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SUMMARY The importance of polarityFthe possession of a
primary body axisFis evident in the functional features of
animals, such as feeding, and therefore must have arisen
simultaneously with the evolution of multicellular animal body
plans. Sponges are thought to represent the most ancient extant
lineage of multicellular animals and whereas adult sponges do
not possess obvious polarity, they are useful study organisms in
which to examine the origin and evolution of body polarity. We
tested the effect of pharmacological agents known to disrupt the

polarity of a wide variety of animals on sponge organization
during development. Lithium chloride and alsterpaullone, which
mimic canonical Wnt signaling in other animals, caused formation
of ectopic oscula and disrupted the ability of the sponge to feed.
Transplanted oscula were able to attach to and induce canal
reorganization in host sponges suggesting that the osulum has
inductive capabilities. This work suggests that canonical Wnt
signaling is responsible for setting up the aquiferous system,
which acts as an organizing center polarizing the sponge.

INTRODUCTION

Body polarity evolved early in metazoan history and was pre-

sumably important for coordination of activities such as feed-

ing and excretion. Polarity was therefore a modification to the

body plan of colonial protists that provided a template upon

which differentiation of more complex animals could evolve.

Polarity can be defined as the property of having two dis-

tinct ends, each of which has specific features. Metazoans

have anterior–posterior, dorsal–ventral, oral–aboral, and em-

bryonic animal–vegetal axes. Although we typically think of

these axes as indicators of anterior and posterior ends, they

are set up earlier in development before those defining struc-

tures have formed. The most familiar axis, anterior–posterior

polarity seen in bilaterians from polychaetes to chordates, is

patterned byHox gene activity and co-linear expression (Hol-

land and Garcia-Fernandez 1996; Irvine and Martindale

2001; reviewed in Martindale 2005). Even in cnidarians Hox

and ProtoHox genes are expressed at the oral or aboral pole

of the polyp of Hydra, in the developing scyphozoan polyp

Podocoryne carnea, and the developing anemoneNematostella

vectensis suggesting these may correspond to anterior and

posterior poles, respectively (Gauchat et al. 2000; Yanze et al.

2001; Finnerty et al. 2003; Finnerty et al. 2004). However, an

even more striking pattern is seen in the expression of wnt

genes in Nematostella, where 9 out of 14 wnt genes are ex-

pressed in overlapping fields from the oral pole toward the

aboral pole (Kusserow et al. 2005; Lee et al. 2006). This sug-

gests that at the base of the metazoan tree Wnts, and not Hox,

may be the key players in the evolution of body polarity.

However, the Wnt/b-catenin signaling pathway is also in-

volved in cellular and tissue differentiation and morphogen-

esis in a myriad of animal phyla which makes deciphering

whether Wnt has an ancestral role in axis formation difficult

(e.g., Nüsslein-Volhard and Weischaus 1980; Cui et al. 1995;

Cadigan and Nusse 1997; Logan et al. 1999; Prud’homme

et al. 2003; Kusserow et al. 2005; Henry et al. 2008).

The main components of canonical or Wnt/b-catenin sig-

naling are the Wnt ligand, its receptor Frizzled (Fz), down-

stream effector Dishevelled (Dsh), negative regulator Glycogen

synthase kinase (GSK)-3b, and transcription factor b-catenin
(see Logan and Nusse 2004 and Gordon and Nusse 2006 for

reviews). Several pharmacological agents are known to act as

inhibitors of GSK-3b thereby activating or upregulating the

canonical Wnt pathway. Lithium chloride (LiCl) has been

widely used in animals from cnidarians to frogs, and although

its action cannot be said to be completely specific to GSK-3b
the phenotype generated has multiple axes and increased cel-

lular differentiation (Klein and Melton 1996; Stambolic et al.

1996; Hedgepeth et al. 1997; Wikramanayake et al. 2003).

Alsterpaullone (AP) and BIO are more specific to GSK-3b and

so may be more useful in determining the role of canonical

Wnt signaling (Meijer et al. 2003; Broun et al. 2005; Lapébie

et al. 2009). Other drugs that inhibit Wnt signaling (such as

the b-catenin inhibitor ZTM 000990) are promising tools for

further dissection of the pathway (Philipp et al. 2009).
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Genes from the Wnt pathway have been found in cnid-

arians, ctenophores, placozoans and in three sponges studied

so far. Generally, within cnidarians, the Wnts have been

shown to control germ layer segregation (Wikramanayake

et al. 2003), axial specification (Broun et al. 2005), and axial

patterning (Hobmayer et al. 2000; Philipp et al. 2009). Al-

though Wnt pathway genes are known to be present within

the genomes of placozoans and ctenophores, their functions

have not yet been tested (Srivastava et al. 2008; K. Pang,

Kewalo Marine Laboratories, personal communication). A

pertinent question then, is whether Wnt pathway components

are present in and act similarly in the sponges.

Sponges are classically thought to be the earliest branching

group of metazoans, forming a monophyletic clade based on

a unique and derived morphology, having branched off first

from other metazoans and then diversifying (Hyman 1940).

A recent molecular study supports this view (Philippe et al.

2009) whereas others support a paraphyletic Porifera (Zrzavý

et al. 1998; Borchiellini et al. 2001; Medina et al. 2001;

Borchiellini et al. 2004; Sperling et al. 2007; Sperling et al.

2009). A paraphyletic Porifera suggests that a sponge-like

ancestor would have existed at some time in animal history.

Although some would argue that a monophyletic Porifera

suggests the opposite, it is important to note that monophyly

of the sponges does not refute the hypothesis that a sponge-

like metazoan ancestor gave rise to other animals because this

view gives us no indication of what the ancestor looked like. A

sponge feeds using the aquiferous system (spongocoel), which

consists of incurrent ostia (pores) and canals, a series of

choanocyte chambers (feeding epithelium), neatly branched

excurrent canals and an osculum (chimney, or vent). As

the excurrent opening to the unidirectional aquiferous system,

the osculum effectively polarizes the sponge and defines its

body axis (Fig. 1E). The likelihood of a sponge-like ancestor

in either phylogenetic scenario (monophyly or paraphyly) is

reflected in the fact that sponges are represented very early in

the fossil record before any other metazoans (Steiner et al.

1993; Gehling and Rigby 1996). It is possible that many

sponge lineages were present and eventually one lineage gave

rise to the first animals with a true gut, the Eugastraea

(Cnidaria1Bilateria) (e.g., Cavalier-Smith 2006). Expression

and activity of wnt and other genes in sponges may therefore

be particularly informative in the question of the evolution of

body plans organized around a gut.

Within the sponges only two species have so far been

studied in terms of wnt expression and function but at very

different stages of development and morphogenesis. Lapébie

et al. (2009) showed that two wnt genes were expressed

around the ostia (incurrent openings) and on the surface of

the spongeOscarella lobularis. Using BIO, a drug that inhibits

GSK-3b and therefore results in improper pan-Wnt signaling,

the authors found an increase in the number of ostia on the

surface of the sponge and concluded that the role of Wnt in

that sponge was in epithelial morphogenesis. During devel-

opment of the larva in Amphimedon queenslandica wntA

mRNA is expressed at the posterior pole (Adamska et al.

2007; see also Adamska et al. 2010, this issue). Curiously, this

is the region that is considered to form the osculum of the

juvenile sponge, not the ostia (Sollas 1888; Leys and Degnan

2002), but as the larva has neither ostia nor oscula the role of

Wnt in adult morphogenesis cannot be said.

Considering that the genome of A. queenslandica as well as

ESTs from Oscarella carmela contain transcripts that have

been identified as Wnt pathway components based on

sequence similarity (frizzled, dishevelled, GSK-3b, b-catenin,
and several others) a good hypothesis is that wnt controls
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Fig. 1. Normal development of Ephyda-
tia muelleri from the gemmule at (A) 1
day posthatching (dph), (B) 3dph, and
(C) 5dph. By 3dph the sponge has well-
organized canals (c) coming from choa-
nocyte chambers (ch) (see inset of boxed
area), and a single osculum (arrowhead)
which persists as the sponge grows.
(D, E) Schematic of the anatomy of the
sponge and the polarity of the aquiferous
system. Scale bars5500mm.
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aspects of polarity in sponges just as it does in other animals

(Nichols et al. 2006; Sakaraya et al. 2007; Adamska et al.

2010; Srivastava et al. 2010, this issue). We have identified

both wnt and Wnt pathway genes (dsh, GSK-3b) in the

freshwater sponge Ephydatia muelleri. Because expression

patterns are difficult to interpret we have taken a pharmaco-

logical approach and apply these together with transplant

experiments to examine the potential role of Wnt in sponge

morphogenesis. Our results show that sponges develop

multiple oscula and few or no canals when treated with LiCl

and AP, respectively. These results suggest Wnt signaling is

involved in the formation of the aquiferous system. Mergner

(1964, 1966) first hypothesized that the osculum induced

development of the aquiferous system. We have repeated his

experiments using fluorescent tracers and confirm that the

tissue transplanted from the osculum induces canals to grow

toward it. These results support the role of Wnt in signaling

between canals and the osculum to determine polarity in a

freshwater sponge.

METHODS

Collection and rearing of sponges
Adult individuals of E. muelleri containing gemmules were col-

lected in December to January in Frederick Lake, British Columbia

near the Bamfield Marine Sciences Centre. These were returned to

the laboratory at the University of Alberta in Edmonton, Alberta

and kept at 41C. Water was periodically aerated.

Gemmules were removed from the adult spicule skeleton by

gentle rubbing on corduroy fabric followed by manual separation

and sterilization in 1% hydrogen peroxide. Cleaned gemmules were

maintained at 41C. To culture, #1 22mm � 22mm glass coverslips

were flame sterilized and placed into 5-cm-diameter Petri dishes.

Dishes were filled with culture medium (according to treatment, see

below) and individual gemmules were placed on the coverslips in the

dark at room temperature (20–221C). Typically sponges hatched 1–2

days after plating.

LiCl and AP treatment
All treatments were made up in M-medium (1:10 dilution of

10 � stock: 1mM CaCl2 � 2H2O, 0.5mM MgSO4 � 7H2O, 0.5mM

NaHCO3, 0.05mM KCl, and 0.25mM Na2SiO3 � 9H2O; Funayama

et al. 2005). Gemmules were hatched in 0.85mM LiCl (Fisher Sci-

entific, Ottawa, ON, Canada) or 0.25mM AP (Sigma, St. Louis,

MO, USA) solution in M-medium for the duration of the exper-

iment. To control for the presence of ions in solution for the LiCl

treatment, we used N-methyl-D-glucamine-chloride (NMDG-Cl,

Sigma), a large organic ion, in equal or greater concentration to

LiCl. AP was initially dissolved in 100% DMSO, and control

treatments were 0.003% DMSO in 1 � M-medium.

Sponges were treated for the duration of the experiment and

were imaged daily using Northern Eclipse software with a Q-Imag-

ing camera mounted on an Olympus SZX12 stereomicroscope

(Markham, ON, Canada). Solutions were exchanged every 2 days.

Transplants
Sponges were stained in 5mM carboxymethyl fluorescein diacetate

(CMFDA, Invitrogen, OR, USA) for 30min. Oscula and dermal

tissue of stained sponges were removed using forceps, rinsed twice

for 20min in M-medium, and placed on an unstained host sponge.

After 1 day fluorescence was imaged using a � 2.5 lens on a Zeiss

Axioskop microscope (Toronto, ON, Canada). Images were pro-

cessed using Adobe Photoshop. For some experiments, multiple

oscula were transplanted to host sponges and imaged before and

24h after their attachment without moving the dish from the mi-

croscope stage.

Scanning electron microscopy
Sponges treated with LiCl and untreated animals were fixed by

direct immersion in a cocktail fixative and processed for scanning

electron microscopy as described previously (Elliott and Leys

2007). Images were captured on a JEOL 6301F Field Emission

SEM (Calgary, AB, Canada) and processed using Adobe Photo-

shop.

RT-PCR
Tissue from 10 individual sponges (cultured inM-medium) was flash

frozen in liquid nitrogen at 1–5 days after hatching from a gemmule.

RNA was extracted from the tissue using the Epicentre RNA

Purification System (Epicentre Biotechnologies, Madison, WI,

USA) with minor modifications from the manufacturer’s protocol;

details are available upon request. cDNA was synthesized using the

Superscript III First Strand cDNA synthesis kit for RT-PCR (Inv-

itrogen, Burlington, ON, Canada) and RT-PCR was performed

using the GoTaqFlexi kit (Promega, Madison, WI, USA) according

to the manufacturer’s specifications. PCR cycling parameters were

carried out as follows: initial denaturation at 941C for 3min,

followed by 31 cycles of (941C 30 sec, 501C 30 sec, 721C 30sec), and

final extension time of 3min at 721C. Samples were loaded into a

1.4% agarose gel. Primer sequences are available upon request.

RESULTS

Sponge development from the gemmule

Gemmules hatched consistently after 1–2 days at room tem-

perature in M-medium. Totipotent cells move out of the

micropyle, a small hole in the surface of the gemmule, and

attach to the substrate (Simpson and Fell 1974). One day after

hatching (1dph) cells begin to mass around the gemmule and

spread outward still in an undifferentiated state (Fig. 1A).

Within another 2 days, at 3dph (Fig. 1B), the young sponge

has a fully developed aquiferous (canal) system and excurrent

osculum. A typical sponge is shown at 5dph (Fig. 1C) and a

cross-sectional diagram (Fig. 1D) shows how the tissues are

arranged as a system of filters (choanocyte chambers)

and canals that empty through the excurrent pole (osculum)

of the aquiferous system. Sponge body polarity is represented

by the unidirectionality of the aquiferous system, shown

schematically in Fig. 1E.
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Pharmacological treatment causes disruption of
the aquiferous system

We treated developing sponge gemmules with known GSK-3b
inhibitors LiCl and AP (Klein and Melton 1996; Stambolic

et al. 1996; Leost et al. 2000). Different concentrations of

each drug were tested until a distinct and unusual phenotype

was readily seen. Controls associated with each treatment

(NMDG-Cl or DMSO) developed normally (data not shown).

Both LiCl and AP treatments delayed the development

of sponges and caused problems with the entire aqui-

ferous system. Whereas excurrent canals of an untreated

control sponge were obvious in light microscopy (Fig. 2A) in

LiCl- or AP-treated individuals canals were not evident

(Fig. 2, B and C). Incurrent pores (ostia) were visible and

abundant in untreated individuals viewed by scanning elec-

tron microscopy (Fig. 2D), whereas sponges treated with LiCl

had few ostia (Fig. 2E) and AP-treated animals had none

(Fig. 2F).

Choanocyte chambers constitute the feeding epithelium of

the sponge and are typically dense, semi-spherical structures

with well-organized collar microvilli and flagella (Fig. 2G).

Chambers from animals treated with LiCl (Fig. 2H) were

malformed and disorganized, suggesting that these animals

would not be able to feed efficiently. Choanocytes themselves

became rounder in LiCl-treated animals when compared with

untreated (Fig. 2I), and mean values for length to width ratios

were found to be significantly different (Mann–Whitney’s

rank sum test; Po0.001; n535).

LiCl and AP treatment also caused the formation of

ectopic oscula. In LiCl animals up to 6 oscula formed (mean

of 2) over 5 days of development (Fig. 3, A and B). AP

treatments were slightly more potent, and animals had a mean

of 3 oscula per individual with a maximum of 12. Oscula of

LiCl-treated sponges were small and often deformed, and

those of AP-treated animals were often difficult to see because

of their minute size. Oscula in treated animals usually arose

from the periphery of the sponge, whereas in normal animals

the osculum was typically central.

We isolated a single wnt orthologue from Ephydatia mulleri

(GenBank Accession #HM363029) using degenerate PCR,

which we have named EmWnt (see Fig. S1). During normal

development, wnt is upregulated at 2dph when the aquiferous

system is being formed, and maintained at a low expression

level relative to the actin control (Fig. 3C).
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Control LiCl AP

Fig. 2. The effect on the aquiferous sys-
tem of treatment of sponges with LiCl
and AP (light [A–C] and scanning elec-
tron microscopy [D–H]). Canals are
prominent in normal sponges (A), but re-
duced in LiCl- (B) and absent in AP- (C)
treated sponges. Ostia (incurrent pores,
arrows) were abundant on the surface of
normal sponges (D), but there were very
few on LiCl- and none on AP-treated
sponges (E–F). Arrowheads indicate the
oscula. Choanocytes in chambers of nor-
mal sponges were squat with a long collar
(G), and in LiCl-treated animals choano-
cytes were round with short collars (H).
(I) Box plots of choanocyte dimensions
(n535). Dots indicate outliers, solid line
Fmode, dashed lineFmean; significance
at Po0.001. Scale bars (A–C)5500mm;
(D–F)5200mm; (G, H)510mm.
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Complete loss, malformation or disorganization of ostia,

choanocyte chambers, canals, and oscula suggested to us that

perhaps the aquiferous system was not functioning properly.

To test this, we pipetted 1mm diameter fluorescent latex beads

on to the surface of untreated and LiCl-treated sponges to

observe whether sponges were capable of taking up particu-

lates in the medium. Within 5min, untreated sponges became

filled with beads, indicating their ability to feed properly (Fig.

4A). LiCl-treated individuals took up none or only a small

number of beads, suggesting that only certain regions of the

aquiferous system were able to function (Fig. 4B).

Transplanted oscula will reattach and draw canals
toward themselves

Sponge oscula detached easily from the sponge when pinched

and pulled firmly from their base, and when transplanted

onto the dermal tissues of other sponges of the same gemmule

batch, they attached and became linked to the excurrent canal

system. Within 24h of attaching one transplanted osculum

became the new primary vent of the sponge. Canals were

reorganized to vent out of the new osculum, causing the host

osculum to regress and lose association with the excurrent

canal system (Fig. 5, A and B). Stained dermal tissues (dermal

membrane, with associated mesohyl and endopinacoderm

layers) placed intact onto host sponges were integrated into

the host’s dermal tissues (Fig. 5C) and never formed a new

osculum on the host sponge. Transplants of oscula from other

genera (Spongilla lacustris) failed to induce a change in the

aquiferous system. Detached oscula left on their own rounded

up into spheres that lived for several weeks but never re-

differentiated into a new sponge.

DISCUSSION

Our underlying interest is in understanding how polarity is

defined in sponges and whether the mechanisms for deter-

mining polarity are similar (homologous) to those mecha-

nisms used in other animals. Therefore we asked whether wnt

genes regulate polarity during development in sponges as they

do in other animals. We found that treatment of sponges with

pharmacological agents that activate canonical Wnt signaling

and affect polarity during the development of other animals

generates a phenotype with multiple ectopic oscula and an

ineffective canal system. We also found that a transplanted

osculum is capable of inducing a host sponge to rearrange

canals to vent to the new osculum. Together these results

indicate that Wnt signaling is involved in formation of the

aquiferous system of the sponge, and suggest that feedback

from tissues at the location of osculum formation is involved

in maintenance of the polarity of the aquiferous system. The

exact role that Wnt plays, and which tissues secrete a Wnt

signal are still unknown.
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Fig. 3. Effect of LiCl and AP on oscula
formation in Ephydatia muelleri. (A) Plot
showing the mean number of oscula
counted in each treatment from 2 to
6dph. Sponges in LiCl and AP formed
up to 12 oscula with a mean of 2 and 3
oscula, respectively. Control sponges in
NMDG-Cl and DMSO formed on aver-
age one osculum. (B) Scanning electron
micrographs of LiCl and untreated
sponges; oscula are indicated with boxes.
(C) EmWnt expression is correlated with
formation of the aquiferous system in
untreated sponges; (control, actin). Scale
bars in (B) = 200 mm.
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The aquiferous system and sponge polarity

LiCl and AP are compounds that inhibit GSK-3b from tar-

geting b-catenin for degradation, as would normally occur

when Wnt ligand is bound to its receptor during functioning

of the canonical Wnt pathway (Klein and Melton 1996;

Stambolic et al. 1996; Leost et al. 2000). Early experiments
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Fig. 5. Transplanted oscula can induce
new canal formation. (A) Schematic
showing the experimental design in which
carboxymethyl fluorescein diacetate
(CMFDA)-labeled oscula and dermal tis-
sue were placed on host sponges. (B)
Fluorescence images and diagrams of five
CMFDA-labeled oscula transplanted
onto a host sponge before and 24h after
attachment. The original host osculum
(black arrow) has regressed while one of
the new oscula (1; white arrow) now
vents all the water from the sponge. (C)
Dermal tissue from a CMFDA-labeled
sponge attached to and formed new a
new dermal membrane (outer surface) on
the host; arrow indicates the osculum of
the host sponge.
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Fig. 4. Aquiferous system function in
normal (A) and lithium-treated (B)
sponges. Sponges were fed 1mm rhoda-
mine-conjugated fluorescent beads over a
period of 5min and then imaged with
bright field (BF) and epifluorescence
(beads). Insets show boxed areas, en-
larged to show beads either in spherical
chambers (A) or not (B).
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showed that treatment of developing sea urchin embryos with

LiCl caused an increase in ‘‘entomesoderm’’ (endoderm1

mesoderm) at the expense of the ectoderm, and thus lithium

salts were considered a vegetalizing agent (Herbst 1892). We

now know that genes normally expressed only in endomeso-

derm precursors are upregulated in cells treated with LiCl

(e.g., Livingston and Wilt 1989). LiCl has been used exper-

imentally on developing embryos of amphibians (Klein and

Melton 1996), molluscs (Crawford 2003), annelids (Devriès

1976), and cnidarians (Wikramanayake et al. 2003), and in

most of these cases the result was that the endomesoderm

became expanded at the expense of ectoderm, indicating

vegetalization of the developing animal. In N. vectensis,

LiCl-treated gastrulae exhibited an elongated body with an

abnormally large hypostome, no tentacles and no ectodermal

pharyngeal tissue (Wikramanayake et al. 2003). This expan-

sion is mirrored in AP-treated hydra in a slightly different

way; instead of just an increase in the size of the hypostome

(head) organizer, authors observed a multiplication of the

hypostome over the entire body column, such that tentacles

were also formed (Broun et al. 2005). This means that the

amount of ectoderm was not reduced as much as it normally

is with LiCl treatment, but any ectopic production of the

hypostome indicates that a second axis is beginning to form.

We have shown that the sponge body axis is equivalent to

the polarity of its aquiferous system, because the body plan of

a sponge revolves around proper formation of the canals and

osculum in order to feed and function normally. When treated

with LiCl or AP sponges develop abnormally, excessively pro-

ducing oscula resulting in a chaotic, disorganized, and non-

functioning canal system. This is similar to observations from

other animals described above because the osculum, or at least

its precursor, what we term the pre-oscular node (PON), is

multiplied, and the entire axis of the sponge is reorganized and

duplicated. Furthermore, the lack of differentiation may help

to explain the small size of the oscula and lack of well-devel-

oped canals in LiCl-treated sponges. The flatter appearance of

these sponges may also be a result of decreased ability for

cellular respiration in LiCl-treated animals, as shown in sea

urchin embryos (Lindahl 1933 as cited in Runnström 1935).

In N. vectensis the striking diversity and pattern of wnt

gene expression suggests that the role of Wnts in determining

animal axial polarity extends deeper in evolutionary time than

previously thought (Kusserow et al. 2005; Lee et al. 2006). wnt

is expressed at the posterior pole of the larval sponge

A. queenslandica, a region that has been suggested to give

rise to the osculum (Sollas 1888; Leys and Degnan 2002),

pointing to an even earlier origin for the role of Wnt signaling.

This further supports our hypothesis that the PON has Wnt-

controlled axis-inducing properties. In the absence of an

effective b-catenin antibody or GFP transgene technology for

sponges, it has not yet been possible to test whether this

protein’s localization is affected by LiCl or AP treatment.

Expression of two wnt genes in O. lobularis suggest that the

canonical b-catenin pathway is involved in differentiation of

the epithelium in adult tissues (Lapébie et al. 2009); however,

the authors did not test the role of these wnt genes during

development of O. lobularis.

There are several explanations for the different phenotypes

in the different sponges. Adamska et al. (2007) and Lapébie

et al. (2009) focus on vastly different times during develop-

ment and the role of Wnt may be specified by temporal fac-

tors. During embryonic development of A. queenslandicaWnt

signaling may define the body axis, whereas in O. lobularis it

may act to re-pattern tissues of the adult. Alternatively, be-

cause the ostia in O. lobularis are formed by invagination of a

layer of cells and in other demosponges they form from a

single cell, the porocyte, it is possible that in the homo-

scleromorphs, like O. lobularis, Wnt signaling has been

co-opted into a role in epithelial patterning. However, if

Homoscleromorpha merits Class or even Phylum designation

due to features such as a basement membrane with Type IV

collagen (Boute et al. 1996) which they share with eumetazo-

ans, (Sperling et al. 2007; Sperling et al. 2009), the role of

canonical Wnt signaling in epithelial patterning may be a

feature of morphogenesis in more derived animals including

the homoscleromorphs. Nevertheless, it is possible that BIO

treatment increases canonical Wnt signaling leading to an in-

crease in noncanonical Wnt signaling and causing excess

epithelial patterning. A similar phenotype occurs in AP-treated

hydra, resulting in tentacles all over the body column (Broun

et al. 2005; Philipp et al. 2009).

In all these experiments it must be remembered that sponges

have few phenotypes (changes to the gross morphology) that

can be readily observed and analyzed, and therefore the inter-

pretation of phenotypes is challenging and should be carried

out with caution. It is an intriguing and likely possibility that

Wnt signaling has multiple roles in the sponge, supporting the

growing body of evidence that the Porifera, although an old

lineage, is less simple than most would consider.

Inductive abilities of the osculum

The inductive properties of the osculum are similar to those

seen in transplanted organizer regions of other animals (e.g.,

dorsal blastopore lip of ampibians; Spemann and Mangold

1924). Kraus et al. (2007) showed that transplantion of

the blastopore lip of the gastrula stage of the anemone

N. vectensis is also able to induce formation of a secondary

axis, including a new blastopore and gut.

Our results indicate that osculum transplants between

members of different genera (Ephydatia and Spongilla) do not

result in induction, confirming self–nonself recognition is well

established in the Porifera (e.g., Fernandez-Busquets and

Burger 1999). Similar intergeneric experiments have not been

done with cnidarians, but this result is interesting given that
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Spemann and Mangold’s (1924) original experiments showed

salamander congeners were able to induce changes in both

species. It would be interesting to determine whether different

species within the genus Ephydatia have the same potential.

Sponges are simple animals without digestive tracts, ner-

vous systems, or regionalization of the body into organs

(Hyman 1940). Most also consider the group to lack body

polarity and symmetry, although Manuel (2009) gives an in-

teresting discussion on this and suggests several types of po-

larity and symmetry that different groups of sponges may

have. If sponges are truly asymmetrical and lack polarity

other than apical–basal, it follows that they would not need to

have an inductive organizer region during development re-

sponsible for setting up a body plan. Our results clearly in-

dicate that this is not the case, as we have shown that if the

main body axis is not initially set up correctly, sponges do not

differentiate or function properly.

Potential role of Wnt in the aquiferous system

We hypothesize that formation of the axis of the sponge, the

aquiferous system, is under the control of the canonical Wnt/

b-catenin pathway. This pathway is known to be involved in

axis formation and polarity in myriad animal phyla (e.g.,

Prud’homme et al. 2003; Kusserow et al. 2005; Henry et al.

2008; review, Nüsslein-Volhard and Weischaus 1980; Cui

et al. 1995; Cadigan and Nusse 1997; Logan et al. 1999).

EmWnt expression is upregulated at 2dph when the aquifer-

ous system forms. Canals form gradually by the complicated

fusion of pockets of empty space beneath the dermal tissues.

At the point when the canals finally coalesce, the osculum

forms on the dermal tissue (S. Leys, unpublished data). Our

data show that artificially increasing canonical Wnt signal via

the use of GSK-3b inhibitors disrupts the process of aquifer-

ous system formation. The role of Wnt itself in this process

remains untested, however several possibilities are evident.

Wnt could be secreted from a predetermined area of the der-

mal tissue, the PON, and this signal could be responsible for

drawing the developing canals toward itself, thereby joining

up all elements of the aquiferous system. An increase in Wnt

signaling would therefore cause canals to be drawn to several

locations on the dermal tissue instead of only one, and cause

the massive disorganization that we observe.

Alternatively, the lining of the forming canals could secrete

Wnt into the luminal space of the canal-forming pockets. As

canals fuse with each other, the signal may be amplified until

a threshold is reached and the dermal tissues form an

osculum. Treatment with GSK-3b inhibitors would thus

cause an increase in the number of oscula, and consequently

oscula that join up randomly with canals all over the sponge.

In either scenario, there appears to be signaling in both

directionsFbetween the canals and the osculumFin order to

properly form the aquiferous system.

The mounting evidence that Wnt is broadly required for

early embryonic axis specification as well as the presence of

multiple wnt genes in basal phyla implies that this pathway

played a critical role in the evolution of multicellular animals.

Polarity in the first animals was very likely directly related to

food uptake requirements, similar to the situation in sponges.

We propose that all metazoans, including sponges, share a

common molecular mechanism that is responsible for creating

axial polarity of the body planFthe canonical Wnt pathway.

Porifera, the sponges, are the oldest branching group

of animals (Philippe et al. 2009). We have shown that the

adult body axis is similar to that of other extant Metazoa,

supporting the idea that the adult body plan of a sponge-like

ancestor may have given rise to early animals with true guts,

the Eugastraea.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Fig. S1. (A) Nucleotide and amino acid sequence for

EmWnt. Conserved cysteine, C, residues are highlighted in dark

blue with white text. (B) Alignment of EmWnt protein se-

quence with other metazoan Wnts. The alignment was per-

fomed in SeaView v.4 using the muscle algorithm. 24

conserved C residues (marked by �) characteristic of Wnts

are found in the Ephydatia muelleri protein (in bold, top line),

firmly placing it within the Wnt superfamily. Wnt7 family

proteins were primarily selected for the alignment since Em-

Wnt aligns most closely with this family in BLAST searches

(http://blast.ncbi.nlm.nih.gov/). Accession numbers and

species used are as follows: EmWnt (Ephydatia muelleri;

HM363029), AmqWntIII (Amphimedon queenslandica;

GQ144650), AmqWnt (EU285557), OlWNTI (Oscarella lob-

ularis; GQ144646), OlWNTII (GQ144647), NvWnt7b (Ne-

matostella vectensis; AY725204), HmWnt7 (Hydra

magnapapillata; AB426121), CiWnt7 (Ciona intestinalis;

XM_002127998) and MmWnt7b-var2 (Mus musculus;

NM_001163634).

Please note: Wiley-Blackwell are not responsible for the

content or functionality of any supporting materials supplied

by the authors. Any queries (other than missing material)

should be directed to the corresponding author for the

article.
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