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4.1 HISTORY OF THE MODEL 

Sponges (Porifera) have fascinated scientists for at least 

150 years, with two key subjects of investigation remain­

ing vibrant until today and additional areas of research 

emerging recently. The first of the original subjects is the 

relationship between sponges, other animals and protists, 

both in terms of their relative phylogenetic positions and the 

homology between body plans and cell types. The second 

stems from the remarkable ability of sponges to regenerate: 

not only by restoring lost body parts but also by completely 

rebuilding bodies from dissociated cells. Why can sponges 

do that and we cannot? While 19th- and early 20th-century 

biologists were equipped only with microscopes, current  

scientists have harnessed the power of modern genomics 

and gene expression analysis to address these fundamen­

tally interesting questions. This section of the chapter sets 

the stage for sponges as models for biological research by 

(briefly) reviewing findings and opinions of 19th-century 

scientists on the position of sponges in the tree of life and the 

discoveries of sponge regenerative capacity in the early 20th 

century. The following sections cover modern approaches to 

both subjects, concluding with discussion of the most recent 

advances and forecasting future directions of research uti­

lizing sponges as models. 

But what are sponges, actually? Perhaps surprisingly, this 

simple question continues to generate heated arguments,  

with various answers offered (but never universally agreed 

on) throughout the past centuries. Are they animals of cel­

lular grade of organization (Parazoa), with a unique body 

plan and independently evolved cell types? Or are they true 

animals, with germ layers homologous to our endoderm and 

ectoderm? Are they living fossils, retaining features of our 

distant ancestors? 

When Robert Grant gave sponges the name “Porifera” 

(= pore bearing), he referred to the numerus tiny openings 

(called pores of ostia) which are present on the surface of adult 

sponges and which lead to (more or less complex, depend­

ing on the body plan; see Section 4.5) system of canals and 

chambers (Grant 1825,  1836) (Figure 4.1). The innermost 

surface of sponges, an epithelial layer called choanoderm, is 

composed of choanocytes (collar cells), which are equipped 

with flagella propelling water through the body. Choanocyte 

collars capture food particles—often bacteria—and the fi l­

tered water is then expelled through a larger opening (or 

openings) called osculum (plural oscula). All other surfaces 

of sponges (the outer, the basal and lining of the canals) are 

composed of flat cells called pinacocytes. In between those 

two epithelial layers lies the non-epithelial mesohyl layer, 

containing motile amoeboid cells, cells producing skeletal 

elements, gametes and—in viviparous sponges—embryos. 

With these basic building blocks, sponges form a variety 

of body plans, which are discussed further in Section 4.5 

(Figure 4.1). Although Linnaeus listed sponges as “vegeta­

bles”, Grant considered them animals. 

Few decades later, the striking similarity between cho­

anocytes and choanoflagellates, which are single-cell 

and colonial protists, noticed by  James-Clark in 1868  and 

Saville-Kent in 1880, was interpreted to indicate strong 

affinity between sponges and protists, in effect relegating 

sponges from the animal kingdom. Intriguingly, all mod­

ern phylogenies place choanoflagellates as the nearest rela­

tives (the sister group) of animals, and the majority of the 

genome-based phylogenies place sponges as the earliest 

branching animal lineage (Figure 4.1), consistent with the 

position of sponges as the link between protists and “true 

animals” (Eumetazoans). 

Ernst Haeckel, considered by many the father of evolu­

tionary developmental biology, noted similarities between 

body plans of sponges, in particular calcareous sponges,  

and cnidarians, especially coral polyps. According to his 

views, the sponge choanoderm was homologous to the coral 
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FIGURE 4.1 Phylogenetic position, major cell types and body plans of sponges. Dashed lines with arrowheads indicate direction of 

movement of food particles and waste products; gray color marks cells and tissues involved in food capture and digestion. (Modifi ed 

from Adamska 2016.) 

gastrodermis, the sponge pinacoderm to the ectoderm, and 

the osculum to the polyp mouth (Figure 4.1). Haeckel cred­

ited the development of the gastrea theory (stating that all 

animals evolved from a gastrula-like pelagic animal), and 

more broadly recognition of homology of germ layers, to 

his observations of calcareous sponges and their develop­

ment (Haeckel 1870,  1874). Following the reasoning of 

James-Clark and Haeckel, poriferan-grade body organiza­

tion appears to represent a clear transition stage between the 

colonial protists and complex animals. However, phyloge­

netic position of sponges, as well as the nature of the simi­

larity between sponge choanocytes and choanofl agellates 

on the one side and the gut enterocytes on the other side of 

the transition (e.g.  Peña et al. 2016), remain far from being 

settled, as discussed again in Section 4.8. 

While phylogenetic position and the relationship between 

sponge cell types and those of other animals might be dis­

puted (Simion et al. 2017;  Whelan et al. 2017), the obser­

vations of the regenerative abilities of sponges, originally 

made in the early 20th century, remain as true and fasci­

nating now as they were then.  Wilson (1907 ), working on a 

marine demosponge,  Microciona prolifera, discovered that 

it was capable of forming new, functional bodies after being 

dissociated into single cells. His experiments were soon 

reproduced using other sponge species, including freshwa­

ter sponges by Muller (1911a, 1911b) and the calcareous 

sponge Sycon raphanus by  Huxley (1911,  1921 ), demon­

strating that this remarkable ability is widespread among  

sponges. Intriguingly, it appears that the cellular mecha­

nisms of sponge regeneration differ significantly across the 

phylum, and the molecular mechanisms are only beginning 

to be discovered. We will return to this topic, covering the 

intriguing recent discoveries and future research avenues, in 

Sections 4.7 and 4.8. 

4.2 GEOGRAPHICAL LOCATION 

Sponges are found in virtually all marine environments, 

from cold, deep waters surrounding the poles to shallow 

tropical environments (van Soest et al. 2012). One lineage 

of sponges evolved the ability to occupy freshwater environ­

ments, with species noted in lakes, rivers and creeks across 

the globe (Manconi and Pronzato 2002). 

Sponges are notoriously difficult in lab cultivation—no 

sponge species can currently be reliably cultivated through­

out its entire lifecycle, and the cell culture methods have only 

started to be established (Schippers et al. 2012;  Conkling 

et al. 2019). This challenge in combination with interest 

in sponge biology resulted in proliferation of sponge mod­

els, representing all four evolutionary lineages of sponges  

( Figure 4.2 ). 

From over 9,000 species of marine sponges, laborato­

ries in Europe, North America, Asia and Australia have 

thus been selecting their model systems focusing attention 

on species which are easily accessible (abundant in shallow 

waters or appearing in local aquaria) and relatively robust 

(permitting transport to laboratories and short-term culture), 

in addition to possessing unique biological features mak­

ing them particularly interesting or tractable. This chapter 

focuses on knowledge obtained using representatives of 

two lineages: calcareous sponges, especially those from the 

genus Sycon (the same that inspired Haeckel’s theories), and 

demosponges, especially Amphimedon queenslandica (the 

first sponge to have its genome sequenced). Sponges from the 

relatively small (but fascinating) lineage of Hexactinellida 

(glass sponges, a sister group to demosponges) are gener­

ally restricted to deep waters, making them diffi cult to 

access. However, a few species, such as Oopsacas minuta, 

have been found in relatively shallow cave environments, 
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FIGURE 4.2 Phylogenetic position and geographic location of 

major sponge model systems. 

allowing researchers to study their development leading 

to formation of syncytial adult body (Boury-Esnault et al. 

1999;  Leys et al. 2016 ). The highly derived genomes of 

Hexactinellids will be mentioned in Section 4.6.  Chapter 5 

focuses on Homosclermorph sponges, which are the sister 

group to Calcisponges. 

4.3 LIFE CYCLE 

Like many marine invertebrates, the majority of sponges 

have a biphasic life cycle, including motile, pelagic larvae 

and sessile, benthic adults (Figure 4.3). This lifestyle likely 

reflects the lifestyle of the first animals ( Degnan and Degnan 

2006) or perhaps even our protistan ancestors (Adamska 

2016b). While very few sponge species (such as  Tetilla 
japonica) secondarily lost the motile larval stage, becoming 

direct developers, a spectacular diversity of developmental 

modes and larval types has been described in sponges (Leys 

and Ereskovsky 2006;  Ereskovsky 2010;  Maldonado 2006). 

Sponges can be either oviparous (that is, releasing gam­

etes to the surrounding water, with the fertilization and sub­

sequence development occurring in the water column) or 

viviparous, with embryogenesis occurring within the mater­

nal tissues. The majority of sponge species used as models 

for developmental biology research are viviparous and her­

maphroditic. In particular, all homoscleromorph sponges, 

including Oscarella lobularis (see  Chapter 5), and all cal­

cisponge species (including Sycon sp.) brood their larvae 

within maternal tissues (Figure 4.3c,  d; see also Section 4.4); 

in both cases, the embryos developing in the mesohyl (the 

non-epithelial layer sandwiched between pinacoderm and 

choanoderm) are distributed across the body of the adult. 

In contrast, in  Amphimedon queenslandica, the embryos 

develop in specialized brood chambers, generally found 

close to the basal region of the sponge (Figure 4.3k). In both 

scenarios, mature larvae (Figure 4.3e, k) leave the mother 

sponge through the osculum and, after a period of swim­

ming, settle and metamorphose on suitable substrate. 

During metamorphosis, larval cells undergo major rear­

rangement, differentiation and transdifferentiation; begin 

production of skeletal elements (spicules, which are built of 

calcite in the calcisponges, and from silica in all other sponge 

classes); form the first choanocyte chambers; and fi nally 

open ostia and oscula to become feeding juveniles (Figure 

4.3f–h ,  m–o). The juvenile of calcareous sponges from the 

genus  Sycon represents one of the simplest body plans found 

in the animal kingdom: a cup-shaped body composed of two 

epithelial layers, which are connected by the ostia, with a 

narrow mesohyl layer containing spicule-producing cells 

(sclerocytes) and a single apical osculum (Figure 4.3h). This 

body plan is referred to as the asconoid grade of organiza­

tion. As development progresses, new radial chambers form 

to surround the original radial chamber, which becomes the 

atrium of the emerging syconoid body plan (Figure 4.3i;  

see schematic representation in  Figure 4.1). Despite this 

substantial change of the body plan, the radial symmetry 

of the body, with a single osculum, is maintained in many 

species, including Sycon ciliatum ( Figure 4.3b ). In contrast, 

the juvenile form of demosponges, such as  Amphimedon 
queenslandica, is of leuconoid grade (multiple choanocyte 

chambers connected by series of canals), with a single api­

cal osculum (Figure 4.3o; see schematic representation in 

Figure 4.1). As the animal grows, the leuconoid body plan is 

maintained, but additional oscula are formed, disrupting the 

original symmetry of the body plan (compare  Figure 4.3j). 

The life span of sponges also varies signifi cantly across 

the species.  Sycon ciliatum can be considered an annual spe­

cies in the Norwegian fjords. The larvae settling in sum­

mer grow through the autumn and resume growth in the 

spring before they enter the reproductive stage in late spring, 

with larval release and death of the majority of the post-

reproductive specimens in summer (Leininger et al. 2014). 

In contrast,  Amphimedon queensladica can live many years 

based on the apparent growth rate and the size of individuals 

found in nature (author’s personal observations). The most 

extreme case of sponge longevity on record is a Hexactinellid 

sponge,  Monorhaphis chuni, estimated to live 11,000 (yes, 

eleven thousand!) years (Jochum et al. 2012). 

4.4 EMBRYOGENESIS 

Sponge embryogenesis utilizes a mind-boggling array of 

cellular mechanisms, including individual and collective 

movement, differentiation and transdifferentiation, leading 

to development of very diverse larval types. A signifi cant 

body of literature has been produced on this topic, including 

a dedicated book,  The Comparative Embryology of Sponges, 
covering all sponge lineages in fine detail (Ereskovsky 2010). 

Embryonic development of  Amphimedon queenslandica , the 

first sponge to have its genome sequenced, received extensive 

additional attention (recently summarized by  Degnan et al.  
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FIGURE 4.3 Sponge life cycle. Adults (a, b, j), embryos within maternal tissue (c, d, k), larvae (e, l), postlarvae (f, g, m, n) and juveniles 

(h, i) of two sponge model systems: the calcareous sponge  Sycon ciliatum (a–i) and the demosponge  Amphimedon queenslandica (j–o). 

(a) Multiple sponge specimens growing together on  Laminaria sp.; (j) individual sponge on coral rubble. (d) Fixed slice of tissue with 

spicules removed to reveal embryos; the remaining samples are live specimens or their fragments. See text for description of embry­

onic development and metamorphosis. Scale bars: (b, j): 5 mm; (e, l): 50 μm. ([a–i] Reproduced from Leininger et al. 2014, [j–o] from 

Adamska et al. 2007.) 

2015). In this species, embryonic development occurs in a  

brood chamber, containing a mix of embryos of all stages, 

from eggs to ready-to-release larvae, with the younger stages 

close to the edge of the chamber and more mature ones at 

the center (Figure 4.3k). The embryos are approximately 0.5 

mm in diameter and yolky, with a cell division pattern best 

described as asynchronous and anarchic, leading to forma­

tion of a solid, spherical morula composed of cells of differ­

ent sizes and differing by pigmentation level. Extensive cell 

movements result in development of a bi-layered, polarized 

embryo (referred to as gastrula in the original publication  

describing development of this species;  Leys and Degnan 

2002, but see  Nakanishi et al. 2014  for a different view on 

the same process). Pigmented cells coalesce at one pole of the 

embryo to first form a spot and then a ring (Figure 4.3k). This 

ring, known to be a photosensory steering organ positioned 

at the posterior pole of the  Amphimedon larva (Leys and 

Degnan 2001), is characteristic of parenchymella-type larvae 

of many other demosponges (Maldonado et al. 2006). There 

can be an extensive number of cell types present in mature 

parenchymella type larvae, including sclerocytes (cells pro­

ducing spicules), archaeocytes (stem cells) and, in some cases, 

fully differentiated choanocytes and pinacocytes (e.g.  Saller 

1988 ). 

One of the best studied of the larval types among sponges 

are the amphiblastula larvae of Calcaronean sponges, the 

lineage of calcisponges that includes  Sycon ciliatum and 

related species (Franzen 1988). The other lineage of calcare­

ous sponges, the Calcineans, has calciblastula larvae very 

similar to cinctoblastula found in Homoscleromorph sponges 

(Chapter 5), although it is not clear whether this similarity 

reflects shared ancestry (as Homoscleromorpha and sister 

group to the Calcispongiae) or is a result of convergence. 

The amphiblastula larva forms through a highly stereo­

typic series of division followed by differentiation of only  

three cell types, which further undergo clear differentiation 

pathways upon metamorphosis. The oocytes are found uni­

formly distributed across the mesohyl of mature specimens. 

In the case of Sycon ciliatum in the Norwegian fjords, the 

development is synchronous through the local populations, 
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with the first round of oocyte growth and fertilization occur­

ring in the late spring (Leininger et al. 2014). Cleavage is  

complete, with the first two planes of division perpendicular 

to each other and the plane of the pinacoderm, thus divid­

ing the zygote into four equal blastomeres. The subsequent 

divisions are oblique, resulting in formation of a cup-shaped 

embryo, with larger cells (macromeres) closer to the cho­

anocytes and smaller cells (micromeres) facing pinacocytes 

(Figure 4.1). The embryonic cavity communicates with the 

lumen of the radial chamber, and through this opening, the 

embryo inverts itself so that the flagella of the micromeres 

(which originally form on the inner surface of the embryo) 

point outward. 

In addition to the flagellated micromeres and larger, 

non-flagellated macromeres, the larva contains two other 

cell types: cross cells and maternal cells (Figure 4.1b). The 

cross cells (four in each larva) are of embryonic origin and 

differentiate from the outer “corners” of the four original 

blastomeres, with their final positions forming a cross at the 

equator of the larvae, conveying tetra-radial symmetry to 

the larva (Figure 4.1a). The function of these cells remains 

enigmatic, but they have been proposed to have sensory role 

and, consistent with this notion, express a number of genes 

known from other animals to be involved in specifi cation 

of sensory cells and neurons (Tuzet 1973;  Fortunato et al. 

2014). Intriguingly, cross cells, along with maternal cells, 

which migrate inside of the embryo after inversion, degener­

ate during metamorphosis and do not contribute to forma­

tion of the juvenile body (Amano and Hori 1993). 

As the larva settles on its anterior pole, the macromeres 

envelop the micromeres without losing epithelial character 

and differentiate directly to pinacocytes. The micromeres 

FIGURE 4.4 Schematic representation of embryonic devel­
opment (a) and metamorphosis (b) in calcaronean sponges . In 

(a), the top row shows cross-sections of embryos surrounded by 

maternal tissues (pinacoderm and choanoderm); the bottom row is 

a top view of isolated embryos. Thick lines indicate macromeres 

and pinacocytes; thin lines indicate micromeres and choanocytes. 

Embryonic/larval cross cells and the cytoplasm of cleavage stage 

embryo destined to become cross cell are shaded gray. 

undergo epithelial-to-mesenchymal transition and become 

amoeboid cells. After a period of movement (hours to  

days, depending on species), the micromeres differentiate 

into choanocytes and other juvenile cell types, including 

sclerocytes (spicule producing cells) (Figure 4.4b). Finally, 

the osculum opens at the apical pole and ostia form across 

the surface, resulting in formation of a functional, juvenile 

sponge of asconoid grade of organization. The source of 

porocytes is unclear, but it is likely that they differentiate  

from pinacocytes. 

4.5 ANATOMY 

All sponges (with the notable exception of carnivorous 

sponges, which secondarily lost choanocytes; Vacelet and 

Boury-Esnault 1995 ;  Riesgo et al. 2007 ) are built of the 

same basic building blocks: choanocytes forming cho­

anoderm of the radial chambers, the pinacoderm lining all 

remaining surfaces, with varying types and numbers of cells 

inhabiting the mesohyl. The mesohyl can be very cell poor 

and narrow (for example, in the Homoscleromorph sponges; 

see Chapter 5 ) or constitute most of the body of the sponge, 

as in many Demosponges. Traditionally, the body plans are 

divided into three major types. The simplest is asconoid, 

as described for Calcaronean juveniles ( Figure 4.3h ,  4.4b ), 

with many calcisponge species retaining this body organi­

zation, with branching and anastomosing tubes forming as 

the body enlarges. The second type is syconoid, as in cal­

cisponges from the genus Sycon ( Figure 4.1 ,  Figure 4.3b , 

c ,  i ), with radial choanocyte chambers surrounding endop­

inacocyte-lined atrial cavity. The most complex, and the 

most common among sponges (being the typical body plan 

of Demosponges, the most speciose of the sponge lineages), 

is the leuconoid body plan composed of choanocyte cham­

bers linked by an intricate network of endopinacyte-lined 

canals ( Figure 4.1 and 4.3j ,  o ). Two lesser-known sponge 

body plans should also be mentioned. One is the syllei­

bid body plan found in Homoscleromorph sponges, which 

can be considered a link between the syconoid and leuco­

noid body plans, with multiple syconoid-level units con­

nected to the atrium. The most recently described sponge 

body plan, solenoid, is found in some Calcinean species and 

can be best described as a complex system of anastomosing 

tubes of the asconoid grade embedded in a thick mesohyl 

layer ( Cavalcanti and Klautau 2011 ). 

In the majority of sponges, the epithelial and mesen­

chymal layers are supported by organic and/or inorganic 

skeletons. The spongin-based organic skeletons of the 

genus Spongia and related species are well known as bath 

sponges—although, after the natural populations have been 

virtually exterminated by combination of harvest and pol­

lution of the habitat, natural bath sponges have been all but 

replaced by artificial ones (Pronzato and Manconi 2008). 

The majority of sponges produce inorganic skeletal ele­

ments, called spicules, which were traditionally the key to 

sponge taxonomy, given the paucity of other characters avail­

able until the advent of molecular phylogenies (Uriz 2006; 
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FIGURE 4.5 Spicule formation in calcareous sponges. 

Thickener cells (t) are dark gray, founder cells (f) are light gray. 

(Modified from Voigt et al. 2017, with the schematic representa­

tions re-drawn from Minchin 1908.) 

van Soest et al. 2012). The spicules are of two types—built 

of calcite in the calcisponges and of silica in the remaining 

three lineages. Not only the material but also the cellular 

mechanism of spicule synthesis and subsequent positioning 

differs. The demosponge spicules are produced intracellu­

larly, within vacuoles, and are subsequently moved to their 

final position by a concerted action of carrier cells (Mohri et 

al. 2008;  Nakayama et al. 2015). In contrast, calcareous spic­

ules are produced by groups of cells, the numbers of which 

depend on the type of the spicule and tend to remain in situ, 

without subsequent movement. For example, single-rayed 

spicules (diactines) are secreted by two cells, one known as 

the founder cell and the other as the thickener cell. On the 

other hand, the tri-radial triactines are produce by sextets of 

cells, with three founder cells and three thickener cells work­

ing together to produce one spicule (Minchin 1908;  Voigt et 

al. 2017 ) (Figure 4.5). Different types of spicules form sup­

porting structures along the body, with the long, slender di­

actines often found forming a crown or a collar around the 

osculum (Figure 4.3b). 

4.6 GENOMIC DATA

 The first insight into gene content of sponges was provided 

by transcriptome rather than genome analyses. Most signifi ­

cantly, the analysis of developmental regulatory genes in the 

transcriptome of the homoscleromorph sponge Oscarella 
carmela revealed that sponges possess multiple components 

of developmental signaling pathways used by animals to 

regulate their development (Nichols et al. 2006 ). However, 

the complete developmental regulatory gene repertoire of a 

sponge could only be fully appreciated by whole genome 

sequencing. The first sponge for which this was achieved 

was the demosponge Amphimedon queenslandica, a spe­

cies inhabiting reefs fringing the Heron Island of the Great 

Barrier Reef (Srivastava et al. 2010). This was not only the 

first but also likely the last sponge genome sequenced using 
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the traditional Sanger method.  Amphimedon genome analysis 

revealed that for the overwhelming majority of developmen­

tal regulatory gene families, whether signaling molecules or 

transcription factors,  Amphimedon possesses fewer family 

members than the more complex animals (Cnidarians and 

Bilaterians). This pattern, perhaps expected, was consistent 

with the notion that a simple animal would have a simpler 

regulatory gene repertoire. 

It was therefore surprising when analysis of the second 

sponge species to be sequenced—the calcareous sponge 

Sycon ciliatum—revealed developmental gene family 

sizes on a par with those found in bilaterians. For example, 

while humans have 19 Wnt ligands and  Amphimedon has 3 

(Adamska et al. 2007), Sycon has 21 (Leininger et al. 2014). 

Even more strikingly—and controversially—the  Sycon 
genome appears to possess a ParaHox gene, Cdx, which is 

clearly absent from the  Amphimedon genome (Larroux et 

al. 2007;  Fortunato et al. 2014). A systematic comparison 

of transcription factors present in  Amphimedon and  Sycon 
demonstrated that genomes of calcisponges and demo-

sponges underwent independent events of gene loss and 

family expansions (Fortunato et al. 2015). 

Gene content analysis of two Hexactinellids (glass 

sponges) revealed a different kind of surprise—it appears 

that neither  Oopsacas minuta nor Aphrocallistes vastus 
possesses key components of the Wnt signaling pathway 

(Schenkelaars et al. 2017). As this pathway is used across 

the animal kingdom (including other sponges; See section 

4.7) to pattern the major body axis, this finding is another 

key indication that insights from one lineage of sponges 

cannot be assumed to reflect the genome composition of 

all sponges—and of the last common ancestor of all ani­

mals. Instead, it thus appears that, since the divergence 

approximately 600 million years ago, sponge gene reper­

toires underwent dramatic changes, in contrast to the body 

plans which remained apparently stable throughout this 

time. 

But sponge genomes can provide insight into more than 

just gene content: a gateway to understand evolution of 

genome function in animals. One of the mechanisms known 

to regulate gene expression in vertebrates (but not in the  

majority of invertebrates) is DNA methylation. However,  

the evolutionary history of this mechanism is not well 

understood. A recent study revealed that—in parallel to the 

differences found in gene content—sponge genomes are 

methylated to very different levels. While the  Amphimedon 
genome is highly methylated (in striking similarly to ver­

tebrate genomes), methylation in  Sycon is more moderate, 

consistent with independent acquisition of genome methyla­

tion in sponges (de Mendoza et al. 2019). 

Gaiti and colleagues (2017 ) used the  Amphimedon 
genome find out whether two other regulatory features of 

animal genomes are found in sponges: the posttranslational 

modifi cations of histone H3 (linked to precise regulation of 

gene expression in animals) and micro-systenic units har­

boring distal enhancers of developmental regulatory genes. 
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Perhaps surprisingly, both features were found, demonstrat­

ing that they predate (and were perhaps the key to) diver­

gence of animal lineages (Gaiti et al. 2017). 

The very recent advances in genome sequencing tech­

nologies, allowing relatively cheap generation of (almost) 

chromosomal-level assemblies, opened the way to compar­

ing large-scale synteny (gene order) analysis in addition 

to micro-synteny studied before. The first sponge genome 

to be assembled to this contiguity level, that of  Ephydatia 
mulleri, demonstrated strong synteny conservation between 

this freshwater demosponge and other animals but not with 

choanoflagellates (Kenny et al. 2020). Time (and ongoing 

sequencing efforts) will tell if genomes of sponges repre­

senting other lineages also maintained this conservation or 

whether they hold further surprises. 

4.7  	FUNCTIONAL APPROACHES: TOOLS FOR 
MOLECULAR AND CELLULAR ANALYSES 

Evolutionary genomics and developmental biology strive to 

go beyond cataloguing genes, attempting to reveal the links 

between gene expression and function. Decades of research 

revealed that across the animal kingdom, key developmental 

events, such as establishment of germ layers and polarity of 

embryos, as well as cell fate specification, are governed by 

a conserved set of regulatory genes. As soon as homologues 

of these genes were uncovered in sponge transcriptomes and 

genomes, in situ hybridization methods were developed, 

allowing interrogation of expression patterns of the candi­

date genes (Larroux et al. 2008). 

One of the key examples of pan-metazoan functional 

conservation is the role of the Wnt pathway in specifi ca­

tion of the primary body axis, with Wnt ligands expressed 

in the posterior poles of cnidarian and bilaterian embryos, 

as well as the apical region of cnidarian polyps. In several 

sponge species, Wnt ligands are expressed in the posterior 

pole of sponge larvae and around the osculum of sponge 

adults ( Figure 4.6), suggesting that this role is conserved 

in sponges and therefore predates animal divergence 

(Adamska et al. 2007;  Leininger et al. 2014;  Borisenko 

et al. 2016). Similarly, genes involved in specifi cation of 

animal sensory cells, such as components of the Notch  

pathway and the transcription factor bHLH1 (related to 

atonal and neurogenin in bilaterians), are expressed in 

the sensory cells of  Amphimedon larvae (Richards et al. 

2008 ). 

However, gene expression patterns, while certainly sugges­

tive, still do not demonstrate gene function. Disappointingly, 

functional gene expression analysis—through interference 

with gene function by morpholino or RNAi, or genera­

tion of transgenic animals to understand effects of gene  

overexpression—is still not a routine methodology in 

sponges. This is despite multiple efforts, some giving tan­

talizing results, such as successful generation of transgenic 

sponge cells, although with a success rate in the range of 1 in 

10,000 cells (Revilla-I-Domingo et al. 2018), or downregula­

tion genes targeted by RNAi, although with change level that 

required qPCR to demonstrate it (Rivera et al. 2011). Despite 

this limited success so far, efforts to establish robust func­

tional genomics strategies continue in many sponge labora­

tories across the world. In the meantime, biologists utilize a 

range of other methodologies to gain functional insights into 

sponge development. For example, taking a drug interfer­

ence approach,  Windsor Reid and Leys (2010) demonstrated 

that the Wnt pathway is involved in specification of the main 

body axis of the demosponge Ephydatia mulleri. 

4.8  	CHALLENGING QUESTIONS BOTH IN 
ACADEMIC AND APPLIED RESEARCH 

Perhaps surprisingly, the two major topics that attracted 

biologists to sponges in the 19th century, namely origin of 

the animal body plan and regeneration, continue to provide 

background for vibrant research programs in many labora­

tories—and ongoing debates in the research field. Until very 

recently, the relationship between sponge cell/tissue types 

and body plan organization was interrogated using the can­

didate gene approach. As discussed in Section 4.7, results 

of these analyses are consistent with homology of the major 

body axis (specified by the Wnt pathway) in sponges and 

cnidarians, therefore suggesting that the first animals also 

used the Wnt pathway to pattern their bodies (reviewed by 

Holstein 2012 ). Moreover, subsequent gene expression anal­

yses focusing on genes involved in specification of animal 

endomesoderm, revealing that these genes are expressed in 

sponge choanocytes, are also consistent with Haeckel’s idea 

that the sponge choanoderm is homologous to the cnidar­

ian gastrodermis ( Leininger et al. 2014 ; Adamska 2016a, 

2016b). However, the fact that sponge cell fate specifi cation 

is unusually fluid, allowing choanocytes to transdifferenti­

ate into pinacocytes (thus apparently changing germ layer 

identity), makes some researchers unwilling to accept that 

notion ( Nakanishi et al. 2014 ). While the question of cell 

type homology between sponges and other animals remains 

open for now, a novel approach based on expression of 

genes with conserved microsynteny yielded results consis­

tent with the proposed homology of choanocytes and cells 

involved in cnidarian digestion ( Zimmermann et al. 2019 ; 

 Adamska 2019 ). 

On the other side of the evolutionary transition leading 

from protists to complex animals, the similarity between 

choanocytes and choanoflagellates, understood to indi­

cate homology of the collar apparatus throughout the 20th 

century, has become controversial again (Mah et al. 2014). 

Some authors take evidence of morphology, function and 

molecular composition of collars and flagella in choanocytes 

and collar cells as strong support for the proposed homol­

ogy (Peña et al. 2016;  Brunet and King 2017). Yet others 

used comparison of Amphimedon cell-type gene expression 

with cell-state gene expression data from choanofl agellates 

and a range of other protists to suggest that choanocyte 
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FIGURE 4.6 Expression of Wnt ligands in sponges. (a–c) Larvae of the calcareous sponge Sycon ciliatum. (d–f) Oscular regions of 

S. ciliatum (‘ indicates higher magnification; dashed lines delineate transparent tissues). (g, h, i) The demosponge,  Halisarca dujardini: 
larva, the osculum and regenerating epithelium, respectively. Larval posterior and osculum are at the top of each image. Scale bars: 

(a–c): 10 μm, (d–f’): 100 μm, (g): 50 μm, (h–i): 3 mm. ([a–f] Reproduced from Leininger et al. 2014, [g–i] from Borisenko et al. 2016.) 
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morphology evolved independently from choanofl agel­

lates (Sogabe et al. 2019). That these seemingly academic 

questions are also exciting to the general audience is evi­

denced by popular science magazines covering this debate 

( Cepelewicz 2019 ). 

Less “academic”, as understanding of sponge regeneration 

capacity might potentially be applicable to human regenera­

tive medicine, is the question of how sponges regulate their 

spectacular regenerative capacities. Recent research reveals 

that some of the regeneration mechanisms might indeed be 

shared between sponges and other animals, as many of the 

developmental signaling pathways known to be involved in 

mammalian regenerations are also activated during regener­

ation of sponges, including re-building of bodies from disso­

ciated cells (Soubigou et al. 2020). The most exciting aspect 

of sponge regeneration appears to be the capacity of sponge 

cells to directly transdifferentiate upon injury (Ereskovsky 

et al. 2015;  Ereskovsky et al. 2017; reviewed by Adamska 

2018). Would it be possible to utilize mechanisms involved 

in transdifferentiation of sponge cells to reprogram mam­

malian cells for therapeutic purposes? 

The pharmaceutical industry has been investigating 

sponges as potential sources of bioactive compounds, with 

great success, for over 50 years. In 1969, the fi rst sponge-

derived anti-cancer drug, cytarabine (also known as Ara-

C, Cytosar-U or Depocyst), originally extracted from the 

Caribbean demosponge  Tectitethya crypta, was approved 

by the Food and Drug Administration (FDA). In 1976, the 

FDA also approved vidarabine (Ara-A, Vira-A) as an anti­

viral drug derived from the same sponge species (reviewed 

by  Brinkmann et al. 2017). More recently, eribulin mesylate 

(E389, Halaven), an analog of halichondrin B isolated from 

Japanese demosponge Halichondria okadai, was approved 

as treatment for metastatic breast cancer (reviewed by 

Gerwick and Fenner 2013). 

In addition to being useful, the secondary metabolites 

found in sponges are all the more fascinating as they are in 

fact produced by microbes living in close symbiosis with their 

poriferan hosts. The study of sponge microbiomes revealed 

essential roles in nutrient cycling and production of vitamins 

in addition to the secondary metabolites likely responsible 

for protection of sponges from potential predators and foul­

ing organisms (see  Reiswig 1981;  Maldonado et al. 2012). 

It appears that the complex, species-specifi c assemblages 

of bacteria can be transmitted both horizontally (from the 

surrounding water) and vertically (from mother to larvae) 

(e.g.  Schmitt et al. 2008;  Webster et al. 2010). However, the 

molecular mechanisms involved in establishment and main­

tenance of these symbioses are not understood and remain 

an area of open and exciting investigations. 

BIBLIOGRAPHY 

Adamska M. 2016a. Sponges as models to study emergence of 

complex animals.  Curr Opin Genet Dev 39: 21–28. 

Adamska M. 2016b. Sponges as the Rosetta Stone of colonial-to­

multicellular transition. In: Multicellularity: Origins and 
evolution. KJ Niklas, SA Newman (Eds.). The MIT Press, 

Cambridge, MA; London, England. ISBN: 978-0-262-03 

415-9. 

Adamska M. 2018. Differentiation and transdifferentiation of 

sponge cells. In: Marine Organisms as Model Systems in 
Biology and Medicine. M Kloc, JZ Kubiak (Eds.). Springer-

Nature Series. Results and Problems in Cell Differentiation. 

Springer International Publishing. eBook ISBN: 978-3-319­

92486-1. Hardcover ISBN: 978-3-319-92485-4. 

Adamska M. 2019. Animal cell type diversity.  Nat Ecol Evol 3: 

1277–1278. 

Adamska M, Degnan SM, Green KM, Adamski M, Craigie A, 

Larroux C, Degnan BM. 2007. Wnt and Tgf expression 

in the sponge Amphimedon queenslandica and the origin of 

metazoan embryonic patterning. PLoS One 2(10): e1031. 

Amano S, Hori I. 1993. Metamorphosis of calcareous sponges. 2: 

Cell rearrangement and differentiation in metamorphosis. 

Invert Reprod Dev 24: 13–26. 

Borisenko I, Adamski M, Ereskovsky A, Adamska M. 2016. 

Surprisingly rich repertoire of Wnt genes in the demosponge 

Halisarca dujardini. BMC Evol Biol 16: 123. 

Boury-Esnault N, Efremova S, Bézac C, Vacelet J. 1999. 

Reproduction of a hexactinellid sponge: First description 

of gastrulation by cellular delamination in the Porifera. 

Invertebr Reprod Dev 35 (3): 187–201. 

Brinkmann CM, Marker A, Kurtböke DI. 2017. An overview on 

marine sponge-symbiotic bacteria as unexhausted sources 

for natural product discovery diversity.  Diversity 9: 40. 

Brunet T, King N. 2017. The origin of animal multicellularity and 

cell differentiation.  Dev Cell 43(2): 124–140. 

Cavalcanti FF, Klautau M. 2011. Solenoid: A new aquiferous sys­

tem to Porifera. Zoomorphology 130: 255–260. 

Cepelewicz J. 2019. Scientists debate the origin of cell types in the 

fi rst animals. www.quantamagazine.org/scientists-debate­

the-origin-of-cell-types-in-the-fi rst-animals-20190717/ 

Conkling M, Hesp K, Munroe S, et al. 2019. Breakthrough in 

marine invertebrate cell culture: Sponge cells divide rapidly 

in improved nutrient medium.  Sci Rep 9: 17321. 

Degnan BM, Adamska M, Richards GR, Larroux C, Leininger S, 

Bergum B, Calcino A, Maritz K, Nakanishi N, Degnan SM. 

2015. Porifera. In: Evolutionary Developmental Biology 
of Invertebrates. Vol. 1. A. Wanninger (Ed.), pp.  65–106. 

Springer Verlag, Vien. ISBN: 978-3-7091-1861-0. 

Degnan SM, Degnan BM. 2006. The origin of the pelagobenthic 

metazoan life cycle: What’s sex got to do with it?  Integr 
Comp Biol 46(6): 683–690. 

de Mendoza A, Hatleberg WL, Pang K, et al. 2019. Convergent 

evolution of a vertebrate-like methylome in a marine sponge. 

Nat Ecol Evol 3(10): 1464–1473. 

Ereskovsky AV. 2010.  The Comparative Embryology of Sponges. 

Springer, New York. 

Ereskovsky AV, Borisenko IE, Lapébie P, Gazave E, Tokina DB, 

et  al. 2015.  Oscarella lobularis (Homoscleromorpha, Por­

ifera) regeneration: Epithelial morphogenesis and metapla­

sia. PLoS One 10(8): e0134566. 

Ereskovsky AV, Lavrov AI, Bolshakov FV, Tokina DB. 2017. 

Regeneration in White Sea sponge  Leucosolenia complicata 
(Porifera, Calcarea). Invertebr Zool 14(2): 108–113. 

Fortunato SAV, Adamski M, Adamska M. 2015. Comparative 

analyses of developmental transcription factor repertoires 

in sponges reveal unexpected complexity of the earliest ani­

mals. Mar Genomics 2: 121–129. 

Fortunato SAV, Adamski M, Mendivil O, Leininger S, Liu J, Ferrier 

DEK, and Adamska M. 2014. Calcisponges have a ParaHox 

gene and dynamic expression of dispersed NK homeobox 

genes. Nature 514(7524): 620–623. 

http://www.quantamagazine.org
http://www.quantamagazine.org


76 

Franzen W. 1988. Oogenesis and larval development of Scypha 

ciliata (Porifera, Calcarea). Zoomorphology 107: 349. 

Gaiti F, Jindrich K, Fernandez-Valverde SL, Roper KE, Degnan 

BM, Tanurdžić M. 2017. Landscape of histone modifi cations 

in a sponge reveals the origin of animal cis-regulatory com­

plexity.  eLife 6: e22194. 

Gerwick WH, Fenner AM. 2013. Drug discovery from marine 

microbes. Microb Ecol 65(4): 800–806. 

Grant RE. 1825. Observations and experiments on the structure and 

functions of the sponge. Edinburgh Phil Journ 13: 94, 343; 

14: 113–124. 

Grant RE. 1836. Animal Kingdom. In:  The Cyclopaedia of 
Anatomy and Physiology. Vol. 1. RB Todd (Ed.), pp. 107–118. 

Sherwood, Gilbert, and Piper, London. 

Haeckel E. 1870. On the organization of sponges and their relation­

ship to the corals. Ann Mag Nat Hist 5: 1–13, 107–120. 

Haeckel E. 1874. Die Gastrae Theorie, die phylogenetische 

Classification des Thierreichs und die Homologie der 

Keimblatter.  Jena Zeitschr Naturwiss 8: 1–55. 

Holstein TW. 2012. The evolution of the Wnt pathway.  Cold Spring 
Harb Perspect Biol 4: a007922. 

Huxley JS. 1911. Some phenomena of regeneration in Sycon; with 

a note on the structure of its collar-cells.  Phil Trans R Soc B 
202: 165–189. 

Huxley JS. 1921. Further studies on restitution-bodies and free tis­

sue culture in Sycon. Quart J Micr Sci 65: 293–322. 

James-Clark H. 1868. On the spongiae ciliatae as infusoria fl ag­

ellata; or observations on the structure, animality, and rela­

tionship of Leucosolenia botryoides. Ann Mag Nat Hist 1: 

133–142, 188–215, 250–264. 

Jochum KP, Wang X, Ennemannc TW, Sinhaa B, Müller WEG. 

2012. Siliceous deep-sea sponge Monorhaphis chuni : A 

potential paleoclimate archive in ancient animals.  Chemical 
Geology : 300–330. 

Kenny NJ, Francis WR, Rivera-Vicéns RE, et al. 2020. Tracing 

animal genomic evolution with the chromosomal-level 

assembly of the freshwater sponge  Ephydatia muelleri. Nat 
Commun 11: 3676. 

Knobloch S, Jóhannsson R, Marteinsson V. 2019. Co-cultivation of 

the marine sponge Halichondria panicea and its associated 

microorganisms.  Sci Rep 9: 10403. 

Larroux C, Fahey B, Adamska M, Richards GS, Gauthier M, Green 

K, Lovas E, Degnan BM. 2008. Whole-mount in situ hybrid­

ization in amphimedon. CSH Protoc . pdb.prot5096. 

Larroux C, Fahey B, Degnan SM, Adamski M, Rokhsar DS, 

Degnan BM. 2007. The NK homeobox gene cluster predates 

the origin of Hox genes. Curr Biol Apr 17, 17(8): 706–710. 

Leininger S, Adamski M, Bergum B, Guder C, Liu J, Laplante 

M, Bråte J, Hoffmann F, Fortunato S, Jordal S, Rapp HT, 

Adamska M. 2014. Developmental gene expression provides 

clues to relationships between sponge and eumetazoan body 

plans. Nature Comm 5: 3905. 

Leys SP, Degnan BM. 2001. Cytological basis of photoresponsive 

behavior in a sponge larva.  Biol Bull 201(3): 323–338. 

Leys SP, Degnan BM. 2002. Embryogenesis and metamorphosis in 

a haplosclerid demosponge: Gastrulation and transdifferen­

tiation of larval ciliated cells to choanocytes.  Invertebr Biol 
121: 171–189. 

Leys SP, Ereskovsky AV. 2006. Embryogenesis and larval differen­

tiation in sponges. Can J Zool 84(2): 262–287. 

Leys SP, Kamarul Zaman A, Boury-Esnault N. 2016. Three-

dimensional fate mapping of larval tissues through metamor­

phosis in the glass sponge Oopsacas minuta. Invertebr Biol 
135: 259–272. 

Emerging Marine Model Organisms 

Mah JL, Christensen-Dalsgaard KK, Leys SP. 2014. Choanofl agellate 

and choanocyte collar-flagellar systems and the assumption of 

homology.  Evol Dev 16(1): 25–37. 

Maldonado M. 2006. The ecology of the sponge larva.  Can J Zool 
84(2): 175–194. 

Maldonado M, Ribes M, van Duyl FC. 2012. Nutrient fl uxes through 

sponges: Biology, budgets, and ecological implications.  Adv 
Mar Biol 62: 113–182. Elsevier Ltd ISSN 0065-2881. 

Manconi M, Pronzato R. 2002. Suborder Spongillina subord. nov.: 

Freshwater sponges. In:  Systema Porifera: A Guide to the 
Classification of Sponges. NA John, WM Rob, Van Soest 

(Eds.), pp. 921–1021. Kluwer Academic/Plenum Publishers, 

New York. 

Minchin EA. 1908. Materials for a monograph of the Ascons. II: 

The formation of spicules in the genus Leucosolenia, with 

some notes on the histology of the sponges. Q J Microsc Sci 
52: 301–355. 

Mohri K, Nakatsukasa M, Masuda Y, Agata K, Funayama N. 2008. 

Toward understanding the morphogenesis of siliceous spic­

ules in freshwater sponge: Differential mRNA expression of 

spicule-type-specific silicatein genes in  Ephydatia fluviatilis. 

Dev Dyn 237: 3024–3039. 

Muller K. 1911a. Beobachtungen liber Reduktionsvorgange bei 

Spongilliden, nebst Bemerkungen zu deren ausserer Morphologie 

und Biologie. Zool Anz 37: 114–121. 

Muller K. 1911b. Versuche liber die Regenerationsfahigkeit der 

Susswasserschwamme.  Zool Anz 37: 83. 

Nakanishi N, Sogabe S, Degnan BM. 2014. Evolutionary origin of 

gastrulation: Insights from sponge development.  BMC Biol 
12: 26. 

Nakayama S, Arima K, Kawai K, Mohri K, Inui C, Sugano W, 

Koba H, Tamada K, Nakata YJ, Kishimoto K, Arai-Shindo 

M, Kojima C, Matsumoto T, Fujimori T, Agata K, Funayama 

N. 2015. Dynamic transport and cementation of skeletal ele­

ments build up the pole-and-beam structured skeleton of 

sponges. Curr Biol 25(19): 2549–2554. 

Nichols SA, Dirks W, Pearse JS, King N. 2006. Early evolution of 

animal cell signaling and adhesion genes. Proc Natl Acad Sci 
USA 103(33): 12451–12456. 

Peña JF, Alié A, Richter DJ, et al. 2016. Conserved expression 

of vertebrate microvillar gene homologs in choanocytes of 

freshwater sponges.  Evo Devo 7: 13. 

Pronzato R, Manconi R. 2008. Mediterranean commercial sponges: 

Over 5000 years of natural history and cultural heritage.  Mar 
Ecol 29: 146–166. 

Reiswig HM. 1981. Partial carbon and energy budgets of the bac­

teriosponge Verongia fistularis (Porifera: Demospongiae) in 

Barbados West-Indies. Mar Biol 2: 273–294. 

Revilla-I-Domingo R, Schmidt C, Zifko C, Raible F. 2018. 

Establishment of transgenesis in the demosponge Suberites 
domuncula. Genetics 210(2): 435–443. 

Richards GS, Simionato E, Perron M, Adamska M, Vervoort M, 

Degnan BM. 2008. Sponge genes provide new insight into 

the evolutionary origin of the neurogenic circuit.  Curr Biol 
18: 1156–1161. 

Riesgo A, Taylor C, Leys SP. 2007. Reproduction in a carnivorous 

sponge: The significance of the absence of an aquiferous sys­

tem to the sponge body plan. Evol Dev 9(6): 618–631. 

Rivera AS, Hammel JU, Haen KM, Danka ES, Cieniewicz B, 

Winters IP, Posfai D, Wörheide G, Lavrov DV, Knight 

SW, Hill MS, Hill AL, Nickel M. 2011. RNA interference 

in marine and freshwater sponges: Actin knockdown in 

Tethya wilhelma and Ephydatia muelleri by ingested dsRNA 

expressing bacteria.  BMC Biotechnol 11: 67. 



77 Porifera 

Saller U. 1988. Oogenesis and larval development of  Ephydatia flu­
viatilis (Porifera, Spongillidae). Zoomorphology 108: 23–28. 

Saville-Kent W. 1880.  A Manual of the Infusoria: Including a 
Description of All Known Flagellate, Ciliate, and Tentaculiferous 
Protozoa, British and Foreign, and an Account of the Organization 
and the Affi nities of the Sponges. David Bogue, London. 

Schenkelaars Q, Pratlong M, Kodjabachian L, et al. 2017. Animal 

multicellularity and polarity without Wnt signaling.  Sci Rep 
7: 15383. 

Schippers K, Sipkema D, Osinga R, Smidt H, Pomponi S, Martens 

D, Wijffels R. 2012. Cultivation of sponges, sponge cells and 

symbionts. Adv Mar Biol 62: 273–337. 

Schmitt S, Angermeier H, Schiller R, Lindquist N, Hentschel U. 

2008. Molecular microbial diversity survey of sponge repro­

ductive stages and mechanistic insights into vertical trans­

mission of microbial symbionts. Appl Environ Microbiol 
74(24): 7694–7708. 

Simion P, Philippe H, Baurain D, Jager M, Richter DJ, Di Franco 

A, Roure B, Satoh N, Quéinnec É, Ereskovsky A, Lapébie P, 

Corre E, Delsuc F, King N, Wörheide G, Manuel M. 2017. A 

large and consistent phylogenomic dataset supports sponges as 

the sister group to all other animals. Curr Biol 27(7): 958–967. 

Sogabe S, Hatleberg WL, Kocot KM, Say TE, Stoupin D, Roper 

KE, Fernandez-Valverde SL, Degnan SM, Degnan BM. 

2019. Pluripotency and the origin of animal multicellularity. 

Nature 570(7762): 519–522. 

Soubigou A, Ross EG, Touhami Y, Chrismas N, Modepalli V. 2020. 

Regeneration in the sponge  Sycon ciliatum partly mimics 

postlarval development.  Development 147(22): dev193714. 

Srivastava M, Simakov O, Chapman J, Fahey B, Gauthier MEA, 

Mitros T, Richards GS, Conaco C, Dacre M, Hellsten U, 

Larroux C, Putnam NH, Stanke M, Adamska M, Darling A, 

Degnan SM, Oakley TH, Plachetzki DC, Zhai Y, Adamski 

M, Calcino A, Cummins SF, Goodstein DM, Harris C, 

Jackson DJ, Leys SP, Shu S, Woodcroft BJ, Vervoort M, 

Kosik KS, Manning G, Degnan BM, Rokhsar DS. 2010. The 

Amphimedon queenslandica genome and the evolution of 

animal complexity.  Nature 466(7307): 720–726. 

Tuzet O. 1973. Éponges calcaires. In:  Traité de Zoologie Anatomie, 
Systématique, Biologie Spongiaires. PP Grassé (Ed.), 

pp. 27–132. Masson et Cie, Paris. 

Uriz MJ. 2006. Mineral skeletogenesis in sponges.  Can J Zool 84: 

322–356. 

Vacelet J, Boury-Esnault N. 1995. Carnivorous sponges.  Nature 
373: 333–335. 

Van Soest RWM, Boury-Esnault N, Vacelet J, Dohrmann M, 

Erpenbeck D, et al. 2012. Global diversity of sponges 

(Porifera). PLoS One 7(4): e35105. 

Voigt O, Adamska M, Adamski M, Kittelmann A, Wencker L, 

Wörheide G. 2017. Spicule formation in calcareous sponges: 

Coordinated expression of biomineralization genes and 

spicule-type specific genes.  Sci Rep 7: 45658. 

Webster NS, Taylor MW, Behnam F, Lücker S, Rattei T, Whalan 

S, Horn M, Wagner M. 2010. Deep sequencing reveals 

exceptional diversity and modes of transmission for bacte­

rial sponge symbionts. Environ Microbiol 12(8): 2070–2082. 

Whelan NV, Kocot KM, Moroz TP, Mukherjee K, Williams P, 

Paulay G, Moroz LL, Halanych KM 2017. Ctenophore rela­

tionships and their placement as the sister group to all other 

animals. Nat Ecol Evol 1(11): 1737–1746. 

Wilson HV. 1907. On some phenomena of coalescence and regen­

eration in sponges. J Exp Zool 5: 245–258. 

Windsor Reid P, Leys S. 2010. Wnt signaling and induction in the 

sponge aquiferous system: Evidence for an ancient origin of 

the organizer.  Evol Dev 12: 484–493. 

Zimmermann B, Robert NSM, Technau U, et al. 2019. Ancient 

animal genome architecture reflects cell type identities.  Nat 
Ecol Evol 3: 1289–1293. 


