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Abstract We observed a pronounced, yet reversible tis-
sue reduction in the tropical sponge Aplysinella sp. under
non-experimental conditions in its natural habitat, after
transfer into seawater tanks, as well as after transplantation
from deep to shallow water in the Weld. Tissue reduction
resulted in the formation of small “reduction bodies” tightly
attached to the sponge skeleton. Although volume loss and
gain were substantial, both tissue reduction and regenera-
tion were often remarkably rapid, occurring within few
hours. Microscopic analysis of the reduction bodies
revealed morphological similarities to previously described
sponge primmorphs, with densely packed archaeocytes and
spherulous cells enclosed by a thin layer of epithelial-like
cells. Denaturing gradient gel electrophoresis (DGGE)
revealed pronounced changes in the sponge-associated
microbial community upon tissue reduction during labora-
tory and Weld experiments and following changes in ambi-
ent conditions after transplantation in the Weld. Generally,
the microbial community associated with this sponge

proved less stable, less abundant, and less diverse than
those of other, previously investigated Verongid sponges.
However, one single phylotype was consistently present in
DGGE proWles of Aplysinella sp. This phylotype clustered
with �-proteobacterial sequences found previously in other
sponge species of diVerent taxonomic aYliations and geo-
graphic provenances, as well as in sponge larvae. No appar-
ent changes in the total secondary metabolite content (per
dry weight) occurred in Aplysinella sp. upon tissue reduc-
tion; however, comparative analysis of intact and reduced
tissue suggested changes in the concentrations of two minor
compounds. Besides being ecologically interesting, the tis-
sue reduction phenomenon in Aplysinella sp. provides an
experimentally manipulable system for studies on sponge/
microbe symbioses. Moreover, it may prove useful as a
model system to investigate molecular mechanisms of basic
Metazoan traits in vivo, complementing the in vitro sponge
primmorph system currently used in this context.

Introduction

The organization of sponges has been described as “modu-
lar” (Dyrynda 1986) and as a “dynamic multicellular sys-
tem” with a high degree of cell motility and a low degree of
cell diVerentiation (Gaino and Magnino 1999). The sponge
surface towards the ambient seawater is formed by adjacent
cells (Bergquist 1978). However, the bulk of the sponge
body, named mesohyl, is a collagenous matrix harboring
motile, amoeboid sponge cells, so-called archaeocytes. The
archaeocytes represent stem cells for all other sponge cell
types present (Müller 2006). The mesohyl is permeated by
a highly branched water channel system that includes spe-
cialized chambers lined with Xagellated cells (choano-
cytes). The uptake of food (dissolved and particulate
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organic matter) takes place mainly in these chambers
(Bergquist 1978). Organic particles (including bacteria) are
phagocytized by the choanocytes and transferred into the
mesohyl.

Many sponge species undergo constant anatomical rear-
rangements, considerably changing their morphology
within few hours (Bond 1992). Next to versatility in mor-
phology, the modular body plan of sponges entails high
regenerative capabilities. Two interesting phenomena in the
context of tissue regeneration in sponges are the formations
of gemmules and primmorphs: gemmules are formed in
high numbers predominantly by freshwater sponges to out-
last adverse environmental conditions (e.g., low tempera-
ture, desiccation, starvation, hypoxia). They consist of
numerous totipotent archaeocytes encapsulated by a rough
shell, mainly of spongin and siliceous gemmuloscleres
(Schill et al. 2006). Once the sponge disintegrates, the
gemmules are released and subsequently dispersed. Settling
of the gemmules under more favorable conditions can trig-
ger hatching and regeneration to functional sponges. Thus,
gemmulation is also a form of asexual reproduction. Prim-
morphs are formed in vitro by archaeocytes from artiWcially
dissociated sponge tissue (Custodio et al. 1998). In an
appropriate medium, these cells independently aggregate
and start to proliferate. After a short time, an epithelial cell
layer is formed and eventually, the primmorphs can re-
develop to fully functional, structured sponges (Custodio
et al. 1998).

Sponges are often associated with highly abundant and
diverse microbial communities. In many sponge species,
microorganisms can comprise in excess of 40% of the total
“sponge” biomass (Hentschel et al. 2003). Remarkably,
microbial communities in sponges often diVer considerably
from those in the ambient seawater. Striking similarities
between microbial communities associated with phyloge-
netically and geographically distant sponge species were
observed (Hentschel et al. 2002; Taylor et al. 2007b).
Moreover, sponge/microbe associations are often highly
resistant to external disturbance (Friedrich et al. 2001;
Thoms et al. 2003). However, due to the complexity of
most sponge-associated microbial communities, unraveling
the actual modes of interaction in these associations has
proven highly challenging. Various attempts have been
made to gain a better understanding of these symbioses [see
reviews by Hentschel et al. (2006) and Taylor et al.
(2007a)]. These attempts partly have been motivated by
commercial interests, since one possible symbiotic function
of sponge-associated microbes is a contribution to the phar-
maceutically highly interesting “sponge chemistry”.

This study employs a multidisciplinary approach to
describe a pronounced, yet reversible tissue reduction in the
sponge Aplysinella sp. (order Verongida, family Aplysinel-
lidae). Tissue shrinking was observed on undisturbed

individuals in their natural habitat, following transfer of
Aplysinella sp. into seawater tanks, and after experimental
transplantation of the sponge in the Weld. We investigated
the morphological changes Aplysinella sp. underwent in the
course of tissue reduction and recovery, as well as the eVects
of these processes on the sponge-associated microbial com-
munity and on the chemical proWle of Aplysinella sp.

Materials and methods

Sponge material

The sponge Aplysinella sp. (phylum Porifera, class Demo-
spongiae, order Verongida, family Aplysinellidae) grows
abundantly on coral reefs in Apra Harbor, Guam
(13°27�078��N,144° 39�382��E). Occasionally, patches of
small colonies can be found at depths as low as 3 m on reef
Xats close to the reef edge, but their abundance is highest
on reef slopes between 12 and 18 m. A voucher specimen
of the sponge has been deposited at the Museum for Natural
History in Leiden, the Netherlands. Review of the literature
indicates that there might have been several publications on
this species under the species name “Aplysinella rhax”
(Shin et al. 2000; Tabudravu et al. 2002; Pham et al. 2000;
Thoms and Schupp 2008) and Pseudoceratina purpurea
(Jimenez and Crews 1991; Pina et al. 2003). When com-
pared with the vouchers of the taxonomic relevant type
specimens of Dysidea rhax de Laubenfels 1954 and Aplysi-
nella strongylata Bergquist 1980 Aplysinella sp. the sponge
of this study resembled neither of the two species. Chemi-
cal analysis of the sponge revealed high concentrations of
bromotyrosine alkaloids structurally similar to the alkaloids
of Verongida sponges (Shin et al. 2000; Tabudravu et al.
2002; Pham et al. 2000; Thoms and Schupp 2008 this
study), indicating aYliation to this sponge order. Therefore
we recommend, in accordance with Dr. Nicole J. de Voogd
at the National Museum of Natural History in Leiden, the
Netherlands, to use Aplysinella sp. as taxonomic entity until
a proper revision of the species is completed.

Tank experiments

Sponge individuals were collected within Apra Harbor at
Western Shoals by scuba diving at depths around 15 m dur-
ing May 2005. Fourteen sponges were carefully detached
from coralline substrate, transported to the laboratory in
large wide mouth bottles and transferred into a seawater
tank of approximately 6,600 L volume. Here, they were
loosely tied to tiles. During the entire procedure, air contact
was avoided and mechanical damage was kept at a mini-
mum. The sponges usually attached themselves to the new
substrate within few days. The tank was partly shaded by
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50% shading cloth (Aquatic Eco-Systems, Apopka) and a
constant Xow of fresh, untreated seawater was provided.
Water temperatures ranged from 29–31°C.

Field transplantation experiment

Ten Aplysinella sp. individuals were transplanted from the
reef slope of Western Shoals, Apra Harbor from depths of
12–18 to 3–4 m on the reef Xat in November 2006. The
sponges were removed from the reef together with a piece
of substrate and were individually transported to the shal-
lower areas, thus avoiding mechanical damage. The new
location was in close vicinity (»10 m apart) to a patch of
Aplysinella sp. individuals that naturally grew in 3–4 m
depth on the reef edge. The transplanted sponges were
checked for morphological changes after 1 week, 1 month,
and 3 months. Samples for microscopical, microbiological,
and chemical analysis were taken before and 3 months after
transplantation. Small pieces of tissue were cut with a ster-
ile scalpel and transferred into 50 mL centrifuge tubes. The
tubes were sealed underwater and once at the surface they
were transported to the laboratory on ice. All samples were
washed three times with sterile-Wltered seawater. For
DGGE and chemical analysis they were frozen at ¡80°C
and subsequently lyophilized.

Light and transmission electron microscopy

Sample preparation was performed as described in Thoms
et al. (2003). BrieXy, small tissue samples were preserved
in 2.5% glutaraldehyde in sterile-Wltered seawater. In brief,
after washing in cacodylate buVer samples were post-Wxed
in 2% osmium tetroxide and incubated overnight in 0.5%
uranyl acetate. Following dehydration, samples were
embedded in Epon 812 (Serva). Semithin and ultrathin sec-
tions were prepared with an ultramicrotome (OM U3,
C. Reichert, Austria). Semithin sections were stained with
methylene blue for examination with a Leica DM-LB2
(Leica Microsystems, Bannockburn, IL) light microscope.
Ultrathin sections were examined with a Zeiss EM 10
(Zeiss, Jena, Germany) transmission electron microscope.

Denaturing gradient gel electrophoresis (DGGE)

DGGE of bacterial 16S rRNA was performed essentially as
described by Thoms et al. (2003). Microbial DNA was
extracted with the Fast DNA Spin kit for soil (MP Biomed-
icals, Solon, OH). For PCR, universal primers 341f-GC and
907r (Muyzer et al. 1998) were used. DGGE was per-
formed with a Bio-Rad DCode system (Bio-Rad, Hercules,
CA) on 7% (wt/vol) polyacrylamide gels in 1X TAE,
using a 10–65% denaturing gradient [100% denaturant
corresponds to 7 M urea and 40% (vol/vol) formamide].

Electrophoresis time was 340 min at 180 V and 60°C. Gels
were stained for 30 min with SYBR green II (Invitrogen,
Carlsbad, CA) and photographed with a Biorad GelImager
FluorS system (Bio-Rad). Similarity matrices of the DGGE
banding patterns were calculated using the Dice coeYcient
method implemented in the Quantity One Gel Analysis
software (Bio-Rad). The distance matrices were then used
in an unweighted pair group method using arithmetic aver-
ages (UPGMA) cluster analysis. PCR products eluted from
excised bands were re-ampliWed with the primers 341f and
907r, puriWed with the QIAquick PCR PuriWcation Kit
(Qiagen, Valencia, CA), and cloned with the pGEM clon-
ing kit (Promega, Madison, WI). The correct insert size was
veriWed on 2% agarose gels after PCR ampliWcation with
the primers T7 and SP6. Plasmid DNA was isolated by
standard miniprep procedures (Sambrook and Russell
2001). Sequencing was performed on an ABI 377XL auto-
mated sequencer (Applied Biosystems, Foster City, CA).
Sequences were checked for ampliWcation and sequencing
artifacts with ChromasPro (Technelysium, Helensvale,
Australia) and for chimeras with Pintail (Ashelford et al.
2005).

Sequences obtained in this study together with reference
sequences downloaded from NCBI BLAST (Altschul et al.
1990) were automatically aligned with ClustalX (Thomp-
son et al. 1997) and manually reWned with Align (Hepperle
2004). Phylogenetic trees were constructed with the ARB
software package (Ludwig et al. 2004). Initially, neighbor-
joining (Jukes-Cantor correction) and maximum parsimony
trees were calculated with nearly full length sequences
(>1,200 bp) and 100 pseudoreplicates. Partial sequences
were added to the trees without changing the topology by
the use of the parsimony-interactive tool in ARB. Finally,
50% majority rule consensus trees were constructed. The
16S rRNA gene sequences obtained in this study were
deposited in the EMBL/GenBank/DDBJ database under
accession numbers EU352739-EU352747.

Chemical analysis

Extraction of the sponge tissue was performed using a stan-
dardized procedure as described by Thoms and Schupp
(2008). Fifty milligrams of lyophilized and ground material
of each sample was extracted by vortexing with 1.5 mL
methanol for 60 s. After 2 min, vortexing was repeated for
30 s. Samples were centrifuged (13,000 rpm, 2 min) and
the diluted supernatants were analyzed by high-perfor-
mance liquid chromatography (HPLC) using an Alltech
Rocket Platinum EPS C18, 53 £ 7 mm column (Alltech,
DeerWeld, IL). The HPLC system was coupled to a photodi-
ode-array detector (Waters, Milford, Ireland). Routine
detection was performed at 254 and 280 nm. Additionally,
the chromatograms were inspected with the MaxPlot
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function of the Waters Empower Pro software, covering
wavelengths between 210 and 400 nm. The compounds
psammaplin A sulfate and psammaplin A were identiWed
based on their retention times and UV spectra by direct
comparison with previously isolated standards (Thoms and
Schupp 2008).

Results

Morphological changes

Directly after transfer into the seawater tank all 14 sponge
individuals displayed closed oscules, which is probably
attributable to the mechanical stress by handling. Within
one day, all of them opened their oscules and appeared
healthy by visual judgment. No sponge showed any signs
of tissue reduction (e.g., tubercular surface, protruding
spongin skeleton) (Fig. 1a). The Wrst signs of tissue reduc-
tion occurred 10 days after transfer into the tank. Within
13 days after transfer, the tissue of all 14 individuals was

reduced to small, irregular lumps (“reduction bodies”,
2–4 mm in diameter) encasing the by now easily visible
spongin skeletons (Fig. 1b). Roughly estimated, the reduc-
tion accounted for more than half of the original volume of
each sponge.

Three days later, 11 of the 14 sponges showed Wrst signs
of recovery, i.e., the reduction bodies had regained size and
covered visibly larger areas of the spongin skeletons. One
week after onset of recovery, three individuals had fully
regenerated to their original volume and condition
(Fig. 1c). After three more days, 10 of the 14 sponges were
fully regenerated, with most of them having open oscules,
indicating active pumping. Another 2 weeks later (48 days
after transfer into the seawater tank), most sponges were in
the reduced state again. Only three sponges were still in a
recovered condition, two of which had undergone another
tissue reduction in the meantime but were regenerated
again.

We made similar observations on numerous other indi-
viduals of Aplysinella sp. collected in diVerent contexts
(data not shown). Tissue reduction always occurred only

Fig. 1 Photos of an Aplysinella 
sp. individual undergoing tissue 
reduction and recovery in the 
tank experiment. a Intact (“int”) 
state, one day after transfer from 
the natural habitat into the tank. 
b Reduced (“red”) state. b1 
Close-up of sponge tubes in the 
reduced state. c Regenerated 
(“reg”) sponge
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several days after transfer into the tanks. Once reduction
started, the morphological changes often were very rapid.
The fastest change from the intact to the completely
reduced condition occurred within less than a day. The fast-
est recovery from small reduction bodies back to the origi-
nal condition occurred within 7 h.

No signs of tissue reduction were observed on the trans-
planted sponges in the Weld 1 week and 1 month after trans-
plantation. After 3 months, the tissue of one individual was
substantially reduced, whereas all other transplanted
sponges were still intact. Morphological changes in the
reduced sponge were similar to those observed in the tank
experiment (Fig. 1), and on sponges in the Weld without
experimental manipulation.

Microscopic observations

Cross-sections of tissue of intact individuals revealed
numerous, yet loosely distributed sponge cells (predomi-
nantly archaeocytes and spherulous cells) (Fig. 2a). The
distribution of cells in the mesohyl was heterogeneous,
with areas high in archaeocyte density, areas high in
spherulous cell density, areas with both cell types in
about equal numbers, and collagenous areas free of
sponge cells. Numerous large water channels and cho-
anocyte chambers were observed. Compared with closely
related sponges of the genus Aplysina, the microbial
abundance in Aplysinella sp. tissues was considerably
lower. Moreover, the characteristic microbial morpho-
types described for other Verongid species (Vacelet
1975; Friedrich et al. 1999; Thoms et al. 2003) were not
found in Aplysinella sp.

Reduced tissue of Aplysinella sp. had a very diVerent
appearance (Fig. 2b). The entire cross-section of the reduc-
tion bodies was densely packed with archaeocytes and
spherulous cells, with hardly any space in-between. No
choanocyte chambers were found. In the periphery of the
reduction bodies spherulous cells were particularly abun-
dant and both spherulous cells and archaeocytes were
considerably larger than in intact Aplysinella sp. tissue.
Microorganisms were not detected, possibly because small
structures were no longer discernible in the tight gaps
between the sponge cells.

Regenerated tissue (Fig. 2c) had largely regained the
appearance of the original, intact state (Fig. 2a). In some
areas, the sponge cells were still more densely packed and
structures such as choanocyte chambers and channels
were not as abundant or large as in intact tissue before
reduction. Nevertheless, the overall impression, with het-
erogeneous distribution of cells, few extracellular micro-
organisms, relatively large distances between cells, and
cell free areas was that of the intact tissue prior to the
reduction event.

Microbial community changes

Tissue reduction in the tank experiment resulted in a
change in the overall impression of the DGGE proWles,
very similar in all three sponge individuals analyzed (indi-
viduals T1–T3, Fig. 3a, “T” for tank experiment): Whereas
before reduction (“int” for intact condition; Fig. 3) one to
three bands in the high G + C region dominated the pattern,
following tissue reduction (“red” for reduced condition,
Fig. 3) their intensity decreased in favor of numerous other
bands, predominantly towards the lower G + C region of
the gel (i.e., towards the top of the gel). This change was
not reversed in the course of tissue recovery (“reg1” for
condition immediately after regeneration; “reg2” for regen-
erated condition 3 days after “reg1”, Fig. 3) within the time
frame of the tank experiment. Generally, DGGE proWle
variability was high among individuals and conditions in
this experiment, with similarities as low as 26.7% between
individual samples (for example “T1 int” versus “T1 reg1”;
value from similarity matrix). Cluster analysis of the band-
ing patterns (Fig. 3b) revealed a clustering of all intact sam-
ples (“int”) separate from the samples taken after tissue
reduction (“red”) and recovery (“reg1” and “reg2”). Based
on the similarity matrix values, the DGGE proWles of the
three sponge individuals continuously became more similar
over time (from an initial mean similarity of 54.6 § 17.3%
between the “int” samples to 79.2 § 12.2% between the
samples “reg2”).

Also in the Weld experiment the DGGE proWle of Aplysi-
nella sp. proved highly variable (Fig. 4). Similarities
between patterns of individual samples were as low as
11.8% (for example sample “F1 15 m” versus “F3”; value
from similarity matrix; “F” for Weld experiment). Tissue
reduction in the transplanted sponge “F2” coincided with a
change in the overall impression of the DGGE proWle anal-
ogous to that observed in the individuals of the tank experi-
ment. Here, as well, the dominance of a band in the high
G + C region of the DGGE gel decreased in favor of bands
towards the lower G + C region (F2, Fig. 4a). In all individ-
uals that had been transplanted in the Weld experiment
(exempliWed by individual “F1”) no tissue reduction was
observed. Nevertheless, the DGGE proWle of individual
“F1” had changed considerably within the 3 months follow-
ing transplantation, resulting in a clustering with the pro-
Wles of the sponges “F3” and “F4” that originally had
grown in the shallow water habitat (Fig. 4b).

However, one band in the DGGE proWles of Aplysinella
sp. resisted all changes in ambient conditions (caused by
transplantation of the sponge and by tissue reduction) and
was present in all samples analyzed (Figs. 3a, 4a). For iden-
tiWcation of the bacterial phylotype represented by this
band, PCR products eluted from excised bands b and f
(Fig. 4a) were sequenced. Closest hits in BLAST for the
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obtained sequences were �-proteobacterial sequences previ-
ously derived from other sponge species. Phylogenetic
analysis resulted in a cluster within the �-Proteobacteria of
sequences derived from sponges and marine sediments
(Fig. 5). Sources of the sponge-derived bacterial sequences
included larvae of the Caribbean sponge Ircinia felix as
well as adults of the two Mediterranean sponges Chondrilla
nucula and Tethya aurantium (Fig. 5). Additionally, vari-
ous examples of transient bands were selected for sequenc-
ing (bands a, c–e, g–i, Fig. 4a). Bands a, c, d, and e
represented sequences within the phylum Bacteroidetes and
the class �-Proteobacteria with closest similarities to either
seawater-derived bacterial sequences or to sequences of

bacteria associated with marine organisms other than
sponges. The sequence represented by band i was most
similar to algal chloroplast sequences. The sequences from
bands g and h were closely related to the �-proteobacterial
sequences derived from bands b and f.

Chemical proWle changes

The chemical proWles of the morphological states Aplysi-
nella sp. was found in were compared by HPLC. Nine indi-
viduals of the tank experiment were examined in all three
states (intact, reduced, regenerated). Additionally, the four
sponges of the Weld transplantation experiment were

Fig. 2 Cross-sections of Aplysi-
nella sp. tissue in three magniW-
cations (left and middle column: 
light micrographs; right column: 
transmission electron micro-
graph). All micrographs repre-
sent tissue of the same individual 
in the respective tissue states and 
are representative for all 
individuals analyzed. a Intact 
tissue before reduction. 
b Reduced tissue, cross-section 
of an entire reduction body. 
c Tissue after regeneration 
(“reg2”). ar archaeocyte, 
cc choanocyte chamber, 
cm collagenous matrix, 
sp spherulous cell, wc water 
channel
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analyzed. The HPLC proWles (Fig. 6) were examined for
shifts in peak sizes and possible links of these shifts to the
observed morphological changes. Peak size comparison
revealed no major changes in the total secondary metabolite
content (per gram dry weight of sponge tissue). However,
changes in the proportions of the compounds psammaplin
A sulfate and psammaplin A as well as in the peak sizes of
two compounds tentatively named compound 3 and com-
pound 4 were observed. Compound 3 was present in the
intact state of seven of the nine sponges analyzed in the
tank experiment. After tissue reduction, it was consistently
non-detectable. Following tissue regeneration; however,
the peak of compound 3 was found in the HPLC proWles of
all nine sponges (Fig. 6). In contrast, this compound was
never detected in any of the tissue states of the sponges
from the Weld experiment (data not shown). Compound 4
was present in all samples analyzed (both from the tank and
from the Weld experiment). Its concentration consistently
decreased upon tissue reduction and increased when the
sponges regenerated their tissues (Fig. 6).

Discussion and conclusions

Morphological changes

Under environmental stress such as starvation, desiccation,
low temperatures, and oxygen deprivation sponges, particu-
larly freshwater species but also some marine species, form
internal buds, so-called gemmules (Simpson and Fell 1974;
Reiswig and Miller 1998). These small, ball-shaped struc-
tures can remain intact under such adverse conditions, even
if the other sponge tissue dies and disintegrates. The tissue
reduction we observed in Aplysinella sp. was in at least two
aspects similar to gemmule formation: (1) it was triggered
by (potentially adverse) changes in ambient conditions and
(2) resulted in a substantial reduction of the sponge volume.
However, various distinct diVerences to gemmulation were
observed: (1) Gemmules are usually encapsulated by a
rough shell consisting of spongin and/or siliceous scleres
(Devos and Rozenfeld 1974); no such shell formation was
observed on the reduction bodies formed by Aplysinella sp.

Fig. 3 a DGGE proWles three 
Aplysinella sp. individuals 
(T1–T3) in the tank experiment 
in diVerent tissue states. 
b Dendrogram showing banding 
pattern similarities. Tissue 
states: int intact tissue, 
red reduced tissue; reg1 regener-
ated tissue, reg2 regenerated 
tissue sampled 3 days later 
than reg1
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(2) Unlike gemmules (which in most cases are released
from maternal dead tissue), the tissue bodies were not
released, but regenerated the original sponge by regaining
size. (3) Hatching of gemmules usually requires a change
back to more favorable ambient conditions (Simpson and
Fell 1974; Reiswig and Miller 1998); no such change was
apparent when the Aplysinella sp. individuals started to
recover.

Remarkably, when examined under the microscope, the
cross-sections of the reduction bodies formed by Aplysi-
nella sp. (Fig. 2, “reduced”) strongly resembled those of
sponge primmorphs in early reorganizing stages (Custodio
et al. 1998). ArtiWcially produced sponge primmorphs are
currently in use as a model system to study molecular pro-
cesses involved in basic Metazoan traits such as diVerentia-
tion and bodyplan formation (Wiens et al. 2003; Müller
et al. 2004; 2006). Most striking about the tissue recovery
in Aplysinella sp.—next to its rapidness—was that, irre-
spective of altered external factors, the sponge virtually
regenerated its original morphology. In the course of this
process cells diVerentiated and morphological structures
such as water channels, choanocyte chambers, epithelial

layers and oscules were reconstituted. The remarkable rap-
idness and the external inducibility of these processes may
render the tissue reduction and recovery of Aplysinella sp.
an expedient in vivo model to complement the existing in
vitro system of sponge primmorphs for studies on Meta-
zoan morphogenetic factors.

Interesting, but not yet completely resolved, are the pro-
cesses that allowed Aplysinella sp. to reduce and regenerate
its tissue within the very short time of only a few hours.
Apoptosis and subsequent cell divisions are unlikely to
explain this phenomenon, in particular, since we observed
cell density in the tissue to actually increase in the course of
the reduction and to decrease upon recovery (Fig. 2). How-
ever, we observed the sponge cells to change in size. In par-
ticular, cells in the peripheral layers of the reduction bodies
appeared larger than in the intact and in the regenerated tis-
sue. In this regard it is interesting to note that we did not
observe any major changes in the total concentration of
HPLC-UV-detectable metabolites in Aplysinella sp. per
dry weight of sponge tissue (Fig. 6). In sponges of the
genus Aplysina that, like Aplysinella sp., belong to the
order Verongida, brominated compounds structurally and

Fig. 4 a DGGE proWles of four 
Aplysinella sp. individuals 
(F1–F4) of the transplantation 
experiment in the Weld. For each 
sample, three independent PCRs 
were run. Letters a–i on the gel 
indicate excised and sequenced 
bands. b Dendrogram showing 
banding pattern similarities. 
(transpl) samples from trans-
planted sponges collected 
together with F3 and F4 
3 months after transplantation
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biogenetically similar to the Aplysinella sp. metabolites are
stored in spherulous cells (Thompson et al. 1983; Turon
et al. 2000). Thus, one could have expected that the consid-
erably higher density of spherulous cells in the reduced tis-
sue correspondingly resulted in a higher concentration of
brominated compounds per gram sponge tissue. The obser-
vation that this was not the case may indicate that the tissue
reduction was not actually associated with a loss of mate-
rial. A possible explanation could be that the collagenous
spongin that constitutes the matrix of the intact sponge
mesohyl (Simpson 1984; Garrone 1985) was resorbed by
the sponge cells in the course of the reduction and secreted
again upon recovery. This could have resulted in a volume,
but not weight loss during reduction. Indeed, the spongin
Wbers that usually Wll the spaces in-between sponge cells
were no longer observed in the reduced tissue (Fig. 2).
Moreover, the larger sponge cell size in the reduced tissue
could be interpreted as a result of spongin resorption.

Still unresolved is the question of whether the tissue
reduction and recovery in Aplysinella sp. can be explained
from an ecological standpoint. Even though it could be
experimentally triggered by transferring the sponges into
the tank, it was also repeatedly observed on undisturbed
Aplysinella sp. individuals in the Weld; thus, representing a
naturally occurring phenomenon. All sponges transferred
into the tank displayed tissue reduction, whereas individu-
als in vicinity of the original habitat of these sponges at
Western Shoals did not show any apparent changes in their
morphology. In the natural environment, under non-experi-
mental conditions, tissue reduction was predominantly
observed on individuals in shallow areas on the reef Xat.
Following transplantation to the reef Xat, at least one
sponge showed tissue reduction after 3 months exposure to
the altered conditions. Abiotic parameters such as tempera-
ture, current regime, and sun exposure are usually consid-
ered more Xuctuant in shallower than in deeper water

Fig. 5 Phylogenetic distance tree calculated with 16S rRNA gene
bacterial DGGE sequences recovered from Aplysinella sp. individuals
of Weld experiment. Neighbor-joining and maximum parsimony
(100 pseudoreplicates) bootstrap values are provided. DGGE sequences

obtained in this study are in bold, letters a–i refer to respective excised
bands marked in Fig. 4. Scale bar indicates 10% divergence. Arrow, to
outgroup (Pyrobaculum calidiformis AB078332, Sulfolobus metallicus
D85519). GenBank accession numbers are shown in parentheses
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(Hirose et al. 2006; Monismith et al. 2006; de Voogd and
Cleary 2007). Based on these observations and consider-
ations, we propose that the tissue reduction in Aplysinella
sp. is a response to changes in ambient conditions. How-
ever, other than for the tissue reduction, for the regenera-
tion of the sponges in the tank no external trigger was
apparent. In fact, we never observed any link between the
onset of regeneration and changes in ambient conditions.
This could indicate that the tissue reduction and subsequent
regeneration represent an adaptation mechanism to altered
ambient conditions rather than a reaction to outlast adverse
conditions.

Microbial community changes

Microbial abundance in intact Aplysinella sp., estimated
based on extensive electron microscopical inspections of
the sponge tissue (Fig. 2), was considerably lower than in
other, previously analyzed members of the order Verongida
(Vacelet 1975; Friedrich et al. 2001; Thoms et al. 2003).
Aplysinella sp. clearly does not represent a “high microbial
abundance sponge”, as deWned by Hentschel et al.
(2003). In fact, microorganisms were only rarely observed
in cross-sections of the sponge, irrespective of the state of
the sponge tissue. Characteristic microbial morphotypes,

Fig. 6 HPLC chromatograms 
of MeOH extracts of Aplysinella 
sp. in the tank experiment. All 
three chromatograms represent 
the same sponge individual in 
the respective tissue states and 
are representative for most indi-
viduals analyzed. a Intact tissue 
(compound 3 was present in sev-
en of nine individuals analyzed). 
b Reduced tissue (reduction 
bodies) (c) Regenerated tissue
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typically present in high abundances in other Verongida
species (Vacelet 1975; Friedrich et al. 1999; Thoms et al.
2003), were not found in Aplysinella sp.

Tank maintenance of three Aplysinella sp. individuals
and consequential tissue reduction coincided with notice-
able changes in the DGGE proWles of the sponges (Fig. 3).
Comparison of DGGE banding patterns revealed that com-
pared to the original states the three sponge-associated
microbial communities had become more similar to each
other. Moreover, a similar shift in relative intensity of
bands was observed in the DGGE proWles of all three
sponges. Apparently, the microbial communities in the
diVerent sponge individuals adapted in a similar way to the
now more similar ambient conditions in the seawater tank,
indicating a strong impact of external parameters on the
bacterial composition in Aplysinella sp.

Low stability of the microbial community associated
with Aplysinella sp. and a high dependence on external
factors was also revealed in the Weld transplantation
experiment (Fig. 4). Similar to the sponges of the tank
experiment, sponge “F2” showed tissue reduction after
being transplanted. Also the changes in its DGGE proWle
were similar to those previously observed in the reduced
sponges of the tank experiment, indicating a direct impact
of the reduction phenomenon on the microbial composition
in Aplysinella sp. (Fig. 4a, see Fig. 3a for comparison).
Sponge “F1” did not display tissue reduction 3 months after
transplantation into the shallow-water habitat. Neverthe-
less, its DGGE proWle showed considerable changes. Band-
ing pattern comparison revealed that it had become more
similar to the proWles of the non-transplanted sponges “F3”
and “F4” that originally had grown in the shallow-water
habitat (Fig. 4b). Apparently, here as well, more similar
conditions in the environment of the sponges led to higher
similarities in the microbial community compositions.

The observation of high susceptibility of the microbial
community associated with Aplysinella sp. to external fac-
tors does not conform to previous Wndings on the stability
of bacterial compositions associated with other Verongida
species. In fact, experiments have shown that their micro-
bial communities are extremely stable even under severely
altered ambient conditions (Friedrich et al. 2001; Thoms
et al. 2003). The low permanence of the bacterial assem-
blage in Aplysinella sp. may, at least partly, be explained by
the lack of bacteria with particular surface structures (e.g.,
slime capsules and additional membrane layers) that usu-
ally are present in other Verongida in high abundances.
Since these structures are believed to prevent phagocytosis
by sponge cells (Wilkinson 1978; Wilkinson et al. 1984),
they may be necessary to maintain long-term associations
between the bacteria and their hosts.

Despite the high variability of the microbial community
composition in Aplysinella sp., one band was constantly

found in all DGGE proWles of the sponge (Figs. 3a,
Fig. 4a). In fact, in altogether 25 specimens of Aplysinella
sp. collected at various locations in Apra Harbor, Guam,
the �-proteobacterium represented by this band was always
present, whereas it was not found in the ambient seawater
(Thoms, unpublished data). Remarkably, phylogenetical
analysis revealed that this bacterium clusters with several
other sponge-derived bacteria (Fig. 5). It has to be acknowl-
edged that the cluster also includes two bacteria from other
marine sources and, thus, is not exclusively sponge-
speciWc, as deWned by Hentschel et al. (2002). Yet, (1) the
repeated occurrence of this bacterial phylotype in distantly
related sponges, growing in diVerent oceans, (2) its pres-
ence in sponge larvae, suggesting vertical transmission
(Schmitt et al. 2007), and (3) the high stability of its associ-
ation with Aplysinella sp., irrespective of pronounced
changes in external parameters, indicates a symbiotic rela-
tion that potentially goes beyond coincidental Wltration
from seawater. Interestingly, while tissue reduction never
completely eliminated this bacterium in Aplysinella sp., it
repeatedly coincided with a decrease in intensity of the
bands representing it in the DGGE proWles (Figs. 3a,
Fig. 4a). Whether these shifts in band intensities actually
reXect changes in the microbial community will have to be
investigated in future studies.

Chemical proWle changes

The total content of secondary metabolites in Aplysinella
sp. remained largely unaVected by the tissue reduction and
recovery as revealed by comparison of peak sizes in the
HPLC proWles of the respective morphologic states.
Repeatedly observed shifts in the proportions of the two
compounds psammaplin A sulfate and psammaplin A most
likely can be attributed to a previously described wound-
activated conversion of the former compound into the latter
(Thoms and Schupp 2008). This reaction inevitably occurs
when samples are cut from fresh sponge tissue. Usually,
these shifts were not linked to the morphological changes
but rather reXected diVerences in wounding intensity unin-
tentionally caused by sampling the tissue. However, it was
repeatedly observed that psammaplin A was present in
lower concentrations in samples of reduced tissue than in
samples of the two other tissue states (Fig. 6). Other than
the tissue from intact and regenerated individuals, the
reduction bodies could be sampled with little damage by
cutting through the thin skeleton ligaments that connected
them to the remaining sponge. This, most likely, explains
the lesser extent of wound-activated psammaplin A forma-
tion in samples of reduced Aplysinella sp. tissue. However,
it cannot be ruled out that the pronounced concentration
shifts due to the wound-activated conversion could have
concealed minor changes in the concentrations of psammaplin
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A sulfate and psammaplin A caused by tissue reduction and
recovery.

The changes, we observed in the peak sizes of com-
pounds 3 and 4 (Fig. 6) are, to our knowledge, not related to
wound-activated conversion reactions in Aplysinella sp.
Here, links to the morphological changes of the sponge
seem possible, particularly since compound 3 was consis-
tently non-detectable in reduced sponges and the peak size
of compound 4 consistently decreased and increased,
respectively, in the course of the reduction and recovery
processes. However, factors other than tissue reduction
aVecting the concentrations of these two compounds possi-
bly were involved, and further investigation is needed to
clarify this point. Particularly since compound 3 was not
detected in any intact Aplysinella sp. individuals analyzed
and the extents of the chemical changes could not clearly be
correlated to the extents of morphological changes, based
on the current set of data, it seems premature to us to sug-
gest a link between these two events. However, this may
deserve further attention in future studies.

Conclusions and outlook

This study employs a multidisciplinary approach to
describe in detail the tissue reduction and recovery pro-
cesses in Aplysinella sp. To our knowledge, this phenome-
non, being diVerent from gemmulation in various regards,
has not been reported in living sponges in their natural hab-
itat. We observed changes in all characteristics of the
sponge investigated, including its morphology, microbiol-
ogy, and chemistry. Other than the microbial communities
in previously analyzed species of the order Verongida, the
microbial community in Aplysinella sp. proved highly vari-
able. Yet, one �-proteobacterial phylotype that co-occurs in
various sponge species proved consistently associated with
Aplysinella sp. indicating a close symbiotic relationship to
sponges.

Due to the inducibility and rapidness of the morphologi-
cal changes, the tissue reduction phenomenon in Aplysi-
nella sp. may prove a useful in vivo system to complement
the sponge primmorph system currently employed in stud-
ies on morphogenetic factors in Metazoa. Moreover, it may
represent an expedient model to advance research on sym-
bioses between sponges and bacteria. The simplicity of this
system, together with the observation that it is experimen-
tally manipulable, may facilitate systematic manipulative
approaches with the aim to gain insights on the impact of
the presence of bacteria on other features of the sponge.
Existing parallels in chemical and microbiological features
of Aplysinella sp. to other species may, in turn, allow for
the extrapolation of the insights gained to other, more com-
plex sponge/bacteria systems.
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