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“If there were no regeneration there would be no life. If everything regenerated there would
be no death. All organisms exist between these two extremes.”

Richard Goss (1969)



1. Regeneracio és oregedés édesvizi hidraknal: életmenet dontések és fiziologiai
hatteriik

1.1. Bevezetés:

1.1.1. A regeneracio fogalma, dssejtekkel és ivartalan szaporodassal valo kapcsolata

A tobbsejtli éldlények szamara allando veszélyt jelentenek a sériilések, kornyezeti faktorok,
betegségek vagy a stressz. A keletkezett karosodassal szembeni védekezésként két 6
folyamat alakult ki az evolucid soran: a sebképzddés és a regeneracio (Stocum, 2018). A
sebképzddés az elvesztett testrész potlasa nélkiil torténik, és a funkcionalitds csokkentése
révén az adott teriilet integritisinak megbrzésére szolgal (Stocum, 2018). Ezzel szemben, a
regeneracioé a negativ hatasok helyreallitd folyamatait foglalja magaba (Stocum, 2018). Az
altalanosabban elterjedt definicid szerint a regeneracio az elveszett testrészek potlasat
jelenti, amely vonatkozhat sejt, szovet, szerv vagy akar teljes test regeneraciojara is (Bely &
Nyberg, 2010).

A regeneracid tudomanyos torténetének fobb pontjai betekintést adnak fogalmanak
alakuldséra is. A regenerécios kutatdsok kezdete a 18. szazadra nyulik vissza, amikor is
René-Antoine Ferchault de Réaumur 1712-ben elséként végzett kisérleteket édesvizi
rakokon, mely sordn végtagamputiciot kovetd regeneralddasra irdnyultak megfigyelései
(Ratcliff, 2012). Réaumur részletes, sikeres lab ¢és olld regeneraciot bemutatd leirasanak
hatasara a tudomanyos érdekl6dés feler6sodott a regeneracid jelensége irant. A kor egyik
legmeghatarozobb kutatdsa Abraham Trembleynek tulajdonithatd, aki Réamur moddszereit
tovabbfejlesztve hidrakon kisérletezett (Esposito, 2013), vizsgalataival megteremtve a
kisérleti és hipotézis teszteld biologia alapjait (Dinsmore 1991). A gerinceseken végzett
részletes regeneracids vizsgalatok megkezdése a kor harmadik jelentds alakjanak, az
ebihalakat vizsgalo Lazzaro Spallanzaninek volt koszonhet6 a 18. szazad végén (Capanna,
1999). A 19-20. szazadban azonban a regeneracio fogalma kiilonb6z6 pontositasi
torekvések altal vitatotta valt és két nézet alakult ki. August Weismann (1893) a regeneracio
fogalmat egyszerlien a fiziologiai sejtmegujulds folyamataira alapozta, mig Thomas Hunt
Morgan (1901) empirikus vizsgalatai alapjan komplexebbnek tekintette a definiciot és két
{6 tipust kiilonboztetett meg. Kategorizaldsa szerint a sejtosztodast és az 0sztodo sejtekbol
torténd blastema formalodast i1gényld regenerdciot epimorfozisnak (blastema: a sériilés
helyén kialakulé differencidlatlan sejtek halmaza, mely 1étrehozza a regeneralodo testrészt
(Bely and Nyberg, 2010)), a szdveti atrendez6dés révén megvalosuld regeneraciot
morphallaxisnak nevezte (Morgan, 1901). Az epimorfozisnak tovabbi harom esetét is
elkiilonitette aszerint, hogy az uUjonnan létrehozott szerv megegyezett az elézdvel
(‘homomorphosis’), kisebb volt a helyettesitett szervhez képest (‘meromorphosis’) vagy
morfologiailag és fiziologiailag is eltért a korabbitol (‘heteromorphosis’) (Esposito, 2013).
A fogalom kortili értekezések a kor nézeteit is jol tiikkrozték. Mig Weismann szerint az allati
regeneracio kialakulasa esetleges, és természetes szelekcid eredményezte adaptacionak
koszonhetd, addig Morgan ragaszkodott hozza, hogy egyik allitds sem igaz és minden
¢l6lény univerzalisan meglévd, kiilonbozd mértékben megjelend tulajdonsagat jelenti
(Esposito, 2013). Habar mindkét definicio empirikusan, mas kutatok munkaja altal is
9
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alatdmaszthato volt (Esposito, 2013), a vita eldontését megnehezitette az akkor még nem
ismert mai korszerti vizsgalati technologiak hianya is.

A folyamatos kutatas ellenére tuddsunk tovabbra sem teljes, igy a kérdésre, hogy a
regeneracio adaptiv vagy eredendéen meglévo jelleg-e, oly sok mas kérdéssel egyiitt, a mai
napig sem tudunk minden kétséget kizaréan valaszt adni. Az eddigi eredmények azonban
azt sugalljak, hogy a regeneraci6 a valodi szovetes allatok egyik alapvetd, embrionalis
fejlédéshez kapcsolodo jellege, elvesztése pedig mas, fittness szempontjabdl elénydsebb
jelleg megjelenéséhez kapcsolhatd, pleiotropikus jelenség kovetkezményeként (Goss,
van bizonyiték (Zattara et al., 2019) A jelenség Osszetettsége is hozzajarulhatott ahhoz,
hogy a regeneracid fogalma egyre specifikusabb helyett egyre inkabb széles korben
kiterjedévé valt tobb mint 300 éves kutatdsi multja alatt. Jelenleg regeneracioként
elfogadottnak tekintett szamos helyreallito folyamat, melyek Kkifejezédése akar
fiziologiai ciklikussagnak (példaul vér és bor megujulasa), akar sériilésnek koszonheto,
tovabba a regeneracio orvoslasi aspektussal, a ,,regenerativ orvoslas” aggal is kiboviilt
(Sanchez Alvarado, 2012).

A regeneracid intenziv kutatdsdnak koszonhetoen régdta hasznalatos fogalmak is
pontosithatok és 0j, altaldnos érvényli mintdzatok is felfedezhetdek. Morgan epimorfozis és
morphallaxis fogalom meghatarozasai munkassaga utan is igen elterjedtek maradtak, am a
két tipus klasszikus elkiilonitése a mai napig vitatott (Agata et al., 2007; Kostyuchenko &
Kozin, 2020; Maden, 1981). A két kategoria egyértelmt elkiilonitési problémainak
demonstraldséara jo példa a planéridk regeneracioja. A planaridkon ejtett vagas utan szabad
szemmel is észrevehetd, az epimorfdzisra jellemz6 blastema formalodas figyelheté meg, &m
morphallaxisnak tekintett folyamat, a csonk szdveti atrendezddése is lezajlik. Mar maga
Morgan is leirta mindkét jelenséget, de késobb is igazoltak, hogy mind epimorfdzisra, mind
morphallaxisra jellemz6 folyamatok lejatszodnak esetiikben (Rink, 2018). A két fogalom f0,
sejtosztodassal kapcsolatos kritériumai is egyértelmiien megddlni latszanak: az epimorfozis
sordn a sejtosztddas nem jar mindig a blastema kialakuldsaval, tovabba morphallaxis soran
is jatszodhat le sejtosztodasi folyamat (Pellettieri, 2019). A molekularis és sejt szintli
vizsgalatok fejlodése és térnyerése révén az Gjabb eredmények azt is alatdmasztjak, hogy a
koztes stadiumaihoz és befejezéséhez is sziikkséges gyiris férgek esetében (Kostyuchenko
& Kozin, 2020). A két regeneracids tipus nehéz besorolasa miatt a szakirodalomban
potencialisan zavarossag fedezhet6 fel (Agata et al. 2003), mely hidrak esetében is igaz
(Cheraet al., 2009). Ezért disszertaciomban sem hivatkozom rajuk.

A regeneraci6 kutatas fejléddése azonban nem csak régdta hasznalt fogalmak ujragondolasat
tette lehet6vé, hanem ravilagitott 0j, széles kori tendenciak jelenlétére is, mint példaul az
ossejtek szerepére (Gurley & Alvarado, 2019). Az 6ssejtek jelentds kozremiikodése az
allati regeneracioban széles korben ismert, legyen szo szivacsokrdl, laposférgekrdl vagy
eml6sokrol (Funayama, 2018; Gurley & Alvarado, 2019). Az 6ssejtek olyan sejtek, melyek
folyamatosan megujulnak és 1j, differencialodott sejtek l1étrehozasara képesek (Adler &
Alvarado, 2015). Jellemzéen nyugalmi allapotban vannak vagy lassu sejtciklussal
rendelkeznek, am sériilés hatasara szamos funkcidjuk aktivalodhat (Bergmann & Steller,
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2010). Az 1j sejtek létrehozasaval a sériilés okozta szoveti veszteség potlasanak egyik 6
al., 2011)), részt vehetnek a blastema kialakitasaban és szamos jelatviteli Gt indukalasaban
(Gurley & Alvarado, 2019). Egyes szivacs fajoknal Ossejtjeik, azaz az archeocitak részt
vesznek a blastema szer(i strukttra kialakitasaban és transzdifferencidlodasaban (Funayama,
2018). Drosophila esetében a béldssejtek kompenzacios osztodasuk révén lehetévé teszik a
Planaridkban az dssejtek (esetliikben neoblastok) osztddasa a testben az amputaciot kovetden
6 oraval megemelkedik, 48 ora elteltével pedig az osztddo Ossejtek mar a sériilés helyén
2018). Gerincesek izomszoveteire jellemz0O, hogy 6ssejteket (szatellit sejtek) tartalmaznak,
melyek osztodasa sériilés hatasara aktivalodik, majd pedig differencidlodast kovetden az
izomrostok helyreallitasaban vesznek részt (Tanaka & Reddien, 2011). EmlGsoknél a
regeneracio elsdsorban szovet specifikus Ossejtektdl fiigg (Yun, 2015), fontossaguk az
ember esetében is ismert és aktivan kutatott (Carlson, 2011). Habar a vizsgalt
szervezeteknél az Gssejtek eltéré kontextusban jelenhetnek meg, szerepiik szamos esetben
kritikus a regeneracio 1étrejottéhez (Gurley & Alvarado, 2019).

A regeneracié egy masik jelenséggel, az ivartalan szaporodassal is szorosan Osszefligg.
Egyes tedridk szerint a regenerdcionak egy lehetséges evollicids eredete az ivartalan
szaporodasra vezetheté vissza (Alvarado 2000). Ha a hasadassal torténé szaporodast
vizsgaljuk, a csillos Bursaria esetében példaul a hasadasa és regeneracidja kozott a
kiilonbség egyedil a kivaltd stimulusban van: a hasadashoz kedvezd korilmények
sziikségesek, mig a regeneraciot valamilyen sériilés valtja ki (Alvarado, 2000). A folyamat
eleji dedifferenciacié, majd a két sejt darab felndtt egyeddé torténd redifferencialodasa
regeneracio és hasadas soran ugyantgy zajlik (Alvarado, 2000). Gyirisférgeken végzett
vizsgalatok azt igazoltak, hogy a regeneracioban és az ivartalan szaporoddsban résztvevo
epitop és fehérje mintazatnak vannak kozos résztvevoi (Martinez et al., 2005), tovabba egy
evolucios modell is alatdmasztja esetiikben a kozos evolvalodas valosziniiségét (Zattara &
Bely, 2016). Hidraknal a fejregeneracio és a bimbozas soran aktivalodo jelatviteli ut is
azonosnak bizonyult (Javois et al., 1986). A regeneracid és az ivartalan szaporodas szamos
allatban mutatott parallel mintazatai arra engednek kovetkeztetni, hogy a regeneracid
evoluciés kialakulasa az ivartalan szaporodasi mechanizmusok sériilések soran torténd
megjelenésével kezdGdhetett (Alvarado, 2000). A hasonldosagok ellenére Bely és Nyberg
(2010) ugy vélik, az egyedi kivaltd stimulus, egyes regeneracié specifikus fejlodési
tulajdonsagok megléte (példaul sajatos génexpresszids mintdzatok) valamint az ivartalan
szaporodassal nem teljesen megegyezd filogenetikai megjelenés azt tamasztjak ald, hogy a
regeneracio 6nalld evolucios jelenségként kezelendd.

Erdekes, hogy az ivartalan szaporodast az &ssejtek lehetséges evolucios eredeteként is
leirtak mar (Agata et al., 2006). A hasadas példajanal maradva, planariaknal tudjuk, hogy a
hasadas utdni hianyzo testrészek regeneralddasa a pluripotens Ossejteik igénybevételével
torténik (Agata et al., 2006). Az 6ssejtek megléte, ivartalan szaporodasban valo részvétele
€s a mnagy regeneracids képess€ég egyiittes megjelenése szivacsoktdol egészen
gerinchurosokig megfigyelhetd, igy tobbek kozott ezen mintdzat alapjan is sziiletett az a
feltételezés, miszerint az 6ssejtek az ivartalan szaporodas komponenseként evolvalodtak
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(Agata et al. 2006). Az ivartalan szaporodas filogenetikai megjelenését vizsgalva
¢szrevehetd, hogy valoban egy széles korben elterjedt, a galléros ostorosokig
visszavezethetd jelleg (Alvarado, 2000; Skold et al.,, 2009). A vizsgalt taxonok nagy
részében totipotens vagy legalabb pluripotens Ossejtek vagy flexibilis felndtt sejtek részt
vesznek a folyamatban, mely elterjedés nagy sejti és szoveti plaszticitas meglétét tiikrozi
(Skold et al., 2009). Felmeriil azonban a kérdés, hogy hogyan is kapcsoloédik egymashoz a
harom tényez6, a regeneracid, az Ossejtek és az ivartalan szaporodas. Az ivartalan
szaporodds magyardzza a regeneracié és az Ossejtek kozotti szoros Osszefliggést? A
regeneracio nem egyeséges filogenetikai elterjedése azonban minek kdszonhet6? Mi lehet
az, ami egyes fajokban és egyedekben gatolja vagy eldsegiti a regeneracid képességét?

1.1.2. A regeneracio mint ¢letmenet jelleg, koltségei az dssejtek vonatkozasaban

A tagabb, altalanos kérdések alapjaihoz és megvalaszolasahoz kozelebb vihet minket, ha a
regeneraciot mint életmenet jelleget, vagyis mint szaporodast és tulélést befolyasold
tulajdonsagot vizsgaljuk. Ehhez fontos figyelembe venni, hogy a regeneraci6é egyértelmii
eléonyei mellett szamos koltséggel is rendelkezik. Ilyen koltség lehet i) az atmeneti fazisok
megléte (a még nem teljesen regeneralodott végtag nagyobb hatranyt jelent az allat szamara,
mintha az adott testrésze hianyozna), ii) a pontos regeneracio koltsége (ha a regeneralodott
testrész nem teljesen azonos, torz az eredetihez képest) vagy iii) a regeneracio energia- €s
forrasallokacios koltsége (Bely & Nyberg, 2010). A regeneracio energia koltsége tobb
fajnal is kimutatott. Liolaemus belli gyikoknal a farok regeneracioja soran 36%-al megné a
standard metabolikus ratajuk (Naya et al., 2007). Gerrhonotus multicarinatus gyikok akar a
Dickson, 1977). Parabuthus transvaalicus skorpioknal 39%-0s a metabolikus rata
emelkedés méreg készlet regeneracio soran (Nisani et al., 2007). A tiiskésbortieknél
(tengerililiomok, kigyokaruak, tengericsillagok) pedig a kar regeneracidja soran a csokkent
taplalékfelvételi képességbdl adodik a f6 energia koltség (Lawrence, 2010). A regeneracio
fennall6 energia- és forraskoltsége révén az él6lények szamos mas, életmenetiikhdz tartozo
jellegére is hatassal lehet. Ez igen jelentds felismerés, ugyanis az egyed életmenetének a
sziiletésétdl halalaig tartd idészakot tekintjiik, mely magaba foglalja azokat a kor- és
allapotfiiggd mintazatokat, amelyek az ivarérést, szaporodast, tulélést és halalt hatarozzak
meg (Flatt & Heyland, 2011). A regeneracié koltségei tehat befolyasolhatjak az egyedek
¢lettartam alatti szaporodasi sikerét, mas ¢letmenet jellegekre gyakorolt hatasai révén.

Az életmenet jellegek altal felhasznalt forrasok limitaltak, igy elkeriilhetetlen kozottiik a
negativ kapcsoltsag, azaz csereviszonyi kapcsolatok kialakulasa (Flatt & Heyland, 2011).
Limitalo tényezOk lehetnek tobbek kozott a makro- és mikro tapanyagok (Catoni et al.,
2008; Cotter et al., 2011; Zera & Zhao, 2006), metabolikus tartalékok (Ellers, 1995), de
ezeken feliil barmilyen tobb életmenet jelleg szamara sziikséges és véges anyag IS a
csereviszonyi kapcsolatok targyat képezhetik. A nagy szoveti plaszticitassal rendelkezd
allatoknal (pl. szivacsok, korallok, csalanozok, laposférgek) az Ossejt készlet is ilyen
limitalo tényezé lehet (Rinkevich, 1996). Ezen gerinctelen allatok teste nagy aranyban
tartalmaz Ossejteket, melyek egyfel6l fontosak a talélésért felelés szamos jelleg
kialakitasaban, mint példaul a novekedésben, a taplalékszerzésre szolgald csalansejt
képzésében, és a mar ismertetett regeneracioban jatszott szerepiik is jelentés (Gold &
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Jacobs, 2013; Henry & Hart, 2005). Masfel6l viszont, ugyanezen 6ssejtek bizonyitottan
felelosek az ivaros ¢€s ivartalan szaporodasban résztvevd sejtek képzésében is (példaul
szivacsoknal: Simpson, 1984; csalanozoknal: Gahan et al., 2016; planaridknal: Newmark,
Wang, & Chong, 2008). A fentebbi folyamatok k6zos, véges Ossejt készlete alapjan elméleti
megfontolasok szerint varhato, hogy ha példaul a szaporodasba vald befektetés intenziv,
akkor annak fizioldgiai koltsége is megnd, aminek eredményeképp az Ossejtek szomatikus
funkcidju, tobbek kozott regeneracioban résztvevd sejtekké valo  differencialodasi
képessége csokken a fennalldo csereviszonynak koszonhetéen (Henry & Hart, 2005;
Rinkevich, 1996).

A regeneracid csereviszonyi kapcsolatokban vald részvtele egyértelmii, azonban szamos
aspektusa még kevéssé ismert. Tanulmédnyaimmal ezeknek a korét bovitem a regeneracio
vizsgalata révén Ossejt készlet, ivaros ¢és ivartalan szaporoddsi modok és életkor
fliggvényében, valamint az intenziv Oregedési folyamatokkal jaré ivaros szaporodas és
tulélés  kozotti  forrasallokacios — kapcsolat  tanulmédnyozédsdnak — segitségével.

1.1.3. Regeneracids kiilonbségek eltérd szaporodasi médokban

A szaporodds ¢és az Onfenntartds kozotti csereviszonyt jelentOsenbefolydsolhatja a
szaporodds modja, mely lehet ivaros és ivartalan is. Habar az ivaros szaporodas valtozo
kornyezet esetén olyan egyértelmi elényokkel jar, mint a rekombinalddott genotipust utdd,
olyan koltségekkel is rendelkezik, mint a himek produkcidja és a genom higulasa (Lehtonen
et al.,, 2012). Az ivartalan szaporodas soran nem meriilnek fel ezek a koltségek, igy
bizonyos koriilmények kozott evolucidsan elénydsebb lehet (Crow, 1994). Az utédok
szaporodasi értéke fontos szerepet jatszhat abban, hogy mely szaporodédsi mod a sikeresebb,
példaul annak kdszonhetéen, hogy az utdodok tulélési esélyei eltérdek az adott koriilmények
kozott. Ha az ivaros és ivartalan utdodok szaporodasi értéke eltérd, varhatdan a befektetett
forras mennyisége is kiilonbozik, mely gyakran tapasztalt jelenség az allatok kozott (pl.
zsakallatok: (Yund et al., 1997), levéltetvek: (Nespolo et al., 2009), Daphnia: (Innes &
Singleton, 2000), hidra: (Kaliszewicz, 2011)). Arr6l azonban sokkal kevesebbet tudunk,
hogy a szaporodasi modtol fiiggd eltéré befektetett energia mennyiség milyen fiziologiai
koltségekben nyilvanul meg, valamint milyen hatidssal van az A&llatok regenerdcios
képességeire ¢és Onfenntartasért felelos jellegeire. Az Ossejtek lehetséges mediator
szerepéhez kapcsolodd vizsgalatok pedig kiilonosen hianyoznak a korabbi elméletek
alatdmasztasahoz, mely kérdéskor a 1. tanulmany egyik kdzponti eleme.

1.1.4. Korfiiggd valtozasok

A limitalt forrasok mellett a regeneracidé mértékét €s mas életmenet jellegekkel vald
csereviszonyat jelentdsen meghatarozhatja az életkor és életszakasz is (Fischer et al., 2014).
A kor olyan, az organizmus belsd allapotahoz tartozé faktor, amely korrelal a kondicioval,
szaporodassal ¢és tuléléssel (McNamara & Houston, 1996). Tovabba a korral torténd
informacio felhalmozodas révén, bizonytalanul valtozé kornyezetben a kor nagyban
segitheti a dontéshozast (Fischer et al., 2014). A szomatikus sériilések helyreallito
képességérol, regeneracidjardl altalaban elmondhatd, hogy mértéke fiatal korban magasabb,
ivarérést kovetden csokken, majd szinte teljesen megsziinik a maximalis varhato élettartam
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vége elbtt (Cichon & Koztowski, 2000). Tekintve, hogy a regeneracio a forras limitaltsag
miatt kapcsoltsdgban 4llhat mas jellegekkel is, szabdlyozdsa szempontjabdl érdemes
megvizsgalnunk az ivaros €s ivartalan szaporodasi mintdzatokat is. Véges és végtelen
novekedéssel bird szervezetekre is gyakran igaz, hogy fekunditasuk az életkorral né, majd a
véges novekedési fajok tobbségénél a szaporodasi oregedés Soran fekunditas csokkenés
figyelheté meg (Clutton-Brock, 1984; Martin, 1995). Klonalis vagy parcialisan klonalis
(vagyis ivaros ¢és ivartalan szaporodasra is képes) allatok esetében azonban a korfiiggd
mintdzatok sokkal bonyolultabbak lehetnek és eltérhetnek a nem klonalis 4llatoknal
tapasztaltaktol (Clutton-Brock, 1984; Engen & Saether, 1994; Stearns, 1992), ezért az
onfenntartast is tartalmazoé életmenet modellekbe valo integralasuk is komplikalt (Glazier &
Calow, 1992). A konvencionalis életmenet predikciok szerint az él6lények kezdetben a
novekedést priorizaljak, majd a novekedés abbamaraddsa utdn megkezdik a szaporodast
(Cichon, 1997). Ezzel ellentétben a klonalis allatoknal vizsgalati eredmények azt mutatjak,
hogy a korai életszakaszban torténd szaporodas majd késébbi novekedés is lehetséges, ha az
egyedek jO kondicioban vannak (Glazier & Calow, 1992). A parcialisan ivartalanul
szaporodo allatoknal fontos életmenet dontés az ivartalanrol ivaros szaporodasra vald valtés
is, melynek i1d6zitése rugalmas és lehetséges kivalto tényezdje az ivartalan szaporodas kiilsd
kornyezeti tényezok altali gatoltsaga (Burke & Bonduriansky, 2018; Gerber et al., 2018;
Harvell & Grosberg, 1988).

Mig az ivaros és ivartalan szaporodds kozotti elméleti kiilonbségek jobban ismertek
(0sszefoglalva példaul: Meirmans et al.,, 2012; Neiman et al., 2014), a szaporodasi
moédokkal pdrhuzamosan, a regeneracidé és mas Onfenntartasért felelds jellegekkevésbé
kutatottak, kiilonosen ezek Kkorral bekovetkezd valtozasai. Az ivaros ¢és ivartalan
szaporodasi modok regeneracio tekintetében is eltérhetnek, melyre altaldban az jellemzo,
hogy az ivartalan egyedek gyorsabb regeneracios képességgel rendelkeznek (példaul 1j-
z¢landi mocsar csigak (Potamopyrgus antipodarum) (Krois et al., 2013) és harantfogtigéte-
félékhez tartozd szalamandrak esetében (Saccucci et al., 2016)). Az is bizonyos, hogy
lehetségesek szokatlan mintizatok a regeneracioban az életkor valtozasaval. Igy példaul
fiatal szivacsok regeneracidja teljesen gatolt lehet (vélhetéen az Ossejtek intenziv
novekedésben valo részvétele miatt, (Simpson, 1984)), valamint egyes parcialisan ivartalan
fajok regeneracios képessége az életkor elérehaladtaval sem csokken (Bodnar & Coffman,
2016; Yun, 2015). Az ivartalan egyedekre altalanosan magas Onfenntartasi jellegek
jellemzoek (Skold & Obst, 2011), ugyanakkor, az életkor elérehaladtaval bekovetkezd
csokkenés is tapasztalhatd tobbek kozott a regeneracioban (Meesters & Bak, 1995),
talélésben (Orive, 1995) és DNS-t javitdo enzimek (pl. telomeraz) aktivitasban is (Skold et
al., 2011). Ahogyan a fenti, néhol ellentmondasos példak is bizonyitjak, a regeneracid
életkorral torténd valtozasait korantsem értjiik teljesen, a valtozé szaporodasi modok és a
regeneracio (€s mas onfenntartasért felelds jellegek) kozotti forrasallokécids mintdzatokrol
pedig kiilonosen keveset tudunk klonalis €s parcidlisan klondlis allatok esetében. Ehhez
kapcsolodo ismereteink bovitésére szolgal a 2. tanulmany.
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1.1.5. Az 6regedés €s a regeneracio kapcsolata

A regeneracios folyamatok széles kore kapcsolatban éllhat nem csak a korral torténd
valtozasokkal, hanem az oregedés jelenségével is. Az evolucidobiologusok tobbsége az
oregedést a fiziologiai funkcidk korfiiggd vagy korral fokozatosan kifejez6do
hanyatlasaként definialja, mely a korspecifikus mortalitasi rata novekedés€¢hez (vagyis a
tulélési rata csokkenéséhez) és a korspecifikus szaporodasi rata csokkenéséhez vezet (Flatt
2012). Dolgozatomban eddig els6sorban a sériilés indukalta regeneracioval kapcsolatos
osszefliggésekkel foglalkoztam, azonban Stocum (2018) leirasa alapjan a regeneracio egy
masik, Oregedéshez is kapcsolodo tipusa, a fiziologidas vagy fenntarté regenerdcio is
meghatarozhatd. A fiziologias regeneracio soran a régi sejtek ujakkal torténd helyettesitése
(azaz a sejt ,turnover”) az a homeosztatikus folyamat, mely fenntartja és biztositja a
szovetek normal szerkezetét és funkcigjat (Stocum, 2018). Ez a kiviilrél lathatatlan
folyamat az Gsszes tobbsejtli él6lénynél megtalalhatod, példaul olyan formaban mint az
epidermisz, vér és gyomor sejtek cseréje (Kostyuchenko et al., 2016). A sériilés indukalta
regeneracio mellett az 6regedési mechanizmusok erre a fiziologids regeneraciora is hatdssal
vannak.

Az oregedés fizioldgias regeneracids képességre gyakorolt hatdsa alapvetden a sejtosztodas
szabalyozasara valdo negativ hatasanak a kovetkezménye (Seifert & Voss, 2013). Az
oregedésért felelds folyamatok széles skaldja ismert, torténhet tobbek kozott a ndovekvo
DNS kérosodéasnak, telomer er6zionak, a génexpresszid ¢és fehérje funkciok
szabalyozatlansaganak, a sejt matrix és sejtszervecskék diszrupcidjanak, a megromlott
sejtek kozotti kommunikacionak, az oxidativ stressznek és a felborult metabolizmusnak
koszonhetben is (McHugh & Gil, 2018; Sousounis et al., 2014). Ezen folyamatok megannyi
modon képesek fiziologiai karosodast okozni és olyan faktorokként is megjelenhetnek,
amik kivalthatjak a sejtszintii oregedést (,,cellular senescence”; Chiche et al., 2020). A
diploid sejtekben a replikativ élettartamuk végén jelenik meg ez a stabil sejtciklus gatolt
allapot, mely az oOregedés egyik f6 ismérve (Chiche et al., 2020). Az o6regedd sejtek
osztodasi képességét (részleges) ujraprogramozas segitségével helyre lehet llitani, azonban
a karosodott sejteknél nagyobb a tumorok kialakulasanak kockazata, mely tobbek kozott
hatterében allhat az oreg sejtek inkabb szervezetben torténd felhalmozodasanak (Chiche et
al., 2020). Ahogyan a sejtszintii oregedés példaja és az eddigi tanulmanyok nagy része
megerdsiti, az oregedés folyamataval parhuzamosan a fiziologias regenerald folyamatok
csokkenése is altalanosan jelentkezik (Yun, 2015). Eppen ezért, egyes elméletek szerint az
oregedés a regeneracios képesség csOkkenésének ¢és a megfeleld funkcidja sejtek és
szovetek fenntartasi elégtelenségének kovetkezménye (Sharpless & DePinho, 2004). Ezt az
elgondolast forditott szcenaridval igazolja azoknak az ¢€l6lényeknek a létezése, melyek
regeneracios képességei igen rendkiviiliek és mérhetd funkcionalis hanyatldssal nem
rendelkeznek, amik az elhanyagolhato 6regedés jeleinek tekinthet6k (Finch, 1994). S6t, az
erds javitdo és regeneracios képességli fajokndl a negativ dregedés (vagyis az életkorral
csokkend mortalitdas €s novekvd fekunditas jelensége) is elofordulhat, altalaban olyan
jellemzokkel tarsulva mint a folyamatos oogenézis, nagy mennyiségli Ossejtek, a szoma és
csiravonal sejtek elkiiloniilésének hidnya vagy a klonalis szaporodasra vald képesség
(Vaupel et al., 2004).
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1.1.6. Forrasallokacio szerepe az 6regedé€s soran

Ahhoz, hogy az 6regedés radikélisan eltérd formait, mint pl. a negativ dregedést megértsiik,
meg kell vizsgalnunk az oregedés alapveté okait (Baudisch & Vaupel, 2012). Ehhez jo
megkozelités az allokacids elmélet, mely azt igyekszik tisztazni, hogy a forrds limitaltsag
hogyan befolyasolja az életmenet jellegeket (Baudisch & Vaupel, 2012). Eszerint, az
evolucios fitnesz kialakitasa az egymassal forrasokért versengd, talélést és/vagy szaporodast
segité folyamatokba vald optimalis forrasallokacion alapszik (Davison et al., 2014).
Ennélfogva ebben a rendszerben minden dontés (vagyis kognicid vagy akarat nélkiili
stratégiai valasztds) a csereviszonyok révén tulélést, szaporodast és ndvekedést érintd
kovetkezményekkel jar (Davison et al., 2014). Habar az oregedés elméletek elismerik az
allokacios csereviszonyok meglétét, elhanyagoljak azok alapvetd fontossagat és a nemi
érettséget kovetd, korral csokkend szelekcios hatasra (vagyis szelekcids arnyékra)
fokuszalnak (Baudisch & Vaupel, 2012). Ez is kozrejatszhat abban, hogy keveset tudunk az
oreged6 és nem Oregedd mintazatokat kivaltd tényezokrdl (Baudisch & Vaupel, 2012).
llyen tényez6 lehet példaul a taléléshez sziikséges minimum metabolikus befektetés vagy a
forrasok elérhetésége is (Davison et al., 2014). A forrasok elérhetdsége, limitaltsaga
Osszefiiggésbe hozhato tobbféle tulélést és szaporodast érintd valtozassal. Tipikus példa az
étrendi és kaloria korlatozas élethossz novekedéssel tarsuld hatasa, melyet szamos egereken,
Drosophila-n, Caenorhabditis elegans-on végzett kutatds tamaszt ala (Osszefoglalva:
(Kennedy et al., 2007)). Az elégtelen taplalék azonban jelzésként szolgalhat egy élethossz
novekedéssel ellentétes folyamatra is, a végs6 befektetés (,terminal investment”) soran
ugyanis a tulélés lecsokken, mig az energiabefektetés a szaporodas intenziv novelésére
iranyul (Clutton-Brock, 1984; Fischer et al., 2009). Az allatvilagban azonban nagy
valtozatossag figyelheté meg az dnfenntartd folyamatokba vald befektetés kovetkezményeit
illetden. A javitd és onfenntarté mechanismusokba vald fokozott befektetés egyes fajokban
csOkkentik a fertilitast, masoknal csak kis hatdssal van r4, mig megint masoknal a jelenlegi
fekunditas csokkenésével és a jovobeli fekunditas novelésével jar egyiitt (Baudisch, 2012).
E valtozatossag tanulmanyozasa az oregedd és nem Oregedd mintdzatok kialakuldsdhoz és
érdemelnének (Baudisch & Vaupel, 2012). Ennek a valtozatossagnak a megragadasara
potencialisan alkalmas a Hydra nemzetség, ugyanis a genus tagjait altalaban elhanyagolhato
oregedéssel rendelkezOknek tartjak (Danko et al., 2015), azonban egyik fajuk (Hydra
oligactis) ivaros szaporodas utan oregedésre jellemzé intenziv degeneraciot és csokkent
talélést mutat (Yoshida et al., 2006). Ezért is fontos, hogy az oregedést mutatd fajon végzett
3. tanulmannyal bovitsiik a forrasallokaciot, szaporodast és tulélést egyszerre érintd
tudasunkat.

1.1.7. Edesvizi hidrak, mint modell szervezetek

Habar az elmult bé egy évtizedben a hidrdk a halhatatlan jelz6t kiérdemelve konstans
fertilitasuk és mortalitasuk révén keltettek tudomanyos érdeklodést (Martinez, 1998;
Schaible et al., 2015), kutatasuk Abraham Trembley 1744-es regeneracids vizsgalataval
kezd6dott. Trembley vizsgalati kérdése az volt, hogy eldontse a zold hidrakrol (Hydra
viridissima), hogy novényeknek vagy allatoknak tekinthetéek-e. Ugy vélte, hogyha
félbevagast kovetden mindkét fél regeneralodik akkor ndvényekrdl, ha a regeneraciod
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azonban masik egyeden sikeriilt megfigyelnie zsakmanyszerzésiiket, igy - helyesen -
allatoknak tekintette a hidrakat (Lenhoff & Lenhoff, 1988). Az azdta eltelt tobb mint 270 év
alatt tudasunk a hidrakrol rengeteg informacioval boviilt. Ma mar ismeretes, hogy a Hydra
genushoz néhany tucat, apré6 méretli, ragadozé életmodot folytatd faj tartozik (Kawaida et
al., 2010). Ezekbdl 5 faj fordul el6 Eurépaban (Schuchert, 2010) és leginkabb két faj, a
kozonséges hidra (Hydra vulgaris) és a nyeles hidra (Hydra oligactis) all intenzivebb
kutatds alatt. A hidrak kozos jellemzdje, hogy testiilk nagy aranyban tartalmaz Ossejteket:
endotél-, epitél- és sejtkozotti dssejteket, utobbiak multipotensek mivel az ideg-, csalan-,
mirigy- és csiravonal sejtek képzéséért is felelnek (Nishimiya-Fujisawa & Kobayashi,
2012). Az Ossejtek osztddasa révén a hidrak torzsiiktdl karjaik és talpuk felé tolodva
folyamatosan lecserélik sejtjeiket, ezzel biztositva szervezetiik megljuldsat, intenziv
fiziologias regeneraciojat (Campbell, 1967a, 1967b). Ivartalan szaporodasra valo
képességiik tovabb erdsiti a nagy szoveti plaszticitds meglétét, mivel emiatt is sziikség van a
folyamatos novekedésre és a sejtek osztodasara (,,turnover”-ére) (Holstein et al., 2003). Az
intenziv Ossejtosztodas, a csira- és szomatikus sejtvonal teljes szeparaltsaganak hidnya és a
klonalis szaporodas képessége, mind eldsegitheti a Hydra wvulgaris-nal és Hydra
magnipapillata-nal tapasztalhato elhanyagolhatdo oOregedést (Martinez & Bridge, 2012;
Orive, 1995), melyhez tovabba hozzajarulhat, hogy Ossejt aktivitasuknak koszonhetd
regeneracios képességiik is (Chera et al., 2009; Govindasamy et al., 2014). A fiziologias
regeneraciojuk mellett a sériilés indukélta regeneracids képességiik is igen figyelemre
méltd, ugyanis a hidrak akar eredeti méretiikhoz képest minddssze 1%-os szovetdarabbol is
képesek regeneralni a teljes testiiket (Shimizu et al., 1993). Az eddigi hidrakon végzett
regeneracid kutatdsok foleg a folyamat fiziologiai, fejlédési és molekularis aspektusait
vizsgaljak (Bode, 2003; Kemmner & Chica Schaller, 1984; Tardent, 1974). A
regeneracioval mint ¢letmenet jelleggel vald Osszefliggéseket viszont sokkal kevésbé értjiik,
ezért munkdmmal erre a teriiletre fokuszaltam.

A regeneracio hidrak esetében is egy plasztikus jelleg, amire példaként szolgdl a nyeles
hidra (Hydra oligactis), mely ivaros egyedeinél késleltetett vagy gatolt regeneraciot irtak le
(Galliot et al., 2018; Tomczyk et al., 2017). A regeneracios képességiik elvesztésének
hatterében vélhetéen a szaporodasi modjuk all: dsszel a hdmérséklet csokkenés hatasara
ivartalan szaporodasrol ivarosra valtanak, hogy mas Hydra fajokhoz képest nagy szamban
hozzanak 1étre a zord id6jarasi koriilményeknek ellenallo kitartd petéket (Reisa, 1973;
Schuchert, 2010). A t6bbi fajtdl eltéréen a nyeles hidraknal az ivaros szaporodas alatt és azt
kovetden jelentds valtozasok tapasztalhatok, ugyanis az ivarsejtek szamanak novekedésével
a sejtkozotti (interszticidlis) Ossejtjeik szama erdsen csokken, majd ivaros szaporodas utan
testilk degeneralodik és elpusztulnak (Tardent, 1974; Yoshida et al., 2006). A drasztikus
valtozasok miatt az Oregedést az ivaros szaporodas kovetkezményének tartjak, melyet
Ossejtjeik ivarsejtekké vald intenziv differencidloddsa sordn vald kimeriilése és igy a
szomatikus funkciok ellatasanak gatoltsaga idézhet el6 (Bosch, 2009; Brien, 1966; Tardent,
1974). Meg kell azonban jegyezni, hogy ezek a megfigyelések eddig csak néhany,
laboratoriumi vonal alapjan sziilettek, befolyasolo tényezdit (pl. taplalék vagy életkor) nem
vizsgalva. Tovabba, a természetes populaciokban megjelend szaporodasi stratégidkkal és
azokban a sejtszintli forrasokért valo versengés mediator szerepével sem vagyunk tisztaban,
mely kérdéseket a 1., 2. és 3. tanulmanyokban vizsgaltunk meg. Tekintve, hogy oregedd és

17



https://www.zotero.org/google-docs/?km6en1
https://www.zotero.org/google-docs/?km6en1
https://www.zotero.org/google-docs/?km6en1
https://www.zotero.org/google-docs/?shiC9W
https://www.zotero.org/google-docs/?shiC9W
https://www.zotero.org/google-docs/?g1B3LR
https://www.zotero.org/google-docs/?ZXSORA
https://www.zotero.org/google-docs/?ZXSORA
https://www.zotero.org/google-docs/?ZXSORA
https://www.zotero.org/google-docs/?ZXSORA
https://www.zotero.org/google-docs/?q8frYa
https://www.zotero.org/google-docs/?SDzrd5
https://www.zotero.org/google-docs/?fpHhf4
https://www.zotero.org/google-docs/?fpHhf4
https://www.zotero.org/google-docs/?fpHhf4
https://www.zotero.org/google-docs/?fpHhf4
https://www.zotero.org/google-docs/?zWkk5m
https://www.zotero.org/google-docs/?wEW1l6
https://www.zotero.org/google-docs/?GIBCYS
https://www.zotero.org/google-docs/?GIBCYS
https://www.zotero.org/google-docs/?GIBCYS
https://www.zotero.org/google-docs/?3wPATm
https://www.zotero.org/google-docs/?1tlU58
https://www.zotero.org/google-docs/?2XUIhN
https://www.zotero.org/google-docs/?2XUIhN

nem Oreged6 folyamatok vizsgalata lehetséges hidraknal, akar kozelrokon fajok
sszehasonlito viszgalataval, de nyeles hidraknal fajon beliil is lehetséges. Igy a hidra fajok
idealis modellszervezetként szolgalnak a regeneracid, oregedés €s ezek életmenet jellegeket
érintd kovetkezményeinek tanulményozésira, melyek disszertacios munkadm alapvetd
kérdéskoreit is alkotjak. Disszertaciom mindharom vizsgéalatanak modell szervezete a
nyeles hidra volt, mely a fenti adottsagai miatt kivalo alany a kérdéseim megvalaszolasahoz.

1.2. Célkitiizések

1.2.1. Osseit készlet és a szaporodasi modok szerepe (1. tanulmany)

Multifuncionalitasuknak koszonhetden az Ossejtek akar eltérd €letmenet komponenshez
tartozo jellegek kialakitasdban egyszerre jatszhatnak meghatarozé szerepet. A szaporodds az
Ossejt  forrasokat intenziven felhasznalhatja, ezzel csereviszonyi kapcsolatokat
eredményezve mas, olyan onfenntartasért felelds jellegekkel, mint amilyen a regeneracio is,
amely szintén az Ossejtekre tamaszkodik. Az ivaros és ivartalan szaporodasi modok kozotti
kiilonbség azonban az dssejt igényiik tekintetében is megjelenhet, és igy eltérd hatassal
lehet a két szaporodasi mod a tobbi jellegre. A disszertaciém ezen részében az ivaros és
ivartalan szaporodasi modok, az dssejt forrasok elérhetosége, és az 6ssejtektol fiiggo
regeneracié valamint csalansejt szam csereviszonyi kapcsolatok viszgalatat tiiztem ki
célul. Ennek keretében végzett kutatasunk f6 kérdései az alabbiak voltak:

(1) A fejregeneracios képesség eltér-e a kiilonbozd szaporodasi médokban?
(2) A fejregeneracios képesség valtozasa Osszefiigg-e az dssejtek szamanak valtozasaval?

(3) Van-¢ kiilonbség az Ossejtek és csalansejtek szamaban az eltéré szaporodasi moédokban
(nem szaporodo, ivartalan, ivaros)?

(4) Az ivarsejtek szama valamint az ssejtek és csalansejtek szama kozott tapasztalhato-e
korrelacio természetes populaciobdl szarmazo egyedekben?

Nyeles hidrakat természetes élohelyiikrol gyijtottink annak érdekében, hogy egy ilyen
populéciordl kaphassunk képet. A nyeles hidrakrol néhany korabbi tanulmany alapjan
ismeretes, hogy Osszel a populacié egy része képes ivartalan szaporodasrdl ivaros
szaporodasra valtani, és a szaporodasi modban vald valtast kovetden az egyedek
degeneralodnak és elpusztulnak. Az ivaros utdodok téli talélésefeltételezhetden nagyobb,
mivel a kitartd peték a faggyal szemben ellenélldak.

Predikcionk szerint az ivaros egyedek (i) tobbet fektetnek a szaporodasba (i) a tobblet
szaporodasi befektetés csokkent dssejt készletetet eredményez, €s (iii) az dssejtek medidtor
szerepének koszOnhetden az Onfenntartdsi jellegekre, igy a regeneraciora és csalansejt
képzésre fordithatd forrasok elérhetésége is csokken a ivartalanul szaporodo egyedekhez
képest. Tovabba, (iv) a szaporodds és az onfenntartas csereviszonya esetén az ivarsejtek és
az 6ssejtek szama kozott is negativ korrelacio prediktalhato.
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1.2.2. Korfiigeo plaszticitas szaporodasban és onfenntartasban (2. tanulmany)

Az alapvetd életmenet jellegek gyakran kor- és életszakasz-fliggd plaszticitast mutatnak. Az
ivartalan szaporodasi médnak koszonhetéen, a klonalis vagy parcidlisan klonalis alloknal
azonban a korfliggd életmenet dontések ¢és prioritasok igen Osszetettek lehetnek, a
konvencionalis modellektdl eltérd regeneracios €s szaporodasi mintazatokat mutatva. A
parcialisan klonalis allatok esetében az ivartalanrdl ivaros szaporoddsi modra vald valtas
indukalasa és idozitése is egy tovabbi fontos életmenet dontés. Mig az ivaros és ivartalan
szaporoddsi moédok kozotti kiilonbségek viszonylag intenziven kutatottak, arrdl sokkal
kevesebbet tudunk, hogy a korral valtozd szaporodasi modokhoz kothetd forrasallokacios
mintdzatok milyen regeneracids és Onfenntartasbeli valtozasokkal tarsulnak klonalis vagy
parcidlisan klonalis allatok esetében. Eppen ezért, nyeles hidrakon végzett
vizsgalatunkban, a szaporodashoz (gametogenézis és ivartalan szaporodas) és
onfenntartashoz (fejregeneracios képesség és thlélés) kapcsolodo életmenet jellegek
korfiiggé plaszticitasat vizsgaltuk, az ivaros szapordas homérséklet csokkenés
hatasara torténé indukalasa révén . Kisérletink célja az alabbi f6 kérdések
megvalaszolasa volt:

(1) Az ivaros ¢és ivartalan szaporodasi modokkal parhuzamosan véltozik-e a regeneracioba
és tulélésbe valo befektetés fiatal (1 hetes) és idésebb (4 hetes) egyedekben?

(2) Hogyan valtozik a két korcsoport fejregenerdcos képessége és Ossejtjeinek a szdma az
ivaros szaporodast indukald hémérséklet csokkenést kovetden?

(3) A fiatalabb és iddsebb egyedek ivaros szaporodasanak iddzitésében (kezdetében) és
intenzitasaban (ivarszerveinek szamaban) is tapasztalhato eltérés?

(4) A regeneracioban ¢és szaporoddsban tapasztalt korfiiggd, fenotipikus valtozasokat
alatdmasztjak-e a sejtipusokban (6ssejtek, ivarsejtek) mérhetd mennyiségi értekek?

Ha az altalanos életemenet elmélet szerint a fekunditas a korral ndvekszik és a szomatikus
sejtek fenntartasa viszont csokken, akkor az iddsebb allatokban az ivaros szaporodasért
felelds szervek és ivarsejtek szama varhatdan nagyobb, mig regeneracids képességiik,
talélésiik és intersticialis Ossejtjeik szama kisebb, mint a fiatalabb egyedeknél. Ezzel
ellentétesen azonban az is lehetséges, hogy az iddsebb egyedek hosszabb élettartamuk alatt
a forrasok felhalmozasa révén képesek mindkét €letmenet jellegbe nagyobb mértékben
befektetni anélkiil, hogy csereviszony lenne kozottiik. Az ivartalan szaporodas priorizalasa
n¢hany korabbi megfigyelés alapjan inkdbb a fiatalabb korcsoportban varhat6, dm az

crer

1.2.3. Forrasallokdcid ivaros szaporodds és thlélés kozott az oregedés hatterében (3.

tanulmany)

Az oOregedés egyik jo indikatora, hogy a talélést nagyban befolyasold sejti és szoveti
megujulas képessége, azaz a fizioldgias regeneracio csokken. Ez gyakran tapasztalhaté az
ivaros szaporodast kovetd életszakaszban, melynek egyik oka a forrasallokacioban
keresendd. A forrds limitaltsdgon alapuld csereviszonyi kapcsolatokon keresztiil az
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¢letmenet dontések mindkét f6 életmenet komponensre, a szaporodasra €és az dnfenntartasra
is kihatnak. Az ¢életmenet dontések kimenetelének a forrdsok elérhetdségének fliggvényében
azonban valtozé kovetkezménye lehet. Disszertacios munkam ezen részében, az intenziv
posztreproduktiv degeneraciot és oregedést mutaté nyeles hidranal vizsgaltuk a
taplalék elérhetoség hatasat az ivaros szaporodasra és tulélésre. Vizsgalatunk kapcsan
az alabbi kozponti kérdésekre kerestiik a valaszt:

(1) Milyen hatassal van a taplalék elérhetdsége (4 taplalékmennyiség Szinten) az ivaros
szaporodds megjelenésére, az ivarszervek szamara és a tulélési ratara?

(2) Osszefiigg-e az ivaros szaporodas mértéke a késobbi talélési rataval?

(3) Tapasztalhato-e eltérés a kiillonbozo, természetbdl szarmazd nyeles hidra vonalak kdzott
az ivaros szaporodasra vald hajlam, az ivaros szaporodas mértéke és az azt kovetd talélési
rata tekintetében?

Ha két életfunkcid (szaporodds ¢s oOnfenntartds) egyforma mértékben fontos, akkor
mértékiikben hasonld csokkenés varhatd alacsony taplalék szintek esetén. Ha azonban a
funkciokhoz tartozo jellegek nem egyenértékiiek, akkor egyik vagy masik prioritasa
feltételezhet6. Ennek a jelenségnek az extrém kimenetelei jelenhetnek meg az étrendi
korlatozas (,.dietary restriction”, cs6kkent fekunditds és megndvekedett tulélés) vagy a
végsd befektetés (,,terminal investment”, intenziv fekunditas és csokkent tulélés) esetén is.

1.3. Anyag és modszerek

1.3.1. Osseijt készlet és szaporodasi modok szerepe (1. tanulmany)

A nyeles hidra egyedeket természetes élohelyiikrél, egy Tiszadorogma melletti Tisza
holtagbdl gytijtottiikk az dszi-téli szaporodasi iddszak alatt, négy alkalommal. A viz alatti
vegetaciorol begyljtott egyedeket Eppendorf csdbe helyeztiik és hiitéladaban még aznap a
laborba szallitottuk. A kovetkez0 napon az egyedek felénél, akiket randomizélva
valasztottam ki, megkezdtem a fejregeneracios mérést. Ennek els6 1épéseként eltavolitottam
a feji részt, majd négy nap mulva binaris rendszer szerint, az 0j tapogatok jelenléte vagy
hidnya alapjan értékeltem a regeneraciot (van tapogatd = regeneracid). Az allatokat ez alatt
klimakamraban, a természetes él6helylikon mért hdmérsékletnek megfelelden tartottam. Az
allatok egy masik részEt sejtosszetétel vizsgalatnak vetettiik ala. A standard eljarés szerinti a
maceralast a gylijtés utani napon elvégeztiik, késébb pedig megszamoltuk az alabbi
sejttipusokat: epitél sejtek, intersticialis dssejtek, nematoblaszt (csalansejt) sejtcsoportok és
reproduktiv sejtek (sperma prekurzor sejtcsoportok a himeknél és dajka sejtek a
ndstényeknél). A statisztikai elemzéshez Altalanositott Linearis Kevert Modelleket
(Generalized Linear Mixed-effects Models, GLMM) hasznaltam, az adatoknak megfeleld
hiba eloszlassal (Bayesian kdrnyezetben ahol sziikséges volt).

1.3.2. Korfiigeo plaszticitas szaporodasban és onfenntartasban (2. tanulmany)

A kisérletben hasznalt him és ndstény nyeles hidra vonalak egy Tiszadorogma melletti
holtagbol szarmaztak, amiket torzstenyészetben tartottunk a kisérletet megel6z6 egy évben.
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Az allatokat standard hidra médiumban, alland6 koriilmények kozott, 18 Celsius fokon,
klimakamraban tartottuk. A kisérletben frissen levalt bimbodkat hasznaltunk. Kisérleti
kezelésként homérséklet csokkentést alkalmaztunk (7 Celsius fokra) 3 vagy 24 nap
elteltével a kisérlet megkezdése utan. Az allatokat heti tobb alkalommal megvizsgaltuk,
hogy rogzitsiikk ivartalan szaporodasi ratajukat ¢és ivarszerveik szdmat. A regeneracio
mérését két honapon at hetente elvégeztem az allatok egy részén, a feji rész eltavolitasat
kovetden egy héttel, az 0j tapogatok megjelenések binaris kodolasa szerint (igen/nem). A
sejtosszetétel méréseket szintén két honapon 4t koriilbeliil hetente elvégeztiik, az epitél
sejtek, az intersticialis Ossejtek, a sperma prekurzor sejtcsoportok €s a dajka sejtek
szamanak feljegyzése révén. A kisérleti allatokat 5 honapon at tartottuk, feljegyezve a
halaleseteket, binarisan kodolva a talélést. Az adatok elemzéséhez Altalanositott Linearis
Kevert Modelleket hasznaltam megfeleld hiba eloszlassal, melyeket ‘Likelihood ratio test’
kovetett.

1.3.3. Forrasallokaci6 vizsgalata ivaros szaporodas és talélés kozott az oregedés hatterében

(3. tanulmany)

A kisérletben hasznalt 10 nyeles hidra vonal 1étrehozasahoz sziikséges 10 hidra egyed a
Tiszadorogméahoz kozeli holtagbol szarmazott. A 10 allat gyljtését kovetden azokat
standard laboratoriumi koriilmények kozott tartottuk 20 Celsius fokon és két honap alatt az
egyedeket ivartalanul felszaporitottuk. A kisérlet ideje alatt az allatokat heti haromszor
etettiik, 4 kezelési csoport szerint, melyek taplalékmennyiségben tértek el egymastol (3, 6,
10 vagy 20 ul Artemia sorakot adtunk etetési alkalmanként). A kisérlet kezdetétdl szamitott
masodik héten a hémérsékletet 7 Celsius fokra csokkentettiilk, annak érdekében, hogy
indukaljuk az ivaros szaporodast. Az ivaros szaporodas mértékének méréséhez rogzitettiik
az ivarszervek szamat (leesett petéket a ndstényeknél, testiseket a himeknél). Az allatok
halalat is rogzitettiik amennyiben azok szétestek vagy eltlintek. Kiilondsen iigyeltiink arra,
hogy az igen kisméretlire Osszement allatokat is megtartsuk. Az allatokat 150 napig
tartottuk, amikor is a legtobb allat mar halott volt vagy regeneralddott az ivaros szaporodas
utan és legalabb egy ivartalan utddott hozott. A statisztikai elemzéshez Altalanositott
Line4ris Modelleket (Generalized Linear Models, GLM) vagy Altaldnositott Linearis
Kevert Modelleket (GLMM) és ‘Likelihood ratio test’-et alkalmaztunk Poisson vagy
binomiadlis hiba eloszlassal.

1.4. Eredmények

1.4.1. Osseit készlet és szaporodasi modok szerepe (1. tanulmény)

e Az ivaros egyedek regeneracios képessége, valamint csalansejt és intersticialis dssejt
készlete is csOkkent az ivartalanul szaporodd egyedekhez képest. Az ivartalan és
nem szaporodo egyedek kdzott azonban nem volt kiilonbség.

e Azivaros egyedekben mért ivarsejt szam negativan korrelalt az intersticialis dssejtek
€s csalansejtek szdmaval.

e Regeneracids képességre €s sejtosszetételre vonatkozd eredményeink igazoljak az
ivaros €s ivartalan szaporodéasi modok eltérd fizioldgiai koltségét.
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e FEredményeink megerdsitik a regeneracid életmenet jellegként valod értelmezését,
tovabba azt az elméletet, miszerint az Ossejtekért folyd kompeticidé medidtor
szereppel rendelkezik az életmenet dontésekben.

e Természetes populaciobdl gytijtott allatokndl is igazoltuk az eddig csak néhany,
régdta laborban tartott vonalaknal tapasztalt, ivaros szaporodast kovetd csokkend
csalan- és Ossejt mintazatokat.

1.4.2. Korfiigeo plaszticitas szaporodasban és onfenntartasban (2. tanulmany)

e Jgazoltuk a korfiiggd plaszticitdas meglétét az Osszes, nyeles hidrakon mért
valtozoban (fejregenerdcios rata, ivartalan szaporodasi rata, ivarszervek széma,
ivaros szaporodas kezdete, tilélés, ivarsejtek szama, dssejtek szama).

e A fiatalabb egyedek magasabb ivartalan szaporodassal, mig az id6sebb egyedek
intenzivebb gametogenezissel és ivarsejt képzssel rendelkeztek.

e A szaporodasban mutatott eltérésekkel parhuzamosan, az dnfenntartési jellegekben
is eltérés mutatkozott kor fiiggvényében: az idésebb, inkabb ivarosan szaporodd
egyedek alacsonyabb fejregeneracios képességgel, taléléssel és Ossejt szdmmal
rendelkeztek.

e A fejregeneracios rata és az Ossejtek szdmanak valtozasa plasztikus korfliggd hatas
mellett ontogenetikus hatasra is utal, ugyanis a fiatalabb egyedek az ivaros
szaprodast a fiatalabb és az idésebb egyedek kozotti korkiilonbséghez hasonld
mértekll késéssel kezdtek meg.

1.4.3. Forrasallokaci6 vizsgalata ivaros szaporodas és talélés kozott az oregedés hatterében

(3. tanulmany)

e Az ivaros szaporodast csokkent tulélés kovette, azonban a korabbi kisérletekkel
ellentétben, az allatok egy jelentds része regeneraldodott az ivaros szaporodas utani
degeneraciot kovetden és ivartalanul is tovabb szaporodott. Ez az allatvilagban
kivételes €letmenetnek szamit és kivételes megnyilvanulasa a szaporodas ¢€s tulélés
kozotti csereviszonynak is.

e A taplalékmennyiség nem volt hatdssal az ivaros szaporodds megkezdésére, az
ivarszervek szamara viszont igen, ugyanis a magas taplalékszint nagyszamu
ivarszerv képzését eredményezte.

o A talélési ratat nem befolyasolta az elérhetd taplalék mennyisége, ezzel azt sugallva,
hogy a tulélés egy konzervalt jelleg, fenntartdsa alacsony taplalékszint esetén is
fontos.

e Azivarszervek szdma és a tulélés kozott nem volt egyedszintli 6sszefiiggés.

e A 10 nyeles hidra vonal kozott eltérés mutatkozott azok ivaros szaporodasra valod
hajlamaban, ivarszerveinek szdméban és tulélésében is. Az ivaros szaporodast csak
kis ardnyban vagy egyaltalan nem megkezdd vonalat is talaltunk.
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1.5. Diszkusszio

Munkdm soran a regeneraciot, mint széles korben megjelend életmenet jelleget vizsgaltam,
szaporodashoz és Onfenntartashoz kapcsolodo jellegekkel kapcsolatos kutatasokat
elvégezve. A regeneraciot és a hozzd kapcsolodo jellegeket harom {6 tényezdvel
Osszefliggésben vizsgaltam édesvizi hidraknal: (i) 6ssejt forrasok, (ii) életkor és (iii) taplalék
elérhetéség. Mind a harom tényezd fliggvényében szoros Osszefiiggéseket fedeztiink fel a
két f6 életmenet komponsekhez, a szaporodashoz és a tuléléshez tartozo jellegek valamint a
regeneracio kozott. Tovabba két esetben megfigyeltiink ivaros és ivartalan szaporodasi
modok kozotti kiilonbségeket is. A kovetkezokben {6 vizsgalati tényezok, kontextusok
szerint értelmezem a jelentdsebb eredményeinket.

Az 6ssejt forrasok tekintetében, természetes ¢lohelyiikrdl gyljtott nyeles hidraknal az eltérd
szaporodasi modu csoportokban markans kiilonbségek mutatkoztak (1. tanulmany). Az
ivaros egyedek csokkent fejregeneracios képességekkel, dssejt szammal ¢és a taplalkozasban
szerepet jatszo csalansejt készlettel rendelkeztek a nem szaporodo egyedekhez képest, mig
az ivartalan csoport nem mutatott eltérést a nem szaporodoktol, ellenben kiilonbozott az
ivarosan szaporodoktol. Az ivaros szaporodassal Osszefiiggd csokkent szomatikus funkcidok
(regeneracid, Ossejtek, taplalkozas) evolucios oka lehet egy olyan szelekcios hatds, mely a
hosszabb tavu talélés helyett a fiatalkori vagy jelenlegi szaporodast priorizalja. Az dregedés
evolucios elméletei szerint, magas kiils6 tényezOk okozta mortalitdas esetén ugyanis a
tulélésre karos mutaciok elterjedhetnek a populacidkban (mutacié felhalmozodas elmélet:
Medawar, 1952, antagonista pleiotropia elmélet: Williams, 1957, eldobhaté test elmélet:
Kirkwood & Rose, 1991). A potencialisan megndvekedett mortalitds mérsékelt 6vi hidra
populacidkra is igaz, a hideg id6 és a fagy bedllta kiillonosen a sekély vizekben jelent
veszElyt. Ilyen esetekben a megfagyasnak is ellenalld kitartdé peték létrehozasa nagyobb
reprodukcios értékkel bir az ivartalan utdédokkal szemben, igy szelekci6 hatasara elterjedhet
az ivaros szaporodasba valo intenziv befektetés, akar a szomatikus funkciok fenntartasanak
kérara is. Az ivartalanul szaporodd egyedek stratégidja ezzel szemben azon alapulhat, hogy
az alacsony szaporodasi értékkel rendelkezd utddaik létrehozasa alacsony koltséggel is jar.
Ezek fényében, a szaporodas és a tulélés kozotti csereviszony varhatéoan az ivaros
egyedeknél hangsulyosabb ¢és a hatterében allhat a nyeles hidraknal is tapasztalt 6regedési
¢s szomatikus funkciokat érintd mintazatok megjelenésének, mely jelenség fiziologiai
alapjat a limitalt Ossejt készletek elérhetdsége jelentheti.

Nagy szoveti plaszticitdst allatoknal a multipotens Ossejtek szamos életfunkcio
kialakitdsaban részt vesznek, ezért az egyik funkcidba vald intenziv befektetés az dssejt
forrasok kimeriilése révén mas funkciok csokkentésével jarhat egyiitt. Ez a jelenség nem
mélyrehatoan kutatott teriilet, azonban kordbbi vizsgalatokbol mar tudjuk, hogy intenziv,
tobbszori ivaros szaporodas utan az Ossejtek elhasznalasa Aurelia polipok esetében is
megfigyelhet6 (Gold & Jacobs, 2013), valamint az dssejtek csokkent elérhetdsége bizonyara
felelés a Tubularia csalanozok élethosszanak meghatarozasaért (Tardent, 1963). Nyeles
hidrak esetében is valosziniileg az éssejtek kimeriilése (masnéven gametikus krizis; (Bosch,
2009; Brien, 1966)) jatszik szerepet az ivaros szaporodast kdveten tapasztalt csokkend
talélésben (Yoshida et al., 2006). A nagyobb reprodukcios befektetés soran ugyanis a nagy
szamu ivarsejtképzés az Ossejtek nagyaranyu elkotelezddését igényli a csiravonal ttvonal
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irant, ami az Ossejtek limitaltsdgabol addédoan a szomatikus funkcidkat ellatd sejtek és
maganak az Ossejt készletnek a csokkenésével jarhat. Ezt vizsgalatunk sejtszam mérései is
alatdmasztjak, mivel az ivarsejtek szama és Ossejtek valamint csalansejtek kozott negativ
korrelaciot taldltunk himek esetében. Erdekes moédon, ndstények esetében nem volt
tapasztalhatd ilyen Osszefiiggés. Ennek oka egyfeldl lehet az, hogy a csiravonal és a
szomatikus sejtek kozotti csereviszonyi kapcsolat himek és a ndstények esetében eltérd
mechanizmusokon alapul, masfelél viszont abbol is adddhatott, hogy ivarsejtek alapjan a
szaporodasi befektetés masképp becsiilhetd a nemek kozott. Nostények esetében ugyanis a
kezdetben nagy mennyiségli dajkasejt fokozatosan egy-egy érett petesejtté egyesiil (Miller
et al., 2000; Zihler, 1972), ezért az ivari érés elérehaladtaval a dajkasejteket 1étrehozo
Ossejtek szamanak csOkkenésével parhuzamosan, maguknak a dajkasejteknek a szama is
csokken a petesejtté alakulas soran. Ezzel 6sszhangban van, hogy vizsgalatunkban aranylag
nagy volt azon ndstények szama, akik kimeritették mind az éssejt, a csalansejt és a dajkasejt
készletiiket is.

Az Ossejt készlettel parhuzamosan, a fejregeneracios képesség is lecsokkent az ivarosan
szaporodd egyedeknél, az ivartalanokndl viszont megmaradt. Az Ossejteknél ¢és a
regeneracional tapasztalt valtozasok Osszefligghetnek egymassal, ugyanis az Ossejtek
szerepe kritikus tobb regeneracios tipusban is, vagy azért mert osztédasok révén biztositjak
a regeneraciohoz sziikséges sejteket, vagy a sériilés helyéhez vandorolva részt vesznek az 0j
testrész kialakitasaban (Alvarado, 2000; Bely & Nyberg, 2010; Sugimoto et al., 2011).
Azonban, ha barmilyen fizioldgiai folyamat csokkenti az dssejtek elérhetdségét, akkor
varhatban a regeneracio is korlatozotta valhat (Henry & Hart, 2005; Kramarsky-Winter &
Loya, 2000). Ahogy korabbi kutatasok is alatamasztjak, a regeneracio része az allokacios
stratégiaknak ¢€s csereviszonyi kapcsolatoknak (Gross, 1925; Rinkevich & Loyla, 1989;
Zattara & Bely, 2013), valamint az dssejt forrasok elérhet6ségének a szerepe is lehetséges
magyarazatként mertlt fel példaul hidrak tobbszori amputacios eseményt kovetd meérsékelt
regeneraciojanal (Martinez, 1996; Tardent, 1963). Vizsgalatunk ezek megerdsitése mellett
ravilagit arra is, hogy a szaporoddsi modok eltéréen hathatnak a regeneracios képességre,
mely kiilonbségek oka valdsziniileg az eltérd dssejt koltségiikben rejlik.

Mivel a regeneracios képesség plasztikus jelleg, az életkor is lényeges befolyasold
tényezdje lehet. Az életkor elérehaladtaval valtozhatnak a priorizalt életmenet jellegek, ami
parcialisan klonalis allatok esetében igen Gsszetett jelenség lehet, mivel életmenetiik soran
kiilonb6z6 szaporoddsi modok is eléfordulhatnak (ivaros és ivartalan). Ezt a kérdéskort
vettiilk gorcsd ala egy masik, kisérletes vizsgalatunkban (2. tanulmany). Ennek eredménye
alapjan elmondhatd, hogy a nyeles hidrak életmenet jellegei az életkor altal jelentOsen
befolyasoltak. Az ivaros szaporodas kisérletes indukalésa altal felfedeztiik, hogy a korfiiggd
szaporodasi modokhoz kapcsolddo stratégiak kiillonbozé mértékii dnfenntartdssal tarsulnak.
Ez a kapcsolat fontos része lehet a kiilonb6z0 6regedési mintazatoknak is. Habar eddigi
tanulmanyok alapjan az a tendencia latszik kirajzolddni, hogy az ivartalan szaporodasi
allatok gyakran elhanyagolhaté vagy negativ Oregedéssel rendelkeznek (Vaupel et al.,
2004), mig az ivaros szaporodasu allatok onfenntartasa az €letkor elérehaladtaval hanyatlani
kezd (Kirkwood & Rose, 1991), vizsgalatunk ramutat arra, hogy ezek a mintazatok
valtozhatnak az életkor soran.
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Ahhoz, hogy a klonalis és nem klonalis ¢él6lények olyan {6 életmenet komponenseket, mint
a ndvekedést, szaporodast, regeneraciot és Onfenntartast érintd allokdcids mintazatait és
prioritasait valoban megértsiik, érdemes figyelembe venniink egy Iényegi kiilonbséget a két
csoport kozott. Fontos lehet ugyanis, hogy klondlis és parcidlisan klonalis €¢l61ényeknél a
novekedés nem csak a test méretbeli fokozodasat jelentheti, hanem a testbdl szomatikusan
létrehozott ivartalan utdodok képzését is (Harvell & Grosberg, 1988). Ivartalan szaporodas
révén az adott kornyezethez alkalmazkodott genotipus az ivaros szaporodasnal kisebb
koltséggel (Rispe et al., 1998), gyorsan képes egy €lohelyet kolonizalni. A nem klonalis
¢lolényeknél tapasztalhatoakkal ellentétben ezért lehetséges, hogy az ivartalan szaporodasba
valo befektetés jo kondicid esetén mar korai életszakaszban elényos lehet (Burke &
Bonduriansky, 2018). A parcialisan klonalis fajoknal a genetikai diverzitis novelése pedig
csak késobb, az ivaros szaporodas révén valhat eldnyossé (Burke & Bonduriansky, 2018).
Kutatasunk megerdsiti ezt a feltevést, mivel azt talaltuk, hogy nyeles hidrak ¢élete soran az
ivartalan szaporodas fiatalabb korban, az ivaros szaporodas pedig csak kés6bb priotitas.
Ezen eredményeink Osszhangban vannak a korabbi vizsgalatokkal, melyek példaul
kevesebb petér6l szamolnak be fiatal korban ndstény botsaskaknal (Burke & Bonduriansky,
2018), korfliggd ivarérésr6l néhany korall fajnal (Kai & Sakai, 2008) vagy az ivaros
szaporodast megel6z6é ivartalan ciklusrol tobb parcialisan ivartalan faj esetében (Olive,
2002). Habar vannak példak ezekre a korfliggd szaporodasi mintazatokra, a szaporodasi
moédok kozotti valtds kisérletes indukaldasa sokkal kevésbé vizsgalt, holott a valtas
befolyasold tényezdinek, eldnyeinek és koltségeinek megbecsiiléséhez elengedhetetlen.

Vizsgalatunk sordn a szaporodasi modok eltérd Onfenntartdsi koltségekkel tarsultak: a
fiatalabb egyedek, akik magasabb ivartalan szaporodési ratdval és késleltetett, kevésbé
intenziv gametogenezissel rendelkeztek, magasabb regenerdcios ¢és tulélési értékeket
mutattak, mig ezek ellenkezdje volt igaz az idésebb hidra polipokra. Az ivartalan
szaporodassal tarsulé magasabb regeneracids képesség €s tulélés mas parcidlisan ivartalan
fajnal is megjelenik (Mouton et al., 2018; Zattara & Bely, 2016), valamint az ivaros
szaporodas ezekre vald negativ hatasa is ismert (Harvell & Grosberg, 1988; Henry & Hart,
2005). A korral bekovetkezé valtozasok tekintetében elmondhatd, hogy az ivartalan
szaporodas képességével altalaban nem csokkend regeneracios képességek ¢€s tulélés tarsul
(Tanner, 2001; Yun, 2015), azonban egyes esetekben ezek csokkenése is el6fordulhat
(Meesters & Bak, 1995; Orive, 1995; Skold et al., 2011). Ezen jelenségre is magyarazatul
szolgalhat, hogy az Onfenntartds korral torténd valtozasai mas életmenet jellegektdl is
fiiggnek (Orive, 1995), mint példaul a vizsgalatunkban is szereplé szaporodasi modoktol. A
korabbi tanulmanyok azonban a két szaporoddsi mod ¢és az Onfenntartdsi jellegek
kapcsolatat altaldban nem egyszerre, egy fajon beliil vizsgaljdk, és nem foglalkoznak az
életkor hatasara bekovetkezd valtozasokkal, mely fontoSsagara eredményeink is rdmutatnak.

Proximalis szinten nézve, sejtszintli méréseink lehetséges magyarazatot adhatnak a korral
novekvd ivaros szaporoddsra vald hajlandosagra és annak nagyobb koltségére is. Az
ivarsejtek eldallitdsa hidrdknal a csiravonal Ossejtek révén torténik, melyek a multipotens
Ossejtekbdl szarmaztathatéak (Nishimiya-Fujisawa & Kobayashi, 2012). A multipotens
Ossejtek egyszerre a szomatikus sejtek (csalan-, mirigy- és idegsejtek) és csiravonal dssejtek
képzéséért is felelosek. Ebbdl adddoan, az ivarérés kovetkeztében a multipotens dssejtek
differencialodéasa a szomatikus sejtek helyett az ivarsejt képzési titvonal felé tolodhat. Ezen
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csokkent elérhetdsége az dssejteknek a szomatikus funkciok felé az ivaros szaporodas egyik
f6 koltségét is jelentheti, mivel szomatikus sejtek felelések a regeneracidért, ivartalan
szaporodasért és altalanossagban a test fenntartasaért is (Nishimiya-Fujisawa & Kobayashi,
2012). Nostény nyeles hidrak esetében korabban dokumentaltak mar korral ndvekvo
csiravonal 6ssejt szamot (Littlefield, 1991), mely egy bizonyos késziiltséget jelez az ivaros
szaporodasra. Ennek fényében lehetséges, hogy kisérletiinkben a fiatalabb allatok a
megfelelé mennyiségii csiravonal éssejt hianyaban nem voltak képesek nagy szamu ivarsejt
produkciéra sem. Az ivarsejtek és dssejtek id6beli dinamikaja, a regeneracidos mérésékkel
egylitt eredményeink tovabbi lehetséges magyardzataként az ontogenetikus hatas szerepét is
felvetik. A fiatalabb, ‘1 hetes’ csoportban ugyanis ezen valtozok értékeiben egy 3 hét
csuszas figyelhetd meg a ‘4 hetes’ csoporthoz képest. Ugyanakkor, ha az allatok abszolut
korara (sziil6 allatrol vald levalas id6pontjatol szamitott korara) is kontrollalunk, az ivaros
szaporodas indukaldsa szerinti életkort érinté kezelés hatdsa igy is megmarad. gy
Osszességében megallapithatd, hogy az ontogenetikus hatds ¢és korfiiggd plaszticitas
egylittesen jatszhatott szerepet a nyeles hidrak életmenet stratégidiban tapasztalt
eltéréseiben.

Az ¢életkor eldrehaladtaval, az 6regedés soran csokkend tendencia tapasztalhat6 a fiziologias
regeneracioban (Yun, 2015), mely a talélés egyik kulcsa. Az életkor hatasat az oregedés
elméletek is figyelembe veszik, a forrasok elérhetdsége ilyen szempontbdl azonban kisebb
tudomanyos figyelmet kap (Baudisch & Vaupel, 2012). Az allokacios elmélet szerint, a
taplalék jelenti az életmenet jellegek kifejezOdésének ¢és miitkodésének egyik alapvetd
forrasat, ami a hidrak érdekes életmenet stratégidival is Osszefliggésben allhat. Ezt
vizsgaltuk meg harmadik kisérletiinkben (3. tanulmdny), melyben méréseink a
posztreproduktiv dregedéssel rendelkezé nyeles hidra faj ivaros szaporodéasara és az azt
kovetd talélésére iranyultak 4 taplalékmennyiség szint bevonasaval, 10 ivartalanul
felszaporitott hidra vonal esetében.

Kisérletiinkben az elérhetd taplalék mennyiségének ndvekedésével az ivarszervek szama is
novekedett, azonban a gonadogenezis megkezdésének iddpontja a taplalékelérhetdségtol
fliggetlennek bizonyult, ahogyan az ivaros szaporoddst kovetd tulélés is. Ezek alapjan
megallapithatd, hogy - az alkalmazott taplalékszintek esetében - a nyeles hidrak képesek
megOrizni tulélési képességiiket ivaros szaporodds esetén is. Ezen eredményeink tobb
szempontbol is meglepdek. Egyfelél, nyeles hidraknal az ivaros szaporodas egyfajta
vészhelyzeti stratégia, és a kitartd peték létrehozasat a fagy és/vagy az éhezés miatti magas
mortalitds teszi sziikségessé. Kisérletiink megfigyelései alapjan ez a hipotézis nem
magyarazhatja teljesen a jelenséget, mivel a taplalék mennyisége nem volt hatdssal az
ivaros szaporodas megkezdésének valoszinliségére (Kaliszewicz és Lipinska (2012)
eredményeihez hasonldan). Az sem tdmogatja a fenti hipotézist, hogy hideg hdmérsékleten
az ivartalan szaporodas nem volt folyamatosan gatolt, €s az ivaros szaporodas megkezdése
elott is képesek voltak az ivartalan utddok, vagyis bimbok létrehozasara. Ez azt sugallja,
hogy a homérséklet csokkenés inkabb jelként szolgal az Gkoldgiailag optimalis ivaros
szaporodas megkezdésére, mintsem fiziologiai kényszer lenne (Reisa, 1973).

Meglepd tovabba, hogy a vizsgalatban szerepld kisérleti allatoknal tapasztalhato volt a
korabban leirtakhoz (Yoshida et al., 2006) hasonl6 ivaros szaporodast kdvetd degeneracio,
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test- és tapogatokar méretbeli csokkenés €s elhaladlozés, azonban az allatok jelentds része ezt
kovetden tulélt, regeneralodott és Ujra ivartalanul szaporodott. Ez a mintazat nem
magyardzhatd6 sem a ‘“terminal investment”, sem a ‘“dietary restriction” jelenségeivel,
valamit olyan modellel sem, melyben a szaporodas és a talélés egyarant fiigg a taplalék
elérhetdségétol. Ahogy az el6zd kisérleteknél (1. és 2. tanulmény) emlitésre keriilt, az
intenziv posztreproduktiv degeneraci6 f6 oka valdsziniileg az &ssejtek kimeriilése (Bosch,
2008; Brien, 1953; Reisa, 1973; Tardent, 1974; Yoshida et al., 2006). A “gametikus krizis”
elmélete alapjan a magas posztreproduktiv tilélési ratdra kézenfekvé magyarazat, hogy
ezeknél a vonalaknal valoszintlileg az Ossejtek kisebb aranyban kotelezodtek el a csiravonal
utvonal felé és az Ossejtek egy kellden nagy populdcidja megmaradt ahhoz, hogy a teljes

crer

igen alacsony szovet méretét (Shimizu et al., 1993), ez egy potencialis magyarazatnak
tekinthetd.

Harmadsorban, eredményeink nem tdmogatjak azt a hipotézist, miszerint a posztreproduktiv
degeneraci6 a taplalék forrdsok szomatikus funkcidk ellatasara torténd csokkent
taplalék mennyisége, valamint nem taldltunk egyedi szintli Osszefliggést az ivarszervek
szdma ¢és a tulélés kozott, ami pedig a kulcs eleme a csereviszonyi kapcsolatra épiild
hipotézisnek. Lehetséges azonban, hogy a mintdzott vonalak szdma nem volt elegendd egy
ilyen kapcsolat detektalasahoz.

Mindazonaltal, a vizsgalatba bevont tiz, azonos populaciobol szarmazod nyeles hidra vonal
ravilagit a fajon beliili eltérd életmenet stratégidk lehetséges jelenlétére. Még ezen a
viszonylag korlatozott vonal szdmon beliil is akadt olyan klonokbdl 4ll6 vonal, amely nagy
aranyban szaporodott ivarosan ¢és el6fordult olyan is, ami végig csak ivartalanul
(eredmények nem keriiltek bemutatasra). Tovabba, egyes vonalak tulélési valoszinlisége
igen magas volt, mig méasoké kevesebb mint 25%. Ezek az eltérések részét képezhetik eltérd
¢letmenet stratégiaknak vagy lehetséges, hogy az iddszakosan valtozo, életmenet jellegekre
hat6 szelekcid is eredményezheti (Mojica et al., 2012). A sok vonalnal tapasztalt, ivaros
szaporodast kovetd tulélési arany inkabb az iteropar szervezetekre jellemzd, melyeknél
gyakran dokumentalt, hogy a szomatikus funkciok fenntartasa akar a szaporodasi rata
csokkentése révén is biztositott, példaul taplalék szempontjabol kihivast jelentd
kortilmények esetén (példaul: Gaillard et al., 2000; Therrien et al., 2008). Ez alapjan a
taplalék elérhetdség, tulélés és szaporodas kapcsolata is eltérhet az iteropar €s az alacsony
tulélést mutatd szemelpar vonalak/populaciok kozott. Habar néhany korabbi kutatasban is
megjelenik ez a két mortalitasi mintazat (Tomczyk et al., 2015; Yoshida et al., 2006), a fenti
hipotézis tesztelésére kiilonb6zé vonalak és populaciok szélesebb korii bevonasara lenne
sziikség a jovoben.

Mindent egybevetve, diszetacids munkdm révén a regeneracio tobb aspektusaval
kapcsolatban is ujabb Osszefiiggéseket sikeriilt felfedezni, melyek tovabbi kutatasi iranyokat
is segithetnek. Megvizsgélva a nyeles hidrdk ivaros €s ivartalan modjait, Ossejt készletét és
fejregeneracios képességét, azt taldltuk, hogy az ivaros szaporodas nagy fizioldgiai
koltséggel bir (1. tanulméany). A csokkent regeneracios képességek és az Ossejtek
kimeriilése alapjan az ivaros szaporodas visszafordithatatlan szaporodasi stratégianak tiinik,
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mely az ivarsejt képzést helyezi elétérbe a szomatikus funkciok helyett. Az igen eltérd,
szaporodasi modtol fiiggd életmenet dontések idedlis model szervezetté teszik a nyeles
hidrdkat az Oregedd ¢és nem Oregedd stratégiak tanulmanyozasara, akar fiziologia
tekintetében is. Annak érdekében, hogy a limitalt sejtszintli forrdsok szerepét a jovoben
részletesen tisztazni tudjuk, tobb életmenet jelleg kialakitasahoz sziikséges, kozos sejt
készletet vizsgald tovabbi kutatasok indokoltak.

Az ivaros ¢és ivartalan szaporodds Ossejtekkel mutatott Osszefiiggései késobbi
vizsgalatunkban is szignifikdnsnak mutatkoztak, azonban egy ujabb tényezovel, az
¢letkorhoz kapcsolddd mintazatok feltérképezését is megkezdtiik (2. tanulmany). Egyazon
hidra vonalon belill elvégzett kisérletiink eredményei azt sugalltdk, hogy az ivartalan
szaporodas a regeneracioval és az onfenntartdssal egyiitt fiatalabb életkorban priorizalt, mig
a nagyobb szomatikus funkciokat érintd koltségekkel jard ivaros szaporodéds késdbbi
¢letszakaszban kertil el6térbe, ivaros szaporodas indukaldsa esetén. A nyeles hidrak klon
vonalon beliil mutatott jelentds korfiiggd plaszticitasa ramutathat a laborban, klonalis vagy
parcidlisan klondlis fajokon végzett kutatdsok ismételhetdségének egy fejlesztési iranyara.
Az ivartalan szaporodas formai elterjedtek a modellszervezetek korében (példaul planariak,
vizibolhak, kerekesférgek, tengerirdzsak és hidrak esetében), mely allatokat gyakran
ivartalanul felszaporitott, kiilonb6z0 koru egyedekbdl allo torzstenyészetekben tartjak
(Hughes, 1989 ¢és a benne szerepld referenciak). Tanulmanyunk arra utal, hogy azonos
kornyezeti hatasok eltéré szaporodasi és forrasallokacids mintazatokat indukalhatnak nyeles
hidra polipoknal ¢életkoruktdl fiiggéen. Kovetkezésképpen, ez a jelenség mas klonalis vagy
parcialisan klonalis szervezetnél is fennallhat, igy a korra val6 kontrollalas mas tudomanyos
teriileteken is eldsegitheti az ismételhetdség fokozasat.

Végiil, a fiziologias regeneracidval kapcsolatban, a taplalék elérhetség vizsgalata révén
probaltunk fényt deriteni a nyeles hidrak ivaros szaporodast kovetd drasztikus tulélés
csOkkenésének hatterére (3. tanulmany). Mivel az elérhetd taplalék mennyisége csak az
ivarszervek szamara volt hatassal, a késobbi tulélésre nem, igy nem egyértelmii, hogy a
tulélésért felelds szomatikus funkciok  fenntartdsdnak  gatoltsaga a  csokkent
forrasallokacionak koszonheté-e. Meglepd modon azonban, ivaros szaporodas utani
degeneraciot kovetden az allatok egy része képes volt regeneralodni, igy felvetették egy
ujabb, iteropar szaporodasi stratégia meglétét ennél a fajnal. A kiilonboz6é vonalak kozott is
markans eltérések mutatkoztak mind az ivaros szaporodas indukalhatésaganak, mind az
egyedek ivaros szaporodas utani talélésének tekintetében, mely kiilonbségek egy széleskorii
populécios vizsgalat sziikségességét vetitik eldre.

Osszességében elmondhatd, hogy a regeneracid mint fontos életmenet jelleg vizsgilata
segithet jobban megérteni az él6lények életmenet csereviszonyait, az eltéré oOregedési
mintazatok okait és ezek fiziologiai hatterét, mely vizsgalati célokra a nyeles hidrak igen
alkalmasnak bizonyultak.
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1.6. Osszefoglalas

A regeneracid az ¢€l6 szervezetek egyik alapvetd sajatossaga, helyreallitd és megujulasi
folyamatok révén a sejtek, szovetek karositd ¢€s sériiléseket okozo tényezOk -elleni
rezisztenciajat teszi lehetdvé. Szerepe széleskorl, az egyedfejlodés, mintdzat kialakitas,
ivartalan szaporodas vagy az oregedés jelenségében is részt vesz. Az életmenet jellegek, igy
a regenerdcios folyamatok is koltséges mechanizmusok sorat kovetelik meg, ezért
sziikségszertien alakulnak ki csereviszonyi héalézatok az €letmenet komponensek kozott. A
regeneracio szamos szervezetnél része az ellentétes €letmenet komponensek — mint a
szaporodas ¢és az Onfenntartas - kozott kialakuld csereviszony kapcsolatoknak, azonban mas
onfenntartasért felelds életmenet jellegekkel valo kapcsoltsaga kevéssé ismert. Kutatasaim
alanyai a rendkiviili regeneracios képességgel bird nyeles hidrak (Hydra oligactis), melyek
keretein bellil tobbek kozott a regeneracido kiilonbozd oOnfenntartasért és kiilonbozo
szaporodasi modokért felelds ¢letmenetjellegekkel kozotti Gsszefiiggéseket vizsgaltam
¢letkor és taplalékelérhetdség fliggvényében. Masfelol munkam sordn a csereviszonyok
kialakuldsdnak meghatirozé tényezdjének, a belsd, limitalt forrdsért vald versengésnek a
kovetkezményeit is kutattam. A nagy szoveti plaszticitassal rendelkezd allatok, igy a
édesvizi hidrék esetében is az dssejtek potencidlisan ilyen limitald faktorként jelennek meg,
ugyanis multi- vagy pluripotens 6ssejtekbdl szarmaznak mind a szomatikus, mind az
ivarsejtek. Ezen élettani hattérnek koszonhetden, ivaros szaporodas esetén a korlatozott
Ossejt forrasokért valo versengés kihathat az egyedek regeneracios képességeire.

Eredményeink alapjan alatdmasztottuk az dssejtek medidtor szerepét a szomatikus és
reproduktiv funkcidk kialakitdsdban, szaporodasi médok tekintetében pedig azt talaltuk,
hogy az ivaros szaporodas magasabb koltséggel jar mint az ivartalan szaporodas, mind az
Ossejtek, mind a fejregeneracid tekintetében. A visszafordithatatlannak tind ivaros
szaporodas iranti elkotelez6dés mértéke azonban nagyban fligghet az egyedek életkoratol.
Az 1vartalan szaporodas a regeneracioval és az Onfenntartassal egyiitt fiatalabb életkorban
priorizalt, mig a nagyobb, szomatikus funkciokat érintd koltségekkel jaro ivaros szaporodas
késObbi ¢letszakaszban keriil elétérbe. Az azonos koriilmények kozott tartott egyedek
életkor fiiggd eltérd viselkedése mas klondlis vagy parcialisan klondlis modellszervezetnél
is fennallhat, ezért a korra valo kontrollalds mas tudomanyos teriileteken is eldsegitheti a
repetabilitast fokozasat.

Munkém sorén a fizioldgids (fenntartd) regeneraciora hatd tényezdként az elérhetd taplalék
mennyiségét is vizsgaltuk, tobb nyeles hidra vonal bevondsival. Noha az ivarszervek
szamara szignifikdns hatassal volt a taplalék mennyisége, a til¢lésre nem volt hatassal, igy
tovabbi vizsgalatok sziikségesek a taplalékelérhetdsg szerepének egyértelmil tisztdzasahoz.
A kiilonb6zd hidra vonalak kozott azonban markéns eltérések mutatkoztak a talélésének
tekintetében, ugyanis meglepd modon az ivaros szaporodas utani degeneraciot kdvetden az
allatok nagy része képes volt regeneralodni, mig masik része - a korabbi tanulméanyok
eredményeinek megfeleléen - elpusztult. Ezen markans kiilonbségek egy széleskorii
populdcié vizsgalat sziikségességét vetitik eldre. Osszességében elmondhatd, hogy a
regeneracid, mint fontos életmenet jelleg vizsgalata segithet jobban megérteni az ¢él6lények
csereviszonyi halozatdnak kapcsolatait, az eltérd Oregedési mintazatok okait és ezek
fiziologiai hatterét, mely vizsgalati célokra a nyeles hidrak igen alkalmasnak bizonyultak.
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1.7. Az értekezés alapjaul szolgaléo tudomanyos kozlemények

I Sebestyén, F., Barta, Z., & Tokolyi, J. (2018). Reproductive mode, stem cells
and regeneration in a freshwater cnidarian with postreproductive senescence.
Functional Ecology, 32(11), 2497-2508.

1 Sebestyén, F., Miklos, M., Ivan, K., & Tokolyi, J. (2020). Age-dependent
plasticity in reproductive investment, regeneration capacity and survival in a
partially clonal animal (Hydra oligactis). Journal of Animal Ecology, 89(10), 2246-
2257.

1l Tokolyi, J., Osz, Z., Sebestyén, F., & Barta, Z. (2017). Resource allocation

and post-reproductive degeneration in the freshwater cnidarian Hydra oligactis
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1.7.1. Személyes hozzdjarulas (*) az értekezéshez tartozd tudomanyos kozleményekhez

1. tanulmany 2. tanulmény 3. tanulmény
Kutatis megtervezése * *
Adatgytijtés * * *
Adatelemzés * *
Kézirat elkészitése * * *

1.8. Koszonetnyilvanitas

Ezlton is szeretném megkodszoni témavezetdmnek, Tokolyi Jacintnak a sok évnyi készséges
tdmogatasat és segitségét, nélkiille nem kezdtem volna bele. Héalaval tartozom a labor és
terepi munka hatékonnya és élvezetessé tételéért a hidras labor tagjainak, Miklos Maténak,
Kozma Beatrixnak, Gergely Rékanak, Nehéz Erzsébet Agnesnek, Ngo Khanak, Ivan
Katalinnak, Tenkei Davidnak és Osz Zséfianak. Koszonom tanszékvezeténknek, Dr. Barta
Zoltannak az észrevételeit és tamogatasat, valamint az Evoliciés Allattani Tanszék
munkatarsainak, amiért j6 munka légkort biztositottak. Freytag Csongor faradhatatlanul allt
rendelkezésemre barmilyen kérdéssel, eszmefutattdssal és tadmogatassal kapcsolatban,
amiért halam orokké 1ldozni fogja. A doktori munkdm az Emberi Eréforrasok
Minisztériumnak Uj Nemzeti Kivalosag Programjanak (UNKP-18-3) tamogatasaval késziilt.

30



2. Regeneration and senescence in freshwater hydras: life history decisions and
their physiological background

2.1. Introduction
2.1.1. Definition of regeneration and its relation to stem cells and asexual reproduction

Wounds, environmental factors, diseases, or stress pose a constant threat to multicellular
organisms. To cope with the ensuing damages, two main processes have evolved: scar
formation and regeneration (Stocum, 2018). Scar formation is completed without the
replacement of the lost body part, and preserves the integrity of the given area (Stocum,
2018). In contrast, regeneration includes restorative processes against the negative impacts
(Stocum, 2018). According to the prevalent definition, regeneration implies the restoration
of lost body parts, which can refer to regeneration at a cellular, tissue, organ or whole-body
level (Bely & Nyberg, 2010).

The scientific history of regeneration can provide insights to the formation of its definition.
The beginning of regeneration research roots in the 18th century, when René-Antoine
Ferchault de Réaumur observed limb regeneration on freshwater crayfish for the first time
in 1712 (Ratcliff, 2012). As a result of Réaumur’s detailed description of leg and claw
regeneration, scientific interest in the phenomenon of regeneration intensified. Abraham
Trebley improved Réaumur’s techniques and performed experiments on hydras (Esposito,
2013), providing a basis to biological experimentation and hypothesis testing (Dinsmore,
1991). The beginning of regeneration research in vertebrates is credited to Lazzaro
Spallanzani, the third leading scientist of the era, who examined tadpoles in the late 18th
century (Capanna, 1999).

However, the definition of regeneration became controversial in the 19th-20th century,
when two views formed. August Weismann (1893) defined regeneration as the result of
cellular renewal processes, while, based on his empirical measurements, Thomas Hunt
Morgan (1901) considered the definition more complex and distinguished two main types
of regeneration. According to his categorization, if regeneration requires cell division and
blastema formation from the divided cell (blastema: undifferentiated cell aggregation at the
wound site, which generates the regenerating body part (Bely & Nyberg, 2010)), it is called
epimorphosis, but if regeneration is proceeded via tissue rearrangement, it is named to
morphallaxis (Morgan, 1901). He differentiated three further cases of epimorphosis,
depending on whether the newly created organ was identical to the previous one
(‘homomorphosis’), it was smaller compared to the replaced organ (‘meromorphosis’) or
differed morphologically and physiologically from the former one (‘heteromorphosis’)
(Esposito, 2013). The discussions about concepts described well the views of that era.
Weismann thought that animal regeneration evolved contingently, and a consequence of
adaptation due to natural selection. Conversely, Morgan posited that living organisms had
regeneration universally and the ability to regenerate was a general feature but appeared at
different degrees (Esposito, 2013). Although both definitions were empirically supportable
by other researchers’ work (Esposito, 2013), the clarification of this debate was made more
difficult by the lack of modern research technologies.
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Despite continuous research, our knowledge is still not complete, therefore we cannot
undoubtably answer the question whether regeneration is an adaptive or an inherent trait up
to this day. Nevertheless, results suggest that regeneration is one of the fundamental
features of Eumetazoa, connected to embryonal development and its loss is linked to the
appearance of another, pleiotropic trait that is increases more the lifetime fitness (Goss,
1992). Based on a newer study, there is also evolutionary evidence to the emergence of
regeneration in certain body parts (Zattara et al., 2019). The complexity of the phenomenon
likely contributed to the fact that the definition of regeneration became more and more
widely extended rather than becoming more specific during its 300 years old history. This
tendency is also reflected by the fact that currently several restorative processes are
accepted as regeneration resulted by either physiological cyclicity (e.g. blood and skin
renewal) or injuries, moreover, even a branch of medical practice is defined as
Lregenerative medicine” (Sanchez Alvarado, 2012).

Intensive research of regeneration helps us to specify long used definitions and discover
new, general patterns. Morgan’s epimorphosis and morphallaxis terminology remained
widely in use after his work. However, the differentiation of the two types is still
controversial (Agata et al., 2007; Kostyuchenko & Kozin, 2020; Maden, 1981).
Regeneration in planarians can be a good example to demonstrate the equivocal distinction
between the two categories. Following an incision on planarians, there is an epimorphotic
blastema formation perceptible to the naked eye, but a tissue rearrangement in the stump is
also observable, which process is classified as morphallaxis. Morgan himself described both
phenomena, but later on, other works also confirmed that processes, which are characteristic
to both epimorphosis and morphallaxis, are present in planarian regeneration (Rink, 2018).
The major, cell division-related criteria of the two concepts also seem to have been
overthrown: cell division only conditionally results in blastema formation during
epimorphosis, furthermore cell division can occur during morphallaxis as well (Pellettieri,
2019). Due to the improvement and headway of molecular and cellular methods, newer
results support also that tissue rearrangement (i.e. morphallaxis) is required for the
initiation, transitional stages and termination of epimorphosis in case of annelids
(Kostyuchenko & Kozin, 2020). Because of the difficult classification of the two
regeneration types, potentially there is a confusion in the literature (Agata et al., 2003) that
is true for hydras as well (Chera et al., 2009). Therefore, | better don’t refer to them in my
dissertation.

However, the advancement of regeneration research made possible not just the rethinking of
long-term definitions, but brought up new aspects like the role of stem cells (Gurley &
Alvarado, 2019). The important contribution of stem cells to animal regeneration is widely
known, for example in sponges, flatworms or even mammals (Funayama, 2018; Gurley &
Alvarado, 2019). Stem cells are characterized by continuous renewal and are able to
produce new, differentiated cells (Adler & Alvarado, 2015). Typically, they are in a resting
state or have slow cell cycle, but an injury can activate numerous functions (Bergmann &
Steller, 2010). Through establishing new cells, stem cells can be a major source for injury-
induced tissue loss (beside de-, re- and transdifferentiation of other cell types (Sugimoto et
al., 2011)), participate in blastema formation and induce several signalling pathways
(Gurley & Alvarado, 2019). In some coral species, stem cells are involved in development
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of a blastema-like structure and its transdifferentiation (Funayama, 2018). In the case of
Drosophila, the division of gastrointestinal stem cells enables the regeneration of the whole
middle intestine section during 2-3 days (Bergmann & Steller, 2010). In planarians, the
division of stem cells (neoblasts) in their body increases after 6 hours following amputation,
and after 48 hours they make whole body regeneration possible (Ricci & Srivastava, 2018).
Muscle tissue of mammals typically contains stem cells (satellite cells), in which
proliferation is activated by damages and following differentiation they participate in the
recovery of muscle fibers (Tanaka & Reddien, 2011). Regeneration is primarily dependent
on tissue-specific stem cells in mammals (Yun, 2015), including humans as well (Carlson,
2011). Although stem cells can appear in different contexts in the studied organisms, their
role is critical in numerous cases (Gurley & Alvarado, 2019).

Regeneration is related to another important phenomenon, asexual reproduction, which is
a key biological trait in my thesis. A possible evolutionary origin of regeneration is
traceable to asexual reproduction (Alvarado, 2000). If we examine the example of fission in
the ciliate Bursaria for instance, we can ascertain that the only difference between its
fission and regeneration is in the activating stimuli: fission requires unfavourable conditions
while regeneration is triggered by any injury (Alvarado, 2000). Dedifferentiation at the
beginning of the process, then redifferentiation of two cell pieces to new individuals take
place in the same way both in regeneration and fission (Alvarado, 2000). Research
investigating annelids confirmed that the epitope and protein patterns of regeneration and
fission can have shared participants (Martinez et al., 2005). Furthermore, a likely common
evolution of the two phenomena is supported by an evolutionary model (Zattara & Bely,
2016). Signalling pathway during head regeneration and budding is also proved to be
similar (Javois et al., 1986). Parallel patterns to asexual reproduction found in many
animals, lend support to the theory that the evolution of regeneration might begin with the
appearance of asexual reproduction mechanisms triggered by injuries (Alvarado, 2000).
Despite the similarities, Bely & Nyberg (2010) think that the unique stimuli, the presence of
developmental features specific to regeneration (for instance characteristic gene expression
patterns), together with the not completely concordant phylogenetic appearance of the two
traits suggest that regeneration should be viewed as an evolutionarily independent trait.

Interestingly, asexual reproduction has been drescribed as playing role in the evolutionary
origin for stem cells as well (Agata et al., 2006). Keeping at the example of fission in
planarians, we know that the regeneration of missing body parts after fission is done with
the involvement of stem cells (Agata et al., 2006). The presence of stem cells, their
involvement in asexual regeneration and the high ability for regeneration is commonly
described from sponges to chordates, therefore this observation also contributed to the
assumption that stem cells evolved as a component of asexual reproduction (Agata et al.,
2006). Examining the phylogenetic appearance of asexual reproduction, it is noticable that it
is a widespread reproductive mode and a shared character down to choanoflagellates
(Alvarado, 2000; Skold et al., 2009). In most studied taxa, totipotent or at least pluripotent
stem cells or flexible adult cells participate in the process of asexual reproduction, reflecting
to the presence of high cellular and tissue plasticity (Skold et al., 2009). But this raises the
questionof how the three features (regeneration, stem cells and asexual reproduction) are
evolutionarily connected to each other. Does asexual reproduction explain the close relation
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between regeneration and stem cells? What is responsible for the non-uniform phylogenetic
distribution of regeneration? What are the factors which inhibit or inhibit regeneration
ability in some species and individuals?

2.1.2. Regeneration as a life history trait and its costs related to stem cells To answer these
more general questions we should inspect regeneration as a life history trait, i.e., as a trait
that is functionally associated with reproduction and survival. In order to do this, it is
important to consider that beside its unambiguous benefits, regeneration has many costs as
well. Such a disadvantage can be i) the existence of transitional stages (a not fully
regenerated body part can be more detrimental than its loss to the animal) ii) cost of
accurate regeneration (if the regenerated body part is not completely equivalent or distorted
relative to the original) iii) energy and resource allocation cost of regeneration (Bely &
Nyberg, 2010). The energy cost of regeneration has been shown in many species, hence we
know for instance that the standard metabolic rate increases with 36% during tail
regeneration in lizards (Liolaemus belli, Naya et al., 2007) and some other lizzards can
channel even more than half of their complete energy to tail regeneration (in Gerrhonotus
multicarinatus, (Vitt et al., 1977). In Parabuthus transvaalicus scorpions, the metabolic rate
increases with 39% during venom store regeneration (Nisani et al., 2007), and in
echinoderms (sea lilies, brittle stars, sea stars) the main energy cost originates from reduced
food intake ability during arm regeneration (Lawrence, 2010). Consequently, via its energy
and resource allocation cost, regeneration can affect several life history traits of organisms.
This is an exceedingly significant feature, since the life history of an individual covers its
lifetime from birth to death, including the age- and state-dependent patterns of sexual
maturity, reproduction, survival and death (Flatt & Heyland, 2011). Therefore the costs of
regeneration influences reproductive success during lifespan by its effects on other life
history traits.

Resources used by life history traits are limited, hence negative linkages (i.e. trade-offs)
between them inevitably occur (Flatt & Heyland, 2011). Limiting resources can be macro-
and micronutrients (Catoni et al., 2008; Cotter et al., 2011; Zera & Zhao, 2006) or metabolic
reserves (Ellers, 1995), but any substance can be a subject of trade-offs, if it is required by
multiple life history traits and if it can be depleted. In animals with high tissue plasticity
(e.g., sponges, corals, cnidarians, and flatworms) the availability of stem cells can be such a
finite resource (Rinkevich, 1996). The body of these animals consists of stem cells at a high
proportion, which on the one hand can be responsible for shaping a wide variety of traits
related to survival, like growth, food capturing stinging cell production, and their role in
regeneration is also important as described above (Gold & Jacobs, 2013; Henry & Hart,
2005). On the other hand, it is also known that these stem cells can be responsible for the
production of sexual and asexual reproductive cells (e.g. in sponges: (Simpson, 1984), in
cnidarians: (Gahan et al., 2016), in planarians: (Newmark et al., 2008)). Based on the shared
and finite stem cell pool, it is theoretically expected that an increased investment into
reproduction incurs some physiological cost and results in a decrease of stem cell numbers
available for differentiation into cells serving somatic functions such as regeneration (Henry
& Hart, 2005; Rinkevich, 1996).

The involvement of regeneration in trade-offs is unambiguous, however several related
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aspects are less or unknown. | extended our knowledge about some aspects by studing
regeneration related to stem cell pool, sexual and asexual reproductive modes and age,
furthermore, examined resource allocation between sexual reproduction accompanied with
intensive ageing and survival.

2.1.3. Differences in regeneration according to reproductive modes

The trade-off between reproduction and self-maintenance can be significantly influenced by
the mode of reproduction, namely sexual or asexual modes as well. Although sexual
reproduction has clear advantages in continuously changing unpredictable environments
due to producing offspring with recombined genotype, it also has disadvantages as the
“two-fold cost of males” and genome attenuation (Lehtonen et al., 2012). In case of asexual
reproduction, these disadvantages do not arise, hence it can be evolutionarily favourable in
certain circumstances (Crow, 1994). The reproductive value of offspring can play an
important role in which reproductive mode is more successful, due to the survival
probability of the offspring being different in given circumstances. If the sexual and asexual
offpring’s reproductive values are different, the amount of resources invested into
reproduction should also differ, and indeed, this is commonly described in animals (e.g.
tunicatas: (Yund et al., 1997), aphids: (Nespolo et al., 2009), Daphnia: (Innes & Singleton,
2000), hydra: (Kaliszewicz, 2011)). At the same time, we know much less about the
physiological consequences of differential investment of resources depending on
reproductive modes, as well as how animal regeneration and other self-maintenance traits
are affected by this. To address the major predictions of life history theory about the
reproduction—survival trade-off, studies investigating the mediator role of stem cells are
especially necessary, which is a central topic of the research in Study 1.

2.1.4. Age-dependent changes

Besides the limiting stem cell pool, age and life stage are also possible factors that influence
regeneration and drive phenotypic plasticity (Fischer et al., 2014). Age is one of the factors
belonging to the organisms’ internal state, correlates with condition, reproduction and
survival (McNamara & Houston, 1996). Via information acquisition, age also highly
contributes to decision making in an unpredictably changing environment (Fischer et al.,
2014). Generally, the rate of restoration and regeneration of somatic damages is higher at a
younger age, decreases after maturation and completely stops before the maximum expected
lifespan (Cichon & Koztowski, 2000). Considering that regeneration is related to other traits
due to the resource limitation, in order to understand its regulation, we should examine the
sexual and asexual reproductive patterns as well. It is often true to both determinate and
indeterminate growers that their fecundity increases with age, until their prime-age and then
fecundity gradually decreases with age in the majority of determinate species (Clutton-
Brock, 1984; Martin, 1995). In clonal and partially clonal animals (species capable of both
sexual and asexual reproduction), however, age-dependent patterns can be much more
complex and can differ from what is observed in non-clonal organisms (Clutton-Brock,
1984; Engen & Saether, 1994; Stearns, 1992), hence their integration into life history
models involving self-maintenance is complicated (Glazier & Calow, 1992). According to
conventional life history predictions, organisms favour growth at first, then growth stops
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and they start reproduction (Cichon, 1997). In spite of this, research results of clonal
animals show that the combination of reproduction at early life stages and resuming growth
later is also possible, if the individuals are in good condition (Glazier & Calow, 1992). In
partially clonal animals, another important decision is to switch from asexual to sexual
reproduction, the timing of which can be flexible and might be triggered only when clonal
reproduction is limited by exogenous factors (Burke & Bonduriansky, 2018; Gerber et al.,
2018; Harvell & Grosberg, 1988).

While the theoretical differences between sexual and asexual reproduction are relatively
well known (reviewed for example in: Meirmans et al., 2012; Neiman et al., 2014),
reproduction in parallel with regeneration and other traits responsible for self-maintenance
are much less studied, especially in reference to age-dependent changes. Regeneration also
shows differences in relation to sexual and asexual reproductive modes, which is usually
characterized with higher regeneration capability in asexual individuals (for example in case
of a New Zealand freshwater snail species (Potamopyrgus antipodarum) (Krois et al., 2013)
or in mole salamanders (Saccucci et al., 2016). It is also apparent that unusual patterns in
age-dependent changes in regeneration are also possible, hence regeneration in young
sponges can be completely blocked (likely due to the intensive involvement of stem cells in
growth (Simpson, 1984)) and in certain partially clonal species does not decrease with age
(Bodnar & Coffman, 2016; Yun, 2015). Asexual individuals are generally characterized
with high self-maintenance traits (Skold & Obst, 2011), but at the same time a decrease in
regeneration (Meesters & Bak, 1995), survival (Orive, 1995) and DNA repairing enzyme
(e.g. telomerase) activity (Skold et al.,, 2011) with age is also observed. As the non-
conventional examples demonstrate above, we are far from a complete understanding of
age-dependent changes in regeneration. We know particularly little about resource
allocation patterns according to reproductive modes and regeneration (or other traits
responsible for self-maintenance) in clonal and partially clonal animals. My research in
Study 2 serves to broaden our knowledge in this topic.

2.1.5. Relation of ageing and regeneration

A wide variety of regeneration processes can relate to not just age-dependent changes, but
to the phenomenon of senescence (or ageing) as well. Most evolutionary biologists define
aging as an age-dependent or age-progressive decline in intrinsic physiological function,
leading to an increase in age-specific mortality rate (i.e., a decrease in survival rate) and a
decrease in age-specific reproductive rate. So far in my dissertation | primarily focused on
the context of regeneration referring to the injury induced scenario, but based on Stocum’s
(2018) description, another, ageing-related type of regeneration is called physiological or
maintenance regeneration. During physiological regeneration, the replacement of old cells
with new ones (called cell turnover) is a homeostatic process, which maintains and ensures
the normal tissue structure and function (Stocum, 2018). This hidden process can be found
in all multicellular organisms at the level of epidermis, blood and gastric cell replacement
for instance (Kostyuchenko et al., 2016). Beside injury-induced regeneration, ageing
mechanisms influence this physiological regeneration as well.

The effect of ageing on physiological regeneration is fundamentally a consequence of upset
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cell division regulation (Seifert & Voss, 2013). A wide range of processes responsible for
ageing is known, among others it can happen due to increasing DNA damage, telomer
erosion, dysregulation of gene expression and protein functions, disruption of cellular
matrix and organelles, deteriorated intercellular communication, oxidative stress or
metabolic disruption (McHugh & Gil, 2018; Sousounis et al., 2014). These processes can
cause physiological damage in several ways and are able to appear as factors inducing
cellular senescence (Chiche et al., 2020). This stable, cell cycle inhibiting state of cellular
senescence appears at the end of replicative lifespan in diploid cells, indicating a hallmark
for ageing (Chiche et al., 2020). The division ability of senescent cells are restorable with
(partial) reprogramming, but there is a higher risk for tumour development in damaged
cells, which risk is — among other factors — likely underlying the evolution of mechanisms
that accumulate the old damaged cell accumulation in the body (Chiche et al., 2020). As the
example of cellular senescence and most studies until now confirms, the decrease in
physiological regeneration processes in parallel with ageing is a general phenomenon (Yun,
2015). Accordingly, some theories suppose that ageing is a result of decline in regeneration
ability and maintenance of properly functioning cells and tissues (Sharpless & DePinho,
2004). This concept is also supported by the existence of organisms having remarkable
regeneration capabilities and lacking measurable functional decline, which are the sign of
negligible senescence (Finch, 1994). Moreover, in species with high reparative and
regeneration capabilities, even negative senescence (i.e. decreasing mortality and increasing
fecundity with age) can occur, usually paired with such characteristics as continuous
oogenesis, high amount of stem cells, lack of somatic and germline differentiation or the
ability to asexual reproduction (Vaupel et al., 2004).

2.1.6. Role of resource allocation in ageing

In order to understand the radically different forms of senescence such as negative
senescence, we have to examine their fundamental causes (Baudisch & Vaupel, 2012).
Allocation theory is a good framework for this approach, as this theory aims to unravel how
resource limitation influences life history traits (Baudisch & Vaupel, 2012). According to
this theory, evolutionary fitness is based on the optimal resource allocation between
competing processes supporting survival and/or reproduction (Davison et al., 2014). Hence,
each decision (strategic choice without cognition or will) has a consequence affecting
survival, reproduction or growth via trade-offs (Davison et al., 2014). Although senescence
theories acknowledge the presence of allocational trade-offs, their fundamental importance
is neglected and senescence theories focus on the decreasing effect of selection with age
following maturity (i.e. selection shadow) (Baudisch & Vaupel, 2012). This might explain
why we know little about the selection forces favouring or disfavouring senescent and non-
senescent patterns (Baudisch & Vaupel, 2012). Such a selection force can be the minimum
required metabolic investment to survive or the availability of resources (Davison et al.,
2014). The availability and limitation of resources can be related to various changes in
survival or reproduction. A typical example to this is the lifespan elongating effect of
dietary and caloric restriction, which is supported by studies in mice, Drosophila and
Caenorhabditis elegans (reviewed in: (Kennedy et al., 2007)). However, insufficient food
can be a cue for an opposite phenomenon, since during terminal investment survival is
reduced, while energy investment is focused on increasing reproduction in a final effort
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(Clutton-Brock, 1984; Fischer et al., 2009). Nevertheless, animals often give different
responses to the same environmental impact. For instance, the increased investment into
repairing and maintenance mechanisms reduces fecundity in some species, or has a weak
effect in others, while reduces present and increases future fecundity in yet another species
(Baudisch, 2012). The investigation of these species-specific diversity can help to
understand the evolution of senescent and non-senescent ageing patterns, therefore they
should receive higher research interest (Baudisch & Vaupel, 2012). Species of the genus
Hydra are good candidates for the investigation of this diversity. The members of this genus
are generally thought to have negligible senescence (Danko et al., 2015), but one species
(Hydra oligactis) shows intensive degeneration and reduced survival following sexual
reproduction, which are characteristics of senescence (Yoshida et al., 2006). For this reason,
we studied this senescent species by investigating resource allocation, reproduction and
survival in parallel and according to age (Study 3).

2.1.7. Freswater hydras as model organisms

Hydras earned the “immortal” distinction owing to their capacity of constant fertility
coupled with low mortality and this distinction raised research interest in hydras in the past
decade (Martinez, 1998; Schaible et al., 2015). Their research began with a regeneration
study by Abraham Trembley in 1744. Trembely’s question was to decide about green
hydras (Hydra viridissima) whether they are plants or animals. He thought if they could
regenerate following a bisection, they were plants, and if the regeneration failed, they were
animals. His experiment finished with the regeneration of both halves, but in the meantime,
he could observe prey capturing by hydra individuals, therefore - correctly - he considered
hydras as animals (Lenhoff & Lenhoff, 1988). Since then, our knowledge has broadened
with a great amount of information during the past 270 years. Nowadays it is known that a
few dozens, small sized, predatory species belong to the genus Hydra (Kawaida et al.,
2010). Of these, there are 5 European species (Schuchert, 2010) and mostly two species,
common hydras (Hydra vulgaris) and brown hydras (Hydra oligactis) are under rather
intense research. A common characteristic of hydras is that their body contains stem cell at
a high rate: endothelial, epithelial and interstitial stem cells, and the latters are responsible
for production of nerve, stinging, gland and germ cells and thus have multipotency
(Nishimiya-Fujisawa & Kobayashi, 2012). Through the division of stem cells, hydras
constantly exchange their body proceeding from their trunk forward to their tentacles,
thereby they can ensure the renewal and intensive physiological regeneration of their body
(Campbell, 1967a, 1967b). Their ability for asexual reproduction further enhances the
presence of high tissue plasticity, since it also requires the constant growth and cell turnover
(Holstein et al., 2003). The intensive stem cell division, lack of complete separation of
germline and somatic stem cells and ability for asexual reproduction all likely facilitate the
negligible senescence observed in Hydra vulgaris and Hydra magnipapillata (Martinez &
Bridge, 2012; Orive, 1995), which can be also enhanced by their regeneration capability
involving stem cell activity (Chera et al., 2009; Govindasamy et al., 2014). Beside their
physiological regeneration, hydras also have remarkable injury induced regeneration
abilities, since they can regenerate their whole body from a piece of tissue as less as 1% of
their original body size (Shimizu et al., 1993). Researches of hydras so far studied mainly
the physiological, developmental and molecular aspects of this phenomenon (Bode, 2003;
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Kemmner & Chica Schaller, 1984; Tardent, 1974) and we understand much less the
regeneration in a life history context, therefore | focused on this area in my work.

Regeneration is a plastic trait in hydras as well, and well demonstrated in the brown hydra
(Hydra oligactis), which shows delayed or arrested regeneration in sexual individuals
(Galliot et al., 2018; Tomczyk et al., 2017). The loss of regeneration ability is likely
explained by their reproductive mode: they switch from asexual to sexual reproduction to
the stimulus of temperature drop in autumn, in order to produce eggs resistant to the harsh
winter environment at a high number, compared with other Hydra species (Reisa, 1973,
Schuchert, 2010). Differently from other species, significant changes can be observed in
brown hydras during and following sexual reproduction. Their interstitial stem cell number
strongly decreases with increasing reproductive cell number, then following sexual
reproduction, their body degenerates and they most probably die (Tardent, 1974; Yoshida et
al., 2006). Because of these drastic changes, senescence is thought to be a consequence of
sexual reproduction“gametic crisis”, which can be caused by the exhaustion of their stem
cells during the intensive differentiation to germ cells, and hence their ability to maintain
somatic functions is probably inhibited (Bosch, 2009; Brien, 1966; Tardent, 1974).
Although, we have to notice the fact that these studies were based on a few laboratory
strains, without investigating the importance of access to food or age. Furthermore, we do
not understand the reproductive strategies in natural populations and the regulatory roles of
competition for cellular resources therein, which questions are raised and studied in Study
1, 2 and 3. Considering that the investigation of senescent and non-senescent pathways is
possible in closely related hydra species, and even within species in brown hydra. Therefore
they can serve as ideal model organisms to study regeneration, senescence and their
consequences related to life history traits, which are fundamental topics in my dissertation.

2.2. Objectives

2.2.1. Role of stem cell pool and reproductive modes (Study 1)

Due to their multifunctionality, stem cells can play major roles in traits belonging to
different and opposing life history components at the same time. Reproduction can
vigorously use stem cell resources, resulting in trade-offs with self-maintenance traits like
regeneration, which also relies on stem cells. However, the differences between sexual and
asexual reproduction can appear in terms of their stem cell requirements as well, which can
have an effect on other traits. In this part of my dissertation, | set the objective of
investigate the relation between sexual and asexual reproduction, availability of stem
cells and its dependent traits as regeneration and stinging cell number. The main
questions of our research in the light of this framework are listed below:

(1) Does head regeneration ability differ with reproductive modes?

(2) Are the changes in head regeneration ability linked to changes in the number of stem
cells?

(3) Are there any difference in the number of stem cells and stinging cells in different
reproductive modes (nonreproductive, asexual, sexual)?
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(4) Is there a correlation between the number of reproductive cells, stem cells and
stinging cells in animals derived from their natural habitat?

We used brown hydras (Hydra oligactis) as model organisms, which we collected from
their natural habitat in order to have an insight to natural populations. Based on former
studies, it is known about brown hydras that part of the population is able to switch from
asexual to sexual reproduction in autumn, followed by the degeneration and death of the
individuals. The winter survival of sexual offspring is presumably higher since the resting
eggs are resistant to freezing.

According to our predictions(i) sexual individuals should invest in reproduction at a higher
rate (ii) and the excess investment should result in reduced stem cell pool (iii) due to the
mediator role of stem cells, the availability of resources for self-maintenance traits as
regeneration and production of stinging cells is expectedly also reduced, compared to the
asexually reproducing individuals. Furtherfore, (iv) in case of the existence of trade-offs
among reproduction and self-maintenance, we can predict a correlation between the number
of reproductive cells and stem cells as well.

2.2.2. Age-dependent plasticity in reproduction and self-maintenance (Study 2)

Fundamental life history traits often show age- and life stage dependent plasticity. Due to
the asexual reproductive mode, age-dependent life history decisions and priorities can be
quite complex in clonal or partially clonal animals, showing regeneration and reproduction
patterns differing from what could be expected based on conventional models. In case of
partially clonal animals, the induction and timing of switching from asexual to sexual
reproduction is an additional important life history decision. While the differences in sexual
and asexual reproduction are better studied, we know much less about what alterations in
regeneration and self-maintenance are paired with age- and reproductive mode dependent
resource allocation patterns in clonal and partially clonal animals. For this reason, we
investigated age-dependent plasticity in traits related to reproduction (gametogenesis
and asexual reproduction) and self-maintenance (head regeneration and survival) in
brown hydras, by using temperature lowering to induce sexual reproduction. The
purpose of our experiment was to answer the following main questions:

(1) Do sexual and asexual reproductions change in parallel with the investment in
regeneration and survival in younger and older individuals?

(2) How do regeneration ability and number of stem cells change in the two age groups,
following sexual reproduction inducing temperature drop?

(3) Is there a difference in the timing (start) and intensity (number of sexual organs) of
sexual reproduction in younger and older individuals?

(4) Do the age-dependent, phenotypic changes in regeneration and reproduction support
the measured quantitative values of cell types (stem cells, reproductive cells)?

If fecundity increases with age but somatic maintenance decreases according to general life
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history theories, then the numbers of reproductive organs and reproductive cells should be
prospectively higher in older animals, while their regeneration ability, survival and
interstitial stem cell number should be lower compared to younger animals. Oppositely, it is
also possible that older animals are able to maintain traits belonging to both life history
components, as a consequence of resource acquisition during their longer lifespan. Based on
previous observations, the prioritization of asexual reproduction is rather expected in the
younger age group, but opposite values are also possible due to the better condition of older
individuals.

2.2.3. Resource allocation between sexual reproduction and survival in the background of
ageing (Study 3)

Generally, a good indicator for senescence, is that physiological regeneration also declines,
which refer to the renewal ability of cells and tissues influencing survival. This is often
observed in the life stage following sexual reproduction, supposedly because of resource
allocation as one of its main reasons. Via the trade-offs based on resource limitation, life
history decisions influence the two major life history components, namely reproduction and
self-maintenance. However, the consequences of life history decisions can be varying,
depending on the availability of resources. In this part of my dissertation work, we
examined the effect of food availability on sexual reproduction and survival in brown
hydras showing intense postreproductive degeneration and ageing. In our experiment,
we aimed to answer these central questions:

(1) How can food availability (at four levels) influence the occurrence of sexual
reproduction, number of sexual organs and survival rate?

(2) Are the extent of sexual reproduction and later survival rate in correspondence?

(3) Are there any differences among different strains derived from their natural habitat
in terms of propensity to sexual reproduction, extent of sexual reproduction and the
following survival rate?

If two life functions (reproduction and self-maintenance) are important at the same scale,
we expect similar reduction therein in case of low food levels. However, if traits related to
the same life function are not equivalent, the prioritization of one or the other is presumable.
Extreme outcomes of this phenomenon occur in case of dietary restriction (reduced
fecundity and increased survival) and terminal investment (intensive fecundity and reduced
survival).

2.3. Materials and methods

2.3.1. Role of stem cell pool and reproductive modes (Study 1)

We collected brown hydras from their natural habitat (an oxbow lake near Tiszadorogma)
on four occasions, in the reproductive period during autumn and fall. We gathered
individuals from submerged vegetation, placed them into Eppendorf tubes, then brought
them back to the laboratory in a cooling box. The following day, | began the head
regeneration experiment on a randomized half of the individuals. I cut the head region of the
animals as a first step, then | measured regeneration with a binary code system, based upon
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the presence or absence of newly emerged tentacles after four days (presence of tentacles =
regeneration). We kept animals in climate chambers during this experiment, according to
temperatures measured in their natural habitat. Another subset of the animals participated in
cellular measurements. We macerated the animals following the standard procedure on the
first day after collection, and counted the following cell types later: epithelial cells,
interstitial stem cells, nematoblast (stinging cells) cell clusters, and reproductive cells
(sperm precursor clusters in males and nurse cells in females). For statistical analyses, |
used Generalized Linear Mixed-effects Models (GLMMs), with error distributions
according to the data (and performed in a Bayesian environment if it was needed).

2.3.2. Age-dependent plasticity in reproduction and self-maintenance (Study 2)

The male and female strains used in this experiment originated from an oxbow lake near
Tiszadorogma, then kept in strain cultures for one year prior to the experiment. We kept the
animals in standard conditions, constant temperature at 18 °C in a climate chamber. We
used freshly detached buds for the experiment. As an experimental treatment, we reduced
the temperature to 7 °C, 3 or 24 days after the beginning of the experiment. We examined
the animals several times a week, to record their asexual reproduction rate and number of
sexual organs. | measured regeneration weekly for two months at a subgroup of animals. |
binary coded the emergence of new tentacles following decapitation (yes/no). We also
performed cellular measurements approximately weekly for two months, counting epithelial
cells, interstitial stem cells, sperm precursor cell clusters and nurse cells. We kept the
experimental animals for 5 months recording death events, then binary coding survival. To
analyze our data, | used GLMMS with proper error distributions, then performed Likelihood
Ratio Tests (LRTS).

2.3.3. Resource allocation between sexual reproduction and survival in the background of
ageing (Study 3)

The used brown hydras strains originated from the oxbow lake near Tiszadorogma. Firstly,
we collected 10 animals, then kept them under standard conditions at 20 °C for two months
for asexual propagation. We fed the animals three times a week during the experiment,
according to 4 treatments giving different amount of food as much as 3, 6, 10 or 20 ul
Artemia at feeding occasions. Two weeks after beginning the experiment, we reduced the
temperature to 7 °C to induce sexual reproduction. In order to measure sexual reproduction
rate, we counted sexual organs (detached eggs in females and testes in males). We recorded
the death of animals if they disintegrated or disappeared. We were especially careful to
retain animals shrank to a really small size. We kept the animals for 150 days, until most
individuals were dead, or regenerated after sexual reproduction and produced at least one
asexual offspring. For the statistical analyses, we used Generalized Linear Models (GLMSs)
or GLMMs, followed by Likelihood Ratio Tests with Poisson or Binomial error
distributions.
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2.4. Results

2.4.1. Role of stem cell pool and reproductive modes (Study 1)

Sexual individuals had reduced regeneration ability and stinging and interstitial stem
cell pool, compared to asexually reproducing polyps of brown hydras. We found no
difference between asexual and nonreproductive individuals.

The number of germ cells measured in sexual individuals negatively correlated with
the number of interstitial stem cells and stinging cells.

Our results of regeneration ability and cell composition confirms the differing
physiological costs of sexual and asexual reproduction.

Our results support the interpretation of regeneration as a life history trait and the
theory, according to which the competition for stem cell resources has a mediator
role in life history decisions.

We confirmed in animals collected from a natural population the previously
observed cell types patterns about declining stinging and stem cell numbers
following sexual reproduction, yet known from only a few, long-term laboratory
kept strains.

2.4.2. Age-dependent plasticity in reproduction and self-maintenance (Study 2)

We confirmed the presence of age-dependent plasticity in all of our measured traits
(head regeneration rate, asexual reproduction rate, number of sexual organs, start of
sexual reproduction, survival, number of reproductive cells, number of stem cells)
Younger individuals had higher asexual reproduction, while older animals showed
more intense gametogenesis and reproductive cell production in our experiment.

In parallel with the differences in reproduction, we observed age-dependent
differences in self-maintenance traits as well: older individuals reproducting rather
sexually had lower head regeneration ability, survival and stem cell number.

Besides the impact of plasticity, the age-dependent changes in head regeneration rate
and stem cell number also imply ontogenetic effects,because younger individuals
initiated sexual reproduction in a delay similar to the age difference between the
younger and the older group.

2.4.3. Resource allocation between sexual reproduction and survival in the background of

ageing (Study 3)

Sexual reproduction was followed by reduced survival in brown hydras, but in spite
of previous studies, a significant proportion of animals regenerated following
degeneration after sexual reproduction and they even started asexual reproduction.
This is a unique life history in animals and a unique consequence of trade-off among
reproduction and survival.

Food amount didn’t have an impact on the start of sexual reproduction, but had an
effect on the number of sexual organs, resulting in sexual organ production at a high
rate.
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e Survival rate was not influenced by the amount of available food, suggesting that
survival is a conserved trait, and its maintenance is important even at a low food
level.

e There was no linkage between the number of sexual organs and survival at
individual levels.

e We observed a difference between 10 brown hydra strains involved in our
experiment in the aspects of the propensity to sexual reproduction, number of sexual
organs and survival. We also found strains with lacking or low propensity to initiate
sexual reproduction.

2.5. Discussion

In my dissertation work, | studied regeneration as a widespread life history trait,
investigating it in parallel with traits related to reproduction and somatic maintenance. |
studied regeneration and related traits in freshwater hydras, in accordance with three main
factors: (i) stem cell resources, (ii) age and (iii) food availability. We discovered strong
relations between regeneration and traits related to opposing life history components in all
cases. Furthermore we described differences between sexual and asexual reproductive
modes as well. | discuss the possible interpretations of our major results down below,
according to the main contexts of our research.

Regarding stem cells, we found marked, depending on reproductive modes in hydras
collected from their natural habitat (Study 3). Compared to the nonreproductive group,
sexual individuals showed lower head regeneration ability, reduced stem cell and food
capturing stinging cell pool, while asexuals did not differ. The evolutionary cause of
reduced somatic functions (regeneration, stem cells, feeding) related to sexual reproduction
might be an effect of selection, prioritizing young or current reproduction instead of long-
term survival. Several evolutionary theories of ageing say that mutations deleterious to
survival can spread in a population, if the externally caused mortality is high (mutation
accommodation theory: Medawar, 1952, antagonistic pleiotropy theory: Williams, 1957,
disposable soma theory: Kirkwood & Rose, 1991). The potentially high mortality risk is
true for hydras living in the temperate zone, because the onset of cold weather and frost is
especially dangerous in shallow water bodies. In these cases, the production of frost
resistant resting eggs can have a higher reproductive value than asexual offsprings,
therefore an intensive investment into sexual reproduction could spread under a selection
pressure, even at the expense somatic maitenance. In contrast, the strategy of asexual
individuals can be based upon that the production of offspings with low reproductive value
has a low cost as well. In the light of this, the trade-off between reproduction and survival
prospectively highlighted in sexual individuals, and can be a major cause of the ageing and
somatic maintenance patterns in brown hydras. A possible physiological explanation for the
described phenomenon might be found in the availability of limited stem cell resources.

Multipotent stem cells contribute to several life functions in animals with high tissue
plasticity, hence intense investment into one function can lead to reduction in other
functions, due to the depletion of the stem cell pool. This phenomenon is not a thoroughly
studied area, but we know from previous research that the depletion of stem cells is
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observed in Aurelia polyps following subsequent sexual reproduction (Gold & Jacobs,
2013), and the reduced availability of stem cells is responsible for lifespan determination in
Tubularia cnidarians (Tardent, 1963). The exhaustion of stem cells (gametic crisis; Bosch,
2009; Brien, 1966) is likely responsible for the reduced survival after sexual reproduction in
brown hydras as well (Yoshida et al., 2006). During higher reproductive investment, the
production of gametes at high numbers requires a commitment of stem cells into the
germline pathway at a high proportion, which due to the limitation of stem cells, can reduce
the number of cells involved in somatic maintenance and the stem cell pool itself. This is
supported by the results of our cell number measurements, because we found a negative
correlation between the number of reproductive cells and stem cells together with stinging
cells in males. Interestingly, we did not observe such a correlation in females. On the one
hand, it could be a result of the fact that the trade-off between germline and somatic cells is
different among males and females. On the other hand, it could be because reproductive
investment is estimated by gametes in a different way in sexes. In the case of females, many
nurse cells gradually become one mature egg during the maturation process (Miller et al.,
2000; Zihler, 1972), decreasing the actual number of nurse cells, therefore the reduction of
stem cells is accompanied with a reduction of nurse cells as well. This assumption is in
accordance with our study, because we found a relatively high number of females with both
a low stem cell, stinging cell and nurse cell pool.

In parallel with the stem cell pool, regeneration ability was also decreased in sexually
reproducing individuals, while it was maintained in asexuals. The changes in stem cells and
regeneration ability can be strongly related, since the role of stem cells is critical in the
formation of new body parts, either by their proliferation or movement to the wound
(Alvarado, 2000; Bely & Nyberg, 2010; Sugimoto et al.,, 2011). However, if any
physiological process decreases the availability of stem cells, regeneration is also
prospectively restricted (Henry & Hart, 2005; Kramarsky-Winter & Loya, 2000). As
previous researches support as well, regeneration is part of the allocation strategy and trade-
offs (Gross, 1925; Rinkevich & Loyla, 1989; Zattara & Bely, 2013), and the role of
available cellular resources is a possible explanation for the restrained regeneration of
hydras following subsequent regeneration events (Martinez, 1996; Tardent, 1963). Our
investigation confirmed this relatedness, and even highlighted that reproductive modes can
differently affect regeneration ability, probably because of the different stem cell
requirements of these reproduction modes.

Since regeneration is a plastic trait, age can be one of its influential factors. Prioritized life
history traits can change with advancing age, which is a particularly complex phenomenon
in partially clonal animals, because different reproductive modes (sexual and asexual) can
appear during their lifetime. We put this topic under the microscope in our other
experimental research (Study 2). Our results showed that life history traits are significantly
influenced by age in brown hydras. Via the experimental induction of sexual reproduction,
we discovered that age-dependent reproductive strategies are paired with different somatic
maintenance rates. This relation is likely an important part of senescent patterns as well.
Although previous studies suggests a tendency describing animals capable of asexual
reproduction as organisms with negligible or negative senescene (Vaupel et al., 2004),
while the self-maintenance of sexually reproducing animals decline with age (Kirkwood &
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Rose, 1991), our study shows that these patterns can change during their lifetime.

To understand allocation patterns and priorities of traits affecting major life history
components in clonal and non-clonal organisms, such as growth, reproduction, regeneration
and self-maintenance, we have to consider a substantial difference between the two groups.
Importantly, growth is not just an increase in size in clonal and partially clonal organisms,
but it means production of offspring from the body and somatic cells as well (Harvell &
Grosberg, 1988). Asexual reproduction enables a genotype adapted to local conditions to
quickly colonize a habitat at a low expense (Rispe et al., 1998). Therefore, in contrary with
non-clonal organisms, an investment into asexual reproduction can be advantageous early in
life, in case of good condition (Burke & Bonduriansky, 2018). In partially clonal organisms,
the increase of genetic diversity via sexual reproduction might become beneficial only later
in life (Burke & Bonduriansky, 2018). Our research supports this hypothesis, since we
found that asexual reproduction is more important early in life in brown hydras, while
sexual reproduction is priotized later. These results confirm former studies, in which
scientists described fewer eggs at young age in female stick insects (Burke & Bonduriansky,
2018), age-dependent sexual maturation in some coral species (Kai & Sakai, 2008) and
preceeding asexual cycles before sexual reproduction in some partially clonal species
(Olive, 2002). Although there are examples for these age-dependent changes, the
reproductive patterns and experimental induction of change between reproductive modes is
much less studied, albeit these are indispensable to evaluate the influential factors and costs
and benefits of reproductive mode switch.

In our experiment, reproductive modes were associated with different somatic costs: in
younger individuals higher asexual reproduction rate and delayed, less intense
gematogenesis was paired with higher regenration and survival, while the opposite was true
for older polyps. The higher regeneration ability and survival associated with asexual
reproduction has been shown in other partially clonal species (Mouton et al., 2018; Zattara
& Bely, 2016), and the negative effect of sexual reproduction on these is also known
(Harvell & Grosberg, 1988; Henry & Hart, 2005). Regarding to age-dependent changes, a
general tendency shows that asexual reproduction is usually not associated with declining
regeneration ability and survival (Tanner, 2001; Yun, 2015), however, a decrease in these
traits occurs in some cases (Meesters & Bak, 1995; Orive, 1995; Skold et al., 2011). This
inconsistency might be explained by the dependence of age-dependent changes on self-
maintenance on other life history traits (Orive, 1995), such as reproductive modes presented
in our experiment. However, former studies usually did not investigate the two reproductive
modes in parallel with self-maintenance changes, and did not consider age-dependent
changes, which is highlighted by our results.

At a proximal level, our cellular measurements likely explain the increasing propensity for
sexual reproduction with age and its higher cost. Gametes are produced by germline stem
cells in hydras, which cells originate from multipotent stem cells responsible for also
somatic cells (stinging, gland and nerve cells) production (Nishimiya-Fujisawa &
Kobayashi, 2012). For this reason, the differentiation of multipotent stem cells can shift to
the gamete production pathway due to maturation, instead of somatic cell production. The
reduced availability of stem cells for somatic functions might indicate the main cost of
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sexual reproduction, since somatic cells are responsible for regeneration, asexual
reproduction and the maintenance of the body in general (Nishimiya-Fujisawa &
Kobayashi, 2012). Increasing number of germline stem cells with age has been documented
in female hydras (Littlefield, 1991), showing a preparedness for sexual reproduction. In
light of this, it is possible that younger animals in our experiment were not able to produce
gametes at a high number, because they did not have an adequate amount of germline stem
cells. The temporal dynamics of gametes and stem cells, together with regeneration
measurements, suggest an ontegentic effect as a possible further explanation to our results.
In these measurements, younger animals belonging to the ‘1 week’ group showed a 3 week
shift compared to the ‘4 week’ group. At the same time, when we controlled for absolute
age (age calculated from the detachment of parent polyps) of animals, the effect of age on
sexual reproduction still remained significant. Hence overall, an ontogenetic effect and age-
dependent plasticity likely together played a role in the differences of life history strategies
in brown hydras.

As age and senescence progresses, there is a decreasing tendency in physiological
regeneration (Yun, 2015), which is a key for survival. The effect of age is considered by
ageing theories, but the availability of resources receives little scientific interest (Baudisch
& Vaupel, 2012). According to the allocation theory, food is one of the fundamental
resources for the expression and function of life history traits, and it is probably in relation
to the interesting life history strategy of hydras. We investigated this in our third experiment
(Study 3), in which we measured sexual reproduction and following survival at 4 food
levels in 10 asexually propagated strains of the species Hydra oligactis with post-
reproductive senescence.

In our experiment, the number of sexual organs increased with amount of food, however,the
initiation of gonadogenesis and survival after sexual reproduction were independent from
food levels. Based on our results, it seems that - at the used food levels - brown hydras are
able to preserve survival ability, even in case of sexual reproduction. These results are
surprising in many aspects. Firstly, sexual reproduction is thought to be a type of escaping
strategy in brown hydras, and the production of resting eggs is required because of frost
and/or starvation causing high mortality. Our observation does not confirm this hypothesis,
since the amount of food did not have an effect on the probability of sexual reproduction
initiation (similar to Kaliszewicz & Lipinska (2012)). The hypothesis above is also not
confirmed by the fact that asexual reproduction was not constantly impeded at low
temperature, and animals were able to produce asexual offsprings (namely buds) before the
initiation of sexual reproduction. This suggests that temperature drop is rather cue to
ecologically optimal sexual reproduction, than a physiological constraint (Reisa, 1973).

Furthermore, it is also surprising that although we observed the degeneration, body and
tentacle size shrinkage and death after sexual reproduction as previously reported (Yoshida
et al., 2006), a substantial proportion of animals were able to regenerate, survive and
reproduce asexually. This pattern is not explainable by either the phenomenon of terminal
investment or dietary restriction, or by a model in which both reproduction and survival are
dependent on food availability. Like | mentioned related to the previous experiments (Study
1 and 2), the main cause of intensive post-reproductive degeneration is probably the
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exhaustion of stem cells (Bosch, 2008; Brien, 1953; Reisa, 1973; Tardent, 1974; Yoshida et
al., 2006). Based on the theory of “gametic crisis”, a plausible explanation for the high post-
reproductive survival rate is that in these strains, stem cells were likely committed to the
germline pathway at a lower rate. Therefore, a sufficiently big population of stem cells
remained, and was able to regenerate the whole body. Considering that the minimum tissue
size required for whole body regeneration is really small in hydras (Shimizu et al., 1993),
this is a potential explanation.

Thirdly, our results do not support the hypothesis, according to which post-reproductive
degeneration is a consequence of reduced allocation of food resources to somatic functions.
Food availability did not have an effect on survival rate, and we did not find a relation
between the number of sexual organs and survival at an individual level, what would be a
key component of the hypothesis relying on trade-offs. However, it is possible that the
number strains involved in our experiment was not enough to detect such a relation.

Nevertheless, the 10 strains involved in our investigation highlight the possible presence of
different life history strategies within the species. Even within this relatively restricted
number of strains, there were strains consisting of clones, which reproduced sexually at a
high rate and which remained asexuals during the measurements (results not shown).
Furthermore, the survival probability of some strains was really high, while in others it was
lower than 25 %. These differences can be a part of different life history strategies, or
maybe caused by a periodically changing selection pressure on life history traits (Mojica et
al., 2012). The high survival rate following sexual reproduction observed in many strains, is
rather a characteristic of iteroparous animals. In these animals the maintenance of somatic
functions is often documented, even via the reduction of reproduction rate in challenging
circumstances like in terms of food (e.g., Gaillard et al., 2000; Therrien et al., 2008). On
that measure, the relation of food availability, survival and reproduction can differ between
iteroparous strains/population and semelparous ones with low survival. Although these two
mortality patterns are shown by a few former studies (Tomczyk et al., 2015; Yoshida et al.,
2006), to test the hypothesis above, we need to investigate varying strains and populations
at larger scale in the future.

Taking everything into account, in my dissertation work we could discover new relations in
several aspects of regeneration, which may facilitate new research directions. Investigating
sexual and asexual reproductive modes, stem cell pool and head regeneration of brown
hydras, we found that sexual reproduction has higher physiological costs (Study 1). Based
on the reduced regeneration ability and depletion of stem cells, sexual reproduction seems
to be an irreversible reproduction strategy, prioritizing gamete production at the expense of
somatic functions. The divergent, reproductive mode dependent life history decisions make
hydras an ideal model organism for investigating senescent and non-senescent strategies,
even in terms of physiology. In order to explicitly clarify the role of limited cellular
resources, there is a much need for further studies investigating common cell pools required
by several life history traits.

The patterns of sexual and asexual reproduction together with stem cells were also
significant in our later experiments, but we extended these with a new factor, and has begun
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the discovery of age-dependent changes (Study 2). We performed an experiment with one
hydra strain, and our results suggests that asexual reproduction together with regeneration
and self-maintenance is prioritized at younger age, while sexual reproduction with its higher
somatic costs is only important later, if sex is induced. The significant age-dependent
plasticity in brown hydra clones can highlight a new, developed direction of research done
with clonal or partially clonal species kept in the laboratory. Various types of asexual
reproduction is widespread among model organisms (for example planarians, water fleas,
rotatorias, sea anemones or hydras), which are kept in asexually propagated strain cultures
containing animals with different age (Hughes, 1989 and references therein). Our study
implies that the same environmental effects can induce different reproductive and resource
allocation patterns in brown hydra polyps, depending on their age. Accordingly, this
phenomenon can be present in other clonal or partially clonal organisms, therefore
controlling for age might help to enhance repeatability in other scientific fields as well.

Lastly, related to physiological regeneration, we aimed to shed light on the background of
drastic reduction of survival after sexual reproduction in brown hydras, via investigating
food availability (Study 3). Since the amount of available food had an effect only on the
number of sexual organs but not on later survival, it is unclear whether the inhibition of
somatic function maintenance is a result of reduced resource allocation. However
surprisingly, a notable proportion of animals were able to regenerate from degeneration
after sexual reproduction, therefore raised the possibility of a subsequent, iteroparous
strategy in this species. Different strains show marked variance both in the inducibility of
sexual reproduction and survival after sexual reproduction, which differences necessitate
extensive population research.

Overall, my dissertation work suggests that the investigation of regeneration, as an
important life history trait can help to understand life history trade-offs, differing senescent
patterns and their causes, and the physiological background of these. Via our research, we
have demonstrated that brown hydras are suitable for all of these study purposes.

2.6. Summary

Regeneration is a fundamental feature of living organisms, and via restoration and
rejuvenation processes, enables the resistance of cells and tissues against damages and
injuries. It has a widespread role, participating in developmental pattern formation, asexual
reproduction and senescence as well. Life history traits, therefore regenerative processes
require several costly mechanisms, hence trade-off networks inevitably occur between life
history components. Regeneration is involved in trade-offs among contrary life history
components in many organisms, such as reproduction and self-maintenance, however, its
relation to other traits responsible for self-maintenance is not well known. Studying brown
hydras (Hydra oligactis), | investigated the nexus of regeneration and other traits
responsible for self-maintenance and reproduction, depending on age and food availability.
On the other hand, in my dissertation work | also studied the consequences of competition
for internal, limited resources, as a determinant factor for trade-offs. In animals with high
tissue plasticity, therefore in freshwater hydras as well, stem cells are potentially such a
determinant factor, since both their somatic and reproductive cells originate from multi- or
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pluripotent stem cells. Due to this physiological background, the competition for limited
stem resources in case of sexual reproduction can affect regeneration as well.

Our results confirmed the mediatory role of stem cells in shaping somatic and reproductive
functions. In terms of reproductive modes, we found that sexual reproduction has higher
costs than asexual, both as stem cell resources and regenration consequences. However, the
rate of engagement to seemingly irreversible sexual reproduction can be dependent on
individual age. Asexual reproduction and regeneration is prioritized in younger animals,
while sexual reproduction with higher somatic costs is more important later in life. The age-
dependent life history changes in the same environment can be true for other clonal or
partially clonal animals as well, hence controlling for age can facilitate increasing
repeatability in other scientific fields.

We also investigated food availability, as a factor affecting physiological (maintenance)
regeneration, including several brown hydra strains. Although the amount of food had a
significant effect on the number of sexual organs, it did not affect survival, thus further
research is required to clear the role of food availability. At the same time, we found
marked differences in survival between hydra strains, because surprisingly, a large
proportion of animals was able to regenerate form degeneration following sexual
reproduction, while another part of the animals died - as expected based on former studies.
These notable differences suggest the necessity of an extensive population study.

Overall, my dissertation work suggests that the investigation of regeneration, as an
important life history trait can help to understand trade-off networks, differing senescent
patterns and their causes, and the physiological background of these. Via our research, we
have demonstrated that brown hydras are suitable for all these study purposes.
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Abstract

1. In many basal metazoans both somatic and reproductive functions are performed by cellular derivatives of a
single multipotent stem cell population. Reproduction can drain these stem cell pools, imposing a
physiological cost with subsequent negative effects on somatic maintenance functions.

2. In the freshwater cnidarian Hydra oligactis both asexual (budding) and sexual reproductive modes
(production of resting eggs) are present, and both of these are dependent on a common pool of interstitial stem
cells. Resting eggs tolerate harsh abiotic conditions which neither the parental animals, nor asexual offspring
can survive (e.g. freezing). Therefore, when facing unfavourable conditions and increased mortality risk,
hydra polyps are expected to show higher level of differentiation of interstitial stem cells into germ cells (i.e.
sexual reproduction) than other cell types needed for self-maintenance or asexual reproduction.

3. Here, by comparing sexually and asexually reproducing individuals to non-reproductives, we studied the
physiological costs of reproduction (size of interstitial stem cell pools, their somatic derivatives and
regeneration rate, which is dependent on these cell types) in H. oligactis polyps from a free-living Hungarian
population prior to the onset of winter.

4. Sexual individuals were characterized by significantly smaller interstitial stem cell pools, fewer
nematoblasts involved in food capture and lower regeneration ability compared to non-reproductives, but
asexuals did not differ from non-reproductive animals. We also found a negative correlation between germ
cell counts and stem cell numbers in males (but not in females).

5. We suggest that the lower numbers of these cell types and lower regenerative ability in sexual individuals
reflect a somatic cost of sexual reproduction. Our results also suggest that increased differentiation of stem
cells into gametes might limit investment into somatic functions in hydra polyps. Exhaustion of cellular
resources (stem cells) could be a major mechanism behind the extreme post-reproductive senescence observed
in this species.

Keywords: cost of reproduction, Eco-Evo-Devo, Hydra, interstitial cells, life history trade-offs, semelparity.
Introduction

Sexual reproduction is ubiquitous in the natural world. Sex has clear evolutionary benefits over asexual
reproduction (such as producing recombinant genotypes that have higher fitness under changing conditions),
but it also entails costs (such as the cost of producing males; Maynard Smith, 1978). Asexual reproduction
does not entail these costs and can be evolutionarily favoured under special conditions (Crow, 1994). Both
sexual and asexual reproduction have a common cost: that of investing resources into offspring at the expense
of self-maintenance of the parent (the physiological cost of reproduction; Calow, 1979; Harshman & Zera,
2007; Flatt & Heyland, 2011). In animals, commonly studied physiological costs of reproduction are the drain
of specific macronutrients (e.g. amino acids, proteins or carbohydrates; Zera & Zhao, 2006; Cotter, Simpson,
Raubenheimer & Wilson, 2011), micronutrients (e.g. dietary antioxidants; Catoni, Peters & Schaefer, 2008) or
metabolic reserves (e.g. body fat; Ellers, 1995). However, any factor in limited supply that is required by
multiple life functions can mediate trade-offs between reproduction and somatic maintenance.

In animals with high tissue plasticity — like sponges, cnidarians and flatworms — stem cells might
represent such a limiting factor. While in adult vertebrates stem cells have only limited plasticity (Weissman,
2000), in some invertebrates the adult body contains populations of highly flexible multi- or pluripotent stem
cells (e.g. archeocytes in sponges, interstitial cells in some cnidarians, neoblasts in flatworms) which are
responsible for the maintenance of a wide range of functions through their derivatives (Extavour & Akam,
2003; Juliano, Swartz & Wessel, 2010; Gold & Jacobs, 2013; Kumano, 2015). The important role of these
stem cells in self-maintenance is clearly seen in hydrozoans where, for instance, interstitial cells give rise to
nerve cells, nematocytes (stinging cells usable once to capture food) and gland cells involved in digestion
(Bode, 1996; Bosch, 2009; David, 2012; Plickert, Frank & Miiller, 2012). The availability of these cells (i.e.
cellular resources) is thought to determine growth rate and the magnitude of regenerative processes in
sponges, corals and hydrozoans (Tardent, 1963; Lang da Silveira & Van’t Hof, 1977; Simpson, 1984,
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Rinkevich, 1996; Henry & Hart, 2005) and could be of key importance in the extreme longevity of hydra
polyps (Bosch, 2008; Boehm et al., 2013; Schaible et al., 2014; Schaible et al., 2015). Experimental
elimination of stem cells in the freshwater cnidarian Hydra impairs several life functions related to the
descendant cell types (Diehl & Burnett, 1964; Marcum & Campbell, 1978; Sugiyama & Wanek, 1993).
Multipotent stem cells are also strongly involved in reproduction: they are incorporated into asexual offspring
during fission, fragmentation or budding (in sponges: Simpson, 1984; in hydrozoans: Bode, 1996; Gahan,
Bradshaw, Flici & Frank, 2016), produce resting bodies (gemmules and reduction bodies in sponges; Simpson,
1984), and give rise to germ cells (in sponges: Simpson, 1984; in hydrozoans: Bosch & David 1987; Gahan,
Bradshaw, Flici & Frank, 2016; in planarians: Newmark, Wang & Chong, 2008) or germline stem cells (a less
potent stem cell lineage which can differentiate into gametes but not somatic cells in Hydra; Nishimiya-
Fujisawa & Kobayashi, 2012).

The common involvement of a single pool of multipotent progenitors in both somatic and
reproductive functions, in theory, implies that increased investment into reproduction (either sexual or
asexual) will result in higher physiological cost of reproduction either through reducing differentiation of stem
cells into somatic derivatives (Rinkevich, 1996; Henry & Hart 2005) or by increasing metabolic expenditure
required for an accelerated cell cycle producing germline and somatic cells. However, the mode of
reproduction can be different and if the expected reproductive value of sexual and asexual offspring is not
equal, then reproductive investment into these offspring types (and costs on stem cells) should also differ.
Such a difference in reproductive value between offspring types could arise e.g. if expected survival rate of
sexual and asexual offspring is not identical. Indeed, differential investment into sexual and asexual
reproduction is commonly seen in several animal groups (e.g. ascidians: Yund, Marcum & Stewart-Savage,
1997; aphids: Nespolo, Halkett & Figueroa, 2009; Daphnia: Innes & Singleton 2000; freshwater hydra:
Kaliszewicz, 2011). However, much less is known about the physiological consequences of this differential
allocation.

The freshwater cnidarian Hydra oligactis is a species with a mostly temperate/arctic distribution in
the Northern Hemisphere (Martinez et al., 2010). H. oligactis polyps reproduce asexually throughout the year,
but switch to sexual reproduction during the autumn (Schuchert, 2010). The most commonly invoked
explanation for this switch in reproductive mode is to produce resting eggs that can survive the winter (Reisa,
1973). Based on laboratory experiments, sexual reproduction is followed by a senescence-like degeneration
and increased mortality of polyps (Brien, 1953; Yoshida, Fujisawa, Hwang, Ikeo & Gojobori, 2006; Tomczyk,
Fischer, Austad & Galliot, 2015; T6kolyi, Osz, Sebestyén & Barta, 2017; Schenkelaars et al., 2017; Tomczyk
et al., 2017). Post-reproductive degeneration is accompanied by marked changes in the cellular composition:
interstitital cell populations are strongly reduced while reproductive cells increase in number (Tardent, 1974;
Yoshida, Fujisawa, Hwang, lkeo & Gojobori, 2006). Because of these changes, post-reproductive senescence
in hydra is hypothesized to be the consequence of "gametic crisis", in which stem cell populations become
exhausted due to excessive differentiation into reproductive cells, limiting their involvement in somatic
functions (Brien, 1966; Tardent, 1968; Tardent, 1974; Bosch, 2009). All these observations were done on
laboratory strains and the role of cellular resources in mediating the trade-off between reproduction and self-
maintenance is poorly understood in natural populations of hydra (or any other taxon). To date, the role of the
stem cell pool in this trade-off is mostly suspected on the basis of the negative linkage, reported only in a
handful of cases, between (i) traits depending on stem cells (like suppressed regeneration during reproduction
(Campbell, 1967)), and (ii) the actual depletion of stem cells after initiation of sexual reproduction (Littlefield,
1985; Yoshida, Fujisawa, Hwang, Ikeo & Gojobori, 2006; Gold & Jacobs, 2013). Post-reproductive
senescence and stem-cell depletion has been described in H. oligactis (Yoshida, Fujisawa, Hwang, lkeo &
Gojobori, 2006), but previous studies worked only with a few laboratory strains and it is unclear whether
variation in reproductive strategies between strains are associated with patterns of stem cell loss and changes
in regeneration ability, as would be predicted from life history theory.

In this study, we investigated cellular composition and regeneration rate in H. oligactis polyps
differing in reproductive modes (sexually, asexually reproducing and non-reproductive individuals), sampled
during the autumn sexual period from their natural environment. We hypothesized that the reproductive value
of sexual offspring should be higher close to the end of autumn because eggs produced through sexual
reproduction can survive freezing of water, while asexual offspring cannot. As a consequence, sexual
individuals should invest more into reproduction, which would result in higher overall physiological cost of
reproduction. Supporting the mediator role of the stem cell pool, this would manifest itself in lower
availability of stem cells, and hence their somatic derivatives and somatic functions depending on stem cells
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as well. Accordingly, we predicted lower number of stem cells, fewer nematoblasts (indicating reduced
differentiation into somatic functions) and lower ability to regenerate in sexual individuals compared to
asexuals or non-reproductives. Furthermore, we also predicted that, if differentiation of stem cells into
reproductive function is traded off with somatic maintenance, then the number of reproductive cells should be
negatively related to interstitial stem cells and their somatic derivatives.

Materials & methods
Collection of animals and culture conditions

Experimental animals were collected from a shallow (average depth ~1m) oxbow lake near Tiszadorogma in
Eastern Hungary (47.6712N, 20.8641E; Tokolyi, Osz, Sebestyén & Barta, 2017). To determine the
reproductive status of the animals in the lake and hence to detect the start of the autumn reproductive period
we visited the site on 2" and 16™ October 2016 and collected N = 168 (N = Number of collected animals) and
N = 136 hydra polyps, respectively. Further collections were performed four times later in 2016: 26" October
(N = 127), 2" November (N = 332), 15" November (N = 121) and 6" December (N = 51, in total 631
individuals). Animals collected on the first two dates were not used in regeneration experiments or for
quantification of cellular composition, only for the detection of sexual reproduction period. We collected
animals from several localities along the shoreline of the lake to reduce the chance of obtaining genetically
identical clones produced by asexual budding. Hydras were picked up from submerged vegetation, placed in
Eppendorf tubes and brought to the laboratory in a cool box on the same day. In the laboratory, we recorded
the mode of reproduction according to three categories: (1) no reproduction (polyps without buds or gonads,
N=272), (2) asexual reproduction (polyps with at least one bud, N=204), or (3) sexual reproduction (polyps
with differentiated or developing gonads; this latter was defined as a thick, opaque swelling around the gastric
region of the body column, N=155). Sexual individuals were further divided into three categories: males
(polyps with differentiated testes, N=25), females (polyps with differentiated eggs, N=34), and sexual
individuals in which sex could not be determined (N=96). This latter category included immature males and
females with developing testes or eggs, and post-reproductives showing the morphological characteristics of
sexual reproduction, but without clearly defined reproductive organs, since these categories are not
unambiguously distinguishable. Animals were clearly referable to only one category of reproduction modes
(we found just two asexual animals showing the morphological signs of sexual reproduction; these were coded
as sexual individuals because gonadogenesis was clearly initiated).

Head regeneration measurements

About half of the collected animals (altogether 338) were randomly assigned to head regeneration
measurements, which were initiated one day after each of the four collections. Animals were decapitated
below the tentacles, which means that the removed part contained the oral tip (i.e. the hypostome), the
tentacles and a short part of the trunk (~10% of the body length). During regeneration we kept the animals
individually in 24-well plates in ~ 3 ml standard hydra medium (1.0 mM CaCl2, 0.1 mM MgCI2, 0.03 mM
KNO3, 0.5 mM NaHCO3, 0.08 mM MgSO4; Zhang et al., 2002). We placed the plates with hydras in a
Memmert ICP 700 climate chamber and kept them on constant photoperiod (16 h dark/ 8 h light cycle) and
temperature in accordance with natural habitat temperature measurements on the four consecutive dates (12
°C, 9 °C, 5 °C, 4 °C, measured approximately 20 cm below the water surface on the day of collection). Hydras
completely regenerate their head after 48-72 h on 18 °C (Ambrosone et al., 2012), but at lower temperature
cell cycle and cell division is slower (Begasse, Leaver, Vazquez, Grill & Hyman, 2015), thus regeneration
takes longer (Lillie & Knowlton, 1897). For this reason, we recorded regeneration 4 days after decapitation by
a binary code system, based on the presence or absence of newly emerged tentacles.

The hypostome and tentacles amputated for the head regeneration experiments were used for species
determination. H. oligactis can be distinguished from other Hydra species occurring at this site based on
nematocyte morphology, which can be observed under a light microscope.

60



Cell number measurement

One day after each collection, we randomly selected a subset (altogether 155 animals) from the remainder of
the animals for cell number measurement. These were macerated according to the standard procedure
described by David (1973), and then cells were spread on a microscopic slide. Sample size for the cell number
measurement was determined by time constraints: we only used samples for which macerations could be
prepared on the next day after collection, such that cellular composition measured by us is as close as possible
to the condition of animals at the time of sampling. Cellular composition was quantified within a few days
after maceration. For each sample we recorded the number of epithelial cells, interstitial stem cells (large
single interstitial cells or nests of two interstitial cells were recorded together to obtain an estimate of the
frequency of stem cells; Bosch & David, 1987), nematoblast nests (total number of nests of 1, 2, 3-4, 5-8 or >8
cells) and reproductive cells (sperm precursor nests in males and nurse cells in females). Reproductive cells at
later stages of development are distinguishable from interstitial cells based on morphological criteria, as
follows. In males, interstitial cell nests committed to sperm development increase in number and size and
flagella start to develop on the sperm precursors (Littlefield, 1985). We used the presence of flagella as a
morphological criterion to identify sperm cells/sperm precursors and counted the number of sperm precursor
nests (i.e. groups of sperm precursors with flagella) to obtain an estimate of minimal germ cell numbers in
males (the actual number can be higher than this estimate because sperm precursor nests can contain more
than one germ cell but the large number of individual germ cells in some nests made exact counting of cell
numbers impossible). In females, interstitial cells committed to germ cell differentiation first increase in size
and develop into nurse cells, which can be distinguished from interstitial cells by their larger cytoplasm
volume (Zihler, 1972). Cells were identified as nurse cells when the diameter of the nucleus was equal to or
less than half of the cell diameter, indicating relatively large cytoplasm volume. This corresponds to Stage B
oogonia in Zihler's (1972) notation. Only a small subset of these nurse cells develop into oocytes, but these
incorporate neighbouring nurse cells through phagocytosis (Miller, Technau, Smith & Steele, 2000). Hence all
nurse cells contribute to reproduction and therefore we counted all of them.

In all samples we systematically traversed slides until at least one hundred epithelial cells were
recorded, and noted any other cell types alongside these epithelial cells. The median number of cells/cell nests
recorded per sample (including the epithelial cells) was 208 (range: 107-3048).

The head region of the animals assigned to investigation of cellular composition was removed in the
same way as in the head regeneration experiments and used for species determination. All sexual individuals
involved in cell number measurements were categorized as males or females, based on the presence of mature
gonads and / or sperm cells / nurse cells in macerates.

Statistical analysis

The effect of reproductive mode on head regeneration was analysed using Generalized Linear Mixed Models
(GLMM) with binomial distribution. Our model contained regeneration (presence or absence) as dependent
variable and reproduction mode as predictor. We included collection date as a fixed effect, to control for
seasonal and temperature differences. We included collection site as a random effect to control for the
possibility that animals from the same sampling point might be more similar to each other than to individuals
from other sites because of shared environment or because some of them might be asexual descendants of a
single individual. Binomial GLMMs were implemented in a Bayesian framework, employing the
MCMCglmm R package (Hadfield, 2010; R Core Team, 2017). A Bayesian approach was required because
our data suffered from complete separation (some experimental groups contained only non-regenerating
animals). This problem can be circumvented in a Bayesian model by setting a weak prior on fixed effects in
MCMCglmm. We ran this model two times for our data sets then averaged the two results.

For testing the effect of reproductive mode on nematoblast and interstitial cell number, we used
Poisson GLMM also implemented in a Bayesian framework. We used either none-reproductive animals or
asexuals as reference levels in the reproductive mode to test the difference between all three groups (see
below). We included epithelial cell number as a fixed effect, because the number of epithelial cells was not
exactly identical (sometimes we counted slightly more than one hundred); by controlling for epithelial cell
number we take into account variation in stem cell numbers arising from slightly unequal sampling. We also
included collection date as a fixed effect and collection site as a random effect for the reasons mentioned
above.
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For testing the effect of reproduction modes on head regeneration, nematoblast and interstitial cell
number first we compared each reproductive mode category to non-reproductive animals, then we used
asexuals as a reference level to perform comparison between sexual (males, females and sex undetermined)
and asexual categories as well. For analyzing the relation between sperm/nurse cell number and interstitial or
nematoblast cell number we performed Spearman rank correlation. Cell type numbers were normalized to
epithelial cell number. All analyses were performed in the R Statistical Environment version 3.4.4 (R Core
Team, 2017).

Results
Reproductive phenology

None of the individuals collected on 2™ October showed signs of sexual development. A single male bearing
mature testes was observed on 16™ October. The proportion of sexual individuals on subsequent dates was
20.5%, 29.8%, 22.3% and 5.9% on 26™ October, 2" November, 15" November and 6™ December, respectively
(Fig. 1). The proportion of asexual animals was 18.1%, 30.1%, 46.3% and 49%, on the respective dates (Fig.
1).
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Head regeneration

Regeneration abilities differed between reproduction mode categories (Fig. 2). Compared to non-reproductive
animals (56.85% regenerated heads within 4 days based on recorded data), the proportion of animals
regenerating heads was significantly lower in males (0%; posterior mean = -5.431, lower 95% CI = -8.855,
upper 95% CI = -2.157, p<0.001), females (0%; posterior mean = -4.667, lower 95% CI = -8.545, upper 95%
Cl = -1.542, p<0.001) and animals with undetermined sex (23.21%; posterior mean= -2.341, lower 95% ClI= -
3.353, upper 95% Cl= -1.351, p<0.001). Compared to asexual individuals, sexually reproducing animals had
significantly lower head regeneration rate: males (posterior mean = -4.880 , lower 95% CI = -8.650, upper
95% CI = -1.824 , p<0.001) females (posterior mean =-4.110, lower 95% CI = -7.954, upper 95% CI = -0.797
, p=0.003) and animals with undetermined sex (posterior mean = -1.659, lower 95% CI = -2.788, upper 95%
Cl = -0.544, p=0.004) as well. In asexual hydras, head regeneration did not differ significantly from non-
reproductive individuals (30.61%; posterior mean = 0.568, lower 95% CI = -1.447, upper 95% Cl = 0.252, p =
0.179). Collection date as a fix effect significantly affected regeneration rate: compared to the first collection,
regeneration rate was significantly lower in all dates (results not shown).

Fig. 2. Head regeneration (presence or absence
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Nematoblast and interstitial cell number and mode of reproduction

Mode of reproduction had a significant effect on both nematoblast and interstitial cell number, after
controlling for the number of epithelials (Fig. 3). Compared to non-reproductive animals, interstitial cell
number did not differ in asexually reproducing individuals (posterior mean = 0.183, lower 95% CI = -0.320,
upper 95% CI = 0.735, p = 0.519), but it was lower in males (posterior mean= -0.875, lower 95% CI = -1.564,
upper 95% CI = -0.212, p=0.009) and females (posterior mean = -1.197, lower 95% CI = -1.672, upper 95%
Cl = -0.742, p < 0.001). There was a significant difference between asexual and sexual animals: both males
(posterior mean = -1.048, lower 95% CI = -1.728, upper 95% CI = -0.352, p<0.001) and females (posterior
mean = -1.372, lower 95% CI = -1.888, upper 95% CI = -0.858, p<0.001) had lower interstitial stem number
compared to asexuals. Nematoblast cell number was significantly lower in males (posterior mean = -1.196,
lower 95% CI1 = -1.937, upper 95% CI = -0.416, p < 0.001) and females (posterior mean = -1.929, lower 95%
Cl = -2.488, upper 95% CI = -1.383, p < 0.001), but it was slightly, but non-significantly higher in asexual
animals (posterior mean = 0.578, lower 95% CI = -0.023 upper 95% CI = 1.144, p = 0.055), compared to non-
reproductives. Compared to asexuals, both males (posterior mean = -1.750, lower 95% CI = -2.531, upper
95% CI = -0.986, p<0.001 ) and females (posterior mean = -2.470, lower 95% CI = -3.030, upper 95% CI = -
1.851, p<0.001 ) had significantly lower nematoblast cell number.
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Reproductive and interstitial cell number

There was a significant negative correlation between number of sperm precursor nests and interstitial cell
number (Spearman correlation, p= -0.756, p<0.001, N=22), as well as number of sperm precursor nests and
nematoblast cell number in males (Spearman correlation, p = -0.878, p<0.001, N=22) (Fig. 4). We found a
significant positive correlation between nurse cell number and interstitial cell number in females (Spearman
correlation, p = 0.444, p=0.001, N=51), but there was no correlation between their nurse cell number and
nematoblast number (Spearman correlation, p = 0.147, p=0.305, N=51) (Fig. 4). There was a significant
positive correlation between nematoblast and interstitial cell counts in both males (Spearman correlation, p=
0.558, p=0.010, N=22) and females (Spearman correlation, p = 0.516, p<0.001, N=51).
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Fig. 4. Correlation between reproductive cell number (sperm or nurse cells) and interstitial and nematoblast
cell number in males (a and b) and interstitial and nematoblast cell number in females (c and d). All cell
numbers were normalized to epithelial cell number. Darker colour intensity refers to overlapping data points.

Discussion

In this study we scored regeneration rate and cellular composition (nematoblast, interstitial and germ cell
counts) of H. oligactis polyps differing in reproductive strategies. We found that sexual (but not asexual)
reproduction is associated with reduced regeneration ability and lower relative number of interstitial stem cells
and nematoblasts involved in food capture. From an ultimate (evolutionary) perspective, the reduced somatic
performance of sexually reproducing hydra might be explained by selection acting on current reproduction as
opposed to long-term survival. Evolutionary theories of senescence suggest that, when extrinsic mortality risk
is high, mutations that are detrimental to survival can become fixed, either because genes acting late in life
after reproduction are not “visible” to selection (the “mutation accumulation” theory of aging; Medawar
1952), or because some of these mutations might increase reproduction at the expense of survival (the
“antagonistic pleiotropy” and “disposable soma” theories of aging; Williams 1957; Kirkwood & Rose 1991).
In natural hydra populations inhabiting the temperate zone, the onset of winter is likely to be a major mortality
factor, especially in shallow waters where the risk of freezing is higher. Under such conditions, selection
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might act to increase reproductive investment and production of resting eggs, which are more likely to survive
adverse conditions, even at the expense of diverting all cellular/metabolic resources away from somatic
maintenance. Hence, post-reproductive senescence in sexual hydra polyps could at least partly be explained by
stem cell depletion caused by survival/reproduction trade-offs. By contrast, since asexual buds have high
mortality risk just as the parent animal, they are likely to have a lower reproductive value during autumn than
resting eggs. This, in turn would select for reduced investment into sexual offspring and, consequently, lower
physiological cost of reproduction. Hence, asexuals in this population might follow a strategy of producing
offspring with low reproductive value at a low cost, as opposed to sexuals, which produce offspring of high
reproductive value at a high physiological cost. This latter might be considered a case of terminal investment
(Williams, 1966; Clutton-Brock, 1984). It remains to be shown whether these two strategies face different risk
of mortality, as predicted by evolutionary theories of senescence, e.g. because of differences in individual
condition, microhabitat, or any other factor, or they are a form of bet-hedging: stochastic switching between
phenotypic states — a way of adaptation to fluctuating and unpredictable environments, e.g. Cohen, 1966.

Our results lend support to the hypothesis that life history decisions in Hydra might be mediated by a
competition for a limited stem cell pool involved in multiple life functions (Rinkevich, 1996). In animals with
high tissue plasticity, the activity of multipotent stem cells is required for multiple life functions. Reduced
availability of stem cells has been suggested to be involved in the determination of Tubularia hydrant lifespan
(Tardent, 1963), and also thought to be responsible for post-reproductive degeneration in H. oligactis (Brien,
1966; Tardent, 1968; Tardent, 1974; Bosch, 2009). Increased commitment of stem cells into germ cells likely
reduce the differentiation of stem cells into somatic derivatives (a process termed "gametic crisis"; Brien,
1966; Bosch, 2009), possibly causing a decline in survival of H. oligactis (Yoshida, Fujisawa, Hwang, Ikeo &
Gojobori, 2006). Our observation that the number of interstitial cells and nematoblasts were reduced, while
germ cell numbers increased during sexual reproduction in animals from a natural population are in
accordance with findings obtained under laboratory circumstances in this species (Yoshida, Fujisawa, Hwang,
Ikeo & Gojobori, 2006). Although other Hydra species do not seem to show similar patterns of senescence,
there is evidence that similar exhaustion might occur in Aurelia polyps that have been stimulated to strobilate
(generate sexual medusa) many times (Gold & Jacobs, 2013).

In parallel to the decline in stem cell pools, regeneration rate was also reduced in sexual polyps.
Trade-offs and allocation strategies between regeneration and other life history traits such as sexual
reproduction, asexual reproduction, growth or successive regeneration events were reported previously (Gross,
1925; Kanajew, 1926; Tardent & Tardent, 1956; Tardent, 1963, Campbell, 1967, Rinkevich & Loyla, 1989,
Martinez, 1996, Zattara & Bely 2013). Regeneration is a somatic function that likely depends on the
availability of cellular resources (stem cells). Stem cells are crucial in all types of regeneration either because
they proliferate to produce cells that will be involved in regeneration or because they migrate to the wound site
to re-form lost body parts (Sanchez Alvarado, 2000; Bely & Nyberg, 2010; Sugimoto, Gordon & Meyerowitz,
2011). Any physiological process that reduces the availability of stem cells can therefore, in theory, limit
regeneration (Kramarsky-Winter & Loya, 2000; Henry & Hart, 2005). Indeed, reduced availability of cellular
resources has been invoked previously to explain the reduction in regeneration ability in Hydra in response to
subsequent amputations (Gross, 1925; Kanajew, 1926; Tardent & Tardent, 1956; Tardent, 1963, Martinez,
1996) and the suppression of regeneration after sexual reproduction (Campbell, 1967 or vice versa: Rinkevich
& Loyla, 1989).

The trade-off between differentiation into somatic and reproductive functions is further underscored
by our observation that interstitial stem cell numbers and nematoblast numbers were negatively related to
germ cell counts in males. Such a negative relationship could arise because individuals with a higher
reproductive investment (larger germ cell counts) require large number of stem cells differentiating into the
germline pathway, resulting in interstitial cell / nematoblast depletion relative to non-reproductives.
Interestingly, we observed no relationship between reproductive cell numbers and interstitial cell / nematoblast
counts in females. This could mean that the trade-off between germ cells and somatic cell types concern
different mechanisms in females and males. However, it might also have been caused by differences in the
way reproductive investment is estimated from reproductive cell counts. Specifically, in females several nurse
cells become incorporated into each developing egg, and during egg maturation fewer and fewer nurse cell
will be located separately (Zihler, 1972; Miller, Technau, Smith & Steele, 2000). As a consequence, females
would show a progressive reduction in both nurse cell numbers and depletion of interstitial stem cells /
nematoblasts during egg maturation if stem cells differentiate into nurse cells and these become incorporated
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into eggs. This could explain the relatively high number of females in which nurse cells, interstitial cells and
nematoblasts were all depleted (Fig. 4).

In spite of the strongly reduced stem cell numbers in sexually reproducing polyps (which suggest that
interstitial cells are converted to germ cells during gonadogenesis), the exact explanation for interstitial cell
depletion during sexual reproduction in H. oligactis is still not clear. Current models of germ cell specification
suggest that there are two interstitial stem cell lineages in Hydra, which are morphologically indistinguishable
(reviewed in Nishimiya-Fujisawa & Kobayashi, 2012). Multipotent stem cells (MPSCs) give rise to somatic
cells, like nerve cells, gland cells and nematocytes, while germline stem cells (GSCs) are unable to produce
somatic cells but differentiate into nurse cells and sperm. GSCs derive from MPSCs (Nishimiya-Fujisawa &
Kobayashi, 2012), hence MPSCs are able to produce both somatic and reproductive cells. This is supported by
observations that (1) H. oligactis polyps in which GSCs were experimentally ablated are still able to quickly
develop germ cells when exposed to cold temperature (Littlefield, Dunne & Bode, 1985) and (2) single
interstitial cells in another Hydra species (H. magnipapillata) can give rise to both somatic and germline cells
(Bosch & David, 1987). Because of the complexity of interstitial stem cell lineages in hydra, the gaps in
knowledge of their dynamics and the indistinguishability of the two major stem cell types, it is possible that
only a subset of the cells identified in this study as interstitial cells (MPSCs) take direct part in the somatic-
reproductive trade-off. However, since these MPSCs can differentiate into GSCs (or directly into germ cells),
the trade-off in stem cell differentiation between somatic and reproductive functions remains the same. Future
studies of stem cell differentiation during gonadogenesis and hydra germline stem cells would help to
elucidate the exact mechanisms behind stem cell depletion during gametogenesis observed in this species.

An alternative (or additional) explanation for the reduced number of interstitial cells, nematoblasts
and lower regeneration ability of sexuals could be a depletion in resource pools in association with production
of reproductive cells. If gamete production drains energy or nutrient reserves, this could limit self-renewal
ability of stem cells, ultimately constraining the number of somatic cells. The contribution of energy/nutrient
limitation to the observed trade-off between stem cells and reproductive cells could be significant, since
otherwise stem cells might be able to renew themselves indefinitely, even during sustained gametogenesis.
Conversely, if the mortality rate of sexual individuals is high, there might be relaxed selection for self-renewal
ability and stem cells might not replace themselves even if experiencing high resource availability. A more
detailed description of differentiation patterns and changes in self-renewal capacity of interstitial cells during
sexual development would possibly help to elucidate these questions. While sexual reproduction was
associated with reduced somatic cell types and regeneration ability, this reduction seemed to be lower in
asexual individuals. Interestingly, this pattern mirrors the phylogenetic distribution of reproductive mode and
regeneration ability in several invertebrate groups: regenerative capacities are often higher in species capable
of asexual reproduction in segmented worms (Zattara & Bely, 2016) and flatworms (Peter, Ladurner & Rieger,
2001), relative to obligately sexual ones. The higher stem cell pools and regenerative potential of asexual
polyps indicates that this type of reproduction might impose different cost on the parent polyp compared to
sexual reproduction. Alternatively, the reduced somatic cell number and regenerative ability of asexuals might
have been the result of higher physiological condition of asexuals compared to sexuals. In many organisms
capable of both sexual and asexual reproduction, theory predicts that the latter might be more prevalent under
benign conditions and high food availability (Sakai 1995; Gardner & Mangel 1999). If reproductive mode of
hydra depends on food availability as predicted by theoretical models, then individuals experiencing high food
availability would be less likely to undergo sexual development and concomitantly also experience improved
physiological condition, higher cell proliferation rate and more cellular resources available for maintaining
somatic tissues and regeneration ability. Increased cell proliferation rate in response to high food availability
has indeed been documented in several animal groups (e.g. Bosch & David 1984, Zattara & Bely 2013).
However, in a previous laboratory study of H. oligactis individuals from this population (Tokolyi, Osz,
Sebestyén & Barta, 2017) we did not find an effect of food availability on reproductive mode, which
contradicts this hypothesis (although other aspects of the environment, such as its predictability, or the
presence of abiotic stressors or parasites need to be taken into account to unequivocally answer this question).
Lastly, another explanation for the marked differences between sexual and asexual individuals might lie in the
fundamentally different ways in which development proceeds in the two strategies. Specifically, asexual
offspring in hydra are largely formed of stem cells which can replenish themselves and possibly contribute to
the somatic maintenance of the parent. Conversely, stem cells destined for gamete production are irreversibly
committed to this path and therefore unusable in somatic maintenance. This irreversible commitment could
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create a ratchet of reduced somatic maintenance and deteriorating condition and, ultimately a point of no
return for the parent animal.

In addition to describing patterns of reproductive mode, stem cells and regeneration in H. oligactis,
we also provide data on the natural phenology of sexual reproduction for this species. While gametogenesis in
H. oligactis is known to occur during the autumn and to last until early winter, the ecology of H. oligactis has
been investigated by only a handful of studies so far (Welch & Loomis, 1924; Miller, 1936; Bryden, 1952;
Reisa, 1973; Ribi, Tardent, Tardent & Scascighini, 1985 ). Previous studies have shown that, in general, only a
subset of the population reproduces sexually at any time; moreover, sexually reproducing animals are not
found in some years (Miller, 1936; Bryden, 1952; Ribi, Tardent, Tardent & Scascighini, 1985). In this
Hungarian population, the proportion of sexually reproducing individuals was also lower than that of agonadic
individuals (Fig. 1). Interestingly, the proportion of asexual animals showed an increasing tendency towards
the onset of winter (even though the temperature was decreasing), possibly because sexual individuals were
disappearing or reverted back to asexual reproduction, which is known to occur in individuals collected from
this population under laboratory conditions; (Tokolyi, Osz, Sebestyén & Barta, 2017). Together with the
observations that (1) initiation of sexual reproduction in H. oligactis strongly depends on the rate of the
temperature drop (Kaliszewicz, 2015) and (2) some H. oligactis strains seem to have a lower propensity to
initiate sexual reproduction (Tokolyi, Osz, Sebestyén & Barta, 2017, these observations suggest that sexual
reproduction in H. oligactis could be a conditional and/or polymorphic strategy.

Overall, our results suggest that sexual reproduction imposes a high physiological cost on Hydra
oligactis polyps. The reduced regeneration abilities and depletion of stem cells in sexually reproducing
animals compared to non-reproductives might imply that current sexual reproduction is an irreversibly
induced reproduction strategy and gamete production is prioritized over the maintenance of somatic functions
and future survival during autumn. The highly divergent life history decisions of H. oligactis provide a great
model system to study aging and non-senescent life history tactics and its physiology within a single species.
In addition, in order to clarify the role of limiting cellular factors, further studies focusing on common cellular
pools required by life history traits are much needed.
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Abstract

1. Asexual reproduction diversifies life history priorities and is associated with unusual reproduction and
somatic maintenance patterns, such as constant fertility with age, extensive regeneration ability and negligible
senescence. While age-dependent plasticity in relative allocation to sexual vs. asexual reproductive modes is
relatively well studied, the modulation of somatic maintenance traits in parallel with age-dependent
reproduction is much less well understood in clonal animals.

2. Here, we asked how age-dependent investment into sexual and asexual reproduction co-varies with somatic
maintenance such as regeneration in a partially clonal freshwater cnidarian, Hydra oligactis. We investigated
this question in H. oligactis, because they have remarkable regeneration abilities, experimentally inducible sex
and we targeted compound measures of both reproduction and somatic maintenance at multiple organismal
levels.

3. We induced sexual reproduction by lowering temperature at two ages, one week or four weeks after
detachment from an asexual parent, in animals of a male and a female clone. Then we measured
phenotypically asexual and sexual reproductive traits (budding rate, start day and number of sexual organs)
together with head regeneration rate, survival and the cellular background of these traits (number of
reproductive and stem cells) for two or five months.

4. Younger animals had higher asexual reproduction while individuals in the older group invested more into
sexual reproduction and reproductive cell production. In parallel with these age-dependent reproductive
differences, somatic maintenance of older individuals was also impacted: head regeneration, survival and stem
cell numbers were reduced compared to younger polyps. 5. Our results highlight the role of age in a clonal
species and suggest that asexual reproduction coupled with higher somatic maintenance is prioritized earlier in
life, while sexual reproduction with higher maintenance costs occurs later. Our findings of age-dependent
modulation of somatic maintenance and reproductive modes might provide an insight into the evolution of
ageing by life history switches. The marked age-dependent changes in H. oligactis can be valuable for a wide
range of clonal organism research and might enhance the repeatability of further experimental designs.

Key words
Eco-Evo-Devo; partial clonality; phenotypic plasticity; regeneration; resource allocation; senescence; sexual
investment; stem cells

Introduction

Living in a constantly changing environment poses a challenge for organisms. The optimal phenotype is
expected to change with the environment (Wallace, 1986), hence phenotypic plasticity may help ensure fitness
(Boeing, Ramcharan, & Riessen, 2006). Plasticity might be especially important for clonal populations and
species, because it can reduce the negative effects of low genetic variation, enable the occupancy of a wide
range of habitats and allow sessile species to adapt to temporal environmental changes (Bruno & Edmunds,
1997). Theoretical studies suggest that phenotypic plasticity is favoured in varying environments, when costs
of plasticity are low and reliable environmental cues are available (Fischer, van Doorn, Dieckmann, &
Taborsky, 2014 and references therein). Cues for phenotype modifications can be both external abiotic agents
such as temperature (e.g. for regeneration in corals; Lester & Bak, 1985), salinity (e.g. for reproduction in
copepods; Chen, Sheng, Lin, Gao, & Lv, 2006) or space limitation (e.g. for growth in corals; Muko, Sakai, &
Iwasa, 2001) or biotic factors like bacteria (e.g. for elemental composition in Daphnia; Frost, Ebert, & Smith,
2008), population density (e.g. for diapause in rotifers; Schroder & Gilbert, 2004) or presence of predators
(e.g. for morphological defense in Daphnia; Tollrian, 1995).

At the same time, West-Eberhard (2003, p. 33) mentions internal environment as well in her definition of
phenotypic plasticity “The ability of an organism to react to an internal or external environmental input with a
change in form, state, movement, or rate of activity”. Internal factors affecting phenotypic plasticity comprise
body size and condition including energy reserves, immune system or nutritional status, among many other
traits (McNamara & Houston, 1996). Age, as an internal environmental factor, correlates with condition,
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reproduction and survival and is part of an organism’s state (McNamara & Houston, 1996). In addition,
information acquisition with age can be crucial for decision making in precarious environments (Fischer et al.,
2014): if an organism does not have perfect information about its environment at birth, but can improve its
estimate about the environment with time, phenotypic adjustment is expected to change with age in a
nonmonotonic fashion (Fischer et al., 2014).

Allocation of resources to basic life functions often shows age- or life stage-dependent plasticity (Radchuk,
Turlure, & Schtickzelle, 2013; Richardson & Smiseth, 2019). For instance, an increase in fecundity with age is
common in both indeterminate and determinate growers (Berube, Festa-Bianchet, & Jorgenson, 1999; Clutton-
Brock, 1984; Martin, 1995), because when growth stops or declines after maturity, it is optimal to direct the
remaining resources into reproduction (Cichon, 2001). Repair intensity of somatic damage (i.e. somatic
maintenance) also varies with age but generally declines after maturity, being highest early in life, diminishing
later and stopping completely well before the end of the maximum expected life (Cichon & Koztowski, 2000).
Empirical evidence confirms this pattern in many taxa (e.g. reviewed in: Jones et al., 2013; Ricklefs, 2008)
and the decline in somatic maintenance is a decisive component in theories of senescence such as the
“antagonistic pleiotropy” or “disposable soma” hypotheses (Kirkwood & Rose, 1991). Due to competition
over limited energy or nutrients, age-dependent allocation strategies can shape all main life history
components responsible for growth, reproduction, somatic maintenance or survival by trade-offs between
them (Koztowski, 1992, but see Cox, Lovern, & Calsbeek, 2014). The extent of resource limitation can be
reduced via resource acquisition thus “high-quality individuals” can show less trade-offs, but resource
acquisition also varies with an individual’s life cycle and be more determinant for resource allocation at early
ages (Richardson & Smiseth, 2019; Yearsley et al., 2005).

Age-dependent allocation decisions to reproductive and somatic maintenance functions can be much more
complex in clonal species. Resource allocation priorities of clonal animals in certain life stages can differ from
what is expected in non-clonal species (Clutton-Brock, 1984; Engen & Saether, 1994; Stearns, 1992) and the
integration of clonal growth into life-history models is complicated (Gardner & Mangel, 1999). For instance,
resource allocation models of conventional life histories predict an optimal strategy of growing early, then
stopping growth and starting reproduction (Cichon, 1997). However, empirical studies of clonal animals detect
a different pattern: clonal reproduction can be more emphasized in early life in the highest condition and
growth is more important later (Glazier & Calow, 1992). Another major life history decision in partially clonal
species is the switch from asexual to sexual reproduction, which might be beneficial when clonal reproduction
is limited by exogenous factors and triggered later in life as condition deteriorates with age (Burke &
Bonduriansky, 2018; Harvell & Grosberg, 1988).

While the reciprocity of asexual and sexual strategies has been relatively well studied in partially clonal
organisms, it is still unclear how somatic maintenance co-varies with these age-dependent reproductive
allocation decisions. In partially clonal animals asexual forms often have higher somatic maintenance
functions, such as higher regeneration ability (Krois, Cherukuri, Puttagunta, & Neiman, 2013; Saccucci,
Denton, Holding, & Gibbs, 2016), increased telomerase activity (Tan et al., 2012), and - possibly as a
consequence of these - a lower rate of senescence, such that some of them (e.g. Hydra species; Schaible et al.,
2015) are potentially immortal (reviewed in Skold & Obst, 2011, but see Martinez & Levinton, 1992; Skold,
Asplund, Wood, & Bishop, 2011). Despite the exceptional somatic maintenance abilities of clonal animals,
these traits are not constant during their lifetime (for instance, telomerase activity (Skold et al., 2011),
regeneration (Meesters & Bak, 1995) or survival (Orive, 1995) decrease with ageing). However, information
is scarce about how resource allocation between reproductive modes and regeneration or any other somatic
maintenance trait varies with age in clonal organisms. This lack of knowledge hinders understanding
senescence in clonal or partially clonal species that often exhibit unconventional, complex senescence patterns
such as negligible senescence (constant mortality and fecundity with age) or even negative senescence
(decreasing mortality and increasing fecundity with age) (Vaupel, Baudisch, Ddlling, A. Roach, & Gampe,
2004).

Here, we studied age-dependent plasticity in both reproductive investment (sexual and asexual reproduction)
and somatic maintenance (regeneration capacity and survival rate) in a partially clonal freshwater cnidarian,
Hydra oligactis. Hydra polyps have exceptional regeneration capacity (e.g. whole body regeneration from a
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piece of tissue as small as 1% of the normal polyp; Shimizu, Sawada, & Sugiyama, 1993) that has captured the
imagination of scientists since the 18" century (Trembley, 1744). Regeneration research in hydra has focused
on the physiological, developmental and molecular processes underlying this phenomenon (e.g. Bode, 2003;
Schaller, 1976; Tardent, 1974) but regeneration as a life history trait and its age-dependent modulation are less
well understood. Regeneration provides obvious advantages via eliminating the negative effects of crucial
body part injuries, which is especially important when the probability of repeated injuries is high (Bely &
Nyberg, 2010). But as many other traits - like growth or reproduction - regeneration also requires resource
investment, thus may impair other life history traits or vice versa (Henry & Hart, 2005) .

Regeneration ability in H. oligactis is a highly plastic trait, e.g. it is impaired in sexual individuals of H.
oligactis (Sebestyén, Barta, & T6kolyi, 2018; Tomczyk et al., 2017) Loss of regeneration in this species may
be a consequence of their unique life history within the genus Hydra: they switch from asexual reproduction to
sexual reproduction during the autumn, in order to produce a relatively high number of sexual organs and
resting eggs (compared to other Hydra species: Schuchert, 2010) then the polyps regularly degenerate and die
(Schenkelaars et al., 2017; Tokolyi, Osz, Sebestyén, & Barta, 2017; Yoshida, Fujisawa, Hwang, Ikeo, &
Gojobori, 2006). Post-reproductive senescence is accompanied by drastic changes in cellular composition: the
number of interstitial stem cells declines while the number of reproductive cells increases (observed in
laboratory strains: Tardent, 1974; Yoshida et al., 2006 and animals derived directly from their natural habitat:
Sebestyén et al., 2018). Depletion of stem cells suggests that stem cells differentiate into reproductive cells
and limit somatic maintenance functions (Yoshida et al., 2006). Importantly, a recent population genetic
analysis indicated substantial phenotypic plasticity in reproductive strategies in this species under field
conditions (Miklos et al., 2019), but the factors inducing this plasticity are unclear.

We used clonal offsprings of a male and a female H. oligactis polyp to examine the role of age in life-history
trait plasticity. We asked whether investment into different reproductive modes and somatic maintenance traits
changes with age. Hydra oligactis is an ideal species for investigating age-dependent cost of reproductive
modes, because they can be experimentally induced to reproduce sexually by lowering temperature. We
induced sexual reproduction by temperature change and measured several aspects of both reproduction and
somatic maintenance for eight weeks after induction of sexual reproduction in two age groups (1 week and 4
weeks old): the number of reproductive organs (eggs and testes), start of sexual reproduction along with
asexual reproduction, head regeneration ability and survival. The switch between asexual and sexual
reproduction can be affected by their stem cell demands: asexual reproduction requires proliferation of the
continuously maintained somatic stem cells (which are responsible for somatic maintenance in general; Skold,
Obst, Skold, & Akesson, 2009), while sexual reproduction requires production of germ cells formed from
undifferentiated stem cells, usually occurring after some asexual cycles and time for maturation (Harvell &
Grosberg, 1988; Simon, Rispe, & Sunnucks, 2002). Hence, we also investigated the cellular requirements for
these functions: the number of reproductive cells as a measure of sexual reproductive investment, and the
number of somatic interstitial stem cells as a requirement for somatic maintenance and asexual reproduction.
Our experimental framework provides not just an insight into how animal reaction to the same environmental
cue can change with age, but investigates the complexity of changes and organismal levels involved.

If fecundity increases and somatic maintenance decreases with age (as general life history theory suggests), we
expect more sexual organs and reproductive cells in older animals, while their regeneration ability, survival
and stem cell number should be reduced. Conversely, it is also possible that both fecundity and somatic
maintenance is higher in older individuals because these might have more time to accumulate sufficient
resources to sustain both life functions. Asexual reproduction might be prioritized in younger animals in
accordance with observations on other partially clonal animals (e.g. Harvell & Grosberg, 1988), although it
might show an opposite pattern due to higher condition of adults.

Materials & Methods
Hydra strains, culture conditions and experimental design

Experimental animals originate from an oxbow lake near Tiszadorogma in Eastern Hungary (47.6712N,
20.8641E) and have been kept in the laboratory as culture strains for one year prior to the experiments
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described here. We kept animals individually in 6-well tissue culture plates under standardized conditions in a
climate chamber (18 °C temperature, 12/12 h dark/light photoperiod) and ~ 5 ml standard hydra medium (1.0
mM CaCl,, 0.1 mM MgCl;, 0.03 mM KNOs, 0.5 mM NaHCO3;, 0.08 mM MgSOQs; Sebestyén et al., 2018).
Sexual reproduction was induced by moving plates with animals to a wine cooler with even air flow on 7 °C
and 8 h light / 16 h dark photoperiod. We fed the hydras with 20 pl freshly hatched Artemia spp. nauplii
(Tokolyi et al., 2016) two times a week, on the same days. We changed hydra medium on feeding days and on
days after feeding (for removing food remains).

We used one male (Number of animals (N) = 666) and one female strain (N = 660) for our
experiments, in which freshly detached buds were used 0-4 days after their detachment. Experimental
treatment consisted of moving polyps to cold temperature at either of two different time points: 3 days or 24
days after their initiation (Fig. 1). Because of the variation in the detachment time, these time intervals resulted
in a maximum possible age of 7 days (henceforth called “1 week” group) or 28 days (“4 week” group). We
used different animals for different types of measurements (head regeneration, composition and survival). We
measured both head regeneration and cell number 8 times (weekly for 2 months) after cooling. For logistical
reasons, experimental animals were initiated in several distinct batches.

Asexual phase Sexual phase

Measurements

sexual reproductive investment and timing
asexual reproduction rate
regeneration rate and survival
cellular composition

7°C

Group
4 week”

1 week”

Time (week) ‘ Time (week)

Fig. 1, Experimental design containing two groups: 1 week or 4 week old according to their age at cooling.
Following the temperature change, we measured the number of sexual organs and their first appearance,
asexual reproduction rate, head regeneration rate and cellular composition (reproductive and stem cell
number) for two months, and survival rate at the end of the fifth month after cooling. Experimental animals
were propagated asexually.

Detection of sexual organs and asexual reproduction rate

Hydra oligactis males spread their sperm from several separate testes on their body column, and females
produce eggs which detach after maturation (Reisa, 1973). Sexual reproduction in both sexes is continuous
during the sexual period. We used a stereo microscope to count number of testes on one side of males two
times a week and number of detached eggs in females four times a week (each time the medium was
exchanged), following temperature change. We measured sexual reproduction for two months after cooling,
since all animals had started their sexual cycle by the end of the second month and repeated sexual cycle has
not been reported in this species. We recorded the number of detached buds twice a week on feeding days for
20 weeks after cooling, because asexual reproduction can be repeated several times.

Head regeneration measurements
We measured head regeneration in approximately half of the animals (N = 711). We decapitated the animals
below their mouth at about 15% of body length (containing the mouth tip, tentacles and 10% of the body

column). We coded the presence or absence of emerging tentacles one week after decapitation (Sebestyén et
al., 2018). Animals were not fed during these measurements.
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Cell number measurements

We performed cell number measurements on 187 animals approximately weekly for two months after
temperature change. We macerated polyps according to standard technique (David, 1973), placed 5 pl of a
sample on microscopic slide, which was then examined under 400x magnification in an Euromex iScope
phase contrast microscope. We recorded epithelial cell, sperm precursor/nurse cell and interstitial stem cell
number (total number of 1,2,3-4, 5-8, >8 nests i.e. group of cells) for each sample. Sample measurements were
made until we counted at least 100 epithelial cells and cells around them belonging to different cell types
(Sebestyén et al., 2018).

In males, sperm precursor and non-mature spermatid cells were identified according to the work of Littlefield
et al.(1985). We estimated sperm precursor and non-mature spermatid cell number by counting cell groups,
because the large number of cells made exact counting impossible. In females, interstitial cells largely increase
their size before reproductive cell formation and give rise to nurse cells (Zihler, 1972), hence in early stages of
development reproductive cells are distinguishable from interstitial cells by their increased cytoplasm volume.
We counted a cell as a nurse cell if the diameter of its nucleus was at least half-sized compared to the diameter
of the cell or smaller. A subset of nurse cells produces gametes while the others are phagocytosed by the
oocyte (Alexandrova, Schade, Bottger, & David, 2005), hence all nurse cells contribute to reproductive
investment. We were not able to do histological preparations in females 8 weeks post-cooling because all
individuals involved consisted of acellular necrotic tissue.

Survival measurements

We kept experimental animals for five months and recorded death when animals were fully disintegrated or
disappeared. We retained hydras even if they shrank to a very small size. Animals were scored as survived if
they had intact body and tentacles or produced at least one bud until the end of the fifth month. We excluded
12 animals from the analysis due to their accidental loss.

Statistical analysis

To analyze the effect of age at cooling and time after cooling on asexual reproduction rate we used
Generalized Linear Models (GLMs) with Poisson error distribution (Bates, Méchler, Bolker, & Walker, 2015),
since the number of detached buds was a count variable. We tested the effects of age at cooling and time after
cooling separately and the interaction between them via Likelihood Ratio Tests (LRTs). We performed
unpaired two-sample Wilcoxon tests to analyze timing (start day after cooling) and investment (number of
sexual organs) of sexual reproduction in groups with different age at cooling.

For testing the effect of age at cooling and time after cooling on sperm precursor/nurse cell number
and interstitial stem cell number we used zero-inflated models, because our data contained more zero values in
some groups than it could be expected by Poisson or Negative binomial distribution (Zeileis, Kleiber, &
Jackman, 2008). Our models contained cell number (sperm precursor or nurse cell, stem cell) as dependent
variable and age at cooling and time after cooling as predictors. We included epithelial cell number as a fixed
effect, to normalize to epithelial cell number which was not exactly identical in every sample.

We analyzed the effect of age at cooling on temporal changes in head regeneration by GLM with
binomial distribution. Our model contained head regeneration (presence or absence) as dependent variable and
age at cooling, time after cooling and their interaction as independent variables. We tested the effect of the two
factors (age at cooling and time after cooling) and the interaction between them by LRTs. We checked the
effect of start date (because animals entered into the experiment at different dates may slightly differ from
each other) as random effect in models without interaction, but the results of these were consistent with the
original models. For the analysis of total head regeneration data of all dates after cooling, we used unpaired
two-sample Wilcoxon tests. For testing the effect of age at cooling on survival data, we performed Fisher’s
Exact Tests. All analyses were performed in R Statistical Environment version 3.4.4 (R Core Team, 2018)
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Results
Asexual reproduction rate

Age at cooling and time after cooling had significant effects on budding rate in both sexes (age at cooling:
LRT, males: d.f. = 1, p < 0.001, females: d.f. = 1, p < 0.001; time after cooling: LRT, males: d.f. =19, p <
0.001, females: d.f. = 19, p < 0.001). The interactions between these effects were also significant (LRT, males:
d.f. = 19, p < 0.001, females: d.f. = 19, p < 0.001). Based on the overall data of the 20 weeks, animals
belonging to the “1 week” group had significantly higher budding rate (Wilcoxon test, males: N = 4469, p <
0.001, females: N = 4348, p < 0.001). As Fig. 2 presents, budding rate showed an increasing tendency in all
groups during the experiment.
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Fig. 2, Weekly mean numbers of detached buds (A and B) and the overall weekly mean numbers (C and D) in
two age groups in two stains.
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Sexual investment and timing

Males in the “1 week” group had significantly fewer testes (Wilcoxon test, N = 107, p < 0.001) and initiated
sexual reproduction significantly later (Wilcoxon test, N = 107, p < 0.001), than males which were 4 weeks
old at cooling (Fig. 3). Females in the “1 week” group had significantly fewer detached eggs (Wilcoxon test,
N = 112, p < 0.001) and delayed sexual reproduction (Wilcoxon test, N = 112, p < 0.001) compared to 4
weeks old females at cooling.
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Fig. 3, Start day of sexual reproduction (male strain (A), female strain (B)) and the overall number of sexual
organs (testes in the male strain (C), detached eggs in the female strain (D) ).
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Head regeneration

Age at cooling and time after cooling significantly affected head regeneration in both sexes (age at cooling:
LRT, males: degree of freedom = 1, p = 0.034, females: d.f. = 1, p < 0.001; time after cooling: LRT, males:
d.f. =1, p <0.001, females: d.f. = 1, p < 0.001). The interaction between age at cooling and time after cooling
had no significant effect on head regeneration in males (LRT, d.f. =1, p = 0.75) or females (LRT,d.f. =1,p=
0.69). Overall, both older males and females had significantly lower regenerative ability than younger males
and females respectively (Wilcoxon test, males: N = 347, p < 0.001; females: Wilcoxon test, N = 364, p <
0.001, Fig. 4)
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Fig. 4, Overall successful head regeneration rate in the two strains (A) and the proportions of weekly
measurements in the male strain (B) and the female strain (C).
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Survival

Polyps in the “1 week” group had significantly higher proportion of fully-recovered individuals five months
after cooling in males (Fisher test, p = 0.002) and females as well (Fisher test, p = 0.028, Fig. 5).

Age at cooling
1 week [l 4 weeks

u

©

£ 100%

'c

©

U .

L 75%] —

)

O

- [

>

: I e

S 25%-

-

S 0%

o T T

& male female
Sex

Fig. 5, Proportion of fully recovered animals following sexual reproduction at the end of the fifth month after
cooling. Animals were recorded as survived if they had fully intact bodies and tentacles or if they produced at
least one bud after sexual reproduction until the end of the experiment.
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Sexual reproductive cell number

In isolation, age at cooling had significant effect only in males (Vuong test, in males: z-score = 1.483, p =
0.023, in females: z-score = 0.472, p = 0.318) and time after cooling had no significant effect in either sex
(Vuong test, in males: z-score = 1.287, p = 0.071, in females: z-score = 1.075, p = 0.141). However, the
interaction between these two were highly significant in males (Vuong test, z-score = 2.256, p = 0.014) and
females (Vuong test, z-score = 1.849, p = 0.032). In all sexes, reproductive cell numbers showed a delayed
start of sexual reproduction in animals which were younger at cooling (Fig. 6).
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Fig.6, Weekly measurements of reproductive cells (sperm precursor or nurse cells, A and B) and stem cells (C
and D) in the two age groups in two strains.
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Interstitial stem cell number and age

In case of males, age at cooling had significant effect on the number of stem cells (Vuong test, z-score =
2.883, p = 0.002) and time after cooling had a marginally significant effect on male stem cell number (Vuong
test, z-score = 1.419, p = 0.078). There was no significant interaction between the effect of age at cooling and
time after cooling in males (Vuong test, z-score = 0.594, p = 0.276).

In females, the effect of age at cooling and time after cooling had significant effect independently (age at
cooling: Vuong test, z-score = 2.436, p = 0.007; time after cooling: Vuong test, z-score = 3.306, p < 0.001).
The interaction between age at cooling and time after cooling was marginally significant in case of females
(Vuong test, z-score = 1.535, p = 0.062). Stem cell number of males and females showed a decreasing
tendency in both age groups during the weeks at cool temperature, as Fig. 6 indicates.

Discussion

Here, we demonstrated that age has a clear effect on life-history traits in a clonal freshwater cnidarian. We
found that younger hydra polyps of the same clone had reduced and delayed sexual reproduction while they
had higher asexual reproduction (budding). These differences in reproductive strategies were paralleled by
somatic maintenance patterns: younger polyps had higher head regeneration rate, stem cell numbers and
survival rate. Our observations indicate that sexual investment is plastic and influenced by age in hydras and
these reproductive decisions impact the cost of reproduction in this partially clonal animal.

Age might influence animal reaction to environmental changes via information acquisition or optimal resource
allocation patterns (Fischer et al., 2014; Radchuk et al., 2013), although the complex age-dependent plasticity
in clonal organisms is vaguely understood. Age or life stage may affect how allocation to reproduction,
regeneration, growth or maintenance is prioritized, but there is a difference in this nexus between non-clonal
and clonal organisms. In a clonal organism growth is not just the increase in size of a single somatic unit, but
it is the iteration of the unit as well (which can sexually propagate in the future) (Harvell & Grosberg, 1988).
Asexual reproduction is thought to maintain a population of locally adapted clones (Ayre & Miller, 2004) and
less costly than sexual reproduction (Rispe, Pierre, Simon, & Gouyon, 1998). For this reason, asexual
reproduction can be advantageous for animals in good conditions and early in their life, since they can rapidly
colonize resources for their own genotype, while later they can use more costly sexual reproduction to
increase genotypic diversity (Burke & Bonduriansky, 2018).

Our study confirms that sexual reproduction is prioritized later in life in H. oligactis. This is in accordance
with previous findings in other clonal species. For instance, female stick insects mated in early life (prior to
the start of parthenogenetic reproduction) produce fewer eggs, possibly because they were not fully mature at
pairing (Burke & Bonduriansky, 2018). Age-dependent sexual maturity is also known in some coral species
(Kai & Sakai, 2008), while in Pelmatohydra robusta (likely synonymous to H. oligactis; Schwentner &
Bosch, 2015) a decreased sexual maturation time and increased fecundity with polyp age were reported
previously by Noda (1982). Age at sexual maturity can be also affected by body size, because age might be its
predictor and in long-lived clonal animals there is often a minimum size for sexual reproduction (Harvell &
Grosberg, 1988). Body size might have played a role in our experiment as well, because the importance of
growth is known in another hydra species (H. vulgaris, in which growth occurs during the first three weeks
even in starvation; Levitis & Goldstein, 2013) and the early investment into growth could set back sexual
reproduction in our study species. Our study also confirms that asexual reproduction in H. oligactis is more
important at a younger age, paralleling other partially clonal animals where asexual cycles usually forgo
sexual cycles (Olive, 2002) (e.g. in rotifers: Denekamp et al., 2009, planaria: Castle, 1927 and ascidians:
Gasparini et al., 2015). Although these general age-dependent reproductive mode patterns are known,
experimental induction of reproductive mode switch in different ages is less frequently investigated but is
needed to explicitly assess the costs and benefits of switching to sex.

We found that these age-dependent reproductive modes are associated with different somatic maintenance
costs: youngs with higher asexual reproduction, delayed and reduced sexual reproduction had higher
regeneration and survival, while the opposite was true for older hydra polyps. In other clonal species, high
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regeneration ability also often associates with asexual reproduction capabilities and higher/increasing survival
rate (Zattara & Bely, 2016; Mouton, Grudniewska, Glazenburg, Guryev, & Berezikov, 2018), while the more
costly sexual reproduction usually impairs these traits (Harvell & Grosberg, 1988; Henry & Hart, 2005). The
negative effect of sexual reproduction is more emphasized when it is usually induced by stress and harsh
conditions (Harvell & Grosberg, 1988), thus the response and investment is more urgent and intense
(hypothesized in the study species H. oligactis as well e.g. Tardent, 1974), although these relations are
generally not studied simultaneously with age-dependent changes. Although somatic maintenance traits as
regeneration and survival usually do not decline with age in clonal organisms (Tanner, 2001; Yun, 2015),
opposite patterns are observed in some cases (e.g. Meesters & Bak, 1995; Orive, 1995; Skold et al., 2011; Vitt
& Cooper Jr., 1986). This may further suggests that predicting age-related somatic maintenance changes and
senescence patterns depend on other life-history parameters of the organism as well (Orive, 1995), like the
mode of reproduction.

On the proximate level, the increasing sexual propensity with age and the higher costs of reproduction in older
polyps could be explained by the differentiation patterns of the underlying cell lineages. Reproductive cells in
hydra are produced by germline stem cells (a stem cell lineage that is morphologically very similar to
multipotent stem cells but is restricted to gamete production; (Nishimiya-Fujisawa & Kobayashi, 2012).
Germline stem cells derive from multipotent somatic stem cells that also give rise to somatic derivatives such
as nematocytes, gland cells and nerve cells. Hence, sexual maturation might result in a shift in the
differentiation of multipotent stem cells from somatic to reproductive derivatives. There are some observations
indicating that the number of germline stem cells might increase with age after detachment from the asexual
parent, at least in females (Littlefield, 1991). These indicate a preparedness for sexual reproduction in terms of
the number of germline stem cells in older age, and it is possible that there are not enough germline stem cells
to produce a high number of reproductive cells in one week old polyps. The cost of sexual reproduction could
emerge from the reduced availability of limited amount of multipotent stem cells and their somatic derivatives,
which are necessary for asexual reproduction, regeneration and somatic maintenance in general (Nishimiya-
Fujisawa & Kobayashi, 2012). The sex of polyps can make this phenomenon more complicated, and although
we did not compare males and females since each sex was represented by only one clone, some differences
between the male and female clones were present.

The presence of age-dependent plasticity in H. oligactis could explain some of the variation in life history
strategies observed in natural populations of this species. Sexual reproduction in H. oligactis is thought to be a
diapausing strategy resulting in resting eggs that can survive winter conditions which the adults can not
survive (Reisa, 1973). However, in natural populations sexual, asexual and non-reproductive polyps regularly
co-occur at the same time during autumn (Sebestyén et al., 2018). Some of this variation might be explained
by genetic differences, as we have previously found different sexual propensity of clonal lineages derived
from the same population, when kept under standard conditions in the laboratory (Tokolyi, Osz, et al. 2017).
However, there is clear evidence for phenotypic plasticity in reproductive modes from population genetics of
field-collected individuals (Miklds et al., 2019). Based on the results presented in this study, polyp age could
be one of the determinate factors of this plasticity, such that younger polyps reproduce asexually, while older
ones initiate sexual reproduction when temperature drops during the autumn. In addition to age, external
factors such as food availability (T6kolyi et al., 2017) or population density (Bell & Wolfe, 1985) might
contribute to variation in reproductive strategies, but the relative role of these factors remains to be elucidated.

The remarkable clonal plasticity observed in Hydra oligactis in this study has implications for reproducibility
in laboratory studies involving clonal species. Forms of asexual reproduction (e.g., fragmentation,
parthenogenesis or budding) are widespread among several model systems (i.e. planarians of the family
Dugesiidae (Oviedo, Nicolas, Adams, & Levin, 2008), the cladoceran Daphnia (Stollewerk, 2010) rotifers
(Dahms, Hagiwara, & Lee, 2011), the starlet sea anemone Nematostella vectensis (Hand & Uhlinger, 1992)
and hydroids of the genus Hydra (Galliot, 2012). Clonality is a useful feature in these model species, because
individuals of an asexually propagated genotype can be studied in different states and environments. However,
these organism are often kept in strain cultures (e.g. planaria: Oviedo et al., 2008, Daphnia: Jonczyk & Gilron,
2005, rotifers: Ferreira, Seixas, Coutinho, Fabregas, & Otero, 2011, Nematostella vectensis: Hand & Uhlinger,
1992, Hydra: Galliot, 2012, implying a mass of asexually propagated animals with varying age. Our study
clearly shows that the same environmental effect can induce different resource allocation and reproductive
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patters at different ages of individual polyps. Therefore, controlling for age in other clonal organisms might
reveal similar patterns and certainly enhance the repeatability of studies in other fields.

Overall, our results highlight the role of age in phenotypic plasticity and suggest that the relation between
reproductive modes and somatic maintenance changes with age in clonal animals. Using experimental
induction of sexual reproduction in H. oligactis in different ages, we found that asexual reproduction is
favoured early in life with the ability for higher somatic maintenance, while sexual reproduction is preferred
later with somatic maintenance disability in the same species. Despite that some clonal species (including
Hydra) can have exceptional regenerative abilities, low survival rates and negligible or even negative
senescence, we found marked age-dependent changes in their reproductive investment and resource allocation
decisions. Because we studied these age-dependent differences in sex-induced individuals, our study raises the
question whether somatic maintenance changes with age in the asexual stage as well, and if so, how can
negligible senescence be maintained with these age-dependent changes. Unfortunately, the plastic modulation
of somatic maintenance is understudied in general (Flatt, Amdam, Kirkwood, & Omholt, 2013) and especially
in clonal animals, therefore this question remains for future investigations.
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Abstract

Freshwater hydra are among the few animal groups that show negligible senescence and can maintain high
survival and reproduction when kept under stable conditions in the laboratory. Yet, one species of Hydra (H.
oligactis) undergoes a senescence-like process in which polyps degenerate and die after sexual reproduction.
The ultimate factors responsible for this phenomenon are unclear. High mortality in reproducing animals
could be the consequence of increased allocation of resources to reproduction at the expense of somatic
maintenance. This hypothesis predicts that patterns of reproduction and survival are influenced by resource
availability. To test this prediction, we investigated survival and reproduction under different levels of food
availability in 10 lineages of H. oligactis derived from a single Hungarian population. Sexual reproduction
was accompanied by reduced survival, but a substantial proportion of animals regenerated after sexual
reproduction and continued reproducing asexually. Polyps belonging to different lineages showed differences
in their propensity to initiate sexual reproduction, gonad number and survival rate. Food availability
significantly affected fecundity (number of eggs or testes produced) with the largest number of gonads being
produced by animals kept on a high food regime. On the other hand, survival rate was not affected by the
amount of food. These results show that survival is conserved at the expense of reproduction in this population
when food is low. It remains a question to be answered why survival is prioritized over reproduction in this
population.

Keywords: Cnidaria; food availability; life history; senescence; survival/reproduction trade-offs.
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1. Introduction

Cnidarians display one of the simplest but most versatile body organizations within the animal kingdom,
characterized by high tissue plasticity and excessive regenerative capabilities (Holstein et al., 2003). Perhaps
due to these regenerative capabilities, some members of this phylum display very low rates of senescence
(Brock and Strehler, 1963; Martinez, 1998; Boehm et al., 2013; Schaible et al., 2014; Schaible et al., 2015). In
a recent study, for instance, Schaible et al. (2015) have shown that Hydra magnipapillata and H. vulgaris
maintain constant rates of fertility and mortality in the laboratory over a period of eight years.

Despite their ability to forego senescence, some Hydra species, under specific conditions show
increasing rates of age-dependent mortality along with a senescence-like degeneration phenotype. First shown
by Brien (1953) and later studied by Yoshida et al. (2006), individuals of H. oligactis initiate sexual
reproduction when temperature is reduced, after which they die within a few months. Sexual reproduction is
followed by a reduction in the number of interstitial stem cells, a decline in the rate of food capture and
contractile movements, a decrease in body size and an exponential increase in mortality rate (Yoshida et al.,
2006). The reasons why H. oligactis undergoes this senescence-like degeneration phenotype are unclear.

According to the disposable soma theory of aging, resources invested into the maintenance of the
soma are traded off against investment into reproductive functions (Kirkwood and Rose, 1991). As a
consequence, animals with high reproductive investment are expected to show lower levels of self-
maintenance and higher levels of aging, a prediction that has received broad support (summarized in Boggs,
2009). Although few systematic studies have been performed on reproductive investment in hydra, studies
generally report a higher number of reproductive organs (testes and ovaries) in H. oligactis compared to other
species (e.g. Schuchert, 2010). This raises the possibility that the post-reproductive degeneration observed in
this species might be caused by an increased allocation of resources to reproduction at the expense of self-
maintenance functions. Indeed, Reisa (1973) suggested that the “depression” observed in sexually reproducing
H. oligactis might be the consequence of interstitial stem cells being converted into germ cells instead of
nematocysts, which would prevent feeding throughout the sexual cycle.

If post-reproductive degeneration in hydra is caused by the trade-off between survival and
reproduction, then the amount of resources available to the animals is expected to influence investments into
these functions, with several possible outcomes. First, animals facing a resource shortage might reduce their
reproductive investment to increase survival. In some cases experiencing periods of low food availability
results in higher levels of stress tolerance and lower rates of aging, a phenomenon termed dietary restriction
(e.g. Masoro and Austad, 1996; Partridge et al., 2005; Walker et al., 2005). However, such an effect does not
occur in all species (Nakagawa et al., 2012). Within rotifers, for instance, closely related species may show
increased or decreased longevity when exposed to the same food restriction treatment (Kirk, 2001). In hydra
there is no evidence so far for dietary restriction-mediated increases in self maintenance levels (Bridge et al.,
2010; Tokolyi et al., 2016), although species differ in the way in which oxidative stress tolerance is
maintained in face of reduced food availability (Tokolyi et al., 2016). Secondly, food shortage might signal
increased future mortality risk, resulting in higher investment into reproduction and a reduction in survival, a
strategy termed “terminal investment” (Clutton-Brock, 1984; Fischer et al., 2009; McNamara et al., 2009).
Such a strategy is seen e.g. in some rotifers (Kirk, 2001; Stelzer, 2001) and birds (Velando et al., 2006) which
increase reproductive effort when food availability becomes limited or their immune system is experimentally
challenged. Thirdly, in the most simplistic scenario, food shortage may reduce both reproduction and survival
at the same time. To test which of these scenarios, if any, occurs in H. oligactis undergoing post-reproductive
degeneration, we individually followed hydra polyps kept under different levels of food and measured
fecundity and survival as two opposing facets of life-history trade-offs. Fecundity was quantified as number of
eggs in females, while in males we used the number of testes as a proxy for gamete production. We predicted
that fecundity and post-reproductive lifespan would be concomitantly reduced if both functions are valued in
the same way, while departures from a parallel reduction would indicate that one of the functions is preserved
at the expense of the other, giving rise in the most extreme cases to “dietary restriction” (survival increased
and fecundity reduced) or “terminal investment” (fecundity increased and survival reduced) effects.

92



2. Materials & methods
2.1 Animals and culture conditions

Animals in this study were derived from ten polyps collected in May 2015 from an oxbow lake of the Tisza
river near Tiszadorogma, Hungary (47.67N, 20.86E; Fig. 1.). We collected animals that were at least 2 m apart
to increase the chance that both males and females are found and to reduce the chance that multiple asexual
members of the same genetic clone are collected. Species identity was determined based on morphological
traits and investigation of nematocysts (under 400x magnification in a light microscope) based on Schuchert
(2010). H. oligactis can be distinguished morphologically from other hydra species by the presence of a
distinct stalk in the foot region, very long tentacles and asymmetric emergence of tentacles in the buds. We
note, however, that species delimition in Hydra is far from a resolved issue (see e.g. the recent study of
Schwentner and Bosch, 2015), hence the possibility that this population belongs to a distinct branch of the
‘oligactis’ group cannot, at present, be excluded.

After collection, animals were moved to the laboratory and kept under standardized conditions (20 °C
temperature, 12/12h photoperiod, in a standard hydra medium containing 1.0 mM CaCl;, 0.1 mM
MgCl2.6H20, 0.03 mM KNOs, 0.5 mM NaHCO; and 0.08 mM MgSO,). We propagated these animals
asexually by feeding them three times a week with freshly hatched Artemia nauplii. This propagation phase
lasted for approximately two months, during which the animals were kept in 6-well culture plates in groups of
three hydra/well (all three belonging to the same clone).

At the start of the experiments polyps were moved to 24-well plates (1 polyp/well, individuals within
a plate belonging to one or two clones). 36 polyps from each original clone were used, resulting in a starting
cohort of 360 individuals. To facilitate cleaning, we used special plates with holes on the bottom of the wells
forming a sieve (each well had 17 holes with a diameter of 0.7 mm on the bottom). The holes were too small
for hydra to pass, but large enough to let out uningested Artemia nauplii when the plate was raised from the
water. The plates were kept individually in plastic containers with a flat bottom and immersed in hydra
medium (wells were approximately half full and polyps were kept in ~1.5 ml medium). A piece of glass
(exactly fitting the bottom of the plates) was put below the plates to block experimental animals, detached
buds or eggs leaving the wells when the plates were not moved. For cleaning, the plates (with the hydra) were
simply taken out of their container and moved to clean containers with fresh medium. To prevent the
accumulation of bacteria, we moved hydra polyps to clean plates once every two weeks.

We fed the animals three times a week from a dense Artemia slurry using a micropipette, as described
previously (T6kolyi et al., 2016). Depending on their treatment, they received either 3, 6, 10 or 20 ul Artemia
suspension on each occasion (1 pl contained approximately 7-8 nauplii). Food treatments were distributed in
plates according to a block design (all four treatments present in every plate). Newly detached buds were
counted and removed prior to feeding. After feeding, plates with hydra were moved to containers with fresh
medium. Experimental animals were kept under these conditions for two weeks. After that, we lowered the
temperature to 7 °C (temperatures below 12 °C are used to induce sexual reproduction in H. oligactis;
Littlefield et al., 1991; Yoshida et al., 2006; Kaliszewicz and Lipinska, 2012; Kaliszewicz, 2015). We also
switched photoperiod to a 8/16 h light/dark cycle because there are observations suggesting that a short
photoperiod might induce sexual reproduction as well (Reisa, 1973).

To quantify the intensity of sexual reproduction we recorded the number of detached eggs in females
and the number of testes in males. Females continually produce and shed eggs during their sexual phase, while
males develop several distinct testes along the body column that continuously produce sperm (Reisa, 1973).
We counted the number of detached eggs in females three times per week, prior to feeding. Care was taken not
to disturb the plates so that detached eggs do not escape through the holes at the bottom of the wells. The
number of testes in male polyps was counted once a week under a stereo microscope.

Death was recorded when the animals disintegrated or disappeared between feedings. We were
extremely careful to retain experimental animals even if they shrank to a very small size, always checking the
plates and the containers in case of a potential death event. Four animals were accidentally lost and we
excluded them from all subsequent analyzes.
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Fig. 1. (A) Map of the Tisza river basin around Tiszadorogma and satellite image showing the site of origin of
the population from which founder polyps used in this study were collected (marked by a red star on the map
and a red rectangle on the inset). (B) asexual H. oligactis polyp from the Tiszadorogma population.

2.2 Statistical analyzes

We analyzed data using Generalized Linear Models (GLMs) or Generalized Linear Mixed Models (GLMMs)
implemented in the R Statistical Environment (R Core Team, 2014; using the Ime4 R package for GLMMs,
Bates et al., 2014). We started by testing whether individual clones differ in their propensity to start sexual
reproduction, number of gonads and survival in GLMs with these variables as dependent variables and clone
ID as fixed predictor. GLMs with a Poisson distribution were used to analyze fecundity (maximum number of
testes/male polyp, total number of eggs produced by a female polyp during the sexual period), while the
occurrence of sexual reproduction and survival were analyzed with binomial GLMs (both variables have a
binomial outcome: sexual reproduction observed or not and survived or died, respectively). Next, we tested
the effect of food treatment on the dependent variables in GLMMs (with either Poisson or binomial
distribution). GLMMs were required in this case to take into account that our experimental animals do not
represent independent data points (polyps belonging to a given clone are more similar to each other than
expected by chance). Hence, in these analyzes clone ID was included as a random variable, in addition to
treatment as fixed variable. Lastly, we used GLMMs to test the relationship between fecundity and survival
rate. Significance of fixed variables was tested via Likelihood Ratio Tests (LRTs), by comparing models
containing the fixed effect to simplified models without it.

3. Results

The pattern of asexual and sexual reproduction and survival changed over the course of the experiment as
shown on Fig. 2. Lowering the temperature inhibited budding for approximately two weeks, then animals
produced again buds for two weeks, which was followed by initiation of sexual reproduction. Of the ten
clones five were found to be males and five to be females. The number of days elapsed from the start of the
temperature manipulation to the initiation of sexual reproduction was 38 + 3.91 days in males and 47 + 5.65
days in females (mean + SD presented in both cases). Survival rate started to decrease after initiating sexual
reproduction, but a substantial proportion of animals survived and started budding again. We stopped the
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experiment after 150 days, when most of the animals were either dead (N=109, 31% of the initial cohort) or
regenerated after sexual reproduction and produced at least one bud (N=176; 49%). The remainder either did
not initiate sexual reproduction until the end of the study (N=33, 9%) or were in an intermediate state (i.e.
survived until Day 150 but did not produce any buds following sexual reproduction; N=38, 11%). We scored
these intermediate animals as survivors (even though some of them might have died later without
regenerating) because they fulfill the criterion of surviving until Day 150. We found no bias in the distribution
of these animals according to food treatment (N=8, 6, 12, 12 animals out of N=55, 64, 64, 64 surviving
animals in the 3, 6, 10, 20 pl Artemia groups, respectively; Fisher's Exact Test, p=0.539).

Qe |
Amount of food:
«© _| — 3;.1:
(=] — 6“
% - 1ol
= © -—- 20l
o © _| 2
£ ° z
g 3
3 Repr. organs:
m < P! 9.
5] —— ovaries
— testes
o
o
o
o

Fig. 2. Temporal patterns of asexual and sexual reproduction and survival rate of H. oligactis polyps kept on
four different food regimes. Black lines show the budding rate (number of buds/day), green lines show the
proportion of the initial cohort still surviving. The mean days for the presence of gonads in males and females
are indicated by blue and red lines, respectively. The inset shows two polyps towards the end of the
experiment in different stages of degeneration; the individual on the right regenerated almost completely.

Individual clones differed significantly in their propensity to initiate sexual reproduction (binomial
GLM, deviance=163.62, df=9, p<0.001; Fig. 3A) and in the probability of surviving to the end of experiment
(binomial GLM, deviance=75.325, df=9, p<0.001; Fig. 3B). The number of testes produced by males were
marginally significantly different between clones (Poisson GLM, deviance=9.112, df=4, p=0.058; Fig. 3C).
The total number of detached eggs significantly differed between female clones (Poisson GLM,
deviance=35.952, df=4, p<0.001; Fig. 3D).
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Fig. 3. Differences between 10 H. oligactis clones derived from the same population in (A) their propensity to
initiate sexual reproduction, (B) survival rate, (C) maximum number of testes (only male clones shown) and
(D) total number of detached eggs (only female clones shown). Error bars in panels A and B represent 95%
confidence intervals obtained from binomial GLMs.

Food treatment had no effect on the occurrence of sexual reproduction (binomial GLMM, y?=2.829,
df=3, p=0.419), but it had a significant effect on the number of testes in males (Poisson GLMM, y?=69.454,
df=3, p<0.001; Fig 4A) and the number of eggs in females (Poisson GLMM, %?=54.015, df=3, p<0.001; Fig.
4B). Survival probability was not affected by food treatment (binomial GLMM, ¥?=3.854, p=0.278; Fig 4C).
Furthermore, survival probability was not related to fecundity neither in males (maximum number of testes,
binomial GLMM, 2=1.800, p=0.180), nor in females (total no. eggs, binomial GLMM, %2=0.537, p=0.464).
Lastly, excluding polyps that survived until the end of the experiment but did not regenerate following sexual
reproduction (N=38 animals) had no qualitative effect on our results (not shown).
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Fig. 4. Effects of food treatment on (A) the maximum number of testes produced by males, (B) the number of
eggs produced by females, and (C) the survival rate.

4. Discussion

In this study we investigated the fecundity/survival trade-off under different food levels in male and female H.
oligactis undergoing sexual reproduction. We found that polyps initiated gonadogenesis irrespective of food
availability, but the number of gonads (testes or detached eggs) increased with food. Following sexual
reproduction there was high mortality (>30% of the initial cohort died during the course of the experiment),
but survival rate was not related to the amount of food.

Sexual reproduction in H. oligactis is generally thought to be an escape strategy that enables hydra to
produce resting eggs before the onset of the winter (Reisa, 1973; Kaliszewicz and Lipinska, 2012). According
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to this hypothesis, a sudden drop in temperature signals the beginning of a period with high mortality due to
low temperatures and/or starvation, and animals are selected to quickly develop reproductive organs and
produce eggs that are able to survive these adverse conditions. Our observations suggest that this hypothesis
cannot fully explain the occurrence of sexual reproduction in this population. First, lowering the temperature
inhibited asexual reproduction only temporarily and the sexual phase started after a period of asexual
reproduction in the cold. This suggests that temperature is a cue rather than a physiological constraint that
shapes the type of reproduction (Reisa, 1973); the change in temperature could serve to indicate the time when
sexual reproduction is ecologically most favoured. This could be in the autumn, as supported by field
observations of sexual reproduction in this species in Switzerland (Ribi et al., 1985) and Michigan, USA
(Miller, 1936), but is probably later in our Hungarian population (based on observations in this study).
Secondly, similar to the study of Kaliszewicz and Lipiniska (2012), the amount of food in our experiment had
no influence on the probability of initiating sexual reproduction. Together, these observations suggest that
initiation of sexual reproduction in H. oligactis is not related to the amount of food, although other aspects of
food, such as its predictability are known to influence hydra life history traits (Schaible et al., 2011; Rosa et
al., 2016) and might be involved in this case as well.

The delayed initiation of sexual reproduction in animals exposed to cold and the high post-
reproductive survival rate of H. oligactis polyps from our population is surprising. In most published accounts
of sexual reproduction in this species (e.g. Brien, 1953; Yoshida et al., 2006; Kaliszewicz and Lipinska, 2012;
Kaliszewicz, 2015), exposure to cold temperatures inhibits budding and initiates gametogenesis within 2-3
weeks, after which polyps face an exponential increase in mortality rate (Brien, 1953; Yoshida et al., 2006).
The experimental animals in this study experienced progressive degeneration and a decrease in body size after
sexual reproduction very similar to that reported by Yoshida et al. (2006); however, a substantial proportion
survived, regenerated and resumed asexual reproduction. Although these differences might be at least partly
caused by differences in experimental setup (e.g. both temperature and photoperiod differed between the
studies), intraspecific differences in post-reproductive survival are likely to exist, as Tomczyk et al. (2015)
recently reported a strain of H. oligactis that does not experience increased post-reproductive mortality. The
physiological mechanisms responsible for this variation are unclear. Post-reproductive degeneration in H.
oligactis is generally thought to be the consequence of stem cell depletion (“gametic crisis”; Brien, 1953;
Reisa, 1973; Tardent, 1974; Yoshida et al., 2006; Bosch, 2008). Sexual reproduction and germ cell
development in hydra depends on stem cell activity (Littlefield, 1985; Littlefield, 1991), hence, increased
commitment of stem cells to germ cell production is likely to reduce the differentiation of multipotent stem
cells into somatic cells necessary for survival. The study of Yoshida et al. (2006) illustrates this pattern well,
since they found a marked increase in germ cell numbers and a drastic decrease in epithelial cells, interstitial
stem cells and somatic derivatives (nematocytes, nerve cells, and gland cells) during sexual development.
Therefore, an obvious explanation for the high post-reproductive survival of the hydra population studied by
us could be that in animals surviving sexual reproduction fewer stem cells are converted into germ cells and a
sufficiently large subpopulation of stem cells remains to regenerate the whole animal. This is a prediction that
should be tested in the future.

From an ultimate (evolutionary) perspective, differences between populations might be related to
environmental conditions (e.g. the risk of freezing) in the natural habitats of these populations/strains. For
example, a quick and predictable onset of winter would select for a rapid induction of gametogenesis upon
cold exposure.Other factors are likely to be involved as well, because we found that within a single population
several different life-history strategies can coexist. Even within this admittedly very limited sample of 10
clones we found individuals that initiated sexual reproduction with high probability while others continued
budding during the whole period (results not shown). Furthermore, some lineages survived with high
probability while in others survival rate was less than 25%. These differences could represent alternative life
history tactics within the population (e.g. local adaptations to differences in microhabitat) or a consequence of
temporally varying selection on life history traits (e.g. Mojica et al., 2012). It could also be the consequence of
a high rate of influx of genetically distinct individuals into the lake from which our founder polyps were
derived. This latter hypothesis is highly plausible, given that the lake is very close to the Tisza river, it is
directly connected to it and periodically flooded by the river (the Tisza is a major river of the region with a
large drainage area and is a known habitat of H. oligactis; Gelei, 1930). Interestingly, we also found that
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polyps belonging to a single clone and kept under identical conditions exhibited variation in life history traits
(e.g. some polyps did not initiate sexual reproduction, even though most individuals belonging to the same
clones did), which could be a form of bet-hedging (diversifying reproductive strategies to increase the chance
that some of them will be successful in a highly unpredictable environment; e.g. Olofsson et al., 2009).

Experimental manipulation of food availability significantly affected fecundity, but had no effect on
survival rate. Hence, at least over the range of food levels used in this experiment, sexually reproducing H.
oligactis polyps preserved survival at the expense of reproduction. This pattern is not consistent with a
“dietary restriction” or “terminal investment” effect, but neither with a model in which survival and
reproduction are equally dependent on food availability. On the other hand, a reduction in the rate of
reproduction and maintenance of somatic functions in face of challenging conditions has been observed e.g. in
reef corals (Leuzinger et al., 2011), and is generally predicted to occur in long-lived, iteroparous animals that
are expected to favour survival over current reproduction (e.g. Gaillard et al., 2000; Therrien et al., 2008;
Kitaysky et al., 2010; Monteith et al., 2013). This is somewhat surprising, since H. oligactis is a species with a
relatively fast life history (it is characterized by high rate of asexual reproduction and low tolerance against
oxidative stress; Tokolyi et al., 2016). Since most of the animals from this population did not die after sexual
reproduction, investing more resources into survival might enable them to survive and start asexual
reproduction again following a sexual cycle (i.e. they might be iteroparous). Based on this hypothesis, the
relationship between food availability and survival rate might be quite different in populations/strains that do
not survive after sexual reproduction (i.e. semelparous populations). This is a prediction that could be tested in
the future.

Our results do not provide unequivocal support for the hypothesis that post-reproductive degeneration
is a consequence of reduced allocation of resources to somatic maintenance in sexually reproducing hydra.
First, survival rate was not influenced by food availability (although, as discussed above, this could be a
consequence of strategic investment of resources into survival at the expense of reproduction). Second, we
found no relationship between fecundity and survival rate in individual polyps, which is a key prediction of
the hypothesis that these two are traded off against each other. We must emphasize, however, that variation in
reproductive investment within our sample might not be enough to detect such a relationship, since the
individuals used in this analysis were derived from 10 clones and variation within clones might be too small.
Further studies should (i) investigate the relationship between fecundity and survival rate on a much wider
sample of hydra populations kept under identical conditions and (ii) attempt to manipulate reproductive
investment independently from food (e.g. by manipulating mate availability or population density as ultimate
factors, or potential physiological regulators as proximate factors) to unequivocally answer this question.
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