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Confocal laser scanning microscopy of larvae of the asteroid Parvulastra exigua was used to investigate the

development of the five primary podia from the coeloms in the echinoderm phylum in an approach to

the problem ofmorphological homology in the deuterostome phyla. The development is shown from an early

brachiolaria larval stage to a pre-settlement late brachiolaria larval stage. In the early brachiolaria larva,

a single enterocoele connected to the archenteron has formed into two lateral coeloms and an anterior

coelom. The primary podia form from the coelomic regions on the left side of the brachiolaria larva, while on

the right the coelomic regions connect with the exterior through the pore canal and hydropore. The anterior

coelom forms the coelom of the brachia. Homology between the primary podia of the asteroid and the

echinoid classes of echinoderms is described and extended to coeloms of other deuterostome phyla.

Keywords: abbreviated larval development; three-dimensional imaging; evolution; sea urchin;

Holopneustes purpurescens; Asterina gibbosa
1. INTRODUCTION

The research we report is directed to the problem of the

morphological homology of the deuterostome phyla. It is

within the scope of the research into deuterostome

evolution, which is wide-ranging, spanning the molecular,

palaeontological and morphological fields reviewed

recently by Swalla & Smith (2008).

Morphological homology among the deuterostomes is

obscure, mostly because the body plans are very different.

Echinoderms have a radial body plan that contrasts with

the bilateral body plans of the two other principal

phyla, the hemichordates and chordates. The approach

we take to identify the homology is developmental.

The intention is to use evidence of the development of

the five primary podia, which are core structures of the

echinoderm body plan, to explore whether variation in

the development of the primary podia between the

echinoderm classes assists in identifying homologous

structures in the other phyla. The five primary podia are

associated with the growth of the five rays or ambulacra

characteristic of the echinoderm phylum (David & Mooi

1996). The development of the five primary podia is

described here in the asteroid class of echinoderms.

It follows an account of the development of the primary

podia in the echinoid class of echinoderms (Morris 2007).

The development of the primary podia is described

in Parvulastra exigua, formerly Patiriella exigua. Larval

development in P. exigua is lecithotrophic with the larvae

reaching thebrachiolaria stagewith no trace of the bipinnaria

feeding stage (Byrne 1995). In this abbreviated develop-

ment, the formation of the primary podia can be
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followed more easily than in planktotrophic larvae,

because the adult rudiment develops within a few days

of fertilization and the structures are larger than in the

planktotrophs.

The development of the primary podia and coeloms in

P. exigua has features in common with Asterina gibbosa

(MacBride 1896), which, like P. exigua, lacks a bipinnaria

feeding stage, and with Asterias rubens (Gemmill 1914),

a species from a different order of the Asteroidea with

bipinnaria and brachiolaria larval stages. Although larval

development is diverse in asteroids, many features of

internal development are retained in the larval types

(McEdward & Janies 1993). The early accounts of

asteroid development were based on histological serial

sections (MacBride 1896; Gemmill 1914). Here, we apply

the technique of confocal laser scanning microscopy to

preparations of whole larvae of P. exigua and use imaging

software to construct uninterrupted views into the internal

morphology of the larva, showing the coeloms and

morphogenesis of the primary podia.

Past schemes that have attempted to derive deuter-

ostome homology through bilaterally paired coelomic

structures of the larva (Ubaghs 1967; Peterson et al.

2000) have not focused on the primary podia from which

the adult phylotypic water vascular system is derived.

Here, in contrast, we put the coelomic origins of the

primary podia at the start of a search for deuterostome

homology. By comparing the coelomic origins of the

primary podia in P. exigua with those in an echinoid, we

identified a conserved relationship between the podia

and the inner archenteron, leading us to suggest that

sources of deuterostome homology are better looked for

in coelomic–archenteron relationships that might be

conserved among the deuterostome phyla.
This journal is q 2009 The Royal Society
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2. MATERIAL AND METHODS
Parvulastra exigua were collected from the intertidal zone in

New SouthWales, Australia, and were spawned and fertilized

in the laboratory (Byrne 1995). The embryos and larvae,

reared at 19–218C, were fixed at approximately 6 hour

intervals between 3 and 5 days post-fertilization, and then at

7 days. They were fixed in 2.5 per cent (v/v) glutaraldehyde

(Sigma-Aldrich Co., St Louis, MO) in filtered sea water,

dehydrated in an ethanol series and cleared in benzyl

benzoate/benzyl alcohol (Sigma-Aldrich Co.) 2 : 1 (v/v) and

were autofluorescent.

They were observed in an Olympus FluoView FV1000

confocal laser scanning microscope incorporating an

Olympus IX81 inverted microscope. For this, embryos and

larvae were mounted in the clearant in a chamber made by

sealing a coverslip to the underside of a hole cut in a

microscope slide, which was placed on the stage of the

inverted microscope. The inverted microscope gives a mirror

(reflected) image of the specimen. All images, therefore, have

been reflected for presentation here.

Each specimen was excited with a 488 nm argon laser and

the emission collected from 500 to 600 nm. Using the

FV1000 software v. 1.6.1.0, a stack of images was collected

along the z-axis (the Z stack) at an optimal section thickness

of 1.22 mm averaged over two frames with a 20! UplanApo

objective lens NA 0.7 in a 512!512 pixel array, 8 bits/pixel.

For three-dimensional imaging, the Z stack was rendered

using maximum intensity projection, creating a three-

dimensional solid image or a three-dimensional transparent

image. The three-dimensional transparent image was

captured in a screen print of an interactive rendering step in

the FV1000 software. Images were cut from the front of the Z

stack when creating the three-dimensional images, to view the

internal structure. The Z stack was also viewed along the

y-axis and along the x-axis, yielding sets of transverse and

longitudinal sections of the larva, respectively. The resolution

in the transverse and longitudinal sections was lower,

2.592 mm, when compared with a resolution of 0.386 mm in

the sections from the Z stack itself, a property of confocal

imaging (Cox 2007).

The results reported are from the observations of embryos

and larvae from three fertilizations. The stage of larval

development reached at similar fixation times varied between

the fertilizations and within the same fertilization. The time at

which hatching occurred was also variable.

(a) Names of the five primary podia

The primary podia are named according to the Carpenter

system for echinoids as described by Hyman (1955) and as

applied previously to an echinoid larva (Morris 2007). This

system names the podia A–E in clockwise order in oral view,

specifying that the ambulacrum opposite the madreporite is

ambulacrum A. The madreporite thus lies between the

ambulacra C and D. Since the madreporite forms late in

the development in P. exigua, the stone canal connection to

podium D identifies the podia here (v.i.).
3. RESULTS
The coordinate axes of the brachiolaria larva of P. exigua

are set by the three brachia at the anterior end, with the

central brachium lying dorsally and the two lateral brachia

facing towards the ventral surface (figure 1a). The

adhesive disc lies between the three brachia (figure 1b,c).
Proc. R. Soc. B (2009)
The coelom in the early brachiolaria larva is an

epithelial-bounded cavity divisible into an anterior coelom,

a left lateral coelom and a right lateral coelom (figure 1a).

The anterior coelom projects into the central brachium and

the two lateralbrachia (figure1a,b).The cavityof the coelom

is continuous with the cavity of the archenteron

(figure 1a–c). A series of transverse sections through the

larva shows the transition from the brachial coelom

(figure 1d,e), through the anterior coelom (figure 1f ), to

the junction with the archenteron (figure 1g– j ), and then to

the separation into the left and right lateral coeloms on either

side of the archenteron (figure 1k). The left lateral coelom is

larger than the right lateral coelom at the level of their

junction with the archenteron (figure 1i, j ). The pore canal,

which leads from the hydropore, opens internally where the

left lateral coelom and the archenteron join dorsally

(figure 1g,h). Thus, in dorsal views at this early stage

(figure 1l–n), the hydropore, lying dorsally, is close to where

the left lateral coelom joins the archenteron cavity. In the left

views of the larva (figure 1o,p), there is a slight constriction

between the anterior portion of the left lateral coelom and its

posterior portion. At a later stage, this constriction has

enlarged and the anterior portion of the lateral coelom is

separated from the posterior portion, which becomes the

somatocoele (figure 1q,r).

(a) Development of the five primary podia

The five primary podia develop from the left lateral

coelom and part of the anterior coelom. They appear as

buds formed from the cavities and the epithelia of the

two coeloms. This is shown in a series of images of an

unhatched brachiolaria larva (figure 2) and a hatched

brachiolaria larva (figure 3). In figure 2a–h, a three-

dimensional transparent image is turned about the larval

anterior–posterior axis from a larval dorso-left view

(figure 2a) through a larval left view (figure 2f ) towards

a larval ventro-left view (figure 2h). Each of the five podia

C, D, E, A and B is visible at some stage of the rotation

(figure 2a–h). Only the three most anterior podia, B, C

and D are visible in the full left view (figure 2f ). In

figure 2i–l, the three-dimensional transparent image is

tilted about the larval dorsoventral axis towards the

observer, so as to look down into the anterior coelom

and the left lateral coelom. Only the podia B, C and D are

visible for the first part of the tilt (figure 2i–k). The two

most posterior podia, E and A, come into view at the end

of the tilt (figure 2l ). The hydropore and opening of the

pore canal are visible through the cavity of the coelom

(figure 2k).

A series of transverse sections (figure 2m–w) shows the

transitions from the brachial region (figure 2m,n) through

the podial region (figure 2p–v) to the posterior of the larva

(figure 2w). Podia B and C are at the ventral and dorsal

extremities of the podial region, respectively (figure 2q–t).

The pore canal opens next to podia C and D (figure 2t).

In the series of the hatched brachiolaria larva, the three-

dimensional solid image (figure 3a) shows the structural

features of the larva, not constrained by the fertilization

membrane. In figure 3b–e, a three-dimensional trans-

parent image is rotated about the larval anterior–posterior

axis from a larval dorso-left view (figure 3b) towards a

larval left view (figure 3e). In figure 3b, podia C, D and E

are visible and connect with the hydropore through the

pore canal. In figure 3f–h, the three-dimensional
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Figure 1. Confocal images of the coelom in early brachiolaria larvae constructed from the Z stacks of hatched larvae (described
in text). (a–c) Ventral views of one larva: (a) three-dimensional solid image, (b) three-dimensional transparent image, (c) single
section from the Z stack. (d–k) Single transverse sections of the larva in (a–c) viewed from the larval posterior with
dorsal uppermost. (l–n) Dorsal views of one larva: (l ) three-dimensional solid image, (m) three-dimensional transparent
image, (n) three-dimensional transparent image with more images cut from the front of the Z stack than in (m). (o,p) Lateral
views of one larva, dorsal right: (o) three-dimensional solid image, ( p) three-dimensional transparent image. (q,r) Lateral views
of two larvae, dorsal right: (q) three-dimensional transparent image, (r) single section from the Z stack. (a–p) Four-days larvae;
(q,r) 4.5-days larvae. Scale bars, 100 mm. ac, anterior coelom; ad, adhesive disc; ar, archenteron; cb, central brachium; co,
constriction; hp, hydropore; hy, hydrocoele; lb, lateral brachium; lc, left lateral coelom; pc, pore canal; rc, right lateral coelom;
so, somatocoele.
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Figure 2. Confocal images of the early development of the five primary podia constructed from the Z stack of one unhatched
brachiolaria larva (described in text). (a–h) The three-dimensional transparent image is rotated about the anterior–posterior axis
of the larva beginning at (a) a dorso-left view and ending at (h) a ventro-left view. Ellipses with arrows show the angle of rotation:
the arrow points left in each ellipse. Larval coordinates of the ellipse in f are D, dorsal; L, left; R, right; V, ventral. (i–l ) The three-
dimensional transparent image is tilted about the dorsoventral axis towards the observer: degree of tilt indicated by the length of
the arrow in the ellipse, all are left views. (m–w) Single transverse sections viewed from the larval posterior, dorsal at top in each
section. 3.75-days larva. Scale bars, 100 mm. A–E, podia; cb, central brachium; hp, hydropore; lb, lateral brachium; pc, pore
canal; pco, opening of pore canal.
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Figure 3. Confocal images of the development of the five primary podia constructed from the Z stack of one hatched brachiolaria
larva (described in text). (a) Three-dimensional solid image. (b–e) The three-dimensional transparent image is rotated about the
anterior–posterior axis of the larva from (b) a dorso-left view towards (e) a left view. Ellipses with arrows show the angle of
rotation: the arrow points left in each ellipse. Larval coordinates of the ellipse in (e) are D, dorsal; R, right; V, ventral. ( f–h) The
three-dimensional transparent image is tilted successively towards the observer to show all five primary podia: degree of tilt
indicated by the length of the arrow in the ellipse, all left views. Five-days larva. Scale bar, 100 mm. A–E, podia; ar, archenteron
cells; cb, central brachium; hp, hydropore; lb, left brachium; pc, pore canal; so, somatocoele.
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transparent image is tilted towards the observer, bringing

the two most posterior podia, E and A, into view. Cells at

the tip of the archenteron are visible centrally within the

ring of podia (figure 3g,h). The anterior coelom, anterior

to the archenteron, connects broadly with the coelom of

the brachia.

The plane in which the podial buds lie makes an angle

of approximately 408 with anterior–posterior axis of the

larva (figure 3b,c). Podia C andD are dorso-left in position

(figure 3b) while podium B is near the ventral side

(figure 3e). The epithelium of podia C and D is

continuous with the epithelium of the anterior coelom

projecting into the left brachium (figure 3d ) and with that

projecting into the central brachium (figure 3f–h). The

other two podia, E and A, are more posterior in position

than podia C, D and B (figure 3g,h).

Thus it is that the five primary podia form from the

coelomic epithelium and coelomic cavity on the left side of

the larva that is above and below the level of the inner

termination of the archenteron.
Proc. R. Soc. B (2009)
(b) Later development

In a late brachiolaria larva, a constriction partly separates a

posterior region housing the adult rudiment from the

brachial region, which lies anteriorly (figure 4a,b). The

five primary podia are shown in a three-dimensional

transparent image in oral view (figure 4a). In a single

section at an aboral level (figure 4b), podium B connects

with the left anterior coelom and the pore canal connects

with the right anterior coelom. A selected series of

transverse sections between the podia and the brachia

(figure 4c–h) shows the relationships between the podial

coeloms, the left and right anterior coeloms, the common

anterior coelom and the brachial coelom. The podia A, E

and D in figure 4c are all joined in figure 4d. In figure 4e,

podium B connects with the left anterior coelom.

In figure 4f, podium C connects with the left anterior

coelom. The left anterior coelom is separated from the

right anterior coelom by the tip of the archenteron in

figure 4f. In figure 4g, the left anterior coelom joins

the right anterior coelom (figure 4f ) over the archenteron
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Figure 4. (a–h) Confocal images of the later development of the coeloms in a late brachiolaria larva constructed from the Z stack
of one larva (described in text). (a) Three-dimensional transparent image, larval left view. (b) Single section deeper in the Z
stack, larval left view. (c–h) Selected transverse sections from the podial regions to the brachia viewed from the larval anterior,
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Seven-days larvae. (p,q) Homology of the primary podia in the asteroid P. exigua ( p) and the echinoid Holopneustes purpurescens
(q) (described in text). Scale bars, 100 mm, except in (k), 50 mm. A–E, label the podia; ac, anterior coelom; ar, archenteron; cb,
central brachial coelom; hp, hydropore; lc, left anterior coelom; pc, pore canal; rc, right anterior coelom; sc, stone canal. (n,o)
Common structures of (n) the asteroid and (o) the echinoid body plans (described in text), sagittal views, oral left. (r,s)
Interpretive diagram of the homology between (r) the asteroid and (s) the echinoid primary podia (described in text). Black spot,
madreporite; dashed line with arrows, the anterior–posterior axis of the primary podia (Morris 2007); shaded coelom, brachial
coelom; thick dashed line, archenteron wall.
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tip and this common anterior coelom joins the brachial

coelom (figure 4h).

On the right side of the series, the pore canal opens

into the right anterior coelom (figure 4d–f ) which, via

the anterior coelom, is in communication with the

podial coeloms on the left side, via the left anterior

coelom, as in figure 4b.

(c) Criterion for naming the podia

In early brachiolaria larvae (figures 2 and 3), the pore

canal connects with the podia indirectly through the

anterior coelom. In late brachiolaria larvae, another canal

is seen, the stone canal, and it connects podium D to the

pore canal close to where the pore canal joins the anterior

coelom. The stone canal connection to podium D is the

criterion for naming the podia.

The morphology is shown in figure 4i–m. The pore

canal opens externally on the aboral surface of the

brachiolaria larva at the hydropore (figure 4i). The

internal path of the pore canal between the section in

figure 4i and that in figure 4j is shown in enlarged views

(figure 4k–m) selected from the region boxed in figure 4j.

In figure 4k, the pore canal connects with the anterior

coelom while the stone canal appears as a bud on the pore

canal, directed posteriorly. The stone canal is a separate

profile in figure 4 l, and in figure 4m it joins podium D.

(d) Metamorphosis

During metamorphosis, the brachial coelom of the larva is

withdrawn into the adult coeloms. In our images (not

shown), the connection between the brachial coelom and

the anterior coelom is always separated from the podial

coeloms, suggesting that the brachial coelom is withdrawn

into the anterior coelom, rather than into the hydrocoele.

Connected to the anterior coelom is the pore canal, and a

branch from the pore canal, the stone canal, goes to

podium D. Thus, at the completion of metamorphosis,

the anterior coelom has connections to the exterior via the

pore canal and to the hydrocoele via the stone canal. The

anterior coelom also contains the tip of the archenteron

that has been brought close to the constricted bases of the

podia at the centre of the hydrocoele (figure 4m).
4. DISCUSSION
The description we give for P. exigua of the podial and

anterior larval coeloms and the conversion to the juvenile

form is similar to the descriptions in the early literature of

these structures and processes in Asterias rubens (Gemmill

1914) and Asterina gibbosa (MacBride 1896). In these

species, the primary podia appear as buds at the edges of a

crescentic hydrocoele formed from the left coelom. The

hydrocoele is open to the anterior coelom and, at

metamorphosis, the brachial coelom is withdrawn into

the adult coeloms. The path of the withdrawal differs

between asteroid species: inA. rubens (Gemmill 1914) and

A. gibbosa (MacBride 1896), the hydrocoele is described

as encircling the connection with the brachial coelom but

in Cribrella (ZHenricia) the withdrawal is to one side of a

closed hydrocoele (Masterman 1902), as it is in P. exigua.

The end result of the withdrawal in these species, which is

of an anterior coelom with connections to the exterior and

to the hydrocoele, is, however, the same. The anterior

coelom is also where, in A. rubens, the retained portion of
Proc. R. Soc. B (2009)
the larval gut is brought towards the centre of the

hydrocoele ring, where the mouth later forms (Gemmill

1914, p. 263).

The primary podia in A. rubens (Gemmill 1914) are

numbered I–V in a clockwise series around the crescent of

the hydrocoele in oral view, with podium I in a larval

anterior-dorsal position and podium V in a larval anterior-

ventral position. Using the Carpenter system (Hyman

1955; Morris 2007), we can name these podia C, D, E,

A and B starting at podium I, by using the names of the

podia in P. exigua. Our criterion for naming the podia in

P. exigua is the connection of the stone canal to podium D,

which is in reasonable agreement with Gemmill (1914,

p. 257), who described the inner opening of the stone

canal in A. rubens to be between podia I and II and in

Solaster endeca to be opposite podium II.

We used the connection of the stone canal to podiumD

as the criterion for naming the podia in P. exigua since the

madreporite, which is the criterion used in echinoids, had

not yet formed. The madreporite is expected to form

between arm rudiments I and II, as it does in A. rubens

(Gemmill 1914; Gondolf 2000), that is, between arm

rudiments C and D in P. exigua: if it does, it would support

the use of the stone canal connection to podium D for

naming the podia. We suggest that the stone canal with a

precise connection to podium D is a reliable way of

naming the podia between the echinoderm classes, among

the other criteria that have been used (Hotchkiss 1998).

In the echinoid Holopneustes purpurescens (Morris 1995),

the stone canal connects to podium D (V. B. Morris 2008,

unpublished data), where podiumD is identified using the

madreporite (Morris & Byrne 2005).

(a) Homology

The similarities in development noted between the

asteroid species from different orders bring to attention

the core structures of the asteroid radiate body plan. These

are the podial coeloms, which constitute the hydrocoele,

and their connection to the exterior through the pore canal

and hydropore. Homology with the echinoid class is

therefore to be found between these core structures, which

are illustrated in figure 4n,o.

The homology between the asteroid and the echinoid

primary podia is shown in figure 4p,q. In the asteroid

P. exigua (figure 4p), three podia, C, D and E, lie to one

side of the archenteron and two podia, A and B, lie to the

opposite side. In the echinoidH. purpurescens (figure 4q), a

similar relationship is seen, with podia C, D and E on one

side of the archenteron and podia A and B on the other;

but in this species, the close relationship between the

coeloms that form the podia and the archenteron wall

shows the region of the inner archenteron wall from which

the podia develop. In H. purpurescens, podia C, D and E

form from the dorsal wall of the archenteron and podia

A and B form from the ventral wall of the archenteron

(Morris 2007).

The relationship of the primary podia to specific

regions of the inner archenteron wall seen directly in

H. purpurescens and indirectly in P. exigua demonstrates a

regional specialization of the inner archenteron wall with

respect to coelom formation and in turn to the structures

that develop from the coeloms. Such regional speciali-

zation might well determine body plan architecture

dependent on how the inner archenteron is positioned
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with respect to the embryonic body axes. In an interpretive

diagram (figure 4r,s), we show the podial–archenteron

relationship in an asteroid and an echinoid. With the

relationship of the podia to the inner archenteron wall kept

unchanged, a difference in the positions of the podia

between the asteroid and the echinoid is explained by a

rotation of the transverse axis of the inner archenteron in

the echinoid that is anticlockwise with respect to the axis in

the asteroid.

Extending the idea of a conserved regional speciali-

zation of the inner archenteron to other deuterostome

phyla gives a source for the homology between the

deuterostome phyla, leading to inferences of homologous

structures. For example, the coelomic regions of the

C, D, E podia and the pore canal and hydropore in

asteroids and echinoids (figure 4r,s) could be considered

homologous with the coelomic regions of the proboscis

coelom and the pore canal in hemichordates, accepting an

adjustment of the position and orientation of the

inner archenteron wall of the hemichordate relative to

the hemichordate embryonic body axes. Extending the

procedure to chordates, the coelomic region of the C, D, E

podia could be considered homologous with the chordate

notochord, given a repositioning of the inner archenteron

with respect to the chordate embryonic body axes. The

required repositioning is a complete foreshortening of the

archenteron such that the inner archenteron wall lies close

to the blastopore from which it originates, as in the

primitive streak of land vertebrates. The C, D, E podial

forming region would then lie in the position of Henson’s

node at the dorsal end of the primitive streak and the

notochord would be expected to form from this region of

the archenteron, which it does.

Such a scenario for chordates offers an explanation of

the differences in gene expression on the dorsal and ventral

sides of hemichordates and vertebrates (Lowe et al. 2006),

which are currently explained by the dorsoventral

inversion hypothesis for chordates (Arendt & Nübler-Jung

1994; De Robertis & Sasai 1996). The gene chordin, for

example, in a hemichordate, is expressed on the ventral

side where the mouth is, whereas it is expressed on the

dorsal side in a vertebrate (Lowe et al. 2006). Our scenario

does not require that chordates inverted their dorsoventral

body axis.

Thus, evidence of structural commonalities in the body

plans of the echinoderm classes progresses the search for

the structural homology of the deuterostome phyla.

We thank Paula Cisternas for donating cultures of P. exigua.
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