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ABSTRACT  Hydractinia, a representative marine colonial hydroid, was the first organism in the 
history of biology in which migratory precursors of germ cells were described and termed “stem 
cells” (Weismann, 1883). These stem cells, now known as interstitial cells (i-cells), are thought to 
remain pluripotent throughout their life. Using animals depleted of their own stem cells and repopu-
lated with allogeneic mutant donor stem cells, it was shown that Hydractinia i-cells differentiate 
into any cell type including epithelial cells and germ cells that express germ line markers such as 
Vasa, Piwi and Nanos. In Hydra, i-cells also provide germ cells and somatic cells with the excep-
tion of epithelial cells. The latter derive from two subpopulations of differentiated epithelial cells 
with self-renewal capacity. In Hydractinia, forced expression of the Oct4-like transcription factor, 
Polynem (Pln), in epithelial cells transforms them into stem cells that develop neoplasms. I-cells 
express the Wnt-receptor Frizzled and are Wnt responsive. Activation of Wnt signaling induces the 
production of numerous nematocytes (stinging cells) and nerve cells. In parallel, supernumerary 
tentacles develop. I-cells also express Myc and Nanos. Their misexpression causes severe devel-
opmental defects. Hydractinia polyp buds arise from aggregating stem cells, in contrast to Hydra 
buds, which derive from evaginating epithelial cells. Wnt activation increases budding frequency 
and the emergence of ectopic head structures. The potential of stem cells to invade neighbors may 
have provided selection pressure for the evolution of allorecognition and histo-incompatibility. 
Hence, Hydractinia have now attained the position of a powerful model in stem cell research, axis 
formation and allorecognition.
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Introduction to the Hydractinia model system

A historical survey on the significance of marine hydroids 
for cell and developmental biology

From a historical perspective, marine colonial hydroids, having 
been out of the focus of mainstream biology for decades, deserve 
credit as they were the first organisms whose cellular inventory had 
led scientists of the 19th century to coin several basic concepts and 
terms in biology, namely ’stem cells’ (“Stammzellen”), ’primordial 
germ cells’ (“Urkeimzellen”), and ’germ line’ (”Keimbahn”). The 
first publication known to us documenting the use of these terms 
is a comprehensive monograph on the origin of germ cells in 38 
species of marine hydroids, published by August Weismann in 
1883 and illustrated with many copper-plate engravings showing 
migratory precursors of germ cells. The term ‘stem cells’ is found 
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in the chapter dealing with Hydractinia echinata and was used 
by Weismann to point to putative migratory sperm progenitors. 
The term ’primordial germ cells’ appears several times in chap-
ters dealing with Hydractinia, Podocoryne and Eudendrium and 
in the legends of many figures. The terms ’germ line’ and ’germ 
plasm’ (“Keimplasma”) was coined by Weismann in later essays 
(Weismann, 1889, 1893) with reference to those studies on hy-
droids. (“Germ plasm” in the theoretical concept of Weismann 
is the complement of genetic information thought by him to be 
allocated only to the germ line.)

After a long lag period, members of the genus Hydractinia even-
tually became model organisms in studies on allorecognition and 
migratory stem cells, whereas Podocoryne carnea (synonymous 
Hydractinia carnea, Schuchert, 2011) remained a pre-genetic 
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model organism for regeneration through transdifferentiation and 
dedifferentiation of somatic cells to multipotency. As allorecogni-
tion in Hydractinia has recently been reviewed (Rosengarten 
and Nicotra, 2011) this aspect will be addressed in the following 
sections only in respect to stem cells behaviour. Additionally, in 
Hydractinia, classical and recent topics of general developmental 
biology have been under investigation such as the role of the 
canonical Wnt-signaling system in the establishment of the body 
axis, pattern formation and pattern control in embryogenesis and 
postembryonic development, organizing centers and induction of 
structures. Prerequisite for many of these studies was the success-
ful induction of metamorphosis of the planula larvae into primary 
polyps - the founder of new colonies - by defined factors and the 
possibility to perform genetic crosses and to establish inbred lines 
over several generations in tolerable times. 

Another favourable feature that both Hydractinia and Podoco-
ryne offer to the experimentalist and shared with most members of 
the Cnidaria is the easy way in which animals can be cloned using 
explants (Frank et al., 2001). Recent progress in the successful 
novel model hydroid Clytia hemisphaerica will only occasionally 
be mentioned but not comprehensively reviewed in this context 
(for references see Houliston et al., 2010; Technau and Steele, 
2011). Since the species preferentially addressed here, i.e. Hy-
dractinia, is not familiar to the majority of biologists, a sketch of 
its morphology, life cycle and some basic experimental results will 
prepare expositions on stem cells and cellular reprogramming.

The divergent life cycle of Hydractinia among Hydrozoans
Among cnidarians, medusozoans (hydrozoans, cubozoans and 

scyphozoans) differ from anthozoans (corals and sea anemones) 
by a complex metagenetic life cycle. By definition, in a metagenetic 
life cycle a first juvenile life stage, called polyp, alternates with a 
second, asexually produced stage, known as medusa or jellyfish. 
This second stage is the adult, sexually reproducing stage. By 
producing gametes the medusa gives rise to the larval planula, 
which metamorphoses into a polyp that can stay solitary or form 
a colony (Collins et al., 2006). However, some species of the 

medusozoans have secondarily lost the medusa stage and the 
polyp produces gametes directly (as do anthozoans).This also 
applies to the well-known model organism Hydra. Having lost the 
medusa and the planula stage, the solitary freshwater polyp Hydra 
displays a highly derived life cycle. The marine colonial genera 
Hydractinia and Podocoryne are medusozoans, that also belong 
to the Hydrozoa class, anthoathecata order. However, the family 
of Hydractiniidae with Hydractinia and Podocoryne and the genus 
Hydra group in different suborders (for phylogeny see Fig. 1). 

In nature, colonies of Hydractinia and Podocoryne are mostly 
found in on shells inhabited by hermit crabs. They share many 
basic features in the architecture of the colony but differ in one 
important aspect: Podocoryne, of which the best-studied species 
is P. carnea, displays a full metagenetic life cycle including free-
living medusae (jellyfish). Hydractinia, in North-European seas 
represented by H. echinata, in the USA by the sibling species H. 
symbiolongicarpus, differs from Podocoryne in this aspect as its 
medusa stages are morphologically reduced and remain attached to 
the polyp, actually serving as gonads and called gonophores (Fig. 
2). In both genera, gametes are released into the water column. 

Fertilized eggs develop into a planula larva. Planulae metamor-
phose to primary polyps, the founders of new colonies consisting 
of clonal, interconnected secondary polyps. Their interconnection 
is achieved through a gastro-vascular system, called stolons. 
These are blood vessel-like tubes which cover the substratum by 
extending and branching, and bud new polyps. The stolons are 
enclosed by a protein-chitin exoskeleton that is secreted by the 
epidermis and in traditional treatises called perisarc or periderm. 
In Hydractinia and Podocoryne the perisarc does not enclose the 
polyps, similar to other athecate hydroids. In mature colonies a 
fraction of the secondary polyps differentiates into specialized 
polyps on which medusae or gonophores develop.

An additional difference between the two genera is the structure 
of the stolonal tissue. In maturing Hydractinia the stolons form a 
compact mat or plate, composed of an epidermal epithelial bi-
layer enclosing the gastrodermal network of tubes (see Fig. 5A), 
whereas Podocoryne maintains runner-type stolons throughout 
life. Embryonic development is different as well: Podocoryne 
gastrulates by polar ingression and the morula/blastula creates 
a blastocoel. Hydractinia, instead, develops a solid sterroblastula 
and generates the endoderm through apolar cell reorganization. 
Thus, from an evolutionary standpoint Hydractinia is more derived 
than Podocoryne; from a practical standpoint the reduction of the 
free-living sexual generation to gonads is an important advantage 
since it is not necessary to rear tiny and delicate medusae to 
sexual maturity. In Hydractinia colonies, the sexes are separate, 
stable and probably genetically determined (Hauenschild, 1954; 
Müller, 1964). Male and female gonads release their gametes in 
the morning, induced by the onset of light. Thus, fertilized eggs 
can be harvested almost daily. They develop to planula larvae 
within two-three days. 

The life cycle requires external cues to proceed to completion
Planula larvae do not enter metamorphosis spontaneously. 

Instead, they require external cues indicating them an appropri-
ate substrate on which to settle as do the larvae of many other 
marine sessile organisms. Hydractinia played a pioneering role 
in identification of such cues. Its planulae were the first marine 
larvae of which metamorphosis was shown to be induced by 
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Fig. 1. Phylogenetic classification of the hydroids mentioned in this 
article (according to: The Hydrozoa Directory, P. Schuchert, 2012, www.
ville-ge.ch/mhng/hydrozoa/hydrozoa-directory.htm). While the families of 
Cladonematidae and Hydridae belong to the suborder Capitata, all other 
hydroids belong to Filifera. Exclusively Clytia is a thecate hydroid (Lepto-
thecata); the other species belong to the order Anthothecata.
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bacteria (reviewed by Müller and Leitz, 2002). This 
dependence on environmental bacterial films has since 
been verified in many other marine organisms including 
oysters, barnacles and several other cnidarians (e.g. the 
scyphozoan Cassiopea andromeda and the anthozoan 
Acropora millepora, (Neumann, 1979; Fitt et al., 1990). A 
compound inducing metamorphosis in Acropora millepora 
was isolated from a Pseudoalteromonas bacterium and 
identified as tetrabromopyrrole (Tebben et al., 2011). 

The presence of external cues is perceived by 
neurosensory cells at the anterior, aboral pole of the 
larva (anterior with respect to the positive phototactic 
movement of the crawling larva). Agents capable of 
depolarizing and thus of stimulating neurosensory cells 
can conveniently be used to induce metamorphosis at 
any time (reviewed by Frank et al., 2001). Furthermore, 
interference with signal transducing systems by apply-
ing activators of PKC such as tumor-promoting phorbol 
esters can stimulate larvae to enter metamorphosis as 
well (Müller, 1985). Upon stimulation, neurosensory 
cells release diffusible neuropeptides of the GLWamide 
class as hormones to start and synchronize the internal 
reorganization necessary for the transformation of the 
larva into a polyp (Schwoerer-Boehnig et al., 1990; Leitz 
et al., 1994; Gajewski et al., 1996; Schmich et al., 1998; 
Plickert et al., 2003). Metamorphosis is associated with 
the release of low molecular inhibitory, methyl-donating 
substances, into the external medium (Berking, 1987; 
1988), and by apoptosis-mediated elimination of larval 
neurons and nematocytes (Seipp et al., 2001, 2010). 
Anatomical and ultrastructural details of metamorphosis 
have been described previously (Van de Vyver, 1964; 
Weis and Buss, 1987; Martin and Archer 1986, 1997; 
Martin, 2000). The postmetamorphic development and 
structure of a colony was described by Müller (1964). 
For a more detailed review of Hydractina’s life cycle 
and rearing conditions in the lab see Frank et al., 2001. 

Organization and regulation of the adult colony

Compartments of the colony, spacing patterns and 
division of labor

Colonies of Hydractinia and Podocoryne consist of two 
main compartments that differ in morphology, behaviour 
and cellular composition: the stolons and the polyps. In 
the network of stolons, spacing of branches is controlled 
by inhibitory signals emanated by the distal stolon tip, 
a motile organ fulfilling pathfinding functions similar to 
the terminal cell of growing blood vessels (Fig. 3). The 
inhibitory field extends from the distal tip about 400 mm 
in proximal direction with declining intensity (Müller and 
Plickert, 1982). 

On the other hand, the stolon tip is also source of a 
signal molecule termed stolon-inducing factor (SIF: Lange 
et al., 1989, Lange and Müller, 1991). When growing to 
proximity to the flank of another stolon, secreted SIF 
induces the formation of a second, laterally growing tip 
(Fig. 3 C,D). This induction implies inducing stationary 
epithelial cells to a cohort able to move in a coordinated 
pulsating fashion (movie Müller, 1996), and it implies the 

Fig. 2. Hydractinia and Podocoryne: life cycle and experimentally induced mul-
tihead formation. (A) Life cycle of Hydractinia echinata and of Podocoryne carnea. 
Part of the figure concerning Hydractinia is from Müller: Entwicklungsbiologie, 5th ed., 
Springer Berlin Heidelberg New York, 2009, supplemented here by the part concern-
ing Podocoryne. (B,C) Hydractinia echinata; male and female colony. Photos gift to 
WM by Yuki Katsukura. (D) Multiheaded polyps from a mutant clone. (E) Bipolar head 
regeneration in pieces of the body column excised from gastrozooid. This can occur 
spontaneously but the frequency is strongly increased if the pieces are excised from 
colonies treated with azakenpaullone, an inhibitor of GSK3; this treatment causes 
activation of the Wnt pathway. After Müller et al., 2007, Duffy et al., 2011, hitherto 
unpublished photo by WM.
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dissolution of the chitinous envelope of the encountered stolon. A 
chitinase cloned from Hydractinia may be involved in this process 
(Mali et al., 2004). The inducing and the induced tip attract each 
other, a prerequisite for anastomosis formation (Müller et al., 1987), 
because tip tissue is the only epidermal tissue that can fuse with 
other epidermal tissue. However, fusion (Fig. 3 D-1) depends on 
both tips sharing the same histocompatibility alleles. If applied to 
the growing medium at supra-natural concentration, SIF causes 
complete transformation of polyps into stolons (Lange and Müller, 

1991; Müller et al., 2004b).
Like spacing of stolons, spacing of polyps is controlled by lateral 

inhibition (Fig. 3B) characterized by similar system properties as 
in the colonial hydroid Eirene viridula (Plickert et al., 1986). In 
colonies of Hydractinia, spacing distances can be reduced, and 
budding frequencies increased, by exogenous retinoic acid (Mül-
ler, 1984). Stimulation of the Wnt-pathway has similar and even 
more dramatic effects (Müller et al., 2007) presumably, in part, 
by promoting stem cell proliferation.

Similar to the zooids of siphonophores, the polymorphic polyps 
of Hydractiniidae are textbook examples for the evolution of division 
of labor among individuals leading to supra-individual organisms 
(Müller, 1964). The polyps of the colony, though genetically mem-
bers of a clone, exhibit division of labor by differentiating several 
morphological and functional subtypes: these are at least four in 
Hydractinia (gastrozooids, gonozooids, dactylozooids, tentacu-
lozooids; Müller, 1964) and two in Podocoryne (gastrozooids, 
gonozooids; Boelsterli, 1977). 

Genetic markers of colony development
Cnidarian genomes encode more homologues to vertebrate 

genes than the ecdysozoan model organisms Caenorhabditis 
elegans and Drosophila (Kortschak et al., 2004; Soza-Ried et al., 
2010; Technau and Steele, 2011). In an EST database, Soza-Ried 
et al., (2010) found > 6000 transcripts from genes that Hydractinia 
shares with vertebrates. This finding is strongly supported by 
further RNA-sequencing (unpubl.) and a draft genome assembly 
of Hydractinia echinata (work in progress), showing conserved 
gene inventory of all major signaling pathways used in animal 
developmental control. It is beyond the scope of this review to 
provide a comprehensive analysis of the Hydractinia genome and 
transcriptome. Some genes of significance in the present context 
are mentioned in the following sections (for comparison with other 
cnidarian model organisms see Chapman et al., 2010; Technau 
and Steele, 2011; Steele, 2012). 

Thus far, only few regulatory genes have been implicated 
in colony development. Among them is Cnox-2, a gene of the 
Gsx/paraHox class, analyzed in H. symbiolongicarpus. Cnox-2 
is expressed in epithelia of distal stolon tips, in polyp bud rudi-
ments and in the basal body column of fully developed polyps 
(Cartwright et al., 2006). Cnox2-Pc, a Podocoryne homologue 

Fig. 3. Classic experimental morphology in Hydractinia. (A) The head 
of a polyp, here represented by the head of a gonozooid, is an organizing 
center with inductive power. It can cause the transformation of a growing 
gastrozooid into a gonozooid, and it evokes the development of second-
ary axes the structure of which is governed by the rules of intercalation. 
Structures missing between inducing and responding tissues are inserted. 
Numbers indicate fictional positional values (after Müller, 1964, 1982). (B) 
Mechanisms of spacing by lateral inhibition. Spacing of stolon branches is 
controlled by inhibitory signals produced at the stolon tip and spreading in 
the tissue in proximal direction forming a gradient. A subthreshold strength 
of inhibition allows formation of a lateral tip and hence of a branch (after 
Müller and Plickert, 1982). Likewise, spacing of polyps is accomplished by 
lateral inhibition emanating from existing polyps (after Müller, 1984). (C) 
The advancing stolon tip emits SIF, a stolon- inducing factor that induces 
another tip(s) in the flank of an approached stolon. Inducing and induced 
tips attract each other circumventing a barrier placed between inducer and 
recipients (after Müller et al., 1987). (D). Outcome of encounters between 
isogeneic stolons (D-1) and between allogeneic, incompatible encounters 
(D-2)(after Müller et al., 1987).
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(Masuda-Nakagawa et al., 2000; Yanze et al., 2001) belongs to 
the orphan family Cnox-A (Chiori et al., 2009; Quiquand et al., 
2009). It is expressed at the anterior pole of the larva, the oral pole 
of polyps, in buds, and the gastrodermal canals of the medusae 
(Masuda-Nakagawa et al., 2000). In contrast to their function in 
arthropods and vertebrates to specify segment identities, Hox- and 
paraHox-related genes in Cnidaria appear not to define sequential 
patterns of territories and conferring different identities to them 
(Yanze et al., 2001; Cartwright et al., 2006). Nevertheless, Hox 
and paraHox-related genes of Cnidaria are expressed at distinct 
narrow or large territories and at distinct time periods (Gauchat 
et al., 2000; Finnerty et al., 2004). They control differentiation as 
shown in a functional study on the essential role of Cnox-2 for the 
specification of neuronal fate in Hydra (Milijkovic-Licina et al., 2007).

Many genes for signaling molecules and transcription factors, 
which had previously been viewed as vertebrate-specific, are 
found with similar functions in Cnidaria. For instance, the endo-
dermal canals in the medusae of Podocoryne carnea express, 
besides members of the BMP family (Reber-Müller et al., 2006), 
homologues of vascular endothelial growth factor and receptor, 
VEGF and VEGFR (Seipel et al., 2004a). Since stolons share 
many functional features with blood vessels, it would be interest-
ing to examine stolons for the presence of angiogenic factors too. 

Axial patterning in the developing larva

Oocyte polarity, establishment of the body axis
The origin of the primary body axis in the Cnidaria has for long 

been source of incorrect illustrations. Having in mind the situation 
in the classic textbook paradigm displayed, for instance, by sea 
urchin embryos, authors of older treatises (e.g. Tardent, 1978) have 
assigned the pole of gastrulation to that pole of the embryo, which, 
in classical terminology, is defined as vegetal pole. Traditionally, 
the animal pole of the egg is defined as the pole where in meiosis 
the polar bodies are given off. In sea urchins and other Deutero-
stomia, gastrulation occurs at the opposite pole. By contrast, in 
those cnidarians such as Nematostella vectensis or Podocoryne 
carnea where gastrulation happens in form of classical invagination 
(Martindale and Hejnol, 2009) or polar ingression, respectively, it is 
the pole marked by polar bodies where gastrulation commences. 

In Podocoryne, gastrulation is restricted to the ‘animal’ 20% of 
the blastula (Momose and Schmid, 2006), whereas in Hydractinia 
endoderm formation appears not to be confined to one pole but 
occurs instead as rearrangement and subsequent epithelial orga-
nization of the cells in the morula. Nevertheless, the basic polar 
relationship is maintained also in Hydractinia. The pole marked 
by the polar bodies is the only site the sperm can enter the egg 
(Freeman, 1987) and this – in terms of classic nomenclature “ani-
mal” – pole is the site where the first furrow starts, the posterior 
pole of the larva arises and eventually the mouth of the primary 
polyp is formed in metamorphosis (Fig. 2A). Thus, the posterior 
pole of the larva and oral pole of the polyp correspond to the pole 
where – following the release of the oocytes in spawning – the 
polar bodies had been extruded. We therefore propose to abandon 
the usage of ‘animal’ and ‘vegetal’ poles in cnidarian embryos, 
and use ‘oral’ and ‘aboral’ instead.

An organizing center and covert prepatterns in the planula
Transplantation studies have shown that the posterior pole of 

the larva is an organizing center (Stumpf et al., 2010), as is the 

oral pole of polyps, being able to induce a secondary axis (see 
also Shimizu in this issue).This is reminiscent of cells around the 
blastopore in Deuterostomia, namely the Spemann organizer in 
amphibians and the micromeres in sea urchin embryos. Internally 
the larva contains a covert prepattern of the post-metamorphic 
adult pattern. This is visualized by the spatio-temporal pattern by 
which S-phase activity declines in mature planulae. Cell cycle arrest 
appears first in cells localized at the posterior and subsequently at 
the anterior pole of the elongating embryo (Kroiher, 2000; Kroiher 
et al., 1990; Plickert et al., 1988). When induced to metamorphose 
with neuropeptides, posterior halves of larvae give rise to heads 
only, anterior halves to stolons. The overt pattern of the polyp 
is generated under the influence of a covert antero-posterior 
polarity in the larva (Schwoerer-Böhning et al., 1990). However, 
this pattern is not irreversibly fixed. It can profoundly be altered 
by manipulating the canonical Wnt pathway, the center of which 
resides in the organizer region of the developing planula, i.e. in 
the terminal region of the developing larva tail (Fig. 4), and its 
derivative, the oral pole of the polyp (Stumpf et al., 2010; Plickert 
et al., 2006; Duffy et al., 2010). This is explained in more detail 
in the following section. 

Activation of the Wnt pathway leads to oralization in 
Hydractinia

Role of the canonical Wnt-signaling pathway in embryonic 
and larval stages

Surprisingly, although in Deuterostomia and Cnidaria the pri-
mary embryonic polarity seems to be inverted (Martindale and 
Hejnol, 2009), in both groups the primary body axis is formed 
under the control of the canonical Wnt-signaling pathway. Basic 
constituents of the pathway are found as maternal transcripts in 
the oocyte, namely Wnt-3a, b-catenin, Frizzled and Tcf/Lef (Fig. 
4). Wnt and Tcf transcripts are deposited in the oocyte and early 
embryo at the oral pole (Plickert et al., 2006). In Hydractinia, and 
likewise in the thecate hydrozoan Clytia (Momose et al., 2008) 
and the anthozoan Nematostella (Fritzenwanker et al., 2007), 
this pole is the pole marked by the polar bodies, whereas in sea 
urchin embryos the transcripts are located at the opposite pole. 
Common denominator is that b-catenin stabilization co-localizes 
with cleavage initiation and gastrulation.

The directing role of the Wnt-pathway in the establishment of 
the primary body axis is documented by experimental interference. 
Stimulation of the pathway in Hydractinia during gastrulation by 
inhibiting GSK3 with paullones or Li+ upregulates the expression 
of Wnt3, Tcf and Brachyury and renders them ubiquitous. Subse-
quently, it transforms the anterior pole of the larva into a second, 
ectopic posterior pole. Following metamorphosis, these larvae 
give rise to double-headed polyps (Fig. 4), which frequently lack 
aboral structures, i.e. stolons (Plickert et al., 2006). Similarly, in 
metamorphosis, paullones transform the animal into a floating head. 
Rescue experiments in which paullone treatment is accompanied 
by Wnt or Tcf RNAi result in normal metamorphosis (Duffy et al., 
2010). Finally, activation of Wnt downstream targets in regenerating 
animals also results in oralization of the polyps. Knocking down 
Tcf or Wnt3 by RNAi inhibits head regeneration. In summary, Wnt 
signaling promotes head formation but represses the formation of 
stolons, whereas down regulation of Wnt promotes stolons and 
represses head formation (Duffy et al., 2010).

Brachyury (Duffy et al., 2010; Stumpf et al., 2010) and Nanos 
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(Kanska and Frank, 2011) are also expressed at this pole in Hy-
dractinia embryos and in Podocoryne and Nematostella larvae 
(Torras et al., 2004, 2005; Extavour et al., 2005). Thus, if Nanos 
is chosen as point of reference, the posterior pole of the larva 
and, hence, the oral pole of the polyp, correspond to the posterior 
pole in Drosophila.

Role of the Wnt-pathway in post-metamorphic development
Many parallels exist between Hydractinia and Hydra in polyp de-

velopment and regeneration; differences are of minor significance. 
For instance, fully grown polyps of Hydractinia regenerate only oral, 
but not aboral structures following the rule of distal transformation, 
in parallel to limb buds in amphibians and arthropods (Müller et 
al., 1986). Stolon regeneration does occur if Wnt is inhibited (Duffy 
et al., 2010). Transplantation studies reveal ability in Hydractinia 

to sense changes of positional values and intercalate missing 
structures. Some aspects of pattern formation and pattern control 
in post-metamorphic development as demonstrated by classic 
transplantation studies are summarized in Fig. 3 A-C.

A prominent feature Hydractinia shares with Hydra concerns 
the organizing action of the head. In the pioneering study of 
Hobmayer et aI., (2000) Cnidarian Wnt gene activity was shown 
for the first time in oral-most tissue of Hydra and, even more 
important, to contribute to the organizer quality of the head. Like 
in Hydra, blocking GSK3 generally leads to oralization. Polyps of 
Hydractinia treated with paullones (Müller et al., 2004b) transform 
to phenocopies of a multi-headed mutant (Fig. 2D) (Müller, 2002). 
Ectopic tentacles form over the body column in a similar way as 
Hydra does in response to paullones (Broun et al., 2005). Pieces 
of the body column excised from the gastric region of paullone-

Fig. 4. Expression of Wnt3a during embryogenesis and metamorphosis of Hy-
dractinia. (A) A local deposit of maternal Wnt mRNA directs commencing zygotic 
Wnt expression to both tissue layers of the posterior (pre-oral) preplanula. Embryonic 
Wnt expression is almost completely downregulated in the mature planula. (B) Wnt 
expression is re-activated in endoderm and subsequently also in ectoderm upon induc-
tion of metamorphosis. Broad expression in the oral metamorph spatially confines to 
the peri-oral tissues of epi- and gastrodermis in the primary polyp. (C) Experimental 
stimulation of Wnt signaling by Paullones (250 nM Alster- or Azakenpaullone for 17.5 h): 
Developing planuale display multiple posterior axes that convert into oral polyp tissues. 
After Plickert et al., 2006.

treated colonies regenerate a head not only at the 
oral but also at the aboral pole (Müller et al., 2007). 
Likewise, midgastric pieces treated after cutting formed 
heads at both ends (as in Fig. 2E; Duffy et al., 2010). 
Moreover, in some colonies of Hydractinia stimula-
tion of the Wnt pathway evokes the emergence of 
giant polyp buds in the stolon mat. These giant buds 
encompass areas several hundred fold larger than 
normal buds; they subsequently separate to many, 
and often multi-headed, polyps (Müller et al., 2007). 

In respect to the action of Wnt signaling in the 
polyp, Hydractinia and Hydra appear to be very similar. 
Concerning Wnt in embryonic development, however, 
Hydractinia and also Clytia appear to be different from 
Hydra as colonial hydroids direct primary axis formation 
by local deposits of Wnt mRNA in the egg (Plickert et 
al., 2006; Momose et al., 2008). In contrast, Hydra 
activates Wnt only in late embryogenesis when the 
axis has been already fixed (Fröbius et al., 2003).

Stem cells in Hydrozoa

Identification and characterization of i-cells
Most observations and investigations on stem cells 

in Cnidaria have been made in Hydra (reviewed by 
Bode, 1996; Bosch, 2007, 2009; Bosch et al., 2010; 
Watanabe et al., 2009; David 2012; Hobmayer 2012 
in this issue) and in Hydractinia (Weismann, 1883; 
Hoffmann and Kroiher, 2001; Müller et al., 2004a; Teo 
et al., 2006; Rebscher et al., 2008; Künzel et al., 2010; 
Millane et al., 2011). The stem cells are also known 
as interstitial cells (i-cells) as they reside in interstitial 
spaces at the bases of the epithelia (Weismann, 1883). 
I-cells are only known from Hydrozoa, i.e. never found 
in anthozoans or other medusozoan classes (Frank 
et al., 2009).

However, in both genera, Hydra and Hydractinia, 
i-cells are not the only cells capable of proliferation. A 
subfraction of epithelial cells preserves the capacity 
to divide and contributes to the self-renewal of the 
potentially immortal animals. Dividing epithelial cells 
are regarded, at least in Hydra, as stem cells even 
though they are already differentiated. They have 
maintained the capacity to divide (Bode, 1996) and, 
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they are capable of differentiation as they convert to head-specific 
and foot-specific cells (Bosch et al., 2010).

I-cells are migratory and, therefore, not confined to a stationary 
and permanent niche. Besides their whereabouts in the inter-
connected spaces between epithelial cells, i-cells of Hydra and 
Hydractinia share common features allowing their identification. 
They are rounded or spindle shaped, possess a large nucleus, 
a prominent nucleolus, and are rich in ribosomes. I-cells can be 
stained by basic dyes (Fig 5B). At least a subpopulation is also 

marked by antibodies to b-catenin (Fig. 5C). Interstitial stem cells 
can be labelled with bromodeoxyuridine (BrdU) and tracked during 
migration and differentiation (Plickert and Kroiher, 1988; Plickert 
et al., 1988; Teragawa and Bode, 1990; Müller et al., 2004a). By 
using transgene technologies in Cnidaria (Miljkovicet al., 2002; 
Böttger et al., 2002; Wittlieb et al., 2006, Kalthurin et al., 2007; 
Künzel et al., 2010), the origin, migratory behaviour, multiplication 
and differentiation of i-cells can now be traced in living animals. 

Fig. 5. Morphology and location of interstitial stem cells (i-cells) in Hydractinia. (A) Structure 
of the stolon plate of a mature colony with i-cells between two epidermal epithelial layers. The up-
per epidermal epithelium is translucent and allows detection of i-cells in whole mount preparations. 
(B) Interstitial stem cells in the stolon mat of Hydractinia, stained with Giemsa (containing basic 
methylene blue). (A,B from Frank et al., 2009; rights reserved by Springer).(C) anti-beta-catenin im-
munostaining (green) showing cytoplasmic or nuclear localization in i-cells (preparation by W. Müller, 
unpubl.). (D-G) Vasa-expressing i-cells in Hydractinia, in endoderm of developing planula (D, 42 hours 
post-fertilization); in metamorphosis stage at 16 hours when i-cells migrate from endo- to ectoderm 
while passing the mesoglea (E); at the base of 24 hours primary polyp, just entering the stolons (F); 
in proximal belt of gastrozooid (G). (H) Vasa-expressing cells in medusa of Podocoryne carnea in 
the tentacle bulbs and with weaker expression in a belt around the manubrium. (D-G) According to 
Rebscher et al., 2008 (preparations D-H hitherto unpublished photos by G. Plickert).

Hydra stem cells and their differentia-
tion potential

In Hydra three distinct cell lineages have 
been identified (Fig. 6A): The (1) epidermal 
and the (2) gastrodermal epithelial layers 
are maintained by epithelial cell prolifera-
tion in the middle of the body column. As 
stated above these cells are not stem cells 
in classical terms as they are differentiated 
epithelio-muscle cells. They do, however, 
preserve the capability of self-renewal 
(Hobmayer et al., 2012). (3) In spaces be-
tween the muscle processes at the bases 
of both epithelial layers, interstitial stem 
cells (i-cells) are located. Hydra i-cells are 
continuously proliferating, multipotent stem 
cells; they provide an inexhaustible source 
for the replacement of used up nematocytes, 
gland cells and aged nerve cells, and provide 
life-long supplies of germ cells (David and 
Campbell, 1972; Bode et al., 1973; Campbell 
and David, 1974; Bode et al., 1976; Bosch 
and David, 1987; Nishimiya-Fujisawa and 
Sugiyama, 1993; see also David, 2012; 
Hobmayer et al., 2012; Nishimiya-Fujisawa, 
2012 in this issue).

Differentiation potentials of the stem cell 
lineages have been studied in “epithelial” 
animals after elimination of i-cells and by 
comparing their morphogenetic potentials 
after re-introducing i-cells. Epithelial hydra 
are experimentally produced by elimination 
of the i-cells using irradiation (Brien and 
Reniers-Decoen, 1955), nitrogen mustard 
(Diehl and Burnett, 1964), colchicine (Camp-
bell, 1976, 1979), or by hydroxy urea (Bode 
et al., 1976; Sacks and Davis, 1979). Sf-1, 
a mutant strain of Hydra magnipapillata 
(Sugiyama and Fujisawa, 1979; Shimizu, 
2012), loses its i-cells after a heat shock. 
Heat-shock treated individuals develop into 
an epithelial type animal without chemical 
interference. Epithelial Hydra, if force-fed, 
propagate by budding and regenerate lost 
tissue parts. They are reported to constitute 
stable lines that continuously last already 
for over 50 years (Hwang et al., 2007). 
Regeneration and budding in epithelial 
Hydra involves extensive conversion of 
epithelial cell type specificity. Approximately 
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20 different cells may arise from monotypic epithelial cells during 
regeneration indicating inherent stemness properties or at least 
plasticity to a great extent (Campbell, 1967a,b; Davis, 1970). 
The conversion of GFP-labelled i-cell-derived zymogen cells into 
granular mucous cells in the head region of Hydra has been clas-
sified as transdifferentiation (Siebert et al., 2008). 

Epithelial Hydra were used for i-cell re-population experiments 
that allowed to analyze differentiation potentials of only a few in-
oculated interstitial stem cells (David and Murphy, 1977). Though 
not clearly identifiable by their morphology, members of the i-cell 
pool in Hydra constitute several subpopulations of apparently 
precommitted subtypes (David, 2012). Among them are i-cells 
that are restricted to germ cell differentiation (Littlefield, 1985, 

1991; Nishimiya-Fujisawa and Sugiyama, 1993, 1995; Mochizuki 
et al., 2000; 2001; Nishimiya-Fujisawa, 2012). In order to trace 
differentiation and migration, labelling of i-cells in S-phase by triti-
ated thymidine (Campbell and David 1974) and by BrdU was used 
(Plickert and Kroiher, 1988, Gauchat et al.; 2004; Lindgens et al., 
2004; Miljkovic-Licina et al., 2007;). The ontogeny of Hydra i-cells 
is unknown due to limited accessibility of embryonic development.

Hydractinia larval stem cells and their differentiation potential
As in Hydra, epithelial cells of Hydractinia proliferate and thus 

contribute to growth and morphogenesis. In contrast to Hydra, 
however, in post-embryonic Hydractinia epithelial cells can also 
form by differentiation from i-cells, and buds of new polyps arise, 
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Fig. 6. Cell lineages in Hydra (A) and Hydractinia (B). As a key difference 
between the two models, i-cells of Hydractinia are pluripotent: they give 
rise to all cell types including epithelial cells. Hydra in contrast maintains 
its epithelial scaffold by self renewal of epi-and gastrodermal epithelial 
cells. Drawings by W.A.M. (A) from W.A. Müller, Developmental Biology, 
Springer, Berlin, Heidelberg, New York 1996; rights reserved; (B) from 
Frank et al.,2009) in: B. Rinkevich and V Matranga (eds) Stem cells in Ma-
rine Organisms, Springer, Berlin, Heidelberg, New York; rights reserved.
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at least in part, from aggregating i-cells (Fig. 5, and see below). 
I-cells derive from the endoderm in Hydractinia embryos. Already 

in early post-gastrula, i-cells can be discriminated by morphological 
criteria from other cell types (Plickert et al., 1988). I-cells acquire 
stainability for antibodies to Wnt-pathway components at that time 
(Fig. 5C; Frank et al., 2009). About 24h after fertilization, the stem 
cell and germ line marker gene Vasa is activated (Rebscheret al., 
2008) (Fig. 5D). GFP reporter constructs using the promoters of the 
Hydractinia genes for Nanos2 or Piwi are expressed at that time, 
too. In the fully developed three days old planula approximately 
one tenth of the 12-14,000 cells are i-cells. They predominantly 
reside in the gastrodermal cell mass and are the only mitotic cells 
at this stage (Plickert et al., 1988). 

In larval development a fraction of these cells emigrates into the 
epidermis, giving rise to the larval nervous system and two types 
of nematocytes: one of which is used to anchor the larvae onto 
the substrate for settlement, the second is of the same type as 
the one used in the catching tentacle of the polyp thus preparing 
polyp life already in larva development. These cells persist during 
metamorphosis while other larval cells are eliminated by apopto-
sis (Seipp et al., 2010). During metamorphosis, i-cells cross the 
mesoglea (van de Vyver 1964; Plickert et al., 1988; Hoffmann and 
Kroiher, 2001, Rebscher et al., 2008) (Fig. 5E) and colonize new 
parts of the growing and expanding colony (Fig. 5F), where they 
give rise to epithelial cells, gland cells, nematocytes, nerve cells 
and germ cells in the stolon compartment and the polyps (Fig. 5B). 

Adult stem cells and their differentiation potential
Adult Hydractinia colonies lodge i-cells in three epidermal 

compartments: (1) in the polyp, confined to a broad belt in the 
mid-gastric region (Fig. 5G) and thus similar to the distribution of 
i-cells in Hydra (David and Plotnick, 1980). (2) A second population 
of i-cells emigrates into the stolons during and post metamorpho-
sis (Fig. 5 A,F). They provide the source for new epithelial cells 
in the stolon and polyp buds (for detail see below), nematocytes 
and primordial germ cells. (3) I-cells occur at high numbers also 
in the stolonal mat (5 A-C). They contribute to polyp budding and 
serve the recruitment of gland cells, nematocytes, nerve cells and 
primordial germ cells (Fig. 6). 

The differentiation potential of the adult stem cells in Hydrac-
tinia has been analyzed by elimination of these cells and their 
replacement by isogeneic or allogeneic donor stem cells. Colo-
nies were deprived of their own i-cells by treating the recipient 
colonies with alkylating agents such as mitomycin C. Without 
stem cells the colonies survive about 4 weeks. Before dying, 
i-cell-free recipient colonies were repopulated by transplanting 
a small piece of stolon tissue from healthy isogeneic colonies 
or from allogeneic, histocompatible donors of the opposite sex. 
After emigration of stem cells the donor transplant was removed. 
With time, the repopulated colonies recovered and transformed 
into the phenotype of the donor, including its sex (Müller, 1967). 
The experiment was repeated using mutant phenotypes such as 
multiheaded polyps (Fig. 2D) or colonies showing autoaggressive 
behaviour. Only small and transitory bridges of epithelial tissue 
allowed the immigration of BrdU-labelled i-cells from donor tissue 
into the i-cell-depleted recipients. 

Upon replacement of their interstitial stem cells, mutant pheno-
types were converted into wild type phenotypes, and conversely, 
wild-type colonies into mutant forms (Müller et al., 2004a). The 

conversion followed a distinct temporal pattern (Fig. 6) and always 
included the gametes: originally female colonies produced sperm; 
originally male colonies spawned eggs. BrdU-labelled epithelial 
cells were observed in the recipients and their complete phenotype 
was converted into the phenotype of the donor including genetically 
determined traits such as multi-headed polyps, histocompatibility 
loci and the sex of their gametes. It was therefore concluded 
that i-cells are pluripotent/totipotent (since in Cnidaria no extra-
embryonic tissues exist, the terms pluripotent and totipotent can 
be used synonymously).

The migratory behaviour and the differentiation potential of 
i-cells was re-analyzed using transgenic donors expressing GFP 
under the epithelial cell type specific ActinI-promoter. Transgenic 
animals do not show any GFP labelled i-cells, nematocytes, gland 
cells or nerve cells (Künzel et al., 2010). In Hydra, GFP expressing 
epithelial cells of both germ layers migrate fast as they change 
axial positions from a midgastric implant to the tentacles within 
only 5 days, and endodermal epithelial cells migrate individually 
to contribute to the tissue of new buds (Wittlieb et al., 2006). In 
contrast, Hydractinia epithelial cells are stationary. Time-lapse 
movies and long term observations of GFP-labelled epithelial 
cells in epidermis and gastrodermis of Hydractinia did not detect 
any individual migration behaviour. 

Aggregation of stem cells as a preparatory step in polyp 
budding

Tissue fusion experiments between transgenic donors and wild 
type colonies led to the identification of rapidly moving (approxi-
mately 100-150 mm/day) donor cells, which expressed GFP once 
they stopped moving and differentiated into epithelial cells, thereby 
activating the epithelial-specific promoter of the GFP transgene. 
Clusters of epithelial cells were newly formed from migratory i-
cells at sites where subsequently polyp buds emerged (Künzel et 
al., 2010). Forced activation of the Wnt pathway not only evokes 
the production of numerous nematocytes and nerve cells, and 
the formation of supernumerary ectopic tentacles in growing and 
full grown polyps (Müller et al., 2007; Plickert et al., 2006; Teo et 
al., 2006), but also stimulates budding frequencies. Polyp buds 
emerge in higher numbers and shorter distances, presumably 
supported in part by enhanced multiplication of stem cells, which 
prepare bud formation by aggregation. Increased populations of 
stem cells would allow budding at shorter distances (Müller et al., 
2007). Thus, budding distances may not only be determined by 
inhibitory signals emanating from existing polyps (as indicated in 
Fig. 3B) but also by the availability of precursor stem cells. 

Specification of germ cells and sex determination
Specification of germ cells and sex determination are major 

themes in developmental and evolutionary biology. Depending on 
the animal group, germ line specification may either be controlled 
by inherited maternal factors, or by inductive signals (Extavour and 
Akam, 2003). In several model organisms, such as Caenorhabditis 
elegans, Drosophila melanogaster and Xenopus laevis, primordial 
germ cells are specified and set aside very early in embryogenesis 
initiated by maternal signals. By contrast, in Hydractinia, adult 
stem cells preserve pluripotency and thus the capability to give 
rise to germ cells throughout life, probably enabled by Oct4-like 
POU factors (Millane et al., 2011), by Vasa (Rebscher et al., 2008), 
Piwi (called Cniwi in Podocoryne carnea; Seipel et al., 2004b; 
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this report, Table 1), Nanos and Myc2 (this report, Table 1), like 
in many bilaterians (Extavour et al., 2005). Sex determination is 
upstream of germ cell specification, and is stem cell autonomous 
rather than being induced by signals from somatic tissues. This 
is evident from experiments showing that transplantation of adult 
male stem cells to adult female recipients causes sex reversal 
(Müller, 1964, 1967). Hence, the sexual polyps probably emit a 
signal instructing pluripotent cells of a defined sex to enter ga-
metogenesis. Furthermore, gonads containing male and female 
gametes, simultaneously, have been reported (Mali et al., 2011).

In Hydractinia, Vasa and Piwi are stem cell genes expressed 
in polyp and stolonal i-cells and in primordial germ cells migrat-
ing into gonads in statu nascendi (Rebscher et al., 2008; this 
report) (Table 1). Vasa expression is rather strong in i-cells at 
the base of primary polyps (Fig. 5F) but is weak or absent from 
i-cells migrating through interstices of the gonozooid. Only when 
approaching the axial level of gonad development, expression is 
dramatically upregulated. This is consistent with the expression 
of Vasa in Hydra (Mochizuki et al., 2001). Migrating i-cells in the 
stolons show a low expression for two other stem cell related 
genes, Piwi and Nanos2, as evident from the expression of GFP 
reporter constructs driven by the respective or cell type specific 
promoters. Like Vasa, Piwi is strongly upregulated in primordial 
germ cells of Hydractinia. 

The pattern of Piwi expression is not known in Hydra but an-
other putative stem cell/germ line gene, Nanos1, shows similar 
bimodal expression levels in stem cells, nematoblasts and game-
togenesis (Mochizuki et al., 2000). Cniwi (Piwi) of Podocoryne 
carnea is expressed in the gonads but it is not clear which cells 
in Podocoryne give rise to gametes (Seipel et al., 2004b). In 
Clytia hemisphaerica, Piwi expression was observed in nemato-
genic/neurogenic stem cells in the tentacle bulbs of the medusa 
(Denker et al., 2008), strongly suggesting a role of this gene in 
a uncommitted subpopulation of putative multipotent stem cells, 
perhaps similar to the nematogenic/neurogenic i-cell population 
in Hydractinia. Remarkably, in the medusa of Podocoryne, Vasa 
is strongly expressed laterally in the tentacle bulbs (Fig. 5H) and 
thus in the same location Piwi is expressed in Clytia medusae. 
The transgene expression data for Nanos and Piwi in migrating 
stolonal i-cells corroborate the notion derived from repopulation 
experiments mentioned above that this i-cell population includes 
pluripotent stem cells and that low expression of Nanos and Piwi 

is a common feature of them. Once the germ cell precursors 
have been committed, Vasa and Piwi are strongly upregulated. 
In oogonia a cell-type specific polymorphic thrombospondin 
domain-containing lectin is expressed which may fulfill functions 
in fertilization (Mali et al.,2011). 

Reprogramming of differentiated cells in hydrozoans

Reprogramming of epithelial cells into stem cells in Hydractinia
Millane et al., 2011) analyzed the expression and function of a 

POU-domain gene from Hydractinia echinata with high sequence 
similarity to the mammalian Oct4. Oct4 is a well-known pluripo-
tency factor expressed in the inner cell mass, epiblast and germ 
line of mammals. In Hydractinia the Oct4-like gene, Polynem 
(Pln), is expressed in the embryo and stem cells. Downregulation 
of the gene by retinoic acid or RNAi lead to differentiation into 
nematocytes. Pln is a target of its own protein together with other 
transcription factors, like SoxB, Tcf, Vasa and Piwi. Its function as 
a pluripotency maintaining transcription factor becomes evident 
by its ectopic expression in epithelial cells under the control of the 
epithelial cell-specific Actin1 promoter. ActI::Pln transgenic animals 
transform epithelial cells into i-cell-like cells in vivo. Transformed 
cells form neoplasms that in a primary stage consist entirely of 
i-cells and by aging contain more and more differentiated cell 
types (i.e., nematocytes and epithelial cells) (Fig. 7). Neoplasms 
show an iterative cycling between epithelial cells and i-cells that 
differentiate either into nematocytes or into epithelial cells. The 
latter reactivate the transgene and reiterate a novel pluripotency 
induction cycle. These results push back the history of POU-me-
diated pluripotency at least to the common ancestor of cnidarians 
and bilaterians, suggesting it to be a basal feature in metazoans.

Transdifferentiation of striated muscle into stem cells and 
germ cells in Podocoryne

Division of labor is driven to perfection in Hydrozoa with a 
complete metagenetic life cycle, such as in Podocoryne carnea, 
as they display a particularly evolved free-living form, the medusa 
(jellyfish). Medusae differentiate sensory organs and muscles that 
do not have any counterparts in polyps: They are able to perceive 
light and/or gravity stimuli, and - as in the medusa of Cladonema 
radiatum - are even set with eye spots at the base of their ten-
tacles. Cladonema as well as the eyeless Podocoryne medusa 

Gene Species Sites of expression References 

Wnt3a Hydractinia echinata  i-cells, epidermis, gastric region of polyps Müller et al., 2007 

Frizzled Hydractinia echinata  i-cells, epidermis, gastric region of polyps, stolon Teo et al., 2006 

ß-Catenin Hydractinia echinata  i-cells, stolon, i-cell precursors in post-gastrula (endoderm) Teo et al., 2006, this report 

Vasa Hydractinia echinata  i-cell precursors (endoderm), i-cells in stolon and polyp (epidermis), germ cell precursors Rebscher et al., 2008 

 Podocoryne carnea nematogenic stem cell in tentacle bulbs of medusa (epidermis), germ cell precursors This report 

Piwi Hydractinia echinata  i-cells in stolon and polyp, germ cell precursors This report  

 Podocoryne carnea gonads, proliferating cells in tentacle bulbs (nematogenic stem cells) and in manubrium Seipel et al., 2004 

 Clytia hemisphaerica nematogenic/neurogenic stem cells in tentacle bulbs Denker et al., 2008 

Nanos2 Hydractinia echinata  i-cells, stolon and polyp, nematogenic/neurogenic stem cell, gametogenic cells Kanska and Frank, 2011  

SRF (Serum response factor)  Hydractinia echinata  i-cell precursors (endoderm), i-cells in stolon and polyp (epidermis),  gametogenic cells Hoffmann and Kroiher, 2001 

Pln (Pou-protein) Hydractinia echinata  i-cells, stolon, induced pluripotent stem cells  Millane et al., 2011 

Myc2 Hydractinia echinata  i-cells, stolon, induced pluripotent stem cells  Kanska and Frank, 2011  

TABLE 1

STEM CELL RELATED GENES EXPRESSED IN HYDRACTINIA AND SELECTED COLONIAL HYDROZOA



Stem cell biology in Hydractinia    529 

express members of the eye-specific Sine oculis/Six class family 
of homeobox genes (Stierwald et al., 2004). Swimming activity 
is enabled by striated muscle in the subumbrella, a tissue layer 
derived from the entocodon. In the developing medusa, this 
structure is found between derivatives of the ectoderm and the 
endoderm. Moreover, the entocodon and its descendant cells 
express genes considered to be mesodermal/myogenic in trip-
loblastic animals like Twist, Brachyury, Mef2, and Snail  (Spring 
et al., 2000, 2002), in addition to several homeobox genes (Otx, 
Cnox1-Pc, Cnox3-Pc), a MyoD-like muscle-differentiation gene, 
a specific splice variant of the myosin heavy chain gene (Myo1), 
and tropomyosin (Tpm2) (Yanze et al., 1999; Muller et al., 2003). 
It has therefore been proposed that the entocodon is equivalent to 
mesoderm (Muller et al., 2003; Seipel and Schmid, 2005, 2006), 
but this issue is controversial because the entocodon is not formed 
during embryogenesis when the other germ layers are formed. 

In hydroids an unmatched power of dedifferentiation and 
transdifferentiation even without previous genetic interference 
has been discovered. Isolated, mononucleated, cross-striated 
muscle cells of a medusa can transdifferentiate in vitro to various 
new cell types and even form a complex regenerate (Schmid et 
al., 1982, 1993; Alder and Schmid, 1987; Schmid and Plickert, 
1990, Schmid and Reber-Müller, 1995; Yanze et al., 1999). The 
transdifferentiation events follow a strict pattern (Schmid, 1992). 
The first new cell type resembles smooth muscle and forms without 
a preceding DNA replication. These cells behave like multipotent 
stem cells. With the exception of striated muscle cells, all cell 
types are formed: nematocytes, nerve cells, epithelial cells and 
germ cells. Some preparations develop an inner and an outer 
layer separated by a basal lamina followed by regeneration of a 
manubrium, the medusa feeding organ.

same colony or of its cloned descendants (isogeneic encounters) 
the tips stop moving and permanently fuse with the contacted 
tissue (Fig. 3 D-1). Fusion can also occur between allogeneic 
tissues resulting in a common chimeric colony, mostly restricted 
to close kin (Hauenschild, 1954, 1956), which share at least one 
alr locus (Nicotra et al., 2009; Rosa et al., 2010; Rosengarten et 
al., 2011; Rosengarten and Nicotra, 2011). 

(2) In most cases, however, allogeneic encounters lead to dra-
matic outcomes. The contacting colonies do not fuse. Instead they 
mount a defense system based on a peculiar type of stinging cell 
(microbasic mastigophore). These occur exclusively in the stolon 
compartment and are not used to catch prey. Upon histoincom-
patible contacts their differentiation from pluripotent stem cells is 
induced thus increasing their frequency from normally one per 
mm stolon length up to 400 per mm in the so-called hyperplas-
tic stolons of incompatible colonies (Lange et al., 1989). In the 
course of tissue rejection combat, microbasic mastigophores are 
recruited from distant areas, migrate quickly to and accumulate 
at contact sites (Fig. 3 D-2). Here, the stinging cells turn around, 
directing their sensory cnidocil to the encountered neighbor, 
and synchronously discharge their toxins into its tissue. Mutual 
attacks are repeated until only one competitor survives (Lange 
et al., 1989, 1992; movie: Müller, 1996). A member of the COUP 
family of transcription factors is expressed in the contact area 
(Duffy and Frank, 2011).

(3) Mutual attacks are accompanied by the occurrence of many 
hyperplastic stolons at contact sites due to the action of the stolon-
inducing factor, SIF. Whenever an advancing stolon tip approaches 
the flank of another stolon, the tip releases a factor that induces 
the local formation of second tip in the opposing stolon as shown 
in Fig. 3 C,D (Müller et al., 1987; Lange and Müller, 1991). Both 

pAct1-
PlnGFP

Transgenic

Pluripotency
induction

Differentiation

Normal

Epithelial
cell

Transgenic
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Epithelial cell-
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Fig. 7. A model of pluripotency induction by the POU protein Pln in Hydractinia 
echinata. Ectopic expression of the POU protein Pln under the epithelial cell-specific 
Actin1 promoter causes the formation of neoplasms consisting of pluripotent stem 
cells. They express the endogenous Pln, Nanos, Vasa, Piwi and Myc2 but switch off the 
epithelial-specific pAct1-PlnGFP transgene. Over time most stem cells in neoplasms 
differentiate into epithelial cells and nematocytes, a process that can be accelerated by 
retinoic acid or Pln RNAi. Once cells become epithelial they shut down their endogenous 
Pln but reactivate the pAct1-PlnGFP transgene and reiterate a new cycle of pluripotency 
induction and consecutive differentiation. After Millane et al., 2011.

Migrating stem cells and the evolution of histo-
incompatibility

Competition behaviours between Hydractinia 
colonies
Hydractinia has evolved the capability of recognizing 
allogeneic neighbors and to prevent ingression of al-
logeneic stem cells, which could colonize the gonads 
and differentiate to gametes at the expense of resident 
cells. Primarily, the ability to identify foreign tissue may 
have evolved as a prerequisite to combat neighbors 
competing for the habitat - an association that may 
appear strange in the context of stem cell biology. 
The explanation presupposes a brief review on the 
phenomenon known as allorecognition (Rosengarten 
and Nicotra, 2011).

Space on marine hard substrata is limited. This applies 
in particular to shells inhabited by hermit crabs on which 
Hydractinia and Podocoryne larvae preferentially settle. 
Expanding colonies can grow into contact with competi-
tors. Physical contact between two neighboring colonies 
is accomplished by the advancing tips of the peripheral, 
runner-like stolons. Like the terminal cells of growing 
blood vessels, these motile tips have path-finding func-
tions. If growing into contact with other stolonal tissue, 
three types of reactions can be observed, depending 
on the genetic relatedness of the interacting individuals:

(1) Provided the neighboring stolon tissue is part of the 
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the inducing and the induced tip move towards each other, but do 
not fuse and form an anastomosis, when they do not share an alr 
locus and therefore belong to different histocompatibility types. 
Instead, incompatible tips continue to move and begin to attack 
their neighbor using their nematocytes. These are recruited also 
in compatible encounters but do not discharge and eventually 
disperse. 

Regulators of allorecognition in Hydractinia
Genetic analyses were impeded by the occurrence of several 

types of transitory fusion (Buss et al., 1984) and of genotypes dis-
playing even autoaggressive behaviour attacking and destroying 
areas of its own tissue (Müller, 2002). Although first pioneering 
genetic analyses date back several decades (Hauenschild, 1954, 
1956 in H. echinata) only extensive positional cloning of two al-
lorecognition loci alr1 and alr2 in H. symbiolongicarpus (Mokady 
and Buss 1996; Cadavid et al., 2004; Schwarz et al., 2007; 
Nicotra et al., 2009; Rosa et al., 2010; Rosengarten et al., 2011; 
Rosengarten and Nicotra, 2011) eventually provided evidence for 
the involvement of molecules belonging to the immunoglobulin 
superfamily. In 2009 a first gene was identified that encodes a 
putative transmembrane receptor expressed in all tissues ca-
pable of allorecognition. It is highly polymorphic and gives rise 
to a previously undescribed hypervariable protein bearing three 
extracellular domains with significant sequence similarity to the 
immunoglobulin superfamily, which is known to encode allode-
terminants in other animals (Nicotra et al., 2009). However, like 
in the MHC-mediated allorecognition system of vertebrates, the 
individual identity is not encoded by a single polymorphic gene 
but by clusters of paralogous alr genes (Rosengarten et al., 2011; 
Rosengarten and Nicotra, 2011).

Origin(s) of allorecognition in Hydractinia
Like in vertebrates, the allorecognition system in Hydractinia 

allows transplantation only between compatible colonies. Incom-
patible transplants are rejected not only from the stolonal environ-
ment, but also from all post-metamorphic tissues. Allotolerance 
is not induced in chimeric embryos in most cases (Lange et al., 
1992; Fuchs et al., 2002; Poudyal et al., 2007), although Fuchs 
et al., (2002) provided evidence for coexistence of incompat-
ible allogeneic cells in a single chimera post metamorphosis. 
Therefore the system is innate and does not parallel acquired 
immunity in vertebrates. Competition for space was likely not the 
only selective pressure driving the evolution of histocompatibility 
in these species (and other clonal sessile invertebrates). In case 
of compatible encounters fusion can occur also between male 
and female colonies. In such chimeric colonies interstitial stem 
cells can easily invade the partner. By introducing foreign genes, 
immigrating stem cells could transform the characteristics of the 
host as shown in the repopulation experiments outlined above. 
Moreover, since i-cells can give rise to germ cells, foreign i-cells 
could transmit foreign genes instead of host genes to descendants. 
In Hydractinia echinata the faster and continuously dividing male 
primordial germ cells usually outnumber and displace the oogonia 
from the sexual polyps thus causing sex reversal in the originally 
female partner (Müller, 1964, 1967; Müller et al., 2004a,b). There-
fore, it has been proposed that histo-incompatibility evolved to 
prevent germ cell parasitism (Buss, 1982).

Outlook

With the completion of the genomic database of Hydractinia, 
which we expect soon, and the availability of transgenic methods 
as reviewed here, we intend to elucidate the pluripotency tran-
scriptional network in this basic metazoan species, including the 
specific functions of each of the key genes. This will have major 
implications on the study of stem cell evolution and ancestral stem 
cell gene regulatory networks. It is evident that genes like Nanos, 
Vasa and Piwi are stem cell genes in Hydractinia, but are also 
expressed in germ cells. It will be of high interest to dissect the 
stem cells of Hydractinia in respect to subpopulations, which may 
differ in their developmental potential. Data outlined in this review 
suggest that the control of stemness and pluripotency is coupled 
to these genes and also to Pln and Myc. A key aspect will be the 
fundamental decision between stemness and thus active cycling 
on the one hand, and differentiation on the other hand. Closely 
related to this: how do these animals so perfectly manage to avoid 
aging and cancer? It is therefore promising to study the role of 
these stem cell genes in asymmetric cell divisions of pluripotent 
stem cell. The apparent flexibility of cnidarian cells may suggest 
that epigenetic modifications are of minor importance in these 
species compared to vertebrates, at least in some cell types. In 
this respect it will be of interest to analyze genes known to act as 
epigenetic modifiers that are present in the Hydractinia genome. 
Hopefully, studies in Hydrozoa may assist developing new methods 
for tissue culture from adult stem cells in regenerative medicine, 
like they once played a pioneering role in stem cell biology.
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