
Chapter 6

Ultrastructure of mesoderm formation and 

development in Membranipora membranacea 

(Bryozoa: Cheilostomata)

Abstract - Mesoderm origin in Bryozoa is largely unknown. In this study, embryonic and 
early larval stages of Membranipora membranacea, a bryozoan exhibiting a planktotrophic 
cyphonautes larva, are investigated using mainly ultrastructural techniques. Shortly after 
gastrulation, an ectodermal cell which is situated centrally at the presumptive anterior pole 
of the larva can be recognized by its constricted apical surface and enlarged basal part. It is 
also distinct from other ectodermal cells by the composition of its cytoplasm. In later stages 
it has left the epidermis, lost its epithelial character, and is situated subepithelially, between 
the basal sides of the ectodermal and endodermal sheets. A blastocoelic cavity is not present 
at this stage. The cell divides and gives rise to a group of cells forming a muscular and neu-
ronal strand at the anterior side of the larva. The majority of the larval musculature originates 
from this ingression. Despite this evidence for an ectodermal origin, additional sources of 
mesoderm can so far not be excluded. The literature on mesoderm origin in Bryozoa is re-
viewed and the results are compared to known data from other metazoan taxa.

Introduction

In contrast to the increased interest and growing body of data on the origin of mesoderm in 
the different groups of Bilateria (Technau and Scholz 2003), we are facing a considerable 
lack of detailed knowledge on the early embryogenesis in Bryozoa. On the one hand this is 
astounding, regarding both the long history of research on this animal group and their yet 
uncertain phylogenetic position. But on the other hand bryozoans are not easily accessible, 
especially for experimental developmental studies. This is, for example, refl ected in the lack 
of established laboratory protocols and “model bryozoans”. In fact several detailed descrip-
tive studies on bryozoan development are available, mainly from the late 19th and early 
20th century (summarized in Nielsen 1971, Ström 1977, 1990, Reed 1991, Zimmer 1997), 
which have contributed tremendously to our present knowledge of bryozoan biology. Most 
of these, however, comprise purely external observations, which provide only insuffi cient 
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resolution for tracing internal structures like mesoderm. Therefore hypotheses on the origin 
of mesoderm in Bryozoa have remained rather speculative.

Species of Gymnolaemata, the largest bryozoan subtaxon, exhibit different larval types, 
but the early development is comparatively uniform (Ström 1977, Zimmer 1997): In most 
species male and female zooids mature either simultaneously or sequentially in the same 
colony. Nevertheless outbreeding is widespread (Silén 1966). There is indication that the 
eggs are usually fertilized within the maternal zooid and zygotes stay arrested in their cell 
cycle until spawning (Temkin 1996). Within Gymnolaemata, the planktotrophic cyphonau-
tes larva as well as several types of lecithotrophic larvae are known (Zimmer and Woollacott 
1977). Embryogenesis in species with cyphonautes larvae takes place in the water column. 
Lecithotrophic larvae are usually brooded in various types of brood chambers and develop 
either from macrolecithal eggs or are nourished via placental structures.

Many of the embryological studies that address the question of mesoderm origin assume an 
origin from a quartet of cells at the vegetal pole, which are also likely to produce the endo-
derm (e.g., Vigelius 1886, Calvet 1900, Pace 1906). This lineage is therefore often referred 
to as the endomesoderm. However, apart from the mentioned low resolution for internal 
structures, most of these studies were on species, whose larvae lack a functional gut. As this 
likely represents a derived condition within the Bryozoa (Zimmer and Woollacott 1977), 
data from the possibly more ancestral feeding larvae, the cyphonautes, are suggested to be 
of greater phylogenetic signifi cance. Membranipora membranacea (Linnaeus, 1767) is a 
common cosmopolitan bryozoan that forms large colonies preferentially on laminarian kelp 
blades. Its cyphonautes larvae are widespread in the plankton during spring and summer 
months. The larvae are up to 800 μm in length and are characterized by their compressed 
triangular shape with two lateral chitinous shells.

In this study different embryonic and early larval stages of M. membranacea were examined 
beginning shortly before gastrulation until formation of the early swimming cyphonautes in 
order to get information about the origin and development of the mesoderm and to provide 
a structural groundwork for comparisons to other taxa as well as for forthcoming develop-
mental studies on bryozoans. Serial sectioning for transmission electron microscopy as well 
as fl uorescence staining techniques were applied for this approach.

Material and methods

Colonies of Membranipora membranacea were collected near the docks of Friday Harbour 
Laboratories, San Juan Island, WA, USA in May and June 2004 and kept in running sea 
water for several days. Reproductive colony parts were identifi ed by observation using a 
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dissecting microscope. The zygotes present in the zoodial body cavities were obtained by 
carefully scratching the membranous frontal walls. The opened colonies were subsequent-
ly rinsed with sea water and the zygotes were separated from foreign matter using nylon 
meshes of different sizes. Zygotes were transferred into 200-ml custard dishes with 0.1-μm 
fi ltered seawater which were kept on a fl oating table at approx. 12°C. Concentrations ranged 
from 2-5 cells/ml. The cell cycle is arrested as long as the zygotes are inside the body cavity. 
Under natural circumstances they become activated during release through the supraneural 
canal. Activation of artifi cially obtained zygotes can be accomplished in vitro by exposure 
to seawater containing 0.01 mM EDTA (Reed 1987). When activated, the cells change their 
shape from disc-like to roundish. Zygotes were transferred back to 0.1-μm fi ltered seawa-
ter within 30 min after activation. Development was followed at constant temperature of 
12°C under natural illumination. Late gastrulae and early cyphonautes were fed on an algal 
suspension containing a mixture of Rhodomonas sp., Isochrysis galbana, and Dunaliella 
sp. Water in the bowls was exchanged once daily and debris was removed manually by pi-
petting. Developmental stages were fi xed at distinct intervals for fl uorescence and electron 
microscopy.

Embryonic stages were fi xed in 2.5% glutaraldehyde buffered either with 0.1 M PBS con-
taining 0.2 M NaCl or 0.1 M sodium cacodylate containing 0.14 M NaCl for 30 min at 4°C. 
Specimens were stored in buffer until post-fi xation with 1% osmium tetroxyde (30 min, 
4°C), subsequently washed in buffer, dehydrated in a graded ethanol series and embedded 
into Epon with propylene oxyde as intermedium. Series of silver-interfering ultrathin sec-
tions were produced using a Leica UC6 microtome and Diatome diamond knives. Sections 
were placed on formvar-coated single-slot copper grids and automatically stained with ura-
nyl acetate and lead citrate using a prototype of an automatic stainer. For examinations a 
Philips CM 120 transmission electron microscope was used at 60 kV. Images were taken on 
Ditabis erasable photoplates, scanned and processed using analySIS, Adobe Photoshop and 
ImageJ software packages.

For fl uorescence staining embryos were fi xed in 4% paraformaldehyde in 0.05 M PBS con-
taining 0.3 M NaCl for 30 min at room temperature. Specimen were rinsed in the same 
buffer. For storage a small amount of NaN3 was added. For f-actin staining specimens were 
permeabilized with a solution of 0.1% Triton-X 100 in PBS and stained with AlexaFluor-568 
labelled phalloidin for 2h. For antibody staining blocking buffer (0.1% Triton-X 100, 0.1% 
bovine serum albumine) was applied for 2h. Specimen were incubated with primary antibody 
(anti-ac-α-tubulin, Sigma T-6793) at a dilution of 1:500 in blocking buffer for 10h at room 
temperature. After several washing steps, specimen were incubated with secondary antibody 
(AlexaFlour568 goat-anti-mouse, Molecular Probes A-11004) in similar way. In order to de-
termine numbers of cells in the different stages some embryos were counterstained with the 
nuclear dye propidium iodide dissolved in PBS for 20 min. Stained embryos were mounted 
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in Citifl uor glycerol solution on glass slides. Confocal image stacks were photographed on 
a Leica TCS SPE and processed using ImageJ. Numbers of examined specimens are given 
in Tab. 1.

Results

Early cleavages

The activated zygotes (Fig. 1A) are of roundish shape and 50-60 μm in diameter. They are 
surrounded by a transparent fertilization membrane. It fi ts relatively loosely around the egg 
and exhibits lots of wrinkles. In TEM sections (Fig. 3C) the membrane appears as a 1-1.5 
μm thick, homogeneously electron-dense layer with a slightly grained outer surface. Several 
zygotes exhibit at one pole a translucent spot that contains less yolk and might correspond to 
the male nucleus (Fig. 1A). In some eggs the sperm axoneme was still stuck in the membrane 
(see Fig. 1B), however, because of the loose fi t of the fertilization membrane, the relation of 
the sperm entry point to the fi rst cleavage planes could not be determined safely.

All cleavages are total. 2-cell stages (Fig. 1B) occur as early as about 60 min post activation 
and further cleavages follow at slightly increasing intervals. The fi rst and second cleavages 
are meridional and orthogonal to each other, resulting in a radially symmetrical embryo. The 
third cleavage is equatorial (Fig. 1C). No signifi cant differences could be observed between 
the resulting upper and lower tier, so that up to this point all cleavages are equal. The fourth 
cleavage breaks the radial symmetry. Cleavage planes are parallel to the plane of the fi rst 
cleavage, therefore resulting in an embryo with an animal and vegetal tier, each consisting 
of 2x4 cells (Fig. 1D). The cell divisions in this cleavage are more or less equal in the animal 
half, but not in the vegetal half, where the resulting central cells are slightly bigger than the 
peripheral ones. In the 32-cell stage (not shown) two tiers of 8 cells are located in the animal 
half. The vegetal half consists of 4 larger cells at the vegetal pole. Above these is a tier of 12 

Stage hours post 
activation 
(12°C) 

average 
number of 
nuclei 

number of 
specimens 
examined by 
TEM

number of 
specimens 
examined by 
cLSM

19 64 2 4 early gastrula 
20.5 95 3 5 
22 162 5 6 

23.5 190 5 5 
mid gastrula 

25 206 4 3 
late gastrula 30 322 3 4 
early cyphonautes 44 - 3 6 

Tab. 1: Numbers of specimens examined in the present study
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Fig. 1 Cleavage and early embryonic development, light micrographs, Nomarsky optics (DIC). A 
Zygote shortly after activation (see text). Yolk is not equally distributed in the cell. A region at the 
prospective apical pole (ap) appears considerably brighter. The fertilization membrane (fm) lies in 
folds around the cell. B 2-cell stage, 1 hour post activation (hpa). In some embryos a sperm axoneme 
(sa) was observed sticking in the fertilization membrane. C 8-cell stage, 5 hpa, view on animal pole, 
focal plane is on the animal tier of cells. The fi rst two cleavages are meridional, the third is equatorial. 
D 16-cell stage, 9hpa, view on vegetal pole. Fourth cleavage is parallel to fi rst and results in a biradi-
ally symmetric embryo with two tiers of eight cells. In the vegetal tier cleavage is slightly unequal 
resulting in little larger central blastomeres. E 64-cell stage, 18 hpa, view on animal pole. Yolk-rich 
macromeres at the vegetal pole have become internalized. F Mid gastrula, 22 hpa. In this stage about 
190 cells are present in average. G Late gastrula, 30 hpa. An apical organ (ao) has formed. The blas-
topore opening exhibits a ciliated rim, the corona (co), which enables the embryo to swim. H Early 
cyphonautes, 44 hpa. In this stage a continuous gut is present. The oral surface invaginates to for the 
atrium, which exhibits ciliated structures for particle capturing. I Early cyphonautes, 72 hpa. The oral 
surface has invaginated forming the atrium (at) with lateral ciliated ridges (cr).
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cells, 4 of which might have been cleaved off from the vegetal macromeres. The cells in the 
animal half now seem to divide faster than those in the vegetal half, but cleavages become 
hard to follow by light microscopy from the 32-cell stage on. No formation of a blastocoelic 
cavity was observed.

Early gastrula

Gastrulation begins at the 64-cell stage (Figs. 1E, 7A) and shows characteristics of both 
invagination and epiboly. The cells at the vegetal pole bend inwards forming the blastopore 
and the beginning archenteron (Fig. 2A, B). The ectodermal cells are much smaller and 
begin to overgrow the vegetal cells laterally. The archenteron is still without a lumen, but 
the cells of the endoderm are coupled by adherens junctions, thus representing an epithelial 
layer. Apical junctional complexes are, though delicate, also present in the ectodermal layer. 
Yolk is present in form of homogeneously electron-dense granules, ovoid to round in shape 
and up to 2.5 μm in diameter. The granules are found in all cells, but are most abundant in 
cells of the endoderm and the blastopore rim. Additionally electron lucent vesicles of similar 
size occur. A blastocoel is still absent. The basal cell membranes of the ectodermal and en-
dodermal cells are directly adjacent without a visible ECM or basal lamina in between. Cell-
cell junctions between ecto- and endodermal cells have not been observed. The ectodermal 
cells are smallest at the lateral extremities (the embryonic equator).
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Fig. 2 Early gastrula stages, TEM micrographs. Cells at vegetal pole bend inwards forming presump-
tive endoderm (en). A small blastopore (bp) arises. No blastocoel is present. an animal, ec ectoderm, 
fm fertilization membrane
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Mid gastrula

In 22 hour-stages (Fig. 1F) , which contain approximately 190 cells, a specifi c ectodermal 
cell is recognized at the anterior side of the embryo (Figs. 3A, 7B). This cell is distinct from 
the other ectodermal cells in its larger volume. Its cytoplasm contains a large quantity of 
electron-lucent vesicles (Fig. 3A, C) and its basal region is considerably broadened in com-
parison to the other ectodermal cells. The apical surface is reduced, but the cell still exhibits 
apical adherens junctions to the neighboring cells (Fig. 3C). This cell thus most likely shows 
the beginning of an ingression process, as seen in embryos of slightly later temporal stages 
(23.5 hpa, Fig. 3B), where a cell with similar cytological characteristics is found in similar 
location. In these stages the cell is completely ingressed and situated between endoderm and 
ectoderm (Fig. 3E, 7C). It has lost its polarity and apical junctions and therefore resembles 
a mesenchymatic cell.

Late gastrula

During the next cell division cycles, the shape of the embryo changes considerably (Fig. 
1G). The fi rst externally visible new feature is the apical organ. This knob-like organ is 
formed from a group of epidermal cells at the animal pole that develop cilia and become 
elongate and columnar in shape. The cilia break through the fertilization membrane. The 
blastopore broadens and develops a conspicuous rim. The cells of the rim also develop cilia 
and the fertilization membrane ruptures in the blastopore region. The cilia already beat regu-
larly, thus embryos at these stages start swimming. Apart from the apical organ the ectoderm 
differentiates into two distinct regions (Fig. 4A). At the anterior and posterior side of the 
embryo, the epithelium becomes squamous, with the cells sometimes only 1μm in height. 
In contrast the epidermal cells situated laterally acquire a columnar shape, measuring up to 
10μm in height. These cells begin to secrete the lateral shells (Fig. 4A, E), which are charac-
teristic of the cyphonautes larva. The cells exhibit a well-developed endoplasmic reticulum 
and golgi cisternae. Numerous electron-dense vesicles are found in the apical region of the 
cells, directly underneath the apical membrane. The vesicles are almost 150 nm in diameter 
and consist of a dense core surrounded by a slightly brighter halo. The developing shell is a 
longitudinally textured layer that contains numerous dark spots. These might originate from 
the above mentioned vesicles when they expel their contents via exocytosis. Outside of the 
developing shell, the fertilization membrane begins to rupture. The apical surfaces of the 
ectodermal cells never bear microvilli.

The cells of the endoderm still contain the majority of yolk vesicles. The endoderm has de-
veloped a clearly visible lumen, the archenteron. The apical sides of the endodermal cells 
bear short micovilli and a thin layer of glycocalyx. Apical adherens junctions are now well 
developed, however, septate junctions have not been observed until this stage. The distance 
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Fig. 3 Mid gastrula stages, TEM micrographs. A Sagittal section of 22 hpa stage. At the anterior side 
of the embryo, the presumptive mesodermal cell  (mc),  which is distinct from the other ectodermal 
cells, exhibits an expanded basal side that extends between the two epithelial sheets.  B Horizontal 
section of 23.5 hpa stage. At this stage, the cell has ingressed into a subepithelial position, thus can 
be regardeda as mesodermal. C Detail of apical region of cell ingressing from the ectoderm into 
blastocoel. Apical adherens junctions to the neighbouring cells are still present (arrowheads). The 
cytoplasm exhibits an exceptional amount of electron-lucent vesicles. D Detail of the centre of the 
archenteron. Apical regions of endodermal cells are connected by adherens junctions (arrowhead). F 
Detail of fi rst mesodermal cell. an animal, ant anterior, bp blastopore, ec ectoderm, en endoderm, fm 
fertilization membrane, pos posterior, veg vegetal
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Fig. 4 Late gastrula stages, TEM micrographs. A Horizontal section from central region as indicated 
in inset. B Horizontal section from oral region as indicated in inset. C,D Details of anterior region 
showing mesodermal cells (me) located between ectoderm (ec) and endoderm (en). A large central 
cell is fl anked by two thinner lateral ones that exhibit strands of myofi laments (my). Adjacent to 
the mesoderm are two nerve bundles (ne) coming from the apical organ and running towards the 
blastopore rim. E Detail of shell (sh) secretion. Lateral epidermal cells bear specifi c electron-dense 
vesicles. ant anterior, ar archenteron, pos posterior
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between the basal sides of the ectoderm and endoderm cells has become wider, indicating 
the beginning formation of an extracellular matrix. On the anterior side mesodermal cells are 
found (Fig. 4A-D, 7D). These are mesenchymal, apolar, and arranged in a strand reaching 
from the rim of the blastopore toward the basal side of the apical organ. About four cells are 
present in this stage, overlapping each other in the strand. They are fl anked laterofrontally 
by two nerve bundles running from the apical organ to the blastopore rim, where they pro-
ceed posteriorly (Fig. 4B). Laterally, the mesodermal cells exhibit bundles of myofi laments, 
characterising them as presumptive muscle cells.

Early cyphonautes larvae

The characteristics of the cyphonautes larva can be recognized in stages of about 44 h (Figs. 
1H, 7E). These exhibit a roughly triangular shape with externally visible lateral shells. The 
fertilization membrane still covers the anterior and posterior side (Fig. 5A-D). The gut has 
curved to the posterior end of the oral side and opens with an anus there. The pharyngeal re-
gion can be distinguished from the intestine by its wide lumen and its ciliation (Fig. 5B). The 
pharynx forms the ascending part of the gut while the intestine forms the descending part. 
The pharynx epithelium is corrugated with its cells being rather thin (0.5-3 μm). They bear 
short apical microvilli and a delicate glycocalyx. The intestine is characterized by its large 
voluminous gastrodermic cells which exhibit long apical microvilli and lack cilia. The larvae 
start foraging immediately after the anus has formed, so that algal cells can be found in the 
gut. The oral surface has invaginated to form the atrium (Fig. 5C, D). This area is densely 
ciliated, especially along two lateral ridges (Fig. 5C, F). The cells of the oral surface bear 
microvilli and a glycoclayx, resembling those of the pharyngeal cells.

The apical organ (Fig. 5A, D) has increased in size and exhibits a centrally located cell that 
bears vertically arranged bundles of myofi laments (Figs. 5E, 6B). Characteristic in this stage 
is the occurrence of an extensive fl uid-fi lled primary body cavity between epidermis and gut 
epithelium. Coelomic spaces are absent. The mesoderm mainly comprises the already well-
differentiated musculature. Different muscular compartments can be recognized. On the an-
terior side, a strand composed of a few muscle cells connects the basal side of the apical 
organ to the site of the developing pyriform organ (Figs. 5B, E, 6C). Parallel to the muscles 
run 2-3 nerve bundles (Figs. 5B, F, 6C). The pharynx is encompassed by myofi lamentous 
processes of mesodermal cells (Figs. 5A, B, E, 6A, D). Lateral muscles are present in the 
body cavity and underneath the ciliated ridges (Figs. 5B, C, E, 6D, F). Further muscles are 
present on the posterior side of the larva and parallel to the corona (Figs. 5B, E, 6E). 
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Fig. 5 Early cyphonautes larva. A-D TEM micrographs. A-C Selected horizontal sections, planes as 
indicated in d. A Apical region. Section of apical organ (ao) and tangential section of intestinal tract 
(in) ensheathed with mesodermal muscle cells (me). B Middle region, cross section of anterior mus-
cle and nerve strand, pharynx (ph)  and intestine (in). C Oral region showing atrium (at) and ciliated 
ridges (cr). D Sagittal section. E Phalloidin staining of musculature, lateral view, projection of full 
confocal stack. F α-tubulin staining (cilia and nerve processes), lateral view, projection of full con-
focal stack. am anterior median muscle, an anterior nerve, ant anterior, bc primary body cavity, cm 
coronal muscle, co corona, ec ectoderm, fm fertilization membrane, lm lateral muscles, pm posterior 
muscle  pos posterior, sh shell
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Fig. 6 Early cyphonautes larva, details of mesoderm and musculature from regions indicated by 
squares in Fig. 5a-c, TEM micrographs. A Tangential section of curved intestinal tract. The gut 
epithelium (in) is surrounded by myofi lamentous processes (my) of mesodermal cells (me). B A cell 
located centrally in the apical organ (ao) bears vertically arranged bundles of myofi laments. C The  
anterior muscle strand is formed by several mesodermal cells that reside in the blastocoel (bc) and are 
adjacent to the anterior pharyngeal (ph) wall. Nerve bundles (ne) run parallel to the muscle cells. D 
The pharynx epithelium is surrounded by circular muscle fi bres. Longitudinal muscle cells lie at the 
posterolateral side of the pharynx e Longitudinal muscle cells at the posterior end between intestine 
and epidermis f Muscles in the lateral body cavity and ciliated ridge (cr). at atrium, en endoderm, sh 
shell
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Discussion

General embryology

The embryology of species with cyphonautes larvae has been examined in Alcyonidium al-
bidum, Hypophorella expansa and Electra pilosa (Prouho 1892), E. pilosa, Farrella repens 
(Marcus 1926), Conopeum seurati, Electra crustulenta (Cook 1962), Conopeum tenuissi-
mum (Dudley 1973) and Membranipora serrilamella (Mawatari and Mawatari 1975). The 
early stages of Triticella koreni, investigated by Ström (1969), resemble those in species 
with cyphonautes larvae, but this larva is probably not planktotrophic. The most detailed in-
vestigation is that of Prouho (1892), who applied sectioning and histology on the embryos.

The cleavage pattern and the overall early embryogenesis observed in these works are in 
accordance with the results of the present study and will therefore not be discussed further. 
However, some discrepancies have been identifi ed: One point is the occurrence of a blas-
tocoelic cavity in blastula and gastrula stages. This was reported by Prouho (1892), and is 
also found in many lecithotrophic embryos (see below), but could not be substantiated in 
the present study. A fl uid-fi lled primary body cavity is not formed until the early shelled 
stages and vanishes again later. This partly infl uences the description of the gastrulation, as 
an invagination is per defi nition linked to a coeloblastula. In M.membranacea, the presump-
tive endoderm is partly overgrown by the ectoderm. This mode thus resembles an epibolic 
gastrulation. Another point is the occurrence of a blastopore and its closure. Prouho (1892) 
assumed that the blastopore is closed after the internalization of the presumptive endodermal 
cells and that both the larval mouth and anus originate secondarily. This is also described 
from lecithotrophic larvae. The present results argue for the persistence of the blastopore as 
larval mouth (protostomy) in M. membranacea. However, because of the atrial invagination 
it is not unproblematic to localize the position of the larval mouth exactly.

Mesoderm formation in Gymnolaemata

The results presented here provide evidence for an ectodermal origin of the fi rst mesodermal 
cell. This cell is situated in the anterior epidermis and ingresses to a position between the 
basal sides of ectoderm and endoderm. No blastocoel is present at this stage. The cell looses 
its polarity and acquires mesenchymal characters. Such a process is generally referred to as 
epithelial-mesenchymal transformation (EMT) and is involved in developmental processes 
(e.g., gastrulation, mesoderm formation) in many metazoan taxa (see Shook and Keller 2003 
for review). The described event is so far the only ingression observed in the development 
of M. membranacea. However, due to the low temporal resolution of the applied method 
the occurrence of further ingression events in the course of embryogenesis can so far not be 
excluded.
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Prouho (1892), in embryonic stages of A. albi-
dum, observed two mesodermal cells to appear 
shortly after gastrulation and subsequent blast-
opore closure. These cells are distinct from the 
other internal cells and reside laterally in the an-
terior end of the embryo. However, Prouho re-
frained from making defi nitive statements about 
the origin of these cells. During the later develop-
ment he observed mesodermal cells to arrange in 
a row at the apical end of the larva and suspected 
these cells to give rise to musculature. The situa-
tion in the other species examined by him (H. ex-
pansa, E. pilosa) is said to be essentially similar. 
Marcus (1926) described gastrulation in both E. 
pilosa and Farrella repens to occur by polar in-
gression of the vegetal cells. He did not observe 
the fi rst mesoderm cells mentioned by Prouho, 
but in later stages of F. repens he was able to dif-
ferentiate between larval mesenchyme situated 
in the anterior end of the larva and the forming 
intestinal tract in the posterior side. Mawatari 
and Mawatari (1975) state the gastrula in M. ser-
rilamella to be fi lled with ectodermal cells, but 
it remains unclear why the authors regard them 
as ectodermal and if they actually have observed 
their formation.

A larger number of observations on the origin 
of mesodermal cells have been made in species 
with lecithotrophic larvae. Most of these suggest 
an endodermal origin, but the presumed mecha-
nisms differ considerably. Barrois (1880) de-
scribed in Lepralia sp. the temporary occurrence 
of two cell stripes lateral to a mass of endoder-
mal cells. In later stages, these stripes reunite 
with the remaining endoderm to a homogeneous 
mass. The author interpreted the mesodermal 
stripes as correlates to germ bands, which oc-
cur e.g., in polychaetes. However, it is unclear 
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Fig. 7 Schematic representation summa-
rizing results from present study. A Early 
gastrula B Mid gastrula with beginning in-
gression of presumptive mesodermal cell. 
C Mid gastrula with ingressed mesodermal 
cell. D Late Gastrula E Early cyphonautes 
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which species he actually investigated, since Lepralia is not a valid genus name and has 
been synonym of many other genera. Calvet (1900) observed in Bugula simplex (as B. saba-
tieri), Cellaria fi stulosa and Bowerbankia pustulosa a proliferation of cells from the vegetal 
pole into the blastocoel. He appointed them as endoderm though they never give rise to an 
intestinal tract in these species but instead to mesenchyme and musculature. Pace (1906) 
described a mesenchymatic mass of mesendodermal cells, derived from the vegetal quartet, 
to fi ll the blastocoel of early embryos in Flustrellidra hispida (shelled lecithotrophic larva). 
Endodermal and mesodermal cells are not distinguishable in this mass. The blastopore is 
stated to be closed subsequently and a non-functional pharynx is formed during a later in-
vagination of the oral epithelium. In Bugula fl abellata, a species exhibiting a coronate larva, 
localized delamination of the vegetal cells leads to the formation of an archenteron (Corrêa 
1948). The archenteron is described to disintegrate later giving rise to mesenchyme which 
soon fi lls the entire blastocoel. This tissue also forms swellings around the apical organ and 
the neuromuscular strand. Corrêa (1948) mentioned the neuromuscular strand to consist 
of ectomesenchym, but without further explanation or documentation. Vigelius (1886) de-
scribed the internalization of the four vegetal macromeres in Bugula calathus to occur by 
epiboly. Neither an archenteron nor a persistent blastopore were found in later embryonic 
stages. He has observed no distinct mesodermal anlage, thus regards the internal mesen-
chyme as mesendodermal. Based mainly on observations on Alcyonidium gelatinosum (as 
A. polyoum) in comparison to own and previous observations in further species, d’Hondt 
(1983) assumed that the vegetal quartet generally gives rise to mesoderm in bryozoan spe-
cies lacking a gut and to mesoderm and endoderm in species with a gut.

In fully grown gymnolaemate larvae several different mesodermal tissues are recognized 
(Reed 1991). Apart from muscle cells, the most abundant cell type is mesenchyme. These 
cells fi ll most of the space between ectoderm and endoderm resulting in a compact organiza-
tion of the larval body without blastocoelic spaces. Three different types of mesenchymatic 
cells have been distinguished in Bowerbankia gracilis (Reed and Cloney 1982). Some of the 
mesenchymatic cells become phagozytotic during metamorphosis and are possibly involved 
in histolytic processes. In Bugula neritina pigment cells are situated underneath the larval 
epidermis (Reed and Woollacott 1982). Some, often well-organized, mesodermal compo-
nents have been identifi ed to contribute to the anlage of the ancestrular polypide, therefore 
can be seen as precurors of the adult mesoderm, more specifi cally the coelomic epithelium: 
In larvae of B. neritina and other cellularioid cheilostomes so-called mesodermal blastemata 
are situated underneath the apical disc (Reed 1991). In vesiculariid ctenostome larvae the 
polypide rudiment is represented by a median mesodermal band connected to the roof of the 
internal sac (Reed and Cloney 1982, Zimmer and Woollacott 1993). Both these elements 
are found in larvae of Watersipora arcuata (Zimmer and Woollacott 1989). It is not clear, 
whether these different mesodermal cells arise independently or originate from a single 
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mesodermal anlage. Woollacott and Zimmer (1971) hypothesized an ectodermal origin of 
the mesodermal blastema in Bugula neritina based on ultrastructural similarities with the 
associated ectodermal cells of the apical disc. In larvae of M. membranacea, however, the 
mesoderm is relatively uniform (Stricker et al. 1988). An accumulation of mesodermal cells, 
which might contribute to the polypid anlage, is described underneath the apical organ, but 
these cells are undifferentiated, resembling mesenchymatic cells.

Cyclostomata and Phylactolaemata

In terms of mesoderm formation both cyclostomes and phylactolaemates most likely exhibit 
extremely derived patterns. In cyclostomes the origin of mesoderm is obscured by the proc-
ess of polyembryogeny which is commonly found in these species (Harmer 1893, 1898, 
Calvet 1900, Robertson 1903, Borg 1927, Nielsen 1970, 1971). The zygotes cleave irregu-
larly forming a solid mass from which secondary embryos are divided off. The latter appear 
bilayered, but is not clear how the central layer originates. Only Robertson (1903) described 
newly budded secondary embryos to be solid and later to consist transitionally of only one 
layer surrounding a blastocoel-like cavity in Crisia eburnea. Even a determination of the site 
of proliferation would not contribute to the understanding of mesoderm origin as polarity of 
these embryos is uncertain. The larvae are lecithotrophic and remain gutless. Metamorphosis 
in cyclostomes is not fully understood. A bilayered polypide bud occurs. However, it is un-
certain if the central cells contribute to this. Nielsen (1970) suggests the prospective meso-
dermal layer of the bud to originate from the ectodermal layer by delamination.

The larvae of phylactolaemate bryozoans are not comparable to those of gymnolaemates. 
They lack the organs usually found in gymnolaemate larvae, but exhibit polypide buds. 
Because of this precocial character and the apparent lack of transitional tissues they are some-
times regarded as representing swimming young colonies rather than larvae (Nielsen 1971). 
Embryology has been observed in Cristatella mucedo, Plumatella polymorpha (Davenport 
1891), Plumatella sp. (Kraepelin 1892), Plumatella fungosa (Braem 1890, 1897, Brien 
1953), Fredericella sultana (Braem 1908) and Lophopus crystallinus (Marcus 1934). The 
fertilized eggs are brooded in internal embryo sacs which are attached to the body-wall. All 
workers agree that at some point during development an elongated embryo appears, which 
exhibits two epithelial layers surrounding a central lumen. Observations on the formation of 
this stage, however, remain contradictory: Davenport (1891) reported the ingression of four 
cells from the distal pole (the pole facing the zooids body-wall) at an early stage. He pos-
tulates these cells to give rise to the internal cell layer, which is said to represent mesoderm 
and endoderm. Kraepelin (1892) confi rms Davenports results, whereas Braem (1897) in 
Plumatella also observed this ingression, but found these cells as isolated internal cells in a 
later monolayered stage. The internal layer is said to originate from a second phase of prolif-
eration, also from the distal pole. These proliferated cells form an internal cavity, a coelom, 
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which confi nes the blastocoel towards the proximal pole in the course of development. The 
author therefore interpreted the fi rst proliferation as gastrulation, the second as mesoderm 
formation. Brien (1953) also found a stage like the gastrula observed by Davenport and 
Braem, but did not confi rm a second ingression. In F. sultana, on the contrary, Braem (1908) 
reported the occurrence of a blastula stage which is hollow only in the distal part, but solid 
in the proximal part. Mesodermal cells proliferate from the border region between both 
parts into the upper blastocoel. At a later stage a coelomic cavity is formed in the proximal 
part, whereas the blastocoel persists in the distal part. Marcus (1934) also observed a central 
constriction in the embryos of L. crystallinus, but with both resulting parts being hollow. 
Internal cells occur in both parts, whereas those in the upper part are hypothesized as endo-
derm, those in the lower part as mesoderm. However, the exact origins of these tissues were 
not observed. D’Hondt (2005) interpreted the formation of thickened cells at the distal part 
as an aberrant form of gastrulation. Thus, according to the author, mesoderm proliferating 
from these regions should be regarded as endomesoderm. 

Comparison to other taxa

Mesoderm in most spiralian taxa is of dual origin (see Nielsen 2001, 2004, 2005, Lambert 
2008). Mesodermal elements that go back to the 4d micromere are usually referred to as en-
domesoderm. These typically comprise the lateral germ bands, which give rise to longitudi-
nal musculature as well as, in annelids, to coelomic vesicles and segmental musculature. The 
second type, ectomesoderm, is in most cases derived from the second and/or third quartet of 
micromeres, members of otherwise ectodermal lineages. Ectomesoderm is sometimes also 
referred to as larval mesoderm, because in many cases it forms musculature of the pretrochal 
region, which vanishes during metamorphosis or later development. However, this split may 
not apply in all species and the exact lineage of ectomesoderm is variable within the Spiralia 
(Boyer and Henry 1998, Ackermann et al. 2005, Hejnol et al. 2007). Nevertheless, both types 
of mesoderm might have already been present in the ancestral spiralian, and modifi cations 
in the extent and exact origin of ectomesoderm are probably due to different adaptations in 
different larval types (Boyer et al. 1996, 1998, Henry and Martindale 1998, 1999). 

In most descriptive studies on phoronid development, the mesoderm is assumed to originate 
from single cells ingressing from the archenteron (e.g., Herrmann 1980, Zimmer 1980). 
On the contrary, fate-mapping studies conducted by Freeman and Martindale (2002) have 
shown that mesoderm arises from both endoderm and ectoderm, and that its formation is 
likely to be induced at the endoderm-ectoderm boundary. Mesodermal cells migrate freely 
in the blastocoel and differentiate into muscle, nerve and mesenchymal cells. It is not known 
if ectodermally derived cells contribute to different elements than endodermally derived 
ones. Ingression of mesenchymal cells before gastrulation as stated by some authors (e.g., 
de Selys-Longchamps 1907,Zimmer 1964,Herrmann 1986). This has not been corrobated 
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by studies on Phoronis pallida by (Santagata 2004). Grobe (2008) found mesodermal cells, 
possibly delaminated from vegetal cells, in blastula stages of P. ovalis, but fi rstly in gastrula 
stages in P. muelleri.

Though several earlier studies assume an archenteric origin of mesoderm and coelomic cavi-
ties, Brachiopoda do not appear to show a uniform pattern of mesoderm formation. This 
coincides with a considerable diversity in cell fates and specifi cation mechanisms found 
among brachiopod subtaxa (Freeman 2003). A comprehensive review of brachiopod devel-
opment is found in Nielsen (2005). Mesoderm develops from the boundary between endo-
derm and ectoderm in the inarticulates Glottidia pyramidata (Freeman 1995) and Discinisca 
strigata (Freeman 1999) during gastrulation, but from the archenteric walls in later gastrulae 
in Novocrania anomala (Nielsen 1991, Freeman 2000). In the latter species the mecha-
nism is thought to be either from a single anlage growing from near the blastopore towards 
the anterior pole (“modifi ed enterocoely”) (Nielsen 1991) or multipolar ingression over the 
whole length of the archenteron (Freeman 2000). In the articulates mesoderm is reported 
to originate from the archenteron either by lateral outpouching (Long and Stricker 1991), 
delamination (Freeman 1993) in Terebratalia septentrionalis or by outgrowth of an initially 
compact cell mass in Calloria inconspicua and Notosaria nigricans (Lüter 2000). There is 
no evidence for an ectodermal origin of mesodermal elements in Brachiopoda. Larval mus-
culature is mainly formed from coelomic myoepithelial cells (Lüter 2000).

Basal deuterostomes are generally regarded to completely lack ectomesoderm. In enterop-
neusts the protocoel unequivocally arises by enterocoely (Nielsen 2001) and larval muscles 
are part of this coelomic epithelium (Ruppert and Balser 1986). Meso- and metacoels arise 
from the wall of the stomach either by outpouching or from cells delaminating from the gut 
(Peterson et al. 1999). Only the hydropore and the distal part of the hydrocanal are likely 
to originate from ectoderm (Ruppert and Balser 1986). Additionally, scattered mesenchyme 
cells are found in the blastocoel (Tagawa et al. 1998). These have been suggested to be of 
ectodermal origin in earlier works (Morgan 1891). However, fate-mapping studies by Henry 
et al. (2001) showed that vegetal micromeres give rise to both the archenteron and the meso-
derm (protocoel, wandering mesenchyme, muscle strand, hydrocanal). In the pterobranch 
Rhabdopleura compacta, primary mesenchyme is formed in the blastula stage, whereas 
mesoderm is formed by ingression from the archenteron (Dilly 1973).

In many echinoderms also two mesenchyme cell ingressions occur. Ingression of primary, 
skeletogenic, mesenchyme takes place before gastrulation and goes back to eight large veg-
etal macromeres. Secondary mesenchyme ingresses from the archenteron during gastrula-
tion. Later the anterior part of the archenteron gives rise to coelomic sacs and muscle cells 
(Wray 1997). Primary mesenchyme ingression is possibly derived by heterochrony within 
echinoderms. Anyway, due to its origin before gastrulation, no ectodermal relationship can 
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be established (Davidson et al. 1998). Similar as in the tornaria, the hydropore and distal part 
of the pore canal might be ectodermal (Ruppert and Balser 1986). 

Conclusion

The phylogenetic signifi cance of mesoderm origin and formation was vividly discussed and 
is still under discussion (for example Rieger and Ladurner 2003, Technau and Scholz 2003, 
Nielsen 2005, Burton 2008, Lambert 2008). Of course the mechanisms of mesoderm forma-
tion are still not fully understood, thus phylogenetic inferences have to be drawn carefully. 
The present results show, that there is reason to regard at least part of the mesoderm in 
Bryozoa to originate from the ectoderm. This parallels the situation found in spiralians and 
eventually in phoronids. Considering the currently hypothesized position of Bryozoa within 
the Lophotrochozoa (Passamaneck and Halanych 2004,Halanych 2004, 2006, Waeschenbach 
et al. 2006, Helmkampf et al. 2008, Dunn et al. 2008), the question arises, whether the char-
acter of ectodermally derived larval mesoderm represents an ancestral lophotrochozoan trait, 
and, if this is the case, whether it is plesiomorphic, thus has been lost in deuterostomes, or 
apomorphic. These questions are tempting, however, the evidence summarized here, still 
appears insuffi cient to address such fundamental questions. Further studies, most suitably 
combined morphological, cell lineage and gene expression approaches on origin and early 
differentiation of mesoderm have to be awaited. 
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