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INTRODUCTION

Filter-feeding sponges, which are among the oldest
metazoans, are an important part of the marine benthic
community. These soft-bodied, sessile organisms are
well known for their plethora of diverse secondary
metabolites (Blunt et al. 2009 and references therein).
Many of these metabolites are involved in ecological
interactions such as defense against bacterial, fungal,
and viral pathogens (Kelman et al. 2001, Mayer &
Hamann 2005), as well as in competition for space
(Engel & Pawlik 2000, Pawlik et al. 2007a). The 2 most
commonly studied and presumed ecological roles for
sponge secondary metabolites are those of antifouling

defense (e.g. Kubanek et al. 2002, Tsoukatou et al.
2002) and predator deterrence (e.g. Pawlik et al. 1995,
Burns et al. 2003, Furrow et al. 2003, Sokolover & Ilan
2007).

Fouling can be considered detrimental to sponges, as
epibionts may block the sponge orifices, thus preven-
ting effective filter feeding and leading to starvation
and possibly death of the fouled sponge (Wahl 1989). It
is therefore not surprising that many sponges maintain
an epibiont-free surface. Some sponges prevent block-
ing of their filter apparatus by physical mechanisms
such as regular tissue sloughing (Barthel & Wolfrath
1989, De Goeij et al. 2009), while other species rely on
chemical defense against fouling as shown by field and
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laboratory experiments (e.g. Tsoukatou et al. 2002,
Dobretsov et al. 2005a,b, Lee et al. 2007, Qian et al.
2010). One of the first steps in the fouling process is
bacterial settlement and the establishment of a biofilm,
which can influence the later settlement of macro-
fouling organisms such as barnacles and polychaetes
(Sjögren et al. 2004, Lau et al. 2005, Lee et al. 2007).
Modulation or prevention of bacterial settlement is
therefore a likely target for the sponge’s antifouling
compounds (Kubanek et al. 2002, Kelly et al. 2003, Lee
et al. 2007). Organic extracts and pure compounds
from several sponges have been shown to inhibit set-
tlement and growth of environmental bacteria (e.g.
Amade et al. 1987, Newbold et al. 1999, Kelman et al.
2001, Kelly et al. 2003).

The involvement of sponge metabolites in feeding
deterrence has often been assumed, because sponges
are soft-bodied animals that are unable to move or
hide once settled. Most sponges have high nutritional
values, eliminating the possibility of predator avoid-
ance due to low nutritional value (Kubanek et al. 2002).
While there is evidence for feeding deterrence based
solely on physical defense by spicules or sponge skele-
ton elements in some sponges (Burns & Ilan 2003, Hill
et al. 2005, Ferguson & Davis 2008), the synergistic
effects of physical and chemical defenses (Jones et al.
2005) along with feeding deterrence by means of
organic extracts and purified compounds have been
reported more often than physical defense alone for
sponges from diverse geographical regions (e.g. Paw-
lik et al. 1995, Burns et al. 2003, Sokolover & Ilan 2007).
As not all sponges are chemically defended, predation
is considered a key factor in the distribution of
sponges, limiting most undefended sponges to cryptic
habitats with reduced susceptibility to predation
(Wright et al. 1997, Pawlik et al. 2007b). Some unde-
fended sponge species might persist in open habitats
by investing more energy into growth, reproduction,
and wound-healing, rather than investing resources in
energetically costly defensive metabolites (Pawlik
1993), and thus are able to tolerate and cope with pre-
dation (Walters & Pawlik 2005, Pawlik et al. 2008,
Leong & Pawlik 2010).

In the present study, we investigated the chemical
defense of 2 sympatric sponges, Axinella polypoides
(Schmidt 1862) and A. verrucosa (Elsper 1794) (col-
lected from the Gulf of Naples, Italy), which co-occur
on the rock reefs of the Mediterranean Sea, against mi-
crobial fouling and in deterring feeding by a generalist
predator. Bromopyrrole compounds have previously
been isolated from A. verrucosa (Cimino et al. 1975,
Aiello et al. 2006, Haber et al. 2010) and other species
of Axinella and the related genus Agelas (Braekman et
al. 1992, Chanas et al. 1997, Wilson et al. 1999, Ass-
mann et al. 2001a, Richelle-Maurer et al. 2003), but ap-

pear to be absent from A. polypoides (Cimino et al.
1975). Several bromopyrroles have been shown to play
multiple defensive roles in Caribbean sponges, acting
as defense agents in competition for space (Richelle-
Maurer et al. 2003), feeding deterrence (Chanas et al.
1997, Wilson et al. 1999), and against microbial fouling
(Kelly et al. 2003). We therefore hypothesized that
A. verrucosa possesses chemical defenses mediated by
its bromopyrroles. To test this hypothesis, we com-
pared the chemical defenses of A. verrucosa to those of
the sympatric A. polypoides, which lacks this type of
compound. We first compared extracts of the 2 Medi-
terranean Axinella sponge species for their ability to
inhibit both bacterial settlement in the field, and the
growth of a panel of environmental and laboratory
bacteria in laboratory assays. We then assessed the
ability of Axinella spp. extracts to deter the generalist
shrimp Palaemon elegans (Rathke 1837) from feeding.
Finally, we addressed the ecological role of the pure
bromopyrrole compound hymenidin, recently isolated
from A. verrucosa (also collected from the Gulf of
Naples) by bioassay-guided isolation against an envi-
ronmental bacterium (Haber et al. 2010). To determine
the ecological relevance of the pure compound, we
tested it in both the antibacterial growth assay and in
the feeding deterrence experiment and compared the
active concentrations to the natural concentrations as
measured by 1H nuclear magnetic resonance (NMR).

MATERIALS AND METHODS

Sponge collection and extraction. Axinella poly-
poides and A. verrucosa were collected in June 2008
by SCUBA diving in front of Nisida in the Bay of
Naples, Italy, from depths of 16 to 22 m. Parts of several
individual sponges were cut with a sterile scalpel
blade and placed separately in plastic bags, allowing
recuperation and regeneration of the remaining
sponge individuals. The biological material was imme-
diately transferred in a cooler to the laboratory, where
it was cleansed of macro-epibionts, rinsed once, and
kept at –20°C until extraction. The frozen material, a
pool of several individuals, was cut into pieces of about
1 cm3. The total volume was determined by solvent dis-
placement, and the material was extracted exhaus-
tively (4 times) with acetone (500 ml total volume)
under grinding and sonication (10 min) until the result-
ing extract was colorless. Extracts were combined after
filtration, and the organic solvent was removed under
reduced pressure using a rotorvapor and gentle heat-
ing in the water bath (<30°C). The residual water was
partitioned against ethylether (Et2O) until the resulting
Et2O phase was colorless (4 times) and subsequently
once with n-butanol. The combined Et2O phases and
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the n-butanol phase were dried under reduced pres-
sure to give 2 extract partitions for each sponge spe-
cies. Partitions were transferred to glass vials with sol-
vents, dried, and stored at –20°C until used in assays.
Extract weights and resulting natural concentrations
are given in Table 1.

Bacterial settlement field assay. The bacterial settle-
ment field assay was adapted from similar methods
described by Henrikson & Pawlik (1995), Harder et al.
(2004), Dobretsov et al. (2005a,b), and Lee et al. (2007).
Extracts were re-dissolved by gentle sonication using
methanol for n-butanol and Et2O for Et2O partitions to
give 10-fold natural concentrations. Aliquots (4.4 ml) of
each partition were transferred to 50 ml Falcon tubes,
diluted to natural concentration with an autoclaved
5% agar solution (weight/volume), which had been
cooled to 50°C. Aliquots (4 ml) of the thoroughly mixed
solutions were poured into sterile Petri dishes (35 mm
diameter) in a laminar flow cabinet. Plates were left
open for 1 h to allow solidification and evaporation of
remaining solvents. Controls were prepared in the
same manner with solvents only. After solidification,
plates were attached to 2 m nylon lines, covered with
lids, wrapped in Parafilm®, and stored for 1 d at 4°C to
allow further compound diffusion. Lids were removed
directly before employing the setup in the sea. A float
was attached to each line, and each line was connected
to a weight on the sand floor at a depth of 18.5 m, close
to a rock formation with Axinella verrucosa and
A. polypoides in front of the island of Nisida, where the
sponge samples had previously been collected. Lines
were spread out in 2 rows with each extract partition
and control in each row. Order within rows was ran-
dom, and each line was about 80 cm distant from the
next. Lines were retrieved after 24 h in a sterile man-
ner and placed underwater in a bag. The closed bags
were placed immediately into ice water in a cooler and
kept there until arrival at the laboratory, where plates
were covered with their lids while still under water
from the field site in their bags and using gloves.

Excess water was removed immediately before plates
were processed for scoring the assay. Bacterial settle-
ment on plates was scored in 2 ways: direct bacterial
counts using 4’,6-diamidino-2-phenylindole-dihydro-
chloride (DAPI) staining and counts of colony-forming
units (from here on referred to as DAPI and CFU
counts). Three plates from each extract partition and
control were assigned randomly to each analysis.

Each plate designated for CFU counts was swabbed
with a sterile cotton swab making sure every part of
the plate had been swabbed several times. The swab
was immersed in 4 ml of 0.22 µm filtered seawater, vor-
texed for 1 min, and removed, giving the initial bacte-
ria suspension. A total of 50 µl of a 10-fold dilution with
0.22 µm filter sterilized seawater were plated out on a
marine agar plate (37.4 g Marine Broth 2166, 18 g agar,
1 l distilled water) until the plate was dry. Colonies
were counted after 24 h of incubation at room temper-
ature (around 25°C). The number of CFUs mm–2 of the
original assay Petri dish was calculated for comparison
to the DAPI counts.

Plates for the DAPI counts were fixed by addition of
0.5 ml 4% para-formaldehyde solution, wrapped in
Parafilm®, and stored in the dark at 4°C until counts
were conducted. A total of 10 µl of a freshly prepared
20 µg ml–1 DAPI solution were applied to a cover slide.
The cover slide was gently pressed on the assay plate
after excess formaldehyde solution had been removed
and left in the dark for at least 10 min at room temper-
ature. The plate was then observed under an epi-
fluorescence microscope under a total magnification of
1000 × using immersion oil. Ten randomly chosen grids
consisting of 20 fields (12 × 12 µm2) were counted per
plate. When low numbers of bacteria were present,
counts were continued until at least 150 bacteria
plate–1 had been counted in order to obtain statistically
relevant numbers. The mean number of bacteria mm–2

was calculated for each plate and used for statistical
analysis.

For statistical analysis, data were log-transformed to
normalize variation following Dobretsov et al. (2005a,b).
Normality of data was ascertained by Kolmogorov-
Smirnov and Shapiro-Wilk tests. Significances of differ-
ences between partitions and controls were calculated
by 1-way analysis of variance (ANOVA) followed by
Tukey’s post hoc tests with p < 0.05 considered sig-
nificant using the SPSS software version 15.0.1. The 2
scoring methods were analyzed separately.

Isolation and characterization of environmental
bacteria for antibacterial assays. Bacteria were iso-
lated from water and sediment samples collected close
to the sponges Axinella polypoides and A. verrucosa
on a 30 m deep reef at Sdot Yam, Israel (ESY strains),
and from a reef at 20 m near Naharriya, Israel (NB
strains). Samples were plated on marine agar 2216 and
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A. polypoides A. verrucosa

Partition weight (mg)
Et2O partition 340 369
n-butanol partition 210 838

Natural tissue concentration (mg ml–1)
Et2O partition 6.2 6.7
n-butanol partition 3.8 15.2
Hymenidin nd 3.8
Debromo-carteramine A nd 1.0

Table 1. Axinella polypoides and A. verrucosa. Extract parti-
tion weights and resulting natural concentrations. nd: not 

determined
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Luria-Bertani (LB) agar plates (10 g tryptone, 5 g yeast
extract, 5 g NaCl, 18 agar, 1 l distilled water). After 6 d
of incubation at room temperature, colonies with
unique morphology were transferred to new plates
until pure cultures were obtained. Pure stocks were
secured by adding 1 ml of a liquid culture to 500 µl
50% glycerol and freezing the stock at –80°C.

Bacteria were characterized by sequencing part of
the 16S rDNA using the 63f primer. Part of a colony
was transferred to 30 µl Tris-EDTA buffer (10 mM Tris-
HCl, 1 mM EDTA, pH 8.0) buffer in a 1.5 ml Eppendorf
tube, and cells were lysed by 3 cycles of freezing at
–80°C for 1 h followed by heating to 95°C for 10 min. A
total of 1 µl of this mix was added to a 0.2 ml tube con-
taining 2.5 µl 10× PCR buffer, 2.0 µl 2.5 mM of each
dNTP, 0.25 µl of each 100 mM primer (63f and 1387r),
0.2 µl 5 U µl–1 Taq polymerase, and 19.8 µl molecular
grade water. The PCR protocol consisted of 3 min at
94°C, 30 cycles of 1 min at 94°C, 1 min, 20 s at 54°C, 2
min at grade 72°C; followed by 5 min at 72°C. The PCR
products were cleaned with the Nucleospin kit
(Macherey-Nagel) following the manufacturer’s
instructions and sequenced at the Sequencing Unit of
the Inter-Departmental Research Facility Unit of Tel
Aviv University using the BigDye® Terminator Cycle
Sequencing Kit (Applied Biosystems) and an ABI
PRISM 3100 Genetic Analyzer. Obtained raw sequences
were manually edited and blasted using the blastn
algorithm (Altschul et al. 1990, http://blast.ncbi.nlm.
nih.gov) to determine the bacterial genus. The se-
quences were uploaded to GenBank, and accession
numbers are given in Table 2.

Antibacterial activity assay. Disc diffusion assays
were performed with 4 laboratory (2 Gram-positive
and 2 Gram-negative) and 6 environmental bacteria
(3 Gram-positive and 3 Gram-negative). LB or marine
agar plates were seeded with 200 µl of a well-grown
overnight (late log) culture of bacteria. A total of 20 µl

of 25 mg ml–1 extract partitions with their respective
solvent, methanol for n-butanol and chloroform for
Et2O partitions, were applied to blank paper discs re-
sulting in 500 µg disc–1. After evaporation of solvents,
the paper discs were gently pressed on the agar sur-
face of the seeded plates. Plates were covered and in-
cubated at 30°C for 48 h. Inhibition zones were ob-
served as clear zones without growth around the paper
discs. Solvent controls prepared in the same manner
were always performed in parallel and were always
negative. The assay was performed in triplicate.

Minimal inhibitory concentrations against suscepti-
ble bacteria were performed as previously described
(Kelman et al. 2001) by determining the smallest
amount of extract needed to inhibit growth of a test
bacterium. Overnight liquid bacterial cultures were ad-
justed to an optical density (OD) of 0.04 measured at
620 nm using a Turner SP-830 spectrophotometer and
were afterwards diluted 1:100. A volume of 100 µl were
added to a 96-well plate filled with 100 µl liquid LB
medium, dimethyl sulfoxide (DMSO, final concentra-
tion 0.5%, v/v) and a series of extract concentrations
(ranging from 0.001 to 1 mg ml–1) and a solvent control.
Initial OD was measured on a GENESIS workstation
200 (Tecan) using SPECTRAFluor Plus (Tecan) after 5 s
of shaking and 2 s of settling at 620 nm. Plates were in-
cubated at 30°C with continuous shaking (100 rpm). OD
measurement was repeated after 24, 48, and 72 h. Each
concentration and control was assayed in triplicate.

The minimal inhibitory concentration of hymenidin
previously purified from the n-butanol partition of
Axinella verrucosa collected at the Gulf of Naples (see
Haber et al. 2010) was determined in the same manner.

Feeding deterrence assay. The feeding deterrence
activity of sponge extract partitions and hymenidin
was tested against the shrimp Palaemon elegans. This
generalist predator is widely distributed and occurs
along the European coast of the Atlantic, the North and
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Species/strain Gram type GenBank A. polypoides A. verrucosa
accession no. BE EE BE EE Hymenidin

Escherichia coli GM1655 Negative – – 31 – 125
Pseudomonas aerigunosa PAO1 Negative – – – – nd
Pseudomonas sp. NB86 Negative GU479630 – – – – nd
Vibrio sp. ESY12 Negative GU479628 – – – – nd
Sulfitobacter sp. ESY17 Negative GU479629 – – – – nd
Staphylococcus aureus Positive – – 31 – 31
Bacillus subtilis Positive – – 16 125 31
Lysinibacillus sp. ESY09 Positive GU059941 – – 31 – 31
Sporosarcina sp. NB90 Positive GU479626 – – 16 63 16
Kocuria sp. ESY10 Positive GU479627 – – 8 31 16

Table 2. Axinella polypoides and A. verrucosa. Antibacterial activity and minimal inhibitory concentrations (in µg ml–1) of extract
partitions and hymenidin. GenBank accession numbers are given for environmental bacteria. BE: n-butanol extract partition; EE: 

Et2O extract partition; –: no activity in the disc diffusion assay; nd: not determined
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Baltic Seas, as well as in the Mediterranean Sea (Janas
et al. 2004). Assays were performed as described by
Mollo et al. (2008), using food pellets containing
extract partitions at natural volumetric concentrations
and hymenidin at final concentrations of 1, 3, and 5 mg
ml–1. Food pellets consisted of 50 mg ground lyo-
philized squid mantle, 30 mg alginate, and 30 mg puri-
fied sea sand (granular size 0.1 to 0.3 mm). Extract par-
titions dissolved in 0.5 ml acetone were added to the
mix, and the solvent was evaporated. Distilled water
and a drop of red food color (E110 and E124) were
added to give a final volume of 1 ml. The mixed paste
was exuded with a syringe into a 0.25 M CaCl2 solution
and allowed to harden for 2 min. After a brief rinse, the
strip was cut into 10 mm strips. Strips with solvent only
were prepared as controls. Shrimps were collected
along the coast of Pozzuoli, Italy, and habituated to the
control food in a 50 l aquarium for 1 wk prior to the
experiments. Ten randomly chosen shrimps were
assayed for each treatment (extract, compound con-
centration, and control). Controls and treatments were
carried out in parallel. Shrimps were placed individu-
ally into 500 ml plastic beakers filled with 300 ml sea-
water. A single food strip was given to each shrimp.
The almost transparent exoskeleton of the shrimps
enabled easy detection of the occurrence of the red
food in the gastric mill and the stomach of the shrimps.
The presence of a red spot in the stomach after 30 min
was considered as acceptance of food, while the ab-
sence of the spot was considered a rejection response.
Statistical analysis between treatments and controls
was performed using Fisher’s exact test.

1H NMR quantification of hymenidin and debromo-
carteramine A. Both compounds, which were previ-
ously isolated from the n-butanol partition of Axinella
verrucosa (collected at Massa Lubrense, Gulf of
Naples) and had inhibited the growth of an environ-
mental bacterium (Haber et al. 2010), were quantified
by 1H NMR spectroscopy in the n-butanol partition of
A. verrucosa collected for the present study and in the
original one used for their isolation. The 1H NMR spec-
tra were acquired in CD3OD on a Bruker DRX 600
MHz and calibrated using the solvent impurity CH3OD
at δ 3.45. As an internal standard, 1 mg of methyl-
paraben was used, and the doublet at δ 7.92 resulting
from 2 protons was used as reference for integration.
The doublet at δ 6.33 of hymenidin, and the singlet at δ
5.79 of debromo-carteramine A, both resulting from a
single proton of the respective compound, were used
to quantify the compounds following the formula given
by Fontana et al. (1992). Natural concentrations were
calculated by multiplying the result with the factor of
natural concentration of the n-butanol partition
divided by the sample weight used in the quantifica-
tion.

RESULTS

Bacterial settlement in the field

Both scoring methods used to assess bacterial settle-
ment were in agreement with each other. In both
cases, the 1-way ANOVA showed significant differ-
ences between treatments (CFU method: F = 18.624,
p < 0.001; DAPI method: F = 7.063, p = 0.003), and only
plates which contained the n-butanol partition of the
Axinella verrucosa extract significantly inhibited bac-
terial settlement compared to control plates (Tukey’s
post hoc tests, p < 0.05; Fig. 1). As could be expected,
bacterial numbers of the DAPI counts were 1 to 2
orders of magnitude higher than CFU counts.

Antibacterial activity

The 2 sponge species differed in their antibacterial
activity. Neither of the 2 partitions of the Axinella
polypoides extract showed any activity against
the tested bacteria. In contrast, the n-butanol part of
the A. verrucosa extract consistently inhibited all
tested Gram-positive bacteria and the Gram-negative
Escherichia coli strain GM1655, and its Et2O partition
inhibited 3 Gram-positive bacteria. Differences in the
disc diffusion assays between the replicates of inhib-
ited bacteria were low (maximal 1 mm). Hymenidin,
the main compound of the A. verrucosa n-butanol
partition, inhibited the same bacteria as the n-butanol
partition, but minimal inhibitory concentrations were
the same or higher, indicating less activity than found
in the partition from which it had been isolated
(Table 2).

Feeding deterrence

Feeding deterrence was assayed against Palaemon
elegans, a generalist predator. Only the n-butanol par-
tition of the Axinella verrucosa extract significantly de-
terred this shrimp from feeding at natural volumetric
concentration, whereas its Et2O partition and both par-
titions from the A. polypoides extract did not inhibit
feeding (Fig. 2). The pure compound hymenidin was a
significant deterrent at concentrations of 3 and 5 mg
ml–1, but not at 1 mg ml–1 (Fig. 2).

1H NMR quantification of hymenidin and 
debromo-carteramine A

The natural volumetric concentrations of the 2 com-
pounds in the n-butanol partition were found to be
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almost identical in Axinella verrucosa sponges from
Nisida, collected in this study, and from Massa
Lubrense (both Gulf of Naples), collected previously
and used for the compound isolation (Haber et al.
2010). Hymenidin was present at concentrations of
3.8 mg ml–1 sponge volume, which is above the active
concentration in the feeding deterrence assay and
about 2 orders of magnitudes higher than the deter-
mined minimal inhibitory concentrations. Another pre-
viously isolated antibacterial active compound, de-
bromo-carteramine A, was present at whole tissue
level concentrations of 1.0 and 0.9 mg ml–1 in the
n-butanol partitions of A. verrucosa from Nisida and
Massa Lubrense, respectively, which is well above the
active concentrations tested by Haber et al. (2010)
against an environmental bacterium.

DISCUSSION

In this study, we analyzed the chemical
defenses of the 2 sympatric Mediterranean
sponges Axinella polypoides and A. verru-
cosa against microbial fouling and in feed-
ing deterrence of a potential predator. In
other sponges of the genus Axinella and
the related genus Agelas, these activities
are frequently mediated by pyrrole-imida-
zoles, a metabolite class thus far isolated
only from marine sponges (Forte et al.
2009) including A. verrucosa (Cimino et al.
1975, Aiello et al. 2006, Haber et al. 2010),
but apparently absent in A. polypoides
(Cimino et al. 1975). Our results indicate
that this chemical difference relates to dis-
tinct defensive strategies against microbial
fouling and predator deterrence in these 2
sponges.

Anti-microbial fouling activity was not
detected in the extract partitions from
Axinella polypoides. In contrast, A. verru-
cosa showed antimicrobial fouling activity,
especially in its n-butanol partition, which
inhibited bacterial settlement in the field at
natural volumetric concentrations and also
the growth of all tested Gram-positive bac-
teria as well as the Gram-negative E. coli in
laboratory assays, with minimal inhibitory
concentrations 2 to 3 orders of magnitude
lower than its natural volumetric concen-
tration. Mild antibacterial activity has been
previously reported from extracts of both
sponge species collected from the French
Mediterranean coast (Amade et al. 1987)
and from A. polypoides collected from the
Atlantic coast of Morocco (El-Amraouia et
al. 2010). However, only Amade et al.

(1987) included marine bacteria in their test panel. The
10 marine bacteria of their panel were Gram-negative,
and 9 belonged to the class of γ-Proteobacteria. The
ethanol extract of A. verrucosa inhibited 5 of the 10
marine bacteria, while the ethanol extract of A. poly-
poides inhibited 4. We did not detect activity against
marine Gram-negative bacteria in our study, but the
different bacterial strains and extraction methods
make a direct comparison of the results difficult (e.g.
the activity observed by Amade et al. 1987 could be
due to very polar compounds, which could have been
missed by our extraction method). Nonetheless, most
marine bacteria were not inhibited by the ethanol
extract of A. polypoides, and our results from field and
laboratory assays did not indicate the presence of a
chemical defense against microbial fouling in this
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Fig. 1. Axinella polypoides and A. verrucosa. Extract partition effects on bac-
terial settlement. Settled bacteria were scored per mm2. Extract partitions
were tested at natural volumetric concentrations. (a) Colony-forming unit
(CFU) scoring method, (b) DAPI method. BE: n-butanol extract partition, EE:
Et2O extract partition. Values are means + SE, 3 replicates per treatment.
Letters indicate significance groups from the Tukey’s post hoc test following 

1-way ANOVA of the log-transformed data
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sponge species. Bacterial fouling can also be pre-
vented by physical defense mechanisms such as the
production of mucus, tissue sloughing as described e.g.
in Halichondria panicea (Barthel & Wolfrath 1989), and
by controlling the species composition of the epibiotic
bacterial community. Regarding the latter possibil-
ity, the isolation of bacteria producing anti-bacterially
active compounds from A. polypoides is noteworthy
(Muscholl-Silberhorn et al. 2008). A. polypoides was
the sponge species in the study with the second most
antibacterial active isolates, with 54% of its isolates
inhibiting at least 1 of the 3 test bacteria.

The sympatric Axinella verrucosa clearly has a che-
mical defense against microbial fouling, which, as in
many other species of the genera Axinella and Agelas,
is mediated by bromopyrrole compounds. One major
constituent of the n-butanol partition of the A. verru-
cosa extract was the bromopyrrole hymenidin. The
minimal inhibitory concentrations of this pure com-
pound against the bacteria inhibited by the n butanol
partition were the same or higher than those of the
n-butanol partition and well below the natural volu-
metric concentration in the sponge. This suggests that
hymenidin plays a role in the sponge antibacterial
defense in nature, but is not the sole compound
responsible for the antibacterial activity. This is sup-
ported by the 1H NMR quantification of the antibacter-
ial active compound debromo-carteramine A, previ-
ously isolated from A. verrucosa (Haber et al. 2010),
which is present in supposedly effective natural volu-
metric concentrations, and by the previous isolation of
the mild antibacterial active bromopyrrole stevensine
from A. verrucosa samples collected from the Bay of

Calvi, Corsica (Newbold et al. 1999, Aiello et
al. 2006). In addition, bacterial settlement of
the Gram-negative bacterium Vibrio harveyi
has been shown to be prevented in a non-
toxic mechanism by several bromopyrrole
compounds that are structurally related to
hymenidin (Kelly et al. 2003), e.g. oroidin,
the 2-bromo-derivative of hymenidin, which
was also isolated from A. verrucosa (Cimino
et al. 1975). In the same study, Kelly et al.
(2003) showed additive or synergistic effects
when different bromopyrroles were tested
together, which could explain the remark-
able bromopyrrole diversity found in A. ver-
rucosa (Aiello et al. 2006).

The 2 studied sponge species also differed
in their chemical defense towards a potential
predator. The n-butanol partition of Axinella
verrucosa was the only partition that signifi-
cantly deterred the shrimp Palaemon ele-
gans from feeding at natural volumetric con-
centration. The activity was mediated by

hymenidin, which significantly deterred feeding, start-
ing at 3 mg ml–1, which is below its natural volumetric
concentrations and is the same concentration at which
hymenidin started inhibiting feeding of the Caribbean
wrasse Thalassoma bifasciatum (Assmann et al.
2001a). The other structurally related bromopyrroles,
stevensine and oroidin, found in A. verrucosa (Cimino
et al. 1975, Aiello et al. 2006) and previously isolated
from several Caribbean sponges of the genera Agelas
and Axinella, have also been shown to inhibit feeding
by this generalist predator (Chanas et al. 1997, Wilson
et al. 1999, Assmann et al. 2001a). The feeding deter-
rence of a compound is largely dependent on the
predator, and several examples exist in which extracts
deterred 1 type but not another (see Sokolover & Ilan
2007 and references therein). Our results for hymeni-
din, using a predator from a phylum not examined so
far for this compound, therefore strengthen the notion
of a general feeding deterrent role for hymenidin. A
possible common mode of action for hymenidin in
feeding deterrence of predators might involve the cal-
cium cell homeostasis as suggested by Bickmeyer et al.
(2004). Hymenidin and structurally related compounds
have been located in spherulous cells, which in
sponges of the genus Agelas accumulate at the ecto-
some (Richelle-Maurer et al. 2003). Spherulous cells
have also been observed in A. verrucosa, where they
are regularly present throughout the tissue (Steffens
2003). Accumulation of compounds on the sponge sur-
face increases the concentration experienced by
predators and microbial foulers and thus the natural
volumetric concentrations underestimate the experi-
enced concentrations. We can therefore assume multi-
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Fig. 2. Axinella polypoides and A. verrucosa. Feeding deterrence of
Axinella spp. and hymenidin against the shrimp Palaemon elegans. An
extract partition was considered significantly deterrent if ≤ 6 shrimps
accepted the offered food as compared to all 10 control shrimps, which all
ate it, as indicated by the dotted line (Fisher’s exact test, p < 0.05). Extract
partitions were tested at natural volumetric concentrations. BE: n-butanol 

extract partition; EE: Et2O extract partition
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ple defensive roles for hymenidin in A. verrucosa, as
described earlier for other compounds isolated from
sponges including bromopyrroles (Kubanek et al.
2002, Richelle-Maurer et al. 2003).

Unlike other sympatric Mediterranean axinellids
(e.g. Acanthella acuta, Axinella verrucosa, Axinella
damicornis, Axinella sp.), which have been shown to
chemically deter feeding by sympatric predators
(Becerro et al. 2003, Sokolover & Ilan 2007, present
study), neither our own results using a crustacean
predator nor a previous study using the Mediterranean
wrasse Thalassoma pavo and the gastropod Strombus
persicus from the coast of Israel (Sokolover & Ilan
2007), found feeding deterrent activity in the extracts
of A. polypoides. It is noteworthy that the extraction
method used by Sokolover & Ilan (2007) included the
water phase in the extract. It is thus unlikely that
potential feeding deterrent compounds would have
been missed, although the possibility of inactivation or
degradation (e.g. by the solvents) exists. Sokolover &
Ilan (2007) suggested the possibility of physical de-
fense against predators by means of spicules. A. poly-
poides has 3 spicule types: the 2 dominant ones, both
megascleres, are styles and oxea with an average size
of 345 and 324 µm, respectively (data from Alvarez &
Hooper 2002). They are thus longer than the 250 µm
deemed to be sufficient for feeding deterrence based
on a study of the generalist Red Sea wrasse T. klunzin-
geri (Burns & Ilan 2003). In the latter study, Burns &
Ilan (2003) found 2 exceptions to the general rule: the
Red Sea sponge Axinella carteri and a Caribbean
Stylissa species, both belonging to the family Axinelli-
dae. These 2 species are known to contain bromopyr-
role compounds including feeding-deterrent ones
(Fedoreyev et al. 1986, Assmann et al. 2001b, Assmann
& Köck 2002, Ortlepp et al. 2007), and thus might rely
on chemical anti-predator defense alone. Ferguson &
Davis (2008) indicated the possibility that spicules of a
size smaller than 100 µm deter the generalist sea
urchin Centrostephanus rodgersii. The third spicule
type of A. polypoides, the microscleres of the tri-
chodragmata type, is shorter than 30 µm. These
spicules are not very abundant and difficult to detect in
the tissue of A. polypoides (Alvarez & Hooper 2002),
which might prevent their effectiveness. However,
they are generally located near the surface (which can
elevate their ability to deter a predator), and no corre-
lation between spicule density and deterrence was
found by Ferguson & Davis (2008). Clearly, further
experiments are necessary to establish whether
A. polypoides has a physical defense against predators.

The co-occurrence of anti-predator chemically de-
fended and undefended sponge species on exposed
reef parts has been reported from the Caribbean (Paw-
lik et al. 1995). Different energy allocation strategies

are thought to mediate such co-existence. Chemically-
undefended species may be able to invest more in pro-
cesses such as growth, wound-healing, and possibly
reproduction, while tolerating partial predation as a
cost of being only marginally defended (e.g. by means
of physical defense). Chemically-defended species, on
the other hand, invest in energetically costly defensive
secondary metabolites and pay the price of lower
growth rates, slower wound-healing, and less repro-
ductive output (Walters & Pawlik 2005, Pawlik et al.
2008, Leong & Pawlik 2010). The 2 sympatric Mediter-
ranean sponge species studied here clearly differed in
their chemical defense against predators and possibly
also against microbial fouling. Support for the theory of
different energetic allocation towards growth and
wound-healing comes from an enzyme activity study
by Basile et al. (2009), who analyzed the ADP-ribosyl
cyclase activity in different sponge species. This activ-
ity was positively correlated with growth and post-
traumatic wound-healing. The ‘undefended’ Axinella
polypoides showed high activity levels, while the
‘defended’ A. verrucosa and several other sponges like
A. damicornis, Crambe crambe, Ircinia oros and I. vari-
abilis that were previously either shown to chemically
deter predators or known to possess feeding deterrent
compounds (e.g. oroidin in Agelas oroides), showed
low activity levels. Further experiments are needed to
determine whether a trade-off between chemical de-
fense and growth, wound-healing, and reproductive
investment also exists in the sponges from temperate
seas, where growth and reproduction can be seasonal
and energy investment might therefore vary through-
out the year. Other aspects of interest are the potential
cost of physical defense, if such exists in A. polypoides,
and how life-stage-dependent predator defense as
shown for example for the Mediterranean sponges
C. crambe and Dysidea avara by Uriz et al. (1996), fits
into the trade-off model between growth, reproduc-
tion, and defense (Wulff 2006).

In conclusion, 2 different defensive strategies for the
2 examined co-occurring sponge species have become
apparent in the present study. As hypothesized,
Axinella verrucosa has chemical defenses mediated by
its bromopyrrole compounds, such as hymenidin,
which exhibits multiple defensive roles. The sympatric
species A. polypoides, in contrast, which lacks this
type of compound, also lacks such chemical defenses.
These findings confirm the multiple defensive func-
tions previously found in bromopyrroles isolated from
Caribbean sponges. The Mediterranean sponges tes-
ted with a sympatric predator and sympatric microbes
thus indicate that the role of these bromopyrrole com-
pounds does not change among different ecosystems.
This is in line with the notion that sponges from tropi-
cal and temperate regions have comparable feeding
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deterrence activity (Becerro et al. 2003). A recent phy-
logenetic study grouped A. verrucosa in a mono-
phyletic clade of pyrrole-producing sponges (Gazave
et al. 2010), and all included taxa were defended by
these compounds against predation. This pattern
raises the possibility that the multiple defensive
functions of bromopyrroles in feeding deterrence,
microbial antifouling, and competition for space are
evolutionarily conserved. The defense mechanism of
A. polypoides, however, needs further study. Chemical
defense, at least against predators, has not been sup-
ported so far in this species (Sokolover & Ilan 2007,
present study), and anti-microbial fouling defense in
nature remains questionable. A. polypoides has been
grouped in the recent phylogeny with several Axinella
spp. (Gazave et al. 2010), none of which have been
shown to chemically deter predation. It would thus be
interesting to examine whether these sponges also
allocate more energy towards growth and wound-
healing, as indicated by the high levels of activity in
the ADP-ribosyl cyclase in A. polypoides (Basile et
al. 2009), thus supporting an evolutionarily conserved
alternative strategy to investment in secondary meta-
bolites.
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