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Abstract The marine sponge Dysidea fragilis from El
Mar Menor, a hypersaline coastal lagoon (Murcia,
Spain), contains the furanosesquiterpenoid ent-fur-
odysinin as the major secondary metabolite. D. fragilis
emits a defensive white fluid when it is disturbed. Elec-
tron micrographs of this fluid revealed intact vesiculated
cells together with other amorphous material. Dissoci-
ated cells are more rounded in shape but maintain the
same ultrastructural features as cells observed in ultra-
thin sections of the whole sponge. The defensive secre-
tion is composed mainly of sponge cells with abundant
light vesicles. Sometimes these light vesicles appear to
open into the intercellular space; this correlates with
surface blebs on these cells observed under scanning
electron microscopy. The intracellular location of ent-
furodysinin was confirmed by Erlich staining. In labo-
ratory assays, we examined the role of ent-furodysinin as
a feeding deterrent to generalist fish predators. It was
isolated from D. fragilis and incorporated into a carra-
geenan-based artificial diet. The addition of ent-fur-
odysinin to the artificial diet reduced feeding by the fish
Thalassoma pavo. Similarly, fish did not feed on artificial
diet above which defensive secretion of D. fragilis had
been ejected with a small syringe.
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Introduction

The phylum Porifera, the most primitive of modern
animals, represents a level of organization somewhere
between a colony of cells and a true multicellular or-
ganism. Sponges possess remarkably high tissue-plas-
ticity, which is probably not exceeded by any other
metazoan group. The natural disappearance of choa-
nocyte chambers from sponges has been recorded in a
number of earlier works (e.g. Bidder 1933). The spon-
taneous disorganization and reorganization of the canal
system has been described in the marine demosponges
Ficulina ficus and Suberites massa. Such remodelling is
related to maximizing canal-system efficiency, re-estab-
lishing canal- and water-pumping following sexual re-
production, and producing new growth (Fauré-Frémiet
1932; Diaz 1979). When exposed to changes in salinity,
the euryhaline sponge Microciona prolifera loses oscula,
subdermal spaces, canals and choanocyte chambers
(Knight and Fell 1987; Fell et al. 1989). Tissue regres-
sion appears to be an alternative process to a gemmule
reproduction strategy in response to lower temperature
and other factors. Furthermore, it may be a transitory
phenomenon set in motion by the widespread changes
that occur during gametogenesis and larval develop-
ment. In general, the tissue loss in sponge (buds, gem-
mules, tissue regression), which is usually seasonal, has
been described as being accomplished by asexual or
sexual developmental processes (e.g. Simpson 1984).
The occurrence of symbiotic bacteria, fungi and algae
has been described in numerous sponges (Vacelet and
Donadey 1977). The biosynthetic origin of some sec-
ondary metabolites isolated from sponges has often been
ascribed to these prokaryotic endobionts. Marine
sponges of the family Dysideidae contain sesterpenoids,
diterpenoids and, most commonly, sesquiterpenoids of a
wide variety of skeletal types (Guella et al. 1985b;
Faulkner 1986, 1987, 1988, 1990, 1992). Recently, Unson
and Faulkner (1993) reported that cyanobacterial sym-
bionts biosynthesized chlorinated metabolites contained
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in Dysidea herbacea, whereas the accompanying sesqui-
terpenoids were found only in the sponge cells. Sym-
bionts are difficult to grow in axenic cultures, and there is
no guarantee that a symbiont in pure culture will produce
the secondary metabolites that they would normally
produce when associated with the sponge. To elucidate
how symbiotic prokaryotes contribute to the production
of secondary metabolites in the sponges, Unson et al.
(1994) isolated representative cell types. They assumed
that a compound localized exclusively in a single cell type
had probably been produced by that cell.

Chemical variability has been observed in natural
products isolated from Dysidea fragilis, which contains
several sesquiterpenoids such as longiforin and ent-fur-
odysinin (Guella et al. 1985a) and, in some coastal areas,
the azacyclopropene dysidazirine (Molinski and Ireland
1988). Also, intraspecific variation in the sterol compo-
sition has been reported in Mediterranean populations of
D. fragilis (Aiello et al. 1995). We studied a chemotype
located in El Mar Menor lagoon that was characterized
by the presence of ent-furodysinin (Fontana et al. 1994).

The present study investigated the occurrence of tis-
sue fragmentation, the cellular location and the defen-
sive role of the furanosesquiterpenoid ent-furodysinin in
the marine sponge Dysidea fragilis.

Materials and methods

Collection

Dysidea fragilis (variety Mar Menor), a greyish-blue massive
sponge, was collected by hand at 1 m depth in El Mar Menor, a
hypersaline coastal lagoon. Sponges were removed from shaded
rocky bottoms, and freshly collected specimens were placed in
aquaria containing sea water with a salinity of 389, and a tem-
perature of 15 °C.

Microscopy

For electron microscopy, freshly collected pieces of sponge were
immediately fixed in 2.5% Milloning’s phosphate-buffered glutar-
aldehyde (pH 7.2 to 8.2) for 1 h. Pieces were then washed in 2.5%
NaHCOg3; in distilled water (60 min at 25 °C), postfixed in 2% os-
mium tetroxide in 1.25% NaHCO; for 1 h, dehydrated through an
ethanol series, and then embedded in Epon. Ultra-thin sections
were cut with glass or diamond knives, and stained with uranyl
acetate and lead citrate. Fixation of cell suspensions was performed
as above, except that at each step the cells were centrifuged.

The intracellular location of ent-furodysinin was studied by
light microscopy. Crude and isolated cell suspensions were cyto-
centrifuged for 10 min. Cells settled on a microscope slide were air-
dehydrated and examined under light microscopy using transmitted
or polarized light. The dried cells were stained with Ehrlich reagent
and monitored constantly by light microscopy.

The morphological structure of sponge tissues and cells was
observed using a scanning electron microscope. Some fragments of
sponge were fixed in 2.5% gluteraldehyde, pH 7.2, for 2 h at 4 °C,
washed in buffer, dehydrated in acetone, critical point-dried,
sputter-coated with gold and studied with a Jeol JSM T-300
scanning electron microscope.

Dissociation and isolation of sponge cells

Small blocks of fresh tissue (5 x 5 mm) were cut from the sponge
and placed in a flask containing artificial sea water. Blocks were

stirred at low velocity using a magnetic stir-bar for 10 min at 20 °C.
The dissociated cellular material was filtered onto nylon mesh
(mesh size 102 pm) to separate sponge homogenates from the
spongin skeleton. The cells were washed twice and centrifuged at
400 xg for 10 min; then the sponge homogenates were purified by
isopycnic centrifugation. Isotonic gradients were prepared by lay-
ering 9 ml of Percoll (Pharmacia; diluted 9:1 in artificial sea water)
aliquots prepared by dilution with artificial sea water (80:60:54%
Percoll solutions). Artificial sea water was prepared from double-
distillate water and contained 462 mM NaCl, 8.4 mM Na,SO,,
11 mM KCl and 2.1 mM NaHCOs;. Percoll gradients were prepared
just before use and kept at 5 to 10 °C. Continuous density gradients
were monitored using coloured beads (Pharmacia) with calibrated
density values. Crude cell-suspensions were layered onto the Percoll
gradients and centrifuged at 30 000 xg for 30 min in a refrigerated
(4 °C) centrifuge. Sample bands that formed at the separate in-
terfaces were removed by Pasteur pipette and examined under light
and electron microscopes. The cells were classified according to size
and morphology.

Chemical analysis

A specimen of Dysidea fragilis was extracted with acetone. The
filtered acetone solution was concentrated, diluted with water, and
extracted with diethyl ether. Evaporation of the solvent under re-
duced pressure produced an oily residue that was chromatographed
on a silica-gel column with petroleum ether as eluant, to give a
mixture of Ehrlich-positive sesquiterpenoids containing mainly ent-
furodysinin. Further chromatography on 8% AgNO;-SiO, yielded
pure ent-furodysinin (Fontana et al. 1994), which was then used as
the reference standard for the chemical analyses.

Each Percoll cell fraction was separately diluted by distilled
water (2 ml) and extracted with diethyl ether (3 x 1.5 ml). The
crude ether extracts from the Percoll fraction (212 mg) were frac-
tionated on a SiO, column using petroleum ether to give a mixture
of furanosesquiterpenes, with enz-furodysinin as the major con-
stituent. Gas chromatographic examination was carried out on a
Carlo Erba OV-1 capillary column at 130 °C. Cell extracts (0.2 mg)
were dissolved in diethyl ether (0.4 ml). Each injection was 6 pl.
The mixture of furanosesquiterpenoids from the sponge (1 mg) was
dissolved in diethyl ether (1 ml). Each injection comprised 2 pl.

Palatability of Dysidea fragilis

Palatability assays were conducted using the wrasse Thalassoma
pavo in an aquarium. Fishes were conditioned for 10 d and ac-
customed to a carrageenan-based food (2% carrageenan supple-
mented with freeze-dried powdered sardines) (Harvell et al. 1988).
The secondary metabolite ent-furodysinin was incorporated into
the artificial diet (10% of dry mass). The diet was cut into
1 X 0.5 x 2 cm strips. In order to test for the continued presence of
ent-furodysinin in the artificial diet throughout the assays, 20 pieces
of artificial diet were placed in an aquarium without fishes during
the experiment. The compound remained on the artificial diet
throughout the assays as confirmed by thin-layer chromatography
(TLC). In the laboratory, individual wrasses were each offered one
piece of artificial food containing ent-furodysinin and one control
pellet treated with solvent only. For defensive-secretion assays,
pieces of artificial food were attached to a plastic strip on the side of
the tank. A piece of polystyrene tubing (500 mm long, 0.5 mm
diam) was attached to a small syringe containing defensive secre-
tion. The tubing ended immediately above the piece of food, en-
abling the secretion to be ejected into the water (Fig. 1B).
Defensive secretion was obtained by disturbing the sponge with a
magnetic stir-bar for 5 min, thus inducing spontaneous tissue-
fragmentation. The ejected fluid was diluted 1:1 in sea water, and
1 ml was injected into each piece of the artificial diet. Paired con-
trols were assayed using 1 ml sea water. When all defensive fluid or
control fluid had been ejected from the syringe (estimated
time = 60 s) the amount of food consumed was recorded. The
amounts of the two diets consumed were estimated visually with a



Fig. 1 Diagram of experimen-
tal set-up for secretion assays.
A tissue disintegration of
sponge Dysidea fragilis into
magnetic stirrer for palatability
assays; B for defensive secretion
assays with wrasse Thalassoma
pavo, sponge fluid was
introduced into sea water
immediately above pieces of
artificial diet (ds defensive fluid;
f artificial diet; j syringe; sp
sponge, ¢ polystyrene tubing)

glass reticule. Comparisons of the amounts of the two diets con-
sumed in the laboratory test with 7. pavo were analyzed by a
Student’s paired z-test.

Results
Description of Dysidea fragilis

The external surface of the sponge Dysidea fragilis was
conulose due to the presence of conical or pyramidal
elevations, as observed by scanning electron microscopy.
This surface bore randomly distributed open pores
(Fig. 2a). The outer surface of the sponge was covered by
a simple thin layer of pinacocytes. Choanocyte chambers
were large, and round to oval (Fig. 2b). The fragile
spongin fibres contained entrapped foreign particles. It
was not possible to distinguish between the primary and
secondary fibres recorded for other horny sponges. The
principal fibres extended to the surface conules.

The mesohyl of Dysidea fragilis was composed of
several different cell types surrounded by an amorphous
intercellular matrix that included collagen fibrils. Most
were discoidal and elliptical cells disposed in a coarse
parallel arrangement. No contact between these cells
was apparent, as each cell was visibly surrounded by the
intercellular matrix. The spherular cells (Type I) had a
large, oval to round, centrally located nucleus with a
small rim of heterochromatin and one or two eccentric
nucleoli (Fig. 2d). The cytoplasm was heterogeneous in
appearance due to the presence of abundant organelles.
A well-developed juxtanuclear Golgi apparatus with
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several dictyosomes was present in spherular cells. Near
to the prominent Golgi apparatus, small granules with
an extremely electro-dense core and surrounded by a
light halo were observed (Fig. 2d). Numerous light
vesicles of different sizes and shapes were seen. They
contained a light granular material and usually appeared
to open into the intercellular space. Round mitochon-
dria, flattened cisternae of rough endoplasmic reticulum,
and free ribosomes were also seen.

Other sponge mesohyl cells (spherular cells Type II)
contained a small, irregularly outlined, centrally located
or slightly eccentric nucleus. Most of the cytoplasm of
these cells was filled by large spherical or ovoid vesicles
with extremely electro-dense contents. These electro-
dense contents were surrounded by a light halo (Fig. 2e).
No cyanobacteria were observed in the mesohyl. The
absence of cyanobacteria was confirmed by examining
the sponge tissue under UV light microscopy.

Defensive tissue-fragmentation

Dysidea fragilis was reduced to its spongin skeleton by
means of light mechanical disturbance with a magnetic
stir-bar. The supernatant consisted of a cell suspension
mixed with cellular organelles. Electron micrographs of
such suspension revealed intact vesiculated cells and
other amorphous material. Dissociated cells were more
rounded in shape but maintained the same ultrastruc-
tural features as cells observed in ultra-thin sections of
the whole sponge (Fig. 2f).






Fig. 2 Dysidea firagilis. Scanning electron micrographs of a external
surface (arrows indicate pores; x50), b oval choanocyte chamber
(x500), ¢ spherular cells with rugged surface and vesicular processes
(x3500); and transmission electron micrographs of: d spherular cell
Type I [note presence of light cytoplasmic vesicles opening into
intracellular space (arrowed) (x8400) and electro-dense granules
related to a dictyosome of Golgi apparatus (inset; %12 000)],
e spherular cell containing cytoplasm filled with large vesicles with
extremely electro-dense contents (x6000), f spherular cells from
Fraction 3 of Percoll gradient (Cch choanocyte chambers; Cp cell
processes; Dv electro-dense vesicles; F fibres; M matrix; N nucleus;
Nu nucleolus; Vp vesicular processes)

<

Under the scanning electron microscope, spherular
cells displayed a rugged surface with large protrusions
and long cell processes (Fig. 2c). Some of these spher-
ular cells had vesicular processes, giving them a wavy
outline.

Cellular location of chemical defence

The cellular material from the defensive fluid ejected by
Dysidea fragilis was separated using Percoll gradients.
Four cellular fractions were obtained from the Percoll
gradients. The lightest fraction (Fraction 1) contained
bacteria, but TLC analysis of this fraction did not detect
ent-furodysinin in these cells. Fraction 2 contained small
sponge cells (61 to 72% pinacocytes, 20 to 28% choa-
nocytes and 11 to 18% small archeocytes and cell frag-
ments). This fraction contained a low concentration of
ent-furodysinin. Fraction 3 contained mainly large
spherular cells (74 to 86% of Type I and 26 to 14% of
Type II) and also other small archeocytes. TLC analysis
of the organic soluble fraction revealed the presence of
Ehrlich-positive compounds in Fraction 2, which was
characterized by the presence of spherular cells with a

Fig. 3 Dysidea fragilis. Gas-
chromatography profiles of
furanosesquiterpenoid fraction
from diethyl ether extract of
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diffuse vacuole system (Fig. 3). Moreover, the gas-
chromatographic comparison of this ether-soluble
fraction with the ether extract from the whole sponge
revealed the same furanosesquiterpenes pattern, mainly
consisting (as already previously shown Fontana et al.
1994) of ent-furodysinin. This demonstrated the com-
partmentalization of ent-furodysinin exclusively into the
spherular cells. The remaining fraction (Fraction 4)
contained amorphous material and cell fragments;
chemical analysis did not indicate the presence of
Ehrlich-positive compounds in this last fraction.

The intracellular location of ent-furodysinin was
confirmed by Ehrlich staining. The spherular cells settled
on the microscope slide changed colour immediately
upon contact with Ehrlich’s reagent. Light microscopy
revealed that this colour change was due to the presence
of numerous cytoplasmic blue vesicles. Both size classes
of spherular cells contained numerous Ehrlich-positive
vesicles. Careful observation under the light microscope
established that these vesicles change colour only upon
contact with Ehrlich’s reagent.

Palatability assays

At a concentration of 4%, the furanosesquiterpene ent-
furodysinin, the major secondary metabolite of
Dysidea fragilis from El Mar Menor lagoon, signifi-
cantly deterred feeding by Thalassoma pavo (Student’s
paired r-test, P < 0.001) (Fig. 4). This indicates that the
sponge allomone deters potential fish predators which
bite the sponge tissues.

The defensive-secretion assays demonstrated that the
effect of ejecting sponge secretion immediately above the
artificial diet was similar to that in feeding assays where
the metabolite ent-furodysinin was incorporated into the
food. The sponge fluid containing ent-furodysinin

whole sponge (A), and from 30 A 1.4 B
Fraction 3 of Percoll gradients
obtained from sponge
defensive-secretion (B). 25
Retention times shown for un- )
resolved mixture of unidentified = 1.2 -
furanosesquiterpenes (/), and ‘>c1
ent-furodysinin (2) (nature of - 2.0~
Peak 2 was ascertained by =)
comparison with pure ent-fur- ; 1
odysinin) 2 1.5 1.0
> =
S
1.0 1
_ 08—
ST T T T T T 1
1.5 2.0 1.5 2.0

Retention time (minutes)
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P<0.001

100 N=11

Amount consumed (%)

T

control  ent-furodysinin

Fig. 4 Thalassoma pavo. Effect of secondary metabolite ent-furo-
dysinin of Dysidea fragilis (tested at a concentration comprising 4% of
the dry artificial diet) on feeding by the wrasse. Amounts of artificial
diet consumed (%) are means + SE. Sample size and P-value are
shown

P<0.005
N=10

100 -

Amount consumed (%)

defensive secretion

control

Fig. 5 Thalassoma pavo. Consumption of artificial diet when
defensive secretion of sponge Dysidea fragilis was ejected into sea-
water immediately above food (vertical lines = 1 SE). Sample size
and P value of Student’s paired t-test are shown

significantly deterred fish feeding in the paired assays
(Student’s paired z-test, P < 0.005) (Fig. 5).

Discussion

Ultrastructural features of sponge mesohyl cells have
been little studied (De Vos et al. 1991). Our study dem-
onstrates that Dysidea fragilis spherular cells (Types I
and II) contain a well-developed Golgi apparatus as well
as many cisternae comprised of rough endoplasmic re-
ticulum. The marked development of both these organ-
elles suggests their importance in the production of
secretory materials (Weiss 1988). Electro-dense granules
and abundant light vesicles were associated with the
Golgi region. Sometimes these light vesicles opened into
the intercellular space; this correlates with the surface
blebs observed under scanning electron microscopy.
Chemical analysis of the whole sponge and the Per-
coll gradient fractions containing the spherular cells

Types I and II (Band 3) revealed the presence of Ehrlich-
positive furanosesquiterpenoids consisting mainly of
ent-furodysinin. TLC of pure ent-furodysinin revealed a
spot typically positive to Ehrlich’s reagent, and the mi-
croscope slides containing the spherular cells displayed
the same positive reaction when sprayed with Ehrlich’s
reagent. When the dried spherular cells were bathed in
Ehrlich’s reagent and examined under the light micro-
scope, abundant Ehrlich-positive vesicles were observed,
often opening into the intercellular space. Furthermore,
it is reasonable to assume that since ent-furodysinin is
soluble in ethanol (the solvent used in the dehydration
protocol of electron microscopy), this metabolite is re-
moved in the process and the space previously occupied
will appear light in the micrographs. The numerous light
vesicles observed in the spherular cells suggest that these
vesicles may be storage sites for the defensive metabolite.
The chemical analysis, the Ehrlich staining technique
and the ultrastructural morphology of the spherular cells
(Types I and II) all indicate that these cells of the sponge
mesohyl are involved in the production and secretion of
the secondary metabolite ent- furodysinin.

In addition, some archeocytes (which also possessed a
well-developed secretory apparatus) contained abundant
vesicles with an extremely electro-dense material in their
cytoplasm. These cells may be involved in the secretion
and accumulation of various secretion products. Thus,
sponge mesohyl cell vesicles could be involved in intra-
cellular transport, synthesis and secretion of various
materials, and in membrane regeneration.

To demonstrate that the accumulation of furano-
terpenes is restricted to a specific class of sponge cells,
the sedimented bands were separately extracted with
diethyl ether. TLC of the organic ether-soluble fractions
from Band 3 revealed Ehrlich-positive compounds. Gas-
chromatographic comparison of the ether-soluble frac-
tion from Band 3 with the extract from the whole sponge
revealed the same furanosesquiterpene pattern, mainly
consisting (as already previously reported: Fontana et al.
1994) of ent-furodysinin. This demonstrated the com-
partmentalization of the toxins exclusively into the
spherular cells.

Earlier studies have shown that sponge metabolites
can be localized in specific cell types. The brominated
metabolites aerothionin and homoaerothionin have
been localized within the spherular cells of the Pacific
sponge Aplysina fistularis. The bromine content of these
natural products permitted detection by energy-disper-
sive X-ray microanalysis at the fine structural level
(Thompson et al. 1983). There is chemical and biological
evidence that A. fistularis exudes aerothionin and ho-
moaerothionin into the surrounding sea water
(Thompson 1985; Walker et al. 1985). The sponge
Dysidea avara contains the antibacterial sesquiterpenoid
hydroquinone avarol. Light and transmission electron-
microscopic studies on D. avara have revealed that
avarol is probably stored only in choanocyte cells
(Miiller et al. 1986; Uriz et al. 1996). Microbial sym-
bionts have also been isolated from the cell fractions and



grown in culture (Miiller et al. 1986; Uriz et al. 1996).
The microorganisms did not contain furanoterpenes,
suggesting that the allomones were synthesized by the
sponge.

Dysidea fragilis does not contain an established
bacterial flora, as do other demosponges of high tis-
sue-density. In well-irrigated demosponges with low
tissue-density, the bacteria are monospecific and scarce
(Vacelet and Donadey 1977). Bacteria are very numer-
ous in massive sponges with high tissue-density, and can
constitute 38% of the tissue volume in Verongia species
(Vacelet 1975). In Chondrosia reniformis, bacterial flora
is transmitted via the larva to the newly metamorphos-
ing sponge (Levi and Levi 1976). The isolation of sponge
cells and symbiont microorganisms in continuous den-
sity gradients depends on cellular density. Density gra-
dients are effective when cellular components have
different densities (e.g. bacterial flora of smaller size and
lower density than sponge cells), but are inefficient when
the cellular components are of similar density (e.g. cy-
anobacterial symbionts and some sponge cells). Unson
et al. (1994) used flow-cytometry to separate glutaral-
dehyde-fixed cyanobacterial and sponge cells from
D. herbacea on the basis of phycoerythrin fluorescence.
The brominated biphenyl ethers found in D. herbacea
are associated with the symbiotic cyanobacterium and
probably biosynthesized by the blue-green alga. How-
ever, the terpenes reported from this sponge have been
confirmed to be true sponge metabolites (Unson and
Faulkner 1993). The use of a different variety of
D. fragilis that has no algal symbiotic relationship would
remove any doubts as to the biosynthetic origin of ent-
furodysinin.
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