Bull. Inst. Natn. Scien. Tech. Mer de Salammb6,. d!, 2017

STUDY ON THE PRESENCE OF CHEMICAL DEFENSE AGAINST P REDATORS
IN THE EARLY STAGES OF THE OPISTHOBRANCH APLYSIA DEPILANS

Souhir HAMROUNI-BUONOMO and M. S. ROMDHANE
UR. Ecosystemes & Ressources Aquatiques - Instittiohil Agronomique de Tunisie, 43 Av. Charles Niedll082, Tunis
- Université de Carthage, Tunisie
souhirbuonomo@gmail.com

uedle

Sl By 3 adl  §ySaal) gail) Jala (B udlenr Ll andlAY) Abd do cilugibal) ad Shas) £ lBal) dalgi dul
G 2ag Y ¢ el s A ikl Gileagl) o lendd Blant Juili Ll waSLall 313 Learding Ulad 4ibas cilelds 2l
Lape S Elaalls #hally pardl 5% dua ¢ aligsll sda sl G (AN Jabll 8 cleliall sda e ALl bl
3 A dgitd) Gl e Jli e e £ & A Taua Dles Sl Bl (g 5 Aa) A gl L ¢ iU
ol a3 130 A L) axe ol 8 il ) Gaghy o0 5« uifon Lol an LAl 200 claal o pand) e
Sl sital i) aa (eilyn i/ asdlall 103 haal e Cpreaay panll) sall (e Jalye S5 2ie Lalal) cilelall
e grian oelibhal Gile alasiu) 0% (bl Guira)lS sl Glayas BIShw Lisanl sl olsadl a55)5laal
cleliall Lkl el LAY il Ll Gl i

Jual Al gliall 138 o 5oy G (oliins] siann)lS 5 BlSha Lisanil (o IS Sta (il Ll Saaly (madl o) Gaig
HPCERES

N Slel Jual e sa g laall 13 (P <0.05) Gefiball o S0 Al Ltiuns 3yiiall DA ) Cle gana ¢S5 o) LS
Claal¥) a5 WS L Aaeaad) dla i) g e liall G Cuznyg g Al ae (e Cllgiul L) @bl
e Aesiadll Lelhal) L3l (mb) & llapd) J8 e SaY) a5 5 FUA) JE ge sl ladl JS e
lylaal @l Al clilgad) (e IS Jd e SlasU clilatie

OS¢ S Wisanl (il Ll aiUal) 303 ¢ pagull ¢ Claa¥) ¢ Aalel cileliall ¢l 5aY rplial) cilalsl)
dasiall padll ¢ Guigh ¢ gl

RESUME
Etude de la présence de défense chimique contre lgwédateurs chez les premiers stades de
I'Opisthobranche Aplysia depilans : L'existence de défenses chimiques efficaces utiisgar les
opisthobranches pour se protéger des attaquegdatpurs est déja établie. Ceci dit, peu de dormésient sur
ces défenses chez les premiers stades de déveleppdences animaux. Les ceufs, les recrues et\ésifes
peuvent étre trés vulnérables a la prédation, &esgiles et ne disposant pas de coquille ou é'gutitection
physique. Peu d'espéces de prédateurs ont été&depsm nourrir des ceufs ou juvénilesigidysia ce qui nous
pousse a nous poser des questions quant a l'origneette non palatabilité. Les défenses de ttaides de
développement des ceufs et de deux tailles des ijeséde Aplysia depilansont été testées contre deux
prédateurs sympatriquednemonia sulcatat Carcinus aestuariiDes extractions et des aliments artificiels faits
avec les extraits ont été utilisés pour testeidioe chimique des défenses.
Les ceufs et les juvéniles delysia depilansont repoussédnemonia sulcateet Carcinus aestuarii Cette
défense semble étre d’origine chimique.
Les trois groupes d’ceufs testés n'ont pas étégidés aux deux prédateurs (p < 0,05). La déferts#aigine
chimique puisque les prédateurs ont consommé |és agres extraction et rejeté les aliments aitificavec les
extraits incorporés. Les juvéniles ont été rej@igdsAnemonia sulcatanais pas les recrus. Les deux tailles de
juvéniles ont été rejetés par les crabes. Les alisnartificiels fabriqués avec les extraits desspiles ont été
rejetés par les deux prédateurs testés.
Mots clés: défenses chimiques, juvéniles, ceufs, prédatigplysia depilans Anemonia CarcinusTunisie,
Méditerranée.

ABSTRACT

The existence of efficient chemical defenses uge@jbistobranchs to get protection from predatottacks is
already established. However, little is known abthé defenses in the early life stages of thesenalsi
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Predation on eggs, recruits and juveniles can beirgortant since these stages are almost seasitehave no
physical protections like shells. Few predator sgewere reported feeding dplysiaegg masses or juveniles,
this may let someone ask about the origin of therdence of these early life stages. The deterrefickree
developmental stages of the egg masses and twodfiziee juveniles of\plysia depilansvere tested against the
sympatric predatorsAnemonia sulcatand Carcinus aestuarii Extractions and artificial diets made with the
extracts were used to test the chemical origimefdefenses.

The egg masses and the juvenileg\plysia depilansvere deterrent tdnemonia sulcatandCarcinus aetuarii
and the defense seems to be chemically mediated.

The three groups of eggs were deterrent to botheopredators tested (p<0.05). The deterrence harmically
mediated as the predators eat the extracted eghthartwo predators tested rejected the artifidiats where
the extracts were incorporated. Juveniles but eotuits were deterrent thnemonia sulcataAnd both sizes of
the juveniles were rejected by the crabs, theicgifdiets made with the extracts from the juvesitepelled
eating from both of the predators tested.

Key Words:predation, chemical defenses, juveniles, egg maaphssia depilansAnemoniaCarcinus

Tunisia, Mediterranean.

INTRODUCTION 2002). Because the efficient and widespread use of
chemical defenses to deter predators, it is sugdest
Predation is a universal biotic interaction thatthat chemical defenses evolved in response to
influences species abundance and distributionctaffe predation, driving the evolution of multiple groups
population dynamics, changes community (Berenbaum, 1983; Feeny, 1991; Martin, 1995).
organization and functioning, and acts as anMarine opisthobranch mollusks in particular show an
evolutionary force (O'Steeat al, 2002; Finke and evolutionary trend to shift from structural to chieat
Denno, 2005; Losost al, 2006). These effects are a defenses (Faulkner and Ghiselin, 1983; Cimino and
consequence of the high variability in predation atGhiselin, 1998, 1999; Wagele and Klussmann-Kolb,
every level of biological and ecological organimati  2005), which is unusual in other mollusks (Gosljner
(Michelli, 1997; Evans, 2004; Kollet al, 2007). 1994). From an evolutionary standpoint, chemical
Although no organism is free from predation, theredefenses must be functional prior to shell loss
are multiple variables that condition food seleatio (Faulkner and Ghiselin, 1983; Wagele and
(McLoughlin et al, 2010) and predators show strong Klussmann-Kolb, 2005), so they might have helped
preferences over certain species (Hayward androtect early developmental stages where structural
Kerley, 2008; Abrams, 2010) or individuals of the defenses may be too weak to be effective. Today, a
same species (Genovadt al; 2010). Predators number of studies show that opisthobranch egg
concentrate on substandard individuals that ardkwea masses can be chemically rich and have several
sick, or show restricted physical conditions (Gearbv ~ activities (Matsunganat al, 1986; Avilaet al, 1991,
et al, 2010). For many species, age and size ard=bel et al, 1999; Benkendorfet al, 2000; 2001;
surrogates of such substandard individuals, anak the Becerroet al, 2006). Whether these chemicals and
are numerous examples showing how theactivities function in the field as chemical defesis
susceptibility to be preyed upon is inversely mdato ~ against predators is less well known (Pennings4;199
age and size (Fuiman and Magurran, 1994; GosselinBecerroet al, 2003a, 2003b). Our study targets this
1997; Sogard, 1997; Clemergtkal, 2009; Porter and need and will test whether egg masses and juveniles
Bailey, 2007; Horning and Mellish, 2012). of two Mediterranean opisthobranch mollusks are
Predator preferences also are strongly influenged bdefended against generalist predators and whdiker t
the prey capacity to defend. As a major source ofdefense is chemically mediated.
mortality, species have developed a number ofSea hares are a small group of herbivorous
behavioral, structural, and chemical mechanisms toopisthobranchs with internal shells and a greattsar
minimize predation (Abrams, 2001). Presence of oneof defensive mechanisms (Johnson and Willows,
or several defensive mechanisms significantly 1999). Some sea hares distribute defensive chesnical
decreases the vulnerability of species to predatorén the skin or outer tissues, which effectively eist
(Schupp and Paul, 1994; Beceret al, 1997; predators (Carefoot, 1987; Pennings, 1990; 1994;
Hilsmann and Wagner, 2007; Kishidia al, 2009;  Penningset al, 1999). This chemical strategy may be
Hammill et al, 2010; Kuprewicz and Garcia- species specific as the external tissues of othar s
Robledo, 2010). Chemical deterrence is particularlyhare species fail to deter predators (Pennings4)199
spread in the marine benthos (Paul, 1992; Hay, ;1996Defensive compounds from the diet preferentially
McClintock and Baker, 2001; Pawt al, 2011), concentrate in the digestive gland and, despitg the
which suffers a strong top-down control as comparedcan  deter predators at naturally —occurring
to plankton or terrestrial ecosystems (Shuwetnal, concentrations, it is unclear whether they playhsuc
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role in nature (Pennings and Paul, 1993; de éNy, referred to those whitish, freshly laid, compacy eg
1996). Sea hares also release ink and opaline whemasses with minimum elasticity and without moving
disturbed, which function as a defense against @&mbryos under the scope. This developmental stage
variety of predators (Kicklighteret al, 2005; was no older than 5 days. Developed eggs (dev) were
Nusnbaum and Derby, 2010). Yet, use anddarker in color and embryos were clearly moving
effectiveness of these mechanisms may vary witheven at bare eye. This developmental stage
ontogeny (e.g., the capacity to release ink andirpa corresponded to 4-7 days. Pre-hatched eggs (pke) ha
is absent in eggs and must be acquired at somé poia brownish, noticeable darker color than dev eggs,
during their development). Most information on seaand were also much softer and flexible, being ready
hare chemical ecology is restricted to adultfor the forthcoming hatching. Egg masses at this
organisms. stage had 7-10 days old.

Here we experimentally test whether five early We grouped juveniles oAplysia depilanghereafter
developmental stages ofAplysia depilans are  Aplysig in two distinct sizes that also corresponded
protected against the sympatric predatdremonia  with functional differences. We called recruitsdyre
sulcata and Carcinus aestuarii and whether to individuals smaller than 5 mm in length and
protection is provided by chemical defenses. Seguveniles (juv) to those larger than 6 mm and senall
hares deposit millions of eggs in benthic egg nassethan 2 cm. We failed to obseréglysia individuals
that are noodle like strands made of proteins andsmaller than 3 mm, so we were unaware of the actual
polysaccharides, making them prone to predation andgize when recruits settled back to the benthic
fouling. Egg masses are often visually conspicuouscommunity. In our study, recruits and juveniles
remain in the substrate for over a week until erabry referred to the smallest and largest size classes w
develop and planktonic larvae hatch (Switzer-Dunlapinvestigated, respectively. These groupings were in
and Hadfield, 1977). To remain fully functional and fact definedad hocand based on the ability to release
survive until larvae are released, egg masses alay r secretions. We observed after our first collectioat

on chemical defenses. The capacity of sea hare eggpecimens below 5 mm lacked the capacity to release
masses to deter predators and inhibit microbestis n secretions while those larger than 6 mm did rel@ase
universal and varies between species. The resultingvhite secretion when disturbed. Whether the
veliger larvae must metamorphose and settle baclsecretion was ink, opaline, or a combination ofhbot
onto benthic communities, where juvenile sea haress unknown but we decided to use that size range to
continue with their development and spend theakst define our recruit and juvenile categories becahse
their life until they die after reproduction. Seardn  capacity to release secretions is a critical défens
juveniles cannot rely on their tiny internal shel a mechanism in sea hares. Recruits and juveniles were
defense and may be able to use the chemica¢xclusively found on the green algéva lactuca
defensive mechanisms present in the adults. Th&ll live animals, including the anemongnemonia
number of predators known to naturally feed on seasulcata (hereafterAnemonia and the crakCarcinus
hares is limited but includes anemone, crabs, fishaestuarii (hereafter Carcinug were collected and
flatworms, nemertines, pycnogonids, opisthobranchsplaced underwater in several plastic bags (without
and seastars (Winkler and Tilton, 1962; Penningsmixing species), transferred to large aerated csole
1990; Johnson and Willows, 1999; Rogess al, (without mixing species), and taken to the labamato
2000). In our study area, the anemoftseemonia  within 2/3 hours. We also collected fredbiva
sulcata and the cralCarcinus aestuariiwere very lactuca (hereafterUlva) so that sea hares could
abundant predators that shared habitat Wigysia  continue with their regular feeding activities vehih
depilans Since both anemone and crabs are known tahe laboratory. Once in the laboratory, each sgecie
feed on a variety of diets including sea haresuserl  was transferred into a large aerated aquarium (20
them to test whether five early developmental stage liters of capacity) with filtered seawater and oéi@
(three egg and two juvenile stages) Aplysia  Ulva (Aplysig or mussels (predators) on a daily basis
depilanswere protected against sympatric generalistuntil they were used in our experiments. Freezed
predators and, if so, whether protection is cheltyica mussels Mytlilus edilug were used to feed predators

mediated. and as control food in our experiments (see below).
We ran three sets of experiments to test whethdy ea
MATERIAL AND METHODS developmental stages were deterrent and whether

protection was chemically mediated. First, we after
We collected all egg masses, juveniles, and preslato our predators live eggs, recruits, and juveniletest
in the locality of la Marsa, Golf of Tunisia. Egg whether the five early developmental stages were
masses were collected between June and July. Wdefended against predation. Then, we used
classified them in three distinct categories based chemically extracted organisms to test whetheryearl
color, elasticity, and presence of moving embryosdevelopmental stages were protected regardless thei
checked under a scope. Undeveloped eggs (undjecondary chemistry (so structural defenses or low
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nutritional quality could contribute to their defg).  min long, sequential additions of 20 ml of the swit/
Finally, we incorporated extracts of the early mix for gram of tissue (dry mass). Egg masses were
developmental stages into an artificial diet tot tes cut to their final size before extraction. Extrafds
whether secondary chemistry alone can deter feedingecruits and juveniles were obtained from whole

by our generalist predators. animals. Control mussels were subject to the same
extraction procedure to prevent confounding factors
Deterrence of live animals between treated and control foods. Solvent from the

To run the experiment, we transferred anemones anthree extractions was pooled together and evapbrate
crabs to individual containers. Each container was down under vacuum in a rotavap to obtain a residue
liter and held a single predator. Typically, predat that contained the secondary metabolites from each
exhibited normal behavior in 5 to 10 minutes. We developmental stage. We weighed the residue to
referred to normal behavior in anemones as thecalculate the concentrations at which they occur in
opening of their oral disk and extension of terdacl their original tissue on a dry mass basis. These
and not being very active as when stressed forscrab concentrations were used in our third experimental
We discarded any anemone or crab that failed tcset. Extractions were then stored in a freeze2GiG
demonstrate normal behavior after 30 min. until they were used. Extracted material was deed
Because the factors leading to food consumption oroom temperature to evaporate the solvent and then
rejection may vary between individual predators, weoffered to predators as described earlier.

used the same individual predator for both treatmenTo test whether the secondary metabolites extracted
and control trials. We therefore repeated testith@  from the early developmental stages inhibited fegdi
same individual, reducing heterogeneity in the of the anemone and crab predators we added the
predator response. This approach is particularlyextracts at naturally occurring concentrations (dry
indicated when exposure to one treatment may affecinass) in an artificial diet. The artificial dietresisted

the response of the next treatment (Sokal and Rohlfof 5g of freeze-dried, milled mussels mix with >ofy
1995). We then tested for a significant change ina mixture of agar/carrageenan (15:85) in 80 ml of
predator behavior due to our treatment with thewater. We added 2 ml of 1:1 DCM/MeOH with
McNemar test for significance of changes (Sokal andvarying mass of extract to match the naturally
Rohlf, 1995). We first offered predators our occurring concentration of each early developmental
treatment, which was placed on the anemonestage. Control food was identical except that thmal 2
tentacles or in front of the crab, between the slaw of solvent contained no extract. The mix was poured
We then observed whether the treatment was eaten anto rectangular molds that were cut to obtain the
rejected. We scored eaten when the food item wasginal control and treatment food cubes used in our
completely eaten in 60 min or less, even if it wasexperiment. Experiments were run as described
initially rejected or mouthed several times; othisev  earlier, except that rather than live or extracted
we scored that replicate as rejected. We thenaxdfar  animals we used artificial food cubes.

small piece of mussel of the same size than the

treated food and scored whether it was eaten oStatistical analyses

rejected (i.e., uneaten after 60 min). Both feedingWe run one experiment for each developmental stage
trials (treatment and control) represented a singleand predator for a total of 30 experiments. McNemar
replicate and experiments consisted of about 2Qest allowed testing for the effect of our treatimien
replicates. All predators and preys were used onlyeach experiment. We then used meta-analysis to
once. Data were tabulated as the number of predatottest whether the five developmental stages diffémed
that ate the treatment and rejected the controltheir ability to deter predators and were equally
rejected the treatment and ate the control, andiate effective against both predators. Meta-analysis

rejected both the treatment and the control. provides a formal framework to combine results from
independent studies or experiments and to test
Chemically mediated defenses hypotheses beyond those tested by the individual

The second set of experiments tested whethestudies or experiments. We assumed that each specie
chemically extracted of early developmental stagesor developmental stage has its own effect sizayeso
were deterrent to anemone and crab predatorgan a mixed-effect model to account the variance
Experiments were identical to those describedeararli between the experimental units. Effect sizes differ
except that instead of live animals, all developtaken if their 95% confidence intervals (Cl) exclude zero
stages had been extracted with a 1:1 mix ofDifferences between species or developmental stages
methanol/dichloromethane. occur when their Cls do not overlap. Meta-analysis
Freshly collected egg masses, recruits, and jusenil was runin R project.

were frozen at -20°C upon arrival to the laboratory

Once frozen, each developmental stage was freeze-

dried and exhaustively extracted with three timés 3
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RESULTS juveniles significantly deterred feeding Anemonia
sulcata and Carcinus aestuarii (Figure 1) as
Deterrence of live animals compared to mussel control (McNemar tests).

The three developmental stages of egg masseAnemonia sulcatdailed to feed on the experiment
(undeveloped, developed, and prehatched) andvith recruits (only one control item eaten).

18 - n=20
n=20 p=0,0002 (A)
16 p=0.0003
14 A n=19
p=0.0015
g 12 - n=18
2 p=0,0159
H]
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12 t
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2 1 p=1
o .
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10 - n=13
p=0.008
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p=0.4 ecrt

Hrcet

Nuumber of Predators

und dev phe rec juv
Developmental Stages
Figure 1: Test of the deterrence of egg masses and juvesfilsglysia depilango Anemonia sulcaté?) and to
Carcinus aestuari{B). Und, undeveloped eggs; dev, developing eggs; pre-hatching eggs; rec, recruits; juv,
juveniles; ecrt, predators that have eaten theralsrdnd rejected the treatments; rcet, predatatshave
rejected the controls and eaten the treatments.

Chemically mediated defenses
concentrations. As for the recruits, the real prayd

The three developmental stages of egg massethe extracts were eaten by the anemones (McNemar
(undeveloped, developed, and prehatched) as well &€sts, p =1 and p = 0.048 respectively, Figureb@),

the juveniles deterred feeding by the two predatorghe crabs rejected the real preys (McNemar tests, p
tested as real preys and as extracts incorporated i0-008) and ate the extracts (McNemar tests, p 2)0.2
artificial diets at naturally occurring
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Figure 2: Test of the differences in the deterrence of reaysversusextracts (CHGIMeOH) of Aplysia
depilansagainst (A) anemones and (B) crabs. Und, undevdleggs; dev, developing eggs; phe, pre-hatching
eggs; rec, recruits; juv, juveniles; ecrt, predatbiat have eaten the controls and rejected thenemnts; rcet,
predators that have rejected the controls and ¢agetneatments

Predation by Anemonia sulcataversusCarcinus the predators tested: the anemones as well as the

aestuarii crabs (McNemar tests, Figure 3).

The three developmental stages of the egg masdes amowever, the recruits were deterrent for the crabs

the juveniles were significantly deterrent for bath  (McNemar test, p = 0.008) but were eaten by the
anemones (McNemar test, p = 1).
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Figure 3: Test of the difference in the deterrencé\pfysia depilan®ggs and juveniles (A, B, C, D and E)
between anemones and crabs. Und, undevelopeddmgsieveloping eggs; phe, pre-hatching eggs; rec,
recruits; juv, juveniles; ecrt, predators that haaéen the controls and rejected the treatmerds; poedators that
have rejected the controls and eaten the treatments

Summary of experimental data

The different experiments are resumed in Table I.
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Table I: Summary of experimental data showing the effedtitdérent stages developmentAyplysia depilans
on feeding by anemones and by crabs. Und, undesgleggs; dev, developing eggs; phe, pre-hatchigg; eg
rec, recruits; juv, juveniles

Effect on feeding by Effect on feeding by
anemones crabs
Different stages pf development of UND Rejected Rejected
Aplysia depilans DEV Rejected Rejected
PHE Rejected Rejected
Rec Eaten Rejected
Juv Rejected Rejected
Real preys (RP)Versusextracts (E) UND RP Rejected Rejected
UND E Rejected Rejected
DEV RP Rejected Rejected
DEV E Rejected Rejected
PHE RP Rejected Rejected
PHE E Rejected Rejected
Rec RP Eaten Rejected
Rec E Eaten Eaten
Juv RP Rejected Rejected
Juv E Rejected Rejected
Meta-analysis indicating a strong deterrent effect of the three

We calculated odd ratios using meta-analysis (Tabledevelopmental stages, and the juveniles against the
Il) in order to have an over view on our resultd &am  predators tested. The same observations are aeailab
be able to compare between the different experisnentwhen we look at the odd ratios of the artificiagtgi

on the one hand, and between predators and sthges made with the extracts from the eggs and the
developments on the other hand. juveniles. However, for the extracted eggs and
The odd ratios obtained were very high in the adse juveniles, the odd ratios were low and the detesen
live eggs, recruits and juveniles for both predator was not statistically significant.

tested except for the recruits aAdemonia sulcata

Table II: Forest plot of the meta-analysis on binary datéhefdeterrence of early developmental stages of
Aplysia depilans oA\nemonia sulcatandCarcinus aestuarii

Experimental Control

experiments success.T total. T success.C total. C OR 95 % - CI % W(fixed) % W(random)
eggslAn 15 20 [} 20 R 115.5455 [ 5.9322 ; 2250.5685 2.63 3.03
eggs2An 12 19 0 19 _ & 65.0000 [ 3.4039 ; 1241.2402 2.66 3.06
eggs3An 16 20 o} 20 _— 150.3333 [ 7.5388 ; 2997.8268 2.59 3.00
eggslCr 7 20 0 20 S VU R — 22.7778 1.1994 ; 432.5817 2.67 3.07
eggs2Cr 6 19 o} 19 R, 18 .7778 [ 0.9741 ; 361.9974 2.65 3.05
eggs3Cr 11 20 0 20 _— 49.6316 [ 2.6394 ; 933.2635 2.69 3.08
juvlAn 1 20 o} 20 _ 3.1538 0.1211 ; 82.1648 2.18 2.66
juv2An 10 18 1 18 — 21.2500 [ 2.3062 ; 195.8037 4.70 4.31
juvliCr 9 13 o} 13 _ 57.0000 [ 2.7338 ; 1188.4447 2.51 2.94
juv2Cr 13 20 0 20 R 73.8000 [ 3.8860 ; 1401.5648 2.67 3.07
eggsleAn 1 17 [} 17 - 3.1818 [ 0.1209 ; 83.7604 2.17 2.65
eggs2eAn [} 17 1 17 ' 0.3143 0.0119 ; 8.2735 2.17 2.65
eggs3eAn 1 17 [} 17 T 3.1818 [ 0.1209 ; 83.7604 2.17 2.65
eggsleCr 3 20 2 20 _— 1.5882 [ 0.2356 ; 10.7044 6.37 5.02
eggs2eCr 6 20 5 20 1.2857 [ 0.3194 ; 5.1748 11.95 6.40
eggs3eCr 1 20 1 20 1.0000 [ 0.0582 ; 17.1812 2.87 3.21
juvleAn 1 17 [} 17 _ 3.1818 [ 0.1209 ; 83.7604 2.17 2.65
juv2eAn 0 20 1 20 —— 0.3171 [ 0.0122 ; 8.2605 2.18 2.66
juvleCr 11 19 2 19 + 11.6875 [ 2.0821 ; 65.6054 7.79 5.48
juv2eCr 2 15 o} 15 - 5.7407 [ 0.2528 ; 130.3717 2.38 2.83
eggslaAn 13 17 1 17 —_— 52.0000 [ 5.1601 ; 524.0188 4.34 4.13
eggs2aAn 11 18 [} 18 - 56.7333 [ 2.9522 ; 1090.2579 2.65 3.05
eggs3aAn 10 16 0 16 - 53.3077 2.7112 ; 1048.1357 2.61 3.02
eggslaCr 7 15 [} 15 - 27.3529 1.3860 ; 539.8295 2.61 3.01
eggs2aCr 7 20 0 20 - — 22.7778 1.1994 ; 432.5817 2.67 3.07
eggs3acCr 11 20 [} 20 —_— 49.6316 [ 2.6394 ; 933.2635 2.69 3.08
juvliaAn 2 18 0 18 ™ S — 5.6061 [ 0.2505 ; 125.4486 2.40 2.85
juv2aAn 6 18 [} 18 e 19.2400 [ 0.9924 ; 373.0062 2.64 3.04
juviaCr 5 20 1 20 -+ 6.3333 [ 0.6667 ; 60.1629 4.57 4.25
juv2aCr 14 20 [} 20 ™ S — 91.4615 [ 4.7679 ; 1754.4969 2.66 3.05

Fixed effect model - OR 95 % - CI % W(fixed) % W(random)

Random effects mode! -

[ 1

1e02 1e+00 Te+02

Odds Ratio
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DISCUSSION deterrent as the eggs of the sea hares fed redwnb
algae (Johnson and Willows, 1999). The sea hares
The early life stages &plysia depilansare deterrent  longicauda D. auricularia and Aplysia californica
to crabs and anemones; secondary metabolites seewere fed natural diets or artificial diets contami
to be involved in the defense from the predator'ssecondary metabolites, but no secondary metabolites
attacks just like in adukplysia were found in the egg masses (Pennings and Paul,
The different developmental stages of the eggs ofl993). All these studies may indicate that the
Aplysia depilansare chemically defended against chemical defense in the egg masses of sea hares may
Anemonia sulcataand Carcinus aestuarii The be due to autogenic metabolites, and neither to the
recruits were consumed by tAeemoniaand rejected secondary metabolites nor to the pigments from the
by the crabs and the juveniles were deterrent th bo animal’s diet. Further studies are needed to confir
of the predators tested in this study. The detegém  these hypotheses.
the juveniles was chemically mediated as shown bySea hares’ egg masses, in addition to the defense
the extractions and the artificial diets made wifite ~ against predators, were reported to have an importa
extracts. antibacterial activity against marine and terrastri
Benthic egg masses are generally thought to play &acteria (Kamiyaet al, 1984). Benkendorfet al.
protective role in the embryonic development of (2001) showed that the antibacterial activity isreno
marine invertebrates; they must be adequatelyimportant in freshly laid eggs when compared with
protected to ensure the long-term survival of thehatching ones.
species. Few studies tested the defenses in the edyjl these mechanisms of defense against predators
masses of sea hares. and pathogenic bacteria allow the embryos embedded
In our study, the eggs were strongly rejected iy bo in the egg masses to survive until the hatchingclvhi
of the predators tested and the deterrence wassually occurs 6 to 10 days after the egg masses ar
chemically mediated as shown by the extraction andaid out. Free-swimming veliger larvae are released
the artificial diets made with the extracts. Simila  (Switzer-Dunlap and Hadfield, 1977). For these
other studies confirm these results, in fact, Pegmi  veligers, as the chemical protection of the eggsois
(1994) showed that pieces of egg masseApljsia  longer effective, it seems like they must rely oaly
juliana were universally rejected by crabs and reefthe physical defense of their larval shell to get
fish and that the extracts of the eggs deterrediige  protection against predators. After the swimming
by some reef fish. period, the veligers begin to settle out of theeawat
Sea hares do not appear to secrete diet-derivedolumn onto preferred seaweeds that induce
compounds into their egg masses, yet these egmetamorphosis. During this settling period, they
masses are unpalatable to generalist predators. Fendergo their greatest amount of predation
example, egg masses from the sea haplysia  (McGinitie, 1934 in Johnson and Willows, 1999).
juliana are chemically unpalatable to reef fishes, butThe chemical defenses used by the sea hares are
diet-derived metabolites do not appear to bemultilayered and vary during the ontogeny. They act
responsible of this unpalatability (Pennings, 1994) in at least three different ways: chemical defense,
The chemical origin of the defenses in the egg emss sensory disruption and phagomimicry (Derby, 2007).
of sea hares is already shown. Having antipredatoryChemical defense consists on inhibiting feeding by
compounds in the egg masses is considered athe predators by unpalatability or toxicity, serysor
adaptative and prevents ovovores from ingesting thelisruption: acting on the predators sensory system
eggs (Derby, 2007), but the origin of the metabslit preventing normal function and leading to confusion
responsible of the defense is still unknown. Int,fac and stopping the attack by the predator (Kickliglete
the hypothesis that the secondary metabolitesal., 2005), and phagomimicry: secretion stimulating
responsible of the deterrence of the egg masses mdie predators sensory pathway involved in feeding
be obtained from the algal diet of the animal wasn’ causing the predator to attend to the secretiori§ as
confirmed, but some studies showed that the egdhey were food allowing the sea hare to escape.
masses contained the pigments of the algae, and thén our study, the recruits showed no deterrence
these pigments are transferred from the animahé¢o t against Anemonia sulcata and were eaten
eggs within few days and can even predict if tiygalal immediately. They had no active protection against
diet of the animal is composed of green or redelga predators and their passive defenses were notgstron
(Johnson and Willows, 1999; Switzer-Dunlap and and efficient which made them vulnerable and easily
Hadfield, 1977; Chapman and Fox, 1969; Carefdot attacked. This can also be explained by the featt th
al., 2000). However, the egg masses didn't containthe secretions are in very small quantities to be
the secondary metabolites of the algae, so, utiess effective and detected by the predators.
pigments are responsible of the chemical defehse, t Our experiments showed that the recruits are not
deterrence is not diet related. The eggsApfysia  defended againsAnemoniaand were immediately
juliana fed with a diet of green algae were as eaten, but with crabs, the situation was differest,
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they were not attacked. This may be due to strongpredator's attack, like releasing ink or opaline
passive defenses with effect on crabs, like thesecretions.
unpalatability of these juveniles @racinus aestuarii  Sea hares use different levels of defense to protec
or to their very small size. themselves from different predators and different
The juveniles released a cloud of a white secretiorstages of a predatory encounter. These defenses hav
when attacked by th&nemonia In fact, numerous different degrees of cost and effectiveness as el
observations suggest that cnidarian tentaclesost and benefit of passive chemical defenses, asich
(probably the nematocysts) elicit defensive behavio those found in the skin and mucous, differ fromstho
in Aplysig including ink and opaline secretion of active chemical defenses, such as ink releasbd o
(Benkendorffet al., 2001). after a sustained predatory encounter (Nolen and
The chemical secretion can play a role on theJohnson, 2001). In fact, depending on the predato
protection of theAplysia juveniles against the two sea hares may use different defensive mechanisms,
predators tested in this study. Few studies deidiit w for example, against the sea anemdmehopleura
the white ink (released by few sea haresAply/sia  sola sea hares used only ink (and not opaline), this
depilanswhich releases both white and purple ink in secretion caused retract of teemoniatentacles
addition to opaline, oAplysia julianawhich releases (Derby, 2007), in fact against sea anemones, iakis
only white ink and opaline). The white secretiom ca unpalatable deterrent that causes tentacular
play a role in the defense from predator’'s attamks withdrawal (Nolen et al, 1995; Kicklighter and
shown with crab (Pennings, 1994; Benkendetfél, Derby, 2006). The ink is considered to be the best
2001) if we consider that Pennings (1994) wasdefense of sea hares against anemones, it is weyy mo
describing the white ink in his paper and not the efficient than the passive defenses like the distals
opaline, as suggested by Johnson and willows (19993econdary plant toxins incorporated into the ansnal
and this can explain the deterrence occurring thiéh  skin (Nolen and Johnson, 2001). Sea hares with no
Anemoniaonly with the juveniles that secreted this ink supplies were easily captured by the anemones
white secretion. The size of the juveniles cam als (Nolen and Johnson, 2001). This may explain the
explain their deterrence towards the predatorgdest vulnerability of the recruits, which didn't secratek
the passive defenses like the odor may be mor®r opaline when attacked by the anemone, and were
effective and able to deter the predators, becauseonsequently immediately eaten, unlike the juvenile
biggerAplysiaspecimens may produce more mucous,which were able to escape, probably thanks to the
ink, opaline and odor than the small ones. In fact,white secretion they released. In fact, a sea Hare
Carefoot et al. (1999) showed that there is an struck significantly less frequently if it releasatk
isometric relationship of ink volume to body size. thus demonstrating a reduction in predatory attasks
This suggests that small individuals even if theya result of inking these results are supportive of
secrete chemical defenses, may not be as protasted similar studies of interactions between sea hangls a
the big ones unless the chemical defenses in th#l sm predatory sea anemones (Noktral, 1995) or spiny
individuals are more concentrated in active lobsters (Kicklighteet al, 2005).
compounds. This is observed in some snake specidgk seems to be used also as a deterrent for pmgdat
that produce more toxic venom in their young stagecrabs. In fact, Aplysia would concentrate some
compared to adults and in some spiders in which thenetabolites in its ink and uses them as deterrents
potency of the venom increases in small animals. against blue crabs (Kamit al, 2010). Kamicet al.
The extracted recruits were eaten by the anemone@010) showed that ink is highly effective and that
but rejected by the crabs, these results may itelica opaline is moderately effective in suppressing ifegd
that the deterrence in the non manipulated recruitof crabs. In fact, a single deterrent compound lwan
and juveniles against the crabs is not only due tonot only deterrent against multiple consumer sgecie
chemical defense, the size, the color or the textur (Croninet al, 1997; Hayet al, 1998; Schnitzleet
may also be responsible of this unpalatability. Theal., 1998) but also have multiple roles including
extracts from juveniles incorporated in an artéfici antipredatory, allelopathic, antifouling and
diet were rejected by the crabs showing that aantibacterial effects (Kubanek al, 2002).
chemical defense exists and is responsible of thdRogerset al. (2002) showed that juvenil&. parvula
deterrence against crabs, at least for the juv@nile experience high predation by fishes when compared
At the early stages of post metamorphosisto the adults (85% juvenilA. parvulaeaten over 2 h
development, the defenses in sea hares can beompared to adults: 20% eaten). This suggests that
passive, for which direct action on the nervoussea hares may reach a size-escape from fish
system is not required, consisting of the odor, thepredation, the size being related to the efficienty
palatability, the size... The passive defenses ardhe chemical defenses.
considered as the first lines of defense. The defen The two examples of predators tested in this study
can also be active, and must be activated, usbglly showed that the defenses in the sea hares vary not
only with the ontogeny, with the stage of
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development (eggs, juveniles, adults), but alsd wit Aplysina aerophobdDemospongiae)Biol. J.

the predator it's facing, some defense strateggérsgb Lin. Soc.78: 429-438.

more efficient against the one or the other pradato Becerro, M. A., Starmer, J. A. & Paul, V. J. 2006.
The multiple lines of chemical defense can affect Chemical defenses of cryptic ans aposematic
different predators, and some compounds may work Gastropterid molluscs feeding on their host
on olfactory pathways and others through gustatory sponge Dysidea granulosaJ. Chem. Ecol.

pathways. The different chemicals may affect the 32(7): 1491-500.
behavior of the predator through different sensoryBenkendorff, K., J. B. Bremner & A. R. Davis. 2000.

pathways and in different ways. Using a set of Tyrian purple precursors in the egg masses of
compounds with a variety of effects against a the Australian muricid,Dicathais orbita a
diversity of enemies will be the most effective possible defensive roleJ. Chem. Ecol.
defense in a marine ecological community with many 26:1037-1050

species (Kamiet al, 2010). Benkendorff, K., Davis, A. R. & Bremner, J. B. 2001
At the early stages of development, the active Chemical defense in the egg masses of benthic
defenses are not very efficient, and the animagsel invertebrates: an assessment of antibacterial
more on the passive defenses like the unpalatgbilit activity in 39 mollusks and 4 polychaetek.

the odor and the size. These passive defenses can Invertebr. Pathol78: 109-118.
deter some predators like the crabs, but have n®erenbaum, M. R. 1983. Coumarins and caterpillars:

significant effects on other predators as it wasash a case for coevolutiomvolution37: 163-179.
with Anemonia sulcataFor this reason, sea hares’ Carefoot, T. H., Karentz, D., Pennings, S. C. &
juveniles face huge predation; sea hares with anly Young, C. L. 2000. Distribution of
passive chemical defense (distastefulness) weesn eat mycosporine-like amino acids in the sea hare
3.5 times more often than those with only an active Aplysia dactylomelaffect of diet on amounts
chemical defense, i.e. ink (Nolen and Johnson, 001 and types sequestered over time in tissues and
spawn. CompBiochem. Phys. €26 91-104.
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