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Med levitvenim ciklom smo preucili anatomijo, ultrastrukturo in sestavo zacasnih depozitov kalcija
dveh vrst mokric, podzemeljske Titanethes albus ter povrSinske Hyloniscus riparius. Pri T. albus
smo opisali potek in trajanje levitvenega cikla, ultrastrukturo integumenta med levitvenim ciklom in
zgradbo $Cetinastih Zleznih organov samcev. Levitveni cikel T. albus je daljsi kot pri povrSinskih
mokricah, ultrastrukturne znacilnosti epitelija integumenta med sintezo kutikule pa so podobne kot
pri drugih rakih. Scetinasti Zlezni organi samcev T. albus vsebujejo rozetaste eksokrine Zleze,
kakr$ne v literaturi $e niso bile opisane. V zadku se nahajata Se dva tipa rozetastih eksokrinih Zlez,
znailnih le za samce. Na S$cetinastih zleznih organih so prisotne epikutikularne S$cetine in
specializirane senzile. Pri obeh obravnavanih vrstah sta prisotna dva para kal cijevih telesc, organov,
v katerih se kopi¢i kalcij. Pri T. albus oba para kalcijevih telesc vsebujeta bakterije, pri H. riparius
pa jih vsebuje le posteriomi par. Pri T. albus se pred levitvijo razvijejo sternalni depoziti kalcijevega
karbonata, ki jih H. riparius nismo zasledili. Matriks kalcijevih telesc se med levitvenim ciklom
spreminja, kar nakazuje, da je njihova funkcija povezana s kopicenjem kalcija pred levitvijo in z
mineralizacijo kutikule. Matriks kalcijevih telesc, ki vsebujejo bakterije, je mineraliziran s
kalcijevim fosfatom in kalcijevim karbonatom, v kalcijevih telescih brez bakterij pa je prisoten le
kalcijev karbonat. Ultrastruktura epitelijev kalcijevih telesc kaze na njihovo transportno in
sekrecijsko funkcijo. Spreminjanje njihove ultrastrukture med levitvenim ciklom sovpada s
transportom Kkalcija skozi epitelije. Pri H. riparius so v medceli¢nih prostorih epitelijev kalcijevih

telesc med resorpcijo kalcija prisotne elektronsko goste granule, ki jih pri T. albus nismo opazili.
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We studied the anatomy, ultrastructure and composition of transient calcium deposits during the
molt cycle in two woodlice, the subterranean Titanethes albus and the epigean Hyloniscus riparius.
In T. albus we also monitored the process and duration of the molt cycle, the ultrastructure of the
integument during the molt cycle and the structure of gland-pili ferous organs of males. The molt
cycle of T. albus is longer than in epigean woodlice, but the ultrastructure of its integumental
epithelium during cuticle synthesis is similar to that reported in other crustaceans. The gland-
piliferous organs ofT. albus males contain exocrine rosette glands unlike any previously reported in
available literature. Two more types of male-specific rosette glands are present in the pleon.
Epicuticular hairs and specialized sensilla are present on gland-piliferous organs. Two pairs of
calcium accumulating organs, the calcium bodies, are present in both species. In T. albus, both pairs
of calcium bodies contain bacteria, whereas in H. riparius, bacteria are present only in the posterior
pair. Before molt, T. albus forms sternal calcium carbonate deposits, which were not observed in H.
riparius. The calcium body matrix changes during the molt cycle, indicating that calcium bodies
function in calcium accumulation before molt and in the mineralization ofthe cuticle. The matrix of
bacteri a-containing calcium bodies is mineralized with calcium phosphate and calcium carbonate,
whereas only calcium carbonate is present in bacteria-free calcium bodies. The ultrastructure of
calcium body epithelia indicates that they are involved in transport and secretion. Ultrastructural
changes of calcium body epithelia during the molt cycle coincide with transepithelial calcium
trasnsport. In calcium body epithelia of H. riparius, electron dense granules are present in

intercellular spaces during calcium resorption, but they were not observed in T. albus.
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1.1 BIOMINERALIZACIJA IN MINERALIZIRANI MATRIKSI RAKOV

Stevilni Zivi organizmi, vkljuéno s ¢lovekom, v procesu biomineralizacije nadzorovano
izgrajujejo organsko-mineralne strukture z razlinimi funkcijami. Mineraliziran matriks
pogosto gradi skelet organizmov, jim nudi za$¢ito in lahko predstavlja zalogo mineralnih
snovi, ki sodelujejo v presnovi.

V procesih biomineralizacije pri Zivalih nastajajo razlicni minerali, najbolj razSirjene pa so
kalcijeve soli. Pogosta sta predvsem kalcijev karbonat, ki je razSirjen med nevretencarji, ter
kalcijev fosfat, ki je znacilen za vretencarje in ramenonozce (Kawasaki in Weiss, 2006).
Drugi minerali zunajcelicnih matriksov Zivali vkljucujejo silikate (zlasti pri spuZvah;
Skinner in Jahren, 2003), magnetit (strgaca hitonov; Skinner in Jahren, 2003) in nekatere
druge minerale (Ehrlich, 2010). Mineralizirani zunajceli¢ni matriksi so sestavljeni iz
organskih in mineralnih komponent. M akromolekularne organske komponente matriksov
pomembno vplivajo na proces mineralizacije. Sodelujejo pri nukleaciji mineralov in lahko
dolocajo arhitekturo matriksa, kemijsko obliko precipitiranega minerala in usmerjenost
kristalov (Ehrlich, 2010).

Telo rakov (Crustacea) pokriva trdna kutikula, ki je pri ve€ini vrst mineralizirana. Ker raki
kutikulo redno obnavljajo z levitvijo, so dobri modelni organizmi za Studj
biomineralizacije (Luquet, 2012). Ze pred levitvijo epitelij integumenta izlo¢i nekaj plasti
nove kutikule, v katero se po levitvi v kratkem Casu nalozijo minerali, s ¢imer pridobi
potrebne mehanske lastnosti (Neufeld in Cameron, 1993).

Telo rakov je Clenjeno in njihovi telesni Cleni se zdruzujejo v telesne regije, kar je splosna
znacilnost €lenonozcev. Pri rakih telo obicajno sestavljajo glava, oprsje in zadek, vsi ali le
nekateri ¢leni oprsja pa se pri nekaterih skupinah zdruzijo z glavo v glavoprsje. Rake
enakonozce ali mokrice (Isopoda) priStevamo med visje rake (M alacostraca). Telo mokric
jerazdeljeno na glavoprsje, ki ga sestavljata glava in pridruzen prvi ¢len oprsja, ter pereon
iz preostalih sedmih c¢lenov oprsja (slika 1). Zadek sestavlja pet pleonitov in pleotelzon 1z
zadnji¢ne krpe (telzona), zlite z zadnjim Clenom pleona. Pri mokricah so hodilne okon¢ine
pereona (pereopodi) enovejnate in so si med seboj podobne, okonc¢ine pleona (pleopodi) pa
so dvovejnate in ve¢inoma listaste. Edini par okoncin pleotelzona (uropodi) je dvovejnat in
pri razli¢nih vrstah razlicno oblikovan (Wigele, 1992).
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Slika 1: Poenostavljen prikaz telesne zgradbe mokrice s trebusne strani.

Figure 1: A simplified depiction of the body structure ofa woodlouse (ventral view).

Kutikula integumenta rakov je obiCajno troslojna. Strukturo kutikule hrbtne ploscice
(tergita) mokrice prikazuje slika 2. Najbolj zunanja plast je tanka epikutikula, ki jo po
navedbah nekaterih avtorjev sestavljajo pretezno lipoproteini (Roer in Dillaman, 1984).
Pod njo lezi debelejSa eksokutikula, ki je sestavljena iz hitinsko-proteinskih vlaken in je
mineralizirana (Roer in Dillaman, 1984). Raziskave mehanske trdnosti so pokazale, da je
eksokutikula rakov deseteronozcev trsa od endokutikule (Raabe in sod., 2005). Pod
eksokutikulo se nahaja endokutikula, ki je prav tako mineralizirana in je najdebelejsi sloj
kutikule (Roer in Dillaman, 1984; Hild in sod., 2008). Sestavlja jo ve¢ plasti hitinsko-
proteinskih fibril, ki so v posameznih plasteh razlicno usmerjene. Pod endokutikulo je
lahko prisoten Se nemineraliziran membranski sloj (Skinner 1962, Hild in sod., 2008), ki
pri nekaterih vrstah rakov manjka (Piitz in Buchholz, 1991). Pod kutikulo leZi enoslojen
epitelij, ki sintetizira kutikulo ob levitvi in med sintezo kutikule spreminja svojo obliko in
ultrastrukturo. Epitelijske celice iztezajo v kutikulo dolge izrastke, ki se razvejujejo v
sistem pornih kanalov (Roer in Dillaman, 1984). V dokonc¢no izoblikovani kutikuli lahko
celi¢ni izrastki v pornih kanalih degenerirajo (Compére in Goffinet, 1987).

Kutikula rakov je mineralizirana predvsem s kalcijevim karbonatom (CaCOj;), ki pri
mokricah sestavlja priblizno dve tretjini suhe mase kutikule (Neues in sod., 2007; Hild in
sod., 2009). Kalcijev karbonat je mineral, ki se pojavlja v razli¢nih oblikah: v amorfni
obliki ter v treh razli¢nih kristalnih oblikah — v obliki kalcita, aragonita ali vaterita
(Wehrmeister in sod., 2010). V kutikuli rakov prevladujeta amorfni kalcijev karbonat
(ACC) ter kalcit, ki zlasti pri morskih vrstah vsebuje precej magnezija (Neues in sod.,
2007). Prisotnost ACC v kutikuli rakov je lahko funkcionalna z vidika resorpcije mineralov
iz kutikule pred levitvijo, ker je ACC najbolj topna oblika CaCO; (Addadi in sod., 2003). V
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manj$i meri je v kutikuli prisoten kalcijev fosfat (Neues in sod., 2007; Hild in sod., 2008),
Ceprav novejse raziskave kazejo, da so vsaj pri nekaterih rakih dolo¢eni deli integumenta
mineralizirani skoraj izklju¢no s kalcijevim fosfatom, npr. prvi par Celjusti deseteronozca
Cherax quadricarinatus (Bentov in sod., 2012), ter distalni del drugega para pereopodov
bogomol¢arja Odontodactylus scyllarus (Weaver in sod., 2012).

apldermis endokutikula: ¢ eksokutikula epikutikula

Slika 2: Ultrastruktura kutikule 4. tergita mokrice Hyloniscus riparius.
Figure 2: Ultrastructure of the cuticle ofthe 4t tergite in the woodlouse Hyloniscus riparius.

Ultrastruktura in kemijska sestava kutikule mokric sta bili dobro preuceni pri navadnem
prasicku Porcellio scaber, navadnem pasavcku Armadillidium vulgare (Hild in sod., 2008)
ter pri veliki jamski mokrici Titanethes albus (Hild in sod., 2009). Ultrastruktura kutikule
je bila opisana tudi pri pobrezni mokrici Ligia italica (Strus in sod., 2008). Kutikulo
mokric sestavljajo epikutikula, eksokutikula, endokutikula ter vsaj pri nekaterih vrstah tudi
membranski sloj, podobno kot pri drugh vrstah rakov. Analiza sestave kutikule z
energijsko-disperzijsko rentgensko spektrometrijo (EDXS) in ramansko spektroskopijo je
pokazala, da je glavni mineral v kutikuli preucenih mokric kalcijev karbonat v obliki
kalcita in ACC. Kalcit je prisoten le v eksokutikuli, medtem ko je endokutikula
mineralizirana z ACC. Porazdelitev fosforja (Hild in sod., 2008) oz. fosfatnih ionov (Hild
in sod., 2009) v kutikuli je naspotje porazdelitve kalcita; fosforja je v eksokutikuli malo,
njegova kolicina je vecéja v endokutikuli, v membranskem sloju pa je zopet manjSa. Vrste
mokric, ki se pred plenilci branijo z zvijanjem v kroglico, imajo v kutikuli nekoliko vedji
delez ACC glede na kalcit ter ve¢ mineralnith komponent v primerjavi z organskimi kot
vrste, ki se branijo z begom ali oprijemanjem podlage (Neues in sod., 2007).

NadomeScanje kutikule, ki je potrebno za rast, razvoj in regeneracijo, poteka z levitvijo.
Med levitvijo raki zamenjajo celotno telesno kutikulo. Novo kutikulo sintetizirajo
epitelijske celice epiderma ter epitelijev sprednjega in zadnjega Crevesa, ki sta prav tako
pokriti s kutikulo. Pred levitvijo se epiderm najprej lo¢i od stare kutikule. Ta proces se
imenuje apoliza in z njim med staro kutikulo in epidermom nastane levitveni prostor, s
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tekoc¢ino napolnjena vrzel. Epitelijske celice nato najprej oblikujejo epikutikulo in za tem
eksokutikulo (Roer in Dillaman, 1984). T1 dve plasti nastaneta pred levitvijo. Po levitvi
potekata sinteza endokutikule in membranskega sloja ter mineralizacija novonastale
kutikule (Roer in Dillaman, 1984).

S presevno elektronsko mikroskopijo so ugotovili, da so na apikalni povrsini epitelijskih
celic med sintezo kutikule prisotna elektronsko gosta podroc¢ja (Roer in Dillaman, 1993,
Ziegler 1997) na kratkih izrastkih plazmaleme (Koulish in Klepal, 1981; Roer in Dillaman,
1993), ki so mesta sinteze organskega matriksa kutikule. Druge opisane ultrastrukturne
znacilnosti epitelijev med sintezo kutikule so Se proliferacija zrnatega endoplazemskega
retikuluma in Golgijevega aparata ter povecanje relativne prostornine mitohondrijev v
celici (Koulish in Klepal, 1981; Roer in Dillaman, 1993; Ziegler, 1997), med sintezo
eksokutikule pa tudi veliko Stevilo elektronsko gostih veziklov v apikalni citoplazmi
(Koulish in Klepal, 1981; Greenaway in Farrelly, 1991; Ziegler, 1997). Pri1 deseteronoZcih
je bilo ugotovljeno, da se pred apolizo celice epiderma poviSajo in epitelij preide iz
kubicnega v visoko prizmatskega (Roer in Dillaman, 1984). Po levitvi se celice zopet
sploscijo.

Levitev se v zivljenju rakov ponovi veckrat in zaradi ciklicnega ponavljanja z njo
povezanih procesov lahko govorimo o levitvenem ciklu, ki so ga razdelili v arbitrarne faze.
Najbolj osnovna je delitev v naslednje Stiri faze: 1) predlevitvena faza (»premolt stage«), ki
traja od apolize do levitve; (2) levitev (»ecdysis«), med katero se zival izvleCe iz stare
kutikule; (3) polevitvena faza (»postmolt stage«), ki traja od levitve do konca sinteze
kutikule ali njene mineralizacije; (4) faza med levitvama (»intermolt stage«), ko sinteza
kutikule ne poteka, kutikula je ¢vrsta, v njej pa so prisotne vse kutikularne plasti (Skinner,
1962; slovenski izrazi iz Zdesar, 2005).

Za rake enakonozce je znacCilna dvofazna levitev, v kateri zivali najprej levijo posteriorno
in nato anteriorno kutikulo (Verhoeff 1940; Messner 1965). Meja med obema deloma
kutikule je med Cetrtim in petim pereonitom. Zaradi te posebnosti levitvenega cik la mokric
lahko ob Ze predstavljenih fazah levitvenega cikla govorimo tudi o fazi medlevitve
(»intramolt stage«; Price in Holdich, 1980b; ZdeSar, 2005), ki je kratko obdobje med
levitvijo zadnjega ter sprednjega dela telesa. V povezavi z dvofazno levitvijo je sinteza
kutikule v sprednjem delu telesa ¢asovno zamaknjena za sintezo v zadnjem delu telesa
(Messner, 1965; Ziegler, 1997). V fazi medlevitve v zadnjem delu telesa ze poteka sinteza
endokutikule, v sprednjem delu pa se Se vedno sintetizira eksokutikula (Price in Holdich,
1980Db).

Mineralizacija kutikule ob levitvi zahteva veliko koli¢ino kalcija v kratkem Casu. Razli¢ni
zacasni depoziti kalcija, ki so se razvili pri mnogih skupinah rakov, verjetno omogocajo
vecjo dostopnost kalcija ob levitvi ter predstavljajo hitro dostopen vir kalcijevih ionov
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(Luquet in Marin, 2004). Zacasni depoziti kalcija, v katere se kalcij nalaga in se iz njih
resorbira po potrebi, so zlasti dobro razviti pri sladkovodnih in kopenskih skupinah rakov
(Luquet, 2012).

Znan primer zacasnih depozitov kalcija so gastroliti v Zelodcu deseteronozcev (Travis,
1960; Luquet in Marin, 2004). Gastroliti so polkroglaste tvorbe mineraliziranega matriksa,
ki v predlevitveni fazi nastanejo v steni Zelodca in se ob levitvi sprostijo v ¢revo, kjer se
razgradijo. Tvorbo in mineralizacijo matriksa gastrolitov regulira epitelij gastrolitnega
diska (Travis, 1960). Gastroliti so mineralizirani z ACC (Bentov in sod., 2010), organske
komponente matriksa pa predstavljajo hitin (Shechter in sod., 2008a), proteoglikani
(Fernandez in sod., 2012) in posebni proteini (Glazer in sod., 2010; Luquet, 2012), za
katere je bilo ugotovljeno, da vezejo kalcijeve ione ter inhibirajo rast kristalov CaCOs;,
zaradi Cesar predpostavljajo, da pripomorejo k stabilizaciji CaCO; v amorfni obliki
(Shechter in sod., 2008b; Bentov in sod., 2010). Z jedrsko magnetno resonanco je bilo
ugotovljeno tudi, da epitelij gastrolitnega diska v matriks gastrolitov izloca intermediate
Krebsovega cikla, in sicer fosfoenolpiruvat, 3-fosfoglicerat (Sato in sod., 2011; Akiva-Tal
in sod, 2011) in citrat (Akiva-Tal in sod, 2011), ki lahko stabilizirajo kalcijev karbonat v
amorfni obliki. ACC lahko stabilizirajo tudi fosfatni ioni (Akiva-Tal in sod., 2011).

Pri nekaterih postranicah (Amphipoda) iz rodov Orchestia in Niphargus se kalcij kopi¢i v
posteriornih cekih srednjega crevesa (Graf, 1962) v obliki ACC (Raz in sod., 2002), pri
rodu Niphargus pa se v srednjem Crevesu v fazi predlevitve pojavljajo tudi romboedri¢ni
skupki kalcita (Graf, 1962; Luquet in Marin, 2004). Mineralni depoziti se v posteriornih
cekih pojavijo v predlevitveni fazi, v polevitveni fazi pa se naglo resorbirajo (Graf, 1962;
Graf in M eyran, 1985).

Iz depozitov v posteriornih cekih so izolirali orchestin, specializiran protein, ki veze kalcij,
in ga v njih tudi lokalizirali s specificnimi protitelesi (Testeniére in sod., 2002; Hecker in
sod., 2004). Za vezavo kalcija je potrebna fosforilacija proteina, kalcij pa se veze na
njegove fosfoserine (Hecker in sod., 2003). Ekspresija orchestina je poveCana v fazi
predlevitve, ko se v posteriornih cekih oblikujejo depoziti kalcijevega karbonata (Hecker in
sod., 2004), v zaznavni koli¢ini pa se izraZa zgolj v posteriornih cekih in ne v drugih tkivih
(Testeniére in sod., 2002). Trenutno pri drugih skupinah rakov ni znan noben protein,
katerega aminokislinsko zaporedje bi bilo podobno orchestinovemu in evolucijski izvor
orchestina je nepojasnjen (Testeniére in sod., 2002).

Naslednji primer razmeroma dobro preucenih zaCasnih depozitov kalcija so sternalni
depoziti CaCOj; kopenskih rakov enakonoZcev (Oniscidea). Najbolje raziskani so sternalni

depoziti navadnega prasicka Porcellio scaber.

Sternalni depoziti se oblikujejo v predlevitveni fazi v levitvenem prostoru prvih Stirih
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sternitov pereona (Messner, 1965; Steel, 1993). Sternalne depozite v distalnem delu
levitvenega prostora (blizje stari kutikuli) sestavljajo mineralizirane sferule velikosti okoli
1 um (Ziegler, 1994), v proksimalnem delu levitvenega prostora (blizje epidermu) pa
neprekinjena homogena plast mineraliziranega matriksa (Ziegler, 1994). Tako sferule kot
homogeni matriks so mineralizirani z ACC (Ziegler, 1994; Becker in sod., 2003). Organske
komponente matriksa sternalnih depozitov tvorijo krozne plasti in mrezo radialnih vlaken,
debelih manj kot 20 nm (Fabritius in sod., 2005). NovejSe raziskave z vrsticno elektronsko
mikroskopijo kazejo, da so med fazo predlevitve sferule kalcijevega karbonata v
levitvenem prostoru prisotne tudi drugie v sprednjem delu telesa, npr. na hrbtni strani
(Neues in sod., 2011). Na to moznost je nakazal Ze Steel (1993).

Zacasne depozite kalcija pri rakih praviloma sestavlja ACC. Ve¢ avtorjev (Raz in sod.,
2002; Becker in sod., 2003; Addadi in sod., 2003) je predpostavilo, da je amorfna oblika
CaCOj; v zacasnih mineraliziranih strukturah funkcionalna zaradi vec¢je topnosti amorfnega
CaCO; v primerjavi z njegovimi kristalnimi oblikami, t.j. kalcitom, vateritom in
aragonitom.

1.2 TRANSPORT KALCIJA SKOZI EPITELIJ

Tvorba in razgradnja mineraliziranih matriksov rakov, tako kutikule integumenta kot
matriksov zaCasnih kalcijevih depozitov, sta funkciji sekrecijskih epitelijev. Poleg sinteze
in sekrecije organskih komponent matriksa ti epiteliji tudi regulirajo mineralizacijo ter
demineralizacijo omenjenih matriksov. Po levitvi poteka mineralizacija novega eksoskeleta
in socasno (obifajno) resorpcija zaCasnih kalcijevih depozitov, pred naslednjo levitvijo pa
resorpcija kalcija iz eksoskeleta ter kopicenje kalcijevih mineralov v zacasnih depozitih
(Luquet in Marin, 2004; Shechter, 2008a). Tudi epiderm med levitvijo opravlja funkcijo
sekrecijskega epitelija, ki izloCa in oblikuje organski matriks kutikule ter regulira njeno
mineralizacijo. Ti procesi zahtevajo, da epiteliji integumenta in zaloznih struktur
omogo¢ajo intenziven ionski transport v fazah levitvenega cikla, v katerih poteka obseZno
premescanje kalcija.

Transport kalcija skozi epitelij lahko poteka na dva nacina: s transcelularnim transportom,
pri katerem kalcij vstopa v celice preko transportnih proteinov in se preko njih izlo¢a na
nasprotni strani celic, ali s paracelularnim transportom skozi medceline prostore med
epitelijskimi celicami v smeri padajoCega koncentracijskega gradienta (Hubbard, 2000;
Ziegler in sod., 2005). Prednosti aktivnega transcelularnega transporta so, da je selektiven
in lahko tece tudi proti koncentracijskemu gradientu, vendar je zanj potrebna energija in se
lahko zasi¢i. Paracelularni transport je manj selektiven, usmerja ga padajoci
koncentracijski gradient in ne zahteva dodatne energije (Hubbard, 2000).

Ker je dvig koncentracije Ca™ tudi znotrajcelicni signal in visoka koncentracija Ca™ v
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citosolu lahko deluje citotoksicno, se morajo epitelijske celice ob transportu velikih koli¢in
kalcija izogniti njegovim celi€no-fizioloSkim ucinkom (Simkiss 1996). Problemati¢nost
povisanja citosolne koncentracije Ca”" izhaja iz vloge Ca™ v apoptozi ter iz celicne
energetike, ki temelji na fosfatnih spojinah. Visoka koncentracija Ca”" lahko vodi v tvorbo
kristalov kalcijevih fosfatov zaradi tvorbe soli s fosfatnimi ioni, ki se sproscajo ob hidrolizi
visokoenergijskih organskih fosfatov v celicnem metabolizmu (Simkiss, 1996; Clapham,
2007). Poleg tega kalcijevi ioni zelo pocasi difundirajo skozi citosol (Hubbard, 2000),
transport skozi celico pa bi zahteval visok koncentracijski gradient Ca™ znotraj
citoplazme, da bi Ca”" difundiral v doloeni smeri skozi celotno celico (Simkiss, 1996).

Eden od moZnih nac¢inov transcelularnega transporta je transport znotraj citosola, pri
katerem bi bil kalcij vezan na proteine (Simkiss, 1996; Hubbard, 2000). TakSna pot je bila
predlagana zlasti pri vretenCarskih modelih, npr. pri ameloblastih med tvorbo zobne
sklenine (Hubbard, 2000). Vloga citosolnega prenasalca kalcija je bila pripisana proteinu
kalbindinu, ki z visoko afiniteto veze kalcij in se mocneje izraza v tkivih, v katerih poteka
intenziven transport kalcija. Povecanje izrazanja kalbindina ¢asovno sovpada s povecano
intenzivnostjo transporta kalcija skozi epitelij (Hubbard, 2000). Druga moznost je
organelna pot transporta, pri kateri bi se kalcijevi ioni privzemali v cevaste organele (zlasti
gladki endoplazemski retikulum) in difundirali skozi lumen organela na nasprotni pol
celice, kjer bi zapustili organel in se izlocili iz celice. Tretja predlagana pot, ki je pri vecini
preucenih modelov slabo podprta, je vezikularni transport kalcija s transcitozo (Simkiss,
1996).

Vecina razpolozljivih podatkov o transportu kalcija skozi epitelije pri rakih je bila
pridobljena med resorpcijo kalcija iz zacasnih depozitov ali kutikule. Mnogo manj je
podatkov o transportu kalcija skozi epitelije med nasprotnim procesom, mineralizacijo
zunajceli¢nih matriksov.

Razmeroma malo je znanega o mehanizmu transporta kalcija skozi eptitelij gastrolitnega
diska. Ugotovili so, da se v celicah epitelija gastrolitnega diska kalcij kopi¢i v
mitohondrijih, kar bi bilo lahko povezano z uravnavanjem koncentracije kalcijevih ionov v
citosolu med transportom (Ueno in Mizuhira, 1983). M ehanizem transporta kalcija skozi
epitelij gastrolitnega diska ostaja nepojasnjen (Greenaway in Farrelly, 1991). Ker se
gastroliti ob levitvi sprostijo v prebavilo raka, kjer se raztopijo in resorbirajo (Travis,
1960), opravlja epitelij gastrolitnega diska predvsem funkcijo mineralizacije matriksa, ne
pa tudi intenzivne resorpcije mineralov, zato je tezko primerljiv z epiteliji, ki tvorijo druge
zacasne depozite kalcija in so dobro preuceni predvsem med njihovo resorpcijo.

Pri amfibijski rakovici Holthuisana transversa sta Greenaway in Farelly (1991) preucila
ultrastrukturo epiderma med resorpcijo kalcija iz kutikule in njegovo vezavo v
kalcificirane granule, ki se kopicijo v vezivu in hemolimfi. Pri tej vrsti nastajajo v
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medceliénih prostorih od 0,8 um do nekaj pm velike elektronsko goste granule, ki so med
nastankom povezane z izvihki lateralne membrane epitelijskih celic in se kopicijo v blizini
epiderma. Poleg teh so prisotne tudi podobno velike znotrajceli¢ne granule in manjSe
(okoli 0,3 um velike) granule v hemolimfi. Z EDXS sta Greenaway in Farelly pokazala, da
vsebujejo vsi trije tipi granul veliko kalcija, v velikih zunajceli¢nih granulah pa je tudi
veliko fosforja. Avtorja zagovarjata transcelularno pot transporta kalcija skozi epiderm ob
resorpciji iz kutikule.

Med tvorbo depozitov v posteriornih cekih postranice Orchestia oblikujejo celice epitelija
posteriornih cekov Stevilne apikalne mikrovile, bazolateralna plazmalema epitelijskih celic
pa z nagubanjem tvori omreZje razSirjenih medceli¢nih prostorov med sosednjimi celicami
(Graf, 1971). Predlagali so, da se Ca”" koncentrira v medceli¢nih prostorih preko Na'/Ca®"
izmenjevalca (Meyran in sod., 1984). V medceli¢nih prostorih epitelija posteriornih cekov
so v polevitveni fazi prisotne okoli 2 pm velike kalcificirane granule (sferiti), ki nastajajo
subapikalno v medceli¢nih prostorih na izvihkih membrane (pedicelih; Graf in Meyran,
1985). Granule se nato pomaknejo proti bazalnemu delu medcelicnega omrezja, kjer
razpadejo. Z imunolokalizacijo so pokazali, da je tudi v zunajcelicnih granulah prisoten
orchestin, protein, ki je sicer sestavni del matriksa mineralnih depozitov v posteriornih
cekih (Hecker in sod, 2004).

Graf in Meyran (1985) sta predlagala paracelularno pot kalcija skozi epitelij posteriornih
cekov postranic v apikalno-bazalni smeri v polevitveni fazi, ko poteka resorpcija kalcija.
Pri tem naj bi kalcijevi ioni prehajali po medcelicnem prostoru in se vezali na matriks
nastajajocih granul, ki ga na povrSini membranskih pedicelov izlocajo celice. Z vezavo
kalcija v granule bi se ohranjala nizka koncentracija kalcijevih ionov v medceli¢nem
omrezju, kar bi omo goc¢alo nadaljnjo resorpcijo kalcija iz depozitov.

Veliko podatkov je na razpolago o ultrastrukturnih znacilnostih anteriornega sternalnega
epitelija mokric, zlasti navadnega prasicka, v povezavi s tvorbo in razgradnjo sternalnih
depozitov (Ziegler in sod., 2005). Ta epitelij je za raziskave Se posebej primeren zaradi
moznosti primerjave s posteriornim sternalnim epitelijem, t.j. epitelijem sternitov v
zadnjem delu telesa, kjer se veliki sternalni depoziti ne oblikujejo. Na podlagi primerjave
anteriornega in posteriornega sternalnega epitelija lahko sklepamo na to, katere znacilnosti
epitelijev so verjetno povezane z izgradnjo in resorpcijo sternalnih depozitov.

V predlevitveni fazi, ko epitelij izgrajuje sternalne depozite, se bazolateralna membrana
moc¢no naguba in med celicami anteriornega sternalnega epitelija nastane omrezje
raz§irjenith medceli¢nih prostorov, ki so ga v tem primeru poimenovali intersticijsko
omrezje (Ziegler, 1996). V fazi medlevitve (po posteriorni levitvi) se z gubanjem izrazito
poveca tudi poviSina apikalne plazmaleme epitelijskih celic. V intersticijskem omrezju se
pojavijo majhne elektronsko goste granule, ki v premeru merijo okoli 100 nm in nastajajo
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na izvihkih plazmaleme (Ziegler, 1996). Za te granule je bilo z EDXS (Ziegler, 2002) ter
spektroskopijo izgube energije elektronov (EELS; Ziegler, 1996) ugotovljeno, da vsebujejo
veliko kalcija, fosforja in duSika. Tako med sintezo kot med razgradnjo sternalnih
depozitov se mocno poveca prostorninski delez mitohondrijev v celicah anteriornega
sternalnega epitelija (Glotzner in Ziegler, 2000).

Presenetljivo je bilo poznejSe odkritje, da je pri vrstah Ligia oceanica in Ligidium
hypnorum apikalna plazmalema anteriornega sternalnega epitelija mo¢no nagubana in so v
intersticijskem omrezju prisotne enake elektronsko goste granule tako v predlevitveni fazi
kot v fazi medlevitve, torej med sintezo in razgradnjo sternalnih depozitov (Glotzner in
Ziegler, 2000). To nakazuje na podobne mehanizme transporta kalcija v smeri od apikalne
proti bazalni strani epitelija med resorpcijo depozitov in v obratni smeri med njihovo
mineralizacijo. Glede tega problema ni bilo nadaljnjega dela. Glotzner in Ziegler (2000) sta
na podlagi tega rezultata predpostavila, da je transport kalcija v apikalni smeri pri teh dveh
vrstah manj u€inkovit zaradi njune manjsSe prilagojenosti na kopensko okolje ter da granule
zgolj vzdrzujejo dovolj nizko koncentracijo prostih kalcijevih ionov v intersticijskem
omreZju in ne pripomorejo k transportu kalcija v levitveni prostor.

Transport preko sternalnega epitelija med razgradnjo sternalnih depozitov rakov
enakonoZcev naj bi bil pretezno transcelularen (Glotzner in Ziegler, 2000; Ziegler in sod.,
2005). Studije s precipitacijo kalcijevega oksalata in vivo kaZejo, da se kalcij med
transportom koncentrira v endoplazemskem retikulumu epitelijskih celic (Hagedorn in
Ziegler, 2002). Pri transportu verjetno sodeluje Ca*'-ATPaza gladkega endoplazemskega
retikuluma (SERCA; Hagedorn in Ziegler, 2002), za katero je bilo s hibridizacijo in Situ
ugotovljeno, da je njeno izrazanje povecano v pozni fazipredlevitve ter v fazi medlevitve,
torej v fazah, ko poteka intenziven transport kalcija skozi anterironi sternalni epitelj
(Hagedorn in sod., 2003). Z do sedaj uporabljenimi metodami niso ugotovili, da bi se kalcij
kopicil v mitohondrijih (Ziegler, 2002), kot so pokazali v epiteliju gastrolitnega diska
deseteronozcev (Ueno in Mizuhira, 1983). Imunska lokalizacija H -ATPaze tipa V je
pokazala, da je ta prenaSalec v razlicnih fazah levitvenega cikla prisoten v mnogo vecji
gostoti bodisi na apikalni bodisi na bazolateralni plazmalemi celic anteriornega sternalnega
epitelija (Ziegler in sod., 2004). V predlevitveni fazi se H -ATPaza tipa V nahaja skoraj
izklju¢no na bazolateralni plazmalemi epitelijskih celic. V fazi medlevitve, torej med
razgradnjo sternalnih depozitov, velja nasprotno; H -ATPaza je lokalizirana skoraj
izklju¢no na apikalni plazmalemi celic anteriornega sternalnega epitelija. Velika koli¢ina
H'-ATPaze na apikalni plazmalemi kaZe na intenziven transport protonov v levitveni
prostor. Ta je verjetno povezan za raztapljanjem CaCOj; v sternalnih depozitih, pri cemer
kopicenje protonov zakisa okolje in omogoc¢a sproscanje Ca” ter HCO; ionov, ki se lahko
transp ortirajo (Ziegler in sod., 2004).

Pri transportu kalcijevih ionov verjetno sodelujeta tako Ca” -ATPaza kot Na'/Ca™
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izmenjevalec, saj je njuno izrazanje v anteriornem sternalnem epiteliju je v predlevitveni
fazi in v fazi medlevitve povefano v primerjavi s fazo med levitvama (Ziegler in sod.,
2002, 2005).

1.3 POVRSINSKI IN PODZEMELJSKI PREDSTAVNIKI DRUZINE
TRICHONISCIDAE

Kopenski enakonozci (Oniscidea) so najverjetneje monofiletska skupina rakov
enakonoZzcev (Isopoda). Razdelimo jih lahko v 5 ve¢jih filogenetskih linij (Schmidt, 2008).
To so Ligiidae, Tylidae, Mesoniscidae (te tri linije so hkrati tudi druzine), Synocheta in
Crinocheta; trenutno uveljavljen pogled na odnose med njimi kaze slika 3. Vse naStete
linjje razen skupine Ligiidae skupaj sestavljajo skupino Holoverticata, znotraj katere
Mesoniscidae, Synocheta in Crinocheta skupaj tvorijo skupino Orthogonopoda. Nekateri
avtorji namesto skupine Ligiidae od ostalih oddeljujejo skupino Tylidae; v tem primeru
Ligiidae skupaj s skupino Orthogonopoda sestavljajo skupino Ligiamorpha (Schmidt,
2008). Glede monofilije skupine Orthogonopoda vlada konsenz, ni pa enotnega pogleda na
odnose med skupinami znotraj nje. Dva poskusa molekularne filogenije mokric (Michel-
Salzat in Bouchon, 2000; Mattern, 2003) sta se osredotocila predvsem na skupino
Crinocheta. Obe raziskavi sta vkljucili predstavnike vseh filogenetskih linij kopenskih
enakonozcev razen mesoniscidov (to druzino sestavljata le dve vrsti rodu Mesoniscus),
vendar nista pripomogla k razresitvi filo genetskih odnosov med vecjimi skup inami.

Med naStetimi skupinami je najbolj pestra skupina Crinocheta (Tej skupini pripada okoli
80% opisanih vrst oniscidov; Schmidt, 2008), ki je tudi najbolje preucena. Predstavniki te
skupine so zelo dobro prilagojeni na kopensko okolje. Pri njih je npr. razvit zaprt tip
valilnika in pri Stevilnih predstavnikih so na pleopodih prisotna trahealna pljuca (Schmidt,
2008).

Druzina trihoniscidov (Trichoniscidae) sodi v skupino Synocheta. Trihoniscidi so vezani na
vlazna okolja in so ve¢inoma drobne zivali, velike le nekaj milimetrov. V skupini so poleg
povrsinskih kopenskih predstavnikov tudi amfibijske, sekundarno vodne in podzemeljske
vrste (Schmidt, 2008). Biologija skupine Synocheta je v primerjavi z drugimi skupinami
mokric, zlasti skupinama Crinocheta in Ligiidae, slabo raziskana. O strukturnih in
kemijskih lastnostih kutikule ter levitvenih ciklih trihoniscidov podatkov skoraj ni na
razpolago; izjema je le velika jamska mokrica Titanethes albus. Njena kutikula je bila
nedavno raziskana z elektronsko mikroskopijo ter ramansko spektroskopijo (Hild in sod.,
2009).

Ceprav skupina Synocheta predstavlja le dobro $estino vseh vrst kopenskih enakonozcev
(Schmidt, 2008), predstavljajo trihoniscidi prepri€ljivo vecino (okoli 70 %) vseh do sedaj
znanih obligatno jamskih (troglobiontskih) oniscidov (M anicastri in Argano, 1989). Kot
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kaze, so trihoniscidi jamsko okolje kolonizirali uspesneje od drugih skupin mokric.

Manicastri in Argano (1989) sta kot znalilnosti troglobiontov nastela redukcijo o€i in
kutikularnih pigmentov, razvoj daljSih okoncin, tanjSanje eksoskeleta, specializacijo Cutil,
zmanjSanje intenzivnosti metabolizma, zmanjSanje Stevila potomcev, izgubo letnih in
cirkadianih ritmov ter Zivljenje izkljuéno v jamah. O prisotnosti ve€ine teh lastnosti pri
jamskih mokricah ni podatkov. Procesi levitve pri jamskih Zivalih Se niso raziskani,
primerjalnih $tudij integumenta pa je le malo (pri mokricah nobene). Studija zgradbe in
sestave kutikule velike jamske mokrice (Hild in sod., 2009) ni vkljucila bliznjih
sorodnikov te vrste (drugih trihoniscidov), kar otezuje intepretacijo rezultatov. Nekateri
drugi podatki o integumentu jamskih ¢lenonoZcev, kot je domneva o tanjSih kutikulah
jamskih Zivali, so Spekulativni ali omejeni na slabo podprte subjektivne ocene (Studier in
sod., 1987; Shear in Humphreys, 1996).

Orthogonopoda

Holoverticata

Ligiidae Tilidae  Mesoniscidae  Synocheta Crinocheta

Slika 3: Uveljavljena filogenija skupine Oniscidea, kot jo je predstavil Schmidt (2008).
Figure 3: The established phylogeny of Oniscidea, as presented by Schmidt (2008).

Pri vecih predstavnikih trihoniscidov so bila v notranjosti pereona opisana kalcijeva telesca
(»Kalkreservekorper«; Verhoeff, 1926, 1927, 1931; Mc¢hely, 1932). Gre za cevaste
epitelijske strukture, ki vsebujejo veliko kalcija (Ziegler, 2003). M éhely (1932) omenja, da
so te strukture morda prisotne tudi izven trihoniscidov pri vrstah Mesoniscus graniger
(Mesoniscidae) ter Ligidium hypnorum (Ligiidae), vendar je prisotnost teh organov pri L.
hypnorum dvomljiva (osebno opazanje na podlagi histoloSkega pregleda). Kalcijeva telesca
Se niso bila opisana na ultrastrukturnem nivoju in ni znano, kako se njihova zgradba
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spreminja med levitvenim ciklom, zaradi ¢esar tezko sklepamo na njihovo funkcijo.
1.4 SCETINASTI ZLEZNI ORGANI

Za S$tevilne trihoniscide ter redke predstavnike skupine Crinocheta (rodova Bethalus in
Colombophiloscia) so znacilni posebni zlezni organi, ki so prisotni zgolj pri samcih
(Tabacaru, 1996). V literaturi v angleskem jeziku so za njih obiCajno uporablja izraz
»gland-piliferous organs« (Tabacaru, 1996; Taiti in sod., 2011; Montesanto in sod., 2011)
kot prevod francoskega izraza »organes glandulo-piliféres«, ki ga je uvedel Vandel (1951).
V tem delu bodo poimenovani $cetinasti zlezni organi. Organi so lahko bodisi izbokline
bodisi ugreznitve telesne povrSine. V predelu Scetinastega zleznega organa je povr$na
kutikule gosto oScetinjena, s svetlobno mikroskopijo pa so v kutikuli pogosto opazili
Stevilne pore, za katere predpostavljajo, da so izvodila eksokrinih zlez (Vandel, 1951).
Séetinasti Zlezni organi so prisotni bodisi na antenah bodisi na dorzalni povrsini telesa
(glavoprsja, pereona ali pleona), vendar vedno le na enem ali dveh ¢lenih (Tabacaru, 1996).
Funkcija Scetinastih Zleznih organov je neznana, najverjetneje pa je povezana z
razmnozevanjem (Strouhal, 1939a, 1939b; Lombardo, 2006). Vandel (1951) je
predpostavil, da Sc¢etinasti zlezni organi izlo€ajo hlapne snovi in da mocna oScetinjenost
povrsine pospesuje izhlapevanje domnevnih feromonov.

Séetinasti zlezni organi so dobro razviti pri tevilnih troglobiontskih trihoniscidih, npr. pri
rodovih Titanethes, Cyphonethes (Strouhal, 1939a) in Trichoniscus (Vandel, 1951;
Tabacaru, 1996; Lombardo in sod., 2006).

Do sedaj so bili $¢etinasti Zlezni organi opisani na mikroskopskem nivoju le pri jamskem
trihoniscidu Trichoniscus alexandrae (Lombardo in sod., 2006). Pri tej vrsti je ena
oScetinjena povrsina prisotna mediano na dorzalni strani glavoprsja, druga pa mediano na
dorzalni strani prvega pereonita. M ed sploS¢enimi $cetinami so prisotne senzile in pore, ki
so izvodila §tevilnih Zlez, ki se nahajajo med ¢revesom in dorzalno povrsino telesa. Zleze
sestavljajo tri zaporedno povezane celice: velika sekrecijska celica, vmesna celica in
kanalska celica. Velika sekrecijska celica je napolnjena s sekrecijskimi vezikli z
nehomogeno elektronsko gosto vsebino, cevaste ugreznitve njene plazmaleme pa vodijo v
kanal, ki poteka skozi vmesno celico. Ta celica vsebuje elektronsko redke vezikle, kanal, ki
teCe skoznjo, pa se nadaljuje v izvodilo, ki ga oblikuje kanalska celica. Slednja vodi
sekrecijske produkte na povrsSino telesa. V veliki sekrecijski celici ter vmesni celici sta
dobro razvita zrnati endop lazemski retikulum in Golgijev aparat.
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Pri veliki jamski mokrici Titanethes albus so §¢etinastni Zlezni organi prisotni na pleonu
(Schiodte, 1849; Strouhal, 1939a). Na zunaj so videti kot parne izbokline (tuberkli) na
Cetrtem Clenu pleona, ki jih deloma prekrivata povecani epimeri tretjega ¢lena pleona (slika
4). Ceprav se je ze zgodaj ugibalo o njihovi Zlezni naravi (Verhoeff, 1917; Strouhal,
1939a,b), o Zlezah, ki bi izlo¢ale na povr$ino izboklin na pleonu samcev, do sedaj ni bilo
na voljo nobenih podatkov.

Slika 4: Séetinasti Zlezni organi velike jamske mokrice. Levo pleon samca, desno samice. Pus¢ice kaZejo na
Séetinaste Zlezne organe.
Figure 4: The gland-pilifrous organs of Titanethes albus. Left: male pleon; right: fmale pleon. Gland-

piliferous organs are indicated by arrows.

1.5 RAZISKOVALNA VPRASANJA

Predmet naSe raziskave so levitev, sekrecijski epiteliji in mineralizirani zunajceli¢ni
matriksi predstavnikov druzine Trichoniscidae. Izbrana modelna organizma (slika 5) sta
velika jamska mokrica Titanethes albus (Koch) in povrSinski trihoniscid Hyloniscus
riparius (Koch).

Potek levitve, ultrastrukturni vidiki sinteze kutikule in kopicenje kalcija v levitvenem ciklu
pri trihoniscidih $e niso bili preuceni. Prav tako do sedaj ni bilo podatkov o sintezi kutikule
pri jamskih rakih. Raziskave velike jamske mokrice lahko zato prispevajo pomembne nove
podatke o biologiji jamskih organizmov.

Trihoniscidi so za raziskave $e posebej privlacni zaradi do sedaj neraziskanih depozitov
kalcija, kalcijevih telesc, ki so prisotna pri tej druzini. Raziskave teh organov lahko
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prinesejo nova odkritja na podrocjih biomineralizacije in transporta kalcija skozi epitelije.
Ultrastrukturnih podatkov o kalcijevih telescih ni na voljo, nekaj opazovanj s svetlobno
mikroskopijo na parafinskih rezinah je opravil le M éhely (1932). Funkcije kalcijevih telesc
do sedaj niso ugotovili, podatkov o spreminjanju mineraliziranega matriksa v njih pa ni na
voljo.

Poleg omenjenih struktur in procesov smo zeleli pri jamski mokrici raziskati tudi SCetinaste
zlezne organe na zadkih samcev. Ultrastrukturne raziskave teh organov nudijo vpogled v
njihovo delovanje in funkcijo v jamskem okolju, omogo¢ajo pa nam tudi primerjavo z
drugimi vrstami, na podlagi katere lahko sklepamo ali so ti organi pri razlicnih rodovih
mokric homologni ali pa so se razvili s konvergentno evolucijo.

Slika 5: Titanethes albus (zgoraj) in Hyloniscus riparius (spodaj).
Figure 5: Titanethes albus (top) and Hyloniscus riparius (bottom).
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Cilji raziskave so:

- opisati levitveni cikel in sintezo kutikule pri jamski mokrici ter rezultate primerjati
z znanimi podatki o povrSinskih mokricah;

- opisati zgradbo in sestavo zacasnih depozitov kalcija v levitvenem ciklu ter na
podlagi pridobljenih rezultatov postaviti model nalaganja in resorpcije kalcijevih
mineralov v zaloZnih strukturah,;

- opisati zgradbo in sestavo kalcijevih telesc na mikroskopskem nivoju in ugotoviti
njihovo funkcijo;

- ugotoviti funkcijo epitelijev, povezanih z zacasnimi depoziti kalcija, v sintezi in
razgradnji mineraliziranih matriksov ter transportu kalcija ter primerjati te procese med
preucevanima vrstama in z razpolozljivimi podatki o transportu kalcija pri drugih rakih.

- opisati zgradbo S$cetinastih Zleznih organov, jo primerjati z integumentalnimi
zlezami drugih vrst rakov in preko strukturne analize sklepati na njihovo funkcijo.

V skladu s cilji raziskave smo postavili naslednja raziskovalna vpraSanja:

- Ali se zgradba sekrecijskih epitelijev med izgradnjo nove kutikule in proces njene
sinteze pri podzemeljskih in povrSinskih mokricah razlikujeta?

- Aliso pripreucevanih rakih prisotni zacasni depoziti kalcija?
- Kaksni sta zgradba in sestava zaCasnih depozitov kalcija?

- Al se arhitektura in sestava kalcijevih telesc v levitvenem ciklu pri izbranih vrstah
rakov spreminjata?

- Al se v levitvenem ciklu spreminja ultrastruktura epitelija kalcijevih telesc v
povezavi z nalaganjem in resorpcijo mineralov?

- Al se razlikujejo matriksi zaCasnih depozitov mineralov pri podzemeljskih in
povrsinskih mokricah?

- Ali imajo Zleze Scetinastih Zleznih organov razli¢nih rodov trihoniscidov podobno

zgradbo?
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2. ZNANSTVENA DELA

2.1 MIKROSKOPSKA ANATOMIJA TEGUM ENTALNIH ZLEZ SAMCEV IN Z NJIMI
POVEZANIH KUTIKULARNIH STRUKUTUR VRSTE Titanethes albus
(CRUSTACEA: ISOPODA)

M croscopic anatomy of male tegumental glands and associated cuticular structures in
Titanethes albus (Crustacea: Isopoda)

Milo§ Vittori, Rok Kostanjsek, Nada Znidarsi¢ in Jasna Strus
Arthropod Structure & Development, 2012, 41: 133-144

Zlezni organi samcev, za katere so znaéilne porozne povrsine ter $&etinaste kutikularne
strukture so znane pri vecih enakonoZcih iz druZine Trichoniscidae. Pri podzemeljski vrsti
Titanethes albus so dorzalno na pleonu samcev prisotni parni tuberkli s Stevilnimi
SCetinicami in porami. M ikroskopsko anatomijo teh struktur smo analizirali s presevno in
vrstiéno elektronsko mikroskopijo. Na tuberklih so prisotne raznolike epikutikularne
strukture in Stevilne senzile. Na pleonu smo ob dorzalnih tuberklih opazili tudi vec
dodatnih sekrecijskih povrSin. S svetlobno in presevno elektronsko mikroskopijo smo
preucili tudi porazdelitev, arhitekturo in ultrastrukturo saméevih zlez vrste T. albus. V
razlicnih delih pleona in v uropodih so prisotni trije razli¢ni tipi rozetastih zlez, znacilnih
za samce. Zleze z izvodili, ki se odpirajo na dorzalne tuberkle, vsebujejo zvezdaste
osrednje celice. Ultrastruktura in histokemijske znacilnosti sam¢evih zlez pri T. albus
kazejo, da zleze izloCajo peptide, ki morda opravljajo funkcijo kontaktnih feromonov.
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2.2 LEVITEV IN TVORBA KUTIKULE PRI PODZEMELJSKEM TRIHONISCIDU
VRSTE Titanethes albus (CRUSTACEA, ISOPODA)

Molting and cuticle deposition in the subterranean trichoniscid Titanethes albus
(Crustacea, Isopoda)

Milos Vittori, Rok KostanjSek, Nada Znidar$i¢ in Jasna Strus
ZooKeys, 2012, 176: 23-38

Kopenski enakonoZci so primerna skupina za Studij sinteze kutikule ter dinamike kalcija,
ker se pogosto levijo in so razvili strategije skladiS¢enja kalcija med levitvijo. Trenutno je
na voljo le malo podatkov o levitvi pri skupini Synocheta in pri podzemeljskih
enakonozcih. Preucili smo dinamiko levitve pri podzemeljskem trihoniscidu vrste
Titanethes albus v laboratorijskih razmerah in mikroskopsko raziskali sternalne depozite
CaCOs; ter epitelij tergitov med levitvijo pri tej vrsti. V skladu z njenim pocasnejSim
metabolizmom je levitev vrste T. albus v laboratoriju okoli dva- do trikrat manj pogosta,
kot bi pri¢akovali pri poviiinskih sorodnikih v podobnih razmerah. Zivali so po levitvi
posameznega dela telesa zavzele znacilno drzo in po posteriorni levitvi niso zauzile leva.
Zgradba sternalnih depozitov kalcija in ultrastrukturne znacilnosti epiderma med tvorbo
kutikule so pri T. albus podobne tistim, ki so bile opisane pri predstavnikih druzine
Ligiidae. Med nalaganjem eksokutikule oblikuje apikalna plazmalema celic epiderma
prstaste izrastke in Stevilne ugreznitve. V levitvenem prostoru osebkov v pozni
predlevitveni fazi smo opazili dolge celicne izrastke, obdane s snopi tubulov.
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Abstract
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molt frequently and have evolved means wo store ealcium during molt. Livde dara is curvently available on
molting in Synochera and subrerranean isopods. We studied the moliing dynamies in the subterranean rri-
choniscid Titanethes albus under laborarory conditions and performed a microscopic investigation of sternal
CaCO, deposits and the tergal epithelium during molt in this species. In accordance wich its lower mera-
bolic rate, molting in the laboratory is roughly 2-3 times less frequent in 7 affas than would be expected for
an epigean isopod under similar conditiens. Animals assumed characteristic postures following the maole of
each body hall and did not consume the posterior exuviae after posterior molt. The structure of sternal cal-
cium deposies and the ultrastrucoural characteristics of the epidermis during cuticle formation in T alfs are
similar to those described in representatives of Ligiidae. During the deposition of the exocuricle, the apical
plasma membrane of epidermal cells forms finger-like extensions and numerous invaginations. In the ecdy-
sial space of individuals in late premolt we observed cellular extensions surrounded by bundles of bules,
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Introduction

Terrestrial iwp{:da are known to maolt Frr:(]utnt]}f t}lmughmlt their life cycle, making
them parricularly suitable for the study of curticle synthesis and mineralization (Price and
Holdich 1980). Furthermore, the onset of premolt can be easily determined in many
terrestrial isopods due to the appearance of sternal calcium deposits (Zidar et al. 1998).
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[sopods molt in two phases, first shedding the posterior and then the anterior half
of the body. The boundary between the two halves is between pereionites 4 and 5. This
pattern of biphasic molt is convenient and enables the simultaneous observation of the
integument just prior to molt in the anterior half and just after molt in the posterior
half of the same specimen.

Within Oniscidea, several studies have dealt with the ultrastructural aspects of
cuticle deposition in Ligiidae (Glotzner and Ziegler 2000, Strus and Blejec 2001) and
in some members of the most terrestrial group, Crinocheta (Price and Holdich 1980,
Compere 1990, Ziegler 1997). The ultrastructure of sternal CaCO, deposits has been
analyzed in representatives of Ligiidae and several species of Crinocheta (Ziegler and
Miller 1997). Their composition and formation have been studied in great detail in
Poreellio scaber (reviewed in Ziegler et al. 2005). Data on cuticle synthesis in Synocheta
are lacking, although there is some morphological information on calcium storage in
this group (Verhoeft 1926, Ziegler 2003).

Caves are stabile but nutrient poor habitats characterized by constant temperature
corresponding to the average year temperature on the surface, permanent darkness and
near-saturated relative humidity of air. Troglobitic animals have evolved specific adapta-
tions to this environment, such as reduced pigmentation, thin cuticles, and lowered me-
tabolism (Romero and Green 2005). Zitanethes albus (C. Koch) is a large (about 1.5 cm
in length) troglobitic representative of the family Trichoniscidae. The species inhabits wet
limestone caves in the Dinaric Karst (Strouhal 1939) and is not exclusively terrestrial, as it
is known to enter the water and can survive submerged for long periods (Sket 1986). The
tergal cuticle of 77 albus is thin compared to non-troglobitic isopods of similar size. It is
also less mineralized and differs from the cuticles of non-troglobitic oniscids in its mineral
composition, having a lower content of magnesium and calcite (Hild et al. 2009).

In our study, we observed the temporal dynamics of molt in a laboratory culture of
1" albus. We provide an ultrastructural description of tergal cuticle deposition in this
species and describe the characteristics of its sternal CaCO, deposits.

Methods

Laboratory culture and molt cycle observations

Specimens of 77 albus from caves in central Slovenia were kept in the speleobiological
laboratory at the Department of Biology, University of Ljubljana. The laboratory cul-
ture was maintained in a dark climate chamber at 11 + 1 °C, the approximate average
temperature of caves in central Slovenia. Animals were kept in glass containers with
flowstone rocks, substrate from the sampling sites and spring water. Decaying wood
and carrots were provided as food.

Individuals in culture were inspected for sternal deposits every month. Animals
with sternal deposits were isolated into Petri dishes containing wet filter paper and ob-
served daily. Every week, the sternal deposits were observed under a stereomicroscope
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and their shape was drawn. After the first molt, specimens that were not fixed for mi-
croscopic examination were kept individually separated and were inspected weekly for
the presence of sternal deposits in order to determine the onset of the following premolt.

Light microscopy and transmission electron microscopy

For ultrastructural observations, animals in premolt (determined by the presence of ster-
nal deposits), intramolt (between the posterior and anterior molt), postmolt (1-2 days
after the anterior molt), and intermolt were fixed. Individuals without sternal deposits
that did not molt in the previous three weeks were considered to be in the intermolt stage.

Animals were dissected and isolated anterior tergites were fixed in a mixture of
2.5% glutaraldehyde and 2% paraformaldehyde in 0.1M cacodylate buffer (pH = 7.3)
at 4 °C for at least a week. Specimens were postfixed with 1% OsO, for 1 hour, dehy-
drated in a graded ethanol series and embedded in Spurr’s resin. Semithin (0.5 pm)
sections were transferred to polylysine coated slides, stained with a mixture of Azur II
and Methylene blue (Richardson et al. 1960) and imaged with an Axiolmager Z.1 mi-
croscope (Zeiss) equipped with an HRc Axiocam camera. Thin (70 nm) sections were
collected on copper grids, contrasted with uranyl acetate and lead citrate and examined
with a CM 100 transmission electron microscope (FEI). Electron micrographs were
recorded with a 792 BioScan camera (Gatan).

Scanning electron microscopy of sternal deposits

In preparation for scanning electron microscopy of sternal deposits, sternites of pereion-
ites 14 with fully developed CaCO, deposits from premolt and intramolt specimens
were removed, immersed in methanol and then air dried. When dry, the sternites were
attached to aluminum holders and cleaved on an ultramicrotome with a glass knife.
Samples were then sputter coated with platinum and imaged with a JSM-7500F field
emission scanning electron microscope (JEOL).

Results

Duration of molt cycle

In the individuals studied, the median premolt duration (measured from the appear-
ance of sternal deposits to the onset of molt) was 7 weeks (N=10). The shortest and
longest premolt lasted 4 and 9 weeks, respectively. The median length of the period
between the completion of molt and the second appearance of sternal deposits in non-
ovigerous individuals was 11 weeks (N=9), with extreme values of 9 and 19 weeks. The
only observed intermolt period of an ovigerous female lasted 34 weeks, with the release
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of brood after 30 weeks. The anterior ecdysis followed 3 to 5 days after the posterior
ecdysis. A diagrammatic representation of a typical molt cycle is provided in Fig. 1A,
Some processes indicated on the diagram will be explained later in text.

After molting the posterior exuvium, the animals hold the newly molted body-half
upwards so that it does not touch the substrate (Fig. 1B). The posterior three pairs of
pereiopods lie closely appressed against the ventral body surface and the entire body is
supported by the anterior four pairs of pereiopods. Animals maintain this posture for
several hours, but they begin using the posterior pereiopods before the onset of anterior
molt. After the anterior molt, the anterior body-half is held upwards in a similar manner,
with the body now supported by the posterior three pairs of pereiopods (not shown).

In the laboratory, animals never consume their posterior exuviae during intramolt
and no part of the shed exoskeleton is consumed directly upon the completion of
molt. Exuviae (mostly of the posterior body-half), demonstrably belonging to 7 albus
due to the presence of gland-piliferous organs on the fourth pleonite, were also found
on rocks in sampling localities (Fig. 1C), indicating that animals relinquish their old
exoskeletons in nature as well.

A sythesis of exocuticle, Bl early premolt
synthesis of epicuticle, sternal deposits fully synthesis of endocuticle [ 18te premolt
sternal deposits biparite developed followed by intermolt B intramolt
‘ | // postmalt & intermaolt
S | : ”
L ] [ ] L ]
-i[l -8 ;- -] é i 'I;] ’ 12 "I-ﬂ- ) 'I-ﬁ 18

weeks (relative to intramolt)

Figure |. Molting in Titanethes albus. A a diagram of a typical molt cycle. The colored line shows the

median observed durarions of premolc and postmolt with intermole. Different colors represent individual
stages in the molt cyele, Key processes in each stage (early premolt, late premole, and postmolt with inter-
molr) are indicared. Black dots indicate the onser of the longest and shorrest observed premolr stages and
the end of the longest and shorrest observed intermolr stages B T afbns immediately after posterior molt,
The posterior half of the body is held upwards while the body is supporred solely by the anterior four pairs
of perciopods © the posterior exuviae of 17 afbur on a rock in Virknica Cave, i end of longest observed
intermolr stage Ip onser of longest observed premolr stage i end of shorrest observed intermolr stage sp

onset of shoreest observed premolt stage,
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Sternal CaCO, deposits

Like other oniscids, 7. albus develops sternal CaCO, deposits in the ecdysial space of the
anterior four sternites in premolt. Initially, the deposits are bipartite, with an anterior and a
posterior part on each of the first four sternites of the pereion. The shape of sternal deposits
in early premolt varies greatly between individuals. The anterior part of individual deposits
is always larger and symmetrical (Fig. 2A), whereas the posterior part is smaller and irregu-
lar in shape. Sternal deposits in early premolt often display small round fenestrations (Fig.
2A). The location of these fenestrations on the deposits is highly variable. After their initial
appearance, the shape of sternal deposits remains unaltered throughout most of the pre-
molt stage. Towards the end of this stage, their shape changes rapidly, the two parts of each
deposit fuse and the deposits assume a characteristic, uniform shape (Fig. 2B) in most in-
dividuals. Animals molt within a week after this change in the shape of the sternal deposits.

As revealed by scanning electron microscopy, fully formed sternal deposits of 7" a/-
bus are composed of spherules, most of which measure 0.3 pm in diameter and vary in
size between 0.1 um and 1 um (Fig. 2C). Deposits become progressively more compact
from the sternal epidermis towards the old cuticle and spherules in the distal parts of

deposits appear fused (Fig. 2D).

Cuticle deposition

Early premolt

The onset of apolysis is observable in the anterior tergites of animals in which the ster-
nal deposits have just appeared. The epidermis and the old cuticle are in close proxim-
ity, but protrusions of the apical plasma membrane of epidermal cells with dense tips
are already evident within the narrow ecdysial space (Fig. 3A). Later, the ecdysial space
is wide and a fibrous and finely granular sheet is present in its distal part (Fig. 3B).
The new epicuticle is initially synthesized as a thin electron dense layer over the short
protrusions of the apical plasma membrane (Fig. 3C). Gaps in the epicuticle are visible
in early stages of its synthesis, indicating that it is discontinuous in the initial stages
of its deposition. Oblique sections through the apical epidermal surface suggest that
the gaps are perforations of the epicuticle (Fig. 3D). Epicuticular protrusions (scales or
hairs) begin to form around cell projections (Fig. 3E), but are initially flat and thinner
than the corresponding epicuticular structures in intermolt. Epidermal cells possess a
well developed rough endoplasmic reticulum (RER) (Fig. 3E).

Late premolt
In animals with fully formed sternal deposits, lamellae of the exocuticle are being de-

posited. During the synthesis of the distal dense layer (cf. Hild et al. 2009), the apical

plasma membrane of epidermal cells forms finger-like extensions in addition to short
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Figure 2. Sternal CaCO, deposits in Tiranerhes albus. A individual in early premolr with sternal deposits
on anterior four pereionites. Deposits are hipartite with a larger anterior part (an) and a smaller posterior
part {po). Round fenestrations (arrowheads) perforate the deposits. B individual in lare premolr with fully
developed sternal deposits. The anterior and posterior part on each segment are fused and the deposies
have a uniform shape. € scanning electron micrograph of spherules forming the sternal deposits in late
premolt, D scanning electron micrograph ot a cleaved sternal deposic (d) in late premolr, Spherules are
proximally more loosely arranged. pl pereionite |, p2 pereionite 2, p3 percionite 3, p4 pereionite 4,

oc old curicle.

protrusions (Fig. 4A). The Golgi apparatus is well developed in addition to the RER
(Fig. 4A). At this stage, the epicuricle and the structures it forms are already fully de-
veloped (Fig. 4A, B).

When the exocuticle consists of 3—5 lamellae, small electron dense vesicles appear
in the apical cytoplasm of epidermal cells with well developed RER and numerous
mitochondria (Fig. 4B). At this stage, the apical plasma membrane of epidermal cells
forms numerous invaginations in addition to protrusions (Fig. 4C). Long cytoplasmic

37



Vittor M. Zgradba sekrecijskih epitelijev in mineralizacija zunajceli¢nega matriksa ... mokric (Crustacea: Isopoda).
Dokt. disertacija, Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

Molting and cuticle depasition in the subterranean trichoniseid Titanerhes albus... 29

Figure 3. Ultrastructure of anterior tergites in carly premolt. A apolysis. The apical surface of the epider-
mal cell {e) is derached from the old curicle (oc), but the ecdysial space is narrow. The apical plasma mem-
brane of epidermal cells forms shore protrusions (p) with clectron densc tips. B the ecdysial space in carly
premaolt. A sheet of fibrous and granular marerial {s) is located in the distal parr of the ecdysial space (es). C
section through the apical surface of an epidermal ccll () in carly premolt. Gaps {arrowheads) are presenc in
the newly formed epicuticle (ep) thar is formed over shorer protrusions (p) of the apical plasma membrane.
A developing epicuticular scale (sc) is visible, D oblique section through the apical surface of an epidermal
cell in early premalt. Gaps (arrowheads) in the newly deposited epicuticle (ep) appear to be perforations. E
the epidermis in early premolt. Epidermal cells {€) conrain numerous mitochondria (m) and a well devel-
oped RER (r). Scales (s¢) are forming around elongated projections of the apical plasma membrane (ep).

extensions reaching into pore canals and extending to the distal dense layer of the new
exocuticle become evident (Fig. 4C).

In intramolt, as the anterior tergites are nearing molt, the new exocuticle approaches
its final thickness (Fig. 4D). Epidermal cells maintain the characteristics of the late pre-
molt stage with small electron dense vesicles in the apical cytoplasm and a well developed
RER (Fig. 4D). Cytoplasmic extensions in pore canals are prominent (Fig, 4D, E) and the

apical plasma membrane still forms numerous short protrusions with dense tips (Fig. 4E).
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Figure 4. Ultrastructure of anterior tergites in late premole and intramolt. A carly stage of exocuricle
formation. The distal dense layer (dl) is deposited. The apical plasma membrane of epidermal cells forms
ﬁl‘lgﬁ.‘ﬁlilﬂ.‘ exrensions (fe). The Golgi appararus (g) is well developed. B anterior tergire in late premolr.
Several lamellae of the new exocuticle {ex) are deposited. Epidermal cells conain a well developed RER
{r). numerous mitochondria (m} and small electron dense vesicles {s¥) in their apical cytoplasm. The
epicuticle (ep) with scales (sc) is fully formed. € the apical plasma membrane of an epidermal cell in lare
premalr forms numerous invaginarions {arrow). Cyroplasmic extensions reach into pore canals (pe). D
anterior tergite in intramolt. The new exccuticle is almost fully deposited. The apical eytoplasm of epi-
dermal cells contains electron dense vesicles (s¥), numerous mitochondria (m) and a well developed RER
{r). Long eytoplasmic extensions reach into pore canals (pe). H oblique section through the apical surface
of an epidermal cell in intramole. Pore canals (pe) in the new curicle conrain cyroplasmic exrensions of
epidermal cells, Numerous shore protrusions (p) of the apical plasma membrane with dense tips are visible,
es ecdysial space. nu nucleus.

During late premolt and intramolr stages, tubular bundles are present in the ecdy-
sial space (Fig. 5A, B). The tubules, each measuring about 20 nm in diameter, protrude
from the epicuticle in a regular arrangement and are covered by a diffuse electron dense
material (Fig. 5B, C). Towards the old curicle the regular arrangement of tubules is lost
and the tubules disperse (Fig. 5B). At the center of each bundle of tubules there is a cel-

lular extension containing parallel microtubules. The extension is enclosed in an elec-
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Figure 5. Cellular extensions and tubules in the ecdysial space. A oblique semithin section through the dorsal
surface of an anterior tergite in intramole. A bundle of wubules {arrowhead) on the surface of the new exocuticle
(ex) is seen in cross-section. B eleceron micrograph of a bundle of tubules (). Proximally, the wbules are very
densely arranged and they dissociate distally. A cellular extension (ce} within an elecrron dense shearh is located
at the center of the bundle, € cross-secrion through a bundle of rubules. The cellular extension (ce) ar the center
of the bundle contains microtubules. Dense material (dm) surrounds the extension, D oblique section through
the base of a bundle in intramole. A pore (po) in the new curicle is located beneath the bundle. Tubules () pro-
trude from the surface of the epicuticle (ep). E longitudinal section through a pore beneath a bundie of tubules.
‘The pore contains a cellular extension (ce). F section though the epidermis benearh a bundle of rubules. A cellu-
lar extension (ce), enclosed in a sheath, is locared in an invagination of an epidermal cell {¢). G section through
the cellular extension ar the level of the epidermis. Vesicles (v) are present in the cyroplasm of the epidermal
cell and are hused with the plasma membrane in proximicy of the cellular extension. es ecdysial space, sc scale
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tron dense sheath (Fig. 5C) and passes through the newly formed cuticle via a narrow
pore (Fig. 5D, E). At the level of the epidermis, the cellular extension is enveloped by
an epithelial cell (Fig. 5F). Small vesicles are present in the cytoplasm of the epidermal
cell in the proximity of the extension. The membrane of some vesicles is continuous
with the plasma membrane of the epithelial cell surrounding the extension (Fig. 5G).

A schematic representation of a tubular bundle surrounding a cellular extension
and associated structures in late premolrt is provided in Fig. 6.

Figure 6. A schemaric representarion of cellular exrensions associared wich rubular bundles in the ecdy-
sial space. A bundle of tubules (tu) surrounds a cellular extension (ce) char reaches into the ecdysial space
{es). The cellular exrension is enclosed in an electron dense sheath (sh). Ar the level of the epidermis,
the cellular extension is surrounded by an enveloping epidermal cell fen). b basal lamina, d epicuticular
thickening, ep new epicuricle, ex new exocuricle, m mitochondrion, n nucleus, oc old curicle, pl plasma

membrane of the enveloping epidermal cell, r RER.,
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Postmolt

During the first few days after anterior molt, rapid deposition of endocuticular la-
mellae takes place in anterior tergites (Fig. 7A, B). Small electron dense vesicles are
no longer visible in the apical cytoplasm, but the RER remains well developed (Fig.
7B). The apical plasma membrane of epidermal cells still forms short protrusions with
electron dense tips (Fig. 7B) and finger-like extensions may also be present (Fig. 7A).
The cytoplasmic extensions in pore canals are less prominent than during intramolt
and the pore canals appear electron lucent (Fig. 7A). After ecdysis, bundles of tubules

remain present on the surface of the cuticle, but no cellular extensions can be observed

Figure 7. Ultrastructure of anterior tergites in postmolt. A anterior tergite shortly after molt. First lamel-
lag of the endocuticle (en] are deposited proximally to the exocuricle (ex). Pore canals (pe) appear electron
lucent. The apical plasma membrane of epidermal cells () forms finger-like extensions (fe). B apical
region of an epidermal cell in postmolr. The epidermal cell (e) conrains a well developed RER (r). The
apical plasma membrane forms shore protrusions (p) with dense tips. Several lamellae of the endocuticle
{en) are deposited. € bundle of rubules (tu) prorruding from the epicurticle {ep) of a tergite in postmolr.
The center of the bundle (€) is electron lucent, D section through a pore (po) in the exocuricle beneath a
bundle of rubules in postmalt. The lumen of the pore is eleciron dense. E The epicuticle (ep), exocuricle

(ex) and endocuticle (en) in intermolt, b bacterium, m mitochondrion, se scale,
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in their proximity (Fig. 7C). The pores enabling the ensheathed cellular extensions at
the centers of bundles to pass through the new cuticle in late premolt are observable in
the cuticle in postmolt, but they appear very electron dense (Fig. 7D).

The fully synthesized tergal cuticle of an intermolt specimen of 77 albus is pre-

sented in Figure 7E.

Discussion

The duration of the molt cycle as well as the length of individual stages within the cycle
showed a high degree of variability in 7. @/bus individuals, even under laboratory con-
ditions. A typical molt cycle in 7" albus is several times longer than in epigean isopods
studied to date (Zidar et al. 1998, Strus and Blejec 2001), but it is much shorter than
that of some aquatic subterranean isopods, which molt every 9-18 months (Magniez
1975). It is difficult to compare data from studies of epigean oniscids with the results
of our study, as most observations of molt cycles in terrestrial isopods were performed
at room temperature while we maintained the 7" albus culture at 11°C. By observing
animals at different temperatures, Steel (1980) determined the value of Q, | for molting
frequency in Oniscus asellus. On the basis of his study the expected molt cycle duration
in O, asellus at 12 °C is approximately 8 weeks. The molt cycle in 7. albus under labora-
tory conditions is thus about two times longer than would be expected in a similarly
sized epigean species at a temperature close to 11 °C. This difference corresponds to
different rates of respiratory metabolism between non-troglobitic isopods and 7. albus.
The expected rate of C)2 consumption of O. asellus at 10 °C, calculated from the pre-
viously measured metabolic rates (Phillipson and Watson 1965) and the Q, for O,
consumption in O. asellus (Nash 1979), would be around 0.1 ml O, ¢'h™, and would
therefore be roughly three times higher than the measured rate of O, consumption
in 7" albus at 10 °C (Simci¢ et al. 2010). Rates of O, consumption at 10 °C for the
amphibious isopod Ligia italica (Sim¢ic et al. 2010) and the terrestrial species Porcellio
laevis (Husain and Alikhan 1979) are similar to the value expected for O. asellus. Other
troglobitic crustaceans are also known to have a lower metabolic rate compared to re-
lated non-troglobitic species, which is likely to be an adaptation to the nutrient-poor
cave environment (Hervant et al. 1997).

The specific postures assumed by 7. albus after the posterior and anterior molt
closely resemble those described in the epigean isopod Armadillo officinalis (Verhoeft
1940). The lifting of the newly molted body-half from the substrate thus appears to
be widespread in Oniscidea, although it has not been reported in all species studied.

Sternal deposits of 7 albus, consisting entirely of spherules, resemble the sternal de-
posits described in members of the family Ligiidae (Ziegler and Miller 1997) and 7. albus
is the first species outside Ligiidae known to form deposits of this type. There is little data
on sternal deposits in Synocheta, but it has been suggested that some representatives of
the group employ three-layered deposits (Ziegler 2003). If this is the case, the absence of
a proximal homogenous layer in the sternal deposits of 77 a/bus might represent a second-
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ary reduction in the complexity of sternal deposits as an adaptation to the subterranean
environment or to the amphibious mode of life of this species. This is further supported
by the fact that three-layered deposits occur in Tylidae (Ziegler 2003), which is most
likely the sister group of all other oniscids excluding Ligiidae (Schmidt 2008).

Consummation of the shed cuticle after ecdysis occurs in other crustaceans (Green-
way 1985) and other arthropods, such as insects (Mira 2000). It is known that other
terrestrial isopods also consume their exuviae after molting each body-half (Messner
1965, Ziegler et al. 2007). In contrast, 7. albus does not ingest the posterior exuviae.
Cuticle consummation as means of obtaining calcium required for the mineralization
of the anterior exoskeleton is likely less crucial for the molting 7. albus, as this species
possesses very large internal calcium stores in the posterior body-half which can be
utilized for cuticular mineralization after molt (personal observation). Internal calcium
stores are also known to be present in some other trichoniscids (Verhoeft 1926, Zie-
gler 2003). It has been reported that the ligiids Ligia hawaiensis (Ziegler et al. 2007)
and Ligia italica (Strus and Blejec 2001) also do not ingest the exuviae of at least one
body-half. It was shown that Ligia hawaiensis nevertheless retains a very high percent-
age of body calcium during molt which may relate to its lower body calcium content
when compared to fully terrestrial isopods (Ziegler et al. 2007). Since 7. albus also has
a weakly mineralized exoskeleton and lives in a moist limestone environment, it prob-
ably has a lesser need for cuticle consummation than species that must shift greater
amounts of calcium to their exoskeletons over a shorter period of time without relying
on environmental calcium sources.

The ultrastructural characteristics of 7. albus epidermal cells during cuticle synthe-
sis, such as short protrusions of the apical plasma membrane, a well developed RER
and abundant mitochondria throughout cuticle deposition as well as the presence of
small, dense vesicles in the apical cytoplasm during exocuticle deposition are generally
similar to those described in other oniscids (Price and Holdich 1980, Ziegler 1997,
Strus and Blejec 2001). Similar epithelial features are also present during molt in other
crustacean groups (Koulish and Klepal 1981) and some aspects of epithelial ultrastruc-
ture during cuticle synthesis, for example the short protrusions of the apical plasma
membrane, have also been found in insects (Locke 1961, 2001). In 7. albus, the apical
plasma membrane of epidermal cells appears highly structured during deposition of
the distal lamellae of the exocuticle. Finger-like extensions and membrane invagina-
tions may be involved in the synthesis of the exocuticle, but they might also function
in intensive transport processes between the ecdysial space and the haemolymph. In
1" albus, the epicuticle in late premolt (Fig. 3F) appears very similar to the intermolt
epicuticle (Fig. 5E), indicating that there are little or no postecdysial modifications of
this cuticular sublayer. This is not surprising since the epicuticular waxy layer which
is modified after molt in O. asellus (Compere 1990) is absent in the epicuticle of T
albus (Hild et al. 2009). Also, the exocuticle in 7. albus maintains its lamellar appear-
ance after ecdysis and the premolt exocuticle greatly resembles the intermolt exocuticle
(compare Figs 3G and 5E). The exocuticle in this species is therefore not deformed by
the deposition of the endocuticle, as reported in O. asellus (Price and Holdich 1980).
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The tubular structures reaching into the ecdysial space from the epicuticle in late
premolt appear identical to those known from Ligidium hypnorum (Glotzner and Zie-
gler 2000) and Ligia exotica (Strus et al. 2003). Tubules extending into the ecdysial
space from the surface of the epicuticle therefore occur outside Ligiidae as well. In
I. albus, they are very pronounced and associate with cellular extensions reaching
through the newly formed cuticle into the ecdysial space. It has been suggested that
tubules within the ecdysial space of isopods may function in water retention (Gl6tzner
and Ziegler 2000). In the case of 7" albus, their function is probably linked to cellular
extensions reaching into the ecdysial space. The ensheathed, microtubule containing
cellular extensions at the centers of tubular bundles resemble dendrites innervating
isopod sensilla (cf. Crouau 1994), but their function remains to be established. The
apparent absence of cellular extensions above the level of the new cuticle in proximity
of the tubules in postmolt indicates that these are transient projections that degenerate
after molt. The small vesicles associated with the cellular extensions in the epidermis
suggest that intensive resorption and/or secretion of material may take place around
the cell extensions at the level of the epidermis.

Acknowledgments

We are grateful to J. Jugovic, G. Bracko, M. Konec, M. Zagmajster and A. Moskric for
their sampling efforts and J. Murko Buli¢ and P. Mrak for their laboratory assistance.
We also wish to thank L. Longway who kindly commented on the manuscript. This
work was financed by the Slovenian Research Agency (ARRS), grant No 1000-09-
310037.

References

Compere P (1990) Fine structure and elaboration of the epicuticle and the pore canal system
in tergite cuticle of the land isopod Oniscus asellus during a moulting cycle. In: Juchault P,
Mocquard J-P (Eds) The Biology of Terrestrial Isopods: Third International Symposium,
Poitiers, July 10-12, 169-175.

Crouau Y (1994) An unusual mechanosensitive cell in a crustacean exterocepror. Biology of
the Cell 80: 71-74. http://www.sciencedirect.com/science/article/pii/0248490094900205

Glotzner ], Ziegler A (2000) Morphometric analysis of the calcium-transporting ster-
nal epithelial cells of the terrestrial isopods Ligia oceanica, Ligidium hypnorum, and
Porcellio scaber during molt. Arthropod Structure & Development 29: 241-257.
doi: 10.1016/S1467-8039(00)00030-X

Greenway P (1985) Calcium balance and moulting in the crustacea. Biological Reviews 60:
425-454. doi: 10.1111/j.1469-185X.1985.tb00424.x

Hervant F, Mathieu J, Barré H, Simon K, Pinon C (1997) Comparative study on the behav-

ioral, ventilatory, and respiratory responses of hypogean and epigean crustaceans to long-

45



Vittor M. Zgradba sekrecijskih epitelijev in mineralizacija zunajceli¢nega matriksa ... mokric (Crustacea: Isopoda).
Dokt. disertacija, Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

Molting and cuticle deposition in the subterranean trichoniscid Titanethes albus... 37

term starvation and subsequent feeding. Comparative Biochemistry and Physiology Part A:
Physiology 118: 1277-1283. doi: 10.1016/50300-9629(97)00047-9

Hild S, Neues E Znidarsi¢ N, Strus J, Epple M, Marti O, Ziegler A (2009) Ultrastructure and
mineral distribution in the tergal cuticle of the terrestrial isopod Titanethes albus. Adapta-
tions to a karst cave biotope. Journal of Structural Biology 168: 426—436. doi: 10.1016/j.
jsb.2009.07.017

Husain MZ, Alikhan MA (1979) Physiological adaptations in Crustacea to the environment:
oxygen consumption as a function of body weight and environmental temperature in the
terrestrial isopod, Porcellio laevis Latreille (Isopoda, Oniscoidea). Crustaceana 36 (3): 277—
286. doi: 10.1163/156854079X00753

Koulish S, Klepal W (1981) Ultrastructure of the epidermis and cuticle during the moult-
intermoult cycle in two species of adult barnacles. Journal of experimental marine biology
and ecology 49: 121-149. doi: 10.1016/0022-0981(81)90066-6

Locke M (1961) Pore canals and related structures in insect cuticle. The Journal of Biophysical
and Biochemical Cytology 10: 589-618. doi: 10.1083/jcb.10.4.589

Locke M (2001) The Wigglesworth lecture: insects for studying fundamental problems in biol-
ogy. Journal of Insect Physiology 47: 495-507. doi: 10.1016/50022-1910(00)00123-2

Magniez G (1975) Observations on the biology of Stenasellus virei (Crustacea Isopoda Asellota
of subterranean waters). International Journal of Speleology 7: 97-228. http://www.ijs.
speleo.it/article.php?id_art=324

Messner B (1965) Ein morphologisch-histologischer Beitrag zur Hautung von Porcellio scaber
Latr. und Oniscus asellus L. (Isopoda terrestria). Crustaceana 9: 285-301. http://www.jstor.
org/stable/20102702

Mira A (2000) Exuviae eating: a nitrogen meal? Journal of Insect Physiology 46: 605-610. doi:
10.1016/50022-1910(99)00146-8

Nash ] (1979) The effect of daily fluctuating temperatures on the oxygen consumption of Onis-
cus asellus L. Comparative Biochemistry and Physiology Part A: Physiology 62: 983-987.
doi: 10.1016/0300-9629(79)90037-9

Phillipson ], Watson ] (1965) Respiratory metabolism of the terrestrial isopod Oniscus asellus L.
Oikos 16: 78-87. http://www.jstor.org/stable/3564867

Price B, Holdich DM (1980) An Ultrastructural study of the integument during the moult cy-
cle of the woodlouse, Oniscus asellus (Crustacea, Isopoda). Zoomorphologie 95: 250-263.
doi: 10.1007/BF00998125

Richardson KC, Jarett L, Finke EH (1960) Embedding in epoxy resins for ultrathin sectioning
in electron microscopy. Biotechnic & Histochemistry 35: 313-323. http://www.ncbi.nlm.
nih.gov/pubmed/13741297

Romero A, Green SM (2005) The end of regressive evolution: examining and interpreting
the evidence from cave fishes. Journal of Fish Biology 67: 3-32. doi: 10.1111/j.0022-
1112.2005.00776.x

Schmide C (2008) Phylogeny of the terrestrial Isopoda (Oniscidea): a review. Arthropod System-
atics & Phylogeny 66: 191-226. hutp://www.arthropod-systematics.de/ASP_66_2/66_2_
Schmidt_191-226.pdf

46



Vittor M. Zgradba sekrecijskih epitelijev in mineralizacija zunajceliénega matriksa ... mokric (Crustacea: Isopoda).
Dokt. disertacija, Ljubljana, Univ. v Ljubljani, BiotehniSka fakulteta, 2013

38 Milos Vittori et al. | ZooKeys 176: 23-38 (2012)

Sim¢i¢ T, Pajk F, Brancelj A (2010) Electron transport system activity and oxygen consumption
of two amphibious isopods, epigean Ligia italica Fabricius and hypogean Titanethes albus
(Koch), in air and water. Marine and Freshwater Behaviour and Physiology 43: 149-156.
doi: 10.1080/10236244.2010.483052

Sket B (1986) Isopoda: Oniscidea. In: Botosaneanu L (Ed.) Stygofauna mundi: a faunistic,
distributional, and ecological synthesis of the world fauna inhabiting subterranean waters
(including the marine interstitial). E. J. Brill, Leiden, 482-485.

Steel CGH (1980) Mechanisms of coordination between moulting and reproduction in ter-
restrial isopod crustacea. The Biological Bulletin 159: 206-218. http://www.biolbull.org/
content/159/1/206.full.pdf+html

Strouhal H (1939) Titanethes Schiédte (Landasseln aus Balkanhéhlen in der Kollektion “Bios-
peologica Balcanica” von Prof. Dr. Absolon. 6. Mitteilung). Studien aus dem Gebiete der
allgemeinen Karstforschung, der wissenschaftlichen Hohlenkunde, der Eiszeitforschung
und den Nachbargebieten, Biologische Serie 5: 1-34.

Strus J, Blejec A (2001) Microscopic anatomy of the integument and digestive system during
the molt cycle in Ligia italica (Oniscidea). In: Kensley B, Brusca RC (Eds) Crustacean Issues
13, “Isopod systematics and evolution”. A.A.Balkema Publishers, Rotterdam, 343-352.

Strus J, Dillaman R, Roer R, Tusek M (2003) Ultrastructural evidence of calcium transport in
the integument of intramolt isopod crustacean Ligia exotica. In: Milat O, Jezek D (Eds) 6
Multinational Congress on Microscopy — European Extension, Pula, Croatia, June 1-5.
Croatian Society for Electron Micoscopy, Zagreb, 43—44.

Verhoeff KW (1926) Ueber Isopoden der Balkanhalbinsel, gesammelt von Herrn D-r 1. Bu-
resch. Zugleich 31. Isopoden-Aufsatz. Mitteilungen der Bulgarischen Entomologischen
Gesellschaft in Sofia 3: 135-158.

Verhoeff KW (1940) Uber die Doppelhiutung der Land-Isopoden. Zeitschrift fiir Morpholo-
gie und Okologie der Tiere 37: 126-143.

Zidar P, Drobne D, Strus J (1998) Determination of moult stages of Porcellio scaber (Isopoda)
for routine use. Crustaceana 71: 646-654. doi: 10.1163/156854098X00644

Ziegler A (1997) Ultrastructural changes of the anterior and posterior sternal integument of the
terrestrial isopod Porcellio scaber Latr. (Crustacea) during the molt cycle. Tissue and Cell
29: 63-76. doi: 10.1016/50040-8166(97)80073-0

Ziegler A, Miller B (1997) Ultrastructure of CaCO, deposits of terrestrial isopods (Crustacea,
Oniscidea). Zoomorphology 117: 181-187. doi: 10.1007/5004350050043

Ziegler A (2003) Variations of calcium deposition in terrestrial isopods. In: Sfenthourakis S, de
Araujo PB, Hornung E, Schmalfuss H, Taiti S, Szlavecz K (Eds) The Biology of Terrestrial
Isopods. V. Koninklijke Brill NV, Leiden, 299-3009.

Ziegler A, Fabritius H, Hagedorn M (2005) Microscopical and functional aspects of calcium-
transport and deposition in terrestrial isopods. Micron 36: 137-153. doi: 10.1016/j.mi-
cron.2004.09.006

Ziegler A, Hagedorn M, Ahearn GA, Carefoot TH (2007) Calcium translocations during the
moulting cycle of the semiterrestrial isopod Ligia hawaiiensis (Oniscidea, Crustacea). Jour-
nal of Comparative Physiology B 177: 99-108. doi: 10.1007/s00360-006-0112-9

47



Vitton M. Zgradba sekrecijskih epitelijev in mineralizacija zunajceli¢nega matriksa ... mokric (Crustacea: Isopoda).
Dokt. disertacija, Ljubljana, Univ. v Ljubljani, BiotehniSka fakulteta, 2013

48



Vitton M. Zgradba sekrecijskih epitelijev in mineralizacija zunajceliénega matriksa ... mokric (Crustacea: Isopoda).
Dokt. disertacija, Ljubljana, Univ. v Ljubljani, BiotehniSka fakulteta, 2013

2.3 KALCIJEVA TELESCA PRI VRSTI Titanethes albus (CRUSTACEA: ISOPODA):
STRUKTURNA DINAMIKA VPOVEZAVI Z LEVITVIJO IN S KALCIFICIRANIM
MATRIKSOM POVEZANE BAKTERIJE

Calcium bodies of Titanethes albus (Crustacea: Isopoda): molt-related structural dy namics
and calcified matrix-associated bacteria

Milo§ Vittori, Rok KostanjSek, Nada Znidarsi¢, Kristina Zagar, Miran Ceh in Jasna Strus
Journal of Structural Biology, 2012, 180, 216-225

Raki izgrajujejo raznolike depozite kalcija, v katerih shranjujejo kalcij, potreben za
mineralizacijo njihovih eksoskeletov. O kalcijevih telescih, organih, ki vsebujejo veliko
kalcija, so porocali pri nekaterth rakih enakonoZcih, vendar Se niso bila podrobno
preucena. Analizirali smo arhitekturo teh organov med levitvenim ciklom pri enakonoZzcu
Titanethes albus. Posamezni organi so epitelijske vrecke, ki vsebujejo material, urejen v
koncentri¢ne plasti, loCene s tankimi laminami. Kot sta pokazali elektronska mikroskopija
in fluorescentna hibridizacija in situ, so v kalcijevih telescih prisotne Stevilne bakterije. Ne
glede na fazo levitvenega cikla so v osrednjih delih kalcijevih telesc prisotni kristalni
skupki. Energijsko-disperzijska rentgenska spektrometrija skupkov je pokazala, da so
sestavljeni pretezno iz kalcija ter fosforja in elektronska difrakcija je nakazala prisotnost
hidroksiapatita. Pri osebkih med levitvijo se med ovojnico in najbolj zunanjo lamino
kalcijevih telesc oblikuje steklast sloj mineraliziranega matriksa. Ta sloj sestavlja amorfen
kalcijev mineral, ki vsebuje manj fosforja kot osrednji skupki in se po levitvi resorbira. Ker
so spremembe mineraliziranega matriksa usklajene z levitvenim ciklom, kalcijeva telesca
verjetno opravljajo funkcijo zaloznega organa, ki dopolnjuje sternalne depozite kot vir
kalcija za mineralizacijo eksoskeleta. Kaze, da bakterije, povezane z mineraliziranim
matriksom kalcijevih telesc, sodelujejo v dinamiki kalcija.

49



Vitton M. Zgradba sekrecijskih epitelijev in mineralizacija zunajceli¢nega matriksa ... mokric (Crustacea: Isopoda).
Dokt. disertacija, Ljubljana, Univ. v Ljubljani, BiotehniSka fakulteta, 2013

60



Vitton M. Zgradba sekrecijskih epitelijev in mineralizacija zunajceliénega matriksa ... mokric (Crustacea: Isopoda).
Dokt. disertacija, Ljubljana, Univ. v Ljubljani, BiotehniSka fakulteta, 2013

2.4 MINERALIZACUA VKALCIJEVIH TELESCIH Z BAKTERIJAMI IN BREZ NJIH
PRI RAKU Hyloniscus riparius (ISOPODA: ONISCIDEA)

M neral deposition in bacteria-filled and bacteria-free calcium bodies in the crustacean
Hyloniscus riparius (Isopoda: Oniscidea)

Milo§ Vittori, Alenka Rozman, Joze Grdadolnik, Urban Novak in Jasna Strus
PLoS One, 2013, 8, 1-14

Kalcijeva telesca rakov so epitelijske vrecke, ki vsebujejo mineraliziran matriks. Cilji te
Studije so bili raziskati mikroskopsko anatomijo kalcijevih telesc pri kopenskem
enakonozcu Hyloniscus riparius, ugotoviti ali v njih prihaja do sprememb, povezanih z
levitvijo, ter analizirati kemijsko sestavo mineraliziranih matriksov v njih. Izvedli smo 3D
rekonstrukcijo kalcijevih telesc na podlagi serijskih parafinskih rezin ter analizirali njihovo
strukturo s svetlobno in elektronsko mikroskopijo. Poleg tega smo analizirali sestavo
njihovih mineraliziranih matriksov z mikro-ramansko spektroskopijo. Pri H. riparius sta
prisotna dva para teh organov. Zadnji par je napolnjen z bakterijami, medtem ko jih v
sprednjem paru ni. Pri zivalih, ki se ne levijo, vsebujejo kalcijeva telesca z bakterijami
kristale apatita, kalcijeva telesca brez bakterij pa mineralne skupke, ki vsebujejo CaCO; in
malo organskega matriksa. Med pripravo na levitev se v obeh parih kalcijevih telesc nalozi
dodaten sloj matriksa. Kalcijeva telesca, napolnjena z bakterijami, vsebujejo kalcijev
karbonat in kalcijev fosfat, medtem ko je v kalcijevih telescih brez bakterij prisoten zgolj
kalcijev karbonat. Po levitvi se povsem resorbirajo vse mineralne komponente v kalcijevih
telescih brez bakterij ter dodatni sloj matriksa v kalcijevih telescih z bakterijami. Med
resorpcijo kalcija je apikalna povrSina epitelija kalcijevih telesc globoko nagubana in v
prostorih med epitelijskimi celicami so prisotne elektronsko goste granule. Nasi rezultati
kazejo, da je prisotnost bakterij morda povezana z mineralizacijo kalcijevega fosfata.
Kalcijeva telesca verjetno sluZijo kot vir kalcija in potencialno fosfata za mineralizacijo
nove kutikule po levitvi. Za razliko od drugih kopenskih enakonozcev H. riparius ne tvori
sternalnih depozitov CaCOj; in kalcijeva telesca brez bakterij jih pri tej visti morda
funkcionalno nadomescajo.
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Mineral Deposition in Bacteria-Filled and Bacteria-Free
Calcium Bodies in the Crustacean Hyloniscus riparius
(Isopoda: Oniscidea)

Miloz Vittori'*, Alenka Rozman', Joze Grdadolnik®?, Urban Novak?, Jasna Strus'
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Excellence, Ljubljana, Slowenia

Abstract

Crustacean calcium bodies are epithelial sacs which contain a mineralized matrix, The objectives of this study were to
describe the microscopic anatomy of calcium bodies in the terrestrial isopod Hyloniscus rparius and to establish whether
they undergo molt-related structural changes, We performed 30 reconstruction of the calcium bodies from paraffin sections
and analyzed their structure with light and electron microscopy. In addition, we analyzed the chemical composition of their
mineralized matrices with micro-Raman spectroscopy. Two pairs of these organs are present in H. riparius. One pair is filled
with bacteria while the other pair is not. In non-molting animals, the bacteria-filled calcium bodies contain apatite crystals
and the bacteria-free calcium bodies enclose CaCO;-containing concretions with little arganic matrix. During preparation for
malt, an additional matrix layer is deposited in both pairs of calcium bodies. In the bacteria-filled calcium bodies it contains
a mixture of calcium carbonate and calcium phosphate, whereas only calcium carbonate s present in bacteria-free calcium
bodies. After ecdysis, all mineral components in bacteria-free calcium bodies and the additional matrix layer in bacteria-filled
calcium bodies are completely resorbed. During calcium resorption, the apical surface of the calcium body epithelium is
deeply folded and electron dense granules are present in spaces between epithelial cells, Qur results indicate that the
presence of bacteria might be linked to calcium phosphate mineralization. Calcium bodies likely provide a source of calcium
and potentially phosphate for the mineralization of the new cuticle after molt. Unlike other terrestrial isopods, H. niparius
does not form stemal CalOy depaosits and the bacteria-free calcium bodies might functionally replace them in this species.
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epithelial sacs o this species, with several  separate mmineral
concretions present within cach sac. Elemental analysis demonstrat-
eel lavge amounts of ealcium in the concreticns with phaosphors
appearing i the posterior coneretions anly [8§], In this study, we
determined the exact number, position and structure of caleium
hadices using servial sectioning and 313 reconatruetion of the organs.
Coomtrary o the previous reparts, our results dermonstrate that b
pairs of caleiom bodies, each being a separate epithelial compari-
ment, are presentin A agasas. Furthermaore, woe bonnd that ene pairof’
salenumn bodies contains bacteria while the other pair does o,
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Information on possible changes of the calcium body epithelium
ultrastructure and the mineralizaton of calcium hody macris
during the molt cycle in A rpani s lacking. Also, the chemical
compositicn of the material within the calcivm bodies ol B, s
haz nat been determined so e, Inoorder woestablish whether or
not changes ocour in the mineralized matrix and the epithelium of
caleium hodies during the molt cycle, we analyzed their structure
in different molt evele stages with & combination of microscapic
technigues, In addition, we determined the composition of the
mineralized  matrices within these organs with mero-Raman
BPECIIOSCapy.

O pesuliz indicate that calciom bochies are involved in ealcium
chvizomics during maolt. In & mperies, caleiam bodies harboring
bacteria as well as those lacking them are present within the same
organism. The companson of both types of caleium bodics can
provide  insights  into which  features of their epithelia and

mineralized matrices are possibly  linked 1o the presence ol

Bacteria and a0 may mndicate the possible role ol bacteria within
calcium bodies,

Materials and Methods

Animal Culture

Specimens of ff Aperes were sampled near Cerknica and
Crrmod i Slovenia. Animals were kept in glass containers within
a climate chamber at 2170 with a 14 h photoperiad. They were
fired with mixed leal liter fromm the sampling localities, For
determination of moli cvele stages, mdraduals were separated into
plastic containers with wet flter paper and ohserved  daily.
Specimens in the 24 mim body length range were vsed in our
:-'|I'|.'|.|:.‘.w:s. Ma .\J}q_'l;iﬁl" ]:It'l'l'l'li'lK wWele |'1'\(||,|i:|":'f| ﬁ':-l' rl:;]d :\'.|I'|"1.|_‘:l|i:|'|g.

Examined Stages of the Molt Cycle

We examined animals in fve dilTerent stages of the molt eyele,
Specimens with no sign of apolysis and in which ecdysis was not
previously observed were considered 0 be i the intermole stage,
During this stage the exoskeleton & Tully formed  and  the
mtegumental epithelem docs not synthesize cuticle, The absence
of new cuticle synthesis was chosen as the erterion for intermolt
stage, To rule out possible confusion with premolt stage specimens,
the lack of new cutcle synthesis was confirmed microscopically on
tissue sections of the posterior bodv-hall inoall specimens
exarmined,

The premolt stage i the period from the apolysis (the
detachment of the old cuticle from the epidenmis) o the beginning
of eedyais [9] and inmost werrestrial sopods the onset of premol
stage is easily recopnized by the femation of sternal CallOy
deposits [10]. Since we established that sternal deposits are not
formed in £ mperns (see Resulis), we identified premolt specimens
by the presence of a mansparent posierior edge on the pereon
cpimeres. Inall such specimens, we additionally confirmed  the
IESENCE ol an |_'|_'|:|_'\_.'xi;|| gap angd the x:l'rll,l'u;xi.\ ol the new cuticle,
which were chosen az criteria Tor the premoll stage, on Ussue
sections of the posterior body-hall

Indivicluals in intramedt stage (between the posierior and
anterior ecdyees) and postmolt stawe (afier e anterior ecdysis)
were recognized by direct observation of the posterior codysis and
the anterior codvsis, respectively. Specimens were studied at two
points in the postmaolt stage: within & day after anterior ecdvais and
two days alier anterior ecdysis.

Histology

For serial parallin sectons and 31 reconstruction of calciom
hodies, A mperins specimens were anesthetized with diethyl ether
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and fixed overnight in 4% agueous formaldehyde at room
temperatere. The fixative was then washed and whale specimens
were decaleified a0 [0% ethylenediaminets trancene acud (ELYTA),
debvdrated i an ethanol series and embedded in paraffing Tissoe
SECHInng l:_H j,li!l'l] WIS |)|:-|1,\'<| [Al1] gh'l:m sligles, |'||,"|);|.t':i1ﬁ:|‘|i:}:|"|’| with
sylene, rehvdrated i oan ethancl series, stamed with hematosodin
and eosin and covered i Pertex (Medite). The shape of the
calcium bodies” coter surface was veconstructed in the program
Reconstruct [11] by manually tracing the calcium body epithelium
on images of sequential sections. For examination of  the
mineralized matrices within caleium bodies in dillerent mall cvele
stages, whole specimens were foed in 96% ethanol o prevent the
dizsaluiion of mineral components. Sections were prepared as
describeed above and stained with eosin, Light micrographs were
captured on an Axiolmager 2.1 microscope (Zeiss) with the HRc
Axiocam camera.

Semithin Sections and Transmission Electron Microscopy
(TEM)

For transmission electron microscopy, pereons of A mfwmes in
different molt evele stages were fixed in 2.3% glitaraldehyde and
2% paralormaldehyde i 001 M eacadylate buller, pH=7.3 m
4°C for several davs. After washing of the fixatve with 001 M
cacodylate haffer, tissues were postfived with 1% agueons OaC)y
lior I by debyvdrated inoan ethanol seres and embedded in Spure’s
resin [SP1. Semithin sectons (0.5 pm) were transforred o glass
alides, stained with Asur I and Methylene hlue [12] and imaged
as described [or the parallin sections, Thin sections {70 nm) were
collected on formyvar-coated copper grids, contrasted with uranyl
acetare and lead cirrate and observed with a Ch L0 transmission
electron mucrascope (FEIL The preparaticon procedures for TEM
generally resulted in the loss of calcium minerals from tssnes,

Scanning Electron Microscopy (SEM)

For scanning eleciron miceoscopy, isolated caleiom bodies or
pereon halves were immersed in methanol for several hours and
air dried m order to preserve mineral components. Alternatively,
pereon halves of seme apecimens were fived as for TEM, postlixed
with 1% OsCry for 2h, debydrated inoan ethanol series followed by
two changes of pure aceione and air-dried in Hesamethyldisila-
wane (HMINS) lor the presecvation of soll tissaes, Dy samiples were
attached to brass holders with sibver paine and fractured to expose
the interior. Specimens were coated with a 14 nme thick layer of
platinm vsing a BAL-TEC SCI D50 sputter coater and observed
with a JEOL  JSM-750F  ficld-emision  scanning  electron
MRS,

Micro-Raman Spectroscopy

For micro-Raman spectroscapy, specimens were decapitated
and dissected in absolute ethanol or methancl. Individual caleium
hodies were isolated, air deied, placed on glass shides and covered
with cover ships. For comparison, stermal deposits of Tiferetier albus
(Ioch) were prepared the same way.

Faman spectra were recorded on a Bruker Ramanscope I by
application of laser excitation ai 1064 nm. The laser radiation was
tramsmitted o the microscope with an optical fiber aned focused on
the sample with a long working distance  objective ac =40
magnification. The Raman scattered light was collected with the
same objective and detected with a ligud-nitrogen conled Ge
detector. Specira were averaged frome ~ 1800 interferograms
and apnodised with a Happ-IHenzel function. Al specira were
recorded in the spectral range between 50 and 3600 e with
the nominal resoluton of 4 cm ™!, Laser power at the sample was
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eatimated o be approximately 100 mW. Reducing the laser power
didd not result in sigmificant changes in the Raman spectra.

Results

1. Molting in H. riparius

As i other sopods, the molt i B, rpaner = biphasic (Fie 1AL
with the anterior eodysis following the posterior eodysis n less than
a day. Animals that we observed never consumed the posterior
cxnviac, but ofien consumed the anterior exuviac after the anterior
codvsis,

Although anmals in all melt cycle stages were carcfully
examined, no sternal deposits were ever observed in premaol
angd intramolt specimens  (Fig, 510, Furthermors, the antecior
sternal epatheliom i aotranell stage lacks the ulirastructural
characteristics reported  in other tereestrial isopods during the
resorption of sternal deposis (Fig. 51, such as a hasolateral
imtercellular network and invaginations of the apical plasma
membrane [ 13]. Thus, steenal CallOy deposits ae apparcntly
entirely absent in M. rifaris

2. Mumber, Position and Structure of Calcium Bodies

As demonstrated by sertal secooning and 51 reconstruction
from parallin sections, rwo pairs of calcium bodics are present in
the pereen of AL ggerae (Figs. 1 B-D3. The larger anterior pair
externds from pereonite 4w the middle of pereonite 6 and the
smaller posterior pair from pereonite 6 o pleonite 1. Within
pereonite G, both pairs overlap as the anterior caleium bodies
extend dorsally over the posterior ones; however, we estahlished
that there s no luminal connection between the anterior and
posterior calcium Bodies, Each ealeiom body s an epathelial sac
consisting of a longitudinally oriented medial wbe with a0 smaller
lateral extension (Fig. 1 Bl The organs are positioned ventrally in

Calcium Bodies in Hyloniscus riparius

the body, close to the hindgut and the hepatopancreatic mbes and
the hasal laminace of anterior caleium bodies and hepatopancreas
are closely appesed, The anterior and posterior caleium bodics
dilfer markedly in their contents; therelore, cach pair will be
considered separately.

Each posterior caleium body  consists of a0 single-lavered
cpithelium enclosing layered material (Fig. 2 AL As = evident
from TEM and SEA observations, the posterior caleium bodies
harhor large numbers of rod-shaped  bacteria approximately
18 pm i length and 004 wm in diameter (Figs, 2 B, C), Dense
lavers of cryvstals approcamately 100 nm in size are present among
the bacteria (Figs. 2 1D, Crystals are often associated with thin
laminae, resulting in a laversd appearance of the mineralized
matrix (Fig, 2 17),

The posterior caleiom hady epitheliom is lined apically by
a 45 nm thick extracellular envelope, which encloses the matesal
i the lumen (Fig 3 AL The envelope conzists of a thinner electron
lncent layer facing the lumen and a thicker electron dense layver
contact with the epithelium (Fig. 5 Bl Additional thin laminae are
olten present in the central arvea of the caleium Bsoely humen, The

cyloplazsm ol epathelal cells with intensely folded apical mem-
branes contains numerous mitochondria and abundant electron
dense particles, which form roseties and strocturally resemble
ghveogen (Fig, 3 (0, In addigon, electron dense vesicles (Fig, 3 Ii]
and large organelles Olled with membranows structures (possifly
antophage vacuoles) are common i the cvtoplasm of epithelal
cells (Fig. 3 D). Cells interconnect by subapical adherens junctions
and by more basally positioned septate juncoons (Fig. 5 E).

As i posterior caleium bodies, the wall of the anterior caleiom
bnelics is formed by a single-lavered epitheliom (Fig. 4 A)L bt no
acteria were ever olrerved i their lomen, Inztead, the anerior
caleium badies inintermolt stage contain glassy concretions (Figs. 4 B,
C, Thess concretons consist of a continuous Lever of mineralized

D

Figure 1. Molkting and calcium bodies in Hyloniscus mpanius, (Al An individual shortly after anterior ecdysis, Exuviae of both body-halves are
visible in the prosdmity. (Bl Dark-field image of the posterior (pcb) and anterior [ack) calcum bodies in sitw. (C) An illustration of the position of the
digestive system and the calcium bodies in the bady. Each calcium body consists of a medial tube and 2 lateral extension (ext). (D) 30 reconstruction
of calcium bodies from serial paraffin sections, dorsolateral view, b - hepatopancreas.

doi:10.1371 fjournal pone. 005 E968.9001
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A

D

Figure 2. Structure and contents of the posterlor calcium bodies in intermolt stage. (A) Semithin section through a posterior calcium
by, & single-layered epithelium () encloses the layered, bacteria-cantaining matrix imal, (B Transmission electron micregraph showing bacteria
(bal in the proximity of a lamina (la) within a posterior calcium body. (0] Scanning electron micrograph (aldebyde/Os0, fivation) of the bacteria within
the posterior calcium body. An extraceflular lamina {la) is visible among the bactera (D} Scanning electran micrograph of the matrix within the
posterior calcium bodies {methanc fixation], Layers of crystals (o) and numerous bacterial casts (o) are visible, (B} Scanning electron micrograph
{methanol fixation) of crystals {cr} within the posterior calcium bodies. g - gut, b - hepatopancreas.

doi:10.1371/journal pone.0055968.9002

mrateax Lhist enclosesa centeal cavity (Fags, 40, 1V This cavity cointans covelope in the posterior caleium bodies (Fe 4 HL A notable
numerous phied laminac, the surfaces of which are covered with small difference between the two pairs of organs is that the apical plasma
spheriles less than 1 pomin size | Fig, 4 Bl Adlamina also lines the inner membrane of the anterior caleium body epithelium is nod folded in
surface of the continuous mineralsed matrix, As visible with TEM, the mtermolt stage (Figs. 4 G, H).

the laminae are 10 mm thick and electron dense particles are present
amaong them. The spherules visible with SEM are not preserved 3, Structural Dynamics of Calcium Bodies during the Malt
cduring specimen preparation for TEM. Cycle

The anterior caleium body epithelium in the intermoli stage is Premolt stage. In carlv premolt stage, as the epidermis s
}1Et“l"’t"“f1l“““‘:’ -‘r'ml"“i' ta the psteLInT fb‘li'-'ﬂ”"" hady epithelium symthesizing the new epicuticle, a new eovelope 15 secreted in both
in maost respects. Numerous mitochondria and electron dense pairs of calcium hodies (Figs. 5 A, B The new envelape s formed
panidis ALO prcasit i I:_Ilr\'_unln'riu: cal hody 1']}i1||_1']i.uru (Fig, 4 cver dense plagues on short protrasions of the plasma membrane
G, and its apical side 15 lined by an envelope very similar to the
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Figure 3. Ultrastructure of the posterior calcium body epithelium in intermolt stage. (4] Section through the epithelium (apical side uph
An extracellular envelope (en) lines the folded apical plasma membrane (pm). Mitochondria (m) and electron dense vesicles (vl are present in the
cytoplasm. (B] The apical surface of the posterior calcium body epithelium, The apical plasma membrane forms folds {mfl. The envelope [en) consists
of & proximal election dense and a distal electron lucent layer, A larming [la) s visibbe inside the lumen, 1C) Rosettes of election dense particles [most
likely glycogen) in the cytoplasm of the epithelial cells. (D} An autophagic vacucke (av] in the cytoplasm of an epithelial cell, (E) Junction between two
epithelial cells. The subapical adherens junction [ajl and the mare basally positicned septate junction {sj} are visible. g - glycogen, n - nucleus.

doi 101371/ journal pone O05E068,g003

and is initially discontinuows (Fig. 5 AL In this respeet, the process
af deposition of the new envelope within the caleiom bodies is
ultrastructurally similar o the deposition of the new ntegumental
epicuticle, which s secreted an the sime tme (Fig, 5005 During the
premolt stage, the apical plasma membrane = folded n the
anterior caleinm bodies s well (Fig, 5 I)]. In ather respeets, the
ultrastructure of the premolt stage caleium body epithelia is similar
o that of epithclia in the intermaolt siage,

PLOS OME | www plosone.org
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After the new envelope s synthesized, additional mincralised
matrix s formed in the space between the detached old envelops
and the new emvelope i hath pairs of caleium bodies. Inthe
posterin calewm bodies, a glassy laver of mineralized  maimx
develops e the space between the old envelope and the new one
[F'i[-_:_x. 5 E, I":I. Small sphervules may also form along the laminase
positioned central o the old envelope (Fige 5 F). In the anterior
calcium hadics, the old envelope appears @ be incorpocaicd int
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Figure 4. Anterior calcium bodies in intermolt stage. (4] Semithin section through an anterior calcium body (ack). An epithelium (e} forms the
wiall of the organ. An agglomeration of laminae (1a] is visible in the lumen. Mireral content was lost during tissue preparation. (B] Mimeral concretion
froom the medial tube of an anterar calcium body, [(C) Scanning electran micragraph of a fractured mineral concretion fram an anterior calcium body
{methanal fixation) with a central cavity (ca). (D Scanning electran micrograph of a fractured anterior caldum body (methanol fixation] showing
a continuous layer of mineralized matri: {ma) formed around the central cavity (ca) with folded laminae. {E) Higher magnification scanning efectron
rikcrograph showlng small spherules (sp) on the suface of laminae (la) within the central cavity, F) Transmission electron micregraph of the laminae
(la} within an anterior calcivm body. (G Cross-section through the anterior calcium body epithelium, The otoplasm of epithelial cells containg
numerous mitochondria {ml, electron dense vesicles (v) and autophagic vacucles {av)l. The apical plasma membrane is not folded. (H} The apical
surface of an epithelial cell (e). The apical plasma membrane is lined by an envelope (en) consisting of a proximal electron dense and a distal electran
lucent layer. Mumeraus laminae (la) are visible in the lumen, h - hepatopancreas, i nucleus.

dai:10.137 fjournal pone. 0053968, 004

PLOS OME | www.plosone.ong & hiarch 2013 | Volume 8 | lssue 3 | e58968

67



Vittor M. Zgradba sekrecijskih epitelijev in mineralizacija zunajceli¢nega matriksa ... mokric (Crustacea: Isopoda).
Dokt. disertacija, Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

Calcium Bodies in Hyloniscus riparius

Figure 5. Calcium bodies in premolt stage. (A} Synthesis of the new envelope (arrows) in an anterior calcium body. The new envelope is
discontinuous and is deposited ower shart protrusions of the apical plasma membrane, The ald enveloge (oe) is detached, (B) Synthesis of the new
ervelope larraws] in the pasterior calcium bodies, (C) Synthesis of the tergal epicutiche (arrow) in early premolt stage. & forming cuticular scale (sc)is
visile. (D The apical surface of the anterior calcium body epithefium in late premalt stage. The folded apical plasma membrane (pmy} is lined by the
new envelope inel. [E) Differential interference contrast image of a posterior calcium body in late premolt stage (eosin stain), A glassy layer (gl of
mineralized matrix is present between the bacteriz-containing central matrix lcm) and the epathelivm (). (F) Scanning electron micrograph of the
glassy layer (gl) in a fractured posterior calcium body (methanod fixation). Small spherules are visible on the laminae ila) in the outer parts of the
central matrix. [G) Differential interference contrast image of a premolt stage anterior calcium body [eosin stain). The old envelope (oe) is embedded
i the mineralized matrix {mal. The new envelope ine) lines the epithelium (el ba - bacterium, 3 - ecdysial space, b - hepatopancress, m -
mitochondrion,

doi:10.1371/journal. pone 0058968 gO05
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the forming mineralized matrix {Fig. 5 G), which resembles the
mateix prescnt within the Jumen in intermalt stage,

Intramolt stage. The ultmstructure of the posterior caleium
hody epithelium in mramaolt stage specimens appears unaltered
wilh pespect 1o the premoll stage epithelium [Fig, 6 Al By contrast,
the apical epithelial surface in the anterior calciom bodies in
intramolt stage is greatly enlarged by the formaion of numerons
membrane folds (Fig. 6 Bl In addivien, electron dense granules
100w i diameter are present in the inerecllular spaces
between adjacent epithelial cells (Fig, 6 Bl These granules are
formed on short protrusions of the Jateral plasma membrane (Fig, G
C) and are present basally wo the subapical cell junctions,

The marerial within caleium hodies in inteamaolt stage s similar
to that found in late premaolt stage, Le. the matrix of the anterior
calcium bodics s extensive (Figs 6 1) and the glassy laver in the
posterior caleium bodies s well developed ot shown), However,
the outer surface af the mineralized marix formed doring the

Calciumn Bodies in Hyfonizcus riparius

premolt stage in anterior calcium bodies appears ewched, which
siggests that the matrix i@ being cdhssolved n intramolt stage,
Radially oriented columns of small granules about 50 nm in
ciameter) are visible on the ciched surface (Figs. 6 1, E),

Postmolt stage. During the st day lollowing anterce
eodysis, the epithelial cells in both pairs of calcium bodies have
a deeply Tolded apical membrane, electron dense granules in the
hasolateral pants of the spaces between adjacent cells are numerous
(Figa. 7 A-E). A1 this time, the glassy laver is still present within the
posterior caleium bodies and the anterior caleivm bodies contain
variable amounts of mineralized marix (Figs. 7 F, G).

Two dayvs after the amterior eodysis, the ulrastrocture of the
calcium body epithelivm is restored 1o its intermelt siage condition
(Figs. 8 Ao Bl Electron dense granules are absent from the
intereellular spaces hetween epithelial cells and adjacent plasma
membranes are in close apposition. Inantenor calem bodies, the
apical plasma membrane s smooth and lacks invaginations,

Figure 6. Calcium bodies in intramolt stage. (A) The posterior calcium body epithelium is unaltered with respect to the intermalt stage. (B} The
anteriar calcium body epithelium forms deep apical membrane folds (mf). Electron dense granules (arrows) are present in intercellular spaces
between neighboring cells. Mineral components were lost during tissue preparation. (C} Formation of electron dense granules in intercellular spaces
of the anterior calcium body epithelium on short protrusions (arrows) of the plasma membrane. (D) The mineralized matrix (ma) in an anterior
calcium body, The auter surface of the mineral concretion (upper left side of image) appears etched (arrowhead), The embedded old envelape (o)
separates two layers of the mineralized matrix (ma). (E) Higher magnification of the etched surface of the mineralized matrix within an anterior
calcium body showing granular material arranged in radial threads. The surface of the concretion is to the upper left side of the image. bl - basal
lamina, | — cell juncticn, | - calcium body lumen, m- mitochondrian, ne - new envelope, o2 - old emvelope.

cei 10,137 jaurnal pone. 005E068.4006
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Figure 7. Calcium bedies one day after anterior ecdysis. {4 The pasterior calcium body epithelium (apical side up) with apical membrans
folds (rmf) and electron dense granules (arrow) in intercellular spaces between nelghboring cells, (B) The anterior calcium bady epithelium (apical side
upl. Folds (mi)y ef the apical plasma membrane reach deeply inte the epithelive, Electron dense granubes of varying sizes {armaws] are present in
intercellular spaces. {£) Oblique section through the apical part of the anterior calcium body epithelium showing numercous folds of the apical plasma
membirane. (0} Obligue section through the apical part of the posterior calcium body epithelium with numerous membrane fiolds and mitochondria
trml. (E] High magrificaticn image of the election dense granules in intercellular spaces of the anterior calcium body epithelium. (F) Paraffin section of
the posterior calcium body (eosin stain) showing the glassy layer igll, which is still present after anterior ecdysis, (Q) Paraffin section of the anterior
calcium body [eosin stain) showing the presence of mineralized matrix (ma) within it cm - central matrix, & - epithelium, | — lumen, n - nucleus.
doi 101371 journal pene 005 B068,0007

whereas in the posterior caleinm bodies, the apical membranse that  the  mineralized  matrix o anterior calcium bodies @
folds are sull present. The posterior calciom bodies lack a glassy completely degraded during the twoe days following exoviation,
Taver al this stage; however, the bacteria and ervstals remain in the

central marrix (. & C). The anterior caleim bodies, on the 4. Micro-Raman Spectroscopy

ather band, are complerely devedel of the mineralized marrix and The Raman spectrum of the bacteria-containing central matnx
only numercus laminae remain in the lumen (Fig. 8§ DV, showing  within posterior caleiun bodies (Fig. 9 A} demonsirates the
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Figure B. Calcium bodies two days after anterior ecdysis. (4] The posterior calcium body epithelium. Epithelial ultrastructure is similar to that
of the intermolt stage epithelum. (B) The anterior calciem body epithelium, The apical surface af epithelial cells is no longer folded and adjacent cells
are in close contact, |C) Paraffin section (eosin stain) of a posterior calcium body (pcbh Mo glassy layer is present. (D} Paraffin section (eosin stain) of an
anterior calcium boedy (ach). The lumen is devoid of mineral and anly organic laminae ({la] are visible within it. ba - bacteria, & - epithelium, en -
envelope, h - hepatopancreas, | - cell jumction, m - mitochondrion, mu - muscle, n - Auclews,

doi10.1371 journal pone 0058368, G00R

presence of carbonated apatite [14,15]. The prominent peak a
A5} cm ! covresponds to the vy streching of POy [14,16] and the
peak al 433 1o the va steetching of POY, i apatioe T3], The peak
1077 em ™' is contributed by the v, stretching of €O [14], The
demonstraton of carbomated apatite 15 in accordance with the
finding of ervstals within the central matrix using SEM. Ar high
lrequencics the most prominent peak is Ioced o 2933 em™
This peak s associated with ©H siretching and the peak
1453 cm ™" with CH. wagging vibrations [17]. These peaks
demonsirate the presence of large quantities of organic substances
within the cemtral matrix of posterior caleinm hodies and can be
atribeted cither o the abondam bacteria within the mateax [18]
or to orgamc matric components. The broad peak from 3000 w0
3500 ¢m ™ comesponds o OH stretching of bound water [19].
The spectrum of the glassy layer, which develops e the
posterior caloium badies during premolt stage, s characterized by
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three prominent peaks at 954 om ™", 987 em ™' and 1080 cm ™!
(Fig. 9 Bl The peak ar 934 cm_', artributee 1o vy steetching off
Bk, s charactenstc of amorphous caleium phosphate (ACP),
Unlike apatite, which features & narrow peik at about 960 em™ ',
the corresponding peak i ACP 15 broader and shified towards
smaller wavenumbers [13,06G]. An additional peak of similar
intensity at B57 em ! raehes the vy stretehng of POy i caleium
bvdrogen phosphates, Le broshiee [20) and moneae [21]
However, the obtained spectrum docs not allow s wo draw firm
conclusions about the presence of these minerals in the samples, 1F
calcivm Tverogen phosphates contribute o ths peak, the presence
of brushite s more likely, since i dehydration o monetie
generally requires harsh condinons [22]. The peak at 108 cm” !
is the strongest in e spectrom and, considesing the broadness of
this peak, i contributed by amorphos calciom carbamate [15]
The complexity of the spectrum in the 200- 900 cm ! region likely
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Figure 9. Raman spectra of mineralized matrices within calcium bedies. i4) Faman spectrem of the bacteria-containing central matrix in
a posterior calcium body. (B) Raman spectrum of the glassy layer developed during the premolt stage in a posterior calcium body. (C) Raman
spectrum of the concretion within an anterior calcium body. Pozitions of the most prominent peaks are given in cm™ . Asterisks denote spikes.
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results from several mineral phases oecurring together. Unlike the
central martrix, the glassy laver of the posterior calciom bodies
contains relatively small amounts of organic matrix components
and consists mostly of minerals,

The Baman spectrum obtaimed Trom the mineralieed matix
within the anteror calciom bodies [Fige 9 C) demonstrates the
presence of caleite, with peaks at 1086 con™" (symmetric v,
siretching of COy) [25], 715 cm™ " [19], 155 em™ " and 280 em ™'
(caleite  lamice  wibration)  [24]. The characteristic peaks
155 em ' and 280 cm ! distinguish caleite fram amarphious
calcivm carbonate (ACC) [19] as well as vaterite and aragonite
[25]. The spectrum lacks characteristic caleium phosphate peaks
and peaks anribuable w organic components are very small,
Similar specira were obiained from specimens in intermaolt ane
imtramolt stages. Analvsiz of the mineralized matrix in samples
wsoedated mabsclute ethanol and methanol gave wdentical results,

Discussion

The results of this study show that bacteria are present in
calcium bodies ol inchoniscids other than T alfus, in which they

FLOS OME | wwwplosone.org

72

were fivst reparted [7], and are likely a gencral feature of caleiom
bishies, However, unlike T, affus, m which both paircs of caleiam
hodies harbor bacteria and are similar in structure and compo-
sitwom, only the posterior paie of calcivm bodies contaims bacteria
in ff. riganes, whereas the anterior pair 15 devoid of them.

There are two notable differences between the anterior and
posterior caleium hodies of £ rpanias. Firstly, the apical plasma
miembirane of the epatheliom s deeply lded throughour the malt
cycle i the posterior calem bodies, whereas inthe anterior pair
it is smoath in intermall stage and = deeply folded only during
intramalt and postmolt stages and to a lesser extent during premolt
stage, which may be linked o ion rransport and marris secretion.
Secondly, the posterior calcium  bodies  continuously  contain
apatite amd the ransient glassy layer within them contains a high
amount. of calcivm phosphate, whereas the mineralized marix of
the anterior caleium bodies contains only CaCO-containing
transient deposits, Chor resulls are in agreement with the elermental
analysis of calciom bodies in non-molting f apeaes (8], which
demonzirated the presence |:-|"|:!l‘g1; AMMOENS clf]}l1c|x|)l11r|'ux in the
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posterior mincral concretions, whereas no  phosphorus was
detected in the anterior anes,

On the hasis of our results we propose the following model of
mineral deposition and resorption in the caleiom hodies of A
.-j:{m.lr'J.l.-..

Before apolvsis, deposiion of & CaCO-containing mineralized
matrix beging around the laminae in the lomen of anterior caleiom
bodies, In the posterior ealeiom bocdies, only the  bBacteria-
containing matrix mincralized with apatite is present at this time.
Later, the old envelopes detach from the caleium body epithelia
and new envelopes are synthesized, These events are concomitant
with integumental apolysis and the synthesis of the new epicuatcle,
Later m premolt stage, additional mineralzed matrx s formed
between the old envelope and the new envelope in both pairs of
calcinm bodies. In the anterior calciom bodies, the mineralizec
ik centams only CaClOy, whereas i the pasterior caleium
bodies, the newly formed glassy layer contains a mixture of
calcium carbonate and calcium phosphate, mostly i amorphous
foorm, Alier the posterior codvsis, degradation of the mineralizec
miatrix within the caleium bodies begins, The apical surface of te
amterior caleium body epithelium enlanges by forming numerons
membrane folds and calcium ransport across the anterior caleiom
binely epithelium beging, as indicated by the intense Tolding of the
apical epathelial surfaces and he presence o numercus electron
dense granules in spaces between epithelial cells. Following the
anterior ecdysis, degradation of mineralized mats and intensive
translocarion of calcinm take place in both pairs of caleinm hodies.
Within twe days alier the anterior codysis, mineral resorpion lrom
calcium bodies stops and the mtermaolt ultrastructure of caleium
body epithelia s restored. At this poing, the anteror caleiom
bndics are devoid of mineral content, In the posterior caleinm
bodlies, cnly the baclers-containing central matmx with apatite
crystals remains and the glassy laver s completely degraded.

The continuously  folded apical plazma membrane of the
posterior caleium body epithelium indicates a constant high rate
of transepithelial ranspornt in the posterior calcium bodies, This is
probably linked o the maintenance and functional regulation of
the large bacterial poapulaton within the posterior calcium badies,
Epithelia with a highly folded or microvillous apical surface are
also known from organs housing prokaryotic symbionts in other
invertchrates, such as cephalopods [26] and insects [27].

The presence of calcium phosphate in bacteria-containing
caleium bodies i AL apariue (this study) and T2 affus [7] on one
hand, and the absence of caleiom phosphate in bacieria-free
calcium bodies i M. sferes om the other, indicates that the
function of bacteria is linked to calcium phosphate dynamics.
However, bacteria might function in either its formation [28] or s
dissalution [29.30] and firther investigation will be pecessary o
clarily their role.

Raman SpeClroscapy demonstrated caleite in concretions from
the anterior caleium badies, This result s unusual, sinee transient
calcium deposits of crustaceans generally contain ACC [2]. It has
been suggested that the amorphons nature of transient caleium
deposits is linetionally imporiant, sinee ACC s highly soluble and
thus readily resarbed when the need [or calciom anses [1,31].
Preparation methods used i this siody should - prevent the
crystallization of ACC [51.32] and amorphous minerals were well
presevved n sternal cdeposing of T el (Fig. 52 and i the glassy
Laver of posterior caleim bodies. In crustaceans, ACC s generally
stahilized by phosphate fons, proteins, and small organic molecales
[2,23,33]. It 15 noteworthy that stemal deposits contain some
phosphate and large amouns of organic material (Fig, 52,
whereas no phosphate and  comparatvely  small amounts of
orgamic components were detected i the concreoons within
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anterior calcium bodies of f epanes, 15 the CaCOy in anterior
caleium badies is amorphous & sie, which is not excluded, i is
possible that the heating during Baman spectimoscopic mesasure-
ment ciused the ervstallzaion of the samples. Whatever the oy i
condition, CaColy, is readily resorbed from anterior caleium bodies
affer codysis,

The posterior caleium bodies in 8 ey are strocturally and
functinnally similar o the caleinm bodies of 70 afs (7] The
continuously  present crystalline mineral at the center ol the
posterior calcium bodies 15 apatte, as s the case in T albes,
whereas the transient glassy laver contains a mixture of calcium
carbonate and caleium phosphare. Previowsly, energy dispersive
Mepay spectiometty showed  large amconts ol calciom and
phosphorus in the glassy laver in caleium bodies of T afbers
however, the Ca:P ratio was higher than would he expected for
cither apatite or ACF alone 7], which indicated that a misoore of
minerals was prezent in this laver, In A, rparsas, ACC and ACE
form the glassy laver. 1IN brushite 35 also present, as mdicated by
Raman spectroscopy, it should he readily resorbed from caleium
bsnclies since is solubilicy [22] 15 comparable o that of ACC [34].

Unilike the glassy laver, apatite crvstals in posterionr caleaam bodies
are always present and we could not establish any changes w the
hacteria-containing central matrix during the molt oycle. The
same was ohserved in T2 afhis (7] The function of apatite in
citlcium bocies thus remaing unknown,

Calcim phosphare has more ravely been reported in crustacean
caleium deposits than calciom carbonate, 10 represents a small
fraction of the minerals in stemal deposits of Porcedfo sraber [33]
and was also detected in the calcium concretions within the
posterior midgut cacca of Ohelestia savvmaia [23]. Although the
[uncton of caloium phosplates i the postecior caleiom badies s
e known at this paind, it is possible that they represent a reservolr
for phosphorus in addidon w caleium. Iv has been shown that the
tergal cuticle of terrestrial isopods contains measurable amounts of
caleium phosplate [36,37,38,39), predominandy i the proximal
cuticular layers, where it supposedly stabilizes calcium carbonate
in amorphous form [3%). Caleim phosphate i the glassy layer of
the: posterior caleiom hodics could therefore provide a souree of
phosphiate wons necessary for the minevalizaion of the exoskeleton.

[fwe assume that the ciched appearance of the mineralized matrix
within caleium Bodies and tie presence of electron dense granules in
intercellular spaces are indicative of calcium resorption, there i
evidently a delay between the onset of mineral resorption in the
anterior and the posterior caleium bocics, This could be linked o the
iphasic melt, but i we rvelate this sequence of evenis 1o the
composition of the minerals that are resorbed 0 the two pairs of
caleium bodies, we can conclude thar only calcium carbonate s
tesarhed during intearmeh stage, while hoth caleivm carbonate and
citleium phosphate are resorbed during postrmaltstage, the resorption
of caleium phosphate perhaps being linked 0 the phosphae-
stahilized ACC mineralization of the endocuticle [59].

The ultrastructural features of the caleiom body epitheliom
during mineral resorption are nearly idenocal o those reported for
the anterior sternal epithelium during the resorption of sternal
depasits i other oniscids |13, The deeply lolded apical plasma
membrane, an extensive mtercellular network between adpacent
epithelial cells and clectron dense granules forming within these
spaces on membrane protrusions, olsencable in &, dfers, are also
charactenstics of the anterior sternal epithelum during resorption
of the stermal CaCiOy deposits of wrrestrial sopods [13,40]. The
electron dense exracellular granules were shown to contain Ca, W
[40] and P [33] in the werresrial isopod  Pavelie soober, which
indheates that they funetion i tansepithelial caleium wansport
this species. Considering these ultrastructural similanes, i s likely
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that similar cellular processes enable the ransepithelial transport
of caleium in caleium bodies and in sternal deposits of Bsopods.
Similar features were reported in the epitheliom of the posterior
midgut cacea during resorption of mineral concretions in the
amphipod  Crelestia oeiwmme |41 and  the epidermiz  during
resorplion of cuticular calewm in the crab, Heltfersans fransers
[42]. This inchcates that different crustacean groops utilize a similar
mechanism of transepithelial calelum  transport. Imterestingly,
clectron dense granules were oot observed  during mineral
ﬂ'::l:-l'|_‘:l|,i|’r|'| Tram L':!||,"i|,||'|'| |:||::||:|i1,'.* in T rf.l'.':lr.-.'u l?], whi(‘h |'|'|ig|'|l '|)-¢
the comsequence of the generally slower metabolism o this

subterranean species [45] and the consequently lower intensity of

calcium transport.

H. vigaeies b5 the only known errestrial isopod lacking sternal
Clall0)y deposits apart from the vlid Helfeda Seertoemds, which was
reporied o store calciom in the hemobanph 8], Sternal deposits
are utilized by representatves of all major lineages of temresirial
isopods, including Tylidae [#], Ligidac [44.45], at least three
members of Synocheta [H,46], and all stdied Crinochera [43].
Dyespite many different views on oniscidean phylogeny [47], the

absence ol stermal deposits in Ayl s likely the resull of

secondary reduction considening  their presence i so many
ontscidean lineages. [t is possible that the anterior caleium hodies
funcrionally replace sternal CaCiOy; deposits in this species.

Complete reliance on internal - caleiim deposits may he
advantageous fram the perspective of (he tming of mineral
deposition amd  resorption processes, CaCod; deposits in the
eodvsial space can only start forming after the onset of apolvsis, By
contrast, mineral can already be depogited in caleium hodies
hefore this point in the moling eyele, and our results demonstrae
l|'|.'|.|, l|'|i5 i the TR in :.Il'll,l"t'il'rl' 1,’;||-;'i|.|r't'| |.'J|’|-(|i|:;5 ol M. r”:':.’m.lf.'.l.n..
Whether the matrix formed at this point s mineralieed wath
dictary calcium or with caleium resorbed from the exoskeleton
remains o be established. Furthermore, stermal  deposits are
necessarily degraded during a relatively short period ininramol
stage iF the animal is 1o avoid loesing them with the anterior
exuviae, The time available for the resorplion of steenal depaosils is
thus limited 1o this narrow timelrame, which s impractical, as
much of the endocuticle, in particular of the anterior body-half, i=
synthesized after the anterior ecdysis and calcium is still required
for ws mimeralization i postmolt stage [4]. Caleiom from an
internal deposit, on the other hand, can be resorbed afier codvsiz
and we demonstrated that resorption of minerals from both pairs
of calewm bodies m f sfenns = most mtensmve during the
postmoelt stage. Furthermore, the chemical eovironment within an
imternal epithelal compartment may be more efficiently regulated
compared to the ecdyaial space, making the utilization of calcium
Bodies energetieally Tavorable,

We could not establish any luminal connections between the
calcivm bodies and the digestive system. However, they are
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located close to digestve organs and the basal lamina of the
caleium body epithelivm is often in direet contact with thar of the
heparopancreas. 10 i therefore possible thar ions are iransporied
almcs divectly between the calciom bodies and components ol the
digestive system despite the absence of a luminal connection.

O results demonstrate that new envelopes are formed by the
calcium body epithelivm belore each mall. Since caleiam bodies
are closed compartments, this should lead e accumulation of old
civelopes within the calcium body  lumen unless they  are
degraded. Since numerows laminae are observable within the
lumen o bath pairs ol calciom bodies, and the structure and
thickness of these laminae are identical w the eleciron lucent
sublayer of the caleium body envelopes, it is likely that they are
indeed accumulated remnants of old envelopes, secreted during
previous molts. The mimeralized marix formed in the premaolt
stage is closely associated with the old envelopes. It is therefore
possibale that the old envelopes Bucion i the mitaion of mineral
deposition,

Suppeorting Information

Figure 51 Absence of sternal deposits in Hyloniscus
riparins, () Ventral view ol anterior pereonites in late premall
stage. Mo sternal deposits are visible onthe anterior stermites {s1).
(B} Ventral view of anterior pereonites in intramalt stage. No
sternal deposits are visible, (C) The anterior sternal epithelinvm in
intramaolt stage. The epithelivm {e] lacks pronounced  apical
miembirane invaginatons, epithelial cells are in close contact with
cach other and no electron dense gramules are visible
mtercellular spaces. ot — cephalothorax, es — eodvsial space, |
cell junction, ne — new cuticle.

[TIF)

Fignre 52 Raman spectrum of siernal deposits in
Titanethes albus, Positions ol the most prominent peaks are
given in em” ' Asterisk denotes spike, The preaks at 957 em ™",
1081 em ™", and 2935 em™" are contibuted by calcium phos-
phate, caleinm carbonate, and organic components, respectively.

(TIF)
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3. RAZPRAVA IN SKLEPI

3.1 SINTEZA KUTIKULE PRI TRIHONISCIDIH IN NOVI PODATKI O PROCESU
SINTEZE KUTIKULE CLENONOZCEV

Sintezo kutikule pri jamski mokrici smo podrobno preucili s presevno elektronsko
mikroskopijo. Ultrastrukturne znacilnosti epiderma so med levitvijo jamske mokrice enake
kot pri poviSinskih mokricah (Price in Holdich, 1980b; Ziegler, 1997) in pri drugih rakih
(Koulish in Klepal, 1981; Buchholz C. in Buchholz F., 1989; Compére, 1995).
Ulrastruktura epielija bolj ustreza novejSim opisom (Ziegler, 1997), s starejSimi porocili
pa je v manjSem soglasju. Tako Price in Holdich (1980b) pri vzorcih v zgodnji
predlevitveni fazi navajata vakuoliziranost epitelijskih celic, ki je na nasih preparatih
nismo opazili in bi bila lahko posledica njune priprave vzorcev (Ziegler, 1997).

Po apolizi je apikalna plazmalema oblikovana v kratke izrastke z elektronsko gostimi
podrocji, na katerih se sintetizira organski matriks. Najprej celice izlo¢ijo epikutikulo, ki je
na zaCetku na veCih mestih prekinjena. Nekateri avtorji menijo, da se epikutikula sintetizira
v odsekih (Koulish in Klepal, 1981; Ziegler, 1997), kakor je s presevno elektronsko
mikroskopijo videti na precnih prerezih. Nasi rezultati kazejo, da sinteza epikutikule
poteka drugade. Na mikrografijah poSevno prerezanega integumenta je vidno, da se
epikutikula sintetizira v zvezni plasti, ki je perforirana. Med sintezo epikutikule se
oblikujejo tudi epikutikularne luske. Rezultati naSe raziskave ne podpirajo predhodnih
interpretacij tega procesa, ¢eprav so mikrografije, objavljene v literaturi, podobne nasim.
Drugi viri navajajo, da luske nastanejo kot izvihki epikutikule, v katere se proksimalno
dodajajo pregrade, zaradi Cesar se izvihki daljSajo (Price in Holdich, 1980a; Powel in
Halcrow, 1984). V nasprotju s tak$§nim modelom nastajanja lusk smo na podlagi nasih
rezultatov zakljucili, da luske nastajajo na vzporednih izrastkih apikalne membrane, ki sta
jih opazila ze Powel in Halcrow (1984), in so jasno vidni na naSih mikro grafijah. Celi¢ni
izrastki v nastajajoCi luski omogocajo dodatno nalaganje matriksa in debelitev luske, ki se
zgodi pozneje med sintezo epikutikule. Tega procesa predhodne razlage tvorbe lusk ne
predvidevajo, Ceprav ocitno poteka. Pregrade, ki so vidne v luskah na zaCetku njihove
sinteze so najverjetneje zgolj deli matriksa epikutikule med sosednjimi celi¢nimi izrastki.

Pozneje v predlevitveni fazi se razmeroma hitro izoblikuje eksokutikula (eksokutikula
jamske mokrice se sintetizira v dobrem tednu, medtem ko sinteza epikutikule pri tej vrsti
traja okoli pet tednov). Med sintezo eksokutikule so v apikalni citoplazmi epitelijskih celic
prisotni elektronsko gosti vezikli, ki so jih opazili tudi pri drugih vrstah rakov (Koulish in
Klepal, 1981; Ziegler, 1997) in so verjetno sekrecijski. V tej fazi smo opazili tudi
izrazitejSe nagubanje apikalne plazmaleme. Ko se eksokutikula debeli, postajajo daljsi in
izrazitejSi tudi porni kanali ter celini izrastki v njih. Sinteza eksokutikule v sprednjem
delu telesa nekoliko zaostaja za sintezo v zadnjem delu. Po levitvi posameznega dela telesa
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potece sinteza endokutikule razmeroma hitro, zgolj v enem tednu. Endokutikula se prav
tako sintetizira nad elektronsko gostimi podrocji na kratkih izrastkih apikalne plazmaleme.
V polevitveni fazi postanejo porni kanali manj elektronsko gosti, kot so bili med sintezo
eksokutikule in so na mikro grafijah neizraziti.

Nasi rezultati kazejo, da sta se med prilagajanjem jamske mokrice na podzemeljsko okolje
zmanjsali z golj pogostost levitev in hitrost sinteze kutikule, ki pri jamski mokrici poteka
dva- do Stirikrat pocasneje kot pri poviSinskih mokricah (Steel, 1980), medtem ko so
celi¢ni procesi, povezani s sintezo kutikule podobni kot pri drugih vrstah, pri katerih so bili
opisani. Zanimivo je nagubanje apikalne plazmaleme epidermalnih celic jamske mokrice v
pozni predlevitveni fazi, ki do sedaj pri enakonozcih ni bilo opisano, vendar je res, da se je
ve¢ina dosedanjih raziskav (Ziegler, 1997; Glotzner in Ziegler, 2000; Strus in Blejec, 2001)
ukvarjala s sterniti in ne s tergiti. Podobno nagubanje je bilo opazeno med sintezo
eksokutikule pri vrsti krila Euphausia superba (Buchholz C. in Buchholz F., 1989).
Funkcija nagubanja apikalne plazmaleme ni jasna, lahko pa odraza pospeSeno izmenjavo
snovi z levitvenim prostorom, morda v povezavi z resorpcijo snovi iz stare kutikule.

Pri zuzelkah prihaja po levitvi do dodatnih strukturnih sprememb kutikule (Wigglesworth,
1948). Tudi pri kopenskih enakonozcih je Compére (1990) opisal nastanek dodatnih plasti
epikutikule z vrivanjem novih plasti med Zze obstojeCe v polevitveni fazi. Podobnih
sprememb epikutikule po levitvi pri jamski mokrici nismo opazili, kar je lahko povezano z
razmeroma preprosto zgradbo epikutikule jamske mokrice. Epikutikulo sestavljata notranja
in zunanja epikutikula, slednja pa pri jamski mokrici ni slojevita (Hild in sod., 2009),
medtem ko pri drugih kopenskih enakonozcih zunanjo epikutikulo obiajno sestavlja vec
slojev. Pri O. asellus je bilo npr. opisanih sedem slojev zunanje epikutikule (Ansenne in
sod., 1988; Compére, 1990). Vecslojna naj bi bila tudi zunanja eksokutikula pri rodu
Armadillidium (Ansenne, 1988). Pri H. riparius smo opazili dodaten sloj v zunanji
epikutikuli (Priloga A) in vse kaze, da se tudi pri tej vrsti dodatni sloj oblikuje po levitvi
(osebno opazanje). Odsotnost modifikacij epikutikule po levitvi je torej med preucenimi mi
znacilna zgolj za jamsko mokrico. Do strukturnih sprememb epikutikule po levitvi prav
tako ne pride pri obrezni rakovici Carcinus maenas (Compére, 1995) ter krilu Euphausia
superba (Buchholz C. in Buchholz F., 1989). Morda sta odsotnost modifikacij epikutikule
po levitvi in njena preprosta zgradba posledica amfibijskega naCina Zivljenja jamske
mokrice.

Price in Holdich (1980b) omenjata deformacijo eksokutikule po levitvi, ki naj bi jo
povzrocila sinteza endokutikule. Tudi tega pojava nismo opazili pri jamski mokrici, pri
kateri je nova eksokutikula pred levitvijo in po njej videti enako. Morda sprememba
strukture eksokutikule pri navadnem pasavcku (Armadillidium vulgare), ki sta ga
preucevala Price in Holdich, izhaja iz mineralizacije tega sloja s kalcitom (Hild in sod.,
2008). Kalcitni sloj namrec pri pasavcku sega mnogo globlje v eksokutikulo kot pri jamski
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mokrici (Hild in sod., 2009).
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Slika 6: Primerjava deleZev posameznih kemijskih komponent v kutikuli jamske mokrice (Titanethes albus)
in navadnega praSicka (Porcellio scaber).
Figure 6: Comparison of relative amounts of di fferent chemical components in the cuticles of Titanethes

albus and Porcellio scaber.

Kot kaze, med poviSinskimi in jamskimi mokricami ni velikih razlik v zgradbi kutikule
integumenta. Primer jamske mokrice se ne sklada z ugotovitvami, da je kutikula
integumenta jamskih ¢lenonoZcev tanj$a in manj mineralizirana kot pri povsSinskih zivalih.
Kutikula integumenta jamske mokrice (Hild in sod., 2009) je mineralizirana enako mo¢no
kot pri navadnem praSicku (Neues in sod., 2007), t.j., enak delez celokupne suhe mase
kutikule predstavljajo mineralne komponente. Sestavi kutikule jamske mokrice in
navadnega praSicka sta skoraj enaki (slika 6), vecje razlike pa se pojavljajo med razlicnimi
povrSinskimi vrstami (Neues in sod., 2007). Hild in sod. (2009) so zakljucili, da vsebuje
kutikula jamske mokrice manj magnezija, kot ga najdemo pri drugh enakonozcih.
Kutikula jamske mokrice (~9 pum pri 12 mm dolgi zivali) je tanjSa kot pri primerljivo
velikih predstavnikih skupine Crinocheta (Hild in sod., 2008), vendar je mozno, da imajo
predstavniki skupine Crinocheta debelejSo kutikulo zaradi svoje evolucijske zgodovine ali
naseljevanja bolj suSnih habitatov od trihoniscidov (Schmidt, 2008). Podatki, ki so na
razpolago, ne dopuscajo dokoncnih zakljuckov glede tega, ali je kutikula jamske mokrice
tanjSa od preucenih predstavnikov skupine Crinocheta zaradi prilagoditve na jamsko
okolje, zaradi amfibijskega naCina Zivljenja ali zaradi posebnosti skupine Synocheta.
Podatkov o kutikuli drugih skupin enakonozcev ni veliko, ¢e pa debelino kutikule ocenimo
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na podlagi slikovnega materiala v objavljenih publikacijah (Znidar3i¢ in sod., 2012), je
kutikula pri pobrezni mokrici Ligia italica debela priblizno toliko kot pri jamski mokrici.
Kutikula H. riparius je tanjsa od kutikule jamske mokrice (slika 2), vendar je H. riparius
tudi precej manjsi (telesna dolzina do 5 mm).

Slika 7: Tubuli in celi¢ni izrastki v levitvenem prostoru jamske mokrice v medlevitveni fazi. Levo:
pripenjanje tubulov na epikutikulo. Desno: celi¢ni izrastek, ki sega v staro kutikulo.
Figure 7: Tubules and cellular extensions in the ecdysial space of Titanethes albus in intramolt stage. Left:

the attachment of tubules to the epicuticle. Right: a cellular extension reaching into the old cuticle.

V levitvenem prostoru jamske mokrice smo v predlevitveni in medlevitveni fazi opazili
Sope tubulov, debelih okoli 20 nm. Zunajcelini tubuli nanometrske debeline so bili
opazeni v levitvenem prostoru tudi pri nekaterih drugih mokricah. Na sternitih sta jih npr.
opazila Glotzner in Ziegler (2000) pri vrsti Ligidium hypnorum, pri pobrezni mokrici Ligia
italica pa o njih poro¢ajo Strus in sod. (2003). Pri pobrezni mokrici so opazili, da so tubuli
lahko povezani z mineraliziranimi sferulami v levitvenem prostoru (Strus in Tu$ek-
Znidari¢, 2005). Tubuli so zunajceli¢ne strukture, pritrjajo se na epikutikulo in jih verjetno
sestavljajo proteini. Njihova funkcija ni jasna. Gl6tzner in Ziegler (2000) sta predlagala, da
pomagajo pri vezavi vode, vendar te domneve nista podprla. Zelo podobne, a krajse (do
400 nm dolge) tubularne strukture prekrivajo dorzalno povrsino kutikule pri morskem
ceponozcu Porcellidium viride (Gharagozlou-van Ginneken in Bouligand, 1975).
Zanimivo je, da pri jamski mokrici tubuli niso razporejeni po celotni povrSini nove
kutikule, ampak se obicajno pojavljajo v Sopih v povezavi s celi¢nimi izrastki, ki segajo v
levitveni prostor. Naknadne raziskave so pokazale, da celi¢ni izrastki v sredini Sopov
tubulov segajo vse do stare kutikule (slika 7). Povsem mozno je, da gre v resnici za
dendrite e neznanega kutikularnega ¢utila. Ce gre za dendritske izrastke, je v Cutilu
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prisoten zgolj en dendrit, obdaja pa ga, kot kaze, ena sama ovojna celica. V elektronsko
gosto ovojnico ovit izrastek, ki sega skozi levitveni prostor, lahko predstavlja senzori¢no
povezavo morebitnega Cutila s staro kutikulo v predlevitveni fazi. TakSne povezave med
starimi in nastajajo¢imi senzilami obstajajo med levitvijo pri deseteronozcih (Kouyama in
Shimozawa, 1984), pri enakonozcih pa do sedaj Se niso bile opazene. Price in Holdich
(1980b) sta predpostavila, da se senzori¢ne povezave s staro kutikulo v predlevitveni fazi
pri kopenskih enakonozcih prekinejo. Nasi rezultati tega ne potrjujejo, a tudi nedvoumno
ne ovrzejo. Smiselno bi bilo nadaljnje delo na tem problemu s serijskimi ultratankimi
rezinami integumenta zivali v predlevitveni fazi.

3.2 KALCIJEVA TELESCA

Kalcijeva telesca so prisotna pri obeh obravnavanih vrstah rakov. Za veliko jamsko
mokrico je ta podatek nov, vendar pricakovan, ker o prisotnosti kalcijevih telesc porocajo
pri mnogih trihoniscidih (Verhoeff, 1926; M éhely, 1932), tudi pri nekaterih drugih jamskih
predstavnikih te druzine (Verhoeff, 1927). Kaze, da so kalcijeva telesca sploSna znacilnost
trihoniscidov. Do sedaj (vklju¢no s to raziskavo) so bila opazena pri 19 vrstah iz 9 rodov,
med njimi pa so predstavniki obeh poddruzin trihoniscidov, Trichoniscinae in
Haplophthalminae (Tabela 1). Za nobenega trihoniscida do sedaj ni bilo ugotovljeno, da
nima kalcijevih telesc.

Kalcijeva telesca so zaprte epitelijske vrecke, oblikovane v longitudinalno usmerjeno
osrednjo cev z manjSim lateralnim izrastkom. Epitelij kalcijevega telesca na luminalni
(apikalni) strani prekriva zunajceli¢na ovojnica, ki je tanjSa od 500 nm. Lumen kalcijevega
telesca zapolnjujejo Stevilne bakterije, ki so razporejene v plasti, locene z nekaj
nanometrov debelimi laminami. Med bakterijami se pojavljajo kristali apatita, ki so bolj
koncentrirani v osrednjem delu lumna in v bliZini lamin.

Obicajno so kalcijeva telesca prisotna v zadnjih treh clenth pereona, segajo pa tudi v
zaCetek pleona (Mcéhely, 1932; Ziegler, 2003). Med preucenimi vrstami je izjema rod
Hyloniscus, pri katerem anteriorni par kalcijevih telesc sega tudi anteriorno od 5. pereonita.
Nahajajo se ventrolateralno v osrednji telesni votlini ob hepatopankreasu. Ce nase rezultate
primerjamo s predhodnimi poro€ili (Verhoeff, 1926; M¢hely, 1932; Ziegler, 2003) in
upostevamo naSe ugotovitve glede Stevila teh organov pri H. riparius, za katerega si
podatki iz literature nasprotujejo (Méhely, 1932; Ziegler, 2003), lahko zaklju¢imo, da
imajo trihoniscidi po dva para kalcijevih telesc.

80



Vitton M. Zgradba sekrecijskih epitelijev in mineralizacija zunajceliénega matriksa ... mokric (Crustacea: Isopoda).
Dokt. disertacija, Ljubljana, Univ. v Ljubljani, BiotehniSka fakulteta, 2013

Tabela 1: Prisotnost kalcijevih telesc pri trihoniscidih.

Table 1: Presence ofcalcium bodies in trichoniscids.

Takson

Vir

Aegonethes cervinus

Alpioniscus strasseri

Androniscus
dentiger
roseus

Cyphoniscellus gotscheensis

Haplophthalmus montivagus

Hyloniscus
mariae
riparius
siculus
transsylvanicus
vividus

Tachysoniscus austriacus
Titanethes albus

Trichoniscus
corniculatus
noricus
pygmaeus
pussilus

Verhoeft, 1931

Verhoeft, 1927

M éhel§j, 1932
Ziegler, 2003

M éhel§j, 1932

Ziegler, 2003

M éhely, 1932
M éhely, 1932; Dudich, 1932; Ziegler 2003
M éhely, 1932
M éhely, 1932
Méhely, 1932

Méhely, 1932
Vittori in sod., 2012
Verhoeft, 1926
Méhely, 1932

M éhel§j, 1932
Ziegler, 2003

Rezultati nekaterih starejSih raziskav, zlasti M éhelyjevega dela (1932), se glede Stevila in

velikosti kalcijevih telesc od naSih ugotovitev precej razlikujejo. To lahko v celoti
pojasnimo, ¢e uposStevamo metode, uporabljene v razli¢nih raziskavah. M éhely je kalcijeva

telesca preuceval z barvanjem celih Zivali, ki jih je zbistril in diferenciral v kislih

raztopinah. Zaradi uporabe takSnega postopka lahko predvidevamo naslednje: (1) da je v
tkivu ostal in se obarval le izrazito netopen apatit, bolj topne kalcijeve soli, kot so kalcijevi

karbonati in amorfni kalcijev fosfat (ACP), pa so se v kislem mediju raztopile; (2) da
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dejanskih mej organa, ki jih predstavlja epitelij, ni bilo mogoc€e opaziti, ker so mehka tkiva
med pripravo vzorcev postala prosojna; (3) da so bili posledi¢no organi videti man;jsi, ker
se skupki apatita nahajajo v osrednjem delu organa. Lateralni izrastki so bili lahko videti
kot loceni organi, ker so skupki apatita v njih ne stikajo nujno s skupki v osrednji cevi
organa (npr. pri H. riparius).

Iz podobnih razlogov so nasi rezultati glede Stevila in polozaja kalcijevih telesc pri H.
riparius drugacni od Zieglerjevih (2003). V nasi raziskavi smo se ob mineraliziranem
matriksu osredotocili tudi na epitelij kalcijevih telesc in organske komponente njihove
vsebine, torej na kalcijevo telesce kot organ. To je glavna razlika v primerjavi s
predhodnimi raziskavami, ki so se osredotocale izklju¢no na minerale znotraj kalcijevih
telesc in posledi¢no dale drugacne rezultate glede Stevila in polozaja kalcijevih telesc.

Kot je bilo pokazano pri H. riparius, izlo¢i epitelij kalcijevega telesca novo ovojnico v
zgodnji predlevitveni fazi, socasno z zacetkom izloc¢anja epikutikule integumenta. Stara
ovojnica se pred tem loci od epitelija kalcijevega telesca in okoli nje se oblikuje plast
mineraliziranega matriksa, ki po levitvi ni ve¢ prisotna. Ceprav pri jamski mokrici sinteze
nove ovojnice nismo uspeli opaziti, je potek dogodkov pri tej vrsti verjetno podoben in tudi
tu se steklast sloj matriksa oblikuje okoli lamine, ki je najverjetneje prejSnja ovojnica.
Stevilne tanke lamine v notranjosti kalcijevih telesc so zelo verjetno ovojnice, ki so se
locile od epitelija v predhodnih levitvah in se nato delno razgradile.

S presevno in vrsticno elektronsko mikroskopijo smo ugotovili prisotnost Stevilnih
prokariontskih organizmov v kalcijevih telescih jamske mokrice in v posteriornih
kalcijevih telescih H. riparius. To ugotovitev smo dodatno podprli s hibridizacijo in situ, ki
je potrdila prisotnost evbakterij v kalcijevih telescih. Kalcijeva telesca, ki vsebujejo
bakterije, so z njimi popolnoma zapolnjena, bakterije pa so bile prisotne pri vseh
pregledanih osebkih (okoli 30 osebkov jamske mokrice in okoli 60 osebkov H. riparius).
Prisotnost bakterij v kalcijevih telescih je nepricakovan rezultat. Do sedaj pri rakih ni bil
znan noben depozit kalcija, ki bi vseboval veliko Stevilo bakterij. Tako velika bakterijska
populacija nedvomno moc¢no vpliva na kemijsko okolje v kalcijevih telescih in njihova
prisotnost ima skoraj gotovo funkcionalen pomen, vendar na podlagi podatkov, ki so
trenutno na voljo, tezko sklepamo o njihovi funkciji. Pri H. riparius smo ugotovili, da
prisotnost bakterij sovpada s prisotnostjo kalcijevega fosfata v kalcijevih telescih. To
nakazuje, da je funkcija bakterij povezana z dinamiko matriksa, mineraliziranega s
kalcijevim fosfatom. Bakterije morda sodelujejo pri nalaganju kalcijevega fosfata in
njegovi stabilizaciji v doloCeni obliki, pri ¢emer bi lahko imela pomembno vlogo
bakterijska alkalna fosfataza, ki sproSca fosfatne ione iz organskih molekul (Hirschler in
sod., 1990; Benzerara in sod., 2004). Ker bakterije kalcijeve ione, ki vdirajo v celico iz
okolja, aktivno vracajo v medij ter s tem vzdrzujejo nizko koncentracijo kalcija v celici,
lahko pride do lokalnega koncentriranja kalcija na povrSini bakterijske celice, kjer se lahko
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veze na kisle molekule na celicni povrSini ali na fosfatne skupine membranskih
fosfolipidov, s Cimer se zacne mineralizacija (Benzerara in sod., 2004 ; Rivadeneyra in sod.,
2012). Rivadeneyra in sod. (2012) so pokazali nalaganje amorfnega kalcijevega fosfata v
obliki sferul na povriini bakterij rodu Chromohalobacter. Ce je mineralizacija potekala
dlje, se je okoli sferul ACP nalozil tudi aragonit. Po drugi strani lahko bakterije sodelujejo
tudi pri raztapljanju kalcijevega fosfata (Welch in sod., 2002), ki ga lahko povzrocijo z
zakisanjem medija (Welch in sod., 2002), verjetno pa tudi z aktivnim privzemanjem
fosfatnih ionov in poslediénim niZanjem njihove koncentracije v raztopini (Smith in sod.,
1978; Welch in sod., 2002) Bakterije bi lahko tudi prispevale organske komponente
matriksa ali sodelovale pri njegovi raz gradnji.

Odprto ostaja tudi vprasanje porekla epitelijev kalcijevih telesc in bakterij v njih med
ontogenetskim razvojem. Jasno je, da so kalcijeva telesca pri odraslih osebkih zaprti
epitelijski razdelki, vendar ne vemo, iz katere strukture se oblikujejo med ontogenetskim
razvojem in tudi ne, na kakSen nacin ter kdaj se vanje naselijo bakterije. Pri drugih
skupinah rakov se notranji dep oziti kalcija navadno nahajajo v delih ali izrastkih prebavila,
npr. v zZelodcu (gastroliti deseteronoZcev; Travis, 1960) ali v izrastkih srednjega Crevesa
(Orchestia, Niphargus; Graf, 1961) in ne v zaprtih epitelijskih vreckah. Prav tako ni jasno
ali se bakterije prenaSajo na potomce ali jih li¢inke pridobijo iz okolja, ko zapustijo
valilnik matere.

Za tiste enakonozce, pri katerih so prisotni zgolj sternalni depoziti, so postavili model
skladiS€enja kalcija in mineralizacije kutikule (Steel, 1993; Ziegler in sod., 2005). M odel
predvideva, da se v predlevitveni fazi kalcij resorbira iz kutikule zadnjega dela telesa in se
skladisci v levitvenem prostoru sprednjega dela telesa pretezno v obliki ACC (Ziegler in
sod., 2005). V medlevitveni fazi se depoziti v levitvenem prostoru sprednjega dela telesa
resorbirajo, kalcij pa se po hemolimfi prenese v zadnji del telesa, kjer se porabi za
mineralizacijo nove kutikule. Po anteriorni levitvi zival zauzije anteriorni lev (Ziegler in
sod., 2005), v prebavilu iz njega resorbira kalcij in ga porabi za mineralizacijo sprednjega
dela telesa. Pozneje se eksoskelet dodatno mineralizira s kalcijem, pridobljenim s hrano
(Steel, 1993).

Zivali s kalcijevimi telesci imajo na voljo dodaten depozit kalcija. Casovni potek
dogodkov v levitvenem ciklu pri jamski mokrici shematicno prikazuje slika 8. Sternalni
depoziti so pri tej vrsti prisotni v enakem ¢asovnem obdobju kot pri drugih mokricah
(Messner, 1965; Steel, 1993), pojavijo se v zgodnji predlevitveni fazi, se dokoncno
razvijejo v pozni predlevitveni fazi in izginejo v medlevitveni fazi. V pozni predlevitveni
fazi se razvije tudi dodaten steklast sloj v kalcijevih telescih, ki vsebuje tako kalcijev fosfat
kot kalcijev karbonat. Na podlagi nasih rezultatov smo oblikovali model premescanja
kalcija med levitvijo velike jamske mokrice.

83



Vitton M. Zgradba sekrecijskih epitelijev in mineralizacija zunajceli¢nega matriksa ... mokric (Crustacea: Isopoda).
Dokt. disertacija, Ljubljana, Univ. v Ljubljani, BiotehniSka fakulteta, 2013

V predlevitveni fazi se zaCne resorpcija kalcija iz stare kutikule in nalaganje kalcija v
obliki sferul ACC v levitvenem prostoru sprednjega dela telesa. V pozni predlevitveni fazi,
ko se v sprednjem delu telesa za¢ne sinteza nove eksokutikule, se zacne kalcij nalagati tudi
v kalcijeva telesca, kjer med staro in novo ovojnico nastane steklasta plast
mineraliziranega matriksa, ki vsebuje meSanico ACC in ACP. V medlevitveni fazi Zival
resorbira depozite v levitvenem prostoru in kalcij porabi za mineralizacijo kuikule. V
polevitveni fazi Zival resorbira steklasti sloj v kalcijevih telescih in z resorbiranim kalcijem
dodatno mineralizira kutikulo. Skupki kristalov apatita so v kalcijevih telescih prisotni v
vseh fazah levitvenega cikla.

kealcljeva telesca sternalni depoziti

Faza med Egodnja poxmis meedlevitvena prlevitvien:a
bevitvaine predievitvens predievitvena fazs faza
faza fazm

Slika 8: Dinamika kalcijevih depozitov med levitvenim ciklom jamske mokrice. Rdece polnilo predstavlja
prisotnost zacasnih kalcijevih depozitov. Svetlo rdeée polnilo prikazuje potekajoco resorpcijo depozitov. Siv
obris telesa predstavlja apolizo.

Figure 8: Dynamics of calcium deposits during the molt cycle in Titanethes albus. Red fill represents the
presence oftransient calcium deposits. Bright red fill represents resorption of deposits in process. Gray

outlines represent apolysis.

TakSen potek dogodkov lahko povezemo s prej predstavljenim modelom, ki so ga postavili
za mokrice, ki oblikujejo zgolj sternalne depozite. Pri jamski mokrici bi se v skladu s
takSnim modelom kalcij iz sternalnih depozitov sprednjega dela telesa lahko porabil za
mineralizacijo posteriorne kutikule v medlevitveni fazi, kalcij iz kalcijevih telesc (ki lezijo
v zadnjem delu telesa), pa bi se porabil za mineralizacijo anteriorne kutikule v polevitveni
fazi. Seveda ni nujno, da se kalcij iz kateregakoli depozita porabi izkljutno za
mineralizacijo kutikule v enem delu telesa. V polevitveni fazi poteka sinteza nove
endokutikule v obeh delih telesa in pricakujemo lahko, da se kalcij iz kalcijevih telesc
porablja za mineralizacijo endokutikule celotnega integumenta.

Pri H. riparius se kalcij nalaga v zaCasne depozite precej drugaCe. Sternalni depoziti se pri
tej vrsti v predlevitveni fazi ne razvijejo, prisotna pa sta dva para kalcijevih telesc z
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razlicnima vsebinama. V posteriornem paru telesc so prisotni bakterije in kalcijev fosfat,
medtem ko v anteriornem paru bakterij ni, prisoten pa je zgolj kalcijev karbonat. Potek
dogodkov med levitvenim ciklom pri H. riparius prikazuje slika 9. Steklast matriks,
mineraliziran s kalcijevim karbonatom, je v anteriornih telescih prisoten zZe v fazi med
levitvama. Vir kalcija za njegovo mineralizacijo med to fazo ni znan. Resorpcija mineralov
iz stare kutikule v fazi med levitvama ni verjetna, vendar je ne moremo izkljuciti. Druga
moznost je, da se v anteriornem paru telesc v fazi med levitvama kopicijo minerali, ki jih
zival vnaSa v telo s prehrano. V predlevitveni fazi se v obeh parih telesc oblikuje dodaten
sloj mineraliziranega matriksa, ki je v anteriornem paru (enako kot matriks, ki je prisoten
ze v fazi med levitvama) mineraliziran zgolj s kalcijevim karbonatom, v posteriornem paru
pa z meSanico kalicijevega karbonata in kalcijevega fosfata. V medlevitveni fazi se
resorpcija kalcija zacne v anteriornem paru telesc. Prvi dan po levitvi anteriornega dela
telesa (polevitvena faza 1 na sliki 9) poteka resorpcija v obeh parih kalcijevih telesc, dva
dneva po levitvi (polevitvena faza 2 na sliki 9) pa so zaloge v kalcijevih telescih izCrpane
in resorpcija ne poteka ve€. Na tej tocki v anteriornih telescih ni mineralov, v posteriornih
telescih pa ostanejo skupki kristalov apatita, ki so prisotni skozi celoten levitveni cikel.

kalcijeva telesca

fara med predlevitvena medlevitvena polevitvena polevitvena
levilvama [aza faza faza 1 Taza 2

Slika 9: Dinamika kalcijevih depozitov med levitvenim ciklom trihoniscida Hyloniscus riparius. Rdece
polnilo predstavlja prisotnost zacasnih kalcijevih depozitov. Svetlo rdece polnilo prikazuje potekajoco
resorpcijo depozitov. Siv obris telesa predstavlja apolizo.

Figure 9: The dynamics of calcium deposits during the molt cycle in the trichoniscid Hyloniscus riparius.
Red fill represents the presence of transient calcium deposits. Bright red fill represents resorption o fdeposits

in process. Gray outlines represent apolysis.
Tak potek dogodkov lahko ponovno umestimo v sploSni model resorpcije in kopicenja

kalcija pri mokricah, vendar so odstopanja od njega pri H. riparius precej$nja. V
predlevitveni fazi se kalcij resorbira iz kutikule in se nalozi okoli Ze obstojeega matriksa v
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anteriornih telescih ter v steklastem sloju v posteriornih telescih. V medlevitveni fazi se
kalcij resorbira iz anteriornih telesc (ki segajo v sprednji del telesa) in se porabi za
mineralizacijo posteriorne kutikule. V polevitveni fazi se kalcij resorbira iz obeh parov
telesc in se porabi za mineralizacijo kutikule. Pri tem gre skoraj gotovo za mineralizacijo
kutikule obeh delov telesa, ker se je na zaetku polevitvene faze v anteriornih telescih
prisotnega Se veliko mineraliziranega matriksa.

Ocitna je razlika v velikosti med obema paroma kalcijevih telesc, saj so anteriorna
kalcijeva telesca H. riparius precej vecja od posteriornih. Prostornino posameznega
kalcijevega telesca in njegovega stranskega izrastka lahko ocenimo, ¢e jo racunamo, kot da
gre za valja. Ce upostevamo, da je povprena debelina steklastega sloja v posteriornih
telescih 10 um, lahko ocenimo tudi prostornino steklastega sloja, ¢e ga obravnavamo kot
votel valj. Razmerje med ocenjeno prostornino anteriornih telesc v medlevitveni fazi
(0,027 mm3) in celokupno prostornino steklastega sloja posteriornih telesc v isti fazi
(0,0031 mm3) pri 4 mm veliki zivali zna$a okoli 8,5 : 1. Ce predpostavimo, da je priblizno
polovica minerala v steklastem sloju kalcijev fosfat, preostanek pa kalcijev karbonat, je
razmerje med skladiS¢enim kalcijevim karbonatom in kalcijevim fosfatom priblizno 17 : 1.
Pri do sedaj preucenih vrstah se giblje razmerje med kalcijevim karbonatom in kalcijevim
fosfatom v kutikuli med 4 : 1 (Oniscus asellus) in 12 : 1 (Porcellio spinicornis; Neues in
sod., 2007). SkladiS¢enega fosfata v steklastem sloju posteriornih kalcijevih telesc je torej
glede na karbonat manj kot v tipi¢ni kutikuli mokric (Neues in sod., 2007). Taka ocena je
seveda groba, ne predvideva morebitne resorpcije kalcijevega fosfata iz apatita v
osrednjem delu telesc in drzi le ob predpostavki, da so delezi mineralnih komponent v
matriksu razli¢nih depozitov primerljivi.

Pri jamski mokrici so pri¢akovana razmerja med skladiS¢enim kalcijevim karbonatom in
kalcijevim fosfatom druga¢na. Ce upostevamo, da so sternalni depoziti jamske mokrice
debeli v povprecju 25 um, steklast sloj v kalcijevih telescih pa 20 um, predstavlja pri 12
mm veliki zivali celotna prostornina sternalnih depozitov (0,054 mm3) le okoli 20 %
prostornine steklastega sloja vseh Stirih kalcijevih telesc (0,28 mm’; prostornina
steklastega sloja je tudi v tem primeru ocenjena na enak nadin kot pri H. riparius). Ce
predpostavimo, da vsaj 20 % steklastega sloja predstavlja kalcijev fosfat, je razmerje med
skladis¢enim kalcijevim karbonatom in kalcijevim fosfatom pri tej vrsti okoli 5 : 1, kar
priblizno ustreza razmerju med relativno koli¢ino kalcijevega karbonata in kalcijevega
fosfata v kutikuli, ki znasa pri tej vrsti priblizno 5,5 : 1 (Hild in sod, 2009).

Zaklju¢imo lahko, da H. riparius skladis¢i neprimerno vec kalcijevega karbonata glede na
kalcijev fosfat kot jamska mokrica, razmerje med obema pa je pri H. riparius tudi precej
dale¢ od obicajnega razmerja med kalcijevim karbonatom in kalcijevim fosfatom v kutikuli
kopenskih rakov enakonozcev, medtem ko pri jamski mokrici razmerje med skladiS¢enimi
minerali priblizno ustreza razmerju v kutikuli.
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Ramanska spektroskopija je pokazala, da vsebujejo zaCasni depoziti v kalcijevih telescih
zelo malo organskih komponent. Kot kaZe elektronska mikroskopija, je organski matriks
vendarle prisoten tako v steklastem sloju kalcijevih telesc jamske mokrice kot v anteriornih
kalcijevih telescih H. riparius (sliki 10 in 11). V steklastem sloju kalcijevih telesc, ki
vsebujejo bakterije, je matriks organiziran v koncentrine sloje in radialno usmerjena
vlakna. Po organizaciji je torej podoben organskemu matriksu v sternalnih depozitih
navadnega prasicka (Fabritius in sod., 2005). V matriksu anteriornih telesc H. riparius je
organizacija podobna, le da je steklasti matriks mnogo obseznejSi. Kljub navidezni
podobnosti arhitekture matriksa ramanska spektroskopija kaze, da je delez organskega
matriksa v sternalnih depozitih ve¢ji kot v kalcijevih telescih. To je lahko posledica
vecjega deleZza matriksa glede na mineralne komponente v sferulah, ki sestavljajo sternalne
depozite, morda pa vecja koli¢ina organskega matriksa pripomore k stabilnosti ACC v
sternalnih depozitih. Vecja stabilnost amorfne oblike mineralov je morda potrebna zaradi
tezje regulacije kemijske sestave v levitvenem prostoru v primerjavi s kalcijevimi telesci,
saj levitveni prostor ni v celoti obdan z epitelijem. Sternalni epitelij ob iz gradnji depozitov
opravlja tudi druge z levitvijo povezane funkcije, kot je sinteza nove kutikule (Ziegler,
1997). V kalcijevih telescih ta proces ocitno ne poteka, saj se v predlevitveni fazi
sintetizira le razmeroma tanka nova ovojnica.

o 5.
Slika 10: Visticna elektronska mikrografija notranje povrSine steklastega sloja v kalcijevih telescih jamske

mokrice v medlevitveni fazi. Vidno je omreZje organskega matriksa.
Figure 10: Scanning electron micrograph ofthe inner surface ofthe glassy layer within calcium bodies of

Titanethes albus in intramolt stage. A network of organic matrix is visible.
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Pri jamski mokrici se kalcij med levitvijo kopici tako v sternalnih depozitih kot v dveh
parih strukturno enakih kalcijevih telesc, medtem ko se pri H. riparius sternalni depoziti ne
razvijejo in se kalcij kopici zgolj v kalcijevih telescih. Prisotnost sternalnih depozitov in
dveh parov enakih kalcijevih telesc, ki vsa vsebujejo bakterije, sta kot kaZe splosni
znacilnosti trihoniscidov in rod Hyloniscus je v tem pogledu izjema. Druge Studije navajajo
sternalne depozite tudi pri rodu Androniscus (Ziegler, 2003), ki ima dva para enakih
kalcijevih telesc (osebno opazanje), tako kot jamska mokrica. Opustitev sternalnih
depozitov in njihova funkcionalna nadomestitev z anteriornimi kalcijevimi telesci je
najverjetneje izpeljana znacilnost, ki se je razvila (med preucenimi trihoniscidi) le pri rodu
Hyloniscus.

- o r - '3 i . . Py i
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Slika 11: Presevna elektronska mikrografija matriksa v anteriornem kalcijevem telescu Hyloniscus riparius v
medlevitveni fazi. Vidno je omrezje vlaken. Osrednji del matriksa je na levi strani slike. Skrajno desno je
viden epitelij kalcijevega telesca.

Figure 11: Transmission electron micrograph ofthe matrix within an anterior calcium body of Hyloniscus
riparius in intramolt stage. A network of fibers is visible. The center ofthe matrix is to the leff ofthe image.

The calcium body epithelium is visible to the right.

Resorpcija sternalnih depozitov, ki vsebujejo predvsem CaCO;, poteka pri jamski mokrici
v medlevitveni fazi. Pri H. riparius poteka v tej fazi predvsem resorpcija mineralov iz
anteriornih kalcijevih telesc, ki vsebujejo zgolj CaCOs;. Na podlagi tega lahko zakljucimo,
da se v medlevitveni fazi kalcijev karbonat resorbira v vecji meri kot kalcijev fosfat. Z
vidika mineralizacije kutikule je to lahko funkcionalno. Po podatkih Hild in sod. (2008) je
distalna eksokutikula pri mokricah mineralizirana s kalcitom, medtem ko so proksimalni
deli kutikule mineralizirani z ACC, ki je stabiliziran s kalcijevim fosfatom. V kolikor
predpostavimo, da se eksokutikula mineralizira najprej, je smiselno, da se iz zacasnih
depozitov med mineralizacijo eksokutikule resorbira pretezno CaCOjs, med mineralizacijo
endokutikule pa tako kalcijev fosfat kot kalcijev karbonat. Predpostavljeno Casovno
zaporedje mineralizacije posameznih slojev kutikule lahko podpremo s podatki iz
literature. Raziskava ultrastrukture integumenta s precipitacijo kalijevega antimonata pri
deseteronozcih (Compére in sod., 1993) ter Studija integumenta navadnega praSicka z
vrsti€no elektronsko mikroskopijo in ramansko spektroskopijo (Neues in sod., 2011)
kazeta, da se eksokutikula v veliki meri mineralizira takoj po levitvi, v endokutikulo pa se
minerali nalagajo socasno z njeno sintezo. Neues in sod. (2011) Zal ne navajajo podatkov o
morebitni mineraliziranosti nove eksokutikule pred levitvijo, zato pri mokricah ni
izkljucena.
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Ce upostevamo, da endokutikula ob CaCO; vsebuje tudi manjhen delez kalcijevega
fosfata, je z vidika skladis¢enja mineralov med levitvijo kopicenje kalcijevega fosfata v
zacasnih depozitih kalcija smiselno. TakSno skladiS¢enje je bilo predlagano tudi pri
nekaterih drugih rakih. Greenaway in Farrelly (1991) sta predlagala, da sluzijo velike
zunajceline granule pri rakovici Holthuisana transversa shranjevanju fosforja med
levitvijo. Granule, ki vsebujejo veliko kalcija in fosforja, so opazili tudi v hepatopankreasu
rakovice Callinectes sapidus v fazi med levitvama, pri ¢emer bi vezani fosfor lahko
pripomogel k mineralizaciji kutikule (Becker in sod., 1974).

Epiteliji kalcijevih telesc jamske mokrice in posteriornih kalcijevih telesc H. riparius
kazejo v vseh fazah levitvenega cikla znacilnosti transportnih epitelijev. Te so npr. Stevilni
mitohondriji, izrazit bazalni labirint in nagubana apikalna plazmalema (Cioffi, 1984).
Tak$ne so znacilnosti celic epitelija ¢revesa in Malpighijevih cevk nekaterih ¢lenonozcev
(Cioffi, 1984) ter celic vretenCarskih epitelijev, ki intenzivno transportirajo protone in
hidrogenkarbonatne ione (Brown in Breton, 1996). V osmoregulacijskem tkivu Skrg
kopenske rakovice Gecarcinus lateralis je apikalna povrSina celic nekoliko nagubana,
izrazite invaginacije bazolateralne membrane pa segajo vse do apikalnega dela celic
(Copeland, 1968). V kalcijevih telescih v fazi med levitvama ultrastrukturne znacilnosti,
povezane s transportom skozi epitelij, niso tako izrazite kot v navedenih primerih, so jim
pa bolj podobne v polevitveni fazi. Za razliko od hepatopankreasa mokric (Znidar$i¢ in
sod., 2003) epitelijske celice kalcijevih telesc nimajo enakomerno razporejenih mikrovilov,
temvec precej neurejeno porazdeljene prstaste izrastke in invaginacije.

Pri H. riparius so epiteliji posteriornih in anteriornih kalcijevih telesc ultrastrukturno
podobni. Najbolj ocitna razlika je, da epitelij anteriornih kalcijevih telesc v fazi med
levitvama nima izrazito nagubane apikalne povrSine, medtem ko ima epitelij posteriornih
kalcijevih telesc nagubano apikalno plazmalemo v vseh fazah levitvenega cikla.
Nagubanost apikalne povrSine v fazi med levitvama lahko zato povezemo s prisotnostjo
bakterij v kalcijevih telescih. Ce povegana povrsina plazmaleme epitelijskih celic nakazuje
aktivne transportne procese, to pomeni, da v kalcijevih telescih z bakterijami intenziven
transport skozi epitelij poteka med celotnim levitvenim ciklom. Ce so bakterije metabolno
aktivne, porabljajo hranila in spro$¢ajo produkte metabolizma v okolje. Nagubanost
plazmaleme epitelija kalcijevih telesc z bakterijami je zato lahko povezana z dovajanjem
hranil in odvajanjem produktov metabolizma bakterijske populacije v njih.

V citoplazmi epitelijskih celic vseh preucenih kalcijevih telesc so prisotne glikogenske
granule. Te so lahko zaloga energije (Brown in Ransom, 2007) za intenziven metabolizem
epitelijskih celic, kar potrjuje tudi prisotnost Stevilnih mitohondrijev v njihovi citoplazmi.
Glikogen bi lahko predstavljal tudi vir ogljika za sintezo organskega matriksa (Graf in
Meyran, 1985).
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Ultrastrukturne znacilnosti epitelija kalcijevih telesc med resorpcijo kalcija pri H. riparius
so zelo podobne opisanim znacilnostim sternalnega epitelijja med resorpcijo sternalnih
depozitov pri drugth mokricah (Ziegler, 1996; Glotzner in Ziegler, 2000).

Na podlagi predhodnih raziskav posteriornih cekov postranic (Graf in Meyran, 1985),
integumenta deseteronozcev (Greenaway in Farrely, 1991) in sternalnega epitelija
enakonozcev (Ziegler, 1996; Glotzner in Ziegler, 2000) ter na podlagi rezultatov nasSih
raziskav epitelijev kalcijevih telesc H. riparius lahko ugotovimo, da kazejo epiteliji mokric
med resorpcijo zacasnih depozitov kalcija, ko poteka transport kalcija v apiko-bazalni
smeri, ve¢ skupnih ultrastrukturnih znacilnosti. Te so:

— moc¢no nagubana apikalna plazmalema;

— omrezje povecanih medcelicnih prostorov med sosednjimi celicami;

— elektronsko goste zunajcelicne granule nanometrskih dimenzij, ki se oblikujejo na
pedicelih bazolateralne plazmaleme v medceli¢nih prostorih in pri preucenih vrstah
vsebujejo kalcij in fosfor.

Med resorpcijo kalcija iz kutikule ali zacasnih depozitov je koncentracija Ca’" v hemolimfi
verjetno nizja kot v mineraliziranem matriksu, zato bi lahko transport skozi epitelij potekal
pasivno. Ve¢ argumentov govori v prid transcelularnemu kot paracelularnemu transportu.
Povecanje relativne prostornine mitohondrijev nakazuje na povefano intenzivnost
oksidativnega energijskega metabolizma (Glétzner in Ziegler, 2000), povecanje povrsine
apikalne in bazolateralne plazmaleme pa kaze na intenzivnejsi transport skozi plazmalemo.
PoviSanje celokupne koncentracije kalcija v citoplazmi in koncentriranje kalcija v
endop lazemskem retikulumu (Ziegler, 2002) ter tvorba granul, ki vsebujejo kalcij (Ziegler,
1996; Graf in Meyran, 1985), kazejo na privzem kalcija v celice in njegovo izloCanje v
vezani obliki. Vezava kalcija bi lahko ohranjala nizko lokalno koncentracijo prostih Ca”"
ionov in s tem omogocala ohranjanje visokega koncentracijskega gradienta kalcija med
kalcijevim depozitom in medceli¢nino (Graf in M eyran, 1985; Ziegler in sod., 2005).

Nekatere od znacilnosti epitelijev med resorpcijo depozitov kalcija, npr. povecanje
povrSine plazmaleme in relativne prostornine mitohondrijev, lahko povezemo tudi s
transportom hidrogenkarbonatnih ionov, ki se transportirajo hkrati s kalcijem. VpraSanje
transporta kalcija skozi epitelij zato ni dokon¢no razlozeno. Dodatne podatke bi lahko dalo
spremljanje spreminjanja znotrajceli¢ne koncentracije Ca” in vivo. Vetina trenutno
razpolozljivih podatkov o transportu kalcija skozi epitelije pri rakih je omejena na
ultrastrukturne znacilnosti celic, poznavanje mehanizmov kalcijevega transporta na
celicnem nivoju pa je Se vedno zelo omejeno. Kot kaZe so ultrastrukturne spremembe
epitelijev izrazitejSe med transportom od apikalne proti bazalni strani epitelija med
resorpcijo depozitov kot med transportom v nasprotni smeri med njihovo mineralizacijo.
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Elektronsko goste granule v medceli¢nih prostorih so bile med transportom kalicija v
apikalno-bazalni smeri opazene pri razlicnih vrstah rakov tako v epitelijih zacasnih
depozitov kalcija kot v epidermu (Graf in Meyran, 1985; Greenaway in Farrelly, 1991;
Ziegler, 1996, 1997a). Pri preucenih vrstah je bilo ugotovljeno, da vsebujejo granule kalcij
in fosfor (Greenaway in Farrelly, 1991; Ziegler 1996, 2002). Kaze, da kalcificirane granule
pri razliénih skupinah rakov nastajajo na izvihkih plazmaleme (pedicelih). Elektronsko
gosta obmocja na lateralnih membranah, ki so vidna pri H. riparius, lahko pomenijo, da se
na obmocjih, kjer nastajajo granule, koncentrirajo membranski proteini.

Difuzija Ca™" v citoplazmi je podasna. Ce granule med celicami nastajajo tik pod
subapikalnimi celicnimi stiki (Graf in Meyran, 1985), do koder segajo invaginacije
apikalne povrSine, bi se med morebitnim transcelularnim transportom koncentracija Ca”"
lahko dvignila tudi samo v skrajno apikalnem delu citoplazme oz. v izvihkih plazmaleme,
v vecjem delu citoplazme pa ostala nespremenjena. Nenavadno je, da so granule v
medceli¢nih prostorih epitelija anteriornih kalcijevih telesc H. riparius v polevitveni fazi v
bazalnih delih epitelija drobnejSe in povezane z membranskimi pediceli, bolj proti sredini
epitelija pa veje in proste. Po analogiji z granulami v posteriornih cekih postranic (Graf in
Meyran, 1985) bi to lahko razlozili kot nastajanje granul v bazalnem delu celic in njihovo
rast ter sproScanje proti apikalnemu delu. To je nenavadno, saj transporta granul v tej smeri
med resorpcijo depozitov ne pricakujemo. Podobno razporeditev granul sta opazila
Glotzner in Ziegler (2000) v sternalnem epiteliju pri nekaterih predstavnikih druZine
Ligiidae, vendar ga v svojem delu nista pojasnila. V primeru anteriornih kalcijevih telesc
H. riparius je lahko nastajanje granul v bazalnem delu celic tudi posledica zelo globokih
invaginacij apikalne plazmaleme, ki segajo preko polovice epitelija in tako omogocajo
transport ionov v bazalnem delu celic.

Ob transportni funkciji opravljajo epiteliji, ki izgrajujejo zacasne depozite kalcija, tudi
sekrecijsko funkcijo. V primeru gastrolitov morajo izlociti vse organske komponente
gastrolita in novo kutikulo Zelodca (Travis, 1960), v primeru sternalnih depozitov pa
izlo¢ijo organski matriks le-teh in novo sternalno kutikulo (Ziegler, 1996). Ker se nova
epikutikula sintetizira ze zgodaj v predlevitveni fazi (Ziegler, 1996), pozneje v
predlevitveni fazi pa se sintetizira tudi Ze nova eksokutikula, lahko zaklju¢imo, da
plazmalema epitelijskih celic ne more biti v neposrednem stiku z nastajajo¢imi sternalnimi
depoziti. Podobno lahko zaklju¢imo za iz gradnjo matriksa v kalcijevih telescih. Ker se v
predlevitveni fazi nove plasti matriksa oblikujejo v prostoru med staro in novo ovojnico in
je nova ovojnica med nastajanjem teh plasti Ze prisotna (epitelij kalcijevih telesc jo
sintetizira v zgodnji predlevitveni fazi, glavnina steklastega sloja pa nastane v pozni
predlevitveni fazi), tudi v tem primeru epitelijske celice niso v neposrednem stiku z
rastocim mineraliziranim matriksom, tako kot so med sintezo in mineralizacijo kutikule ali
med sintezo ovojnice v Kkalcijevih telescih. Ce celice niso v neposrednem stiku z
nastajajo¢im matriksom, ne morejo neposredno usmerjati njegove organizacije.
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M ineraliziran matriks v kalcijevih telescih zato najverjetneje nastaja s samoorganizacijo
makromolekul in mineralnih soli v teko¢em mediju.

Stare ovojnice so v kalcijevih telescih ocitno pomembne pri izgradnji mineraliziranega
matriksa, saj se nastajanje steklastega sloja pri jamski mokrici za¢ne z oblikovanjem sferul
na povrsini stare ovojnice, ki sluzi kot osnova za nalaganje mineraliziranega matriksa.
Lamine lahko sluzijo kot ogrodje za zacetek izgradnje matriksa, ker predstavljajo trdno
maso imobiliziranth makromolekul, na katere se lahko zacnejo nalagati kalcijeve soli
(Saito in sod., 1997; Naka, 2007) in so hkrati lahko osnova za vezavo in nalaganje
organskih komponent matriksa. Prav tako predstavlja stara ovojnica notranjo povrSino
steklastega sloja v posteriornih kalcijevih telescih pri H. riparius, zato lahko
predpostavimo, da se sloj v tem primeru oblikuje na podoben nacin. Podobno se
kontinuiran sloj matriksa v anteriornih telescih pri H. riparius oblikuje okoli najbolj
zunanje lamine (verjetno stare ovojnice iz predhodnega levitvenega cikla). Pri H. riparius
nastajajo majhne sferule tudi na drugi, bolj notranjih laminah v obeh parih kalcijevih
telesc. Prav tako so pri jamski mokrici ter pri H. riparius ob laminah v Kkalcijevih telescih
kristali apatita bolj koncentrirani.

Zanimivo je, da je tudi nastanek drugih zacasnih depozitov kalcija pri rakih obicajno vezan
na Ze obstojee zunajcelicne matrikse, zlasti kutikularne strukture. Tako npr. gastroliti
nastajajo med epitelijem gastrolitnega diska in staro kutikulo Zelodca (Travis, 1960),
sternalni dep oziti pa med sternalnim epitelijem in staro integumentalno kutikulo (Fabritius
in Ziegler, 2003). Model nastanka gastrolitov predvideva, da nastajajo od kutikule proti
epiteliju, kar pomeni, da predstavlja stara kutikula osnovo za zacetek njihove izgradnje.
Ker so tudi v primeru sternalnih depozitov celice fizicno loCene od nastajajocih sternalnih
depozitov z novo kutikulo, lahko predpostavimo, da nastajanje sternalnih depozitov poteka
preko samoorganizacije. Ta predpostavka je v soglasju z modelom nastanka sternalnih
depozitov, ki sta ga postavila Fabritius in Ziegler (2003).

3.3 RAZLIKE V SKLADISCENJU KALCIJA MED POVRSINSKIMI IN JAM SKIMI
MOKRICAMI

Pri veliki jamski mokrici se med resorpcijo sternalnih depozitov medceli€ni prostori
anteriornega sternalnega epitelija sicer povecajo, vendar v njih nismo opazili elektronsko
gostih granul (Priloga B), ki so jih opisali pri drugih mokricah (Ziegler, 1997; Glotzner in
Ziegler, 2000). To velja tudi za epitelij kalcijevih telesc jamske mokrice. Granule v
medcelicnih prostorih se pri tej vrsti med transportom kalcija skozi epitelij bodisi ne
pojavijo ali pa so zelo redke. Odsotnost granul med transportom kalcija lahko odraza
manj$o intenzivnost transporta skozi epitelij pri jamski mokrici v primerjavi s povrSinskimi
sorodniki.
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Glotzner in Ziegler (2000) sta ugotovila, da so granule v medceli¢nih prostorih sternalnega
epitelija pri nekaterih vrstah mokric prisotne tako v predlevitveni kot v medlevitveni fazi.
Morda granule odrazajo veliko intenzivnost transporta kalcija ne glede na njegovo smer.
Ker je izgradnja depozitov kalcija praviloma pocasnejSa kot njihova resorpcija, v tem
primeru pri nekaterih vrstah v ¢asu predlevitvene faze granule niso prisotne, pojavijo pa se
v medlevitveni fazi, ko se transport kalcija pospesi.

Ramanska spektroskopija je pokazala, da vsebujejo sternalni depoziti jamske mokrice
nekoliko vecji delez kalcijevega fosfata v primerjavi s sternalnimi depoziti navadnega
prasicka (Hild in sod., 2008). Ce to povezemo s kopienjem tako kalcijevega fosfata kot
kalcijevega karbonata v kalcijevih telescih, lahko zaklju¢imo, da jamska mokrica v
primerjavi s povrSinskimi mokricami med levitvijo skladis¢i ve¢ fosforja, morda zaradi
manj$e dostopnosti tega elementa v jamskem okolju. Ce upostevamo, da kalcijev fosfat
stabilizira ACC (Raz in sod., 2002), lahko pomeni vecja koli¢ina fosfatnih ionov v
sternalnih depozitih tudi vecjo stabilnost amorfnih mineralov, ki je morda povezana z
razmeroma dolgo predlevitveno fazo jamske mokrice ali morebitno vecjo prepustnostjo
kutikule in posledi€no slabSim nadzorom nad kemijsko sestavo levitvenega prostora pri
jamski mokrici.

Sternalni dep oziti jamske mokrice so v celoti sestavljeni iz drobnih sferul. Pri nobenem od
pregledanih osebkov v sternalnih depozitih nismo opazili proksimalnega homo genega sloja
mineraliziranega matriksa, kakrSen je prisoten pri nekaterih drugih mokricah (Ziegler in
Miller, 1997). Prav tako ta sloj do sedaj ni bil opazen pri predstavnikih druzine Ligiidae.
Njegova odsotnost pri jamski mokrici je lahko prilagoditev te mokrice na podzemeljsko
okolje, lahko pa skupna znacilnost predstavnikov skupine Synocheta, kar bi lahko preverili
z analizo sternalnih depozitov pri bliznjih sorodnikih jamske mokrice. Zanesljivih
podatkov o zgradbi sternalnih depozitov drugih trihoniscidov trenutno ni na voljo.
Povezavo med filogenijo in zgradbo sternalnih depozitov sta predlagala Ziegler in Miller
(1997). Zanimivo je, da so sferule, ki sestavljajo sternalne depozite jamske mokrice
(tipicno 0,3 pum v premeru), nekoliko manjSe kot pri povrSinskih vrstah (od 0,3 pm do 1,2
um v premeru pri vecini vrst; Ziegler in Miller, 1997).

3.4 SCETINASTI ZLEZNI ORGANI

Séetinasti zlezni organi samcev jamske mokrice Cetrtega pleonita so kompleksne
kutikularne strukture s Stevilnimi porami, povezanimi s specializiranimi Zlezami, ki jih
samice nimajo. Iz apeksa tuberklov na Cetrtem pleonitu izrascajo epikutikularne S¢etine in
na njih so koncentrirane senzile, medtem ko so stranska pobodcja tuberklov pokrita s
ploskimi epikutikularnimi luskami.
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Z gotovostjo lahko trdimo, da so senzile na tuberklih funkcionalno specializirane in
drugacne od senzil drugje na telesu. Senzile na tuberklih namre¢ vsebujejo le tri dendrite,
senzile na drugih delih telesa jamske mokrice (slika 12) pa po zgradbi priblizno ustrezajo
senzilam s sedmimi dendriti, ki jih je na antenah jamske mokrice opisal Crouaou (1994).
Nobeden od dendritov senzil na tuberklih ni podoben mehanosenzori¢cnemu dendritu v
senzilah anten (Crouaou, 1994), zato lahko predpostavimo, da so senzile na Scetinastih
Zleznih organih jamske mokrice najverjetneje kemosenzoricne. Prisotnost por na senzilah
ne govori nujno v prid kemosenzori¢ni funkciji, saj lahko pora, ki je prisotna terminalno na
senzili, omogoc¢a tudi dendritsko povezavo do stare kutikule med predlevitveno fazo in s
tem ohranja senzori¢no funkcionalnost starih senzil med pripravo na levitev (Kouyama in
Shimozawa, 1984). Za prepri¢ljive zaklju¢ke glede funkcije senzil bi bili potrebni
fizioloski p oskusi.
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Slika 12: Senzile na povrsini tergitov jamske mokrice. Levo vrsti¢na elektronska mikrografija senzile, desno
prerez senzile v nivoju epiderma. Vidnih je ve¢ dendritov in ovojnih celic.

Figure 12: The sensilla on the surface oftergites in Titanethes albus. Left: a scanning electron micrograph of

a sensillum. Right: section throgh a sensillum at the level of the epidermis. Several dendrites and enveloping

cells are visible.

Samceve zleze so pri jamski mokrici zelo Steviléne in zapolnjujejo vecji del pleona in
uropodov. Zanimivo je, da samceve zleze ne izloCajo zgolj na povrSino tuberklov na
pleonitu 4, temve¢ so na pleonu prisotne tudi druge sekrecijske povrSine, na katerih se
koncentrirajo izvodila zlez, znacilnih le za samce. TakSne povrSine se nahajajo anteriorno
na pleonitu 4, lateralno in ob anteriornem robu pleonita 5 ter anteriorno na pleotelzonu.
Samceve Zleze jamske mokrice nimajo enotne ultrastrukture, temve€ so v pleonu samcev
prisotni trije tipiZlez, ki izlo¢ajo na razli¢nih povrSinah:
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- Zlezetipa 1 se nahajajo v pleonitih 2-5 in izlocajo skozi tuberkle pleonita 4 ter skozi
sekrecijske povrSine lateralno na pleonitu 5;

- zleze tipa 2 se nahajajo v eksopoditih uropodov in izlo¢ajo na njihovo povrsino;

- Zleze tipa 3 se nahajajo mediano v pleonitu 5 in v pleotelzonu ter izlo€ajo skozi
sekrecijske povrSine ob anteriornih robovih pleonita 5 in pleotelzona.

Ultrastrukturno najbolj izstopajo zleze tipa 1, ki so tudi edini tip zlez, ki izlo¢a skozi pore
na tuberklih pleonita 4. Zleze tipa 1 so Zleze rozetastega tipa, ki jih sestavlja 3-5
sekrecijskih celic, osrednja celica ter kanalska celica. Podrobnosti njihove zgradbe ne
ustrezajo opisom rozetastih zlez drugih rakov (Johnson in Talbot, 1987; Talbot in sod.,
1991). Obicajno oblikujejo sekrecijske celice ugreznitve plazmaleme, po katerih se stekajo
sekrecijski produkti v osrednji kanal, ki tece skozi osrednjo celico ter se nadaljuje v kanal
kanalske celice (Talbot in Demers, 1993). Pri samcevih zlezah tipa 1 jamske mokrice je
osrednja celica zvezdaste oblike, njeni izrastki pa se zajedajo globoko v invaginacije
sekrecijskih celic. Med membrano izrastka ter membrano sekrecijske celice tako nastane
kanalCek, zatesnjen s celicnimi stiki. Kanalcek se odpira v kanal osrednje celice, ki se
nadaljuje v izvodilo kanalske celice. Nac¢in nastanka kanalov med izrastki osrednje celice
in invaginacijami sekrecijske celice spominja na krpate Zleze, ki so prav tako prisotne pri
kopenskih enakonoZcih in imajo najverjetneje obrambno funkcijo (Weirich in Ziegler,
1997). Krpate Zleze so trocelicne; prisotna je ena dvojedrna sekrecijska celica, ki jo s
citoplazemskimi izrastki objema vmesna celica, do povrSine pa vodi kanalska celica. Pri
krpatih Zlezah kanalcki, ki vodijo do sekrecijske produkte v kanal osrednje celice,
nastanejo med plazmalemo sekrecijske celice in izrastkom vmesne celice, vendar ti izrastki
niso izrazito ugreznjeni v sekrecijsko celico kot pri samcevih Zlezah jamske mokrice,
temvec lezijo na njeni povrsini.

Sekrecijski produkti samcevih zlez tipa 1 so najverjetneje proteinski. Ohranijo se ob
fiksaciji z aldehidi, so elektronsko gosti, v izvodilih Zlez se ohranijo v obliki kapelj in se
kopicijo na povrsini tuberklov, na njihovo proteinsko naravo pa kaze tudi obarvanje z
barvili eozinom, Ponceau 2S in Coomassie modrim (Priloga C).

Druga dva tipa samcevih Zlez jamske mokrice po zgradbi ustrezata rozetastim
tegumentalnim zlezam drugih rakov (Talbot in Demers, 1993). Oba tipa se razlikujeta
glede na kemijsko naravo sekrecijskih produktov, saj so sekrecijska zrna v zlezah tipa 2 s
presevno elektronsko mikroskopijo videti elektronsko gosta, medtem ko so sekrecijska
zrna v zlezah tipa 3 videti elektronsko redka. Sekrecijske celice teh dveh tipov zlez same
oblikujejo ugreznitve membrane za odvajanje sekrecijskih produktov in za razliko od
sekrecijskih celic v Zlezah tipa 1 vsebujejo zelo obsezen Golgijev aparat.

Zleze, povezane s §¢etinastimi zleznimi organi so pri jamski mokrici precej drugaéne kot
pri vrsti Trichoniscus alexandrae, ki je prav tako jamski trihoniscid (Lombardo in sod.,
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2006). Za razliko od jamske mokrice pri T. alexandrae skozi $¢etinaste zlezne organe
izloCajo trocelicne Zleze. Zelo verjetno so se Scetinasti Zlezni organi obeh vrst razvili
neodvisno. Vzporednica med zlezami obeh vrst je, da so tudi pri T. alexandrae sekrecijska
zrna v velikih sekrecijskih celicah samcevih Zlez elektronsko gosta (zanimivo je, da je pri
tej vrsti tudi vmesna celica sekrecijska in vsebuje elektronsko svetla zrna). Tako kot pri
jamski mokrici so tudi pri T. alexandrae v blizini izvodil Zlez prisotne senzile. Te so
zgrajene nekoliko drugaCe kot senzile na tuberklih samcev jamske mokrice, ker so
oziv€ene s Sestimi dendriti. Ali gre tudi v tem primeru za specializirane senzile, ni jasno.
Tudi v senzilah na $cetinastih zleznih organih T. alexandrae nobeden od dendritov ne
ustreza domnevno mehanosenzoricnemu dendritu, kakrSen je prisoten v senzilah na
antenah jamske mokrice (Crouau, 1994), zato predpostavljajo, da so kemosenzori¢ne
(Lombardo in sod., 2006).

Pridobljeni podatki o ultrastrukturi sekrecijskih celic in naravi sekrecijskih produktov
SCetinastih Zleznih organov ne podpirajo uveljavljene hipoteze o njihovi funkciji, ki
predvideva, da izlocajo hlapne feromone. Kot kaze, izloCajo Scetinasti zlezni organi
visokomolekularne, najverjetneje proteinske sekrecijske produkte, ki se zadrzujejo na
povrsnitelesa in morda delujejo kot kontaktni feromoni.

3.5 SKLEPI

Celicni procesi, povezani z levitvijo, so pri jamski mokrici podobni, a pocasnejsi kot pri
povrsinskih mokricah. Za razliko od preucenih povrSinskih vrst pri jamski mokrici po
levitvi ne pride do modifikacij epikutikule.

Pri obeh preucenih vrstah mokric so prisotni zacasni depoziti kalcija. Tako pri jamski
mokrici kot pri H. riparius so prisotna kalcijeva telesca, pri jamski mokrici pa tudi
sternalni depoziti. Ti se pri H. riparius ne pojavijo, kar je med kopenskimi enakonozci
redkost. Kalcijeva telesca so epitelijske vrecke, ki lezijo ventrolateralno v glavni telesni
votlini ob prebavilu. Pri jamski mokrici so vsa kalcijeva telesca zapolnjena z bakterijami in
vsebujejo okoli 100 nm velike kristale apatita. Pri H. riparius so bakterije in apatit prisotni
zgolj v posteriornem paru kalcijevih telesc, v anteriornem paru pa bakterij ni in matriks v
njih je mineraliziran s kalcijevim karbonatom.

Arhitektura in sestava matriksa kalcijevih telesc se v levitvenem ciklu spreminjata. V
predlevitveni fazi epiteliji kalcijevih telesc izlocijo tanko zunajceli¢no ovojnico, ki obdaja
material v lumnu organa. V kalcijevih telescih jamske mokrice ter posteriornih kalcijevih
telescih H. riparius se med staro in novo ovojnico razvije steklast sloj matriksa, ki je
mineraliziran s kalcijevim karbonatom ter kalcijevim fosfatom. V anteriornih kalcijevih
telescih H. riparius se nalozi dodaten matriks, mineraliziran s kalcijevim karbonatom.
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Steklast sloj v kalcijevih telescih jamske mokrice ter v posteriornih kalcijevih telescih H.
riparius se po levitvi razgradi. Prav tako se po levitvi popolnoma resorbira kalcijev
karbonat v anteriornih kalcijevih telescih H. riparius.

V levitvenem ciklu se spreminja tudi ultrastruktura epitelijev kalcijevih telesc. Med
resorpcijo mineralov je epitelij kalcijevih telesc pri H. riparius ultrastrukturno podoben
transportnim epitelijem med resorpcijo kalcijevih depozitov pri drugih rakih. Apikalna
povrsina se mo¢no poveca z gubanjem, medcelicni prostori med sosednjimi celicami se
raz§irijo in v njih se pojavijo nekaj deset nanometrov velike elektronsko goste granule, ki
nastajajo na kratkih izrastkih lateralne plazmaleme epitelijskih celic. TakSne granule se
pojavijo v polevitveni fazi tudi v posteriornih kalcijevih telescih, nismo jih pa opazili pri
jamski mokrici. Apikalna povrSina kalcijevih telesc, ki vsebujejo bakterije, je nagubana
skozi celoten levitveni cikel.

V kopicenju in transportu kalcija so med povrSinskimi in jamskimi vrstami prisotne
razlike, vendar ne moremo z gotovostjo trditi, da gre za prilagoditve na jamsko okolje. Ce
razmerje med koli¢inami posameznih mineralov v zacasnih depozitih kalcija med vrstama
primerjamo, kopi¢i jamska mokrica relativno ve¢ kalcijevega fosfata glede na kalcijev
karbonat v primerjavi s H. riparius. Za razliko od predstavnikov skupine Crinocheta so
sternalni dep oziti jamske mokrice sestavljeni z golj iz sferul, ki so manjSe kot pri preucenih
povrsinskih mokricah. Med transportom kalcija skozi epitelij kalcijevih telesc jamske
mokrice se ne pojavijo elektronsko goste granule, ki so pri H. riparius prisotne. Odsotnost
elektronsko gostih granul lahko odraZza manj intenziven transport kalcija skozi epitelij pri
jamski mokrici.

Potrdili smo, da Scetinasti zlezni organi samcev jamske mokrice vsebujejo rozetaste
eksokrine zleze, na organih pa so ob raznolikih epikutikularnih strukturah prisotne tudi
specializirane senzile. Zleze §&etinastih Zleznih organov jamske mokrice so po zgradbi
edinstvene in niso podobne samfevim zlezam rodu Trichoniscus, kar nakazuje na
neodvisen razvoj teh organov pri razliénih rodovih trihoniscidov. Zleze v §Cetinastih
zleznih organih najverjetneje izlocajo peptide. Drugacne rozetaste zleze, znacilne le za
samce, so prisotne tudi v drugih delih pleona samcev jamske mokrice.
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4. POVZETEK (SUMMARY)
4.1 POVZETEK

Znacilnost rakov (Crustacea) je kalcificirano zunanje ogrodje (kutikula), ki ga med rastjo,
razmnozevanjem in razvojem redno nadomescajo z levitvijo. Pri Stevilnih skupinah rakov
so se razvili razli¢ni zaCasni depoziti kalcija, v katerih se kalcij obi¢ajno kopici v obliki
amorfnega kalcijevega karbonata. T1 depoziti se obi¢ajno pojavijo zgolj v doloCenih fazah
levitvenega cikla in verjetno zmanjSujejo odvisnost rakov od okoljskih virov kalcija.
Sintezo ter mineralizacijo kutikule in mineraliziranih zunajcelicnih matriksov zacasnih
depozitov kalcija opravljajo razli¢ni sekrecijski epiteliji integumenta in prebavila.

Pri kopenskih enakonozcih (Oniscidea) se kalcij v predlevitveni fazi levitvenega cikla
obi¢ajno kopici v obliki sternalnih depozitov CaCO;. Sternalni depoziti se pojavijo v
levitvenem prostoru med staro in novo kutikulo sprednjih $tirih sternitov pereona. DruZina
Trichoniscidae je razmeroma slabo preucena skupina kopenskih enakonozcev z mno gimi
jamskimi predstavniki. Pri trihoniscidih so prisotna kalcijeva telesca, posebni organi, v
katerih se kopi¢i kalcij. Proces levitve in spreminjanje strukture in sestave zacasnih
depozitov kalcija med levitvenim ciklom pri trihoniscidih Se niso bili preuceni. Pri samcih
nekaterih trihoniscidov so prisotni $cetinasti zlezni organi, na zunaj vidni kot porozne
povrsine, prekrite z raznolikimi kutikularnimi strukturami. Struktura teh organov je bila
doslej raziskana le pri eni vrsti, njihova funkcija pa ostaja neznana.

V naSi raziskavi smo spremljali levitev podzemeljskega trihoniscida velike jamske mokrice
Titanethes albus (Koch) v laboratoriju in preucili ultrastrukturo njenega integumenta med
levitvenim ciklom. Pri tej vrsti smo podrobno preucili tudi zgradbo Scetinastih Zleznih
organov in za samce znacilnih eksokrinih zlez. Opisali smo arhitekturo in sestavo
kalcijevih telesc in njihovo dinamiko med levitvenim ciklom. Poleg jamske mokrice smo v
raziskavo vkljucili tudi trihoniscida Hyloniscus riparius (Koch), ki zivi v listni stelji. Tudi
pri tej vrsti smo opisali zgradbo kalcijevih telesc ter spremembe njihove zgradbe med
levitvenim ciklom.

Osebke jamske mokrice in H. riparius smo vzdrzevali v laboratoriju. Zivali v razli¢nih
fazah levitvenega cikla smo fiksirali v 4% formaldehidu in pripravili parafinske rezine.
Druge osebke smo fiksirali v meSanici paraformaldehida in glutaraldehida v kakodilatnem
pufru, postfiksirali z osmijevim tetroksidom in vklopili v sinteticno smolo za pripravo
poltankih in ultratankih rezin. Enako fiksirane vzorce smo tudi posusili v
heksametildisalazanu (HMDS), pritrdili na nosilce, naprasili s platino in z vrsti¢no
elektronsko mikroskopijo preucili zunanjo morfologijo $¢etinastih Zleznih organov.

Na rezinah smo s svetlobno mikroskopijo ter presevno elektronsko mikroskopijo preucili
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histoloske in ultrastrukturne znacilnosti kalcijevih telesc v levitvenem ciklu ter $cetinastih
zleznih organov pri Zivalih v fazi med levitvama. 1z serijskih parafinskih rezin smo izdelali
3D rekonstrukcijo prostorske razporeditve eksokrinih zlez v pleonu samcev jamske
mokrice. Prisotnost bakterij v tkivih jamske mokrice smo potrdili s hibridizacijo in situ na
histoloskih rezinah s fluorescentno nukleotidno sondo, specificno za evbakterijsko
ribosomsko RNA.

Kalcijeva telesca v razlicnih fazah levitvenega cikla smo izolirali v metanolu in posusili na
zraku. Tako pripravljene vzorce smo pritrdili na nosilce, zlomili, da smo izpostavili njihovo
notranjost, jih naprasili s platino in opazovali z vrsticnim elektronskim mikroskopom.
Enako smo pripravili tudi sternalne depozite jamske mokrice. Nekatere vzorce kalcijevih
telesc jamske mokrice smo naprasili z ogljikom in analizirali njihovo elementno sestavo z
energijsko-disperzijsko rentgensko spektrometrijo (EDXS) v vrsticnem elektronskem
mikroskopu. V metanolu fiksirana kalcijeva telesca jamske mokrice smo vklopili v
sinteticno smolo, pripravili ultratanke rezine in na njih izvedli elektronsko difrakcijo
(SAED) v presevnem elektronskem mikroskopu. V absolutnem etanolu izolirana kalcijeva
telesca H. riparius ter sternalne depozite jamske mokrice smo posusili in jih analizirali z
mikro-ramansko spektroskopijo.

Ugotovili smo, da je levitveni cikel jamske mokrice daljsi kot pri povrSinskih mokricah,
kar sovpada z njenim pocasnejSim metabolizmom. Ultrastruktura epitelija integumenta
med sintezo kutikule je pri jamski mokrici enaka kot pri povrSinskih mokricah in drugih
rakih. Za razliko od drugih mokric pri jamski mokrici po levitvi ne pride do tvorbe
dodatnih slojev epikutikule. V levitvenem prostoru so pri jamski mokrici prisotni
zunajcelicni tubuli, debeli okoli 20 nm, ki se zdruzujejo v snope. Podobni tubuli so bili
opisani v levitvenem prostoru tudi pri nekaterih drugih mokricah. V sredini posameznega
snopa se nahaja celi¢ni izrastek, ki sega do stare kutikule in ga obdaja elektronsko gosta
ovojnica. Funkcija celi¢nih izrastkov ni znana, lahko pa gre za dendritske povezave s Cutili
v stari kutikuli.

Pri jamski mokrici se v predlevitveni fazi razvijejo sternalni depoziti, ki so sestavljeni iz
sferul, manjSth od mikrometra. Po zgradbi so podobni sternalnim depozitom pri druZini
Ligiidae. V primerjavi s preucenimi povrSinskimi mokricami sestavljajo sternalne depozite
jamske mokrice manjSe sferule kalcijevega karbonata.

Jamska mokrica ima dva para kalcijevih telesc v posteriornih ¢lenih pereona. Kalcijeva
telesca so epitelijske vrecke, napolnjene z bakterijami in zunajcelicnim matriksom, ki
vsebuje kisle makromolekule in kristale apatita. Celice epitelija kalcijevih telesc imajo
nagubano apikalno plazmalemo in vsebujejo veliko mitohondrijev in zrn glikogena.
Njihova apikalna povrSina je obrnjena proti lumnu kalcijevega telesca in je prekrita z
zunajceli¢no ovojnico. V predlevitveni fazi se v kalcijevih telescih oblikuje dodatna
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steklasta plast zunajcelicnega matriksa, ki je mineraliziran s kalcijevim karbonatom in
kalcijevim fosfatom. Ta plast se v polevitveni fazi razgradi. Med resorpcijo kalcija imajo
celice epitelija kalcijevih telesc izrazito nagubani tako apikalno kot bazolateralno
plazmalemo, medceli¢ni prostori med celicami pa so razsirjeni. Kristali apatita in bakterije
so prisotni v vseh fazah levitvenega cikla.

Hyloniscus riparius je eden redkih kopenskih enakonoZcev, pri katerem se sternalni
depoziti v predlevitveni fazi ne pojavijo. V njegovem pereonu se nahajata dva para
kalcijevih telesc. Posteriorna kalcijeva telesca so napolnjena z bakterijami, vsebujejo
kristale apatita in so podobna kalcijevim telescem jamske mokrice. Anteriorna kalcijeva
telesca ne vsebujejo bakterij, zunajceli¢ni matriks v njih pa je mineraliziran s kalcijevim
karbonatom. Epitelij kalcijevih telesc je podoben kot pri jamski mokrici, le da v fazi med
levitvama apikalna povrSina celic v anteriornih kalcijevih telescih ni nagubana. V
predlevitveni fazi epitelij kalcijevih telesc izlo¢i novo ovojnico. V posteriornih kalcijevih
telescih se med staro in novo ovojnico oblikuje steklast sloj matriksa, ki je mineraliziran s
kalcijevim fosfatom in kalcijevim karbonatom. V anteriornih kalcijevih telescih se stara
ovojnica vgradi v rasto¢i matriks, mineraliziran s kalcijevim karbonatom. V medlevitveni
fazi se najprej zacne resorpcija mineralov iz anteriornih kalcijevih telesc. V polevitveni
fazi se resorbirajo vse mineralne komponente v anteriornih kalcijevih telescih ter steklast
sloj v posteriornih kalcijevih telescih. M ed resorpcijo mineralov imajo epitelijske celice v
obeh parih kalcijevih telesc moc¢no nagubano apikalno plazmalemo, medceli¢ni prostori
med njimi so povecani, v njih pa so prisotne nekaj deset nanometrov velike elektronsko
goste granule, ki nastajajo na kratkih izrastkih bazolateralne plazmaleme. Podobne so
ultrastrukturne znacilnosti transp ortnih epitelijev med transportom kalcija pri drugih rakih.

Rezultati kazejo, da je prisotnost bakterij v kalcijevih telescih povezana z dinamiko
kalcijevega fosfata. Stalna nagubanost apikalne poviSine epitelijev kalcijevih telesc, ki
vsebujejo bakterije, je verjetno povezana z intenzivnim transportom skozi epielij, ki
vzdrzuje ustrezne razmere za Steviléno populacijo bakterij v kalcijevem telescu. Jamska
mokrica kopici v zacasnih depozitih kalcija sorazmerno ve¢ kalcijevega fosfata kot H.
riparius in v prostorih med celicami epitelija kalcijevih telesc se pri jamski mokrici med
resorpcijo kalcija ne pojavljajo elektronsko goste granule.

Na S$cetinastih Zleznih organih jamske mokrice se nahajajo raznolike epikutikularne
strukture, Stevilne pore, skozi katere izlo¢ajo eksokrine zleze ter specializirane senzile.
Zleze, ki izlogajo skozi $¢etinaste Zlezne organe, zapolnjujejo vedji del pleona. Posamezno
zlezo sestavlja nekaj sekrecijskih celic, povezanih z osrednjo celico, in kanalska celica, ki
vodi sekrecijske produkte na povrsino. Osrednja celica je zvezdasta, njeni izrastki segajo
globoko v ugreznitve plazmaleme sekrecijskih celic in tako ustvarjajo kanale, ki vodijo
sekrecijske produkte proti osrednji celici, preko katere potujejo v kanalsko celico. Taksna
zgradba eksokrinih zlez pri rakih Se ni bila opisana, v nekaterih znacilnostih pa zleze
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S€etinastih Zleznih organov jamske mokrice spominjajo na krpate Zleze mokric. V pleonu
in uropodih samcev jamske mokrice se nahajata Se dva tipa za samce znacilnih eksokrinih
Zlez, ki so po zgradbi podobne rozetastim zlezam drugih rakov. S&etinasti Zlezni organi
najverjetneje izlo¢ajo peptide. Zleze samcev jamske mokrice niso podobne predhodno
opisanim zlezam samcev rodu Trichoniscus, kar nakazuje, da so se v evoluciji razvile
neodvisno.

4.2 SUMMARY

Crustaceans possess a calcified exoskeleton (cuticle), which is regularly replaced by
molting during growth, reproduction and development. Numerous crustacean groups have
evolved various transient calcium deposits, in which calcium is usually accumulated in the
form of amorphous calcium carbonate. These deposits most often appear only in specific
stages of the molt cycle and likely reduce the dependence of crustaceans on external
calcium sources. The synthesis and mineralization of the cuticle and mineralized
extracellular matrices of transient calcium deposits are performed by secretory epithelia of
the integument and the digestive system.

In terrestrial isopods (Oniscidea), calcium is usually accumulated during the premolt stage
of the molt cycle in the form of sternal CaCO; deposits. Sternal deposits appear in the
ecdysial space (the space between the old and the new cuticle) of anterior sternites of the
pereon. The family Trichoniscidae is an understudied group of terrestrial isopods with
numerous cave-dwelling representatives. Calcium bodies, special calcium accumulating
organs, are present in some trichoniscid woodlice. The molt process and the changes of
calcium deposits during the molt cycle have not yet been studied in trichoniscids. Males of
some trichoniscids possess gland-piliferous organs, externally visible as porous surfaces
covered by cuticular setae. Their structure has thus far been studied in only one species and
their function remains unknown.

In our study we monitored the molt of the troglobitic trichoniscid Titanethes albus (Koch)
in the laboratory and studied the ultrastructure of its integument during the molt cycle. In
this species we also studied the structure of the gland-piliferous organs and male-specific
exocrine glands in detail. We described the architecture and composition of its calcium
bodies and their dynamics during the molt cycle. Our study also included the trichoniscid
Hyloniscus riparius (Koch), which lives in leaf litter. We also described the structure of
calcium bodies and their changes during the molt cycle in this species.

Specimens of T. albus and H. riparius were maintained in the laboratory. Individuals in
different molt cycle stages were fixed in 4 % formaldehyde for the preparation of paraffin
sections or fixed in a mixture of paraformaldehyde and glutaraldehyde in cacodylate
buffer, postfixed with osmium tetroxide and embedded in synthetic resin for the
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preparation of semithin and thin sections. Specimens fixed with the same procedure were
dried in hexamethyldisilazane (HMDS), after which samples were attached to holders,
sputter-coated with platinum and the external morphology of gland-piliferous organs was
studied with scanning electron microscopy.

Histological and ultrastructural characteristics of the calcium bodies during the molt cycle
as well as the gland-piliferous organs in intermolt stage specimens were studied with light
microscopy. A 3D reconstruction of the spatial distribution of exocrine glands in the male
pleon was constructed from serial paraffin sections. The presence of bacteria in tissues was
confirmed with in situ hybridization of sections with a fluorescent nucleotide probe,
specific for eubacterial ribosomal RNA.

Calcium bodies in different molt cycle stages were isolated in methanol and air-dried.
Specimens were then attached to holders, fractured to expose the interior, sputter-coated
with platinum and observed with a scanning electron microscope. Sternal deposits of T.
albus were prepared the same way. Several isolated calcium bodies were coated with
carbon and their elemental composition was studied with energy dispersive X-ray
spectrometry (EDXS) in a scanning electron microscope. M ethanol-fixed calcium bodies
were also embedded in synthetic resin for the preparation of ultrathin sections. Selected
area electron diffraction (SAED) of sections was performed with a transmission electron
microscope. Calcium bodies of H. riparius and sternal deposits of T. albus were isolated in
absolute ethanol, air-dried and analyzed with micro-Raman spectroscopy.

We established that the molt cycle of T. albus is longer than in epigean woodlice, which
corresponds to its slower metabolism. The ultrastructure of the integumental epithelium
during cuticular synthesis in T. albus is the same as in epigean woodlice and other
crustaceans. No postecdysial modifications of the epicuticle, which have been observed in
other woodlice, take place in T. albus. Extracellular tubules approximately 20 nm in
thickness are present in the ecdysial space of T. albus specimens in premolt stage and
associate into bundles. Similar tubules have been reported in the ecdysial space of other
woodlice. At the center of each bundle of tubules, a cellular extension in an electron dense
sheath is present and reaches into the old cuticle. The function of cellular extensions is not
known, but it is possible that they are dendritic connections with sensory organs in the old
cuticle.

During the premolt stage, sternal deposits consisting of spherules under a micrometer in
diameter develop in T. albus. They are similar in structure to sternal deposits in the family
Ligiidae. In comparison with epigean woodlice, the sternal deposits of T. albus are

composed of smaller calcium carbonate spherules than those of epigean species.

Titanethes albus possesses two pairs of calcium bodies in posterior pereonites. Calcium
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bodies are epithelial sacs filled with bacteria and an extracellular matrix, which contains
acidic macromolecules and apatite crystals. The apical plasma membrane of cells in the
calcium body epithelium is folded and they contain numerous mitochondria and glycogen
granules. Their apical surface faces the calcium body lumen and is lined by an extracellular
envelope. During the premolt stage, an additional glassy layer of extracellular matrix
mineralized with a mixture of calcium carbonate and calcium phosphate is formed in the
calcium bodies. This layer is degraded after molt. During calcium resorption, cells of the
calcium body epithelium have intensely folded apical and basal plasma membranes and the
intercellular spaces between them are dilated. Apatite crystals and bacteria are present
within calcium bodies during all stages of the molt cycle.

Hyloniscus riparius is one of the few terrestrial isopods that do not form sternal deposits
during the premolt stage. Two pairs of calcium bodies are located in its pereon. The
posterior calcium bodies are filled with bacteria, contain apatite crystals and are similar to
the calcium bodies of T. albus. The anterior calcium bodies, on the other hand, do not
contain bacteria and the extracellular matrix within them is mineralized with calcium
carbonate. The calcium body epithelium is similar to that of T. albus, except that the apical
epithelial surface of the anterior calcium bodies is not folded during intermolt stage.
During the premolt stage, the calcium body epithelium secretes a new envelope. In the
posterior calcium bodies, a glassy layer of matrix mineralized with a mixture of calcium
carbonate and calcium phosphate is formed between the old envelope and the new one. In
the anterior calcium bodies, the old envelope is incorporated into the growing matrix
mineralized with calcium carbonate. During the intramolt stage, mineral resorption starts in
anterior calcium bodies first. During the postmolt stage, all mineral components in the
anterior calcium bodies and the glassy layer in the posterior calcium bodies are resorbed.
The epithelial cells in both pairs of calcium bodies have an intensely folded apical plasma
membrane during mineral resorption and the intercellular spaces between them are dilated.
Electron dense granules several tens of nanometers in size, which form on short
protrusions of the plasma membrane, are present within the intercellular spaces during this
time. These ultrastructural features are similar to those reported in other crustacean
transp orting epithelia.

Our results indicate that the presence of bacteria within calcium bodies is linked to calcium
phosphate dynamics. The continuously folded apical epithelial surface in bacteria-filled
calcium bodies is likely associated with intensive transepithelial transp ort, which maintains
suitable conditions within the calcium body harboring a large bacterial population. The
relative amount of phosphorus accumulated in transient calcium deposits is larger in T.
albus than in H. riparius and electron dense granules are not present in spaces between
epithelial cells during calcium resorption from calcium bodies in T. albus.

Diverse epicuticular structures, numerous openings of exocrine glands and specialized
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senzila are present on the gland-piliferous organs of T. albus. Glands which secrete through
gland-piliferous organs fill most of the pleon. An individual gland comprises several
secretory cells, a central cell, and a canal cell, which leads secretory products to the
surface. The central cell is stellar in shape and its extensions reach deep into invaginations
of the secretory cell’s plasma membranes, thus forming channels leading secretory
products towards the central cell, through which they pass into the canal cell. Exocrine
glands with similar structure have not previously been described in crustaceans, but several
features of the glands in T. albus gland-piliferous organs are reminiscent of the lobed
glands of woodlice. Two additional types of male-specific glands are present in the pleon
and uropods of T. albus males. These glands are similar in structure to rosette glands of
other crustaceans. Gland-piliferous organs most likely secrete peptides. Male-specific
glands in T. albus are not similar to previously described male-specific glands of
Trichoniscus, which indicates that they evolved independently.
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PRILOGE
Priloga A

Epikutikula Hyloniscus riparius v fazi med levitvama.




Priloga B

Anteriorni sternalni epitelij jamske mokrice Titanethes albus v medlevitveni fazi.




Priloga C

Histokemijska barvanja saméevih Zlez tipa 1 jamske mokrice Titanethes albus.

Barvanje s Ponceau 2S na poltanki rezini pleona. Proteini se zbarvilom obarvajo rdece. Obarvani so

sekrecijski vezikli Zlez.

b

Barvanje s Coomassie modrim na parafinski rezini. Proteini se z barvilom obarvajo modro. Sekrecijski

vezikli Zlez so moc¢no obarvani.



