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Abstract 

 
Hydractinia is a sessile, colonial invertebrate and a member of the phylum 

Cnidaria. They possess a remarkable population of adult stem cells known as 

i-cells which are the source of Hydractinias impressive regenerative ability. 

Previous work had identified the presence of i-cells during embryogenesis and 

metamorphosis. I was able to show the first appearance of putative i-cell 

progenitors in early embryogenesis in Hydractinia. i-cell progenitors first 

appeared at the 32/64-cell stage, often with many individual cells at once 

expressing Piwi1 (which is an i-cell marker). The true developmental potential 

of these putative i-cell progenitors remains to be studied. Past studies have 

shown that a population of i-cells can give rise to all somatic cell lineages as 

well as germ cells in Hydractinia. However, whether this population consisted 

of distinct, lineage-committed i-cells or pluripotent cells has not yet been 

confirmed. This work determines the developmental potential of a single i-cell 

in Hydractinia. Making use of Hydractiniaôs remarkable growth, plasticity, I 

established a method for transferring a single i-cell from a double transgenic 

Piwi1::GFP Beta-Tubulin::mScarlet reporter colony into a wild type animal via 

stolonal contact. This method allowed tracing all progeny of a single grafted i-

cell in the host tissue in vivo. I observed that wild type Hydractinia tissue 

possessing an initial single transgenic donor i-cell developed into a chimeric 

animal with a mixture of cells derived from the transgenic donor and the wild 

type recipient. Donor-derived cells, representing all major somatic lineages 

and germ cells were scattered in the recipientôs tissues in both feeding and 

sexual polyps, and in the stolonal compartment. This study shows that 

Hydractinia possesses pluripotent i-cells.   

Additionally, somatic cell types in Hydractinia did not exhibit any stem cell like 

qualities such as continuous proliferation and passive displacement.  
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Chapter 1:  Introduction  
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1.1.  Stem Cells 

 

1.1.1 Stem Cells 

Stem cells are defined as unspecialised cells with the capacity for self-renewal 

and differentiation into more specialised, functional cellular lineages (Potten & 

Loeffler, 1990; Hall & Watt, 1989). Stem cells are essential for tissue 

development, homeostasis, and regeneration, and are present in organisms 

at both the embryonic and adult life stages.  Another feature of pluripotent cells 

is the absence of morphological and molecular markers that are associated 

with a terminally differentiated state. Lastly, the ability for a single pluripotent 

cell to differentiate into all germ layers and gametes of an organism 

(Warmflash, Larduini, & Brivanlou, 2012).  The sheer scope of cell types that 

a single stem cell can differentiate into is referred to as its developmental 

potential (Figure 1.1) (Overturf, al-Dhalimy, Ou, Finegold, & Grompe, 1997).  

Totipotent stem cells give rise to embryonic tissues and extra-embryonic 

structures as well as every other cell type required to form an adult. An 

example of a totipotent entity is a zygote that can form the germ layers or form 

a placenta. However, due to its inability to self-renew it cannot be considered 

a stem cell. Pluripotent stem cells give rise to all germ layers and germ cells 

in an organism but do not give rise to their extra-embryonic structures. An 

example of which would be the inner cell mass of the mammalian blastocyst. 

In most animals, pluripotency is something that lasts for a relatively discrete 

period of time prior to gastrulation. Synthetically, mammalian somatic cells can 

be reversed back into pluripotency by inducing them with the addition of 

transcription factors that are known to be regulators of pluripotency 

maintenance in embryos, OCT4, SOX2, KLF4, and C-MYC (Takahashi, et al., 

2007). Multipotent stem cells are more limited and can only differentiate into 

more discrete cell lineages such as hematopoietic stem cells which can give 

rise to all blood cell types of both the lymphoid and myeloid lineage. A very 

small portion of hematopoietic stem cells is necessary to initiate the 

hematopoietic process. Daily, approximately, one trillion cells are derived to 

maintain homeostasis in human bone marrow (Yoon Lee & Hong, 2020). Stem 
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cells with highly limited potential are unipotent. They are defined by their ability 

to continuously self-renew but only differentiate into a single cell type (Kolios 

& Moodey, 2013).  

 

 

 

 

Adult stem cells are undifferentiated cells found during adulthood in an 

organism. In most animals, they are unipotent or multipotent. They undergo 

self-renewal by symmetrical division or divide asymmetrically (one daughter 

stem cell and one differentiated cell) to support tissue homeostasis and 

growth. In humans, adult stem cells are present in almost all parts of the body 

in specific tissue-dependent stem cell niches. These stem cells support repair 

and regeneration of cell types discretely in only those specific tissues. Other 

Figure 1.1. Simplified schematic of the categories of developmental potential.  
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organisms, such as marine flatworms, planarians and salamanders, have a 

much greater regenerative potential by comparison (Mouton, Wudarski, 

Grudniewska, & Berezikov, 2018). Salamanders can regrow complex 

structures such as tissue in the eye, tail, entire limbs, large sections of the 

nervous system and their heart. A mound forms at the point of injury creating 

a blastema. The blastema is made up of mesenchymal multipotent stem cells 

that differentiate into all cell types required for regeneration.  The regenerative 

response in planarians and salamanders can discern whether minor injury or 

full-scale amputation has occurred and mount an appropriate response to 

either heal the wound or rebuild the structure (Tajer, Savage, & Whited, 2023; 

Stocum, 1984). Planarians have the capacity for whole-body regeneration and 

can fully regenerate from small fragments due to their population of pluripotent 

adult stem cells. If a single planarian is excised into multiple fragments, from 

each fragment (except for the anterior-most part that lacks stem cells) a new 

planarian will regenerate an genetically-identical individual, rebuilding complex 

structures such as the nervous system, pharynx and gut (Wagner, Ho, & 

Reddien, 2012; Wagner, Wang, & Reddien, 2011). 

 

1.1.2. Determining Pluripotency 

Pluripotency is identified by several effective methods. Firstly, the utilisation of 

transcription factors which act as regulators for the preservation of stemness, 

self-renewal and the inhibition of lineage specifiers. Myc promotes an open 

chromatin and amplification of cell proliferation. SOX2 and OCT4 is expressed 

in totipotent- germ- and embryonic stem cells. Downregulation of OCT4 is 

followed by immediate differentiation of totipotent cells to somatic cell types 

(Pesce & Schºler, 2001). The transcription factor, Nanog is considered a 

principal regulator of pluripotency in embryonic stem cells as well as regulation 

of other pluripotency genes. Its downregulation is essential for subsequent cell 

determination (Thomson, et al., 2011; Grubelnik, Boġtjanļiļ, Pavliļ, Kos, & 

Zidar, 2020). There are several methods both in-vivo and in-vitro to define the 

developmental potency of cell types. 
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Secondly, pluripotency can be assessed in-vitro by differentiation assays. This 

is established by culturing of cells in a combination of small molecules and 

growth factors present in the culture media. The resulting differentiated tissues 

are then assessed to decipher what level of differentiation into germ layers 

occurred (Chen, et al., 2011). This method is not considered the most rigorous 

as it doesnôt truly represent the complexity of the in-vivo state; however, it does 

allow for the determination of potency in human cell cultures whereas ethical 

constraints would bar the usage of other in-vivo investigations. 

Thirdly, the teratoma assay is an effective in-vivo method for the determination 

of potency. The cultured cells being assessed for potency are injected into 

immunocompromised mice. If the transplanted cells are indeed pluripotent, 

then teratoma tumours form. These benign tumours are composed of a 

mixture of a variety of cell types that originate from all three germ layers 

(Montilla-Rojo, et al., 2023). Another method for potency determination is the 

generation of chimeras from blastocysts, where the cells of two distinctive 

organisms are combined to form a single organism. In the 1960s, mouse 

chimeras were created by aggregation of eight cell embryos that progressed 

through development to generate mice with cells derived from both initially 

aggregated eight cell embryos (Tarkowski, 1961). Injection of a number of 

donor inner cell mass cells into a host blastocyst cavity has also been shown 

to generate a chimeric mouse where the donor cells gave rise to all three germ 

layer lineages (Bradley, Evans, Kaufman, & Robertson, 1984). If the resulting 

chimera can produce offspring with cells derived from the donor that provides 

a further proof of the donor cells pluripotency (Wang & Jaenisch, 2004). 

Lastly, the definition of pluripotency refers to the capability of a single cell to 

generate all cells in an individual. The most conclusive method of determining 

pluripotency is the injection of a single cell into a host blastocyst cavity. From 

this you can ascertain that all resulting chimerism stems from the single 

transplanted donor cell and is indeed pluripotent. This method, however, 

comes with higher rates of failure as reported in many studies (Keene, et al., 

2003; Kato & Gurdon, 1993; Becker & Technau, 1990; Ema, et al., 2007).  
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Non-bilaterian models have employed single cell transplantation to define the 

developmental potential of their adult stem cells. Planarians, have adult stem 

cells dispersed all throughout their bodies. They make up 30% of all cells and 

are the source of their vast regenerative capabilities. The developmental 

potential of these stem cells was assessed by, first, generating a stem cell-

less planarian via lethal irradiation treatment. The planarian was then injected 

with a single stem cell from a non-irradiated donor. The transplanted cell 

proliferated and ultimately gave rise to all cell types necessary in the animal, 

thus proving the adult stem cell to be pluripotent (Wagner, Wang, & Reddien, 

2011). The benefit for investigating a regenerative organism with lifelong, adult 

stem cells, is that chimeras can be created at any stage of life and is not 

restricted to early embryogenesis. 
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1.2.  Cnidaria 

 

1.2.1. The Phylum Cnidaria  

Cnidaria, the well supported phylogenetic sister group to Bilateria, is 

composed of over 11,000 species of quite diverse aquatic animals in terms of 

basic morphology, reproduction, and ecology. The majority of cnidarian 

species exist in a saltwater environment with less than 40 species having 

freshwater habitats (Janowski, Collins, & Campbell, 2007).  Despite their 

varying dissimilarity, all members of the cnidarian phylum share a universal 

feature: a stinging cell known broadly as a cnidocyte. These extrusive, 

specialised cells are used in predation, defence and adherence to substratum.  

The Cnidarian phylum (Figure 1.2) can be sub-divided into two clades, the 

medusozoans and the anthozoans. Anthozoans include the classes 

Hexacorallia (scleractinian corals, sea anemones, black corals and tube 

anemones) and Octocorallia (gorgonians, sea pens and soft corals). 

Medusozoans can be divided into four classes: Cubozoa (box jellyfish), 

Hydrozoa (e.g. Podocoryne, Hydra and Hydractinia), Scyphozoa (true jellyfish) 

and Staurozoa (stalked jellyfish). 

Cnidarians develop from two embryonic germ layers (the outer epidermal layer 

and the inner gastrodermal layer) and lack a mesoderm entirely. Bilaterians 

have an epidermal and gastrodermal germ layer as well as a third germ layer 

known as the mesoderm. For this reason, cnidarians are referred to as 

diploblastic and bilaterians triploblastic (Kraus, et al., 2014). 

It is a common misconception that all cnidarians exhibit radial symmetry. 

However, this varies from species to species and between clades. Many 

cnidarian species have external radial symmetry but also have internal 

asymmetry or bilaterality (Dunn & Wagner, 2006; Matus, et al., 2006; Salvini-

Plawen & Splechtna, 1978). 

The majority of cnidarians life cycles have both a polyp and larval stage. They 

can vary in terms of their organisation of growth; some grow as colonies (e.g. 
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Acropora and Hydractinia) with multiple polyps while others operate as single 

unit polyps (e.g. Hydra and Nematostella). 

 

 

 

 

 

1.2.2. Cnidarian Model Systems 

For centuries, cnidarians have been utilised as a model organism in a broad 

range of disciplines, including: ecology, symbiosis, environmental studies, 

developmental biology, cell biology and evolution (Kaposi, Courtney, & 

Seymour, 2022; Jinkerson, et al., 2022; Klein, et al., 2021; Ayers, Nicotra, & 

Lee, 2023; Fridrich, et al., 2023; Sierra & Gold, 2024). At the outset of 

Figure 1.2. Schematic denoting the phylogenetic position of Cnidaria as 

sister group to Bilateria and the relationships within Cnidaria. Adapted from 

(Koch & Grimmelikhuijzen, 2019). 
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molecular studies into cnidarians, the central goal was to ascertain if the 

genetic toolkits responsible for bilaterian development were also present in 

cnidarians. These studies revealed that many signalling pathway genes that 

were thought to be bilaterian-specific, were also found to be in cnidarian 

models, despite their less complex morphologies and more limited range of 

cell types. This made cnidarian models an effective tool for discerning animal 

evolution (Finnerty, 2001; Lebedeva, et al., 2021). 

Aiptasia, Nematostella, Hydractinia and Hydra are model systems that have 

come to the forefront of cnidarian cell biology in the most recent decades. 

Aiptasia is a popular model for studying symbiosis due to its endosymbiotic 

relationship with dinoflagellates. Also, recently, sustainable cell lines of the 

Acropora tenuis were established, further introducing the promising use of 

cnidarian cells for in-vitro studies (Kawamura, Nishitsuji, Shoguchi, Fujiwara, 

& Satoh, 2021).  

Nematostella has been a widely used developmental biology model since two 

major events; firstly, the establishment of a laboratory culturing system that 

allows completion of the Nematostella vectensis lifecycle in the lab (Hand & 

Uhlinger, 1992). Secondly, the sequencing of the Nematostella genome 

(Putnam, et al., 2007). This was followed by development of molecular tools 

for the Nematostella community including genome editing via CRISPR/Cas9 

technology, the development of transgenic lines, chromosome level 

assemblies and single cell atlases (Seb®-Pedr·s, et al., 2018; Ikmi, McKinney, 

Delventhal, & Gibson, 2014; Nakanishi, Renfer, Technau, & Rentzsch, 2012; 

Zimmerman, et al., 2023).  

The freshwater hydrozoan Hydra has been considered the oldest cnidarian 

model system since its first description in 1744 (Trembley, 1744) and has been 

utilised in stem cell, regeneration, and pattern formation studies. However, two 

drawbacks to its usage are the rarity of its sexual reproduction and the 

inaccessibility of its embryonic development that occurs in an opaque cyst 

following a variable dormancy period which can last for two to twenty-four 

weeks (Frºbius, Genikhovich, K¿rn, Anton-Erxleben, & Bosch, 2003; Martin, 

Littlefield, Archer, & Bode, 1997). Hydras close relative, Hydractinia, has been 
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able to fill that gap with its daily availability of embryos, ease of embryonic 

manipulation, and development of transgenic animals. 

 

1.2.3. Stem Cells in Cnidaria 

The inaugural description of stem cells was by August Weissman in 1883. He 

described cells that had embryonic characteristics and were the foundation for 

reproduction. He identified ñStammzellen der Keimzellenò (stem cells of germ 

cells) in Eudendrium racemosum, Coryne pulsilla and Hydractinia echinata. 

Weismann determined that there were specific generations of cells, 

predetermined, that underwent transformation into germ cells. From this, he 

speculated that there is a germ line which is distinct from somatic cell lineages 

and that heritable information is transferred by germ cells and not somatic cells 

(Frank, Plickert, & M¿ller, 2009; Weissmann, 1885). This is a theory that has 

been proven correct in many organisms, but ironically, not in Hydractinia, the 

originally studied animal. Hydractinia most likely does not have a germ line 

and germ cells differentiate from pluripotent stem cells that also give rise to 

somatic cells (M¿ller, Teo, & Frank, 2004). 

The two classical cnidarian models for stem cell research are the hydrozoans 

Hydra and Hydractinia, recently joined by the anthozoan Nematostella (Hand 

& Uhlinger, 1992). The stem cells in hydrozoans are known as i-cells, as they 

are located in the interstitial space between epidermal epithelial cells. They 

have a larger, loosely packed nucleus and are roughly 10 Õm in size. Hydra i-

cells are multipotent and act as a self-renewing resource for all cell types, 

barring the epidermal and gastrodermal epithelial cell lineages. These 

lineages are differentiated but also self-renewing, unipotent stem cells (Bode, 

Heimfield, Chow, & Huang, 1987). Removal of the i-cells in Hydra via 

colchicine (Campbell, 1976) or heat treatment (Holstein, Hobmayer, & David, 

1991) resulted in removal of all cell types with the exception of the epidermal 

and gastrodermal cell lineages. These óepithelialisedô animals were viable and 

if they were assisted in feeding they survived. 
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Hydractinia i-cells, despite having the same name and looking similar, behave 

vastly different to their counterparts in Hydra. Unlike Hydra, removal of i-cells 

in Hydractina via drug treatment is fatal for the animal. There is no recovery 

unless new i-cells are introduced into the animal via stolonal fusion, indicating 

that as a population, i-cells support all somatic and germ cells in Hydractinia. 

(M¿ller, Teo, & Frank, Totipotent migratory stem cells in a hydroid, 2004)  

Other cnidarian classes have not yet, unambiguously, confirmed the presence 

of i-cell-like stem cells. Studies in the scyphozoan, Aurelia, have suggested 

their cnidocytes are derived from epidermal epitheliomuscular cells. (Gold, et 

al., 2019; Chapman, 1974). Two recent preprints have suggested the presence 

of stem cells that express conserved stem cell marker genes in the anthozoan 

Nematostella vectensis. These cells are localised in the mesenteries of the 

adult and juvenile sea anemone. These putative stem cells were shown to give 

rise to some somatic cells and to gametes, potentially pointing to multi-, or 

possibly, pluripotent cells (Miram·n-Pu®rtolas & Steinmetz, 2023; Denner, et 

al., 2023). 
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1.3.  Hydractinia 

 

1.3.1. Hydractinia as a model organism 

For over 140 years, the colonial hydroid Hydractinia has been used as a model 

organism (Weissman, 1883). It has historically been used mainly in the study 

of developmental biology, stem cells, regeneration and allorecognition. 

However with advancing technologies, Hydractinia has also recently been 

used in the advancement of other topics such as toxicology (Klompen, 

Sanders, & Cartwright, 2022), DNA damage (Horkan & Frank, unpublished 

data), and DNA methylation (Febrimarsa, et al., 2023).  

The most commonly used Hydractinia species as model organism is the 

American H. symbiolongicarpus, that is found naturally along the eastern 

Atlantic coast of North America. Its sister species, the European H. echinata, 

is less commonly used (Frank, Nicotra, & Schnitzler, The colonial cnidarian 

Hydractinia, 2020). 

In its natural habitat, Hydractinia resides as individual colonies on gastropod 

shells, colonised by hermit crabs. The colonies are clonal and have four types 

of polyps for discrete functions. The feeding polyps are responsible for the 

predation and ingestion of food. They are tube-like in structure with tentacles 

at the oral end which are used for stinging prey and moving it toward the 

mouth. The sexual polyps are responsible for the generation and release of 

gametes into the surrounding water. They have sporosacs that are filled with 

either sperm or eggs, depending on the sex of the individual. Hydractinia 

colonies are dioecious, except for in cases of chimerism where germ cell 

parasitism results in hermaphroditic colonies that can release both types of 

gametes (Muller & Rinkevich, 2020; Lakkis, Dellaporta, & Buss, 2008). This 

phenomenon will be explained further in Section 1.3.5. However, this is a rare 

event to see in the wild. Dactylozooids and tentaculozooids act as defensive 

polyps against predation but are much rarer polyp types and not seen often in 

cultured Hydractinia colonies (Klompen, Sanders, & Cartwright, 2022; Burnett, 

Sindelar, & Diehl, 1967). All polyps in a colony are connected through a 

branching gastrovascular network known as the stolon. The stolon is a tubelike 
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structure that has two epidermal cell layers that surround a gastrovascular 

space through which food is transported around the colony via flow mediated 

by peristaltic movement (Shimizu, Koizumi, & Fujisawa, 2004). Due to the 

clonality of the animal, all polyps, despite carrying out vastly different functions 

and differing greatly in appearance, are genetically identical (Plickert, Frank, 

& Muller, 2012). 

For culturing in a lab setting, Hydractinia is a highly attractive model. The 

colonies can be cultured on simple glass slides or any other surface as 

opposed to hermit crab shells on which they grow in the wild. They spawn daily 

in response to light and all stages of the lifecycle are available for 

manipulation. This accessibility has allowed the creation of numerous stable 

transgenic reporter animals (DuBuc, et al., 2020; K¿nzel, et al., 2010). Since 

Hydractinia is translucent, in-vivo transgenic cell tracking can be executed. 

Hydractinia mRNA expression studies can be performed with many different 

forms of in situ hybridisation (ISH); colorimetric ISH, signal amplification by 

exchange reaction (SABER), and Hybridisation Chain Reaction (HCR) ISH 

(Salinas-Saavedra, Febrimarsa, Krasovec, Horkan, & Baxevanis, 2023; 

DuBuc, et al., 2020; Curantz, unpublished data).  

Hydractinia also has the invaluable resource of a chromosome level genome 

assembly (Kon-Nanjo, et al., 2023) and a single-cell atlas (Salamanca et al. 

unpublished) which are crucial for the studying of stem cells, regeneration, 

molecular regulatory mechanisms, and their evolution.   

 

1.3.2. Hydractinia Life Cycle 

Hydractinia can reproduce both sexually and asexually (Figure 1.3). Sexual 

reproduction can be induced daily in response to light. Ninety minutes post 

light exposure, the gonophores of the sexual polyp apically tear, releasing 

sperm or eggs into the surrounding water. Fertilisation occurs shortly 

thereafter, then the newly formed embryo undergoes reductive cleavages. 

Over 24 hours post-fertilisation (hpf), the embryo has developed into a pre-

planula with an elongated body axis. By 48 hpf, planulae are capable of 
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movement via cilia. The planula stage is characterised by a further elongation 

of the body and formation of the gastric cavity. By this stage, the planula can 

be induced to metamorphose (Kraus, et al., 2014). In the wild, metamorphosis 

is triggered in response to biofilms produced by bacteria of the genus 

Pseudoaltermonas. (Guo, Rischer, Westermann, & Beemelmanns, 2021; Leitz 

& Wagner, 1993). These bacteria are ushers that lead the larvae to its species-

specific substrate to metamorphose (Herrman, 1995). These bacteria, 

however, are not present naturally in filtered sea water. Therefore, in lab 

conditions, metamorphosis is induced by the addition of caesium chloride to 

seawater. During metamorphosis, the once motile planula becomes 

increasingly adhesive due to secretions from gland cells and nematocysts. 

This stickiness causes the planula to settle (M¿ller & Leitz, Metamorphosis in 

the Cnidaria, 2002). The cells of the anterior cap and the larval posterior end 

are removed via apoptosis as they are no longer necessary in the 

metamorphosing larvae (Seipp, Schmich, & Leitz, 2001). It then assumes a 

compacted, squashed, disk-like morphology. Twenty-four hours post-

metamorphosis induction, the aboral end of the planula becomes the base of 

the primary polyp, from which stolons grow, and the oral end of the planula 

forms the tentacles and head of the primary polyp. The primary polyp is then 

entirely sessile. Stolon growth and continuous polyp budding follows 

indefinitely. Sexual maturity occurs within two to three months, thus closing the 

cycle (El-Bawab, 2020). 



ΞΠ 
 

 

 

 

 

Figure 1.3. The full lifecycle of Hydractinia 

(M¿ller & Leitz, Metamorphosis in the Cnidaria, 2002) 
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1.3.3. Body plan 

Hydractinia, like all cnidarians, are diploblastic. During gastrulation, they form 

only an ectoderm and endoderm. The polyp is composed of two epithelial 

layers, internal and external, referred to as the epidermis and gastrodermis, 

respectively. These layers sandwich the extracellular matrix known as the 

mesoglea, which provides structural support. A recently generated single-cell 

transcriptomic data set could identify 52 cell clusters that are presumed to 

represent cell types (Salamanca-D²az, et al., unpublished). The main cell types 

present in Hydractinia are the neurons, gland cells, and nematocytes; each 

containing several sub-types. Additionally, the animal has a population of stem 

cells, the i-cells, which are the main subject of this thesis and will be discussed 

below. Neurons are arranged in a neural net that extends across the animals 

body and operates as a sensory locator to communicate signals to 

epitheliomuscular cell to contract in response to stimuli (Rentzsch, Layden, & 

Manuel, 2017). Nematocytes are a cell type that is specific to cnidarians. They 

contain a capsule with a hollow thread attached. This harpoon-like thread is 

coiled in the interior of the capsule, awaiting deployment in response to stimuli. 

Nematocytes are localised all over the animal, embedded between their 

ectodermal epithelial cells, but are particularly concentrated around the mouth 

and on the tentacles. Their primary function is for the deployment of venom 

into prey and adhesion to surfaces (Beckmann & ¥zbek, 2012). Gland cells 

are responsible for the secretion of mucus for protection and the secretion of 

enzymes in the gastrodermal cavity for digestion (Mºhrlen, Maniura, Plickert, 

Frohme, & Frank, 2006).  

 

1.3.4. i-cells 

The stem cells in Hydractinia are known as i-cells. i-cells are relatively small 

(~10 Õm in size) and are located in the interstitial space between epithelial 

cells in the epidermis, hence the term ñi-cellsò. In the colony, they are found in 

a band in the adult polyps and are dispersed ubiquitously across the stolonal 

network. They are highly proliferative, migratory cells and can move from the 

stolonal network to the adult polyps and vice versa, depending on the demand 
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in the colony (Figure 1.4). Hydractinias vast regenerative ability is attributed to 

the presence of i-cells which have been shown, as a population, to give rise to 

all cell types and regenerate the animal from small fragments and even 

reaggregated single cells (Bradshaw, Thompson, & Frank, 2015). i-cells 

express typical stem cell markers such as Vasa, Piwi and Nanos (Juliano, 

Swartz, & Wessel, 2010). Sexual polyps have their own specific cell types: 

germ cells and gametes. i-cells migrate to the germinal zone of the sexual 

polyp and differentiate into germ cells. The germ cells are the precursor to 

gametes and give rise to either oocytes or sperm, depending on the sex of the 

i-cell the germ cell was derived from (DuBuc, et al., 2020). 

                         

 

 

Figure 1.4. Colony-wide i-cell distribution.  

The distribution of i-cells in a colony containing Hydractinia feeding polyps, sexual 

polyps and a stolonal network. The i-cells (red) are distributed ubiquitously across 

the stolonal network and are located more discretely in bands of functional polyp 

types. Adapted from (Bradshaw, Thompson, & Frank, 2015).  
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1.3.5. Allorecognition 

Allorecognition is defined as the ability of an organism to identify their self from 

other members of the same species. It is a protective mechanism to ensure 

potential intrusions of foreign entities are eliminated, while the organisms own 

cells remain untargeted.  Allorecognition has been described in bacteria, 

plants, amoebae and in bilateria (Benabentos, et al., 2009; Gibbs, 

Urbanowski, & Greenberg, 2008; Bergelson, Kreitman, Stahl, & Tian, 2001). 

In mammals, the process is mediated by the recognition of donor MHC 

peptides on the exterior of dendritic cells by recipient T-cells. If deemed 

foreign, immune cell activation occurs and the immune response is evoked 

(Boardman, Jacob, Smyth, Lombardi, & Lechler, 2016).  

Sedentary invertebrates, such as ascidians, sponges, cnidarians live in close 

proximity in clusters. This settlement pattern is further encouraged by their 

larvaes propensity for co-settlement on hard substrates with specific 

ecological triggers (coralline algae or bacterial biofilms) which, in turn, induce 

settlement and colonial growth on a single common area (M¿ller & Leitz, 

Metamorphosis in the Cnidaria, 2002). This settlement pattern increases the 

probability of inter-conspecific interactions. The conclusion of these 

interactions depends solely on the histocompatibility of the individuals 

participating. 

In lab cultured Hydractinia, the allorecognition system acts as a mechanism to 

avoid stem cell parasitism and facilitate competition for space on the surface 

of gastropod shells. In inbred lab-cultured Hydractinia, two highly polymorphic 

genes, alr1 and alr2, are the determinants governing the histocompatibility 

between two individuals that have established stolonal contact (Buss, et al., 

2012; Mokady & Buss, 1996). In the wild there are at least 8 genes that act as 

determinants in the allorecognition phenotype (Rodriguez-Valbuena, 

Gonzalez-Mu¶oz, & Cadavid, 2022). This phenotype can be broken down into 

3 distinct consequences: fusion, transitory fusion or rejection (Figure 1.5) 

(Powell, et al., 2007). If two closely related individuals share alleles at both loci 

and make stolonal contact, they undergo fusion. This is characterised by initial 

dissolution of the periderm of the stolonal tips and contact between the 
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ectodermal epithelial cells. The epithelial cells of both individuals adhere and 

form a unified gastrovascular system. Migration of stem cells occurs and the 

animal from this point is considered a chimera. Due to the highly polymorphic 

nature of the alr genes, fusion is an extensively rare occurrence in the wild and 

is restricted to only very close relatives, thus safeguarding the continuity of 

their genetic lineage. When both individuals have no alleles in common at 

either alr loci, rejection occurs. This is characterised by a failure for epithelial 

cell adherence, distinct swelling of tissue due to the mass migration of 

cnidocytes to the point of contact. These cnidocytes, in both individuals, deploy 

thread like harpoons of toxin into the foreign animal, resulting in devastation 

and destruction of the tissue. Mostly, the conclusion of the conflict is drawn to 

a close by the demise of one of the individuals. The victor can now freely 

extend its stolons into the newly vacated shell space. In the event of the 

individuals sharing an allele at one loci but not both, transitory fusion occurs.  

A band of necrotic tissue forms at the initial points of contact (Lakkis, 

Dellaporta, & Buss, 2008). No chimera is formed and both individuals then 

actively grow away from each other in the opposite direction to the point of 

necrosis (Nicotra, 2022).  

The allorecognition system can be experimentally leveraged effectively as a 

method of grafting of tissues between genetically different individuals. This is 

done for many possible scenarios. Firstly, it can be used to introduce 

transgenic cells into a wild type animal to track the cells individually and to 

assess their contribution to the animal. Secondly, it has also been used in 

rescue experiments where mutant animals can be rescued via the immigration 

of non-mutant cells into their tissue thus restoring loss of function. Thirdly, by 

grafting different sections of tissue the polarity of the animal can be 

manipulated (DuBuc, et al., 2020). 
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Figure 1.5. Interactions between histocompatible and histo-incompatible 

individuals based on alr haplotypes. 

(A) Rejection between two colonies that share no alr haplotypes. Obvious tissue 

damage resulting from the rejection and the growth of hyperplastic stolons. 

(B) Fusion between two colonies that share both alr haplotypes 

(C) Fusion between two colonies that share at least one alr haplotype. 

(D) Transitory Fusion between two colonies that share a single allele in a single 

alr haplotype. Band of necrosis present in the centre at the point of contact. 

Adapted from (Lakkis, Dellaporta, & Buss, 2008). 
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1.4. Aims Of The Project 

 

It has been well established that i-cells in Hydractinia play a crucial role in 

regeneration and tissue homeostasis. Previous work has shown that as a 

population, i-cells can give rise to all cell types in Hydractinia (M¿ller, Teo, & 

Frank, Totipotent migratory stem cells in a hydroid, 2004). However, the 

developmental potential of a single i-cell has not yet been shown in-vivo. The 

potential of stem cells in Hydra and planarians has been described but has to 

this point remained unknown in Hydractinia both during adulthood and the 

embryonic stage. Additionally, the developmental potential of somatic cells in 

Hydractinia has yet to be investigated.  

 

In this thesis I aim to:  

 

1. Study the cellular proliferative behaviour of Hydractinia embryonic cells 

during development and metamorphosis. 

2. Identify the developmental potential of i-cells in Hydractinia. 

3. Identify the potential of somatic cell types in-vivo and investigate the mitotic 

index of epithelial cells in Hydractinia. 
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Chapter 2:  Analysis of i-cells 

during embryonic development 

and metamorphosis  
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2.1. Introduction 

 

The fusion of a male and female gamete, resulting in fertilization, is the most 

crucial stage in an organismôs development. The terminally differentiated 

gametes fuse to make a totipotent zygote. Every cell in an adult contains the 

same DNA as the 1-cell zygote from which it developed. Mammalian 

development is unidirectional, with embryonic cells losing potency, the further 

they progress through developmental stages. This concept was first 

introduced visually by Conrad Waddington. He proposed that an embryo, 

represented as a ball at the top of hill, can roll through many gullies down the 

slope. As it rolls down the hill, fewer routes can be taken, representing limited 

developmental potential. Waddington believed that this was an irreversible 

change as the embryo loses potency (Waddington, 1942; Shi, Teschendorff, 

Chen, Chen, & Li, 2020).  

 In mammals, cell fate commitment is a permanent event where the pluripotent 

inner cell mass reorganizes into the multipotent ectoderm, mesoderm, and 

endodermal germ layers during gastrulation. Once this has occurred, 

pluripotency has ended in mammals and will not reoccur again (except when 

induced artificially in-vitro). In humans, differentiation is largely considered 

irreversible, but recent work has highlighted some capacity for dedifferentiation 

of terminally differentiated cells in cases of extreme stress or injury (Kusaba, 

Lalli, Kramann, Kobayashi, & Humphreys, 2014).  

In contrast, some cnidarians (Varley, Horkan, McMahon, Krasovec, & Frank, 

2023) and platyhelminthes (Wagner, Wang, & Reddien, 2011) have life-long 

pluripotent stem cells. It also has been recently shown in Hydractinia that 

somatic cells can de-differentiate to a stem cell-like state (Salinas-Saavedra, 

Febrimarsa, Krasovec, Horkan, & Baxevanis, 2023). Showing that a cell can 

potentially ógo back up the hillô towards multipotency and even pluripotency 

(Lokken & Ralston, 2016).  
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In this chapter, I investigate at what stage of embryogenesis i-cells can be 

identified. I also examine the proliferation dynamics of i-cells during the major 

developmental stages of embryogenesis and metamorphosis.  
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2.2. Materials and Methods 

2.2.1. Animal Culture 

 

2.2.1.1. Animal Care 

Stable clones of the marine hydroid Hydractinia symbiolongicarpus were used 

as the model for the following studies. Individual animals were grown on glass 

microscope slides (Thermofisher: 10669451) and maintained at a temperature 

of 18C to 22C in artificial seawater. The animals were fed for 45 to 60 minutes 

five times a week with Artemia nauplii. The artemia was prepared by consistent 

aeration of Artemia franciscana cysts (ZM Systems, bspremspecial) with 

rigorous bubbling for 48 hours until they hatched. Colonies were observed 

using an epifluorescence stereo microscope to assess their overall condition 

and cleaned and trimmed every fortnight to remove unwanted growth and 

algae.  

 

2.2.1.2. Spawning of Animals 

To ensure regular spawning, a 14:10 light:dark cycle regime was employed by 

an automatic timer. Upon exposure to light, the animals spawn within 

approximately 90 minutes. Gametes are released into the surrounding water. 

The resulting embryos settle to the base of the spawning tub. The male and 

female animals were then removed, leaving behind the embryos which were 

gathered in the centre of the tub by swirling of the water. The embryos were 

then collected using a Pasteur pipette and placed in a glass dish to be used in 

experiments. Before use, the embryos were washed several times in artificial 

seawater. For particular experiments the development of the embryos was 

delayed by keeping the embryos on ice for a maximum duration of two hours. 

The resulting embryos were then cultured at 18C until used. 
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2.2.1.3. Metamorphosis 

Two to four days post fertilization, larvae were incubated in a 1:5 solution of 

580 mM CsCl and Seawater resulting in a final concentration of 116 mM CsCl 

in artificial seawater (M¿ller, Mitze, Wickhorst, & Meier-Menge, 1977). The 

larvae were incubated for between two and a half to three hours. The larvae 

were assessed using a stereomicroscope for the correct metamorphosed 

morphology. Once the larvae were contracted into the appropriate tear-drop 

shape, they were transferred to a glass slide in a small volume of water and 

allowed to settle for 24 to 48 hours at RT. The resulting larvae metamorphosed 

into primary polyps and were placed in a tub with artificial seawater and low 

aeration to prevent the newly attached polyps from becoming detached from 

the glass slide.  

 

2.2.1.4. Staging of Embryos 

Post-fertilization, embryos were observed in a dish using a SZ51 Olympus 

stereomicroscope, illuminated by a gooseneck spotlight. By eye, the number 

of cells in an embryo were discerned up until the 64 / 128 cell stages. These 

stages of interest were then separated from the other embryos and underwent 

fixation. The samples were handled carefully to ensure no damage occurred 

to the tissue. Typically, embryonic cells divided every 45 minutes at these early 

stages.  

 

2.2.2. Cellular Staining 

 

2.2.2.1. Preparation and Fixation of Embryos 

Metamorphosed larvae were first anaesthetized in 4% MgCl2
 for 10 minutes. 

The samples stolonal growth was then pushed using a thin needle to minimize 

tissue damage. This was done until the entire metamorphosed sample was 

detached from its substrate. Embryos were washed several times in artificial 

seawater and then washed quickly in 90 mM n-acetyl-L-cysteine (Merck, 

A7250) in artificial sea water to remove any residual mucus or films on the 
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exterior of the embryo. The embryo was then placed in 4% PFA in filtered sea 

water (FSW) and incubated for either 1 hour at room temperature (RT) or 

overnight (ON) at 4C. 

 

2.2.2.2. Immunofluorescence (IF) for Embryos/Larvae/Primary Polyps 

Post-fixation, the tissue was washed three times in PBS with 0.5% TritonX-

100 (PBST) for 10 minutes per wash. The tissue was dehydrated for long term 

storage by five minute washes in increasing concentrations of ethanol in PBST 

(25%, 50%, 75% and 100%) and stored at -20ÁC for further usage. The tissue 

was rehydrated by five-minute washes with decreasing concentrations of 

ethanol in PBST (75%, 50% and 25%) and followed by three 10-minute 

washes in PBST.  Antigen retrieval was carried out by incubating the tissue in 

2 M HCl in PBS for 45 minutes. The reaction was neutralised by a ten-minute 

incubation in 100 mM Tris-HCl pH8 followed by three five-minute washes in 

PBST. Embryos had an additional incubation in Proteinase K in PBST for 10 

minutes followed by fixation in 4% PFA in PBS for 30 minutes to maintain the 

tissue integrity. The tissue was then washed with PBST three times for 10 

minutes.  The tissue was subsequently blocked for one hour in 3% filtered BSA 

in PBST. The blocking solution was replaced with fresh blocking solution and 

the primary antibody (Table 2.1.) and rocked overnight at 4ÁC. The antibody 

solution was removed, and the tissue is washed three times for ten minutes. 

The tissue was blocked using 5% goat serum/ 3% BSA in PBST for fifteen 

minutes. The blocking solution was then replaced with fresh blocking solution 

and the secondary antibody (Table 2.2) and incubated for one hour at RT. This 

was followed by three ten minute PBST washes. The tissue was then 

incubated in a 1 in 1000 dilution of DAPI in PBST for 20 minutes, followed by 

three five minute PBST washes. The samples were then mounted in 

thiodiethanol on microscope glass slides. A clayfooted coverslip was placed 

on top and sealed using nail polish. The slides were visualized using a 

confocal laser scanning microscope (Olympus FV3000) and z-stack images 

were obtained through the entire sample.  
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Primary Antibody Host Species Source Dilution 

Anti-Piwi1 Rabbit In house 1:2000 

Anti-BrdU Rat Abcam: ab6326 1:300 

 

 

Secondary Antibody Host Species Source Dilution 

Anti-Rabbit AF 488 Goat Abcam: ab150077 1:500 

Anti-Rabbit AF 594 Goat Abcam: ab150080 1:500 

Anti-Rabbit AF 647 Goat Abcam: ab150079 1:500 

Anti-Rat AF 488 Goat Abcam: ab150157 1:500 

Anti-Rat AF 594 Goat Abcam: ab150160 1:500 

 

2.2.2.3. BrdU Incubation 

Animals were placed in a 150 mM Bromodeoxyuridine (BrdU) FSW solution 

for a thirty-minute incubation. The BrdU solution was then removed, and the 

samples were placed in 4% MgCl2 to relax the sample before subsequent 

fixation (Section 2.2.2.1.) and IF reaction (Section 2.2.2.2.) using the anti-BrdU 

primary antibody (Abcam: ab6326). 

 

2.2.3. Microscopy, Image Preparation and Cell Counting 

 

Confocal microscopy was carried out using the Olympus FV3000 laser 

scanning confocal microscope. Images were imported to Fiji ImageJ software. 

For early embryonic stages (1C to 128C) the number of nuclei and Piwi1+ cells 

were counted slice-by-slice manually using the multi-point tool present in the 

ImageJ software (Schindelin, et al., 2012). For the late embryogenesis, larval 

and metamorphosed samples BrdU+ nuclei and Piwi1+ cells were counted 

Table 2.1. Detailed list of primary antibodies utilized in IF experiments. 

Table 2.2. Detailed list of secondary antibodies utilized in IF 

experiments. 
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separately using the 3D objects counter plugin available in ImageJ (Bolte & 

Cordeli®res, 2006). A threshold was set per sample to count individual cells as 

a single object. Piwi1+/BrdU+ cells were manually counted using the Multi-

point tool and deducted from total Piwi1+ numbers to calculate the total 

number of Piwi1+/BrdU- and Piwi1-/BrdU+ cells.  
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2.3. Results 

2.3.1. Piwi1 protein localisation during early embryogenesis 

 

Previous studies have shown the effective use of Piwi1 as a marker for i-cells 

using a custom-made antibody (Figure 2.1) in adult Hydractinia (DuBuc, et al., 

2020; Salinas-Saavedra, Febrimarsa, Krasovec, Horkan, & Baxevanis, 2023; 

Chrysostomou, et al., 2022).  

 

 

 

 

Figure 2.1. Piwi1 IF in an adult Hydractinia symbiolongicarpus feeding 

polyp. 

A) Maximum projection of an adult polyp with the i-cells located in the lower body 

column (green) and the nuclei (blue). 

B) Zoom-in of the maximum projection of the lower body column shown in A. 

Scale bar 20 Õm. 
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I wanted to use the anti-Piwi1 antibody to visualize protein expression during 

early embryogenesis and to ascertain when and where do Piwi1+ cells first 

appear. I performed immunofluorescent experiments (as per Section 2.2.2.2) 

on embryos at the 1, 16, 32/64, 64/128 and 128/256-cell stages. No detectable 

Piwi1 localisation was observed at the 1-cell or 16-cell samples. High levels of 

Piwi1 expression was first detected between the 32 and 64-cell stage and was 

present for all the following stages (Figure 2.2). In all samples where Piwi1+ 

cells were found, they were located in the dense cell packing of the endoderm. 

Typically, the Piwi1+ cells were found in clusters in all early stages later than 

the 32-cell stage. The IF experiments were carried out in triplicate and the 

number of Piwi1+ cells were counted per sample and per embryonic stage. At 

the initial 32/64-cell stage, zero to five Piwi1+ cells were identified. In the 

proceeding stages, all samples had numerous Piwi1+ cells and the numbers 

appeared to typically double between the 32/64 through 256-cell stages. 

Several of the 32/64-cell samples had no Piwi1+ cells at all but the samples 

that didnôt have any were typically closer in cell number to 32-cell rather than 

64-cell (Figure 2.3). This aligns with recent research that showed that zygotic 

genome activation commences around the 64-cell stage of embryogenesis in 

Hydractinia symbiolongicarpus. (Ayers, Nicotra, & Lee, 2023; Febrimarsa, et 

al., 2023) Additionally, the appearance of multiple Piwi1+ cells at the 32/64-cell 

stage indicates a possible induction to the stem cell fate. 

 

Figure 2.2. i-cells are first visible at the 32/64-cell embryonic stage. 

(A & B) One-cell and 16/32-cell stage embryo shows no Piwi1 (green) expression.

   

(C) First appearance of i-cells is at the 32/64-cell stage in the endoderm of the 

embryo.  

(D & E) There was an increasing number of Piwi1+ cells with each stage.  

Scale bar 10 Õm. White continuous line denotes the outer edge of the embryos and 

the white dotted line denotes the borders of the Piwi1+ cell clusters. Nuclei are 

marked with blue. 
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Figure 2.3. Numbers of Piwi1+ cells per embryonic stage. 

Piwi1+ positive cells were counted per stage. One-cell stage (N=23), 8-cell  stage 

(N=16), 16/32-cell stage (N=23), 32/64-cell stage (N=26), 64/128-cell stage 

(N=20), 128/256C (N=9), 256/512C (N=12). Each purple dot represents a single 

embryo at a specific stage. Experiments were conducted in triplicate. 
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2.3.2. i-cell proliferative activity during early embryogenesis 

and metamorphosis 

 

The thymidine analog 5ô-bromo-2ô-deoxyuridine (BrdU) is incorporated into the 

DNA of dividing cells during the S-phase of the cell cycle. Incorporation can 

then be detected by immunohistochemistry (as described in Section 2.2.2.2) 

(Mead & Lefebvre, 2014). 

Piwi1+ cells are a proliferative population that migrate from the lower body 

column of the feeding polyp to the point of injury. Short BrdU incubation times 

of as little as thirty minutes show i-cells in the S-phase (Figure 2.4). However, 

previous studies have not analyzed the proliferative activity of i-cells during 

early embryogenesis or metamorphosis (Bradshaw, Thompson, & Frank, 

2015).   

 

 Ш 

  

Figure 2.4. Piwi1 (yellow) and BrdU (red) co-staining after a 30-minute 

incubation in BrdU.  

A) Cartoon denoting the area of the feeding polyp imaged in panel B. 

B) The image is a maximum projection of the lower body column of an adult 

feeding polyp. Arrows point to i-cells in the S-phase. 

Scale bar 20 Õm. 
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For this reason, I performed BrdU immunohistochemistry to assess the mitotic 

activity of i-cells in the main stages of early development. I visually assessed 

trends in cells in the S-phase and then performed an overall cell count of BrdU 

and Piwi1 positive cells, which will be discussed after. 

i-cells are identified by their Piwi1 expression and somatic cells are identified 

by their lack of Piwi1 staining. With the exception of germ cells and gametes, 

no other cell type in Hydractinia expresses Piwi1. A BrdU assay was used 

(Section 2.2.2.3.) to identify cells in the S-phase. The i-cells were identified 

specifically by their Piwi1 localisation. The Piwi1 antibody was used to identify 

i-cells by immunofluorescent staining and somatic cells by their lack thereof. 

Embryos were staged as described in Section 2.2.1.4. at specific time points. 

These stages were early embryo (6 HPF), gastrula (12 HPF), preplanula (24 

HPF) and planula (48 HPF). The samples were incubated for 30 minutes in 

BrdU to prevent carry over of label to post-mitotic progeny. The samples were 

then fixed (as per Section 2.2.2.1.) and underwent immunohistochemistry (as 

per Section 2.2.2.2.). All samples were incubated with larvae that would have 

BrdU+ cells that served as a positive control. The samples were then visualized 

using confocal microscopy (as per Section 2.2.2.3.) and stacks of images were 

taken, presented as either single slice images (Figure 2.5 and Figure 2.6) or 

maximum projections (Figure Appendix 1 & Figure Appendix 2). In the 6 HPF 

sample, most cells (both i-cells and somatic cells) were BrdU+ (Figure 2.5A). 

This was expected from a previous study (Plickert, Kroiher, & Munck, 1988). 

In the 12 HPF sample (Figure 2.5B), there appeared to be marginally less 

BrdU labelled cells than in the 6 HPF but a large majority of cells were still 

labelled.  At 24 HPF, (Figure 2.5C) the BrdU labelling of cells appeared to be 

reduced but BrdU+ cells were found in both the endoderm and the ectoderm 

of the preplanula. The BrdU+ cells in the endoderm consisted of both somatic 

and i-cells. The BrdU+ cells in the ectoderm were only somatic, as they lacked 

Piwi1 staining. Most of the BrdU+ cells in the 48 HPF sample (Figure 2.5D) 

were in the endoderm at the oral end of the planula in close proximity to the 

Piwi1+ cells.  
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A 

B 

C 

D 

Figure 2.5. BrdU incorporation after 30 minutes BrdU incubation in major 

embryogenesis stages. 

(A) At 6 HPF most cells are BrdU+.  

(B) At 12 HPF many of the cells are BrdU+ and the shape of the embryo is 

elongated. 

(C) At 24 HPF, the now larva has a few BrdU+ cells scattered across the endoderm 

and the ectoderm.  

(D) At 48 HPF, the body plan has fully elongated and most of the BrdU+ cells are 

restricted to the gastrodermal area.   

Scale bar 10 Õm. HPF= Hours post-fertilisation. DNA in the cells was labelled with 

DAPI (grey). All Piwi1+ cells are located in the endoderm. All images are single 

confocal slices. 
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At the 48 HPF stage, the planula can then be induced to metamorphose into 

a primary polyp as described in Section 2.2.1.3. The samples are incubated in 

CsCl for three hours to induce metamorphosis and then incubated in BrdU for 

30 minutes prior to fixation. The samples were metamorphosed and fixed in 

the same glass dish with minimal movement until the BrdU incubation and 

subsequent fixation was complete. This was done to ensure no damage to 

stolons during the BrdU incubation. Instead, once fixation was complete, 

metamorphosed samples were gently prised from the substrate using a needle 

point. 

In the 3 hours post metamorphosis (HPM) sample (Figure 2.6A), the BrdU+ 

cells were exclusively in the endoderm and the number of cells that were 

BrdU+ was noticeably lower than the 48 HPF sample (Figure 2.5D). Also, the 

i-cells began migrating from the endoderm to the ectoderm.  In the 12 HPM 

sample, the i-cells had migrated fully to the ectoderm. The 12 HPM samples 

also had no BrdU+ cells (Figure 2.6B). The absence of BrdU labelling was 

representative of the stage and not a technical issue in the experiment (Figure 

2.6E). This result was initially unexpected; however, considering that during 

this stage of metamorphosis, the larvae lose many cells via apoptosis (Seipp, 

Schmich, & Leitz, 2001), it is reasonable to assume that at this point, while the 

removal of cells is taking place, there would be a lower priority to replace dead 

cells (Alenzi, 2004). In the 18 HPM sample (Figure 2.6C), the animals had 

extended its stolons and formed a rudimentary, tentacle-less head. At this 

stage, cell cycle re-entry was observed, primarily in a ring towards the base of 

the now-forming primary polyp from which the stolons were emerging. The 

proliferation was primarily in areas of high Piwi1+ cells and absent from the 

stolonal tips. At 24 HPF (Figure 2.6D), the sample is considered a primary poly 

as it has grown tentacles and has the capacity to feed. BrdU labelling was 

observed in the band-shaped area towards the lower body column, 

reminiscent of adult feeding polyps, but BrdU labelling was also present, less 

densely scattered, towards the head.  
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The embryonic and metamorphosis stages were analysed and the number of 

BrdU+/ Piwi1+/Piwi1- cells were counted as described in Section 2.2.3. One 

limitation of the study was that the software (Fiji) was not sensitive enough to 

count single DAPI stained nuclei with accuracy and the cells were too 

numerous to count manually. However, Figures 2.5, 2.6, Appendix 1 and 

Appendix 2 provide a visual representation of the relative amount of BrdU- 

somatic cells in comparison to BrdU+ somatic cells.  

BrdU+ somatic cells and i-cells were compared per embryonic and 

metamorphic stage as a percentage of total BrdU+ cells (Figure 2.7). The 

counts were on three biological replicates per technical replicate. A total of 

three technical replicates were performed, amounting to nine samples per 

embryonic stage. In the 6 HPF and 12 HPF stages, the somatic cells 

constituted an average of 97% of all BrdU+ cells with the i-cells making up a 

remaining average of 3%. There was not much variation between samples at 

these stages as the standard deviation across the samples was 0.9 for the 

6HPF sample and 1.3 for the 12 HPF sample. In the 24 HPF sample, the 

average percentage of BrdU+ somatic cells decreased to 91% and the average 

Figure 2.6. BrdU incorporation after 30 minutes BrdU incubation in five 

metamorphosis stages. 

(A) At 3 HPM, the larva condenses into a compacted tear drop shape. The number 

of BrdU+ cells are reduced.  

(B) At 12 HPM, the larva has condensed into a flat disk-like shape. All of the cells 

are BrdU-.  

(C) At 18 HPM, the early stages of stolon growth, a ring of BrdU+ and Piwi1+ cells 

are located in a ring around the base of the newly forming polyp. 

(D) At 24 HPM, the tentacles of the primary polyp have formed and a ring of BrdU+ 

and Piwi1+ cells still remains around the base of the polyp.  

(E) The 12 HPM (yellow circle) was incubated in BrdU with a larva (white oval) for 

30 minutes to act as a positive control for the experiment to ensure appropriate 

BrdU incorporation and detection. The positive control showed proliferation but the 

12 HPM sample did not. 

Scale bar 10Õm. HPM = Hours post metamorphosis. DNA in the cells was labelled 

with DAPI (grey). All images are single slices (with the exception of E). 
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percentage of BrdU+ i-cells increased to 9%. At the 48 HPF sample, the 

average percentage of BrdU+ somatic cells had decreased further to 70% and 

the proportion of BrdU+ had tripled to 30%. This shows that, as development 

progresses, proliferative somatic cells decrease proportionately while i-cells 

increase. This was expected, as during embryogenesis, to produce an embryo 

with the correct amount and composition of cells, the rate of proliferation and 

differentiation is less tightly controlled. As embryogenesis progresses, this rate 

of proliferation drops due to the differentiation of cell types and the cell cycle 

then slows (Belmonte-Mateos & Pujades, 2021). 

At 3 HPM, the proportion of BrdU+ somatic cells and i-cells returned back to 

their levels at the 12 HPF stages. It is important to note that this is only three 

hours after the larvae had reached 48 HPF and is most likely a direct result of 

metamorphosis induction. As was observable (Figure 2.6), the overall amount 

of BrdU labelling in the sample was lower than the previous stages too. At 12 

HPM, there was no BrdU labelling of any cell types, somatic or i-cell. However, 

the BrdU labelling did return in the 18 HPM sample. The average proportion 

of BrdU+ somatic cells was 45% and the i-cells was 55% - surpassing the 

somatic cells for the first time, with the highest sample accounting for almost 

80% of all BrdU+ cells. At 24 HPM, the average BrdU+ proportion of somatic 

cells was 36% and the average BrdU+ proportion of i-cells was 64%. In all 24 

HPM samples, the i-cells had a higher level of BrdU labelling than the somatic 

cells. 
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I also analysed the proportion of Piwi1+/BrdU+ and Piwi1+/BrdU- cells per 

embryonic stage (Figure 2.8) I determined the Piwi1+/BrdU- by manually 

counting Piwi1+ cells (as per Section 2.2.3.) and counting whether they had 

BrdU labelled nuclei. This was possible as typically the maximum amount of 

Piwi1+ cells you could count in a sample was around 300 cells. 

In the 6 HPF sample, almost all of the i-cells were BrdU+, with four samples 

having no BrdU- i-cells. In samples 12 HPF and 24 HPF, the overall number of 

BrdU- i-cells increase with each stage as the overall proportion of BrdU+ i-cells 

decrease. The BrdU+ and BrdU- i-cells are both roughly equal in proportion at 

the 48 HPF stage. However, once metamorphosis is induced, in the 3 HPM 

sample, an average of 94% of i-cells are BrdU-. This number is further 

increased in the 12 HPM sample where 100% of all i-cells are BrdU-. At 18 

Figure 2.7. Analysis of proliferation during embryogenesis and metamorphosis. 

i-cells (white) and somatic cells (black) were plotted against each other as a 

percentage of total BrdU+ cells per sample. The bars represent the average 

percentage of BrdU+ cells and the dots represent individual samples within those 

stages/cell types. There were 3 samples per replicate with a total number of 3 

replicates, amounting to 9 samples per embryonic state. The error bar is a standard 

deviation of the individual data points. 
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HPM and 24 HPM, an average of around 80% of all i-cells are BrdU+. This 

overall showed that the i-cells did not become the primary proliferating cell 

type till 18 HPM when the primary polyp was almost formed. 

 

 

 

 

 

 

Figure 2.8. Analysis of i-cell proliferation during embryogenesis and 

metamorphosis. 

BrdU+/Piwi1+ (white) and BrdU-/Piwi1+ (black) were plotted against each other as 

a percentage of total i-cells per sample. The bars represent the average 

percentage of cells and the dots represent individual samples within those stages. 

There were 3 samples per replicate with a total number of 3 replicates, amounting 

to 9 samples per embryonic state. The error bar is a standard deviation of the 

individual data points. 
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2.4.  Discussion and Summary of Results  

 

Using IF, I have shown that i-cells, defined by containing high levels of Piwi1 

protein, first appear at the 32/64-cell stage of embryogenesis. Often, more 

than one Piwi1+ cell was identified. This could be the result of simultaneous 

induction of more than one embryonic cell to the i-cell fate, or an earlier 

induction, followed by proliferation.   

The analysis of proliferation kinetics during early embryogenesis confirms 

previous studies that the cells proliferate rapidly at the earlier stages of 

embryogenesis (cell cycle length is about 45-50 minutes long) but slow down 

and become asynchronous as they progressed towards the planula stage 

(Kraus, et al., 2014; Chrysostomou, et al., 2022).  However, the lack of BrdU 

incorporation by cells at 12 HPM stage is surprising. A previous study (Plickert, 

Kroiher, & Munck, 1988) had investigated BrdU incorporation during 

metamorphosis in Hydractinia echinata and reported an increase in 

metamorphosis from 10 HPM. It must be noted, however, that the BrdU pulse 

times for this analysis were two hours long as opposed to the thirty minutes 

used in my study. This would have resulted in reduced temporal resolution for 

the Plickert et al. (1988) study, explaining the discrepancy of their results with 

mine.  
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Preamble to Chapter 3: 

Statement of Contribution  
 

This chapter consists of work published in Current Biology in April 2023 entitled 

óPluripotent, germ cell competent adult stem cells underlie cnidarian 

regenerative ability and clonal growthô (Varley, et al., 2023). It was completed 

with the following contributions. Ćine Varley and Uri Frank conceptualised the 

study. Ćine Varley performed experiments unless stated otherwise. Emma T. 

McMahon performed EdU/BrdU experiments. Ćine Varley and Gabriel 

Krasovec performed aggregate experiments. Helen Ruth Horkan and Ćine 

Varley performed spectral flow cytometry. Ćine Varley, Helen Ruth Horkan and 

Uri Frank wrote the paper. 
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Chapter 3: The Developmental 

Potential of Interstitial Cells in 

Hydractinia symbiolongicarpus 
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3.1. Abstract 

 

In most animals, pluripotency is irreversibly lost post gastrulation. By this 

stage, all embryonic cells have already committed either to one of the somatic 

lineages (ectoderm, endoderm, or mesoderm) or to the germline. The lack of 

pluripotent cells in adult life may be linked to organismal aging. Cnidarians 

(corals and jellyfish) are an early branch of animals that do not succumb to 

age, but the developmental potential of their adult stem cells remains unclear. 

Here, we show that adult stem cells in the cnidarian Hydractinia 

symbiolongicarpus (known as i-cells) are pluripotent. We transplanted single 

i-cells from transgenic fluorescent donors to wild-type recipients and followed 

them in vivo in the translucent animals. Single engrafted i-cells self-renewed 

and contributed to all somatic lineages and gamete production, co-existing 

with and eventually displacing the allogeneic recipientôs cells. Hence, a fully 

functional, sexually competent individual can derive from a single adult i-cell. 

Pluripotent i-cells enable regenerative, plant-like clonal growth in these 

animals. 
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3.2. Introduction 

 

Pluripotency, the ability of a cell to differentiate into all somatic lineages and 

germ cells, (Hanna, Saha, & Jaenisch, 2010) is a state thatðin most 

animalsðis restricted to early, pre-gastrulation embryos. In vitro, mammalian 

pluripotent cells can self-renew indefinitely while maintaining their plasticity 

(Yilmaz & Benvenisty, 2019). Post gastrulation and throughout adulthood, 

most animals renew their tissues and regenerate using lineage-restricted stem 

cells, collectively known as tissue stem cells (Rinkevich, Lindau, Ueno, 

Longaker, & Weissman, 2011; Kragll, et al., 2009). The limited ability of tissue 

stem cells to self-renew causes most animals to decline over time and 

eventually die. 

Known exceptions to this rule are clonal invertebrates such as cnidarians and 

planarians. Some of these animals show little or no evidence for aging and 

can regenerate whole bodies, including germ cells, from small tissue 

fragments (Khan & Newmark, 2022; Issigonis, et al., 2022; Sahu, Dattani, & 

Aboobaker, 2017; Mart²nez, 1998). Well-studied clonal animals possess adult 

stem cells, but their properties at single-cell resolution have only been studied 

in two animalsðone planarian and one cnidarian. Single adult stem cells in 

the planarian Schmidtea mediterranea (known as neoblasts) were shown to 

contribute to all somatic lineages. However, their germ cell competence 

remains uncertain, given that single-cell experiments were only carried out 

with an asexual strain of this species (Zeng, et al., 2018; Wagner, Wang, & 

Reddien, 2011). By contrast, stem cells in the cnidarian Hydra magnipapillata 

(known as i-cells) can give rise to cells of the neuroglandular lineage and to 

germ cells, but apparently not to the two epithelial layers of the body wall; the 

latter constitute distinct, self-renewing lineages (Siebert, et al., 2019; Juliano 

C. E., et al., 2013; Bode H. R., 1996; Bosch & David, 1987). 

Both Schmidtea and Hydra are clonal yet solitary animals. Here, we addressed 

the developmental potential of i-cells in the clonal, colony-forming cnidarian 

Hydractinia symbiolongicarpus (Figure 3.1). Using single i-cell transplantation 

from transgenic fluorescent donors to wild-type recipients, we find that these 
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cells are pluripotent. Under physiological conditions, a single i-cell can 

differentiate into all somatic cell types and into gametes. The presence of 

embryonic-like, pluripotent cells throughout adult life facilitates their ability to 

grow indefinitely in a plant-like fashion. 
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Figure 3.1. Hydractinia colony and body wall structure 

(A) A colony is composed of feeding and sexual polyps and the stolonal tissue that 

interconnects them.  

(B) Sexual polyps are structured as a cylindrical body column with a head 

equipped with rudimentary tentacles. i-cells commit to germ cell fate in the 

germinal zone. They then migrate and colonize the gamete containers, known as 

sporosacs.  

(C) Feeding polyps are structured as a cylindrical body column with a head and 

tentacles, used to catch prey, around the mouth opening.  

(D) The body walls of feeding and sexual polyps are composed of two 

epitheliomuscular layers, sandwiching a basement membrane known as the 

mesoglea. Other cell types, such as neurons, nematocytes, gland cells, and i-

cells, are lodged in the interstitial spaces between epithelial cells. Scale bars, 40 

ɛm. 
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3.3. Materials and Methods 

 

3.3.1. Animal culture and strains  

Animal culture was performed as per Section 2.2.1. 

The following animal strains (clones) were used: 291-10 is a wild type male; 

clone 107 and 123 are Piwi1::GFP reporter animals, expressing GFP only in i-

cells and germ cells; 102 is a male ɓ-tubulin::mScarlet reporter, expressing 

mScarlet in all cells, except for i-cells; 106 is female, double transgenic animal, 

expressing GFP only in i-cells and germ cells, and mScarlet only in all other 

cells. Animals used are described in Table 3.1. 

 

3.3.2. Manipulation of Polyps  

Hydractinia colonies were placed in 4% MgCl2 for 10 minutes to anesthetize 

the animal and limit movement. Individual sexual and feeding polyps were 

extracted from the colony by cutting horizontally across the base of the polyp, 

closest to the stolon. The cut polyps were then transferred to FSW. For re-

settling of colonies, a stolon with a single feeding polyp was cut from the 

colony. It was then placed on a new slide where the stolon attached and 

resumed growth to become a new colony. 

 

3.3.3. Polyp and Stolon Immunofluorescence Preparation  

For immunofluorescence of polyps with extended stolon, Hydractinia colonies 

were placed in 4% MgCl2 for 10 minutes to anaesthetize the animal. Individual 

feeding polyps were cut and placed into a glass dish in FSW. They were rocked 

for 7-9 days and fed every day until they had grown long stolon that were then 

used in immunofluorescence experiments. 
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3.3.4. Immunofluorescence  

Immunofluorescence (IF) was performed as previously described in section 

2.2.2.2. Antibodies utilised are outlined in Table 3.1. 

 

3.3.5. Tissue dissociation  

Adult polyps were incubated in calcium-and-magnesium-free seawater 

(CMFSW) for 8.5 minutes at RT while rocking. The CMFSW was then removed 

and replaced with 200 ɛL filtered seawater (FSW). The polyps were then 

immediately dissociated by drawing them in and out of a 25 G needle until all 

clumps disappeared. The cell suspension was then passed through a 100 ɛm 

and then a 40 ɛm filter. 

 

3.3.6. Generation of cell aggregates  

To generate cell aggregates, a filtered cell suspension was placed in a 200 ɛL 

PCR tube and centrifuged at 800 x g for 90 minutes until cells were pelleted 

and aggregates formed. The aggregates were dislodged from the base of the 

PCR tube and placed in a petri dish of FSW, placed on a rocker at RT for 3-

5 days until a new polyp regenerated from the aggregate. Cell suspension 

from a minimum number of 25 adult polyps was necessary to generate an 

aggregate that could regenerate a single polyp, suggesting that many cells are 

lost in the process. 

 

3.3.7. Single Cell Transplantation Via Grafting  

The donor animal (Piwi1::GFP ɓ-tubulin::mScarlet; female 106) and the 

recipient animal (wild type male 291-10) were settled on slides in close 

proximity to one another. They were allowed to grow until stolonal contact was 

established. The recipient wild type stolons were observed using fluorescence 

stereomicroscopy to follow single i-cells migrating from the donor into the 

recipient stolon. Once this event occurred, the piece of recipient tissue 

containing a single donor i-cell was cut away from the rest of the stolon. Most 

of the recipient tissue was also removed to leave a small piece of stolon. This 
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piece of stolon was cultured and monitored under a fluorescence 

stereomicroscope to observe the progeny of the initial transplanted i-cell. 

Images were taken regularly to observe the increase and distribution of the 

single i-cellôs progeny. To ensure enrichment of the donor cells progeny, large 

sections of wild type tissue were periodically removed from the chimera. 

 

3.3.8. Live Microscopy and Image analysis  

Live animals were stained with Hoechst 33342 for 30 minutes and were then 

placed in MgCl2 to anesthetize the animals to limit movement. They were then 

placed on a slide and covered with a coverslip. Live images were taken using 

a confocal microscope (Olympus FV3000) with high magnification of 20x and 

60x to identify cell types by morphology and fluorescent protein expression. 

 

3.3.9. EdU Staining  

EdU staining was carried out with Click-iT EdU Alexa Fluor 594 HCS Assay 

(Invitrogen, cat no. 9ΝΜΟΟΦ). Fixation of animals was performed in 4% 

PFA/PBS for 30 minutes at RT. Samples were washed twice in 0.5% PBS 

Triton (PBSTx) for 20 minutes. The PBSTx solution was removed and 

replaced with 3% BSA, 0.5% PBSTx solution. During this time, the Click-iT 

reagents were prepared in accordance with the manufacturerôs protocol. The 

BSA solution was removed and the Click-iT reaction cocktail was added to the 

tissue and incubated for 1 hour in the dark. The reaction cocktail was then 

removed, and the tissue was incubated in 3% BSA/0.5% PBSTx for five 

minutes for five times. Standard DNA labelling or IF staining of samples were 

then carried out as per their respective protocols. 

 

3.3.10. BrdU Staining  

BrdU staining was performed as per Section 2.2.2.3. 

 

https://www.ncbi.nlm.nih.gov/nuccore/C10339
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3.3.11. Flow Cytometry  

Whole feeding polyp tissue samples were dissociated in 10 ɛL FSW per polyp 

as per dissociation protocol. Nuclear staining of the resultant single cell 

suspensions was performed by incubation with 37.5 ɛg/ml Hoechst 33342 

(Sigma Cat #14533) for 20 min at RT. 

A Cytek Northern Lights NL-3000 spectral flow cytometer (Cytekbio, NL), 

calibrated and quality controlled per manufacturers guidelines, was used. Data 

analysis was performed using Cytekôs SpectroFlo and FlowJo. Full spectrum 

signatures were obtained both for unstained and for Hoechst stained wild type 

cells (Clone 291), from the single transgenic Piwi1::GFP polyps (clone 107) 

and from single transgenic ɓ-tubulin::mScarlet polyps (clone 102) to allow 

spectral unmixing and subtraction of autofluorescence. Following this, all 

Hoechst-stained controls were analysed. Single, nucleated cells were gated 

based on Hoechst-staining (positive vs negative for Hoechst emission spectra) 

and size (FSC-H vs FSC-A). Subsequently, single positive cells for GFP 

(GFP+), mScarlet (mScarlet+), and double positive cells for both GFP and 

mScarlet (double+) were gated as subpopulations, based on GFP+ vs 

mScarlet+ in the single stained controls. Hoechst stained double transgenic 

(clone 106) and Hoechst-stained recipient samples were analysed based on 

this gating strategy and the proportion of cells within the combined GFP+ or 

mScarlet+ or double+ gate was obtained. For the purpose of displaying the 

data, all plots show down sampled data based on the gate for single, nucleated 

cells. To account for background the proportion of cells falling into the 

combined gate in the Hoechst wildtype control was subtracted from all 

samples and controls. The proportion of cells in the combined gate in the 

samples were then normalised against the proportion of cells in the combined 

gate in double transgenic donor (clone 106) control (by considering the control 

to be 100% fluorescent transgenic). This resulted in a percentage of 

fluorescent transgenic cells per sample which was comparable to both the 

donor (clone 106) and the recipient (clone 291-10). These percentages were 

then plotted using ggplot2 in R, with three technical replicates per sample 

shown. 
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3.3.12. Quantification and statistical analysis 

Flow cytometry data analysis was performed using Cytekôs SpectroFlo and 

FlowJo. Plots were made using ggplot2 in R. 

 

 

Reagent or Resource Source Identifier 

Antibodies 

Anti-BrdU (1 in 500 ɛL) Sigma CAT~B5002 

Guinea Pig Polyclonal Anti-

GFP (1 in 500 ɛL) 

Synaptic Systems CAT#132005 

Rabbit Polyclonal Anti-Piwi1 (1 

in 2000 ɛL) 

In-house DuBuc et al. 

Chicken Polyclonal Anti-

mScarlet (1 in 500 ɛL) 

 

Synaptic Systems CAT#409006 

Rabbit Polyclonal Anti-Rfamide 

(1 in 500 ɛL) 

Gunter Plickert NA 

Deposited data 

Raw Data for flow cytometry 
FigShare 10.6084/m9.figshar

e.22232173 

Experimental models: Organisms/strains 

Wild type Hydractinia 

symbiolongicarpus male 

In house 291-10 

Transgenic Hydractinia clone 

Piwi1::GFP ɓ-tubulin::mScarlet; 

female 

(DuBuc, et al., 

2020) 

106 

Table 3.1. Detailed list of reagents and resources used. 

https://doi.org/10.6084/m9.figshare.22232173
https://doi.org/10.6084/m9.figshare.22232173
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Transgenic Hydractinia clone 

ɓ-tubulin::mScarlet; male 

(DuBuc, et al., 

2020) 

102 

Transgenic Hydractinia clone 

Piwi1::GFP; female 

(DuBuc, et al., 

2020) 

197, 123 

 

 

 

Software and algorithms 

Image J Imagej.net Version 2.8.0 

SpectroFlo cytekbio.com Version 3.0 
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3.4. Results 

 

3.4.1. i-cells and their proliferative activity 

Hydractinia i-cells first appear lodged in the interstitial spaces of the embryoôs 

endoderm, like in other hydrozoans (Lecl¯re, et al., 2012).  i-cells are marked 

by Piwi1, Piwi2, and Soxb1 expression (Figure 3.2) (Chrysostomou, et al., 

2022).

 

 

After metamorphosis of the swimming larva, the animal enters a sedentary life, 

attached to the substratum. It forms colonies that are composed of modular, 

clonal units called polyps that are interconnected by a network of 

gastrovascular tubes known as stolons (Figure 3.3) (Rosengarten & Nicotra, 

2011). Hydractinia colonies grow indefinitely in a plant-like fashion by 

elongating their stolons and budding new polyps, showing no signs of age-

related deterioration (Gahan, Bradshaw, Flici, & Frank, 2016) . 

 

Figure 3.2. Piwi1 and Piwi2 double labelling of i-cells.  

Co-localisation of i-cells with Piwi1 (green) and Piwi2 (red) in the body column of 

a feeding polyp. DNA is visualised in white. Scale bars, 40 ɛm. 
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The cell cycle of i-cells lacks a pronounced G1 phase, (Chrysostomou, et al., 

2022) but whether these cells continuously cycle is unknown. We found that 

animals incubated in EdU for 4 days had nearly 100% of their polyp i-cells 

labelled (Figure 3.4), except for a few unlabelled i-cells around the polyp-stolon 

interface.  

 

Figure 3.3. Feeding polyp and stolonal network of a young colony. 
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By contrast, many stolonal i-cells remained EdU free even after 12 days of 

EdU incubation (Figure 3.5). To investigate whether these non-cycling i-cells 

can re-enter the cell cycle, we injured the animals at day 12 of EdU incubation 

to induce a regenerative response, exposed them to bromodeoxyuridine 

(BrdU) for 24 h, fixed them, and visualized the EdU, BrdU, and Piwi1 protein 

(an i-cell marker). We found many i-cells that were only BrdU positive (Figure 

3.5). These cells had been quiescent for at least 12 days but re-entered the 

cell cycle following injury. We concluded that, although most i-cells 

continuously cycle, a sub-population that is more common in stolons is slow 

cycling. 

Figure 3.4. Fast cycling i-cells in polyps.  

(A) EdU incorporation in feeding polyps after 2 days.   

(B) EdU incorporation after 4 days. Nearly all i-cells have gone through s-

phase and are EdU+. Arrow indicates EdU negative i-cell. Scale bars 20 

Õm. 
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Figure 3.5. Slow cycling i-cells in stolons. 

A) Animals were incubated in EdU for 12 days, injured and incubated in BrdU for 

24 hours. 

B) i-cells that had been quiescent for at least 12 days but re-entered the cell 

cycle following injury are shown. (Bô) Higher magnification of a single i-cell. 

Scale bars 10 Õm 
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Because isolated polyps are well able to regenerate stolons, (Bradshaw, 

Thompson, & Frank, 2015) there is no evidence to suggest that polyp i-cells 

are distinct from their stolonal counterparts except that more stolonal i-cells 

appear to be slow cycling. This is probably because polyps must continuously 

renew their stinging cells, which are depleted each time the animal catches 

prey. The mid parts of stolons, where slow-cycling i-cells reside, do not grow. 

 

3.4.2. The developmental potential of a single i-cell 

At the population level, it has been shown that i-cells proliferate, migrate, and 

differentiate to replace disposable somatic cells and also generate gametes 

(DuBuc, et al., 2020; Bradshaw, Thompson, & Frank, 2015; K¿nzel, et al., 

2010; M¿ller, Teo, & Frank, 2004; M¿ller W. A., 1964; Weissman, 1883). 

However, it remains unclear whether i-cells constitute several distinct, lineage-

restricted stem cells or a population of pluripotent cells. To address this 

question, we aimed to transplant a single, transgenic fluorescent i-cell into a 

wild-type recipient. As an i-cell donor, we used a female animal (clone 106) 

that carries two fluorescent reporter transgenes: one is a Piwi1-driven GFP; 

this reporter is only active in i-cells (Figure 3.6) and germ cells but is 

downregulated following differentiation to somatic cells (DuBuc, et al., 2020).Ш 

 

 

Figure 3.6. Co-localisation of Piwi1 (red) and GFP (green) in a transgenic 

reporter polyp and its stolon.   

Scale bars 20 Õm 
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The other transgene is a ɓ-tubulin-driven mScarlet; this transgene is 

expressed by all differentiated cells but suppressed in i-cells (DuBuc, et al., 

2020).ШHence, i-cells in this animal are readily identifiable, being only bright 

green and not red fluorescent. i-cell progeny and terminally differentiated cells 

are bright red and dim green because of the long half-life of GFP. Early germ 

cells express Piwi1::GFP and, as they mature, also ɓ-tubulin:: mScarlet 

(Figure 3.7). They are anatomically restricted to sexual polyps (DuBuc, et al., 

2020).   

 

  

 

Figure 3.7. Expression pattern of donor double reporter animal. 

Fluorescent expression patterns of i-cells and somatic cells shown in the 

Piwi1::GFP Beta-tubulin double reporter animal. Adapted from (DuBuc, et al., 

2020). 
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Our rationale was to transplant a single, green-only i-cell into a wild-type host. 

Products of self-renewal should remain green only, whereas all their 

differentiating/differentiated progeny should turn red and their green GFP 

fluorescence gradually dissipate. As recipient host, we selected the wild-type 

male clone 291-10. The two animals are genetically histocompatible, 

accepting tissue grafts from each other to generate stable chimeras. The 

opposite sexes of donor and recipient provided an additional genetic marker 

to distinguish between donor and host gametes, in addition to donor 

fluorescence. This was possible because sex in Hydractinia is genetically 

determined by an XY system (Chen, et al., 2022) and gamete production 

depends on the genetic sex of their i-cell progenitors rather than on the 

somatic gonadal environment. Therefore, male/female chimeras can contain 

eggs and sperm in the very same gonad. (M¿ller W. A., 1964; Mali, Millane, 

Plickert, Frohme, & Frank, 2011) Hydractiniaôs unlimited clonal growth allowed 

us to generate multiple genetically identical copies of both animals, facilitating 

biological repeat experiments in the same genetic background.   

We first attempted to generate allogeneic mixed cell aggregates, which can 

regenerate a fully functional individual. Donor and recipient polyps were 

dissociated into a single-cell suspension by incubating them in calcium- and 

magnesium-free seawater. Dissociated cells were reaggregated by 

centrifugation. The resulting cell pellet regenerated an intact animal by day 5 

post aggregation. Adding many donor cells to wild-type recipient cell 

suspension resulted in successful engraftment and chimera establishment 

(Figure 3.8).  However, when lowering the donor cell numbers to few or single 

i-cells, all our attempts to recover the fluorescent donor cells from the 

regenerated polyps failed, suggesting that engraftment under these conditions 

is highly ineffective. Indeed, on average, a cell pellet made of 25 dissociated 

polyps gave rise to a single polyp, showing that most cells are lost during 

dissociation and reaggregation. Gamma-irradiating wild-type animals at 50 Gy 

before dissociation had not resulted in successful engraftment of single donor-

i-cells.  
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We then attempted to inject fluorescent i-cells into intact hosts. For this, we 

dissociated donor animals under a fluorescence stereomicroscope and picked 

Figure 3.8. Live imaging of reaggregated dissociated cells. 

(A-D) Mixed cell aggregate composed of dissociated 291-10 and 106 polyps. 

(E-H) Wild type (291-10) aggregates.   

(A&E) Day 1.   

(B&F) Day 3.   

(C&G) Day 5.   

(D&H) Day 7. Arrows denote regenerating polyps. Scale bars 20 Õm 
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up a single, green-only i-cell using a microinjector (Figure 3.9). We then 

injected the cells into wild-type animals at different life stages. However, after 

more than 50 injections, none of the injected i-cells could be found in the hosts' 

tissue 24 h later, showing that engraftment of injected i-cells is ineffectual as 

well. 

 

 

Poor engraftment of i-cells could have resulted from the physical stress 

associated with tissue dissociation and mechanical handling. To transplant i-

cells from a donor to a recipient without exposing them to unnecessary stress, 

we used whole tissue grafts. In their natural habitat, Hydractinia colonies grow 

on the surface of hermit crab shells. If a single shell is colonized by more than 

one larva, post metamorphosis, when the resulting polyps grow clonally, 

extending stolons of two allogeneic colonies may come into contact. The 

outcomes of these encounters depend genetically on sharing alleles at the 

highly polymorphic allorecognition complex. Colonies that share at least one 

allele of the complex can fuse and form chimeras that exchange migratory i-

cells, (K¿nzel, et al., 2010) whereas no shared alleles results in an aggressive 

rejection (Nicotra, 2022; Cadavid, Powell, Nicotra, Moreno, & Buss, 2004).  

We positioned wild type 291-10 colonies close to a growing stolon of 

transgenic fluorescent donors (clone 106) on glass slides. Stolons of both 

histocompatible colonies established contact, fused, and fluorescent i-cells 

were observed migrating from the female 106 colonies to the male 291-10 

tissue (Figure 3.10). 

Figure 3.9. Single cell isolated in a glass needle tip. 

Single transgenic i-cell, aspirated in a micropipette from a dissociated 106 polyp. 
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We attempted to isolate a section of 291-10 stolon with only one, green donor 

i-cell. However, immigrating i-cells (green) and progeny (red) were too 

numerous. Therefore, we generated chimeras in which most cells were wild 

type 291-10-derived, with only a few fluorescent cells from the 106 clone. We 

Figure 3.10. Allogeneic stolonal fusion and chimera establishment by 106 

and 291-10 colonies. 

(A) The stolonal network and polyps of two colonies growing to direct stolonal 

contact. The colony on the left is 291-10, and the one on the right is 106. Boxed 

area (Aǋ) shows the mScarlet channel and (Bǌ) the GFP. 

(B) Higher magnification of the point of contact. 

(C) The same parabiosis, 2 days post fusion. Note numerous i-cells (green) and 

differentiated cells (red) migrating from the 106 stolon into the 291-10 cloneôs 

tissue. (A)ï(C) are live images. Scale bars, 40 ɛm. 
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then grafted 291-10 colonies onto the chimeras. Because the number of donor 

fluorescent cells in the chimera was low, green immigrating i-cells were rare, 

allowing us to isolate sections of 291-10 wild-type stolons with only one green 

fluorescent (106-derived) i-cell by cutting away the rest of the donor and 

recipient tissues (Figure 3.11)  

 

 

 

The size of these isolated stolonal pieces, which included no polyps, was less 

than 300 ɛm long, 40 ɛm wide, and 15 ɛm thick. This was small enough to 

exclude the presence of additional donor i-cells or progeny using fluorescence 

microscopy (Figure 3.12) but contained sufficient cells to regenerate a whole 

new animal. 

Out of over 120 established parabioses, in only five cases were we able to 

isolate a small piece of stolon with only one donor i-cell (green only) and no 

donor progeny (green and red, or red only). This is because cell migration 

patterns are unpredictable, with cells changing their migratory behaviour within 

hours. We allowed the five single-cell grafts to bud new polyps, feed, and 

Figure 3.11. Schematic of single i-cell transplantation by parabiosis. 

A schematic of colony grafting. A wild-type colony is positioned in close proximity 

to a transgenic fluorescent colony. Allogeneic stolonal fusion allows migratory i-

cells to move from one colony to the other without leaving their niche. A section of 

wild-type stolon with only one donor fluorescent i-cells is isolated by removing the 

donor and recipient tissues. 
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become established colonies while taking daily observations under the 

fluorescence stereomicroscope. In each one of these chimeric animals, the 

single, green-only i-cell proliferated and gave rise both to new, green-only i-

cells and to differentiated progeny that expressed red mScarlet and were dim 

green (Figure 3.12).  

 

 

Figure 3.12. Single i-cell transplantation by parabiosis. 

Live imaging of the timeline of a single-cell graft. First chimeric polyp bud was 

visible on day 13 (arrowhead). Fully developed polyp, capable of feeding, was 

established by day 16. Donor cells are green (i-cells) and red (differentiated cells). 

A total of five single-cell grafts were generated, and all revealed the same 

outcome. Scale bars 40 ɛm. 
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High-resolution confocal microscopy of live, anesthetized polyps (to prevent 

them from moving during imaging) revealed various cell types, all derived from 

the single transplanted i-cell. By morphology, they included the 

major Hydractinia cell lineages: epitheliomuscular cells, neurons, stinging 

cells (nematocytes), and germ cells (Figure 3.13). Neurons were also identified 

by anti-RFamide antibodies (Figure 3.13B).  
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Other cell types, such as gland cells, are difficult to identify in vivo within the 

tissue. Of note, all fluorescent germ cells were oocytes, consistent with the sex 

of the donor animal. They co-occupied the gonads alongside wild-type sperm 

from the recipient (Figure 13.3E). Spawned eggs were fertilized with 291-10 

wild-type sperm and became embryos that completed development into larvae 

(Figure 3.14) and metamorphosed into young, fluorescent colonies, the sexual 

offspring of the single transplanted i-cell.  

 

Figure 3.13. Various donor cell types, derivatives of a single transplanted i-

cell, in a chimeric animal. 

(A) Chimeric feeding polyp. Dark, non-fluorescent areas represent wild-type host 

tissue.  

(B) Donor-derived neuron (labeled by anti-RFamide and anti-mScarlet antibodies) 

embedded in a sheet of donor epithelial cells.  

(C) Nematocytes, each containing nematocyst capsules (asterisks) and a typical 

crescent-shaped nucleus.  

(D) An i-cell (green) lodged between epithelial cells.  

(E) Partially taken over sexual polyp, showing donor-derived (green) oocytes in 

recipient-derived, sperm-filled male sporosac.  

(F) A sexual polyp, nearly taken over by donor cells. i-cells and early germ cells 

are green. Maturing oocytes are also red. All except (B) are live images. Scale 

bars, 20 ɛm. 
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The female clone 106 grows faster than the male clone 291-10 under 

laboratory conditions. Therefore, over time, the proportion of fluorescent cells 

in chimeras increased gradually, resulting in polyps with varying levels of 

transgenic, 106 representations (Figure 3.13).  

 

 

We selectively pruned tissues that contained only a few or no fluorescent cells, 

thereby tipping the balance in favor of donor cells. Eventually, some polyps in 

these chimeric colonies became completely red/green with few or no apparent 

wild-type cells (Figure 3.15 and Figure 3.16A).  These polyps were isolated 

and grew into new colonies. Spectral flow cytometry of dissociated polyps 

originating from 291-10 colonies that had received a single 106 i-cell showed 

that some of these animals were no longer chimeric, as no wild-type cells were 

detectable in their tissues, confirming that a total takeover by donor cells had 

Figure 3.14. Second-generation transgenic colony. 

Young transgenic colony, derived from a single transplanted i-cell. Larvae (top row) 

and primary polyp (bottom row). Scale bar 20 Õm. 

Figure 3.15. Live imaging of nearly taken over chimera.  

(A) Longitudinal confocal section through a chimera.  

(B) Higher magnification showing a single wild-type epithelial cell embedded in 

donor-derived tissue (arrow). Differentiated cells are red; i-cells are green. Scale 

bars, 20 ɛm. 
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occurred and that all cells of these individualsðboth somatic and germ cellsð

were exclusively derived from the one transplanted i-cell (Figure 3.16B-D). The 

same takeover dynamics occurred in each one of the five chimeras that had 

received a single donor i-cell. We concluded that the adult population 

of Hydractinia i-cells includes pluripotent stem cells (Figure 3.17). 
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Figure 3.16. Analysis of the takeover dynamics by donor i-cell 

(A) Live imaging of various degrees of chimerism, from a wild-type polyp (left) to 

apparently a completely taken over one (right).  

(B) Spectral flow cytometry of wild-type polyps (clone 291-10), Piwi1:GFP animals 

(clone 107), ɓ-tubulin::mScarlet animal (clone 102), donor (clone 106), and a 

taken over polyp.  

(C) Percentages of transgenic fluorescent cells across three technical replicates 

in animals that have received a single donor i-cell, normalized to donor (clone 106) 

and recipient (clone 291-10). Various degrees of chimerism, from low to complete 

takeover, are shown.  

(D) Maximum projection of a confocal live imaging stack of an apparent taken over 

polyp, showing i-cells in green and differentiated somatic cells in red. Scale bars, 

40 ɛm. 

Figure 3.17. Graphical abstract of the determination of the developmental 

potential of a single i-cell. 
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3.5. Discussion 

 

In asexual planarians, Piwi-1high neoblasts constitute some 40% of the 

animalôs cells (Zeng, et al., 2018). However, only about 15% of them are 

clonogenic, able to rescue a lethally irradiated worm (Zeng, et al., 2018; 

Wagner, Wang, & Reddien, 2011). By contrast, Hydractinia Piwi1high i-cells in 

feeding polyps are relatively rare, comprising only 1% of the animalôs cells 

(Chrysostomou, et al., 2022; DuBuc, et al., 2020). The observed takeover by 

all five single-cell grafts suggests that a considerable fraction of i-cells marked 

by high Soxb1, Piwi1, and Piwi2 expression are pluripotent stem cells. 

Arguably, they represent the most effective stem cell system for long-living 

clonal animals that generate plant-like colonies without a defined size or 

shape. By analogy, Hydractinia stolons resemble plant stems and shoots, 

feeding polyps are equivalent to plantsô leaves, and sexual polyps fulfil the role 

of flowers. If i-cells were a mixed population of lineage-restricted stem cells, 

competition among lineages could result in a local or global shortage of 

progenitors for certain cell types. A single pluripotent stem cell system ensures 

that new stolons and polyps (both feeding and sexual) can develop at any 

region of the colony, provided that at least one i-cell is present at that location. 

Given that pluripotency in most animals is limited to a short time frame pre-

gastrulation, it would be interesting to speculate about the embryonic origin of 

i-cells, which are adult pluripotent cells. Like other cnidarians that are 

diploblastic, (Technau, 2020) Hydractinia embryos gastrulate to generate only 

two germ layers: ectoderm and endoderm (Kraus, et al., 2014). i-cells first 

appear in the endodermal cell mass but migrate to the epidermis during 

metamorphosis to become the adult i-cell population (Chrysostomou, et al., 

2022). Embryonic i-cells could directly derive from pluripotent blastomeres that 

do not commit to any germ layer during gastrulation. Alternatively, they could 

arise from committed endodermal cells, acquiring pluripotency secondarily. 

Under both scenarios, as i-cells migrate, proliferate, and differentiate into all 

cell types, eventually all adult tissues will have been derived from i-cells rather 
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than from embryonic ectoderm or endoderm. 

Therefore, Hydractinia embryonic germ layers are merely transient tissues. 

The molecular mechanisms that control pluripotency are partly conserved 

across metazoans (Ali®, et al., 2015; ¥nal, et al., 2012; Wagner, Ho, & 

Reddien, 2012; Ali®, et al., 2011; Juliano, Swartz, & Wessel, 2010). This is not 

surprising, given that all animals have pluripotent cells in early embryogenesis. 

However, adult pluripotent stem cells (APSCs) appear to be rare; their 

appearance is correlated with whole-body regenerative abilities and clonal 

growth. Mechanistically, APSCs require maintaining or reactivating the 

embryonic pluripotency gene regulatory network in adulthood. At single-cell 

resolution, APSCs were shown to exist in only two phylaðCnidaria and 

Platyhelminthes (Zeng, et al., 2018; Wagner, Wang, & Reddien, 2011; Bosch 

& David, 1987) ðthey are assumed, though not confirmed, in sponges and 

acoels (Kimura, Bola¶os, Ricci, & Srivastava, 2022; Ali®, et al., 

2015). Interestingly, colonial tunicates, although clonal and highly 

regenerative, were suggested to have distinct lineages of adult stem cells, one 

somatic and one germline (Laird, De Tomaso, & Weissman, 2005). Taken 

together, although pluripotency per seðbeing ubiquitousðis probably a 

primitive metazoan feature, the distribution pattern of APSCs across animal 

phyla is consistent with two evolutionary scenarios. They could be either a 

primitive trait, lost by most bilaterians and some cnidarians (e.g., Hydra), or a 

derived feature, evolving multiple times in different lineages. 
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Chapter 4: The Developmental 

Potential of Somatic Cells 
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4.1. Introduction 

 

Epithelial cells are necessary for the exchange of molecules from the external 

environment to the interior of an organism. They are also characterized by 

their organisation of semi-permeable epithelial sheets that act as a barrier 

against the environment (Giepmans & van IJzendoorn, 2009) protecting from 

physical interactions, pathogens or changes in osmotic pressure (Buzgariu, 

Haddad, Tomczyk, Wenger, & Galliot, 2015).  

Members of the phylum Cnidaria have a bi-layered body wall composed of an 

external epithelial layer termed the epidermis and an internal epithelial layer, 

termed the gastroderm. The layers are separated by an extracellular matrix 

known as the mesoglea that maintains adhesion between the epithelial layers. 

In Hydra, the epidermal and gastrodermal epithelial cells represent two adult 

unipotent stem cell populations that constantly self-renew while also exhibiting 

differentiated epithelial features concurrently. Both epithelial stem cell 

populations have an atypical cell cycle, made distinct by a very short G1-phase 

of around one hour and a lengthy G2-phase that can range from 24 to 72 hours 

(Buzgariu, Crescenzi, & Galliot, 2014). This is similar to the cell cycle 

properties of embryonic stem cells (Fluckiger, et al., 2007). Both gastrodermal 

and epidermal epithelial cells are non-migratory cell types. In Hydra, the 

sheets of epithelial cells are displaced passively toward the extremities of 

tentacles and buds by the constant proliferation which occurs in the central 

body column (Campbell, 1974). Once the cells reach the extremities, they are 

sloughed off. All epithelial cells are replaced approximately every 20 days 

(Campbell, 1967; Buzgariu, Aubry-Lachainaye, & Galliot, 2022). 

It is not yet known if Hydractinia epithelial cells are actively in proliferation or if 

they are pushed towards the extremities, as described in Hydra. Hydractinia 

differs from Hydra in many things, including, but not limited to their coloniality, 

habitat, i-cell potential and their method of asexual reproduction.  

This chapter aims to establish the true developmental potential of the epithelial 

cell in Hydractinia. I will also assess the contribution a mixed population of 

somatic cells can make to a Hydractinia colony. 
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4.2. Materials and Methods 

 

4.2.1 Animal Culture 

Animal culture was conducted as described in Section 2.2.1. 

 

4.2.2. Spawning of Animals  

Animal spawning was conducted as described in Section 2.2.1.2. 

 

4.2.3. Microinjection 

Needles used for injection of embryos were created by pulling glass capillaries 

(Narishige: GD1). For plasmid injections, one cell embryos were placed in a 

petri dish with 200 ɛm netting attached with hot glue. The plasmids were 

injected at a concentration of 2 ɛg/ɛl in nuclease free water. The plasmid was 

supplemented with 1 M KCl in a 1:5 ratio to reduce mosaicism and fluorescent 

dextran in a 1:25 ratio to allow visualization of injected embryos. Embryos were 

injected at an injection pressure of 40 psi. 

 

4.2.4. Polyp Manipulation 

To isolate individual polyps, entire slides were placed in 4% MgCl2
 for ten 

minutes to anesthetize the animal. Individual polyps were cut with vannas 

scissors at the base of the polyp and washed several times with FSW. 

 

4.2.5. Somatic Cell Transplantation via Parabiosis 

Cell transplantation was conducted as per Section 3.3.7. with the following 

exception. Greater than forty mScarlet+ cells were isolated from the donor 

animal in recipient wild-type tissue and no GFP+ cells were present.  
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4.2.6. Immunofluorescence 

IF experiments were conducted as described in Section 2.2.2.2. 

 

4.2.7. Maceration of Cells for Cytospin 

Polyps were macerated using the ACetic-MEthanol (ACME) protocol (Garc²a-

Castro, et al., 2021). Polyps were unfed for at least 24 hours. The ACME 

solution (Table 4.1.) was made up of the following components for a volume of 

20 ml. 

 

 

Constituent Volume  

Acetic Acid 2 ml 

Methanol 3 ml 

DEPC H2O 12 ml 

Glycerol 2 ml 

 

100 polyps were placed into a 1.7 ml low adhesion tube with as little sea water 

as possible. The seawater was then replaced with 4% MgCl2 to relax the 

animals and they are placed on ice for 15 minutes. The MgCl2 was then 

removed and washed quickly with 100 ÕL of 7.5% n-acetyl cysteine in MgCl2. 

The n-acetyl cysteine was immediately removed and replaced with 1 ml of the 

ACME solution (Table 4.1). The solution was pipetted using low bind p1000 

with the pipette set to 750 ÕL. The mouth of the pipette tip is placed at the top 

of the solution, against the edge of the tube and the solution is pipetted up and 

down while avoiding aspirating polyps into the tip. The solution was pipetted 

vigorously for several minutes until a single cell suspension was achieved. The 

cell suspension is filtered through a pre-wetted 100 and 40 Õm filter. The 

volume is then made up to 1 ml with 1x PBS and centrifuged at 1200g (RCF) 

for five minutes at 4 ÁC. The supernatant is removed and the pellet is 

resuspended in 250 ÕL. 

Table 4.1. Components of a 20 ml ACME solution 
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The single cells were adhered to an adhesive slide using a cytospin (Thermo 

Shandon Cytospin 4). Firstly, an adhesive slide is placed into a metal slide clip. 

A filter paper card is then placed on top, followed by the plastic disposable 

cytofunnel. Once all layers were secured using the clips of the metal slide clip, 

250 ÕL of solution was loaded into the cytospin funnel per slide and the 

cytospin was run at 200 RPM for 5 minutes. This resulted in a circular cellular 

smear on the slide. The smear was then allowed to fully dry at 20ÁC in a 

covered container to ensure no dust settles on the slides. Rubber cement is 

then used to create a raised perimeter to ensure no leakage of solution during 

treatment of cells.  

 

4.2.8. Epithelial Cell Tracking 

The polyp of interest was mounted on the side of a glass slide that was labelled 

on each side using a Dremel 290 engraving tool. The polyp was mounted by 

tying multiple slides together tightly using twine and balancing the block of 

slides along their edge in a large volume of sea water. The polyp of interest 

was cut away along with a section of newly formed stolon. The excised polyps 

were gently pipetted onto the side of the block of slides and allowed to settle 

for at least three days until stolonal adherence had occurred. The twine 

keeping the slides together was cut carefully and the slides were separated 

gently. The individual polyp was then marked by placing an individual elastic 

band on each side of the polyp. Individual epithelial cells were tracked in the 

tentacles of a G0 Act-I::GFP transgenic animal over an extended period of time 

by taking daily images of the settled polyp daily from both sides of the slide 

using an Olympus fluorescent microscope).  
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4.3. Results 

 

4.3.1. Analysis of epithelial cell movement 

As mentioned in Section 4.1, Hydra epithelial cells are characterized by their 

consistent centrifugal movement towards the extremities due to the consistent 

proliferation of cells in the body column. I intended to investigate whether the 

epithelial cells in Hydractinia behave similarly. This investigation was 

performed by settling an individual G0, mosaic Actin1::GFP transgenic animal 

on the side of a slide (as described in Section 4.2.8.) (Figure 4.1). The polyp 

was imaged daily under a fluorescence microscope for an extended period. As 

Hydractinia colonies grow clonally, elastic bands were placed equidistantly 

from the polyp of interest as a reference of position. This ensured that the 

same polyp was imaged every day and not mistaken for another adjacent 

budding polyp.   

 

 

Figure 4.1. Settled polyp on a slides edge. 

Feeding polyp settled on the narrow edge of a glass slide, bordered by two 1 mm 

wide elastic bands. 
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The Actin1::GFP construct was first described in (K¿nzel, et al., 2010)ЮШfƣШwas 

expected to have pan-GFP expression due to all cells in Hydractinia 

expressing Actin1. The construct used to generate the transgenic animal was 

made up of the Actin1 promoter, which drives expression of GFP and was 

finalized with the Hydra Actin1 3' 1.5 kb genomic region. Despite Actin1 being 

a ubiquitous gene, the animal shows GFP expression in only epithelial cells 

and gametes, both being identified by their distinctive morphologies. GFP 

expression was absent in all other cell types, i-cells included. This mosaic 

transgenic animal can be utilized as an effective tool for epithelial cell tracking. 

The tentacles were chosen as a point of interest to track for two reasons. 

Firstly, the tentacles represent a clear extremity in the feeding polyp. Secondly, 

individual epithelial cells are clearly visible in the tentacles, as it is more difficult 

to confidently identify an individual GFP+ epithelial cell in the body column or 

head without nuclear staining and confocal microscopy. Tentacles with clear 

separation were chosen for the tracking. In the tracked tentacles, I observed 

epithelial cells that remained stationary and showed no sign of movement 

towards the extremities over the days of tracking, with some GFP+ cells 

remaining in place for up to 14 days (Figure 4.2). This was observed in five 

independent samples. Additionally, there was no clear appearance of the 

epithelial cells dividing, i.e. by the appearance of a new epithelial cell adjacent 

to the tracked cell. The proliferative dynamics of epithelial cells will be 

investigated further in the following section 4.3.2.  

In Chapter 3, I established that i-cells can give rise to all cells, including 

epithelia. Therefore, it would be reasonable to assume that appearance of new 

epithelial cells depends on differentiation of i-cells in the tentacles. To further 

support this, I observed multiple i-cells in the far-reaching tentacles of the 

animal (Figure 4.3). This study confirmed that passive displacement of 

epithelial cells towards the extremities, as observed in Hydra, does not occur 

in Hydractinia.  
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Figure 4.2. Epithelial cells show no movement for at least 14 days. 

A live Actin1::GFP G0, mosaic polyp tentacle was imaged to assess the movement 

of epithelial cells in the tentacles over an extended period of time. Individual 

epithelial cells are numbered for ease of referencing throughout the timeline. White 

line denotes the boundary of the tentacle. Scale bar 40 Õm 
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Figure 4.3. Piwi1 immunostaining shows i-cells in the tentacles. 

(A) Piwi1+ i-cells (yellow) are visible in the tentacle and upper body column of 

an adult feeding polyp.   

(B) Zoom-in of the tentacle area.  

Both images are a single slice image. White line denotes the polyp boundary. 

DNA staining is blue. Scale bar 10 Õm 
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4.3.2. Analysis of epithelial cell mitotic kinetics 

Another significant feature of the Hydra epithelial stem cells is their ability to 

continuously self-renew to maintain their respective homeostasis (Holstein, 

2023; D¿bel & Chica Schaller, 1990).  

I aimed to analyse whether Hydractinia epithelial cells have similar cycling 

capabilities. Adult feeding polyps were incubated in BrdU (as described in 

Section 2.2.2.3.) for 30 minutes and were then dissociated into single cells 

using the ACME protocol (as described in Section 4.2.7.). The resulting cell 

suspension concentrated to a small section of a poly-L-lysine coated slides 

using a CytoSpin cytocentrifuge. A double IF for Piwi1 and BrdU was carried 

out on the adhered cells (as described in Section 2.2.2.2.).  

Both i-cells and epithelial cells mitotic activity were compared to get a relative 

view of the proliferative activities of both in a single sample. Epithelial cells 

were identified by their elongated, rectangular morphology. i-cells were 

identified by both their Piwi1 expression and their large nucleus to cytoplasm 

ratio. Residual background from the nuclear staining allowed the cell to be fully 

visible in order to identify morphology.  

Both BrdU+ and BrdU- i-cells were identified in all of the samples (Figure 4.4A. 

Sixty i-cells were identified across three technical repeats and the average 

proportion of i-cells that were BrdU+ was ~70% (Figure 4.5). This is typical for 

i-cells as they are highly proliferative in order to support tissue homeostasis 

and self-renewal, which is a classical trait of a stem cell population. However, 

out of 620 identified epithelial cells across three replicates, I was unable to 

identify any that were BrdU+ (Figure 4.4B. & Figure 4.5). All epithelial cells 

identified were BrdU-. This indicated that the epithelial cells do not 

continuously proliferate because if that were the case, BrdU would have been 

incorporated during the thirty-minute incubation in at least a portion of the 

epithelial cells in the S-phase. 
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Figure 4.4. BrdU labeling of dissociated i-cells and epithelial cells. 

(A) Both BrdU+ as well as BrdU- i-cells were identified.   

ыB) Epithelial cells showed no BrdU labelling. DNA was detected using DAPI 

staining (grey). Cell boundaries are shown by a white line and were identified by 

faint DAPI background. Scale bar 10 Õm 
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4.3.3. The Developmental Potential of Somatic Cells 

As was shown in Chapter 3, i-cells are pluripotent and a single Piwi1::GFP ɓ-

Tubulin::mScarlet i-cell transplanted into wild-type tissue can result in 

complete transgenic takeover of the animal. I decided to investigate whether 

somatic cells, in the absence of i-cells, could do the same.  

To this end, a similar transplantation via-parabiosis set up was utilized (see 

Section 4.2.5.). However, this time, only mScarlet+ cells were allowed to 

migrate into the recipient wild-type tissue. I ensured that no GFP+, mScarlet- 

cells were present, thus excluding i-cells entirely from the transplantation 

(Figure 4.6).  

 

Figure 4.5. The mitotic index of i-cells and epithelial cells. 

Percentages of BrdU+ epithelial cells and i-cells. At least half of all i-cells are 

in S-phase after a 30-minute BrdU incubation. All of the epithelial cells counted 

(N=620) were BrdU-. The error bar is the SD. Individual technical replicates 

are denoted by circles. 
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Per sample, at least 40 mScarlet+ cells were transplanted into recipient tissue 

to assess the contribution of somatic cells (Figure 4.7). Larger sections of 

stolon were isolated, in comparison to those described in Section 3.3.7. This 

was simply because omitting donor i-cells (which are a rare type) is much 

easier than omitting all other cell types in the stolon as was described in 

Chapter 3, thus allowing larger stolonal portions to be used. 

Post-isolation, as previously mentioned, there were at the very least forty 

mScarlet+, GFP- cells isolated in the wild-type tissue . By day 3, a new polyp 

formed in the section of the stolon that had a few mScarlet+ cells in the 

tentacles and the head. There were no GFP+ cells, indicating no transgenic i-

cells. By day 6, the number of mScarlet+ cells dropped in the head and 

tentacles until only two remained. I suspected that the mScarlet+ cells were 

nematocytes, that were originally derived from nematocyte progenitors in the 

stolon, as nematocytes have well documented high turnover in the tentacles 

and head as they are replaced post-feeding (Klompen, Sanders, & Cartwright, 

2022). By day 10, all fluorescent cells had vanished. Unlike the single i-cell 

that was transplanted in Chapter 3, there was no apparent expansion of 

Figure 4.6. Schematic of multiple somatic cell transplantation by 

parabiosis 

A schematic of grafting procedure. A wild-type colony (recipient) was positioned 

closely to a transgenic fluorescent colony (donor). Fusion of the allogeneic 

stolon allows recipient and donor tissue to be mixed. Recipient tissue with at 

least 40 mScarlet+ cells was then isolated by excising the surrounding donor 

and recipient tissues. 
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transgenic cells and they all eventually faded away and disappeared, having 

no long-term contribution to the animal.  
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Figure 4.7. Multiple somatic cell transplantation by parabiosis 

Live imaging of the timeline of a multiple-somatic cell graft. At least forty somatic 

cells of different types were isolated in a section of stolonal mat. A polyp bud was 

visible on day 3 with a few mScarlet+ cells. A fully developed polyp, capable of 

feeding, was established by day 6, with less mScarlet+ cells. By day 10, no 

mScarlet+ cells remained. A total of three multiple somatic cell grafts were 

generated, and all revealed the same outcome. Scale bars, 40 ɛm. 
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4.4.  Discussion and Summary of Results 

 

In this chapter, I aimed to investigate the developmental potential and 

proliferative activity of epithelial cells in Hydractinia. Epithelial stem cells in 

Hydra are characterized by their continuous self-renewal and their passive 

displacement in response to this proliferative growth. 

Through IF experiments of macerated polyps, I identified 620 epithelial cells; 

none were BrdU+. In contrast, i-cells, quite predictably, included a large 

percentage of BrdU-incorporating cells following a relatively short BrdU 

incubation period of thirty minutes. This indicated that epithelial cells are not 

proliferative and do not undergo continuous self-renewal. 

Continuous tracking of individual epithelial cells in a G0, mosaic Actin1::GFP 

animal showed that epithelial cells can remain in the tentacles with no changes 

to their relative position for at least two weeks. Therefore, passive 

displacement of epithelial cells towards the extremity of the polyp, as observed 

in Hydra, does not occur in Hydractinia. It is likely that the epithelia in 

Hydractinia are actively maintained by the differentiation of i-cells and i-cell 

progenitors. Overall, considering the lack of locomotion and the lack of 

continuous self-renewal of epithelial cells, it can be concluded that the 

epithelial cells in Hydractinia are not epithelial stem cells. 

Additionally, by transplanting multiples of somatic cells via parabiosis into wild-

type recipient tissue, I saw no expansion of the donor somatic cells in the 

absence of i-cells. This further emphasized the crucial contribution that i-cells 

provide and the possibly more limited potential of the other somatic cell types. 

The large number of cells transplanted across three replicates all yielded no 

expansion of transgenic cells in the animal as they all eventually disappeared. 

At no point did any i-cells appear either, further indicating that in this 

experimental setting, dedifferentiation is not a common occurrence as is the 

case in hypostome regeneration (Salinas-Saavedra et al. 2023).  

This study provided an indication that somatic cells in Hydractinia are 

disposable. However, conclusive results could only be achieved by verifying 
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that all somatic cell types are represented in the graft. This was not shown 

here. 
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Chapter 5: Inducible cell ablation 

in Hydractinia  
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5.1. Introduction 

  

Cell-ablation in an organism can explain the ablated cellsô role within a tissue 

during development and homeostasis. Analysis of the subsequent recovery 

from said ablation gives insight to the underlying regenerative processes. 

Nitroreductase-mediated cell ablation has been established in many animals, 

including Hydra (Giez, et al., 2023). Nitroreductase is a bacterial enzyme that 

converts non-toxic prodrugs into a cytotoxic metabolite that acts as an effective 

DNA cross-linking agent. This causes the NTR-expressing cell to die. In 1997, 

transgenic mice had been generated with tissue specific promoters driving 

expression of the nitroreductase gene attached to a fluorescent gene for 

visualization. Exposure to the prodrug CB1954 caused ablation of the 

fluorescent tissues but had an unintended bystander effect on the surrounding 

cells (Drabek, Guy, Craig, & Grosveld, 1997; Clark, et al., 1997). This effect 

was due to a cell permeable metabolite that was produced due to the reduction 

of the prodrug (Bridgewater, Knox, Pitts, Collins, & Springer, 1997).  In 2008, 

a study showed successful ablation in zebrafish nitroreductase transgenic 

animals by using the prodrug metronidazole (MTZ). MTZ exhibited no 

bystander effect as its toxic form was confined specifically to only the cell it 

had been reduced in i.e. the nitroreductase expressing cell (Figure 6.1.) 

(Curado, Stainier, & Anderson, 2008). Many zebrafish cell types have been 

ablated such as cardiomyocytes (Begeman, et al., 2020), photoreceptors 

(White, et al., 2017) and neurons (Godoy, Noble, Yoon, Anisman, & Ekker, 

2015). 

However, more ablation resistant cell types, such as muscle, needed a higher 

concentration of MTZ (up to 10 mM) for successful ablation. Prolonged 

exposure (>24 hours) to this concentration proved to be increasingly toxic. A 

recent paper, (Sharrock, et al., 2022) showed increased catalytic efficiency by 

utilizing a ortholog for nitroreductase from the bacterial species Vibrio 

vulnificus instead of the traditionally used Escherichia coli nitroreductase. This 

ortholog, termed NTR2.0, showed 100-fold ablation efficiency due to its high 

catalytic activity. This resulted in significantly less MTZ being required for 
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successful ablation of even the most ablation resistant cell types. For this 

reason, NTR2.0 was selected for use in the generation of inducible cell 

ablation reporter animals. 

In this chapter I aim to establish a nitroreductase-mediated cell ablation 

system in Hydractinia. Additionally, I also aim to perform toxicity analysis of 

Metronidazole on both Hydractinia adult polyps and embryos.  

 

 

 

 

 

 

Figure 5.1. Metronidazole mechanism of action in nitroreductase 

expressing cells 

The prodrug, metronidazole, diffuses into the cell and in the presence of 

nitroreductase (NTR) is reduced to cytotoxic active drug metabolites. These 

metabolites act upon the DNA, causing cross-linking and inhibit DNA synthesis 

and inducing apoptosis in only the cell expressing nitroreductase. 
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5.2. Materials and Methods   

 

5.2.1. Animal Culture 

Animal culture was conducted as described in Section 2.2.1. 

 

5.2.2. PCR and PCR Clean up 

Polymerase chain reactions (PCR) were carried out using Phusion high-fidelity 

polymerase (ThermoFisher Scientific F530) for high fidelity cloning based 

PCRs. The reaction components were assembled as per Table 5.1. in that 

specific order in 0.2ml PCR tubes.   

 

 

Constituent 20 ÕL Reaction Final Concentration  

Nuclease Free Water Up to 20 ÕL  

5x Phusion HF Buffer 4 ÕL 1x 

10 mM dNTPs 0.4 ÕL 200 ÕM 

10 ÕM Forward Primer 1 ÕL 0.5 ÕM 

10 ÕM Reverse Primer 1 ÕL 0.5 ÕM 

Template DNA x 10 ng/ÕL 

Phusion DNA Polymerase 0.2 ÕL 1 unit/20 ÕL Reaction 

 

The samples were mixed and then transferred to a PCR machine that was 

preheated to 98ÁC. The sample was then cycled as per Table 5.2. 

 

 

Step of PCR  Temperature Duration 

Step 1:  Hot Start 98ÁC 2 minutes 

Table 5.1. Components of a general Phusion PCR reaction. 

Table 5.2. Typical PCR cycle parameters. 
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Step 2: 25-40x cycles Denaturation 98ÁC 15 seconds 

 Annealing 60ÁC-72ÁC 20 seconds 

 Extension 72ÁC 1 minute/kb 

Step 3: Final Extension 72ÁC 5 minutes 

 Storage 4ÁC Ð 

 

Loading buffer was added to PCR samples in a 1:6 ratio. The PCR product 

was run on 1% agarose gel stained with SybrSafe (ThermoFisher Scientific: 

10787018) along with 1 Kb plus DNA ladder (ThermoFisher Scientific: 

10787018). The gel was run at 90V for 30-45 minutes and then visualized 

using a Vilber Fluorescence Gel Doc System and Bio 1D imaging system. Gel 

DNA extraction or PCR clean-up was carried out by using the MonarchÈ DNA 

Gel Extraction Kit (NEB, T1020S) or MonarchÈ PCR & Cleanup Kit (T1030S), 

respectively, as per the manufacturerôs instructions.  

 

5.2.3. DNA Precipitation 

Nuclease free water was added to the DNA sample up to 100 ÕL. 10 ÕL of 

sodium acetate is added to the reaction. Then 2.5x of the volume of 100% 

ethanol was added to the reaction and inverted several times to mix. 1 ÕL of 

glycogen was added and the sample was inverted several times again. The 

sample was then stored at -20ÁC overnight. The next day the sample was 

centrifuged at 16000 RPM for 20 minutes at 4ÁC. The supernatant was then 

discarded. The resulting pelleted DNA was washed with 100 ÕL 70% ethanol 

and centrifuged at 16000 RPM for 5 minutes. The supernatant was removed 

and the wash and centrifugation process was repeated. The sample was then 

dried for approximately 3 minutes in open air to remove any residual ethanol 

from the tube. The DNA was resuspended in nuclease free water and 

measured on the Nanodrop spectrophotometer.  
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5.2.4. Restriction enzyme digestion 

DNA was digested using a restriction enzyme digestion. The restriction 

digestion reaction was set up as follows in the specific order on ice (Table 5.3). 

 

Restriction Enzyme Digestion Reaction Mix 

Constituent 10 ÕL Reaction Final Concentration  

Nuclease Free Water Up to 10 ÕL  

10x Enzyme Buffer 1 ÕL 1x 

Restriction enzyme 0.5 ÕL 1 unit/ 10 ÕL Reaction 

DNA x 1Õg 

Phusion DNA Polymerase 0.2 ÕL 1 unit/20 ÕL Reaction 

 

The reaction was incubated for 1-2 hours at 37ÁC then ran on a 1% agarose 

gel to verify successful digestion of the DNA. 

 

5.2.5. DNA Ligation 

A 10 ÕL 1:3 vector:insert ligation reaction were set up as follows (Table 5.4). 

 

DNA Ligation Reaction Mix 

Constituent 10 ÕL Reaction Final Concentration  

Nuclease Free Water Up to 10 ÕL  

10x Enzyme Buffer 1 ÕL 1x 

Restriction enzyme 0.5 ÕL 1 unit/ 10 ÕL Reaction 

DNA x 1ug 

Phusion DNA Polymerase 0.2 ÕL 1 unit/20 ÕL Reaction 

 

The DNA ligation reaction was incubated for 60 minutes at RT. The sample 

was then placed on ice.  

 

Table 5.3. Components of a restriction enzyme digestion reaction. 

Table 5.4. Components of a restriction enzyme digestion reaction. 
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5.2.6. LB agar and bacteria plates 

40g of LB agar was dissolved per litre of MilliQ water and subsequently 

autoclaved. Post-autoclaving, the agar was cooled to approximately 50ÁC and 

the necessary antibiotic was added. The molten agar was then poured into 

plastic petri dishes, aseptically. The agar was then allowed to cool at room 

temperature before being stored at 4ÁC, upside down and wrapped in parafilm. 

 

5.2.7. Chemically competent bacteria  

The following method was used to generate chemically competent XL1 Blue 

Escherichia Coli bacteria. LB agar and LB broth were autoclaved prior to use. 

The agar was opened, aseptically, and poured into three plates, in the absence 

of any antibiotic additive. Bacteria stock sample was taken from the -80ÁC, 

stabbed with a completely sterile pipette tip and added to 200 ÕL of LB broth 

in an Eppendorf and mixed. The broth was then spread on an agar plate using 

an L-shaped spreader and incubated at 37ÁC ON.  Control plates were also 

incubated at 37ÁC. A single colony was isolated from the plate and used to 

inoculate 5 ml of LB broth and was incubated ON at 37ÁC, shaking. This broth 

was then used to inoculate 300 ml of LB broth (in the absence of an antibiotic) 

which was incubated for two to three hours until an OD 600 of approximately 

3.5-4 was achieved. 50ml falcon tubes were pre-chilled and the culture was 

added to the tube. It was then centrifuged at 4000 RPM for ten minutes at 4ÁC. 

The supernatant was poured off, leaving a bacterial pellet behind. The pellet 

was resuspended in 1 ml of sterile 0.1M CaCl2/14% glycerol. The resuspended 

bacteria were then aliquoted into pre-chilled 1.5 ml sterile tubes and stored at 

-80ÁC. 

 

5.2.8. Bacterial transformation 

For the transformation, 50 ng of plasmid or 20 ÕL of ligation was added to 50 

ÕL of competent cells and incubated for 10 minutes on ice. It was then heat 

shocked by placing the tube in a water bath at 42ÁC for sixty seconds and then 

placed back on ice for fifteen minutes. LB broth (pre-warmed to 37ÁC) was 

then added to the tubes and they were incubated rocking at 37ÁC for thirty 
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minutes. They were then plated on LB agar plates containing 100 Õg/ml 

carbenicillin. 

 

5.2.9. Plasmid extraction 

A bacterial culture was generated by inoculating LB broth (containing 100 

Õg/ml carbenicillin) with a single colony or 1 ÕL of glycerol stock. It was then 

cultured overnight at 37ÁC. Post-culturing the bacterial culture was centrifuged 

at 6000g for one minute. The supernatant was discarded, and the pellet was 

resuspended in 200 ÕL resuspension buffer (50mM Glucose; 25mM Tris-HCl 

pH 8.0; 10 Mm EDTA; 100 Õg/ml RNase A; MQ Water) and inverted to ensure 

complete resuspension. The bacterial solution was then lysed to release the 

plasmid from the bacteria by adding 250 ÕL lysis buffer (0.2M NaOH; 1% SDS; 

MQ Water) and inverted for sixty seconds maximum. The reaction was then 

quickly neutralized by the addition of neutralization buffer (4M Gu-HCl; 0.9M 

K-Acetate; MQ Water), inverted and incubated for two minutes to ensure the 

lysis reaction had finished. The solution was then centrifuged at 16,000g for 

ten minutes and the supernatant was then loaded into a DNA column and 

centrifuged at 6000g for two minutes. The run through was discarded wash 

buffer (10mM Tris-HCl pH 7.5; 60 mM potassium acetate; 80% EtOH) was 

added to the column and centrifuged at 11000g for one minute. This process 

was repeated twice. The column was then centrifuged again to ensure that the 

column membrane was dry. The column was transferred to a clean 1.5 ml tube. 

Depending on the concentration required, 10-25 ÕL of nuclease free water is 

added directly to the membrane and incubated for three minutes at room 

temperature, before centrifugation at 11000g for two minutes. The 

concentration of the plasmid was assessed using a NanoDrop 

spectrophotometer. 

 

5.2.10. Construction of the Rfamide::NTR2.0-GFP 

This construct was created by restriction digest-based cloning. The vector 

used was from an Rfamide plasmid (as described in (Chrysostomou, et al., 

2022),. Rfamide is a marker for a a subset of neurons (most densely packed 
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in the head of Hydractinia).  The Rfamide::GFP plasmid (Chrysostomou, et al., 

2022) was cut with SACI and NOTI to remove the GFP and create a sticky 

ended vector (Figure 5.2A). The pBluescript-NTR2.0-GFP plasmid (sequence 

obtained from (Sharrock, et al., 2022)) (Genescript) was cut with the same 

restriction enzymes to generate an insert comprised of the NTR gene and GFP 

(Figure 5.2B).  Ligation of the NTR2.0-GFP insert and the Rfamide::GFP 

vector was performed in a 3:1 ratio. The resulting ligation was then 

transformed into competent bacteria and cultured on agar plates, then 

subsequently in LB broth. The ligation was confirmed by PCR and sequencing 

with primers listed in Appendix B. The final plasmid was composed of a 

Rfamide promoter driving expression of NTR and GFP (Figure 5.2C.). A 

glycerol stock was made from the broth and stored at -80ÁC for long term 

storage.  
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5.2.11. Metronidazole Preparation 

MTZ was prepared freshly every day. The crystallised MTZ was dissolved by 

mixing it with filtered sea water in a 50 ml falcon tube. It was then placed in a 

45ÁC water bath for thirty minutes with regular shaking to ensure no 

undissolved MTZ remained. At all steps the dissolved MTZ is protected from 

light exposure as MTZ is a photoreactive compound. The MTZ was replaced 

with fresh MTZ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Generation of the Rfamide::NTR2.0-GFP plasmid 

(A) The Rfamide::GFP plasmid is cut with the restriction enzymes NotI and 

SacI to remove the linker and the GFP, leaving a  sticky ended vector.  

(B) The NTR2.0 plasmid was cut with the restriction enzymes NotI and SacI 

resulting in a sticky ended insert comprised of NTR2.0, a linker and GFP.  

(C) The vector (A) and the insert (B) were ligated to generate the final 

Rfamide::NTR2.0-GFP plasmid.  
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5.3. Results 

 

5.3.1. Metronidazole Toxicity Analysis 

As previously discussed, MTZ at high concentrations was described to be 

overall toxic for zebrafish for long term exposure exceeding 24 hours. It was 

important to confirm that the amount of metronidazole used in experiments 

would not negatively impact the health of the Hydractinia. Cut wild-type adult 

feeding polyps were placed in increasing concentrations of MTZ (2 mM, 5 mM 

and 10 mM) as well as control polyps cultured in only filtered sea water with 

no MTZ (Figure 5.3.). The overall morphology of the polyp and its tentacles 

are assessed as an indicator of stress in the animal in response to the drug 

treatment. As the polyps used were wild-types, any phenotype seen could be 

attributed to toxicity induced by the concentration of MTZ and not to the 

removal of cells. The FSW control exhibited no clear signs of stress and 

maintained a regular polyp morphology over the 6 days of MTZ exposure. The 

samples exposed to 2 mM MTZ, showed no aberrations in their polyp 

morphology and looked indistinguishable from the FSW control throughout the 

treatment. The 5 mM MTZ treated samples showed initially no changes from 

day one to day three, but by day 6 there was distinctive tentacle shortening 

which is a clear indication of the animal being under stress. However, once the 

MTZ was removed the animal recovered. The 10 mM MTZ treated samples 

showed signs of stress from as early as day 3, where the tentacles shortened. 

By day 6 the tentacles, disappeared entirely and even when the MTZ was 

removed the polyp died. The 10mM treatment for 6 days was deemed lethal 

for Hydractinia adult feeding polyps. However, Hydractinia adult feeding 

polyps appeared to be able to sustain MTZ exposure for a much longer period 

than documented in zebrafish. In zebrafish, greater than 24 hours of 10 mM 

MTZ induced abnormalities and even death. 



ΝΝΠ 
 

 

 

The toxicity of the MTZ treatment was also assessed on embryos during early 

embryogenesis and metamorphosis (Figure 5.4.). Post-fertilization, embryos 

were transferred to MTZ freshly prepared in FSW. The MTZ was changed 

daily, and metamorphosis was induced as per Section 2.2.1.3. but with CsCl2 

Figure 5.3. MTZ toxicity analysis in cut feeding polyps. 

Isolated wild-type feeding polyps were treated for 6 days with increasing 

concentrations of MTZ (2 mM, 5 mM and 10 mM). Feeding polyps were also 

treated with FSW as a control.  

Scale bar 20 Õm.  
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prepared in MTZ treated FSW instead of FSW alone. The control showed the 

normal development of an embryo. Post metamorphosis, 12 out of 14 larvae 

progressed through metamorphosis successfully and formed primary polyps. 

The sample exposed to 5 mM MTZ appeared to progress through 

development similarly to the FSW control with no obvious deformities or 

developmental delays. Post-metamorphosis, 9 out of 11 larvae progressed 

through metamorphosis and formed functional primary polyps. This indicated 

that 5 mM of MTZ exposure did not impact metamorphosis in larvae, even 

when exposure was over a four-day period. However, in the sample exposed 

to 10 mM MTZ, at the 1 DPF stage, no apparent morphological delay was 

evident. By 2 DPF, the larvae appeared stubbier and less elongated than the 

5 mM and FSW exposed samples. By 3 DPF, the larvae showed no further 

development and showed limited mobility, whereas the FSW and 5 mM 

samples had shown further elongation and moved freely throughout the dish. 

When metamorphosis was induced, all 13 larvae that were induced died and 

dissolved onto the glass slide. This indicated that, much like in zebrafish, 

longer exposure of 10 mM MTZ (> 24 hours) is detrimental to the embryonic 

development of Hydractinia. 
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5.3.2. Nitroreductase-mediated Cell Ablation  

A Rfamide::NTR2.0-GFP transgenic animal was generated by microinjecting 

embryos with the plasmid construct created in Figure 5.2. This resulted in a 

G0 animal that had a portion of the Rfamide+ neurons labelled with GFP. The 

neurons were primarily clustered around the head of the feeding polyp. Cut 

Rfamide::NTR2.0-GFP feeding polyps were placed in 2 mM MTZ to assess 

the ablation and recovery dynamics in the G0 animal (Figure 5.5.).  

Prior to the treatment, the cut polyp had dense GFP labelled neurons at the 

head of the feeding polyp. After two days of MTZ incubation, there were no 

GFP+ neurons in the feeding polyp, indicating successful ablation of the 

Rfamide::NTR2.0-GFP expressing cells. This occurred in all 10 samples 

incubated in the MTZ. The ablated polyps were subsequently moved to dishes 

filled with FSW to analyse their recovery dynamics post-ablation. After two 

days of FSW incubation, in three out of ten ablated feeding polyps, GFP+ 

neurons were visible in the head.  

Figure 5.4. MTZ toxicity analysis in developing larvae. 

Wild-type (non-transgenic) embryos were treated with increasing concentrations of 

MTZ (5 mM and 10 mM) as they progressed through embryogenesis and 

metamorphosis. Embryos were also treated with FSW as a control. The amount of 

larvae that produced a viable primary polyp post-metamorphosis were counted. 

Scale bar 80 Õm.  

 

 



ΝΝΤ 
 

 

 

Figure 5.5. Ablation of neurons in a G0 Rfamide::NTR2.0-GFP animal 

G0, mosaic transgenic Hydractinia feeding polyps co-expressing GFP and NTR 

2.0 in neurons were treated with 2 mM MTZ for 48 hours. Post- incubation, no GFP 

labelled cells could be identified in any of the samples. After 2 days incubation in 

FSW, 3 out of 10 samples showed a return of the GFP+ neurons. Scale bar is 80 

Õm. 
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5.4. Summary and Discussion 

 

In this chapter I aimed to establish the inducible nitroreductase mediated cell 

ablation in Hydractinia symbiolongicarpus. Firstly, I showed that 5 mM and 10 

mM MTZ had a detrimental effect on adult feeding polyps after 6 days of 

treatment. However, when developing embryos were cultured and 

metamorphosed in 5 mM MTZ most of them survived the treatment and formed 

viable colonies. The 10 mM treated embryos/larvae did not survive, showing 

that much like zebrafish, long-term exposure to metronidazole proves quite 

toxic (Curado, Stainier, & Anderson, 2008). In contrast, 2 mM MTZ was not 

seen to have any distinct effect upon the viability or morphology of embryos or 

adult feeding polyps. This established a workable dose of metronidazole with 

which to treat individual adult polyps or embryos with. 

Secondly, I was able to show effective ablation of neurons in a 

Rfamide::NTR2.0-GFP transgenic animal. All adult polyps lost their GFP+ 

labelled neurons within two days of MTZ treatment. Within 2 days, 3/10 of the 

treated polyps regained GFP+ neurons. It was not surprising that not all the 

feeding polyps could recover their GFP+ ablated neurons, since the animal 

utilized was a G0 mosaic transgenic animal. The time frame in which the 

neurons returned was also in line with (Chrysostomou, et al., 2022) where they 

showed de novo neurogenesis 36-48 hours post-decapitation. 
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Chapter 6: Discussion 
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6.1. Discussion 

 

6.1.1. i-cell progenitors appear during embryogenesis 

In Chapter 2, immunostaining of early-stage embryonic stages revealed Piwi1 

protein localisation in several endodermal cells, beginning at the 32/64-cell 

stage. This is the stage in which the zygotic genome is activated (Febrimarsa, 

et al., 2023). In Caenorhabditis elegans, ascidians, mice and humans, 

maternal to zygotic transition occurs after only a few cleavages of the cell 

(Oda-Ishii & Satou, 2018; Asami, et al., 2022; Robertson & Lin, 2015). 

However, in other animals, such as Drosophila, zebrafish, and Xenopus, as 

much as twelve cell cleavages are required before transcription of the zygotic 

genome commences (Blitz & Cho, 2021; Andersen, Reiner, Aanes, Alestrºm, 

& Collas, 2012; Marlow, 2010).  

In Hydractinia, I did not detect Piwi1 protein above background level in the 

earlier 1-cell and 16-cell stages using immunostaining. This was unexpected 

as Piwi1 is a maternally deposited mRNA (Figure 6.1). 
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Before the maternal to zygotic transition stage, the embryo depends on 

maternal gene products to progress through early development (Marlow, 

2010). Maternally deposited PIWI protein has been well documented as 

essential for the progression of early embryonic development by supporting 

genome stability (Gonzalez, Tang, & Lin, 2021). In these early stages, the 

pluripotent progenitor cells differentiate into the main cellular lineages of an 

organism; therefore, it is of the utmost importance that the integrity of the 

genome is maintained (Fabry, et al., 2021).   

Taking this into account, I expected to see maternally deposited Piwi1 protein 

at the earlier stages but was unable to detect it using immunostaining. It is 

perhaps a sensitivity issue to detect the Piwi1 maternally deposited protein as 

it could be sparsely diffused throughout the yolky embryo at the earlier stages 

and not easily detectable. Additionally, a short proteinase K incubation was 

utilised to aid penetration of the anti-Piwi1 antibody into the embryo and 

facilitate the nuclear staining. However, an unintended consequence of this 

could be the already dilute Piwi1 protein in the embryo being further degraded 

by proteinase digestion and therefore, not visually identifiable by 

immunostaining. The proteinase K treatment on the 32/64-cell stages and 

Figure 6.1. Piwi1 (HyS0050.7) RNA levels during embryonic development 

Figure and figure description was obtained from the Hydractinia Genome Portal 

(https://research.nhgri.nih.gov/hydractinia). Three replicate RNA-seq samples 

were collected at four different time points during Hydractinia 

symbiolongicarpus embryonic development: at the 4-cell, 16-cell, and 64-cell 

stages and from 24-hour larvae. Each replicate consisted of pools of embryos or 

larvae from a single spawning event resulting from a cross of the 291-10 male 

strain with the 295-10 female strain. RNA-seq libraries were constructed for each 

sample for a total of 12 libraries. These libraries were then sequenced on the 

Illumina HiSeq 4000 platform using indexed 75-base paired end reads. Sequence 

reads were processed and aligned to the H. symbiolongicarpus gene models, 

counted, and normalized via MedianNorm (Anders & Huber, 2010). Normalized 

read counts are displayed in the expression plots.  

 

https://research.nhgri.nih.gov/hydractinia
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later, did not noticeably reduce the Piwi1 signal but the Piwi1 protein is 

significantly more concentrated in those individual cells.  

As stated previously, Piwi1+ cells in the endoderm were identified in the 32/64-

cell stage and all subsequent embryonic stages. The average initial amount of 

Piwi1+ cells at the 32/64-cell stage was five Piwi1+ cells. This suggests that 

several endodermal cells began to express Piwi1 simultaneously and did not 

arise from an individual Piwi1+ cell that had proliferated. After the initial 

appearance of Piwi1+ cells, their numbers increased as they progressed 

through development.  

 

6.1.2. An unexpected pause in proliferation during 

metamorphosis   

I identified two unexpected halts in proliferation during metamorphosis in 

Hydractinia that had not previously been described. By 3 HPM, the i-cells 

appeared to slow down their previous rate of cycling. Then by 12 HPM, all cells 

in the metamorphosing larvae stopped cycling. This overall halt in proliferation 

could be linked to the apoptotic activities taking place. (Seipp, Schmich, & 

Leitz, 2001) showed an apoptotic wave occurs between 3 and 6 HPM but by 

12 HPM, no apoptotic cells are visible. At this point, after apoptotic removal of 

cells, the priority of the metamorphosing larvae would be to resume growth. 

Piwi1+ cells from the endoderm to the ectoderm move during this stage to the 

epidermis where they proliferate, as adult i-cells, in their specified adult niche. 

 

6.1.3. i-cell progenitors 

This thesis has suggested that the Piwi1+ cells that were identified in the 

endoderm of early embryos are the progenitors of the future adult i-cells. 

Piwi1+ cells were trackable from the 32/64-cell stage all the way through 

embryogenesis, metamorphosis and the primary polyp stage. As previously 

shown in (Chrysostomou, et al., 2022), I also observed the i-cells migrate into 

the ectoderm at 12 HPM where they will remain throughout the adult life of the 

Hydractinia and will give rise to all somatic cells in the adult individual.  
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 During embryonic and larval development, neurons, nematocytes, and 

epithelial cell types first appear (Chrysostomou, et al., 2022; Plickert, Kroiher, 

& Munck, 1988). Chapter 3 has shown that in the adult animal all somatic cells 

are derived from the pluripotent i-cell. The presence of the somatic cells during 

embryogenesis raises some interesting questions. Are somatic cell types also 

derived from the Piwi1+ cells identified in the early stages. Are the Piwi1+ 

endodermal cells i-cell progenitors and do they act as the stem cell population 

during embryogenesis?  

To truly investigate whether the Piwi1+ cells that arise early in embryogenesis 

are in fact i-cells, as we understand them in the adult Hydractinia, we would 

need to transplant a single trackable Piwi1+ / GFP+ embryonic cell from the 

Piwi1::GFP ɓ-tubulin::mScarlet into a wild type embryo and observe the 

resulting lineage. However, this has several drawbacks that would need to be 

overcome. Firstly, GFP expression in transgenic Hydractinia embryos does not 

mature till at least 18 hours post-fertilisation, thus missing the crucial 32/64-

cell stage to identify the single i-cell. Also, there is no discernible differences 

in morphology between the Piwi1+ and the Piwi1- endodermal cells at the 

earlier stages of embryogenesis. Therefore, identification by morphology 

alone would not be possible. A possible scenario, albeit laborious, would be to 

dissociate a single Piwi1::GFP ɓ-tubulin::mScarlet 64-cell embryo and 

transplant each cell blindly into another wild type embryo. Subsequent lineage 

tracing could then confirm if a single cell from that embryo was or wasnôt 

pluripotent. This method would not be perfect, as we couldnôt directly attribute 

that to the Piwi1+ cells identified in the endoderm but rather it would indicate 

that there was a single pluripotent cell in the embryo at that time and they could 

give rise to the same cell types that a pluripotent adult i-cell can. But as 

discussed in Chapter 3, transplantation via injection or aggregation is 

notoriously tricky and requires multiple upon multiple attempts.  
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6.1.4. Adult i-cells are pluripotent 

Animals are made up of a variety of cells that differ greatly in form, function 

and behaviour. Generating the necessary cells to cater to the needs of the 

individual is a tremendous task during embryonic development and adulthood. 

Adult tissue is subject to daily attrition from predators, the environment, and 

aging. To ensure long-term survival, lost cells must be restored by stem cells 

and their progeny. In many vertebrates, including humans, the stem cells only 

produce specific cell types that support the tissue or organ they reside in. In 

Chapter 3, I showed that only one i-cell is required for complete restoration of 

all cell types in an adult Hydractinia colony, whether the cells be required in 

the stolon, feeding polyp or sexual polyp. I also demonstrated that a single i-

cell could generate germ cells, that matured into oocytes. These oocytes were 

fertilised, ultimately generating a new individual. Proving that an i-cell could 

generate all cell types and germ cells within an organism, thus proving the 

pluripotency of the cell. The necessity of these pluripotent cells could be linked 

to the colonial nature of the Hydractinia animal. Necessary structures in the 

far reaches of the colony depend on the presence of pluripotent stem cells to 

proliferate and differentiate quickly to supply the required cell types. If i-cells 

had a more limited potential, that could risk the necessary stem cell not being 

present in a distant area of the colony and would thus hamper the colonial 

expansion. 

This work revealed the impact a single cell has on an entire individual and the 

outcome was striking; a single cell (even with some help at the beginning) 

could self-renew and differentiate to the point that it could completely replace 

the cells of the recipient. It further highlighted the disposable nature of the 

somatic cells and the very real hazard of germ cell parasitism between 

genetically distinct Hydractinia, thus emphasising the importance of its 

allorecognition system in maintaining distinct genotypes of non-related 

individuals. In contrast, multiple somatic cell transplantations, as described in 

Chapter 4, revealed that a number exceeding 40 mScarlet+ somatic cells had 

no long-term impact on the overall phenotype of the animal. A limitation of the 

study was that despite the sheer number of cells transplanted, we cannot 

identify any of the cell types that were indeed transplanted. Many somatic cells 
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were transplanted in an effort to increase the likelihood that most major cell 

types would be represented across the three replicates. Nevertheless, this 

experiment truly highlighted the disposable nature of the somatic cells and 

highlighted the necessity of the i-cells for clonal expansion. 

In Chapter 3, I showed that 5 out of 120 grafts resulted in a single piece of 

tissue with one transgenic i-cell. The limiting factor on the sample size was the 

unpredictability of the i-cell migration which made it difficult to witness a single 

i-cell move away from the other transgenic cells into the wild type tissue. This 

migration could happen at any point of the day or night, and often 

differentiation would follow. Across all five samples, I observed i-cell self-

renewal, differentiation, and overall colony takeover. This was interesting as I 

had been prepared for possibly some samples to show a more limited potential 

as the i-cell population could be heterogeneous. In planarians, the neoblast 

population is heterogenous with some neoblasts expressing markers of 

differentiation (van Wolfswinkel, Wagner, & Reddien, 2014). The entire 

neoblast population is composed of both pluripotent adult stem cells as well 

as many lineage-restricted progenitors. Roughly 40% of the total cells in a 

planarian are Piwi1high neoblasts. Only ~15% of them are pluripotent and able 

to rescue a lethally irradiated animal. i-cell heterogeneity has not been 

confirmed in Hydractinia  but there has been some reviews and upcoming work 

that have suggested the presence of more limited i-cell lineages (Salamanca-

D²az, et al., unpublished; Gahan, Bradshaw, Flici, & Frank, 2016), but whether 

they can be considered ñi-cellsò is yet to be seen. In my experiments, only the 

Piwihigh cells were transplanted. If the i-cell population is hetereogenous with 

more limited i-cell lineages (as seen in planarians), perhaps the Piwi1high i-cells 

are the pluripotent stem cells, hence the consistent results across all grafts. 

Perhaps the Piwilow population constitutes more limited potential i-cells or may 

just constitute i-cell progenitors. At this moment we can only speculate. 

Much like acoels, planarians, tunicates, and marine flatworms, this lifelong 

supply of pluripotent stem cells are the source of Hydractinias extensive 

regenerative ability (Mouton, Wudarski, Grudniewska, & Berezikov, 2018; 

Pfister, et al., 2007; Wagner, Wang, & Reddien, 2011; Rinkevich, et al., 2010; 

Reddien, N®stor, Jennings, Jenkin, & S§nchez Alvarado, 2005; Hulett, et al., 
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2023). All of these species are quite distantly spread out in the tree of life. 

Therefore, pluripotency may either have deep evolutionary roots, or evolved 

multiple times. Studies have shown that the genes that define the pluripotent 

i-cells are highly conserved across the animal kingdom (Schnitzler, et al., 

2024), consistent with pluripotency being a primitive trait in animals. 

 

6.1.5. The stem cell niche 

In this study, stolonal i-cells were exclusively isolated and were shown to self-

renew and generate cell types for all polyp types, feeding and sexual polyps 

alike. I also showed that cut polyps generate stolons after several days of 

culturing thus confirming results also shown by (Bradshaw, Thompson, & 

Frank, 2015). This indicated that the i-cells in the stolon and the polyp are 

spatially restricted, single cell type. 

An interesting aspect of Hydractinia i-cells was their ability to remain in a 

pluripotent state, even while migrating throughout the stolon. Much like 

planarians, there doesnôt seem to be a stringently specified niche for stem cells 

as they can be found in the epidermis of almost all sections of colony (except 

the hypostome (Salinas-Saavedra, Febrimarsa, Krasovec, Horkan, & 

Baxevanis, 2023)). A stem cell niche is an environment wherein signalling 

regulates the proliferative states of stem cells and maintains stemness. This 

ensures that the stem cell pool does not become depleted upon differentiation 

and also doesnôt over proliferate either. The germline stem cell niche in 

Caenorhabditis elegans is maintained by proximity of the stem cells to the 

Distal Tip Cell, which resides in the mesenchyme. Upon migration away from 

the proximity of the Distal Tip Cell, the stem cells lose their stemness and 

differentiate (Byrd & Kimble, 2009). Perhaps, the more precise anatomical 

niche seen in mammals and some invertebrates is not applicable to 

Hydractinia. Or perhaps, the epidermis acts as the exclusive stem cell niche. 

This opens many interesting questions on what signalling pathways 

throughout the colony maintain the global i-cell stemness or do i-cells 

autonomously regulate their own stemness. This is not a unique feature to 

Hydractinia either, as it has also been an ongoing question for the planarian 
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model as well. Several publications have hypothesised the concept of 

planarian neoblast stemness being regulated by the restrictive and permissive 

signals which would be released by the differentiated neighbouring cells (Zhu 

& Pearson, 2016; Rossi & Salvetti, 2019).  

 

6.1.6. Epithelial cells exhibit no stem like qualities 

In Chapter 4, live tracking of a G0 Actin-1::GFP mosaic animaI showed that 

epithelial cells in the extremities of tentacles do not change their relative 

position for a period of at least 14 days. Hydra cell proliferation in the body 

column continually displaces the epithelial cells towards the outer extremities 

of the tentacle, bud and peduncle.  

I found that Hydractinia epithelial cells remain stationary and also showed no 

visual signs of proliferation while in the tentacle. Additionally, immunostaining 

of macerated polyps revealed no BrdU incorporation in 620 epithelial cells 

while ~50% of i-cells (from the same polyps) incorporated BrdU following an 

incubation of 30 minutes. This suggested that during normal conditions, the 

epithelial cells are not or only very slowly cycling. A previous study (Bradshaw, 

Thompson, & Frank, 2015), showed that during head regeneration 5% of 

epithelial cells were labelled with EdU after a forty-minute incubation. My work 

suggested that during homeostasis, epithelial proliferation is much rarer and 

may not occur at all. As has been shown, i-cells are in a continuous state of 

self-renewal and support cell turnover of differentiated cell types. 

(Chrysostomou, et al., 2022) has previously shown that neurons do not 

proliferate too. Nematocytes also do not proliferate as they are impeded by the 

presence of the nematocyct capsule.  

My findings show a lack of passive displacement and lack of proliferation in 

the epithelial cells of Hydractinia, confirming that the epithelial cells in 

Hydractinia do not fit the criteria to be termed unipotent stem cells, as has 

been described in Hydra. 
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6.1.7. Inducible cell ablation system established in Hydractinia 

A new inducible cell ablation system was developed in Hydractinia in Chapter 

5. A Rfamide::NTR2.0-GFP G0 transgenic mosaic animal was generated. With 

this clone, the addition of the innocuous prodrug MTZ was shown to remove 

the GFP+ neurons within two days of incubation. Since the animal used was a 

mosaic G0, three out of the ten ablated polyps regained their GFP+ neurons 

after two days. The introduction of this system to the Hydractinia community 

opens up exciting avenues for investigating the overall effect of cell specific 

ablation to the whole animal. It also allows the subsequent recovery dynamics 

to be investigated too. In particular, a specific ablation system to remove the 

Piwi1+ cells would be an effective tool to assess the developmental potential 

of all somatic cells in the absence of i-cells. Perhaps a more elegant method 

than that performed in Chapter 4, as it would knowingly include all somatic cell 

types. Additionally, the system could be used to remove the embryonic, 

endodermal Piwi1+ cells (Chapter 2) to assess the impact of their absence on 

embryonic development and the differentiated cell types formed during 

embryogenesis. This would depend on the ablation efficiency in the animal as 

it appears to be often cell type specific (Curado, Stainier, & Anderson, 2008; 

Sharrock, et al., 2022). 
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6.2. Concluding Remarks 

 

The Hydractinia i-cells have always been an intriguing stem cell population 

since they were first described in 1883 by August Weissman. Despite over 140 

years passing since their initial description, we are still unearthing the true 

potential this stem cell population exhibit. 

In this thesis, putative i-cell progenitors were identified in the early stages of 

embryogenesis. However, the mechanism by which they appear is yet to be 

determined. Additionally, an unexpected reduction, then ultimately pause, in 

proliferation was observed during metamorphosis- an entirely new observation 

in Hydractinia.  

Previous studies suggested that a population of i-cells were the source of all 

somatic and germ cells in an individual (M¿ller, Teo, & Frank, 2004). In this 

thesis, I was able to confirm that a single i-cell could give rise to all cell types 

in Hydractinia, definitively confirming the pluripotency of the cell and 

highlighting the first hydrozoan with an adult pluripotent stem cell. Hydractinia 

can now join the ranks of acoels, marine flatworms and planarians as 

regenerative model organisms with lifelong adult pluripotent stem cells.  

I also showed that epithelial cells in Hydractinia do not exhibit stem cell like 

qualities and that new epithelial cells in Hydractinia most likely arise from the 

migration and differentiation of i-cells rather than the continuous proliferation 

of epithelial cells. Additionally, large transplantations of somatic cells had no 

long-term contributions towards the animal, providing further indication that the 

non-i-cells do not also exhibit stem cell like qualities. 

This thesis has truly emphasised the crucial role i-cells have in homeostasis 

and support of the somatic and germ cells of the individual. It also highlighted 

that as a collective, somatic cells of Hydractinia are essentially disposable as 

all cell types stem from the i-cell. All individuality in Hydractinia is dependent 

on only one rare cell: the i-cell.  
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Figure Appendix 1: Maximum projections of BrdU incorporation in Piwi1+ 

cells and somatic cells after 30 minutes BrdU incubation in four 

developmental stages.   

(A) At 6 HPF most cells are BrdU+.  

(B) At 12 HPF many of the cells are BrdU+ and the shape of the embryo is 

elongated. 

(C) At 24 HPF, the now larva has a few BrdU+ cells scattered across the endoderm 

and the ectoderm.  

(D) At 48 HPF, the body plan has fully elongated and most of the BrdU+ cells are 

restricted to the gastrodermal area. All images are maximum projections of the 

samples also shown in Figure 2.5. DNA in the cells was labelled with DAPI (grey). 

Scale bar 10Õm. HPF= Hours post-fertilisation 
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Figure Appendix 2. Maximum projections of BrdU incorporation in Piwi1+ 

cells and somatic cells after 30 minutes BrdU incubation in major 

metamorphosis stages.   

(A) At 3 HPM, the larva condenses into a compacted tear drop shape. The 

number of BrdU+ cells are reduced.  

(B) At 12 HPM, the larva has condensed into a flat disk-like shape. All of the cells 

are BrdU-.  

(C) At 18 HPM, the early stages of stolon growth, a ring of BrdU+ and Piwi1+ cells 

are located in a ring around the base of the newly forming polyp. 

(D) At 24 HPM, the tentacles of the primary polyp have formed and a ring of BrdU+ 

and Piwi1+ cells still remains around the base of the polyp.  

All images are maximum projections of the samples also shown in Figure 2.6. 

DNA in the cells was labelled with DAPI (grey).. Scale bar 10Õm. HPM= Hours 

post-metamorphosis. 

 






