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Abstract

One of the most promising alternative technologies
to antifouling paints based on heavy metals is the
development of coatings whose active ingredients
are compounds naturally occurring in marine
organisms. This approach is based on the problem of
epibiosis faced by all marine organisms and the fact
that a great number of them cope with it success-
fully. The present study investigated the antifouling
activity of a series of extracts and secondary metab-
olites from the epibiont-free Mediterranean sponges
heinia oros, I spinosula, Cacospongia scalaris,
Dysidea sp., and Hippospongia communis. Anti-
fouling efficacy was evaluated by the settlement
inhibition of laboratory-reared Balanus amphitrite
Darwin cyprids. The most promising activity was
exhibited by the metabolites 2-[24-acetoxy]-octapre-
nyl-1-4-hydroquinone (8a), dihydrofurospongin II
(10), and the alcoholic extract of Dysidea sp.

Key words: antifouling activity — Balanus amphi-
trite — Cacospongia scalaris — Dysidea sp. —
Hippospongia communis — Ircinia oros — Ircinia
spinosula — settlement inhibition — toxicity.

Introduction

For industries operating in the marine environment,
the biofouling of man-made structures has huge
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economic implications (Armstrong et al., 2000) and
is one of the most important problems that marine
technology is currently facing (Hattori and Shizuri,
1996; Rittschof, 2000). Fouling on the hulls of ships
increases frictional drag, with a corresponding de-
crease in speed and maneuverability, and a sub-
sequent increase in both fuel consumption and
pollution (Willemensen, 1994).

Hull fouling is an age-old problem. Historically,
wooden sailing vessels by, have been protected
against fouling by toxic copper or lead sheathing and
comparatively primitive coatings containing toxic
ingredients such as arsenic and mercury (Omae,
2003). Since the early 1960s, tributyltin (TBT) has
been used widely in marine paint formulations.
Though undeniably efficient at preventing macro-
fouling, TBT caused adverse environmental effects
(Gibbs 1993; Iwata et al.,, 1995; Ohira et al., 1996;
Ponasik et al., 1998; Sidharthan et al., 2002; Bennett
et al.,, 2003; Cheung et al.,, 2003; McAllister and
Kime, 2003). Tin-based paints have been linked to
the pollution of food webs, creating increased con-
cern for human consumers (Peterson et al., 1993;
Coehlo et al.,, 2002). The imminent prohibition of
TBT-based coatings (Yebra et al., 2004) means that
there is a need to develop new environmentally
compatible alternatives that would be equally effi-
cient against severe fouling organisms such as bar-
nacles, blue mussels, bryozoans, and algae
(Dahlstrom et al., 2000).

In the marine environment, where all surfaces
are constantly exposed to the threat of surface colo-
nization, many sessile organisms remain relatively
clean and control epibiont growth using effective
antifouling mechanisms. In addition to physical de-
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fense mechanisms comprising structural elements
made of lignin, CaCOj, silica, etc., sessile organisms
such as sponges, soft corals, and seaweeds are known
to elaborate chemical defense mechanisms against
predation and epibiont growth. Many sponges have
been shown to synthesize toxic metabolites to pre-
vent predation, and because of this, frequently other
organisms attach sponges to themselves for protec-
tion (Pawlik et al., 1995).

One promising alternative to heavy metal-based
paints for antifouling is the utilization of bioactive
ingredients produced by marine organisms. These
metabolites already exist in the marine environ-
ment, and as natural products they would be target-
oriented and biodegradable (Holmstrém and Kjelle-
berg, 1994, Clare, 1996, 1998; Burgess et al., 2003;
Fusetani, 2004).

In recent years many studies have assessed the
potential activity of extracts from sessile marine
organisms in antifouling assays [Armstrong et al.,
2000; de Nys and Steinberg, 2002a, 2002b). Under-
standing the antifouling mechanisms of these mar-
ine organisms may provide valuable information for
new approaches to fouling control.

The use of natural marine products that are
capable of inhibiting one or several stages of fouling
on ships and other submerged structures may pro-
vide an acceptable solution from the aspect of envi-
ronmental impact (Clare, 1996, 1998). A significant
number of marine metabolites exhibiting antifouling
activity have already been reported, including terp-
enoids, steroids, saponins, fatty acid-related com-
pounds, bromotyrosine derivatives, and heterocyclic
compounds (Clare, 1996, 1998; Fusetani, 2004; Ritt-
schof, 2000).

The present study is part of our continuing re-
search focusing on the discovery of natural marine
products that prevent marine biofouling. Barnacles
were selected as test organisms because they are one
of the most significant forms of animal fouling (Kor-
yakova and Korn, 1993). In the course of our investi-
gations on marine natural product antifoulants
[Tsoukatou et al, 2002), we recently demonstrated
that sponge extracts can exhibit antifouling activities
toward marine bacteria, diatoms, macroalgae, and
mussels. In the present study we report on the effec-
tiveness of a series of extracts and metabolites from
Mediterranean sponges against the settlement of the
cosmopolitan barnacle Balanus amphitrite.

Materials and Methods

General Experimental Procedures. 'H and '>*C NMR
spectra were recorded using Bruker AC 200 and DRX
400 spectrometers. High-resolution FAB mass spectra
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data were recorded on a JEOL AX505HA Mass Selec-
tive Detector and were provided by the University of
Notre Dame, Department of Chemistry and Bio-
chemistry. Low-resolution EI mass spectra data were
recorded on a HP 5973 Mass Selective Detector.
Optical rotations were measured using a PerkinElmer
model 341 polarimeter and a 10-cm cell. UV spectra
were determined in spectroscopic grade CgHy, on a
Shimadzu UV-160A spectrophotometer. IR spectra
were obtained using a Paragon 500 PerkinElmer
spectrophotometer. Column chromatography was
performed with a Kieselgel 60 (Merck). High-perfor-
mance liquid chromotography was conducted using
Hewlett Packard [Agilent) 1100, Pharmacia LKB 2248,
and EEC LC-1240 systems equipped with refractive
index detectors, Spherisorb S10W and Supelcosil
SPLC-Si CC1593 (25 ¢cm — 10 mm, 5 um) columns.
Thin-layer chromatography was performed with Kie-
selgel 60 Fys4 (Merck aluminum support plates).

Collection, Extraction, and Isolation. The black
massive sponge Cacospongia scalaris was hand-col-
lected by SCUBA diving from depths of 25 to 30 m at
Astakos Gulf, Etoloakarnania, Greece [April 1999).
Collected organisms were kept frozen (—20°C) until
processed. The sponge Ircinia oros was collected by
SCUBA diving from cave walls {5-15 m) at the island
of Melos, Cyclades (July 1998). Ircinia spinosula was
hand-picked by SCUBA divers {10-20 m) at the is-
land of Fleves, Saronikos Gulf [May 1998). Dysidea
sp. was collected by snorkelling at the island of Ae-
gina, Saronicos Gulf [August 2001). Hippospongia
communis was collected by free diving at the island
of Patroklos, Saronikos Gulf [10-15 m) [(August
2000).

The frozen organisms were initially freeze-dried
and then exhaustively extracted at room tempera-
ture with CH,Cl,/MeOH (2:1, v/v) mixtures. The
combined extracts were concentrated under vac-
uum, and the residues were fractionated by vacuum
silica gel column chromatography using hexane-
EtOAc mixtures of increasing polarity. The active
fractions were further purified by flash column
chromatography or HPLC until pure metabolites
ircinin I and 1I {1, 2), ircinin T acetate (1a), ircinin II
acetate (2a) (Cimino et al, 1972a); fasciculatin (9)
(Cafieri et al., 1972); hydroquinone A (7), hydroqui-
none C (8), hydroquinone A acetate (7a), hydroqui-
none-C acetate (8a) (Mihopoulos et al., 1999);
furodysinin (3}, 7-deacetoxyolepupuane (4), euryfu-
ran (11) (Grode and Cardellina, 1984; Garson et al.,
1992; Hochlowski et al., 1982); dihydrofurospongin
IT {10) (Cimino et al, 1972Db}; spongi-12-en-16-one (5)
and 11p-acetoxyspongi-12-en-16-one (6} (Cimino et
al., 1974) were isolated.



CLAIRE HELLIO ET AL.: ANTIFOULING ACTIVITY OF SPONGE EXTRACTS

Structural elucidation of the natural products
was based on interpretation of their spectral data
(NMR, MS, IR, and UV) and comparison with pub-
lished values.

Preparation of Extracts. After collection, sam-
ples were rinsed with sterile seawater to remove
associated debris. The surface microflora was re-
moved by washing the sponge samples for 10 min-
utes with ethanol {30%). The clean material was
freeze dried and chopped into small pieces.

Aqueous Extract (A). A 200-g sample of dried
sponge was extracted, with stirring, for 2 hours in
distilled water (50 g/L) at 4°C. After centrifugation
and filtration, the aqueous supernatant was lyophi-

lized.

Ethanolic (B) and Dichloromethane {C) Ex-
tract. A 200-g sample of dried sponge was extracted,
with stirring, in 300 ml of 95% ethanol. After cen-
trifugation the residual tissue was reextracted 5
times by the same procedure. The alcoholic extracts
were combined and concentrated, under vacuum, at
low temperature (<40°C). Distilled water (100 ml)
was then-added to the organic residue before parti-
tioning against methylene chloride (4 — 100 ml). The
aqueous phases were collected, lyophilized, redis-
solved in absolute ethanol {100 ml), filtered, and
concentrated under vacuum at low temperature
(ethanolic extract).

The dichloromethane phases were collected,
dehydrated with CaCl,, filtered, and concentrated
under vacuum (dichloromethane extract). All ex-
tracts were stored at —20°C until used.

Antifouling Assays. The effect of sponge ex-
tracts and metabolites on the settlement of barnacles
was tested using cyprids of Balanus amphitrite.

Adults were maintained at 22°C and fed on a
daily diet of Anemia sp. nauplii {7 nauplii/ml) {Hel-
lio et al., 2004). Release and culture of barnacle
nauplii were performed as previously described
(Hellio et al., 2004). After 4 days, when most of the
larvac had metamorphosed to the cyprid stage,
cyprids were collected by filtration and aged for 3
days at 6°C, before being used in the settlement
experiments (Rittschof et al., 1992).

Settlement assays utilized 24-well microplates
(Twaki). Compounds were introduced to the wells
using methanol as carrier solvent. After evaporation
of the solvent (at room temperature), 10 to 15 cyprids
were added to the wells that contained the extracts
and metabolites in 2 ml of seawater. The concen-
trations tested were 0.5, 1.0, 2.5, 5.0, 10.0, 25.0, 50.0
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and 100.0 ug/ml. Each concentration along with the
seawater control was replicated 6 times. Test plates
were wrapped in aluminum foil and incubated at
28°C. The results were recorded after 24 hours of
incubation. Each larva was examined under a dis-
secting microscope, and its physical condition was
recorded. Cyprids that did not move when probed
with a metal seeker were regarded as dead (Lau and
Qian, 2000; Rittschof et al., 1992). Permanently at-
tached and metamorphosed individuals were coun-
ted as settled. All others were counted as swimmers.

Data treatment. The survival curves and the
LCso values were determined by applying the log-
logistic model to the data (Kooijman, 1981}):

_ 100
=)

where v is the percentage of survival; ¢ is the con-
centration; o is In [LCs); f is slope coefficient; and
LCso is the lethal concentration at which 50% of
mortality is observed.

In another data treatment, among the surviving
individuals, only the swimming larvae were con-
sidered. Empirically it was found that the percentage
q, of settlers, decreased proportionally to the con-
centration, following the simple exponential law:
g = go X exp|—a x ¢) where g is the mean percentage
of settlers, recorded for ¢ = 0; since pg + gp = 1 and p
+ g =1, the percentage p of swimming larvae be-
comes p =1 — [(1 X po) X exp(—a X ¢}).

In both cases data were treated using a nonlinear
regression program from SGPLUS software (Uni-
ware).

Percentage settlement values were arcsine-
transformed prior to statistical analyses. As Bartletts
test (Minitab) detected departures from homogeneity
of variances in some of the data, all were analyzed
nonparametrically (Instat) with the Kruskall-Wallis
test and, as required, Dunns post hoc test to compare
treatment means. The level of significance was set at
P < 0.05.

Results

Extracts from freeze dried sponges were prepared
using CH,Cl,/MeOH, and the resulting residue was
subsequently subjected to chromatographic frac-
tionation to vyield a series of metabolites. The
structural elucidation of the metabolites [Figure 1)
was based on spectral analyses and comparison with
published data. Ircinia oros yielded a mixture of
ircinin T and II (1, 2) (Cimino et al., 1972a) and fas-
ciculatin (9) {Cafieri et al., 1972} as the main con-
stituents.
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Table 1. Settlement Inhibition Activity Against B. amphitrite cyprids

Group I (Active and toxic metabolites/extracts) LCsp (ppm) EC (ppm)
Ircinin [ & 1T 4.7 5.0
Ircinin I & II acetates 4.9 5.0
Furodysinin 18.1 5.0
Ircinia oros CH,Cl, extract 21.7 50.0
7-Deacetoxyolepupuane 106.2 100.0
Dysidea sp. CH,Cl, extract 52.5 65.9
Group II (Non-active and nontoxic metabolites/extracts) % Survival % Settlement Concentration (ug/ml)
Spongi-12-en-16-one 100 60.3 100

Hydroquinone A 100 59.4 100

Hydroquinone C 100 57.3 100

Fasciculatin 100 58.0 100

Dysidea sp. aqueous extract 100 59.1 100
11p-Acetoxyspongi-12-en-16-one 100 53.5 100

Group III (Active and nontoxic metabolites/extracts) % Survival % Settlement Concentration (ug/ml)
Euryfuran 100 24.7 100

Hydroquinone-A acetate 100 19.9 100
Dihydrofurospongin II 100 11.2 100

Hydroquinone-C acetate 100 0.0 10

Dysidea sp. alcohol extract 100 0.0 25

Metabolites/extracts are classified according to their activity on inhibition of settlement. In group I, results are expressed as effective
concentration for 0% settlement (EC) and concentration inducing 50% lethality (LCsp). For groups II and III, results are expressed as
percentage of survival and of settlement for the reported concentrations.

Chromatographic separations of the I. spinosula
extract resulted in the isolation of the 2 main metab-
olites, 2-octaprenyl-1,4-hydroquinone {hydroquinone
A) {7) and 2-[24-hydroxy]-octaprenyl-1,4-hydroqui-
none (hydroquinone C) (8) (Mihopoulos et al., 1999).

From the organic extract of Dysidea sp., the
metabolites furodysinin (3), 7-deacetoxyolepupuane
(4) and euryfuran (11) (Grode and Cardellina, 1984;
Garson et al., 1992; Hochlowski et al., 1982) were
isolated in pure form following a series of chro-
matographic separations.

The furanosesterterpene dihydrofurospongin-II
(10) was isolated as the main metabolite of Caco-
spongia scalaris {Cimino et al., 1972b). Finally, the
main metabolites yielded by the sponge Hippospon-
gia communis were the diterpenes spongi-12-en-16-
one (5) and 11g-acetoxyspongi-12-en-16-one (6) (Ci-
mino et al., 1994). Small quantities of a mixture of
ircinin I and II, as well as hydroquinone A and
hydroquinone C, were acetylated, and the corre-
sponding derivatives 1a, 2a, 7a, 8a were submitted to
the same evaluation protocol to determine their
structure-activity relationships.

The effectiveness of the sponge extracts or
metabolites in inhibiting B. amphitrite settlement is
presented in Table 1. Extracts and metabolites were
divided into 3 groups according to their level of
activity and degree of toxicity. Group I comprised
the mixture of ircinin I and II, the mixture of ircinin
I and II acetates, furodysinin, 7-deacetoxyolepupu-

ane, and the CH,Cl, extracts of Dysidea sp. and Ir-
cinia oros. These substances were highly active in
the settlement inhibition assay (higher percentage of
swimming larvae and lower percentage of settling
larvae), but were also highly toxic.

Group IT comprised 11f-acetoxyspongi-12-en-16-
one, spongi-l 2-en-16-one hydroquinone A, hydro-
quinone C, fasciculatin, and Dysidea sp. aqueous
extract. All of the aforementioned substances were
nontoxic (100% survival), but were not effective an-
tifoulants. The percentage of swimming larvae did
not differ over the concentration range tested.

Group III comprised dihydrofurospongin II, eur-
yfuran, hydroquinone-A acetate, hydroquinone-C
acetate, and Dysidea sp. alcoholic extract. All of
these metabolites and extracts were nontoxic, and
the percentage of swimming larvae showed a con-
centration-dependent increase. No mortality was
recorded, even at the highest concentrations tested.
As shown in Figure 2, settlement in 0.5 ug/m eur-
yfuran was not significantly different (P > 0.005)
from the control. At concentrations of 1.0 to 100.0
ug/ml, however, significant differences from the
control were observed, especially at 25.0, 50.0 and
100.0 pg/ml (P < 0.01), where only 30% settled. In-
cubation with increasing concentrations of eur-
yfuran (1.0 to 25.0 ug/ml) led to a concomitant
decrease in settlers and an increase in swimmers.

Incubating cyprids in 1.0 to 100 pg/ml hydro-
quinone-A acetate or hydroquinone-C acetate in-
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creased significantly the proportion of swimming
cyprids with a concomitant decrease in settlers.
Hydroquinone-C acetate, when used at 100 ug/ml,
resulted in 100% swimmers.

The antisettlement activities of the ethanolic
extract of Dysidea sp. and hydroquinone-C acetate
were similar. All treatments were found to be sig-
nificantly (P < 0.05) different from the control. In-
cubation of cyprids with increasing concentrations
of Dysidea sp. ethanolic extract resulted in a pro-
gressive increase in the proportion of swimming
larvae, reaching nearly 100% at 50 upg/ml. At con-
centrations ranging between 0.5 and 2.5 ug/ml the
percentage of swimmers was higher under the
influence of Dysidea sp. ethanolic extract than with
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RO,

X Vs

2. R=H (Ircinin II)
2a. R= Ac (Ircinin II acetate)

R=H (Hydroquinone-C)
8a. R= Ac (Hydroquinone-C acetate)

Fig. 1. Structures of the assayed
sponge metabolites.

hydroquinone-C acetate. The opposite was observed
at concentrations between 5.0 and 25.0 pg/ml.

The settlement rate of B. amphitrite cyprids,
when exposed to 0.5 ug/ml dihydrofurospongin, was
not significantly different (P > 0.05) from the control.
Significant differences were recorded between the
control and all other dihydrofurospongin concentra-
tions (P < 0.05), with settlement decreasing as the
concentration increased; at 100.0 ug/ml, only 11.2 %
settlement occurred.

Discussion

Sponges (Porifera) are among the oldest groups of
multicellular animals {more than 500 million years
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Fig. 2. Effect of the most active
nontoxic metabolites/extracts
(0 to 100 /;g/ml) on

B. amphitrite cyprid
settlement. Results are
expressed as percentage settled
(SEM) and percentage
swimming (SEM). Results

0 05 1 25 5 10 25 50 100 significantly different from the
. . control, *P <0.05; **P <0.001;
concentration (|jg/ml) - 0.001.

old) (Muller, 1995), and more than 10,000 species  2004). A significant number of sponge metabolites
have been described (Zhang et al, 2003). Of all  exhibit a wide array of bioactivities including anti-
marine organisms investigated, sponges have been cancer, antiviral, and antifungal (Mayer and Ha-
proven to biosynthesize the highest number of mann, 2004). Sponges, like many other marine
structurally diverse natural products (Blunt et al., invertebrates, host complex microbial communities
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capable of synthesizing a variety of microbial-type
bioactive metabolites that can impart biological
activity to the corresponding extracts (Faulkner et
al., 1993, Bewley et al., 1996).

Although most sponges are sessile, soft-bodied,
and appear to be physically vulnerable, the lack of
predation on some of them indicates advanced
elaboration of physical {Hartman, 1981} and chemi-
cal defenses (Bakus and Green, 1974). Sponges are
rich in terpenoids and steroids, which can function
in antipredation, competition for space, and the
control of epibiont overgrowth [Becerro et al., 2003;
Burns et al., 2003; Kelly et al., 2003; Puyana et al.,
2003; Sera et al., 2003; Thakur et al., 2003; Tsouka-
tou et al., 2003). Fusetani {1991) has proposed that
these organisms secrete chemicals that prevent lar-
vae of other marine organisms from settling and
growing on them.

In this study we have focused on the ability of
sponge extracts and metabolites to inhibit the set-
tlement of B. amphitrite cypris larvae. Antifouling
activity against settlement of B. amphitrite has been
reported previously for metabolites found in 2 spe-
cies of the genus Axinyssa [Hirota et al., 1998}, from
Pseudoceratina purpurea (Tsukamato et al., 1996a,
1996b), from Acanthella cavernosa (Hirota. et al.,
1996; Okino et al., 1995) and from Stylotella aur-
antium (Kato et al., 1995).

The most effective nontoxic antifouling extracts
and compounds were obtained from Dysidea sp., L
spinolusa, and C. scalaris. There was no obvious
structural correlation between the metabolites that
exhibited similar levels of settlement inhibition.
The presence of a furan ring, however, seemed
important to activity because all metabolites pos-
sessing this moiety and all extracts containing fu-
ranoterpenes showed strong settlement inhibition.
The toxicity that was observed for some of these
metabolites is likely to result from other structural
functionalities. Interestingly, furan and also lactone
rings are a common feature of marine natural
product antifoulants (Clare, 1996, 1998). The size of
the molecules did not seem to influence the activ-
ity, as there was no clear correlation among the
tested chemical classes (sesquiterpenes, diterpenes,
sesterterpenes, (C21-degraded sesterterpenes, and
prenylated hydroquinones). Moreover, the presence
or absence of the free hydroxyl in ircinin I and II
skeletons did not affect either the settlement-
inhibitory activity or the toxicity of the metabo-
lites. However, the acetylation of hydroquinones A
and C reduced barnacle settlement dramatically
without toxicity.

In conclusion, a number of the tested metabo-
lites of epibiont-free sponges had antisettlement
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activity when assayed against barnacle, B. amphti-
rite, cyprids. Group III metabolites and extracts, in
particular hydroquinone-C acetate and the Dysidea
sp. alcohol extract, were noteworthy for reducing
settlement at nontoxic concentrations. It is of
interest to determine, from the perspectives of both
fundamental science [antiepibiosis) and applied sci-
ence (antifouling), whether the group III extracts and
metabolites have broad-spectrum efficacy against
epibiotic and fouling species.
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