostella.  
 
As a parallel approach to compare cell types between medusa and planula I extracted a list of 
transcription factors for each cell type as a first step in identifying common gene regulatory 
programmes. As one concrete example I investigated which transcription factor families 
contributed to the similarity between neural cells and mature nematocytes allowing us to 
propose a tentative evolutionary scenario.  
 
This comparative study is still in its early stage and it requires further work to extend the 
comparison to finer levels. Considering the phylogenetic position of Clytia as part of Cnidaria, 
this work will contribute to wider comparative studies concerning cell type evolution across 
metazoans. 
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4.1 - INTRODUCTION 
 
 
Up until very recently, cell types have been classified on the basis of morphological 
observation and functional considerations. Single cell transcriptomics is a relatively recent 
innovation in rapid advancement. Currently it allows the characterisation of the transcriptome 
of thousands of cells at the same time representing a powerful tool to address the 
characterisation of the cell types at the molecular level (Hwang et al., 2018).  
 
Differential gene expression profiles can be investigated to determine the physiological and 
functional features of given cell types while the regulation of those signatures is illustrated by 
a combination of transcription factors. Taken together, these co-expression modules 
constitute the blueprint of cell types (Arendt, 2008). Moving forward, cell type specific 
programs allow a cell type to evolve in a partial independent manner (Arendt et al., 2016). 
Thus, in an evolutionary framework a cell type can be considered as an evolutionary unit 
opening the way to comparative studies across animal phyla addressing the origin and 
evolution of cell types (Arendt, 2008; Arendt et al., 2016).  
 
With these concepts in mind, I aimed to address similarities and differences among cell types 
in the context of a typical hydrozoan life cycle. Concretely, I exploited the cell atlases of the 
planula larva and the adult medusa of Clytia presented in the previous chapters to address 
the complexity of the medusa form against a simpler planula larva.  
 
Unlike the well studied polyp-only species Hydra, Clytia displays a complete hydrozoan life 
cycle (Houliston et al., 2010). The three main life stages of Clytia, exhibit radically distinct body 
forms (see Chapter 1). Analysis of the genome and the bulk transcriptome across the three 
life stages revealed specific gene expression programs for each stage (Leclère et al., 2019). 
Accordingly, expression of a diversified set of transcription factors was detected across life 
stages (Leclère et al., 2019). The majority of  stage-specific transcription factors were specific 
to the medusa stage, reflecting the complexity of the medusa with respect to the other life 
forms. Moreover, transcription factors expression patterns were often detected as scattered 
cells in specific regions of the medusa notably the manubrium, gonads, tentacle bulb and 
nerve rings suggesting a potential association with specific cell types (Leclère et al., 2019; see 
Chapter 1). The higher number of transcription factors expressed at the medusa stage can be 
explained by an evolutionary expansion of cell types to match the increased anatomic 
complexity. However, whether this implies a gain of certain cell types signatures which are 
completely absent at planula stage is an open question. A smaller number of transcription 
factors was detected as specific to the planula stage, suggesting independent evolution of 
some planula cell types.  
 
The cell atlases introduced in the previous chapters set the stage for addressing these 
questions. In this chapter I present our comparative study at the cell type level across the 
planula larva and the adult medusa of Clytia. These analyses suggest the existence of unique 
cell type classes for both stages. On the other hand, several cell type classes displayed 
similarities at the level of transcriptional signature across life stages within each of these 
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common cell type classes, the medusa shows a richer diversity of cell types than the planula. 
Finally, these analyses support the existence of interesting similarities between neural cells 
and mature nematocytes which are shared across life stages.  
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4.2 - RESULTS  
 

4.2.1 - Comparative analysis of cell types across life stages 
 
To perform the comparative analyses we exploited the information included in our planula and 
medusa cell atlases. As described in the previous chapters the cells were computationally 
separated into 40 clusters for the medusa and 19 clusters for the planula, which we refer to 
as cell types. The cell types were defined by expression of a set of marker genes that show 
statistically significant variable expression between them (see Chapters 2 and 3). We used 
these marker genes as an appropriate basis to conduct comparative analysis across clusters 
in an unbiased way given that our atlases exhibit large differences in the number of cells and 
cell types. We exploited those sets of genes to generate a presence/absence binary matrix, 
combining information from both stages. We analysed the matrix using biphy, a method to 
infer phylogenies from binary character presence/absence data by modelling character gain 
and loss as a Poisson process (Pett et al., 2019; https://github.com/willpett/biphy; see below). 
We merged the results of 10 independent outputs and obtained a consensus tree depicting a 
hierarchy of shared marker gene content between clusters across planula and medusa stages. 
The resolution of the consensus tree can certainly be improved. However, based on well 
characterised cell types, some aspects make sense biologically and give us confidence in 
conclusions for other cell types.  For instance the presence of strongly expressed markers 
such as Minicollagen 3/4  likely contributes to the similarity detected between planula and 
medusa nematoblasts. 
 
To test the robustness of our approach of deducing hierarchies of shared marker gene content, 
which has never been used before to perform comparative analysis of cell types, we applied 
the same workflow to several presence/absence binary matrices obtained from combinations 
of the available medusa and planula atlases. We generated presence/absence matrices using 
lists of genes extracted from the published medusa atlas (Chari et al., 2021)  as well as my 
integrated medusa atlas, and combined these with lists of genes selected from our initial 
planula atlas as well as the recomputed one (which does not include cells belonging to the 
likely-artifactual clusters 0 and 3; see chapter 3). Finally we generated binary cell type trees 
out of each combination (Fig. 4.1; Annex 4a; Annex 4b).   
We noticed that the topology of the trees varied depending on the combination of atlases used 
and was not consistent across analyses. What differed most was the arrangements at the level 
of the cell types. Therefore, our approach is not robust enough to assess clear relationships 
across cell types. Exceptions were the nematocyte and i-cell types of both planula and medusa 
which consistently showed similarity in the different analyses. Similarities across nematocyte 
and i-cell types are supported by other considerations, for instance, the genes used as 
markers to validate cell type identities are the same across stages. This suggests that our 
approach is promising, even though it certainly requires further work to understand the sources 
of variability. Accordingly, we observed a certain degree of consistency across the analyses 
at the level of cell classes. For instance neural cell types showed consistent similarity 
relationships independent of which atlas the data were drawn from, as did gastrodermis cell 
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types. Thus, for the moment I restrict my interpretations mainly to the level of the cell classes 
that showed consistencies across the analyses and that are supported by other 
considerations.  
 
One example of a hierarchical cell type tree is shown in Figure 4.1. This particular tree is 
obtained by the analysis of the presence/absence matrix generated by using marker genes 
from the initial planula atlas (including cluster 0 and 3) and the medusa atlas published in Chari 
et al., (2021). The marker gene list of the published medusa atlas includes genes computed 
from a merged “Fed and Starved” and “Stimulation” datasets, which we used to select 
candidates for in situ hybridisation (Chari et al., 2021). So far, this is the only combination that 
generates a tree with a sensible biological interpretation. We do not yet understand the 
sources of variability in the trees we generated although one contributing factor is likely the 
batch effect. The published medusa atlas is not affected by batch effect, which may represent 
a source of alteration in the trees generated by using my integrated medusa atlas (see Chapter 
2).  
In Figure 4.1, each branch of the tree represents a cell type identified by the numbers assigned 
during clustering analysis. The ones coloured in blue belong to the medusa while the ones in 
red belong to the planula atlases. The dashed boxes highlight cell classes which show a 
consistent similarity across our analyses such as gastrodermis, neural cells,  nematocytes and 
i-cells. I found that some cell classes consistently do not mix on the branches, such as aboral 
neurosecretory, mucous and putative excretory (PEC) cells of the planula as well as digestive 
gland cells of the medusa. We consider those as potentially unique to stages. However we 
can not rule out any other relationships between those and other classes, for instance whether 
they are more closely related to some classes than others, given their variable arrangement 
on the trees across the analyses.  
 
In the following sections I discuss putative shared and unique cell classes across stages. I 
include some observations on putative regulatory programs that I could draw by analysing the 
list of transcription factors I extracted from a presence/absence matrix (Annex Table C; see 
methods). I only considered transcription factors that are uniquely detected in medusa or 
planula cell types or classes. I paid particular attention to transcription factors that are shared 
in nematocyte and neural cells and are potentially contributing to the similarity we observed in 
some but not all the analyses and the results of recent studies on Nematostella. I did not 
consider transcription factors that are shared across several cell classes and stages 
considering those as constitutively expressed and very likely not involved in regulatory 
programs that define cell types. 
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Figure 4.1 - Hierarchical cell type tree of medusa and planula cell types  
Hierarchical representation of similarities between cell types and classes across the planula and the 
medusa of Clytia. Branches are labelled with the numbers assigned during clustering: Medusa 
cluster/cell types in blue; Planula clusters/cell types in red. Dashed boxes represent similarities that 
were consistently retrieved by analysis of different combinations of the available atlases (see text). Note 
that the ‘i-cell and oocyte’ box also includes progenitors of neural cells and nematoblasts.   
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4.2.2 - Cell types with unique transcriptional programs across stages 
 

Analysis of the hierarchical cell type trees identified certain cell types with a low probability of 
sharing their expressed gene sets with any cell type from the other stage. I consider that these 
cell types are potentially unique to stages. Based on overall available evidence, two cell types 
can be considered planula-specific: the mucous cells and the aboral secretory cells, while the 
PEC cells are planula/stolon specific. For the medusa, the digestive gland cells, and also the 
bioluminescence cells both appear as specific cell types, while many sub-specialisations of 
the epidermis are also specific to this complex stage.  
 
Concerning the planula, we found that the transcriptional signatures of the mucous cells and 
the aboral neurosecretory cells group as distinct from any cell type in the medusa in some of 
our analyses (annex 4b). In other analyses the mucous cells grouped with the planula 
ectoderm types and the aboral neurosecretory cells with the neural cells (Fig. 4.1; Annex 4a). 
The marker genes used to assign identities to both the mucous cells and the aboral 
neurosecretory cells are strongly and specifically expressed at planula stage (see Chapter 3), 
which argues in favour of the specificity of these two cell types to this stage. Very likely, these 
cell types are involved in specific planula functions such as settlement and metamorphosis. 
The mucous cells secrete a sticky glycoprotein rich substance which may help to  associate 
the swimming planula with the substrate and the aboral secretory cells a glue-like substance 
that adheres the planula aboral pole tightly to it once settlement is triggered (Bodo & Bouillon, 
1968). 
 
Analysis of transcription factors in the presence-absence matrix revealed a planula-unique 
transcription factor TBX8 (Lapébie et al., 2014; Leclère et al., 2019) which is expressed in both 
the mucous cells and aboral secretory cells. We can speculate that this shared expression 
reflects transcriptional regulation by TBX8 of a particular set of genes related to  synthesis of 
planula-specific secreted glycoproteins. Alternatively it may relate to the    common 
developmental origin of these cells, along with some neural cell types from the gastrula 
ectoderm (Ruggiero, Ferraioli, Chevalier et al. manuscript in preparation; see below). 
Functional studies would allow the role of TBX8 in the aboral neurosecretory and mucous cells 
in the planula of Clytia to be tested.  
 
The putative excretory cells (PECs) of the planula showed a lack of similarity with any of the 
medusa cell types across the analyses (Fig. 4.1). Bulk transcriptome data reveal that marker 
genes for PECs are expressed strongly in planula and in some cases shared with the polyp 
stage, and more specifically in the stolon, but not in the medusa (see Chapter 3). Thus, it is 
plausible to consider PECs unique to planula stage compared with medusa cell types. Further 
studies are needed to determine the function of PECs in planula as well as in the polyp colony.  
They may be involved in excretion of digestion waste, as suggested by Bodo and Bouillon 
(1968). Among the set of transcription factors unique to planula stage we detected an 
uncharacterised Ets-domain containing transcription factor specifically expressed in PEC-A 
cells and in the subtype of the planula epidermis enriched in muscle genes, which could for 
instance reflect regulation of these cells a common signalling  pathway (Röttinger et al., 2008). 
Interestingly, we detected the expression of a member of the bHLH family transcription factor 
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HLH6 in PECs along with mucous cells as well as in neural precursors and neural subtype 
expressing pp7 of the medusa (Annex Table C). bHLH transcription factors, including 
members of the Atonal superfamily to which Hlh6 belongs, such as its Nematostella orthologue 
Ath-like, are commonly associated with neurogenesis (Rentzsch et al., 2017). Analysis of the 
medusa cell type atlas shows that Hlh6 is expressed on the trajectory from i-cells to neural cells  
(Chari et al., 2021). Hypotheses concerning similarities and differences of neurogenesis in the 
planula and the medusa of Clytia are discussed in the following section. 
  
Several medusa cell classes were consistently distinct from the planula classes in the various 
biphy analyses. A first example is represented by the medusa digestive gland cells (Fig. 4.1).  
These gland cells show transcriptional profiles dominated by strongly expressed digestive 
enzymes (see Chapter 2) and are likely to be involved in primary digestion processes. The 
planula does not feed, which fits with their absence at the larval stage.  Interestingly in this 
particular analysis the group of digestive gland cells shows similarity with the neural cell group 
(including planula neurosecretory and neural cell types; Fig. 4.1). This may reflect the 
developmental relationship between gland cells and neural cells proposed from scRNAseq  
studies in Hydra and Nematostella (Siebert et al., 2019; Steger et al., 2022). 
A second medusa cell type with a distinct transcriptional program from the cell types of the 
planula are the bioluminescent cells (Fig. 4.1). Bioluminescent cells of the medusa are 
characterised by the expression of GFP2 and Clytin2 (Fourrage et al., 2014; see Chapter 2) 
which are not expressed at planula stage. These bioluminescent cells are located along  the 
tentacles and have been proposed to play a role in attracting prey. This medusa specific 
function supports their specificity to the medusa stage when compared with the planula. 
 
Cell types belonging to the epidermis cell class for the planula and the medusa showed no 
consistent similarity relationships, i.e. a low probability of sharing transcriptional programs 
(Fig. 4.1). This could be explained by the high degree of specialisation of medusa epidermis 
in distinct subtypes such as smooth and striated muscles, exumbrella, tentacle bulb, gonad 
and manubrium epidermis which potentially are maintained by a distinct transcriptional 
programmes (see Chapter 2). The epidermis subtype enriched in muscle genes assigned to 
the planula atlas is presumably distinct in structure to any of the epitheliomuscular cell types 
of the medusa. The other  two epidermis cell types of the planula are also apparently stage 
specific. The  differences between these planula epidermis subtypes are not yet understood 
(see Chapter 3). Some or all of them contribute to different regions of the epidermis of the 
primary polyp upon metamorphosis, a specialised thin cell layer specialised to produce the 
extracellular theca of the colony.  
 
 

4.2.3 - Cell types with shared transcriptional programs across stages 
 
Analysis of the various hierarchical cell type trees consistently revealed close relationships for 
a number of cell classes across planula and medusa. This suggests with a high degree of 
probability that similar gene modules are shared between certain cell classes. We consider 
these as shared cell classes across life stages. For instance, we detected similarities between 
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groups of medusa and planula cell types within gastrodermis, I-cell , neural cell  and 
nematocyte classes, as indicated by the dashed boxes in Figure 4.1. These relationships were 
consistent across the analyses independently of the combination of datasets used. In this 
section I discuss similarities concerning the gastrodermis and the i-cells classes. Similarities 
within neural cell and nematocyte classes are discussed in the following two sections. 
 
Shared transcriptional signatures are detected among cell types of the gastrodermis class 
across the two stages as indicated in Figure 4.1. This is presumably supported by the 
expression of the enzyme Cathepsin-L, commonly expressed in gastrodermis cell types in 
medusa and in planula (see Chapter 2 and Chapter 3). A common transcriptional regulation 
is potentially driven by the transcription factor FoxC (Lapébie et al., 2014) which is detected 
in our presence/absence matrix as expressed in tentacle bulb gastrodermis and in the 
gastrodermis cell types of the planula (Annex Table C; see in situ pattern in Chapter 3). 
However, we observed a clear diversification in several gastrodermis subtypes in the medusa 
but not in the planula. Differences between the medusa gastrodermis subtypes  likely relate 
to distribution of digestive functions between the manubrium, gonads and tentacle bulbs, as 
well as to their different contributions to other medusa-specific gastrodermis behaviours such 
as mesoglea deposition, autophagocytosis or starvation-induced cell mobilisation (Chari et al., 
2021; Sinigaglia et al., 2020). The precise identity and function of each one remains to be 
established. Among the transcription factors unique to the medusa we detected the expression 
of a bZIP:popeye domain containing transcription factors specific to gastrodermis subtypes of 
the medusa (Annex Table C). Previous studies (Leclère et al., 2019) identified this protein as 
an ortholog of BVES, a transcription factor expressed in epithelial tissues including the 
intestine and involved in the regulation of programs associated with epithelial-to-
mesenchymal-transition in mice (Choksi et al., 2018). Whether this transcription factor plays 
a role in the differentiation or function of particular gastrodermis cell subtypes in the medusa 
remains to be determined.  
 
As expected, consistent transcriptome similarity across analyses was observed among 
planula and medusa i-cells  (Fig 4.1; Annex Table C), which is supported by the expression  
of diagnostic markers such as piwi, vasa and nanos1 (Leclère et al., 2012; see Chapter 2 and 
Chapter 3). Early neural and nematocyte precursors, which derive from i-cells and also 
express these genes, are included in the group (Fig. 4.1). Oocyte transcriptome signatures 
also showed strong similarity to those of the i-cells. The highest number of transcription factors 
unique to medusa in our matrix specific to a particular cell type are expressed in medium 
oocytes (Annex Table C). This can be presumably explained by the high content in oocytes of 
maternal transcripts with functions in early development (Annex Table C).    
 
 
 

4.2.4 - Insight into developmental origin of neural cells 
 

Precursors of medusa nematoblasts and neural cells along with precursors of planula 
nematoblasts showed strong evidence for shared transcriptional profiles, as well as some 
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degree of similarity with the i-cells across analyses (Fig. 4.1). This is not surprising considering 
that nematoblasts are clearly derived from the i-cell precursor population at both stages, as 
are neural precursors in the medusa (Chari et al., 2021). On the other hand, we have not 
clearly identified neural cell precursors or observed a clear relationship between i-cells and 
neural cells in our planula atlas  (see Chapter 3). We propose that this reflects the presence 
of  a parallel neurogenesis pathway in the planula, generating some neural cells as well as 
mucous and secretory cells from the gastrula ectoderm rather than from i-cells (Kraus et al., 
2020; Thomas et al., 1987; Ruggiero, Ferraioli, Chevalier  et al. in preparation). Further 
evidence for this hypothesis comes from analysis of the shared repertoire of transcription 
factors, which highlighted the expression of the SoxB family transcription factor Sox10 in 
epidermis subtypes in planula and in neural cell precursors and subtypes of medusa. Ongoing 
experimental investigations within our laboratory involving lineage tracing and embryo 
bisection are confirming that some neural cell subtypes and mucous cells derive from the 
aboral ectoderm rather than from i-cells. The expression of Sox10 in our planula dataset 
suggests that this process of neurogenesis from the ectoderm is still active at 48hpf of 
development.  
At the medusa stage, some neural subtypes of the planula are clearly developing from i-cell 
like precursors. Among the set of transcription factors shared across stages we detected the 
expression of the bHLH transcription factor Neurogenin in the i-cells of the planula and in the 
neural cell precursors of the medusa. Neurogenin is a good candidate as a regulator ofthe i-
cell-mediated neurogenesis pathway and our data indicate that this role  is shared across life 
stages. Reclustering analysis of neural cells of the medusa revealed the expression of 
Neurogenin in a neural subpopulation classified as neural cell precursors (Chari et al., 2021). 
Generation of scRNA-seq data from earlier planula stages (i.e. 12hpf, 24hpf) would facilitate 
the identification of clear neural precursors and help in dissecting the developmental origin of 
the planula neural cells.  
Concerning those neural subtypes that we consider differentiated neural cells, analysis of the 
cell-type trees revealed consistent similarities between the two life stages (Fig. 4.1). The 
shared transcriptional signatures are dominated by neuropeptide precursors which are 
commonly expressed in planula and medusa neural cells such as Pp5, Pp9 and Pp11 (Chari 
et al., 2021; see Chapter 2 and Chapter 3). Furthemore, markers such as ELAV genes and 
Calmodulin, are expressed broadly in neural cell types in both planula and medusa (Chari et 
al., 2021). Similar to the case of the gastrodermis, in the medusa atlas we assigned several 
neural subtypes based on the expression of neuropeptide precursors which are not all clearly 
detected in planula; examples are Pp17, Pp27, Pp25. As explained in Chapter 3, the number 
of neural cells in the current planula dataset is limiting and likely causing a lack of resolution 
in the determination and comparison of explicit neural subtypes.  
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4.2.5 - Origin and development of nematocytes in Clytia and similarities with 
neural cell types across life stages 

 
The nematocyte developmental trajectory exhibits a high degree of similarity across life 
stages. This is supported by the expression of a common set of diagnostic markers that 
recapitulate the two phases of nematogenesis in both life forms (see Chapter 2 and Chapter 
3).  
 
In medusa, nematoblasts originate from i-cell-like precursor pools located in the proximal 
region of the tentacle bulb epidermis (Denker et al., 2008). Consistently, we detected at this 
site the expression of the Znf845 transcription factor, whose orthologues are commonly 
expressed in i-cells and early nematoblasts (Fig. 2.10c). The generation of the nematocyte 
capsule (nematocyst) occurs in slightly more distal regions of the tentacle bulb epidermis as 
indicated by the expression of specific markers such as Minicollagen 3/4 (Fig. 2.10c). Once 
the nematocyst is complete, the cells move into the distal region of the tentacle bulb epidermis, 
towards the tentacle. At this stage this first transcriptional program is switched off and a 
process of  nematocyte migration and maturation takes place. Maturing nematocytes 
expressing M14-peptidase migrate towards the end of the tentacle and the program including 
SANS/USH-1G, Whirlin, Harmonin is turned on. The migration may be driven by the active 
and continuous proliferation of the i-cells and early stage nematoblasts at the tentacle base 
(Denker et al., 2008). Finally mature nematocytes become oriented perpendicularly to the 
direction of migration and inserted into the tentacle epidermis. The expression of  Nematocilin  
marks the production of the nematocil, the trigger for nematocyte discharge (see Chapter 2; 
Chari et al., 2021).  
 
Nematogenesis in the planula occurs according to essentially the same programs (see 
Chapter 3). Indeed we can clearly match stages of differentiation across stages. Expression 
of the same sets of markers distinguish the two phases as corroborated by our hierarchical 
cell type tree analyses (Fig. 4.1) We found an unexpected developmental “stalling” of the 
nematogenesis programme in the planula. The first phase initiates in many cells as early as 
gastrulation, but only a small proportion of the Minicollagen3/4  expressing cells proceeds to 
the second phase. Thus, while differentiation of a small population of mature nematocytes is 
completed early during planula development, most cells remain at the ‘late nematoblast’ stage 
(see Chapter 3). In fact, early nematoblasts continue to proliferate until the end of the planula 
lifespan but the differentiation program is stalled before entry into the nematocyte maturation 
phase (see Chapter 3). Analysis of the transcription factors detected in the presence/absence 
matrix revealed the expression of several members of the Fox, bHLH, Tbox and DMRT 
families in nematoblasts and nematocytes uniquely at planula stage (Annex Table C). This 
suggests a particular regulation of the nematoblasts-nematocytes transition at the planula 
stage. Functional analyses will determine the role of those transcription factors in this 
regulation. 
 
Studies in Nematostella have demonstrated the origin of nematocytes and neural cells from 
common neural-like-stem-cell precursors expressing the transcription factor SoxB2 (Richards 
& Rentzsch, 2014). Co-expression of Znf845 in these cells leads to the diversification of the 
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progenitor into nematocytes (Babonis et al., 2022). Nematostella Znf845   is also partially co-
expressed with PaxA, which has been described as a regulator of the differentiation of 
nematocytes (Babonis & Martindale, 2017). However, recent studies indicate that Znf845 acts 
upstream PaxA, determining the switch of the progenitor cell towards the nematocyte lineage 
(Babonis et al., 2022). Consistent with these findings in Nematostella, our pseudotime analysis 
of i-cells and nematocytes lineages in Clytia have shown that Znf845 is co-expressed in a 
population of progenitor stem cells which give rise to nematocytes  (Chari et al., 2021). 
Analysis of the transcription factor list further revealed   an ortholog of PaxA in both planula 
and medusa early and differentiating nematoblasts but not in I-cells (Annex Table C), 
supporting a conserved evolution of the Znf845/PaxA pathway in Clytia. 
 
Interestingly, a particular combination of atlases used to generate the hierarchical cell-type 
trees, specifically the integrated medusa cell atlas and initial planula cell atlas (Annex 4a), 
suggested similarity between mature nematocytes and neural cells in both planula and 
medusa. Examination of the transcription factor list obtained from the presence absence 
matrix revealed that the expression of the homeobox Pou4 (also known as Brn3) is specifically 
expressed in mature nematocytes and neural cells at both stages (Annex Table C). Pou4 
genes are required for the differentiation of several neuronal types, including sensory neurons 
in C.elegans, mice and Drosophila, (Leyva‐Díaz et al., 2020; Serrano-Saiz et al., 2018). 
Functional studies have demonstrated that the downregulation of orthologs of Pou4 results in 
the loss of the neurotransmitter identity in C.elegans and mice (Serrano-Saiz et al., 2018). 
This suggests a conserved regulatory function of this family in the differentiation and 
maintenance of the neural identity in Bilateria (Leyva-Díaz et al., 2020; Serrano-Saiz et al., 
2018). Additionally, recent studies in Nematostella have demonstrated that Pou4 is expressed 
in neural cells and it also regulates the generation of the nematocil and the maturation of 
mechanosensory “hair cells” (Ozment et al., 2021; Tournière et al., 2020). The detection of 
Pou4 in neural subtypes and mature nematocytes across life stages of Clytia, contributes to 
the following hypothesis concerning nematocyte evolution. The role of Pou4 genes in the 
determination of neural identity, in particular in distinct neural subtypes and sensory structures 
predates the Cnidaria-Bilateria divergence (Ozment et al., 2021; Tournière et al., 2020).  
 
Taken together, these findings allow considerations of the origin and the evolution of the 
nematocytes. Possible evolutionary scenarios are discussed further in the following section. .  
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4.3 - METHODS 
 
 

4.3.1 - Generation of the presence/absence matrix 
 

Marker genes were computed as previously described for the medusa (Chari et al., 2021) and 
by using the Seurat function “FindAllMarkers” for the planula. The dataset used for the medusa 
is represented by a merged dataset including the “Fed and Starved” and the “Stimulation” 
data, which were integrated following a custom pipeline to eliminate batch effect (Chari et al., 
2021;  
https://github.com/pachterlab/CWGFLHGCCHAP_2021/tree/master/notebooks/L1Validation. 
The dataset used for the planula is represented by the initial planula atlas including cluster 0 
and 3 (Fig. 3.3 and Fig. 3.4).  
Genes were computed with ranking tests (Wilcoxon non parametric test). Only genes 
associated with statistically significant expression value (P < 0.05 for the medusa and P < 0.01 
for the planula genes), which we consider marker genes, were retained and used to generate 
a binary planula-medusa presence/absence matrix of unique genes expressed with custom 
Python scripts.  
 
 

4.3.2 - Generation of the hierarchical cell-type tree 
 
To infer cluster cell types based on shared marker gene expression, we applied a phylogenetic 
statistical approach to model  gene gain and loss by performing Bayesian phylogenetic 
analysis, correcting for the inability to observe genes that were absent in both datasets (see 
manual) using the Biphy program (https://github.com/willpett/biphy; Pett et al., 2019). We 
performed a total of 10 iterations and merged the results in consensus trees using the 
Phylobayes package (Lartillot, 2020b, 2020a). The resulting consensus trees constitute what 
we consider a hierarchical cell-type tree, which allows us to visually inspect similarities and 
differences across clusters.  
We performed these analyses on presence/absence matrices generated by combining lists of 
marker genes from different available planula and medusa cell atlases and measured 
consistency across the trees to test the robustness of the approach. The topologies of the 
generated trees were not consistent at the fine level of the cell type relationships. However we 
detected consistencies at the broader level of the cell classes. How the use of different 
combinations of the datasets affects the topology of the tree is still unclear.  
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4.3.3 - Generation of the transcription factor list 
 
Transcription factors were isolated from the presence/absence matrix computed by using 
marker gene lists extracted by the recomputed planula atlas (Fig 3.5) and the integrated 
medusa atlas (Chapter 2). Genes were computed as described in the methods section of 
Chapter 2 and Chapter 3. A common filtering threshold was applied and only genes associated 
with a P value below 0.05 were retained for the following analysis (see above). A list of 550 
transcription factors (Leclère et al., 2019) was used to extract positive matches from the 
presence/absence matrix with custom Python scripts. The final list consists of 239 transcription 
factors annotated by family (Leclère et al., 2019) and, where available, by name or clear 
ortholog names. Annotation by cell types and classes in which the genes were detected is 
also provided. Among those, 128 transcription factors were detected in cell types belonging to 
both stages, 85 were specific to cell types of the medusa and 28 were specific to cell types of 
the planula. The complete table is available as  Annex Table C.  
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4.4 - DISCUSSION 
 
 
The advent of single cell transcriptomics has opened the way to the characterisation of cell 
types in relatively complex groups of animals. In a much broader framework the information 
of molecular signatures of cell types represents an important tool to establish comparative 
studies across phyla and trace evolution (Arendt, 2008; Arendt et al., 2016).  
 
We exploited our planula and medusa cell atlases to explore shared transcriptional signatures 
at cell type level across adult and larval stages of Clytia. The medusa is considered the most 
complex body form across Cnidaria (Leclère et al., 2019). Previous studies have identified a 
larger transcription factor repertoire associated with the medusa of Clytia with respect to other 
stages (Leclère et al., 2019). The molecular characterisation of the cell types presented in this 
study allows us to determine whether this complexity has a direct relationship with an 
increased diversity of cell types at this stage.  
 
Our comparative study provides an initial overview of similarities and differences across life 
stages. Exploiting lists of marker genes we generated a presence/absence matrix which we 
analysed with a phylogenetic approach to explore similarities and differences across life 
stages (Fig. 4.1).  
 
We detected the existence of putative stage specific cell types. The larva of Clytia has a 
lifespan of around 72 hours in laboratory conditions (Lechable et al., 2020; see Chapter 1). 
During this time, embryogenesis, cell differentiation and metamorphosis occur (Houliston et 
al., 2010; Kraus et al., 2020; see Chapter 1) and the larva likely undergoes major gene 
expression shifts. Our planula atlas corresponds to the 48 hpf stage allowing us to characterise 
the molecular signatures of the cell types present at this time of development. When compared 
to the medusa cell classes, the transcriptional signatures of the mucous and the aboral 
neurosecretory cell of the planula show low probabilities of being shared  (Fig. 4.1). Among 
the transcription factors expressed uniquely at planula stage we detected TBX8 transcription 
factor (Lapébie et al., 2014; Leclère et al., 2019) commonly expressed in these two cell types. 
TBX8 is thus potentially involved in the regulation of cell type-specific genes. Phylogenetic 
studies have demonstrated that the evolution of the T-box family transcription factors predates 
the origin of Metazoa. Although the DNA binding domain is highly conserved across Metazoa 
and non Metazoa, target genes differ, as demonstrated by sequence-based analysis of 
Brachyury. This suggests that an expansion of co-factors evolved with the outbreak of 
Metazoa (Sebé-Pedrós et al., 2013) and very likely corresponds with the emergence of novel 
cell types. In this scenario, T-box family transcription factors likely contribute to the 
differentiation of particular cell types, which would be represented by the aboral 
neurosecretory and mucous cells in the planula of Clytia. Furthermore, given the specificity to 
the stage of marker genes for these cell types (see Chapter 3), very likely they are both 
involved in functions specific to planula stage, such as settlement or metamorphosis.  
Another cell class which shows low probability of similarity with any cell class from the adult 
medusa  stage based on our marker gene comparisons is the putative excretory cells (PEC; 
Fig. 4.1). In this case the stage specificity likely extends to the polyp colony as well as the 
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planula stage, given the expression of some markers in the stolon bulk RNA seq (see Chapter 
3). Concerning the medusa, a putative stage-specific transcriptome signature is detected 
when comparing digestive gland cells against planula cell classes, although there are hints of 
a relationship with the neural cell class (Fig. 4.1). The unique expression profile of the digestive 
gland cells is explained by the role of these cells in primary digestion, implying active feeding, 
which occurs in the medusa medusa but not in the planula. Feeding behaviour is observed at 
the polyp stage as well. However, given the current lack of a polyp (gastrozooid) cell atlas we 
can not rule out whether gland cells are present within the polyp stage.  
A clear medusa-only cell class with many unique marker genes is the oocytes at different 
stages of oogenesis. These are clearly related to all the i-cell types from both stages and share 
a large set of genes with those (Fig. 4.1). We did not yet generate a cell type atlas from male 
medusae, but would expect spermatogenesis stages also to be medusa-specific. 
The complex behaviour exhibited by the medusa stage is partially due to unique-to-stage 
muscle fibres, in particular the fast contracting striated muscles, which allow the pulsating 
swimming motion (Leclère & Röttinger, 2017). In our analyses, we did not observe clear 
grouping  epidermis cell classes across stages (Fig. 4.1). This was somewhat surprising but 
might partially be due to very specialised transcriptional signatures of some medusa cell types, 
notably striated muscles (see Chapter 2 and Fig. 4.1), but also by the sets of genes which 
constitute the  uncharacterised planula-specific subtypes (see Chapter 3 and Fig 4.1).  
 
Clear cell classe-level similarity between stages is detected for both the gastrodermis and the 
neural cells classes (Fig. 4.1). In each case, despite the broader level of similarity, the medusa 
displays an expanded set of cell subtypes when compared to the planula. Further 
investigations are needed to determine whether this expansion is dependent on the evolution 
of stage specific regulatory programs in the adult. A possible scenario is discussed in the 
General Discussion. 
 
Analysis of the presence/absence matrix revealed that transcription factors associated with 
neurogenesis are shared across life stages (Leclère et al., 2019), although in some cases, the 
expression is not associated with the same cell types or classes. Members of the SOX and 
bHLH families, notably Sox10 and Neurogenin, are detected in I-cells and neural cell 
precursors in medusa as previously described (Chari et al., 2021; Leclère et al., 2019) 
supporting the hypothesis that neural cells originate from a stem cell like progenitor. 
Neurogenin expression in the i-cell of the planula is consistent to that observed at medusa 
stage. However, Sox10 is detected in epidermis but not in i-cells in the larva, consistent with 
the likely parallel developmental origin of certain neural cells at this stage (see above; Annex 
Table C).  
 
Finally, a remarkable similarity between transcriptional programs was detected within 
nematocyte developmental phases across the life cycle (Fig. 4.1). This represents the only 
example of finer level relationships that are consistent across our analysis. This evidence is 
corroborated by expression of candidate genes that recapitulate the two distinct phases of 
nematogenesis in both planula and medusa (see Chapter 2, Chapter 3 and Fig. 4.1). 
Nevertheless, expression of members of the Fox, Tbox, bHLH and DMRT families specific to 
planula nematoblasts suggest a difference in the regulation of the initial phase of 
nematogenesis in line with our experimental observations (Annex Table C and Chapter 3).  



 155 

The transcriptional regulation of the origin and the differentiation of the nematocyte lineage in 
Clytia is similar to that reported for the anthozoan Nematostella (Babonis et al., 2022; Babonis 
& Martindale, 2017). Concerning the origin of this cnidarian specific cell type, previous studies 
reported the existence of a common neural-like-stem-cell ancestor, expressing the Soxb2 
transcription factor, which gave rise to neural cell and nematocytes in Nematostella (Richards 
& Rentzsch, 2014). Recent studies reported the characterisation of Znf845 transcription factor 
in early stages of nematocyte development in Nematostella and Clytia (Babonis et al., 2022; 
Chari et al., 2021). A proposed evolutionary scenario suggests that the nematocyte lineage 
originated from the divergence of a sister cell type expressing a particular set of transcription 
factors, notably Znf845 and PaxA, capable of modulating the expression of previous existing 
neural associated genes and recruiting novel ones (Babonis et al., 2022). The conservation of 
this pathway in Clytia  argues in favour of an evolutionary scenario in which the nematocyte 
program evolved only once after the Cnidaria-Bilateria divergence.  
Evidence of the expression of a conserved homeobox transcription factors across Cnidaria 
and Bilateria, notably Pou4, in neural cell and nematocytes in Clytia and Nematostella, 
supports the hypothesis of the existence of a progenitor cell type with sensory characteristics 
before the divergence (Ozment et al., 2021; Tournière et al., 2020; this thesis). Indeed, Pou4 
expression is detected in neural subpopulations of ELAV-expressing endodermal neural cells 
in Nematostella (Tournière et al., 2020). Additionally, Nematostella Pou4 mutants fail to 
correctly assemble the nematocil and do not respond to tactile stimuli indicating a crucial role 
in the formation of sensory structures (Ozment et al., 2021; Tournière et al., 2020). Disruption 
of NvPou4 resulted in polyp with a compromised ability to catch prey and feed caused by the 
lack of a complete assembly of fully functioning nematocytes (Tournière et al., 2020). 
Therefore young polyps were unable to reach maturity and it was not possible to observe a 
neural phenotype in adults (Tournière et al., 2020). On the other hand, sc-RNAseq data from 
adult Nematostella polyp reported the expression of Pou4 in neural cells suggesting a possible 
involvement in the regulation of differentiated neural cells (Sebé-Pedrós, Saudemont, et al., 
2018; Tournière et al., 2020). Taken together, these results suggest a conserved involvement 
of Pou4 in the development of sensory structures and possibly neural identity across Cnidaria 
and Bilateria (Ozment et al., 2021). Consistently, Pou4 binding motifs are highly conserved 
across Cnidaria and Bilateria (Ozment et al., 2021). However, analysis of downstream targets 
indicates that Pou4 regulates the expression of distinct sets of effector genes in hair cells and 
nematocytes in Nematostella (Ozment et al., 2021). Whether Pou4 regulated a distinct set of 
genes in the ancestral nematocyte or Pou4 targets diverged and became part of distinct 
transcriptional programs in different cell types remains to be determined (Ozment et al., 2021). 
During nematogenesis the first, distinct, transcriptional phase supporting nematocyst 
formation, would precede the common steps of neural differentiation regulated by Pou4. 
This allows us to add to the already proposed scenario a possible preservation of a sensory 
program from the neural-like ancestor which is likely regulated by Pou4 in the terminal phases 
of nematogenesis in Clytia. This hypothesis would represent an explanation of the 
mechanosensory capabilities of the mature nematocytes.  
 
To summarise, the scenario outlined above suggests that nematocytes evolved from a neural-
like ancestor and specific transcription factors (such as Znf845) modulated the expression of 
existing genes in the sister cell type (Babonis et al., 2022). This allowed  the recruitment of 
novel genes, for instance Minicollagen genes, into a first programme of nematogenesis, and 
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to the evolution of nematocytes as a unique cell type  (Babonis et al., 2022). The detection of 
the conserved transcription factor Pou4 in neural cell subtypes and in mature nematocytes 
suggests that it may have regulated genes responsible for the sensory characteristics of the 
ancestor cell types,  retained in nematocytes and sensory cells as “sister cell types'' (Arendt 
2016). However, target genes of Pou4 in Clytia remain unknown, as are its interactions with 
other transcription factors. Analysis of Pou4 binding motifs and identification of downstream 
targets in Clytia will be useful to address this hypothesis and to shed light on the conservation 
of this program across Cnidaria. 
Clytia is phylogenetically well placed to address the evolution of the nematocyte cell type  in 
Hydrozoa as well as Medusozoa. In fact, this pathway appears to be shared between the 
planula larva and the more complex medusa. Conserved features of nematocyte origin and 
differentiation pathways across Anthozoa and Medusozoa strongly support a single origin of  
nematocytes after the divergence from Bilateria.  
 
 
As already mentioned, further investigations are needed to support these observations 
concerning similarities and differences across life stages of Clytia.  At the moment, our biphy 
analyses are not completely robust and the method certainly requires further testing and 
development. We can consistently detect relationships at the broad level of the cell classes 
but not at the finer one of the cell types. The one example of a finer level of comparison is 
within the nematocyte class, where we can consistently determine relationships across cell 
types in all our analyses. We anticipate that a detailed analysis of transcription factor and 
transcription factor-binding sites followed by the determination of downstream effector genes 
will enable a more solid comparative analysis by determining the “fingerprint” of the cell types 
(Arendt, 2008). At present, this comparative study provides further insights on the distribution 
of cell classes similarity relationships in Clytia. Once improved, our study can contribute to 
provide further knowledge concerning the evolution of the hydrozoan life cycle. Ultimately, our 
results can be exploited in the framework of a larger comparative analysis to address the 
evolution of cell types in the last cnidarian-bilaterian common ancestor. 
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ANNEX 4a  - Hierarchical cell type tree of medusa and planula cell types Integrated medusa atlas 
versus initial planula atlas 
 
Hierarchical representation of similarities between cell types and classes across the planula and the 
medusa of Clytia. Branches are labelled with the numbers assigned during clustering: Medusa 
cluster/cell types in blue; Planula clusters/cell types in red. Dashed boxes represent similarities.  



 158 

 

ANNEX 4b  - Hierarchical cell type tree of medusa and planula cell types Integrated medusa atlas 
versus recomputed planula atlas 

Hierarchical representation of similarities between cell types and classes across the planula and the 
medusa of Clytia. Branches are labelled with the numbers assigned during clustering: Medusa 
cluster/cell types in blue; Planula clusters/cell types in red. Dashed boxes represent similarities.  
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The studies I have presented in this thesis contribute to expanding the knowledge of the cell 
types in Cnidaria. In particular, the cell atlases I have generated of the adult medusa and the 
planula larva of Clytia hemisphaerica provide novel insights concerning the characterisation 
of the cell types of the medusozoan subgroup, Hydrozoa, to which Clytia belongs. 
 
Clytia represents an emerging cnidarian model system which unlike the polyp-only hydrozoan 
model Hydra, exhibits a triphasic, or “complete”, hydrozoan life cycle including a ciliated 
planula larva, sessile polyp forming colony and free-swimming medusa stages (Houliston et 
al., 2010). The medusa constitutes the fundamental innovation of the phylum as well as the 
most complex cnidarian body form. The medusa body is organised according to a tetra-radial 
symmetry and it exhibits distinct organs such as the gonads, the manubrium and the tentacle 
bulbs, which produce tentacles filled with stinging cells. Each of the organs displays an outer 
layer, or epidermis and an inner layer, or gastrodermis. Striated fast-contractile muscle fibres 
enable rapid contractions which characterise the pulsatile swimming movements. A well 
organised nervous system which innervates the subumbrella and is condensed into two nerve 
rings at the edge of the bell coordinates sophisticated medusa-specific behaviours, including 
swimming and feeding (Weissbourd et al., 2021). At the bell margin, nerve rings are connected 
with sensory structures or statocysts (Houliston et al., 2010).  
The ease of culturing Clytia (Lechable et al., 2020) and the accessibility of all the life stages 
facilitated my work of establishing single cell transcriptomic approaches in order to address 
the complexity of the medusa against the much simpler planula stage at the cell type level. 
The planula exhibits a basic body organisation on an oral-aboral axis with the two tissue layers, 
the outer epidermis and the inner gastrodermis (Kraus et al., 2020). Prior to this study, our 
knowledge on the planula cell types relied on old morphologically-based descriptions (Bodo & 
Bouillon, 1968) and no molecular signatures were available. 
Besides representing a foundation to perform comparative analysis at the cell type level across 
stages, the cell atlases of the planula and the medusa of Clytia provide new insights on 
previously uncharacterised cell types as well as supporting existing knowledge on those 
already described for both stages.  
 
The availability of single cell transcriptomics and the progressive uncovering of detailed cell 
type molecular signatures sets the ground for a new perspective that envisages the 
exploitation of molecular information to study evolution at the cell type level (Arendt, 2008; 
Arendt et al., 2016). In detail, the association of cell type-specific transcriptional regulatory 
programs and effector genes constitutes a core regulatory complex, or CoRC. When specific 
CoRCs evolve in a partially independent manner this can be leveraged to determine the 
identity of a given cell type. As such, the cell type can be considered as an “evolutionary unit” 
and the molecular information can be exploited to “trace” its evolutionary history across 
species (Arendt et al., 2016). 
 
My study is well placed in this context. Clytia is part of Cnidaria that diverged from Bilateria 
around 550 Mya. In a much broader comparative framework, the information concerning 
molecular signatures of cell types of Clytia, along with data from other studies in which the 
molecular characterisation of the cell types of other cnidarian species has been achieved, can 
inform on the evolution of Metazoa.  
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In the following sections I discuss the main findings of my study and how those contribute to 
further knowledge on the evolution of the hydrozoan life cycle and of the cell types in Clytia. I 
also discuss the challenges I encountered and the constraints of some experimental and 
computational approaches I used.  
 
Briefly, my findings can be summarised as follows:  
i) The generation of the first cell atlas of the medusa of Clytia in collaboration with the Pachter 
and Anderson groups at Caltech (Chari et al., 2021). Analysis of the atlas revealed a rich 
diversity of cell types within the single classes and allowed a detailed characterisation of 
developmental stages of nematogenesis and previously unreported neural cell types (Chari et 
al., 2021). This atlas the molecular characterisation of 36 cell types grouped in eight broad 
classes: the  epitheliomuscular cells of the two body layers (epidermis and gastrodermis), the 
i-cells, neural cells nematocytes, digestive gland cells and bioluminescent cells. I integrated 
this atlas with data that I produced and finally generated an additional medusa atlas which 
represents a consolidation to the initial medusa cell atlas  
 
ii) The generation of the cell atlas of the planula of Clytia. The development of the experimental 
dissociation protocol for the planula stage was a challenge and its refinement was crucial for 
the generation of the data. This atlas includes 19 cell types grouped into eight cell classes 
namely the  epidermis, the gastrodermis, i-cells, neural cells, nematocytes as well as aboral 
neurosecretory cells, mucous cells and putative excretory cells (PEC), which were not 
previously characterised at the transcriptional level. Analysis of the atlas allowed us to identify 
cell types already reported (Bodo & Bouillon, 1968) and characterise them further. 
Interestingly, developmental stages of nematogenesis coincide with those in the adult. 
However analysis of their distributions during planula development suggests that some 
nematocyte stages of the planula might be regulated differently to those  of the medusa.  
 
iii) Analysis of the planula and medusa cell atlas data to explore shared transcriptional 
signatures at the cell type level. Previous studies had identified a larger set of transcription 
factors in the complex medusa stages of Clytia compared  to the other life cycle stages 
(Leclère et al., 2019). This comparative analysis aimed to shed light on whether the increased 
molecular repertoire mirrors an expansion of the cell types in the adult. I have started to  
compare molecular signatures of the medusa cell types against the ones of the planula cell 
type and asked which of those were shared or unique.  
This comparative study is still in its early stages, but it already has suggested some biological 
interpretations. It revealed some degree of similarity between certain planula and medusa cell 
classes, namely gastrodermis, i-cells, neural cells and nematocytes. On the other hand, other 
classes showed a lower likelihood of being shared between stages, such as the epidermis, 
mucous and putative excretory cells (PEC) of the planula, and the epidermis and gland 
digestive cells of the medusa. Thus this comparative approach provides an initial vision of the 
similarities across stages at the broader level of the cell classes. However, our methods 
require further assessment, and ideally more planula data to enable more robust comparisons 
at the cell type level. The abundance of nematocytes cells at various stages of differentiation 
in our data have enabled a finer level of comparison, revealing general  equivalence of the 
trajectories.  Indeed, stages of nematogenesis show a high degree of similarity of gene usage 
across the life cycle. As already mentioned, our data, supported by in situ hybridisation 
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profiles, suggest that the regulation of those sets of genes might differ between the two life 
stages, with nematogenesis in the planula being stalled for most cells at the transition from 
nematoblast stage to the nematocyte maturation phase. In parallel, I explored the expression 
of cell type/cell classes specific transcription factors. Taken together, the results of the initial 
exploration of regulatory programs along with the insights we could gather from the 
comparative analyses, allowed us to draw evolutionary scenarios on the origin and 
development of the cell types in Clytia.  
 
 

Hydrozoan cell types: a viewpoint from Clytia  

 
The medusa cell atlas I presented in Chapter 2 constitutes a tool to address the development 
and the evolution of the most complex form within Cnidaria. We uncovered a much higher 
degree of cell diversity compared with the hydrozoan model system Hydra and the anthozoan 
Nematostella (Chari et al., 2021; Sebé-Pedrós, Saudemont, et al., 2018; Siebert et al., 2019). 
Analysis of cluster-specific selected candidates and in situ expression pattern revealed that 
the epidermis cell class can be subdivided in seven cell types including basic structural 
epidermis types and unique smooth and striated muscle types. Previously underappreciated 
richness was detected within the gastrodermis that can be subdivided into eight cell classes. 
We characterised two of those as “structural” gastrodermis types that were enriched in 
extracellular matrix formation genes and are, therefore, likely involved in the production of the 
mesoglea. The remaining six cell types showed a compartmentalised distribution across the 
gastrodermis of the medusa and are very likely involved in different digestive functions the 
precise role of which remain to be determined (Chari et al., 2021). We identified the hydrozoan 
stem cell population, or i-cells, which are thoroughly described in Hydra and give rise to 
derivatives such as neural, gland, germ cells and nematocytes (Bode, 1996). We addressed 
i-cell-mediated neurogenesis and nematogenesis in Clytia by performing pseudotime analysis 
of isolated i-cells, neural cells and nematocytes. Our results indicate that in Clytia, as in Hydra, 
neurogenesis and nematogenesis initiate from i-cell-like precursors. We could not rule out that 
i-cell-like precursors are also responsible for generating digestive gland cells in Clytia (Chari 
et al., 2021). The lack of clear link between the  i-cell and digestive gland cell clusters is 
possibly due to self-renewal mechanisms which contribute to the maintenance of digestive 
gland cells with a distinctive transcriptional profile (Siebert et al., 2019). We assigned six 
clusters as gland digestive cells which we characterised on the basis of strongly expressed 
digestive enzymes (Chari et al., 2021). The massive production of trypsin, ShKT, fibrinogen 
and chitinase domain containing proteins argues in favour of an involvement in primary 
digestion of these cells. The distinctions between each of these types is unknown. We 
assigned seven neural cell types based on the expression of ELAV (Nakanishi et al., 2012) 
and other neural expressed genes including several neuropeptide precursors. We predicted 
novel neuropeptide precursors by sequence-based analysis of neural markers (Chari et al., 
2021) adding to the list of those already known from other studies (Quiroga Artigas et al., 
2018). Among the neural cell types we identified one cluster as neural cell precursors and six 
clusters of differentiated neural cells producing neuropeptides. Reclustering analysis of 
isolated neural cells (Chari et al., 2021) and additional analysis of in situ expression patterns 
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of neuropeptide precursors revealed more putative neural subtypes present in the medusa. 
Whether those represent distinct subtypes with different functions or an artefact of the 
reclustering will require functional analysis of selected candidate genes to be resolved. Finally, 
as in Chari et al. (2021), I assigned seven cell types to the nematocyte class. The large number 
of cells recovered enabled the detailed characterisation of nematogenesis and nematocyte 
development. Indeed, we could reconstruct the nematocyte developmental trajectory and 
distinguish two distinct but continuous transcriptional programs. We characterised the initial 
program as the first phase of nematogenesis during which the nematoblasts differentiate from 
i-cells and produce the typical nematocyte organelle or stinging capsule. Following the 
production of the capsule, the nematocytes initiate a phase of differentiation and migration 
toward the tentacle which is characterised by an abrupt downregulation of previously 
expressed genes and by the expression of a set of genes which are enriched in the “stereovilli” 
of the vertebrate hair cells. This second phase terminates with the production of the nematocil, 
the trigger for nematocyte discharge. 
 
The planula cell atlas presented in Chapter 3 constitutes the first cell type atlas of a hydrozoan 
larva. The presumed high fragility of the planula cells required several refinement steps of the 
dissociation protocol. Following optimisation of the experimental procedures I    excluded two 
clusters of likely technical artefacts, decreasing the number of cells available for further 
analyses. The final atlas represents a useful resource for the characterisation of the planula 
cell types. It provides molecular signatures of as-yet uncharacterised subtypes of the 
epidermis and the gastrodermis. Analysis of in situ expression patterns of selected candidate 
genes suggests that the epidermis subtypes are potentially planula specific. Their involvement 
in specific functions remains to be determined. I assigned two clusters as neural cells on the 
basis of the expression of ELAV proteins (Nakanishi et al., 2012). Analysis of the molecular 
signatures indicate that each of those cell types express multiple neuropeptide precursors. I 
performed reclustering analysis of isolated neural cells to explore them further, however, the 
low number of cells used in those analyses yielded sub-clusters which could not be confidently 
assigned to neural subtypes. In situ hybridisation profiles of neuropeptide precursor genes 
suggested further diversity in neural subpopulations,  which needs to be confirmed. 
Interestingly, the nematocyte markers used to determine the developmental stages of 
nematocyte differentiation recapitulated the two distinct phases of nematogenesis in planula. 
Indeed, our comparative analyses show an almost complete match of nematocyte 
developmental stages across the life cycle. Surprisingly, analysis of the in situ expression 
patterns indicated that the differentiation occurs in early stages of planula development. 
Indeed, this analysis indicates that the initial program is stalled for most of the cells and that 
nematoblasts continue to accumulate until later planula stages. Furthermore the expression 
of Nematocilin is detected in only a few cells, which are concentrated at the oral pole of the 
planula at 72 hpf. Mature nematocytes are present in the disk-like arrangement around the 
aboral pole of the planula after settlement (Krasovec et al., 2021) even though the non-feeding 
planula has no use for nematocytes to catch prey, in contrast to the polyp and the medusa. 
This suggests that the two nematocyte programs are active before metamorphosis and that 
nematoblasts with a fully formed capsule as well as completely mature nematocytes serve as 
a reservoir for the future primary polyp. Analysis of transcription factors revealed the presence 
of Fox, bHLH, Tbox and DMRT families in nematoblasts and nematocytes uniquely at planula 
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stage. This suggests that a difference in regulation might be responsible for the delayed 
programs in the planula with respect to the medusa.  
 
 

Origin and evolution of the cnidarian stinging cells 

 
The detailed characterisation of the molecular signatures of nematocytes developmental 
stages allowed a comparison with the nematogenesis pathways described in Nematostella. In 
Nematostella, nematocytes as well as neurons differentiate from a common neural-like-stem-
cell precursor which is characterised by the expression the Sox family transcription factor  
Soxb2 (Richards & Rentzsch, 2014). An additional transcription factor, Znf845, is co-
expressed in those cells, likely downstream of Soxb2, and it is responsible for the triggering 
of the diversification into nematocytes by inducing the nematocyte phenotype and potentially 
repressing the neural phenotype (Babonis et al., 2022). Znf845 is also partially co-expressed 
with PaxA which is described as a regulator of the differentiation of nematocytes (Babonis & 
Martindale, 2017) and a recent study demonstrated that Znf845 acts upstream of PaxA 
(Babonis et al., 2022). Thus, Znf845 is essential to nematogenesis. These findings suggested  
an evolutionary scenario in which the nematocyte lineage would originate with the emergence 
of sister cell types expressing a set of regulators, such as Znf845 and PaxA. These genes 
would then modulate the expression of neural-like programs previously existing within the 
ancestor and recruit novel genes which are responsible for the generation of the nematocyte 
capsule (Babonis et al., 2022). Consistent with these findings, our analysis of the single cell 
data of and of in situ expression patterns in Clytia demonstrated that Znf845 is expressed in 
a population of i-cell progenitors (Chari et al., 2021) andis likely playing a similar role to that 
described in Nematostella. Furthermore, analysis of the presence/absence matrix revealed 
the expression of an ortholog of PaxA in early and differentiated nematoblasts but not in i-cells 
for both planula and medusa. This supports a conserved evolution of the Znf845/PaxA 
pathway in Clytia and a common origin of the nematocyte lineage across Cnidaria.  
 
A particular combination of markers extracted from our medusa and planula atlas showed 
similarity between mature nematocytes and neural cells in our hierarchical cell-type tree. Thus, 
we returned to our presence/absence matrix to investigate whether this similarity was driven 
by particular transcription factors. Interestingly, we detected the expression of the homeobox 
transcription factor Pou4 (also known as Brn3) in mature nematocytes and neural cells across 
stages. Pou4 genes are responsible for conserved functions in Bilateria, such as the 
differentiation and the maintenance of neural identity which has been demonstrated in mice, 
Drosophila  and C.elegans (Leyva-Díaz et al., 2020; Serrano-Saiz et al., 2018). Recent studies 
have demonstrated that Pou4 genes are involved in the regulation of the nematocyte cilium 
and in the maturation of mechanosensory “hair cells'' in Nematostella (Ozment et al., 2021; 
Tournière et al., 2020). Furthermore, single cell transcriptomic data of the Nematostella adult 
polyp have reported the expression of Pou4 in neural cells suggesting a possible role in the 
regulation of their differentiation (Sebé-Pedrós et al., 2018; Tournière et al., 2020). Taken 
together, these results indicate that Pou4 plays a role in the development of sensory structures 
and possibly neural identity across Cnidaria as it does in Bilateria (Ozment et al., 2021). The 
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detection of Pou4  in neural cells and mature nematocyte in Clytia supports the already 
proposed scenario which suggests that the evolution of the role of Pou4 in the determination 
of neural identity and sensory structures predated the Cnidaria-Bilateria divergence (Ozment 
et al., 2021; Tournière et al., 2020). Indeed, Pou4 binding motifs are highly conserved across 
Cnidaria and Bilateria although downstream effector genes differ depending on the cell type 
(Ozment et al., 2021). What is still unresolved is whether a Pou4 transcription factor regulated 
a distinct set of genes in the ancestral nematocytes or if targets of Pou4 diverged and evolved 
independently in distinct cell types (Ozment et al., 2021). Furthermore, Pou4 is defined as a 
“terminal selector”, such as transcription factors considered responsible for the regulation of 
cell type identities acting through repression of alternative types (Hobert, 2008). One 
possibility is that Pou4 regulated “sensory genes'' in the ancestor neural-like-stem cells of 
nematocytes and that those characteristics have somehow been retained in nematocytes and 
neural sensory cells as “sister cell type” where Pou4 modulates the expression of different 
effector genes (Leyva-Díaz et al., 2020). However at present, target genes as well as 
interaction with other transcription factors of Pou4 have not been identified in Clytia. The 
characterisation of these interactions will enable this hypothesis to be tested and expand the 
knowledge on the conservation of this program in Cnidaria.  
 
 

Complexity of the medusa form compared to the simpler planula  

 
We identified a large diversity at the cell type level in the medusa. However, a certain degree 
of diversity can be also observed at planula stage considering that certain planula cell classes 
do not show similarity with any of the medusa ones. For instance the epidermis and the sets 
of secretory cell classes of the two stages, which include mucous and putative excretory cells 
(PEC) of the planula and gland digestive cells of the medusa, showed a consistent dissimilarity 
in our analyses. These cell classes are likely associated with behaviours that are specific to 
the stages. For instance, the gland digestive cells of the medusa are likely involved in primary 
digestion of prey, indicating their involvement in feeding behaviours which are a feature of the 
medusa stage. On the other hand, mucous cells are probably involved in the secretion of 
molecules that contribute to securing the planula to the ground during settlement, which is a 
behaviour specific to  the planula. Similarly, PEC might be involved in unknown stage-specific 
processes, likely common to the polyp but not to the medusa stage. Likewise, the epidermis 
cell types of the medusa, notably muscle fibres, are involved in specialised behaviour 
characteristic of the medusa stage only, such as the sophisticated swimming motion which is 
not present at the planula stage. This evidence enables us to speculate on the existence of 
putative ancestral epidermis and secretory cell types which would have diversified into  sister 
cell types that have further differentiated in the two life stages in line with their behavioural 
complexity. At present, our comparative study has not resolved the evolutionary origin of cell 
classes unique-to-stage. The refinement of our comparative analyses is essential to enable 
the comparison at the finer level of the cell types and resolve the relationships within cell 
classes. This will also enable the relationships across classes to be investigated, for instance 
putative relationships across secretory cells and epidermis or I-cells, which would allow us to 
gain insights on their evolutionary origin. 
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Is the larger set of transcription factors observed at medusa stage directly 
associated with an expansion of cell types? 

 
Overall my analyses indicate that an overall richer diversity of cell types is associated with the 
medusa stage with respect to the planula. These do not correspond to completely novel cell 
types but rather to specialised subtypes. Indeed the specialised subtypes observed at medusa 
stage belong to cell classes that consistently show similarity in our analyses, notably the 
gastrodermis, the i-cells, the neural cells and the nematocyte classes. Accordingly, we can 
speculate that the larger set of transcription factors at medusa stage would be involved in the 
emergence of diversified regulatory pathways following the evolution of putative ancestors of 
those cell classes. In more detail, the newly evolved regulatory pathways along with the 
recruitment of effector genes would have led to the emergence of highly specialised subtypes 
within those classes at medusa stage. Open questions are, for instance, which transcription 
factors control the emergence of the diversified subtypes at medusa stage? Are those involved 
in the regulation of subtypes at planula stage? Is the diversity of subtypes associated with 
different regulatory programs such as distinct sets of transcription factors and effector genes 
responsible for the emergence of novel subtypes? Or, In contrast, do the same transcription 
factors recruit and regulate distinct sets of effector genes in the different subtypes across life 
stages? The determination of cell type specific transcription factors, the analysis of binding 
domains and the identification of the effector genes are crucial steps that must be pursued to 
resolve those questions.  
 
 

Evolution of the hydrozoan life cycle: perspectives from neural cell evolution 

 
Speculations on the evolution of the hydrozoan life cycle can be drawn on the basis of the 
similarity within the neural cell class that we consistently observed across life stages in our 
comparative analyses. However some evidence suggests that from a developmental point of 
view neural cells might derive from different precursors at the two stages. Firstly, our 
comparative analyses show some degree of similarity between neural precursors of the 
medusa and i-cell classes as expected. This is supported by the expression of neurogenic 
transcription factors belonging to bHLH and Sox families such as bHLH6 and Sox10 
transcription factors on the pseudotime trajectory from i-cells to neural cells (Chari et al., 
2021). Thus, neural cells originate from an i-cell-like precursor at medusa stage. By contrast 
,at the planula stage expression of Sox10 and bHLH6 are not detected in the i-cells  but rather 
in epidermis, suggesting an epidermal neurogenesis. This is supported by the detection of 
Sox10 expression in particular cells at the base of the ectodermal layer at gastrula stage 
(Kraus et al., 2020). The hypothesis of the epidermal origin of neural cells at planula stage is 
the subject of an ongoing investigation in the lab. Results are confirming the conclusion of 
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Thomas et al. (1987) that certain neural subtypes, along with mucous cells, derive from aboral 
and lateral epidermis. In parallel, some neural subtypes likely originate from i-cell-like 
precursors as in medusa, as supported by the expression of the bHLH family transcription 
factor Neurogenin in i-cells at the planula stage (confirmed by in situ hybridisation: S. 
Chevalier, unpublished). Neurogenin is likely involved in the regulation of the i-cell-mediated 
neurogenic pathway in the medusa as indicated by its detection in neural cell precursors at 
medusa stage (Chari et al., 2021). As reported in Chapter 4, our data indicate that this pathway 
is shared across life stages. Thus, neural cells at medusa stage probably originate exclusively 
(or at least dominantly) from i-cell-like precursors, while at planula stage they derive both from 
i-cells and by ectodermal neurogenesis.  
In most animals neurogenesis starts from epithelial cells (reviewed in Hartenstein & 
Stollewerk, 2015). In Nematostella neural cells originate from epithelial cells of the  ectoderm 
as well as endoderm (Nakanishi et al., 2012). Additionally, analysis of single cell 
transcriptomics data of Nematostella adult and larval neurons revealed that broad neural 
signatures are shared across Nematostella and C.elegans supporting the existence of a 
neural-like cell type in the common Cnidaria/Bilateria ancestor. Although signatures of 
subtypes do not show similarities suggesting that the assembly of specific molecular 
components which determine and maintain distinct neural subtypes evolved independently in 
each lineage (Sebé-Pedrós, Saudemont, et al., 2018). The ectodermal neurogenesis at 
planula stage of Clytia indicates that the larva partially retained a conserved neurogenic 
program that predated the Cnidaria-Bilateria divergence. The lack of evidence of this 
neurogenic program at medusa stage, which has been replaced by an i-cell-mediated 
neurogenesis, corroborates that the i-cells represent a derived trait evolved at the onset of 
Hydrozoa. Furthermore, considering the partial retention of an ancient neurogenic program, 
we can speculate that a planula-like body form was present before the emergence of the 
Hydrozoa and probably of all cnidarian (Nielsen, 1998; Salvini-Plawen, 1978).  
Regardless, improving the sampling of cnidarian species at the cell type level is essential to 
resolve this hypothesis.  
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FUTURE PERSPECTIVES and CONCLUSIONS 
 
In the general discussion I outlined that uncovering and comparing the molecular signatures 
of the cell types in Clytia allowed inferences on the complexity of the medusa stage and the 
evolution of the cnidarian life cycle to be drawn. Furthermore, this study provides novel insights 
on the evolution of individual cell classes for instance the nematocytes and neural cells. 
However, my study is limited to the characterisation of the cell types in Clytia at the molecular 
and, to some extent, morphological levels, therefore questions concerning specific roles and 
involvement in certain functions of the cell types remain to be resolved. 
The experimental protocols presented in this work will serve as a basis to perform single cell 
transcriptomics in other cnidarian species. This would increase the availability of cnidarian cell 
atlases and contribute to expanding the knowledge on cnidarian cell types. In the context of 
Clytia, single cell transcriptomics for other stages is now possible. One possibility would be to 
explore cell types at earlier stages of planula development which would shed light on the dual 
evolutionary origin of the neural cells at planula stage. A second possibility would be to 
examine cell type molecular signatures at polyp stage, which would result in the 
characterisation of the cell types of the whole life cycle and in the resolution of unique and 
shared cell types across stages. Furthermore, the atlases presented in this study constitute a 
tool for the Clytia and the hydrozoan community. They provide detailed molecular information 
and several candidates that can be exploited for future functional analysis. Additionally, the 
initial characterisation of the ultrastructure of the cells I achieved during this work, added a 
further morphological level of characterisation of the cell types of Clytia. In the future, this can 
be expanded to the characterisation of the 3D structure of the cells which would allow better 
understanding of their specialised compositions as well as reconstruction of cell-to-cell 
interactions within tissues.  
 
Some aspects concerning the computational analysis are not completely resolved. For 
instance, it is essential to refine the batch effect correction analysis to enable easy reclustering 
of specific cells and further investigation of subtypes. Additionally, increasing the robustness 
of our comparative analysis would establish a novel approach for the comparison of the cell 
types and the determination of similarities at the finer level of the cell type. This would lead to 
gain further insights into the evolution of the hydrozoan life cycle.  
Finally, this study can be integrated in a much broader comparison with similar data of species 
belonging to other Cnidaria and Bilateria taxa. Ultimately, it will enable the hypothesis of the 
reconstruction of the evolutionary history of the cell types to be tested and potentially resolved. 
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