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8.1  HISTORY OF THE MODEL 

Classical “model” organisms (such as mouse, drosophila, 

nematode, etc.) have contributed a huge amount of knowl

edge in biology but represent only a small fraction of the 

diversity of organisms. Marine animals are very diverse in 

term of morphology and physiology and cover a wide range 

of taxa. Therefore, they can make a valuable contribution to 

research, both for addressing biological processes and evo

lutionary questions. 

This chapter presents  Clytia hemisphaerica, a jellyfi sh 

with growing interest as an experimental model. This spe

cies can be cultured in the lab in reconstituted sea water, 

allowing use in any laboratory and a constant supply in ani

mals. First the history of  Clytia as an experimental model 

and the characteristics of  Clytia life stages will be presented. 

Then diverse experimental tools, currently available and still 

in development, will be described, before presenting some 

biological questions that can be addressed using  Clytia. 

Due to their phylogenetic position as a sister group to 

the bilaterians, cnidarians are a valuable study group for 

addressing evolutionary questions. Cnidarians are divided 

into two main clades: the anthozoans, comprising animals 

only living as polyps for the adult form, and the meduso

zoans, characterized by the presence of the jellyfi sh stage 

in the life cycle (Collins et al. 2006 ).  Clytia hemisphaerica 
(Linnaeus 1767) is a medusozoan species of the class 

Hydrozoa, the order Leptothecata (characterized by a chitin

ous envelop protecting the polyps and by the flat shape of 

the jellyfish) and the family Clytiidae (Cunha et al. 2020). 

Its life cycle is typical of hydrozoans, alternating between 

two adult forms: the free-swimming jellyfish (= medusa) and 

asexually propagating polyp-forming colonies. 

Clytia hemisphaerica has long been recognized as a  

valuable research organism for studying several aspects of 

hydrozoan biology thanks to its ease of culture; its total trans

parency; and its triphasic life cycle, including a medusa stage. 

This last feature distinguishes it from the other main cnidar

ian model organisms (Hydra, Nematostella and Hydractinia). 

It is thus possible to study in Clytia hemisphaerica complex 

characters absent from the polyp-only model species, notably: 

striated muscles; a well-organized nervous system condensed 

in two nerve rings at the margin of the umbrella; and well-

defined and localized organs: the gonads, the manubrium 

regrouping the mouth and the stomach and the tentacle bulbs. 

8.1.1  	EARLY STUDIES ON CLYTIA HEMISPHAERICA 

ANATOMY AND DEVELOPMENT 

Clytia hemisphaerica was referred to in earlier literature 

under a number of synonyms, such as  Clytia johnstoni 
(in: Alder 1856 ), Clytia laevis (in: Weismann 1883), Clytia 
viridicans (in: Metchnikoff 1886), Phialidium hemisphaeri
cum (in: Bodo and Bouillon 1968) or Campanularia john
stoni (in: Schmid and Tardent 1971;  Schmid et al. 1976). 

Clytia, when used alone in this chapter, will refer to the spe

cies  Clytia hemisphaerica. 

8.1.1.1	 First Descriptions of  Clytia 
Embryonic Development 

 The first detailed description of embryogenesis in  Clytia 
was conducted by Elie Metschnikoff in the late 19th century 

in the marine stations of Naples and Villefranche-sur-Mer  

(Metchnikoff 1886). In his book  Embryologische studien 
an Medusen (1886 ), he described and compared the devel

opment and larva morphology of several medusa species 

from these sites, including  Clytia hemisphaerica (= Clytia 
viridicans). Lacassagne (1961) performed histological stud

ies, comparing planulae belonging to the family of “calypto

blastiques à gonophores” including  Clytia. Seven years later, 

Bodo and Bouillon (1968) published a description of the 

embryonic development of five hydromedusae from Roscoff. 

Their study contains a detailed description of  Clytia planu

lae, particularly their cell types and mode of settlement. 

8.1.1.2	 Clytia as a Model for 
Experimental Embryology 

A distinct but closely related species,  Clytia gregaria 
(= Phialidium gregarium), abundant on the west coast of the 

United States, was used extensively by the embryologist Gary 

Freeman and played an important part in the history of cni

darian experimental embryology (Freeman 1981a; Freeman 

1981b;  Freeman 2005;  Freeman and Ridgway 1987;  Thomas 

et al. 1987). Through cutting and grafting experiments using 

embryos and larvae from wild caught medusae, Freeman  

investigated the establishment of polarity in Clytia gregaria 
larvae, termed antero-posterior (AP) at that time but now 

commonly referred to as oral–aboral (OA). He determined i) 

that isolated parts of the cleaving embryo develop into normal 

planulae; ii) that they conserve their original antero-posterior 

axis (Freeman 1981a); iii) that the position of the posterior 

(oral) pole can be traced back to the initiation site of the fi rst 

cleavage (Freeman 1980); and iv) that during gastrulation, 

interactions between the parts of the embryo determine the 

axis of the planula (Freeman 1981a). This work highlighted 

the precise regulation of Clytia embryogenesis and its fl ex

ibility, allowing the development of a correctly patterned 

planula even if a part of the embryo is missing. 

8.1.1.3	 Clytia Medusa Regeneration 
The Clytia medusa, like its embryo, can cope with vari

ous types of injuries by repatterning and restoration of 

lost parts. This marked ability to self-repair and regener

ate is another particularity that raised interest in early stud

ies. Among cnidarians, the regenerative abilities of polyps 

(e.g. Hydra, Hydractinia, Nematostella) are well known 

( Amiel et al. 2015 ;  Bradshaw et al. 2015 ;  DuBuc et al. 

2014 ;  Galliot 2012 ;  Schaffer et al. 2016 ). The huge regen

erative abilities of  Hydra were first documented in the 18th 

century by Trembley in an attempt to determine whether 

Hydra belonged to plants or animals ( 1744 ). In contrast, jel

lyfish were considered to have lesser abilities due to their 

greater anatomic complexity ( Hargitt 1897 ). Compared to 

the literature about the regeneration abilities of the polyps, 
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relatively few studies documented the abilities of hydrozo

ans and scyphozoans jellyfish ( Abrams et al. 2015 ;  Hargitt 

1897 ;  Morgan 1899 ;  Okada 1927 ;  Schmid and Tardent 1971 ; 

Schmid et al. 1982 ; Weber 1981 ;  Zeleny 1907 ). 

Neppi (1918) documented the regeneration abilities of 

wild-caught  Clytia (Phialidium variabile). She concluded 

that fragments of the umbrella can restore their typical bell 

shape, and the manubrium and radial canals are restored 

if they are missing from the fragment, as seen also for 

other hydrozoan jellyfi sh (Gonionemus:  Morgan 1899 ; and 

Obelia: Neppi 1918). More detailed studies were performed 

in the 1970s by Schmid and collaborators (Schmid and 

Tardent 1971;  Schmid 1974;  Schmid et al. 1976;  Schneider 

1975;  Stidwill 1974). These researchers documented the self-

repair and regeneration abilities of wild-caught  Clytia caught 

near Villefranche and Banyuls marine stations (Schmid and 

Tardent 1971). Like Neppi in 1918, they observed that a frag

ment of the umbrella is able to restore the circular jellyfi sh 

shape in a quick and stereotypical process. Any missing 

organs (manubrium, canals and gonads) then regenerate, the 

manubrium being the first organ to reform. While the circu

lar shape and missing organs are consistently restored, they 

found that the original tetraradial symmetry is not neces

sarily reestablished (Schmid and Tardent 1971). Subsequent 

studies focused on the mechanisms regulating manubrium 

regeneration (Schmid 1974; Schmid et al. 1976). They fi rst 

looked for an induction/inhibition system based on morpho-

gens, similar to that described in  Hydra. The results of graft

ing experiments suggested that such diffusing molecules in 

the tissue are not responsible for guiding the regeneration of 

the manubrium in  Clytia (Schmid 1974;  Schmid et al. 1976; 

Stidwill 1974). An alternative hypothesis coming from this 

work was that tension forces generated by the muscle fi bers 

and the underlying mesoglea are important in patterning 

during regeneration (Schmid et al. 1976;  Schneider 1975). 

Further regeneration studies on jellyfi sh were performed on 

Podocoryna carnea and focused on the ability of its striated 

muscle cells to transdifferentiate after isolation from the jel

lyfish (Schmid et al. 1982).  Clytia was not used further to 

study regeneration until its establishment as an experimental 

lab-cultured model species (see Section 8.8.1). 

8.1.1.4	 Sex Determination and the 
Origin of Germ Cells 

In cnidarian life cycles, asexual and sexual reproduction 

often coexist. In medusozoans, the polyp stage ensures asex

ual reproduction, whereas the jellyfish is the sexual and dis

persive form. Some medusae, including  Clytia mccrady , a 

leptomedusa found in the Atlantic ocean and Mediterranean 

sea, are also able to generate medusae asexually through a 

budding zone, called the blastostyle, positioned in the place 

of the gonads (Carré et al. 1995). Carré et al. (1995) showed 

that, in this species, asexually reproducing jellyfi sh produce 

asexual jellyfi sh. 

The origin of germ cells and the mode of sex determi

nation were studied in Clytia hemisphaerica by Carré and 

Carré (2000). Medusae produced from newly established 

polyp colonies kept at 15°C were mostly male, whereas most 

of those produced at 24°C were female. However, some  

medusa produced at 24°C, then raised at 15°C, became male. 

These findings indicate that sex is not determined geneti

cally. Carré and Carré proposed that two populations of 

germ cell precursors could coexist in newly released  Clytia 
medusa: a dominant female population, temperature sensi

tive and inactivated at 15°C, and a male population, active 

at low temperatures (2000). In Hydra, it has been shown 

that grafting of male germ cells in a female polyp leads 

to the masculinization of the polyp. The male germ cells 

migrate into the polyp and proliferate, whereas the existing 

female germ cells are eliminated (Nishimiya-Fujisawa and 

Kobayashi 2012). In  Clytia, the male and female germ cell 

populations could be competing as well, with low tempera

ture favoring male germ cells (Siebert and Juliano 2017). 

8.1.2 CLYTIA AS A MODEL AFTER 2000 

Following the suggestion of Danielle Carré, Evelyn 

Houliston started in 2002  Clytia cultures in the marine 

station of Villefranche-sur-Mer, initially to study egg and 

embryo polarity in this transparent animal. Daily spawn

ing of males and females and external fertilization allowed 

easy access to all developmental stages for microscopy 

and experimentation. The culture system is now standard

ized (Lechable et al. 2020), and different inbred lines have 

been established by successive self-crossing, starting from 

a founder colony “Z” obtained from crossing wild medusa 

collected in the bay of Villefranche. A male colony result

ing from three successive self-crossing (Z4C)2 was used for 

genome sequencing (Leclère et al. 2019). Several Z-derived 

male and female lines are currently used in Villefranche 

(Houliston et al. 2010;  Leclère et al. 2019). Medusae from a 

given line are produced asexually from a polyp colony and 

therefore are genetically identical. 

Clytia started as a model for developmental studies from 

2005. Until 2010, it was mostly studied in two laboratories, 

in Villefranche-sur-Mer and Paris. The main research top

ics were oogenesis, embryonic patterning and polarity, evo

lution of developmental mechanisms, nematogenesis and 

gametogenesis (Amiel et al. 2009;  Amiel and Houliston 

2009;  Chevalier et al. 2006;  Chiori et al. 2009;  Denker et al. 

2008a ;  Denker et al. 2008b;  Denker et al. 2008c;  Derelle 

et al. 2010;  Forêt et al. 2010;  Fourrage et al. 2010;  Momose 

et  al. 2008;  Momose and Houliston 2007;  Philippe et al. 

2009;  Quiquand et al. 2009, reviewed by  Houliston et al. 

2010;  Leclère et al. 2016 ). Tools have been progressively 

developed for imaging during embryogenesis and in the 

adult, and for gene function analysis in the embryo (injec

tion of Morpholino oligonucleotides [MOs] or mRNAs into 

the egg or the embryo:  Houliston et al. 2010) and in the adult 

(gene knock out with CRISPR-Cas9:  Momose et al. 2018). 

Clytia studies continue in Villefranche, with recently 

published work concerning, for instance, oocyte matura

tion (Quiroga Artigas et al. 2020;  Quiroga Artigas et al. 

2018), embryogenesis (Kraus et al. 2020;  van der Sande et 
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al. 2020) and regeneration (Sinigaglia et al. 2020). Michael 

Manuel and colleagues in Paris also worked extensively 

on Clytia until recently, notably focusing on the jellyfi sh 

tentacle bulb (Condamine et al. 2019;  Coste et al. 2016; 

Denker et al. 2008c). The team of Jocelyn Malamy from 

Chicago University has started to work on wound healing 

in Clytia. They uncovered two healing mechanisms (acto

myosin cable and lamelipods crawling) and developed a 

DIC microscopy system allowing visualization of individual 

cell movements (Kamran et al. 2017;  Malamy and Shribak 

2018). Other published articles on  Clytia include the work 

of Ulrich Technau’s group (Gur Barzilai et al. 2012;  Kraus 

et al. 2015;  Steinmetz et al. 2012), notably demonstrating the 

convergence of hydrozoan and bilaterian striated muscles, 

and from Noriyo Takeda identifying the maturation-induc

ing hormones (MIHs) in Clytia and  Cladonema jellyfi sh 

(Takeda et al. 2018). Other groups worldwide are starting to 

adopt  Clytia for their research. 

8.2  GEOGRAPHICAL LOCATION 

Clytia hemisphaerica is a cosmopolitan jellyfish species. Its 

presence has been documented in many places, including 

the Mediterranean sea (between September and March in 

Villefranche;  Carré and Carré 2000), Brittany (in Roscoff 

in 1968, particularly during summer and fall;  Bodo and 

Bouillon 1968), the English Channel (Lucas et al. 1995), as 

well as Japan (= Clytia edwardsi) (Kubota 1978) and the US 

north Pacific coast (Roosen-Runge 1962). 

Clytia undergo light-dependent diel vertical migrations 

following a day/night cycle, like many hydrozoan jellyfi sh 

(Mills 1983). The physiological, ecological and evolutionary 

relevance of this daily migration remains to be studied. In 

laboratory conditions,  Clytia hemisphaerica medusae spawn 

two hours after a dark–light transition after migrating to the 

surface of the tank, matching the morning spawning of local 

populations (Quiroga Artigas 2017). Variant spawning pat

terns have been reported at other locations, for instance, at 

dawn and dusk for  Clytia hemisphaerica in Friday Harbor 

(US north Pacific coast) (Roosen-Runge 1962). 

8.3  LIFE CYCLE 

Clytia belongs to the hydrozoan class and exhibits the typi

cal life cycle, alternating between a planula larva, benthic 

polyp and pelagic medusa (Figure 8.1). 

8.3.1  FROM EGGS TO LARVA 

Gametes are released daily by male and female medusae, 

triggered by light following a dark period (Amiel et al. 2010). 

The fertilized eggs develop into a torpedo-shaped planula 

larva, swimming by ciliary beating (Figure 8.1). Three days 

after fertilization, the larva settles on a substrate by the aboral 

pole. Metamorphosis into a primary polyp is induced by bac

terial biofilms in natural conditions and can be triggered in 

the laboratory by the peptide GLW-amide on glass or plastic 

Emerging Marine Model Organisms 

slide (Lechable et al. 2020;  Piraino et al. 2011;  Takahashi and 

Hatta 2011). During metamorphosis, the larva flattens on the 

substrate, and all the polyp structures are formed de novo. 

The oral part of the planula will give rise to the hypostome 

(mouth) of the polyp (Freeman 2005). 

8.3.2  THE POLYP COLONY 

The polyp colony is the asexually propagating, benthic 

stage of the life cycle. The body of the primary polyp is 

composed of a tube with a cylindrical shape, surmounted 

by a hypostome, surrounded by tentacles. After the fi rst 

feeding, the colony starts to form by the growth of a stolon, 

a tubular structure spreading on the substrate, at the foot 

of the primary polyp. Other polyps are formed by lateral 

budding of the stolon, spaced by distances of 3 to 4 mm 

(Hale 1973). The gastrovascular system is shared between  

all the zooids through the stolon, allowing specialization of 

the zooids in two types: the gastrozooids catch and digest 

prey, and the gonozooids produce jellyfish by lateral bud

ding (Figure 8.1). Well-fed and cleaned  Clytia colonies show 

unlimited growing capacity, continuously extending their 

stolons and budding new zooids. The life span of a  Clytia 
colony is unknown. In our lab culture conditions, the oldest 

colonies are 15 years old and show no obvious sign of aging. 

8.3.3  THE SWIMMING MEDUSA 

Polyp colonies release hundreds of clonal and genetically 

identical jellyfish daily, produced by the gonozooids (Figure 

8.1). Budding of the jellyfi sh starts with the growth of ecto

derm and endoderm of the polyp wall. A group of cells then 

appears to delaminate from the distal ectoderm of the bud, 

forming the entocodon, a cell layer giving rise to the stri

ated muscle of the medusa sub-umbrella. The ectoderm will 

give rise to the exumbrella, the external part of the velum 

and the tentacle epidermis, whereas the endoderm forms the 

gastrovascular system and the internal tentacular epithelium 

(Kraus et al. 2015). The formed jellyfish is folded inside  

the gonozooid and unfolds after release. The jellyfi sh are 

gonochoric. As mentioned, sex is influenced by the tempera

ture of growth of the young polyp colony (Carré and Carré 

2000). Depending on feeding, jellyfish reach sexual matu

rity in two to three weeks after release (Figure 8.1). Clytia 
jellyfish reach an adult size of 1 to 2 centimeters of diameter 

and live for up to two months. 

8.3.4  LIFE CYCLE IN THE LABORATORY 

Clytia cultures can be maintained in glass beakers contain

ing filtered sea water, but a more convenient tank system 

has now been developed—see  Lechable et al. (2020) for full 

details. Medusa and polyps are kept in kreisel tanks with 

circulating reconstituted sea water. Temperature and salin

ity are controlled. Jellyfish are fed twice a day with hatched 

Artemia nauplii. The use of artificial sea water allows cul

ture of Clytia in inland labs. 
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FIGURE 8.1 The triphasic life cycle of  Clytia hemisphaerica. After fertilization, the embryo develops into a swimming planula larva 

in three days. The larva settles on a substrate and undergoes metamorphosis. Growth of the stolon from the primary polyp and budding 

of new zooids on the stolon lead to the formation of a colony composed of two types of polyps: gastrozooids ensure feeding of the colony, 

and gonozooids produce the medusae by asexual budding. Male and female medusae are mature two to three weeks after release and 

spawn gametes after a light cue. 

8.4  	EMBRYOGENESIS AND PLANULA 
LARVA FORMATION 

8.4.1  EMBRYONIC DEVELOPMENT 

After spawning and fertilization, the egg undergoes suc

cessive divisions until formation of a monolayered blastula 

(Figure 8.2A). The first division occurs 50 min after fertil

ization at 18°C, each following division cycle taking around 

30 minutes (Kraus et al. 2020). The initiation site of the 

first cleavage at the animal pole of the egg marks the site 

of cell ingression during gastrulation and will give rise to  

the future oral pole of the larva (Freeman 1981b). Polarity is 

specified by maternal determinants localized in the oocyte: 

mRNAs coding for Wnt3 and Fz1 (Frizzled 1) at the animal 

pole which promote oral fate of the planula and for Fz3 at 

the vegetal pole which promote aboral fate, via the activa

tion of the Wnt canonical pathway in the future oral territory 

(Momose et al. 2008;  Momose and Houliston 2007). 

The blastula stage begins at the 32-cell stage, with the 

appearance of the blastocoel. At about seven hours post

fertilization (hpf), the cells of the blastula elongate and 

become polarized along their apico-basal axes, forming 

an epithelium with apical cell–cell junctions. In parallel to 

this epithelialization, the diameter of the embryo reduces 

as the thickness of the blastoderm increases, a process 

called “compaction” (Kraus et al. 2020). At the late blas

tula stage, cilia appear on the apical surface of the embryo. 

Gastrulation starts at around 11–12 hpf at 18°C. Individual 

cells detach from the blastoderm at the future oral pole and 

fill the blastocoel by migrating inside, where they will form 

the endoderm (Figure 8.2A, B, C). This mode of gastrula

tion is called unipolar cell ingression (Byrum 2001). During 

gastrulation, the embryo elongates along the oral–aboral 

axis by a cell intercalation mechanism dependent on planar 

cell polarity (Momose et al. 2012). Gastrulation is completed 

at around 20–24 hpf at 18°C (Kraus et al. 2020). The result

ing parenchymula has an elongated shape, but the endoderm 
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FIGURE 8.2 Clytia embryonic development. (a) DIC images of successive developmental stages until the end of gastrulation 

(Parenchymula stage). After fertilization, successive cleavage divisions increase the number of cells during the first hours, forming a 

hollow blastula. Between early and mid-blastula stages, epithelization of the blastoderm is accompanied by “compaction”, that is, reduc

tion in embryo diameter. The embryo oral pole is first visible as local cell layer thickening ahead of gastrulation (asterisks). Gastrulation 

proceeds by unipolar cell ingression from around the oral pole. Ingressed cells colonize the blastocoel, providing the future endoderm. 

Concomitantly, the embryo elongates. hpf = hours post-fertilization at 18°C. (b) Scanning electron micrograph of a mid-gastrula embryo 

split perpendicular to the oral–aboral axis to reveal the inner face of the blastocoel. Purple arrows show examples of ingressing cells 

at the oral pole and pink arrows ingressed cells with mesenchymal morphology migrating toward aboral pole. (c) Confocal images of 

embryos and planulae following staining of cell contours with phalloidin (green) and nuclei with Hoechst dye (magenta), as described in 

Kraus et al. (2020). Purple and pink arrows again show ingressing and migrating cells. The double-headed yellow arrow shows a region 

where lateral intercalation of ingressed cells is likely contributing to embryo elongation. gc: gastrocoel, ect: ectoderm, end: endoderm. 

(a–c) Gastrula and planulae are all oriented with the oral pole at the top. ([a] Adapted from van der Sande et al. 2020; [b] from Kraus 

et al. 2020.) 

is not differentiated. A thin extracellular matrix layer sepa- coordinated beating of the cilia on the ectoderm cells. Cilia 

rating the ectoderm and the endoderm (basal lamina) starts orientation is coordinated by planar cell polarity along the 

forming at the aboral pole, and a central gastric cavity pro- aboral–oral axis, the protein Strabismus being located to the 

gressively develops between one and two days after fertil- aboral side of each cell and Fz1 on the oral side (Momose 

ization (Figure 8.2A, C). By two days after fertilization, the et al. 2012). 

ectodermal and endodermal epithelia of the planula larva The planula larva of Clytia is lecitotroph and has few cell 

are fully developed and totally separated by the basal lam- types. The ectoderm and endoderm are composed of a typi

ina, and the gastrocoel is complete (Figure 8.2C). Cell types cal cnidarian cell type called myoepithelial cells (epithelial 

continue to differentiate until the larva can metamorphose at cells with basal muscle fibers), nerve cells (including neu

around three days after fertilization. rosensory and ganglion cells;  Thomas et al. 1987), nemato

cytes (stinging cells used for prey capture and defense) (Bodo 

8.4.2  THE PLANULA LARVA 
and Bouillon 1968) and interstitial stem cells called i-cells 

(see the following). Secretory cells and i-cells are scattered 

The larva has a simple morphology. It has a torpedo in the endoderm, with the secretory cells being also present 

shape and swims with the aboral pole in front, thanks to in the aboral ectoderm (Bodo and Bouillon 1968;  Leclère et 
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al. 2012). Nematoblasts start to differentiate in the endoderm 

of the planula from 24 hpd before migrating to the ectoderm 

(Bodo and Bouillon 1968;  Ruggiero 2015). 

I-cells are multipotent stem cells (Bosch and David 

1987), found only in hydrozoans. They are small round cells 

with a high nucleo-cytoplasmic ratio and are localized in 

the spaces between the epitheliomuscular cells. They have 

been well investigated in Hydra, where they have been 

shown to give rise to the nematocytes (Slautterback and 

Fawcett 1959), nerve cells (Davis 1974), gland cells (Bode et 

al. 1987) and gametes (Nishimiya-Fujisawa and Kobayashi 

2012; reviewed in:  Bode 1996;  Bosch et al. 2010). I-cells in 

Clytia can be detected by their expression of the stem cell 

markers  Nanos1, Piwi, Vasa and  PL10 (Leclère et al. 2012). 

These genes are also expressed in the precursors of somatic 

derivatives, such as nematocytes (Denker et al. 2008c), and 

in germ cells. In  Clytia, i-cells appear during embryonic 

development (Leclère et al. 2012). Maternal mRNAs for the 

stem cells markers  Nanos1 and  Piwi are concentrated in the 

egg next to the female pronucleus at the animal pole. During 

the cleavage stages, these mRNAs appear to be segregated 

into animal blastomeres. During gastrulation, expression 

of Nanos1 and  Piwi is taken up by cells positioned at the  

site of cell ingression that are internalized with the future 

endoderm. In the three-day-old planula,  Nanos1 and  Piwi 
expressing cells are present in the endodermal layer and 

have typical i-cell morphology (Leclère et al. 2012). The 

developmental potential of i-cells in different  Clytia life 

stages remain to be investigated. 

8.5  ANATOMY OF THE POLYPS AND JELLYFISH 

8.5.1  ANATOMY OF CLYTIA POLYPS 

The two types of polyps composing the colony have clear 

morphological differences linked to their specialized func

tions in the colony. The feeding polyps or gastrozooids are 

very similar to the primary polyp (described in Section 

8.3.2). They are protected by a cup-shaped chitinous struc

ture called the hydrotheca. The medusa budding polyps, 

or gonozooids, do not have a mouth and receive nutrients 

digested by the gastrozooids through the stolon network. 

They are completely enveloped by a chitinous gonotheca. 

They possess an internal structure called the gonophores, 

producing the medusae by lateral budding. The base of all 

zooids is attached to the stolon, composed from outside to 

inside by the perisarc (a chitinous exoskeleton), an ectoder

mal epithelium and an endodermal epithelium surrounding 

the gastric cavity that distributes nutrients throughout the 

whole colony. 

Polyps are composed of the following cell types: myo

epithelial cells (ectodermal and endodermal), nerve cells, 

nematocytes (only ectodermal) and gland cells. I-cells are 

found in the stolon. Nematocytes differentiate in the sto

lon and then migrate into the polyp bodies (Leclère 2008; 

 Weiler-Stolt 1960 ). 

8.5.2  ANATOMY OF THE CLYTIA JELLYFISH 

Compared to the polyp, the jellyfish has a more complex 

anatomy, with well-organized smooth and striated muscle, 

organized nervous system, balance organs (statocysts) and 

well-defi ned organs. 

8.5.2.1  Umbrella Organization 
 The Clytia jellyfish body exhibits tetraradial symmetry  

(Figure 8.3A, B). The oral–aboral axis is the sole axis of 

symmetry at the scale of the whole medusa. The bell-shaped 

umbrella is composed of two parts, the convex exumbrella 

and the concave subumbrella, separated by a thick acellular 

layer called the mesoglea (Figure 8.3C ). The exumbrella is 

composed of a monolayer of epidermal cells (Kamran et al. 

2017). Different cell populations are present in the subum

brella: i) an epithelium lining the mesoglea; ii) epidermal 

cells with myofilaments forming radial smooth muscle cover 

the entire subumbrella, responsible for the folding of the 

umbrella to bring prey to the mouth and for shock-induced 

protective crumpling; and iii) striated circular muscle fi bers 

responsible for the contraction of the umbrella and the swim

ming movements, located between the two body layers in a 

band around the bell margin (Figure 8.3C, D) (Sinigaglia  

et al. 2020). At the periphery of the umbrella, an extension 

of the umbrella called the velum increases propulsion effi 

ciency. This tissue membrane is a characteristic of hydro

zoan jellyfish (Brusca et al. 2016). Medusa growth involves 

addition of new tissue to the peripheral region of the bell  

(Schmid et al. 1974). 

Movements of the medusa are coordinated by a diffuse 

nerve net reaching all parts (Figure 8.3E, F). Two nerve 

rings are located at the margin of the bell. The external 

nerve ring integrates sensory information, while the inner 

nerve ring is responsible for coordinating contraction 

(Houliston et al. 2010;  Satterlie 2002). Statocysts (balance 

sensory organs) located between the tentacle bulbs likely 

ensure orientation in the water column (Figure 8.3G). They 

comprise a vesicle of ectoderm with ciliated internal walls 

enclosing a statolith made of magnesium and calcium phos

phate (MgCaPO4 ) ( Chapman 1985 ;  Singla 1975 ). 

8.5.2.2  A Cnidarian with Organs 
From the center of the subumbrella hangs the manubrium, 

which is the feeding organ (Figure 8.3B, H). At its distal 

end is located the cross-shaped mouth, connected to the gas

tric cavity at the base. The outer layer of the manubrium 

comprises a layer of epidermal epitheliomuscular cells con

tinuous with the subumbrella radial muscle cell layer. A 

distinct inner gastroderm layer lines the gastric cavity and 

contains both epithelial cells and populations of gland cells 

expressing different enzymes for extracellular digestion 

(Peron 2019). Four pools of i-cells positioned at the base of 

the manubrium likely generate the loose nerve net that lies 

between the gastroderm and the epiderm, as well as nema

tocytes mostly found concentrated on the manubrium lips. 
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FIGURE 8.3 Morphology of Clytia jellyfi sh. (a) Two-week-old female jellyfish (m: manubrium, g: gonads, tb: tentacle bulbs). (b) 

Diagram of Clytia body organization: the jellyfish has a tetraradial symmetry organized around the centrally located tetraradial manu

brium. Each quadrant contains a portion of the manubrium (m), a radial canal (rc) bearing a gonad (g) and up to eight tentacle bulbs (tb) 

located on the circular canal (cc). Two sets of muscle cells cause contractions of the umbrella: the radial smooth muscles (smooth m.) and 

the circular striated muscles (striated m.). (c) Tissue layers of the umbrella. The bell-shaped umbrella is composed of an epithelial exum

brella layer lying on the mesoglea and the subumbrella composed of an epithelial layer, the smooth muscle fibers and striated muscle 

fibers. (d) Confocal image of the muscles in the area marked with the square in (b). Gray and white arrowheads indicate, respectively, the 

smooth and striated muscle fi bers stained with phalloidin. (e–f) Nervous system of the manubrium visualized by confocal microscopy, 

using YL1/2 antibody against tyrosinated tubulin. (g) DIC image of a statocyst located next to the circular canal (cc). (h–l) DIC pictures 

of the main organs of Clytia: manubrium (h) and female gonads (i–j) linked to the radial canals (rc), and tentacle bulbs (k) on the cir

cular canal (cc), with visible nematocytes capsules on the tentacle (ten) (l). Scale bars: (a) 1 mm, (d,f) 20 μm, (e) (h–k) 100 μm, (G,L) 50 

μm. ([a–c] Adapted from Sinigaglia et al. 2020.) 
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Nutrients are distributed to the umbrella through four 

radial canals, which run from the manubrium to the umbrella 

margin and are linked to the circular canal around the bell 

periphery. Four gonads are located on the radial canals and 

become visible as they start to swell during the growth of 

the medusa (Figure 8.3I, J). They become ready to release 

fully grown oocytes or sperm after two to three weeks. 

Proliferating cells, germline precursors deriving from the  

i-cells and growing oocytes are sandwiched between two 

epithelial layers: the gastroderm, continuous with the radial 

canal endoderm, and a thin epidermal covering (Amiel et 

al. 2010). Proliferating cells and early stages of differentia

tion are positioned closer to the bell, whereas the growing 

oocytes are located on the flanks of the gonad (Amiel and 

Houliston 2009;  Jessus et al. 2020). Spawning is triggered 

by dark–light transitions. 

The circular canal bears the tentacle bulbs, the struc

ture producing nematocyte-rich tentacles (Figure 8.3K, L). 

After release from the gonozooid, the baby jellyfi sh has 

four primary tentacle bulbs located at the junction between 

the radial and circular canals. Additional bulbs are added 

during the growth of the umbrella, to a maximum of 32. 

Nematogenesis takes place in the ectoderm of the tentacle 

bulbs, which is polarized (Denker et al. 2008c). I-cells 

expressing Nanos1 and  Piwi are located in the proximal 

area only, while genes for the different stages of nematogen

esis (mcol3–4a, dkk, NOWA) are expressed in a staggered 

way along the ectoderm of the bulb. During nematogenesis, 

nematoblasts are thus displaced from the proximal area of 

the bulb to the distal area and end up in the tentacle, forming 

a conveyor belt (Condamine et al. 2019;  Coste et al. 2016; 

Denker et al. 2008c). 

Cnidarians are often considered to lack true organs (e.g.: 

Pierobon 2012). In  Clytia medusae, however, manubrium,  

gonads and tentacle bulbs can be defined as such. Indeed, 

they are specialized structures performing specifi c func

tions (feeding and digestion, tentacle production, oocyte 

production), harboring distinct cell types (gland cells, 

nematocytes, germ line) and i-cell populations (manubrium: 

Sinigaglia et al. 2020; gonads:  Leclère et al. 2012; and tenta

cle bulbs: Denker et al. 2008c). Moreover, these three organs 

are still able to perform their functions for several days after 

isolation from the jellyfish. Isolated gonads are able to sup

port oocyte growth, maturation and spawning (Amiel and 

Houliston 2009;  Quiroga Artigas et al. 2018); isolated manu

bria will catch and digest prey (Peron 2019); and isolated 

tentacle bulbs will keep producing tentacles. 

8.6  GENOMIC DATA 

8.6.1 THE CLYTIA HEMISPHAERICA GENOME 

The genomes of  Nematostella vectensis ( Putnam et al. 

2007 ) and  Hydra magnipapillata (Chapman et al. 2010) 

were the fi rst cnidarian genomes to be published. Genomes 

from the five main cnidarians classes are now available, 

with the first genomes of jellyfish species published in 2019 

(Gold et al. 2019;  Khalturin et al. 2019;  Kim et al. 2019; 

Leclère et al. 2019;  Ohdera et al. 2019). The sequences of 

the different genomes showed that cnidarians possess all the 

main families of signaling pathways and transcription fac

tors regulating development found in bilaterians (reviewed 

in:  Schnitzler 2019;  Technau and Schwaiger 2015). 

The genome of  Clytia, derived from the self-crossed 

lab Z strains (see Section 8.1.2), was made publicly avail

able in 2019 (Leclère et al. 2019;  http://marimba.obs-vlfr.fr/ 

home). It was the first published genome of a hydrozoan jel

lyfish. Sequencing was performed by the Genoscope using a 

whole-genome shotgun approach. The overall length of the 

published assembly was 445 megabases (Leclère et al. 2019); 

26,727 genes and 69,083 transcripts were identifi ed, which 

are distributed on 15 chromosome pairs. The frequency of 

polymorphism was relatively low (0.9%). 

Analyses of the genome highlighted gene gain and loss 

in the  Clytia lineage. Examples of horizontal gene transfer 

(HGT) were identified including one of two UDP-glucose 

6-dehydrogenase-like genes (Leclère et al. 2019). This 

enzyme is used for biosynthesis of proteoglycans and known 

to regulate signaling pathways during embryonic devel

opment. Some examples of gene family expansion were  

also identified in Clytia, such as the Innexin gap junction 

genes, GFP and Clytin photoprotein genes, with 39, 14 and 

18 copies, respectively (Leclère et al. 2019). The analyses 

also revealed extensive losses of transcription factors in 

the hydrozoan lineage and notably several homeobox-con

taining transcription factors involved in nervous system 

development in bilaterians, as well as genes regulating the 

anthozoan secondary body axis. 

Comparisons of transcriptomes from life cycle stages 

(Leclère et al. 2019) highlighted the different gene usage 

at planula, polyp and medusa stages. Planula stages are 

enriched with GPCR signaling components, polyp and 

medusa stages with cell–cell and cell–matrix adhesion pro

teins and medusa stages with a subset of transcription fac

tors (Leclère et al. 2019). Many of the bilaterian orthologs 

of transcription factors specifically expressed at the medusa 

play important functions in neural patterning during devel

opment.  Clytia -specific genes, with no identifi able ortholog 

in any other species, were also found to be enriched in all 

three stages (Leclère et al. 2019).

 Together, Clytia recently published genomic and tran

scriptomic data revealed that: i) the genome of  Clytia 
evolved rapidly since the divergence of hydrozoans and 

anthozoans, ii) this rapid evolution in the hydrozoan lineage 

can be linked to the evolutionary acquisition of the medusa 

stage and to morphological simplification of the planula and 

polyp and iii) the medusa stage is enriched in transcription 

factors conserved between bilaterians and cnidarians. Since 

these genes are not expressed in the planula and associ

ated with nervous structures, they are likely involved in the 

establishment or maintenance of neural cell types (Leclère 

et al. 2019). 

http://marimba.obs-vlfr.fr
http://marimba.obs-vlfr.fr
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8.6.2  	TRANSCRIPTOMIC DATA 

In addition to the data included in the genome release,  

other transcriptomic data have been published. These 

focus on the gastrula stage (Lapébie et al. 2014) and ten

tacle bulbs (Condamine et al. 2019), as well the early 

stages of manubrium regeneration (Sinigaglia et al. 2020). 

Transcriptomes of the different tissue composing the gonad 

(ectoderm, endoderm, growing and fully grown oocytes) 

were also generated to help identify actors of oocyte matu

ration (Quiroga Artigas et al. 2018). About 90,000 EST 

and full-length sequences from cDNA libraries derived 

from a mix of stages (embryo, larva and medusa) are also 

available on NCBI dbEST (Forêt et al. 2010;  Philippe et al. 

2009 ). 

8.7  	FUNCTIONAL APPROACHES: TOOLS FOR 
MOLECULAR AND CELLULAR ANALYSES 

Clytia is amenable for the development of tools for experi

mental biology at the cellular and molecular levels. 

8.7.1  	CELLULAR ANALYSIS 

Clytia eggs and jellyfish can be easily manipulated in a 

petri dish under a stereomicroscope and kept in beakers 

or six-well plastic plates in an incubator for further obser

vation and manipulation. This allows pharmacological 

treatments for several days, as well as surgical proce

dures like dissections and grafts (Figure 8.4A–E) (jelly

fish:  Sinigaglia et al. 2020; embryos: Leclère et al. 2012; 

Momose and Houliston 2007). Manubriums and gonads 

can be easily grafted, the grafted organs connecting to the 

canal system of the host jellyfish (Figure 8.4A–E). The  

grafting approach in adult jellyfish was used to deter

mine whether the manubrium could be a source of induc

tive of inhibitory signals during manubrium regeneration 

(Sinigaglia et al. 2020). Regeneration of the manubrium  

was not impaired by the grafting of an entire manubrium 

on the medusa subumbrella except after a graft in close 

proximity to the wound area, therefore excluding the 

hypothesis of long-range inhibition from the manubrium 

(Sinigaglia et al. 2020). 

Embryonic stages, polyps and jellyfish are entirely 

transparent, making staining and imaging of differ

ent cell populations possible on fixed and living samples. 

Immunohistochemistry, in situ hybridization and stain

ing using the click-it chemistry (EdU and TUNEL) are 

performed routinely on this species and can be combined 

with in situ hybridization ( Figure 8.4F –H) ( Sinigaglia et al. 

2018 ). A combination of the EdU click-it staining marking 

proliferating cell and detection of i-cells by in situ hybrid

ization with the probe Nanos1 during regeneration of the 

manubrium demonstrated the displacement of Nanos1+ 
cells from the gonad to the regenerating manubrium to be 

followed ( Sinigaglia et al. 2020 ). 
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8.7.2  	GENE FUNCTION ANALYSIS DURING 

EMBRYOGENESIS AND OOCYTE MATURATION

 The jellyfish used in the lab have the same genetic back

ground, and it is easy to perform fertilizations and obtain 

embryo stages, facilitating gene function analyses (gain  

and loss of function) by injection of ARNs or MOs into the 

unfertilized egg (Figure 8.4I) (Momose and Houliston 2007; 

Momose et al. 2008). The high efficiency of loss of function 

by MO is likely due to low sequence polymorphism in the 

laboratory strains. Injection of mRNAs and MOs into the 

egg has helped us understand mechanisms involved in estab

lishing polarity in Clytia larvae by revealing the function 

of maternal localized mRNAs (Wnt3, Fzl1 and Fzl3—see 

Section 8.4.1) (Figure 8.4J). 

Clytia gonads are particularly convenient to study the 

molecular mechanisms underlying oogenesis. They are 

transparent, contain different stages of oocyte growth and 

continue to mature and release eggs following dark–light 

transition even isolated from the body of the jellyfi sh (Amiel 

et al. 2009). These characteristics were used to study the role 

of the Mos proteins, a conserved kinase family regulating 

meiosis (Amiel et al. 2009). Injection of MOs and mRNAs 

into the oocyte demonstrated the role of the two  Clytia Mos 

homologs during oocyte maturation in regulating the for

mation and localization of the meiotic spindle, as well as 

oocyte cell cycle arrest after meiosis (Amiel et al. 2009). 

These functions have also been described in bilaterian spe

cies and likely represent an ancestral function of this protein 

family (Amiel et al. 2009). 

8.7.3  	GENE FUNCTION ANALYSIS IN THE ADULT 

8.7.3.1  RNA Interference 
RNA interference (RNAi) has been successfully used for 

downregulation of gene expression in the adult in the cni

darian Hydractinia, allowing, for instance, study of the role 

of i-cell genes during regeneration (Bradshaw et al. 2015).  

Gene expression perturbation through RNAi has not yet been 

performed in  Clytia jellyfish; however, preliminary results 

indicate that the cellular machinery is present in  Clytia lar

vae. Another promising avenue to explore is shRNA, also 

effective in both Hydractinia and  Nematostella ( DuBuc 

et al. 2020;  He et al. 2018). 

8.7.3.2  The Development of Mutant Lines 
A robust protocol for achieving loss of gene function in 

Clytia lines by CRISPR/Cas9 has been developed (Figure 

8.4K) (Momose et al. 2018). The approach was first tested on 

a gene involved in ciliogenesis (CheRfx123), whose defect 

leads to defect in sperm motility, and genes coding for 

the fluorescent protein GFP (Figure 8.4K) (double mutant 

GFP1/GFP2 in F1) (Momose et al. 2018). After injection 

of high doses of Cas9 RNP, mutants in the F0 generation  

were nearly non-mosaic and already had visible phenotypes 
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FIGURE 8.4 Tools for cellular and molecular analysis. (a–e) Organ grafting in the medusa. (a, d) Cartoons illustrating the grafting 

procedure: the manubrium or a gonad (both depicted in magenta) are excised from a donor medusa and placed on a host jellyfi sh anesthe

tized in menthol. After dissection, the jellyfish tissues adhere to each other. (b, c) Five days after grafting (dpg), the grafted manubrium 

(magenta arrowhead) has integrated the host tissue and stably coexists with the endogenous manubrium (yellow arrowhead). Both are 

able to catch prey and contribute to feeding; new radial canals grew from the base of the grafted manubrium (white arrowheads) and are 

connected to the host radial canal. (d) Donor medusa for the gonad was previously incubated in EdU, thereby marking the proliferat

ing cells. 24 hpg, the manubrium of the host medusa was removed (dotted orange line). (e) White arrowheads indicate some EdU+ cells 

(magenta) from the grafted gonad (gg), which migrated into the host jellyfish through the radial canal (rc) and integrated into the regen

erating manubrium (rm). (f–h) Proliferating cells (red: EdU), i-cells (green:  Nanos1 in situ hybridization), nerve cells and nematocytes 

(white: tyrosynated tubulin YL1/2 antibody staining) and nuclei (blue: Hoechst) were marked in the same tentacle bulb. (i) Perturbation 

of gene function through MO or ARNm injection in unfertilized oocytes, gonads or individual blastomeres of two- to eight-cell embryos. 

(j) Cartoons of embryos at the gastrula stage (15 hpf). Injection of Wnt3 MO before fertilization abolishes oral specifi cation, delaying 

gastrulation and abolishing embryo elongation. (k) CRISPR/Cas9 mutagenesis allows gene function to be addressed at all life cycle 

stages. The diagrams illustrate examples of existing mutant lines and the associated phenotypes, published in Momose et al. 2018 

(GFP1), Quiroga Artigas et al. 2018 (Opsin9 ) and  2020  (MIH-R: Maturation inducing hormone receptor). Scale bars: (e–h) 100 μm, (J) 

40 μm. ([b, c] Adapted from Sinigaglia et al. 2020; [e] Chiara Sinigaglia.) 
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(Momose et al. 2018). The relatively short  Clytia life cycle 

allows quick generation of mutant lines. The vegetatively 

growing polyp colonies are essentially immortal and 

can be kept in the aquarium for years with minimal care 

(daily feeding with  Artemia larvae and regular cleaning). 

Moreover, mutant polyp colonies can be easily split and 

shared between laboratories. Those characteristics make 

Clytia a promising genetic model. Gene insertion protocols 

are under development. 

CRISPR/Cas9-directed mutagenesis has been used to study 

the molecular mechanisms of oocyte maturation and spawn

ing triggered by light cues. It was used to knock out function of 

an opsin photopigment candidate for light reception (Opsin9: 

Quiroga Artigas et al. 2018), as well as a GPCR candidate 

for the oocyte maturation hormone receptor (MIHR:  Quiroga 

Artigas et al. 2020). Lines of jellyfish carrying frame-shift 

mutations in the Opsin9 and MIHR genes were created by 

CRISPR/Cas9 (Figure 8.4K). As expected, the mutant jel

lyfish were unable to respond to light cues, either to trigger 

oocyte maturation or release gametes as in control jellyfi sh. 

Specificity was validated by reversal of Opsin mutant phe

notype by treatment of oocytes with the maturation-inducing 

hormone or in both mutants using the downstream pathway 

effector cAMP (Quiroga Artigas et al. 2018,  2020). 

8.8 CHALLENGING QUESTIONS 

With the tools currently available, Clytia has the potential to 

address many fascinating biological questions. We illustrate 

this with a selection of open questions related to the exten

sive ability of Clytia jellyfish to regenerate and aspects of 

the behavior and physiology regulated by the environment. 

8.8.1  CLYTIA AS A REGENERATION MODEL 

Cnidarians display huge regeneration capacities, which have 

been well characterized in Hydra and  Nematostella ( Amiel 

et al. 2015;  DuBuc et al. 2014;  Galliot 2012;  Schaffer et 

al. 2016). In contrast, cellular and molecular mechanisms 

of regeneration in jellyfish have been relatively unstudied. 

Regeneration studies in Clytia were started in the 1970s by 

Schmid and Tardent (see 8.1.1.3). A recent study using mod

ern tools allowed cellular mechanisms involved in repair 

of the umbrella and organ regeneration to be uncovered 

(Sinigaglia et al. 2020). This work confirmed the poten

tial of Clytia laboratory strains to restore their shape after 

amputation (Figure 8.5A, B) and to regenerate missing 

organs, including the manubrium (Figure 8.5C ). Two dif

ferent mechanisms were identified (Figure 8.5D). Repair of 

a fragment of the umbrella, called remodeling, relies on a 

supracellular actomyosin cable lining the wound area and 

does not require cell proliferation. In contrast, morphogen

esis of the regenerating manubrium requires cell prolifera

tion, is fuelled by cell migration through the radial canals 

and depends on Wnt/β-catenin signaling (Sinigaglia et al. 

2020). Moreover, the regenerating manubrium is system

atically associated with the point of junction of the smooth 
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muscle fiber (called the hub), forming as a consequence of 

the remodeling process and expressing  CheWnt6 before any 

visible sign of morphogenesis (Sinigaglia et al. 2020). These 

data suggest that local cues are involved in positioning the 

regenerating manubrium rather than a global patterning sys

tem. This study raises many questions about the regulation 

of regeneration in Clytia jellyfi sh. 

8.8.1.1	 How Is the Cellular Response 
Controlled during Regeneration? 

Manubrium regeneration is fueled by both cell proliferation 

in the regeneration blastema and cell migration from distant 

parts of the jellyfish. At least two types of cells are mobilized: 

multipotent stem cells (i-cells) and differentiated digestive 

cells, called mobilizing gastro-digestive cells (MDG cells) 

(Sinigaglia et al. 2020). Cell proliferation and migration 

through the radial canals are necessary for regeneration of 

the manubrium, since regeneration is blocked at early stages 

in the absence of cell proliferation and if the connection to 

the radial canal system is interrupted (Sinigaglia et al. 2020). 

It is not known yet which cells are proliferating and to which 

extent both mechanisms of proliferation and migration con

tribute to the regenerating organ. 

Regeneration models like planarians and the cnidarians  

Hydractinia require proliferation and migration of multipo

tent stem cells for regeneration of the anterior part (Bradshaw 

et al. 2015;  Newmark and Sánchez Alvarado 2000). However, 

modes of regeneration are diverse, even within the same 

organism:  Clytia shape restoration relies on remodeling and 

repatterning of existing tissues, whereas the manubrium 

is regenerated through cell proliferation and migration 

(Sinigaglia et al. 2020). Those different cell behaviors must 

be tightly coordinated to ensure regeneration of a correctly 

patterned and functional structure. Repatterning during shape 

restoration is controlled by tension forces generated by the 

actomyosin cytoskeleton. However, the mechanisms allowing 

fine control of cell proliferation and directing the migrating 

cells during organ regeneration are unknown. Elucidating the 

molecular control of stem cell proliferation and migration in 

the context of regeneration in  Clytia will allow a better under

standing of stem cell regulation systems in metazoans. 

8.8.1.2	 What Are the I-Cell Fates in  Clytia? 
I-cells are multipotent stem cells (see Section 8.4.2) involved 

in regeneration in hydrozoans (Bradshaw et al. 2015; Galliot 

2013;  Sinigaglia et al. 2020). The fate of i-cells has been well 

characterized in Hydra and  Hydractinia (Gold and Jacobs 

2013;  Müller et al. 2004;  Siebert et al. 2019). In both ani

mals, they give rise to the gland cells, nerve cells, nema

tocytes and gametes. However, in  Hydractinia, they also 

differentiate into the epithelial epidermal and gastrodermal 

cells; whereas in Hydra, i-cells and ectodermal and endo

dermal epithelial cells form three independent populations. 

In Clytia, only nematogenesis has been well characterized 

(Denker et al. 2008c). It is still unknown whether i-cells 

in Clytia give rise to all cell types, particularly to epithe

lial lineages. However, since only a small portion of  Clytia 
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FIGURE 8.5 Regeneration of Clytia jellyfish. (a–b) Circular shape restoration after amputation. In the cartoon, the gray dashed line 

indicates the location of the cut. A half jellyfish with a half manubrium (a) and a quarter jellyfish without the manubrium (b) recover 

the circular jellyfish shape in 24 h. In the quarter, a manubrium blastema and a tiny regenerated manubrium are visible at 24 hpd (hours 

post-dissection) and 4 dpd (days post-dissection), respectively (black arrowhead). (c) Manubrium regeneration. Schematic (top line) and 

phalloidin staining (bottom line) of manubrium regeneration stages from 6 hpd to complete regeneration after 4 dpd. After closing of 

the dissection hole, a regeneration blastema forms at the junction of the radial canals. As the blastema becomes thicker, the gastric cav

ity opens. The regenerating manubrium fi rst elongates, followed by the formation of four lobes. (d) Summary of the main cellular and 

molecular events allowing manubrium regeneration. After a cut in the umbrella, an actomyosin cable allows a rapid reestablishment of 

the circular jellyfish shape, affecting the organization of the smooth muscle. A new muscle hub is formed close to the former wound area. 

If not attached to another hub, the new hub is stabilized, as well as the associated CheWnt6 expression. The connection to the radial canal 

system allows the formation of a regeneration blastema by proliferation and migration of stem cells and differentiated cells, leading to 

the full regeneration of the missing manubrium in only four days. Scale bars: (a–b) 1 mm, (c) 100 μm. ([a–d] Adapted from Sinigaglia 

et al. 2020.) 



142 

proliferating cells express  Nanos1, the  Clytia i-cell system 

is likely to be similar to  Hydra with separated i-cells and 

epithelial lineages. Transgenic lines with reporters for dif

ferent cell populations allowing in vivo tracing of i-cell are 

necessary to identify i-cell derivatives. 

It is also unknown whether all  Nanos1 -expressing cells 

have the same potency and particularly whether some are 

committed to the germline. After complete ablation, the 

gonads regenerate, and oocyte growth resumes. This could 

indicate the presence of multipotent stem cell populations in 

the main organs, migrating through the radial canal to repop

ulate the regenerating gonads.  Clytia is a promising model 

to study early oocyte differentiation because the gonads are 

fully transparent and continue to function when isolated 

from the jellyfi sh. 

8.8.1.3	 How Are Mechanical Cues and 
Signaling Pathways Integrated? 

After amputation, actomyosin contractility at the wound 

area ensures restoration of the circular jellyfi sh shape. 

During shape restoration, the signaling molecule  CheWnt6 
is expressed at the wound site. Its expression is inhibited 

by pharmacological inhibition of actomyosin contractility, 

suggesting a likely modulation of Wnt/β-catenin activity by 

mechanical cues (Sinigaglia et al. 2020). How mechanical 

cues can activate Wnt/β-catenin pathway and thus permit 

regeneration of the manubrium is unknown. The integra

tion between mechanical cues and signaling pathways has 

been raising interest (Chiou and Collins 2018;  Heisenberg 

and Bellaïche 2013;  Urdy 2012;  Vining and Mooney 2017 ). 

In Hydra, the actin cytoskeleton has also been proposed to 

influence body axis formation during regeneration (Livshits 

et al. 2017,  Maroudas-Sacks et al. 2021) and is likely to 

be interacting with the Wnt/β-catenin signaling pathway, 

inducing hypostome formation at the oral pole (Broun 2005; 

Gee et al. 2010). 

8.8.2 	REGULATION OF BEHAVIOR AND 

PHYSIOLOGY BY ENVIRONMENTAL CUES 

Clytia life cycle and physiology of the different life stages 

are influenced by the environment in many ways: i) in 

the ocean, settlement of the planula larva occurs upon an 

unknown cue from bacterial biofilms; ii) growth of the 

polyp colony is constrained by feeding and space availabil

ity; iii) sex of the released medusa can be infl uenced by the 

temperature at which the polyp colony is growing; and iv) in 

the jellyfish, oocyte maturation and gamete release are trig

gered by a light stimulus. Gamete release is associated with 

light information in many cnidarian species (e.g. scyphozo

ans  Pelagia: Lilley et al. 2014;  Clytia: Amiel et al. 2010). 

8.8.2.1	 Which Bacterial Cues Induce 
Settlement of the Planula? Which 
Molecular Mechanisms Are Triggered? 

In cnidarians, including Clytia, settlement of the planula 

larva and metamorphosis into a primary polyp is induced 

Emerging Marine Model Organisms 

by bacterial biofi lms (Hydractinia echinata:  Kroiher and 

Berking 1999;  Leitz and Wagner 1993;  Seipp et al. 2007; 

Acropora sp: Negri et al. 2001;  Tebben et al. 2011;  Webster 

et al. 2004). The cellular response is mediated by neuro

peptides of the GLW-amide family, secreted by sensory 

neurons of the planula (Takahashi and Takeda 2015). 

Synthetic GLW-amide neuropeptides induce settlement 

and metamorphosis in laboratory conditions in several 

planulae (Acropora: Iwao et al. 2002; Hydractinia:  Müller 

and Leitz 2002; both reviewed in:  Takahashi and Hatta 

2011). Concerning Clytia planula, the synthetic peptide 

GLWamide2 (GNPPGLW-NH2) has been used in the labo

ratory to induce settlement (Momose et al. 2018;  Quiroga 

Artigas et al. 2018). A recent study testing the effi ciency of 

15 other neuropeptides, derived from sequences of potential 

GLWamide precursors, showed that GLWamide-6 (pyro-

Glu-QQAPKGLW-NH3) has an even greater effi ciency 

(Lechable et al. 2020). 

The roles of bacteria and neuropeptides in settlement 

have long been known. However, the signal from the bac

teria inducing settlement and metamorphosis, as well as the 

molecular mechanisms triggering settlement and metamor

phosis, are still unknown. The morphological and cellular 

events occurring during the metamorphosis of Clytia plan

ula have been recently studied (Krasovec 2020) and provide 

a framework for further studies on metamorphosis. 

8.8.2.2	 Is There a Physiological Link between 
Gametogenesis and Nutrition? 

In Clytia jellyfish, spawning and oocyte maturation occurs 

in males and females two hours after a light stimulus (Amiel 

et al. 2010). Part of the signaling cascade triggering light-

induced oocyte maturation has recently been elucidated. 

After light reception by the photoprotein Opsin9 by neuro

secretory cells of the gonad ectoderm, those cells release a 

maturation-inducing hormone (Quiroga Artigas et al. 2018). 

MIH activates in turn a GPCR, located on the oocyte sur

face, called the MIH-Receptor, thus triggering the rise in 

cAMP responsible for the initiation of oocyte maturation 

(Quiroga Artigas et al. 2020). Besides their function in 

oocyte maturation, Clytia MIH and MIH-R are likely to play 

a role in nutrition or other physiological processes. Indeed, 

both are expressed in the gastrovascular system and the ten

tacles as well as in the gonads. Moreover, MIHR is part of 

a superfamily of cnidarian and bilaterian GPCRs playing a 

role in nutrition, as well as regulation of sexual reproduction 

(Quiroga Artigas et al. 2020). Additional knowledge in the 

functions of Clytia MIHR could give insight in the evolution 

of the link between gametogenesis and nutrition. 

8.8.2.3	 How Does Feeding Availability Regulate 
Growth of Polyps and Medusa? 

Some cnidarians are able to modify their size depending  

on feeding availability. The jellyfi sh Pelagia noctiluca and 

Aurelia aurita shrink during starvation conditions and re

grow when prey are again available (Frandsen and Riisgård 

1997;  Hamner and Jenssen 1974;  Lilley et al. 2014). In 
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laboratory conditions,  Aurelia aurita loses 3–5% of its mass 

per day without feeding and regrows after feeding to reach 

the original size. Starved jellyfish are not able to spawn 

(Frandsen and Riisgård 1997;  Hamner and Jenssen 1974). 

Similarly to  Aurelia, Pelagia loses about 7% of its mass per 

day and can regrow after feeding. However, egg production 

is maintained, with a number of eggs correlated with the  

size of the jellyfish (Lilley et al. 2014). 

The process of shrinking in conditions of starvation is 

also a feature of other invertebrates. In planarians, the size 

depends on the feeding levels (Felix et al. 2019); in the anne

lid  Pristina leidyi, feeding causes the increase and decrease 

of the gonads (Özpolat et al. 2016). This process has also 

been documented, although more rarely, in the vertebrates. 

The marine iguana  Amblyrhynchus cristatus can lose up 

to 20% of its size after the loss of its main source of food 

during El Niño events (Wikelski and Thom 2000). Whether 

the same mechanisms are involved between metazoans still 

remains to be investigated. 

A similar shrinking/re-growth event in case of starva

tion has been observed in  Clytia jellyfi sh (unpublished). 

Moreover, the gonads also shrink and egg production declines 

before totally stopping. Gametogenesis resumes after feeding 

of the jellyfish. The recently described MDG cells, with a 

putative role in the distribution of nutrients, circulate more 

in the canals in case of starvation (Sinigaglia et al. 2020).  

Feeding also influences the growth of newly released jelly

fish: indeed, jellyfish fed with smaller prey, and thus with a 

bigger food intake, grow faster than jellyfish fed with bigger 

prey that are harder to catch (Lechable et al. 2020). 

To summarize, in  Clytia, like in other cnidarians, the 

feeding levels control the rate of growth and gametogenesis. 

The cellular and molecular mechanisms allowing the con

trol of growth in Clytia jellyfish are unknown. One level of 

regulation is potentially the cell cycle, since in  Hydra and 

Nematostella polyps, the rate of cell proliferation depends 

on the feeding level of the animal (Campbell 1967;  Otto 

and Campbell 1977;  Passamaneck and Martindale 2012; 

Webster and Hamilton 1972). Clytia jellyfish could be used 

to investigate the feedback between feeding levels and cell 

proliferation, as well as cellular events during degrowth. 

Many fascinating questions can be addressed with 

Clytia. Due to its practicality as a model organism and the 

tools already available and in development,  Clytia has the 

potential to provide a fresh perspective on a wide range of 

research topics. 
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