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INTRODUCTION

Sponges of the genus Agelas (Family Agelasidae) are
important components of Caribbean coral-reef commu-
nities because they are abundant in a variety of habi-

tats from shallow back-reef to deep-reef slope. Chemi-
cally, Agelas spp. are distinct because they contain
primarily brominated pyrrole alkaloids as secondary
metabolites, although other classes of compounds have
been isolated from this genus (Braekman et al. 1992).
The ecological roles of these compounds have only
recently been examined. The antipredatory effects of
crude organic extracts of 6 species of Caribbean Age-
las sponges (A. clathrodes, A. conifera, A. dispar, A.
inaequalis, A. sceptrum, A. wiedenmayeri) were sur-
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ABSTRACT: Previous studies have determined that Caribbean reef sponges of the genus Agelas are
chemically defended from fish predation by brominated pyrrole alkaloids, and that the compounds
responsible for this defense have been elucidated for 1 species, A. clathrodes. In this study, we ex-
pand our understanding of chemical defense in this common sponge genus to include the character-
ization of defensive metabolites in the tissues of A. wiedenmayeri and A. conifera. Bioassay-directed
isolation of defensive metabolites was undertaken using fish feeding assays carried out in laboratory
aquaria and in the field. A. wiedenmayeri contained the same 2 major metabolites as A. clathrodes,
4,5-dibromopyrrole-2-carboxylic acid (1), and oroidin (2), in addition to a small amount of bromoage-
liferin (7). The 2 major metabolites were present at higher concentrations in samples of A. wieden-
mayeri than in A. clathrodes, and their relative concentrations were reversed, with A. wiedenmayeri
on average containing more 4,5-dibromopyrrole-2-carboxylic acid (1) (2.0 mg ml–1) than oroidin (2)
(0.8 mg ml–1). A. conifera contained a mixture of dimeric bromopyrrole alkaloids dominated by scep-
trin (3), with <10% each of dibromosceptrin (5), bromoageliferin (7), dibromoageliferin (8), ageliferin
(6), and bromosceptrin (4). Mean concentration of sceptrin (3) in sponge tissue was 5.3 mg ml–1; this
compound deterred feeding of reef fish in aquarium assays at 1.0 mg ml–1, the lowest concentration
assayed. Sceptrin (3) concentrations were higher in sponges collected in the southern Bahama Islands
than in those collected in the middle Bahamas, but the reasons for this variation remain unclear. The
structure-activity relationship of the pyrrole group was investigated by assaying derivatives of the
active metabolites. Feeding deterrent activity of the molecule was enhanced by the addition of bro-
mine to the pyrrole group, but not affected by exchange of the heteroatom from N to O or S. Com-
bining an understanding of the structure-activity relationship of Agelas metabolites with an under-
standing of the variation in these metabolites across the genus may provide insight into the evolution
of defensive chemistry in this highly successful taxa of pan-tropical sponges.
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veyed using a common generalist fish, the bluehead
wrasse Thalassoma bifasciatum, as an assay organism
(Pawlik et al. 1995). For A. clathrodes, 2 previously des-
cribed major metabolites, 4,5-dibromopyrrole-2-car-
boxylic acid (1), and oroidin (2; Fig. 1), were success-
fully identified as the deterrent metabolites (Chanas et
al. 1996). Besides these 2 brominated alkaloids, a series

of dimeric bromopyrrole alkaloids, the sceptrins and
ageliferins, have been isolated from A. conifera, A.
sceptrum and A. sp. (Walker et al. 1981, Kobayashi et
al. 1990, Keifer et al. 1991). Although it was surmised
that the dimeric brominated alkaloids found in other
species of Agelas from the Caribbean deterred feeding
(Pawlik et al. 1995, Chanas et al. 1996), purified com-
pounds were never tested.

We identified the brominated alkaloid metabolites
in the feeding deterrent fraction of crude extracts of
Agelas wiedenmayeri and A. conifera. Inter- and intra-
specific variation in the concentrations of these meta-
bolites in 5 specimens of A. wiedenmayeri and in 24
specimens of A. conifera were quantified by HPLC.
Purified samples of dimeric bromopyrrole alkaloids iso-
lated from A. conifera were tested at a range of con-
centrations in aquarium and field assays. Building on a
recent study of the structure-activity relationship of
synthetic oroidin-related alkaloids as feeding deter-
rents that focused on the 2-amino-imidazole-moiety
(Lindel et al. 2000), the present study further investi-
gated the importance of modification of the pyrrole
part in altering compound activity.

MATERIALS AND METHODS

Sponge collection and identification. This study was
performed over the course of 3 research expeditions:
one at the National Undersea Research Center in Key
Largo, Florida, USA, in May 1998, one on board the RV
‘Edwin Link’ in the Bahama Islands in September and
October 1998, and one on-board the RV ‘Seward John-
son’ in the Bahama Islands in July and August 1999.
Collection sites in the Bahamas are shown in Fig. 2.

Agelas wiedenmayeri (Alcolado) and A. conifera
(Schmidt) were collected by SCUBA diving at all sites.
Portions of sponges were collected by cutting tissue
with a sharp knife, leaving the remaining sponge in-
tact for re-growth. For each species, replicate collec-
tions were taken from distant sites (>10 km) to avoid
collecting asexually produced clones. Tissue samples
were immediately frozen and stored at –20°C until
used for extractions. Sponges were identified on the
basis of spicule and tissue preparations at the Zoö-
logisch Museum, Universiteit van Amsterdam, The
Netherlands (Assmann & van Soest unpubl. results).

Isolation of deterrent metabolites. A freeze-dried
sample of Agelas conifera (473 g � 2400 ml sponge tis-
sue), collected in May 1998 at Elbow Reef, Key Largo,
Florida, USA, was extracted 3 times in methanol, twice
in 1:1 methanol:dichloromethane, and once in dichlo-
romethane. The organic extracts were combined and
evaporated to dryness. The obtained crude extract was
partitioned between n-hexane and methanol.
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Fig. 1. Secondary metabolites isolated from Agelas wiedenmayeri
(1, 2, 7) and A. conifera (3–5, 6–8): 4,5-dibromopyrrole-2-carboxylic
acid (1), oroidin (2), sceptrin (3), bromosceptrin (4), dibromosceptrin
(5), ageliferin (6), bromoageliferin (7), dibromoageliferin (8). The re-
maining compounds were used to test structure-activity relation-
ships, and were synthesized (10–13, 18), or purchased (9, 14–17,
19–22): pyrrole-2-carboxylic acid (9), 4-bromopyrrole-2-carboxylic
acid (10), 5-bromopyrrole-2-carboxylic acid (11), pyrrole-2-car-
boxylic acid methyl ester (12), pyrrole-2-carboxamide (13), pyrrole-
2-carboxaldehyde (14), 2-furancarboxylic acid (15), thiophene-2-
carboxylic acid (16), 5-bromothiophene-2-carboxylic acid (17),
thiophene-2-carboxamide (18), D-proline (19), L-proline (20), L-

prolinamide (21), L-proline methyl ester hydrochloride (22)
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The methanol extract (18.9 g) was partitioned again
between n-butanol and water. The n-butanol phase
was concentrated and the residue (10.7 g) was purified
by gel chromatography (Sephadex LH-20, methanol). A
part of the fraction containing sceptrins and ageliferins
(2.03 g) was further purified by preparative RP-HPLC to
yield sufficient amounts of sceptrin (3), bromosceptrin (4),
dibromosceptrin (5), ageliferin (6), bromoageliferin (7),
and dibromoageliferin (8) for subsequent feeding as-
says. Isolation of brominated alkaloids from a specimen
of Agelas wiedenmayeri, which had been collected in
May 1998 at North Dry Rocks, Key Largo, was per-
formed using a previously described procedure (Ass-
mann et al. 1999). The isolated bromopyrrole alkaloids
of both A. conifera and A. wiedenmayeri were identi-
fied by comparison of mass spectrometry and NMR
data with those previously reported (Forenza et al. 1971,
Garcia et al. 1973, Walker et al. 1981, Kobayashi et al.
1990, Keifer et al. 1991) as well as on the basis of 2D
NMR data (COSY, HSQC, HMBC).

Extraction of crude extracts for quantification of
metabolites. Sponge volume was determined by dis-
placement of water or solvent with frozen material.
Frozen tissue (Agelas conifera), or freeze-dried tissue
(approximately 1.9 g freeze-dried material corresponds
to 10 ml frozen sponge tissue of A. wiedenmayeri),
from individual sponge specimens was chopped into
small pieces and added to 40 ml of a 1:1 mixture of
dichloromethane:methanol in a graduated centrifuge
tube to a final volume of 50 ml. Capped tubes were in-
verted, agitated repeatedly, and shaken at room tem-
perature during 24 h extraction time. After extraction,
both phases were filtered and the solvent mixture was
evaporated to dryness on a rotary evaporator using low
heat (40°C). The remaining tissue was ex-tracted by
shaking a second time with methanol for 24 h at room
temperature, and the resulting extract was filtered.
The organic extracts (methanol extract and dichloro-
methane:methanol extract) were combined and evapo-
rated. The obtained residue was dissolved in a mixture
of 15 ml methanol and 15 ml methanol:dichlorome-
thane and transferred into 50 ml graduated centrifuge
tubes. From this mixture a volume of 1.5 ml was kept
for subsequent HPLC quantification. The remaining
solvent (28.5 ml) was removed by Speed-Vac vacuum
concentration and finally dried under vacuum. Three
replicate crude extracts of each specimen were pre-
pared in the same way and quantified by HPLC.

Quantification of secondary metabolites by HPLC.
From the 1.5 ml volume of each crude extract saved for
HPLC quantification, 200 µl were transferred to a vial
and the solvent removed by Speed-Vac vacuum
concentration. The obtained residue was dissolved in
500 µl acetonitrile:water 1:1 + 0.5% trifluoroacetic acid
and 10 µl injected by auto-sampling into a HPLC

system equipped with a photodiode-array detector
(JASCO). Routine UV detection was at 280 nm. The
separation column (analytical: 4.6 × 250 mm, 5 µm) was
pre-filled with Kromasil RP-18 (Knauer GmbH) (gradi-
ent: 20 to 60% acetonitrile:water + 0.1% trifluoroacetic
acid in 40 min; flow rate: 1 ml min–1). Each quantitative
analysis based on peak area calibration was achieved
using purified sceptrin (3) (Agelas conifera) or oroidin
(2) and 4,5-dibromopyrrole-2-carboxylic acid (1) (A.
wiedenmayeri) as an external standard.

Synthesis of pyrrole-2-carboxylic acid derivatives.
For studying the structure-activity relationship of the
pyrrole part of bromopyrrole alkaloids, brominated
pyrrole-2-carboxylic acid derivatives were either pur-
chased commercially (9, 14–17, 19–22) or synthesized
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Fig. 2. Map of the Bahama Islands indicating collection sites of
Agelas conifera. x1: Sweetings Cay; x2: Black Rock; x3: Chub Cay;
x4: 33 km west of Chub Cay; x5: Behring Point; x6: Acklins; 

x7: Cay Santo Domingo
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(10–13, 18) following procedures previously described
by Bailey et al. (1971) and Anderson & Lee (1965).
Structures of the compounds were determined by mass
spectrometry and NMR spectroscopy.

Aquarium feeding assays. Purified natural or syn-
thetic compounds were dissolved in a minimal volume
of methanol and mixed with 1 ml of alginate-based
food matrix (Pawlik et al. 1987, 1995) until all organic
and water-soluble components were distributed uni-
formly throughout the paste. The alginate food matrix
was then dispensed with a 1 ml syringe into a 0.25 M
calcium chloride solution forming a strand that was
allowed to harden for 2 min. The hardened strand was
rinsed with filtered seawater and cut into 3 mm pellets
with a scalpel. Control pellets were prepared identi-
cally but without the addition of natural or synthetic
compounds. Feeding assays were performed with fish
(1 terminal phase and 2 females in each of 10 compart-
ments) in aquaria on board the RV ‘Seward Johnson’
or at the University of North Carolina at Wilmington
using a common predatory reef fish, the bluehead
wrasse Thalassoma bifasciatum. Rationale for the choice
of this assay fish, and an explanation of the methods for
scoring the assay and the statistical analysis, is well
described in Pawlik et al. (1995). Each replicate assay
was performed on a separate group of fish.

Field feeding assay. For field assays, a purified mix-
ture containing sceptrins (3–5) and ageliferins (6–8) of
Agelas conifera from a 60 ml volume sponge tissue was
dissolved in a minimal volume of methanol and com-
bined with 60 ml of preheated carrageenan-based food
(Chanas & Pawlik 1995). Food dyes were added to both
treated and control foods to make them the same color.
The mixture was then poured into molds crossed by
lengths of cotton string and allowed to harden. After
hardening, 20 string-embedded strips were cut from
the molds. Control strips were prepared identically,
but without the addition of bromopyrrole alkaloids.
Field assays were conducted on shallow water reefs
(<15 m) off the Bahamas (South Bimini, North Turtle
Rock) using previously described methods regarding

deployment, retrieval and statistical analyses (Chanas
& Pawlik 1995).

RESULTS

It had previously been established that the feeding
deterrent activity of crude organic extracts of Carib-
bean Agelas spp. was localized in the brominated pyr-
role alkaloid fraction of the extract (Pawlik et al. 1995,
Chanas et al. 1996). For A. wiedenmayeri, the alka-
loid fraction contained 4,5-dibromopyrrole-2-carboxy-
lic acid (1), oroidin (2), and bromoageliferin (7), in the
approximate mixture of 63, 28 and 9%, respectively.
For A. conifera, the fraction contained dimeric alka-
loids in the approximate proportion of 68% sceptrin (3),
9% dibromosceptrin (5), 8% bromoageliferin (7), 6%
dibromoageliferin (8), 5% ageliferin (6), and 4% bro-
mosceptrin (4).

The major metabolites in the alkaloid mixtures for
both sponges were quantified by HPLC for 5 specimens
of Agelas wiedenmayeri and for 24 specimens of A.
conifera (Tables 1 & 2). Mean concentrations of 4,5-di-
bromopyrrole-2-carboxylic acid (1) and oroidin (2) in the
2 samples of A. wiedenmayeri were 2.00 and 0.82 mg
ml–1, respectively. Concentrations of oroidin in the 2
sponge samples from Cay Sal Bank (Bahamas) were
much higher than those from Key Largo, Florida, but
the low sample number precluded statistical analysis.

The mean concentration of sceptrin (3) in all samples
of A. conifera was 5.3 mg ml–1 (Table 2). When the data
were subdivided into 3 sets of samples collected in
the northern Bahamas, middle Bahamas, and southern
Bahamas, a significant difference in mean sceptrin
content was found between the middle and southern
collections, but not between the northern and southern
collections or the northern and middle collections
(ANOVA, F2, 21= 4.03, p < 0.05; Tukey multiple compar-
ison, α = 0.05; Zar 1999).

The 4 major bromopyrrole alkaloids present in the
feeding deterrent fraction from the crude organic ex-
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Table 1. Concentration of 4,5-dibromopyrrole-2 carboxylic acid (1) and oroidin (2) in samples of Agelas wiedenmayeri from the
Florida Keys* and the Bahamas**

Sample Location Date Depth 4,5-dibromo-pyrrole-2- Oroidin
(d.mo.yr) (m) carboxylic acid (mg ml–1) (mg ml–1)

mean ± SD mean ± SD

MAWIE1 North Dry Rocks* 26.05.1998 9 2.51 ± 0.14 0.10 ± 0.03
MAWIE2 Conch* 29.05.1998 160 1.65 ± 0.16 0.72 ± 0.01
MAWIE3 North Dry Rocks* 23.05.1998 6 2.42 ± 0.15 0.20 ± 0.06
MAB146 Cay Sal Bank** 08.08.1999 6 1.83 ± 0.20 1.86 ± 0.36
MAB147 Cay Sal Bank** 08.08.1999 6 1.61 ± 0.76 1.23 ± 0.95

Mean 2.00 ± 0.43 0.82 ± 0.75
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tract of Agelas conifera were isolated, purified, and
subjected to feeding assays at concentrations of 1, 5
and 10 mg ml–1 (Fig. 3). Sceptrin (3) and bromoagelif-
erin (8) were deterrent at all 3 concentrations, while
dibromosceptrin (5) and dibromoageliferin (8) deterred
feeding in aquarium assays at 5 and 10 mg ml–1, but
not at 1 mg ml–1 (Fig. 3). Only the major metabolite
sceptrin (3) deterred fish feeding within the range of
natural concentrations (Table 2). Sceptrin (3) was sub-
sequently tested at lower concentrations and was not
significantly deterrent: 8 of 10 pellets eaten at 0.8 mg
ml–1 and 10 of 10 pellets eaten at 0.5 mg ml–1.

A reconstituted mixture of purified dimeric bromo-
pyrrole alkaloids from Agelas conifera deterred feed-
ing of a natural assemblage of reef fish in a field assay
(Fig. 4). This assay was performed at a total natural
compound concentration of 1.5 mg ml–1, with the fol-
lowing compound proportions approximating those
found in sponge tissue by HPLC quantification: scep-
trin (3) (1.02 mg ml–1), dibromosceptrin (8) (0.13 mg
ml–1), bromoageliferin (7) (0.12 mg ml–1), dibromo-
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Fig. 3. Aquarium assay results of feeding by
Thalassoma bifasciatum on pellets treated
with sceptrin (3), dibromosceptrin (5), bro-
moageliferin (7), and dibromoageliferin (8)
isolated from Agelas conifera at concentra-
tions of 1, 5, and 10 mg ml–1. All control
pellets were eaten in all assays. Three
replicate assays were performed at each
concentration. One SD above the mean
number of food pellets eaten is indicated.
For any individual assay, a treatment was
considered deterrent if the number of pel-
lets eaten was less than or equal to 6 (p <
0.043, Fisher exact test, 1-tailed) as indi-

cated by the dashed line

Table 2. Concentration of sceptrin (3) in samples of Agelas conifera from the
Bahamas

Sample Location Date Depth Sceptrin (mg ml–1)
(d.mo.yr) (m) mean ± SD

Northern Bahamas
MAB23 Black Rock 18.09.1998 5 7.0 ± 4.6
MAB03 Sweetings Cay 16.09.1998 18 4.1 ± 2.0
MAB76 Sweetings Cay 29.07.1999 18 3.7 ± 3.4
MAB14 Sweetings Cay 17.09.1998 19 5.8 ± 0.2
Mean 5.15 ± 1.53

Middle Bahamas
MAB35 Chub Cay 19.09.1998 4 3.3 ± 1.7
MAB38 Chub Cay 19.09.1998 11 5.2 ± 0.4
MAB85 Chub Cay 30.07.1999 16 3.3 ± 0.3
MAB87 Chub Cay 30.07.1999 17 7.7 ± 1.4
MAB32 Chub Cay 19.09.1998 18 3.3 ± 1.6
MAB86 Chub Cay 30.07.1999 18 5.1 ± 0.2
MAB29 Chub Cay 19.09.1998 20 2.9 ± 1.4
MAB84 Chub Cay 30.07.1999 20 3.5 ± 0.9
MAB26 Chub Cay 19.09.1998 21 3.1 ± 3.6
MAB28 Chub Cay 19.09.1998 21 5.2 ± 1.4
MAB25 Chub Cay 19.09.1998 22 4.0 ± 0.9
MAB93 Chub Cay 30.07.1999 24 8.9 ± 1.8
MAB43 33 km west of CC 21.09.1998 18 3.3 ± 1.0
MAB100 Behring Point 31.07.1999 18 6.6 ± 2.1
MAB102 Behring Point 31.07.1999 19 5.4 ± 0.2
MAB101 Behring Point 31.07.1999 22 4.8 ± 0.3
Mean 4.73 ± 1.77

Southern Bahamas
MAB144 Cay Santo Domingo 07.08.1999 20 8.7 ± 0.7
MAB130 Acklins Island 05.08.1999 21 4.3 ± 0.5
MAB129 Acklins Island 05.08.1999 23 11.0 ± 0.1
MAB131 Acklins Island 05.08.1999 30 7.1 ± 1.1
Mean 7.78 ± 2.82

Grand mean 5.30 ± 2.16

Fig. 4. Consumption by reef fishes of food strips treated with a
purified mixture isolated from Agelas conifera containing only
dimeric bromopyrrole alkaloids at natural concentrations and
control food strips in a field assay. The tested mixture con-
tained 68.3% sceptrin (3), 8.6% dibromosceptrin (5), 7.7%
bromoageliferin (7), 6.1% dibromoageliferin (8), 4.7% agelif-
erin (6), and 3.5% bromosceptrin (4). Mean + 1 SD indicated.
p-value computed using Wilcoxon paired-sample test (2-
tailed); N = number of ropes retrieved out of 20 ropes deployed

(number of ropes used in statistical analysis)
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ageliferin (8) (0.09 mg ml–1), ageliferin (6) (0.07 mg
ml–1), bromosceptrin (4) (0.05 mg ml–1).

The purified bromopyrrole alkaloids from Agelas
wiedenmayeri were subjected to aquarium assays sep-
arately and in combination (Fig. 5). At natural concen-
trations of 1.6 and 0.7 mg ml–1, 4,5-dibromopyrrole-2-
carboxylic acid (1) and oroidin (2) were deterrent when
assayed separately, but bromoageliferin (7) was not
deterrent at 0.24 mg ml–1 when assayed separately.
The activity of all 3 metabolites combined was about
the same as that for 4,5-dibromopyrrole-2-carboxylic
acid (1) alone (Fig. 5).

Initial results of the structure-activity relationship of
pyrrole-2-carboxylic acid derivatives were obtained. Ac-
tivity of the molecule was enhanced with addition of bro-
mine to the pyrrole group (compare 9, 10, 11, 1; Fig. 6).
Compound activity was not affected by the exchange
of the heteroatom from N to O or S (compare 9, 15, 16,
11, 17; Fig. 6), whereas none of the proline derivates
were active at 100 mg ml–1 (9 compared to 19, 20; Fig. 6).
Modification of the carboxy group did not lead to an
unambiguous change in activity (9 compared to 12–14).

DISCUSSION

Sponges of the genus Agelas appear to protect them-
selves from fish predators using chemical defenses,

because structural defenses alone, in the form of spon-
gin fibers and glass spicules, were ineffective feeding
deterrents in aquarium and field assays (Chanas & Paw-
lik 1995, 1996). The present study expands on a previ-
ous report (Chanas et al. 1996) that identified 4,5-
dibromopyrrole-2-carboxylic acid (1) and oroidin (2) as
the defensive metabolites of A. clathrodes to demon-
strate that the same metabolites protect A. wieden-
mayeri, and that related, dimeric metabolites protect
A. conifera.

Similarities in the secondary metabolites found in
Agelas clathrodes and A. wiedenmayeri versus A. coni-
fera parallel differences in the silicious spicules found
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Fig. 5. Aquarium assay results of feeding by Thalassoma bifa-
sciatum on pellets treated with purified bromopyrrole alka-
loids isolated from Agelas wiedenmayeri at natural concen-
trations: 4,5-dibromopyrrole-2-carboxylic acid (1) at 1.6 mg
ml–1, oroidin (2) at 0.7 mg ml–1, and bromoageliferin (7) at
0.24 mg ml–1. All control pellets were eaten in all assays.
Three replicate assays were performed at each concentration.
Mean + 1 SD indicated. For any individual assay, a treatment
was considered deterrent if the number of pellets eaten was
less than or equal to 6 (p < 0.043, Fisher exact test, 1-tailed) as

indicated by the dashed line

Fig. 6. Aquarium assay results of feeding by Thalassoma
bifasciatum on pellets treated with 1 purified compound from
Agelas wiedenmayeri, and synthetic and purchased com-
pounds used to assess structure-activity relationships (see
Fig. 1) at concentrations of 10, 20, 50, and 100 mg ml–1. All
control pellets were eaten in all assays. The number of repli-
cate assays is shown in parentheses to the right of each
compound number. Mean + SE indicated. For any individual
assay, a treatment was considered deterrent if the number of
pellets eaten was less than or equal to 6 (p < 0.043, Fisher

exact test, 1-tailed) as indicated by the dashed line
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in the tissues of the 3 species of sponges (Wiedenmayer
1977, Assmann et al. 1999). Although shape, size, and
color of all 3 Agelas species are distinctly different, A.
clathrodes and A. wiedenmayeri appear more closely
related based on similar spicule sizes: 95 to 140 × 4 to
8 µm, with 9 to 13 whorls of spines for A. wiedenmay-
eri, and 70 to 155 × 2.5 to 7.5 µm with 7 to 15 whorls of
spines for A. clathrodes. For A. conifera, spicules are
clearly longer and thicker (117 to 192 × 10 to 16 µm)
and the whorls are more numerous (11 to 19) than in A.
clathrodes and A. wiedenmayeri.

Although the same metabolites are found in Agelas
wiedenmayeri as in A. clathrodes, the relative concen-
trations are different. Mean oroidin (2) concentrations
in A. clathrodes were 1.4 mg ml–1, with concentrations
of 4,5-dibromopyrrole-2-carboxylic acid (1) that were
estimated at 25% of those of oroidin (2) (Chanas et al.
1996). In contrast, for 4 of 5 samples of A. wiedenmay-
eri, concentrations of 4,5-dibromopyrrole-2-carboxylic
acid (1) exceeded those of oroidin (2), and in the re-
maining sample, the concentrations were about the
same (Table 1). The combined mean concentration of
both of these metabolites was greater in samples of A.
wiedenmayeri (~2.82 mg ml–1) than in A. clathrodes
(~1.75 mg ml–1). Considering that 4,5-dibromopyrrole-
2-carboxylic acid (1) and oroidin (2) were deterrent at
1.6 and 0.7 mg ml–1, respectively (Fig. 5), the former
compound was present in sufficient quantity in all
samples of A. wiedenmayeri to inhibit feeding (Table 1);
in combination with the latter compound, the effect is
most likely additive, as a synergistic response to the
mixture was not evident (Fig. 5). There was no evi-
dence of synergy when combinations of brominated
pyrrole alkaloids were tested in a previous study (Lin-
del et al. 2000). Although bromoageliferin (7) was pre-
sent in samples of A. wiedenmayeri, its concentration
was very low (<10% of the bromopyrrole alkaloid frac-
tion), and its impact of the feeding deterrent effect of
the mixture was negligible (Fig. 5).

Unlike Agelas clathrodes and A. wiedenmayeri, A.
conifera is chemically defended by dimeric bromopyr-
role alkaloids (Fig. 1). This suite of compounds (3–8)
appear to be more potent feeding deterrents than either
4,5-dibromopyrrole-2-carboxylic acid (1) or oroidin (2)
(compare Figs. 3, 5 & 6), perhaps because each dimeric
molecule contains 2 brominated pyrrole groups rather
than just one. With more potent chemical defenses on
a per molecule basis, it might be expected that A. coni-
fera would have lower concentrations of these com-
pounds than A. clathrodes or A. wiedenmayeri; on the
contrary, sceptrin (3) concentrations alone in A. coni-
fera are about twice those of 4,5-dibromopyrrole-2-
carboxylic acid (1) and oroidin (2) in A. wiedenmayeri
(Tables 1 & 2). Moreover, there were higher levels of
sceptrin (3) in samples of A. conifera taken from the

southern Bahamas than those taken from sites around
the ‘Tongue of the Ocean’, a deep body of water that is
mostly enclosed by land and the Great Bahama Bank
in the middle Bahamas. Fluctuations in sceptrin (3) con-
centrations were not compensated by changes in the
concentrations of the other dimeric compounds identi-
fied from this species to yield equivalent total concen-
trations; HPLC analysis revealed that the proportion
of the minor compounds fluctuated proportionally to
sceptrin (3). It is unclear whether differences in scep-
trin (3) concentration reflect differences in predation
pressure, or perhaps differences in water quality or
flow associated with geography.

The first systematic investigation of the structure-
activity relationship between marine natural products
and fish feeding deterrents was performed for bromi-
nated pyrrole alkaloids from Agelas spp. (Lindel et al.
2000). The present study expands on the importance of
the pyrrole moiety for fish feeding inhibition by de-
monstrating the importance of the unsaturated 5-mem-
bered ring (pyrrole). Substitution of the heteroatom in
the ring did not greatly affect compound activity, but
the loss of unsaturation resulted in the loss of activity
(Fig. 6). The importance of bromination was clearly de-
monstrated, as compound palatability increased with
each loss of a bromine atom from the pyrrole (Fig. 6).
Dimerization of oroidin (2) does not appear to alter com-
pound activity; in fact, the brominated pyrrole groups
appear to retain their independent activity to increase
the potency of the dimerized compounds (3–8). Com-
paring the relative feeding deterrent activities of the
major naturally occurring metabolites at 1 mg ml–1 con-
centrations, but expressed as mol ml–1, a hierarchy of
activity can be determined: bromoageliferin (7) = scep-
trin (3) > dibromoageliferin (8) = dibromosceptrin (5) >
oroidin (2) > 4,5-dibromopyrrole-2-carboxylic acid (1).
Although dibromoageliferin (8), dibromosceptrin (5)
and bromoageliferin (7) are potent feeding deterrents,
they are present in only trace amounts in sponge tis-
sue, at concentrations lower than would be required to
deter feeding. Sceptrin (3) is the only dimeric com-
pound present in sponge tissue at concentrations suffi-
cient to defend A. conifera. The minor dimeric com-
pounds may represent metabolic byproducts.

These results extend our understanding of the chem-
ical basis of the ecological functions of bromopyrrole
alkaloids in marine sponges and confirm the impor-
tance of the presence and arrangement of functional
groups to compound activity.
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