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Introduction

 As sister groups to the Bilateria the Cnidaria and Ctenophora
are uniquely suited to trace back the cellular and developmental
processes that had been established in the common ancestor and
are still prevalent in the extant bilaterians. The Cnidarian phylum
consists of four distinct classes: Anthozoa (corals, sea anemo-
nes), Cubozoa, Scyphozoa and Hydrozoa, with the latter three
classes forming the Medusozoa (jellyfish). While anthozoans live
exclusively as polyps, most medusozoan species have life cycles
with sessile polyps and pelagic medusa stages. Occasionally
either stage can be reduced or completely absent (Tardent,
1978). As of the mid-19th century Cnidaria were regarded as
diploblast or two cell-layered animals lacking a mesoderm. The
composition of embryonic, larval and adult anatomies based on
only two cell layers, ectoderm and endoderm (also entoderm) is
well established in the literature. This two-layered tissue organi-
zation has produced several hypotheses for the phylogenesis and
the evolution of the germ layers (Hyman, 1940; Bouillon, 1993;
Technau and Scholz, 2003; Ball et al., 2004; Martindale et al.,
2004). Diploblasty in the cnidarian larvae has been interpreted as
both ancestral, corroborating Haeckel’s blastaea-gastraea theory
(Haeckel, 1874) and conserved, with the bilaterian triploblast
body plan evolving by simply adding a third germ layer to a
diploblast. This view gained much support and basically remained
undisputed until recently (reviewed in Seipel and Schmid, 2005).
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Here we review additional histological and experimental data
corroborating the existence of mesodermal differentiation pro-
cesses in all cnidarian classes, including the anthozoan and
scyphozoan, but not the hydrozoan polyps.

Diploblasty in the historical perspective

 Over 150 years ago Huxley (1849) and Allman (1853) first
described diploblast anatomies in jellyfish and polyps, respec-
tively. The morphologies of the cnidarian cell types were analyzed
in mazerated tissue from fresh water and marine cnidarian spe-
cies (Hertwig and Hertwig, 1878; Jickeli, 1882). Allman applied
the germ layer terminology to the Cnidaria (Allman, 1853) refer-
ring to the two layers as ectoderm and endoderm. Initially this
terminology was purely descriptive and of topological character
(Baer, 1835; Allman, 1853). Kovalevsky (1871) and Lankester
(1877) stressed the developmental homology of the germ layers
across invertebrate and vertebrate phyla. The presence of a
typical mesoderm derived cell type, the striated muscle, in the
medusa, which had been classified as a diploblast, did not raise
concerns for two reasons: Striated muscle of the larger medusae
had already been described by Eimer (1878), Nasse (1882) and
Lendenfeld (1888), but the histological preparations were of
minor quality, so that Schneider (1893) concluded that the ap-
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pearance of striation had to be an artefact. Krasinska performed
a detailed histological study of good quality in her doctoral thesis
and provided evidence for bilaterian-like banding patterns in the
medusa striated muscles (Fig. 1A; Krasinska, 1914). Secondly,
the subepidermal location of striated muscle in most Medusozoa
was not revealed until the 20th century (Krasinska, 1914; Schmidt,
1920; Chapman, 1968, 1999; Fig. 1B).

Hydromedusa development had already been described by
Agassiz (1860), Schulze (1873), Hertwig and Hertwig (1878,
1880), Weissmann (1880), Hamann (1882) and Goette (1887,
1907). The descent of the striated muscle from a newly formed
third layer, called entocodon, was not recognized as a mesoder-
mal process but interpreted as an inward folding of the ectodermal
layer of the polyp epidermis (Fig. 2A). Since the striated muscle
also appeared to remain connected to the ectoderm, it was not
attributed with an independent developmental identity. Thus the
medusa structure was interpreted as a modified polyp “head” with

an outgrowth of the hypostomal tissues between mouth and
tentacles forming the medusa bell (reviewed in Korschelt and
Heider, 1890; Fig. 2B). Electron microscopy finally supplied the
necessary resolution to solve the issue, disclosing the complete
separation of the entocodon from the ecto- and endoderm by a
layer of ECM (Bölsterli, 1977). The entocodon thus forms a
compartment of its own and merits mesodermal status (see
below). As a consequence the diploblast status of the Hydrozoa
became disputable and entocodon formation was related to the
ontogeny of the mesoblastemal lining of the coelomic cavity of
Sipunculida (Boero et al., 1998). The apparent restriction of
entocodon formation and lateral medusa budding on the polyp, to
the Hydrozoa, together with the paucity of experimental evidence
for a mesodermal descent of the subepidermal striated muscle in
Cubozoa and Scyphozoa, have promoted the view of the entocodon
as hydrozoan specific tissue with minor resemblance to a meso-
derm layer (Collins et al., 2006). Contrary to the bilaterian meso-

Fig. 1. Striated muscle cells in the Medusozoa. (A) Subumbrellar morphologies after Krasinska, 1914. (A
1
) Drawings of subumbrella cross sections

in (a) Carmarina hastate (Trachymedusa, Hydrozoa) and (b) Neoturris pileata (Anthomedusa, Hydrozoa), 1000x; (A
2
). Striated myofilaments in the

subumbrella of Carmarina hastate (a-c) and Neoturris pileata (d), 2000x. Abbreviations: ect, ectoderm; enl, endoderm lamella; ep, epithelium; epmz,
epithelial muscle (myo-epithelial) cell; gal, mesoglea; Gz, ganglion cell with neurofilament (Nf); k.d.enl, nuclei of endodermal lamella; mf, (striated)
myofilaments; mz, (striated) muscle cell; rmf, radial (smooth) muscle filaments; stl, mesoglea between muscle and endodermal layer.(B) Distribution
of entocodon derived striated (red) and smooth muscle (green) in the medusa bell. Schematic drawings of sagittal (B) and cross sections (B

1
, B

2
) of

the medusa bell in the Leptomedusa Clytia hemisphaerica (B, B1) and the Anthomedusa Podocoryne carnea (B2). In the Leptomedusae (Chapman,
1968) and few Anthomedusae (Hyman, 1940), the striated muscle (red) is completely covered (B, B1) by flagellated smooth muscle epithelia (green),
while in the Scyphomedusae and Cubomedusae, the striated muscle is covered by a non-muscled epithelium (Franc, 1993; Chapman, 1999). In many
Anthomedusae (Bouillon, 1993) the striated muscle is only partially covered (B2) by flagellated smooth muscle over the radial canals. (C) Phalloidin
stained preparation of the muscle systems in the bell of the Leptomedusa Clytia hemisphaerica. The radial smooth muscle runs perpendicular to the
striated muscle. The tissue has been spread by squeezing for better visibility of the arrangement of muscle fibers. Abbreviations: ex, exumbrella; go,
gonads; m, mesoglea (ECM); ma, manubrium (feeding organ); p, plate endoderm (endodermal lamella in A1); rc, radial canal; sm, smooth muscle of
the manubrium (dark green); st, striated muscle (red); t, tentacles; v, velum.
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derm-derived muscle with its three-dimensional organization in
bundles the cnidarian muscles were regarded as epidermal folds
forming two-dimensional sheets (Pantin, 1960; Chapman, 1966).
Thus the cnidarian mesoderm-like anatomies were grouped within
the diploblast state of the phylum and discussed as forerunners
of the bilaterian mesoderm (Chapman, 1966).

 Nevertheless, the diploblast classification of Cnidaria had
already been challenged by the Hertwigs (Hertwig and Hertwig,
1878) who noted that Anthozoa have a mesenchymal mesoder-
mal layer similar to that of the higher phyla. They had also located
the striated muscle in a mesodermal position in some medusae
and recognized the separation of the muscle from the covering
epithelium by a lamella (Hertwig and Hertwig, 1880). Krasinska
(1914) distinguished two types of medusa muscles, an epithelial
and a subepidermal mesodermal muscle. This designation re-
ceived full support by Hyman (1940, 1951) who regarded all
triploblast-like anatomies in Cnidaria as of mesenchymal origin,
which in her assessment amounted to a primitive way of meso-
derm formation.

As discussed below three-dimensional mesoderm-like struc-
tures are not only present in the hydrozoan medusa entocodon
but can also be found in anthozoan, cubozoan and scyphozoan
polyps, in developmental and adult stages. Here they contribute
to the formation of the ephyra or medusa subepidermal muscles.
In the absence of entocodon formation mesoderm-like structures
may be formed by transdifferentiation or by differentiation from
mesenchymal cells.

The cnidarian mesoderm unearthed

What is a mesoderm?
 In bilaterians, the mesoderm is “the germ layer that gives rise

to the skeleto-muscular system, connective tissues, the blood
and internal organs such as the kidney and the heart” (Wolpert,
1998). The first cell types arising in the ancestral mesoderm most
likely were myocytes which gradually evolved into a muscle based
locomotion system, located within the organism in a position
suited for optimal biomechanical and physiological efficiency
(reviewed in Rieger and Laduner, 2003; Seipel and Schmid,
2005). In the anatomies of most extant bilaterian phyla (except
arthropoda) this muscle system is located between the outer
epidermal and the inner digestive layers, where resilient struc-
tures like ECM, hydroskeleton or bone counteract the contraction
force generated by the muscle. In the vertebrate limbs the
muscles are located between the bones and the epidermis with a
complete absence of endodermal layers indicating that the func-
tionality of the muscle does not depend on a mesodermal position
per se but on the agonist principle and on the corresponding
anatomy. In theory, the muscle may even be placed in an
ectodermal position. Of the large variety of cell types and organ
systems produced by the bilaterian mesoderm only the ECM with
its cellular components and the adhering muscle systems have
functional analogs in the Cnidaria. These are the presumptive
cnidarian mesodermal elements.

 In all extant phyla mesoderm formation is correlated to gastru-
lation, a process starting with the inward movement of ectodermal
cells and resulting in the formation of the endoderm and digestive
tube. The literature distinguishes between ectomesoderm and

endomesoderm, indicating the descent of the presumptive meso-
derm cells from the ectoderm or endoderm, respectively (re-
viewed in Hyman, 1951; Rieger and Laduner, 2003). Presumptive
mesoderm cells, however, can be generated during the entire
gastrulation process. Most endoderm cells are descended from
cells originally located in an outer (epithelial) position. The time
point of conversion from epithelial/ectodermal to endoderm lin-
eage is not clearly defined. Conversion may take place early,
when the cells start moving away from the surface, or late, when
the primordial digestive tube has formed. The situation is even
more confounded in the absence of a defined blastopore like in
some Anthozoa or Phoronids where gastrulation occurs by a large

Fig. 2. Schematic presentations of medusa and polyp anatomies. (A)

Entocodon formation in hydromedusae. (A1) after Korschelt and Heider
(1890); (A2) after Bölsterli (1977) and Frey (1968). The entocodon forms
by accumulation and invagination of ectodermal cells into the underlaying
endoderm, followed by cavity formation (entocodon cavity) and differen-
tiation of the subumbrellar muscle. While in (A1) the entocodal cells
remain part of the ectoderm, in (A2) the entocodal cells are separated
from the ecto- and endoderm by an ECM. Abbreviations: e, entocodon;
ec, entocodal cavity; ecto, ectoderm; endo, endoderm; m, mesoglea
(ECM). (B) Popular presentation of polyp (a) and medusa (b) suggesting
an anatomical homology between the two life stages in favour of the
polyp-medusa transformation hypothesis (after Korschelt and Heider,
1890). Abbreviations: g, gastral cavity; gl, mesoglea between ecto- and
endoderm; o, mouth opening; sl, polyp mesoglea; rik, ring canal; rk, radial
canal; v, velum; t, tentacle.
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inward bend of the ectoderm layer or by multipolar delamination
and immigration, a frequent pattern in cnidarian gastrulation. The
large variations in the mode of mesoderm formation (reviewed in
Hyman, 1951) indicate that the evolution of the different anato-
mies required a considerable developmental plasticity with a
variety of pathways for the cells to locate their mesodermal
positions. These aspects were well considered by Hyman (1951).
She wrote “The term mesoderm is rather loosely applied to all
cells, cell layers or cell masses which occur in the embryo
between the ectoderm and the entoderm. The ectomesoderm of
the Radiata and the Protostomia is undoubtedly the oldest form of
mesoderm. It is always mesenchymal and consists of inwandered
ectodermal cells. The entomesoderm (Deuterostomia), the true
or definite mesoderm, includes all mesoderm arising from or with
the entoderm. It may form as mesenchyme or as band, plate or
sac, more or less epithelial in character…The time of origin of the
entomesoderm is also variable.” This definition has not been
disputed by developmental biologists.

On these grounds it is difficult to understand the reasons for the
current debate on the “true” mesoderm, especially as the histol-
ogy on which most discussions are based, dates back to the 19th

and early 20th century, a time when proper cell tracing was not
feasible.

Muscle cells in Cnidaria
 The ecto- and endodermal layers of cnidarian larvae and

polyps consist of epithelial cells mostly with smooth muscle type
filaments at their base (Fig. 3A). These epithelial muscle or myo-
epithelial cells are generally flagellated, of cuboidal appearance
and have secretory, glandular or digestive activities. They are the
first cell types to differentiate in the hydrozoan planula, shortly
after the developing mesoglea separates the endo- and ectoder-
mal cell layers (Gröger and Schmid, 2001). Myo-epithelial cells
are viewed as characteristic and indicative of the ancestral
position of the Cnidaria. Nevertheless flagellated myo-epithelial
cells also occur as mesodermal derivatives in Bilateria such as
Brachyopodes or Amphioxus (Storch and Welsch, 1974).

 Apart from myo-epithelial cells other types of muscle cells
have been described in Cnidaria. These muscle cells (Calgren,
1949) generally have a flattened, elongated morphology with
large basal myofilaments of the smooth (Fig. 3B1) or striated

muscle varieties (Fig. 3B2). They can be epithelial or subepithelial
forming two-dimensional sheets or three-dimensional bundles
(see below). Compared to the myo-epithelial cells they differen-
tiate later in development, often deeply embedded in the ECM,
unconnected to the epithelial layers. Where the lineages have
been investigated, the muscle cells originate by mesodermal
process (see below). Interestingly, the medusa and bilaterian
striated muscles have the same banding pattern (Krasinska,
1914; Bouillon et al., 1958; Chapman et al., 1962; Schuchert et al.,
1993).

Histology and experimental data obtained from marine Hydro-
zoa (Braverman, 1974; Bölsterli, 1977; Acherman, 1980; Schmid,
1992; Bouillon, 1993; Van de Vyver, 1993) and Scyphozoa (Hujer
and Lesh-Laurie, 1995), showed that both myo-epithelial and
muscle cells readily transdifferentiate into each other but also into
non-muscle cell types (neurons, nematocytes). They also have
the ability to autonomously regenerate medusa organs in vitro
(reviewed in Schmid, 1992). Thus, the cnidarian muscle cells can
reactivate stem cell programs and exhibit a cellular plasticity
unsurpassed in the animal kingdom. Furthermore, they constitute
a cellular source not only for regeneration but also for the
development of mesodermal structures like the entodocon in the
hydrozoan polyp-medusa transition.

Mesodermal muscle in Hydrozoa?
 The hydrozoan planula endoderm forms by delamination,

polar or multipolar immigration, or ingression, but never by invagi-
nation (reviewed in Tardent, 1978). With genuine diploblast
anatomies hydrozoan larvae and polyps do not feature cell types

Fig. 3. Schematic drawings of the most common types of cnidarian

muscle cells. (A) Myo-epithelial (epithelial muscle) cell, mostly flagel-
lated and of cuboidal shape, sometimes with large basal extensions. It
has secretory and glandular function and forms the ecto- and endodermal
layers of larvae and polyps. In the medusa it is present in the manubrium
and the tentacles. (B) Muscle cells. (B

1
) Smooth muscle cell, occasionally

flagellated, epidermal and/or subepidermal. (B
2
) Striated muscle cell,

mostly subepidermal. After Doumenc (1979) and Krasinska (1914).

Fig. 4. Gastrulation in Aurelia flavidula (Smith, 1881). Drawings of
sectioned embryos in chronological order (1-4). Before formation of the
blastopore, cells from the surface move inward and form a cellular layer
in proximity to the ECM of the developing endodermal layer. Abbrevia-
tions: blpo, blastopore; coelent, coelenteron; endrm, endodermal layer.

A B1
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of mesodermal origin. The hydromedusa bell, however, is com-
posed of three to four cell layers. One cell layer consisting of
mononucleated, bilaterian-like striated muscle is located
subepidermally in the subumbrella of most medusae (Fig. 1B) and
in an epidermal position in some Antho-, Narco- and
Trachymedusae (all Hydrozoa). In most Hydromedusae the stri-
ated muscle derives from the entocodon, a third three-dimen-
sional cell layer which develops between the ecto- and endoderm
(Fig. A2, reviewed in Seipel and Schmid, 2005). In transplantation
experiments the entocodon acts autonomously as organizer for
medusa development (Reisinger, 1957), thus reproducing the
organizer abilities of bilaterian blastopore tissues observed in
comparable transplantation experiments with amphibians. Fur-
ther support for the mesoderm character of the entocodon was
provided by the finding that cnidarian cognates to bilaterian
mesodermal (Twist, Spring et al., 2000; Brachyury, Spring et al.,
2002) and myogenic genes (JellyD1, Id, Snail, Mef2, reviewed in
Seipel and Schmid, 2005) are involved in the formation of the
entocodon and its differentiation products, the striated and smooth
muscles of the medusa bell. Interestingly, most of these genes are
not expressed when the larval ectodermal myo-epithelial cells
differentiate (Spring et al., 2000; 2002; Müller et al., 2003). Thus
the analysis of developmental and cellular gene expression
patterns indicates the existence of two distinct differentiation
pathways, one for myo-epithelial cells, one restricted to muscle
cells.

 In contrast to the previous view of a “primitive” cnidarian
mesenchymal mesoderm (Hyman, 1951) the hydromedusa
entocodal mesoderm is non-mesenchymal, as it forms a separate
coherent three-dimensional structure (mesothelial developmen-
tal compartment) which cavitates and then differentiates the
subumbrellar muscle and nerve cells of the RFamide type (Seipel
et al., 2004). Thus, in Hyman’s terminology as well as in the more
restrictive version requesting three-dimensionality as formulated
by Pantin (1960) and Chapman (1966), the entocodon classifies
as a true or definite mesoderm.

Mesodermal differentiation in Scyphozoa, Cubozoa and
Anthozoa?

 Scyphozoan planula development can take many routes cov-
ering a variety of invagination and unipolar ingression processes
(Franc, 1993). The larvae exhibit the typical cnidarian diploblast
histology. An unusual case of invagination has been reported for
Aurelia flavidula where a third layer of cells is formed by multipolar
delamination from the ectoderm shortly before and during the
invagination process of the endodermal cells (Fig. 4, Smith,
1881). Similar but apparently less-documented observations have
been presented for Mastigias papua (Uchida, 1926). The further
developmental fate of these cells is not known; maybe they
contribute to the formation of the mesogleal mesenchymal cells or
degenerate in later development. Polyp formation follows settle-
ment of the larva similar to the Hydrozoa. In general the anatomy
of the scyphistoma (polyp) resembles the anthozoan polyp and in
the Stauromedusa and Coronata (Stephanoscyphus) the scyph-
istoma display polyp and medusa characters (Werner, 1967). All
scyphozoan polyps feature retractor muscles and many have
amoebocytes embedded in the extracellular matrix. Both smooth
muscle and striated myofibers have been reported in the tentacle
base, the outer oral disc and the upper part of the retractor muscle

in Aurelia aurita (Chia et al., 1984). The retractor muscles have
been interpreted as a two-dimensional ectodermal lamella, abo-
rally directed and growing inward from the peristom field, in which
the muscle fibrils giving rise to the septal muscles differentiate
(Goette, 1887; Hein, 1900; Hargitt and Hargitt, 1910; Chapman,
1966). In developing polyps of Cyanea palmstruchi, at very early
scyphistoma stage (before tentacles have developed and when
the calyx endoderm is only partly formed), three-dimensional
strands of mesenterial muscle develop from ectodermal cells
invading the ECM from the hypostom field, but also emanate from
the ectoderm of the column as the mesenteries gradually grow
towards the pedal disk (Fig. 5, Widersten, 1966). In the
Stauromedusa Haliclystus octoradiatus the retractor muscle simi-
larly develops from proliferative cells migrating basally from the
hypostomal teaniole ectoderm. The three-dimensional strands of
smooth muscle become entirely embedded in the ECM and have
no direct contact with the ectodermal or endodermal layers (Fig.
6, Wietrzykowski, 1912). Some scyphistoma feature podocysts
formed as three-dimensional nodules between the ecto- and
endoderm by dedifferentiating ectodermal myo-epithelial cells
invading the ECM and transdifferentiating to an unusual type of
amoebocyte (Chapman, 1966). The Scyphozoa have well devel-
oped medusa stages with epidermal smooth and subepidermal
striated muscle (Chapman et al., 1962; Chapman, 1968; 1999). In
the tentacles of Pelagia, a scyphozoan species lacking the polyp
stage, smooth muscle cells form tube-like bundles of nerve and
muscle cells (Krasinska, 1914). These tubes are deeply embed-
ded in the ECM and bilaterally organised mostly without connec-
tion to the ecto- or endodermal layers (Fig. 7). Ephyra and medusa
development has not been studied in detail with respect to the
origin of striated muscle but in the absence of entocodon forma-

Fig. 5. Retractor muscle formation in Cyanea palmstruchi (Scyphozoa)

after Widersten, 1966. Drawings of sections of the developing scyphis-
toma polyp in chronological order (A-D), magnification 385x. Cells immi-
grate from the ectoderm into the mesoglea to form the retractor muscle.
Abbreviations: ent, endoderm; m, muscle (cytoplasm red, nuclei white);
mf, muscle filaments; mgl, mesoglea (green); nmt, nematocytes.
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tion their modes of development are certainly different from the
Hydrozoa. As mesenchymal cells and mesodermal-like subepi-
dermal muscle are already present in the polyp stage they
participate in the formation of the mesodermal-like anatomies
(subepithelial muscle) at the meduse stage by transdifferentiation
of mesenchymal or muscle cells.

Cubozoan embryonic development has not been documented.
In Tripedalia cystophora the larvae have single celled ocelli, but
do not exhibit bilayered epithelial anatomy, nor defined muscle or
nerve cells (Nordström et al., 2003). The polyps lack mesenteries
and retractor muscles. They have no putative mesodermal ele-
ments apart from striated muscle-like cells in the ectodermal tip of
the polyp tentacles (Chapman, 1978), which, however, appar-
ently lack the typical banding pattern observed in medusa and
bilaterian striated muscles (Chapman et al., 1962; Schuchert et
al., 1993). The transformation of the polyp into a medusa leads to
the formation of a bell structurally related to the hydromedusa bell.
In the tentacles of Carybdea marsupialis the longitudinal smooth
muscles are organized as tubes, completely separated from the
epithelial muscles and embedded in a massive ECM (Claus,
1878), an anatomical trait also found in the scyphozoan medusa
of Pelagia.

Anthozoan muscle differentiation appears to be restricted to
two types of smooth muscle (Hyman, 1940; Amerongen and
Peteya, 1980). Although Cnidaria were classified very early as
diploblasts it had also been agreed that the Anthozoan polyp
anatomy contained triploblast elements originating from a mesen-

chymal ectomesoderm (Hertwig and Hertwig, 1879; 1882;
Kovalevsky and Marion, 1883; Korschelt and Heider, 1890; Hyman,
1940; Chapman, 1966). Today Anthozoa are presented uniformly
as diploblasts (Tardent, 1978; Pechenik, 2000; Barnes et al.,
2001; Brusca and Brusca, 2003), without definite “real” muscle
and with the retractors viewed as longitudinal processes from the
myo-epithelial muscles (Martindale et al., 2004). There is, how-
ever, contradicting evidence, reviewed in the following para-
graph.

During anthozoan larval development, the endoderm forms in
octocorals by delamination (Tixier-Durivault, 1987), in hexacorals
by invagination and multipolar ingression (Van-Praet and
Doumenc, 1987). In the Actiniidae (hexacorals) the invagination
is located at the posterior, oral pole of the embryo (blastopore)
and can directly transform into a functional mouth (Tardent,
1978). Shortly after stomodeum formation and before settlement
of the planula the mesenteries form as bilateral outgrowths from
the endoderm layer at the oral/blastopore pole and gradually grow
towards the anterior pole. Early during this process a collagenous
matrix is synthesized by both epithelial layers (Doumenc, 1979).
The retractor muscle, the amoebocytes, occasionally the
scleroblasts and the gonads (reviewed in Hyman, 1940) differen-
tiate in this ECM (Fig. 8A). The myofilaments of the retractor
muscle are deeply anchored in the collagenous matrix and most
of the muscle cells are clearly separated from the endodermal
epithelial muscle (Fig. 8B; Doumenc, 1976, 1979). Conventional
histology, ultrastructural and pulse-chase cell proliferation stud-

Fig. 6. Development and anatomy of the retractor

muscle in Haliclystus octoradiatus (Stauromedusa,

Scyphozoa) after Wietrzykowski, 1912. (A) Sche-
matic drawings of sagittal sections of the developing
polyp (a-d) depicting growth of taeniole cellular mass,
the upper hypostome part will differentiate nematocytes,
the lower part forms the retractor muscle; (B) Forma-
tion of the taeniolar cordon by cells immigrating from
the ectodermal epithelium, (a,b) cross section of the
subtentacular zone, 720x; (c,d), sagittal section of the
late developing polyp, 400x. (C) Detailed morphologies.
(a) interface of muscle and nematocyte tissues in the
taeniole, 220x; (b) tangential section of (a), 220x; c.
cross section of lower pedal part with bundles of
retractor smooth muscle deeply embedded in the outer
mesoglea, 220x. Abbreviations: bg, basal gastrocoel;
ct, taeniole cells; mc, columellar mass (nematocytes);
me, outer mesoglea; mi, inner mesoglea; mp, retractor
muscle; so, subumbrellar cavity; pp, proliferation zone.

ies in Cereus pedunculatus (Actiniidae) indicate
that all these cell types (except gametes?) ap-
pear to originate from ectodermal mesenchymous
cells invading the matrix from the oral/gastrula-
tion pole as the mesenteries differentiate
(Doumenc, 1977; 1979). While some cells di-
rectly invade the developing matrix, others ap-
pear to migrate first along/in the endodermal
layer of the developing mesenteries. Differentia-
tion of the retractor myofilaments is initiated
when the migrating cells loose contact to the
endoderm, align along each other and build up
the plume-like retractor muscle. This is very
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similar to some annelida retractor muscles (Boulignard, 1966).
The process starts at the oral pole and progresses as the
mesentery grows towards the aboral end (Doumenc, 1979).
There are also cells migrating into the budding tentacles, how-
ever, there they are incorporated into the ectodermal epithelium
(Doumenc, 1979). Some elements of the nervous system also
develop in a similar process. The situation is reminiscent of the
hydrozoan entocodon, which has the ability to differentiate both
muscle and nerve cells, indicating an evolutionary connection
between the two cell types (Seipel et al., 2004). The formation of
mesenchymal cells from ectodermal epithelial cells invading the
ECM was also reported in the alcyonarian Sympodium (Fig. 8C;
Kovalevsky and Marion, 1883). In summary the mesenterial
retractor muscles in Scyphozoa and Anthozoa are of ectoblastemal
origin and form bundles of smooth muscle in part or fully embed-
ded in the ECM. Although a more detailed analysis is required, the
available data indicate that polyps of both cnidarian classes have
three-dimensional muscle anatomies of mesodermal/mesenchy-
mal origin. Recent gene expression studies on mesodermal/
myogenic and patterning genes in the anthozoan Nematostella
vectensis do not contradict this conclusion (Martindale et al.,
2004).

Urtriploblast: mesoderm and muscle as part of the basic
triploblast Bauplan

To integrate all the data we are confronted with two unique
scenarios: 1) The cnidarian “mesoderm” and its two- or three-
dimensional muscle derivatives are homoplastic to the bilaterian
mesoderm resulting from a convergent evolution, or 2) The
cnidarian and the bilaterian mesoderms are homologous, imply-
ing the existence of a common triploblast ancestor.

 In the first case, a common diploblast planuloid ancestor
seems plausible and triploblasty may have evolved simply by
addition of a third germ layer. The planuloid ancestor evolved a
polypoid diploblast life form, possibly spearheaded within the

Cnidaria by the sessile Anthozoa, likely representing the oldest
group within the Cnidaria (Collins et al., 2006). Development of
the triploblast polyp and medusa anatomies may have occurred
secondarily on co-option principles as discussed for other gene
cascades (Revilla-i-Domingo and Davidson, 2003). However, as
sessility, wherever present in extant phyla, is mostly accompa-
nied by reductions in locomotive and neuronal anatomies, the
“invention” of a mesodermate/triploblast development and the
medusa by a sessile diploblast polypoid ancestor may be a less
parsimonious scenario (for additional arguments see Seipel and
Schmid, 2005).

 In the second case, cnidarians and bilaterians share a com-
mon precambrian triploblast ancestor, with a basic Bauplan
anatomy composed of an epidermal layer, a digestive and repro-
ductive anatomy and a locomotive system based on muscle cells.
This Urtriploblast ancestor corresponds to the closest ancestor of
the Urbilateria (deRobertis and Sasai, 1996). Its anatomy may be
comparable to the Vernanimalcula (Chen et al., 2004). The
position of the muscles, mesodermally along the digestive tube,
or circumferentially away from the digestive area, promoted the
bilateral or radial anatomies, respectively (Seipel and Schmid,
2005). This common ancestor may have displayed direct or
indirect development with lecitotrophic larvae, but no polyp stage.
On the basis of this second hypothesis Cnidaria appear to be
derived triploblasts with the diploblast hydrozoan polyp as sec-
ondary larval stage. This scenario confirms a hypothesis sup-
ported by many life cycle and anatomical studies of Hydrozoa
(reviewed in Bouillon, 1993). Reductions or complete loss of the
medusa stage occurred several times in the evolution of all the
medusozoan classes, most notably in the Hydrozoa (Tardent,
1978; Govindarajan et al., 2006). With the medusa as the adult
and the polyp as a post-planula, larval stage (Boero and Bouillon,
1987; Boero et al., 1992; Boero et al., 1998), medusa develop-
ment may be the terminal phase of an embryonic development
starting with planula formation, interrupted by the formation of a
hydroid colony by asexual reproduction, to be continued with
medusa budding (Boero et al., 2002).

From triploblasty to diploblasty or from direct to indirect
development

The establishment of the cnidarian life cycles
Under the assumption that cnidarians derive from a triploblast

ancestor diploblasty may be considered a theoretical construct or
a historical reminiscence (Hyman, 1951; Willmer, 1990; Ball et al.,
2004; Seipel and Schmid, 2005). Nevertheless the extant
cnidarians display body parts and/or life cycle stages of purely
diploblast character. With a descent from a common triploblast
ancestor diploblast traits may have arisen concurrent to the later
addition of larval stages (see above) and by cnidarian specific
developments favouring epithelial structures.

In difference to the other marine invertebrates most Cnidarian
species feature life cycles with sessile larval polyps and pelagic
adult sexual medusae. The evolutionary factors favouring devel-
opment of the life cycle stages have been discussed repeatedly
(Edwards, 1973; Calder, 1990; Peterson, 1990 and reviewed in
Boero, 1992; Boero et al., 2002) on the basis of environmental
factors. The nematocyte may be considered the essential cellular
element favouring larval sessility. Cnidaria generally catch prey

Fig. 7. Cross section through the tentacle of the scyphozoan medusa

Pelagia noctiluca (after Krasinska, 1914). (A) Folds of the tentacle
epithelium sink into the ECM and form tube-like bundles with smooth
muscle cells (red) and accompanying nerve cells (yellow). (B) Magnified
view of tubular structure in (A). Abbreviations: bz, nematoblasts; ep,
tentacle epithelium; gal, mesoglea (ECM); gr.GZ, large nerve cells k.d.mz,
nuclei of muscle cells; kl.Gz, small nerve cells; mf, myofilaments; Mr,
tubes of muscle; nz, nematocytes.

A B
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by nematocyte discharge from the tentacles thereby omitting
chase. The nematocytes differentiate very early in development
from the endodermal layer (Van de Vyver, 1993; Gröger and
Schmid, 2001), thus enabling a juvenile life stage to forage on the
same substrate as the adult. This ability supported the evolution

of the sessile polyp. The selective pressure for the differentiation
of a mesodermal locomotive anatomy was low leading to a
reduction or loss of the medusa stage in a variety of cnidarian
species. Alternatively, the medusa may have become sessile and
reduced their triploblast anatomy. This developmental plasticity is
exemplified in scyphozoan polyps displaying medusa anatomies
(Tardent, 1978) and in some hydrozoan medusae transforming
back to the polyp stage, in a “reverse” development (Piraino et al.,
2004; De Vito et al., 2005). Mesodermal traits were only main-
tained as part of the developmental program where functionally
necessary, but neither in planulae nor in the small hydrozoan
polyp stages, nor in the digestive tube and the tentacles of the
small hydrozoan medusa, where myo-epithelial cell layers and
mesogleal anatomies provide sufficient contraction for feeding
and digestion.

The Narco- and Trachymedusae do not fit into this scheme.
They develop directly, without a polyp stage. In evolutionary time
they may never have evolved a polyp stage or reduced the polyp
stage secondarily (Bouillon, 1993). Although a pair of somite-like
structures between the ecto- and endoderm has been described
in the larva of the Narcomedusa Solmundella (Dawydoff, 1907),
histological data indicate a direct formation of the medusa striated
muscle from the ectodermal epithelium (Metschnikoff, 1882,
1886; Bouillon, 1987). Apparently the myogenic differentiation
programs can be activated in the epithelia layers, in an ectoder-
mal position. The occasional epidermal position of both types of
cnidarian muscle may represent a derived state. Similar anato-
mies have also been reported for Bilateria (e.g. entoproct ten-
tacles, Nielsen and Rostgaard, 1976).

Gastrulation and life cycle evolution
 If the common ancestor of cnidarians and bilaterians was a

motile triploblast displaying a basic bauplan including a primitive
mesoderm-like layer and a medusa-like anatomy, the polyp stage
may be considered an intermediate life stage. Considering histol-
ogy and development as well as the expression patterns of key
regulatory genes the most likely developmental phase to insert a
polyp stage may be during gastrulation (Spring et al., 2000, 2002;
Müller et al., 2003), in the Hydrozoa this is immediately after the
formation of the larval endoderm. Metamorphosis of the larva into
the polyp does not require differentiation of new tissue layers or
cell types and can proceed without DNA-replication (unpublished,
Schmid). The differentiation of the polyp stage, however, does not
always require sessility as exemplified by the Anthozoa, the
hydrozoan Narcomedusa (Tardent, 1978) and the Leptomedusa
Eirene hexanemalis (Bouillon, 1983). In the latter the floating
hydroid forms the medusa bud and entocodon at the pedal, aboral
end and, like Cubozoa, completely transforms into a medusa. In
this case the polyp stage may be the result of a heterochronic
process, with an abridged developmental program leading to the
premature sexual maturation of the metamorphosed planula.

 In the Scyphozoa polyp development includes migration of
mesenchymal cells and formation of the three-dimensional sub-
epidermal retractor muscle. This is followed by the transformation
of the scyphistoma polyp into the ephyra and medusa stage. In the
absence of histological and experimental data it can be specu-
lated that the mesodermal elements present in the polyp anatomy
may be recruited by transdifferentiation to form the sub-epidermal
striated muscle of the medusa. Biphasic mesoderm development

Fig. 8. Mesodermal anatomies in Anthozoa. A Drawing of cross
section through a mesenterium (A1) and the body wall (A2) of an
anemone (after Hyman, 1940). Captions: 1, mesoglea with mesenchyme
cells; 2, circular muscle filaments of the endodermal myo-epithelial cells;
3, endoderm; 4, parietal muscle; 5, retractor muscle; 6, transverse
mesenterial musculature; 7, gonads; 8, mesenterial filament; 9, support-
ing cells of epidermis; 10, mucous cells of epidermis. B. Retractor muscle
in the mesentery of Cereus pedunculatus (after Doumenc, 1979). B1.
Myofilaments in the collagen matrix (collagen immunostaining). B2.
Ultrastructure of the retractor muscle. Bar is 40 µm in B1 and 1 µm in B2.
Abbreviations: n, nuclei. C. Formation of mesenchyme by inwandering of
ectodermal cells in the ECM in the alcyonarian Sympodium (after
Kovalevsky and Marion, 1883). Captions: 1, ectoderm; 2, mesenchyme;
3, endoderm.
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also occurs in the Echinoderms, with formation of the larval
skeleton by mesenchymal micromeres and of the adult coelom
sacs during metamorphosis.

 Phylogenetic studies based on mitochondrial DNA structure,
ribosomal RNA sequence and cladistic analysis position the
Anthozoa at the base of Cnidaria (reviewed in Ball et al., 2004;
Collins et al., 2006). From this it had been inferred that all the other
cnidarian classes had evolved further away from the ancestral
anatomy and life cycles than the anthozoans. In contrast to the
other cnidarian classes, the anthozoans differentiate mesoder-
mal elements early in development, during the larval-polyp tran-
sition and before the polyp becomes sedentary. In terms of
anthozoan evolution there are two scenarios: 1) Similar to the
other classes, the ancestral medusoid anatomy has been re-
duced, although to a lesser extent, in the anthozoan ancestor,
when it became sessile. 2) Since anthozoans do not form medu-
sae, their mesodermal elements may originate from a
mesodermate ancestor distinct from the ancestor of the other
medusozoan classes (see Seipel and Schmid, 2005).

Conclusions

The data analyzed in this review indicate that Cnidaria differ-
entiate both diploblast and triploblast anatomies, the latter de-
rived in a mesodermal process as defined by Hyman (1940,
1951), Pantin (1960), Chapman (1966) or Nielsen (1995). This is
supported by molecular developmental studies of the hydrozoan
entocodon and its differentiation product, the subumbrellar me-
dusa muscle (Seipel and Schmid, 2005). Together, the cnidarian
mesodermal anatomies and the conserved regulatory gene cas-
cades point to a common triploblast ancestor of Cnidaria and
Bilateria, the Urtriploblast. Under the assumption that develop-
mental sessility correlates with reduced anatomical complexity
we propose the Urtriploblast as a mobile organism, maybe of
medusa-like anatomy, with direct or indirect development, but
lacking a sessile life cycle stage.

Summary

The cellular and developmental analysis of evolutionary-con-
served genes directing bilaterian mesodermal and myogenic cell
fate previously identified the hydromedusan entocodon and its
differentiation product, the striated muscle, as mesodermal de-
rivatives. In view of these findings we presented a hypothesis
disputing the diploblast classification of cnidarians without provid-
ing further explanations for the apparent diploblasty of the polyp
stage and the formation of the subepidermal striated muscle in
those Medusozoa lacking the entocodon nodule (Seipel and
Schmid, 2005).

 Hence we carried out a systematic review of the histological
and experimental evidence for mesodermal differentiations in
cnidarians. In anthozoan and scyphozoan but not in hydrozoan
polyps the presumptive mesodermal elements include amoeboid
cells, the mesentery retractor muscles and scleroblasts, all of
which are embedded or deeply rooted in the extracellular matrix
(mesoglea) and derive from the ectoblastemal cells invading the
extracellular matrix from the gastrulation site during or shortly
after endoderm formation. These data lend further support to the
cnidarian mesodermate hypothesis, whereby cnidarians and

bilaterians share a common triploblast ancestor, the Urtriploblast,
a small, motile, possibly medusa-like organism that did not
feature a sessile polyp stage in its life cycle. As a consequence the
diploblasty of the hydrozoan polyps may represent a derived
morphology resulting from heterochronic modulations of the gas-
trulation process after endoderm formation.
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