Mechanismen der Thermotoleranz und der Beeinflugsias

Schalenpolymorphismus’ bei helicoiden Schnecken

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tibingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
Alexandra Scheil
aus Hechingen

Tldbingen
2012



Tag der mindlichen Qualifikation: 18.12.2012

Dekan: Prof. Dr. Wolfgang Rosenstiel

1. Berichterstatter: Prof. Dr. Heinz-R. Kdhler
2. Berichterstatter: Prof. Dr. Rita Triebskorn



Der aufregendste Satz in der Wissenschatft, dggemier neue Entdeckungen anktndigt, ist
nicht ,Heureka“ (Ich hab's gefunden!), sondern ,Da&st aber komisch ...!"

(Isaac Asimov)



Inhaltsverzeichnis

ZUSAMMENTASSUNG ...eeveeeiiiieeiiiiee e s s s oo e e e e e e e e e e eeaeeeatebaaa s s s s eeeeeeeanaaaaeaaeeaeeeeeeeesssssnnnnns 1
1. PromotioNSTNEMA .....cooiiiiiiiieii e e e et e e e e e e e e e e e e e e e e aearraanaa 1
FZ =11 1= (0o T 1
3. Material Und MethOAEN .........ouiiiiiiiiceeemm e e 8
4. Ergebnisse UNd DiSKUSSION.........uiiiiicceceeeiie et erree e e e e e e e e e e e e 14
L I 1T = 1 | U PPPPTURRTRRP 23

Eigenanteil an den durchgefiihrten Arbeiten in den ar Dissertation eingereichten
Publikationen und ManUSKIIPLEN .........cooiiiiiiiiiee e 33

Kapitel 1: Heat tolerance and recovery in Mediterranean land snails after pre-exposure

11 g TS 1= [ PP 35
Kapitel 2: Shell colouration and antioxidant defene capacity inTheba pisana (O.F.

Yo=Y R 2 OO TTTTTRRTT 63
Kapitel 3: Colour polymorphism and thermal capacities inTheba pisana (O.F. Miiller
LTTAY ettt ettt ettt ettt ettt en et et et ettt 77
Kapitel 4: Shell colour polymorphism, injuries andimmune defense in three helicid snail
speciesCepaea hortensis, Theba pisana and Cornu aspersum maximum...............ceeevveenn. 91
Kapitel 5: Shell colouration and parasite tolerancen two helicoid snail species. .......... 111
D= 10 SEST= T |8 Lo PSP 133
PUDIKATIONSIISTE ...ttt e e e e e e e e e e e e e e e e e e e nnanes 135

Y o 1<) 0 151 F= 10 | RPN 137



Zusammenfassung

1. Promotionsthema
Mechanismen der Thermotoleranz und der Beeinflugsies Schalenpolymorphismus’ bei

helicoiden Schnecken

2. Einleitung

2.1 Grundlagen

Die vergleichsweise hohe Thermotoleranz und dergequsigte Polymorphismus der
Schalenfarbung bei einigen Schneckenarten der Bipéié Helicoidea sowie weiterer
Gastropodenspezies sind bekannte Phanomene, diesalion Gegenstand einer Reihe von
Studien waren. Neben Arbeiten zur Aestivation und zhermoregulatorischen Verhalten
dieser Tiere (Pomeroy, 1968; McQuaid et al., 1908wie, 1985; Arad et al., 1993) liegen
Erkenntnisse zu den genetischen Grundlagen dededdhdbungen und der Korrelation der
Morphenverteilungen mit Umgebungstemperaturen vyongs, 1973a; Heller, 1981; Cowie,
1984a; Cowie, 1990; Johnson, 2011), und auch dismische Kapazitat unterschiedlicher
Schalenmorphen wurde bereits in mehreren Studi¢grsucht (Jones, 1973a; Heath, 1975;
Cook & Freeman, 1986). Reviews zu bisherigen Studigr Entstehung und Erhaltung des
Schalenpolymorphismus’ betepaea(Jones et al., 1977; Cook, 1998; Pradation: Heller
1981; Heller & Gadot, 1984) sind ebenso zu finddaa ®tudien zur morphenabhéngigen
(Mikro-) Habitatswahl (Johnson, 1981; Cowie, 198%azel & Johnson, 1990) und zur
Verbreitung und Ausbreitung der verschiedenen A(Baker, 2002; Aubry et al., 2006). Die
hohe Thermotoleranz von bestimmten Helicoideen WwabspielsweiseTheba pisana
(MULLER, 1774),Cernuella virgata(DA CosTa, 1778) undXeropicta derbentingKk RYNICKI,
1836) zeigt sich bereits in der naturlichen Verbreitutigser Schneckenarten, welche im
Mittelmeerraum bis z.T. nach Nordafrika haufig sirmtler auch in ihrem Erfolg nach
Einfuhrung in mediterrane und andere warme Gebwtez.B. Westaustralien (Cowie, 1985;
Baker, 2002; Aubry et al., 2006). Trotz dieser Y&l an Untersuchungen sind
Informationen zu den physiologischen, zellulared birochemischen Mechanismen, die der
Thermotoleranz und der Entstehung und ErhaltungStdslenpolymorphismus’ zugrunde
liegen, bislang nur begrenzt vorhanden, da viele lWisherigen Untersuchungen siam
puncto mechanistischer Erklarung meist auf Anpassungerf &erhaltensebene

(Kletterverhalten zur Vermeidung hoher Bodentemioeesm, Aufsuchen von Schatten) und



auf physikalische Faktoren (z.B. Erwarmung, alserrfische Kapazitat) konzentrieren.
Beziglich der Thermotoleranz lieferten bisher Détimer et al. (2009), Kdhler et al. (2009),
Arad et al. (2010), Mizrahi et al. (2010) und Dilliseet al. (2012) erste Erkenntnisse uber
zugrundeliegende zellulare und biochemische Meshaen, die Aestivation (Sommerschlaf)
ist der einzige weitere physiologische Vorgang, idediesem Zusammenhang untersucht ist
(Pomeroy, 1968; McQuaid et al., 1979; Arad, 20(Hg. besteht also im Hinblick darauf
weiterer Forschungsbedarf. Die Ergebnisse von i2itther et al. (2009), Kohler et al. (2009),
Arad et al. (2010), Mizrahi et al. (2010) und Dilliseet al. (2012) deuten darauf hin, dass
histopathologische Untersuchungen der Mitteldarmelrlbzw. Hsp70- Analysen von
hitzeexponierten Schnecken hierbei wichtige Untgrangsgegenstande sein kbnnen.
Obwohl einige Studien zu thermischen Kapazitatetersohiedlicher Schalenmorphen
vorliegen, mul3 aus heutiger Sicht eine kritischardddtung der applizierten Methodik
vorgenommen werden: Cook & Freeman (1986) benutetea Mikroskoplampe fir ihre
Versuche, somit kam kein naturliches Lichtspektrzum Einsatz, Heath (1975) fuhrte die
Versuche im Freiland ohne Beachtung von Luftstronf@find) Uber einen recht breit
gefassten Zeitraum (Mai - August) durch, obwohldrek ist, dass Qualitat, Intensitat und
Dauer der Sonneneinstrahlung Uber die Jahreszéiteneg sehr variabel sein kdnnen
(Burkholder, 1936). Fur Jones’ Experimente (197%&3agl keine Angaben zur Platzierung und
Ausrichtung der Schalen, zu Windverhaltnissen ualrekzeit vorhanden. Fur alle diese
Experimente gilt, dass die Temperaturmessungert btiihrungsfrei durchgefiihrt wurden.
Dadurch kdonnen unerwinschte Temperaturbeeinflugsumiyrch den Messvorgang selbst
aufgrund von Ruckwirkungen nicht ausgeschlossereve(Edler, 2000). Dennoch wurden
und werden die Ergebnisse dieser und ahnlichené&tudelche u.a. eine starkere Erwarmung
von dunklen Schalenmorphen festgestellt haben, Eddarung von unterschiedlichen
Morphenverteilungen im Feld herangezogen (Jonas,et977; Heller, 1981; Johnson, 1981;
Heller and Gadot, 1984; Goodhart, 1987; Cowie, 1980nson, 2011). Diese Studien gehen
davon aus, dass die Morphenverteilungen im Feld dedurch beeinflusst werden, dass
dunkle Morphen aufgrund ihrer postulierten h6hereErmischen Kapazitat Nachteile in eher
warmen (Mikro-)Klimaten haben. Jedoch wurden beispieise beiTheba pisanakeine
Unterschiede im thermoregulatorischen Verhaltendesi verschiedenen Morphen gefunden
(Cowie, 1985), was zusammen mit den oben erlamtemethodischen Schwachen bei
bisherigen Studien zur thermischen Kapazitat uckeesllicher Schalenmorphen Zweifel an
der Hypothese einer biologisch relevanten héherer@nung dunkler Morphen weckt. Eine

kritische Uberprifung der o.g. Studienergebnisse thermischen Kapazitaten von



verschiedenen Schalenmorphen mittels eines bergsingren Mel3verfahrens auf dem
heutigen Stand der Technik ist somit vonndéten.

Als eine weitere Erklarungsmaoglichkeit fur die Mbgmverteilung im Feld wurden sowohl
fur T. pisana als auch verschieden€epaea (HELD, 1838) — Arten Pradationseffekte
identifiziert (Cain & Sheppard, 1954; Goodhart, @9%leller & Gadot, 1984; Cook, 1986;
Goodhart, 1987; Tucker, 1991; Cook, 1998). Diessdoan vornehmlich auf apostatischer
Selektion visueller Merkmale, bei welcher der sedte Morph beginstigt wird, da Rauber,
insbesondere Vogel, vor allem den haufigeren Mdressen (Clarke, 1962a; Clarke, 1962b;
Goodhart, 1987), bis dieser zum selteneren Morpd wnd die Beutepraferenz des Raubers
sich dadurch wiederum verschiebt (Goodhart, 19Bfgse apostatische Selektion tragt zur
Erhaltung von verschiedenen Morphen bei, auch waarwahrscheinlich nicht der einzige
Faktor ist, auf den sich das Phanomen des sicmb&amhalenpolymorphismus griindet
(Goodhart, 1987). Disruptive und gerichtete Setgktiingegen, fur welche eine Einnischung
erforderlich ist (die Morphen halten sich vornetahlauf dem Hintergrund auf, auf dem sie
am wenigsten auffallig sind), kdnnen zumindest @epaea hortensig puncto visueller
Merkmale in vielen Fallen ausgeschlossen werden,dia verschiedenen Farb- und
Banderungsmorphen haufig im selben Habitat vorkommed somit kaum Einnischung
beobachtet werden konnte (Goodhart, 1987). Cépaea nemoraligedoch wurde in einer
aktuellen, grol3en Studie, die auf Daten, welcher i@e grof3es ,citizen science” Projekt
erhoben worden sind, eine morphenabhéangige Einumigctbeobachtet, welche von den
Autoren auf Pradationseffekte zurlckgefuhrt wurd8ivertown et al., 2011). Auch bei
Theba pisanakonnte in einigen Populationen eine unterschibdlicEinnischung von
gebanderten und ungebanderten Morphen beobachtégenyeind diese konnte nicht nur von
(mikro)klimatischen Effekten sondern auch von Raubkkommen bzw. Fehlen von Raubern
in bestimmten Habitaten abgeleitet werden (Hellg&&dot, 1984). Daher ist das Wirken von
disruptiver und gerichteter Selektion durch RautmrCepaea nemoralisind Theba pisana
denkbar. Die bevorzugte Reproduktion gleicher citerlicher Morphen, ein Umstand, der
eine weitere Erklarung zur Erhaltung des Polymanphis bieten kdnnte, konnte bisher
hingegen nicht bestatigt werden, zumal dem auch Dieninanzverhaltnisse bei der
Vererbung von Banderungen und Farben entgegenns(@uedhart, 1987). Wenngleich auch
in manchen Populationen Veranderungen der Morplsammensetzung von Jahr zu Jahr
beobachtet werden konnten (Cowie & Jones, 1987)nteoinsgesamt jedoch durch eine
Reihe von Untersuchungen (Goodhart, 1987)Gepaeaspp. festgestellt werden, dass der

Schalenpolymorphismus in vielen Populationen auoér diange Zeitrdume vergleichsweise



robust gegeniber Umwelteinflissen ist. Auch DBEieba pisana konnte in einer
dreizehnjahrigen Studie von verschiedenen Populaticeine Stabilitat der Genfrequenzen
fur Schalenmusterung beobachtet werden, wobei roegé Morphen in bestimmten
Habitaten haufiger waren (Cowie, 1992). Als Ursachéir diese Stabilitit des
Schalenpolymorphismus kommen eine Reihe von Faktonel Mechanismen in Frage, die
Cowie (1992) beschreibt, und welche durch weitetadi®nergebnisse ergénzt werden
kbnnen:
1. Gerichtete, stabilisierende Selektion Giber Rrédaind klimatische Einflisse, wobei
ein Zusammenhang mit den jeweiligen Habitatgegedigarhnicht immer erkennbar ist,
wie in diversen friheren Studien sowohlZzuwisanaals auchCepaeaspp. beschrieben
wurde (Cain & Currey, 1963; Johnson, 1980; Johnd®81; Heller, 1981; Heller &
Gadot, 1984; Cowie, 1990; Hazel & Johnson, 199@s Bhanomen dieser (scheinbar)
fehlenden Korrelation eines bestimmten Morphen emmiem Selektionsfaktor wird als
.area effect” bezeichnet (Cain & Currey, 1963; Jym 1976). Cowie (1992) raumt
jedoch ein, dass es mdglich ist, dass bestimméektselirkende Krafte noch gar nicht
erkannt worden sein koénnten, und Cain & Currey 8)96nerken an, dass die
Habitatsunterschiede maoglicherweise subtil und schidentifizierbar sein kénnen.
Auch eine kirzlich veréffentlichte Studie zur Mogptverteilung beT. pisanatber 34
Jahre (Johnson, 2011) kommt zu dem Schlul3, daskathétstsspezifische Wirken von
Pradation und klimatischen Faktoren eine sehr vehileisliche Ursache fir eine,
insgesamt gesehen, nur geringe Veranderung derh¥fequenzen tber drei Jahrzehnte
sein kann, wenngleich auch das Potential flir stdngénetische Veranderungen
erkennbar war, da die Varianz stets sehr grol3 vaar schnelle Richtungswechsel
bezuglich der in den jeweiligen Jahren wirkendelel@®n beobachtbar waren.
2. Grundereffekte, d.h. es kommt relativ hdufig z&ossterben lokaler Populationen,
wonach dann eine Wiederbesiedlung stattfindet. \Behandensein einer gerichteten
Selektion kommt es dabei nicht zu einer Gleichviemg der Morphen.
3. Grundereffekte wie unter 2. beschrieben, jedmihdem Unterschied, dass keine
Selektion wirkt bzw. dass die ausgepragte Populagjd3e einen wirksamen
genetischen Drift (zuféllige Selektion) verhindeRas Fehlen von Selektion kann
jedoch als unwahrscheinlich erachtet werden, daias bei der Schalenfarbung von
Schnecken um einen genetischen Polymorphismus hamgdcher definitionsgemal

ein Resultat von Selektionsvorgangen ist (Ford,51%3oodhart, 1987). Ausgepragte



PopulationsgroRen koénnen jedoch tatsachlich instukse beiT. pisanabeobachtet

werden (Cowie, 1984b; eigene Beobachtungen).
Ein weiterer Punkt, der bei der Generierung undalinhg des Schalenpolymorphismus eine
Rolle spielt, ist mdglicherweise die Heterosis,oalsin durch Heterozygotie bedingtes
gesteigertes Vermdgen, mit wechselnden Bedingungegehen zu kénnen (Goodhart, 1987,
Cook, 1998), auch wenn der durch die Heterosis nggeli Vorteil moglicherweise nicht
immer identifiziert werden kann (Goodhart, 1987)iedes Fehlen einer eindeutigen
Zuordnung ist deswegen denkbar, da verschiedenaeé®darben und Banderungsmuster auf
eine Reihe von Gen-Loci zurtckzufuhren sind, weldagiber hinaus auch miteinander und
mit weiteren, auch nicht auf die Farbung wirkendleni verknipft sein kdnnen (Jones et al.,
1977; Goodhart, 1987; Johnson, 2012). Zudem musssit alle Loci einen sichtbaren
Polymorphismus begriinden und manche kénnen aul3eegéstatisch wirken (Goodhart,
1987; Johnson, 2012). Obwohl das vollstandige Felen Selektion aus bereits oben
erlauterten Grinden als Ursache fir den Polymonpissper senicht in Frage kommt,
bestehen laut Goodhart (1987) dennoch nachvollaiehbJberlegungen dariiber, dass der
sichtbare Polymorphismus, zumindest teilweise, trackaptiv bedingt sein kdnnte. Es ist
denkbar, dass der sichtbare Polymorphismus letiglin Nebenprodukt einer Selektion auf
nicht-sichtbare Eigenschaften sein konnte, wobeiLdici fir den sichtbaren Polymorphismus
mit denen der nicht-sichtbaren Eigenschaften vegkraein konnten. Diese Uberlegung wird
gesttitzt von der Beobachtung, dass es fur einigg€egaea hortensigMULLER, 1774) undT.
pisanaverwandte Helicoiden wiklelix pomatia(LINNAEUS, 1758) undArianta arbustorum
(LINNAEUS, 1758), die zudem &hnliche Habitate besiedeln, r zwadizien fur ein
Banderungsmuster gibt, dieses jedoch durch eintikgiges Muster Uberlagert wird, so dass
die verschiedenen Allelomorphen phéanotypisch ahnditscheinen, also mehr oder weniger
monomorphisch sind (Goodhart, 1987). Wenn also lmeigpielsweise beC. hortensiseine
Selektion auf nicht-sichtbare Eigenschaften bestjiad die ein sichtbarer Schalenfarb- und /
oder Schalenba&nderungs- Polymorphismus geknipfée,wstr ware es mehr als plausibel,
dass, wenn einer der Allelomorphen einen durch gdembaren Polymorphismus bedingten
Nachteil erfahren wirde, dieser sichtbare Polymismhbs epistatisch Uberlagert werden
wirde, wie z.B. beiH. pomatia oder A. arbustorumdurch kryptische Uberlagerung
geschehen (Goodhart, 1987). Goodhart (1987) ertawtsterhin, dass eine solche Krypsis
jedoch weder fUC. hortensisnochCepaea nemoraliLINNAEUS, 1758) der Fall ist, so dass
es denkbar ist, dass keiner der Schalenmorphem ené dem Schalenpolymorphismus

basierten selektiven Vorteil besitzt, und eine Wiigckung des sichtbaren Polymorphismus



nicht notwendig ist. Dies muf3 nicht bedeuten, disssichtbar verschiedenen Phénotypen
beispielsweise keinerlei unterschiedliche Pradagdahren - diese Pradation ist, wie auch
bereits erlautert, vielfach beobachtet worden e¢hdliegt nach obigen Uberlegungen nahe,
dass die aus der Pradation resultierende Seleltigleich schwéacher ist als die Selektion auf
die verknipften nicht-sichtbaren Parameter (Goddli®87). Des weiteren stellt Goodhart
(1987) fest, dass diese Uberlegungen Tupisanaebenso gelten miissten; er spricht hier
sogar von einem ,Pseudopolymorphismus®, da beiedi@st die meisten Phanotypen im fur
Theba typischen trockenen Habitat visuell sehriéhrdrscheinen wiirden (dem kann jedoch
fur die in der vorliegenden Arbeit verwendeten T&€lmpulationen widersprochen werden,
da diese ausgepragte visuelle Unterschiede in deal&farbung aufwiesen). Zudem gibt es
Hinweise darauf, dass die Variation der Schalenhmgygie Uber einen nicht
selektionsabhangigen, ungerichteten Mechanismus daf Basis unterschiedlicher
Stressproteinlevel reguliert werden kénnte, woliae enohe phanotypische Variation mit
niedrigen Stressproteinleveln (Hsp70) korrelierg 8tressproteine also eine Pufferwirkung
beziglich der phéanotypischen Ausprdgung von Schalgphen haben und damit
kanalisierend wirken (Kohler et al., 2009). Die &ngisse dieser Studie von Koéhler et al.
(2009) deuten auch darauf hin, dass Stressprowime Bestandteil des bereits 1942 von
Waddington formulierten ,Waddington’s Widget®, eme unbekannten Mechanismus,
welcher phanotypische Variation in Organismen neskbis ein Stresszustand aulftritt,
darstellen kdnnten.

Insgesamt wird deutlich, dass bisher keine Einig#ertber besteht, warum der bei einigen
Helicoiden beobachtete Schalenpolymorphismus \girliad wie er erhalten bleibt (Jones et
al., 1977; Goodhart, 1987; Cowie, 1992; Johnsoa2PC0Es wird aus der o.g. Literatur auch
klar, dass moglicherweise noch gar nicht alle po##nselektiv wirkenden Faktoren
identifiziert und analysiert worden sind, ein Unmstaden Cowie bereits 1992 bemerkt hat,
der jedoch bisher kaum zu einer Erweiterung des#istands zu weiteren potentiell selektiv
wirkenden Faktoren gefiihrt hat. Somit besteht Famgsbedarf zur Uberpriifung von
Hypothesen zu weiteren moglichen Selektionsfaktoren

Falls man, bedingt durch die bisherigen Studien Emwarmungskapazitat (Jones, 1973;
Heath, 1975; Cook & Freeman, 1986), von einer héié&rwarmung dunkler Morphen und
somit einem Selektionsnachteil in heil3en Gebietesgeht, so kann die Frage gestellt werden,
ob die dunklere Farbung auch einen Vorteil mit dicimgt, der die Folgen der postulierten
hoéheren Erwarmung wiederum ausgleicht. So ist betkatass bei Vorliegen von erhéhten

Temperaturen bei den meisten Invertebraten aucBtdiwechselraten erhdht sind (Portner,



2001). Erhohte Stoffwechselraten kbnnen wiederurmeimar Erhdhung der Bildungsrate von
freien Radikalen fuhren (Abele et al., 1998), welghiederum z.B. zu Membranschadigungen
fuhren (Gutteridge & Halliwell, 1990). Interessamieise ist Melanin ein Radikalfanger
(Riley, 1997), und dabei auch ein Pigment, weldtieslunkle Schalenfarbung bei Schnecken
mitverantwortlich ist (Comfort, 1951). Daher istnitéar, dass, ahnlich wie z.B. fur dunkler
gefarbte KrallenfréschexXenopus laevi§DAUDIN, 1802)) bestatigt (Corsaro et al., 1995),
dunklere Schnecken mit den Folgen von oxidativemesSt besser umgehen kénnen. Zur
Quantifizierung des oxidativen Stress-Status istr d@genannte ferrous-oxidation-
xylenolorange (FOX) assagin gut geeigneter Test (Hermes-Lima et al., 19@8)cher auch
bei Gastropoden bereits erfolgreich zum Einsatzogeken ist (Ramos-Vasconselos &
Hermes-Lima 2003).

Des weiteren konnte festgestellt werden, dass N&éaong und Immunitét bei Invertebraten
den Melanin - produzierenden Stoffwechselweg teildie sogenannte Phenoloxidase -
Kaskade (Soderhéll & Cerenius, 1998; Rolff & Siwdhy, 2003). Die Phenoloxidase -
Aktivitat kann somit als Proxy fur die Starke demhunabwehr genutzt werden und wurde als
solches auch bereits erfolgreich bei Mollusken esedzt (Smith & Soderhall, 1991; Barracco
et al., 1999; Bahgat et al., 2002; Jordan & Deafi)5; Munoz et al., 2006; Seppéla &
Jokela, 2010; Seppaéla et al., 2011). Die oben betane Verknipfung von Immunitéat und
Melanisierung auf Stoffwechselebene (Soéderhall &e@iris, 1998; Rolff & Siva-Jothy,
2003) wirft somit die Frage nach einer moglichenrriélation von Melanisierungsgrad (im
Falle der Schnecken also Schalendunkelfarbungihddrung) und Stéarke der Immunabwehr
(ermittelt Gber Bestimmung der Phenoloxidase - Akit) auf, wie sie z.B. bei verschiedenen
Insektenarten bereits nachgewiesen wurde (Wilsoal.et2001, Armitage & Siva-Jothy,
2005). Die Tatsache, dass hohere Parasitierungsrdtech Nematoden bei hellen
Schalenmorphen im Vergleich zu dunklen Morphen imester Helicidenarten gefunden
wurden (Cabaret, 1983; Cabaret, 1988; Lahmar et 18190), unterstreicht dabei die
Notwendigkeit, den potentiellen Zusammenhang vomhanmorphologie und Toleranz

gegenuber Pathogenen zu untersuchen.

2.2 Fragestellungen

Im Rahmen der vorliegenden Arbeit sollen mdglichendiingsvorgdnge auf zelluléarer
(Histopathologie des Mitteldarmdrisengewebes) urmthemischer (Stressproteinantwort
(Hsp70)) Ebene nach Hitzeexposition bei helicoid&thneckenspezies aus dem

Mittelmeerraum untersucht werden. Es soll Uberpnigitden, ob Unterschiede zwischen den



Testarten X. derbentina und T. pisana bezilglich ihrer Hitzetoleranz und ihrer
Erholungskapazitat nach Hitzebelastung zu findad snd wie diese begrindet sein kdnnen,
um neue Erkenntnisse zu biochemischen und zeltulaMechanismen, die die
Thermotoleranz dieser Arten begriinden, zu gewinnen.

Im nachsten Teil soll Gberpruft werden, ob Unteisdé in der Kapazitat zur Abwehr von
oxidativem Stress zwischen hellen und dunklen Scimabrphen (vermittelt tber Melanin als
Radikalfanger) vol. pisanasowohl konstitutiv als auch nach Hitzebelastundiegen, um
einen moglichen Vorteil von dunkleren Morphen infdem Habitaten zu identifizieren, der
den Nachteil der postulierten hoheren Erwarmungedidviorphs ausgleichen kdnnte.

In einem berUhrungsfreien, reproduzierbaren Tefthezn soll dann die thermische
Kapazitat heller und dunkler Schalen vbnpisanaermittelt werden, was Aufschluf3 tber die
Frage geben soll, ob die Erwdrmung dunkler Schatephen tatsachlich hoher ausfallt als
die Erwarmung heller Morphen, wie es bisher aufgruon Ergebnissen technisch weniger
ausgereifter Arbeiten angenommen wurde.

Im nachsten Schritt soll dann die Frage bearbeitetden, ob eine Verknipfung von
Melanisierung (Schalenfarbung) und Immunkompeteristiert, hierzu sollen helle und
dunkle Morphen verschiedener Helicoiden auf ihreerfthoxidase-Aktivitat untersucht
werden, und zwar sowohl konstitutiv als auch na@raldreichung eines Immunstimulans
bzw. nach Exposition gegenliber einem parasitisddematoden. Des Weiteren soll die
Toleranz unterschiedlicher Schalenmorphen gegergihem parasitischen Nematoden tber
Ermittlung der Mortalitatsraten nach Nematodenititek untersucht werden. Die Ergebnisse
sollen dann sowohl fur sich diskutiert als auch migherigen Arbeiten in Verbindung
gebracht werden, um weitere neue Erkenntnisse tanpell auf den Schalenpolymorphismus

selektiv wirkenden Faktoren beitragen zu kénnen.

3. Material und Methoden

3.1 Untersuchte Organismen

In der vorliegenden Arbeit wurden verschiedene ®sealer Uberfamilie Helicoidea
untersucht. Die Helicoidea stellen eine der insgesdeben Uberfamilien, welche die Gruppe
der nicht- achatinoiden Stylommatophora (UnterldasBulmonata, Klasse: Gastropoda)
bilden (Wade et al., 2006). Innerhalb dieser natttatinoiden Stylommatophora gruppieren
Wade et al. (2006) die Helicoidea zwischen die @&litbidea und Clausilioidea. Die

Helicoidea selbst wiederum schlieen die Familienelidiae, Bradybaenidae,



Helminthoglyptidae, Hygromiidae, Camaenidae, Paligae und Sagdidae ein (Wade et al.,
2006), wobei Verwandtschaftsbeziehungen und Stgdnrder verschiedenen Arten innerhalb
dieser Familien kritisch diskutiert worden sind gjke et al., 2004; Groenenberg et al.,
2011). Fur die vorliegende Arbeit wurden nur Arter Familien Helicidae und Hygromiidae
eingesetztTheba pisandMULLER, 1774; Familie: Helicidae)Cepaea hortensi$MULLER,
1774; Familie: Helicidae)Xeropicta derbentingKryNICKI, 1836; Familie: Hygromiidae),
Cornu aspersum maximugnterart vonCornu aspersun{MULLER, 1774), Nomenklatur
nach Falkner et al., 2001; Familie Helicidae) u@drnuella virgata(DA CoOSTA, 1778;
Familie: Hygromiidae). Alle untersuchten Schnecksra weisen einen farblichen
Schalenpolymorphismus auf, wobei sich nur die Béanagen unterscheiden kdénnen, wie z.B.
bei T. pisana(Hazel & Johnson, 1990(;. virgata(Baker, 1988) un&X. derbentingDi Lellis

et al., 2012), oder es konnen sowohl die Schalemijanbe als auch die Banderungen
unterschiedlich ausfallen, wie z.B. b@i hortensis(Jones et al., 1977) und. aspersum
maximum(Albuquerque de Matos, 1984, f@@. aspersumeigene Beobachtungen fir die

UnterartC. aspersum maximygm

3.2 Experimenteller Aufbau

Die fur die in Kapitel 1 beschriebenen Arbeitenaustichten Schneckef, pisanaund X.
derbentina wurden im Department Vaucluse, Sidfrankreichden Nahe von L’'Isle-sur-la-
Sorgue bzw. La-Roque-sur-Pernes Anfang Juli 20Gamenelt. Nach einer zweiw6chigen
Akklimatisationsphase im Labor sowie nach einerzuisachtstindigen Kontrollhalterung in
Warmeschranken bei 24,7°C wurden Ganzkérperprolmmold fur histopathologische
Analysen als auch fiir Hsp70-Analysen aufbereitet, Aussagen zum Kontrollzustand der
Tiere treffen zu kénnen. Zur Untersuchung der Tieaberanz und des Erholungsvermégens
erfolgten des Weiteren histopathologische Analysed Hsp70-Analysen an Individuen,
welche einer subletalen Hitzeexposition (45°CXuderbentina43°C furT. pisanag Uber bis

zu acht Stunden ausgesetzt wurden, sowie einerkt direschlieenden bis zu 16 Stunden
dauernden Erholungszeitraum, in dem die Tiere $ai°Z gehéltert wurden.

Fur die in Kapitel 2 beschriebene Untersuchungkapazitat der oxidativen Abwehr wurden
Schnecken der Arf. pisanaim Department Vaucluse, Sudfrankreich, in der Néles
Flughafens von Avignon, Caumont, in der ersten Atggache 2009 gesammelt. Nachdem
die Tiere fur zwei Wochen im Labor akklimatisiertomen waren, erfolgte eine
Kontrollexposition (24,7°C) sowohl heller, ungebértdr als auch dunkler, gebanderter

Schalenmorphen, Uber bis zu acht Stunden. Paralletien weitere Schnecken beider



Morphen fur bis zu acht Stunden gegeniber subtetdize (43°C) exponiert. Sowohl
Kontrollen als auch hitzeexponierte Individuen wamdiber Herstellung von Methanol -
Ganzkorperhomogenaten fur die Analyse von Lipidpielen mittels FOX (ferrous oxidation
xylenolorange) Assay aufbereitet.

Das in Kapitel 3 beschriebene Experiment zur Elomg der thermischen Kapazitat
unterschiedlicher Schalenmorphen erfolgte an legelbdnderten (,dunklen’) und leeren
ungebanderten (,hellen’) Schalen von SchneckenAdeiT. pisana welche im Department
Vaucluse in der Nahe von L’Isle-sur-la-Sorgue undtgine-de-Vaucluse gesammelt worden
waren. Die Beschrankung der Untersuchung auf |&miealen erfolgte aus Griinden der
besseren Standardisierbarkeit, da hiermit Einflisks Weichkorpers (insbesondere
Verdunstungsvorgénge) ausgeschlossen werden korbieruntersuchung erfolgte in zwei
Schritten, dabei wurde zunachst eine Erwarmung weerschiedlichen Schalenmorphen
mittels Strahlung (Vollspektrumlampe) erzeugt une Aufheizung Uber thermographische
Aufnahmen ermittelt. Im zweiten Schritt wurden &ehalen gleichmé&Rig im Warmeschrank
erwarmt, nach Aussetzen weiterer Erwarmung wurde die Warmeabgabe von Individuen
der verschiedenen Morphen an die Umgebung Ubentgraphische Aufnahmen verfolgt.
Fur die in Kapitel 4 beschriebenen Versuche wurdlerArtenC. hortensisT. pisanaundC.
aspersum maximuneingesetzt.C. hortensiswurde einem privaten Garten in Tibingen-
Lustnau, Baden-Wirttemberg, entnommeé&npisanawurde in der Nahe von Les Paluds de
Noves im Department Bouches du Rhoéne in Sudfractkrgesammelt. Schnecken der Brt
aspersum maximunvurden vom Schneckengarten Munderkingen in Mundgédn, Baden-
Warttemberg, bezogen. Da sich der Bezug von getgnearasitischen Nematoden, welche
in der Lage sind, alle Testarten zu infizieren,sbwierig erwies, wurden die Versuche auf
Zymosan A, einem Praparat aus Hefezellwandbesti&tevelches bereits erfolgreich zur
Immunstimulation bei Mollusken eingesetzt worddn@oles & Pipe, 1994; Aladaileh et al.,
2007; Hellio et al., 2007; Lacoue-Labarthe et 2D09), als Immunstimulans beschrénkt.
Sowohl nach Kontrollhalterungen als auch nach désiter Immunstimulation mittels
Zymosan A wurde hellen und dunklen Schnecken Hamphe entnommen, welche dann auf
Phenoloxidase-Aktivitat untersucht wurde, wobei Bigenoloxidase-Aktivitat Rickschlisse
auf die Immunkompetenz erlaubt.

Die in Kapitel 5 dargestellten Experimente erfahlgten C. hortensis welche in Tubingen-
Derendingen, Suddeutschland, gesammelt wurdenCumirgatg welche aus der Néhe von
Volterra, Toskana, Norditalien, stammten. Nebentiaigehalterten Tieren mit hellen und

dunklen Schalen wurden auch mit verschiedenen Kdra®nen vonPhasmarhabditis
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hermaphrodita(SCHNEIDER, 1859), einem parasitischen Nematoden, infizi§thnecken
beider Morphen auf Mortalitdt und Phenoloxidasemftdt untersucht. Diese Parameter
erlauben Ruckschlisse auf eine mdogliche Tolerark dieser Toleranz maoglicherweise
zugrundeliegenden Mechanismen verschiedener Schatphen gegen den Parasitén
hermaphrodita und das daran assoziierte Bakteriuvoraxella osloensis(BovRE &
HENRIKSEN, 1967).

3.3 Histopathologische Untersuchungen

Die aus den Schalen praparierten Schnecken wuitdemihdestens eine Woche bei 4°C in
einer zweiprozentigen Glutardialdehyd-Losung (geids0,01M Cacodylat-Puffer) fixiert.
Danach erfolgte eine Dekalzifizierung in 1:2 Ameis&ure-Ethanol und eine schrittweise
Entwasserung der Proben in Ethanol mit anschliefdathbettung in Histowax (Paraffin).
Anschliel3end wurden Dunnschnitte (7uM) der Mittehddriise mittels Mikrotom angefertigt,
welche mit Hamatoxylin-Eosin-Losung gefarbt undimikroskopisch ausgewertet wurden.
Die Auswertung erfolgte dabei qualitativ und senaigfitativ anhand einer Kategorisierung
der Schadigungsgrade der verschiedenen Zelltypash Sinukturen wie sie bereits in
Dittbrenner et al., 2009, erfolgreich angewandtdeurDes Weiteren wurde die Anzahl der

Kalkzellen und ihr Flachenanteil am Mitteldarmdnigewebe randomisiert erfasst.

3.4 Stressprotein (Hsp70)-Analysen

Nachdem die Tiere einzeln in flissigem Stickstafhackgefroren und bis zur weiteren
Bearbeitung bei -80°C aufbewahrt worden waren, emrdie Ganzkdorperproben in einer
gewichtsbezogenen Menge Extraktionspuffer (80mMufahcetat, 5SmM Magnesiumacetat,
20mM Hepes) auf Eis homogenisiert und fir 10min2@eD00g und 4°C abzentrifugiert. Die
Bestimmung der in den Proben enthaltenen Gesaraipnoéngen erfolgte nach Bradford
(1976). Mittels SDS odium Dodecyl Sulfagt€ AGE wurden konstante Proteinmengen von
jeweils 40ug aufgetrennt und anschlieRend mittedsniQiry Elektrotransfer auf eine

Nitrocellulosemembran  transferiert. Die  Banden vemrd dann Uber eine

Peroxidasefarbreaktion (erster Antikbrper: moussé-famman Hsp70, zweiter Antikorper:

goat anti-mouse IgG konjugiert an Peroxidase) bahtgemacht und densitometrisch

ausgewertet.
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3.5 Analyse von Lipidperoxidations-Leveln mittels ©X (ferrous oxidation

xylenolorange) Assay

Der FOX Assay und die Ermittlung der Ergebnisselgté nach Hermes-Lima et al. (1995).
Individuen wurden nach Entfernung der Schalen iisdigem Stickstoff schockgefroren und
bis zur weiteren Bearbeitung bei -80°C aufbewaBur. Aufarbeitung der Proben wurden
diese auf Eis im Verhaltnis 1:2 in Methanol homagiemt (Festlegung des Verdinnungsgrads
anhand von Vorversuchen) und anschlieend bei 0§ 00d 4°C Gber 5min zentrifugiert.
Jeweils 50uL des resultierenden Uberstands wurdebniL Reaktionsgemisch (0,25mM
FeSQ, 25mM HSO,, 0,1mM Xylenolorange) tber 24h bei Raumtemperatkubiert und
anschlielBend spektrometrisch bei 580nm vermessanh ugabe von 5pL einer 1mM
Cumolhydroperoxid-Losung und weiterer Inkubation 30min wurden die Proben nochmals
bei 580nm spektrometrisch vermessen. Die Berechdang@umolhydroperoxid-Aquivalente
als Mal fur die durch Lipidperoxidation gebildeterodukte pro g NaRgewicht (CHPE / g
wet weight) erfolgte anhand der folgenden Formel:

CHPE/Gyet-weight=(Asgond Asgonm+cHp *SU L CHPspmei *1000/V1*2

wobei V1=das Probenvolumen (50 uL) darstellt und Fekktor 2 aus der Verdinnung (1:2
mit Methanol, Dichte 0.791 g/cm?) resultierte.

3.6 Thermographische Untersuchungen

Die thermographischen Aufnahmen und Messungen wundezwei Teilen mithilfe einer
ThermokameraTVS 100, Goratec Technology, Erding, Deutschiahatchgefihrt. Fur beide
Teile wurden die folgenden Kameraeinstellungen dtwévelche in Vortests als fur optimale
Bildauflosung geeignet ermittelt worden waren: Tenagurspanne 20°C-45°C, Average
(AVE; reduziert das Rauschen durch angepasste Redog der Aufnahmefrequenz)= 8,
Emissionsgrad= 1,0. Der Emissionsgrad wurde beiBé&echnung der Ergebnisse auf 0,93
(Wert fur rauen Kalk gemald BARTEC, 2001) korrigieBowohl im ersten als auch im
zweiten Versuchsteil wurden helle, ungebandertedumkle, gebanderte Schalen getestet. Im
ersten Versuchsteil erfolgte die Erwdrmung mittelser Vollspektrumlampe in einem
speziell fir diese Messungen entwickelten und karesten Holzschrank zur Reduktion von
Luftverwirbelungen. In diesem Schrank wurden die Holzstdben fixierten Schalen in
reproduzierbaren Positionen angebracht und ihreaimung Uber definierte Zeitraume
vermessen. Es wurde die Gesamterwadrmung der Scéaar die Kinetik ihrer Erwarmung
ermittelt, dabei wurden die Schalen an jeweils dRainkten (oben, Mitte, unten)

thermographisch vermessen. Diese Mel3werte wurdeahdasoliert als auch in einem fiir die
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jeweilige Schale vereinigten Gesamtwert betrachtet.zweiten Versuchteil erfolgte die
Erwarmung der definiert fixierten Schalen im Waroleank; die Reduzierung von
Luftverwirbelungen erfolgte unter Zuhilfenahme eir&yroporddmmung. Nach Aussetzen
der Erwarmung wurde die Temperaturabnahme der Sclidgder definierte Zeitraume jeweils
am Mittelpunkt der Schalenoberseite fir jede Scharfach gemessen. Schlief3lich wurden
die Gesamt-Temperaturabnahme der jeweiligen Schaewie die Kinetik ihrer
Temperaturabnahme ermittelt.

3.7 Untersuchung der Immunantwort mittels Phenoloxilase (PO) Assay und Ermittlung
der Mortalitatsraten nach Nematodeninfektion

Fur die in Kapitel 4 beschriebenen Versuche wuide enmunstimulation mittels Injektion
von Zymosan A, einem Praparat aus HefezellwandaBdstilen, welches zur
Immunstimulation bei verschiedenen Invertebratareiteeingesetzt worden ist (Cardenas &
Dankert, 1997; Vetvicka & Sima, 2004; Pang et2010), angestrebt. Hierzu wurden ca. 4 *
10’ Partikel Zymosan A pro 1mL sogenannter Schneckeresébalzldsung nach Chiarandini,
1964; Zymosan A Konzentration nach Matricon- Gond®al etocart, 1999) suspendiert, pro
Schnecke wurden 100uL dieser Suspension in dieedbsmittlere KopffulRregion (cranialer
Bereich des Ful3es) subepithelial injiziert. Sowbhtrolltieren als auch behandelten Tieren
wurden mit sterilen Spritzen und Kanulen definigd@molymphmengen nach der Methode
von Renwrantz et al. (1981) entnommen, wobei au$ daschlieende Zukleben der
punktierten Gewebe mit Histoacryl aufgrund starsehleimentwicklung, die in Vortests
beobachtet worden war, verzichtet wurde. Kir aspersum maximurwar zudem ein
Vorbohren der Schalen vor Hamolymphentnahme erfiictie Die Analyse der Hamolymphe
auf Phenoloxidase-Aktivitdt erfolgte gemal Sepp@®a Jokela, 2010, wobei die
Inkubationszeiten artspezifisch angepasst wurdea. HAmolymphe wurde in definierten
Schritten mit Phosphatpuffer (pH 7,4), Aqua bidastd L-Dopa-Losung (4mg/mL) in
Mikrotiterplatten versetzt und sofort (Oh) bei 4808pektrophotometrisch gemessengfhn
on). Danach erfolgte eine Inkubation bei 30°C Ubemewri artspezifischen, in Vortests
ermittelten Zeitraum, anschlieRend wurden die Rradia zweites Mal spektrophotometrisch
bei 490nm vermessen {fnm end- Die Phenoloxidase (PO) Aktivitat in milliunitsunde nach
folgender Formel berechnet:

PO Aktivitat= Asgonm enaAa90nm omAA490nm control

(wobeiAA 490nm contrgFgemittelte Absorptionsénderungen in Kontrollen).
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Die in Kapitel 5 dargestellte Infektion von Schneekmit dem Nematode. hermaphrodita
erfolgte Uber direkte Infektion der Schnecken unanzTeil auch ergadnzend Uber das
Versetzen der Boden (Terrarienerde) der VersuchBgeimit Nematodensuspension. Die
direkte Infektion der Schnecken wurde mittels Eipfen der Nematodensuspension in die
Schalenéffnungen individuell fixierter Schnecken re@ht. Zur Ermittlung der
Mortalitatsraten wurden die Schnecken taglich mitee stumpfen Nadel gereizt, ein
Ausbleiben von Reaktionen auf den Reiz wurde alsxyPrfir Mortalitdt definiert. Die
Hamolymphentnahme und die Analyse der Phenoloxid&sgitat erfolgten wie fur Kapitel

4 beschrieben.

4. Ergebnisse und Diskussion

4.1 Kapitel I Scheil, AE, Kohler, H-R, Triebskorn, R, 2011, Hedtrance and recovery in
Mediterranean land snails after pre-exposure in tiedd, Journal of Molluscan Studie37
(2): 165- 174.

Die Ergebnisse dieser Studie zeigen, dasderbentinam Gegensatz zili. pisanazu einer
gewissen, wenn auch nicht vollstandigen, Erholuag Mlitteldarmdriisengewebes und der
Hsp70-Antwort von natirlichem wie auch im Labor eargten Hitzestress innerhalb des
Studienzeitraums (maximale Hitzebelastung von 8wam anschlielend ein maximaler
designierter Erholungszeitraum von 16h) befahigtds konnte auch gezeigt werden, ddss
derbentinaim Vergleich zuT. pisanaweniger stark durch Hitzestress beeintrachtigdwir
Bereits in den Vortests ergaben sich Hinweise g db6here Toleranz voX. derbentina
gegeniber erhohten Temperaturen, da eine achtg&imtiizeexposition bei 45°C als die
hdchste subletale Temperaturexposition flr diedeeAnittelt werden konnte. F{r. pisana
wurden 8h bei 43°C hingegen als hochstmdglicheesalel Temperaturexposition festgestellt.
Dies stimmt mit in vorhergehenden Studien ermgtelWerten tberein (Dittbrenner et al.,
2009; Kohler et al., 2009). Das vergleichsweise3gré Regenerationssvermégen nach und
die hohere Toleranz gegenuber Hitzestressxbalerbentinaist wahrscheinlich u.a. auf die
Fahigkeit dieser Art, vermehrt Kalkzellen im Mitdermdrisengewebe bilden zu kdnnen
(Hyperplasie) zurtckzufihren. Des weiteren konime &lypertrophie (Vergrél3erung) dieser
Kalkzellen bei Hitzebelastung beobachtet werdensEsekannt, dass erhohte Temperaturen
zu einer Storung des Saure-Base-Haushalts bei 8admdihren konnen (Barnhart, 1986),
aulRerdem kann davon ausgegangen werden, dassdieunter Hitzebelastung osmotischen

Stress erfuhren, da die dabei auftretende Evaporatbn Wasser zu einer Austrocknung

14



fuhren kann, bei der sich osmotisch aktive Substanzvie z.B. Chlorid in der
Extrapallialfliissigkeit anreichern (Arad, 2001). Méehin ist bekannt, dass die Kalkzellen der
Mitteldarmdriise eine grol3e Rolle bei der Reguligrades Saure-Base-Haushalts und des
osmotischen Gleichgewichts spielen (Burton, 1976jefd & Vicente, 1998). Die unter
Hitzebelastung beobachtete Aktivitat dieses Zefitymdiziert durch das Auftreten von
Hyperplasie und Hypertrophie 2h bzw. 4h nach Higattung mit 45°C) deutet mit der
ebenfalls nachgewiesenen ThermotoleranzXbederbentinadarauf hin, dass die verstarkte
Aktivitat der Kalkzellen eine Strategie dieser Setkenart darstellen kann, dem Hitzestress
erfolgreich zu begegnen. Bel. pisana konnte weder eine Hyperplasie noch eine
Hypertrophie von Kalkzellen nachgewiesen werderdogd konnten schwerwiegende
Anzeichen einer Ubersauerung auf zellularer Ebesegéstellt werden. Dies unterstreicht,
zusammen mit der vergleichsweise geringeren Thelerainz dieser Art und den
Beobachtungen bexX. derbentina die Bedeutung der Kalkzellen bei der Bewaltigwomn
Hitzebelastung. Auch bezlglich der Induktion dese&proteins Hsp70 durch Erw&rmung
unterschieden sich die beiden getesteten Artenivander. Hitzeschock- oder Stressproteine
werden nicht nur durch erhéhte Temperaturen sondeich von anderen proteotoxisch
wirkenden Stressoren induziert (Sanders & Dyer, 4)9%uch Ubersauerungen (deren
zellulare Effekte, wie oben bereits erlautert, ar distopathologischen Analyse festgestellt
werden konnten) konnen eine Induktion bewirken {ete 2002). Dabei folgt die Hsp70-
Antwort einer typischen Optimumskurve mit einer starkten Induktion bei ansteigender
Stressbelastung (Kompensation) und anschlieRend#all Ales Hsp70-Levels bei zu starker
Belastung (Destruktion) (Eckwert et al., 1997). Auei X. derbentinakonnte im zeitlichen
Verlauf der Hitzebelastung zuné&chst eine verstdridaktion von Hsp70 beobachtet werden
(Kompensation), im Weiteren kam es dann jedoch inene Absinken des Hsp70-Levels
(Destruktion). Innerhalb des designierten Erholzegsaums konnte jedoch eine erneute
Induktion von Hsp70 bei dieser Art verzeichnet veerd(erneute Kompensation bzw.
Erholung). BeiT. pisanawar in dieser Studie im Vergleich 2u derbentinaeine auffallend
niedrigere Induktion von Hsp70 unter Hitzebelastung verzeichnen, auch konnte keine
erneute Kompensation im designierten Erholungsaeitrfestgestellt werden. Diese offenbar
niedrige Reaktionskapazitat des Stressproteinsygstasst zusammen mit der Tatsache, dass
auch bei Kontrolltieren der AfT. pisanaAnzeichen fiir Ubersauerung auf zellularer Ebene
gefunden wurden, den Schluss zu, dass es moglicdassT. pisanabereits im Feld eine
Hitzebelastung erfahren hatte, von der innerhalls d@dklimatisationszeitraums keine

ausreichende Erholung erfolgen konnte. Die Stressipantwort vorX. derbentinaerscheint
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robuster und stellt wahrscheinlich einen weiteremaeter, neben der Hypertrophie und

Hyperplasie von Kalkzellen, dar, der die héhereritotoleranz dieser Art begrindet.

4.2 Kapitel 2: Scheil AE, Scheil, V, Triebskorn, R, Capowiez, Y, Mafzjand Kohler, H-R,
2012, Shell colouration and antioxidant defenceacdy in Theba pisangO.F. Miller,
1774),Molluscan Researcl32 (3): 132-136.

In dieser Studie konnte gezeigt werden, dass hetigebanderte und dunkle, gebanderte
Morphen vonT. pisanasowohl konstitutiv als auch nach HitzebelastunigdB&C Uber bis zu
8h (maximale subletale Hitzeexposition fir diesérigckenart (Dittbrenner et al., 2009;
Kohler et al., 2009; Scheil et al. 2011)) keinengiganten Unterschiede hinsichtlich ihrer
Lipidperoxidations-Level aufweisen. Da u.a. die igenan Lipidperoxidations-Produkten
Aufschluf® Uber die Kapazitat eines Organismus’ aritlativer Stressbelastung umzugehen
gibt (Hermes-Lima et al., 1995), kdnnen die Ergsbaidie Hypothese einer besseren
Abwehrkapazitat gegen durch Hitzebelastung gereneoxidativen Stress bei dunkleren
Individuen der ArtT. pisana nicht bestatigen. Damit scheinen die Vermeidungerod
Bekdampfung von oxidativem Stress Uber Radikalfarnvger beispielsweise Melanin (Riley,
1997), welches u.a. auch fur die Farbung von Sdtamschalen verantwortlich ist (Comfort,
1951; Jones, 1973b), vermutlich keine Rolle alsl8&nsfaktoren bei der Erhaltung des
Schalenpolymorphismus béli. pisana zu spielen. Darlber hinaus konnten bei beiden
Morphen signifikant ansteigende Lipidperoxidatidrescel bei ansteigender Hitzebelastung
beobachtet werden. Somit untermauert die Studi€igjieung von Lipidperoxidations-Leveln
als Biomarker fur die Bestimmung des Stresszustandh von terrestrischen Mollusken, so
wie es z.B. auch von Jena et al. (2009) bereitenfinine Spezies gezeigt worden ist.

4.3 Kapitel 3: Scheil, AE, Gartner, U, Kéhler, H-R, 2012, Colowlypnorphism and thermal
capacities inTheba pisan&O.F. Miller 1774)Journal of Thermal Biology37 (6): 462- 467.
Die thermographische Untersuchung von hellen, uiiggérten und dunklen, gebanderten
Schalenmorphen voi. pisanazeigte, dass keine bedeutsamen Unterschiede zmisién
beiden Morphen beziiglich ihrer thermischen KapagiEavarmung der Schale, Abgabe von
Warme) feststellbar sind. Zwar konnte eine hohemed@Emung im Zentrum der dunklen
Schalenmorphen beobachtet werden, jedoch hattedmesinen keine Auswirkungen auf die
Gesamterwarmung der Schalen, zum anderen fiel rdldsterschied bei Betrachtung der
absoluten Zahlenwerte sehr gering aus, womit diemvartenden Auswirkungen auf den

Weichkorper des Tieres auch nur gering sind. AuSaer@érgab eine Power Analysis (Uber
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G*Power, Erdfelder et al., 1996), in der die Anzdét Stichproben, welche fir das Erreichen
von moglicherweise signifikanten Unterschieden Igdeli der Gesamterwarmung
erforderlich ware, ermittelt wurde, dass die Straipenzahl pro Morphgruppe n=3000
Uberschreiten mifRte. Sehr grol3e n-Zahlen bergechediederum die Gefahr, dass es zum
Auftreten von sogenannten ,trivial effects® komn@®uinn & Keough, 2003), d.h. dass
geringfugigste Unterschiede als signifikant detgktiwerden, welche jedoch effektiv
bedeutungslos sind (Sachs, 2004). Erklart werden kias Fehlen von Unterschieden in der
thermischen Kapazitat verschiedener Morphen zumnetiariiber, dass der visuelle Eindruck
einer Farbe Uber die Reflektion von Teilen destbaten Wellenlangenspektrums zustande
kommt und diesger sewenig mit jenen Wellenlangen gemein haben mussetche flr
Erwarmung oder Abkihlung verantwortlich sind (Gub®42). Zum anderen ist bekannt, dass
die thermische Kapazitat materialabhangig ist (Eicht al., 2005; Heuberger & Fels, 2007).
Da die Schalen pulmonater Landschnecken zu 97%alesumcarbonat und nur zu 3% aus
einer organischen Matrix, in die Pigmente eingafagend, bestehen (Heller & Magaritz,
1983), ist es plausibel, dass die thermische K#itades Calciumcarbonats tGiberwiegt und der
maogliche Einflul? von Farbpigmenten nur eine unterdeete Rolle bei der Erwéarmung und
Abkuhlung spielt. Die Ergebnisse der vorliegenddrermographischen Untersuchung
unterschiedlicher Schalenmorphen implizieren darlneaus, dass die Hypothese einer
durch unterschiedliche thermische Kapazitaten venschiedenen Schalenmorphen bedingte
Verteilung von Schnecken in verschiedenen Habifate® sie durch einige frihere Studien
aufgestellt worden ist (u.a. fl@epaea spJones, 1973a; fl€. nemoralisHeath, 1975; fuil.
pisanaHeller & Gadot, 1984), kritisch Uberdacht werdeifits.

4.4 Kapitel 4: Scheil, AE, Hilsmann, S, Triebskorn, R, and KoHeR, zur Veroffentlichung
vorbereitet Shell colour polymorphism, injuries and immundedse in three helicid snalil
speciesCepaea hortensiSheba pisanandCornu aspersum maximum

Die Ergebnisse der diesem Kapitel zugrundeliegendensuche zeigten, dass in allen drei
untersuchten Schneckenarten keine Unterschiedechzevisverschiedenen Schalenmorphen
bezuglich der konstitutiven Phenoloxidase-Aktivittgstzustellen sind. Diese Befunde
widersprechen den Beobachtungen, welche z.B. fiiersechiedliche Farbmorphen bei
Insekten getatigt worden sind (Wilson et al., 20@dmitage & Siva-Jothy, 2005). In diesen
Arbeiten konnte eine positive Korrelation zwisch&térkerer Melanisierung der Kutikula,
hoherer konstitutiver Phenoloxidase-Aktivitdt undaralis resultierender hoherer

Pathogenresistenz festgestellt werden. Da Phemas&i jedoch auch cytotoxische
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Eigenschaften besitzt (Ballarin et al., 1998) ued @eiteren auch mit oxidativem Stress in
Verbindung gebracht werden konnte (Kumar et alg320erscheint eine Beschrankung auf
Induktion einer héheren Phenoloxidase-Aktivitat tagésachlichem Vorliegen von Pathogenen
anstelle der Erhaltung eines prophylaktisch hoheanBloxidase-Levels biologisch sinnvoll.
Dartber hinaus wurde in der vorliegenden Arbeit daebitet, dass Zymosan A im
vorliegenden Testdesign bei allen drei untersuclitehciden-Arten und beiden getesteten
Morphen (hell, ungebandert und dunkel, gebandect)treu einer Induktion einer héheren
Phenoloxidase-Aktivitat fihrte. Dadurch bedingt ktam auch keine morphspezifischen
Unterschiede in der Phenoloxidase-Induktion beodieaclwerden. Das Ausbleiben der
Phenoloxidase-Induktion ist eher ungewo6hnlich, dae e Immunstimulation und
Phenoloxidase-Induktion Ubef3-1,3 Glucane, welche eine Hauptkomponente von
Hefezellwanden, wie sie fur Zymosan A verwendetdgar darstellen, bereits bei einer Reihe
von Invertebraten (Cardenas & Dankert, 1997; Vétvi& Sima, 2004; Pang et al., 2010),
darunter auch Mollusken (Coles & Pipe, 1994; Albataiet al., 2007; Hellio et al., 2007;
Lacoue-Labarthe et al., 2009), erfolgreich durcbigdaf worden ist. Tatsachlich wurde das
Ausbleiben der Phenoloxidase-Induktion nach Appidta von Zymosan A auch schon
beobachtet, jedoch war dies seltener der Fall uktiieingen fur dieses Phanomen sind eher
spekulativer Natur (Arizza et al., 1995; Brivioatt, 1996).

Dennoch konnte in der vorliegenden Studie ein @gsanter Unterschied zwischen hellen und
dunklen Schalenmorphen bei allen drei getesteténedkenspezies festgestellt werden: Der
Entzug einer definierten Hamolymphmenge fuhrtedliein Testarten innerhalb von 24h zu
einer signifikanten Erniedrigung des Phenoloxidaseels bei hellen Morphen, jedoch nicht
bei den dunklen Morphen. Da durch die Bestimmungkdastitutiven Phenoloxidase-Level
eine bereits grundsatzlich hohere Phenoloxidasestdt bei dunklen Morphen
ausgeschlossen werden kann, kann davon ausgegavegeen, dass dieser Unterschied
tatsachlich von der Hamolymphentnahme verursachd.wAuch wenn die genauen
Mechanismen, die diesem Phanomen zugrunde liegedieser Arbeit noch nicht geklart
werden konnten, so kann doch festgehalten werdess dlieser erstmals beobachtete
Unterschied zwischen hellen und dunklen Morphendoei verschiedenen Heliciden-Arten
eine Rolle bei Selektionsvorgadngen spielen kénBgeist bekannt, dass Phenoloxidase u.a.
auch bei der Sklerotisierung von Molluskenschalere evichtige Rolle spielt (Waite &
Wilbur, 1976; Nellaiappan & Kalyani, 1989), sowieilder Wundheilung (Ratcliffe et al.,
1985), beide Vorgange sind insbesondere nach Yarlgen, wie sie z.B. durch die

Hamolymphentnahme erfolgt sind, und wie sie untatirichen Umstédnden auch durch
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Raubereinwirkung usw. entstehen koénnen, wichtig. r F@&klerotisierungs- und
Wundheilungsvorgange nach Verletzungen, sowie awekr moglicher Pathogene, welche
nach Verletzungen der physikalischen Barrieren lechiad Haut leichter eindringen kbénnen
(Glinski & Jarosz, 1997), steht dunklen Morphen also gkesthsweise mehr

Phenoloxidaseaktivitat zur Verfiigung.

4.5 Kapitel 5: Scheil, AE, Hilsmann, S, Triebskorn, R, and KoleR, zur Veroffentlichung
vorbereitet,Shell colouration and parasite tolerance in twoib@ld snail speciegCepaea
hortensisandCernuella virgata)

In dieser Studie konnte festgestellt werden, dass ginen Schnecken der AL virgata
starker durch eine Infektion mR. hermaphroditabeeintrachtigt werden als die ebenfalls
untersuchte ArC. hortensisDies aul3erte sich in einer deutlich héheren Mititarate furC.
virgata bereits nach Infektion mit vergleichsweise gernegeNematodenkonzentrationen als
sie beiC. hortensisappliziert wurden. Zum anderen konnte beobachtrtden, dass helle,
ungebanderte Morphen der At virgata eine deutlich hohere (90%) Mortalitatsrate nach
Infektion mit P. hermaphroditaaufwiesen als dunkle, gebanderte Morphen (50%j).Be
hortensiswar der Unterschied zwischen den Morphgruppen sefrgeringer ausgepragt
(30% fur helle und 20% fir dunkle Morphen); diesénstand ist wahrscheinlich auf die
insgesamt hohere Toleranz dieser Art gegenihehermaphroditazurickzufihren. Die
Ergebnisse der Phenoloxidase Assays zur Bestimmen@henoloxidase-Aktivitat erlauben
jedoch nur eine vage Aussage zum Zusammenhang diesdemischen Reaktion mit der
bei C. virgatabeobachteten morphspezifischen Toleranz. Zwar teoiminfizierten dunklen
C. virgata eine tendenziell hohere Phenoloxidase-Aktivitatdan meisten Testzeitpunkten
beobachtet werden, jedoch ergaben post-hoc Testkemem Zeitpunkt signifikante
Unterschiede zwischen den getesteten MorphenCBRortensikonnte keine (innerhalb von
24h nach Infektion) bzw. nur eine geringe (inndshabn 7d nach Infektion) Induktion einer
hoheren Phenoloxidase-Aktivitdt in mR. hermaphroditainfizierten Tieren beobachtet
werden, zudem waren weder hinsichtlich der kortsi#n Phenoloxidase-Aktivitat noch
hinsichtlich der nach Nematodeninfektion beobaehmet Phenoloxidase-Aktivitat
Unterschiede zwischen den Morphen detektierbar. Rr hortensis kann somit
morphenunabhangig eine vergleichsweise hohe TdemgegentberP. hermaphrodita
festgestellt werden, welche jedoch nicht Uber arf@hte Phenoloxidase-Aktivitat erklart
werden kann. BelC. virgata kann die Hypothese einer héheren Toleranz von ldank

Morphen gegen Infektion mR. hermaphroditebestatigt werden. Die Hypothese, dass diese
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Toleranz Uber eine erhthte Phenoloxidase-Aktividtdunklen Morphen im Vergleich zu
hellen Morphen vermittelt wird, wird jedoch durdle Ergebnisse der Phenoloxidase Assays
nicht gestutzt.

Abschliel3ende Betrachtungen

Die vorliegende Arbeit zeigt, dass die Thermotolerder beiden helicoiden Schneckenarten
X. derbentinaundT. pisanaunterschiedlich hoch ausfallt, wob€i derbentinadie gegeniber
hoéheren Temperaturen tolerantere Art darstellt.r@sdet wird diese hohere Thermotoleranz
u.a. von der Fahigkeit dieser Art, vermehrt undyué@Berte Kalkzellen in der Mitteldarmdrise
bilden zu kdnnen, dieser Zelltyp spielt eine wightRolle bei Belastungen des Saure-Base-
Haushalts, wie sie unter Hitzestress auftreten & r{Burton, 1976; Barnhart, 1986; Taieb &
Vicente, 1998). Auch der Besitz einer vergleichwer®busteren Hsp70-Antwort tragt
wahrscheinlich zu der hohen Thermotoleranz beiHdaeschockproteine eine wesentliche
Rolle bei der Bewaltigung von proteolytischem Stresie er z.B. durch Hitze bzw. deren
Effekte ausgelost werden kann, spielen (Sanderyd&r,[1994; Kregel, 2002). Die Hypothese
einer hoheren Abwehrkapazitdt gegentber durch bkiastung verursachtem oxidativen
Stress bei dunklen Schalenmorphen VYomisanakonnte durch die vorliegende Arbeit nicht
bestatigt werden. Es ist daher nicht davon ausargettass dunklere Schalenmorphen eine
durch Melanin als Radikalfanger (Riley, 1997) \enkne hohere Toleranz gegenuber
oxidativem Stress besitzen. In der vorliegendeneArkonnte des Weiteren die nach friiheren
Studien mit geringerem technischen Aufwand pogstigieAnnahme einer hoheren
Erwarmungskapazitat von dunkleren Schalenmorphene§] 1973a; Heath, 1975; Cook &
Freeman, 1986) fur die AM. pisanastark relativiert werden. Diese Erkenntnis soltie
zukunftige Uberlegungen zu Erklarungsmodellen fig E&ntstehung und Erhaltung des
Schalenpolymorphismus bei Helicoideen mit einfle3®ie Hypothese eines thermisch
bedingten Nachteils dunklerer, gebanderter Schmeskgohen in warmeren und / oder
offeneren (weniger beschatteten) Habitaten und wémKlimaten (Johnson, 1981; Hazel &
Johnson, 1990; Johnson, 2011) sollte neu betraatteten. Dabei soll die z.B. von Johnson
(2011) festgestellte Korrelation von Farbmorphvkrngen und Klimabedingungen nicht
angezweifelt werden, jedoch sollten alternative té@n und Korrelationen in die
Neubetrachtung miteinbezogen werden. So haben Wdérleewis (2008) festgestellt, dass
feuchtere Klimabedingungen das Auftreten von Ptaasn Schnecken begunstigen kdnnen.
Eine Reihe weiterer Studien konnte zeigen, das8diastung mit parasitischen Nematoden

in dunklen (gebanderten) helicoiden Schnecken idbutlgeringer ausfallt als in
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ungebanderten Individuen (Cabaret, 1983; Cabar@8;1Lahmar et al., 1990). In der
vorliegenden Arbeit konnte die Hypothese einer Yi@@ung von dunklerer Schalenfarbung
und hoherer Toleranz gegentber Nematodeninfektestabigt und durch die Beobachtung
einer hoheren Uberlebensfahigkeit der dunklen MenpfiirC. virgataerganzt werden. Diese
Toleranz und diese Uberlebensfahigkeit stellen mbgiweise bisher nicht beriicksichtigte
Faktoren dar, welche die Morphenverteilungen vohddeleen beeinflussen. Unterschiede in
der Phenoloxidase-Aktivitat der verschiedenen Mermphach Nematodeninfektion konnten
jedoch nicht gemessen werden - somit kann die lobbodi@ Toleranz nicht auf diesen
Parameter zurtckgefuhrt werden. Es ist jedoch plalysdass die sowohl bereits in friiheren
Studien beobachtete niedrigere Nematodeninfek@d@svron dunklen Morphen bestimmter
Helicoidea, darunter auch pisanaundC. virgata(Cabaret, 1983; Cabaret, 1988; Lahmar et
al., 1990), und die in der vorliegenden Arbeit ndgmatodeninfektion beobachtete hohere
Uberlebensfahigkeit von dunklen Morphen der AGt virgata in feuchteren Habitaten
vorteilhaft sein kdnnte. Nach der Koppen-GeigemidiKlassifizierung (Kottek et al., 2006)
ist der mediterrane Raum als deutlich trockenerustufen, als beispielsweise Mitteleuropa
oder die britischen Inseln. Die Tatsache, dassBaichtigkeit unter Vegetation langer erhalt
als in offenem Terrain ist allgemein bekannt. Soniite also eine Beeinflussung der z.B. fur
die HelicoideT. pisanabekannten Morphenverteilung, bei welcher die derdd Morphen
tendenziell haufiger in nordlicheren (und feuchtgéreRegionen des artspezifischen
Verteilungsgebiets vorkommen und hellere Morphenrigditerranen Raum starker vertreten
(Cowie, 1984a) bzw. haufiger in offenerem Terrainfinden sind (Hazel & Johnson, 1990),
wie auch der furC. virgata in bestimmten Habitaten bekannten Verteilung von
Schalenmorphen  (hdhere  Pravalenz  von dunklen Marphen  dichteren
Stral3enrandvegetationen; Baker, 1988) Uber diersattiedlichen Feuchtigkeitsverhaltnisse
und den daraus resultierenden unterschiedlicheasRamdruck vorstellbar.

Des Weiteren konnte in der vorliegenden Arbeit Higpothese einer Verknupfung von
Melanisierung (Schalenfarbung) und Voraussetzungen erfolgreicher Wundheilung
(vermittelt GUber Phenoloxidase) fir drei Helicid&rten, T. pisana C. hortensisund C.
aspersum maximuymbestatigt werden. Dabei ist wahrscheinlich dawwmszugehen, dass
dunklere Schalenmorphen bei Verletzungen und Hamaithywerlust einen selektiven Vorteil
besitzen, da ihnen vergleichsweise mehr Phenolsaid&tivitat zur Verfigung steht, welche
eine Rolle bei Sklerotisierungs- und Wundheilunggpssen spielt (Waite & Wilbur, 1976;
Ratcliffe et al., 1985; Nellaiappan & Kalyani, 198&ine Verknupfung von Schalenfarbung
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und Phenoloxidase-Induktionsfahigkeit nach Immumstation durch Zymosan A konnte

indes aufgrund ausbleibender Phenoloxidase-Indukticht beobachtet werden.
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Abstract

Mediterranean land snails such X¥sropicta derbentingHygromiidae) andTheba pisana
(Helicidae) are known for their remarkable tolemnto elevated temperatures and
desiccation, yet the biochemical and cellular madms underlying this tolerance are
relatively unknown. We investigated the effeofsncreased temperatures and the ability of
these snail species to recover from heat stresanieing the condition and amount of
different types of hepatopancreatic cells (histbpktgy) and heat-shock protein 70 (stress
protein) levels. Snails were exposed to definedroband increased temperatures

and allowed a postheat phase for possible recovRegults indicate the ability oX.
derbentinato recover from natural and experimental tempeeastress to some extent within
the set time, whereas no such ability was found.ipisana Xeropicta derbentinas more
heat-tolerant in general and less affected by $ieass thar. pisana This is probably due to
its greater ability to increase size and numbehepatopancreatic calcium cells that are
essential for osmoregulation. The hypertrophy amggelplasia of calcium cells can be
regarded as a general response of molluscs to msstoessors, e.g. heat, as long as the
organism is not overwhelmed by the stressor. Aoily, it can be assumed that the robust
stress-protein system oK. derbentina plays a crucial role in this species’ high

thermotolerance
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Introduction

Terrestrial snails are animals which usually aré agsociated with tolerating hot and dry
habitats, especially since desiccation is regaated severe threat to these organisms due to
their water-permeable skin (Machin, 1964). Howevehas been known at least since the
1970s that there are quite a number of snailsdivamen in hot and dry deserts (Schmidt-
Nielsen et al., 1971). From these times, therestudies describing the heat tolerance and
associated behavioural adaptations of distinct spaicies (Pomeroy, 1968; Yom-Tov, 1971;
McQuaid et al., 1979). Studies on the physiologic&llular and molecular mechanisms
underlying this thermotolerance are sparse, thoagt,one of the crucial aspects furthering
such thermotolerance, namely recovery of molecoltazellular stress response systems, has
not been investigated yet in terrestrial snailse Mediterranean, being characterised by a
subtropic climate with dry summers demanding speai@ptations of animals to heat and
desiccation (Blondel & Aronson, 1999), is home he test organisms of the present study,
Xeropicta derbentingKrynicki, 1836) andThebapisana(Mdiller, 1774). These snails, being
highly adapted to their habitat, therefore quaidgally for studies on snail thermotolerance,
and have already proven their suitability for stes$ts (Dittbrenner et al., 2009; Kdhler et al.,
2009). In this study, their heat tolerance anditgbiio recover from heat stress were
investigated using Heat shock protein 70 (Hsp70alyas and qualitative and semi-
guantitative histopathology of the hepatopancréas. hepatopancreas plays a central role in
the metabolism of snails (Storch & Welsch, 2004)isl crucial for osmoregulation and
regulating the acid-base balance (Burton, 1976eld& Vicente, 1998) which both can be
affected by heat stress (Barnhart, 1986; Ryan &I&s995; Michaelidis et al., 1999; Arad,
2001). Therefore, it is the ideal monitor organcwnducting heat tolerance experiments.
Particularly the number and condition of hepatopaaitic calcium cells are useful parameters
for the analysis of heat tolerance in snails (Détimer et al., 2009).

Even though heat shock or stress proteins are @tnot only as a consequence of heat stress
but also due to other proteotoxic stressors (San&ebyer, 1994), it was their increased
expression after heat exposure they were discovienednd named after (Ritossa, 1962;
Tissiéres, 1974). Hence, stress proteins are tleatarkers for investigating the effects of
heat stress, and, in case of Hsp70, were succlysgfidd in heat tolerance experiments with
Mediterranean land snails (Kohler et al.,, 2009).e Tlkombination of structural
(histopathology) and biochemical (Hsp70-analysigykars counterbalances the advantages
and disadvantages of these parameters concernimgtigiéy, variability and response
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kinetics, and renders a comprehensive illustrabiba stressed organism’s condition possible
(Adams et al., 2001; Triebskorn et al., 2001; KokleTriebskorn, 2004).

In our study, we wanted to investigate the hearéwice and recovery capacity of snails after
pre-exposure in the field. Therefore we chose tapda animals in midsummer, as by that
time snails have experienced weeks or even morftkesteeme temperature in their natural
habitat. We then wanted to analyse the histopaticdb status and stress protein response of
snails offered a two-week acclimatisation phaseeumdntrolled laboratory conditions only
("controls”) and snails exposed to artificially uceéd heat stress followed by a “normally”-
tempered post-heat phase ("heat-exposure-groupier to answer the following questions:
Is recovery possible after pre-exposure to extréengperatures in the field? D¥eropicta
derbentinaandTheba pisandave different strategies to cope with elevatedpnatures and,

if so, what are these strategies? And, finally,these snails able to recover from artificially

induced heat stress under laboratory conditions?

Materials & Methods

Test animals, sampling and laboratory maintenance

Animals of two different species were collectedSauthern France (Vaucluse) in the first
week of July 2007:Xeropicta derbentingKrynicki, 1836) was sampled from a site in La-
Roque-sur-Pernes (43° 59’ N, 5° 6.5’ E) at 10.45tm@,ground temperature was 20.4°C and
the air temperature 1m above ground was 21.THeba pisandMiiller, 1774) was sampled
between L’Isle-sur-la-Sorgue and Fontaine-de-Vael(#3° 55.5° N, 5° 6’ E) at 11.30am
when the ground temperature was 27.1°C and théemiperature (1m above ground) was
24.6°C. Both sampling sites are dry, open and syosed habitats and resemble each other
concerning structure and vegetation. In the Vauwcli#svignon), the temperatures (average
maximums) range from 18°C to 30°C in July and Adguwd from 2°C to 10°C in January
(http://meteo.msn.com/). A daily maximum (air temgiare) of more than 40°C in the
Vaucluse could be recorded (data provided by AgroCINRA Avignon, France) and it has
been shown that the body temperature of snailsignreégion can exceed 40°C (Kohler et al.,
2007).

Species identity of the test animals was determimgdr. Wolfgang Rahle, University of
Tubingen, Germany, according to morphological gateLaboratory maintenance was as
follows: Sorted by species, animals were kept astt containers (24.2 x 20.7 x 6.4cm) laid-
out with moistened paper towels and cleaned evéngroday. The humidity within the

containers ranged from 80% directly after cleaniomgt5% the following day. Also, every
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other day snails were fed a standardized diet gdrac carrotsad libitum All animals were
allowed a two week acclimatisation phase beforgistpexperiments whereas the ambient
(laboratory) temperature was 24+1°C.

Experimental set up and conditions

The temperature experiments were conducted inrgeatbinets rioctua IH50/ Lovibond
ET619-4 implanting the plastic containers used for maiatee. Snails were divided in
groups and either exposed to a control temperat4e7°C) or the highest respective
sublethal temperature (8h at 45°C ¥rderbentina8h at 43°C forT. pisand. The chosen
sublethal temperatures reflect the results of esést (data not shown) and previous
experiments with specimens of these snail populat{®ittbrenner et al. 2009; Kohler et al.
2009, Lazzara, 2007). During the 8h exposure tiagpective 10 replicate individuals from
both control and heat exposure were sampled indigmely for both methods used,
histopathology and stress protein analysis, aD®@h, 2h, 4h and 8h. After 8h, heat-exposed
snails and controls underwent a “post-heat phase’ahother 16h at 24.7°C. Within these
16h, additional samples were taken as describedeadiiol Oh (8h heat plus 2h post-heat), 16h
(8h heat plus 8h post-heat) and 24h (8h heat hgbst-heat).

As a proxy for mortality the possible immobility each snail was determined by poking the
soft body with a blunt needle.

Histopathology

Following shell removal snails were fixed in 2% tgldialdehyde dissolved in 0.01M
cacodylate buffer at 4°C for at least one week, et decalcified using a 1:2 mixture of
concentrated formic acid and ethanol (70%) ovemighSamples were subsequently
dehydrated in a graded series of ethanol and ensblesidHistowax (paraffin).Thin tissue
sections (7um) of the hepatopancreas were obtaisedy aleitz microtome, spread on
albumized microscope-slides, stained by haematwmedsin (HE) and examined using light
microscopy Zeiss Axioskop)2

The condition of hepatopancreatic cells (calciuiscdigestive cells and excretory cells), the
shape of the tubules and their integrity was qai@iely and semi-quantitatively assessed on
the basis of histopathological symptoms accordinBittbrenner et al. (2009) and Triebskorn
& Kohler (2003) using five different categories leeting the status of histopathological
damage: category 1 was control status, categorgs3status of cellular reaction and category

5 was status of cellular destruction, whereas caieg) 2 and 4 represented intermediate
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stages between categories 1 and 3, or 3 and ®atesgly. Results from ten randomly chosen
tubules per snail were fused and means were ctdcula express the overall condition of the
respective cell type or tubular shape / integrityl{ules” in the following) in the particular
animal. Furthermore, the “general” condition of #mire hepatopancreas was assessed for
each individual: Subsequently, all individual assesnt values for the ten individuals per
time point and exposure group were averaged tdtriesthe mean assessment value (MAV)
for each cell type and the general condition of hepatopancreas, respectively. The means
were taken from these results for each cell typg appearance of tubules of each snalil
resulting in the mean assessment value (MAV) wlexpresses the status of the respective
exposure group.

To determine the proportion of distinctive cell ¢égoin the hepatopancreatic tubules the
number of respective cells in 10 randomly chosémlis per animal were counted and their
surface ratio (proportion of respective cell typtated to the entire tubule area) was estimated

and compared with the countings.

Stress protein (Hsp70-) analysis

Hsp70-analysis was conducted according to Kohleal.ef2009): Snails were individually
shock-frozen in liquid nitrogen (-196°C) and stoe#d-80°C until further sample processing.
Animals were then homogenized on ice in 300-100@epending on snail size) of extraction
buffer (80mM potassium acetate, 5mM magnesium t&e2@mM Hepes) and centrifuged for
10 minutes at 20000g and 4°C. The total proteintesanin each sample was determined
according to the method of Bradford (1976). Usinmigel SDS-PAGE (12% acrylamide,
0.12% bisacrylamide (w/v), 15min at 80V, 90min @0¥) constant protein contents (40uQ)
were separated and then transferred to nitroceufoembranes by semi-dry blotting. Filters
were blocked in a 1:2 mixture of horse serum an® TEOmM Tris ph 5.7, 150mM NacCl) for
one hour at room temperature. After washing in T&8in.) filters were incubated in the first
antibody solution (mouse anti-human HspDdanovg Hamburg, Germany, in a 1:5000
dilution in 10% horse serum in TBS) on a lab shakeroom temperature overnight. After
further washing in TBS filters were incubated ire thecond antibody solution (goat anti-
mouse IgG conjugated to peroxidagackson ImmunoresearctWest Grove, PA, USA,
dilution 1:1000 in 10% horse serum / TBS) on thaksn at room temperature for 2h.
Following the next washing in TBS, the antibody-qdex was detected by staining with
1mM 4-chloro(1)naphtol and 0.015%,® in 30mM Tris pH 8.5 and 6% methanol. As in

Kohler et al. (2009), quantification of resultingofein bands was conducted using the
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densitometric image analysis syst&TA.S.Y. Win 32f Herolabh Wiesloch, Germany. The
applied standard sample (total homogenat€agaea hortensjavas identical to the standard
sample used in the study of Kohler et al. (2008jlitating comparison of results.

Statistical analysis

Histopathological data were statistically analyssthg JMP® 4.0. As distribution was not
normal (according to Shapiro-Wilks-test) for hisigical results of both populations as well
as for Hsp70-analysis results for theebapopulation, significant differences were detected
using the nonparametric Wilcoxon U-test. Data ofddi from the Hsp70- analysis of the
Xeropicta population followed normal distribution (ShapWeéHks-test) and were analysed
for significant differences using the Mann-Whitndytest (implanting JMP® 4.0). For all
results the levels of significance were set to:18fx0.05: * (slightly significant);
0.001<F0.01: ** (significant); K0.001: *** (highly significant).

Results

General observations
Both snail species retracted into their shellseast 1h after the beginning of the exposure
experiments. However, they did not form epiphraghhs.mortalities were recorded during

the experiments.

XEROPICTA DERBENTINA

Histopathology- Qualitative assessment of X. derbentina

Control

The control group individuals of theéeropictapopulation showed hepatopancreatic tubules
with relatively smooth bases, narrow lumina and/atilghtly convex apices (Fig. 1a).

The analysis of the digestive cells of these irtligis revealed a dense cytoplasm as well as
minor irregularities concerning vacuolisation ammmpartmentalisation (dark vesicles and
granules at the apices). An increased appearancenvkex and in few cases also ruptured
apices could be detected at the end of the tegidpeCalcium cells of controls (0.5h — 24h)
often showed enlarged and apically situated nudhech were found to be stained darkly blue

indicating a low pH. The cytoplasm appeared moégratense (Fig. 1b). Few calcium cells
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showed ruptured plasma membranes after 16h. Regarekcretory cells, which were
moderately filled with brown to greenish granules,irregularities could be detected.
Heat-exposure and post-heat-phase

Tubules of animals from the temperature exposumnmg of theXeropicta population
resembled those of the controls. The overall nurobeartly ruptured cell apices appeared to
be increased, and cellular debris could be founthelumen in isolated cases (Fig. 1c).
Particularly at 10h (2h post-heat phase) and 28h (bst-heat phase) the integrity of tubules
deteriorated due to increased appearance of rupaapiees and dilated lumina, and in few
cases even total disintegrations of tubules ocdu¢fég. 1d). The digestive cells revealed
convex or partly ruptured apices and irregularlgsdd and enlarged nuclei. As vesicles and
granules increasingly occurred at the apical arehighese cells over test time, the
compartmentalisation of this cell type deteriorat€de density of the cytoplasm decreased
during the test, however green and brown granwesdde detected in the cytoplasm at all
time points.

The condition of the calcium cells deteriorated rovest time due to disturbed
compartmentalisation (indicated by apically sitdateclei) and lysis of membranes (Fig. 1e).
As in the controls, nuclei were stained blue intiigaa low (acid) pH . The cytoplasm of
these cells was moderately dense at the beginmaig@ntinued to fade over test time.
Excretory cells in individuals of these groups skdwew brown granules at the beginning,

however the occurence of these granules slightieased over test time.
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Fig. 1:

a: Tubules of a control animal of tie derbentingoopulation at Oh with smooth bases (arrow a) aardonv lumina (arrow
b).
b: Calcium cell of a control animal of tie derbentingoopulation at 24h. a) indicates the strong blaemsif the nucleus, b)
shows the sparse cytoplasm.

c: Tubules of a heat-exposed animal of Xh@erbentingoopulation at 16h. a) indicates a widened lumehtgrdisplays
immigrating cells.

d: Detail of a tubule of a heat-exposed animaheft. derbentingpopulation at 24h. The picture shows total digiragion

of a tubule (vanishing cell barriers), the arrovinp®at a strongly blue-stained cell nucleus.

e: Calcium cell of a heat-exposed animal ofXhelerbentingpopulation at 10h showing the beginning of lydishe

nucleus’ membrane (arrow).

f: Detall of a tubule of a control animal of tiie pisanapopulation at 8h. The lumen is strongly blue-stditarrow) and of
moderate width.

g: Detail of a tubule of a control animal of thepisanapopulation at 2h showing dark, large and apicsitiyated vesicles in
the digestive cells (arrows).

h: Detail of a tubule of a heat-exposed animahefTt pisanapopulation at 0.5h. Arrows point at strongly fillexcretory
cells.

Histopathology- Semi-quantitative assessment of X. derbentina

Control, heat-exposure and post-heat-phase

Mean assessment value (MAV ) - Overall integrity

Concerning the overall integrity of the hepatopaasrinX. derbentinaslightly significant
differences could be detected between control aat-&xposure group from 4h exposure
onwards (Fig. 2a). Within the heat-exposure grolipmean assessment values (MAVS)
obtained for *4h were highly significantly higher than the initizalue (Oh). Whereas the
mean value for the control group varied around &ues within the heat-exposure group
varied from 3.44 (lowest) at Oh and 4.5 (highesB4h (Fig. 2a).

Tubules (tubular shape & integrity)

From 4h onwards until the end of test time valumstfie condition of the tubules differed
either highly significantly or slightly significalyt between control and heat-exposure group
whereas MAVs for the heat-exposure group were mi¢ffig. 2b).

Digestive cells

Regarding the condition of the digestive cells Bigantly higher values could be found in the
heat-exposure group compared to the control gro@h and 24h (Fig. 2c). For both groups,
control and heat-exposure, values increased wstititae (Fig. 2c).

Calcium cells

Significant differences between control and hegtesyre group occurred at 24h only where
the heat-exposure group revealed a higher valwe @&). Within the heat-exposure-group
values increased over test time as well (Fig. 2d).

Excretory cells

No significanct differences were found regarding tondition of excretory cells within and

between control and heat-exposure group.
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Surface ratio of cell types & calcium cell counsng

The analysis of the ratio of digestive and excretmlls’ surface in the control group revealed
no relevant differences. The surface ratio of caticells in this group was slightly
significantly different at 10h versus Oh and 8hy(Ra).

The surface ratio of the digestive cells in thettsegosure group first decreased but then
reached the starting-level again at 24h (Fig.3hbg fatio of calcium cells and excretory cells
revealed only minor differences throughout the (Egy. 3a+b). When comparing the control
with the heat-exposure group significant differenaere found at 10h for calcium cells (Fig.
3a).
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Fig. 2: Results for the histopathological analydisontrol group versus heat-exposure group oiXthaéerbentingpopulation (mean + sd; n=10 except for Oh (t0R0)= Significant differences are
indicated by asterisks (0.01<®.05: * (slightly significant); 0.001<f0.01: ** (significant); F0.001: *** (highly significant)). Significances veus Oh are shown in the respective bars.

a: Mean assessment values for the overall condifitine hepatopancreas.
b: Mean assessment values for the tubules’ comditio

¢: Mean assessment values for the digestive aaldition.

d: Mean assessment values for the calcium celtgition.
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Fig. 3

a: Surface ratio of calcium cells within tubulescohtrol groups and heat-exposed groupseybpicta derbentinandTheba
pisana at different exposure times (mean & sd; n=10epkdéor Oh: n=20). Significant differences are galed by asterisks
in the graph (0.01<.05: * (slightly significant); 0.001<#0.01: ** (significant); E0.001: *** (highly significant)).

b: Surface ratios of digestive and excretory oglthin the heat-exposure group of tiederbentingpopulation (mean + sd;
n=10 except for Oh (t0): n=20) at Oh, 4h and 24gniicant differences are indicated by asterigk®{<F0.05: * (slightly
significant); 0.001<R0.01: ** (significant); 0.001: *** (highly significant)). Digestive celldso differed slightly
significantly at Oh vs. 10h and 2h vs. 4h. Excret®lls also differed slightly significantly at ®s. 8h and 10h.

¢: Number of calcium cells within tubules of cotgnoups and heat-exposed groupefopicta derbentinandTheba
pisanaat different exposure times (mean & sd; n=10, pké@r Oh: n=20)). Significant differences betwaenults within
the populations are indicated by asterisks in thely (0.01<R0.05: * (slightly significant); 0.001<f.01: ** (significant);
P<0.001: *** (highly significant).

The comparison of results of the control-groupthefdifferent populations reveals highly signifitdifferences at all times
(** for 16h / * for 24h, respectively) except foh2Comparison of heat-exposure-groups of the diffepepulations resulted
in slightly significant differences at Oh, 2h, 4idal6h whereas results at 0.5h and 24h were signify different and results
at 8h and 10h differed in a highly significant way.

d: Surface ratios of digestive and excretory ogithin the heat-exposure group of thepisanapopulation (mean + sd;
n=10 except for Oh (t0): n=20). Significant diffaces are indicated by asterisks (0.04&B5: * (slightly significant);
0.001<K0.01: ** (significant); E0.001: *** (highly significant))

Stress protein (Hsp70-) analysis of X. derbentina
In all immunoblots one Hsp70 band was identifiedegach sample

Control, heat-exposure and post-heat-phase

In the control group oK. derbentinghe Hsp70-level was elevated in a highly signiitcaay

at 4h compared to all other test points of thisugroNo further significant differences
occurred in the control group (Fig. 4a).

Regarding the heat-exposure group of this populatlee Hsp70-level rose in a highly
significant manner (vs. Oh) as early as 0.5h dfegyinning of the test and showed a peak at
2h. The Hsp70-level then decreased until it readhedbase level again at 8h and 10h,
however increased once more reaching a secondisagnipeak after 8h of recovery (at hour
16). At the end of test time (24h) the Hsp70-leseddched the base level again (Fig. 4a).
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a: Hsp70 levels of control group versus heat-exqogtoup ofX. derbentinashown with representative immunoblots of two skasp Significances within the control group wesstricted to 4h
being highly significant to all time points (sigieént to 0.5h).

b: Hsp70 levels of control group versus heat-expogwup ofT. pisana shown with representative immunoblots of two skesip
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THEBA PISANA

Histopathology- Qualitative assessment of T. pisana

Control

Tubules ofT. pisanafrom the control group were characterized by smdudkes, mostly
convex apices which appeared to be ruptured inceses, and lumina of moderate width. The
most distinctive feature in nearly all tubules loése animals was a blue stain of the lumina
(Fig. 1f) indicating a low (acid) pH.

The compartmentalisation of digestive cells in éhgeoups appeared to be irregular from the
beginning of the test due to the appearance oé)atgrk vesicles in the apices (Fig. 1g). The
nuclei of these cells were in good condition atlibginning of the test, however deteriorated
at later time points as their shape became sligitdgular. Apices were mostly convex and in
few cases ruptured. Vacuoles were very dark, amdytoplasm was of moderate density.

The calcium cells of these groups were of regulaps, however their nuclei appeared to be
caryolytic in most cases and the nuclei were suliah the apical areas of the cells. The
cytoplasm was fading.

From the beginning of the experiment the excretoells were strongly filled with dark

granules slightly increasing in number after 4h arus.

Heat-exposure and post-heat phase

The analysis of hepatopancreatic cells and tubafethe exposure groups df. pisana
revealed results similar to the controls. Additibnathe integrity of tubules particularly
deteriorated during the post-heat phase (10h tQ @dimpared to Oh (t0) due to a intensified
dilation of lumina, increased numbers of rupturpit@s and total disintegration of structures
in some cases. The strong filling of excretoryekkcame more pronounced during the post-
heat phase (Fig. 1h).
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Histopathology- Semi-quantitative assessment of T. pisana

Control, heat-exposure and post-heat-phase

Mean assessment value (MAV)- Overall integrity

For the overall integrity of the hepatopancreathecontrol group of th&. pisanapopulation
differences could be detected when comparing Oh8indersus post-heat phase values and
within the post-heat phase (Fig. 5a).

Within the heat-exposure group values increaselinvihe post-heat phase (Fig. 5a).

The comparison of control and heat-exposure grewpaled only a few minor differences
(Fig. 5a). The highest value, 4.1, was found in lirat-exposure group at 10h whereas the
lowest values, 3.1, occured in the control grou@.ah and 8h (Fig. 5a).

Tubules (tubular shape & integrity)

No significant differences occured within the cohggroup regarding the shape and condition
of tubules (Fig. 5b). However, in the heat-exposyn@up, values increased within the post-
heat-phase (Fig. 5b). The analysis of control \&tsat-exposure group revealed one slightly
significant difference only (Fig. 5b).

Digestive cells

Regarding the condition of digestive cells the colngroup exhibited few differences within
test time (Fig. 5c¢). Within the heat-exposure groaghues first decreased until 8h, then
reached the base-level again during the post-Hesdep (Fig. 5¢). Comparing control and
heat-exposure group, only a single slightly siguaifit difference was found (Fig. 5c).

Calcium cells

The condition of calcium cells did not differ withior between control and heat-exposure

groups.
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a : Mean assessment values for the overall conditidthe hepatopancreas.

b: Mean assessment values for the tubules’ comditio

c: Mean assessment values for the digestive aaldition.
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Excretory cells

The assessment values for the condition of exgretells within the control group were all
slightly significantly higher from 4h onwards comed to 2h (data not shown). However, no
differences occured within the heat-exposure graog no differences were found when
comparing the two different treatment groups ad.wel

Surface ratio of cell types & calcium cell counsng

The analysis of the control group regarding surfem#o of hepatopancreatic cell types
revealed no relevant differences.

Within the heat-exposure group an increase of thiéase ratio of digestive cells became
evident between 10h and 16h (Fig. 3d). Furtherntiogesurface ratio of calcium cells first
slightly increased (8h), then decreased, but rehtte base-level again during the post-heat-
phase (Fig. 3a). The surface ratio of excretorisaatreased up to 4h, then decreased again
(Fig. 3d).

Concerning the comparison of control and heat-exogroups no differences could be
detected.

Analysing the calcium cell countings for this pagidn and comparing control with heat-
exposure group the heat-exposure group showedlgligigher numbers at three time points
(Fig. 3c).

When comparing the calcium cell countings of thféedent populationsX. derbentinaandT.
pisang X. derbentinagenerallyrevealed higher numbers at all time points in mdatment

groups except for 2h for the controls (Fig. 3c).

Stress protein (Hsp70-) analysisof T. pisana

Control, heat-exposure and post-heat-phase

The induction of Hsp70 ifi. pisanawas strikingly lower than iX. derbentinaln the control
group, the 0.5h differed from all time points excépm Oh (Fig. 4b). Significant induction
was detectable in the heat-exposure group at tbHeoérhe exposure period and persisted
throughout the post-heat phase (Fig. 4b).
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Discussion

Xeropicta derbentina

The overall condition of the hepatopancreas (mesessment value) in the investigaked
derbentinapopulation deteriorated after 4h of heat-exposatrd5°C. Event though snails
were offered a 16h post-heat phase at 24.7°C @ftesf heat-exposure, no recovery of the
overall condition of the hepatopancreas could béeaied. The deterioration of the
hepatopancreas was mainly characterised by aatfilaif the lumina and ruptures of cell
apices, as well as by impairment of the conditibdigestive and calcium cells. Additionally,
changes in surface ratio and numbers of cells eccur

An elevation of the metabolic rate due to high temapure exposure probably caused the
dilation of the lumina. Generally, elevated tempanes result in an increase of metabolic
rates in heterothermic animals (Gillooly et al.02)) Yet, Mediterranean land snails can enter
dormancy and drop their metabolic rates when faelagated temperatures thereby forming a
characteristic epiphragm (Arad & Tzameret, 1998)wver, as no epiphragms were built
during the course of exposure experiments we cdecthat our test animals were not in a
dormant state, and would therefore experience awmatdd metabolic rate rather than a
decrease. As hepatopancreatic cells are usuatiggdyr involved in metabolic processes even
under normal conditions (Thiele, 1953; Abolins-Kiggl961; Sumner, 1965; Porcel, 1996;
Taieb & Vicente, 1998) an increased metabolic catdd have led to a stronger supply of the
hepatopancreas with digestive liquids causingatidih of hepatopancreatic lumina.

The increased abundance of ruptured cell apicepaably be linked to increased release
and activity of lysosomal enzymes. Moeller et 4B716) showed that elevated temperatures
can lead to a disruption of lysosomal membranesm@Bereleased into extracellular matrices
lysosomal enzymes destroy cell membranes (Postél)1®As found in the qualitative
assessment of the digestive cells, the compartimattan of this cell type was disturbed in
control and, to a greater extent, in the heat-ex@ogroup due to a number of apically
situated vesicles some of which could have likederb lysosomes. The occurrence of such
lysosomes in the control group was probably du¢h& high temperatures the snails had
already encountered in the field during summer.

Furthermore, we detected a highly significant daseeof the surface ratio of digestive cells
after 4h of heat exposure. This can also be seen@ssequence of the above mentioned

disintegration of cell membranes due to activityysbsomal enzymes. At the end of the test,
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the surface ratio of digestive cells reached tlagtiag level again; this may indicate some
recovery processes.

The impairment of the condition of the calcium sefi the heat-exposure group was due to a
disturbed acid-base-status and osmotic stress @dnse¢he elevated temperature. Elevated
temperatures can lower the pH in snail tissuesnliat, 1986). This leads to an accumulation
of acid metabolic end products, such as succinatk xlactate, which in turn can cause
metabolic acidosis (Ryan & Gisolfi, 1995; Michaddict al., 1999). Furthermore, it is likely
that the snails counteracted heat exposure byasetkevaporation of water which in turn
likely resulted in osmotic stress. Arad (2001) fduthat with increasing desiccation
osmotically active substances such as chloride nagtate in extrapallial fluids ofrheba
pisana As calcium cells are strongly involved in regidat of the acid-base-status and
osmotic balance (Burton, 1976; Taieb & Vicente, 89@nd as this cell type showed almost
karyolitic, strongly blue-stained nuclei (indicagin a low pH), a disturbed
compartmentalisation with apically situated nueed faded cytoplasm, it is very likely that
these cells suffered from overcharge caused by $teess, associated osmotic stress and
acidosis. This explanation becomes even more fllusihen concurrently considering the
characteristics of the Hsp70-response of this graumpch clearly breaks down twice during
test time (at 8h and 24h). Obviously, the post-ipbatse did not offer enough time for cellular
recovery in our case as the condition of calciunis atid not improve during the post-heat
phase. The condition of calcium cellsXnderbentinaunder heat exposure can also be linked
to the alterations in surface ratio and absolutenzenbers of this cell type. Concerning the
absolute number of calcium cells under heat exgosue found a significant increase after 2h
of test time which can be interpreted as hyperalaghis early response of the calcium cells
can be regarded as an attempt of the snails tdategthermal stress and possibly also to
supply replacement for heat-impaired cells. Howgetlee slightly significant increase of the
surface ratio of this cell type after 4h also swge hypertrophy of calcium cells. Both,
hyperplasia as well as hypertrophy, in conjunctioth our findings for the general condition
of the hepatopancreas and for the calcium celfsamicular, show that the calcium cells are
very active in consequence of heat exposure. Marggoet al. (1990) and Najle et al. (2000)
also found hypertrophy of calcium cellslittorina littorea andNacella concinndollowing
cadmium-exposure. In this context, it becomes dleatr this effect could represent a general
response of molluscs to osmotically active stressor

The fact that certain symptoms of heat stress wetenly found in the exposure group but,

to a minor extent, in the control animals as wsliggests that the snails had already

54



encountered a substantial heat stress in the fiétdvever, this is a consequence of the
sampling date which was midsummer for the expertméere. In contrast, sampling took
place in early spring for the test of Dittbrennérak (2009) who used the same sampling
methods, laboratory maintenance and similar tastugdut did not find symptoms of heat
stress to the same extent in their control indigldwas in our case. This also makes clear that
these snails probably did not fully recover frore\pous field exposure.

All in all, the histopathological results fot. derbentinashowed that only little evidence for
recovery processes was found at the cellular lewehg the laboratory test. Furthermore, we
also did not find evidence for full recovery fronedt stress encountered in the field.
However, it also became evident thatderbentinas able to respond to extreme heat stress
with hyperplasia and hypertrophy of calcium cells.

Concerning the results of the Hsp70 analysis, tgely significant peak at 4h in the control
group ofX. derbentingprovides evidence for circadian variation. Suchateons are common

in other molluscs, e.g. chitons, conferring higherthotolerance even at fluctuating
temperatures throughout the day (Schill et al. 220terestingly, the 4h test point was at 12
a.m., which represents a time when there is usuali radiation in the snails’ natural
habitat.

Both peaks found in the heat-exposure group indi@attypical Hsp70 optimum Kkinetic
(Eckwert et al., 1997) as in both cases the Hspv8Hdecreased again after reaching the
maximum. The second peak indicates recovery prese3$he decrease of the Hsp70-level
after the first peak can be interpreted as an Hse3ponse in the non-compensation
(=destruction) phase (Eckwert at al., 1997) causgdimpairment of the stress protein
apparatus. This is corroborated by the correspgniistopathological data. Similar kinetics
have already been described Xorderbentinaafter 8h of heat-exposure by Lazzara (2007) as
well. Therefore, the second peak occurring aftes dlecompensation phase can be regarded
as the result of a re-induction of Hsps. Howeuee, decrease after the second peak indicates
yet another breakdown of the stress protein appsnaithin test time. Different factors could
have contributed to this second breakdown: Sineestiails were not fed during the test for
practical reasons and as the Hsp70 response isemergy-comsuming (Currie et al., 1999),
this could have led to energy depletion. Thisummf can lead to reduction or even shortfall of
the Hsp70 response (Hand & Hardewig, 1996). Agane must also keep in mind that, as
mentioned before, these snails had encountered diessis in the field already. This pre-
exposure in the field probably affected the overalction capacity of the stress protein

system. Krais (2008) showed théat derbentinasampled in summer and exposed to elevated
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temperatures and chemicals in the laboratory hottsa70 stress protein reaction capacity
three times lower than equally treated snails sathpl spring. These reactions also point up
the different kinetics of different biomarkers: Wéas the stress protein apparatus offers a
quick response, cellular reactions usually takeentione (Triebskorn et al., 2001).

In summary, these results imply that derbentinais able to recover even from severe heat
stress at the Hsp70 level if no energy shortagarscc

Theba pisana

In the investigatedT. pisana population, the overall condition of the hepatapaas
deteriorated over test time under heat exposutesnal that even continued within the post-
heat phase. This deterioration was mainly due tong@irment of tubuli shape and condition
of the digestive cells, and accompanied by a gélggraor condition of the calcium cells.

As in the control group, we observed a strong Istiaening of the lumina in nearly all heat-
exposed animals at all times. This stain indicaaeow pH and acidosis, which is a
consequence of heat stress as described.fderbentinan this paper as well. However, the
fact that whole lumina suffered from acidosisTinpisanaimplies that this species is more
severely affected by the heat exposure ¥aderbentinaThis can probably be linked to the
fact that, in contrast t&. derbentinawe found no hypertrophy and only slight hyperialaxf
calcium cells inT. pisanaindicating a lower activity of this cell type irhis species.
Furthermore, the surface ratio as well as the absolumbers of calcium cells were generally
much lower inT. pisana even in controls, when comparedXoderbentinaConcerning the
surface ratio this has also been shown by Dittteemt al. (2009). Obviously this species
possesses less and smaller calcium cellsXhaerbentinaeven under natural conditions, and
is not able to respond to heat stress with enlaegerand / or upregulation of this cell type
combating the effects of heat-induced acidosisdjysting the acid-base balance to the same
extent ax. derbentina

Also, there were notably little differences betweba condition of cells in control versus
heat-exposure group at the different time pointss Tnay indicate, in combination with the
observed symptoms of an acidosis, that these dmail€ncountered and were affected by the
heat stress they had experienced in the field dyreAs in X. derbentina this can be
explained bythe sampling date in summer, howeVermpisanawas obviously more severely
affected not only by the experiment but by the peeling natural heat stress since the
characteristics of acidosis in the control groupememore prominent than iX. derbentina
Furthermore, none of the histopathological res{dtmtrol and heat-exposure) indicated any

recovery processes, which also may be a consequétice aforementioned strong effects of
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the encountered natural heat exposure. It is ptelthat the damage caused by natural heat
stress in combination with heat stress appliednduthe experiment was too severe to be
repaired within the 16h post-heat-phase which migite been too short. It is also known
that, for example, slugs affected in hepatopanicrezll composition by metal pollution
exposure require 1-2 weeks for recovery (Zaldidtaale 2008). These findings also may
explain why no hypertrophy and / or hyperplasidhepatopancreatic calcium cells could be
detected: It is very likely that the whole hepatogaatic tissue was overwhelmed by the
combination of the preceeding natural and followexgerimental heat stress.

The results of the Hsp70-analysis of the contraugr of T. pisana as implied by the
histopathological results already, indicate thasthsnails suffered from heat stress and its
effects in the field and that as a consequence $itieiss protein response’s reaction capacity
was already negatively affected. Heat stress itsaif cause elevated Hsp70 levels, however
acidosis can also result in an elevated streseiproésponse (Kregel, 2002). Together, heat
stress and resulting acidosis can have overwhethedtress protein system Tn pisanain

the field already. Also, the measured Hsp70 leirekhis study are notably lower than those
detected by Kdhler et al. (2009) in spring-sampltliterranean snails. This has to be seen
as a consequence of the different sampling datégddierent conditions encountered in the
field and also points to an affected stress regppoapacity in midsummer.

Furthermore, observing the results in the heat-exy group substantiates the
aforementioned assumption of an overwhelmed spesgin system. As we detected only
slight Hsp70 level variation within the heat-exp@swgroup and no differences between
control and heat-exposure group, and as it is alylikhat the animals had not reacted to the
applied heat stress concerning the histopatholbggsalts and the fact that almost all known
organisms respond to elevated temperatures withduction of stress proteins (Craig, 1985;
Welch, 1993; Parsell & Lindquist, 1994), we may cade that the stress protein response of
T. pisana was already depleted in the field and therefar@ariations in Hsp70 levels could
be detected during our test. It is also unlikebttive were not able to record the stress protein
response for temporal reasons as the inductiotregssproteins usually takes place within 10
to 15 minutes after stress occurrence (Bukau, 1993)

However, asl. pisanastill occurs in masses in Mediterranean fieldgam be assumed that
this species possesses other (still unknown) pieéecbiochemical mechanisms or

behavioural characteristics which ensure its sahiivits natural hot and dry habitat.
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Comparison oK. derbentinaandT. pisana

Altogether, for the aforementioned results we agstimtT. pisanais more sensitive to heat
stress tharX. derbentinaadditionally this is supported by the necessftglmosing a lower
sublethal temperature far. pisanaas well. Also, we found no signs of recovery, Imeitfrom
naturally experienced nor artificially induced hetiess in this species.

Due to the estival sampling date it can be assuthadboth populations had encountered
massive heat stress in the field already, thisctdte both the histopathological as well as
Hsp70-analysis results in controls and heat-exgogrLoups.

The high thermotolerance of. derbentinacan be explained by the ability of this species to
produce more and larger calcium cells in case studbance of the acid-base balance which
can be a consequence of heat stress. As the hypeytof calcium cells has been observed in
other molluscan species as a response to heavy siretss as well (Marigdbmez et al., 1990;
Najle et al., 2000) it could be assumed as a geresponse of molluscs to osmotically active
stressors. FurthermorX, derbentingproved to hold a robust stress protein systembdapH
quick recovery if no energy shortage occurs.

Compared toX. derbentinaT. pisanaproved to be more sensitive to natural and aidific
induced heat stress. This was manifested in a Iaubtethal temperature, the complete
absence of recovery processes and symptoms ofeaesagidosis and an overwhelmed stress
protein response if. pisana However,T. pisanastill has a considerable thermotolerance in
comparison to other snail species suchCapaea hortensi§Lazzara, 2007), for example.
This thermotolerance is probably to be explainedtiner physiological / cellular mechanisms
or behavioural adaptations, though. Nevertheléeset mechanisms seem to be less effective

in protecting from heat stress than those found.iderbentina
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Abstract

Theba pisangMdiller, 1774), a Mediterranean snail, is known fisr heat tolerance and its
remarkable shell colour polymorphism ranging froailepwhite to darkly striped, although
darker morphs are considered less vital in hottabdue to presumably stronger absorption
of radiation. Melanin, the black pigment of thesaiks, is known as an effective antioxidant,
and elevated temperatures can increase oxidatnessstBy analysing oxidative waste
products via the ferrous oxidation xylenol oran§®X) assay as a marker for the lipid
peroxidation level, we aimed at investigating polesiinks between heat stress, colouration
and antioxidant defence capacity Th pisana Although we found increasing levels of
peroxidation products with increasing heat expodiueation, there was no difference in
antioxidant defence capacity observable betweeferdiit morphs ofl. pisana Hence the
avoidance of lipid peroxidation as an environmdwntadlevant factor for the maintenance of

melanistic morphs in strongly illuminated habiteés be considered improbable.

Additional keywords: Polymorphism, Mediterranean land snail, heatsstrexidative stress,

lipid peroxidation
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Introduction

Some pulmonate snails suchXeropicta derbentindKrynicki, 1836),Theba pisangMdller,
1774) and som€ernuella(Schluter, 1838) species are known for their rdwaale ability to
live in hot and sun-exposed habitats such as thditbteanean (Arad et .al993; Aubry et al
2006). Behavioural and metabolic adaptations ofdhspecies to their habitats are well
investigated and include, for example, climbingticai objects to avoid higher ground
temperatures, as well as aestivation (Pomeroy 196&)-Tov 1971; McQuaid et al. 1979;
Cowie 1985). However, our understanding of bioclwaiimechanisms furthering their
thermotolerance is rather marginal. Furthermoreh@case ofl. pisana which represents a
highly polymorphic species in terms of shell coktion (Cowie 1984), one can observe that
even dark banded morphs can be found in hot habiatelatively high numbers, though
darker pigmentation is usually regarded as disadg@ous in such environments due to
(postulated) higher absorption of sunlight (HeatB79; Hazel and Johnson 1990).
Nevertheless, darker pigmentation could also beefi@al in this snail species. It has been
shown that banded morphs, in being more cryptio, loa less prone to predation (Heller
1981; Heller and Gadot 1984). Furthermore, darkgmpntation is caused by melanin
(Comfort 1951), and melanin is known to absorb fradicals generated by oxidation of
primary metabolites (Riley 1997). It was also fouhdt tissues of pigmented individuals of
Xenopus laeviDaudin, 1802) frogs were less susceptible to dkidalamage than tissues of
albinos (Corsaro et al. 1995). This raises the tiquesvhether similar correlations between
pigmentation and antioxidant defence capacity @fobnd in snails, e.d.. pisanathat can
help to explain the maintenance of colour polyma@whin environments exposed to hot sun.
Oxidative damage can occur due to exposure to teldvéemperatures, as increasing
temperatures cause elevated metabolic rates in mesttebrates (Portner 2001). Higher
metabolic rates in turn favour the generation ofcalkled reactive oxygen species (ROS)
(Abele et al. 1998), which can attack not only DN¥&d proteins, but also lipids by
peroxidation leading to an impairment of biomemlesarand generating lipoperoxides
(Gutteridge and Halliwell 1990). Also, heat streas lead to alterations in the conformation
of enzymes which facilitate the production of tHeowe mentioned ROS (Gutteridge and
Halliwell 1990).

The amount of oxidative waste products, such aypepoxides, can be used for analysing an
organism’s ability to cope with oxidative stressdaran be quantified using the ferrous

oxidation xylenol orange method (FOX) assay (Heriesa et al 1995). Another method
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for detecting lipid peroxidation products in orgams is the malondialdehyde (MDA) assay,
however, this assay has been criticized for beingufficiently accurate and specific
(Halliwell and Gutteridge 1985; Smith and Anderd®87; Janero 1990; Ceconi et al. 1991,
Bonnes-Taourel et al. 1992). The FOX assay candmsidered as a sensitive alternative
(Hermes-Limaet al. 1995), and has been successfully applied on tisstracts (Hermes-
Lima et al. 1995), membrane preparations (Jiangl.et991; Jiang et al. 1992; Hunt et al.
1993) and plasma samples (Frank 1992), in vertebréfrank 1992; Hermes-Lima et al.
1995) as well as in invertebrates (Monserrat e2@03; Ramos-Vasconselos and Hermes-
Lima 2003).

For this study, we decided to investigate possdagelations between pigmentation and
antioxidant defence capacity ih pisanasnails. By analysing two clearly different colour
morphs (banded and unbanded)Tofpisanafor their content in lipoperoxides under control
as well as heat-exposure conditions, we endeavoiretemonstrate the possibility of a
higher antioxidant defence capacity in darker sndlilat possibly counterbalances their

postulated disadvantage of stronger warming in pgteangly illuminated environments.

Materials and methods

Two morphs ofTheba pisanasnails, banded and unbanded, both with pale safieb (Fig.

1) from a natural meadow site near Avignon in Vage| Southern France (N 43° 53' 50.88",
E 4° 54' 7.10"), were sampled in the first weelAafust 2009. Animals were transported in
plastic containers (24.2 x 20.7 x 6.4 cm) and ttnansferred to plastic terraria (30 x 19.5 x
20.5 cm) in the laboratory. The terraria contailaed@ cm layer oflBL Terra Basis ground
covering for terraria(JBL GmbH & Co. KG, Neuhofen, Germany) and wereaoked and
moistened with tap water every other day. Snailsevied a diet oHipp Bio-Milchbrei(Hipp
GmbH & Co. Vertrieb KG, Pfaffenhofen, Germany) (@ngc baby food, prepared according
to package instructionsdd libitum every other day. Animals were allowed a two-week

acclimatisation phase at 24+1°C before the experisneere started.
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Figure 1.Theba pisana- individuals with striped ‘dark’ shells (A + Bpd a white, ‘pale’ shell (C).

In order to determine whether the unbanded andduhsdails were indeed of significantly
different colour intensity, we conducted a densitne analysis of shells of the different
morphs similar as in Dittbrenner et al. (2009) aihker et al. (2009). For this analysis, 8
shells of each morph were individually and iderlcdluminated on a standardised grey
background plate and photographs of both apex amilicus sides of their shells were taken
using a digital single lens reflex came&o(ya100) with a fixed aperture and fixed shutter
speed. An average grey value of each shell integrddoth apex and umbilicus sides was
calculated using ImageJ1.45 (National Institutesieélth, Bethesda, MD, USA), referenced
to the background plate grey scale to standardisgarison between the images.

Adult snails of similar size range were dividedoitvo morphological groups, pale-shelled
unbanded animals (‘pale’) and dark-shelled animath clear dark-brown banding (‘dark’)
(Fig. 1). Each morphological group was subdividetb itwo exposure groups, control and
heat-exposure. Control temperature was 24.7°C,easethe highest sublethal temperature for
8h for T. pisana 43°C (Dittbrenner et al. 2009; Kohler et al. 208eheil et al. 2011), was
chosen for heat-exposure. The experiments wereucted using the maintenance terraria in
heating cabinetsnfctua IH50(Noctua GmbH Mdssingen, Germany) ovibond ET619-4
(Tintometer GmbH, Lovibond Water Testing, Dortmu@krmany)), ensuring that all snails
were heated to the same degree irrespective ofi@lon. From each morphological group,
10 individuals were sampled at the beginning oftdsts (Oh). Within the overall 8h exposure
time, 10 replicate animals were sampled from eadmphological group and respective

exposure group after 2h, 4h and 8h of test timé.aAlmals were tested for mortality by
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poking with a blunt needle to reveal possible latkesponse which was interpreted as a
proxy for mortality.

All chemicals were purchased from Roth (Carl RothidBl & Co. KG, Karlsruhe, Germany),
Sigma Aldrich (Sigma Aldrich Chemie GmbH, Steinhei®ermany) or Merck Chemicals
(Merck KG aA, Darmstadt, Germany). The FOX assag w@nducted and results calculated
according to Hermes-Lima et al. (1995). Snails wadividually shock frozen in liquid
nitrogen (-196°C) immediately after shell removaidastored at —80°C until further
processing. Individuals were then homogenised @cmd HPLC-grade methanol with a
density of 0.791 g/cm?3 (dilution 1:2, the appromiamount of methanol was calculated
following quantification of the wet weight of th@eximen), centrifuged at 15.090and 4°C
for 5 min and the resulting supernatants were dtate-80°C. The assay mixture was then
prepared: a 50 pL sample of each supernatant éimkbi aqua bidest., as a substitute for the
supernatant) was added to 1 mL of assay mixtugsb (M FeSQ, 25 mM HSO4 and 0.1

mM xylenol orange) irRoth single-use polystyrol cuvet{@ss mL) (Carl Roth GmbH & Co.
KG, Karlsruhe, Germany) and incubated at room teatpee for 24h. Measurements were
then taken by using a spectrometgpéctronic UnicaniHelios Gamma Spectronic Unicam,
Cambridge, UK) at 580 nm & nn). Then 5 pL of 1 mM cumenehydroperoxide (CHP)
solution was added to each sample, and samplesim@reated for a further 30 min. After
that, samples were re-measured at 580 Nggo (fh+cHp-

Cumenehydroperoxide- equivalents per gram wet wedfisnails (CHPE / g wet weight)
were then calculated according to the equationesfri¢s-Lima et al. (1995):
CHPE/Guet-weigh=(Asgond Asgonm+crp *SH L CHP5nmoi *1000/V1*2

where V1=sample volume (50 pL) and 2 results foblution (1:2 with methanol, density of
0.791 g/cm3.

All data were statistically analysed implanting J®MP.0 SAS Institute Inc.Cary, USA).
Densitometric data were normally distributed acouydto the Shapiro-Wilks-test and
analysed for significant differences via the Tukégmer-HSD-test (§0.001: ***). The data
resulting from the FOX assay were split in two greucontrols (unheated; 24.7°C) and heat-
exposure (heated to 43°C), and a two-factor armlysivariance (ANOVA) was applied to
each group to investigate the effects of shell wotver time. Since not all of these data were
normally distributed according to the Shapiro-Witkst, and also did not show equal
variances according to Levene’s test in all caseseral transformations (log, log10, root,
power (X)) were conducted, however, none resulted in aistamt normally-distributed

outcome with equal variances. To account for thssng the original untransformed data the
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p-level was set to 0.01. As only the model for lleat-exposure group is significant and time
proved to be the only significant factor in theresponding effect tests, the data of different
morphs were fused and analysed via a post-hoc Wiletest for significant differences
between time points. After Bonferroni-correctiorr #® pairwise comparisons the p-levels
were set to 0.016<(®.0083: * (significant); 0.00016<1®.016: ** (highly significant);
p<0.00016: *** (most significant).

RESULTS

No mortalities occurred during this experiment.

The densitometric analysis of differently colourgtklls revealed that unbanded shells are
significantly lighter than banded shells (Fig. 20@01: ***),
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Figure 2. Densitometric analyis of unbanded (pase)anded morphs. Comparison of lightness of siigtey
scale values) of unbanded (pale) vs. banded m@rpéans + sd, n=8). The significant difference didated by
an asterisk (0.001: ***),

Concerning the analysis of lipid peroxidation, withthe controls (Fig. 3a; maintained at
24.7°C) no trends in increase or decrease of CHBBEvEt weight could be observed and
correspondingly no significant effects of shellawai, time or shell colour and time interaction
on lipid peroxidation were found during the courdethe experiment according to a two-
factor ANOVA and corresponding effect tests (Talde b; x0.01).
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Table 1. Two factor ANOVA & Effect tests. Two factANOVA (A) for unheated controls and corresponding
effect tests (B); $0.01. Two factor ANOVA (C) for heat-exposure andresponding effect tests (D)£p.01.

A B
Source DF Sum of Mean F Ratio | Source Nparm DF Sum of F Prob>
Squares Square Squares Ratio F
Model 7 9625,774 1375,11 11,6041 | Colour 1 1 4687,7846 5,46850,0223
Error 69  59148,904 857,23 Prob>F | Time 3 3 3819,7609 1,48530,2262
C. Total 76 68774,678 0,1489 | Colour*Time 3 3 4785,1969 1,86070,1444
C D
Source DF Sum of Mean F Ratio | Source Nparm DF Sum of F Prob>
Squares Square Squares Ratio F
Model 5 62675,66 12535,1  3,6610 | Colour 1 1 381,643 0,11150,7398
Error 54  184891,90 3423,9 Prob>F | Time 2 2 56227,523 8,21100,0008*
C. Total 59 247567,56 0,0063* | Colour*Time 2 2 4458,178 0,65100,5256

In heat-exposure groups (Fig. 3b; exposed to 48tCincrease or decrease was found after
2h heat exposure, however, a clear increase of GHP&et weight was observable from 4h
exposure time onwards. At 8h exposure time, thesllef lipid peroxidation remained
similarly high as that at 4h (Fig. 3b). No signéfit effects of shell colour or shell colour and
time interaction on lipid peroxidation were obselweithin this experiment, however, two-
factor ANOVA and corresponding effect tests revedime as a significant factor influencing
lipid peroxidation (Tablelc, d;90.01). The subsequent post-hoc Wilcoxon-test withdata

of both colour morphs pooled revealed the amour@l8PE / g wet weight at 4h to be most
significantly higher than at Oh and 2h (Fig. 3b)s@ the value for 8h exposure was highly
significantly increased compared to Oh, and magticantly increased versus 2h exposure
(Fig. 3b).
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Figure 3. Comparison of CHPE/g wet weight in pdleted (PS) vs. dark-shelled (DS) snails, in unégat
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indicated by asterisks; 0.016<0083: * (significant); 0.00016<}0.016: ** (highly significant); g0.00016:
*** (most significant) after Bonferroni-correctidior 6 pairwise comparisons.

Discussion

It became evident that increasing duration of heegqiosure elevated the lipid peroxidation
level, determined via the amount of lipohydropedas, in both morphs. Consequently, this
lipid peroxidation level proved to be a good biokearfor heat stress iif. pisana Our
findings further substantiate the suitability gditl peroxidation as a biomarker for assessing
the condition of terrestrial molluscs, as it hagadly been described for marine species (Jena
et al. 2009). Additionally, the fact that no moitias were recorded throughout the
experiment corroborates 43°C as the sublethal teatype over a time span of 8h for
pisang as it has also been observed in previous styBibrenner et al. 2009; Koéhler et al.
2009 and Scheil et al. 2011).
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Concerning the densitometric analysis of diffengetiloured shells, the method applied again
proved to be an efficient way to analyse and objelst quantify colour differences as it has
already been shown by Dittbrenner et al. (2009)Ko6hler et al. (2009). As we found
unbanded snails to be significantly lighter thamded ones, we can exclude the possibility
that absence of significant differences betweerdifierent morphs’ lipid peroxidation levels
are due to only minor differences in coloration amelanisation.

At this point one could also argue that shell pigtagon might not be linked to the tissue or
the organism’s general melanin content. Howevéras been shown for other gastropods that
melanin causing shell pigmentation is derived framalls of the mantle epithelium
(Timmermans 1969). Additionally, i€epaea nemoraljsanother helicid snail, it is known
that banded shells contain a considerably highesuatnof melanin than unbanded shells
(Jones 1973). Therefore, darker-shelled morphE. gfisanaalso may contain more melanin
than pale-shelled morphs, and they may have a agnéigher ability to produce melanin
than pale individuals. It is known that, for exampinsects with darker cuticles can have a
higher phenoloxidase activity than lighter-colouradects (Armitage and Siva-Jothy 2005).
And it is known that both melanism and physiologiparameters, such as phenoloxidase
activity, share the same pathway (Rolff and Siiind@003), so a morphological trait such as
shell colour and a physiological parameter sucanai®xidant defence capacity obviously can
be correlated, especially when both are based @sdme metabolite, melanin. Interestingly,
it is also known for molluscs that melanin is proéd via the phenoloxidase pathway
(Malanga and Young 1978; Aladaileh et2007).

However, as no effects of shell colour could beecketd in the heat-exposure groups of the
two different morphs, one can conclude that darkpm® of T. pisanaare not able to combat
the effects of oxidative stress resulting in liggdroxidation to a greater extent than pale
morphs, at least not within the ecologically relevéime span investigated in this study.
Consequently, a possible advantage of being dartsiog the maintenance of polymorphism
in this snail species, must be attributed to facwmther than fighting lipid peroxidation, for
example predation and microhabitat effects, as# Ibeen described by Heller 1981; Heller
and Gadot 1984 or Hazel and Johnson 1990.
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Kapitel 3: Colour polymorphism and thermal capacities inTheba pisana (O.F. Muller
1774)
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University of Applied Sciences Esslingen, Thermod &luiddynamics, Faculty of Mechanical Engineering
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Abstract

Several land snail species are highly polymorpleigarding their shell colouration. This
polymorphism has been related to predatory effestaell as climatic reasons, assuming that
dark morphs benefit from being more cryptic anddfere less prone to predation, whereas
pale morphs are at an advantage under solar radljats they are suspected to heat up less.
However, the assumption of different thermal cdapesiof these morphs is based on
experiments with little standardisation or littleveonmental relevance. In this study, we
aimed at measuring thermal capacities of two dfiermorphs (pale versus dark-brown
banded) of the Mediterranean land sn@lieba pisana applying a standardised and
environmentally relevant test set-up, in order tovp whether darker morphs indeed do heat
up more than lighter coloured morphs. We did nad fany differences in the thermal capacity
of the different morphs and conclude that thernggacity of the shell is predominantly
defined by its material rather than its coloratidhese results are discussed with regard to
previous studies on thermal characteristics ofedffit land snail morphs and correlations

between climate and morph distribution.

Key words

Land snail, Shell Colour, Heating Capacities, Moipstribution, Climate
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Introduction

Shell colour polymorphism is a widespread phenomenwarious land snail species such as
Cepaeasp.,Cernuella virgataor Theba pisangBaker, 2002; Cook, 1998). Explanations for
the maintenance of this polymorphism are manifalthong which predation susceptibility
and direct climatic effects are very popular. Rdgay predation, darker (banded) morphs are
supposed to be more cryptic and less prone to bdisgpvered by predators, yet they are
presumably at a disadvantage in terms of solaringedteller and Gadot, 1984). It is
assumed that the darker morphs heat up to a greskent in the sunlight and therefore are
more frequently found in northern (colder) and s&reld (grown-over) habitats (Cowie, 1990;
Heller, 1981; Heller and Gadot, 1984; Johnson, 198kis assumption of a greater thermal
capacity of the dark morphs is based on studiesvhith the heating characteristics of
different snail morphs were tested using eitheunatsunlight or artificial radiation (Cook
and Freeman, 1986; Heath, 1975; Jones, 1973). Howell of these studies have their
shortcomings concerning standardisation or enviemtal relevance of test conditions, as
they were either conducted outdoors on differenysdan different seasons with no
consideration of windspeed, or implanted an aréfiight source not covering the full natural
light spectrum. Hence, we decided to develop aremxgental set-up as standardised as
possible in order to test the heating charactesistif pale, unbanded shell morphs versus
dark, strongly-banded shell morphs Tieba pisanaTo test the sole influence of different
shell colours, we also restricted the experimeatempty shells, therefore preventing any
other animal factors (e.g. water content of thd bofly) to interfere with the experiment.
Thus, the aim of our study was to reveal whetheradithermal characteristics differ between

dark and pale shell morphs®f pisanawhen treated under standardised conditions.

Materials & Methods

2.1 Test shells, sampling sites and preparatioshefls

All tested shells were equally-sized (range 15-20diameter) and obtained from aduit
pisanasnails.

The snails were sampled in the Departement VauclBeathern France, from a site near
L’Isle-sur-la-Sorgue and Fontaine-de-Vaucluse (835’ N, 5° 6’ E). Animals were kept in
the laboratory as described in Scheil et al. (20atayl after the animals had died, soft body
tissues were entirely removed from the shells.éroave any dirt particles and remains of the
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soft bodies, the shells were carefully cleaned w&itoft toothbrush and deionized water, and
treated in an ultrasonic batBdnorex TK 52Bandelin electronic GmbH & Co. KG, Berlin,
Germany) filled with deionized water for 15min.

2.2 Test set-up and procedure

All measurements and thermographic pictures wekentavith a heat-sensing thermographic
camera TVS 100 Goratec Technology, Erding, Germany). The canveaa adjusted for
optimal picture resolution. The temperature spas 2@°C- 45°C. An Average (AVE) of 8
was set. The Average (AVE) is a setting for noisduction in thermographic cameras. It
secures that not every single and very small teatper measurement is recorded, resulting in
a more stable and reliable display. According ®-tessts we found an AVE of 8 to result in
the most precise pictures. An emission ratio (E).6fwas defined for the measurements. The
emission ratio (E) was corrected to 0.93 for thiewations. (In engineering, different types
of chalk are distinguished. This E value refergdarse chalk, according to BARTEC, 2001,
since chalk, CaCg is the main compound of snail shells, accordméfeller and Magaritz,
1983.) Room temperature where experiments wereuxbed was 22°C.

Two colour morphs were tested, a dark morph withd liwown bands (“dark”) and a pale
white morph with no banding at all (“pale”) (Fig). Misual inspection of the shells did not
give any indication that shell thickness differsvimen the two morphs. Additionally, these
morphs were checked for differences in pigmentaiimansity by densitometric analysis (in
the style of Kdhler et al., 2009) as follows: Eightells of each morph were individually and
identically illuminated on a standardized grey lmaokind plate and photographs of both apex
and umbilicus sides of their shells were takengisirdigital single lens reflex camei@ofy
a100) with a fixed aperture and fixed shutter speed.af&arage greyscale value (brightness)
of each shell integrating both apex and umbilicies was calculated using ImageJ1.45
(National Institutes of Health, Bethesda, MD, USA&hereas the greyscale value of the

background plate surrounding the shell was usedsaandard.
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Figure 1. Shell example3lieba pisanpfor the two tested morph groups,pale (a,b) and (3.

For the thermographic measurements we conductedlifferent test schemes using either a
full spectrum light bulb Wltra Vitalux, Osram GmbH, Minchen, Germany) or a heating
cabinet §T2A60 STL-Neckarwestheim, Neckarwestheim, Germany)dat lup the shells. In
the light bulb experiment we tested the illuminatinoduced heating of the shells. The heat
loss of shells was analysed using the heating eabidf each morph, 14 individuals were
tested (n=14) in the light bulb experiment, andh@lls of each morph were used in the
heating cabinet test (n=8). For both test scheimeshells were individually glued to the tips
of wooden skewers and mounted on a foam block. dltegved stable but flexible positioning
of shells in the heating cabinet or under the lighib, respectively.

For the light bulb experiment each shell was irdinally fixed to the foam block and placed
under the centre of the light bulb in a definedifas with a space of 30cm between the shell
and the light bulb. The light bulb was suspendexinfthe top in a wooden board specially
constructed for this experiment to minimize turimgles. The board was equipped with a 5cm
slit confining heat loss during camera measuremaéftsen the internal temperature of the
board thoroughly reached room temperature (22°Qpitmied by two thermometers), the
light bulb was switched on and measurements anantigraphic pictures were taken 10s,
20s, 30s, 40s, 50s, 60s, 90s, 120s, 150s and {t80sads. The 180s time point was chosen
as a maximum as it became clear in pre-tests (datashown) that shells exceeded
ecologically relevant temperatures after that tgpan. It was ensured that the internal board

temperature reached room temperature again eaehbi@fore starting any further test. The
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measuring points at each shell were top, centrebattom (Fig. 2). The temperatures taken
were converted to Kelvin and the corrected emissadio for coarse chalk (0.93; BARTEC,
2001) was applied to the results. For each meagamt the average warming per second
was calculated, and, to obtain an estimate of #mee@l warming of the whole shell, the
results for all three measuring points were fusgdetich shell. Also, the kinetics of warming
(differences between the time points) for each nmm@ag point and the whole shells (all

measuring points fused for each shell) were andlyse
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- 353
- 324
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Figure 2. Thermographic picture of a shell dematistg the test set-up and measurement points,@oftshell,
b= centre of shell, c= bottom of shell.

In order to test the heat loss of shells in thetrsandardised way possible, we chose to heat
up the shells uniformly in a heating cabinet. For heating cabinet test three positions were
defined for the snail skewers on the foam blocknfieft to right: a, b and c. Each shell was
measured twice on each position, therefore reguitiré runs for each shell. The foam block
was mounted to a defined position in a styrofoam Wwith the opening turned forward. The
Styrofoam box was fixed to a defined position ia tteating cabinet. The heating cabinet was
then set to 50°C, and when the internal temperatoomitored by two mobile thermometers
put into defined positions and the heating cabsetn thermometer, reached 45°C, further
heating was stopped and measurements were stéhedtyrofoam box ensured a slower loss
of heat and therefore better conditions for talkingfures and measurements of the heated
shells, as it was essential for correct measuretoeopen the heating cabinet (pre-tests, data
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not shown). The temperature of 45°C was chosehiagdpresents an ecologically relevant
temperature for these snails (Kohler et al.,, 208@heil et al.,, 2011). Pictures and
measurements were taken immediately after operfitigeocabinet (“start”, 0s), and 5s, 10s,
15s, 20s, 25s afterwards. The measuring point doh eshell was its centre. Again, for the
results the measured temperatures were convert&elton and a corrected emission ratio
(0.93 for coarse chalk, according to BARTEC, 20@4¥ applied. We calculated the average
heat loss per second and the kinetics of heafthifsrences between the time points).

2.3 Statistical analysis

All data were analysed implanting JMP®8.0 (SAS itaogt Inc., Cary, USA). Data were
tested for normality with the Shapiro-Wilks-testorally distributed results were tested for
significant differences using the Tukey-Kramer-H&i3t, whereas not normally distributed
data were tested for significances implanting tbeparametric Wilcoxon-U-test. The levels
of significance were set to 0.01<®05: * (slightly significant); 0.001<f0.01: **
(significant); 0.001: *** (highly significant). For the results dhe average warming of
entire shells we applied a power analysis, computine required sample size for possibly

achieving significant results, via G*Power 3 (freew;, developed by Erdfelder et al., 1996).

Results

3.1 Densitometric analysis of different morphs

The densitometric analysis of the two different pia revealed that the banded, dark morphs
are highly significantly darker than the unbandatepmorphs (dark morphs greyscale value
(brightness) means = 0.74696154, sd= 0.0437849é;mparphs greyscale value (brightness)

means= 0.96727697, sd= 0.0254314).B01).

3.2 Light bulb experiments- warming of shells

Concerning the average warming detected at theftghells and bottom of shells (Figs. 3a)

and 3c) no significant differences were found itepaorphs versus dark morphs. Measuring
the centre of shells revealed a significant diffieebetween pale and dark morphs (Fig. 3 b).
However, the average warming of entire shells if@lasurement points, Fig. 3d) was not

significantly different in the two morphs. The réswf the power analysis (Fig. 6) show that

the required sample size concerning the warmingntife shells would be n=3330 for each

morph group and n=6660 in total.
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Figure 3. Average warming of a) top of shells mtoe of shells ¢) bottom of shells d) all measunenhpmints
(means+sd, n= 14; ** P=0.0100).

Analysing the kinetics of warming in both shell pbs, no significant differences could be

found regarding all measurement points (singlefasdd) at all tested times (Fig. 4).
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Figure 4. Kinetics of warming of a) top of shellsdentre of shells c) bottom of shells d) all measent points
(means+sd, n= 14).

3.3 Heating cabinet experiments- heat loss of shell

No significant differences between pale and darkph® were found regarding the average
heat loss of shells (Fig. 5a). Furthermore, noiggnt differences between pale and dark
morphs could be detected when analysing the kmefibieat loss of the shells (Fig. 5b).
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Figure 5. Heat loss of pale vs. dark morphs a)ageeheat loss b) kinetics (means+sd, n=8).
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Figure 6. Power analysis of the required sample faizthe average warming of entire shells, congputa
G*Power 3; t-tests- Means: Wilcoxon-Mann-Whitnegttéwo groups) Tail(s)= Two, Parent distribution=
Normal, Allocation ratio N2/N1=1q err prob = 0.05, Effect size d= 0.0904247.

Discussion

The results of our warming and heat loss experigmaith two colour morphs (pale and dark)
of T. pisanashow that no differences regarding warming or lhesg of entire shells can be
observed under highly reproducible conditions. Bignificantly higher warming of dark
shells when considering the centre of shells odlyes not result in a generally higher
warming of entire shells as well. Additionally, lias to be taken into account that this
difference of warming at the centre of shells isyvemall in absolute terms. Therefore, the
probability of consequences for the animals resglfrom this difference can be considered
very low. Furthermore, the results of the powealgsis for the measurement of the warming
of entire shells demonstrate that a very large $amsige would be required, i.e. only with
sample sizes exceeding 3000 shells for each magipgand 6000 shells in total there is a
probability of achieving significant differencesowever, it is known that very large sample
sizes can produce a significant outcome due tatreffects only (Quinn and Keough, 2003).
This means that very large sample sizes may détectdifferences which are practically
meaningless (Sachs, 2004). We therefore concluatetitie probability of the occurrence of
significant differences between pale and dark shetincerning heating properties under
highly standardised conditions is very low.

Additionally, there were no differences detectdidénveen the colour morphs in terms of

warming or heat loss kinetics.
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Several studies on differently-coloured snails gsg@ higher warming capacity of the darker
morphs (Cook and Freeman, 1986; Heath, 1975; Ja8&s). However, all of these studies
were conducted under less- standardised conditi@msour experiments, and often with little
environmental relevance. Concerning Jones’ expetisn€l973), the exact conditions of the
tests, e.g. placement and orientation of shellentsal windspeed, humidity, season when
tests were conducted are not mentioned . Cook ameeéntan (1986) conducted tests
implanting a microscope light bulb for radiatiom they did not use a natural or close-to-
natural light source. Heath (1975) did place thellshunder natural sunlight in defined
positions, however, these experiments were conductgdoors with no consideration of
windspeed and over a rather broad time period fvtag to August. As quality, intensity and
duration of solar radiation can greatly vary infgliént seasons (Burkholder, 1936), this set-up
cannot be considered applicable for yielding resal$ optimal as possible, too. In our
experiments, we were able to standardise the wtede procedure by exact and equal
positioning of each test shell using the samedpéctrum light bulb or heating cabinet with
as little turbulences as possible during eachrtest

To explain our results one must consider that, reoptto the common-sense assumption that
darker colours absorb more solar radiation thae palours, the visual impression of colour
Is generated via reflection of parts of the visiloggat spectrum, and this does not reveal any
information about absorption or reflection of otheavelengths, e.g. infra-red, which are
accountable for heating or cooling (Gunn, 1942kr€fore, a higher warming of darker shells
is theoretically not mandatory and our test resattgoborate this as well. In fact, there is
other work showing that differently coloured morpifsa species may not necessarily have
different warming capacities as well (Pepper andtidgs, 1952; Stower and Griffiths, 1966).
Additionally, it is also known that thermal or h&apacity is material-dependent (Eichler et
al., 2005; Heuberger and Fels, 2007). Taken togetitd the fact that shells of pulmonate
land snails are made up of 97% calcium carbonatecaty 3% organic matrix (Heller and
Magaritz, 1983), this also helps explaining thefamn heating properties of different colour
morphs that we observed. Moreover, our finding® aer a possible explanation for the
absence of differences in colour morphs concertiiegnal behaviour as it was observed by
Cowie (1992): as there is no difference betweenl stfsbour morphs regarding thermal
capacity, there is no necessity for the assumgtan different thermal behaviour strategies
have evolved as well.

Furthermore, our findings also show that the shélst loss properties are equal in both

tested morphs. This, of course, is plausible wlakmng into account the above mentioned
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facts on visual impact of colour versus absorpbonin case of heat loss, reflection of, for
example, infra-red rays (material dependency rathen colour dependency). It is also in
accordance with Jones’ (1973) considerations or less of differently coloured snails,
where he explains why an assumption of a more setdreat loss of darker morphs, when
radiation is absent, cannot be true.

Thus, the question arises, why correlations betwstemate and morph distribution can be
found when there is no difference in heat gain bss$ properties of different. pisana
morphs. There is several work indicating such dati@ns, regarding either shell or body
colouration, which all find the darker morphs tacoc more frequently in northern, hence
colder and wetter (climate) or more shaded anddpss (microclimate, vegetation) habitats,
whereas the paler morphs are more frequent in soutéind open habitats (Johnson, 2012;
Johnson, 2011; Cowie, 1990; Heller, 1981; Helled &adot, 1984; Johnson, 1981). Also,
there is evidence that the paler morphs are manadant in hotter summers (Johnson, 2012;
Johnson, 2011). Yet, these correlations mighteastl partly, also derive from rather indirect
climate effects associated to the occurrence ohgias, for example nematodes. As
nematodes require high moisture levels (Kaya, 280{t), it is possible that parasite stress is
higher in northern and more humid regions, in m&heltered habitats that retain moisture
over longer periods or in colder and wetter summérdeed, it has been observed that
climatic conditions have an effect on parasite ey in terrestrial molluscs (Morley and
Lewis, 2008). Taken together with the results db&at (1983), who found unbanded morphs
of T. pisanato be more susceptible to nematode infection theamded morphs under both
natural and experimental conditions, one could imaghat the differential shell morph
distribution is a result of a higher parasitic stran wetter habitats furthering the less-
susceptible darker snails.

Additionally, it is also known that in terms of mihabitat choice predation plays an
important role and that darker morphs are at amgigdge in sheltered habitats for being more
cryptic (Heller, 1981; Heller and Gadot, 1984). ldebnd Gadot (1984) also state that white
shells are advantageous in open habitats for gnote@gainst solar radiation. However,
regarding our findings this benefit of pale shelfgpears questionable, and our results might
point to the consideration that predation effectalld be the more important factors
contributing to the observed differential morphtudisition.

Concerning microhabitat and habitat choice, ouultessuggest that the idea of different
thermal capacities being one of the driving foroedifferential morph distribution should be

regarded much more cautiously as before, and tidigate that correlations between climate,
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morph distribution and polymorphism may be of a enamdirect nature than previously

assumed.
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Kapitel 4: Shell colour polymorphism, injuries andimmune defense in three helicid snail
speciesCepaea hortensis, Theba pisana and Cornu aspersum maximum
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!Animal Physiological Ecology, University of TiibingeTiibingen, Germany

“Transfer Center for Ecotoxicology and Ecophysioldggttenburg, Germany

Abstract

Shell colour polymorphism is a widespread featufevarious land snail species, and
evolutionary persistence has been attributed taraber of reasons among which climate
impact due to different warming capacities of diéf@ morphs and predation effects are
common. However, the assumption of morph-speciferrhodynamics has been relativised
by recent work, and more indirect climatic effectamely the impact of higher humidity and
associated higher pathogen stress in particulatdtalhave been proposed as possible factors
influencing morph distribution. Indeed, previousdies have demonstrated that, for example,
parasitic load can be different in differently asled shell morphs, yet possible mechanisms
underlying this phenomenon still remain unclearour study we aimed at elucidating the
guestion whether there is a correlation betweeh sbluration and immune defense in three
land snail species by comparing phenoloxidase @@yity levels of different morphs after
immunostimulation via Zymosan A-injection. Since epbloxidase is involved both in
immune defense as well as in melanin productioe, BO activity level is particularly
interesting when trying to resolve this questionefitthough Zymosan A failed to induce PO
activity rendering a comparison of inducible POiatst impossible, an interesting and
concomitant difference between pale and dark moopladl tested species could be observed:
dark snails were less affected by hemolymph witdfaand were able to maintain or
regenerate a significantly higher PO activity leafler hemolymph withdrawal than pale

snails. Possible implications of this observatiomdiscussed.
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Introduction

Shell colour polymorphism is a phenomenon which leariound in several land snail species
(Cook, 1998; Albuquergque de Matos, 1984; Johns®81), includingCepaea hortensi€.F.
MULLER, 1774), Theba pisana(O.F. MULLER, 1774) andCornu aspersum(O.F.
MULLER, 1774). Quite a number of studies attribtiéss polymorphism to predation or
climatic effects (Johnson, 2011; Cowie, 1990; Hell®81; Heller & Gadot, 1984; Johnson,
1981), whereas climatic effects are often explaibgd higher warming capacity in darker
morphs furthering the paler morphs in sun-exposettmer habitats (Heath, 1975; Jones,
1973). However, recent work (Scheil et al., 20123 Bhown that the assumption of a higher
warming capacity in darker snail shells should bgarded with caution, and alternative
factors and correlations have been proposed, amdmngh are humidity and the higher
occurrence of parasites under humid conditionsonthern and / or sheltered habitats. And in
fact, it was demonstrated that wetter conditiona @arther parasite stress on molluscs
(Morley & Lewis, 2008). Interestingly, a correlatidoetween shell colouration and parasitic
load was observed in several snail species witldénker morphs being less parasitized than
paler morphs (Cabaret, 1983; Cabaret, 1988). Takegether, this raises the questions
whether there is a difference in pathogen resistdatween dark and pale snail morphs, and
which mechanism would be underlying such a cotisriabetween shell colouration and
immune defense. A correlation between colourationd ghenoloxidase (PO)-mediated
immunity has already been demonstrated in insedtsreas stronger melanisation and darker
cuticle colour are linked to higher immunity (Basn& Siva-Jothy, 2000; Cotter et al., 2004;
Armitage & Siva-Jothy, 2005). In fact, it is knovimat melanism and immunity parameters
are both based on the melanin-producing pathway,sticalled PO-cascade (Séderhéll &
Cerenius, 1998; Rolff & Siva-Jothy, 2003). Thisaade can be activated \al,3-glucans,
peptidoglycans and lipopolysaccharides, which amvdd from fungi or bacteria (Soderhall
& Cerenius, 1998). Sudh1,3-glucans can be found, for example, in Zymosaa yeast cell
wall preparation that is commonly used for artdldPO activity stimulation in invertebrates
(Vetvicka & Sima, 2004), and which was also chaggnmmunostimulation in this study. To
our knowledge, nothing is known about mechanisndetying possible links between shell
colouration and immunocompetence in molluscs eliengh hints to such links were found
some decades ago (Cabaret, 1983; Cabaret, 1988¢udo melanin has been shown to be a
pigment which is also responsible for colouratidrsmail shells (Comfort, 1951), and PO is

an important parameter in immune defense againstobal and parasitic pathogens in
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molluscs (Aladaileh et al., 2007; Bahgat et alQ2Qalso playing an important role in wound
healing (Ratcliffe et al., 1985) and sclerotizat@fmmolluscan shells (Waite & Wilbur, 1976;
Nellaiappan & Kalyani, 1989). Therefore it is imagble that correlations between shell
pigmentation and immune defense and between sigthgntation and wound healing /
sclerotization processes exist in molluscs as well.

In this study, we have focused on investigatingeadations between shell colouration and
constitutive as well as inducible PO activity inffelient shell colour morphs dfepaea
hortensis Theba pisanaand Cornu aspersum maximynapplying Zymosan A as an

immunostimulant.

Materials & Methods

Test organisms, sampling and maintenance

Tests were conducted with three different landIss@@ciesCepaea hortensi€O.F. Mller,
1774),Theba pisandO.F. Mller, 1774) an@€ornu aspersum maximufoultivated variety of
Cornu aspersumO.F. Mdller, 1774; nomenclature according to Ralket al., 2001)Cornu
aspersum maxiurwas obtained from a local snail farm (SchnecketegaMunderkingen,
Munderkingen, Germany) and acclimatised to laboyatonditions (20°C, 60-90% humidity)
for at least two weeks before the experiments vgéaeied.Cepaea hortensisvas sampled
from a private garden in Tubingen-Lustnau, Germaviyere no pesticides are applied, and
Theba pisanavas collected near Les Paluds de Noves (Dept. lBesudu Rhone) in Southern
France. Before testing;. hortensisandT. pisanawere acclimatised to laboratory conditions
(18°C for C. hortensis 22°C forT. pisana 50-90% humidity) for at least two weeks. All
shails were fed a diet of organic carrots / cucusibbeucchini / oatad libitumonce a week
and organic baby fooH{pp Bio-Milchbrej Hipp GmbH & Co. Vertrieb KG, Pfaffenhofen,
Germany), prepared according to package instrugtiad libitum twice a week. Clean
cuttlebone was providedd libitum at all times. Animals were kept in ventilated plas
terraria (30 x 19.5 x 20.5cm) containing a moisteBem layer ofJBL Terra Basis ground
covering for terraria (JBL GmbH & Co. KG, Neuhofen, Germany). Terrari@res re-
moistened with tap water every other day and cléamea weekly basis.

Experimental set-up, general

To avoid bias through naturally existing parasitifections such as nematodes, 10% of the
sampled snails were tested by peptic digestionie¢gs of the headfoot as described in

Cabaret (1980). In all cases, no parasites coultkbected.
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All test snails were individually exposed to thepective exposure or control conditions in
plastic boxes (9 x 6 x 9cm, with perforated trameptlids, in case o€. hortensisandT.
pisang or plastic terraria (16.5 x 16.5 x 19cmijth lid and wall perforations, in case of C.
aspersum maximuntined with a moistened 2cm layer #BL Terra Basis ground covering
for terraria (JBL GmbH & Co. KG, Neuhofen, Germany). The spgdpecific laboratory
maintenance temperatures as mentioned above wasersd throughout the respective tests.
Hemolymph collection was conducted according toviRantz et al., 1981, with the following
modifications: hemolymph (HL) was withdrawn fromchaanimal from the hemocoel of the
upper to middle subepithelial region of the heatfaba quantity of 20puL using sterile
syringes (ImL) and 0.40 x 20mM gauge sterile hypmite needles. InC. aspersum
maximum pre-drilling of a small hole into the shells wasgjuired due to the shells’ hardness.
Punctured veins were not glued as this resultestirang mucus production during pre-tests.
For Zymosan A- injections the same types of symsnged needles, and the same puncture
sites were used as for HL collection. The Zymosarohution contained 5mg Zymosan A
(Sigma Aldrich Chemie GmbH, Steinheim, Germany) IimL snail saline (prepared
according to Chiarandini, 1964), equivalent to # 40’ particles / mL (as in Matricon-
Gondran & Letocart, 1999). The Zymosan A solutiaasvireshly prepared for each test.
Originally, we planned to re-sample Zymosan A- d¢tgel snails 6h and 24h after injection.
The 24h time point was chosen as it has been showther molluscs that PO activity can
increase two-fold within 24h after Zymosan A-injeat (Aladaileh, 2007). The 6h time point
was chosen in order to test for a possibly eafér activity induction. However, iC.
hortensisandT. pisanaamendments to this schedule were necessary ashdesbelow.
Experimental set-up fd€. hortensis

Snails were divided in two different morph groupstlow (later referred to as ‘pale’(p)) and
strongly-banded with five brown bands on yellowedaslour (later referred to as ‘dark’ (d))
(Fig. 1a). Of each morph group, 14 animals werepsagnfor HL collection at the beginning
of the experiment (Oh, base level). Then 100uLhefZymosan A- solution were injected into
each snail. After 24h, snails were sampled for Hillection again (24h Zymosan A
exposure). In contrast to our later experimentdh Wit aspersum maximymve avoided
sampling hemolymph at 6h of test time, as this edoto be too stressful f&. hortensisn
pre-tests, probably due to the short recovery tweteveen Oh and 6h, and the relatively small

size ofC. hortensis
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Figure 1. Different morphs of test snails; pale dack morph ofC. hortensiqa), pale and dark morphs Df
pisana(b), pale and dark morph 6f aspersum maximu(o).

Experimental set-up foF. pisana

Snails were divided in two different morph groupale white (referred to as ‘pale’ (p) in the
following) and darkly- banded with distinct, dafrown bands (referred to as ‘dark’ (d) in
the following) (Fig. 1b). Tests were conducted wotruns for each morph: 1) 10 animals
were sampled for HL collection at Oh (base levelAf)er 24h, these animals were resampled
for a further HL collection (24h HL withdrawal).

2) 10 animals were sampled for HL collection at(base level 2). These animals were also
injected an 100pL aliquot of the Zymosan A soluteach after the Oh- HL collection. After
24h, these snails were resampled for HL collecfigih withdrawal + 24h Zymosan A

exposure). Another 10 snails were injected 100uEywhosan A solution each at Oh without
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prior HL collection. After 24h, they were sampledr fHL collection (24h Zymosan A
exposure). As irC. hortensiswe omitted a 6h hemolymph-sampling due to thetsime
span between Oh and 6h, and the small size ofiditss

Experimental set-up fo€. aspersum maximum

Snails were divided in two different morph groupale brownish / yellowish without bands
(referred to as ‘pale’ (p) in the following) andrkldrown with bands (referred to as ‘dark’ (d)
in the following) (Fig. 1c). Tests with this spexi@ere also conducted in two runs for each
morph (Fig. 2): 1) 15 snails were sampled for Hllestion at Oh, 6h and 24h (base level 1,
6h HL withdrawal and 24h HL withdrawal, the lattas corresponding controls to the
respective Zymosan A exposure times). Another ifnals were sampled for HL collection
at Oh (base level 2), these animals were alsotagetOOuL of the Zymosan A solution each
at Oh. They were resampled at 6h and 24h (HL watwdi + 6h and 24h Zymosan A
exposure).

2) 15 animals were sampled for HL collection at(base level 3). Another 15 animals were
sampled for HL collection at 6h (6h control), them@mals were resampled at 24h (24h
control). A further 15 snails were injected an 1D@liquot of the Zymosan A solution each
at Oh without prior HL collection. These animalsrevsampled for HL collection at 6h (6h
Zymosan A exposure) and 24h (24h Zymosan A exppsure

% . identical @ . identical 24h .

15 snails 15 shails 15 siails

base level 1, . conitrol . . control

13 smails identical 15 snails M.. 15 snails R“ n l
base level 2 & Zymosan  Zymosan A exposure Lymosan A exposure

A injection

% @ identical 24h

15 smails 15 replicate snails ———p= 15 snails

base level 3 control control

15 smails _identical 15 gnaile _ ideniical 15 snails Run 2
Zynrosan A injectton Zymosan A exposure Zymosan A exposure

only (no HL collection)

Figure 2. Experimental set-up f@r aspersum maximyraoth runs (run 1 & run 2) were conducted for each
morph, pale and dark.

Phenoloxidase (PO) Assay

The phenoloxidase assay was conducted with hemdlyidp) samples. This restriction to
HL samples was chosen as we aimed at depictingrimeine-defense-related function of PO
as a part of the humoral immune response of mdallfas described in Gkki & Jarosz,
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1997), avoiding possible bias through, for exampégroduction-related functions of the
enzyme in other tissues (Bai et al., 1997; Kalygtnal., 1985). Furthermore, the analysis of
PO in HL samples has already been successfullyomeeid for a number of invertebrate
species, including molluscs (Smith & Soéderhall, 1.98arracco et al., 1999; Jordan &
Deaton, 2005; Munoz et al., 2006; Seppéalda & Jok&ld,0; Seppala et al., 2011), and PO
analysis in other tissue samples is rather regaadeh alternative in case HL collection is not
feasible (Luna-Gonzalez et al.,, 2003). The assagquure was adapted from Seppald &
Jokela (2010) with slight modifications. In sh&@uL of hemolymph (HL) were mixed with
200uL of phosphate buffered saline (PBS, pH 7.¢m@i Aldrich Chemie GmbH, Steinheim,
Germany) and immediately shock-frozen in liquidragen. The resulting samples were
stored at -80°C until further processing. Afterviirag, 40uL sample aliquots were placed in
96-well microtiter plate wells which contained 140¢pf cold aqua bidest. and 20uL of PBS
each. Each sample was measured in triplicates.tidddlly, four controls (sample aliquots
replaced by aqua bidest.) per plate were set upn,TROuL of cold L-dopa (Sigma Aldrich
Chemie GmbH, Steinheim, Germany) solution (4mg / agua bidest.) were added to each
well and plates were immediately measured photocadiir at 490nm in a microplate reader
(ELx800, Bio-Tek Instruments, INC., Vermont, USAsulting in Oh values. The plates were
then covered and incubated at 30°C in a thermoeal®T 2 A60, STL-Neckarwestheim,
Neckarwestheim, Germany) for a species-specifi@ t{@0min. forC. hortensis 6h for T.
pisanaand 3.5h folC. aspersum maximyrdetermined in pre-tests, data not shown) to ensur
linearity of the absorbance increase allowing nazsturate measurments. After incubation,
the plates were re-measured photometrically at @9@sulting in incubation time values. PO
activity was then calculated according to the feilng equation

PO activity= incubation time values — Oh valueseamabsorbance change in controls,

and expressed in milliunits.

Statistical analysis

The obtained data were statistically analysed intplg JIMP® 9.0 (SAS Institute IncCary,
USA). Data were tested for normality using the S$twaWilks- test, and when following
normal distribution were analysed via Tukey-Krarfi8D for significant differences. Not
normally distributed data were analysed for sigaifit differences using the non-parametric
Wilcoxon U- test and in case of multiple comparsoa Bonferroni correction was applied.
Levels of significance were set to 0.0k0R05: *; 0.001<R0.01: **; P<0.001: *** for
normally distributed data and not normally disttém data used in single comparisons. For

not normally distributed data analysed in multislemparisons, the levels of significance
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were calculated implanting a Bonferroni correctithrey are shown in the respective figure

legends.

Results

Phenoloxidase (PO) activity i@. hortensis

The base levels of the different morphs were mgigcantly different from each other, even
though the level of dark morphs tended to be higRray. 3). Also, the PO activity levels of
the different morphs after HL withdrawal and Zymosa exposure for 24h did not differ
significantly (Fig. 3). However, when comparing thesults within the morph groups it
became evident that the PO activity level in palerphs decreased significantly after HL
withdrawal and Zymosan A exposure for 24h (Fig. 18).the dark morphs no significant
difference could be detected between base levelesuldts after HL withdrawal and Zymosan
A exposure for 24h (Fig. 3).

500 - Aok

400 -

300 - O pale (p)
W dark

100 (d)

PO Activity [milliunits]
&
o (=

base level after HL-
withdrawal +

24h Zymosan A
Treatment

Figure 3. Phenoloxidase (PO) activity levels ifafiént morphs o€. hortensisbase levels and levels after
hemolymph withdrawal and 24h Zymosan A-exposureafmeer sd; n=10; 0.001<p.01; **).

Phenoloxidase activity ifi. pisana
Run 1: No significant differences between the Hasels (base level 1) were found between

the two morphs, yet there was a tendency for admitgvel in dark morphs (Fig. 4). 24h after
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HL withdrawal no significant differences betweese tivo morphs could be detected as well
(Fig. 4). However, the 24h HL withdrawal results fine pale morphs had significantly
decreased compared to the respective base leveteadino such decrease could be found in
the dark morphs (Fig. 4).

Run 2: When comparing the two morphs, no signifiadifierences were found concerning
the base levels (base level 2) even though, bylttie level in dark morphs appeared higher,
also there were no significant differences detdethbtween the base levels of run 1 and run
2 (Fig. 4). The HL withdrawal combined with a 24lyni@osan A exposure resulted in a
significant decrease of the PO activity level coregato the base level in both morphs (Fig.
4). A 24h Zymosan A exposure without prior HL withd/al did not result in significant
differences compared to the base levels in botlpheo(Fig. 4). However, in both morphs the
24h Zymosan A exposure results were significantghér compared to the respective HL
withdrawal + 24h Zymosan A exposure results (Fig.Furthermore, the 24h Zymosan A
exposure data recorded for the two morphs diffesigdificantly from each other with the

dark morphs showing a higher PO activity level.

160 - » Run1 Run2 .,
- i
. 140 - — dekk
b
T 120 1
=2 400 Aok Opale
E (P)
> 80
>
:E 60 -
<< M dark
o
20 -
ﬂ T T T
base-level 2dh HL base-level HL 24h
1 withdrawal 2 withdrawal 2Zymosan A
+ 24h exposure
Zymosan A
exposure

Treatment

Figure 4. Phenoloxidase (PO) activity levels ifefiént morphs oT. pisanatest run 1 with base levels and
levels 24h after hemolymph withdrawal, and test2umith base levels, levels after hemolymph witherhand
24h Zymosan A-exposure and levels after 24h Zymésarposure only (means + sd; n=10; 0.036495: *;
0.001<p0.01: **; p<0.001: ***),
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Phenoloxidase activity i€. aspersum maximum

Run 1: The base levels (base level 1) of the twophmodid not differ significantly from each
other (Fig. 5). Also, the 6h HL withdrawal resulisre not significantly different between the
two morphs, and did not differ from their respeethase levels as well (Fig. 5). However, the
24h HL withdrawal results in the pale morphs showaegignificant decrease compared to the
respective base level, whereas no such differeraefaund in the dark snails (Fig. 5). The
base levels 2 of the different morphs did not diffem each other as well. Also, there were
no significant differences between base levelsdlza(Fig. 5). HL withdrawal combined with
a 6h Zymosan A exposure resulted in a significadédgreased PO activity level for the pale
morphs but not for the dark morphs (Fig. 5). Aft#r withdrawal + 24h Zymosan A exposure

the PO activity levels were significantly decreasetdoth morphs (Fig. 5).
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Figure 5. Phenoloxidase (PO) activity levels ifefiént morphs o€. aspersum maximyrtest run 1 with base-
levels and levels 6h or 24h after hemolymph with@daconsidering the same individuals as for thesbesgels,
and base levels and levels after hemolymph withdrgus 24h Zymosan A-exposure considering the same
individuals as for the base levels (means + sd5n81000435<g0.0022: *; p<0.000435: ** after Bonferroni-
corrections for 23 comparisons).
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Run 2: In run 2, no significantly different resuttsuld be detected, only a trend for slightly
higher levels in base level and control snails alaservable for the dark morphs (Fig. 6).
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Figure 6. Phenoloxidase (PO) activity levels ifatiént morphs o€. aspersum maximyrtest run 2 with base
levels and levels 6h or 24h after hemolymph with@daconsidering other individuals as for the basels, and
levels after 6h or 24h Zymosan A-exposure (measd; ©1=15; g0.0024:* after Bonferroni-corrections for 21
comparisons).

Discussion

Concerning the constitutive levels (base leveldyOfactivity, it is remarkable that we did not
find significant differences between different mimgspin each of the species tested. This is
contrary to what has been found in other invertiehspecies, e.d.enebriobeetles (Armitage

& Siva-Jothy, 2005), or other insects (Wilson et 2001). These studies revealed a positive
relation between either stronger melanisation arghdn constitutive PO activity levels
leading to increased pathogen resistance in darkerals (Armitage & Siva-Jothy, 2005), or
between melanism and disease resistance involviremgioxidase (Wilson et al., 2001).
However, concerning the three snail species testemlr study, we may exclude a higher
pathogen resistance of darker snails based orretifes in constitutive PO activity levels.
Maintaining relatively high constitutive (or prodhagtic) levels of phenoloxidase can provide

animals with the benefit of higher resistance tthpgens, yet this may also be costly for the
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respective organisms (Siva-Jothy & Thompson, 20@82lditionally, besides the nutrient-
related cost there might be also another cost waebl For Anopheles gambiadeing
refractory toPlasmodiumdue to high melanisation and encapsulation capadit has been
shown that they are under permanent oxidative sii¢gmar et al., 2003). It is also known
that phenoloxidase activity provides cytotoxic pdjes, this has, for example, been observed
in ascidians (Ballarin et al., 1998) and is basedtlee generation of reactive oxygen
metabolites during the PO-mediated conversion @hpls too-quinones and then melanin.
Therefore it is likely that maintaining a high cthgive PO activity level poses a
considerable oxidative stress on the respectivarosg, in our case snails. A solution to the
‘dilemma’ of oxidative stress vs. pathogen resistamight come from relying on induced PO
activity as it has been proposed for lighter-cobolbeetles by Armitage & Siva-Jothy (2005),
this restricts oxidative stress deriving from PQiwvaty to periods of actual demand for
immune response. However, in our experiments ®@ithortensisT. pisanaandC. aspersum
maximumwe did not observe any upregulation of PO agtifotlowing injection of Zymosan

A in any of these three species. Consequently,iffierehces in inducible PO activity could
be observed in different morphs. This might leadthe exclusion of a higher pathogen
resistance based on different PO activity in darkerphs, rejecting our hypothesis. Yet, it
has to be taken into account that the fact thaZfimosan A-injection failed to induce higher
PO activity levels in all three species should besidered a rather unusual phenomenon.
Immunostimulation vig-1,3 glucans, being a major component of yeastveallls (Zymosan
A), has been observed in a variety of invertebr@@@denas & Dankert, 1997; Vetvicka &
Sima, 2004; Pang et al., 2010), including mollugsles & Pipe, 1994; Aladaileh et al.,
2007; Hellio et al., 2007; Lacoue-Labarthe et2009). However, there is also work showing
that Zymosan A can appear ineffective in causimyatked PO activity levels (Arizza et al.,
1995; Brivio et al., 1996), yet studies on this mbraenon are relatively scarce and no
concluding explanation for this has been offeredfaso Brivio et al. (1996) suggest the
possibility of “self activation” of the proPO systeupon injuries during the hemolymph
collection process. In our case it is possible thaimilar self activation took place during
hemolymph collection as well as due to Zymosan j&dition, and that this self activation
might have masked the intended effects of the Zamo&. However, this explanation
remains relatively speculative so far. Another obsgon of Brivio et al. (1996) was that
increasing C& concentration led to decreasing PO activity in lieenolymph of their test
organisms Allogamus auricolli, and they suggest that high calcium levels maptegot

against unwanted proPO activation in insects as ithialso known for other arthropods
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(Soderhall, 1981; Ashida et al., 1983). As calciion levels in snail hemolymphs can be
relatively high (Greenaway, 1971; Grospietsch gtZ800), it is possible that a high calcium
content might also form a barrier against undesP&d activity in our test snails. Again,
although being a plausible explanation for the abseof Zymosan A-related PO activity
increase in our snails, we cannot draw a final kaion from this ruling out other, probably
unknown factors that might have contributed to wereexclusively led to the observed
phenomenon of PO activity decline. As a consequene find it difficult to conclude
whether darker morphs of the three test speciesegesa stronger immunocompetence based
on PO activity than paler conspecifics or not.

However, we did observe a remarkable and concomddierence between dark and pale
morphs in all three tested snail species: 24h dfenolymph-withdrawal the PO activity
level was significantly decreased in the hemolynspimples of pale snails but not in the
samples of dark animals. As this probably affecegossible PO activity induction due to
Zymosan A, we repeated the experiments WitlpisanaandC. aspersum maximumithout
prior hemolymph-withdrawal (run 2) to exclude bthsough this, yet no Zymosan A-related
PO activity increase was observable as discussedealA plausible explanation for the
significant decrease of PO activity following heyrmaph withdrawal solely in pale snails
could be that pale snails possibly cannot comperfsathemolymph and /or hemocyte loss as
fast or as effectively as dark snails. As PO idpoed by hemocytes (Butt & Raftos, 2008),
and positive correlations between hemocyte deasithyPO activity levels have been found in
insects as well as molluscs (Cotter et al., 20@pp&la & Jokela, 2010), it is possible that
hemolymph-withdrawal causing a reduction of hemecewimbers also results in reduced PO
activity. Taking this into account, our results itate that dark snails can either regenerate
hemocyte numbers or PO content in the hemolymphinviéh €. aspersum maximynor
24h C. hortensis% T. pisand to a better extent than pale snails. One migld ptesume that
hemocyte numbers were generally higher in darksnaowever, the absence of significantly
different constitutive levels in different morph®ntradicts this. As hematopoiesis in
gastropods is generally only poorly understood @rpR010), we find it difficult to speculate
on possible mechanisms underlying such a regensrafihemocyte numbers / hemolymph
PO content and its plausible links to colour polypism in land snails. Nevertheless,
considering our results it is plausible that darkils benefit from being obviously less
affected by hemolymph withdrawal concerning PO\égtilevels than pale snails. Such a
benefit can, for example, occur following injuriesolving shell and / or tissue impairment

leading to hemolymph loss and requiring wound Ingafirocesses. This consideration gains
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in importance when taking into account that phexidiase plays an important role in shell
sclerotization of molluscs (Waite & Wilbur, 1976;eMiappan & Kalyani, 1989). As
phenoloxidase is an important parameter in pathagsistance in molluscs (Hellio et al.,
2007; Butt & Raftos, 2008), and as tissue and ghmll impairment can facilitate pathogen
infections since this affects the main physicatieas of molluscs (Ghiski & Jarosz, 1997), it
becomes even more plausible that darker snail nsocph be at an advantage compared to
paler morphs when shell and body wall injuries eccu

Even though, due to lack of induction via Zymosama differences in PO activity levels in
different morphs could be observed in this expeninanother difference between pale and
dark snail morphs concerning their immune respdaskemolymph withdrawal stress was
detected in our study. This is interesting and iagpthat the dark morphs may benefit under
certain circumstances from being able to regenemafgeserve hemolymph PO content to a

better extent than pale morphs.
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Kapitel 5: Shell colouration and parasite tolerancen two helicoid snail species
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Abstract

The polymorphism of shell colouration in helicoidads is a well-known phenomenon
attributed to different factors such as predatiord alimatic effects. Another aspect
contributing to this polymorphism could be the iptay of melanin production and
phenoloxidase-related immunity. Therefore, in gtigdy we aimed at answering the questions
whether there is a differential sensitivity of @ifént snail shell colour morphs to nematode
infection, and whether this can be related to diffiees in phenoloxidase (PO) activity levels
using the two helicoid, polymorphic snail specféspaea hortensiand Cernuella virgata
Snalils of both species were artificially infectedhathe parasitic nematodghasmarhabditis
hermaphrodita and analysed for mortality and PO activity lev&ige foundC. virgatato be
more severely affected by. hermaphroditainfection thanC. hortensis and the darkC.
virgata morphs to be more resistant to lethal effectshi$ infection than pale morphs.
However, these differences in sensitivity to theapde could not clearly be related to

different PO activity levels.
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Phenoloxidase, Nemaslug®hasmarhabditis hermaphrodit&elanin, Shell polymorphism
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Introduction

Shell colour polymorphism is a phenomenon widelysestsied among several land snalil
species (Cook, 1986; Goodfriend, 1986), includiegidoid snails such aSepaea hortensis
(O.F. Mdller, 1774) an€ernuella virgata(Da Costa, 1778) (Jones et al., 1977; Gittenberger
1993). This phenomenon has been related to a nuofilzbiferent factors, namely predation
and climatic effects (Johnson, 2011; Cowie, 199@jléd, 1981; Heller & Gadot, 1984;
Johnson, 1981; Jones, 1977). However, recent waskshown that the idea of a different
warming capacity in differently coloured morphs,igfhhas been used to explain climatic
effects, should be regarded with caution and priybddes not apply to snail species with a
constant primary shell colour and just differenindiag patterns (Scheil et al., 2012).
Furthermore, it has been observed that under wagatit conditions parasite stress is higher
on snails than in dry climate as both parasite small development will benefit from wet
ground conditions, and snail activity increasesaunget conditions furthering parasite-snail
encounters (Morley & Lewis, 2008). Additionally, was found that in some helicid snails
pale, unbanded morphs are more severely parasibyedematodes than banded morphs
(Cabaret, 1983; Cabaret, 1988, Lahmar et al., 1980% leading to the hypothesis that wet
climate might favour dark morphs. A higher pathogesistance of darker morphs has also
been observed in other invertebrates previousty, ie.insects (Barnes & Siva-Jothy, 2000;
Cotter et al., 2004; Armitage & Siva-Jothy, 2006has been shown as well that this kind of
resistance in insects is based on higher phenasgidPO) levels in the hemolymph of dark
morphs (Armitage & Siva-Jothy, 2005; Wilson et &001), and that in invertebrates both
melanism and immunity share the melanin-produciathyway, the so-called PO-cascade
(Soderhall & Cerenius, 1998; Rolff & Siva-Jothy,03). A stimulation of PO activity
following injection of non-self molecules has bedemonstrated in bivalves (Hellio et al.,
2007), and PO activity has already been used asmane parameter in a variety of different
molluscs (Smith & Soderhall, 1991; Barracco et 4099; Bahgat et al., 2002; Jordan &
Deaton, 2005; Munoz et al., 2006; Seppala & Joka0; Seppdala et al., 2011). However, in
snails, to our knowledge, no studies on a possibteclation between colour polymorphism
and parasite tolerance including analysis of thgpesably underlying parameter PO activity
have been conducted so far, even though it is knibahmelanin is a pigment accountable
for molluscan shell colouration (Comfort, 1951).rnde, in this study, we chose to investigate
the effects of the parasitic nematdeleasmarhabditis hermaphrodif@. Schneider, 1859), a

nematode which is considered widespread in EurBpe €t al., 2007) and also commercially
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available for slug and snail control (Nemasludg®@cker Underwood, Littlehampton, Jkon
mortality and PO activity levels in the two helidosnail specieepaea hortensisind
Cernuella virgata in order to shed some light on the following dimss: Is there a
differential tolerance of different morphs of theg®ecies td. hermaphroditaand, if so, can

this be explained by differences in PO activity?

Materials & Methods

Test Animals and Laboratory Maintenance

Adult Cepaea hortensisvere collected from meadows and shrubs near thetreaks of
Tubingen-Derendingen, Baden-Wiurttemberg, Germaftgr aightly rainfalls in June, 2011.
Two morphs, a yellow unbanded morph (later refetieeds ‘pale’) and a yellow banded
morph with five distinct brown bands (later refei® as ‘dark’) were sample@ernuella
virgata (adult individuals) were sampled 5km south of ¥oi&, Tuscany, Italy, on shrubs, in
August 2011. Again, two morphs were sampled, a pdige morph without banding (later
referred to as ‘pale’), and a morph with distinatven banding (later referred to as ‘dark’).
Both species were kept in ventilated plastic tearé80cm x 18cm x 19cnExoterra medium,
Hagen Deutschland GmbH & Co. KG, Holm, Germjaigid-out with a 2cm cover of
moistened]BL Terra Basis ground covering for terrarfdBL GmbH & Co. KG, Neuhofen,
Germany. The ground covering was re-moistened with tapewavery other day and terraria
were thoroughly cleaned at weekly intervals. Thailsrwere fed a@ad libitumdiet of organic
carrots, zucchini, oats and cucumbers, and orghaiy food Hipp Bio-Milchbrei, Hipp
GmbH & Co. Vertrieb KG, Pfaffenhofen, Germangrepared according to package
instructions twice a week. Clean cuttlebone wayidem at all times. The snail terraria were
installed in climate chambers and snails acclineatii laboratory conditions (18°C f@.
hortensis/ 22°C forC. virgatg 50-90% humidity; 12h:12h light-dark cycle) forawveeks at
least before starting experiments.

Experimental Set-up and Sampling

For experimental infection of snaiBhasmarhabditis hermaphrodi{&habditida, Nematoda)
were obtained commercially as NemasiuBecker Underwood, Littlehampton, YKom a
local distributor Sautter & Stepper, Ammerbuch, Germarfor the PO assay experiment,
the snails were individually infected using theldaling method: Nemaslu was diluted in
temperated (18°C) tap water to a nominal conceatraif approximately 3000 nematodes /
mL (resembles the single recommended applicatiorcemration for the soil surface area

113



provided in the test boxes- according to the sepmi package of approximately 6 million
nematodes is to be diluted in 2-5L of water andiegpo about 20 the ventilated plastic
test boxes provide a bottom surface area of 8Lc®ince individual infections were shown to
be more successful than mass-infections in othedtss(Sauerlander, 1979) we applied 810uL
of the Nemaslu@ solution via the shell opening to each snail tldtfor infection. During
this process snails were individually fixed to thettoms of the test boxes (9 x 6 x 9cm) for
15min using adhesive gunRé¢usable Adhesive Gum, Lyreco, Barsinghausen, Ggjma
Subsequently, snails were freed from fixation dmelglastic boxes filled with a 2cm layer of
moistened ground covering. Additionally, the growadering was infused with 810uL of the
Nemaslu@® solution (about the single recommended applicatoncentration) per box.
Control snails were left uninfected and the respeajround coverings were left uninfused.
Snails were then kept under the same temperatummidity, and light conditions as
mentioned for the respective laboratory stocks f@adwith organic carrots and cucumbers.
Clean cuttlebone was provided at all times. Atydaleck-ups, snails which had attached to
the lids or walls of the test boxes were placedkbato the ground coverings. For the PO
assays, 1%&. hortensisof each morph (pale and dark) and each treatnrenfgcontrol and
infected) were sampled for hemolymph (HL) Oh (bkesel), 3d and 7d after infection (first
experiment withC. hortensiy or Oh (base level), 6h and 24h after infecticecond
experiment withC. hortensis For C. virgatg 10 snails of each morph (pale and dark) and
each treatment group (control and infected) wenepsad for HL Oh (base level), 24h, 3d and
5d after infection. Hemolymph (HL) collection wasenclucted according to the method of
Renwrantz et al. (1981), with slight modificatiofim the hemocoel located at the upper to
middle subepithelial region of the headfoot (=aioteto middle part of the foot) of each test
snail, hemolymph (HL) was withdrawn at a quantify20u L using sterile syringes (1mL)
with 0.40 x 20mM gauge sterile hypodermic needlé® sampled HL was mixed with 200pL
of phosphate buffered saline (PBS, pH 7Slgma Aldrich Chemie GmbH, Steinheim,
Germany and immediately shock-frozen in liquid nitrogdiese HL samples were stored at
—80°C until further processing.

Phenoloxidase Assays

The phenoloxidase (PO) assays were conducted usngolymph (HL) samples. This
method was chosen in favour of body tissue homdgenas we aimed at displaying the
immune defense-related function of PO as part @ ¢ombined humoral and cellular
(hemocyte-associated) molluscan immune defenseessrided in Gliski & Jarosz, 1997,
avoiding possible bias through reproduction-reldtetttions of PO in other tissues (Bai et
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al., 1997; Kalyani et al., 1985). Additionally, tla@alysis of PO in HL samples has already
been successfully performed in a variety of adoltertebrate species, including molluscs
(Smith & Séderhall, 1991; Barracco et al., 1999h&sat et al., 2002; Jordan & Deaton, 2005;
Munoz et al., 2006; Hellio et al., 2007; Seppalddkela, 2010; Seppala et al., 2011), whereas
the analysis of PO in tissue homogenates can b&dmyed as an alternative for experiments
on larvae or juveniles where hemolymph samplingasdly feasible (Luna-Gonzalez et al.,
2003). Furthermore, considering the mode of inéectiand multiplication of P.
hermaphroditaand its associated bacteriumoraxella osloensis(Richards et al., 2008; Tan
& Grewal, 2001; Glen et al., 1996; Glen et al., 49Wilson et al., 1993a; Wilson et al.,
1993b), the hemolymph of snails can be regardethastissue where defense reactions
against the parasite are to be observed with higbagbility.

The PO-assays were conducted according to Seppéldol&la (2010) with slight
modifications: After thawing on ice, 40uL aliquatsthe HL samples were placed in 96-well
microtiter plate wells containing 140puL of cold agbidest. and 20uL of PBS each.
Measurements were done in triplicates. Four camt(ebmple aliquots replaced by aqua
bidest.) per plate were set up. After adding 20filL-dopa Sigma Aldrich Chemie GmbH,
Steinheim, Germasolution (4mg / mL aqua bidest.) to each welatps were immediately
measured photometrically at 490nm in a micropla&ader EIx800, Bio-Tek Instruments,
INC., Vermont, USAresulting in Oh values. The covered plates wieea tincubated at 30°C
in a heating cabinetST2 A60, STL-Neckarwestheim, Neckarwestheim, Ggjnfan a
species-specific time (30min. f@. hortensis7h forC. virgatg determined in pre-tests, data
not shown) to ensure linearity of the absorbanazemse. The plates were re-measured
photometrically at 490nm resulting in incubatiomei values. According to the following
equation

PO activity= incubation time values — Oh valueseamabsorbance change in controls;

PO activity was calculated and expressed in miligun

Natural Nematode Infestation & Verification of lof®n Success

In order to avoid bias through natural pre-infestatvith nematodes, about 10% of the snails
were checked for nematode infection before exparimstarted by peptic digestion of pieces
of the headfoot as described in Cabaret (1980).sEnee method was applied to three snails
of each species, morph and infection group to enasrification of the success of the

artificial infection procedure.
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Mortality in C. hortensis

For the first mortality experiment f&. hortensis 15 snails of each morph were individually
infected as described above using five times thpplgr-recommended Nemaslug®
application rate as done by Wilson et al. (2000he Tireated snails were individually
maintained in ventilated plastic boxes (9 x 6 x Pevith a moistened ground covering at the
same temperature, light and humidity conditionsha<C. hortensidaboratory stock for five
weeks, and 15 untreated snails of each morph wereidually kept as controls for the same
time span. Snails were fed with organic cucumbeid @arrots every other day, and clean
cuttlebone was provided. As this experiment did nresult in any mortalities, a second run
was set up. For the second mortality experimentsridls of each morph were individually
infected with 1mL nematode suspension of five titessupplier-recommended Nemaslug®
application rate, additionally, the ground coverofgach snail box was infused with 5mL of
Nemaslug® solution with a concentration of approedety five times the supplier-
recommended application rate, resulting in exposu@out 30x the supplier-recommended
application rate for each snail. 10 control snpés morph were set up. Snails were then kept
as described above for three weeks (21 days) amtilities were counted.

Mortality in C. virgata

Pre-tests revealed the single supplier-recommenitimdasiug® application rate to cause
mortalities in C. virgata when the nematode solution was applied indiviguétlata not
shown). Therefore, for the mortality experiment, skiails of each morph were individually
infected as described above using Nemaslug® salw#tioa concentration of approximately
five times the supplier-recommended applicatior.r&tdditionally, the ground covering of
each snail box was infused with 1mL of this solatas well, resulting in exposure to about
10x the supplier-recommended application rate &hesnail. 10 control snails of each morph
were set up. The snails were then kept at the $igihtetemperature and humidity conditions
as theC. virgata laboratory stock for 14 days, and were fed witlgamic carrots and
cucumbers every other day with clean cuttleboneviden at all times. Mortalities were
counted throughout the experiment.

Statistical Analysis

All data obtained from the results of the PO assegi® statistically analysed using IMP®
10.0 GAS Institute IncCary, USA).

Statistical analysis was conducted as follows: risilts were split in two groups, controls
and infected, and a two-factor analysis of variafddOVA) was conducted for each group

to investigate the effects of shell colour on P@védg over time. Since some data sets were
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not normally distributed according to the Shapirdkd/test, and some data did not hold
equal variances according to the Levene’s testedls several transformations were run (log,
log10, root, power (}) with none resulting in a consistent normallytdizited outcome with
equal variances. To account for this, the p-levakwet to 0.01 while using the original
untransformed data.

Whenever significancies were detected in the ANO¥Y&rresponding post-hoc Wilcoxon-
tests including Bonferroni-corrections were appliedthe respective data. The data for the
first experiment withC. hortensisnvere fused for both morphs within each treatmeatig as
no effects of colour had been detected in the effests. To reveal possible differences
between the different treatments, a regressiorysisalvas conducted with data of the control
and infection group. No post-hoc tests were peréaron data of the second experiment with
C. hortensisas the ANOVA had not resulted in a significantcome. For the experiment
with C. virgatg the data of both morphs in the control group wieised since no colour
effects had been observed in the effect tests, Wenwdhe data of the infection group
remained split for colour morphs as a significaslbar*time interaction had been found. This
interaction was carefully taken into account wheteripreting the results of the respective

post-hoc Wilcoxon test conducted on these data.

Results

Natural Nematode Infestation & Verification of lof®n Success

For both species;. hortensisandC. virgatga no natural pre-infestation with nematodes could
be found. The analysis of snail tissue for verifma of the infection success revealed that in
all snails examinedPhasmarhabditis hermaphroditaematodes could be found, indicating
that the artificial infection procedure had beeocassful.

Mortality in C. hortensis

The first mortality experiment witle. hortensisdid not lead to any mortality. In the second
experiment, no mortality was found within the cohigroups. In the infection group of pale
snails, two dead snails could be recorded on dawftd infection whilst one dead snail
occured in the infection group of dark snails oty d& followed by a death of a further
individual on day 17 after infection (Fig. 1). Oayd19 after infection, a further individual
died in the pale infection group (Fig. 1). The toteortality rate for pale snails at the end of
the test was 30%, and 20% for dark snails (in ieatio the respective morph groups). The

overall mortality rate was 25%.
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Figure 1. Mortality ofC. hortensisn the second mortality experiment. Snails wengosed to approximately
30x the recommended application rate of Nemaslugj@tisn (P. hermaphrodita

Mortality in C. virgata

In the controls ofC. virgata no mortality occurred in both morphs, pale andkd#n the
infection group of pale morphs, cumulative morjalitas recorded as follows: two snails on
day four after, three animals on day seven, fivienals on day eight, seven animals on day
nine, eight animals on day 11 and nine animals an I after infection (Fig. 2). For the
infection group of dark morphs, cumulative mortaltas recorded four days after infection
(one snail), and six days (two snails), eight d@lgeee snails) and 11 days (five snails) after
infection (Fig. 2). In relation to the respectivemph group the total mortality rate for pale
shails was 90%, and 50% for the dark snails. Thezadimortality rate was 70%.
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Figure 2. Mortality ofC. virgata Snails were exposed to approximately 10x themeaended application rate
of Nemaslug® solutionR. hermaphrodita

Phenoloxidase Assays

C. hortensis

In the first experiment withC. hortensis the outcome of the ANOVA was significant

(p<0.01) in both the control (Tab. 1a) and the infactyroup (Tab. 1c). However, we did not

observe any colour effects or colour*time interagt neither in the control nor in the

infection group (Tab. 1b & d), but the correspompgifect tests revealed time as a significant
(p<0.01) influence in both cases (Tab. 1b & d).
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Tab. 1 ANOVA results for control (a) and infectex) C. hortensidn the first experiment, with corresponding
effect tests (b: control, d: infectedx(@O01; significant results are indicated by astexisk

a. Analysis of Variance Control C. hortensis

Source DF  Sum of Squares Mean Square F Ratio

Model 5 5746249 114925 3,8787

Error 77 2281477,5 29630 Prob > F

C. Total 82 2856102,4 0,0035*

b. Effect Tests Control C. hortensis

Source Nparm DF  Sum of Squares F Ratio Prob > F
Color 1 1 13221,79 0,4462 0,5061
Time 2 2 505414,96 8,5289 0,0005*
Color*Time 2 2 38441,16 0,6487 0,5256
c. Analysis of Variance Infection C. hortensis

Source DF  Sum of Squares Mean Square F Ratio

Model 5 1112784.,8 222557 6,4822

Error 79 2712354,5 34334 Prob > F

C. Total 84 3825139,4 <,0001*

d. Effect Tests Infection C. hortensis

Source Nparm DF  Sum of Squares F Ratio Prob > F
Color 1 1 13221,79 0,3851 0,5367
Time 2 2 869157,59 12,6575 <,0001*
Color*Time 2 2 224073,79 3,2632 0,0435

The post- hoc Wilcoxon-tests showed the PO acthewgl in the control group to be elevated

in a highly significant way seven days after onsethe experiment (ng.OOé) compared to
both the base level (Oh) as well as the level tdees (3d) after start (Fig. 3a). The base level

(Oh) and the 3d-level did not differ significant(ng.Olé) from each other (Fig. 3a).
Concerning the infection group, it was found thiateé days (3d) after infection the PO

activity level was significantly &I).Olé) elevated compared to the base level (0h) (Fiy. 3b
Seven days (7d) after infection the PO activityelewas found to be most significantly

(p<0.00033) higher than the base level (Oh) (Fig. 3b). Naigant (p<0.016) differences
could be found between the 3d- and 7d-levels @g. The linear regression analysis (Fig. 4)
revealed a slightly steeper increase of the PQrigctevel in the infection group (Fig. 4b)

compared to the control (Fig. 4a).
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Figure 3. First experiment wit@i. hortensisPO activity levels resulting in control (a) sisaéind snails infected
(b) with P. hermaphroditgNemaslug®). Morphs were fused since no significahour or colour*time effects
were detected in the ANOVA. Means + sd; n=15; digant differences are indicated by asterisks)(p1 :*
significant; p<0.00 :** highly significant; pr0.0003 : *** most significant).
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a. Linear Regression First experiment C. hortensis b . Linear Regression First experiment C. hortensis
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PO activity = 441,12943 + 28,05673*Exposure time PO activity = 462,12606 + 33,421322*Exposure time

Figure 4. Linear regression analysis results ferdata resulting from the first PO assay experimétht C.
hortensis a: control snails, b: snails infected wihhermaphroditgNemaslug®).

In the second experiment wi@. hortensis no significancies §0.01) were found in the
ANOVA (Tab. 2).
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Tab. 2 ANOVA results for control (a) and infectds) C. hortensign the second experiment@.01.

a. Analysis of Variance Control C. hortensis

Source DF  Sum of Squares Mean Square F Ratio
Model 5 405922,5 81184,5 1,6172
Error 77 3865538,9 50201,8 Prob > F
C. Total 82 4271461,4 0,1655
b. Analysis of Variance Infection C. hortensis

Source DF  Sum of Squares Mean Square F Ratio
Model 5 744411,0 148882 3,0268
Error 82 4033390,5 49188 Prob > F
C. Total 87 4777801,4 0,0148
C. virgata

In the control group of. virgatg the outcome of the ANOVA was significang(p01) (Tab.
3a) and the corresponding effect tests revealed amthe only significant §0.01) factor

whereas no influence of colour or colour*time iaigron could be detected (Tab. 3b).

Tab. 3 ANOVA results for control (a) and infectex) C. virgata with corresponding effect tests (b: control, d:
infected); p<0.01; significant results are indicated by astexisk

a. Analysis of Variance Control C. virgata

Source DF  Sum of Squares Mean Square F Ratio

Model 7 950,6130 135,802 6,4984

Error 70 1462,8460 20,898 Prob > F

C. Total 77 2413,4590 <,0001*

b. Effect Tests Control C. virgata

Source Nparm DF  Sum of Squares F Ratio Prob > F
Color 1 1 99,68113 4,7699 0,0323
Time 3 3 822,68845 13,1224 <,0001*
Color*Time 3 3 72,60855 1,1582 0,3320
c. Analysis of Variance Infection C. virgata

Source DF  Sum of Squares Mean Square F Ratio

Model 7 1056,1341 150,876 6,1223

Error 72 1774,3551 24,644 Prob > F

C. Total 79 2830,4891 <,0001*

d. Effect Tests Infection C. virgata

Source Nparm DF  Sum of Squares F Ratio Prob > F
Color 1 1 99,68113 4,0449 0,0481
Time 3 3 667,43753 9,0278 <,0001*
Color*Time 3 3 345,23318 4,6696 0,0049*

The post-hoc Wilcoxon test showed that comparethéobase level (Oh), all PO activity

levels decreased within the control, with the 2dhd 5d-levels being highly significantly
(p§0.0016) and the 3d-level being significantlyf(@OOSé) lower (Fig. 5a). The 3d-level was

highly significantly (;z0.00lé) higher than the 24h-level, and significantlyg@pDOSé)
higher than the 5d-level (Fig. 5a).

For the infection group, the ANOVA revealed sigeafincies (g0.01) (Tab. 3c). In the
corresponding effect tests a significank@®1) influence of time was detected, as well as a
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significant (p<0.01) colour*time interaction. There was no sigrafit (p<0.01) influence of
colour only, although it should be noted here tha “lack” of significance is due to the rigid
p-value of 0.01 (instead of the ‘usually-applied0®) (Tab. 3d). The post-hoc Wilcoxon test
revealed no significant §6.003125) differences concerning PO activity leus$ween the
two colour morphs, pale and dark, at any time ptested (Fig. 5b). However, it was found
that the PO activity level in dark morphs had hygsignificantly (p<0.000625) decreased 24h
after infection compared to the base level (Oh) 3¢gkafter infection the PO activity level was
highly significantly (p<0.000625) elevated again compared to the 24h (&gl 5b). Also, in
the dark morphs the 5d-level was found to be siganitly (p<0.003125) increased compared
to the 24h-level, whereas no significant@03125) differences could be detected between
the base level and the 3d-level, the base levelgot the 5d-level, or the 3d-level and the 5d-
level (Fig. 5b). Despite the fact that the diffexerwas not significant §0.003125), in the
pale morphs the PO activity level appeared to etdoy trend five days (5d) after infection
than at the beginning of the experiment (Oh, basgel) (Fig. 5b).
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Figure 5.C. virgata PO activity levels resulting in control (a) ssadind snails infected (b) with
hermaphrodita(Nemaslug®). As neither colour nor colour*timeesffs were detected in the ANOVA of the
control group, morphs were fused for the post-halcdXon test. Morphs remained split in the infeatigroup
as a significant colour*time interaction was foundhe ANOVA of this data. Means + sd; n=10; sigraht
differences are indicated by asterisks, for cor(@pknails g0.008 :* significant and€0.001 :** highly
significant; for infected (b) snails$.003125:* significant andg®.000625:** highly significant.

Discussion

The mortality experiments in this study revealeffiedences between the tested snail species,
C. hortensisand C. virgatg in respect to their sensitivity to infection withasmarhabditis
hermaphroditanematodes. This became evident in pre-tests glresatce forC. virgatathe
single recommended Nemaslug® application rate gtéode lethal whereas f@. hortensis

a five-fold increased application rate as used higdi et al. (2000) had no lethal effects in
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the first mortality experiment with this speciedthdugh the number of nematodes applied to
each C. hortensisindividual was further increased to 30x the supplecommended
application rate in the second mortality experiméiné mortality rate remained low with a
total number of five dead snails (25%) three weadkex infection. This is in contrast to a total
number of 14 dead snails (70%) two weeks afterctida in the mortality experiment wit@.
virgata, where only 10x the recommended application raés applied to each snail. Yet,
these results corroborate the findings of Wilsomale{2000) that most snail species are less
susceptible to infection bl. hermaphroditahan its target-specieBeroceras reticulatum
and that higher parasite numbers and longer expdsues are required to obtain mortalities.
However, concerning the mortality experiments w@&h hortensis we received a lower
mortality rate (25% at 30x the recommended apptioatate) than Wilson et al. (2000)
(>70% at 5x the recommended application rate). &hdifferences are possibly due to
differences in the test set-ups: whereas Wilsoralet(2000) had lined the walls of the
experimental boxes with woven copper mesh in otderonfine snails to the soil, our test
organisms were not restricted in this manner buhuaby placed back onto the ground
coverings daily, if necessary. Therefore, it isgole that snails in our test set-up had less
contact with nematodes in the ground coverings. ¢l@w, contrary to Wilson et al. (2000),
our test organisms in the infection groups wereamdy exposed to nematode-treated soil but
exposed to individual direct applications of nendatcsolution as well. Such individual
infections are known to be more successful tharsnmdsctions (Sauerlander, 1979), and can
therefore be regarded as a good measure to comeefisapossibly less contact with
nematode-treated soll. It is possible that the énighortality rates ifC. hortensiobserved by
Wilson et al. (2000) are also due to the snailsitact with the copper mesh linings. Copper is
known for its high toxicity to gastropods (Ravet&,/7; EI-Gendy et al., 2009; Sawasdee et
al., 2011), and uptake does not only occur by itgesut via the foot as well (Ryder &
Bowen, 1977). Consequently, the comparatively hghertality rate forC. hortensisn the
experiment of Wilson et al. (2000) could be caulsgd combination of parasitic stress and
copper toxicity. Another plausible explanation toe differing mortality rates might arise
from variations in virulence of different Nemaskgackages which can occur through, for
example, deficient storage conditions. For our erpents, however, we can rule out this
possibility as storage was conducted precisely rdoog to the manufacturer’s instructions,
and each package was positively pre-checked forilityolof nematodes before the

experiments.
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Comparing the mortality rates and times of snadtds, there were, in case Gf virgatg
striking differences between the two colour morgtede and dark, tested in our experiment.
In the pale morphs, overall mortality was distigdiigher than in the dark morphs. Also, the
mortality rate started to increase to a greateergxat earlier time points in the pale morph
group than in the dark morph group. These diffeesncan be caused by a higher parasitic
load following higher susceptibility to nematodéeiction in pale morphs as it was found by
Cabaret (1983) fofheba pisanandC. virgatainfected withMuellerius capillaris Similar
results are known fdeobania vermiculatdLahmar et al., 1990). Since we did not quantify
the actual parasitic load in our test snails, wenoa draw a final conclusion on whether
differences in the capacity of the morphs’ defesigstem to prevent infection or differences
in their capacity to respond to infection are remole for the variation between morphs
concerning mortality. IfC. hortensiswe did not find morph-specific differences in nadity

to the same extent as @ virgatg as both morphs showed a similarly low overall taldty
rate at the end of the experiment with only a shghigher rate for the pale morphs. Yet, it
should be noted that mortality in pale morphs o #pecies started to occur five days earlier
than in dark morphs. This, again, is possibly dua tower susceptibility to nematodes in the
dark morphs, as stated above fr virgata However, on the basis of the generally low
mortality inC. hortensisthis should possibly be considered with someicaut

RegardingC. hortensiswe did not find any differences concerning PQvigtbetween the
two morphs tested since no colour or colour*timiat were detectable in the ANOVASs.
This holds true for both the control as well asitifection groups, meaning that there were no
differences in constitutive as well as inducible BEivity levels between the morphs at the
time points and under the treatments tested indtnidy. This is partly contrary to what has
been previously found in studies on other invedtd®s, namely insects (Armitage & Siva-
Jothy, 2005; Wilson et al., 2001), where higherstibutive PO activity levels and a resulting
higher pathogen resistance could be attributedithed morphs. However, it is in accordance
with our findings on constitutive PO activity lesein Theba pisanaand Cornu aspersum
maximumshails and results of previous tests withhortensisconducted in our laboratory,
where no morph-specific differences in constitut®R® activity levels were found as well
(Scheil, A.E., unpublished data). Since a high ttutere or prophylactic PO activity level is
not exclusively beneficial to an individual but @lgears nutritional costs (Siva-Jothy &
Thompson, 2002) as well as a high risk of oxidattess (Kumar et al.,, 2003) and the
occurrence of cytotoxic effects (Ballarin et al998), it is reasonable that high constitutive

PO levels are avoided for these reasons. The sesuthe first experiment witle. hortensis
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show a clear increase of PO activity levels ovst tiene both in the control as well as in the
infection group. However, the linear regressionlygsisirevealed a slightly steeper increase of
PO activity in the infection group, which can béenpreted as an effect of the nematode
infection. This is in concordance with results frexperiments with other molluscs, namely
oysters, where it was shown that parasitic chadleingreases PO activity in the hemolymph
(Butt & Raftos, 2008). Yet, it should be noted thiae differences in PO activity levels
between the control and the infection group@f hortensisin our study are not overly
prominent, which relates to the low mortality foufuwd this species as discussed above. The
second experiment witl. hortensisrevealed that within the short time span betwéden t
beginning of the infection and 24h after infectioo, effects of parasite stress concerning PO
activity levels are observable. Again, this prolyadliso relates to the only minor mortality
observed in this snail species.

In C. virgata no effects of colour were observed in the congrolup at any time, meaning
that there are no differences in constitutive (béseels of PO activity between the morphs,
and that the morphs do not react differently totmrmaintenance conditions. Interestingly,
there were effects of time in the control groupttesPO activity level had decreased as early
as 24h after start of the experiment and remaionetparatively low throughout the rest of the
experiment. A possible explanation for this pheneomecomes from the fact th&t virgata

is known to form clusters (Stugren & Coman, 199%¥spnal observations), resulting in high
density spots in certain areas in the wild as wasllin laboratory maintenance boxes. For
insects, it is known that immune prophylaxis is signdependent (Wilson & Reeson, 1998;
Barnes & Siva-Jothy, 2000; Wilson et al., 2002)] &@nis also known that higher PO activity
levels are expressed under high density condiif@dfisson et al., 2001). When th@. virgata
shails were transferred to individual maintenanogels at the beginning of the test, high
density conditions did no longer apply to the shaihd density-dependent prophylactic PO
activity levels were possibly down-regulated. Altigh, to our knowledge, density-dependent
immune prophylaxis has not been shown for mollusasfar, it is possible that similar
density-dependent mechanisms are present in mslaswell, and that our results give a first
hint to this. It is also noteworthy in this contexthat C. hortensis which usually is not
observed forming clusters (personal observatiom)comparison did not show a down-
regulation of PO activity under test conditions.

For the infection group o€. virgata effects of time as well as effects of a colouti
interaction on PO activity were observed, however, effects of colour only could be

detected. Interaction effects render interpretatibtne data more complex (Quinn & Keough,
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2003), and since there were no colour effects huhgeraction effect of colour*time in our
case, interpretation should be carried out with es@aution. Yet, one should keep in mind
that colour effects in this case were not classifignificant because of the rigid p-value of
0.01 chosen to account for some of the data bathgrenot normally distributed or showing
unequal variances. In case of a p-value of 0.0burokffects would have been significant.
Consequently, the examination of differences inae@vity levels between the two morphs at
a given time point and of differences between PWiaclevels of a given morph at different
time points was mandatory. Although there was ddaany for higher PO activity levels in the
dark infected morphs at most time points (except2#h), the post-hoc tests revealed no
significant differences concerning PO activity lisvketween the two morphs, pale and dark,
at any given time point of the experiment. Hencecaeclude that there are no differences in
PO-based immune response followiaghermaphroditanfection between pale and datk
virgata snails. This conclusion is further strengthened tbg fact that there were no
differences detectable within the pale infectiomugr over the whole time course of the
experiment. Additionally, in the dark infection gm even though there was a significant
decrease of PO activity at 24h (which correspondbké decrease found in the control group),
the PO activity re-increased within the experimemtae to the base level again.

In summary, our study shows that the differentesitivity of pale and darkC. virgata
morphs toP. hermaphroditaand its lethal effects, and the obvious genergrance ofC.
hortensisto infection with this nematode which we observehnot be explained by the PO
activity data. Nevertheless, we could demonstizée in C. virgatathere is a morph-specific
tolerance td®. hermaphroditanfection with the dark shell morphs being ledected by this

nematode.
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