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Abstract: Sponges, as well as other sessile marine invertebrates, share numerous ecological features with plants and have
evolved similar strategies to defend themselves against threats from their biotic environment. Chemical defense plays a
preeminent role in this context. General concepts from plant chemical ecology applied to sponges have revealed interesting
parallels in regard to resource investment, defense compound allocation, and synergism between chemical and structural
defenses. However, these concepts often cannot be generalized in sponges since also numerous contradictory examples exist.
Sponges frequently use their compounds as “multi-purpose tools”, with concurrent activity against various threats (e.g.,
predation, pathogens, and biofouling). Apparently, a latitudinal gradient in chemical deterrence, as it was previously shown for
marine algae, is lacking in sponges. Recently, facultative defenses (i.e., activated and inducible defenses; immune reactions)
have received increased attention in sponge chemical ecology. Although there are examples that clearly demonstrate that these
strategies exist in sponges, their number is still very low. One focus of this review is laid on the discussion of the various
difficulties inherent to experiments in regards to facultative defenses in sponges that may explain why, as yet, only few studies
have found compelling evidence for their existence.
Keywords: activated defense, chemical ecology, growth-differentiation balance hypothesis, inducible defense, optimal
defense theory

Introduction
The ecological factors structuring sponge communities
resemble in many respects that of plants. Sponges are often
abundant and apparent in the habitat they grow in (Bergquist
1978, McClintock et al. 2005), lack behavioral defenses, and
in many cases they are autotrophic (due to photosynthetic
symbionts) (Arillo et al. 1993, Usher et al. 2001, Hentschel
et al. 2006). Similar to plants, they are most of the times nonfatally grazed by predators. It is, therefore, not surprising that
sponges also have evolved defense strategies similar to those
known from terrestrial and aquatic plants. Already in the
early 1950s it was discovered that sponges yield secondary
metabolites with pronounced bioactivity (Bergmann and
Feeney 1950). Since then, more than 5000 compounds
have been isolated from sponges (Blunt and Munro 2003).
Numerous ecological studies have shown that they often
serve defensive purposes to protect the sponges from threats
such as predator attacks, microbial infections, biofouling,
and overgrowth by other sessile organisms (reviewed in
McClintock and Baker 2001, Paul and Puglisi 2004, Paul et
al. 2006). However, there is also a large number of sponge
secondary metabolites with no apparent ecological function.
One theory addressing this issue suggests that some secondary
metabolites simply do not have any ecological function, but
rather represent evolutionary baggage (Jones and Firn 1991,
McClintock and Baker 1998). One the other hand, one has to
acknowledge that marine natural products research has been
and still is driven by pharmacological screening programs,
which aim at the discovery of new chemical structures with

pharmacological activity rather than investigating possible
ecological functions of these compounds.
The results of recent ecological studies indicate that in
addition to the simple storage of “chemical weapons” in their
tissues sponges have evolved mechanisms to increase the
efficiency of their chemical defense, to save metabolic energy
invested in their defense, and to protect themselves from cell
damage caused by their own bioactive defense compounds. In
the following, we review studies that describe such chemical
defense strategies in sponges.

Constitutive defense
Optimal defense theory and growth-differentiation
balance hypothesis in sponges
The first reports on predation on sponges appeared in the
1960s (Bakus 1966, Randall and Hartman 1968). Nowadays,
it is generally accepted that predation has a major impact
on sponge ecology, and that sponge populations can be
significantly reduced by predators if they are not sufficiently
protected (e.g., Hill 1998, Pawlik 1998, Hill et al. 2005,
Wulff 2006). Chemical defense undoubtedly ranges among
the most important anti-predator strategies of sponges (e.g.,
Pawlik et al. 1995, Uriz et al. 1996, Wright et al. 1997). This
holds especially true in habitats with high predation pressure,
such as tropical coral reefs (Pawlik 1998), where highly
mobile predators such as fishes or turtles can quickly remove
substantial biomass, compared to more urchin dominated
grazing in temperate regions, or starfish dominated grazing
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in polar regions (Wright et al. 1997, McClintock and Baker
2001, Davis et al. 2003).
For plants, there are two prominent hypotheses to explain
spatial and temporal variation in defense expression, the
growth-differentiation balance hypothesis (GDBH) and the
optimal defense theory (ODT). The GDBH assumes that a
balance must be maintained between resources invested in
growth and in differentiation (which includes the production
of defense compounds) (Stamp 2004, Barto and Cippolini
2005). A key premise of this hypothesis is that defense
is costly. Due to the high structural complexity of defense
compounds in sponges it can be assumed that in many cases
their biosynthesis is, indeed, metabolically expensive (Paul
1992, Pawlik 1993). Whereas few studies have assessed the
metabolic costs of sponge chemical defense so far, several
authors have investigated the interrelations between sponge
growth and the investment in chemical defense. Turon et al.
(1998) reported seasonal patterns in growth rate and toxicity
level of the Mediterranean sponge Crambe crambe and
observed a significant negative correlation between these
parameters. Moreover, they found that C. crambe growing
in shaded areas had lower growth rates but invested more
resources in chemical defense than individuals growing in
well-illuminated habitats (Turon et al. 1998). Wulff (2005)
reported a positive correlation between growth rates and
palatability to fish predators of twelve reef and mangrove
sponge species. Walters and Pawlik (2005) found that sponge
species with a pronounced chemical protection had slower
wound-healing rates than chemically unprotected species.
The authors ascribed this to a trade-off between investment of
resources in chemical defense and tissue growth (Walters and
Pawlik 2005). However, it has to be noted that growth rates
and regeneration capabilities in sponges may not necessarily
be equated but can differ substantially in the same species
(Reiswig 1973, Ayling 1983). This, in turn, raises interesting
questions about differences in resource allocation to each
of these processes in relation to investment in anti-predator
defenses.
The optimal defense theory (ODT) postulates that
defenses are primarily allocated to plant parts of high fitness
value (e.g., reproductive tissues) and / or that have a higher
risk of predation (Rhoades 1976). By restricting metabolite
allocation to these areas rather than distributing them over the
entire plant, biosynthesis costs may be lowered. Numerous,
but not all studies on terrestrial plants support the ODT (see
Baldwin and Ohnmeiss 1994, Zangerl and Rutledge 1996,
Heil et al. 2002 in support of the ODT, and Zangerl 1986,
Zangerl and Nitao 1998 contradicting the theory). Similarly,
many but not all studies on marine organisms, such as algae
(Cronin and Hay 1996, van Alstyne et al. 1999, Pavia et al.
2002, Toth et al. 2005), sea fans (Dube et al. 2002), mollusks
(Avila and Paul 1997, Thoms et al. 2006a) and brachiopods
(Mahon et al. 2003) are conform with this hypothesis. This
also holds true for sponges, where no clear pattern regarding
defense compound allocation has emanated so far.
The Micronesian sponge Oceanapia sp. is an example
that supports predictions of the ODT, as the sponge allocates
the highest concentrations of the pyridoacridine alkaloids
kuanoniamine C and D in tissue parts that are most apparent
to predators and that most likely play a role in reproduction

(Eder et al. 1998, Schupp et al. 1999). Schupp et al. (1999)
demonstrated in a series of field and laboratory experiments
using different predators that both alkaloids were deterrent
at natural concentrations towards generalist reef fish and
the spongivorous angelfish Pomacanthus imperator. In
detailed field experiments using the two major predators
Becerro et al. (1998) found intracolonial variation of crude
organic extracts containing the sesterterpenes scalaradial and
desacetylscalaradial in the tropical sponge Cacospongia sp.
The concentrations were highest at the sponge tips and in the
ectosome. However, when tested against fish predators, even
the lowest concentration of the extract found in the sponge
tissue was already effective. The specialized nudibranch
Glossodoris pallida, on the other hand, preferred pieces of
Cacospongia base over tips, thereby selecting the chemically
less defended sponge parts (Becerro et al. 1998). Latrunculia
apicalis, a spherically shaped Antarctic sponge, is protected
against the keystone spongivorous sea star Perknaster fuscus
by the sequestration of discorhabdin G. Consistent with the
ODT the concentration of this alkaloid decreases rapidly
from the surface tissue of the sponge towards its core (Furrow
et al. 2003). In the tropical sponge Ectyoplasia ferox the
concentrations of defensive triterpene glycosides were found
to be approximately twice as high in the outer 2 mm layer
than in the deeper tissue layers of this sponge (Kubanek et
al. 2002), a finding that again supports the ODT. However,
the same study reported that in the sponge Erylus formosus
concentrations of the defensive triterpene glycoside formoside
were only about one-third as high in the outer 1 mm layer
of the sponge as in its more interior layers (Kubanek et al.
2002). Swaeringen and Pawlik (1998), studying chemical
gradients in sponge tissue as well as differences in antifeeding
properties against predators in the field, found no evidence that
deterrent compounds were concentrated in the surface tissues
of the sponge Chondrilla nucula collected from the Bahamas
and Florida. Becerro et al. (1995) found no differences in
toxicity between the periphery and the central parts of the
Mediterranean sponge Crambe crambe. However, in this
study toxicity was only evaluated by a Microtox bioassay
and no feeding experiments with predators in the field were
conducted. Burns et al. (2003) reported no difference in
deterrence towards the wrasse Thalassoma klunzingeri and
the sea urchin Diadema setosum when they compared extracts
of ectosome and endosome layers of six sponges from the
Red Sea. Furrow et al. (2003) offer a possible explanation for
the discrepancy between studies comparing inner and outer
tissue layers of sponges in regard to the ODT: they suggest
that sequestration of anti-predatory metabolites primarily to
the outermost layers in Antarctic sponges such as L. apicalis
could be highly adaptive because of the ubiquity of sea star
sponge predators in Antarctic marine benthic environments.
Other than fish, whose bites penetrate well below the sponge
surface, sea stars feed on sponges by extrusion of the cardiac
stomach for external digestion. This feeding behavior could be
a particularly strong selective force for surface sequestration
of chemical defenses (Furrow et al. 2003). Thus, differential
distribution of defensive secondary metabolites to outer
compared to inner layers may reflect the feeding behavior
of the predominant predators in the respective habitat (i.e.,
surface feeding affecting only the ectosome versus biting

629

larger pieces including both ecto- and endosomal layers),
and may, therefore, not always be present. Moreover, the
often amorphous morphology and anatomy of sponges as
well as their extraordinary ability to rapidly regenerate lost
tissue after wounding may complicate the assignment of high
fitness value to distinct parts of their body. This may further
explain why defensive metabolite allocation in accordance
with the ODT is less apparent in sponges than in other sessile
organisms.
It is conceivable that the efficiency of chemical defense
can also be optimized by utilizing the same compound
for different ecological purposes. Biosynthesis costs may
be saved, if instead of producing several compounds for
multiple purposes, only one metabolite is sequestered that is
active against a variety of target organisms and other threats.
However, Schmitt et al. (1995) pointed out that multiple
uses of defensive compounds could limit adaptive changes
following the evolution of resistance to these compounds
by the affected organisms (e.g., predators). The first study
to assess this topic in sponges was conducted by Thompson
et al. (1985). They tested 28 compounds isolated from eight
sponge species for a broad range of bioactivities including
antimicrobial properties, inhibition of larval settlement,
fish toxicity, inhibition of sexual reproduction, and antipredator activity. Most of the compounds tested showed
activity in at least one assay, but usually they were active in
several of these tests. Bobzin and Faulkner (1992) tested the
metabolites manool and cholesterol endoperoxide isolated
from the Bahamian sponge Aplysilla glacialis for their feeding
deterrent and antifouling properties. Whereas the compounds
significantly deterred feeding by fish, they actually increased
the rate of fouling. Becerro et al. (1997) tested three fractions
of different polarity of crude extracts from the sponges
Crambe crambe and Hemimycale columella for their
inhibitory activity against cell division, photosynthesis, and
settlement of organisms growing in the same habitat. They
found that several compounds in these fractions displayed
multiple activities and concluded that secondary metabolites
may be “multi-purpose tools”. Thacker et al. (1998) reported
that 7-deacetoxyolepupuane, a secondary metabolite isolated
from Dysidea sp., caused necrosis in the competing sponge
Cacospongia sp., and additionally showed feeding-deterrent
activity against fish. Newbold et al. (1999) observed that
certain sponge crude extracts with anti-feeding activity
against fishes (Pawlik et al. 1995) at the same time inhibited
growth of marine bacteria. In a follow-up study, several of
these extracts were also tested for activity against bacterial
attachment (Kelly et al. 2003). Seven compounds from
different sponges were isolated and identified that proved to
be active in both deterring predators and inhibiting bacterial
attachment (Kelly et al. 2003). Kubanek et al. (2002)
reported multiple defensive roles for triterpene glycosides
isolated from Erylus formosus and Ectyoplasia ferox, two
Caribbean sponges belonging to different taxonomic orders.
Formoside and other triterpene glycosides from Erylus
formosus concurrently deterred predators, inhibited microbial
attachment and prevented fouling by invertebrates and algae,
whereas triterpene glycosides from Ectyoplasia ferox had
both antipredatory and allelopathic activities (Kubanek et al.
2002).

For terrestrial plants it has been reported that concentrations
of chemical defenses are significantly higher in species
growing in tropical than in temperate forests (Levin and York
1978, Coley and Aide 1991). This has been interpreted as
an evolutionary response to greater herbivory in the tropics
(Coley and Aide 1991). Similar observations have been made
for marine algae: tropical algae yield higher numbers and
more deterrent secondary metabolites (Faulkner 1984, Hay
and Fenical 1988, Hay 1996, Bolser and Hay 1996) and, thus,
seem to be better defended than temperate species. Again,
this has been attributed to the higher number of herbivorous
fish on tropical compared to temperate reefs (Bolser and Hay
1996, Meekan and Choat 1997). Since sessile invertebrates
in tropical coral reefs do, indeed, suffer greater predation
pressure than in any other marine environment (Vermeij 1978,
Carpenter 1997), it seemed not surprising that Bakus and
Green (1974) found an inverse relationship between latitude
and ichthyotoxicity in sponges. However, several subsequent
studies did not find support for this latitudinal gradient theory
(e.g., McCaffrey and Endean 1985, McClintock 1987, van de
Vyver et al. 1990). This motivated Becerro et al. (2003) to
test this theory by directly comparing chemical defenses from
tropical and temperate sponges (collected from Guam and the
Mediterranean Spanish coast respectively). Contrary to their
predictions, they found the chemical defenses of tropical
and temperate sponges to be equally effective against both
sympatric (i.e., co-occurring with the sponges) and allopatric
(i.e., not sharing habitat with the prey sponges) predatory fish.
However, the authors point out that their results may be due to
a response of the sponges and their predators to specific traits
of the areas they investigated. They advise to be cautious with
generalizing their results until they are confirmed by studies
in other geographic areas (Becerro et al. 2003).

Interactions of chemical and structural features in
sponge defense
It has been well documented that structural features
in plants can also act as a defense against predators (e.g.,
McNaughton et al. 1985, Pennings and Paul 1992). In sponges
inorganic spicules can amount for up to 75% of the total dry
mass (Rützler and Macintyre 1978) and are often arranged
with their sharp end towards or protruding the sponge surface
(Uriz et al. 2003). Thus, it was hypothesized already early
on that these skeletal components of sponges provide antipredator defense, too (Randall and Hartman 1968, Sarà and
Vacelet 1973). The most likely mechanism of action for
sponge spicules is abrasion or injury of feeding structures
(e.g., mouth parts, lining of the digestive system), as has been
observed in the gut of the hawksbill turtle (Meylan 1988).
Nevertheless, several studies on the antipredatory properties
of sponge spicules found results contrary to this assumption
and concluded that sponges may have evolved spicules solely
for structural purposes (Chanas and Pawlik 1995, 1996,
Waddell and Pawlik 2000). However, an additive or even
synergistic feeding deterrent effect between sponge spicules
and secondary metabolites is conceivable if it is assumed
that spicules act as an abrasive while passing through the
gut of a potential predator. This way, they may facilitate or
enhance the action of defense compounds (Hill et al. 2005).
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Similar synergistic effects have been observed in plants (e.g.,
Pennings 1996). In recent studies, Hill et al. (2005) as well
as Jones et al. (2005) analyzed interactions between sponge
spicules and secondary metabolites in the context of predator
deterrence. Both studies found examples of synergistic or
additive effects in 1 of 4 and 4 of 8 tested sponge species,
respectively. However, both studies came to the conclusion that
synergism between structural and chemical defense cannot be
considered the general rule in sponges. Moreover, differential
results of various studies dealing with the effectiveness of
structural defenses in sponges suggest that the results cannot
be extended to all predators and different predator species can
be affected differently by sponge spicules in their diets (Paul
and Puglisi 2004).

Inducible defense and immune reactions
Inducible defenses were defined by Harvell (1990) as
“responses activated through a previous encounter with a
consumer or competitor that confer some degree of resistance
to subsequent attacks”. Inducible defenses are most common
if levels of disturbing impacts are unpredictable and display
a high spatial or temporal variability (Harvell 1990, Zangerl
and Rutledge 1996, Toth and Pavia 2007). Under these
circumstances they can be more economical and effective
against herbivores than constitutive defenses (Karban et al.
1997, Heil 2002, Toth and Pavia 2007). In contrast to plants,
sponge chemical defense has largely been considered static.
Only in recent years a small number of studies has looked
into facultative, inducible defense mechanisms in this
phylum. Thacker et al. (1998) investigated changes in the
chemical profiles of the Indopacific sponges Dysidea sp. and
Cacospongia sp. in the process of the former overgrowing
the latter. They found no changes in the chemistry of Dysidea
sp., but observed an increase in quantity of organic extract
in portions of Cacospongia sp. that were covered by agar
strips containing Dysidea crude extract, suggesting an
induced defense against overgrowth. Richelle-Maurer et al.
(2003) detected a sharp increase in the concentrations of
the alkaloids oroidin and sceptrin in the Caribbean sponge
Agelas conifera after experimental simulation of predator
bites. Both compounds deterred feeding when tested at
near natural concentrations against the predatory reef fish
Stegastes partitus (Richelle-Maurer et al. 2003). A mixture
of the compounds also proved to be active against the coral
Madracis mirabilis, a potential competitor for space. Addition
of the two compounds to ambient seawater at 0.0125% of the
natural sponge concentration resulted in closure and retraction
of the coral polyps. However, forced confrontation of A.
conifera with the corals did not yield measurable changes
in oroidin and sceptrin concentrations in the sponge tissue
(Richelle-Maurer et al. 2003).
An explanation for the low number of studies on inducible
defenses in sponges may be that changes in chemical profiles
most likely are a function of numerous biotic and abiotic factors
influencing secondary metabolite biosynthesis (Thompson et
al. 1987, Becerro et al. 1995, Turon et al. 1996). Moreover,
unfavorable influences from the environment can do both
increase defense compound metabolism (as a defensive
response to the influencing factor) or decrease investment in

the secondary metabolite production, if energy is preferentially
invested in cell repair (Agell et al. 2001, Walters and Pawlik
2005). As induced reactions in the chemical profile often
are observable only after days or even weeks following the
inducing event (Taylor et al. 2002, Richelle-Maurer 2003),
this severely complicates interpretations on interrelations
between observed secondary metabolite changes and assumed
inducing factors.
Müller and coworkers approached this problem by
investigating adaptive antibacterial responses in sponges
at the genetic level (Müller and Müller 2003). They found
various immune reactions, primarily in Suberites domuncula,
and described the signal transduction pathways as well as the
defensive agents involved. The sponge responded to treatment
with the bacterial endotoxin lipopolysaccharide (LPS) (Müller
et al. 2004) with increased biosynthesis of two alkyl-lipid
derivatives,
1-O-hexadecyl-sn-glycero-3-phosphocholine
and 1-O-octadecyl-sn-glycero-3-phosphocholine. Both
compounds showed pronounced activity in an antibacterial
assay. In order to prove that the compounds were indeed
produced by S. domuncula, a key enzyme of their biosynthetic
pathway was cloned from the sponge.
In a subsequent study, Wiens et al. (2005) discovered a
receptor for LPS at the surface of cells from S. domuncula.
They identified a signal transduction pathway that is induced
upon elevated LPS levels and resulted in the enhanced
expression of a perforin-like protein primarily at the sponge
surface. The protein eliminates Gram-negative bacteria,
whereas it is inactive against Gram-positive species. Based
on these findings the authors concluded that the sponge S.
domuncula possesses an innate immune system against Gramnegative bacteria (Wiens et al. 2005). Thakur et al. (2005)
were able to show that S. domuncula also exhibits immune
reactions against Gram-positive bacteria. The sponge reacts
to exposure to peptidoglycan – the characteristic cell wall
component of Gram-positive bacteria – with activation of
endocytosis and release of lysozyme. Activation of endocytosis
was determined by differential expression of an adaptor gene
(AdaPTin-1) isolated from the sponge that encodes for a
putative protein involved in endosome formation (Thakur et
al. 2005). The release of lysozyme results in digestion and,
thus, in elimination of the bacteria. Immunofluorescence
studies with antibodies raised against lysozyme revealed
that this immune reaction is targeted exclusively against
extracellular bacteria in the sponge mesohyl and not against
potentially symbiotic bacteria located in sponge bacteriocytes
(Thakur et al. 2005).
These examples clearly demonstrate that sponges,
indeed, have inducible defenses and immune reactions.
The application of biomolecular techniques to analyze the
responses of sponges toward predator or pathogen attacks on
the gene expression level may help to unravel mechanisms
that otherwise are concealed by the complexity of factors
influencing the sponge secondary chemistry.

Activated defense
Rapid wound-induced conversions of stored precursors
to potent defensive compounds have been referred to with
various terms, including “short-term inducible defense
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(STID)” (Haukioja 1980, Clausen et al. 1989), “dynamic
defense” (Reichardt et al. 1990) and “induced direct defense”
(van Hulten et al. 2006). Paul and van Alstyne (1992),
when reporting the first defense of this type in the marine
environment, termed this process “activated defense” to
clearly distinguish it from the predator-induced biosynthesis
of defensive metabolites (see “inducible defense”). By
converting inactive or less active precursors to defense
metabolites with pronounced activity only upon tissue damage
and locally restricted to the wounded tissue area, the risk of
autotoxicity caused by the defensive conversion products
can be alleviated (Saunders et al. 1977, Frehner and Conn
1987, Poulton 1988). Typically, the rapid activated defense
reactions are catalyzed by enzymes that – upon disruption of
tissue compartments – get into contact with the precursors and
facilitate the conversion reactions (Matile 1984, Wittstock
and Gershenzon 2002).
Activated chemical defenses are widespread in terrestrial
vascular plants. The most prominent example is the conversion
of cyanogenic glycosides to HCN (e.g., Jones 1988, Seigler
1991, Wajant and Effenberger 1996, Gleadow and Woodrow
2002, and references cited therein). Numerous analogous
defense mechanisms in the terrestrial environment involve
other molecules such as glucosinolates, phenolic glycosides,
and sesquiterpenes (Sterner et al. 1985, Clausen et al. 1989,
Stoewsand 1995, Fahey et al. 2001).
In aquatic habitats, activated defenses so far have
predominantly been found in plants [see reviews by Paul
and Puglisi (2004) and Pohnert (2004)]. Reported examples
include numerous macroalgal species (e.g., Paul and van
Alstyne 1992, Cetrulo and Hay 2000, Jung et al. 2002, van
Alstyne and Houser 2003) as well as planktonic diatoms and
dinoflagellates (Pohnert 2005, Strom et al. 2003). In contrast,
there are very few reports on analogous defense mechanisms
in sessile marine invertebrates. It is yet unresolved whether
this is due to a limited distribution of this strategy among
invertebrates or rather reflects the fact that the majority
of ecological studies so far have focused on constitutive
defenses. When discussing the possibility of activated
defenses in sponges, it is interesting to note that secondary
metabolites in sponges are often stored in specialized cells
(e.g., spherulous cells, choanocytes), which may provide
the necessary compartments to separate precursors from
converting enzymes – a prerequisite for activated defense
reactions (e.g., Thompson et al. 1983, Turon et al. 2000,
Richelle-Maurer et al. 2003).
To our knowledge, to date only two examples of activated
defenses in sessile marine invertebrates have been reported
– one occurring in the sponge genus Aplysina (Teeyapant and
Proksch 1993, Weiss et al. 1996, Ebel et al. 1997, Thoms
et al. 2004, 2006b), the other in the marine hydroid species
Tridentata marginata (Lindquist 2002). Ettinger-Epstein et
al. (2007) recently observed a deacetylation of acetylated
sesterterpenes in Luffariella variabilis to the corresponding
alcohols when they thawed frozen tissue of the sponge. Since
the compounds were stable when isolated from the tissue, the
authors proposed that the conversion to the alcohols may be
enzyme-mediated. Further, they speculated about a role of
this reaction as an activated defense, but have not tested this
hypothesis yet (Ettinger-Epstein et al. 2007). Recently, we

found another example of an activated defense in the sponge
Aplysinella rhax, which we presented at the 7th International
Sponge Symposium (Thoms and Schupp 2006). Despite
these reported examples, the existence of activated defenses
in sponges has been a controversially discussed topic (see
Puyana et al. 2003 and Thoms et al. 2006b). Here, we
highlight the various aspects that need to be considered when
examining chemical profiles of sponges for changes that may
be interpreted as activated defenses. Moreover, we point out
various methodological constraints (some being more and
some less sponge-specific) that complicate interpretations in
this context and, therefore, resulted in this controversy.

Sample handling and preservation
Due to the circumstances involved in marine sampling
(e.g., wave action and currents during sampling, transport
and storage during dive and on the boat, etc.) sponge samples
are at high risk of unintentional damage before they are
finally preserved. Thus, to gain insight into the chemistry
of an intact sponge, it is necessary to minimize damage as
well as transportation times (e.g., by using sturdy sample
containers instead of plastic bags; by on-board preservation
of the samples, etc.). Further, the method of preservation
can considerably impact the “intactness” of the analyzed
chemical profile. Freezing wet sponge tissue results in
the formation of intracellular ice crystals that may cause
decompartmentalization by disrupting cellular membranes
(Hällgren and Öquist 1990). Upon thawing, enzymes may be
reactivated and catalyze conversion reactions (Gahan 1981,
Ettinger-Eppstein et al. 2007). Interestingly, a similar effect
can be caused by extraction or preservation of wet sponge tissue
with organic solvents (Teeyapant and Proksch 1993, Thoms
and Schupp unpublished). This, at first, may seem surprising,
since enzymes usually are considered sensitive to contact
with organic solvents. However, sustained catalytic activity
of enzymes in aqueous solvents, as it may occur when wet
sponge tissue gets gradually soaked during the extraction or
preservation procedure, is a known phenomenon (see Klibanov
2001 and references cited therein). If the disintegrating effect
of organic solvents on biomembranes (Jones 1989, Weber
and deBont 1996) causes decompartmentalization within the
sponge tissue, contact between the active enzymes and the
precursors may be facilitated and the conversion reactions
can take place. To ensure enzyme inactivation in the sponge
tissue, samples should, therefore, be processed by flashfreezing and subsequent lyophilization.
The existence of activated chemical defenses in sponges
is a rather recent concept and, thus, earlier studies did not
necessarily have possible enzymatic reactions in sponge
tissue in mind. This may explain why several compounds that
originally were considered constitutive in sponges (Fattorusso
et al. 1970, Kernan et al. 1987, Shin et al. 2000) later revealed
to be conversion products (Thoms et al. 2006b, EttingerEpstein et al. 2007, Thoms and Schupp unpublished).

Natural variability of the sponge chemistry
Many sponge species display pronounced variability in their
chemical profiles. Not only do individuals of the same species
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show considerable quantitative and qualitative differences
in their secondary metabolite chemistry, but even within
single individuals vast divergences are observed (Schupp
et al. 1999, Furrow et al. 2003, Thoms et al. 2006b). This
variability can do both conceal activated defense reactions as
well as falsely hint to them. To avoid misinterpretations, each
study on activated defenses should be preceded by a survey
on the chemistry of intact individuals under various natural
conditions.
Interestingly, all activated defenses in sessile marine
invertebrates discovered so far involve components that
are easily detectable by HPLC-UV and are present in the
organisms’ tissues in extraordinarily high concentrations
(Lindquist 2002, Thoms et al. 2006b, Thoms and Schupp
unpublished). However, secondary metabolites can possess
pronounced activity and mediate ecological interactions even
at minute concentrations (Paul and Puglisi 2004, Paul et al.
2006). Moreover, due to specific chemical characteristics
(e.g., lack of chromophores) compounds involved in
defense reactions may not be readily detectable by standard
chemoanalytical techniques. Therefore, changes in the
chemical profiles may not always become apparent, even if
they have major ecological effects.
Pronounced natural variability also entails difficulties
for data analysis of wounding experiments. Substantial
fluctuations of compound concentrations may impede
validation of observed wound-activated changes. It may be
reasonable to analyze shifts in relative compound proportions
rather than measuring changes in their absolute concentrations
if the relative pattern of the sponge’s chemistry turns
out to be more uniform. Further, if there is more than one
assumed precursor and/or product, pooling their respective
concentrations can help to identify wound-activated changes.
High intensities of wounding – even if ecologically irrelevant
– can help to initially observe wound-activated chemical
reactions. By gradually decreasing wounding intensity in
a series of samples and analyzing the resulting chemical
profiles, a causal link between wounding and the reactions in
the chemical profiles can be investigated.

Field experiments versus laboratory experiments
Generally, field experiments are clearly to be favored
over laboratory experiments when investigating ecological
phenomena. However, investigations on activated defenses
in sponges in the field entail several experimental constraints.
If wounding is caused to sponges in situ, i.e., in their natural
habitat, usually a time-consuming sampling procedure has
to follow (underwater bagging, transportation to the surface,
etc.) before the samples can be preserved and enzymatic
reactions can be stopped. Underwater handling of the samples
entails the risk of elution of the conversion products from
the sponge tissue, especially if hydrophilic compounds are
formed. This can be minimized if after wounding samples
are immediately sealed underwater in small containers and if
the ambient seawater in these containers is analyzed as well.
Since wound-activated reactions often occur within seconds
(Paul and van Alstyne 1992, Pohnert 2000, Jung and Pohnert
2001, Thoms et al. 2006b, Thoms and Schupp unpublished),
a prolonged sampling procedure precludes monitoring the

conversion event over time. Thus, only start and end points
of the conversion reactions can be appropriately analyzed in
field experiments. Moreover, it is difficult to determine the
effect of defined wounding intensities in field experiments,
since unintentional damage in the course of sample handling
are likely to occur.
Due to these difficulties, laboratory experiments conducted
in seawater tanks with carefully handled, entire sponge
individuals may be a reasonable alternative that allows for more
controllable conditions. By ensuring the healthy condition of
the sponges (e.g., by using individuals without any signs of
damage and with open oscules indicating metabolic activity)
and by comparing their chemical profiles to those of intact
sponges in the field, bias caused by the laboratory conditions
can be minimized.

Determining ecological relevance and target
organisms
Determining wound-activated reactions in chemical
profiles of sponges is a matter of careful investigation and
use of appropriate analytical techniques (allowing for
compound identification, description of reaction kinetics, and
determination of enzymatic catalysis). Considerably more
ambiguous are interpretations on the ecological relevance of
such reactions.
To provide evidence for an activated defense, the conversion
of less active precursors into defensive agents with higher
activity has to be shown (Paul and van Alstyne 1992). Thus,
precursors and products have to be compared in bioassays
in their respective naturally occurring concentrations. Since
the product concentrations are a function of the wounding
caused to the sponge tissue, an ecologically relevant manner
of wounding needs to be applied. Often tissue grinding
has been employed to elicit wound-activated reactions and
the compound concentrations thereof have been used in
bioassays to assess the defensive function of the conversion
products (e.g., Paul and van Alstyne 1992, Cetrulo and Hay
2000, Jung and Pohnert 2001). Yet, if large tissue pieces
are bitten off from the sponge and immediately swallowed
by the predator, measurements in ground tissue are likely to
overestimate the naturally formed concentrations. Puyana et
al. (2003) chose stabbing of sponge tissue with a scalpel as an
alternative to grinding. This likely resulted in the disruption
of tissue compartments at the surface of the scalpel cuts,
but left the tissue underneath unaffected. Subsequently, the
extracts from entire sponge pieces bearing the scalpel cuts
were analyzed (Puyana et al. 2003). However, if the ratio of
damaged to undamaged tissue in the sampled sponge pieces is
low, concentrations of conversion products might become too
low for detection. In our recent study on an activated defense
in the sponge Aplysinella rhax we picked tissue pieces with
forceps in order to mimic predator bites and elicit conversion
reactions (Thoms and Schupp unpublished). Compound
concentrations were analyzed in the picked tissue pieces. At
best, these approaches will imitate feeding behavior of one
predator type, only. The actual predator may bite off larger
or smaller pieces, cause less or more tissue squeezing, or
may abrade the surface layers instead (Toth and Pavia 2007).
Thus, a reliable comparison of the bioactivity before and after
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wound-activated conversion is only possible if the actual
predator is known and its feeding behavior can appropriately
be mimicked. But even if this is feasible, effects on compound
concentrations occurring after wounding, such as dilution by
seawater or leakage from the sponge tissue, may impede their
proper assessment.
Water solubility of the defensive metabolites also poses a
challenge to the design of bioassays testing their anti-predator
effect. Compound loss from the experimental food needs to be
minimized in order to keep the assay conditions constant over
the experiment course. However, under natural conditions
the defensive agents may be exuded from the tissue directly
into the predator’s mouth when the tissue gets squeezed and
cells disrupt (Thoms and Schupp unpublished) – an effect
that can hardly be imitated with food designed to retain the
compounds efficiently.
Further, it has to be taken into account that predators may
learn to link sensing the precursors with the formation of
repellent conversion products (see Chivers and Smith (1998),
Rochette et al. (1998), and Larson and McCormick (2005) on
learning and recognition of chemical cues in potential sponge
predators). Thus, a comparative bioassay may not necessarily
reveal any difference between the compounds if the predator
stops feeding already upon contact with the non-repellent
precursors.
The above considerations are based on the assumption that
the target organism of an activated defense is a predator and,
by this, also represents the elicitor of the defense reactions.
Providing evidence for the ecological relevance of an
observed wound-activated chemical reaction gets even more
intricate if the eliciting organisms and the target organisms
are not identical. This, for example, is the case in sponges
of the genus Aplysina (Thoms et al. 2004, 2006b). Here, the
conversion precursors possess a pronounced repellent effect
against potential fish predators (Thoms et al. 2004). If despite
this chemical protection the sponge gets wounded, these
compounds are enzymatically converted into agents with
considerably enhanced antimicrobial properties, presumably
providing a barrier against microbial pathogens and protecting
the wounded sponge tissue against infection (Thoms et al.
2006b). To reveal such functions of activated defense reactions,
the search for potential targets has to be based broadly,
including both macro- and microorganisms. Moreover, it has
to be taken into account that defensive compounds may be
active at various scales (e.g., in quantities high enough to
overcome dilution effects en route to a predator’s olfactory
organs, or at only locally arising concentrations that form a
barrier against microbes).
Taken together, various methodological constraints as well
as inherent limitations on the interpretability of the results
considerably complicate the accumulation of evidences for
activated defense mechanisms in sponges. This, on the one
hand, may explain the low number of reports in this context
– with respect to sponges, but also with respect to sessile
marine invertebrates in general. On the other hand, this is
an exciting challenge for future studies aiming to shed light
on the question whether in this group of animals activated
defenses are, indeed, isolated phenomena, or may represent a
common but as yet largely overlooked strategy.

Conclusions
While considerable work has been done on sponge
chemical ecology over the last decade and we are seeing
some trends emerging from the multitude of studies, it has
to be acknowledged that often ecological concepts can not
be generalized. For instance, there are numerous examples
that support the optimal defense theory and the growthdifferentiation balance hypothesis – but almost as many
contradicting them. Many tropical sponge species have a
stronger protection against predators than their temperate
relatives, however, a general proof for the “latitudinal
gradient theory” failed – as a whole, the defensive chemistry
of tropical sponges is apparently not more repellent than that
of temperate species. Sponges do make use of synergisms
between structural and chemical defenses – but not all sponge
species do and this strategy is not equally effective against all
types of predators.
It is obvious that single concepts are unlikely to be valid for
all the numerous sponge species in the multitude of habitats
they live in. However, from the studies reviewed it becomes
apparent that in many cases evidences for these concepts
may be obscured by methodological constraints as well as
by the complexity of parameters affecting sponges and their
secondary metabolisms. Secondary metabolite profiles of
sponges often are characterized by pronounced variability. In
fact, sponges have been described as “dynamic multicellular
systems” that undergo constant changes in adaptation to
altering external factors (Gaino and Magnino 1999). This
versatility undoubtedly complicates seeing clear patterns
in sponge traits. Moreover, there is evidence that microbial
symbionts often contribute substantially to both nutrition and
secondary metabolite biosynthesis of sponges (Taylor et al.
2007). Still very little is known about these interactions in most
sponge species, which severely complicates answering such
basic questions as to whether chemical defense is costly for a
sponge. Further complexity is added by sponges employing
chemical defenses simultaneously against various threats on
various sizes of scale (e.g., against predators, competitors,
biofouling, pathogens), and using metabolites in multiple
ways, being concurrently active against several of these
threats (“multi-purpose tools”). The resulting interferences
may obscure links between single effects and single causes
and, this way, complicate discerning clear defense concepts.
This is similar for facultative defenses. While parallels
between sponge and plant ecology make it rational to search
for such defenses in sponges (i.e., for activated and inducible
defenses), so far only few examples have been identified. Here
as well, experimental constraints and interfering parameters
complicate investigations on effects and causes. Hence,
the question whether facultative defenses in sponges are
isolated phenomena or common but as yet largely overlooked
strategies remains to be resolved.
In many cases it will be inevitable to evaluate the
ecological concepts and defense strategies at the species
or even at the individual level to be able to contemplate all
the factors that potentially impact their outcome. To break
down the complexity of parameters, investigation of certain
processes in artificial systems may be necessary. Biomolecular
approaches similar to those currently employed to elucidate
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innate immune reactions in sponges on the genetic level
may, in the future, prove useful also to study other aspects
of sponge chemical ecology. However, to draw legitimate
conclusions on ecological interrelations, findings from in vitro
experiments should always be validated in natural systems.
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