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Abstract Triclad flatworms are well studied for their
regenerative properties, yet little is known about their
embryonic development. We here describe the embryonic
development of the triclaty 120d Schmidtea polychroa,
using histological and immunocytochemical analysis of
whole-mount preparations and sections. During early
cleavage (stage 1), yolk cells fuse and enclose the zygote
into a syncytium. The zygote divides into blastomeres that
dissociate and migrate into the syncytium. During stage 2,
a subset of blastomeres differentiate into a transient
embryonic epidermis that surrounds the yolk syncytium,
and an embryonic pharynx. Other blastomeres divide as a
scattered population of cells in the syncytium. During
stage 3, the embryonic pharynx imbibes external yolk cells
and a gastric cavity is formed in the center of the
syncytium. The syncytial yolk and the blastomeres
contained within it are compressed into a thin peripheral
rind. From a location close to the embryonic pharynx,
which defines the posterior pole, bilaterally symmetric
ventral nerve cord pioneers extend forward. Stage 4 is
characterized by massive proliferation of embryonic cells.
Large yolk-filled cells lining the syncytium form the
gastrodermis. During stage 5 the external syncytial yolk
mantle is resorbed and the embryonic cells contained
within differentiate into an irregular scaffold of muscle and
nerve cells. Epidermal cells differentiate and replace the
transient embryonic epidermis. Through stages 6–8, the
embryo adopts its worm-like shape, and loosely scattered
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populations of differentiating cells consolidate into
structurally defined organs. Our analysis reveals a picture
of S. polychroa embryogenesis that resembles the morphogenetic events underlying regeneration.
Keywords Flatworm . Embryology . Ectolecithal .
Morphogenesis . Organogenesis

Introduction
Platyhelminthes (flatworms) represent a diverse taxon of
simple protostomes that includes many free living and
parasitic forms. Comparative morphological evidence
indicates that platyhelminthes have inherited a number
of fundamental characteristics, such as the ciliated epidermis, single gut opening and simple nervous structure, as
plesiomorphies from the bilaterian ancestor (Ehlers 1985;
Ax 1995), suggesting that they split early from the
bilaterian stock. Therefore, flatworms are a highly relevant
system to study basic developmental processes, such as the
establishment of the body axes, early neurogenesis and
organogenesis. Furthermore, flatworms have attracted the
attention of developmental biologists owing to their high
regenerative potential. To understand the molecular basis
of embryogenesis and regeneration, we focused on one
group of flatworms, the Tricladida. Triclads have been
used for a long time for the experimental study of
regeneration (for review see Agata and Watanabe 1999;
Newmark and Sánchez-Alvarado 2002). More recently,
several groups have initiated the molecular analysis of
triclad development and regeneration. Patterning genes
known from model organisms, including the Hox gene
cluster, engrailed, eyeless/Pax6 and sine oculis have been
isolated and studied in adult individuals (Pineda et al.
2000; Saló et al. 2002). Furthermore, an EST project
produced over 4,000 non-repeated sequences (SánchezAlvarado et al. 2002), most of which were readily assigned
to known gene families in other organisms. Remarkably,
several ESTs show homology to vertebrate genes that are
not present in Drosophila or in Caenorhabditis elegans. A
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genome project is underway for the triclad Schmidtea
mediterranea in an effort to fill the gap in lophotrochozoa
genomic data (Sánchez-Alvarado et al. 2003).
Considerable progress has also been made in the
understanding of normal cell biology. Throughout their
adult life triclads (along with other flatworms) possess a
population of totipotent stem cells called neoblasts (Morita
et al. 1969; Baguñà et al. 1989; Ladurner et al. 2000;
Nimeth et al. 2004). These cells move freely within the
loose mesenchyme that fills the interior of the flatworm.
They integrate into organs and differentiate according to
their position, thereby continuously replacing the cells
damaged by wear and tear (Cebrià et al. 1999). Within the
past 10 years, many experimental techniques have been
successfully applied to planarians, in particular RNA
interference (Sánchez-Alvarado and Newmark 1999; Orii
et al. 2003), stem cell BrdU incorporation (Newmark and
Sánchez-Alvarado 2000) and in situ hybridization (Umesono et al. 1997), which, together with EST project data,
have fostered many studies aimed at understanding
patterning and stem cell behavior in regeneration.
In contrast to studies on regeneration, relatively little
progress has been made in the past decades in understanding the embryonic development of triclads. Triclads
belong to the superclade of neoophorans, characterized by
producing ectolecithal eggs. Oocytes are relatively small
and poor in yolk content. Yolk is packaged into a thick
layer of specialized yolk cells that are deposited around a
central oocyte. Yolk cells are produced by a specialized
gland, the vitellarium (Bennazi and Gremigni 1982;
Gremigni 1988). During early development, neoophorans
show significant deviations from the typical spiral cleavage pattern, which is considered ancestral in flatworms
(for review see Thomas 1986; Ehlers 1985). Thus, particularly in triclads, macromeres and micromeres cannot
be distinguished. Blastomeres show a phenomenon aptly
called “blastomere anarchy”. Instead of remaining together
in a compact mass, they move about into the surrounding
yolk layer. Some of them degenerate and others are
recaptured into the embryonic primordium (Giesa 1966;
reviewed in Thomas 1986; Baguna and Boyer 1990). This
primordium forms as a result of a group of yolk cells fusing
into a syncytial mass around the oocyte. Blastomeres
concentrate within the syncytium and form two transient
structures. One is the embryonic epidermis (also called
huell membrane, from the German word “Huelle”, meaning cover), which grows as a thin layer around the syncytium. The other is the so-called embryonic pharynx
(Mattiesen 1904; le Moigne 1963), a ring-like structure that
is inserted into the embryonic epidermis and sucks the
surrounding yolk into the interior of the embryo by a vacuum-generating pumping mechanism. Subsequently, blastomeres keep multiplying within the syncytial yolk and the
inner, yolk-filled cavity develops into the digestive cavity.
In the classical literature, the early phase summarized
above is relatively well documented in several histological
studies of embryogenesis (Metschnikoff 1883; Stevens
1904; le Moigne 1963, 1965, 1966, 1967a,b, 1968). However, very few data are available on morphogenesis and

organogenesis. Here, we aimed to fill this void by addressing the description of normal triclad development
with the aid of molecular markers and confocal imaging
combined with traditional histology techniques. We thus
propose a staging system designed to provide a clear,
useful reference for further molecular studies and avoid
problems such as uneven developmental time due to differences in temperature conditions and species particularities. Le Moigne (1963) proposed a staging system based
on seven developmental stages, which we have partially
adopted and modified into an eight-stage system to include
significant tissue differentiation events readily identifiable
by molecular markers and characteristic of each stage, and
to comply with previously proposed developmental staging
systems in other flatworms (Hartenstein and Ehlers 2000;
Younossi-Hartenstein et al. 2000; Younossi-Hartenstein
and Hartenstein 2000a,b, 2001; Morris et al. 2004).

Materials and methods
Animals and culture conditions
Schmidtea polychroa (Schmidt, 1862) adults were collected in Sot de Ferrer (Castelló, Spain). This population
was chosen for their stable 2n ploidy over time. The
karyotype of random individuals was evaluated to confirm
their 2n ploidy (n =4 chromosomes, not shown). Animals
were grown in glass containers with 1:1 tap water:distilled
water, at 17°C in the dark and fed raw beef liver twice a
week. Egg caspules where collected on a daily basis and
kept alive until the desired age was reached.
Fixation, storage and dissection
Fresh egg capsules were gently laid and dried on a glass
surface, superficially perforated with a 0.5-mm needle, and
immediately fixed for 4 h at 4°C in 4% formaldehyde in
PBS (PBS: 0.125 M NaCl; 16.5 mM Na2HPO4; 8.5 mM
NaH2PO4). After an overnight wash in PBS at 4°C, egg
capsules were stored at 4°C in 70% alcohol. When needed,
they were rehydrated with PBT (0.1% Triton X-100 in
PBS) and placed in an agar-coated petri dish. Individual
embryos were dissected out using twissors under the
scope.
Sectioning and conventional staining
Selected whole-mount stained embryos were dehydrated
in graded ethanol and acetone, left overnight in a 1:1
mixture of acetone and Epon, and then for 4 h in Epon.
They were then placed on molds, oriented and temperature
was raised to 60° for 16 h to enable Epon polymerization.
An LKB ultratome was used to obtain 2-μm slices.
Paraffin was used to embed whole egg capsules. After
dehydrating them in graded ethanol and xylene series, they
were transferred to 1:1 xylene:melted paraffin for 15 min
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and then to melted paraffin for 45 min. Blocks were made
on metal plates over ice and stored conveniently at room
temperature. Seven- to ten-micrometer sections were obtained with an Anglia microtome.
Sections were placed over water on gelatin-coated slides
and dried on a hot plate.
For conventional staining, methylene blue/toluidine/
borax (MTB) solution was prepared from 1% methylene
blue and 1% toluidine blue solutions at 1:1 and was then
filtered with Whatman’s paper. Sections were stained for
30 s on a hot plate, and washed thoroughly with distilled
water.
Electron microscopy
Whole egg capsules were fixed in 4% paraformaldehyde,
2.5% gluteraldehyde in phosphate buffer (PB; pH 7.3) and
washed overnight in PB. Individual embryos were postfixed for 60 min in 1% osmium tetraoxide in 0.15 M
cacodylate buffer (on ice). After several washes in PB,
embryos were dehydrated in graded ethanol and acetone
series (all steps on ice), left overnight in a 1:1 mixture of
acetone and Spurr, and then for 16 h in unpolymerized
Spurr. They were transferred to molds, oriented under the
scope and placed at 60°C for 24 h to allow polymerization.
Blocks were sectioned with an LKB ultratome, alternating
ten 1-μm slices and sets of 80-nm ultrathin sections.
Sections were mounted on plastic-coated grids and
counterstained with uranyl acetate and lead citrate.
Whole-mount immunostaining and nuclei staining
Fixed embryos were preincubated in 10% normal goat
serum in 0.1–0.3% PBT (PBT-NGS) and then incubated
overnight at room temperature with anti-acetylated tubulin
(Sigma), anti-tyrosine tubulin (Sigma), anti-FMRF and
anti-serotonin, in PBT-NGS. After 3×10 min wash in 0.1%
PBT, they were incubated with anti-mouse or anti-rabbit
secondary antibodies, FITC-, cy3-, or cy5-conjugated, or
biotin-conjugated, in PBT-NGS. When fluorocrome labeled, embryos were washed 2×20 min in 0.1% PBT, then
incubated for 5 min in 5 mM Sytox (Molecular Probes)
in PBT, washed 2×10 min in PBT and mounted in Vectashield (Vectastain) between two coverslides with plastilin
spacers. When biotin labeled, embryos were washed in
PBT for 15 min and incubated in avidin 1:1 biotin-conjugated horseradish peroxidase in PBT-NGS. After four
washes in 0.1% PBT, preparations were incubated with diamino-benzidine (DAB, Sigma) at 0.3 g/l in PBT containing 0.02% hydrogen peroxide, until enough staining was
appreciated under the scope.
Microscopy and image processing
Light microscopy images were taken with a Zeiss
microscope. Confocal imaging was performed with a

Biorad 2000 station (see Cebrià et al. 1997 for further
details). Confocal stacks of images were edited with
ImageJ (Rasband 1997–2004) and multipanel montages
were prepared in Photoshop (Adobe).

Results
General overview of Triclad embryogenesis
Schmidtea polychroa belongs to the neoophoran clade of
flatworms which form ectolecithal eggs. In these eggs, one
or several small, yolk-poor oocytes are surrounded by
large numbers of yolk cells which are produced by a
specialized gland, the vitellarium. S. polychroa egg capsules contain between one and six oocytes and are surrounded by a chitinous, brown egg shell that is attached to
the substrate by a stalk (Metschnikoff 1883).
Yolk cells play an active role in oogenesis. They contain
shell granules, yolk granules, fat drops and glycogen
granules. During egg capsule formation, yolk cells release
their shell granules and some yolk granules, so that their
shape changes from spherical to spindle-shaped, as
described by Domenici and Gremigni (1974). Yolk cells
falling within a certain perimeter around the oocytes fuse
into a syncytium (Figs. 1a, 2e; Koscielski 1966). This
syncytium forms a spongy mass that takes up the cleaving
blastomeres of the early embryo (Figs. 1a, 2a, e).
Triclads show a unique mode of cleavage called
blastomere anarchy. Instead of remaining together and
forming an ordered morula of micromeres and macromeres as in other spiralian embryos, blastomeres of triclad
embryos lose contact and migrate actively to various
positions within the syncytial yolk (Fig. 1d). At later stages,
most blastomeres will reassociate and form the embryo;
other blastomeres will get lost in the yolk. Structurally,
two types of blastomeres can be distinguished. Type-1
blastomeres are characterized by their large size (15–
20 μm), a multilobed nucleus and by being separated from
the surrounding yolk syncytium by a cleft (in paraformaldehyde-fixed preparations; Fig. 1e). Type-2 blastomeres
are characterized by their small size (~8 μm), very reduced
nucleus/cytoplasm ratio and mitotic figures (Fig. 1f, h).
These characteristics make type-2 blastomeres almost indistinguishable from syncytial yolk nuclei (Fig. 1l) at the
optical level. The morphological description of the two
types of blastomeres is backed up by in situ hybridization
studies which report the expression of the myoD gene in
type-1 but not in type-2 blastomeres (data in preparation).
Some type-1 blastomeres that either stay together while
proliferating or converge towards each other after a period
of solitary existence, differentiate precociously into the
embryonic pharynx, the only structure until late in development that provides directionality to the embryo. The
embryonic pharynx is situated at the periphery of the
yolk syncytium at a location that corresponds to the presumptive posterior-ventral position of the embryo. Blastomeres around the developing embryonic pharynx spread
out around the syncytial yolk and become the embryonic
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Fig. 1 Blastomeres and yolk relationships. a–f Epon sections of
embryos at an early stage of development stained with methylene
blue/toluidene blue/borax (MTB). g–i Electron microscopy photographs of ultrathin sections. In a, d, and e clefts around cells may be
a paraformaldehyde fixation artifact, since paraformaldehyde-glutaraldehyde-fixed samples (g) prepared for EM don’t show similar
clefts. a Four type-1 blastomeres stage. Only one cell is visible on
this sectioning plane. The syncytium (s) is forming around the
cleaving blastomeres, by means of continued yolk cell fusion. b The
syncytium stops incorporating yolk cells by fusion wherever an
embryonic epidermis has formed; yolk cells attach tightly to each
other forming a huell membrane (hm). Externally several fiber-like,
discharged yolk cells are visible (fy). c Thousands of yolk cells
arrange in swirls around the embryos within the egg capsule;
presumably they adopt this fiber appearance after discharging their
shell, yolk and lipid granules. d Ten type-1 blastomeres stage; only
six are visible in this plane. Blastomeres lay unattached from each

other, and are separated from the surrounding syncytium by a cleft;
their shape resembles type-1 blastomeres, apart from the nucleus.
The syncytium has grown. e Type-1 blastomeres in a more advanced
embryo, before the opening of the gut cavity. Note the multilobed
nucleus, the large cytoplasm and large general cell size (~15 μm),
and the separation from the syncytium by a cleft. f Type-2
blastomeres. Left arrow A typical type-2 blastomere undergoing
mitosis. Right arrow Granulated nuclei with a very small rind of
associated cytoplasm; its classification as syncytial nucleus or
blastomere is difficult. g Type-1 blastomere. Note typical large
vesicles (v) and multilobed nucleus (n), with two nucleoli (arrows)
in separate lobes. h Type-2 blastomere contained within the
syncytium; note the thin peripheral rind of associated cytoplasm
(asterisk). i Syncytial nucleus. Note the big clumps of chromatin,
and the absence of associated membranes. These characters resolve
syncytial nuclei from type-2 blastomeres within the syncytium.
Scale bar: 20 μ in a–f, 5 μm in g, and 2 μm in h, i
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Fig. 2 Relationship between yolk and embryo in Schmidtea
polychroa. a–d Schematic renderings of embryos at stage 1 (a),
stage 2 (b), stage 3 (c) and stage 5 (d). In each the drawing at the
bottom represents the entire egg capsule with three embryos. The
drawing at the top shows an enlarged view of one embryo. e–g Low
power photomicrographs of sections of whole egg capsules with
embryos at stage 1 (e), stage 2 (f) and stage 4 (g). Sections were
stained with MTB. a, e During stage 1, yolk cells aggregate around
the zygotes contained within the egg capsule and form yolk syncytia
(arrowheads). Within each syncytium cleavage produces an irregular cloud of blastomeres. b, f By the beginning of stage 2, a
subpopulation of blastomeres cluster on one side of the syncytium
and form the primordium of the embryonic pharynx (arrow in f) and
embryonic epidermis (ee). The location of the embryonic pharynx
defines the ventral pole of the embryo. Precursors of the embryonic

epidermis spread over the yolk syncytium from a ventral direction.
Yolk cells at the dorsal side continue to fuse with the syncytium
surface (asterisk external yolk cells, arrowheads huell membrane).
c, d, g During stages 3 and 4 the embryonic pharynx becomes
functional and starts imbibing external yolk cells into the interior of
the embryo, generating a yolk-cell-filled cavity. Thereby external
yolk becomes internal yolk (asterisks in g). The internal yolk
compresses the yolk syncytium into a narrow peripheral rind
(arrowheads) which contains all of the proliferating and differentiating blastomeres (blue profiles within); this has historically
been known as the germ band. As a result of this process, the
embryo grows, the embryonic epidermis flattens, and the syncytium
is stretched. A population of cells emerging from within the pool of
blastomeres or the internal yolk develop as gut cells (orange in d).
Scale bar: 500 μm in e–g

epidermis. Other blastomeres, located at variable positions
within the syncytium, migrate towards the surface and also
seem to contribute to the embryonic epidermis (Fig. 2b, f),
which blocks further yolk cells from fusing with the
syncytium. The yolk that lies outside the embryonic
epidermis (“external yolk”, Figs. 1c, 2f) mostly stays in
the form of single cells, although fusions among small
clusters of cells are not infrequent. In particular, the cells
adjacent to the embryonic epidermis form a tight layer (the
“huell membrane”; Figs. 1b, 2f). It appears as if the
transient embryonic epidermis, just like the embryonic
pharynx, is formed mostly, if not exclusively, by type-1
blastomeres.
The placement of syncytial versus external yolk is
reversed when the embryonic pharynx starts to imbibe the
external yolk, thereby creating a yolk-filled cavity inside
the formerly solid syncytium (Fig. 2c). This cavity

becomes the gut cavity. The syncytial yolk is compressed
into a thin rind (Fig. 2d, g) that surrounds the gut cavity.
Embryonic cells divide and spread out within the syncytium, to eventually differentiate into the body wall and
nervous system of the mature embryo, and totipotent stem
cells, the neoblasts. During this process, the syncytial yolk
all but disappears, as the space formerly taken by it is
transformed into the parenchyma (see below).
Any compact tissues or germ layers are absent in the
triclad embryo. As a wave of differentiation sets in during
mid-embryonic stages, embryonic cells differentiate in situ
(wherever they happen to be located) into muscle, nerve,
epidermis, gland or protonephridium. This in situ differentiation, without prior gastrulation and germ layer formation, seems to be a characteristic of the platyhelminth
phylum in general (Rieger et al. 1991). In other platyhelminths, discrete organ primordia can be recognized, prior
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to cellular differentiation, as densities within the mass
of embryonic cells (e.g., Hartenstein and Ehlers 2000;
Younossi-Hartenstein et al. 2001; Morris et al. 2004). In
triclads, by contrast, embryonic cells seem to be rather
evenly spaced and organ primordia cannot be distinguished
until relatively late in development.
Overview of embryonic stages
Schmidtea polychroa development takes approximately
20 days at 17°C. Based on morphology, we can define the
following 8 stages. As far as possible, the previous staging
system introduced for the triclad (le Moigne 1963) and for
other free-living platyhelminthes (Hartenstein and Ehlers
2000) was taken into account.
Stage 1 Early cleavage (Figs. 1d, 3a). Yolk cells around
two to six oocytes enclosed in one egg capsule fuse and
form syncytia. Syncytia increase in size by means of yolk
cell fusion, reaching up to 250 μm towards the end of
stage 1. Cleavage divisions result in blastomeres that
dissociate and spread evenly within the syncytia (blastomere anarchy).
Stage 2 Embryonic epidermis, embryonic pharynx
(Fig. 3b). As isolated blastomeres undergo further cleavage divisions within the yolk syncytium, a small group
of type-1 blastomeres leaves the yolk syncytium and
differentiates into the embryonic pharynx and the embryonic epidermis. Yolk cell fusion to the syncytium continues opposite to where the embryonic pharynx is located,
until the embryonic epidermis fully encloses the embryo
(Fig. 2c).
Stage 3 Embryonic gut cavity (Fig. 3c). The embryonic
pharynx becomes functional and imbibes the external yolk
cells into the syncytium, thereby creating a yolk-filled
cavity in the center of the syncytium that becomes the
embryonic gut. As a result of the yolk cell intake, the
embryo increases in size. The syncytium is reduced to a
thin rind between the embryonic epidermis and gut cavity,
containing the embryonic cells. The embryonic epidermis
is complete and forms a thin ciliated epithelium covering
the outer surface of the embryo.
Stage 4 Gastrodermal cells and primordium of the
definitive pharynx (Fig. 3d). By stage 4, the embryo has
enlarged by continued yolk incorporation into the gut
cavity to 700–800 μm in diameter. Large, yolk-filled cells
appear at the surface of the gut cavity, which we interpret
as the first cells of the definitive gastrodermal layer. A
large cluster of embryonic cells that represent the primordium of the definitive pharynx assembles posteriorly
adjacent to the embryonic pharynx. The yolk syncytium
flattens and increases in surface area. Cells within the
syncytium proliferate rapidly and form a densely stacked
layer around the entire embryo. Differentiation of the first
definitive tissues starts by the end of stage 4.

Stage 5 Syncytium disruption and embryonic primordium
(Fig. 3e). The transition from stage 4 to stage 5 witnesses
the decline of proliferation among embryonic cells (with
the exception of those forming the definitive pharynx),
accompanied by their differentiation into fusiform and
multipolar precursors of muscle, nervous system, epidermis, pharynx, protonephridia and other cell types.
Differentiated cells have entirely replaced the former
syncytial yolk; from now on, the former rind of syncytium
becomes a layer of cells which may be fully homologous
to what is known as embryonic primordium in other
Turbellaria. At the same time, gastrodermal cells have
become more prominent and impress a “cobblestone”
pattern on the surface of the embryo (not shown). The
embryo as a whole has not grown much in size, since
almost all of the former external yolk had been imbibed by
the embryonic pharynx at prior stages.
Stage 6 Embryonic stretching and early organogenesis
(Fig. 3f). The formerly spherical embryo elongates in the
A-P axis and narrows both medio-laterally and (even more
pronounced) dorso-ventrally. The embryonic epidermis is
replaced by the definitive epidermis. Nerve cells extend
bundles of axons that form the primordia of the brain and
ventral nerve cords. Functional nerve cell differentiation
takes place, as monitored by the expression of neurotransmitters such as FMRFamide. A vertical muscular
septum divides the posterior gut into two diverticula. The
definitive pharynx primordium differentiates and forms
several concentric layers that include epithelial lining,
muscle and epithelial pouch.
Stage 7 Brain condensation and eye pigmentation
(Fig. 3g). The embryo stretches and narrows further in
the longitudinal and lateral-lateral axis, respectively. The
pharynx primordium, formerly located close to the posterior pole, shifts towards a more mid-ventral position. The
brain appears as two bilaterally symmetric hemispheres.
Within the nervous system, an outer cortex of nerve cell
bodies can be distinguished from a central neuropil. Two
pigmented eye cups form in the dorsal cortex of the brain.
Stage 8 Organ maturation (Fig. 3h). Integument, musculature, nerve plexus, pharynx and gut take on the
characteristics they display in the juvenile (see below).
The eyes enlarge and adopt their mature cup-shaped
structure. The yolk in the gut cavity has been transformed
into a lysed cell mass, surrounded by the gastrodermal
cells. Throughout stage 8, the embryo moves actively. It
will spend a few days in the egg capsule if left
undisturbed, but survives normally if dissected out.
Structure of S. polychroa juvenile
Juveniles of S. polychroa measure approximately 1.4 mm
in length and 0.7 mm in width and closely resemble the
adult stage in overall structure. The body wall encloses a
thin parenchyma, the brain and nerve cords, the massive
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Fig. 3 Morphologically defined stages of Schmidtea polychroa
development. a–h To scale, showing the spherical growth of the
embryo through stages 1– 4, and the morphing into a flatworm from
stages 5–8. f–h Anterior is up and ventral left. Right-hand column
shows schematic drawings of each stage. Stages 2–5 are modeled
taking the embryonic pharynx (eph) as the main landmark,
irrespective of other axial considerations, thus anterior is up and
posterior down. In stages 6–8 anterior is to the left and ventral is
down. a Stage 1: 50–150 μm diameter. Early cleavage of
blastomeres enclosed within syncytial yolk. b Stage 2: ~350 μm
diameter. Formation of embryonic epidermis and pharynx (white
profile) at the future ventral pole of the embryo. c Stage 3: 450–
500 μm diameter. Embryonic gut cavity (g) forms as embryonic
pharynx imbibes external yolk into the interior of the embryo
(arrowhead). d Stage 4: 700–800 μm diameter. Formation of
gastrodermis. As a result of the yolk uptake the embryo grows. The
syncytium, containing proliferating blastomeres, is reduced to a thin
rim between the embryonic epidermis and gut cavity. Two large
(100–200 μm) yolk-filled cells (bottom, white profiles) are visible
bilateral to the embryonic pharynx (eph). e Stage 5: ~950 μm

diameter. Cell and tissue differentiation. Precursor cells within the
yolk syncytium have increased in number and form multiple layers.
The syncytial yolk has all but disappeared. Differentiation of
different cell types (muscle, nerve, epidermis, protonephridia) sets
in. Gastrodermal cells (arrows) are more numerous and force a
complementary shape to the imbibed yolk cells. Definitive pharynx
primordium is visible over the embryonic pharynx (blue band over
eph). f Stage 6: ~1,100 μm longitudinally, ~850 μm latero-laterally.
Embryonic stretching and early organogenesis. A neuropil (np)
becomes conspicuous. The embryonic pharynx is not visible
anymore; the definitive pharynx primordium has grown further
(asterisk). g Stage 7: ~1,200 μm longitudinally, ~700 μm laterolaterally. Brain condensation and eye pigmentation. The pharynx
(ph) differentiates distoproximally and is relocated mid-ventrally,
simultaneous with the compartmentalization of the gut into three
caeci. h Stage 8: ~1350 μm longitudinally, ~650 μm latero-laterally.
Late differentiation. The yolk in the gut cavity is transformed into a
lysed cell mass, surrounded by the gastrodermal cells. The embryo
flattens further; compare the reduction of space dorsally to the
pharynx relative to the previous stage (g)
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pharynx and metameric sets of protonephridia. The
interior of the animal is filled with yolk, loosely bounded
by a layer of large gastrodermal cells (Fig. 4a).
The surface of the body wall is formed by a layer of
multi-ciliated epidermal cells. Ventrally, epidermal cells
are cuboidal and show a higher density of cilia than dorsal
epidermal cells (as shown for stage 7–8 embryos; see
Fig. 5k, l). Triclad epidermal cells are characterized by the
epitheliosomes, which are clustered underneath the apical
membrane. In addition to these intraepidermal epitheliosomes, one can distinguish rhabdites formed by subepidermal gland cells (for a review on epitheliosomes and
rhabdites see Rieger et al. 1991). These cells, whose cell
bodies are in most cases undetectable among the multitude
of other parenchymal cells, have slender necks that
penetrate the epidermal layer (Rieger et al. 1991).
Underneath the epidermis and separated from it by a
basement membrane is the muscular layer (Cebrià et al.
1997). Muscle cell bodies are irregularly clustered among
and below the muscle fibers (Fig. 4b, d). The nervous
system is represented anteriorly by the brain, consisting of
densely packed neurons that form a cortex around a central
neuropil (Fig. 4b, c). Cortex and neuropil of the brain
show neuromere-like metameric thickenings along their
anterior-posterior axis (Fig. 4f, i). Two pigmented eyes are
embedded into the dorsal cortex (Fig. 4b). Towards the
posterior end, the brain tapers out into the two ventral
nerve cords, tracts of longitudinal axons surrounded by a
cortex of neuronal cell bodies (Fig. 4g). Axons leaving the
brain and nerve cords form a plexus of fibers interior to the
muscle layer (submuscular plexus) and outside the muscle
layer (subepidermal plexus). It is not clear from our
material or the literature whether these plexus also include
peripheral nerve cell bodies, such as sensory cells
integrated into the epidermis.
By far the most complex structure of the juvenile triclad
is the pharynx (Fig. 4a). The pharynx represents a
“pharynx plicatus” (Hyman 1951), consisting of an
epithelial tube that is folded to form a protrusible tube
surrounded by an epithelial capsule. It is located in the
posterior half of the juvenile worm. The inner and outer
lining of the pharynx, as well as the surrounding capsule,
consist of a layer of cuboidal or squamous epithelial cells
(Fig. 4e–g). A network of circular muscles and radial
muscles fill the space between the inner and outer
epithelium (Fig 4e, j). Nerve cells are interspersed with
and indistinguishable from the cell bodies of these muscle
cells (Fig. 4e, g, j), forming the pharyngeal plexus, as can
be seen in preparations of stage-8 embryos (Fig. 6k, l).
The gut is formed by a layer of large, irregularly shaped
gastrodermal cells that form a porous barrier between the
yolk-filled gut lumen and the body wall. The gut already
has a trilobate structure, with one lobe pointing anteriorly
and the other two, flanking the pharynx (Fig. 4g, h),
located posteriorly. Vertical septa containing muscle fibers
separate the posterior gut lobes. In the adult, a plexus of
nerve fibers (gastrodermal plexus) is purported to surround
the gastrodermis (Baguñà 1974). Such a plexus is not

evident in the juvenile, although it would be easy to miss
in the absence of specific markers.
The protonephridial system is also very indistinct in
histological material, but can be easily appreciated in
whole-mount acTub-stained preparations of stage-7 embryos (Fig 10g–i). As described for the adult triclad
(McKanna 1968a,b) protonephridia form 4–5 metamerically repeated, branched tubes symmetrically located on
either side. At the tips of the branches are the flame cells;
branches themselves are formed by canal cells. Both cell
types appear prominently in acTub-labeled stage-7 whole
mounts owing to their ciliation and/or cytoplasmatic
tubulin (see below). Each protonephridial branch opens
to the outside through an indistinct nephridiopore.
In triclad adults, much of the space in between
gastrodermis and body wall is taken up by the parenchyma. Cells of the parenchyma are cell bodies of muscle and
gland cells, fixed parenchyma cells, and a population of
neoblasts that continuously replace the various differentiated tissues (Rieger et al. 1991). In late embryos and
juveniles, the parenchyma is virtually absent, formed by
the narrow spaces surrounding and underlying muscle
(Fig. 4b), pigment (Fig. 4h), neuronal (Fig. 4b, c, f, i) and
gland cells (Fig. 4b).
Organogenesis
In the following we will survey the morphogenetic events
that shape the development of individual organs in
chronological order, using the system of stages defined
in the previous section as a reference framework.
Epidermis
Schmidtea polychroa embryos form a transient, embryonic
epidermis at an early stage, which is later replaced by the
definitive epidermis. Blastomeres clustered around the
embryonic pharynx flatten and grow around the syncytial
yolk mass that has formed up to that stage. Additional
blastomeres at other locations probably migrate to the
periphery of the syncytium, flatten and join the nascent
embryonic epidermis. By stage 3, a complete, sparsely
ciliated layer has formed around the embryo (Fig. 5a–c).
Formation of the definitive epidermis begins at stage 5
(Fig. 5d–f) and is mostly complete by stage 7 (Fig. 5k–m).
This process has been investigated ultrastructurally by
Skaer (1965), whose results are supported by our data,
based on histology and antibody labeling. Blastomeres
scattered more or less evenly around the embryo begin
differentiation while still subepidermal (not shown). They
form cilia and intracellular epitheliosomes, before they
insert into the embryonic epidermis basally, as reported
from regeneration (Morita and Best 1974). Initially, epidermal cells are flat. In this squamous epithelium, clusters
of rhabdites are splayed out like flower petals (Fig. 5m).
During stage 7 the epidermal epithelium thickens, and
rhabdites aquire an apico-basal orientation (Fig. 5k, l). A
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Fig. 4 Structure of a Schmidtea polychroa juvenile. All panels
show 2-mm Epon sections of freshly hatched juvenile worm stained
with MTB. a Sagittal section, dorsal up, anterior left. Visible in this
section are the eye, brain (br), gut (gd) and pharynx (ph). b Enlarged
view of anterior part of section shown in a, illustrating brain
neuropile (np), cortex (co), eye, mucus gland cells (arrowhead),
dorsal and ventral epidermis, and muscle fibers (arrows) traversing
the brain. c Detail of neuropil (np), showing cell bodies all around
and inside. d Enlarged view of middle part of section shown in a.
Yolk-filled gut diverticulum (gd); vertical muscle fibers (mf) delimit
the gut diverticulum anteriorly and posteriorly. e Enlarged view of
posterior part of section shown in a. Layers of pharynx are (from
outside to inside): external and internal layer of ciliated pharyngeal
pouch epithelium (pe); radial (arrowheads) and circular muscle

layer, containing gland cells (dark blue); pharyngeal epithelium
(phe). f Transverse section of left half of S. polychroa juvenile at the
level of the brain. Note transversally extended “neuromere” or
lateral branch (lb) of the brain. g Transverse section at level of
pharynx (ph), displaying one of the caudal gut diverticula (gd)
running alongside the pharynx. Main nerve cord (vc) is visible
ventrally. h Enlargement of part of section shown in f, showing
(from dorsal to ventral): dorsal epidermis (epi), basement membrane
(arrow); muscle layers, pigment cells (brown meshes under
basement membrane), and gut diverticulum (gd). i Enlarged view
of part of section shown in f. Brain neuromere with multilayered
cortex surrounding neuropile (np). j Enlarged view of section of
pharynx shown in g. Layers of pharynx are labeled as in d, except
for circular muscle (arrowhead). Scale bar: 300 μm in a
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Fig. 5 Development of the epidermis. a–l Two-micron Epon
sections of embryos labeled with acTub that visualizes cilia of
epidermal cells. In m goat anti-mouse cy3-conjugated antibody
unspecifically labels epidermal cells in stage 7. a–c Stage 3.
Embryonic epidermis (arrows) is formed by a thin, sparsely ciliated
epithelium that stretches over the yolk syncytium (s). In a a large
cell that we interpret as a solitary early gut cell (gc) is located
between the syncytium (s) and the inner yolk mass (yk). In b and c,
the embryonic epidermis is seen separated from the syncytium
(arrows). Within the syncytium there is a type-1 blastomere
(arrowhead in c). d–f Late stage 5. At ventral positions (d), the
embryonic epidermis has been replaced by the definitive epidermis
(arrowhead points to flat nucleus) which can be recognized by its
denser ciliation and increased thickness. d A section of ventral body
wall, with continuous definitive epidermal layer covering the yolk
syncytium (germ band, gb) that contains blastomeres (blue profiles
within). Underneath the blastomere layer is the gut cavity, delimited
by gut cells (gc). Small patches of ventral epidermis are still covered
by embryonic epithelium (e, arrow). The dorsal surface (f) is still

covered in its entirety by embryonic epidermis. g–j Stage 6.
Epidermis has increased in thickness. Myocytes form a densely
packed multilayer underneath the epidermis. Gland cells, recognizable by their circular arrays of rhabdites (in h, i) and lack of apical
ciliation (arrow in h, i) are interspersed at regular intervals in the
epidermis (see also panels below). In some locations in the dorsal
epidermis one still encounters remnants of the embryonic epidermis
(in j). k–m Stage 7. The epidermis has further increased in
thickness. Cilia are longer and more densely packed in the ventral
epidermis (k) than dorsally (l). Numerous rhabdite-forming gland
cells can be recognized in the epidermis (red arrows in k, l), as well
as subepidermally (black arrow in l). This epidermis is indistinguishable from that of the juvenile. m Z-projection of multiple
confocal planes of stage-7 embryo surface, visualizing tiling of
epidermal cells (red; nucleus in faint green). Interspersed at regular
intervals are epidermal gland cells appearing green because of the
autofluorescence of rhabdites. Scale bar: 20 μm in a, b, d–h, m and
10 μm in c, i–l
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basal membrane, which becomes visible by stage 7, separates the muscle layers from the epidermis.
Pharynx and gastrodermis
The embryonic pharynx develops during stage 2 from a
cluster of blastomeres within the syncytium (Fig. 6a, b).
Labeling with acTub and tyrTub allows one to document
the transition of the embryonic pharynx from a solid
mesenchymal mass (Fig. 6c) to a ring-shaped array of
circular and radial muscle fibers (Fig. 6f). In all, the
embryonic pharynx comprises 30–40 cells (le Moigne
1963). In semithin histological sections, an inner epithelial
lining is visible (Fig. 6e). A transient gut lining previous to
any yolk-filled cavity has been reported by le Moigne
(1963), but the same author noted the impossibility of
tracking the structure any further, and our material does
not confirm its existence.
During stages 3 and 4, the pharynx contracts and
expands rhythmically, thereby pumping the external yolk
into the embryo. The yolk-filled cavity represents the
lumen of the gut (Fig. 6e). It is unclear whether the pumping action is responsible for the formation of the lumen, or
whether other mechanisms are involved.
The gastrodermis is formed by large, yolk-rich cells that
appear during stage 4 (Fig. 5d–f) at the interface between
internal yolk and syncytial yolk. Beside these regular
gastrodermal precursors, several transient, multinucleated
gigantic cells (50–200 μm) appear within the yolk. Two of
these cells invariably flank the embryonic pharynx
(Figs. 3d, 5a). These cells may correspond to a vestigial
gut as described for proseriates (reviewed in Thomas
1986). As embryogenesis proceeds, regular gastrodermal
cells grow in size and number, and eventually define a
continuous gastrodermal layer (Fig. 5d). The gut lumen is
filled with a mass of lysed yolk cells. Vertically oriented
muscular septa subdivide the gut into numerous diverticula starting around stage 6 and growing through stages 7
and 8 (Fig. 10g). The first and most prominent of these
septa is the one that grows in the sagittal plane behind the
pharynx and divides the posterior gut into bilaterally
symmetric left and right lobes. These two lobes, along
with the unpaired lobe anterior to the pharynx, account for
the “triclad” (= three-lobed) structure of the planarian gut.
Thereafter, metamerically repeated parenchymatic septa
on both sides carve out the lateral diverticula of the gut
(not shown).
The complex definitive pharynx originates from a
mesenchymal primordium that appears posteriorly adjacent to the embryonic pharynx at stage 4 and enlarges
during stages 5 and 6 (Fig. 6g–i). After an initial phase of
proliferation that lasts into stage 6, the pharynx primordium differentiates into a ciliated interior epithelial lining,
surrounded by circular and longitudinal muscle fibers, as
well as FMRF-immunoreactive nerve cells that innervate
the muscle (Fig. 6j–l). During stage 7, the pharynx is
enveloped by an epithelial fold that gives rise to the pouch
into which the pharynx of the hatched animal can be

retracted when not feeding (Fig. 6i–l). This pouch
develops in the mesenchyme surrounding the pharynx
primordium and secondarily fuses with the ventral
epidermis, thereby generating the mouth opening (not
shown).
During late stages, the position of the pharynx changes
from posterior-ventral to mid-ventral (Fig. 3f–h). This shift
coincides with the morphallactic process by which the
spherical immature embryo is compressed and lengthened
to adopt the flat, elongated shape typical of the late
embryo. It is therefore difficult to determine to what extent
the anterior displacement of the pharynx represents a true
migration process in which cells move relative to their
neighbors, or whether this displacement results from
generalized spatial reorganization of embryonic tissues.
Muscular system
The mature muscular system underlying the epidermis
consists of four layers, comprising (from outside to inside)
circular, fine longitudinal, diagonal and thick longitudinal fibers (Cebrià et al. 1997). Myocytes can be first
recognized in the stage-5 embryo on the basis of their
shape and labeling with tyrTub antibody (Fig. 7a–f) and
TMUS monoclonal antibody (Cebrià et al. 1997; not
shown). At this early stage, myocytes form a population of
mostly rounded cells intermingled with other precursor
cells that make up the embryonic primordium. Some cells
have become bipolar myocytes, sending out a thin process
in opposite directions (Fig. 7b). The orientation of these
first fibers appears to be quite random. During stages 6 and
7, the number of muscle fibers increases, and a quasiorthogonal orientation of fibers emerges, although a considerable number of fibers extend at unorthodox angles
(Fig. 7g–l). In this respect, myogenesis in Schmidtea and
triclads in general differs from myogenesis in other flatworm taxa, notably acoels (Ladurner and Rieger 2002) and
macrostomids, in which myocytes from the very beginning
of muscle development form a strictly orthogonal pattern
(Reiter et al. 1996).
Muscle differentiation coincides with embryonic elongation, which suggests that active muscle-driven force
causes elongation, as supported by the observation of
muscular contractions in live stage-6 embryos.
Nervous system
Nerve fibers can be visualized by anti-FMRF and acTub,
although labeling with the latter appears to be incomplete
and is likely to show different subsets of neural elements at
different stages. A definitive neural primordium, consisting of two bilaterally symmetric condensations of neural
precursors along with longitudinally and transversally
oriented neurites, takes shape during stage 6. However,
neurogenesis starts much earlier. Thus, accompanying the
opening of the gut cavity during stage 3, acTub labels a
pair of thin nerve tracts that originate close to the
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embryonic pharynx and extend anteriorly (Fig. 8a). We
interpret these tracts as the ventral pioneer nerve cords
(PNC). The tracts remain clearly visible with acTub
throughout stage 4 (Fig. 8d), and into stage 5 (Fig. 8g–l).
PNC grow in size as they are joined by additional early

differentiating neurons. Starting out as round cells, they
grow out one process (Fig. 8f), which later develops
multiple branches (Fig. 8i). From the beginning, the main
(primary) processes of neurons are mainly oriented longitudinally (Fig. 8i). During stages 4 and 5, in addition to
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3 Fig. 6 Development of the pharynx. a–g Embryonic pharynx; h–l,
definitive pharynx. MTB stains over 10-μm paraffin (b, d, g, i, j)
and 2-μm Epon sections (a, e, h, k), and z-projections of multiple
confocal planes of whole mounts (c, f, l). a Early stage 2. Several
type-1 blastomeres are found clustering or proliferating by the
syncytial surface, simultaneous with embryonic epidermis extension
over the surface. b Middle stage 2. Cells within the cluster began
differentiating. A type1 blastomere is visible on the right (arrow). c
Whole-mount view of similar stage as b (red AcTub, green Sytox).
The bottom cell is differentiating into an embryonic epidermal cell
(arrow). d Late stage 2. The embryonic pharynx, embedded into an
intact syncytium (s), has a clear lumen (lu), radial and circular
muscle layers wrapping it, and apical chamber (asterisk) of
unknown function. Several such chambers exist adjacent to the
embryonic pharynx and persist into stage 3. It has not yet started
“slurping” external yolk cells. e Stage-4 pharynx. Although slightly
larger, the pharynx has not undergone any major change. Due to its
action through stage 3 and 4 an inner gastric cavity filled with
external yolk cells is now present and the syncytium has been
deformed into a peripheral rind (s) in which the pharynx itself is
inserted (asterisk unknown chamber remnant, arrows epithelial
lining of the lumen). f Whole-mount of stage-4 pharynx, stained
with TyrTub. Radial and circular muscle fibers are most conspicuous, as well as a circle of unidentified—maybe gland—cells
(arrow) around the opening. g Stage-5 pharynx, slightly nontransversal view. Although it may be functional, its slurping function
is no longer needed. The growth of the definitive pharynx primordia
(php) has now totally enclosed the pharynx. h Stage 6, sagittal
section, ventral down, anterior to the left. The definitive pharynx
primordia has undergone further growth by means of cell proliferation, and a small invagination of ventral epidermis, heavily ciliated
(ci; cilia stained with AcTub, brown), is visible in the caudal part. i
Stage-7 definitive pharynx, transversal view. Cells organized
roughly in circular layers, yet undifferentiated. Note the starting
pharynx pouch (arrows). j Stage 7, longitudinal view, anterior up,
ventral to the left. Its layers are differentiating in a circular pattern, in
a distal (posterior) to proximal (anterior) wave. The pharynx cavity
follows the same direction of differentiation. k Stage 8, sagittal
section. Epidermal and endodermal layers visible; the pharynx
parenchyma consists of radial and longitudinal muscle layers, not
clearly visible here. The entire pharynx lumen has villosities, visible
here at the innermost section (up). This pharynx is undistinguishable
from that of the juvenile. l Stage 8, z projection of central confocal
planes of whole mount. The pharynx epidermis and cavity show a
ciliated epidermis (cilia in red, AcTub), and FMRF (blue) outlines
part of the pharyngeal nervous system; green nuclei stained by
Sytox. ci Cilia, ykint internal yolk, hm hull membrane, lu lumen, php
pharynx primordium, po pharynx pouch, s syncytium; scale bar is
10 μm for a, 20 μm for b–g, and 40 μm for h–l

the axons of the PNC, a dense network of acTub-positive
neurons appears (Fig. 8h, i, k), which forms a sizeable
fraction of the embryonic cells at these stages. These cells
are likely to grow into the submuscular neural plexus
described for the mature triclad (in Reuter et al. 1996).
Thus, by stage 5, when the yolk syncytium collapses, the
nerve plexus contacts the differentiating myocytes, as well
as other cell types, that have formed within the syncytium.
In early embryos (stages 2–4), another type of acTubpositive cell was observed that differed significantly from
the unipolar neural cells described above. This type of cell,
which we term a “star cell”, is large and multipolar, and
localizes at the equatorial plane of the embryo (Fig. 8b–e,
g, h). Star cells appear during stage 2 at the interface
between embryonic epidermis and the syncytial yolk layer
as a small set of multipolar cells that immunoreact with
acTub, tyrTub and anti-serotonin (not shown). During
stage 3 they grow considerably and loose their expression

of serotonin. We cannot rule out that the later star cells
represent a class of cells separate from the earlier ones.
During stage 3, the somata of star cells are found over
the syncytial membrane, and radially project processes
extending at the interface between the syncytial membrane
and inner yolk (Fig. 8c). Star cells reach an enormous size;
the neuritic arborization of a single star cell covers
approximately 30% of the embryonic perimeter (Fig. 8c, g,
h). Star cells may constitute a transient population of early
embryonic neurons, akin to the transient embryonic
pharynx or embryonic epidermis.
By stage 6, the intensity of labeling of nerve cells with
acTub decreases, which makes it impossible to follow later
stages of neural development with this marker. However,
the PNC and the ventral neural precursors that join them,
as well as a pair of lateral cords (Reuter et al. 1995b)
become FMRF immunoreactive (Fig. 9a, b). The antibody
against FMRF reveals cell bodies, arranged in multiple
rows along the ventral nerve cord, as well as neurites.
Longitudinal neurites are positioned throughout the ventral
nerve cord and appear to form a sizeable fraction of the
axons of this structure; both nerve cell somata and neurites
are FMRF immuno-positive (Fig. 9d, e). Regularly spaced
ganglia are visible on the ventral nerve cords from stage
6 onward as concentrations of FMRF-immunoreactive
cells (Fig. 9b, d, e); thinner commissural tracts and lateral
branches can be recognized as well, parting from the
ganglia. The lateral cords are thinner than the ventral
cords. They extend at the edge of the animal, where
ventral and dorsal epidermis meet (Fig. 9a, b, d, e), and
consist of a row of strong FMRF-immunoreactive cells
lying underneath the epidermis. Each cell projects one or
two main neurites laterally into the epidermis, and maybe
a third neurite towards the ventral nerve cords (Fig. 9g).
Their morphology suggests a sensorial function.
By stage 7, the brain shows a small neuropil whose
pattern of FMRF-immunoreactivity does not differ from
that of nerve cords (Fig. 9f). Both ventral nerve cord and
brain constitute a continuum and exhibit an almost metameric pattern of labeling, in the sense that areas of high
FMRF-signal are separated from each other by transverse,
septum-shaped domains with low signal (Fig. 9d–f).
The eyes appear by the end of stage 6 as two bilateral
clusters of pigmented cells surrounding central photoreceptors. The eyes are immersed in the parenchyma,
dorsal to the ventral nerve cords (not shown). As the
embryo flattens and the brain condenses through stages 7
and 8, the eyes approach each other, keeping their relative
position to the ventral nerve cords.
Protonephridial system
In the stage-5 embryo, acTub labels regularly spaced
clusters of small cells arranged along the lateral equator
of the embryo (Fig. 10a–c). These cells are round and
oriented around a central, acTub-positive stalk, which we
interpret as the first appearance of a protonephridial lumen.
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3 Fig. 7 Muscular system. Panels of the left and middle column show
z-stacks of multiple confocal planes taken of whole-mounts of
embryos labeled with tyrTub. Panels of the Right-hand column show
10-μm paraffin sections stained with MTB. a–c Stage 4. TyrTubpositive myocytes appear as mostly spherical cells (a). Some
myocytes have started to differentiate into bipolar, fusiform cells
(arrow in b). These fusiform cells also appear infrequently on
histological cross sections underneath the germ band (arrows in c).
d–f Stage 5. Myocytes have increased in number and form multiple
layers (d, f). Most myocytes have formed processes that radiate out
from the cell bodies without showing any preferred orientation (e).
We cannot exclude that some of the thin, non-polarized fibers visible
at a deeper level (arrows in e) form part of the submuscular nervous
plexus. The histological section in f shows a dense subepidermal
layer of myoblasts and other precursors. Strands of myoblasts have
invaded interior spaces of the embryo in between gut cells (gc);
these cells will eventually form the transverse and vertical muscle
septa which are fundamental in shaping the late embryo. g–i Stage 6:
g, h anterior top-left, dorsal top-right; myoblasts have differentiated
into fibers that start to assemble into an orthogonal pattern of
longitudinal and circular elements. Histologically, myoblasts at this
stage appear as elongated cells organized in parallel strings (i). j–l
Stage 7. Orthogonal muscle plexus is nearly completed. Compared
to stage 6, the spacing of muscle fibers is smaller, indicating that
additional elements have been incorporated into the muscle pattern
(compare spacing of fibers in h and k). The histological section (l)
shows longitudinally sectioned muscle fibers underneath the
epidermis (arrowheads) and crossing the interior of the embryo
between gut diverticula as transverse fibers (arrow). Scale bar in a is
100 μm and applies to a, d, g and j. Scale bar in b is 35 μm and
applies to all other panels

Slightly later, the presumed protonephridial precursors
grow in size, elongate and bend, forming a tube.
In the stage-6 embryo, star-shaped arrays of tubules
(protonephridial primordia) are detected. At its tip, each
tubule shows three to five fine branches which we interpret
as indicating the position of the developing cyrtocytes
(flame cells; Fig. 10e, f). Protonephridial primordia appear
at the nuclei-dense regions which mark the parenchymatic septa that subdivide the gut into lateral diverticula
(Fig. 10d). Thus, the same mechanism that generates the
regular array of gut diverticula may also control the spacing
of protonephridial primordia. The regular, almost metameric arrangement of protonephridial primordia becomes
even clearer during stage 7, when the embryo has flattened
and elongated (Fig. 10g). Each primordium has one main,
transversally oriented duct that extends from the lateral
body wall to about one third of the embryo diameter into
the interior (Fig. 10g–i). The main duct gives off a variable
number of thick branches, which in turn form a large
number of fine branches. We did not follow the fusion of
protonephridial primordia into the longitudinal ducts that
have been reported for the adult (McKanna 1968a,b).

Discussion
We have described embryogenesis in the triclad S. polychroa using a morphological staging system introduced
in a series of recent papers on flatworm development
(Hartenstein and Ehlers 2000; Younossi-Hartenstein et al.
2000; Younossi-Hartenstein and Hartenstein 2000a,b). Our
system of eight stages is also in reasonable agreement with

the staging proposed by Bennazzi and Gremigni (1982) for
triclads. Stage 1 defines early cleavage. Stages 2 and 3, i.e.
later cleavage, witness the differentiation of the provisional
embryonic epidermis and the embryonic pharynx, which
pumps yolk into the embryo, thereby creating the gut cavity.
Loose organ primordia, in the form of populations of
postmitotic precursor cells of the nervous system, definitive
epidermis, pharynx and gastrodermis, appear during stages
4 and 5. During stages 6 and 7, these primordia consolidate
into structurally defined organs and the previously spherical
embryo takes on a worm-like shape. Stage 8 describes
the fully differentiated embryo. We will discuss in the
following the significant similarities and differences we
could establish for S. polychroa in comparison to other
flatworms described in the literature.
General characteristics of S. polychroa embryogenesis
Together with several other taxa, including rhabdocoels
and the parasitic neodermatids, triclads form the neoophoran clade of flatworms. As such, they are characterized
by the possession of specialized yolk cells that form a
thick layer around the oocyte. As a result, neoophoran
embryos develop in a way that deviates in several respects
from the typical course of spiralian development observed
in more primitive flatworm taxa lacking an outer yolk
layer (archoophorans). Triclads share several characteristics with other neoophorans, but are unique in other
respects. Like other neoophorans, triclad embryos do not
exhibit the regular pattern of spiral cleavage divisions that
would lead to orderly placed quartets of macromeres and
micromeres. On the contrary, the early neoophoran embryo forms an irregular mass of about equally sized blastomeres, the embryonic primordium, which is located in
the center of the yolk. From within the embryonic primordium, organs differentiate without overt gastrulation
and formation of germ layers. In triclads, blastomeres are
highly motile and move around in the yolk (“blastomere
anarchy”). A further unique phenomenon that distinguishes triclads from other neoophorans is the differentiation of an embryonic pharynx which pumps yolk into
the embryo, thereby creating the gut cavity. During this
process, the embryonic primordium is displaced to the
periphery, forming a thin cell layer around the gut cavity,
which has been traditionally known as the germ band
(Mattiesen 1904). The spreading of the embryonic primordium has an important consequence for later development. As different cell types begin to differentiate, they
do not form compact organ primordia, such as the brain,
pharynx and myoblast layer that are observed in other
flatworm embryos of comparable ages. Instead, several
types of precursors are intermingled and form irregular
layers of cells in which they can be recognized only with
the help of specific markers. Only relatively late in development do organ primordia consolidate and shape an
organism that finally exhibits all the characters of a typical neoophoran flatworm embryo.
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A particularity of cleavage that attracted our attention
was the presence of two histologically distinct types of
blastomeres, described in this paper as type-1 and type-2
blastomeres. In his analysis of the triclad Polycelis nigra,
le Moigne (1963) mentions only one type of blastomere
that clusters around the embryonic pharynx and peripher-

ally within the yolk syncytium. In appearance and distribution, the P. nigra blastomeres correspond to our type-1
blastomeres. The above also applies to earlier descriptions
of planarian cleavage by Metschnikoff (1883), Fulinski
(1916), Seilern-Aspang (1958), and Koscielski (1966).
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3 Fig. 8 Early events in nervous system development; z-projections
of confocal images of embryos labeled with acTub. a–c Stage 3. The
acTub labels embryonic epidermis (cilia ci), embryonic pharynx
(eph) and pioneers of ventral nerve cord (pnc). In a (labeling of
superficial cilia digitally removed) ventral cord pioneers can be seen
to originate in the vicinity of the embryonic pharynx and travel
anteriorly. Part of a large multipolar cell (star cell stc) is visible in
the anterior half of embryo; b and c illustrate the star cell in its
entirety (cell body red arrow). The processes of star cells and ventral
cord pioneers extend at the interface between the yolk syncytium
and inner yolk (gut; outlined in yellow). d–f Stage 4. Star cells (d
red arrows) persist and increase in complexity of arborization (e).
AcTub starts labeling a subset of neural precursor cells which grow
out short processes (f arrows). g–i Stage 5. Star cells have reached
their maximum extension (right box in g, shown at higher power in
h). Founder nerve cords (arrowheads in g point at one visible end of
each) are joined by an increasing number of acTub-positive nerve
cells. These cells (high power view shown in i) are unipolar, forming
processes that are preferentially oriented longitudinally (top left to
bottom right in i). j–l Late stage 5. Embryonic pharynx (red profile
in j), adult pharynx primordium (dense cloud of nuclei; php), and
nerve cord pioneers (arrowheads in j; pnc); k and l are
magnifications of boxes in j. Nerve cell processes have branched
profusely (k, l) and form a network that probably pioneers the
submuscular nerve plexus. Note in f, h, i and k there are two types
of cells: (1) small, highly condensed nucleus, no acTub labeling; (2)
large, low density nucleus, acTub labeling. Scale bar in a is 100 μm
and is valid for a, b; 20 μm in c; 100 μm in d; 50 μm in e; 50 μm in
f and applies to f, h, i, k, l; 200 μm in g and applies to g, j

Type-2 blastomeres fundamentally differ from type 1,
which may hint at a distinct developmental origin for these
two types of cells. Type-2 blastomeres are smaller and
much more numerous than type 1. They are always found
within the yolk syncytium, from which they are not set
apart by a visible cleft. It is possible that type-2 blastomeres do not descend from the zygote, but from yolk
cells instead. Yolk nuclei are transcriptionally active (le
Moigne 1963), which is rather unexpected from terminally
differentiated cells joining a syncytial mass assumed to
host and feed zygote-derived blastomeres. Furthermore,
according to le Moigne (1963), the number of syncytial
yolk nuclei is too low to account for all the yolk cells that
initially fuse to form the syncytium, suggesting that part
of these cells may dedifferentiate and then transform into
blastomeres. Syncytial yolk nuclei have been described
to move to more central positions within the syncytium
(Koscieslki 1966) where we have observed numerous mitoses throughout stage 2 (Fig. 1f). Furthermore, only a
small fraction undergo the process of karyorrhexis (nuclear
resorption; le Moigne 1963; A. Cardona, V. Hartenstein, R.
Romero, unpublished), while most remain intact and show
signals of activity such as large nucleoli (le Moigne 1963,
1968). The hypothesis of yolk cell nuclei participating
in forming the embryonic cells is not all that unlikely,
given that yolk cells have been described as modified
oocytes (Domenici and Gremigni 1974), and planarian
cell dedifferentiation involving germinal cells has been reported elsewhere (Gremigni et al. 1982). Further experiments, perhaps using the newly available yolk cell markers
such as Dryg (Hase et al. 2003), are needed to clarify the
origin of type-2 blastomeres. More careful investigations
on the structure and origin of the type-2 blastomeres are

in preparation (A. Cardona, V. Hartenstein, R. Romero,
unpublished).
Establishment of the body axes
In embryos of most animal phyla, the cardinal body axes
become morphologically manifest during gastrulation. In
spiralians, descendants of the 4d micromere, constituting
the mesoderm, shift to one side of the embryo, which
defines the ventral side (Hyman 1951). Descendants of the
first and second micromere quartets form the brain
primordium that defines the anterior pole of the embryo.
A similar establishment of body axes has been described
for archoophoran polyclad flatworms, whose early development largely conforms to a spiralian pattern (YounossiHartenstein and Hartenstein 2000b). In rhabdocoels, the
dorsal-ventral axis is defined at stage 3, when the embryonic primordium moves to one side of the surrounding
yolk, which will become ventral. Shortly thereafter, organ
primordia, notably those of the brain and pharynx, become
apparent and define the anterior-posterior axis (Bresslau
1904; Hartenstein and Ehlers 2000). In the S. polychroa
embryo, the dorsal-ventral and anterior-posterior axes are
manifested similarly, with the appearance of the embryonic
pharynx by stage 2 and PNC at stage 3. Since the PNC
continue into the juvenile and adult flatworm where their
orientation is antero-posterior, and given the extreme
position of the embryonic pharynx relative to the PNCs
at all stages until its resorption by stage 6, we consider
the embryonic pharynx defines the posterior pole of the
embryo. The PNCs extend from the pharynx to the anterior
pole; their position defines the ventral side. At a later stage,
when the embryo transforms from its initial spherical shape
into a worm-like body, the definitive pharynx (whose
primordium overlays the embryonic pharynx) shifts forward, to end up at a mid-ventral position.
Triclad embryos differ from other rhabdocoel embryos
in that they do not present the late epibolic spreading of
organ primordia. As described above, the embryonic
primordium of rhabdocoels forms a disc located at the
ventral side of the yolk (Hartenstein and Ehlers 2000, and
references therein). Within this disc, the outer cells form
the primordium of the epidermis; muscle and nerve cell
precursors form the inner layers. As development proceeds, the layered disc spreads around the yolk. The dorsal
surface is covered by epidermal cells and muscles only
late in development. In contrast to this configuration, the
embryonic primordium in triclads is a spherical layer
surrounding the yolk from stage 3 onward, known as the
germ band. Precursors of epidermis, muscle and nerve
cells appear at all dorsal-ventral positions at similar times
in development. However, the epibolic behavior of the
transient embryonic epidermis occurring in the early embryo can be compared with the epiboly of rhabdocoels.
Thus, blastomeres that give rise to the embryonic epidermis
of triclad embryos are clustered around the pharynx, from
where they spread around the syncytium.
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Fig. 9 Later events in neural development. All panels except c
show z-projections of confocal images of embryos labeled with
FMRF (white or blue) and acTub (red); b–g ventral view, anterior to
the left. a Earliest FMRF signal is reported on the lateral nerve cord
cells by the end of stage 5. b Stage-6 embryo. A pair of lateral cords
(arrows) shows stronger FMRF signal than the pair of ventral nerve
cords (arrowheads). c Transversal paraffin section of stage-6
embryo head. Ventral is down. The embryonic primordium (blue
band at the bottom) is much thicker in anterior regions than
elsewhere; most cells may be postmitotic brain precursors which
will condense over ventral nerve cord anterior ganglia into two
bilaterally symmetric brain hemispheres. Sytox labeling in whole
mounts also shows this anterior concentration of nuclei (not shown).
d Stage-7 embryo. Lateral cords run the edge of the flatworm and do
not end at the brain; a pair of ventral cords (more central) display
several ganglia and contact each other at the tip of the head.
Commissures interconnect bilateral ganglia. Lateral branches interconnect ganglia with lateral cords. e Detail of d showing, from top to

bottom, commissures, ventral nerve cord, lateral branches and lateral
cord. Note big, lateral cord cells (white profiles at the bottom) which
are typically monopolar and project into the epidermis. Bipolar cells
can be seen between contiguous ganglia (arrow) of the ventral nerve
cord, and also within lateral branches (arrowhead). f Head of stage-7
embryo. FMRF typically stains enlarged, packed ganglia on the
ventral nerve cords, which are connected by a U turn. Many acTubstained fibers (red) run in the medial side of the cords and between
them and the ventral epidermis. g Detail of head epidermis. Three
large, bipolar or tripolar cells (central row) project underneath the
epidermis (top row: autofluorescent rhabdites blue, underneath cilia
red). FMRF- and/or acTub-positive fibers can be seen running
towards the ventral nerve cords (bottom half). These cells may be
sensorial components integrated into the lateral nerve cords. h Stage7 embryo; anterior to the left, dorsal view. Many FMRF-positive
fibers run underneath the epidermis. Some lateral cord cells are
visible (top and bottom, white profiles by the edges). Scale bar is
20 μm in a, g, 200 μm in b, d, h, 50 μm in c, 40 μm in e, 100 μm in f

The role of yolk cells in S. polychroa embryogenesis

large proportion of blastomeres (type 2) may even
constitute the progeny of syncytial yolk nuclei, rather
than the zygote, has been discussed in a previous section.
In addition, the syncytial yolk can be assumed to play an

During cleavage, the blastomeres of triclad embryos are
enclosed within the syncytial yolk. The hypothesis that a
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Fig. 10 Development of the protonephridia; z-projections of multiple confocal planes of whole-mounts labeled with acTub (red) and
the nuclear marker Sytox (green). Epidermal cilia, strongly acTublabeled, have been digitally removed except at the lateral sides. a–c
Stage 5. Lateral view, anterior to the bottom. a Subset of clusters of
acTub-positive cells (arrowheads) are grouped along the lateral
equator of the embryo. b High magnification view of these clusters
(circles), which are likely to be the first sign of protonephridial
primordia. Other acTub-positive cells, larger in diameter and less
densely packed, may presumably be neural and muscle precursors. c
Detail of lower-left cluster in b; these clusters are composed of
small, cytoplasm-poor cells which are grouped around a strongly
acTub-positive central stalk. Their faintly stained nuclei is typical
of embryonic undifferentiated cells. d–f Stage 6, dorsal view. d
Protonephridial primordia have grown into branched tubes (arrowheads) grouped at rather regular distances along the lateral edge of
the embryo, over the most nuclei-dense region, which corresponds to
lateral parenchymatic regions. Peripheral red patches are definitive,
heavy ciliated epidermal cells. e Higher magnification of individual
protonephridial primordium. Tips of acTub-positive tubes bear fine
branches, which mark the position of cyrtocytes. The large-diameter

duct (collecting duct) ends at the lateral epidermis (arrowhead).
Three smaller ductules converge onto the collecting duct. f More
advanced stage-6 embryo. Ending cells (cyrtocytes) show characteristic small processes, and apical nucleus (arrowhead). Tubules are
thinner and longer, composed by cells with a lateral nucleus (arrow).
Other thin fibers belong to the differentiating submuscular and subepidermal nervous plexa. g–i Stage 7, dorsal view. g Anterior at
bottom left; protonephridial tubules are visible bilaterally and transversally. Opening pores are presumably by the lateral sides. Protonephridal tubules lay in nuclei-dense regions corresponding to the
interspace between lateral gut branches. h Detail of g; lateral to the
right, anterior down. While some protonephridia display two or three
branches, others remain single. Upper protonephridium is reversed
in orientation and coils medially (arrow), before opening into the
pharyngeal cavity (not visible); cyrtocytes are close to the epidermis
(right). i Detail of g. Note protonephridial cells are larger (circle
cytoplasm visible by faint acTub staining in the same confocal
plane) than the strongly acTub-positive tube. Tubules typically run
among nuclei-rich parenchymatic regions. Scale bar is 100 μm in a
and applies to a, d, g; 20 μm in b and applies to b, e, h; 10 μm in c;
20 μm in f and applies to f, i
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important role in the early phase of triclad embryogenesis,
since it forms the 3-D scaffold in which blastomeres
spread out. TyrTub labeling revealed a dense microtubule
network in the syncytium (data not shown) which may be
a key element in locating maternal determinants (yolk cells
fusing to form the syncytium and the syncytium itself are
known to be RNA-rich; le Moigne 1963; Koscielski 1966)
that set up the body axes and distinct cell fates.
During stage 3, ingestion of external yolk by the
embryonic pharynx transforms the syncytium into a thin
rind surrounding an inner gut cavity. At this point, the
syncytium forms the substrate that separates the differentiating epidermal and gastrodermal epithelia, and hosts
proliferating embryonic cells. The embryonic epidermis
spreads over the external syncytial surface, whereas gastrodermal cells line the inner syncytial surface. It has yet
to be shown whether gastrodermal cells originate from
blastomeres or inner yolk cells. The inner syncytial surface
also serves as the substrate for the ventral nerve pioneers
and early differentiating neurons (star cells). The syncytium is thus instrumental in compartmentalizing the early
embryo.
During stages 4 and 5, syncytial yolk gradually disappears from the germ band. This is due in part to the
expanding diameter of the embryo as more external yolk
cells enter the gut cavity. In addition, the growing number
of embryonic cells may take up the yolk. Embryonic cells
become arranged in multiple layers around the yolk-cellfilled gastric cavity. It has yet to be shown whether, in the
absence of such inner yolk, the embryo would develop
normally. Stage-2 embryos are approximately equal in
size, but at later stages S. polychroa embryos can differ
enormously in size. We suggest that yolk cell intake by
means of the embryonic pharynx is responsible for such
size differences, because the more internal yolk cell volume, the more peripheral surface available for tissue formation. Significantly, in egg capsules with many embryos
(>3) and no left-over external yolk, some embryos could
be very small compared to others. No such size differences were apparent in egg capsules with left-over yolk.
This observation suggests that the size of a late embryo is
determined by the amount of yolk it was able to ingest.
By contrast, it is unlikely that reduced size could be the
result of precocious differentiation. One might speculate
that embryos compete for yolk inside the egg capsule.
Indeed, abortive embryos are present among stage-3 to -8
embryos, but never before, suggesting that abortive embryos reach stage 2 but fail to incorporate yolk cells and
thus to proceed further. In egg capsules with a single
embryo, this does not incorporate all available yolk cells,
which suggests there is not only a lower but also an upper
limit to yolk cell incorporation into the gastric cavity.
Development of the neuromuscular system
Given that muscle activity is driven by motoneurons, close
interactions between precursors of these cell types are to
be expected in the developing organism. Such interactions

have indeed been described for many groups of animals,
including flatworms (for review see Reuter et al. 1995a,b).
In higher animals, nerve cells and muscle cells originate
from separate germ layers, i.e. the neuroectoderm and
mesoderm, respectively. To connect to a target muscle, a
motoneuron has to extend an axon outside the central
nervous system.
In flatworms and other “lower” invertebrates, including
the nematode C. elegans, the progenitors of motoneurons
and muscles innervated by them arise in close proximity
(Plunket et al. 1996). In macrostomids, both nerve and
muscle precursors differentiate at around the same time.
Myocytes are arranged in an orthogonal pattern (Rieger et
al. 1991b; Hooge 2001) that may well serve as a scaffold
orienting differentiating neurons. In the S. polychroa
embryo, development lasts much longer than in macrostomids. A small set of nerve cells appears at an early
stage and lays down two ventral axon tracts. From mid
stages of embryogenesis onward, nerve cells are continuously added. According to our results, nerve and
muscle precursors are intermingled. Both initially form a
quite irregular meshwork of processes, which only
secondarily get “straightened” into an orthogonal system.
We did not distinguish which of the two precursor
populations, nerve or muscle, plays the leading role in
the reorganization process. However, we have reported
(see Organogenesis) that acTub labeling appears earlier in
embryogenesis than muscle markers, suggesting that the
nervous tissue differentiates earlier and may thus polarize
the muscle tissue. In planarians, the correlation of muscle
with nervous tissues has never been demonstrated,
although a link has been shown between muscle cell
survival and secreted factors (Bueno et al. 2002).
The time of nerve and muscle differentiation (stage 6)
temporally, and possibly causally, correlates with two
decisive events in S. polychroa development. First, the
morphallactic change from a yolk-filled sphere to a
flattened and elongated embryo takes place during stage
6, and we propose that active contraction of muscle fibers
(possibly enhanced by neuronal activity) is the driving
force behind the elongation, as supported by the fact that
stage-6 embryos show muscular contractions. Second, le
Moigne (1966) reported that embryos regenerate from
stage 6 onward (stage 5 of the le Moigne’s staging
system). This author speculated that regeneration requires
the presence of differentiated neurons, in agreement with
other findings (Wolff 1962). This viewpoint is also
supported by more recent findings in Microstomum lineare
(Reuter and Palmberg 1989), a flatworm that reproduces
asexually by paratomy. In these animals, the brains of the
zooids that develop along the length axis of the
paratomizing adult are nucleated from clusters of serotonergic neurons along the trunk nerve cords. In S.
polychroa, the ventral nerve cords adopt the adult fiber
and cell disposition from stage 6 onward, and also display
mature cord markers such as FMRF; the muscle system
is orthogonally arranged as in the adult by this stage.
Therefore, muscle and nervous tissue are minimally functional by stage 6 (stage 5 of le Moigne), which suggests
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that regeneration is possible only after such a state has been
reached.
Relationships between embryogenesis and
regeneration
Few attempts have been made to compare the mechanisms
operating during embryogenesis and regeneration owing
to two main reasons: (1) the preconception that fundamentally distinct processes control the gradual emergence
of pattern in an embryo and a regenerate and (2) the lack
of suitable organisms for studies in both fields. Attempts
to study embryogenesis, regeneration and fission in other
organisms have provided many clues on the redeployment
of embryonic processes throughout adulthood, but have
been limited by the lack of one of the processes and relied
on cross-species comparison for completeness as in the
case of the oligochaete Pristina leidyi (Bely and Wray
2001). Flatworms, and triclads in particular, may present a
useful system to bridge the conceptual gap between
embryogenesis and regeneration. In the first place, triclad
adults are well known for their regenerative abilities
(Morgan 1898; Abeloos 1930), which, besides their role in
restoring the animal after traumatic events, are an integral
part of the asexual reproduction cycle by fission in many
triclad populations. Briefly, after severing part of an adult
individual, the wound is shut and a blastema is formed.
Subsequently, the pattern and missing tissues of the animal
are restored through mechanisms involving cell proliferation (Baguñà et al. 1989; Newmark and SánchezAlvarado 2000) and differentiation (Cebrià et al. 1997),
cell death (González-Estévez and Saló 2001) and cell
relocation (Cebrià et al. 1999). In the second place, triclads
develop directly into a juvenile, undergoing an ideosyncratic embryonic development that lacks germ layers and
without even clearcut organ primordia. Not only are these
properties more commonly applied to regeneration
mechanisms than to embryogenesis, but they also greatly
facilitate the comparison of both processes. Given that the
molecular mechanism controlling flatworm development
is almost entirely unknown, we can offer no concrete
examples to back up this hypothesis. However, we would
like to introduce in the following a comparison of
morphogenetic events that shape epidermal, muscle and
nervous tissue during regeneration and embryogenesis.
The onset of embryogenesis and regeneration differ in
several respects. In the first place, the cells that populate
the early embryo and the blastema have different origins
and spatial distribution. Second, axial patterning cues are
associated with differentiated structures in regenerating
stumps (Kato et al. 2001) but rely on maternal determinants in the embryo. Thirdly, the growth-promoting tissues
are wound-related tissues in regeneration (Kato et al.
2001) or a syncytial mass of vitelline matter in the embryo.
The first regenerative event after severing part of an
adult is the formation of a provisional epidermis (Morita
and Best 1974). The first embryonic tissue to differentiate
is also a provisional epidermis (the embryonic epidermis).

Subsequent events in both regeneration and embryogenesis involve the differentiation of definitive epidermal cells
which develop underneath the provisional epidermis from
proliferating neoblasts, and which replace provisional
epidermal cells by intercalation. This process greatly
resembles normal cell renewal in the adult (Morita and
Best 1974). Rhabdite, pigment and gland cells become
conspicuous at late stages of both embryogenesis and
regeneration.
In regenerating muscle tissue, fibers adjacent to the
wound first undergo a rapid muscular contraction to help
closing the wound surface. During this “emergency
response” the orthogonal pattern of mature muscle fibers
is lost (Cebrià et al. 1997), which results in a disorganized
muscle matrix that resembles the irregular population of
myoblasts seen in a stage-5 embryo. From that point in the
regenerative process onward, morphogenesis proceeds in
the way seen in embryogenesis during stages 5–7. Thus,
after an initial rise in myocyte numbers, several pioneer
fibers shape a loose orthogon, which will increase in
density as further myocytes insert within (Cebrià et al.
1997, 1999).
The formation of ventral nerve cord pioneers that
differentiate into ventral nerve cords is a prominent event
that occurs in the early embryo. Similarly, pioneer ventral
nerve cords can be found in the blastema of a regenerating
animal, growing independent of any brain structures
(Cebrià et al. 2002b). The processes of brain precursors
condensation and nerve cord development through stages
6–8 of embryogenesis precisely match the three-stage
model of brain regeneration recently proposed for adult
planarians (Cebrià et al. 2002b,c).
However, the finding that the ventral nerve cords
develop ubiquitously along the anterior-posterior axis
contradicts le Moigne’s hypothesis of an anterio-posterior
ventral nerve cord growth, which was put forward as an
explanation for the absence of regeneration in stage-6
posterior fragments (le Moigne 1966). Further investigations are needed to explain why stage-6 posterior
fragments can’t undergo regeneration despite the presence
of differentiated and presumably functional nervous and
muscle tissues.
We conclude that although starting from different
morphological states and therefore undergoing profoundly
different mophogenetic changes, a striking parallelism is
observed between embryogenesis and regeneration.
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