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ABSTRACT: This essay is the outcom e o f  a  colloquium convened in Novem ber 2005 a t the Benthos Laboratory o f  the
Stazione Zoologica Anton D ohrn in Ischia, Italy, on chemical ecology and the role o f secondary metabolites in the structuring 
and functioning o f  m arine biodiversity. The participants o f the workshop are part o f  the European Network o f Excellence 
MarBEF (Marine Biodiversity and Ecosystem Function), a  consortium  o f  56 European m arine institutes to integrate and 
disseminate knowledge and expertise on m arine biodiversity. H ere we review som e o f  the new trends and emerging topics in 
marine chemical ecology. The first section deals with m icrobial chemical interactions. Microbes communicate with each o ther 
using diffusible molecules such as N-acylhomoserine lactones (AHL). These are regulators in cell-density-dependent gene 
regulation (quorum  sensing) controlling microbial processes, hi chemical interactions with higher organisms, m icrobes can 
act either as harm ful pathogens that are repelled by the host’s chemical defense o r as beneficial symbionts. These symbionts 
are som etim es the true producers o f  the host’s secondary m etabolites that have defensive and protective functions fo r their 
hosts. We also describe how allelochemicals can shape phytoplankton communities by regulating competition fo r available 
resources, and also interactions among individuals o f the same species. Com pounds such as the diatom-derived unsaturated 
aldehydes have been dem onstrated to act as infochemicals, and they possibly function as a  diffusible bloom-termination 
signal that triggers an active cell death and bloom term ination a t sea. The same molecules have also been shown to interfere 
with the reproductive capacity o f  grazing animals deterring fu ture  generations o f  potential predators. Such com pounds d iffer 
from  those that act as feeding deterrents since they do no t target the p redator but its offspring. Many o f  the neurotoxins 
produced by dino flagellates act as feeding deterrents, and laboratory experim ents have shown that ingestion o f these algae by 
some mierozooplankton and macrozooplankton can cause acute responses such as death, incapacitation, altered swimming 
behavior, and reduced fecundity and egg-hatching success. These effects may rarely occur in nature because o f  low individual 
grazing rates on dino flagellate cells and grazing on o ther food  sources such as micro flagellates and diatoms. We also consider 
the nutritional com ponent o f m arine plant-herbivore interactions, especially in the plankton, and the inform ation available on 
the effects o f  growing conditions o f algae on the production o f  toxic m etabolites. Species producing saxitoxins seem to 
consistently produce the highest am ounts o f toxins (on a pe r cell basis) in the exponential phase o f  growth, and there is 
a  decrease in their production under nitrogen, bu t no t under phosphorus stress, where the production actually increases. We 
try to explain the circumstances under which organisms defend  themselves chemically and argue that the m ost likely 
explanatory m odel fo r the production o f secondary metabolites used fo r defense in planktonic organisms is the carbon 
nutrient balance hypothesis, which predicts that m ost algae produce their toxins mainly under conditions where carbon is in 
excess and nitrogen (or o ther nutrients) is limiting. We also discuss chemically m ediated macroalgal-herbivore interactions in 
the benthos and the large variation in concentration o f seaweed defense metabolites a t d ifferen t spatial and tem poral scales. 
Seaweeds have been shown to produce a large variety o f  secondary m etabolites with highly variable chemical structures such 
as terpenoids, acetogenins, amino acid dérivâtes, and polyphenols. Many o f  these com pounds probably have m ultiple 
sim ultaneous functions fo r the seaweeds and can act as allelopathic, antimicrobial, and antifouling o r ultraviolet-screening 
agents, as well as herbivore deterrents. We also provide exam ples o f  interactions between m arine benthic invertebrates, 
especially sponges, molluscs, and cnidarians, that are m ediated by specific secondary m etabolites and discuss the role o f  these 
in shaping benthic communities.

Introduction

P la n t s  a n d  a n im a ls  in  t h e  s e a  p r o d u c e  a  v a r ie ty  o f  
d i f f e r e n t ,  o f t e n  u n i q u e ,  m o le c u le s  t h a t  s e rv e  a s

* C o r r e s p o n d i n g  a u t h o r ;  t e l e :  + 3 9 0 8 1 5 8 3 3 2 4 6 ;  f a x :  
+ 3 9 0 8 1 7 6 4 1 3 5 5 ; e-m ail: ia n o ra @ sz n .it

p r o t e c t i o n  a g a i n s t  e n e m i e s  o r  t h a t  a r e  o f  v i ta l  
i m p o r t a n c e  f o r  f e e d i n g  a n d  r e p r o d u c t i o n .  T h e s e  
c h e m ic a ls  a r e  r e f e r r e d  to  a s  s e c o n d a r y  m e t a b o l i t e s  
o r  n a t u r a l  p r o d u c t s  a n d  a r e  n o t  d i r e c t ly  in v o lv e d  in  
p r i m a r y  m e ta b o l i s m .  T h e y  d i f f e r  f r o m  t h e  m o r e  
p r e v a l e n t  m a c r o m o l e c u l e s ,  s u c h  a s  p r o t e i n s  a n d
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nucleic acids, tha t m ake u p  the  basic m achinery  o f 
life. O ften  secondary m etabolites constitu te a very 
small fraction o f  the  to tal biom ass o f an organism  
(C annell 1998), and  it is n o t always clear what 
biological ro le these com pounds play. In  recen t 
years it has becom e increasingly ap p a ren t th a t 
secondary m etabolites have im p o rtan t ecological 
functions and  may at tim es con tribu te  as m uch as 
prim ary m etabolites to the  survival o f the p roducing  
organism . T he science th a t considers chem ical 
in teractions betw een organism s and  th e ir environ­
m en t is te rm ed  chem ical ecology, one o f  the fastest 
growing and  rapidly evolving environm ental sub- 
disciplines.

To date, over 16,000 new com pounds have been  
isolated from  sponges, ascidians, soft corals, sea­
weeds, m arine m icrobes, and  m any o th e r ben th ic  
and  pelagic organism s, with m ore  being  discovered 
daily (B hakuni and  Rawat 2005). Some o f these 
p ro d u c ts  m ay fin d  im p o r ta n t b io tech n o lo g ica l 
applications in  biom edical research  and  in  the 
agriculture, aquaculture , and  chem ical industries 
(see H ae fn e r 2003 fo r re c e n t review on  d rug  
developm ent from  m arine n a tu ra l p ro d u c ts) . Aside 
from  th e ir b io technological applications, secondary 
m etabolites are now believed to  be at the basis o f 
ecological specialization by affecting species’ distri­
bu tion  patterns and  com m unity  organization, as 
well as d e te rm in ing  feed ing  p a tte rns and  m ain te­
nance  o f  biodiversity th ro u g h  resource and  hab ita t 
p artition ing  (M cClintock and  Baker 2001). The 
organism  has to  pay a price fo r this ecological 
advantage. T he b iochem ical pathways tha t generate  
m arine n a tu ra l p roducts are often  com plex and  it is 
generally  believed tha t a significant am o u n t o f 
m etabolic energy is ex p en d ed  to  genera te  the ir 
p ro d u ctio n  th a t could  otherwise have been  d irected  
to  grow th o r rep ro d u c tio n  (e.g., C ronin  2001). The 
h igh  energetic  cost o f p roducing  and  m ain tain ing  
potentially  toxic com pounds m ust be com pensated  
fo r  by a defensive b e n e f it to  th e  p ro d u c in g  
organism . T here  are m any theories as to why m arine 
organism s p ro d u ce  secondary m etabolites. Early 
theories suggested th a t these were chem ical waste 
p roducts  or otherwise functionless m etabolites o f 
prim ary m etabolism  overflow (see H arp er et al. 
2001 and  Feeney 1992 fo r reviews on the  evolution 
o f  chem ical ecology). O thers la ter concluded  that 
n a tu ra l p roducts have evolved u n d e r  the  pressure o f 
n a tu ra l selection to b in d  to specific recep tors and  
th a t they rep resen t ecological responses o f  o rgan­
isms to  th e ir env ironm ent (e.g., Williams et al. 
1989). M arine organism s are u n d e r in tense  com ­
petitive pressure fo r space, light, and  nu trien ts . It is 
n o t surprising th a t they have developed a range o f 
defense m echanism s inc lud ing  physical (e.g., tough  
p ro tec tive  silica surfaces as in  th e  p lan k to n ic

diatom s, H am m  et al. 2003) and  chem ical defenses 
to ensure  survival.

T he bulk  o f research  on  chem ically m ed iated  
in teractions has focused on  predator-prey  in terac­
tions, especially in the  ben th ic  realm , and  th ere  is 
now a considerable am o u n t know n abou t feed ing  
p references and  d e te rre n t m olecules in  m acro- 
ben th ic  organism s. M uch less is known on the 
chem ical ecology o f p lanktonic  m arine organism s. 
We also know very little as to why m arine inverte­
brates avoid certain  com pounds, and  few studies 
have assessed w hat hap p en s w hen secondary m eta­
bolites are consum ed. Few studies have addressed 
allelopathic in teractions in  the  m arine  env ironm ent 
an d  th e  fu n c tio n  o f  secondary  m etabo lites  as 
defenses against pa thogens or o th e r com peting  
plants. In  this essay we focus on som e o f these 
in teractions and  several o thers, especially in regard  
to some o f the  new er em erg ing  areas o f  research  in 
this field.

Several excellent reviews already exist on m arine 
chem ical ecology so this p ap er does n o t a ttem pt to 
provide a com prehensive overview, b u t ra th e r  to 
illu stra te  som e exam ples o f  th e  diversity an d  
im portance  o f  chem ically m ed ia ted  in terac tions 
involving m arine organism s. We focus on  a few key 
topics in  this field, such as bacterial quo rum  sensing 
an d  th e  defensive an d  p ro tective fu n c tio n s o f 
sponge-associated bacterial in teractions, w hich have 
ind icated  the  m icrobial origin o f m any o f these 
n a tu ra l p ro d u c ts . A n o th e r  em erg in g  top ic  we 
consider is the  po ten tia l role o f  secondary m etabo­
lites an d  a lle lopathy  in  co n tro llin g  m icroalgal 
biology, species successions d u rin g  bloom  develop­
m ent, and  com petition  and  com m unication  w ithin 
the phytoplankton . In  an o th e r section o f the  p ap er 
we discuss recen t advances in  phytoplankton-zoo- 
p lank ton  chem ical in teractions and  re p o rt on  the 
discovery o f  diatom  m etabolites th a t d e te r grazers, 
such as copepods, by reducing  the ir reproductive 
p o ten tia l. T his m o d e l is new  fo r th e  m arin e  
env ironm ent w here m ost o f  the  known negative 
p lant-anim al in terac tions are re la ted  to  feed ing  
d e te rrence  and  poisoning  and  death , bu t never to 
reproductive failure, and  represen ts a m echanism  
allowing phy top lank ton  bloom s to persist w hen 
grazing pressure w ould otherwise have caused them  
to crash. We also consider the nu tritio n a l com po­
n e n t o f  m arin e  p lan t-herb ivore  in te rac tio n s in 
w hich we briefly review the  in form ation  available 
on the  effects o f growing conditions o f  algae on the 
p ro duction  o f  toxic m etabolites and  discuss theories 
concern ing  the  circum stances u n d e r w hich organ­
isms defend  them selves chemically. We also discuss 
chem ically m ed ia ted  m acroalgal-herbivore in terac­
tions and  the  effects o f m acroalgal defenses on 
herbivore fitness and  p o pu la tion  dynamics, as well
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as on ecosystem function ing . We provide selected 
exam ples o f  in teractions betw een m arine  ben th ic  
inverteb rates, especially sponges, m olluscs, and  
cnidarians, th a t are m ed ia ted  by specific secondary 
m etabolites and  discuss the  role o f  these in  shaping 
ben th ic  com m unities.

B a c t e r ia l  C e l l -t o -c e l l  C o m m u n ic a t io n  a n d  
In t e r a c t io n s  w it h  E u k a r y o t e s

M icrobes sense th e ir env ironm ent via cell-associ­
ated  and  diffusible m olecules such as N-acylhomo- 
serine lactones (AHL) tha t are constantly  p ro d u ced  
by m any bacteria an d  diffuse th ro u g h  m em branes 
in to  the su rround ing  environm ent. Beyond a certain  
cell density o f the bacterial popu la tion  (varying 
betw een IO5 and  IO11 cells m l-1) an d  correspond ing  
concen tra tions o f AHLs, a th resho ld  o r quo rum  is 
reached , and  expression o f  target genes is in itiated , 
e.g., the  pro te ins fo r ligh t em ission in  lum inous 
bacteria  or pa thogen ic  factors th a t cause disease. 
T he discovery th a t bacteria  com m unicate with each 
o th e r using signal m olecules has changed  our way 
o f perceiving single cell organism s and  in terspecies 
com m unication  and  info rm ation  transfer. Q uorum  
sensing typically contro ls processes, such as swarm­
ing (coord inated  m ovem ent) , v irulence (coord inat­
ed  attack), o r conjugation  (gene transfer betw een 
cells), th a t req u ire  h igh cell densities fo r success 
an d  th a t are  essen tia l fo r th e  survival o f  the  
p ro duc ing  organism s. For quo rum  sensing, AHLs 
are the  m ost intensively stud ied  class o f m ediators in 
cell-density-dependent gene regu lation  (Pappas et 
al. 2004; Visick and  F uqua 2005; Keller and  Surrette 
2006) and  have been  fo u n d  in bacterial biofilm s or 
on particles and  solid surfaces (Gram  et al. 2002; 
Parsek and  F uqua 2004). Surface sensing via AHLs 
o f bacterial biofilms was shown to be the  initial step 
in  the  settling o f  the  in tertida l g reen  m acroalga 
Ulva, fo rm erly  Enteromorpha (T ait et al. 2005; 
W heeler et al. 2006), dem onstra ting  fo r the  first 
tim e, how  m arine  eukaryotes use signals from  
prokaryotes.

Eukaryotes have also evolved secondary m etabo­
lites with inh ib iting  activities to  avoid pathogenic  
attacks by the  concerted  action o f  m any bacteria. 
T h e  u n ice llu la r  freshw ater alga Chlamydomonas 
reinhardtii p roduces m im icking, b u t so far u n ch ar­
acterized, A H L-interfering m etabolites (Teplitski et 
al. 2004), w hereas the  red  alga Delisia pulchra 
synthesizes h a logena ted  fu ranones (M anefield et 
al. 2002) and  the  N orth  Sea bryozoan Flustra foliacea 
b rom o-tryp tam ine-based  alkaloids (Peters e t al.
2003). A nti-biofouling com pounds may also act on 
quo rum  sensing (Rasmussen and  Givskov 2006) and 
a sim ple screening  p ro toco l fo r antagonists is now 
available (M cLean et al. 2004). AHL-based in terac­
tions may have p ro fo u n d  effects on  biodiversity and

ecosystem function ing . Successfully invading species 
n eed  to  develop resistance to the  local popu la tion  
o f  m icrobial m etabolites. In  Tasm ania, the  in tro ­
duced  toxic dinoflagellate Gymnodinium catenatum 
was fo u n d  to  be m ore  sensitive to  algicidal bacteria 
th an  ind igenous Gymnodinium, sp. (Skerratt et al.
2002). F u ture  studies will reveal m ore  exam ples o f 
m icrobe-eukaryote in terac tions and  th e ir  im por­
tance for ecosystem function ing .

M arine anim als and  plants live in  close associa­
tion  with m icroorganism s and  the ir body surfaces 
are inevitably colonized by epibiotic m icrobes; some 
m arine  anim als h a rb o r m icroorganism  w ithin the ir 
digestive tracts o r even w ithin tissues and  cells. Such 
in teractions are com plex and  reach  from  harm ful 
diseases to symbioses o f m u tual benefit (S teinert et 
al. 2000). Secondary m etabolites can act as a defense 
strategy against unw anted  colonization (infection) 
by m icrobes. Sessile invertebrates, such as corals, 
sponges, and  ascidians, p roduce  an astonishing 
variety o f  an tim icrob ia l co m p o u n d s (Paul an d  
P ug lisi 2004), w hich  h e lp  to  c o n tro l surface 
colonization (D obretsov et al. 2005; Kelly e t al. 
2005). Many o f these anim als, especially sponges, 
are perm anen tly  associated with specific m icrobes 
(H entschel et al. 2003; Taylor et al. 2004), w hich are 
obviously n o t h arm ed  by the antim icrobial second­
ary m etabolites. A ssociated m icroorganism s have 
recently  b een  shown to be involved in  the  synthesis 
o f  num erous m etabolites (H ildebrand  et al. 2004).

Bacteria associated with m arine invertebrates or 
seaweeds m ore  often  show antim icrobial activities 
th an  those isolated from  seawater and  sed im ent 
(Z heng et al. 2005). In  close associations and  
symbioses, the  actual p ro d u cer o f  the  secondary 
m etabolite  is difficult to distinguish, because m ost 
symbiotic m icrobes are n o t viable outside th e ir host 
(O lson et al. 2000). Localization o f secondary  
m etabolites to specific cell types w ithin the  host is 
o f  lim ited  in fo rm ation  since the site o f synthesis 
may n o t be the  site o f  storage. N um erous studies 
dem onstra te  secondary m etabolite  p ro duc tion  by 
sym bionts such as the  synthesis o f  the  bicyclic 
g lycopep tide  th e o p a la u a m id e  by an associated  
de lta -p ro te ro b ac te riu m  in the  sponge Theonella 
swinhoei (Schm idt et al. 2000), the synthesis o f 
bryostatin by bacterial symbionts in the  bryozoa 
Bugula neritina (D avidson et al. 2001), o r the 
antim icrobial activity o f  d ifferen t bacterial strains 
isolated from  the sponges Aplysina aerophoba and  A. 
cavernicola (Plate A; H en tschel et al. 2001).

M arine invertebrates have evolved m echanism s 
th a t enable them  to distinguish betw een beneficial 
and  d etrim en ta l bacteria. Secondary m etabolites act 
as a con tro lling  factor in  this host-m icrobe in ­
teraction. Sponge-associated m icrobial com m unities 
m o st likely re p re s e n t  a m ix tu re  o f  m ic ro b es
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Plate A: T he M editerranean sponge Aplysina aerophoba (large image) produces antim icrobial and  antitum or com pounds. T he structure 
o f the brom inated alkaloid aeroplysinin-1 (small image left) is given as an example. T he tissue o f this sponge is densely populated  by 
associated microbes. DAPI staining o f a  tissue section (small image right; scale bar =  20 pm ) visualizes these m icrobes as small b lue dots, in 
contrast to nuclei o f  sponge cells, which appear as larger dots. Associated sponge microbes are often involved in  the  production o f bioactive 
secondary metabolites. B: Diatoms produce unsaturated  aldehydes that strongly effect grazer fitness. These com pounds are also involved in 
stress signaling between diatom  cells using n itrogen oxide (NO) as a  m ediator. Panel a: Flow cytometric detection o f N O  upon  exposure to 
aldehydes in  the  diatom  Phaeodactylum tricornutum. G reen is green fluorescence from  the stain DAF-FM as in  Vardi e t al. (2006). T he signal 
elicited by aldehydes triggers inhibition of cell growth. Panel b: Decrease in  metabolic activity as detected by the  enzymatic cleavage of 
Fluorescein Diacetate. G reen is green fluorescence from  fluorescein, liberated after cleavage by intracellular esterases. Cell death  follows 
with a m echanism  closely resem bling apoptosis (photos, up p er panel, control, lower panel, TUNEL-positive Thalassiosira weissflogii upon 
exposure to the  aldehyde decadienal). G reen fluorescence o f the  nucleus derives from  labeling of DNA fragm ents th a t result from  an active 
m echanism  o f cell death. Scale bar — 5 pm. C: Effect o f the  diatom-derived unsaturated  aldehydes 2-trans-4-cis-decatrienal (AÍ ), 2-trans-4- 
trans-7-cis-decatrienal (A2), and  2-trans-4-trans-decadienal (A3) on  copepod egg hatching success (lower left panel) com pared to the 
control fatty acid eicosapentaenoic acid (EPA; from  Miralto e t al. 1999). Right panel shows abnorm al nauplius spawned by a  copepod 
female fed a  d ie t o f the aldehyde-producing diatom  Skeletonema costatum (left) com pared to control nauplius spawned by a  female fed  the 
dinoflagellate Prorocentrum minimum  (right). Abnorm al nauplius has deform ed limbs m arked positively for TUNEL staining (yellow) 
indicating apoptotic dead tissues com pared to control (from lanora  e t al. 2004). D: D endrodorid nudibranchs, such as those o f the  genera 
Dendrodoris o r  Doriopsilla, are defended by the  antifeedant dialdehyde, polygodial. This com pound is n o t p resent in a  free form  in the 
mollusc bu t is released on  dem and by enzymatic conversion of an  inactive tricyclic form  nam ed olepupuane. T he metabolic equilibrium  
between polygodial-oleppuane allows control o f the  concentration o f the toxic m etabolite in the  tissue o f the molluscs. Figure provided by 
Ernesto Mollo. E: T he M editerranean mollusc Oxynoe olivacea lives in strict association with algae of the  genus Caulerpa from  which it 
obtains protection from  potential predators. A lthough the capability o f  this mollusc to feed upo n  the  alga is very well docum ented, 
chemical studies have shown that no  caulerpenyne, the  m ajor algal secondary m etabolite, is detectable in the body o f the  invertebrate. The 
m antle and  m ucus o f O. olivacea are rich in  two aldehydes, oxytoxin-1 and oxytoxin-2, bo th  derived from  the algal m etabolite by two distinct
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acquired  from  the  w ater co lum n d u ring  the h o s t’s 
life tim e and  those th a t are in h e rited  from  the 
paren ta l genera tion  and  th a t may have accom pa­
n ied  th e ir host over evolutionary tim es (H entschel 
et al. 2002). For d ifferen t sym biont-bearing m arine 
invertebrates, vertical transm ission o f sym bionts to 
the  offspring has been  proven by the p resence of 
sym bionts in reproductive cells and  larvae (Sipe et 
al. 2000; Ereskovsky et al. 2005). R ecent research 
suggests th a t vertical sym biont transm ission may be 
reflected  by highly co-evolved host-sym biont associa­
tions (Peek et al. 1998).

M icrobes play a double  ro le in chem ical in terac­
tions with h ig h er organism s. They can be harm ful 
pa thogens th a t are repelled  by chem ical defenses or 
they may be useful symbionts. M icrosym bionts are 
the  secret passengers th ro u g h  evolutionary times, 
in terac ting  with the ir hosts by chem ical com m uni­
cation, and  may in som e cases even be the  true 
p roducers o f  the ir h o s t’s secondary m etabolites.

A l l e l o c h e m ic a l s  a n d  I n f o c h e m ic a l s  
in  P h y t o p l a n k t o n

Evidence is accum ulating  th a t secondary m etabo­
lites in  phytop lank ton  also regulate  and  contro l 
algal biology, species succession, com petition , and 
com m unication  (L egrand et al. 2003). Chem ical 
in teractions are very well known and  stud ied  in 
terrestrial ecosystems (Inderjit and  D uke 2003) , bu t 
studies in  aquatic systems have been  biased by 
technical difficulties, m ainly arising from  d ilu tion  in 
the  w ater m ed ium  and  physical constrain ts such as 
viscosity or shear forces (Wolfe 2000). In  aquatic 
systems th ere  is a b ro ad er diversity o f species and 
chem ical com pounds th an  in  terrestrial ecosystems 
(M cClintock and  Baker 2001). N oth ing  is known on 
quantitative in teractions with hydrodynam ic, chem i­
cal, biological, and  m olecular factors at d ifferent 
tim e and  space scales. A n o th er drawback is the 
often missing chem ical identification  o f the  com ­
p o u n d s p ro d u ced  and  o f  th e ir biosynthetic p a th ­
ways. As a resu lt o f these difficulties, very few 
ecological m odels include allelochem istry (An et 
al. 1993; M ukhopadhyay et al. 1998), laut it is 
evident th a t such an im p o rtan t process should  be 
inc luded  in  fu tu re  m odels th a t consider species 
in teractions (Wolfe 2000; L egrand  et al. 2003).

T he p ro d u c tio n  o f  allelochem icals confers an 
adap tive  advan tage  to  th e  p ro d u c in g  species, 
affecting grow th and  physiological perfo rm ance of 
com petito r species (Wolfe 2000). A llelochem istry is 
likely to  affect species succession, in  add ition  to

trad itional abiotic and  biotic factors. This has been  
dem onstra ted  fo r bacteria  (Long and  Azam 2001; 
Kim et al. 1998), cyanobacteria in  lakes (Keating 
1977, 1978) o r at sea (Llores and  W olk 1986; 
Suikkanen et al. 2004, 2005), dinoflagellates (Suke- 
n ik  e t al. 2002; T illm an and  Jo h n  2002; K ubanek et 
al. 2005), and  diatom s in  coastal environm ents 
(Subba Rao et al. 1995). In  m any o f the  previous 
exam ples, the p rodu c tio n  o f allelochem icals has 
b een  shown to be the d e te rm in an t fo r b loom  
developm ent, dynamics, and  fate. R engefors and  
L egrand  (2001) showed an allelopathic in terac tion  
betw een a freshw ater dinoflagellate p ro ducing  an 
algicidal com p o u n d  inh ib iting  the growth o f a co­
occurring  cryptophyte. In  the m arine environm ent, 
the  exclusion o f o th e r phy top lank ton  species by the 
toxic hap tophy te  Chrysochromulina polylepis and  its 
success as a b lo o m -fo rm in g  species has b een  
a ttribu ted , am ong o th e r factors, to  the  p ro duction  
o f  allelochem icals (Schm idt and  H ansen  2001). 
A n o th er toxic hap tophyte , Prymnesium parvum, is 
able to  m odify the  structu re  o f  phy top lank ton  
com m unities by using chem ical cues (Eistarol et al.
2003). T he toxins used to kill o r d e te r the predato rs 
are  n o t always the  sam e m olecules th a t affect 
co m p e tito r species. T he a lle lochem ical defense 
m echanism  o f Alexandrium  spp. has been  shown to 
be in d e p e n d e n t o f PSP-toxin co n ten t (T illm ann 
an d  J o h n  2002). T h ere  is no  evidence o f an 
allelopathic role for the  p o ten t toxin okadaic acid 
in  ciguatera dinoflagellates (Sugg and  V anD olah 
1999) , and  dom oic acid, w hich is a toxin  released by 
som e diatom  species, has b een  shown to be used by 
diatom s them selves as a functional co m p o n en t o f 
a high-affinity iron  acquisition system (Wells et al. 
2005).

A recen t line o f research is h igh ligh ting  the  role 
o f  secondary m etabolites as in fo rm ation  m olecules, 
used  fo r cell-to-cell com m unication  (Steinke et al.
2002). This is the  case fo r diatom  u nsatu ra ted  
aldehydes, w hich are involved in  a stress surveillance 
m echanism  based on  fluctuations in  calcium  and  
nitric  oxide levels (Vardi et al. 2006). A ccording to 
th e se  a u th o rs , w h en  stress c o n d itio n s  d u rin g  
a bloom  and  cell lysis rates increase, aldehyde 
concen tra tions could  exceed a certain  th reshold , 
and  possibly function  as a diffusible bloom -term i- 
n a tion  signal th a t triggers an active cell death . 
D iatom -derived aldehydes may also have an allelo­
path ic  role, since they have been  shown to affect 
grow th and  physiological perfo rm ance o f diatom s 
and  o th e r phy top lank ton  species (Casotti e t al.

hydrolytic enzymes, LIP-1 and  LIP-2. T he enzymatic transform ation o f caulerpenyne to oxytoxin-1 and  oxytoxin-2 renders oxytoxin-2 1,000 
times m ore po ten t than  caulerpenyne as a  fish deterrent. Figure provided by Ernesto Mollo.
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2005; Casotti and  R ibalet un p u b lish ed  data), in ­
ducing  m ulticellular-like behavior in clonal popu la­
tions (Plate B). Recently a novel class o f oxylipins 
(o x y g en ase -m ed ia ted  o x y g e n a te d  c o m p o u n d s )  
based on  C16 polyunsaturated  fatty acids in diatom s 
has been  described (d ’Ippo lito  et al. 2006), suggest­
ing tha t these new com pounds may also be involved 
in  signaling o r allelopathy.

Abiotic factors in fluence  th e  p ro d u c tio n  and  
accum ulation  o f allelochem icals in  freshw ater and  
m arin e  species, by d irectly  affecting th e ir  physio­
logical status. A lthough  th o ro u g h  in fo rm atio n  is 
often  m issing due  to  th e  lack o f in fo rm atio n  on  the 
chem ical n a tu re  and  synthetic pathways o f  m any 
allelochem icals, th e re  are exam ples o f  e n h an ce ­
m en t o f th e ir  effect u p o n , fo r exam ple, n u tr ie n t 
lim itation , p H  variations, tem p era tu re  increase, 
an d  grow th phase. In  contrast, the  physiological 
cond itions o f  th e  target species strongly d e te rm in e  
th e ir  d eg ree  o f  re s is tan ce  to  a lle lochem icals . 
N utrien t-lim ited  cu ltu res o f  the  d iatom  Thalassio­
sira weissflogii are m ore  sensitive to  filtrates o f 
P. parvum  th an  n u trien t-rep le te  cu ltu res (Fistarol 
e t al. 2005). This suggests th a t com petition  in 
nu trien t-lim ited  env ironm ents may be dram atically  
affected  by alle lochem ical p ro d u c tio n , an d  th a t it 
may re p re se n t a d e te rm in a n t in  species succession, 
e.g., at the  en d  o f a b loom . D efense responses of 
ta rg e t organism s to  low doses o f  chem ical cues in ­
clude sexuality o r encystm ent, as observed in the case 
o f  som e dinoflagellates (Fistarol e t al. 2004).

C hem ical cues may also benefit receivers o th e r 
th an  those in ten d ed  and  such cues, if  beneficial to 
the  receiver, are te rm ed  kairom ones, while if  they 
are beneficial to  b o th  the  sender and  the receiver 
are te rm ed  synom ones (Dicke and  Sabelis 1988). 
T he study and  the  m ode o f  action o f such by­
p roducts  o f  d e te rrence  are unknow n in m arine 
systems, b u t com pounds involved in  the  dimethyl- 
s u lp h o n o p ro p r io n a te  (D M S P )-d im ethy lsu lph ide  
(DMS)-acrylate system have p o ten tia l to be kairo­
m ones (Wolfe 2000 and  references th e re in ). Tri- 
tro p h ic  in terac tions, in  w hich chem ical signals 
em itted  by w ounded  prey attract th e ir  p re d a to r’s 
enem ies are also know n in aquatic systems and  are 
m ed ia ted  by b iogen ic  volatile co m p o u n d s (for 
a review  see S te in k e  e t al. 2002). All th ese  
m echanism s coexist at sea and  rep resen t a key for 
u n d erstan d in g  m any processes, from  species com ­
p e titio n  to  com m unity  com position , to  b loom  
developm ent and  dynamics, and  even evolution 
(Lewis 1986).

T here  is increasing awareness o f the  im portance  
o f  allelochem istry in m arine ecosystem function ing  
and  biodiversity. A part from  the chem ical identifi­
cation o f  the m olecules involved, fu tu re  challenges 
inc lude  the identification o f  biosynthetic pathways

in defense m echanism s in phytop lank ton  an d  the 
u n d erstan d in g  o f the  transcrip tional changes and  
signal transduction  m echanism s occurring  during  
biotic in teractions. In  this context, genom ic ap­
proaches are very prom ising.

P h y t o p l a n k t o n -z o o p l a n k t o n  
C h e m ic a l  In t e r a c t io n s

In  term s o f biodiversity, the phy top lank ton  are 
am ong the  m ost diverse organism s in  the  sea, and  
due to the  com plexity o f  the  h ab ita t in w hich they 
live, these organism s have evolved som e o f the  m ost 
u n iq u e  m etabolites ever isolated in natu re . Many o f 
these are p o ten t neu ro tox ins th a t can m ake th e ir 
way u p  the  m arine  food  chain  and  are responsible 
fo r massive fish kills, b o th  wild and  farm ed, as well 
as the  deaths o f  m any aquatic birds and  m am m als, 
includ ing  whales an d  sea lions (Scholin et al. 2000). 
In  hum ans, consum ption  o f shellfish contain ing  
h igh levels o f  toxins can induce at least fou r types o f 
pathologies: paralytic, neuro toxic , d iarrhetic , and  
am nesic shellfish poisoning. R ecords o f h u m an  
poisoning  by at least two o f these syndrom es date 
back h u n d red s  o f  years. T he discovery and  charac­
terization o f the m olecules responsible fo r this 
biological activity are quite recent. O kadaic acid was 
the first toxin isolated from  a m arine dinoflagellate 
even th ough  it h ad  previously been  fo u n d  in  the 
sponge Halichondria okadai. T he toxin was identified  
from  a T ahitian  strain o f  the dinoflagellate Prorocen­
trum lima and  a derivative o f this toxin, dinophys- 
toxin, was la ter isolated from  tem perate  species o f 
the dinoflagellate genus Dinophysis. Both okadaic 
acid and  dinophystoxin  are associated with episodes 
o f d iarrhetic  shellfish po ison ing  in  hum ans (see 
Cem bella 2003 and  B hakuni and  Rawat 2005 for 
recen t reviews on dinoflagellate toxins).

T h e  b reve tox ins are  a fam ily o f  at least 9 
com pounds tha t are sodium  ch an n e l activators. 
T hey  cause rep e titiv e  d e p o la riz a tio n  o f  nerve 
m em branes with an increase in  the  influx o f  sodium  
ions th a t ultim ately deplete  cellular reserves o f 
acetylcholine at the  synapses. A no ther g roup  o f 
toxins, the  saxitoxins, include at least a dozen 
com pounds th a t cause the opposite  effect to  the 
brevetoxins. They b ind  to the sodium  channels and  
specifically block sodium  perm eability  o f  the  nerve 
m em brane, ultim ately causing paralysis and  respira­
tory failure in  hum ans. T he differences in structure 
o f the various saxitoxins alter the  rates at w hich they 
b ind  to  and  d ep art from  the b ind ing  site on  the 
sodium  ch an n e l. Yessotoxin, iso lated  from  the  
d inoflagella te  Ptychodiscus brevis ( =  Gymnodinium  
breve), partially resem bles the  brevetoxins in struc­
tu re  and  toxicity. C iguatera po isoning  p roduces 
various sym ptom s such as cardiovascular, gastro in­
testina l, sensory, an d  m o to r  d is tu rb an ces. N o



H. T. Odum Synthesis E ssay 537

effective d rug  is currently  known fo r therapy. T he 
tox in  is p ro d u c e d  by a b en th ic  d inoflagella te , 
Gambierdiscus toxicus, and  is transm itted  to fish along 
the  m arine  food  chain. G. toxicus also p roduces 
a m ore  po lar toxin, m aitoxin, w hich to g e th er with 
ciguatoxin, are probably  the  m ost p o te n t n eu ro to x ­
ins ever isolated from  m arine organism s.

T he putative function  o f d inoflagellate toxins is 
often assum ed to  be chem ical defense b u t a lthough 
acu te  re sponses such as dea th , incap ac ita tio n , 
a ltered  swimming behavior, and  red u ced  fecundity  
and  egg-hatching success have been  rep o rted  after 
ingestion  o f highly toxic algae by m icrozooplankton  
and  m acrozooplankton  in laboratory experim ents 
(reviewed by T u rn e r et al. 1998), these effects may 
rarely occur in  n a tu re  because o f  low individual 
grazing rates on  dinoflagellate cells and  grazing on 
o th e r food  sources such as m icroflagellates and 
diatom s (T urner and  Borkm an 2005).

T here  is also h igh  species-specific variability in  the 
effects on  grazing and  selectivity o f consum ers, with 
effects rang ing  from  severe physical incapacitation 
and  d eath  in  som e species (T urriff et al. 1995) to no  
ap p aren t physiological effects in  o thers (T eegarden 
and  C em bella 1996). This variability indicates that 
som e species are m ore  resistant to these com pounds 
and  may have evolved coun terdefenses and  de­
toxification m echanism s in  the  con tinu ing  arm s 
race betw een p lan t defenses and  anim al responses. 
Colin and  Dam  (2003, 2005) have recently  shown 
th a t w hen two geographically distant popu la tions of 
the  copepod  Acartia hudsonica were reared  on the 
toxic dinoflagellate Alexandrium fundyense, the  one 
th a t h ad  n o t experienced  recu rren t bloom s o f the 
toxic algae h a d  low er som atic grow th, size at 
m aturity, egg p roduc tion , and  survival, com pared  
to  the  o th e r p o pu la tion  tha t showed n o  effects on 
these life history param eters. Some copepod  species 
also seem  capable o f concen tra ting  toxins in  the ir 
body tissues (Tester et al. 2000; D oucette et al.
2005), as occurs in bivalve molluscs, and  ingested  
toxins may th en  act as defenses to d e te r p reda tion  
by fish an d  o th e r  zoop lank tivorous consum ers 
(lan o ra  et al. 2004b). Many ben th ic  invertebrates 
are capable o f  sequestering  com pounds from  the 
food  they consum e and  using them  as defensive 
m olecules against p reda to rs (C im ino and  Ghiselin 
2001). T here  is n o  reason  why this should  n o t also 
occur in  the  p lankton .

A n o th e r m ajo r algal class in  freshw ater and  
m arine  environm ents is the  diatom s, with over 
1,600 recogn ized  species. Traditionally, d iatom s 
have b e e n  c o n s id e re d  an  o p tim u m  fo o d  fo r 
Z ooplankton larval grow th an d  the  transfe r o f 
energy th ro u g h  the food  chain to  top  carnivores. 
U ntil recently, diatom s were n o t know n to p roduce  
toxins, bu t in 1987 th ere  was an u n p reced en ted

episode o f  h u m an  shellfish po isoning  th a t caused 
th ree  deaths and  107 cases o f  gastro in testinal and  
neu ro lo g ica l p rob lem s d u e  to  co n su m p tio n  o f 
m ussels from  Prince Edward Island in  Canada. 
T he causative agen t responsible fo r these disorders 
was dom oic acid p ro d u ced  by the  diatom  Pseudo­
nitzschia australis. T he toxicity o f dom oic acid is due 
to  the  fact th a t it m imics the  excitatory activity o f 
the  neu ro tran sm itte r L-glutamic acid inducing  de­
structive n eu ro n a l depolarization  and  successive 
degenera tion  o f the  h ippocam pus o f the brain . In 
severe cases o f this pathology, know n as am nesic 
shellfish poisoning, victims show p erm an en t loss o f 
recen t m em ory. Dom oic acid has n o t been  shown to 
induce  negative effects on  p lanktonic organism s 
th a t consum e P. australis and  the  n a tu ra l function  o f 
dom oic acid rem ains elusive (Wells et al. 2005).

D iatom s also p ro d u ce  an o th e r in teresting  class o f 
m olecules th a t in d u ce  abo rtions o r congen ita l 
m alform ations in the  anim als tha t ingest them . 
T hese teratogenic  com pounds, be longing  to  the 
com plex class o f oxylipins, inc lud ing  polyunsaturat­
ed  aldehydes, are p ro d u ced  by the diatom  cells from  
precu rso r m em brane-bound  lipids (P o h n ert 2000; 
d ’Ippo lito  et al. 2004; C utignano  et al. 2006). By 
defin ition , teratogens are substances th a t induce 
structural m alform ations in the  offspring o f organ­
ism s ex p o sed  to  th em  d u rin g  g es ta tio n . T h e  
structural m alform ations tha t can occur include 
fetal growth re tardation , em bryo and  fetal mortality, 
and  functional im pairm en t due to m alform ed limbs 
o r organs. Such com pounds w ere unknow n in 
m arine  p lants even th o u g h  they are ra th e r  com m on 
in h ig h er te rrestria l plants.

D iatom -derived u n sa tu ra ted  aldehydes were first 
isolated by M iralto e t al. (1999) who showed, in 
vitro, th a t they red u ced  copepod  h a tch ing  success, 
cleavage o f sea u rch in  embryos, and  p ro liferation  o f 
h u m an  adenocarcinom a cells. T he same au thors 
showed tha t diatom s also m odified  ha tch ing  success 
in  the  field in February 1997 and  1998 d u ring  two 
m ajor diatom  bloom s in  the  N orth  Adriatic Sea. Egg 
viability in  these periods was only 12% and  24%, 
respectively, o f  the  to tal n u m b er o f eggs p roduced , 
c o m p a re d  to  90%  a fte r  th e  b lo o m  in  J u n e . 
D eleterious effects on  reproductive processes have 
since th en  b een  dem onstra ted  in o th e r organism s 
such as ech inoderm s and  polychaetes (e.g., Caldwell 
et al. 2002), ascidians (Tosti et al. 2003), cladocer- 
ans (C aro tenu to  et al. 2005), and  m olluscs (Adolph 
et al. 2003). Toxic effects have also been  d em o n ­
strated  on diatom  cells them selves (Casotti e t al. 
2005; Vardi e t al. 2006). Tosti et al. (2003) have 
shown th a t decadienal inh ib ited  the  fertilization 
cu rre n t th a t is g e n e ra te d  in  oocytes in  Ciona 
intestinalis u p o n  in terac tion  with the  sperm atozoan; 
this inh ib ition  was dose-dependen t and  accom pa-
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n ied  by inh ib ition  o f the  voltage-gated calcium  
cu rren t activity o f the  plasm a m em brane. Decadie- 
nal affected actin reorganization , which is resp o n ­
sible fo r the  segregation o f cell lineages lead ing  to 
a ltered  regulatory  m echanism s du ring  m itotic cell 
cycle p rogression . R ecen t studies in d ica te  th a t 
d iatom -derived  aldehydes are also ap o p to g en ic  
inducers th ro u g h  the  activation o f specific caspases 
th a t lead  to  the  enzymatic breakdow n o f DNA 
(R om ano et al. 2003). A ldehydes may be seques­
te red  du ring  oocyte developm ent an d  be passed 
m aternally  to the em bryo, or may act directly on 
embryos. By w hichever rou te , the  tim ing o f re­
p ro d u ctio n  in  re la tion  to toxic diatom  abundance  
will have im p o rtan t consequences fo r invertebrate 
rec ru itm en t (lan o ra  et al. 2003; Caldwell e t al. 
2004). This biological m odel is new fo r the  m arine 
env ironm en t since m ost o f the  know n negative 
plant-anim al in teractions are re la ted  to feed ing  
de te rren ce  and  po ison ing  o r death , b u t never to 
reproductive failure.

T he discovery o f an enzyme cascade leading to 
the  p rodu ctio n  o f volatile biologically active oxyli- 
p ins in  m arine phytop lank ton  is ra th e r  new (see 
review by P o h n e rt 2004, 2005) even th ough  the 
oxidative cleavage o f fatty acids to  form  sim ilar 
defensive co m pounds is well know n in  h ig h e r 
terrestrial p lants (Blée 1998) and  freshw ater micro- 
algae (Ju ttner and  D urst 1997). W hen diatom s are 
crushed, as occurs d u ring  grazing by copepods, 
lipolytic enzymes cleave m em brane-bound  lipids to 
liberate eicosanoic (C2o) and  hexadecanoic  (C16) 
fatty acids th a t are th en  oxidized to yield C7, C8, or 
C 10 polyunsaturated  aldehydes (d ’Ippo lito  e t al. 
2004; C u tignano  e t al. 2006). P o h n e rt (2000) 
te rm ed  this a wound-activated defense, sim ilar to 
h ig h e r terrestrial p lants triggered  by grazing to 
avoid self-toxicity (Casotti e t al. 2005).

M iralto  et al. (1999) suggested  th a t d iatom  
aldehydes and  o th e r m etabolites with cytotoxic 
effects p ro d u ced  by m arine p lants may act as b irth  
con tro l com pounds tha t in terfere  with the rep ro ­
ductive capacity o f grazing anim als d e te rring  fu tu re  
genera tions o f p o ten tia l p redato rs (Plate C; Ianora  
et al. 2004a). A lthough the effect o f such toxins is 
less catastrophic than  o thers th a t induce  acute 
po ison ing  episodes lead ing  to death  o f p redato ry  
anim als, they are nonetheless insidious occurring  
th ro u g h  abortions, b irth  defects, p o o r developm ent 
rates, and  h igh m ortality. T he en d  result is tha t the 
toxins, w heth er straightforw ard o r ind irec t, are 
assum ed to  e lim ina te  a p re d a to r  w ith n o  co- 
evolutionary relationship .

T he p ro duction  o f teratogens in  diatom s poses 
in teresting  questions on  the ir ecological role. The 
m ost likely explanation  fo r the  p ro duc tion  o f these 
com pounds is tha t they evolved to  rep e l grazers. In

this case, the  m echan ism  o f chem ical defense 
functions by reducing  grazing effects o f subsequent 
generations o f  copepods. Such com pounds differ 
from  those th a t act as feed ing  de te rren ts , the 
purpose o f  w hich is n o t to  in toxicate the p red a to r 
bu t discourage fu rth e r  consum ption , o r those tha t 
lead to physical incapacitation  such as paralysis and  
death  o f the  p reda to r. C em bella (2003, p. 425) 
describes m etabolites such as diatom -derived alde­
hydes as stealth com pounds o f low acute toxicity to 
adult p reda to rs tha t lead  to postdigestive reduction  
in fecundity  or depressed  viability o f gam etes, which 
h e  term s the  “ kill the  ch ild ren ” selection. This type 
o f feed ing  d e te rrence  w ould n o t p ro tec t the  in ­
dividual ingested  cells b u t the  com m unity as a whole 
and the  defense com pounds would n o t target the 
p red a to r b u t its offspring. In  the end, grazing 
pressure w ould be red u ced  allowing bloom s to 
persist w hen grazing pressure w ould otherwise have 
caused them  to crash.

Only one o th e r exam ple has been  rep o rted  o f  an 
activated enzyme-cleavage m echanism  o f defense in 
the p lank ton  w hereby DMSP is cleaved in to  the  gas 
DMS and  the feed ing  d e te rren t acrylate in  the 
b loom -form ing coccolithophorid , Emiliana huxleyi. 
In  feed ing  assays with a p ro tistan  grazer, Wolfe e t al. 
(1997) showed selective feed ing  on  a strain with low 
DMPS activity com pared  to one with h ig h er activity. 
DMS and  acrylate are also p ro d u ced  in an o th e r 
b loom -form ing alga, Phaeocystis, w hich is th o u g h t to 
be a po o r food  source fo r a variety o f Zooplankton 
grazers. T u rn e r  e t al. (2002) c o n c lu d e d  th a t 
a lthough copepods feed  well u p o n  Phaeocystis, the  
resu lting  p o o r fecundity  on this d ie t may inh ib it 
copepod  popu la tion  increases d u ring  bloom s, con­
tribu ting  to the  p e rp e tu a tio n  o f bloom s. Phaeocystis 
has recently  been  rep o rted  to also p ro d u ce  the 
po lyunsaturated  aldehyde decadienal (H ansen et al. 
2004) ind icating  tha t non d ia to m  m arine phyto­
p lank ton  are capable o f  p ro ducing  u n sa tu ra ted  
aldehydes as well. T he raphidophycean  Chattonella 
marina, one  o f  the  m ost noxious red  tide phyto­
p lank ton  species, has also been  shown to use nitric 
oxide to induce fish death  th ro u g h  excess m ucous 
p ro duction  in  the  gills lead ing  to  tissue hypoxia 
(Kim et al. 2006). Studies on  chem ical in teractions 
in the  p lank ton  are still in  th e ir infancy b u t there  
rem ains g reat scope fo r research in to  the effects o f 
toxins on gam ete, em bryonic, an d  larval develop­
m en t o f herbivorous grazers, and  understan d in g  
why Zooplankton avoid consum ing  certain  m etabo­
lites and  w hat hap p en s w hen they do.

T h e  N u t r it io n a l  C o m p o n e n t  o f  M a r in e  
P l a n t -h e r b iv o r e  I n t e r a c t io n s

M any theories exist concern ing  the circum stances 
u n d e r w hich organism s defend  them selves chem i­
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cally. These have been  sum m arized fo r seaweeds 
and  m arine invertebrates in  an excellent review by 
C ronin  (2001) and  in a m ore genera l con tex t by 
Stam p (2003). In  this section we briefly review the 
in fo rm ation  available on  the  effects o f growing 
conditions o f algae on  the  p ro d u ctio n  o f toxins, and 
try to  identify the  m ost likely explanatory  m odel for 
the  p ro duc tion  o f secondary m etabolites used for 
defense in  p lanktonic  organism s or m ore  specifical­
ly in  the m icroalgal-herbivore in teractions discussed 
above.

If  a trait is to be selected for, the  benefits o f this 
tra it in term s o f fitness gain should  be m ore  than  
the  costs in cu rred  to  display this trait. W hereas 
earlier theories suggested th a t secondary m etabo­
lites were essentially waste overflow products, it is 
now  well accepted tha t secondary m etabolites have 
a function  and  tha t th e ir p ro d u c tio n  com es with 
a cost; energy o r resources th a t are used  for 
secondary m etabolites can n o t be used fo r growth 
or rep roduction . D irect evidence fo r these costs is 
scarce (C ronin  2001), w hich m ight be due to the 
fact th a t it is difficult to establish the  exact currency 
with which these costs can be m easured. Diverse 
m easures as biom ass allocation to  various tissues, 
am ounts o f lim iting resources to various processes, 
or com petitive abilities o f  organism s with d ifferent 
allocation patterns have been  used.

A fu n d am en ta l question  in chem ical ecology 
concerns the circum stances u n d e r  w hich an organ­
ism invests in defense structures or m etabolites and 
several d ifferen t explanatory  m odels have been  
p ro p o sed . T h e  p la n t ap p aren cy  m o d e l (PAM; 
Feeney 1976; R hoades 1979) bases its p red ictions 
on the  apparency o f  plants: large, com m on or 
pred ictab le  (both  spatially and  tem porally) plants 
can n o t h ide  from  predato rs. It is reasonably certain  
th a t they will com e u n d e r  attack and  should  invest 
in  defense chem icals. Those tha t are less com m on 
or less p red ictab le  can escape p red a tio n  th ro u g h  
this lack o f exposure and  should  be able to get away 
w ith o u t heavy investm en t in  chem ical defense 
structures.

T he resource availability m odel (RAM; Coley et al.
1985) predicts th a t those species tha t have evolved 
in  a nu trien t-rich  env ironm ent are inheren tly  fast 
growing species, w hich should  invest m inim ally in 
defenses because they can easily replace lost tissue. 
T h o se  species th a t evolved in  a low -resource 
env ironm ent should  be slower growers and  invest 
m ore  in  defense m echanism s. Bryant et al. (1983) 
and  T uom i et al. (1988) developed the  carbon- 
n u tr ie n t balance hypothesis (CNBH) tha t focuses 
m ore  on  ecological tim e scales ra th e r than  the 
evolutionary tim e scales invoked by the  RAM, and 
predicts th a t u n d e r  light lim iting conditions plants 
should  invest in  grow th and  rep roduction , whereas

u n d e r  conditions o f n u tr ie n t lim itation  (and hence  
an excess in photosynthetic  products) low -nutrient 
(carbon  rich) secondary m etabolites shou ld  be 
p roduced . O rganism s tha t experience o th e r form s 
o f  stress (tem pera tu re , ultraviolet [UV] ) should  in 
genera l be less able to  acquire resources. Based on 
this, the  env ironm ental stress theory  (EST) predicts 
th a t u n d e r  stressful conditions the  levels o f  chem i­
cal defense com pounds should  be lower and  the 
organism s m ore vulnerable to  p red a tio n  (Rhoades 
1979).

A ccording to the  growth d ifferen tia tion  balance 
hypo thesis (GDBH) a trad e-o ff exists betw een  
resou rces a llocated  to  d iffe ren tia tio n  processes 
(p roduction  o f chem ical defenses, cell specializa­
tion) and  growth, w hereby d ifferen tia tion  occurs 
only  a fte r g row th  (L oom is 1953; H erm s an d  
M attson 1992). This m eans th a t young actively 
growing tissue should  contain  low levels o f second­
ary m etab o lites , as th e  grow ing  p rocess takes 
p recedence  over specialization or, on an o th e r level, 
th a t actively grow ing ju v en ile s  sh o u ld  be  less 
d e fen d ed  th an  adults because the  adults have 
en te red  a phase o f specialization. T he optim al 
defense theory  (ODT; McKey 1974; Feeny 1975; 
R hoades and  Cates 1976; R hoades 1979) predicts 
th a t younger individuals and  younger parts o f the 
organism s should  have h ig h er levels o f  defense as 
these are u n d e r  h ig h e r risk— as they are usually 
m ore  nu tritious— of being preyed upon . This is 
based  on  th e  assertion  th a t organism s shou ld  
defend  them selves in  such a way tha t they maxim ize 
th e ir  fitness, i.e., reacting  to the  risk o f p redation , or 
defend  th e ir d ifferen t tissues in  d irect re la tion  to 
the  vulnerability or value o f the  tissue. T he different 
theories, w hich are all based on  sound  scientific 
w ork (see C ron in  2001 an d  Stam p 2003, an d  
re fe ren ces th e re in ) , m ake com pletely  d iffe ren t 
p redictions. This is partly due to the fact th a t they 
were developed for d ifferen t organism s because the 
researchers w ho fo rm u la ted  th em  w orked with 
d ifferen t organism al in teractions.

W hich m odels do we expect to  yield correct 
p red ictions fo r m icroalgae in  the pelagic realm? 
M any o f the  substances p ro d u ced  by m icroalgae 
have very lim ited effects on the copepods th a t eat 
them , b u t fo r the  sake o f argum en t here , we will 
assum e tha t the secondary m etabolites p ro d u ced  by 
diatom s, haptophytes, dinophytes, and  o th e r algae 
are chem ical defense substances with the  purpose to 
harm  th e ir p redators. Many o f the  pred ictions o f 
the  O D T and  GDBH relate to m odu lar organism s 
th a t can invest differentially in  d ifferen t organs. 
This is n o t possible in un icellu lar organism s, bu t if 
we translate the p red ictions o f these two m ost widely 
accepted  m odels, the  ODT w ould p red ic t tha t fast 
grow ing populations, i.e., pre-bloom  conditions,
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shou ld  m ainly  consist o f  cells th a t have h igh  
am ounts o f  chem ical defenses, bu t on the o th e r 
h a n d  p red a tio n  rates are h ig h e r in  late bloom  
conditions, and  as a resu lt one w ould expect h ig h er 
defense levels u n d e r these conditions. W ith the  help  
o f  the  O D T it is difficult to  m ake a pred ic tion . If  we 
assum e th a t cells in  d ifferen t phases o f  the  bloom  
are o f  d ifferen t life stages, th en  the  GDBH predicts 
th a t m ature  popu la tions (late-bloom  conditions) 
should  be m ost heavily defended , b u t it is difficult 
to  envisage how this d ifferen tia tion  betw een growth 
an d  d iffe ren tia tio n  cou ld  occu r in  u n ice llu la r 
organism s.

Many o f the  toxins p ro d u ced  by m arine  micro- 
algae contain  n o  n itrogen , except fo r PSP toxins 
(saxitoxin contains 33% n itrogen  on  a m olecular 
basis, and  has been  previously invoked as a n itrogen  
store, Dale and  Yentsch 1978). T he CNBH would 
p red ic t tha t m ost algae should  p ro d u ce  th e ir toxins 
m ainly u n d e r conditions w here carbon is in  excess 
and  n itrogen  (or o th e r nu trien ts) is lim iting, except 
fo r those algae p roducing  PSP toxins. T he EST 
predicts th a t u n d e r  nutrient-stress acquisition o f  all 
resources is m ore  difficult and  there  is a lower 
p ro d u ctio n  o f  algal toxins. T he PAM w ould p red ict 
th a t those species th a t fo rm  large, p red ic tab le  
bloom s are m ore likely to have developed chem ical 
defense systems, as they are likely to have specialized 
predato rs, and  a bloom  is b o u n d  to be found . Since 
th e  p re d a tio n  risk fo r ind iv idual algae w ith in  
bloom s is probably lower, due  to the  safety in 
num bers effect, we canno t m ake a p ro p e r p re ­
diction  o f  w hat should  h ap p en  using the PAM. It is 
also u nclear w hat the exact p red ictions o f the RAM 
are, since solid in fo rm ation  as to w here m icroalgae 
evolved is lacking. If  the  p resen t location is a good 
proxy fo r this, one w ould expect th a t algae in 
coastal (m ore productive) regions p roduce  lower 
am ounts o f toxins, an d  those th a t m ainly occur in 
th e  o p e n  ocean  sh o u ld  invest m o re  in  th e ir  
chem ical defense.

T h ere  is in fo rm atio n  available co n cern in g  the 
co n d itions u n d e r  w hich m icroalgae p ro d u ce  toxins 
in  th e  laboratory . Species p ro d u c in g  saxitoxins 
seem  to consistently  p ro d u ce  th e  h ighest am ounts 
o f  toxins (on a p e r  cell basis) in  th e  ex p o n en tia l 
phase  o f  grow th, an d  th e re  is a decrease in  th e ir  
p ro d u c tio n  u n d e r  n itro g en  (Parkhill an d  C em bella 
1999; V elzeboer e t al. 2001; L ip p em eier et al. 2003; 
P o u lto n  et al. 2005), b u t n o t u n d e r  p h o sp h o ru s  
stress, w here the  p ro d u c tio n  o f  saxitoxins actually 
increases (Boyer et al. 1987; A nderson  e t al. 1990). 
T h e  haem olytic activity o f  the  h ap tophy tes Chryso­
chromulina an d  Prymnesium increases b o th  u n d e r  
p h o sp h o ru s  an d  n itro g en  lim ita tion  (Johansson 
an d  G ranéli 1999; G ranéli an d  Jo h an sso n  2003), 
an d  th e  d inophysistoxins in  P. lima are also h ig h e r

u n d e r  n itro g en  lim ita tion  (M cLachlan et al. 1994). 
D om oic acid, w hich con ta in s som e n itro g en , is 
p ro d u c e d  in  h ig h e r quan tities  u n d e r  p h o sp h o ru s  
lim itation , b u t n o t u n d e r  n itro g en  lim ita tion  (Pan 
et al. 1996, 1998). N o th in g  is know n ab o u t the  
in fluence  o f  grow ing co n d itions o f  o th e r  d iatom  
species p ro d u c in g  u n sa tu ra ted  aldehydes th a t ha lt 
cell p ro life ra tion . W here n u tr ie n t lim ita tion  con­
sistently causes an increase in  th e  co n cen tra tio n s 
o f defense chem icals, un less the  substances con­
tain  substan tia l am ounts o f  th e  lim iting  n u tr ien t, 
one  w ould expect th a t a ldehyde p ro d u c tio n  shou ld  
be h ig h est in  nu trien t-lim ited  cells as well. Since 
the  p recu rso rs o f  u n sa tu ra ted  aldehydes are  highly 
u n s a tu ra te d  fa tty  acids, th e  c o n c e n tra tio n  o f  
w hich ten d s to  decrease in  algae u n d e r  n u tr ie n t 
lim ita tion  (B oersm a 2000), th e  opposite  may be 
true.

T h e  da ta  fro m  fie ld  stud ies are  m u ch  less 
conclusive, possibly because m uch o f the  predictive 
capacity focuses on  the occurrence o f  bloom s o f 
potentially  toxic species and  n o t on  the circum ­
stances in  w hich these species actually p ro d u ce  
m ore or less secondary m etabolites. O ften the  algae 
tha t p roduce  toxins bloom  fairly close to  the  coast, 
with relatively h igh  n u tr ie n t levels, which is n o t the  
p red ic tion  o f the  RAM, although  in  m any cases the 
p roducers o f defense m olecules are n o t the fastest 
growers. Similar troph ic  conditions do n o t neces­
sarily lead to sim ilar bloom s (Luckas et al. 2005). 
T he algae th a t p ro d u ce  toxins are certainly often 
n o t the  dom inating  species, and  it is difficult to 
invoke PAM as the  m ost likely m odel, with the 
possible exception  o f the  largely single species 
bloom s in  the  N o rth ern  Adriatic (M iralto et al. 
1999, 2003) or Alexandrium  in some parts o f  the  
N orth  Sea (G erdts personal com m unication).

T he CNBH explains the  observed results fairly 
well, with the  possible exception  o f the  p roduction  
o f n itrogen-based substances u n d e r n itrogen  limi­
tation. We argue tha t based on  the  in form ation  
available this hypothesis is the  m ost accurate for 
m icroalgae. If  we consider the (over) sim plification 
tha t n itrogen  drives b loom  dynamics in  the  sea, 
th en  non-n itrogen  com pounds are preferably p ro ­
duced  in  late bloom  conditions, w hereas n itrogen  
contain ing  com pounds should  be p ro d u ced  earlier 
in the  bloom  (K löpper et al. 2003; D oucette et al. 
2005; P oulton  et al. 2005).

H aving established w hat n u tritio n  does to  the 
p ro d u c tio n  o f  chem ical defense m etabo lites in 
algae, a n o th e r question  o f in te rest is w hat n u tritio n  
does to the  consum ers w hen they are co n fron ted  
with these substances. Do well-fed consum ers have 
a h ig h e r resistance to  these chem icals because they 
are able to allocate m ore  resources in to  detoxifica­
tion  m echanism s? A lthough this is a well stud ied
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subject fo r o th e r systems (see section below) , this 
question  is alm ost im possible to answer fo r m icro- 
algal-zooplankton in terac tions because these in te r­
actions in the pelagic zone are virtually unknow n. 
O ne  o f the  m ain  prob lem s is th a t in m any cases the 
exact ta rget species o f  the  chem icals u n d e r  consid­
e ra tion  is un c lear (T u rn er an d  T ester 1997). We do 
know  th a t w ithin-species d ifferences exist in  re ­
sistance to toxic algae (e.g., Colin and  Dam  2005), 
b u t these d ifferences have m ainly been  a ttrib u ted  
to  genetic  d ifferen tia tion  even th o u g h  copepods 
are capable o f  acclim ating to consum ing  toxic 
Alexandrium. Since detox ifica tion  o r storage o f 
dele terious com pounds is costly, anim als th a t are 
well fed  should  have a h ig h e r resistance to  chem ical 
defense m etabolites p resen t in  th e ir  food, b u t we 
are n o t aware o f  any studies th a t have specifically 
tested  this hypothesis. In  feed ing  d e te rre n t studies, 
C ron in  an d  H ay (1996) observed th a t h u n g e r  
decreased  the  susceptibility to  toxic substances, 
an d  th a t starved anim als feed  m o re  th an  fed  
anim als. E xperim en ta l setups to separate h u n g e r 
effects from  toxic effects are n o t easy, b u t if we are 
to  d ifferen tia te  betw een the  two, ways to circum vent 
these prob lem s m ust be found , possibly by directly 
m easuring  those substances th a t are involved in the 
detoxification  o f  the  chem icals p ro d u ced  by the 
m icroalgae.

C h e m ic a l l y  M e d ia t e d  M a c r o a l g a l -h e r b iv o r e  
In t e r a c t io n s  in  t h e  B e n t h o s

A large n u m b er and  variety o f herbivores, ranging  
from  highly m obile m acrograzers (e.g., m am m als, 
fish, sea urchins, and  large crustaceans and  gastro­
pods) to smaller, m ore  sedentary m esograzers (e.g., 
small gastropods, am phipods, isopods, and  poly­
chaetes), consum e an equally large n u m b er and 
variety o f m arine  m acroalgae (green , red , and  
brow n seaweeds; Hay and  S teinberg  1992; Paul et 
al. 2001). In  contrast to terrestrial herbivores, m ost 
m arine herbivores are generalist grazers tha t con­
sum e m any d iffe ren t seaweeds, a lth o u g h  som e 
herbivore species can be highly specialized on one 
or a few algal species (Hay 1992). G razing pressure 
is highly d ep e n d e n t on the specific seaweed and 
herbivore involved in  the  in terac tion , bu t is gener­
ally considered  to  be h ig h er in tropical coral reefs 
th an  in  tem pera te  habitats (Hay and  Fenical 1988; 
Hay and  S teinberg 1992; Paul et al. 2001). Large 
m obile grazers, such as fish, crabs, and  sea urchins, 
are generally considered  to  have a m ore drastic 
negative effect on seaweed p rodu ctio n  and  fitness 
th an  m esograzers. D ue to th e ir  ability to  rapidly 
consum e large am ounts o f  algal tissues, they are 
hypothesized to select fo r constitutive o r activated 
defenses (i.e., defenses th a t are p ro d u ced  and  
p resen t continuously  w ithin the  plants; Hay 1996;

Paul and  Puglisi 2004). M esograzers use p lants bo th  
as food  and  habitat, and  they consum e individual 
algae in small bites over a m ore  ex tended  perio d  o f 
tim e. It has been  hypothesized tha t m esograzers 
may select fo r inducib le ra th e r  than  constitutive 
defenses (i.e., defenses th a t are p ro d u ced  in  re­
sponse to specific environm ental cues; Hay 1996).

Seaweeds have evolved an array o f strategies to 
cope with herbivory, inc lud ing  to lerance th ro u g h  
com pensatory  growth, escape th ro u g h  spatial, tem ­
p ora l, o r  associational refuges, an d  struc tu ra l, 
m orphological, o r chem ical defenses (Hay and  
Fenical 1988; Duffy and  Hay 1990). Several o f these 
strategies may be used  sim ultaneously by seaweeds 
in  o rd e r  to  re d u c e  herb ivory . Seaw eeds, like 
terrestrial plants, p ro d u ce  a large variety o f  second­
ary m etabolites with highly variable chem ical struc­
tures, e.g., te rpeno ids, acetogenins, am ino acid 
dérivâtes, and  polyphenols (reviewed in  M cClintock 
an d  Baker 2001). A p p aren t d ifferences in  the 
secondary chem istry o f seaweeds and  terrestrial 
p lan ts inc lude  the relative scarcity o f n itrogen- 
conta in ing  algal m etabolites and  the  h ig h er p ro ­
p o rtio n  o f h a logena ted  com pounds in  seaweeds, 
probably  reflecting relative d ifferences in  availability 
o f  n itro g en  an d  halides such as b ro m in e  and  
ch lo rine in  terrestrial versus m arine  systems. Al­
th o u g h  the  m ajority o f algal secondary m etabolites 
have n o t been  bioassayed, th ere  is growing evidence 
th a t m any o f these com pounds can d e te r m arine 
herbivores. Some, if n o t m ost, o f  the  herbivore 
d e te rre n t com pounds probably  have m ultip le sim ul­
taneous functions for the  seaweeds as secondary 
m etab o lites , an d  can fu n c tio n  as a lle lopa th ic , 
an tim icrob ia l, an d  an tifo u lin g  o r U V -screening 
agents, and  as herbivore deterren ts , and  may also 
have m ultip le sim ultaneous functions (Hay and  
Fenical 1988; Potin  et al. 2002; Am sler and  Fairhead
2006). T here  is a large variation in  the  effectiveness 
o f  d ifferen t com pounds towards d ifferen t herbivore 
species, and  the  function  o f  d ifferen t com pounds is 
often  poorly  co rrela ted  to chem ical s tructure  (Duffy 
and  Hay 1990; Hay and  Steinberg  1992; Paul et al. 
2001; Paul and  Puglisi 2004). T he chem ical struc­
tu re  o f  seaw eed defense  m etabo lites is highly 
variable, b u t m ost isolated com pounds are lipid 
soluble with som e exceptions, e.g., ph lo ro tan n in s  
and  coum arins.

T here  is a large variation in concen tra tion  o f 
seaweed defense m etabolites at d ifferen t spatial 
(i.e., w ithin and  betw een individuals, populations, 
and  species) and  tem poral scales (Hay and  Fenical 
1988; Van Alstyne et al. 2001; Paul and  Puglisi
2004). Several theore tica l m odels tha t were initially 
fo rm ula ted  to explain the  large variation in  terres­
tria l p lan t secondary m etabo lite  co n cen tra tio n s 
have also been  applied  to m arine plant-herbivore
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in teractions (e.g., Hay and  S teinberg  1992; C ronin  
2001; A rnold  and  T argett 2002; Paul and  Puglisi
2004). Some o f these m odels, such as the  RAM and 
PAM, m ake pred ictions abou t interspecific differ­
ences in chem ical defences (see previous section for 
defin itions o f these m o d e ls). M uch o f the  earlier 
w ork on patterns o f algal chem ical defences were 
focused on differences am ong species and  higher- 
o rd e r taxa, as well as on  biogeographic com parisons 
(see Hay and  S teinberg  1992; Hay 1996; Van Alstyne 
et al. 2001). M ore recently  th ere  has been  in  shift in 
the  focus o f research on algal chem ical defenses 
tow ards in traspecific  variation an d  dynam ic re ­
sponses. T h e  em p irica l ev idence  fo r costs o f  
chem ical defenses in  m acroalgae is scarce, b u t have 
been  ind icated  in a few studies based on  phenotypic 
correlations in  brow n seaweeds (Pavia et al. 1999; 
Jo rm ala in en  and  H o n k an en  2004), and  in  a recen t 
study based  on  ex p e rim en ta l m a n ip u la tio n  o f 
defense p ro duction  in  the red  seaweed D. pulchra 
(Pavia e t al. 1999; Jo rm ala in en  and  H on k an en  2004; 
Dworjanyn et al. 2006).

D uring  the  last decade, the  n u m b er o f  laboratory  
experim ents showing herb ivore-induced  chem ical 
resistance in seaweeds, prim arily  brow n seaweeds, 
has increased m arkedly (e.g., C ronin  and  Hay 1996; 
Pavia and  T o th  2000; Sotka e t al. 2002; Taylor et al. 
2002; T oth  et al. 2005), im plying tha t inducible 
defense p roductions can be an im p o rtan t strategy to 
cope with herbivory in  m arine  m acroalgae. So far, 
all exam ples o f inducib le  chem ical defense re ­
sponses o f  seaweeds in response to  n a tu ra l h e rb i­
vore attacks com e from  experim ents with m esoher- 
bivores, in accordance with the hypothesis sug­
gested by Hay (1996).

In  com parison to terrestrial plant-herbivore sys­
tems, very little is know n abou t exogenous and  
endogenous processes, e.g., the  spread  and  percep ­
tion  o f eliciting signals, b eh in d  herbivore induced  
chem ical defence p ro d u c tio n  in  seaweeds. T he 
m echanism s and  processes b eh in d  inducib le de­
fense p roduction , as well as the  m ore  rap id  activated 
defense responses (e.g., Paul and  Van Alstyne 1992; 
Ju n g  and  P o h n ert 2001; Van Alstyne and  H ouser 
2003), will m ost likely be an im p o rtan t focus in 
fu tu re  studies o f chem ically m ed ia ted  m acroalgal- 
herbivore in teractions. Like diatom s, recen t results 
ind icate  the  im portance  o f  oxylipin pathways in  the 
regu lation  o f seaweed induced  defenses (B ouarab et 
al. 2004; P o h n e rt 2004). T he volatile m ethyl ester o f 
the  p lan t defense h o rm o n e  ja sm onate  (MeJA) has 
been  shown to trigger the  accum ulation o f phlor- 
o tann ins in  the  com m on rockw eed Fucus vesiculosus 
w hen exposed at low tide. T he tim ing and  m agni­
tude  o f this increase are sim ilar to those induced  by 
herbivores in brow n algal fucoids suggesting that 
analogs o f cyclopen tena(o )ne  structures may play

a ro le in  the developm ent o f antiherbivore re­
sponses in  Fucus tissues, includ ing  those responses 
involving in te rp lan t com m unication  (A rnold et al. 
2001). A s trong  effort is re q u ire d  tow ard the 
identification o f these chem ical signals or o f  toxic 
m olecules. M arine m acroalgae p ro d u ce  a n u m b er 
o f oxylipins (Gerwick et al. 1999), som e o f them  
belonging  to the  p rostag landin  and  leuko triene  
series, and  it has been  suggested th a t they may play 
im p o rtan t d e trim en ta l roles in herbivore fitness 
(Bouarab et al. 2004). T he by-products o f  the 
biogenesis o f fatty-acid-derived C8 and  C l l  hydro­
ca rb o n s a n d  su lfa ted  C l l  c o m p o u n d s , w hich 
com pose the  sexual p h erom ones o f m arine  hetero- 
k o n t algae, have b een  shown to also play an 
im p o rtan t ro le as chem ical defenses against herb i­
vores. Studies on the brow n alga Dictyopteris spp. 
have shown tha t 9-oxo nonad ieno ic  acid deters 
am ph ipod  grazers (Schnitzler et al. 2001). In  brown 
algal kelps, it has also been  shown tha t Laminaria 
spp. synthesize po lyunsaturated  aldehydes o f sim ilar 
struc tu re  an d  using  closely re la ted  biosynthetic 
pathways as diatom s (B oonprab et al. 2003). In 
response  to  w ound ing , th e  re d  alga Gracilaria 
chilensis releases free  fatty acids as well as the 
hydroxylated eicosanoiods and  this liberation  o f 
oxylipins was shown to be p a rt o f the  defense o f  G. 
chilensis against epiphytism  (Lion et al. 2006). Given 
the im portance  o f  the effect o f  m echanical w ound­
ing on the  induction  o f defense responses during  
insect feed ing  in h ig h er p lants (M ithöfer e t al.
2005), such a response to grazers in  seaweeds clearly 
needs add itional careful investigations.

To address these challenges will requ ire  m ore 
ex tended  collaborations betw een ecologists, chem ­
ists, physiologists, and  m olecular biologists, as well 
as stronger initial focus on  a few selected m odel 
species o f  seaweeds and  m arine  herbivores. In 
parallel to these m echanistic studies th ere  is also 
an obvious n eed  fo r a b e tte r u n d erstan d in g  o f the 
effects o f m acroalgal defenses on herbivore fitness 
(e.g., T o th  et al. 2005) and  popu la tion  dynamics, as 
well as on ecosystem function ing . This will probably 
requ ire  increased am bitions to conduct ecologically 
relevant m anipulative experim ents in  n a tu ra l sea­
w eed populations, as well as collaboration  betw een 
m arine chem ical ecologists and  ecological m odel­
lers.

C h e m ic a l l y -m e d ia t e d  I n t e r a c t io n s  in  
B e n t h ic  I n v e r t e b r a t e s

Secondary m etabolites are w idespread am ong 
invertebrates and  u n d erstan d in g  th e ir functional 
roles in  the  p roducing  organism  has been  u n d e r 
in tense study in  recen t times. H ere in  we rep o rt 
selected exam ples o f  in teractions betw een m arine 
ben th ic  invertebrates, especially sponges, molluscs,
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an d  cn id a rian s  th a t are  m e d ia te d  by specific 
secondary m etabolites. T he topic is discussed in 
a n u m b er o f  excellent review papers (e.g., Scheuer 
1990; H e rr in g  1979; P roksch  an d  E bel 1998; 
Kajiwara 1999; Paul and  Puglisi 2004) and  is the 
subject m atte r o f several ou tstand ing  books (e.g., 
Paul 1992; M cClintock and  Baker 2001). For m ore 
in form ation , the  read er is invited to consult the 
series “ M arine N atural P roducts” (Faulkner 2002; 
B lunt e t al. 2005) for the  chem istry discussed in this 
section.

T he hypothesis th a t sessile or slow-moving organ­
isms, w ithou t obvious escape m echan ism s an d  
physical p ro tec tion , are likely to  be chem ically 
defen d ed  has recently  been  explored  with g reater 
frequency  in  the  m arine environm ent. O f these 
organism s, op isthobranch  m olluscs appear to be 
particularly  well endow ed with secondary m etabo­
lites (C im ino et al. 1999, 2001). In  these gastropods, 
the  reduction  o f the  physical p ro tec tion  offered by 
the  shell is com pensated  by the  developm ent of 
com plex strategies o f defense (survival) th a t include 
use o f  chem icals. In  som e orders (e.g., N ud ib ran ­
chia), the shell is com pletely absent and  these 
species show high specialized behaviors. O pistho- 
b ranchs occupy m any ecological niches and  can be 
e ith er herbivorous or carnivorous, being  able to 
feed  u p o n  sponges, algae, hydroids, bryozoans, 
tunicates, and  soft corals. T he trophic  relationships 
o f these m olluscs are d o cu m en ted  by m olecular 
m arkers th a t allow for the  study o f m any com m unity 
in teractions even in the  absence o f d irect observa­
tion.

T erpenes are the  largely p red o m in an t chem ical 
class in troph ic  in teractions betw een sponges and 
opisthobarnchs (C im ino et al. 1999). In  som e cases, 
the  specificity o f  feed ing  behaviors is so h igh that 
som e au thors have p roposed  the m etabolite  co n ten t 
as an o th e r p aram eter to consider in the taxonom y 
of the  species. This happens with the fou r m ajor 
genera  o f the  class C hrom odorid idae  (N udib ran­
chia). T racing the  te rp en o id  co n ten t in samples 
from  19 sites along the Pacific coast o f N orth  
Am erica, the  n u d ib ran ch  Cadlina luteomarginanata 
has been  shown to feed  on  sponges belonging  
m ainly  to  the  g en e ra  Aplysilla an d  Pleraplysilla 
(K u b an ek  e t al. 2000). S tu d ies  w ith  sam ples 
collected all over the  world, from  the  Arctic to 
A ntarctica, have also shown a similar specialization 
in  m any o th e r chrom odorid ids. Hypselodoris lives in 
close association with sponges, like Dysidea, that 
c o n ta in s  fu ra n o se sq u ite rp e n e s , Glossodoris w ith 
sponges, like Spongia, th a t contain  sesterterpenes, 
and  Chromodoris with sponges, like Dendrilla and 
Aplysilla, th a t contain  d iterpenes.

T he troph ic  in te rd ep en d en ce  and  transfer of 
dietary m etabolites from  sponges to nud ib ranchs

have been  rigorously shown by laboratory  experi­
m en ts with Hypselodoris picta (ex webbi) and  the 
sponge Dysidea fragilis. In  aquaria, the nud ib ranchs 
were able to  recognize and  feed  u p o n  the  sponge, 
in  spite o f the fact th a t the  sponge con ta ined  
m etabo lites  absen t in  the  o rig inal d ie t o f  the 
m ollusc. T he transfer o f furodisynin, the  m ajor 
sponge chem ical d e te rren t from  Dysidea sp. to the 
defensive organs o f  H. picta was shown by chem ical 
analysis o f the  m etabolite  co n ten t before  and  after 
feed ing  in aquaria. T he ro le o f m ost o f these 
m etabolites is n o t known, a lthough  it is generally 
accepted  th a t they are chem ical de te rren ts  that 
thw art p re d a tio n . Several fu ra n o se sq u ite rp e n es  
(e.g., longifolin  or furodisyn) are observed to be 
toxic to  fish at co n cen tra tio n s  below  10 ppm , 
w hereas C hrom odoris-derived fu ran o d ite rp en o id s  
(e.g ., aplysillin) are  fe e d in g  d e te r re n ts  below  
1 ppm  against generalist p redators, such as fish 
and  sea stars.

In  som e cases o p is th o b ra n c h s  are  n o t only 
capable o f accum ulating dietary m olecules bu t also 
transform  o r even p ro d u ce  chem ical m ediators de 
novo. T he behavior o f the D orid id  nud ib ran ch s o f 
the  genera  Dendrodoris, nam ely I), limbata and  I), 
grandiflora, and  Doriopsilla, nam ely I), pelseneri and  I), 
areolata, is un iq u e  in  tha t they have acquired  the 
capability o f biosynthesizing defensive terpenes tha t 
are also p resen t in  sponges (Fontana et al. 2000, 
2003; Gavagnin et al. 2001). An instructive exam ple 
o f  this activity is fo u n d  in  the  n u d ib ran ch  I), areolata. 
This m ollusc biosynthesizes an array o f sesquiterpe- 
no ids re la ted  to d rim ane and  ent-pallescensin A, 
w hich are suggested to  play d ifferen t ecophysiolog- 
ical functions. Biochemically, these m olecules have 
b een  rep o rted  from  sponges o f the  genus Dysidea. 
This find ing  represen ts an unusual case o f ap p aren t 
evolu tionary  convergence, w hich is even m ore  
singular since the n u d ib ran ch  and  the sponge may 
rep resen t a prey-predator pair. T he d ifferen t m eta­
bolites o f Doriopsilla derive by b ranch ing  the b io­
syn thetic  pathw ay fro m  a co m m o n  p recu rso r, 
allowing fo r the  developm ent o f  chem ical diversity 
at a m in im um  cost. If  one  accepts th a t secondary 
m etabolites are p ro d u ced  from  universally p resen t 
p recursors by specific enzymes th a t probably  arose 
by prim ary m etabolism , biosynthesis in  I), areolata 
may reflect two basic aspects o f  the  biogenesis o f 
te rp en es  in  m arin e  organism s: d istinc t carbon  
skeletons m ight derive from  sim ilar enzymes acting 
on  slightly d ifferen t substrates, and  chem ical simi­
larities am ongst taxonom ically n o n re la ted  organ­
isms (e.g., Dysidea and  Doriopsilla) may be enzyme 
derived from  e ith er gene lateral transfer o r variation 
o f  genes originally coding for prim ary m etabolism .

T he origin o f this com petence is ra th e r  con tro ­
versial and , a t p re se n t, is in te rp re te d  by two
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hypotheses th a t involve lateral gene transfer or 
retrobiosynthesis (C im ino and  Ghiselin 1999). In 
e ith er case, the  de novo biosynthesis o f  the  de­
fensive m olecules is regarded  as an evolutionary 
advantage, since the capability o f  p roducing  the 
allom ones em ancipates the  organism  from  the 
availability o f  a specific food.

T he defensive strategy o f Dendrodoris and  Doriop­
silla is ra th e r com plex and  relies on the  ultim ate 
p ro d u ctio n  o f polygodial, a d ialdehyde com pound  
th a t is toxic a t very low c o n cen tra tio n s . T he 
d ialdehyde m oiety o f polygodial, such as the  re la ted  
groups occurring  in m any o th e r d e te rren t m ole­
cules isolated from  m olluscs (crispaten ine from  
Elysia crispate, onchidal from  pulm onates o f the 
genera  Onchidella, ch lorodesm in  from  Cyerce nigri­
cans) and  sponges (see below), is strongly electro- 
philic and  tends to  react im m ediately with any 
nucleoph ile , such the  am ine groups o f proteins, 
p resen t in  the  environm ent. For this reason, the 
defensive d ialdehyde o f  Dendrodoris and  Doriopsilla is 
sto red  in  an inactive form  from  w hich it can be 
readily released on dem and  by action o f specific 
lipases p resen t in the  m ollusc’s tissues (Plate D). An 
iden tical strategy has also been  d o cum en ted  fo r the 
defensive ro le o f halim edate traceta te  in  the  mollusc 
Bosellia mimetica and  the alga Halimeda tuna, as well 
as oxytoxins in  som e op isthobranchs belonging  to 
the  o rd e r Sacoglossa (for a review see C im ino et al. 
1999). It has b een  shown th a t Oxynoe olivacea, 
a g reen  sacoglossan tha t lives cam ouflaged up o n  
algae o f the  genus Caulerpa, is able to transform  the 
m ajor algal m etabolite, caulerpenyne, to oxytoxins 
by hydrolysis o f the acetyl groups. T he process, that 
increases the  toxicity o f  the  algal m etabolite  100 
times, is due  to  two esterases, nam ed  Lip-1 and  Lip- 
2, th a t have been  functionally  characterized in 
enzymatic p repara tions o f  the  m ollusc (Plate E; 
C utignano  et al. 2004a). A sim ilar m echanism  has 
also been  p rop o sed  as origin o f the  allelopathic 
activity associated to the  strong invasivity o f cauler- 
p acean  algae (Jung  a n d  P o h n e r t  2001). T h e  
lipo ly tic  activity o f  algal p re p a ra tio n s  ap p ears  
significantly lower than  tha t shown by the m ollusc’s 
enzymes (C utignano et al. 2004b).

Sponges are the  richest source o f secondary 
m etabolites isolated from  m arine organism s (Faulk­
n e r  2002; B lunt e t al. 2005). A lthough this is in part 
due  to the  m ajor a tten tion  th a t several research  
groups have paid  to  this phylum , the  chem ical 
diversity know n in porifera  is the  consequence o f 
th e  ex traord inary  ability o f  these organism s to 
e laborate  chem ical m etabolites th a t are th o u g h t to 
function  as feed ing  deterren ts, inh ib itors o f fouling 
o r infectious organism s, m ediators o f p redation , 
and  spatial com petition . T here  is a genera l agree­
m en t tha t sponges, as sessile soft-bodied animals,

use chem ical m eans to con tro l p redator-prey  re­
lationships and  the stabilization o f  m arine popu la­
tions. Sponge-derived secondary m etabolites are 
suggested to  m ediate  allelopathy, antiovergrow th, 
and UV p ro tec tion , bu t the  com m only stud ied  roles 
are those o f antifouling and  p red a to r d e te rrence  
(W alter and  Pawlik 2005). Several studies carried  
ou t on  d ifferen t species from  tropical, tem perate , 
an d  cold  waters, have p laced  in  evidence the 
d e te rre n t activity o f  c rude  extracts o f  sponges 
(Pawlik et al. 1995). Only in a few cases has the  
antifeed ing  m echanism  been  associated to  discrete 
com pounds. T he unusual m acrolide dehydrohali- 
chondram ide, fo u n d  in  the  n u d ib ran ch  Hexabran­
chus sanguineus (Spanish dancer), is the  m ajor 
d e te rren t com pound  o f the  sponge Halichondria 
sp. (Pawlik e t al. 1988). In  add itio n  to  those 
discussed above fo r O pisthobranchs, o th e r po ten tia l 
defensive allom ones include terpenes, for exam ple 
scalaranes (e.g., scalaradial) and  o th e r sesterter- 
penes (e.g., variabilin), m acrolides and  o th e r poly- 
ketides, derivatized am ino acids, and  pyrroles, these 
last co m p o u n d s w ere recen tly  charac terized  as 
defend ing  products o f m arine worms (Kicklighter 
et al. 2003).

T he d e te rren t p roperties o f  sponge-derived sec­
ondary  m etabolites are species specific, a lthough 
tropical and  tem pera te  sponges show a com parable 
d e te rre n ce  to  global, sym patric, an d  allopatric  
p redato rs (B ecerro e t al. 2003). Particularly in ­
teresting are the results on the A ntarctic sponge 
Latrun culi apicalis. This cold-adapted  po rifera  is 
rarely preyed u p o n  by sea stars, w hich are the 
d o m inan t spongivores in  A ntarctic ben th ic  com m u­
n ities. T h e  sponge co n ta in s  alkaloids, nam ely  
d ischorhabid ins (e.g., dischorhabidin-G ) th a t elicit 
a tube foo t re trac tion  response in  the sea star 
Perkinaster focus (Yang et al. 1995; Furrow  et al.
2003). Defensive alkaloids are apparen tly  localized 
in the ex ternal part o f  the  sponge body (dischorha- 
bidins-G was fo u n d  w ithin 2 m m  from  the sponge 
surface), preserving the m ost vulnerable tissues, 
w here the  likelihood o f p reda tion  from  sea stars is 
h ighest.

Investigations on the  C aribbean sponges Erylus 
formosa and  Ectyoplasia ferox showed tha t m ultip le 
ecological functions are associated with a single 
chem ical com ponen t, nam ely trite rp en e  glycosides. 
Tests at d ifferen t concen trations show th a t these 
m olecules were able to  d e te r p redation , m icrobial 
a ttachm ent, and  fouling o f  invertebrates and  algae 
(K ubanek et al. 2000, 2002). T he ecological activity 
was strongly d ep e n d e n t on the  m olecular structure. 
T he m etabolites are apparen tly  restricted  to the 
sponge surface and  the  biological effect is th rough  
d irect contact with the sponge ra th e r than  by water­
b o rn e  in teractions. This strategy aims to m inim ize
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the  loss o f com pounds in to  seawater and  to  increase 
the  efficiency o f the  chem ical defense. T he triter- 
p en e  glycosides have been  described in  several 
o th e r sponges and  sea cucum bers (Faulkner 2002; 
B lunt et al. 2005) w here presum ably they play the 
sam e defensive ro le. T hey are also structurally  
re la ted  to saponins, toxic m olecules with a steroid 
core tha t have been  typically rep o rted  in  sea stars.

W ith the exception  o f relatively small-scale and 
localized p red a tio n  by certain  specialists, soft corals 
are rarely explo ited  as a food  source. R andall (1967) 
rep o rted  tha t the  gu t con ten ts o f  only 11 o f  212 
species o f re e f  fish con ta ined  gorgonians. Evidence 
o f chem ical defense in  these organism s is abundan t. 
O ’Neal and  Pawlik (2002) surveyed 32 species of 
C aribbean gorgonians and  dete rm in ed  th a t all of 
them  (100%) yielded p red a tio n -d e te rren t crude 
organic extracts. A nalogously to  K elm an et al. 
(1999), th e  sam e au th o rs  also co n c lu d ed  th a t 
secondary m etabolites, ra th e r  th an  physical p ro ­
tection (sclerites) , are the prim ary m eans o f  defense 
against fish and  o th e r generalist p reda to rs (O ’Neal 
and  Pawlik 2002). Like in sponges, evidence re ­
gard ing  the  benefits o f  specific com pounds are 
ra th e r  few and  concern  only very few cases, such as 
th e  fu ra n o c e m b ran o lid e  l l ß , 12ß-epoxypukalide 
(Epifanio et al. 2000), renillafoulins (Keifer et al.
1986), flexibilide, and  lopho tox in  1 (Epifanio et al. 
2000 ).

In  a d d itio n  to  th e  a llo m o n a l ro les o f  th e  
chem icals discussed above, secondary m etabolites 
also function  in  carrying chem ical messages (pher- 
om ones) w ithin the m arine ben th ic  b io ta as in  the 
case o f the  sperm -release p h ero m o n e  (uric acid) of 
the  m arine polychaete Platynereis dumerilii (Zeeck et 
al. 1998), the  egg release p h e ro m o n e  L-Ovothiol A 
in  P. dumerilii (Rohl et al. 1999), and  sex pher- 
om ones (ceram ides) o f the h a ir crab Erimacrus 
isenbeckii (Asai et al. 2000). Peptides have also been  
involved in in terspecies com m unication  (R ittschof 
and  C ohen  2004) , like in  the case o f  the  attracting 
p h e ro m o n e  th a t stim ula tes m ale  a ttrac tio n  in  
Aplysia. A p a rticu la rly  o u ts tan d in g  exam ple  o f 
chem ical com m u n ica tio n  based  on  low w eight 
com pounds is en co u n te red  w ithin the  cephalaspi- 
dean  m ollusc o f  the  genera  Navanax  and  Haminoea 
(for a review see C im ino et al. 2001). This la tter 
g roup  o f  invertebrates em braces shelled op istho­
branchs tha t biosynthesize (C utignano et al. 2003, 
2004a) a series o f oxygenated 3-alkylyridine deriva­
tives, generically nam ed  ham inols differing only in 
the  position  and  n u m b er o f  double  bonds at the C-2 
position  o f the  linear chain (Spinella et al. 1993; 
M arin et al. 1999). W hen m olested, the m olluscs 
release a w hite m ucus conta in ing  ham inols, which 
serve as alarm  p h erom ones inducing  an escape 
re a c tio n  in  conspecifics (C im ino  e t al. 1991;

Spinella et al. 1993). A similar escape reaction  by 
d ifferen t species has been  ascribed to  im bricatine, 
an unusual am ino acid derivative p ro d u ced  by the 
sea star Dermasterias imbricate th a t induces a swim­
m ing  reaction  in actinias o f  the  genus Stomphia 
(Elliott et al. 1989).

C oncluding Rem arks

M arine chem ical ecology is a young science that 
re q u ire s  th e  co llabora tive  e ffo rt o f  bio logists, 
ecologists, an d  chem ists. Iden tify ing  th e  com ­
p o u n d s responsible fo r m ed iating  feeding, rep ro ­
duction , and  behavioral in teractions is only the  first 
step in  u n d erstan d in g  the  ecological relevance o f 
a com pound . T hese effects th en  n eed  to  be trans­
la ted  from  laboratory  assays to th e ir  n a tu ra l contex t 
in  o rd e r to provide the u ltim ate  test and  m ajor 
challenge fo r field ecologists. An increased u n ­
derstand ing  o f  chem ical defenses will be achieved 
w hen we know how ecologically realistic doses o f 
these m etabolites affect growth, rep roduction , and  
survivorship o f consum ers. In  the  long run , such 
studies will lead to  a b e tte r u n d erstan d in g  o f  how 
these  co m p o u n d s can h e lp  reg u la te  ecosystem  
functionality  by u n d e rp in n in g  the  chem ical and  
m olecular processes tha t are crucial fo r the  fitness 
and  survival o f  the  p roduc ing  organism s. If  we can 
u n d e rs tan d  the  n a tu ra l function  o f  these com ­
pounds, we can develop new strategies fo r the 
co rre c t m a n a g e m e n t a n d  p ro te c tio n  o f  these  
po ten tia lly  im p o rtan t n a tu ra l resources fo r the 
fu tu re , and  find  new b io technological applications 
fo r these p roducts in o u r day-to-day lives.

To address these issues, novel and  ecologically 
relevant m ethods n eed  to be developed and  applied  
to  investigations o f allelopathy, an tip redation , anti- 
fouling, antim icrobial, and  o th e r possible functions 
o f  secondary m etabolites. T he prob lem  is th a t often 
the  n a tu ra l concen trations o f a com pound  are no t 
known. M ost feed ing  dete rren ts  have been  isolated 
and  identified  by n a tu ra l p roducts chem ists looking 
fo r unusual com pounds, and  m ost chem ical studies 
do  n o t provide in fo rm ation  on the  yield o f  these 
co m p o u n d s  a fte r ex trac tion . I t is d ifficu lt fo r 
ecologists conducting  bioassay experim ents to  know 
the  n a tu ra l concen trations o f the  m etabolites to  be 
tested. At the  same tim e, ecologists often  assume 
th a t chem istry plays a specific ro le in  structu ring  the 
m arine  biota, o r in d irect in teractions o f  p redato rs 
and  prey o r o f  com petitors, w ithout a clear idea o f 
the  m olecules o r biosynthetic pathways really in ­
volved in  these processes. To com plicate m atters 
even fu rth e r  is the  fact th a t th ere  are geographical 
variations in the  concen tra tion  o f n a tu ra l p roducts 
and  n o t only does the  n u m b er and  percen tage  o f 
organism s tha t p roduce  toxins follow a longitud inal 
g ra d ie n t b u t th e  co n c e n tra tio n  o f  tox ins also
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increase (Sennett 2001). N otw ithstanding, m uch 
progress has been  m ade in recen t years in  designing 
ecologically relevant bioassays with n a tu ra l concen­
trations o f a com p o u n d  and  in  u n d erstan d in g  the 
biosynthetic pathways involved in  th e ir  p roduction .

T here  is a n eed  to  com pare m etabolites from  
m icrobes to m icroalgae and  m acroalgae, and  from  
m esozooplankton  to ben th ic  m acroinvertebrates in 
term s o f structure, function , and  biosynthetic p a th ­
ways. C om pounds with d ifferen t biological activities, 
from  those with feed ing  d e te rre n t p roperties to 
those tha t induce  developm ental arrest and  growth 
redu c tio n  o r toxicity and  death , shou ld  be in ­
vestigated and  com pared  to determ ine  the  diversity 
o f  n a tu ra l p roducts and  im portance  o f secondary 
m etabolites in  the  evolution o f biodiversity. Large 
databases o f n a tu ra l p roducts exist bu t because o f 
th e  econom ic in terests  involved, access is very 
expensive in  contrast to free access to taxonom ic 
data. T here  is now an increased awareness that 
co m p o u n d s  a n d  c o m p o u n d  classes prev iously  
th o u g h t to  be exclusive o f  only certain  taxa are 
m ore  and  m ore  frequently  fo u n d  in  phylogeneti- 
cally and  ecologically d istan t organism s.

T here  is a n eed  to chart ou t research  plans 
to  address o p en  questions an d  hypo theses on 
chem ical in teractions in the  p lank ton  and  ben th ic  
realm s. Progress will be en h an ced  if  good  com m u­
n ication  and  collaborative efforts can be estab­
lish ed . O nly  th ro u g h  in te rac tiv e  co llab o ra tio n  
am ong  a b ro ad  in terd isc ip linary  com m unity  o f 
scientists will enough  in form ation  be ga thered  to 
stim ulate new ideas fo r fu tu re  research.
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