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During frog and fish development, convergent extension movements
transform the spherical gastrula into an elongated neurula. Such
transformation of a ball- into a worm-shaped embryo is an ancestral
and fundamental feature of bilaterian development, yet this is mod-
ified or absent in the protostome model organisms Caenorhabditis or
Drosophila. In the polychaete annelid Platynereis dumerilii, early
embryonic and larval stages resemble a sphere that subsequently
elongates into worm shape. Cellular and molecular mechanisms of
polychaete body elongation are yet unknown. Our in vivo time-lapse
analysis of Platynereis axis elongation reveals that the polychaete
neuroectoderm converges and extends by mediolateral cell interca-
lation. This occurs on both sides of the neural midline, the line of
fusion of the slit-like blastopore. Convergent extension moves apart
mouth and anus that are both derived from the blastopore. Tissue
elongation is actin-dependent but microtubule-independent. Depen-
dence on JNK activity and spatially restricted expression of strabismus
indicates involvement of the noncanonical Wnt pathway. We detect
a morphogenetic boundary between the converging and extending
trunk neuroectoderm and the anterior otx-expressing head neuroec-
toderm that does not elongate. Our comparative analysis uncovers
striking similarities but also differences between convergent exten-
sion in the polychaete and in the frog (the classical vertebrate model
for convergent extension). Based on these findings, we propose that
convergent extension movements of the trunk neuroectoderm rep-
resent an ancestral feature of bilaterian development that triggered
the separation of mouth and anus along the elongating trunk.

amphistomy � axis formation � convergent extension � gastrulation

An elongating worm-shaped body is characteristic for Bilateria.
However, during their development, many bilaterians first

resemble a sphere, which only later elongates into a worm shape (1,
2). For example, many crustaceans, annelids, and chordates that
represent the three bilaterian superphyla (Ecdysozoa, Lophotro-
chozoa, and Deuterostomia) develop from a spherical blastula into
the elongated form during and after gastrulation (3). During this
process, the blastopore adopts its final position in the elongated
animal to become mouth (protostomy), anus (in deuterostomy), or
both mouth and anus (amphistomy). The study and comparison of
body elongation in phylogenetically distinct bilaterian groups will
contribute to our understanding of how the bilaterian body axes
came into existence (1).

Vertebrate frogs and fishes develop a spherical blastula that,
during gastrulation, transforms into an elongated neurula (4–7).
This transformation is driven by convergent extension movements,
the simultaneous narrowing and lengthening of the dorsal tissue
(4–7). Similar morphogenetic movements were described in ascid-
ians (8) and may also take place in amphioxus (9). Aside from
chordates, however, little is known about the molecular and cellular
mechanisms that underlie the elongation of spherical embryos and
larvae. The nematode and fly model organisms are not well suited
to fill that gap, because a spherical gastrula stage is modified or
absent (10). Here we investigate axis elongation of the bristle worm
Platynereis dumerilii (Polychaete, Annelida) as a contribution to the
comparative study of body elongation in Bilateria. Platynereis
appears particularly well suited for evolutionary comparisons,
because it has retained an ancestral gene inventory and genome

structure (11). As many other annelids [Serpula (12, 13), Hydroı̈des
(12), Protula (14), Nereis (15), and Polygordius (16)], Platynereis
shows the amphistome mode of gastrulation with a slit-like blas-
topore giving rise to both mouth and anus (3).

Our work shows that during elongation of the spherical Platy-
nereis trochophore larva into an elongated juvenile worm, the
ventral trunk neuroectoderm undergoes convergent extension by
actin-based mediolateral cell intercalation. This does not depend on
cell divisions but requires JNK activity. We unravel a morphoge-
netic boundary between the converging and extending trunk neu-
roectoderm and the nonelongating head neuroectoderm that co-
incides with the molecular boundary between gbx- and otx-
expressing body regions. Similarities and differences between
polychaete and vertebrate convergent extension as well as possible
implications for the evolution of the bilaterian body axes are
discussed.

Results
P. dumerilii Undergoes Convergent Extension by Mediolateral Cell
Intercalation. In Platynereis, embryonic and larval stages exhibit a
spherical shape to then transform into the elongated juvenile worm
between 48 and 72 hours postfertilization (hpf) (Fig. 1A). We have
documented elongation of the body axis in the neuroectoderm left
and right of the neural midline (stippled black line in Fig. 1A).
Using the early forming commissures and connectives of the axonal
scaffold and the ciliary bands as morphological landmarks, we have
determined that between 48 and 72 hpf, a defined rectangular piece
of trunk neuroectoderm lengthens to 181 � 5% and narrows to
49 � 8% (along width II, Fig. 1A). Such reshaping of tissue is
reminiscent of the convergent extension movements of the trunk
neuroectoderm (and underlying mesoderm) in Xenopus (7, 17),
chick (18), and zebrafish (5), which is driven, at least in large part,
by polarized cell rearrangement such as mediolateral cell interca-
lation (19). This prompted us to investigate convergent extension
movements of the polychaete neuroectoderm on the cellular level.
Visualizing cellular outlines by a lipophilic dye and tracking indi-
vidual cells by in vivo time-lapse imaging [Fig. 1 B–E, supporting
information (SI) Fig. 5, and SI Movie 1], we observed polarized cell
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rearrangement also in the Platynereis neuroectoderm where cells
strongly intercalate in mediolateral direction (Fig. 1 B and C). In
contrast, we hardly ever observed cells intercalating in anteropos-
terior direction (Fig. 1 D and E). Notably, Platynereis overall
elongation by mediolateral cell intercalation is less pronounced
than in the frog spinal cord (7) (exhibiting 12-fold elongation) but
comparable in intensity to that in the medaka fish hindbrain (6)
(exhibiting 2-fold elongation).

We next addressed whether mediolateral cell intercalation can
fully account for the observed body elongation. One approach is to
relate, for each given longitudinal column of cells within the
converging and extending neuroectoderm, the percentage of total
elongation [elongation index (17)] to the percentage of increase in
cell number by mediolateral intercalation [mediolateral intercala-
tion index (17)]. These percentages should not differ if mediolateral
cell intercalation accounts for the observed elongation. In the 5-h
period documented in Fig. 1 B–E, a given longitudinal column of
cells on average increases in length to an elongation index of 129 �
6% (n � 6), whereas the number of tracked cells that contribute to
this column on average augments to a mediolateral intercalation
index of 126 � 14% (n � 6). This result indicates that mediolateral
cell intercalation can fully account for the observed elongation but
does not rule out that other factors, such as cell-shape changes, also
contribute to a minor extent. To test for a possible contribution of
cell shape change to convergent extension, we measured the lengths
and widths of all cells tracked during the documented period and
found no significant alterations [lengths to 104.8 � 26% (n � 139);
paired Student’s t test P value (pPTT) � 0.095; widths to 97.5 �
32.1% (n � 139); pPTT � 0.37]. In line with this, cell density (i.e.,
the number of cells in rectangles of constant surface area) did not
change significantly [from 100.0 � 7.9% (n � 18) to 100.7 � 5.5%
(n � 17); two-tailed Student’s t test P value � 0.77].

Oriented Cell Division Does Not Contribute to Body Elongation.
Because we occasionally observed dividing cells in our time-
lapse recordings (SI Movies 1 and 2), we next tested whether cell
division would also contribute to Platynereis body elongation as

described for zebrafish (20) and chick (18). To this end, we
prevented cytokinesis by arresting the cell cycle in the G2/M
phase with the microtubule-depolymerizing drug nocodazole.
Incubating Platynereis larvae in nocodazole during elongation
efficiently depolymerized microtubules, as evidenced by the
absence of microtubule bundles in axon tracts (Fig. 2 G and L
Inset), and produced various morphological defects (Fig. 2 G and
L) but had no effect on body elongation in Platynereis (Fig. 2 A).
This observation rules out a major role not only for cell division
but also for other microtubule-dependent cellular processes in
elongating the Platynereis trunk neuroectoderm, corroborating
our finding that mediolateral cell intercalation is the major
driving force to elongate the Platynereis larval body. Note that
Xenopus convergent extension is also insensitive to nocodazole,
at least from stage 10.5 onwards (21–23).

In contrast, depolymerization of actin filaments by cytocha-
lasin B incubation abolished convergent extension in a concen-
tration-dependent manner (Fig. 2 B, H, and L), suggesting that
mediolateral cell intercalation is driven by actin filament-based
cellular processes, as described for the protrusive cells of the
converging and extending Xenopus mesoderm (24) and neuro-
ectoderm (17).

Expression of Pdu-strabismus and Inhibition of JNK. In vertebrates,
activation of the noncanonical Wnt pathway is required for
mediolateral cell intercalation (25). With the techniques at hands
for Platynereis, we could analyze a possible involvement of the
noncanonical Wnt pathway by expression analysis of the marker
gene strabismus and by pharmacological inhibition of JNK acting
further downstream in the same pathway in vertebrates (26) and
Drosophila (27).

The transmembrane protein strabismus is a core member of a
conserved group of proteins constituting the noncanonical Wnt
pathway in Drosophila and vertebrates (28). We cloned the Platy-
nereis strabismus gene (SI Fig. 6A) and indeed found it expressed
in a restricted manner in the ventral neuroectoderm where medio-
lateral cell intercalation was observed (Fig. 2 M and N).

A

B C D E

Fig. 1. Convergent extension in the Platynereis neuroectoderm by mediolateral cell intercalation. (A) Quantification of tissue transformation was done through
morphological landmarks. Axonal scaffold and ciliary bands stained by antiacetylated �-tubulin antibody. The plotted distances in the graph refer to the colored
dashed lines in the larvae. Note that axis elongation is almost complete at 72 hpf. Blue length, from poststomodaeal commissure to telotroch; green width I,
between connectives at poststomodaeal level; orange width II, between connectives at level of second paratroch. Black stippled line, neural midline. (B–E) Cell
intercalation events in mediolateral (B and C) and anteroposterior (D and E) direction. Frames of focal planes of a 300-min time-lapse recording between �53
and 58 hpf. Trackable cells are artificially colored in anteroposterior columns (B and C) or mediolateral rows (D and E). Filled cells depict tracked cells that are
separated from one neighbor cell by at least one traced intercalating cell in mediolateral (B and C) or anteroposterior (D and E) direction.
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JNK is required for convergent extension movements in
vertebrates (26). Pharmacological inhibition of JNK thus rep-
resents a suitable test for the possible involvement of the
noncanonical Wnt pathway in Platynereis convergent extension
(although JNK is not restricted to that pathway; see, e.g., ref. 29).
We cloned the Platynereis jnk gene (Fig. 6B) and found it strongly
and specifically expressed in the ventral neuroectoderm (Fig. 2
O–Q). We treated larvae between 48 and 58 hpf with two
chemically distinct inhibitors of JNK, SP600125 (30) or
AS601245 (31) and found that the active autophosphorylated
form of JNK (30) was strongly reduced in larval extracts, as
evidenced by immunodetection of the conserved diphosphory-
lated Thr-Pro-Tyr epitope of JNK (Fig. 2 E and F) (32).
Phenotypically, JNK inhibition resulted in a block of axis elon-
gation (Fig. 2 I, K, and L), reproducing the effects seen after
cytochalasin B incubation (Fig. 2 B–D, H, and L).

Expansion of the Neuroectodermal Surface Area. Mediolateral cell
intercalation alone cannot expand the surface of the converging
and expanding tissue. Still, we observed an overall expansion of
the neuroectodermal surface area to 111 � 14%, as evidenced
by measuring average distances between tracked cells; we de-
tected a distance increase along the longitudinal axis to 132.3 �
2.9% (n � 5; pPTT � 6.7 � 10�6) but a distance decrease along

the mediolateral axis to 84 � 10.8% (n � 20, pPTT � 6.0 � 10�6)
only. In the absence of significant cell shape and cell density
changes (see above), this area increase should be due to the
observed cell division (SI Movies 1 and 2) and/or radial cell
intercalation (18).

The Platynereis neuroectoderm represents a multilayered ep-
ithelium (SI Fig. 7) that would allow radial intercalation of cells.
Consistent with this assumption, we occasionally observed cells
appearing in or disappearing from focal planes (SI Movie 1).
Radial intercalation could not be further substantiated, because
at the relevant stages, axonogenesis is long underway and
produces a highly uneven basal surface curved around the axon
tracts (SI Fig. 7 I and II), making it impossible to determine
changes in neuroectodermal thickness.

Elongation of the Lateral and Dorsal Trunk Ectoderm. Because the
Platynereis larva does not overtly bend, elongation of the lateral
and dorsal body sides should approximate that of the ventral
body side. We tracked cells on the lateral body side from 53.5 to
59.5 hpf and found that the average distance between cells along
the longitudinal axis increased to 134.5 � 11.1% (n � 13; pPTT �
9.9 �10�10), whereas that between cells along the dorsoventral
axis of the larva decreased to only 95.2 � 5.6% (n � 9; pPTT �
0.028). Thus, elongation of the lateral body sides indeed closely
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Fig. 2. Chemical inhibition experiments (A–L) and expression of Pdu-strabismus (M and N) and Pdu-jnk (O–Q). All treatments were done between 48 and 72
hpf except E and F (48–58 hpf). (A) Nocodazole treatment does not significantly reduce length at 0.2 �g/ml (P � 0.13) or 20 �g/ml (P � 0.48) compared with
controls. (B) Cytochalasin B treatment significantly shortens larva in a concentration-dependent manner (p0.1–2.5�g/ml � 0.0493) at 0.1 �g/ml (P � 0.0115) and 2.5
�g/ml (P � 4.77 � 10�6) compared with controls. (C) SP600125 treatment significantly shortens larva in a concentration-dependent manner (p2.5–25�M � 3.96 �
10�9) at 2.5 �M (P � 8.74 � 10�8) and 25 �M (P � 3.68 � 10�18) compared with controls. (D) AS601245 treatment significantly shortens larva in a
concentration-dependent manner (p10–25�M � 1.3 � 10�4) at 10 �M (P � 1.7 � 10�4) and 25 �M (P � 7.1 � 10�10) compared with controls. Error bars represent
standard deviations. Probabilities were calculated with two-tailed Student’s t test assuming equal variance. (E and F) Western blots detecting phospho-JNK of
embryos inhibited with SP600125 and AS601245 shows decreased autophosphorylation of JNK in comparison with 0.2% or 0.25% DMSO controls. Multiple bands
may represent different JNK isoforms. A similar loading amount was controlled by Ponceau S staining (not shown). (G–K) Morphological defects after treatment
with different inhibitors. (G Inset) Antibody staining of �-tubulin showing depolymerization of microtubules by the absence of characteristic staining in
longitudinal axon bundles and mouth. (L) Control larva incubated in maximal concentration of organic solvent DMSO. (L Inset) Antibody staining of �-tubulin
showing polymerized microtubules in longitudinal axon bundles and mouth. Dashed line, ventral midline. Ventral views; anterior is up.
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matches that of the ventral body side, but they show only very
little convergence. In line with this result, we observed a limited
number of mediolateral cell intercalation events restricted to
cells between the segmental pairs of appendages (SI Fig. 8 and
SI Movie 2).

For technical reasons, we could not resolve the outlines of the
very large and thin cells on the dorsal body side. We managed,
however, to track individual dorsal cell nuclei (SI Fig. 9 and SI
Movie 3) and determined that the average distance between
them along the longitudinal axis increased to 140.0 � 4.7% (n �
6; pPTT � 9.9 � 10�6), whereas their average distance along the
dorsoventral axis did not change significantly (to 91.5 � 23.3%;
n � 10; pPTT � 0.16). We conclude that convergent extension is
restricted to the ventral body side.

An otx–gbx Morphogenetic Boundary Anteriorly Delimitates the
Converging and Extending Trunk Neuroectoderm. In vertebrates,
convergent extension occurs in the prospective hindbrain and
spinal chord neuroectoderm, whereas the fore- and midbrain
neuroectoderm is devoid of these movements at open neural
plate stages (6, 7). The boundary between these regions (the
later midbrain–hindbrain boundary) is set at gastrula stages,
where it is first apparent as a molecular boundary between the
anterior otx-expressing region and the posteriorly adjacent stripe
of gbx expression (33). In frogs, Otx has been shown to negatively
regulate convergent extension movements through Calponin
(34). A subdivision into an anterior otx- and a posteriorly
adjacent gbx-expressing region is of widespread occurrence in
developing bilaterians (1, 35–38), but a spatial correlation to the
anteroposterior extent of convergent extension has not been
documented except for vertebrates.

To investigate a possible correlation between the otx–gbx bound-
ary and the anteroposterior extent of convergent extension move-
ments in Platynereis, we analyzed the expression of the newly cloned
Pdu-gbx (SI Fig. 10E) and the previously cloned Pdu-otx (39) by
double-fluorescent whole-mount in situ hybridization (40). At 24
hpf, long before the onset of axis elongation in Platynereis, we
observed a single transverse band of Pdu-gbx-expressing cells lo-
cated posteriorly and not overlapping with the anterior otx expres-
sion territory (39) (Fig. 3 A–D). This molecular subdivision prevails
into subsequent stages, with Pdu-otx being continuously expressed
in anterior tissue surrounding the mouth opening (39) and Pdu-gbx
in the trunk neuroectoderm (SI Fig. 10 A–D). Note that Platynereis-
gbx expression later expands to more posterior trunk regions as also
documented for Xenopus (41). This pattern resembles the pattern

in Drosophila (35) and in amphioxus (42), where gbx is expressed
more broadly in the trunk ectoderm.

To relate the molecular boundary between Pdu-otx and Pdu-gbx
expression to larval morphology and morphogenesis, we costained
for Pdu-otx and the ciliary marker Pdu-�-tubulin (Fig. 3 E–H). We
could thus identify a band of cilia [representing the so-called
‘‘metatroch’’ (43), at the level of ‘‘1’’ in Fig. 3 F–H] that demarcates
the posterior limit of otx expression from 48 hpf onwards (Fig. 3
E–H) and also represents the head–trunk boundary in polychaetes
(44). The otx–gbx boundary thus corresponds to the head–trunk
boundary in the Platynereis neuroectoderm. Because ciliated cells
are also visible in the in vivo time-lapse recordings, we could follow
this band of cilia (arrow in SI Fig. 11 B and E) through axis
elongation and found that the otx-positive anterior tissue in front of
this band narrows (SI Fig. 11F) but does not elongate (SI Fig. 11C).
Convergent extension during elongation is therefore a characteristic
feature of the developing ventral trunk and is absent in the head
neuroectodem in Platynereis.

Discussion
Aside from vertebrates, convergent extension by cell intercala-
tion has been described for different elongating tissues (e.g.,
Drosophila hindgut and Malpighian tubules, sea urchin arch-
enteron, nematode dorsal ectoderm, and ascidian notochord;
refs. 19 and 45). Axis elongation has been studied for the
trochophore larva of various polychaetes such as Polygordius (16,
46), the terebellid Amphitrite (47, 48), the sabellids Serpula (49)
and Owenia (50), the orbinid Scoloplos (51), and the nereidids
Nereis (15) and Platynereis (52), but the underlying cellular
mechanisms are unknown. Comparative annelid data exist for
the directly developing leeches, where the trunk emerges and
elongates by teloblastic stem cell proliferation (53, 54). However,
leech axis elongation is different from that in polychaetes, at
least at the cellular level. At the present state, it is thus unclear
whether, and to what extent, the cellular mechanisms of axis
elongation as documented here for the polychaete Platynereis is
shared with other lophotrochozoans.

Yet, the comparison to vertebrate axis elongation reveals some
unexpected and profound similarities at the level of tissue mor-
phogenesis as well as at the cellular and molecular levels, as is
exemplified for Platynereis and frog in Fig. 4 (and as also holds true
for teleost fish). Both start from a spherical embryo/larva that is
molecularly subdivided into a neural and a nonneural half (sepa-
rated by stippled lines in Fig. 4 A and C) [the latter expressing
dpp/BMP2/4 orthologs (55); P.R.H.S. and D.A., unpublished data),
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Fig. 3. The otx–gbx boundary in Platynereis larval morphology. Stained larvae after single color (A, C, E, and G) or fluorescent two-color whole-mount in situ
hybridization (B and F). (A–D) Lateral views anteriorly tilted. (D) Schematized 24-hpf trochophore larva. (E–H) Ventral views anteriorly tilted. (H) Schematized
48-hpf trochophore correlating Pdu-otx expression (red) and the position of ciliary bands (brown). Numbers indicate position of ciliary bands. (B and F) Blue,
nuclear DAPI staining. Yellow, neuroectoderm; light gray, invaginated cheatal sacs; dark gray, mouth and anal precursors.
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and perpendicular to that, into otx and gbx regions (1, 35) (separated
by bold gray lines in Fig. 4 A–D). The prospective neural midline is
initially very short (Fig. 4 A and C, dashed line), so that the
prospective anal cells (green line in Fig. 4 A and C) lie in close
proximity to the anterior head neuroectoderm. The anus is then
forced apart from the otx-expressing anterior head by the conver-
gent extension movements (bold arrows in Fig. 4 A–D) along the
neural midline, involving mediolateral cell intercalation. At the
molecular level, mediolateral cell intercalation involves noncanoni-
cal Wnt signaling in frog and, possibly, also in Platynereis. In both
species, these morphogenetic movements result in the formation of
the neural body side, in the positioning of the anus at the posterior
end, and in an overall elongation of the body. The overall com-
plexity of this shared morphogenetic framework, where conserved
transcription factors such as otx and gbx show similar restricted
expression in corresponding tissues, suggests a common evolution-
ary origin.

Convergent extension of polychaetes and vertebrates, how-
ever, also shows an important difference that relates to the
amphistome vs. deuterostome gastrulation modes, and that is
illustrated in Fig. 4 E–G vs. Fig. 4 H–K. As is characteristic for
amphistome gastrulation, the lateral blastopore lips fuse along
the future neural midline separating the anterior mouth from the
posterior anus (Fig. 4 E–G). Convergent extension then moves
mouth and anus further apart from each other (Fig. 4 F and G),
as is needed for the formation of a tube-shaped gut with an
anterior mouth and posterior anus. The mouth territory itself is
located anterior to the otx–gbx boundary and thus shifts ante-
riorly to become part of the head. In contrast, in vertebrates, the
blastopore only gives rise to the anus (Fig. 4 H–K), and the
convergent extension movements therefore entirely take place in
front of the blastopore, which during gastrulation closes toward
the posterior end of the elongating axis (Fig. 4K). Under the
premise of an overall homology of polychaete and vertebrate
trunk morphogenesis, these different patterns could be recon-
ciled if vertebrate deuterostomy had evolved from an ancestral
amphistome situation, as suggested (3, 56, 57) and as also put

forward by the radial head hypothesis (1, 36). The vertebrate
neural midline would then correspond to the line of fusion of the
ancestral amphistome blastopore, and the ancestral mouth
would have been lost in the course of dorsoventral axis inversion
(58). Along these lines, we propose that convergent extension
gastrulation movements and the otx–gbx morphogenetic bound-
ary evolved in the context of amphistome gastrulation to set up
the main bilaterian body axes with separate mouth and anus.

Conclusion
In a pioneer study on polychaete axis elongation, we have uncov-
ered tissue rearrangements that very much resemble vertebrate
convergent extension. Polychaete axis elongation involves medio-
lateral cell intercalation, requires JNK activity, and is anteriorly
delimitated by the otx–gbx morphogenetic boundary. More com-
parative morphogenetic data will be needed for basal vertebrates
such as lampreys, for other deuterostome groups such as cephalo-
chordates and enteropneusts, and for other polychaetes, as well as
for other lophotrochozoan groups, to explore the phylogenetic
distribution of these strikingly similar patterns and to settle their
significance for our understanding of the evolution of the bilaterian
body axes.

Materials and Methods
Animal Culture. Platynereis larvae were obtained from an estab-
lished breeding culture at the European Molecular Biology
Laboratory.

Cloning of Genes. For all primers and various PCR conditions, see
SI Table 1. Full-length clones of Pdu-gbx and Pdu-strabismus and
partial clones of Pdu-jnk were isolated from Platynereis by nested
PCR after reverse transcription of mRNA extracted from 24- or
48-hpf (Pdu-stbm) larvae. Full-length clones of Pdu-gbx and Pdu-
strabismus were obtained by 5�- and 3�-RACE on an embryonic
cDNA library of 24-, 48-, and 72-hpf larvae. Full-length clones of
Pdu-gbx were obtained by fusion PCR by using cloned cDNA ends
as template with vector-based T3 and T7 primers. Pdu-stbm 5� ends
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Fig. 4. The evolution of convergent extension movements and of the otx–-gbx boundary in the context of amphistome and deuterostome gastrulation. (A and
B) Schematic expression patterns of Pdu-otx and Pdu-gbx from stage 24 (A) to 72 hpf (B). White arrows, fusion of the lateral blastopore lips to form the
neural midline. (C and D) Schematic expression patterns of Xenopus laevis Xotx2 (38, 60) and Xgbx2 (38, 41) from stage 11–11.5 (4, 7) (C) to stage 18 (4, 7) (D).
Bold gray line, otx–gbx boundary; green outlines the presumptive anus; dashed lines, neural midline; stippled lines, border between neural and nonneural tissue;
thick gray arrows, convergent extension movements of the neuroectoderm to extend the neural midline. Lateral views. (E–K) Convergent extension by
mediolateral cell intercalation in an amphistome (E–G) and in a deuterostome (H–K). In the amphistome, mediolateral intercalation drives apart mouth (m) and
anus (an). In the deuterostome, the slit-like blastopore no longer forms, but the corresponding movements persist. Vegetal views. Dashed line in I and K, neural
midline. Yellow, neuroectoderm; orange, otx; purple, gbx. v, ventral; d, dorsal; a, anterior; p, posterior; an, anus; bp, blastopore; m, mouth.
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were amplified from a 48-h stage SMART RACE library (Clon-
tech, Mountain View, CA). The 3�-cDNA end of Pdu-stbm was
amplified from a 48-hpf cDNA library. Pdu-�-tubulin was identified
during a sequencing screen of a 48-hpf EST library. Clone identities
were confirmed by sequencing and orthology assignment based on
multiple sequence alignments and neighbor-joining phylogenetic
trees by using ClustalX (59).

Labeling of Cellular Outlines. Embryos were incubated for 15 min
in 5 �M BODIPY564/570 coupled to propionic acid (Invitrogen,
Carlsbad, CA) in natural seawater, then rinsed twice in natural
seawater and mounted in a 1:1 mixture of natural seawater and
7.5% MgCl2 to prevent muscular contractions.

Time-Lapse Recordings. Time-lapse recordings were performed with
a PerkinElmer (Wellesley, MA) Ultraview RS System. Embryos
were kept during recordings (12 frames per hour) at a constant
temperature of 25°C or 26°C in natural seawater between slide and
coverslip separated by two layers of adhesive tape and silicone
paste. The chamber was sealed with mineral oil (Sigma, St. Louis,
MO).

Image Analysis. Cell tracings and distance measurements used
NIH Image 1.63 and ImageJ 1.32 and 1.33u. 3D reconstructions
of the ventral plate used the Volume Viewer plugin for ImageJ.

Morphometric Measurements. Length and width measurements
were made between the centers of two tracked cells. The change in
surface area was measured by averaging surface area changes
among five traced cells along the mediolateral axis and 20 traced
cells along the anteroposterior axis. The elongation and mediolat-
eral intercalation indices were measured as in ref. 17.

Incubations in Nocodazole, Cytochalasin B, SP600125, and AS601245.
Embryos were incubated between 48 and 72 hpf in natural
seawater containing Nocodazole (Sigma; 0.2 and 20 �g/ml),

Cytochalasin B (Sigma; 0.1 and 2.5 �g/ml), SP600125 [A. G.
Scientific (San Diego, CA); 2.5 and 25 �M], and AS601245
(Calbiochem, La Jolla, CA; 10 and 25 �M). Controls were
incubated in 0.25% DMSO/natural seawater (except for No-
codazole, 0.2% DMSO).

Western Blotting. Embryos were incubated in either SP600125 or
AS601245, lysed in 1� SDS sample buffer containing 1:100 phos-
phatase inhibitor mixture 1 (Sigma), boiled for 5 min at 100°C,
vortexed, and homogenized by pulling up a syringe. Proteins were
separated by SDS/PAGE and blotted onto a nitrocellulose mem-
brane (Protran by Whatman, Brentford, U.K.). Similar protein
loading was controlled by Ponceau S (Sigma). Phosphorylated JNK
was detected by a Phospho-SAPK/JNK (Thr-183/Tyr-185) (1:400;
Cell Signaling Technology, Beverly, MA) according to the manu-
facturer’s protocol. A peroxidase-coupled goat anti-rabbit (Jackson
ImmunoResearch, West Grove, PA) was used as secondary anti-
body and was detected with the ECL Detection Kit (Amersham,
Piscataway, NJ).

Whole-Mount in Situ Hybridization and Immunohistochemistry. Em-
bryos were fixed in 4% paraformaldehyde/1.75% PBS–Tween 20
for 2 h. Single-color and double-f luorescent whole-mount in situ
hybridizations followed established protocols (40). Monoclonal
antibodies were raised against acetylated �-tubulin (Sigma
T6793; 1:250) and �-tubulin (Sigma clone DM1A; 1:500).
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