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Robust morphogenetic events are pivotal for animal embryogen-
esis. However, comparison of the modes of development of
different members of a phylum suggests that the spectrum of
developmental trajectories accessible for a species might be far
broader than can be concluded from the observation of normal
development. Here, by using a combination of microsurgery and
transgenic reporter gene expression, we show that, facing a new
developmental context, the aggregates of dissociated embryonic
cells of the sea anemone Nematostella vectensis take an alterna-
tive developmental trajectory. The self-organizing aggregates rely
on Wnt signals produced by the cells of the original blastopore lip
organizer to form body axes but employ morphogenetic events
typical for normal development of distantly related cnidarians to
re-establish the germ layers. The reaggregated cells show enor-
mous plasticity including the capacity of the ectodermal cells to
convert into endoderm. Our results suggest that new developmen-
tal trajectories may evolve relatively easily when highly plastic
embryonic cells face new constraints.

self-organization | embryonic cell aggregates | body axes | germ layers

Animal embryonic development can be viewed as a robust
series of morphogenetic events triggered and controlled by

the action of regulatory molecules and physical characteristics of
the cells and tissues. These morphogenetic events form a de-
velopmental trajectory enabling the formation of a certain body
plan. Strikingly, the phylum-specific body plan can be reached by a
variety of developmental trajectories. For example, among chor-
dates, radial, holoblastic cleavage of the yolk-poor eggs of the
cephalochordate Branchiostoma results in the formation of a
hollow coeloblastula, which gastrulates by invagination. In con-
trast, discoidal cleavage of the bird egg results in the formation of
a discoblastula lying on top of the yolk and gastrulating via in-
gression of single cells through the primitive streak (1). Regard-
less, both developmental trajectories lead to the formation of a
typical chordate body plan. Similarly, among different cnidarians,
virtually all known modes of gastrulation can be found (2). While
invagination is predominant among anthozoans and scyphozoans,
hydrozoans gastrulate by unipolar or multipolar ingression, de-
lamination, or epiboly. Nevertheless, after gastrulation, all cni-
darians (except a few direct developers) form a typical planula
larva. How such differences in development evolved and how they
may have contributed to the formation of different body plans
remain open questions in biology.
A large body of experimental data indicates that the spectrum of

potencies for differentiation and cell behavior in embryonic cells is
broader than their prospective fate and actual behavior during
normal development (3–7). An extreme case of developmental
plasticity is observed in animals capable of developing from a
clump of dissociated and reaggregated cells, when the initial
body plan is destroyed and then re-established de novo by self-
organization (8–11). We reasoned that new developmental tra-
jectories might evolve when cells capable of regulative development

respond to new physical constraints, such as the increasing amount
of yolk in the abovementioned example. We hypothesized therefore
that new developmental trajectories might also be used if embryonic
cells face a new context in an experimental situation. To test the
extent of the regulative capacity of embryonic cells, we performed
dissociation–reaggregation experiments with embryos of the sea
anemone Nematostella vectensis. In this study, we use a combination
of microsurgery and transgenic reporter gene assays to assess the
developmental potential of different embryonic cells originating
from dissociated Nematostella gastrulae and analyze the process of
reforming of the body axes and the germ layers.

Results and Discussion
Nematostella is a cnidarian model system amenable to functional
studies in embryogenesis. Upon fertilization, the Nematostella
embryo develops into a hollow blastula, which then gastrulates by
invagination, forms a swimming planula larva, and metamorphoses
into a primary polyp (12). Recent transplantation experiments have
shown that the blastopore lip of the Nematostella gastrula has an
axis-inducing capacity conveyed byWnt1 andWnt3, similar to the
blastoporal axial organizer of vertebrates (13, 14). To assess the
developmental potential of different embryonic cells, we disso-
ciated Nematostella midgastrulae, at the stage when the endo-
derm just starts to invaginate, into single cells or small clusters of
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two to nine cells [∼80 and ∼20%, respectively (Fig. S1A)] and
reaggregated them by centrifugation (Fig. 1A). Immediately
after centrifugation, the aggregates lacked any sign of axial
polarity or germ-layer segregation at both the morphological
(Fig. 1 B and C) and the molecular (Fig. S2 A–T) level. The
completeness of dissociation and the subsequent morphological
observations were confirmed by in situ hybridization analysis of
the oral markers Wnt1, Wnt3, Wnt4, Bra, and FoxA, midbody
markerWnt2, aboral marker FGFa1, endodermal marker SnailA,
and directive axis markers BMP2/4 and Chordin from 30 min post
dissociation (mpd, i.e., immediately after reaggregation) until 6 d
post dissociation (dpd) (Fig. S2). Ectodermal and endodermal
cell layers began to segregate in several independent regions at
6–12 h post dissociation (hpd) (Fig. 1 D and E). The ectodermal
cell layer formed first, while endoderm remained unepithe-
lialized. By 24 hpd, the germ-layer segregation was complete

(Fig. 1 F and G), and the endodermal marker snailA was ex-
pressed exclusively in the inner layer of the aggregates (Fig. S2B′).
At the same stage, we observed the first signs of mouth formation
(Fig. 1H). Starting from day 2 post dissociation, the aggregates
were most similar to planulae: their ectoderm developed cilia,
and the aggregates were actively swimming around. Interestingly,
larger aggregates looked as if they were built of multiple fused
planulae. Mouth and pharynx formation continued over the next
2 d (Fig. 1 I–K), and by day 6 the hypostomes (oral cones) had
developed (Fig. 1L). Tentacle formation was complete by day
7–10 (Fig. 1M). Depending on the size of the aggregate, one or
multiple oral openings formed. To monitor the formation of the
oral–aboral axes in aggregates, we performed double in situ hy-
bridization with the oral pole marker FoxA and the aboral pole
marker FGFa1 (15) (Fig. 1N). Interestingly, the number of FoxA-
expressing spots exceeded the number of the FGFa1-expressing

Fig. 1. The course of aggregate development. (A) Scheme of the dissociation–reaggregation experiment. (B–M) Successive stages of aggregate development
analyzed by confocal and scanning electron microscopy. Directly after centrifugation, no epithelium is observed (B and C). Ectoderm epithelialization begins
by 12 hpd (D and E: note a stretch of epithelialized ectoderm along the dotted line between white arrowheads in D) and is complete by 24 hpd (F: longi-
tudinal optical section; G: transverse optical section). First signs of mouth formation become visible (F and H). Endoderm starts to form an epithelial layer by
48 hpd (I) and completes the process by 3 dpd (J: note also a well-developed pharynx). Mouth, hypostome, and tentacles form over the next several days (K–
M). Black box (K, dashed line) masks the original scale bar. (N–T) Larger aggregates form multiple heads. (N) Double in situ hybridization with the oral marker
FoxA (red) and aboral marker FGFa1 (blue) shows that the number of heads/number of aboral poles ratio is 3/1. SEM shows that the number of heads per
aggregate and tentacles per head can vary (O–S). Head structures can form in close proximity to each other, as visualized by SEM at the polyp stage and by in
situ hybridization with an oral marker Brachyury at an earlier stage (S and T). (B–G, I, and J) Red: nuclei; green: F-actin. Asterisks, mouth; dpd, days post
dissociation; ecto, ectoderm; endo, endoderm; hpd, hours post dissociation; mpd, minutes post dissociation. (Scale bars: 100 μm.)
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spots by a factor of approximately 3 (mean: 2.98; 95% confidence
interval: 2.69–3.27; median: 3.0; n = 60). Large aggregates always
formed multiple heads with a varying number of tentacles (Fig. 1
O–S). Unlike in aggregates of the adult freshwater polyp Hydra
(16), mouth openings were often located very close to each other
(Fig. 1 S and T), indicating that lateral inhibition is not as prominent
as in Hydra.
The experiments described above demonstrate that dissociated

gastrula tissue of Nematostella is capable of re-establishing the
normal body plan in the aggregates. Next, we wanted to know
whether the self-organizing capacity was restricted to specific parts
of the embryo. To this end, we generated aggregates from disso-
ciated oral or aboral halves only. We found that the oral halves
were capable of re-establishing the body axes, and eventually they
developed into normal polyps (Fig. 2 A–E). In contrast, aboral
aggregates formed ciliated balls without any sign of axial patterning
containing a thin superficial epithelial layer and numerous small
unepithelialized cells inside (Fig. 2 F–J). Recently, we showed that
the capacity to induce ectopic body axes in transplantation exper-
iments, i.e., the axial organizer capacity, is confined to a narrow
area of the bend of the blastopore lip of the Nematostella gastrula
(13). To estimate how many organizer cells are required to initiate
axis formation in the aggregates, we determined the approximate
amount of cells in the midgastrula at the time of dissociation
(median: 6,934; Fig. S1B), and the number of cells in the single row
of the bend of the blastopore lip (median: 107; Fig. S1C). Then we
dissociated and reaggregated 100 aboral midgastrula halves to-
gether with 2, 5, or 10 oral gastrula halves, respectively, generating
1/50, 1/20, and 1/10 dilutions of oral gastrula halves by aboral
gastrula halves. This corresponds to approximately 1/1,550, 1/620,
and 1/310 ratios of the organizer cells to aboral half cells (in
comparison with the 1/31 ratio when complete gastrulae are dis-
sociated). We observed the formation of ciliated balls without any
signs of body axes in all aggregates composed of 1 oral half per
50 aboral halves, 28% head formation in aggregates composed of
1 oral per 20 aboral halves, and 58% head formation in the ag-
gregates composed of 1 oral per 10 aboral halves (Fig. S1D).
To find out whether aboral cells retain a memory of their original

axial position after dissociation or adopt a new fate according to
their new position, we generated a transgenic line ubiquitously
expressing a fluorescent lifeact-mOrange2 actin-binding protein
driven by an EF1α promoter (17–19) (Fig. S3 A–C). We then
produced mixed aggregates from lifeact-mOrange2–expressing ab-
oral gastrula halves with nontransgenic oral gastrula halves (Fig.
2K). We found that fluorescent cells dispersed throughout the
entire resulting polyps, including their oral-most regions, indicating
that the axial identity was reprogrammed in these originally aboral
cells to adopt an oral identity (Figs. 2 K–N and 3).
Surprisingly, in this experiment, we detected some fluorescent

transgenic cells inside the aggregates (Fig. S4 A–D), even though
all transgenic lifeact-mOrange2 cells originated from aboral gas-
trula halves, i.e., prospective ectoderm. We therefore wanted to
test more rigorously whether the cells in the aggregate kept their
original germ-layer identity. In this respect, two scenarios could be
envisaged: (i) either the embryonic cells sort out in accordance to
their original germ-layer identity as shown in amphibians (20) or
(ii) they lose the information about their initial germ-layer identity
and acquire it de novo in the course of aggregate development.
We dissected fluorescent pre-endodermal plates out of the lifeact-
mOrange2 embryos using microsurgical techniques (Fig. 2O).
Then we dissociated these fragments together with the non-
transgenic ectodermal cells. We observed that during the first 18 h
of aggregate development all fluorescently labeled cells migrated
into the inside of the aggregate (Fig. 2 O–R and Movie S1).
Therefore, we conclude that endodermal cells “remember” their
initial fate and are able to sort out to form the inner layer of an
aggregate (Fig. 3). Interestingly, the signal necessary for the in-
dividual ingression of the endodermal cells does not emanate from

the organizer cells of the blastopore lip, since ingression of the
endodermal cells also happened in the aggregates made of
EF1a::lifeact-mOrange2 endoderm and aboral ectoderm of the
wild-type gastrulae (Fig. 2 S–V). Similarly to the aboral half-
aggregates (Fig. 2 G–J), such aggregates developed into compact
balls with an ectodermal layer and a mass of cells inside (Fig. 2
S–V). To test whether endodermal cells alone would be able to
form aggregates and develop into polyps, we made aggregates out
of surgically isolated pre-endodermal plates (Fig. 2W). Strikingly,
without an ectoderm forming an epithelium on the surface of the
aggregate, the endodermal cells became mesenchymal and dis-
persed. At 3.5 hpd, cells forming filopodia could be observed at the
edge of the aggregate. By 12 hpd, the whole aggregate converted to
viable, motile mesenchymal cells spread on the surface of the dish,
failing to develop and form a polyp (Fig. 2 W–Z). Thus, endoderm
alone is unable to compensate for the absence of ectoderm.
We then carried out the reciprocal experiment, i.e., forming

aggregates consisting of only ectodermal cells. If ectodermal cells
are capable of converting into endoderm, we expect them to be
located in the inner layer, and—importantly—to start expressing
endoderm-specific marker genes. To monitor this conversion, we
generated a transgenic line called endoRed, expressing mCherry
exclusively in the endoderm under control of the regulatory region
of the SnailA gene, which encodes an endodermally expressed
zinc-finger transcription factor (Fig. S3 D–F) (21). By microsur-
gery, we isolated aboral halves of endoRed offspring gastrulae
containing only ectodermal cells. Since aggregates from aboral
hemispheres fail to develop into primary polyps (Fig. 2 F–J), we
dissociated them together with the blastopore lip fragments of the
wild-type gastrulae (Fig. 2A′). We excluded the possibility of
contamination of the aboral halves of the endoRed offspring
embryos with the mCherry-expressing cells of the pre-endodermal
plate (Fig. 2B′; see SI Materials and Methods for details) and then
followed the development of the aboral endoRed/wild-type blas-
topore lip aggregates, where not a single fluorescent cell was de-
tected after reaggregation. Thus, any mCherry-expressing cells
appearing as the aggregates develop must have originated from
aboral ectoderm of the endoRed line. After 1 d, we detected the
first cells expressing the endoderm-specific transgene inside the
aggregates (Fig. 2C′). These cells persisted throughout develop-
ment, and eventually primary polyps formed with fluorescent
patches in the endoderm (Fig. 2 D′ and E′). By comparison,
control aggregates made of oral halves of the endoRed gastrulae
were fluorescent from the start (Fig. 2 F′–J′). Therefore, we
conclude that the ectodermal cells of the endoRed embryos were
able to contribute to the endoderm of the polyp (Fig. 3). To test
whether the presence of wild-type endodermal cells would prevent
aboral ectoderm cells from adopting an endodermal fate, we
dissociated aboral halves of the endoRed gastrulae together with
whole oral halves of wild-type gastrulae including nontransgenic
endodermal cells. Notably, we found that the presence of the
nontransgenic endoderm did not prevent some aboral ectodermal
endoRed cells located inside these aggregates from adopting an
endodermal fate (Fig. S4 E–H). Interestingly, even in the absence
of oral cells, single mCherry-expressing cells were transiently de-
tectable in the aboral ectodermal aggregates, yet this expression
faded as the aggregates were arrested in the ciliated ball stage
(Fig. S4 I–L). This suggests that the internal location might be
sufficient to initiate the expression of endodermal marker genes in
the aboral ectodermal cells, yet this expression needs to be
maintained by signals coming from the blastopore lip cells.
The above result raises the question, which signals emanating

from the blastoporal cells could induce and maintain axis and
germ-layer formation? Since endodermal cells were capable of
sorting out autonomously in the absence of axis-forming signals
(Fig. 2 S–V), we reasoned that axis formation is central for the
development of the aggregates. Therefore, we focused on the role
of Wnt/β-catenin signaling and BMP signaling as the signaling
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Fig. 2. Differences in capacities of gastrula cells for axis formation and cell-fate specification in the aggregates. (A–E) Aggregates made of oral halves of
gastrulae develop into polyps. (F–J) Aggregates made of aboral halves of gastrulae develop into ciliated balls. (J) Confocal imaging shows that, outside, they
have an ectodermal epithelial layer and that their inside is filled with numerous small cells. (K–N) In aggregates made of oral halves of wild-type gastrulae and
aboral halves of gastrulae ubiquitously expressing lifeact-mOrange2, glowing cells are dispersed throughout the aggregate and can be observed both in
aboral and oral positions of the polyp (yellow arrows in N). (O–R) In aggregates made of ectoderm of wild-type gastrulae and endoderm of gastrulae
ubiquitously expressing lifeact-mOrange2, fluorescent cells migrate into the endoderm. (S–V) In aggregates made of aboral ectoderm of wild-type gastrulae
and endoderm of gastrulae ubiquitously expressing lifeact-mOrange2, fluorescent cells migrate into the endoderm although the organizer cells are missing.
(W–Z) In aggregates made of only endodermal cells, the cells become mesenchymal and migrate out of the aggregate. (A′–E′) Immediately after centrifu-
gation, mCherry is not expressed in aggregates made of aboral ectoderm of endoRed gastrulae and blastopore lip ectoderm of the wild-type gastrulae (B′).
Endodermal promoter-driven mCherry expression starts to be detectable in the internal cells of the aggregate from 28 hpd on (yellow arrows in C′). Glowing
cells are then observed in the endoderm of the forming polyps (E′). (F′–J′) In aggregates made of oral halves of endoRed gastrulae, mCherry is continuously
expressed in the endodermal cells. Sample size >30 in every experiment. dpd, days post dissociation; eR, endoRed; hpd, hours post dissociation; mOr, lifeact-
mOrange2; mpd, minutes post dissociation; wt, wild type. Black bars on gastrulae denote the position of the cut. (Scale bars: J, 15 μm; all others, 100 μm.)
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molecules of these pathways are expressed at the blastopore and
they have previously been shown to have a role in axis formation in
Nematostella (13, 22–26).
β-catenin knockdown results in the lack of an oral–aboral axis

and endoderm formation (22, 23). During normal development,
the initial β-catenin signal is most likely based on maternally de-
posited molecules (13, 27), while the zygotic expression of Wnt
genes starts to be detectable by in situ hybridization at some point
between 6 and 10 hpf (13). Recent transplantation experiments
demonstrated that Wnt1 and Wnt3 expressed in the blastopore lip
are sufficient to convey axial organizer capacity to aboral ecto-
dermal cells of the Nematostella gastrula (13). To test whether
these two signaling molecules are required for proper axial devel-
opment and endoderm formation in aggregates, we injected ran-
dom single blastomeres at the eight-cell stage with plasmids driving
the expression of Wnt1 and Wnt3 and then made aggregates out of
the aboral halves of these injected embryos when they reached the
midgastrula stage. Although lacking the pre-endodermal plate cells
and the blastopore lip cells, these aggregates developed into pri-
mary polyps (Fig. 4 A–C). This indicates that Wnt1 and Wnt3 are
sufficient to rescue proper germ-layer and axis formation and in-
duce self-organization of embryonic aggregates.
BMP signaling plays the central role in establishing and main-

taining the second, directive body axis in Nematostella (24–26).
During normal development, the initial, radially symmetric ex-
pression of the central BMP-signaling components BMP2/4 and
Chordin starts to be detectable in the blastula around 14 hpf (13)
in a β-catenin–dependent manner (Fig. S5A). At late gastrula, a
BMP-signaling–dependent symmetry break in the expression of
BMP2/4 and Chordin occurs, manifesting the establishment of the
directive axis (28). Consequently, morpholino knockdown of
BMP2/4 or Chordin results in the loss of BMP signaling in the
embryo and the lack of the directive axis (24, 25). To assess the
role of BMP signaling in self-organizing aggregates, we made
aggregates from gastrula-stage embryos injected with the pre-
viously tested BMP2/4 morpholino (24). Strikingly, BMP2/4MO
aggregates were not only unable to form the directive axes, as we
would expect, but also their oral–aboral axes were strongly af-
fected (Fig. 4 D–F). Morpholino knockdown of BMP ligands has
already been shown to influence the expression of many genes
transcribed in restricted domains along the oral–aboral axis (24,
26, 29), suggestive of a possible feedback of the BMP signaling
onto the Wnt/β-catenin–signaling system. We set out to test this in
more detail in BMP2/4 morphants and morphant aggregates.

Although the expression of the inducers of oral development,
Wnt1 andWnt3, was up-regulated in the 24-hpf BMP2/4 morphant
gastrula transcriptome (29), Wnt1, Wnt3, FoxA, and Brachyury
expression domains appeared normal in the BMP2/4 morphants at
the 24-hpf gastrula stage. In contrast, the expression of all these
genes appeared significantly weaker in 2- and 3-d-old morphant
embryos (Fig. S5B). Similarly, the expression of Wnt1, Wnt3, and
Brachyury was also reduced, and its restriction to the oral poles
was severely affected in the BMP2/4MO aggregates (Fig. S6A). If
BMP signaling is required for the maintenance of the proper ex-
pression of Wnt1 and Wnt3, its down-regulation should suppress
the inductive capacity of the blastopore lip organizer cells. In line
with that, we observed a strong reduction of the axis-inducing
capacity of the blastopore lips transplanted from BMP2/4 and
Chordin morphant donors to the wild-type recipients (Fig. S5C).
The presence of the positive feedback of BMP signaling on Wnt/
β-catenin signaling also explains our previous observation that,
unlike in vertebrates, single-blastomere injection of Chordin ex-
pression constructs does not lead to the formation of ectopic body
axes in Nematostella. Paradoxically, analysis of Frizzled 5/8 ex-
pression in BMP2/4 morphants and morphant aggregates suggests
that the reduction of the expression of the oral markers Wnt1,
Wnt3, FoxA, and Brachyury is not accompanied by the expansion of
the aboral territory characterized by low levels of β-catenin sig-
naling, but rather by a reduction in Fz5/8 expression in older
morphants and BMP2/4MO aggregates (Figs. S5B and S6B).
Our experiments showed that aggregates of embryonic cells of

the sea anemone Nematostella are capable of re-establishing the
germ layers and correct axial patterning of the body. Endoder-
mal cells in the aggregates maintained their endodermal identity
and were unable to convert into ectoderm, suggesting that this
early cell-fate decision is irreversible. Moreover, endodermal
cells were able to ingress from the surface of the aggregate au-
tonomously, i.e., in the absence of the oral cells. However, such
aggregates remained solid spheres, which suggests that oral sig-
nals might still be required for the formation of the defined
endodermal layer. Aggregates made exclusively of endodermal
cells did not reform polyps but converted into mesenchymal
cells. By contrast, ectodermal cells were capable of converting
into endoderm and forming normal polyps. Axial patterning in
the aggregates relied on Wnt signals from the blastopore lip
ectoderm, which has organizer activity (13–15). In contrast, the
cells originating from aboral ectoderm acquired new axial iden-
tity once dispersed throughout the aggregate. Our results also
highlight the importance of BMP signaling in the maintenance of
the Wnt-dependent oral–aboral axis in Nematostella.
Since the aggregates utilize the same set of developmental reg-

ulators as normal embryos, we conclude that these genes are part
of a self-organizing gene regulatory network enabling stunning
plasticity and ability to respond to a yet-unprecedented de-
velopmental context, such as the lack of the cavity in the aggregate,
which prevents invagination. To circumvent this constraint, the ag-
gregates of the sea anemone Nematostella activate an alternative

Fig. 3. The summary of the fate of cells during normal development (A) and
in aggregates (B).

Fig. 4. The role of Wnt/β-catenin and BMP signaling
during aggregate development. (A–C) Axis forma-
tion and endoderm segregation is rescued in 15 of
17 aggregates made from aboral halves of gastrulae,
which were coinjected into a single blastomere at
the eight-cell stage with plasmids coding for un-
tagged Wnt1 and Wnt3 driven by the EF1α promoter
and fluorescent tracer (glowing cells in B). (D–F)
BMP2/4 knockdown results in the lack of morpho-
logically distinct body axes in the aggregates. n = 32.
(Scale bars: 100 μm.)
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developmental trajectory. Instead of invagination, they form germ
layers by a combination of delamination of the ectodermal layer;
multipolar ingression of the endodermal plate cells, which hap-
pened to end up on the surface of the aggregates after centrifu-
gation of the dissociated cells; and cavitation of the mass of cells
located inside the aggregates. Curiously, the experimentally mod-
ulated development in Nematostella aggregates resembles the
normal development of other cnidarians, i.e., members of Hydro-
zoa, which gastrulate usually by ingression of individual cells (30,
31) or delamination (32, 33) (Fig. S7A). Unlike gastrulation in
most cnidarians and in Bilateria, where it occurs at a certain po-
sition in relation to the body axes of an embryo, delamination and
ingression in Hydrozoa can be multipolar and not linked to the
axial patterning (32–37) (Fig. S7A). During morula delamination,
when a solid embryo without a blastocoel forms as a result of
cleavage, external cells of a morula start to epithelialize and seg-
regate themselves from the inner mass of cells, the future endo-
derm, which then cavitates and forms an endodermal epithelial
layer. In resemblance to the situation during Nematostella aggre-
gate development (Fig. S7 B–E), the epithelialization of the ecto-
derm starts in many different regions throughout the morula, and
then individual patches of epithelium expand and fuse (32, 33).
Such plasticity is not a unique feature of the embryonic cells of

early branching metazoans. In sea urchins and sea stars, dissoci-
ated and reaggregated cells of gastrula-stage embryos are just as
capable of re-establishing their normal body plans and forming
larvae. Interestingly, also in echinoderms, the inner cells of the
aggregates form the endodermal layer omitting the invagination

step (38–41). However, once the inner cells arrange into an epi-
thelium, and the embryo cavitates, the coelomic pouches form by
an enterocoelic process (42), i.e., from evaginations of the gut
wall. The comparison of aggregates and normal embryos suggests
that alternative developmental trajectories are easily accessible to
organisms, unless they have highly derived mosaic development.
Moreover, it is likely that this kind of plasticity and the capacity for
regulative development were present already at the earliest stages
of animal evolution. Since phenotype robustness promotes phe-
notype evolvability (43), the capacity to change embryonic devel-
opment without deleterious effects might have facilitated the
diversification of the developmental trajectories leading to the
formation of animal body plans.

Materials and Methods
Details on the animal culture, transgenic lines, embryo manipulations, mi-
croinjections, analyses of dissociation efficiency and determination of the
number of the cells in the bend of the blastopore lip, as well as the molecular
and histological techniques can be found in the SI Materials and Methods.
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