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Abstract Early coelomic development in the abbreviated
development of the sea urchin Holopneustes purpurescens
is described and then used in a comparison with coelomic
development in chordate embryos to support homology
between a single arm of the five-armed radial body plan of
an echinoderm and the single bilateral axis of a chordate.
The homology depends on a positional similarity between
the origin of the hydrocoele in echinoderm development and
the origin of the notochord in chordate development, and a
positional similarity between the respective origins of the
coelomic mesoderm and chordate mesoderm in echinoderm
and chordate development. The hydrocoele is homologous
with the notochord and the secondary podia are homologous
with the somites. The homology between a single echino-
derm arm and the chordate axis becomes clear when the
aboral to oral growth from the archenteron in the echino-
derm larva is turned anteriorly, more in line with the ante-
rior—posterior axis of the early zygote. A dorsoventral axis
inversion in chordates is not required in the proposed
homology.

Keywords Deuterostome - Evolution - Mesoderm -
Morphogenesis - Metamerism
Introduction

Echinoderms and chordates, together with hemichordates,
are the main phyla of the deuterostome group whose

Communicated by Hiroki Nishida

V. B. Morris (2X))

School of Biological Sciences A12, University of Sydney,
NSW 2006, Australia

e-mail: valm@mail.usyd.edu.au

phylogenetic affinity is well supported by molecular data
(Cameron et al. 2000; Putnam et al. 2008). Echinoderms are
more closely related to hemichordates than to chordates, but
they differ morphologically from both phyla through their
five-armed radial body plan that is very different from the
bilateral body plan of a chordate. The morphological con-
nexion between the body plans of echinoderms and chor-
dates has remained unclear. In this report, a similarity
between the coelomic structures in an echinoderm larva
and those well known for chordate embryos (Gilbert 2010)
is described and a homology between echinoderm and chor-
date body plans is proposed.

The similarity is evident at early stages of development.
In an echinoderm, coeloms form at the head of the archen-
teron, the more prominent of which is the hydrocoele that
forms the pentamerous water vascular system of the adult
(Hyman 1955). In a chordate, the notochord forms similarly
from the archenteron and it is homology between the hydro-
coele and the notochord that is proposed here. The coelomic
mesoderm that forms more posteriorly from the archenteron
in an echinoderm larva shares a similar positional origin to
that of the mesoderm in a chordate embryo and homology
between these tissues is also proposed.

The early development of echinoderm coeloms is de-
scribed here in the sea urchin Holopneustes purpurescens.
Development is direct in this species (Morris 1995), there is
no feeding larva, and the coeloms reach the adult form
between 1 and 2 days after fertilization. Development of
the five primary podia, which form from the hydrocoele and
which are the earliest pentamerous structures, was described
previously (Morris 2007). Here, laser scanning confocal
microscopy and three-dimensional image analysis was used
in describing the early coelomic development.

The present description of hydrocoele development chal-
lenges the conventional descriptions in Ubaghs (1967), as
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did the description for the echinoid Heliocidaris erythrog-
ramma (Morris 2011), which also has an abbreviated devel-
opment. The emphasis here on coeloms in body plan
architecture has parallels with the axial-extraxial theory of
Mooi et al. (1994) who divide the echinoderm body into an
axial region and an extra-axial region and associate the
hydrocoele with the axial region. The differing extents of
the axial regions in echinoderms are the basis of a scheme
that unites the different forms of the five extant echinoderm
classes (David and Mooi 1996).

The homology between echinoderm and chordate body
plans depends also on the description (Morris 2009) of the
serial development in the juvenile of H. purpurescens of
secondary podia along an echinoderm arm that was inter-
preted as a metameric series. In this respect, the conceptual
body plan of an echinoderm here resembles that of Turner
(1998) who described the bilateral serial repetition of ele-
ments along the ambulacra as metamerism, making a link
between echinoderms and chordates. The earliest echino-
derms were bilateral (Zamora et al. 2012), so it is reasonable
to look for bilateral characters in echinoderms in order to
relate them morphologically to chordates. A metameric se-
ries is a possible bilateral character that would connect
echinoderms and chordates since metamerism is a central
character of the chordate body plan. Pentamerism would be
a consequence of the duplication of arms, as others have
suggested (Raff and Popodi 1996; Hotchkiss 1998).
Similarity between a single echinoderm arm and the axial
structures of a vertebrate embryo was proposed previously
by Heinzeller and Welsch (1999).

The data presented and their interpretation sit within the
wider contexts of deuterostome evolution (see Swalla and
Smith 2008), the ancestry of echinoderms (Smith 2005) and
the ancestry of chordates and echinoderms (Jefferies 1990)
and is commented on briefly in the “Discussion”. Now the
idea of an ancestral role for a dipleurula-like larva has been
put aside for being too specialized, as Lacalli (2005) has
argued, attention can be placed on adult structures, as here,
rather than on adaptive larval characters.

Materials and methods

Cultures of H. purpurescens embryos, prepared as described
(Morris 2007), were reared at 20 °C in filtered sea water
(FSW). Larvae were fixed in 4 % (w/v) paraformaldehyde
(Sigma-Aldrich) in FSW for 1-2 h, washed in FSW, then
dehydrated in graded methanols to 100 % methanol and
stored at —20 °C. For viewing, larvae were cleared and
mounted in 2:1 (v/v) methyl benzoate/methyl alcohol
(Sigma-Aldrich), in coverslip-sealed chambers.

Larvae, with tissues autofluorescent from the paraformal-
dehyde fixation, were viewed in the Leica TCS SP5 MP

@ Springer

multiphoton laser scanning confocal system (Leica
Microsystems) with a tunable Mai Tai Deep See laser
(Spectra-Physics) attached to a Leica DMI6000B-CS
inverted microscope. Each specimen was imaged using
multiphoton microscopy (Cox 2007) at Aex=870 nm with
pulses in the 100-200 fs range and detected in a reflected
nondescanned detector at Aem 545-605 nm. A Z stack was
collected, with default X flipped, averaged over two frames
in a 1,024 x 1,024 pixel array, 12 bits/pixel, at a slice thick-
ness of 1.85 wm using a Leica HC PL APO 20x/0.70 IMM
CORR CS objective lens or at a slice thickness of 0.5 pm
using a Leica HCX PL APO 63x/1.30 GLYC CORR CS
21 °C objective lens.

The Z stacks were viewed in Imagel] (v. 1.43r). XY
sections of the Z stack were supplemented by sections
through any plane of the Z stack created by the 3-D plugin
Volume Viewer. Since the resolution in XZ and YZ sections
of the Z stack is lower than in XY sections, by about four
times, a property of confocal imaging (Cox 2007), some
reduction in resolution can occur in sections created in
Volume Viewer.

Larvae were observed at hourly intervals from 27 to 40 h
after fertilization. The observations of larvae at 27, 29, 33,
39 and 40 h, illustrated here, represent findings from the
developmental range observed. Eight or more larvae were
viewed at each of the illustrated times.

Results

The hydrocoele and coelomic mesoderm in H. purpurescens
form from cells at the head and sides of the archenteron
wall. The cells form a structure, which in a feeding larva is
the left coelom but which is here the adult, oral coelom that
forms on the adult, oral side of the larva. The hydrocoele
develops from the anterior region of the oral coelom while
the coelomic mesoderm develops from the posterior region of
the oral coelom. The oral coelom is bent towards the adult,
oral side of the larva. The hydrocoele develops five primary
podia and the coelomic mesoderm grows around the primary
podia. These findings are illustrated in the figures.

The early development of the hydrocoele and coelomic
mesoderm is shown in Figs. 1 and 2 and the later develop-
ment to the echinus rudiment stage is shown in Fig. 3. The
homology between early coelomic structures in an echino-
derm and a chordate is illustrated diagrammatically in
Fig. 4.

Early coelomic development
Figure la—d are low-magnification sections of a 27-h larva

in oral view, selected from a Z stack imaged with the 20x
objective lens, the sections progress from oral to aboral. The
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axes of the larva are shown in Fig. la. Anterior (an) is at the
animal pole and posterior (po) is at the vegetal pole where
the blastopore forms. Left (le) and right (ri) are set by
equating the oral view of the larva with a frontal or ventral
view.

Figure 1a is a superficial section through the oral face of
the oral coelom showing the outline of the coelom (oc) and
its prominent left lobe (lo). Figure 1b is a deeper section
showing the origin of the hydrocoele (hy) from cells at the
anterior tip of the archenteron (ar); the archenteron cavity is
open to the cavity of the left lobe of the oral coelom. In
Fig. lc, a ridge of cells (arrow) associated with the hydro-
coele is separated from the left lobe by a shallow indentation
(arrowheads) of the archenteron wall; the section is through
the blastopore (bl). Figure 1d is a section near the aboral
wall of the archenteron.

Figure le—h are high-magnification sections through the
same larva imaged with the 63x objective lens, giving
higher resolution images of the tissues. Figure le—g are at
Z stack levels similar to those in Fig. la—c and show the
features of Fig. la—c. Figure 1h is a section through the Z
stack after the XZ face has been tilted towards the observer,
using Volume Viewer (Materials and methods), so to obtain
an approximate transverse section through the oral coelom
at the level of the left lobe. It shows the shape of the left
lobe, which curves orally.

Figure 1i-l are sagittal sections of the oral coelom in
another 27-h larva that is more advanced in development than
the larva in Fig. la-h. The view is of the left side of the oral
coelom with oral (or) on the left in each panel and aboral (ab)
on the right. The sections progress from the left side of the oral
coelom to the right side. Figure 1i is a superficial section
through the left lobe. Figure 1j is a midsagittal section illus-
trating the early development: the hydrocoele forms anteriorly,
marked out by some epitheliation; the coelomic mesoderm
(cm) is a loose aggregation of cells lying posteriorly; the
coelomic mesoderm is sourced from the oral wall of the
archenteron that here has broken down, undergoing de-
epitheliation; the archenteron stem is tilted aborally while
the oral coelom comprising the hydrocoele and coelomic
mesoderm is bent orally. In Fig. 1k, the XZ face of the Z stack
has been tilted away from the observer to show principally the
exit of cells from the oral wall of the archenteron, ahead of the
arrow. Figure 11 is a section near the right side of the oral
coelom where coelomic mesoderm is sourced from the right
side of the archenteron wall. Figure 1m is an oral view of the
larva in Fig. 1i-1 created in Volume Viewer; it shows the shape
of the oral coelom, tilted posteriorly on the side of the left
lobe; the approximate planes of section in Fig. 1i, j, 1 are
shown in Fig. Im (arrows).

Figure 1n—p are sections of a 29-h larva that show a more
advanced development of the oral coelom. Figure 1n, o are
oral views. In Fig. In, the hydrocoele, bordered by an

epithelium, is connected with the coelomic mesoderm of
the left lobe (lo); coelomic mesoderm (cm) has formed from
the right archenteron wall. Figure 10 is a deeper section that
is through the opening (ao) into the archenteron cavity
created by the breakdown of the oral wall of the archenter-
on; coelomic mesoderm forms from both side walls of the
archenteron (arrowheads). Figure 1p is a sagittal section
through the same larva, created in Volume Viewer, to show
the relationship between the hydrocoele, the coelomic me-
soderm and the archenteron in this larva, and the archenter-
on opening (ao) open to the archenteron (ar).

Figure 1q-t are sagittal sections of 29-h larvae and a 33-
h larva. They summarize features of oral coelom development.
Figure 1q shows the anterior position of the hydrocoele with
respect to the posterior position of the coelomic mesoderm;
Fig. 1r shows the clear origin of cells from the oral wall of the
archenteron; Fig. 1s is a section through the right side of the
larva showing coelomic mesoderm sourced from the right
archenteron wall; Fig. 1t is a section of a 33-h larva showing
the later increased mass of coelomic mesoderm, here extend-
ing high on the right side of the oral coelom.

Overall, Fig. 1 shows the development of an oral coelom
from the head and sides of the archenteron wall, a coelom
that bends orally and is slanted clockwise with respect to the
anterior—posterior line of the archenteron in oral view. The
slant of the oral coelom is presaged in the sections in
Fig. la—h. The hydrocoele forms from the oral coelom
anteriorly and the coelomic mesoderm forms posteriorly.

Early coelomic development in transverse view

Figure 2 is a series of sections approximately transverse to the
archenteron and the oral coelom that progress from posterior to
anterior. They are to show, in Fig. 2a—d, the exit of cells from
the oral and side walls of the archenteron in a 27-h larva, and in
Fig. 2e-h, the later growth of the oral coelom in a 29-h larva.
The larva in Fig. 2a—d is the larva in Fig. 1i-m and the larva in
Fig. 2e-h is the larva in Fig. 1n—p. The sections were created in
Volume Viewer and the planes of sections through the archen-
teron and oral coelom are indicated for the 27-h larva and the
29-h larva respectively in Fig. 2i, j.

Figure 2a is at a level where the coelomic mesoderm is
not linked with the archenteron wall. In Fig. 2b, cells have
exited from the left side of the archenteron wall in the region
of the left lobe; the section is through the posterior region of
the oral coelom. Figure 2c is at the level of the start of the
breakdown of the oral archenteron wall (arrowhead). In
Fig. 2d, much of the oral archenteron wall has broken down;
cells have exited from the right archenteron wall
(arrowhead); the hydrocoele extends from the aboral wall
of the archenteron to the oral face of the oral coelom on the
left side; the hydrocoele here is anterior to the coelomic
mesoderm lying posteriorly.
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« Fig. 1 Early development of the oral coelom in oral and sagittal views
(described in text). a—h Sections of a 27-h larva imaged with a 20x
objective lens (a—d) and a 63x objective lens (e-h) in oral view,
excepting h which is a transverse view. i-m Sagittal sections of another
27-h larva, in left-side view, excepting m which is an oral view. n, o
Sections of a 29-h larva in oral view; p A sagittal view of this larva. q,
r Left-side sagittal views of another 29-h larva. s Right-side sagittal
view of another 29-h larva. t Sagittal section in right-side view of a 33-
h larva. Sections created in Volume Viewer are bordered in blue. Other
sections are parallel to the XY face of the Z stack. ab, aboral; an,
anterior; ao, archenteron opening; ar, archenteron; arrow in ¢, ridge of
cells; arrow in K, exit of cells from archenteron wall; arrows in m,
approximate planes of section in i, j, I; arrowheads in ¢ and g,
indentation of archenteron wall; arrowheads in o, side walls of arch-
enteron connect with coelomic mesoderm; aw, archenteron wall; b/,
blastopore; ¢m, coelomic mesoderm; 4y, hydrocoele; /le, left; lo, left
lobe; oc, oral coelom; or, oral; oral v, oral view; po, posterior; ri, right;
sag v, sagittal view; trans v, transverse view. Scale bar 100 um in a,
applies also in b—d; scale bar 50 pm in e, applies also in f, g, i, j, 1, s, t;
scale bars 50 um elsewhere

In Fig. 2e, a mass of coelomic mesoderm extends from
the oral and side walls of the archenteron to the oral ecto-
derm (oe); the section is at the level of the posterior region
of the oral coelom. In Fig. 2f, the coelomic mesoderm is
separated into two regions, one on the right and the other, on
the left, that is the part of the left lobe where it is connected
to the base of the hydrocoele (hb). In Fig. 2g, the separation
between the coelomic mesoderm on the right side of the
larva and the hydrocoele extends into the archenteron cav-
ity; the hydrocoele also separates from the left lobe (not
shown). Figure 2h is a section through the hydrocoele that at
this level extends across the oral face of the oral coelom,
making contact with oral ectoderm; the epithelium on the
oral face of the hydrocoele (arrowheads) is where the pri-
mary podia form their shapes.

Overall, Fig. 2 shows the origin of cells from the arch-
enteron walls to form the coelomic mesoderm, the further
development of the oral coelom and the contact of the
hydrocoele with the oral ectoderm.

Later coelomic development

Figure 3 is a later stage of development where the hydro-
coele has formed the five arms that are the hydrocoelic
components of the five primary podia. The coelomic meso-
derm has grown anteriorly around the sides of the
hydrocoele.

Figure 3a—d are low-magnification sections through a 40-
h larva in aboral view, progressing from aboral to oral. In
aboral view, left is on the left in each panel and right is on
the right. Figure 3a is a superficial section through the
archenteron wall, the hydrocoele stem anterior to it and a
surrounding arc of coelomic mesoderm. Figure 3b, c are
progressively deeper sections showing the five hydrocoele
arms and the coelomic mesoderm around them. Figure 3d is

at an oral level through the vestibule and the five primary
podia (A, B, C, D and E), each composed of a hydrocoele
arm encased by vestibular ectoderm.

Figure 3e—g are high-magnification sections through 40-
h larvae progressing from aboral to oral. Figure 3e is
through the archenteron wall, the hydrocoele stem and the
surrounding coelomic mesoderm. Figure 3f is where the
hydrocoele has broadened and developed a five-armed
shape. Figure 3g is through the five hydrocoele arms; the
epithelium of the arms is continuous with the epithelium of
the oral face of the hydrocoele that lies centrally between the
arms, a region here called the oral plate; the oral plate (op) is
slightly aboral to the hydrocoele arms, lying in a depression
between the arms which grow outwards and orally.

Figure 3h is a low-magnification sagittal section through
a 39-h larva, in right-side view, showing the coelomic me-
soderm aboral to hydrocoele which is aboral to the thick
vestibular ectoderm (ve) that lines the aboral side of the
vestibule (vs).

Figure 3i—k are high-magnification sagittal sections
through a 40-h larva showing the relationship between the
archenteron, the coelomic mesoderm and the parts of the
hydrocoele in the right-side view. In Fig. 31, the archenteron
shares an epithelium with the hydrocoele, which has
branched into arms; coelomic mesoderm lies aborally.
Figure 3j is a deeper section where the coelomic mesoderm
is aboral to the aboral hydrocoele wall. In Fig. 3k, which is a
still deeper section, the coelomic mesoderm extends orally
towards the separation between two hydrocoele arms; the
hydrocoele arms lie close to the vestibular ectoderm.

Overall, Fig. 3 shows a pentamerous echinoderm body
plan developed from the archenteron products of hydrocoele
and coelomic mesoderm.

The direction of growth from the stage of development in
Fig. 3 is predominantly oral, extending the tissues outwards
from the primary podia, with the source of growth at the
primary podia.

Discussion

The early development of coelomic structures in the abbre-
viated development of the sea urchin H. purpurescens expo-
ses a similarity between echinoderm and chordate coelomic
development.

The similarity is in the relative positions in which the
early hydrocoele and coelomic mesoderm form from cells of
the archenteron wall and in the relative positions in which
notochord tissue and mesoderm form at the start of gastru-
lation in chordate embryos. The hydrocoele forms from
cells that are anterior to those that form the coelomic meso-
derm. There is a similar anterior—posterior relationship in
chordates between notochord precursors and mesoderm
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« Fig. 2 Early development of the oral coelom in transverse view
(described in text). a—d The 27-h larva in Fig. la—h; sections progress
from posterior to anterior at levels (4, B, C, D) shown in i. e-h The 29-
h larva in Fig. In—p; sections progress from posterior to anterior at
levels (E, F, G, H) shown in j. a—h Created in Volume Viewer and are
bordered in blue. ab, aboral; ar, archenteron; arrowhead in ¢, break-
down of oral archenteron wall; arrowhead in d, exit of cells from right
archenteron wall; arrowheads in h, oral face of hydrocoele; c¢m, coe-
lomic mesoderm; 4b, base of hydrocoele; Ay, hydrocoele; le, left; lo,
left lobe; oe, oral ectoderm; or, oral. Scale bars 50 um; scale bar in a
applies also in b—d; scale bar in e applies also in f~h

precursors that is seen in the blastomeres of ascidians
(Nishida 1987) and in the fate maps of the primitive-streak
region in chick (Selleck and Stern 1991) and mouse
(Lawson et al. 1991) embryos. This observed similarity
leads to the proposal that the hydrocoele is homologous
with the notochord and that the coelomic mesoderm is
homologous with the chordate mesoderm.

This homology between echinoderms and chordates can
be extended by considering the later development of the
proposed homologous structures. In echinoderms, the
hydrocoele and coelomic mesoderm contribute to the am-
bulacra. In chordates, structures of the chordate axis are
formed: these are the notochord and somites and the more
posterior presomitic mesoderm and tail bud mesoderm. Both
the ambulacra and the chordate axis are a metameric series,
and both require a growth zone.

Whereas in chordates the growth zone that forms the
chordate axis is associated with the progeny of cells that
involute or ingress at the blastoporal opening, the source of
a growth zone for the ambulacra of echinoderms is less
clear. However, it has been known for some time that the
order in which the secondary podia, or the definitive feet,
form is from aboral to oral with the older tube feet nearer the
mouth and the younger nearer the terminal, or ocular, plate
(Hyman 1955). Mooi et al. (2005) specify a growth zone as
the source of the ocular plate rule in which ambulacral plates
are laid down in sequence, starting adoral to the ocular plate
that forms around the primary podium, with the youngest
plates adjacent to the apical system and the oldest plates
next to the mouth, a rule they say applies to all echinoderms.
Morris (2009), in a description of the development of the
secondary podia in a juvenile of H. purpurescens, showed
that the earliest secondary podia develop at the bases of the
primary podia where the podia join the emerging radial
canals. The present report shows that the primary podia
form at the edges of the hydrocoele (Fig. 3f, g) with coelo-
mic mesoderm entering the region between the primary
podia (Fig. 3k). It is proposed, therefore, that there is a
growth zone associated with the bases of the primary podia
and the nearby coelomic mesoderm. At an earlier stage of
development, the precursors of cells of this growth zone
would have been cells that de-epitheliated at the junction

between the archenteron wall and the developing left coe-
lom. It is thus reasonable to postulate homology between the
growth zone for ambulacra in an echinoderm embryo and
that for the chordate axis in a chordate embryo.

The extended homology between the echinoderm body
plan and the chordate body plan resulting from the growth-
zone homology is summarized in Fig. 4, starting with a
summary diagram of the echinus rudiment at the latest stage
described in the present report (Fig. 4a).

In Fig. 4a, the coelom that formed from the archenteron
has developed into the hydrocoele and the coelomic meso-
derm. The hydrocoele has turned towards the side of the
larva that is the oral side. The primary podia have formed at
the ends of the branched hydrocoele: coelomic mesoderm
has grown between the branches. The further growth of the
rudiment, beyond that described in the present report and
represented in grey, will be outwards on the oral side,
creating tissues that extend from the bases of the primary
podia at the edges of the oral plate to the oral ectoderm. The
secondary podia will develop at the bases of the primary
podia and protrude orally from the radial canals that form as
each hydrocoele branch grows (Morris 2009). These sec-
ondary podia are the definitive podia of echinoderms that
form successively with new podia formed at an aboral site,
leaving the older podia nearer the mouth (Hyman 1955), as
noted above.

To appreciate the homology between the body plans, the
aboral to oral growth from the bases of the primary podia
(Fig. 4a) should be rotated through about 90° so it is more in
line with animal-vegetal axis of the early zygote. The view
of one radial canal with secondary podia and coelomic
mesoderm after such rotation is diagrammed in Fig. 4b.

During the growth of the echinoderm rudiment, the
hydrocoele and podia separate from the archenteron and
after the mouth forms, the ring canal is around the oesoph-
agus (von Ubisch 1913). Three pairs of secondary podia are
shown in Fig. 4b, with the youngest next to the primary
podium and the oldest nearest the ring canal around the
mouth. The coelomic mesoderm, which will form the mus-
cular and connective tissues of the secondary podia (von
Ubisch 1913; Hyman 1955), is shown enveloping the sec-
ondary podia. To illustrate the homology with the chordate
body plan, the coelomic structures in a generalized amniote
vertebrate embryo are diagrammed in Fig. 4c. The homolo-
gy is between the hydrocoele and the notochord and be-
tween the pairs of secondary podia and the pairs of somites.
In the amniote vertebrate embryo, notochord has formed
anteriorly from the growth zone associated with the primi-
tive streak (Bellairs and Osmond 2005). Mesoderm, formed
from the lateral walls of the primitive streak, has formed tail
bud mesoderm and presomitic mesoderm, which develops
anteriorly into somites (Aulehla and Pourquié 2010) with
the older somites lying anteriorly. One difference between
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Fig. 3 Later development of the oral coelom to the echinus rudiment
stage (described in text). a—d Low-magnification sections of a 40-
h larva imaged with a 20x objective lens in aboral view; sections
progress from aboral to oral. e-g High-magnification sections of 40-
h larvae imaged with a 63x objective lens, progressing from aboral to
oral. h Low-magnification sagittal section of a 39-h larva in right-side
view. i~k High-magnification sagittal sections of a 40-h larva in right-
side view; sections progress from right to left. e-g and i—k created in

the echinoderm larva and the vertebrate embryo is in the
hydrocoelic component of the secondary podia that con-
trasts with somites, which lack a notochordal component.
Both secondary podia and somites, however, are a coelomic
metameric series sourced from a growth zone at the
archenteron—coelomic boundary.

To summarize, the homology in Fig. 4 depends on
accepting that the cellular origins of the hydrocoele and
the notochord have a similar positional identity and that
the coelomic mesoderm and chordate mesoderm origins also

@ Springer

Volume Viewer and are bordered in blue. A, B, C, D and E in d are the
five primary podia. aboral v, aboral view; aw, archenteron wall; cm,
coelomic mesoderm; /a, hydrocoele arm; Ay, hydrocoele; le, left; op,
oral plate; or, oral; oral v, oral view; pp, primary podium; ri, right; ve,
vestibular epithelium; vs, vestibule. Scale bar 100 um in a applies also
in b—d; scale bar 50 um in e applies also in f, g; scale bar 100 um in h;
scale bar 50 pum in i applies also in j, k

have a similar positional identity that is posterior to that of
the hydrocoele and notochord. The positional identities
claimed for H. purpurescens are evident at the earliest
appearance of the hydrocoele and coelomic mesoderm cells
(Fig. la—h).

The homology has support from gene expression studies.
In a mouse embryo (Aulehla and Pourquié 2010), signalling
gradients involving Wnt/3-catenin, fibroblast growth factor
(FGF) and retinoic acid pathways regulate somitogenesis
and axial development. In the sea urchin H. erythrogramma,
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a

Fig. 4 Echinoderm—chordate homology (described in text). a Echinus
rudiment in right-side sagittal view; future oral growth (pale grey) to
the right of the primary podia (pp) is represented by three (out of five)
radial canals joined to the ring canal; ar, archenteron; cm, coelomic
mesoderm; /1y, hydrocoele. b A single echinoderm arm with secondary

Wnt genes are expressed in the left coelom (Ferkowicz and
Raff 2001); the left coelom is here the oral coelom. An FGF
receptor, FGFRI, is expressed in the secondary mesen-
chyme that forms the left coelom in the sea urchin
Strongylocentrotus purpuratus (Poustka et al. 2007). In
mouse, the signalling pathways interact with Hox genes that
specify axial identity along the anterior—posterior axis
(Aulehla and Pourqui¢ 2010). A vector of Hox genes from
Hox7 to Hoxl11/13 is expressed in the somatocoele of S.
purpuratus (Arenas-Mena et al. 2000); the somatocoele is
the coelomic mesoderm of the present report. Hox5 and
Hox11/13 are expressed in H. purpurescens in growth zones
next to the primary podia (Morris and Byrne 2005). Hox11/
13 is also expressed in the coelomic mesoderm exiting from
the archenteron in H. purpurescens larvae (Morris unpub-
lished). A colinear expression of Hox genes has been de-
scribed in the somatocoele of a crinoid (Hara et al. 20006).
Hox4 is expressed in the left coelom of the sea star
Parvulastra exigua (Cisternas and Byrne 2009). Hox3 is
expressed in the dental sacs of S. purpuratus (Arenas-
Mena et al. 1998). The dental sacs form at the oral tips of
the coelomic mesoderm next to the ring canal (Morris 2009)
and so are nearest to the mouth. Downstream targets of Wnt
signalling in mouse include Brachyury (Aulehla and
Pourquié 2010). Brachyury is expressed in the secondary

podia (sp) connected to the radial canal (ra), surrounded by coelomic
mesoderm originating at the archenteron; rc, ring canal. ¢ Generalized
amniote vertebrate embryo of archenteron, notochord (no), tail bud
mesoderm (tb) presomitic mesoderm (pm) and somites (s0)

mesenchyme in echinoids (Hibino et al. 2004); secondary
mesenchyme forms the left coelom in echinoderms.
Significantly, a later spatial expression of Brachyury in the
left coelom has been reported for S. purpuratus (Peterson et
al. 1999a). In amphioxus, engrailed is expressed as meta-
meric stripes along the anterior—posterior axis (Holland et al.
1997). In juvenile brittle stars, engrailed is expressed at the
arm tips overlying the boundaries between newly forming
skeletal ossicles (Lowe and Wray 1997).

In mouse, Hox gene expression is also controlled by
Notch signalling in the presomitic mesoderm (Aulehla and
Pourquié 2010). Poustka et al. (2007) report crosstalk be-
tween Wnt, Notch and FGF signalling pathways in second-
ary mesoderm cell specification and differentiation in S.
purpuratus, similar to, quote, “signaling cascades that func-
tion during development of presomitic mesoderm in mouse
embryogenesis”. The secondary mesoderm is the secondary
mesenchyme that forms the left coelom in echinoderms
(Hyman 1955).

The homology (Fig. 4b, c) between one ambulacrum and
the chordate axis implies that the other four ambulacra are
an evolutionary duplication from an ancestor with a single
ambulacrum. A duplication for the origin of pentamery has
been suggested by Raff and Popodi (1996) and Hotchkiss
(1998), as has homology between a single echinoderm arm
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and the axial structures of a vertebrate embryo (Heinzeller
and Welsch 1999). A duplication would fit with the palae-
ontological evidence that the ancestral echinoderm had a
single ambulacrum (Smith 2005). New data on the earliest
echinoderms (Zamora et al. 2012) show that the adult body
plan was bilateral. These earliest echinoderms have margin-
al plates that, although of different sizes, are a serial repeti-
tion, as are the plates in the tails of cintans. If these plates
represent a metameric series, they provide an early link with
chordates, supporting a common ancestry for echinoderms
and chordates from diverse carpoids, in agreement with
Jefteries (1990). A link with the hemichordates is less clear,
although based on a similar anterior—posterior identity, the
proboscis coelom would be homologous with the hydro-
coele and the notochord. The stomochord of hemichordates
is not considered homologous with the notochord (Peterson
et al. 1999b; Ruppert 2005).

The homology between echinoderms and chordates de-
scribed here does not require an inversion of the dorsoven-
tral axis of chordates, as has been proposed for the
homology between chordates and nonchordate Bilateria
(De Robertis and Sasai 1996). In an echinoderm, growth
from the archenteron is towards the oral side of the larva
where the adult mouth will form. The archenteron, however,
remains aboral. In a chordate, the archenteron is dorsal, as is
the notochord and as are the somites, and the mouth is on
the ventral side. It is the oral growth of the echinus rudiment
from its source at the archenteron that leads to the mouth
opening on the oral side. When this oral growth is turned
anteriorly (Fig. 4b), so the mouth is more anterior in posi-
tion, the echinoderm and chordate body axes are the same,
with the aboral—oral echinoderm axis becoming respectively
a dorsoventral axis. A dorsoventral inversion in chordates is
then not necessary for the homology between echinoderms
and chordates.

Abbreviated development in echinoderms is generally
regarded as derived, being a form of development in which
the feeding larval stages fail to develop fully. In abbreviated
development, however, the early stages of adult develop-
ment are more easily observed, as here, where an anterior—
posterior relationship between the hydrocoele and coelomic
mesoderm has been demonstrated. Even so, this same rela-
tionship is present in feeding larvae, in the development of
the adult structures, where the hydrocoele forms from the
anterior part of the left coelom with the somatocoele, here
the coelomic mesoderm, more posterior (von Ubisch 1913).
Thus, although the earliest hydrocoele development is not
clear in feeding larvae, the anterior—posterior relationship is
evident as the hydrocoele separates from the somatocoele.

The abbreviated development of H. purpurescens is ex-
treme in comparison with the abbreviated development of
the sea urchin H. erythrogramma. In H. erythrogramma
(Morris 2011), the left coelom (here, the oral coelom) is a
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coelomic cavity encased by an epithelium. The hydrocoele
forms from the anterior region of the left coelom, becoming
separated from the posterior region by a constriction that
starts in the epithelium on the oral face of the left coelom. In
H. purpurescens, the hydrocoele is separated from the more
posterior coelomic mesoderm almost as it forms, with a
breakdown of the archenteron wall and the formation of
coelomic mesoderm directly from the archenteron wall in a
loose aggregation more similar to that in a chordate embryo.
The hydrocoele forms as an unbranched structure, anterior-
ly, at the head of the archenteron. Thus, it is in the extreme
abbreviated development of H. purpurescens that the simi-
larity between echinoderm and chordate coelomic develop-
ment is more easily seen.

The findings here implicate echinoderms as a model for
investigating how orthologous genes produce radically dif-
ferent phenotypic outcomes at the level of phyla.

Addendum: revisions to Morris (2007)

The region described as the mouth (Morris 2007) is the
archenteron opening made by the breakdown of the oral
archenteron wall. The formation of the mouth was not
observed, but cells in the hydrocoele probably form a chan-
nel from the archenteron to the oral plate that is later perfo-
rated. Primary podia A and B form from the oral face of an
epithelium derived from the posterior face of the hydro-
coele, rather than directly from the archenteron wall. The
somatocoele (Morris 2007) is the coelomic mesoderm.

Acknowledgments [ thank Eleanor Kable and acknowledge the fa-
cilities and the scientific and technical assistance of staff of the Aus-
tralian Microscopy and Microanalysis Facility at the Electron
Microscope Unit, The University of Sydney.

References

Arenas-Mena C, Martinez P, Cameron RA, Davidson EH (1998)
Expression of the Hox gene complex in the indirect development
of a sea urchin. Proc Natl Acad Sci USA 95:13062-13067

Arenas-Mena C, Cameron AR, Davidson EH (2000) Spatial expression
of Hox cluster genes in the ontogeny of a sea urchin. Development
127:4631-4643

Aulehla A, Pourquié¢ O (2010) Signaling gradients during paraxial meso-
derm development. Cold Spring Harb Perspect Biol 2:a000869

Bellairs R, Osmond M (2005) The atlas of chick development, 2nd
edn. Elsevier, Amsterdam

Cameron CB, Garey JR, Swalla BJ (2000) Evolution of the chordate
body plan: new insights from phylogenetic analyses of deutero-
stome phyla. Proc Natl Acad Sci USA 97:4469-4474

Cisternas P, Byrne M (2009) Expression of Hox4 during development
of the pentamerous juvenile sea star, Parvulastra exigua. Dev
Genes Evol 219:613-618



Dev Genes Evol (2012) 222:313-323

323

Cox G (2007) Optical imaging techniques in cell biology. CRC, Boca
Raton

David B, Mooi R (1996) Embryology supports a new theory of skeletal
homologies for the phylum Echinodermata. C R Acad Sci Paris
319:577-584

De Robertis EM, Sasai Y (1996) A common plan for dorsoventral
patterning in Bilateria. Nature 380:37—-40

Ferkowicz MJ, Raff RA (2001) Wnt gene expression in sea urchin
development: heterochronies associated with the evolution of
developmental mode. Evol Dev 3:24-33

Gilbert SF (2010) Developmental biology, 9th edn. Sinauer Associates,
Sunderland

Hara Y, Yamaguchi M, Akasaka K, Nakano H, Nonaka M, Amemiya S
(2006) Expression patterns of Hox genes in larvae of the sea lily
Metacrinus rotundus. Dev Genes Evol 216:797-809

Heinzeller Th, Welsch U (1999) The complex of notochord/neural
plate in chordates and the complex of hydrocoel/ectoneural cord
in echinoderms—analogous or homologous? In: Candia
Carnevali MD, Bonasoro F (eds) Echinoderm research 1998.
Balkema, Rotterdam, pp 285-290

Hibino T, Harada Y, Minokawa T, Nonaka M, Amemiya S (2004)
Molecular heterotopy in the expression of Brachyury ortho-
logs in order Clypeasteroida (irregular sea urchins) and order
Echinoida (regular sea urchins). Dev Genes Evol 214:546—
558

Holland LZ, Kene M, Williams NA, Holland ND (1997) Sequence and
embryonic expression of the amphioxus engrailed gene
(AmphiEn): the metameric pattern of transcription resembles that
of its segment-polarity homolog in Drosophila. Development
124:1723-1732

Hotchkiss FHC (1998) A “rays-as-appendages” model for the origin of
pentamerism in echinoderms. Paleobiology 24:200-214

Hyman LH (1955) The invertebrates: Echinodermata IV. McGraw-
Hill, New York

Jefferies RPS (1990) The solute Dendrocystoides scoticus from the
Upper Ordovician of Scotland and the ancestry of chordates and
echinoderms. Palacontology 33:631-679

Lacalli TC (2005) Protochordate body plan and the evolutionary role
of larvae: old controversies resolved? Can J. Zool 83:216-224

Lawson KA, Meneses JJ, Pedersen RA (1991) Clonal analysis of
epiblast fate during germ layer formation in the mouse embryo.
Development 113:891-911

Lowe CJ, Wray GA (1997) Radical alterations in the roles of
homeobox genes during echinoderm evolution. Nature
389:718-721

Mooi R, David B, Marchand D (1994) Echinoderm skeletal homolo-
gies: classical morphology meets modern phylogenetics. In:
David B, Guille A, Féral JP, Roux M (eds) Echinoderms through
time. Balkema, Rotterdam, pp 87-95

Mooi R, David B, Wray GA (2005) Arrays in rays: terminal addition in
echinoderms and its correlation with gene expression. Evol Dev
7:542-555

Morris VB (1995) Apluteal development of the sea urchin Holopneustes
purpurescens Agassiz (Echinodermata: Echinoidea: Euechinoidea).
Zool J Linnean Soc Lond 114:349-364

Morris VB (2007) Origins of radial symmetry identified in an echino-
derm during adult development and the inferred axes of ancestral
bilateral symmetry. Proc R Soc B 274:1511-1516

Morris VB (2009) On the sites of secondary podia formation in a
juvenile echinoid: growth of the body types in echinoderms.
Dev Genes Evol 219:597-608

Morris VB (2011) Coelomogenesis during the abbreviated develop-
ment of the echinoid Heliocidaris erythrogramma and the devel-
opmental origin of the echinoderm pentameral body plan. Evol
Dev 13:370-381

Morris VB, Byrne M (2005) Involvement of two Hox genes and Otx in
echinoderm body-plan morphogenesis in the sea urchin
Holopneustes purpurescens. ] Exp Zool (Mol Dev Evol)
304B:456-467

Nishida H (1987) Cell lineage analysis in ascidian embryos by intra-
cellular injection of a tracer enzyme. III. Up to the tissue restricted
stage. Dev Biol 121:526-541

Peterson KJ, Harada Y, Cameron RA, Davidson EH (1999a)
Expression pattern of Brachyury and Not in the sea urchin: com-
parative implications for the origins of mesoderm in the basal
deuterostomes. Dev Biol 207:419-431

Peterson KJ, Cameron RA, Tagawa K, Satoh N, Davidson EH (1999b)
A comparative molecular approach to mesodermal patterning in
basal deuterostomes: the expression pattern of Brachyury in the
enteropneust hemichordate Ptychodera flava. Development
126:85-95

Poustka AJ, Kithn A, Groth D, Weise V, Yaguchi S, Burke RD,
Herwig R, Lehrach H, Panopoulou G (2007) A global view
of gene expression in lithium and zinc treated sea urchin
embryos: new components of gene regulatory networks.
Genome Biol 8:R85

Putnam NH, Butts T, Ferrier DEK, Furlong RF, Hellsten U et al (2008)
The amphioxus genome and the evolution of the chordate karyo-
type. Nature 453:1064-1071

Raff RA, Popodi EM (1996) Evolutionary approaches to analyzing
development. In: Ferraris JD, Palumbi SR (eds) Molecular zool-
ogy: advances, strategies, and protocols. Wiley, New York, pp
245-265

Ruppert EE (2005) Key characters uniting hemichordates and chor-
dates: homologies or homoplasies? Can J Zool 83:8-23

Selleck MAJ, Stern CD (1991) Fate mapping and cell lineage
analysis of Hensen's node in the chick embryo. Development
112:615-626

Smith AB (2005) The pre-radial history of echinoderms. Geol J
40:255-280

Swalla BJ, Smith AB (2008) Deciphering deuterostome phylogeny:
molecular, morphological and palacontological perspectives. Phil
Trans R Soc B 363:1557-1568

Turner RL (1998) The metameric echinoderm. In: Mooi R,
Telford M (eds) Echinoderms: San Francisco. Balkema,
Rotterdam, p 89

Ubaghs G (1967) General characters of Echinodermata. In: Moore RC
(ed) Treatise on invertebrate paleontology, part S, Echinodermata
1. The University of Kansas and the Geological Society of
America, Inc, Lawrence, pp S3—S60

von Ubisch L (1913) Die Entwicklung von Strongylocentrotus lividus.
(Echinus microtuberculatus, Arbacia pustulosa.). Zeit f wiss Zool
106:409-448

Zamora S, Rahman IA, Smith AB (2012) Plated Cambrian bilaterians
reveal the earliest stages of echinoderm evolution. PLoS ONE 7
(6):€38296

@ Springer



	Early development of coelomic structures in an echinoderm larva and a similarity with coelomic structures in a chordate embryo
	Abstract
	Introduction
	Materials and methods
	Results
	Early coelomic development
	Early coelomic development in transverse view
	Later coelomic development

	Discussion
	Addendum: revisions to Morris (2007)

	References


