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Abstract. Studies of regeneration provide insight across many scales of animal biology from
the processes of cellular communication to the ecology of whole populations. Sponges are
highly regenerative animals, with studies showing adults can both recover large portions of
their body after predation or damage due to storms, and even reform whole individuals, via
an aggregation stage, from dissociated tissues. While sponges are clearly highly regenerative,
few studies actually show dissociated cells forming functional individuals. As sponges often
serve as model organisms for studying the development and function of traits in metazoans,
determining the universality and mechanics of their regeneration potential is important. We
tested the capacity of members of seven sponge species from temperate freshwater and
marine environments, from a range of taxonomic positions, and with different habits, to
form functional sponges after dissociation. Development to a functional sponge progressed
through a series of checkpoints: the sorting of cells and removal of debris; adhesion to a
substrate and differentiation of cells; organization of cells into tissues; and regionalization
of tissues. Two of the seven species tested, Spongilla lacustris and Haliclona cf. permollis,
progressed through all four checkpoints, while the remaining five species progressed to vari-
ous levels of development before aggregates disintegrated. Our findings highlight three
important conclusions: (1) The ability of aggregates to differentiate into functional sponges
is not as widespread as previously thought; (2) The species-specific ability of aggregates to
develop to functional sponges appears to be an adaptive trait; and (3) The progression of
development in aggregates through checkpoints, which in later development involves forma-
tion of tissues and regionalization of tissues, highlights the complexity of the sponge body
plan and suggests fundamental rules in development shared across metazoans.
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In the early 20th century, Wilson (1907, 1908)
described the remarkable degenerative and regenera-
tive ability of sponges, including their ability to be
dissociated into “constituent cells” and to reaggre-
gate into new individuals. In his sponge degenera-
tion experiments, Wilson (1907) observed regressive
changes leading to the loss of distinct cell types as
sponges formed masses of unspecialized tissue. He
developed a simple, effective, and replicable method
to obtain dissociated cells of healthy sponges by
squeezing tissues through fine mesh (Wilson 1908).

With this method, he showed that dissociated cells
removed from the sponge body aggregate into
masses, which then have an ability to differentiate
into new sponges. Importantly, he showed that
during this process, cells from two sponge species
were able to distinguish between self and non-self
(Wilson 1908). This finding came at a time when
study of immune recognition was in its infancy, so
the notion that animals as primitive as sponges
could determine “self” was exciting. Since Wilson’s
early work, the ability of dissociated sponge cells
to aggregate, and for mixed aggregates to sort
into “individuals,” has been well established, and
this understanding has perpetuated the idea that
sponge cell aggregates can also form whole, func-
tioning sponges (e.g., Brøndsted 1953; Pearse et al.
1987); yet the generality of this ability remains
equivocal. Some species have been documented
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to form functional sponges from aggregates, for
example, Wilson’s (1908) early work on Microciona
(ELLIS & SOLLANDER 1786) or more recent studies
on Scopalina lophyropoda SCHMIDT 1862 (Maldona-
do & Uriz 1999), but many species lack this ability
(Galtsoff 1923; Humphreys 1963, 1970; Pavans de
Ceccatty 1982). Most work on sponge aggregation
has focused on cellular recognition and adhesion
(e.g., Humphreys 1963; Gasic & Galanti 1966) or
generating long-term sponge cell culture for com-
mercial purposes (e.g., Pomponi & Willoughby
1994; Osinga et al. 1999). Fewer studies have aimed
to understand sponge regeneration from a develop-
mental and morphological perspective, or the gener-
ality of functional sponge formation from cell
aggregates across species.

From previous work it is unclear which ecological
or evolutionary factors (e.g., taxon, habit, or habi-
tat) influence the ability of dissociated sponge cells
to reform a whole individual. While the ability to
form a functional sponge is expected to depend in
part on the condition of cell cultures and the ability
of cells to adhere to one another over short periods
of time, clearly more complex processes are involved
in organizing cells into tissues and tissues into
regions to form a functional body plan.

The ability to reform a new sponge from dissoci-
ated tissue may be considered a “primitive” trait,
but it might also reflect an adaptation to living in
harsh or changing environments. Sponges are com-
monly recognized for their regeneration ability, and
although this may enhance their survival, regenera-
tive ability varies widely across taxa. Species traits
and habits that influence regenerative ability include
growth form, internal construction, growth rate,
and vulnerability to predation and storms (Wulff
2010). These factors may reflect the evolutionary
constraints imposed on species. In fact, combina-
tions of traits rather than single traits appear to
influence regenerative ability (Wulff 2010), and as
such may provide sponges with greater potential to
adapt to changes in their environment.

Although dissociating into individual cells may
not occur commonly in sponges in nature, many
sponges have long been known to form regeneration
“bodies” composed of a vastly reduced number of
cells (Burton 1947), possibly in response to changes
in the environment, and whole animals can form
from these. How they do this challenges the imagi-
nation. Whereas some earlier workers suggested that
formation of a new sponge depends entirely on reor-
ganizing existing cells (Brien 1937), others thought
that some cellular differentiation was required
(Galtsoff 1925a; Van de Vyver 1971), and that

dedifferentiation and redifferentiation of new cells
was an important ability in the process (Wilson
1907; Borojevic & L�evi 1964; Bagby 1972). These
were all laboratory-based experiments using
mechanical (e.g., Wilson 1907) or chemical (e.g.,
Humphreys 1963) dissociation, and used a variety of
tissues as starting points, including whole sponges
or larval tissue (Borojevic & L�evi 1965), sponge
tissue from hatched gemmules (Van de Vyver &
Buscema 1981), or single cell lines of archaeocytes
acquired via density fractionation (Buscema et al.
1980). However, the aggregated cells (commonly
termed aggregates) were generally unable to form a
functional sponge (Galtsoff 1923; Humphreys 1963,
1970; Pavans de Ceccatty 1982), although the
reasons for this remain unclear.

Both mechanical and chemical methods of sponge
dissociation result in some level of damage. In
mechanical dissociation, cells may be destroyed in
the process of squeezing tissue through mesh, and in
chemical dissociation, the agitation of cells causes
shear damage that leads to cell death (Garc�ıa Cama-
cho et al. 2005). Cultures produced by chemical
dissociation may also have high levels of microbial
contamination, which may require antibiotic treat-
ment (Armstrong et al. 1999; Nickel et al. 2001).
Mechanical dissociation has been proven an effec-
tive method in classical aggregation studies that
followed aggregates to formation of functional
sponges. In one instance, attempts to count cells fol-
lowing mechanical dissociation proved challenging
because cells coalesced into aggregates more rapidly
than cells could be counted (Galtsoff 1925b).

A wide literature has employed the aggregative
ability of sponges to study a range of topics includ-
ing: development of continuous cell lines (M€uller
et al. 1999; Chernogor et al. 2011), cell biology and
physiology (Custodio et al. 1998; M€uller et al.
1999), drug production (Belarbi et al. 2003), and cell
recognition and adhesion (Gasic & Galanti 1966).
Fewer studies have focused exclusively on describing
the morphological development of aggregates to
functional sponges. We sought to determine how
readily sponges could reconstitute a whole function-
ing individual after dissociation into cells or clumps
of cells, and to investigate the influence of ecology
(habit or habitat) and phylogeny on this ability. We
used the classical approach of mechanical dissocia-
tion (e.g., Wilson 1908; Galtsoff 1925a,b) to main-
tain comparability with studies that have aimed to
follow aggregates to functional sponges. The seven
species we studied were members of two classes of
Porifera, they exhibited different growth forms, and
lived in either freshwater or marine (ranging from
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intertidal to subtidal) habitats (Table 1). We found
that reforming a whole sponge requires the organi-
zation of cells, formation of tissues, and the success-
ful organization of tissues into regions. In this
article, we address the challenges that the sponge
body plan complexity poses for the progression of
aggregates into functioning sponges.

Methods

Cellular reaggregation experiments

The freshwater sponge Spongilla lacustris (LINNA-

EUS 1759) was collected by snorkelers from 1 to 2 m
depth at Frederick Lake, British Columbia, Canada.
Haliclona cf. permollis (BOWERBANK 1866), Halichon-
dria cf. panicea (PALLAS 1766), Sycon coactum
(URBAN 1906), Tethya californiana DE LAUBENFELS

1932, Neopetrosia problematica (DE LAUBENFELS

1930), and Suberites coccinus LAMBE 1895 were col-
lected from Bamfield Inlet and Wizard Island, Bark-
ley Sound, B.C. Spongilla lacustris was held in
0.45 lm filtered lake water (replaced daily) at 17°C.
Marine sponges were kept in flow-through seawater
aquaria at 9–10°C at the Bamfield Marine Sciences
Centre, Bamfield, B.C., where water is drawn unfil-
tered from 30 m depth.

Experiments were conducted between May and
September when sponges in this region are generally in
optimal health and reproductive condition. For each
experiment, a 5 cm2 piece of sponge tissue was squeezed
through 20 lm Nitex mesh into a beaker and diluted
~10-fold with 0.45 lm filtered water to produce a suspen-
sion of cells that was poured into 50 mm diameter Petri
dishes. Cell suspensions were placed either on the coun-
tertop or on an elliptical rotator to allow aggregation of
cells at 17°C for Spongilla lacustris, and 10°C for the mar-
ine sponges. The number of individuals used in dissocia-
tion experiments was as follows: seven each of Spongilla
lacustris, Halichondria cf. panicea, Suberites coccinus,
Sycon coactum, and Tethya californiana; eight of Neope-
trosia problematica; and ten ofHaliclona cf. permollis.

If cell suspensions formed aggregates (usually
after 24 h), they were transferred to a clean Petri
dish with filtered seawater (FSW) or freshwater to
reduce colonization by microorganisms. Aggregates
were considered viable when they had a smooth sur-
face and did not disintegrate upon light agitation. If
aggregates developed canals and oscula, they were
considered functional sponges. Cell aggregates were
rinsed daily with FSW or freshwater, observed with
an Olympus SZX12 stereomicroscope, and imaged
with a Coolsnap digital camera system.

Scanning electron microscopy of aggregates

At 1 d to 7 weeks post-dissociation, aggregates
were fixed for light and electron microscopy in
a cocktail fixative consisting of 1% OsO4 and
2% glutaraldehyde in 0.45 mol L�1 sodium acetate
buffer (pH 6.4) with 10% sucrose for 24 h at 4°C.
Fixed specimens were rinsed twice quickly in filtered
water, dehydrated, and stored in 70% ethanol. Spec-
imens were desilicified for 1–2 d in 4% hydrofluoric
acid in 70% ethanol. After desilicification, speci-
mens were rinsed again in 70% ethanol, dehydrated
to 100% ethanol, and placed in a small glass vial,
which was immersed in a liquid nitrogen bath to
fracture the tissues. Fractured specimens were criti-
cal point dried using a Bal-tec CPD 030, mounted
on aluminum stubs, and gold coated for viewing
with a field emission scanning electron microscope
(JEOL 6301F).

Histology

For histological work, tissue from adult sponges
was fixed in 4% paraformaldehyde for 6–12 h, rinsed
in phosphate buffered saline, dehydrated through an
ethanol series, and stored in 70% ethanol. Specimens
were desilicified overnight in 4% hydrofluoric acid (in
70% ethanol), rinsed once in 70% ethanol, then dehy-
drated to 100% ethanol, cleared in toluene, and
embedded in paraffin wax. Sections (30 lm thick)

Table 1. Class, family, genus, species, and habitat of sponges used for aggregation experiments.

Class Family Genus/Species Habitat (depth in meters)

Calcarea
Demospongiae

Sycettidae Sycon coactum Subtidal (5–10 m)
Halichondriidae Halichondria cf. panicea Subtidal (12 m)
Chalinidae Haliclona cf. permollis Intertidal (<1 m)
Petrosiidae Neopetrosia problematica Subtidal (12 m)
Spongillidae Spongilla lacustris Freshwater (1–3 m)
Suberitidae Suberites coccinus Subtidal (12 m)
Tethyidae Tethya californiana Subtidal (12 m)
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were cut on a Leica rotary microtome, stained with
Masson’s trichrome, and images were captured on a
Zeiss Axioskop with a QImaging camera using
Northern Eclipse software.

Results

Cellular reaggregation experiments

Our observations of aggregates from 24 h to
7 weeks following dissociation suggest that aggrega-
tion is a stepwise process. Initial aggregates were
small clusters of cells, ~3–8 lm in size, and measur-
ing >100 lm in diameter (hereon termed “primary
aggregates”). At later stages, aggregates had an epi-
thelium and some aspect of canal formation (hereon
termed “secondary aggregates”). We defined aggre-
gates as functional sponges when an osculum was
visible and the sponge could be seen to take up fluo-
rescein dye and expel it through the osculum.

The rate of success in aggregation varied between
sponges, with ~77–100% of dissociation experiments
leading to primary aggregate formation in Spongilla
lacustris and Haliclona cf. permollis, 70–85% of
experiments leading to primary aggregation in Sycon
coactum, Suberites coccinus, Tethya californiana, and
Halichondria cf. panicea, and <50% of attempts lead-
ing to primary aggregation in Neopetrosia problemati-
ca (Table 2). In all species, primary aggregates
formed from 1 to 3 d post-dissociation (dpd). We
found that placing suspensions of cells on an elliptical
rotator table following tissue dissociation improved
adhesion of cells. Nonetheless, while all species read-
ily formed primary aggregates and some went on to
form secondary aggregates, only two species formed
functional sponges: 4 of 9 attempts formed whole
sponges in Spongella lacustris, and 2 of 10 formed
whole sponges in Haliclona cf. permollis.

The path toward making a functional sponge
seemed to occur in a sequence of stages that could

be seen by studying the structure of aggregates by
scanning electron microscopy (Table 3). The aggre-
gates’ transition through key “checkpoints” in devel-
opment appeared to enable their progress to further
stages.

Development from aggregate to functional sponge

Dissociated cells adhered to one another within
the first 24 h to form spheres ~100–500 lm in
diameter depending on the species (Table 2,
Figs. 1A–M, 2A–D). Initial aggregates contained
significant proportions of non-sponge debris, and
adult choanocytes and choanocyte chambers that
had not fully dissociated were still present (Fig. 2E–
I). By 24 h, the aggregated balls of cells compacted
and cell types in their interior were difficult to dis-
tinguish (Fig. 2B). Two of the first steps in develop-
ment appeared to be removal of debris from within
the aggregate and reorganization of cells. Cells with
inclusions containing debris were common at this
point, but not later; other cells had many pseudopo-
dia (e.g., Fig. 2G,J,K), suggesting that they were
actively moving, although we found no extracellular
matrix over which they might crawl in these early
stages. Aggregates with little internal debris tended
to have a covering of flat epithelial cells—pinaco-
cytes—at this stage (Fig. 2B,D,L,M). Taken
together, these observations suggest that when
aggregates attain the right complement of cells and
reach a balance in the ratio of healthy sponge cells
to debris, they continue on to form a proper pinaco-
derm, the outer epithelium of the sponge (Fig. 3A,
B). The sorting of cells and removal of debris
appear to be the first “checkpoint” to be passed.

By 2 dpd, aggregates were compact and appeared
homogeneous in content, with mesohyl cells domi-
nating. Two concurrent processes appeared to fol-
low the first checkpoint of cell sorting and debris
removal: one led toward development of the dermal

Table 2. Aggregation experiments for each sponge species. The number of experiments conducted, experiments leading
to primary aggregates, and experiments leading to functional sponges are indicated. The size in micrometers of primary
aggregates is also indicated.

Species Number of
experiments

Experiments leading to
primary aggregates

Experiments producing
functional sponges

Primary aggregate
size (lm)

Halichondria cf. panicea 7 5 0 100–550
Haliclona cf. permollis 10 10 2 130–350
Neopetrosia problematica 7 3 0 180–350
Spongilla lacustris 9 7 4 120–450
Suberites coccinus 7 6 0 160–450
Sycon coactum 7 5 0 110–250
Tethya californiana 7 6 0 100–330
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surface of the sponge (Fig. 3), while the other led to
development of the aquiferous system.

Following the stage characterized by a homoge-
neous consistency of cells, the aggregates became
compartmentalized, with cells loosely spaced in the
core and compactly spaced in the outer perimeter
(Fig. 2N–P). Most cells populating the dense perime-
ter had a granular texture. From 2 to 5 dpd, aggre-
gates either adhered to the substrate, or continued
to develop while adhering to a central core of rem-
nant spicules from the original dissociated tissue. In
all instances, even prior to canal formation, a pina-
coderm with cell–cell junctions and ostia (porocytes)
was clearly present, and both extracellular space and
a collagenous mesohyl formed beneath the pinaco-
derm (Fig. 3A–D). At 5 dpd, small lacunae were
present in the aggregate (Figs. 1B,E,H,J, 3E). In
aggregates that had adhered, some pinacocytes
lining the epithelia of lacunae had short (4 lm long)
cilia (Fig. 3F). New choanocyte chambers were
found at this stage. These appeared first as radial
clusters—“rosettes”—of cells with very short
(0.6–2 lm) collars and flagella pointing inward
(Fig. 4A(i),B,C). The adhesion of the aggregate to a
substrate and the differentiation of cells appeared to
be the second developmental checkpoint.

At 7–10 dpd, after the first appearance of cilia in
epithelia-lined lacunae, the lacunae enlarged to form
cavities that seemed to connect to one another,
forming parts of canals in the emergent sponge.
Young choanocyte chambers were more commonly
found at this stage (Fig. 4A(ii),D). Choanocytes
seemed to change morphology and eventually
appeared fully developed with 10-lm-long collars
and 20-lm-long flagella (Fig. 4A(iii),E). Choanocyte
chambers were first grouped into regions (Fig. 4A
(iii),F), but were not yet attached to the developing
early incurrent canals. This sequence of events
represents the third checkpoint, the organization of
cells into tissues.

The final checkpoint involved the regionalization
of tissues. At this stage, choanocyte chambers
became linked to canals (Fig. 4A(iv),G) and the
sponges had a fully formed incurrent canal system.
Possibly just prior to, or otherwise only at, this
stage, sclerocytes were first identifiable, and by 10–
16 dpd, successful aggregates had formed functional
sponges with canals and oscula (Figs. 1C,F, 4G,H).

Unsuccessful aggregates

Unlike aggregates of Spongilla lacustris and Hali-
clona cf. permollis, aggregates from the other sponge
species did not form functional sponges. DissociatedT
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Fig. 1. Aggregates from seven sponge species imaged by light microscopy. A–C. Spongilla lacustris. D–F. Haliclona cf.
permollis. G, H. Neopetrosia problematica. I, J. Sycon coactum. K. Halichondria cf. panicea. L. Suberites coccinus.
M. Tethya californiana. Primary aggregates are shown in panels A, D, G, and I. Panels B, E, H, and J show adhered
aggregates with lacunae, 7–12 d post-dissociation (dpd). At 18–24 dpd, some aggregates formed a functional sponge
with oscula and canals (panels C,F). Panels K and L show primary aggregates that did not continue development, and
M shows a 16 dpd aggregate that did not continue to develop further. Scale bars A, B, D, F, G, I, J, M=500 lm;
C, E, H, K, L=1000 lm. Ag, aggregate; Ca, canal; La, lacunae; Os, oscula.
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cells from Halichondria cf. panicea formed primary
aggregates (Figs. 1K, 5A), but abundant debris
suggested they were unable to attain an adequate
balance between sponge cells and debris. These
aggregates did not form a pinacocyte layer. In con-
trast to aggregates of Haliclona cf. permollis and
Spongilla lacustris, which by the second day had
numerous cells with pseudopodia, cells in aggregates
of Halichondria cf. panicea lacked pseudopodia
(Fig. 5B). The cells of Halichondria cf. panicea

aggregates also had many blebs on their surface,
and bacteria were abundant (Fig. 5B).

Aggregates of Tethya californiana and Suberites
coccinus did not form a pinacocyte layer, but aggre-
gates had a more variable appearance than aggre-
gates of Halichondria cf. panicea, and while most
aggregates had a loose disintegrating consistency
(Fig. 5C,E), a few progressed further in develop-
ment with more tightly spaced cells and fewer bacte-
ria (Fig. 5D,G). Aggregates of Suberites coccinus

Fig 2. Early aggregate development in two species of sponges, imaged by scanning electron microscopy. A, B, E, G,

H, J, L, N, O, P. Haliclona cf. permollis. C, D, F, I, K, M. Spongilla lacustris. Panels A–D show early (1 dpd) aggre-
gates. These were round and had inclusions with debris (arrow) in their core (panels E,F). Panels G–I show that these
early aggregates contained choanocytes (arrowheads) and choanocyte chambers (ChC) from the adult sponge that had
not been fully dissociated. Panels G, J, and K show cells in early aggregates that had many pseudopodia (arrows),
giving the impression of active movement. Panel B shows a cross section of a 1 dpd aggregate with little internal
debris. Similar aggregates (with little internal debris) typically had pinacocytes covering the surface (panels L and M).
Following removal of debris, the aggregates became compartmentalized (panels N–P) with a compact outer perimeter
(O) and a loose interior (P). Scale bars A, D=30 lm; B, N=50 lm; C=100 lm; E=2 lm; F, J, K, M, O, P=10 lm;
G, H, I, L=1 lm. ChC, choanocyte chambers; Cp, compact outer perimeter; Lo, loose interior.
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that progressed furthest had cells with inclusions of
debris, giving the impression that these aggregates
were able to achieve a better balance between live
and dead material (Fig. 5F). Aggregates of Suberites
coccinus did not deteriorate as quickly as those of
Halichondria cf. panicea, and by 10 dpd, some
aggregates had a homogeneous consistency in their
core with mesohyl cells positioned tightly against
each other (Fig. 5G).

Aggregates of Sycon coactum progressed further
in their early development. By 2 and 5 dpd, some
aggregates of this species were relatively free from
debris and had a homogeneous consistency with
mesohyl cells arranged tightly next to each other
(Fig. 1I, 5H). At 2 dpd, some aggregates had devel-
oped a pinacoderm and some contained lacunae
inside their core (Fig. 1J, 5I,J). Despite this pro-
gress, aggregates of Sycon coactum were not
observed to develop further. After 18 d, aggregates
had a similar appearance to the disintegrating aggre-
gates of Halichondria cf. panicea and Suberites cocci-
nus, characterized by cells with blebs, bacteria, and
debris (Fig. 5K).

Aggregates of Neopetrosia problematica pro-
gressed the furthest before disintegrating. Primary
aggregates had a homogeneous consistency with
tightly spaced cells (Fig. 5L). They developed a pi-
nacocyte layer and lacunae formed in their core

(Fig. 1G,H). They then progressed toward a com-
partmentalized aggregate with a loose interior and a
dense perimeter and were able to adhere to the sub-
strate. A collagen matrix developed in the extracel-
lular space underneath the pinacoderm (Fig. 5M).
Many aggregates of Neopetrosia problematica
remained as balls of cells that had probably adhered
to spicules in their core (Fig. 5N). Despite their pro-
gress toward full differentiation of a functional
sponge, aggregates of this species did not develop
further, and 18 dpd aggregates began to disintegrate
(Fig. 5O).

Discussion

We set out to determine how readily sponges
could reform whole individuals after mechanical dis-
sociation of their tissues through 20 lm mesh. We
used a selection of seven sponge species, which were
from diverse clades of Porifera and occupied tem-
perate freshwater or marine environments. These
sponges spanned a range of growth forms and occu-
pied different tidal habitats. To rule out the possibil-
ity that variation in sponge physiology over the
summer influenced the results, we repeatedly
attempted dissociation–reaggregation experiments
over the entire summer season (May–September).
Surprisingly, we found that few of the studied

Fig. 3. Pinacoderm development in aggregates of Haliclona cf. permollis and Spongilla lacustris, imaged by scanning
electron microscopy. A, B. Platelike pinacocytes form the outer epithelium of the sponge in 1 dpd Spongilla and Hali-
clona aggregates, respectively. C. Under the pinacoderm is a collagenous mesohyl (Col). D. Ostia (Os) are already pres-
ent as openings. E. After 5 dpd, aggregates contained small lacunae (arrowheads). F. Some pinacocytes lining the
epithelia in lacunae had short (4–6 lm) cilia (Ci). Scale bars A, D, E=10 lm; B=5 lm; C, F=1 lm. Ci, cilia. Col, colla-
gen; Os, ostia.
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species had the capacity to reform new individuals
following dissociation, and of the two species that
did have this capacity, only a small percentage of
attempts were successful; that is, dissociated sponge
cells do not readily form functional sponges. Our
search of the literature confirms this finding (e.g.,
Wilson 1907; Brien 1937; Levi 1960; De Sutter &
Van de Vyver 1977; Van de Vyver & Buscema 1981;
Johnston 1990; Maldonado & Uriz 1999). Indeed,
many studies highlight the difficulty in obtaining
functional sponges from aggregates (Galtsoff 1923;
Humphreys 1963, 1970; De Sutter & Van de Vyver
1977).

In our study, only two of seven species reformed
functioning sponges and this process seemed to
depend upon the ability of the whole aggregate to
pass specific “checkpoints” of development—sorting
of cells and removal of debris, adhesion to a sub-
strate and differentiation of cells, organization of

cells into tissues, and finally, regionalization of
tissues. We discuss the regenerative ability of sponges,
the role of stem cells in reaggregation, and the impor-
tance of tissue formation in the development of a
sponge from a dissociated state.

Regeneration and development

While sponges are widely known for their regen-
erative ability, the trait of regeneration is broadly
distributed across a range of metazoans and it
enables recovery from physical disturbance, dis-
ease, and predation. Most animal phyla include
species that are able to regenerate sections of their
body (Brockes & Kumar 2008). Members of some
phyla are highly regenerative, such as echino-
derms, while members of others, like nematodes,
lack regenerative ability (Candia Carnevali 2006;
Brockes & Kumar 2008). Members of several

Fig. 4. Development of the choanoderm and its associated structures in aggregates of two species of sponges. A. Dia-
gram showing sequence of choanocyte chamber formation, going from (i, ii) small rosettes of short collared choano-
cytes to (iii) larger rosettes of longer collared choanocytes to (iv) rosettes of fully formed choanocytes that eventually
attach to canals. B–D. Haliclona cf. permollis. E–H. Spongilla lacustris. Scanning electron micrographs of the small
rosettes (B,C; similar to ii) of short collared (arrowhead) choanocytes in Haliclona cf. permollis, and larger rosettes (D;
similar to iii) of longer collared choanocytes in Haliclona cf. permollis. E. Choanocyte chamber of fully developed cho-
anocytes (iv) with long collars in Spongilla lacustris. F. The choanocyte chambers shown in (E) became grouped into
regions (lines), but not attached to the developing early incurrent canals (arrowheads). Once cells were organized into
tissues, choanocyte chambers became linked to canals as seen in images of a fractured (G) and whole (H) functional
sponge of Spongilla lacustris, which had a complete canal system feeding into oscula (Osc). Scale bars B, E=10 lm;
C=2 lm; D=1 lm; F=20 lm; G, H=100 lm. Chc, choanocytes; Co, collars; Osc, oscula.
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Fig. 5. Scanning electron micrographs showing aggregates that were unsuccessful at forming a new sponge. A–D.
2 dpd aggregates of Halichondria cf. panicea (A, B) and Tethya californiana (C, D) with loose small cells showing signs
of blebbing (arrow). E, F. 1 dpd aggregate of Suberites coccinus with cells that have large pseudopodia (arrows). G, H.
10 dpd Suberites (G) and 5 dpd Sycon coactum (H) aggregates with a more compact interior. I, J. 2 dpd aggregates of
Sycon coactum developed a pinacoderm (arrow) and lacunae (arrow). K. Sycon coactum aggregates at 18 dpd with dis-
organized cell interior. L–N. Neopetrosia problematica aggregates progressed furthest with some aggregates developing
a pinacocyte layer (L, arrow) with a collagen matrix (M, arrow), but most Neopetrosia problematica aggregates
remained as balls (N). O. 18 dpd Neopetrosia problematica aggregates had a loose interior and did not progress
further. Scale bars A, C, I, K, L, O=20 lm; B, D=3 lm; E, F, J, M=2 lm; H=4 lm; G=10 lm; N=40 lm.
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invertebrate phyla can regenerate large parts of
their body. For example, the anemone Anthopleura
stellula (HEMPRICH & EHRENBERG IN EHRENBERG

1834) regenerates portions of the pedal disk and
oral disk following autonomous transverse fission
(Schmidt 1970); asteroid and echinoid larvae
regenerate entire larvae following surgical bisection
(Vickery & McClintock 1998; Vickery et al. 2002);
and echinoderm larvae dissociated into cells will
aggregate and redifferentiate into masses that
metamorphose into adults (Giudice 1962; Hine-
gardner 1975). In other cases, smaller portions of
the body plan are regenerated, such as the
digestive tract of the holothurian Eupentacta fraud-
atrix (D’YAKONOV & BARANOVA IN D’YAKONOV

ET AL. 1958) (Mashanov et al. 2005), limbs of the
fiddler crab Uca pugilator (BOSC 1802) (Weis
1976), and anterior structures of the hemichordate
Ptychodera flava ESCHSCHOLTZ 1825 (Rychel &
Swalla 2009).

Since Tremblay’s discovery in the 1700s of the
regenerative ability of Hydra (Lenhoff & Lenhoff
1986), studies have focused on understanding the
relationship between regeneration and development
largely for the purpose of regenerative medicine
(S�anchez Alvarado 2000; Cooper 2009). These stud-
ies have indicated that regenerative ability of organ-
isms requires (i) totipotent/pluripotent cells (reserve
cells) or (ii) transdifferentiation of somatic cells
(often in a region called a blastema), which prolifer-
ate and differentiate into new cell types (Brockes
1997). Examples of the former include regeneration
by planarians where neoblasts (pluripotent adult
stem cells) can regenerate amputated parts (S�anchez
Alvarado 2006), and regeneration in the hydroids
Cordylophora lacustris ALLMAN 1844 and Obelia gel-
atinosa PALLAS 1766 by totipotent interstitial cells
(Beadle & Booth 1938). Examples of the latter (ii)
include arm regeneration of the crinoid Antedon
mediterranea LAMARCK 1816, where amoebocytes

Fig. 6. Cell type organization of the seven species studied, showing choanocyte chambers with choanocytes (arrows),
canals (ca), spongin (sp), collagen (col), mesohyl (me), and spicule spaces (ss) where silica was removed for sectioning.
A. Spongilla lacustris. B. Haliclona cf. permollis. C. Neopetrosia problematica. D. Suberites coccinus. E. Hali-
chondria cf. panicea. F. Sycon coactum. G, H. Tethya californiana. Sponges varied greatly in the organization of tissues
—from those with many choanocyte chambers throughout their tissues (e.g., Spongilla lacustris and Haliclona permol-
lis) to those with few chambers and a lot of mesohyl (e.g., Tethya californiana). All scale bars=50 lm.
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and coelomocytes proliferate in the blastema and
differentiate into new cells (Rinkevich et al. 2009),
and transdifferentiation of somatic epithelial cells in
regeneration and asexual reproduction of colonial
tunicates (Kawamura et al. 2008).

Similar processes involving the dedifferentiation
and redifferentiation of cells occur in sponge aggre-
gates (e.g., Van de Vyver & Buscema 1981). It seems
that obtaining both a critical number of cells and the
correct complement of cells are necessary for an
aggregate of dissociated sponge cells to achieve full
differentiation into a functional sponge (Brien 1937;
Borojevic & L�evi 1965). This requirement for a cer-
tain suite of cells may explain why aggregates in only
two of the seven species in our study reached the
functional sponge stage. Histologically, the seven spe-
cies we studied varied greatly in cell type complement
(Fig. 6). Some had very regionalized and specialized
tissues and a dense mesohyl (e.g., Tethya californiana
and Suberites coccinus), whereas others had a homo-
geneous tissue structure and a high proportion of
chambers and canals compared to the mesohyl region
(e.g., Spongilla lacustris). The species that did
not reform new individuals after dissociation (e.g.,
Halichondria cf. panicea and Neopetrosia problematica,
Fig. 6C,E) had a far denser spongin and/or spicule
skeleton than those that did. In all, the species with
a high density of choanocyte chambers and low
density of spicules and spongin were able to reform
new individuals (Fig. 6A,B). It was not possible to
properly compare the overall number of archaeo-
cytes in adult tissues, partly because of the highly
regionalized tissue structure of some of the species,
but also because archaeocytes are not always readily
distinguished. However, in general, archaeocytes
were more easily identified in the mesohyl of Spon-
gilla lacustris than the other species, which suggests
that this species retains a high number of stem cells
at all life history stages. In the work of De Sutter &
Van de Vyver (1977), aggregates readily formed from
cell suspensions of distinct density-fractionated cell
types, but only the aggregates from archaeocyte cell
suspensions were able to develop into functional
sponges.

Stem cells in regeneration

A requirement for cells with flexible differentiation
fates may explain why dissociated cells of larvae and
embryos can successfully regenerate whole animal
bodies. Aggregates composed of dissociated cells of
sponge or echinoderm larvae (e.g., Giudice 1962;
Borojevic & L�evi 1965) may have a better ability to
dedifferentiate and redifferentiate because of the pres-

ence of more stem cells in larval stages than in adult
tissue. A complement of stem cells (pluripotent or
totipotent cells) in aggregates seems to be one of the
first checkpoints that must be passed to form a new
individual. Having sufficient stem cells (e.g., archaeo-
cytes) in the primary aggregate of sponges is a first
necessary step toward differentiation of a fully func-
tional sponge body (Van de Vyver & Buscema 1981).

Stem cells play similar roles in regeneration as in
development. Both processes share the challenge of
organizing distinct cell types and tissue systems from
single cell types. A developing embryo must orga-
nize into a three-dimensional anatomy, and in many
organisms establish body polarity (Rogers & Schier
2011). The totipotent ability of stem cells allows this
to happen (Weissman 2000). Our observations also
suggest that progression of a developing aggregate
through to a functional sponge involves the acquisi-
tion of a three-dimensional structure, denoted by
formation of the different tissue systems and polar-
ity, which is indicated by the adhesion of the
aggregate. In both cases, a role of stem cells—
archaeocytes (Buscema et al. 1980; Simpson 1984)—
in the aggregate or embryo is essential.

The processes contributing to body polarity in the
aggregate may be similar to those of developing
embryos where cell signals such as the Wnt morpho-
gen gradient are involved (Levin 2012). Indeed, the
Wnt pathway has been suggested to control forma-
tion of the aquiferous system in the sponge (Wind-
sor & Leys 2010; Leininger et al. 2014) via a process
involving up-regulation of EmWnt expression and
fusion of lacunae. Lacunae of aggregates observed
in our study appear to be precursors to formation
of the canal system, thus providing support to the
Windsor & Leys (2010) hypothesis. Clearly, pattern
formation is an involved process that requires (1)
stem cells’ capacity of self-renewal and differentia-
tion to make organization possible in the developing
sponge aggregate, or the blastema of amphibian
limbs/crinoid arms, and (2) cell signals, such as
Wnt, which may give rise to body polarity that
serves as a template for complex development.

Sponge cell culture versus formation of a new

individual

In recent years, sponge dissociation experiments
have largely been aimed at obtaining cell cultures
for the production of bioactive compounds (Pomp-
oni & Willoughby 1994; Grasela et al. 2012). These
primary cultures are not usually a single cell type.
As the methodology to produce primary cultures is
by the dissociation of sponge tissue, such cultures
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consist of a complement of cells that often form
aggregates (e.g., Imsiecke et al. 1995; Custodio et al.
1998; Rinkevich et al. 1998). Despite numerous
attempts, there has been little success in the develop-
ment of continuous cell lines (Rinkevich 1999;
Belarbi et al. 2003; Grasela et al. 2012).

The longest-term primary cultures are prim-
morphs—a term coined to specifically describe the
“primary” morphology obtained by an aggregate of
cells (Custodio et al. 1998). Primmorphs, however,
are mixtures of cells in a secondary aggregate—one
that has overcome the first step of organizing cells
into the correct complement, but which has not yet
formed a full canal system with polarity.

The “primmorph” system is a useful developmen-
tal model because the interactions between cells
organizing into tissues can be studied at the gene
level. It arose as an early model to study the nature
of sponge “aggregation factor”—now understood to
be a species-specific cell surface proteoglycan mole-
cule, which enhances cell–cell adhesion in the pres-
ence of divalent cations (calcium or magnesium)
(Fern�andez-Busquets & Burger 2003; Fern�andez-
Busquets et al. 2009). The aggregation factor, for
example, even promotes the aggregation of cells
killed with glutaraldehyde (M€uller et al. 1988).

Long-term secondary aggregate cultures (prim-
morphs) have been used to study a variety of things,
including cell proliferation and cell death (Custodio
et al. 1998), adhesion (Vilanova et al. 2010), spiculo-
genesis (Valisano et al. 2012), and production of
secondary metabolites (Richelle-Maurer et al. 2003).
However, to our knowledge, none of these cultures
is immortal and none consists of a culture of self-
perpetuating stem cells. The reason for this seems to
be tied to the innate self-organizing trajectory (or
simply developmental potential) of the sponge
aggregate—it necessarily passes through sequential
stages of organizational complexity until it forms a
new individual. Primmorphs, for example, can be
induced to form canals by the addition of silica and
iron to the culture medium (M€uller et al. 2004). If
these stages of complexity are not achieved, the
aggregate eventually dies. The progression of Sube-
rites domuncula OLIVI 1792 aggregates through
different stages by addition of iron or silica may be
due to a triggering of those checkpoints we have
identified in our observations of fixed tissues.

The difference between primary and secondary
aggregates is that in secondary aggregates, cells
dedifferentiate, presumably divide, and then go on
in development. However, it is difficult to observe
cell division in spherical secondary aggregates. At
this point, no one has used cell birth markers such

as EdU to identify when new cells form in sponge
aggregates. It is not clear whether simple addition of
elements could trigger an aggregate to push through
a checkpoint. It seems more likely that the comple-
ment and number of cells at the beginning, and the
aggregate’s size, which would affect oxygen and
waste exchange, have much to do with creating the
correct cocktail of signals within the aggregate.

Checkpoints in sponge development from aggregates

Our observations of aggregate development
matched Wilson’s (1908) early descriptions, which
note at the initial stages the adhesion of cells, the
presence of pseudopodia, and a homogeneous cell
mass with a thin membrane covering. In later devel-
opment he noted abundant flagellated chambers and
the first canals appearing in isolated places, but later
connecting to one another. Finally he described the
formation of oscula (Wilson 1908). Wilson’s descrip-
tions tracked the complete process of aggregate
development to functional sponge, but lacked
accompanying imagery. Later studies that have
observed functional sponge formation from aggre-
gates have a different primary focus than to describe
formation of functional sponges. For example, Levi
(1960) studied skeleton formation, De Sutter & Van
de Vyver (1977) focused on the aggregative proper-
ties of specific cells, and Johnston (1990) studied the
aggregative potential of mixed species cell cultures.
As such, these studies did not visually track the
complete development of aggregates.

The ability of aggregates to progress in develop-
ment and become functional sponges seems to
depend on growing conditions and ability of
sponges to reach certain growth stages, or “check-
points.” We identified four of these checkpoints: (1)
the sorting of cells and removal of debris; (2) adhe-
sion to a substrate and differentiation of cells; (3)
organization of cells into tissues; and (4) regionaliza-
tion of tissues. This concept of “checkpoints,” while
not previously formalized, has been discussed
by earlier workers. For example, Wilson (1907)
observed that “plasmodial masses remain alive in
the laboratory indefinitely, but do not transform,”
and only when he placed these masses on a bolting
cloth in the harbor did masses attach and grow into
functional sponges. It is possible that placing the
sponge masses in the harbor environment provided
appropriate growing conditions and enabled masses
to reach the “adherence” checkpoint that enabled
them to proceed in development. Recent workers
that used forceps to disintegrate sponges or that
obtained 3 mm2 fragment cuttings from a parent
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sponge describe a dedifferentiation of specialized
cells into archaeocyte-like cells followed by eventual
reorganization of tissues after tissue attachment
(Maldonado & Uriz 1999; de Caralt et al. 2003).
These workers saw checkpoints 1 and 2, the sorting
of cells and the adhesion and differentiation of cells.
In the studies of 3 mm2 tissue fragments, the
authors also noted that not all cuttings were able to
dedifferentiate and redifferentiate (de Caralt et al.
2003).

Brøndsted (1942) observed the importance of
organizing cells into tissues (checkpoint 3). She
noted that formation of a pinacocyte layer sets up a
tension required for formation of the water canal
system. In the glass sponge, the inability of aggre-
gates to form a skeleton was considered to prevent
Rhabdocalyptus dawsoni LAMBE 1893 aggregates
from forming the aquiferous system (Pavans de
Ceccatty & Mackie 1982). In many sponges, a com-
mon growth requirement seems to be the need for
clean culture environment or adequate removal of
foreign cells for proper aggregation progress (check-
point 1). This is seen in mixed sponge culture aggre-
gation attempts where aggregates may be unable to
form, and if they do form, they are smaller in size
and either a smaller fraction reaches the functional
stage, or aggregates only survive a few days (Galts-
off 1925a; Johnston 1990). In our study, aggregation
ability varied across species, and only Haliclona cf.
permollis and Spongilla lacustris formed functional
sponges. These sponges met all development check-
points, while the remaining species only proceeded
to certain stages before aborting.

Studies with animal cell lines suggest that the
environment of a cell culture, in particular spatial
complexity, is very important for maintaining cell
function (Mroue & Bissell 2013). In vertebrate cell
lines, a three-dimensional environment allows events
to more closely resemble those of the living organ-
ism (Abbott 2003; Mroue & Bissell 2013), by
enhancing adhesion, migration, acquisition of mor-
phology (Cukierman et al. 2001), and normal polar-
ity and differentiation (Roskelley & Bissell 1995).
Dimensionality is partially achieved through adhe-
sion. In many invertebrate cell lines, the lack of a
substrate for cell adhesion is a reason for cell line
failure (Odintsova et al. 1994), and this is also true
for sponge aggregates. Maintaining a clean environ-
ment for cell line development is also important and
clearly challenging as contamination of cells lines is
common (Rinkevich 1999). Without the proper
growing conditions, invertebrate cell lines can
remain arrested for long periods, similar to the
arrested aggregates we observed in Tethya californi-

ana, Suberites coccinus, and Halichondria cf. panicea.
The need for meeting various criteria in order for
growth and differentiation to proceed may explain
the challenges to developing invertebrate cell lines
(Rinkevich 1999). In the present study, failure to
meet these challenges prevented aggregates in five of
seven species from progressing further.

Characteristics that enhance aggregation

The greater aggregation ability of Spongilla lacus-
tris is curious; what makes Spongilla lacustris more
able to form a functional sponge than members of
other species? Its success may be related to its occu-
pation of a freshwater habitat. Many successful
aggregation attempts in the literature are from stud-
ies using freshwater sponges (Wilson 1907; Brien
1937; Van de Vyver & Buscema 1981). Similarly, in
experiments aimed at establishing sponge cell lines,
the longest-term experiments have been conducted
on freshwater sponges (Chernogor et al. 2011).
Perhaps the temperature fluctuations, turbidity, and
seasonal changes characteristic of freshwater systems
(Wetzel 2001) place additional pressures on the shal-
low living Spongilla lacustris that make this sponge
more adapted to changes, and a trait of this adapt-
ability is greater regeneration potential. Of the mar-
ine species, only the shallow living Haliclona cf.
permollis formed functional sponges from dissoci-
ated cells. In shallow marine habitats, that sponge is
likely to experience environmental pressures such as
wave disturbance and emersion, both of which
require resilience.

The ability of sponges to regenerate may also be
related to their capacity to reproduce asexually.
Asexual reproduction in sponges occurs by gemmu-
lation, budding, and fragmentation. These processes
may be similar to those involved in cell aggregation
and aggregate development following tissue dissocia-
tion. For example, during gemmulation, specific cell
types (mainly archaeocytes) aggregate within the
tissue of the sponge, and later differentiate during
gemmule hatching. Of the genera examined here,
gemmulation has been documented in Spongilla
(e.g., Spongilla lacustris, Spongilla wagneri POTTS

1889, and Eunapius fragilis (LEIDY 1851), previously
reported as Spongilla), Haliclona (e.g., Chalinula loo-
sanoffi (HARTMAN 1958), previously reported as
Halicona; Haliclona oculata (LINNAEUS, 1759)), and
Suberites (e.g., Suberites domuncula) (Table 4), while
asexual reproduction by budding occurs in Sycon
and Tethya (e.g., Tethya aurantium PALLAS 1766,
Tethya citrina SAR�A & MELONE 1965), and fragmen-
tation occurs in Haliclona (e.g., Haliclona caerulea
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HECHTEL,1965) and Halichondria (e.g., Halichondria
(H.) okadai KADOTA 1922) (Table 4). It is interest-
ing that species within genera characterized by gem-
mulation (Spongilla, Haliclona) had the greatest
aggregation ability. It is possible that reaggregation
potential is a trait that has evolved convergently
within groups of closely related species together with
strategies for asexual reproduction.

From an ecological perspective, the regenerative
ability of sponges ensures their survival in environ-
ments where they encounter physical disturbance
(Wulff 2006) and predation (Hoppe 1988). Regener-
ation in sponges varies across species with different
growth form characteristics. Breakable massive
sponges and branching sponges have a greater
capacity to recover from disturbance than other
growth forms (Wulff 2006, 2013). These two forms
use regenerative abilities in different ways. Massive
sponges regenerate damaged areas of the sponge,
while the branching sponge produces many new
individuals from the broken pieces (Wulff 2013).
The ability of sponges to regenerate appears to be
attributed to growth forms and natural history.
Thus, in the present study, those sponge species with
growth forms prone to injury (e.g., Haliclona cf. per-
mollis) or prone to potentially greater seasonal dis-
turbance or predation (Spongilla lacustris) may have
developed a greater regenerative capacity, and this is
observed in success of aggregates.

Conclusions

Our observations on aggregate development in
sponges indicate there are levels of organizational
complexity of the sponge body plan similar to
patterns of organization in other animals. This
evidence runs counter to the notion, in some litera-
ture, of sponges being primitive and lacking
tissues (Dondua & Kastyuchenko 2013). That

regeneration in sponges, as in higher animals,
requires an organization of cells, formation of
tissues, and organization of tissues into regions
points toward a high level of complexity in the
sponge body plan, and toward fundamental rules in
development shared across metazoans.
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