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ZASOBNI BUNKY A JEJICH ROLE VE FYZIOLOGII ZELVUSEK

ABSTRAKT

Zelvusky (kmen Tardigrada) dokazi tolerovat fadu stresovych podminek
(naptiklad témét uplnou dehydrataci, vystaveni extrémné nizkym i vysokym teplotam, a
dokonce I otevienému vesmirnému prostoru). Spadaji tak mezi nejodolnéjsi a radiaci-
nejresistentnéj$i mnohobunééné organismy. Jejich t€lni dutina je vyplnéna volnymi
zasobnimi buiikkami (tzv. storage cells, SC). Jejich role pfi anhydrobidze zelvusek je
pfedmétem diskuzi. Hlavnim cilem této préace je (i) analyzovat pfitomnost mitézy u SC,
(1) najit faktory, které ovliviiuji anhydrobiotické pteziti zelvusek a (iii) popsat
ultrastrukturu SC a ultrastrukturu SC vystavenych stresorim desikace a teplotnimu
stresu. Modelovym druhem pro vSechny studie je druh R. cf. coronifer. Jedinci tohoto
druhu jsou jedi z nejhojnéji probadanych s ohledem na anhydrobiézu. Pro tyto ucely byla
vyuzita fada histochemickych technik v kombinaci se SEM, TEM a konfokalni
mikroskopii.

Za prvé, frekvence mitotického déleni SC ZelvusSek je Cast&j$i u juvenilnich
jedincti nez u dospélct, a koreluje s rustovou fazi jedinci. Vyskyt mitozy je Castéjsi u
jedincti v procesu ekdyze, ale celkovy mitoticky index je nizky. Déle, Zelvusky druhu R.
cf. coronifer pteziji maximum Sesti po sob¢ nasledujicich cyklt desikace/rehydratace. S
kazdym cyklem dochdzi k signifikatnimu sniZeni pfeziti jedincii, a po patém cyklu k
signifikatnimu sniZzeni poctu ZB a zvySeni mnozstvi nespravné tvofenych soudecku
(“semi-tun”). Zelvusky tohoto druhu pfeZiji 6 mésicd dlouhou dehydrataci. Avsak
teplotni stres snizuje preziti desikovanych Zzelvusek. V souvislosti s desikaci bylo
pozorovano jen nckolik ultrastrukturdlnich zmén v builkdch: (i) zména mnozstvi
pigmentovych granul a lipidovych vackia v epiderméalnich buiikach, (ii) celkové svrasténi
vSech bungk, (ii1) zvySeni heterochromatinu SC, (iv) zména v densité a obsahu zdsobniho
materiald v SC, (v) ¢astecna ztrata jadérka. SC aktivnich jedinct obsahuji velké jadro,
rozliSitelné jadérko, ribosomy, mitochondrie, RER, GA, a velké autofagosomy. Lipidy a
polysacharidy tvofi hlavni sloZku rezervniho materidlu ZB. Zavérem, u Zelvusek druhu
R. cf. coronifer lze ultrastrukturné rozliSit dva typy ZB: (i) typ I bunky, které jsou
metabolicky aktivni a obsahuji velké mnoZstvi rezervniho materialu ve formé zasobnich
vackd, a typ II buiiky, které reprezentuji mladé, nediferencované stem-cell-like buiky.

Klic¢ova slova: zasobni bunky, storage cells, coelomocyty, mitoza, Zelvusky,
anhydrobiodza, kryptobidza, Tardigrada, Richtersius coronifer,
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STORAGE CELLS AND THEIR ROLE IN TARDIGRADE
PHYSIOLOGY

ABSTRACT

Tardigrades possess remarkable tolerance to numerous stress conditions (e.g.
almost complete desiccation, exposure to very low sub-zero temperature, heat stress and
even exposure to space in low Earth orbit). Indeed, they are among the most radiation-
resistant multi-cellular organisms. The body cavity of tardigrades is filled with the
storage cells (SC). Their role in anhydrobiosis has been discussed. The main objectives
of this work were to analyse (i) the occurrence of mitosis in SC, (ii) the factors
constraining anhydrobiotic survival, and (iii) the general ultrastructure of SC and their
ultrastructure concerning the stress conditions. Our model species, R. cf. coronifer is one
of the most extensively studied tardigrades concerning anhydrobiosis. Comprehensive
histochemical techniques were used in combination with SEM, TEM, and confocal
microscopy.

First, mitotic divisions of tardigrade SC occur with a higher frequency in
juveniles than in adults and correlate with animal growth. Mitosis is more frequent in
moulting tardigrades, but the overall mitotic index is low. Furthermore, tardigrades of
R. cf. coronifer can survive the maximum of 6 repeated desiccation cycles with
significantly declining survival rate with repeated desiccations and significantly lower
number of SC and more incorrectly formed tuns (“semi-tuns”) after the fifth desiccation
cycle. Tardigrades of R. cf. coronifer survive 6 months of desiccation. Heat stress,
however, decreases the survival rate of desiccated tardigrades. Only a few ultrastructural
changes were observed concerning to desiccation: (i) change in pigmentation in
epidermal cells, (i1) overall cellular shrinkage, (iii) increments of heterochromatin in SC,
(iv) change in density and contents of reserve material in SC, (v) partially loss of
nucleoli. The SC of active specimens contain a large nucleus, distinct nucleolus,
ribosomes, mitochondria, RER, GA, large autophagosomes. Lipids and polysaccharides
are the main stored material in SC. Finally, two cell-types with different ultrastructure
were defined in tardigrades of R. cf. coronifer: (i) type 1 cells are metabolically active
and store nutrients in form of reserve spheres and type II cells that might represent
undifferentiated stem-cell-like cells.

Key words: storage cells, coelomocytes, mitosis, tardigrades, anhydrobiosis, tun
formation, cryptobiosis, Tardigrada, Richtersius coronifer
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1. Uvod

Zelvusky (kmen Tardigrada) jsou mnohobunééni hydrofilni mikrometazoa (0.1-1.2 mm)
ze skupiny Ecdysozoa (Jergensen et al., 2018; Mebjerg et al., 2019). Jsou charakterizovani jako
méné znama skupina bezobratlych (Nelson, 2002). Na druhou stranu jsou dobife znami schopnosti
ptezit fadu nepfiznivych podminek ve formé& ametabolického stavu, kryptobidzy, ktery je
pfedmétem tady studii (Wright et al., 1992; Wehicz et al., 2011). Pfeziji kompletni desikaci po
dobu 9-20 let (Westh and Ramlev, 1991; Jergensen et al., 2007) a byly extrahovany z mechovych
vzorkil zmrazenych az 30 let (Tsujimoto et al., 2016). V anhydrobiotickém (desikovaném) stavu
preziji fadu extrémnich environmentalnich i laboratornich podminek, jako napiiklad velmi nizké
teploty (Hengherr et al., 2009, 2010), -80°C po dobu 30 let (Tsujimoto et al., 2016), a dokonce
i teploty blizké absolutni nule (Ramlev a Westh, 2001), vysoky osmoticky tlak (Heidemann et
al., 2016), ponoteni v alkoholech o rizné polarit¢ (Ramlev a Westh, 2001; Guidetti et al., 2012),
velmi vysoké teploty az k +70°C po dobu 1 hodiny (Ramlev a Westh, 2001), biocidni plyn
methyl bromid (Jonsson and Guidetti, 2001), nizky a vysoky hydrostaticky tlak (Ono et al.,
2008), gamma-ozaieni n€kolik tisic greyt (Gy) (Jonsson et al., 2005; Horikawa et al., 2009),
ozéafeni ve formé t&7kych iontt “He (Horikawa et al., 2006), protond (Nilsson et al., 2010), iontd
zeleza a helia (Jonsson and Wojcik, 2017), vysoké davky UV radiace (Jonsson et al., 2008;
Altiero et al., 2011; Horikawa et al., 2013), a také vystaveni podminkdm oteviené¢ho vesmirného
prostoru (Jonsson et al., 2008; Persson et al., 2011). Celkové Zelvusky patii mezi mnohobunécéné
organismy s nejvetsi odolnosti vici radiaci (Nilsson et al., 2013; Jonsson, 2019). Jejich vyzkum
ma tak vyznamny potencial pro vyvo] novych technologii v oblasti radio-protekce
a kryoprezervace biologickych materialti. Jen n¢kolik malo studii vyuzilo tohoto potencialu
pro studium efektu stresord na zivé organismy, zejména v oblasti biomediciny (Guidetti et al.,
2012) a jen vnedavné dobé byla provedena transfekce tardigrade—specifickych proteind
(RVLEAM, mitochondrial heat soluble, a MAHS) do lidskych bunék (Hep-2). Doslo tak
ke zvyseni tolerance transfekovanych bunék vici hyperosmotickému stresu (Tanaka et al., 2015).
Dal$im z tardigrade-specifickych proteini je Dsup asociovany s DNA, ktery byl transfekovan
do lidskych embryonalnich bun¢k ledvin (HEK293), ¢imz dosSlo k redukci poskozeni DNA
vlivem iradiace o 40 %, a zvySeni viability téchto bunék (Hashimoto et al., 2016; Chavez et al.,
2019). Ackoli existuje nékolik hypotéz vysvétlujicich toleranci zelvusek vici t€émto podminkam,
nejsou jednotné a studium je limitovano na jen nékolik malo studovanych druhd. Piesné
mechanismy jejich odolnosti nejsou dosud objasnény.

Aktudln€é je popsadno pfiblizné 1300 druhtt (Degma, 2019), vyskytujicich
se ve sladkovodnich, terestrickych i motskych prostfedich. Jejich vyskyt je vSak vzdy vazan
na tenky vodni film. Zelvusky tvoii hlavni slozku mikrofauny v mesich a lisejnicich (Halberg et
al.,, 2009). Jejich télo ma pét télnich segmentl: hlavovy a 4 trupové sparem koncetin
zakonéenych drapky nebo pifisavnymi disky o riizném poctu a tvaru (Mebjerg et al., 2019). Jedna
se o pomérn¢ komplexni zivoCichy s dobfe vyvinutou svalovinou, nervovym systémem, travicim
ustrojim a specializovanym vyluovacim a rozmnoZovacim ustrojim (Nelson et al., 2005;
Halberg and Mpgbjerg, 2012). Nemaji v8ak dychaci ani ob€hovy systém. Vyména plynu je
umoznéna difuzi pres kutikulu a epidermis. Ob&hovou funkci piebiraji zasobni buitky (SC)
coelomového typu (body cavity cells, storage cells; Ramazzotti a Maucci, 1983; Jonsson et al.,
2019).
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Obecné lze fict, ze bunécna biologie Zelvusek je zanedbana oblast vyzkumu i presto, ze
nekolik studii zaméfenych na bunéfnou biologii bylo publikovano (Walz, 1973; Weglarska,
1975; Dewel et al., 1993; Avdonina et al., 2007; Hyra et al., 2016a, b).

2. Hypotézy a cile prace

SC Zelvusek jsou volné plovouci bunky v lymfé té€lni dutiny. U aktivnich druhi jsou
pasivné presouvany té€lni lymfou (Dewel et al., 1993; Reuner, 2010). Vypliuji tak prostor mezi
organy. Obcas byla pozorovana jejich adheze k bazalni membrané jinych tkani (Weglarska, 1975;
Dewel et al., 1993). Tyto buiiky jsou zodpovédné za dilezité fyziologické funkce (napt. syntéza,
shromazd’ovani a transport zivin) a jsou vysoce metabolicky aktivni (Szymanska, 1994; Poprawa,
2006; Hyra et al., 2016a, b). Jejich tvar a obsah zasobnich latek se mize ménit (Hyra et al.,
2016a, b). Presto dosud nebyly klasifikovany potencialné rizné typy SC jako je tomu u jinych
bun€k coelomocytového typu. Nekteré studie popisuji dulezitou ulohu téchto bunék
pti kryptobidze (Weglarska, 1975; Jonsson and Rebecchi, 2002; Reuner et al., 2010).

Jelikoz jsou studie ZzelvuSek provadény jen na nékolika malo druzich, informaci
o ptipadné klasifikaci, ultrastruktuie a specifické funkci téchto bun€k a jejich potencialni roli
v odolnosti zelvusek vici extrémnim stresoriim je dosud nedostatek. Hlavnim cilem mé
disertacni prace je pfispét k poznani funkce zasobnich bun¢k v souvislosti se stresovou toleranci
zelvusek. Zelvusky jsou nékdy charakterizovany jako organismy s konstantnim poétem bunék
v jejich adultnim stadiu zivota (Gabriel et al., 2007; Guidetti et al., 2012). Zaroven jen nékolik
studii potvrdilo déleni nékterych bunék (Bertolani, 1970a, b; Gross et al., 2018). Podminky,
trigger faktory bunécného déleni a detaily bunécného cyklu nejsou dosud objasnény. I s ohledem
na to, ze dosud nebyla vytvofena primarni bunééna kultura zelvusek, prvnim dil¢im cilem bylo
verifikovat schopnost déleni SC a zjistit, jaké fenotypické znaky jsou asociovany s bunécnym
délenim (Paper I). Dalsimi cily (Paper II) bylo analyzovat: (i) schopnost ZelvuSek prezit
mnohonasobné desikace/rehydratace-cykly, (ii) potencialni efekt kazdého desikacniho cyklu na
morfometrické znaky jedincii a jejich SC, (iii) vyskyt bunétného déleni po kazdém z cykld
desikace/rehydratace. Paper III je studii morfologickych a ultra-strukturnich zmén spojenych
s anhydrobidzou. Studie uvadi 3D-rekonstrukci soudecku (tun formation), ultrastrukturu kutikuly,
epidermis a vnitinich organd a jejich tkani, a zasobnich bun¢k. Studie je také prvni, ktera
potvrzuje nezavislost schopnosti tvorby soudeckll 1 béhem ekdyze zelvusek. Cile Paper 1V byly
(1) porovnat ultrastrukturu zasobnich bunek v aktivnim a desikovaném stavu zelvusek, (ii) zjistit,
jaky efekt na SC ma teplotni stres. Celkem jsou soucasti predkladané prace 3 zakladni témata,
ato: 1) mitéza v zasobnich bunkach a eutelie u Zelvusek (Paper I a II), 2) Anhydrobiéza u druhu
R. cf. coronifer (Paper 11, 111, IV), 3) Ultrastruktura zasobnich bunék (Paper III a IV). Zasobni
buriky jsou pojicim elementem vsech publikovanych ¢lankd.

3. MATERIAL A METODIKA

3.1 Modelovy organismus: Richtersius cf. coronifer

R. cf. coronifer (Richters, 1903; Eutardigrada, Macrobiotidae) je modelovym druhem
vSech prezentovanych studii. Jedna se o limno-terrestricky herbivorni druh s dokumentovanou



vysokou schopnosti tolerance dehydratace (Jonsson and Rebecchi, 2002; Jonsson et al., 2005,
2008). Tento druh je jednim z nejvice studovanych druhii zelvusek v oblasti anhydrobiozy
(Westh and Ramlav, 1991; Jonsson and Guidetti, 2001; Jonsson et al., 2001, 2005; Ramlgv and
Westh, 2001; Ivarsson and Jonsson, 2004). Kromé své unikétni vlastnosti tolerance fady stresort
tento druh patii mezi jedny z nejvetSich (az 1000 pm).

3.2 Studovana oblast

Jelikoz vybrany modelovy druh nelze dosud kultivovat v laboratornim prosttedi, vSichni
jedinci v prezentovanych studiich byli izolovani z jejich pfirozeného prostiedi v oblasti ostrova
Oland (jiho-vychodni ¢ast Svédska). Jedinci tohoto druhu Ziji v mesich (pfevazné druhu
Orthotrichum cupulatum Hoffm. ex Brid.), které rostou na kamennych vapancovych zidkach, a
jsou vystaveny podminkam rychlého vysouseni a zménam v humidité (Jonsson et al., 2001).

3.3 Sbér a analyza dat

Pro pozorovani mitézy (Paper I, II) byly zelvusky fixovany a barveny in foto pomoci
acetic-lactic orceinu (Tonzetich, 2004). U jedincii s nalezenymi mitotickymi butikami byl pocitan
celkovy pocet zasobnich bunék a poté vypocitan mitoticky index (Paper I, II). Fenotypické
znaky pro predikci mitézy v zasobnich builkach byly analyzovany u hydratovanych jedinci
(Paper I) a v dalsi studii (Paper II) take s ohledem na spojitost s opakovanou desikaci.
Shromézdéna data pro charakteristiku fenotypickych znakli obsahovala tato méfeni: délka buko-
faryngealniho aparatu, obsah stfev (prazdna, plnd), vyvojovy stupen vajicek v gonadach, ekdyze,
pocet, tvar a velikost oocytti (Paper I and II).

Soudecky (anhydrobioticky stav, Paper III, IV), rehydrované a teplototnim stresem
ovlivnéné zelvusky (Paper 1IV) byly analyzovany svételnym mikroskopem, skenovacim
a transmisnim elektronovym mikroskopem (vytvofenim semi- a ultratenkych fezl tél zelvusek).
Obsah polysacharidi, proteint a lipidii v SC byl stanoven histochemickymi barvicimi technikami
(PAS, Bonhag’s metoda, Sudan Black-B barveni a BODIPY 494/503, Litwin, 1985). 3D-
rekonstrukce soudeckll byla vytvofena ze semi-tenkych fezli (500nm), které byly obarveny,
vyfotografovany a zarovnany do spravného pofadi a pozice (detaily popsany v Paper III,
Material and method sekce). Paper 1V obsahuje deskriptivni a experimentalni ¢ast. Deskriptivni
Cast je zaméfend na srovnani SC, resp. jejich ultrastruktury, mezi jedinci desikovanymi
a hydratovanymi. Experimentalni ¢ast je zamétena na experiment vystaveni zelvusek dlouhodobé
desikaci (6 mésicti) v kombinaci s teplotnim Sokem (50°C, 24h) s cilem zjistit efekt téchto
stresor na ultrastrukturu SC. Paper IV vyuziva konfokalni mikroskopie pro zobrazeni
proliferyjicich a mrtvych bun¢k pomoci barveni s anti-phosphohistone H3-antibody a TUNEL
assay.

4 VYSLEDKY a DISKUZE

4.1 Mitéza zasobnich bunék

Frekvence vyskytu mitotickych SC je vétsi u juvenilnich nez adultnich jedinct. Navic
celkovy pocet SC je vy$$i u adultnich jedincd. Obé prezentované studie (Paper I, IT), potvrdily



vyskyt mitotickych SC u 20% ze vSech studovanych jedinct. Mitoticky index (MI) SC je ovSem
nizky (1.27% v Paper I a 1.60% v Paper II). Pocet SC je rozdilny, a to jak pfi srovnani dospélct
a juvenilnich jedinct, ale také mezi jednotlivci. Zelvusky druhu R. cf. coronifer maji v priméru
600+209 SC (dospélci), and 425+23 (juvenilni jedinci; Paper I). Celkove se pocet SC pohybuje
v rozmezi od 300 az 1100 u dospélct, 60 az 800 u jevinlnich jedinct (Paper I, II). Jelikoz je MI
nizky, frekvence vyskytu mitotickych SC je vyssi u juvenilnich jedinci, a jelikoZz mezi dospélci
je castgjsi vyskyt mitotickych SC spojen s ekdyzi jedinct, zdad se, ze vyskyt mitotickych SC
koreluje s rstem jedinci.

U juvenill zadny z fenotypickych znaki neni prediktivni pro déleni SC, ale u dospélct je
vyskyt mitézy SC spojeny s vyvojem oocytl, procesem ekdyze a prazdnymi stievy (Paper I).
Vysledky (Paper II) nepotvrdily signifikantni korelaci vyskytu mitéozy ve SC a obsahem stiev.
Spojenim vysledkl z prezentovanych publikaci (Paper 1, IL, 111, IV) Ize shrnout, Ze fyziologické
procesy spojené s ekdyzi jsou nejsilnéjsim prediktorem pro vyskyt mitézy v SC Zelvusek.

Mitoza SC ziejmé neni spousténa energetickym stresem cyklt desikaci, a to z diivodu, ze
pocet bunék (a také mitotickych bunék) se signifikantné snizuje s kazdym nasledujicim
desikaénim cyklem (Paper II). Hlavni funkce SC je shromazdéni zasobniho materialu
(Weglarska, 1957; Rosati, 1968; Weglarska, 1975; Szymanska, 1994). Proto zmenSeni poctu
buné¢k muze indikovat: (A) energeticky stres (a pfipadnou re-absorpci bunék), (B) poSkozeni
bungk (a pripadnou bunéénou smrt), nebo (C) fungovani obou mechanismi dohromady.

Ackoli SC se déli, MI je velmi nizky. Zda se tak, ze vétSina SC plni specifickou funkci
anedéli se az do doby, nez nastane specificky spoustéci faktor (O'Farrel, 2001). Konkrétni
faktory spoustéjici mitozu v SC by mély byt studovany v budoucnu.

4.2 Experimentalné-indukovana opakovana anhydrobiéza

.oy

Zelvusky druhu R. cf. coronifer pieziji maximum Sesti po sob& jdoucich cyklt
desikace/rehydratace, se signifikantné niz§im pieziti po opakovanych desikacich (Paper II). Paty
cyklus desikace/rehydratace byl kriticky s ohledem na signifikantné prudsi snizeni pfeziti a poctu
SC. Piedpoklada se, ze SC jsou hlavni zasobou energie (Weglarska, 1975) a u nékterych druht
byla pozorovana re-absorpce SC v zavislosti na hladovéni a anhydrobioézu (Reuner et al., 2010a).
Zda se tak, ze zelvusky dosahly energetického limitu a nemély energetickou zasobu pro vystup
z anhydrobiotického a vstup do hydratovaného stavu po patém cyklu desikace/rehydratace.
Ale narozdil od ptedchozi studie (Jonsson and Rebecchi, 2002) nebyla pozorovéna redukce
velikosti SC po né¢kolika cyklech desikace/dehydratace (Paper II). Dale ani obsah stfev se
nezménil v disledku opakovanych cykli (Paper II). V souladu s timto pozorovanim ani dalsi
studie nepotvrdily signifikantni snizeni poctu SC u hladovégjicich Zelvusek R. cf. coronifer
(Jonsson et al., 2005; Jonsson et al., 2008). Proto se zda, Ze zelvusky tohoto druhu vyuzivaji jiny
zdroj energie nez jiné druhy zelvusek a/nebo zdroje energie vyuzivané pii hladovéni
a anhydrobioze jsou odlisné.

U zelvuSek druhu [ g. granulifer byly jako zdroj energie pozorovany bunky stiev
(midgut cells; Hyra et al., 2016a). SC tohoto druhu shromazd’uji zejména polysacharidy (Hyra et
al.,, 2016b), zatimto rezervni material SC druhu R. cf. coronifer je tvofen zejména lipidy
a polysacharidy (Paper III, IV), coz je podobné slozeni jako u SC druhl H. exemplaris and M.
polonicus (Hyra et al., 2016a, b). V souvislosti s anhydrobiézou nebylo pozorovano snizeni
obsahu lipidd v SC (Paper III, IV). Namisto toho u druhu R. cf. coronifer dochazi ke sniZeni



mnozstvi obsahu proteinti v SC v souvislosti s desikaci a teplotnim stresem (Paper 1V), coz je
znamkou degradace a/nebo utilizace proteinti béhem stresovych podminek.

Signifikantné vice Zelvusek nebylo schopnych tvofit spravny soudeéek po patém
desikacnim cyklu. Kontrakce zacala byt nekompletni a jedinci tvofili tzv. polosoudecky (,,semi-
tun®). Podobné pozorovani bylo prezentovano ve studii Baumanna (Bauman; 1922). V této studii
zelvusky podrobené mnohonasobné desikaci neprodukovaly kutikuldrni sekreci, coz vedlo
k nespravné kontrakci téla. Na zakladé¢ téchto dat se zd4, Ze sniZzené preziti po mnohonasobnych
energie, ale spiSe akumulaci bunécnych poskozeni. Tato hypotéza ma podporu v soucasné studii
(Kuzmic et al., 2018), které potvrdila hromadéni karbonylace béhem anhydrobiotického stavu.
Paper III a IV potvrdily pfitomnost autophagosomti a autofagie je tak pravdépodobné takée
vyznamnych mechanismem pro anhydrobidzu zelvusek. Pfesny mechanismus ov§em neni znam.

4.2.1 Tvorba soudecku

3D rekonstrukce soudecku byla zaméfend na analyzu preuspotfddani vnitinich organt
v ramci procesu tvroby soudeckd (Paper III). Relokace vnitinich organt je zavisla na rigidnim

obklopuji vnitini organy a vypliuji tak témér cely prostor mezi organy (Paper 111, IV).

Ackoli byly v disledku desikace vSechny bunky zmensené, studiem ultrastruktury nebyly
pozorovany patrné poSkozeni bunék a tkani (Paper III). U desikovanych jedinci byly
pozorovany zmeény v pigmentaci (mnozstvi pigmentovych granul) v epidermalnich bunkach.
Pigmentova granula mohou tak plnit funkce pfi toleranci desikace a mohou byt v rdmci procesu
vstupu a/nebo vystupu do/z ametabolického stavu bud’ utilizovana nebo denaturovana (Paper
IIT). Epidermalni butniky obsahuji taky lipidové vakuoly, dfive pozorovany u jinych druht
zelvusek v souvislosti s uvolnénim lipidi do vnéjsich kutikularnich vrstev a tvorbou bariéry pro
vyménu vody (Baccetti and Rosati, 1971; Walz, 1982; Dewel et al., 1993). Kutikularni lipidy tak
mohou byt dtlezité pro odolnost zelvusek vici desikaci (Paper I1I).

4.2.2 Efekt dlouhotrvajici desikace v kombinaci s teplotnim stresem
Druhy R. cf. coronifer pteziji 6 mesict v desikovaném stavu (Paper III). Desikace vede
ke zmenSeni bun¢k a zméné jejich tvaru. Organely jako RER a GA nejsou patrné v dusledku
desikace a zvySené elektrondenzité cyto- a nukleoplasmy (Paper IIL, IV). Cela cytoplasma SC je
vyplnéna membranou obalenymi vacky rezervniho materidlu (Paper IV). Na zaklad¢ studia
ultrastruktury SC (Paper III, IV) nebylo pozorovano poskozeni ultrastruktury bunék.

V ramci studia ultrastruktury, metabolicky aktivni buiiky, napiiklad epitelidlni buiky
nebo SC, nevykazuji v jejich desikovaném stavu znamky této aktivity. Membranou obalené
vacky vznikajici endocytozou v enterocytech nebyly u zelvusek v desikovaném stavu pozorovany
(Paper III). Tyto vysledky jsou v souladu s hypotézou existence snizen¢ho (pfipadné zadného)
metabolismu v anhydrobiotickém stavu (e.g. Pigon and Weglarska, 1955; Wright, 2001).

Desikované Zelvusky bez teplotniho stresu jsou jiz po 3 hodinach zavodnéni pln€ aktivni,
zatimco teplotni stres zplsobuje snizené pieziti (40% preziti, Paper IV). Vznikla poskozeni jsou
spise na molekularni trovni sloZek esencialnich pro pfeziti buné€k, jelikoZ ¢as pro obnoveni



zivotnich funkci je del$i u jedincl vystvavenych teplotnimu Soku. Odpovida tomu i zvySeni
heterochromatinu a zmény v obsahu rezervniho materidlu v SC v souvislosti s teplotnim stresem.
Teplotni stres tedy pravdépodobné zptisobuje poskozeni slozek opravného mechanismu a/nebo
zpusobuje tak zdvazna poSkozeni, kterd jiz nelze opravit. Obecné jsou tyto vysledky v souladu
s vitrifika¢ni teorii. Teplotni stres a desikace ovSem plisobi zménu v obsahu rezervniho materialu
v SC. Vacky s rezervnim materidlem u jedinct bez teplotniho stresu byly homogenni, zatimco
u jedincd, vystavenych teplotnimu stresu, byly vacky vyplnéné granuly s nizsi elektrondenzitou.

Rezervnim materidlem v SC vsech studovanych jedinct je zejména velké mnozstvi lipida
(Paper III, IV). Lipidy jsou klicovou komponentou pro management teplotniho stresu
eukaryotickych, zejména savcich, bunék (Balogh et al., 2013). U zelvusek druhu R. cf. coronifer
nebyly lipidy zuzitkovany v procesu anhydrobiotickych cykll, a mohou tak tvofit hlavni
energetickou rezervu napi. u hladovéjicich jedinct. Lipidy mohou byt také zikladem
pro metabolické procesy, souvisejici s pfipravou na anhydrobidzu a syntézou protektantd (Paper
III, IV, Kinchin, 1993). Jelikoz jsou lipidy soucasti i desikovanych SC, mohou se podilet na
prostorové konformaci buné€k, které nemaji zddny obsah vody v cytoplasmé (Womersley et al.,
1982; Kinchin, 1993). Epidermalni bunky zelvusek druhu R. cf. coronifer rozvnéz obsahuji velké
mnozstvi lipidd (Paper III). Podobné tomu je i u jinych druhti, M. tardigradum and M.
hufelandi, ve stavu jejich desikace (Dewel et al., 1993; Walz, 1982). Zelvusky druhu R. cf.
coronifer nemaji voskovou vrstvu kutikuly, a tak velké zasoby lipidii mohou zasobovat kutikulu a
pomahat redukovat vyparovani vody, jako tomu je u hlistic (Womersley et al., 1982).

4.3 Storage cells

SC desikovanych Zelvusek maji améboidni tvar (Paper I, II, III, IV). Velikost SC
dospélct je 6 az 20 um, zatimco jejich praimérna velikost v aktivnim stavu je 13.7um (£2.3,

studii (Szymanska, 1994; Poprawa, 2006; Hyra et al., 2016b), SC druhu R. cf. coronifer
neprodukuji vitelogeniny (Paper IV)..

U zZelvusek druhu R. cf. coronifer byly pozorovany 2 typy bunck s odlisnou
ultrastrukturou (Paper IV). SC typ I je podobny SC u ostatnich druhti skupiny Parachela, ale
sjinym slozenim rezervniho materialu (Paper 1V). Ultrastruktura tohoto typu se méni
v zavislosti na oogenezi jedincl. Obsahuji jadérko sjadérkovou vakuolou o nizké
elektrondenzité, mnoho mitochondrii, cisteren RER a specifickych vackl rezervniho materialu.
Pritomnost velkého mnozstvi mitochondrii indikuje vysokou metabolickou aktivitu téchto SC.

SC — typ II jsou nalezeny v menSim mnozstvi a pouze u samic. Jejich ultrastruktura je
podobna béhem vsSech oogenetickych stadii. Maji méné organel a zadné jadérkové vakuoly.
Mohou tak reprezentovat mladé nediferencované buriky, nebo dokonce kmenové bunky.

4.3.1 Storage cell — ultrastructura v zavislosti na preZziti stresovych
podminek: desikace a teplotni stres
Jen nékolik malo odlisnosti bylo pozorovéano v ultrastruktufe SC mezi hydratovanymi a

desikovanymi jedinci. Pfesto jsou tato pozorovani v souladu s vitrifika¢ni hypotézou, a to jak
v ramei SC tak 1 jinych bun€k. Nicméné srovnani ultrastruktury bunék zivych a mrtvych jedinct



(v dusledku desikace a teplotniho stresu) neodhalilo naruseni ultrastrukturu bun¢k. Proto mozna
poskozeni vznikla na zakladé biochemickych zmén a struktury jsou chranény pted deformacemi.

5. ZAVERY

1.

SC maji zachovanou schopnost déleni v prub&hu zivotniho cyklu zelvusek. Pritomnost
mitdézy koreluje s ristem jedincti. Vyssi frekvence vyskytu mitiotickych SC je
u juvenilnich jedinct (38%) ve srovnani s dospélei (18%). Vyskyt mitézy mezi adultnimi
jedinci je Cast&jsi u jedinct ve stavu ekdyze.

Mitoticky index zasobnich bunék je nizky (a vy$§i u adultnich jedinct ve srovnani
s juvenilnimi jedinci). Pfesto existuje variabilita v poctu bun€k mezi jednotlivci, ale také
mezi juvenilnimi stadii a dospélci. Zelvusky by tak nemély byt klasifikovany jako
eutelické organismy.

ey

Zelvusky druhu R. cf. coronifer pieziji maximalné Sest po sobé nasledujicéch cykld -
desikace/rehydratace. Pocet jedinct, ktefi preziji, je signifikantné niz§i s kazdym
nasledujicim cyclem desikace. Také mnozstvi bunék, tim padem také pocet mitotickych

bungk, a schopnost tvofit soudecek se signifikantn¢ snizuje s dal$im desika¢nim cyklem.

Desikace jedincti vede ke zmenSeni bunék a zméné v jejich tvaru, ale nevede
ke znatelnym ultrastrukturnim zménam organel a membran. V disledku dehydratace
bylo pozorovani n€kolik zmén v ultrastruktuie bunék: (i) snizeni mnozstvi pigmentovych
a lipidovych granul v epidermalnich buikach, (ii) zvySeni heterochromatinu v SC, (iii)
zména mnozstvi a obsahu zasobniho materialu v SC, (iv) ¢aste¢na ztrata jadérka.

Kombinace stresorti: desikace a teplotni stress, signifikantné ovliviiuje preziti jedinci
(niz8i pocet preziti). Piesto nebyly pozorovany ultrastrukturni poSkozeni na bunécné
urovni, které by indikovaly poSkozeni bunécnych organel. Dtivod snizeného pteziti proto
mize byt ovlivnén spiSe zménami na molekularni Grovni. Jako reakce na desikaci
atepelny stress bylo pozorovano: (i) zvySeni heterochromatinu, (ii) CasteCna ztrata
jadérka, a (iii) zmény ve sloZeni a mnozstvi zasobnich granul v zasobnich buiikéach.

Obsah zasobniho materidlu v SC je druhové-specificky. Hlavnim rezervnim materialem
SC druhu R. cf. coronifer jsou lipidy a polysacharidy.

Na zaklad¢ odlisné ultrastruktury byly indetifikovany dva typy SC: SC-typ I je tvofen
buitkami metabolicky aktivnimi, plnici specifickou funkci/specifické funkce. SC-typ II je
reprezentovan mladymi nediferencovanymi bunikami.



ANGLICKY ODDIL/ENGLISH SECTION

1. INTRODUCTION

Tardigrades (Tardigrada), commonly called water bears, are multicellular hydrophilous
micrometazoans (0.1 — 1.2 mm) belonging to Ecdysozoa (Jergensen et al., 2018; Mabjerg et al.,
2019). They are often described as a lesser-studied group as they have no impact on the human
economy (Nelson, 2002). On the other hand, they are well-known for their ability to withstand
a variety of extreme stress conditions (see below) by entering an ametabolic state called
cryptobiosis (Wright et al., 1992; Wehicz et al., 2011).

Tardigrades survive almost complete desiccation (Westh and Ramlev, 1991). They can
remain in a desiccated cryptobiotic state for as much as 20 years (Jorgensen et al., 2007) and be
retrieved from a moss sample frozen for over 30 years (Tsujimoto et al., 2016). Furthermore,
anhydrobiotic (desiccated) tardigrades have been reported to survive and tolerate multiple
extreme environmental conditions, such as very low sub-zero temperature exposure (Hengherr et
al., 2009, 2010), at -80°C for up to three decades without loss of viability (Tsujimoto et al., 2016)
and even the temperatures close to absolute zero (Ramlgv and Westh, 1992; Guidetti et al.,
2012); also temperatures as high as 70°C for lh (Ramlev and Westh, 2001), high external
osmotic pressure (Heidemann et al., 2016), the treatments with chemicals such as alcohols
of varying polarity (Ramlev and Westh, 2001) and biocide methyl bromide gas (Jonsson and
Guidetti, 2001); low and high hydrostatic pressure (up to 600-1200 MPa) (Ono et al., 2008;
Horikawa et al., 2009), several thousand grey (Gy) of gamma irradiation (Jonsson et al., 2005;
Horikawa et al., 2006), heavy ion irradiation in form of *He (Horikawa et al., 2006), protons
(Nilsson et al., 2010), alpha particles *H (Horikawa et al., 2012), iron ions and helium ions
(Jonsson and Wojcik, 2017), high doses of UV radiation, including UV 4 (Jonsson et al., 2008),
UVs (Altiero et al., 2011), and UV (Horikawa et al., 2013), and exposure to space in low Earth
orbit (Jonsson et al., 2008; Persson et al., 2011). Given this, they are amongst the most radiation
resistant multi-cellular organisms (Nilsson et al., 2013; Jonsson, 2019).

Tardigrade research thus has valuable potential for its application to human fields,
development of new technologies in radioprotection and cryopreservation of biological materials.
Very few studies (Hashimoto and Kunieda, 2017; Jonsson, 2019) used tardigrades as model
organisms in studies of the effects of various stressors on live organisms, especially
in the biomedical sciences (Guidetti et al., 2012). Only recently transfection of tardigrade unique
proteins, such as RVLEAM (mitochondrial heat-soluble) and MAHS, applied on human cells
(Hep-2) increased their tolerance to hyperosmotic stress (Tanaka et al., 2015). Another tardigrade
unique protein, Dsup associated with DNA and protecting DNA from hydroxy radicals was
reported (Hashimoto et al., 2016; Chavez et al., 2019) and transfected. The human embryonic
kidney cells (HEK293) transfected with Dsup had up to 40% reduced DNA damage from X-ray
and improved viability compared to nontransfected cells.

Although several hypotheses explaining tardigrade tolerance to environmental stress have
been formulated, they have not been united in a comprehensive theory yet mainly
because the underlying molecular and physiological mechanisms are largely unknown. In total,
there are ~1300 tardigrade species (Degma, 2019). Some of the tardigrade species live in oceans,
but they mainly occur in freshwater, terrestrial or semi-terrestrial environments. They inhabit
mostly mosses and lichens, where they constitute a major component of the microfauna (Halberg
et al., 2009b).
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Tardigrade bodies have five segments, head and four trunk segments, each with a pair
of lobopod legs, usually terminating with claws and/or sucking discs of varying number and
shape (Mgbjerg et al., 2019). They are relatively complex invertebrates with well-developed
musculature and nervous system, as well as a complex alimentary canal and specialized excretory
and reproductive system (Nelson et al., 2005; Halberg and Mabjerg, 2012). They lack respiratory
and circulatory organs and the gas exchange functions via diffusion across epidermis and
the thick cuticle (Nelson et al., 2015). The circulation is carried out via a large body cavity filled
with coelomic fluid containing storage cells (SC; Ramazzotti and Maucci, 1983; Jonsson, 2019).

In general, the cell biology of tardigrades is neglected field, even though a few
ultrastructural studies have been conducted (Walz, 1973; Weglarska, 1975; Dewel et al., 1993;
Avdonina et al., 2007; Persson et al., 2012; Hyra et al., 2016b).

2. HYPOTHESIS AND AIMS OF THE STUDY

The body cavity of tardigrades is filled with body cavity lymph with free SC, which are
coelomocyte-type cells, also called the body cavity cells or coelomocytes (Dewel et al, 1993;
Reuner, 2010a). In active animals, the cells move passively in the lymph and fill the empty
spaces between organs such as gonad, gut and nerve chord, although they appear to temporarily
adhere to the basement membrane of other tissues (Weglarska, 1975; Dewel et al., 1993).
Tardigrade SC are responsible for important physiological functions (such as synthesis,
accumulation and transport of nutrients) and are highly metabolically active (Szymanska, 1994;
Poprawa, 2006; Hyra et al., 2016a, b). Although their shape and content might vary, whether they
might or might not be classified into specific groups is not resolved yet. Some studies described
their role in processes connected to cryptobiosis (Weglarska, 1975; Jonsson and Rebecchi, 2002;
Reuner et al., 2010).

The knowledge about SC is gathered from studies performed on individual specimens
and therefore there is still a lack of knowledge to characterize and potentially classify these cells.
The objective of my thesis was to collect more information to address the specific function of SC
in connection to stress tolerance of tardigrades.

Tardigrades have sometimes been characterised as organisms with constant cell numbers
in their adult lives (Gabriel et al., 2007; Guidetti et al., 2012), even though, occasionally, some
cell divisions were observed (Bertolani, 1970a, b; Gross et al., 2018). Conditions and possible
trigger factors for mitosis occurrence are however not known. Also, up to this day, no primary
cell culture of tardigrade cells was developed. Therefore, the first aim was to analyse
the occurrence of mitosis in SC and phenotypic factors, which are associated with mitosis
occurrence (Paper I). Paper II aims to analyse (1) survival patterns under repeated cycles
of desiccations/rehydration, which has rarely been studied, (2) the potential effect of each
desiccation cycle on morphometric traits, and (3) SC divisions after each desiccation/rehydration
cycle. In paper III morphological and ultrastructural changes connected with desiccation were
studied by analysing the gross morphology and tissue organisation in so-called tun formation.
The ultrastructure of the body wall, ovary, midgut and SC was analysed in desiccated tardigrades.
This study includes the first analysis of cuticle organisation in moulting and non-moulting
tardigrades in the desiccated state, with the presentation of a 3D reconstruction of the tun state.
In paper 1V, the aim was to (1) compare the ultrastructure of SC in active and desiccated
specimens, and (2) evaluate the effect of temperature stress on tardigrade cells.



In total, the three main topics are part of those manuscripts: (1) mitosis in SC and eutely
in tardigrades (Paper I and II), (2) Anhydrobiosis in tardigrades R. cf. coronifer (Paper 11, III,
IV), (3) Ultrastructure of SC (Paper III, IV). The storage cells are the main element connecting
all the studies.

3. MATERIAL AND METHODS

3.1 Model species: Richtersius cf. coronifer

The model species of all studies R. cf. coronifer (Richters, 1903; Eutardigrada,
Macrobiotidae) is a limno-terrestrial herbivorous tardigrade, with documented high ability
to tolerate extensive desiccation (Jonsson and Rebecchi, 2002; Jonsson et al., 2005, 2008). It is
one of the most extensively studied tardigrades with respect to anhydrobiosis (Westh and
Ramlav, 1991; Jonsson and Guidetti, 2001; Jonsson et al., 2001, 2005; Ramlgv and Westh, 2001;
Ivarsson and Jonsson, 2004). Besides the intriguing stress tolerance, tardigrades of this species
belong to the largest tardigrade species (measuring sometimes up to 1000 um).

3.2 Study population

Since no culturing method has been developed for R. cf. coronifer, specimens used in all
presented studies were collected and extracted from a natural moss-living population on Alvar
habitat of the Baltic Sea island Oland (South-Eastern Sweden). The specimens live in mosses
(mainly Orthotrichum cupulatum Hoff. ex Brid.) growing on limestone rock fences, directly
exposed to winds and insolation, which leads to rapid temperature and humidity changes
(Jonsson et al., 2001).

3.3 Data analyses

For observation of mitosis (Paper I, II), the species were fixed and stained in foto
with acetic-lactic orcein (Tonzetich, 2004). In animals containing mitotic storage cells, the total
number of SC was counted and the mitotic index was calculated (Paper I and II). Furthermore,
the predictive phenotypic traits of mitosis in storage cells were analysed in relation to hydrated
specimens (Paper I) as well as in connection to repeated anhydrobiotic cycles (Paper II).
The collected data contained measurements of total body length, buccal tube length, gut content,
egg developmental stage, occurrence of moulting, and number, shape and size of oocytes (Paper
L 1I).

Tuns (anhydrobiotic state; Paper III and IV) as well as rehydrated and heat stress treated
specimens (Paper IV) were analysed using the light microscopy, scanning and transmission
electron microscopy (based on semi— and ultra—thin sections of animal bodies). Polysaccharide,
protein and lipid reserves in storage cells were detected using histochemical staining techniques
(PAS and Bonhag's method, Sudan black B staining and BODIPY 494/503; Litwin, 1985).
Three-dimensional reconstruction of tuns was based on series of semi-thin sections (500 nm
thick) that were stained, photographed and aligned in correct order and position (in detail
described in Paper III). Paper IV consists of a descriptive and an experimental part.
The descriptive part is focused on comparison of storage cells in desiccated and hydrated
specimens. The experimental part focused on effects of combination of long-term desiccation and



heating (50°C, 24h) on storage cells and specimen survival. In paper IV, confocal microscopy
was used to visualize proliferating and dying cells using an anti-phosphohistone H3 antibody, and
a TUNEL assay, respectively.

4. RESULTS and DISCUSSION

4.1 Mitosis in storage cells

The juveniles had a higher frequency of mitosis in SC compared to adults. Moreover,
the numerical growth of SC from juvenile to adult stage was documented. In both studies (Paper
L, II), only about 20% of studied animals had mitotic storage cells. SC have a low mitotic index,
1.27% in Paper I and 1.60% in Paper II, respectively. The number of SC varied among the
individuals but also between the adults and juveniles. R. cf. coronifer specimens had on average
600+£209 storage cells in adults, and 425+23 in juveniles (Paper I), but the total number of
storage cells can vary from 300 to 1100 in adults and from 60 to 800 in juveniles (Paper I and
IT). Since the mitotic index is low, mitotic SC were more frequent in juveniles than in adults, and
it is connected to moulting that usually corresponds to the late egg development stage, in adults,
SC division seems to be closely related to animal growth

In juveniles, none of the phenotypic characters were significant predictors triggering
the occurrence of mitosis, whereas, in adults, mitosis was significantly associated with the late
egg developmental stage that is connected to moulting process and empty gut content (Paper I).
The results presented in Paper II did not confirm any significant correlation between mitosis
in SC and gut content as well. By compiling data from Paper L, I1, III, I'V together it is possible
to conclude, that physiological processes related to moulting might represent the strongest
predictor for the occurrence of mitosis in storage cells.

Mitosis in SC does not seem to be triggered by energetic stress of desiccation cycles,
since the occurrence of mitotic storage cells, as well as the storage cells number, tended
to decline with several repeated desiccation cycles (Paper II). Because the SC are the major
repository of energy resources (Weglarska, 1957; Rosati, 1968; Weglarska, 1975; Szymanska,
1994), the loss of cells might indicate (A) energetic stress (and reabsorption of the cells),
(B) cellular damage (and possible cell death), or (C) both mechanisms.

Although the SC divide, the animals with observed mitotic cells have a very low mitotic
index. Thus, most of the storage cells seem to carry out their specialized function and do not
divide. The observed low mitotic index implies that the cell division is suppressed until specific
mitotic trigger factors occur (O’Farrel, 2001). Such trigger factors for tardigrade storage cells
remain to be studied.

4.2 Experimentally-induced repeated anhydrobiosis

Tardigrades of R. cf. coronifer can survive the maximum of 6 repeated desiccation cycles
(non-cultured conditions) with the clear significant decline of survival rate after repeated
desiccations (Paper II). The fifth desiccation cycle seemed to be critical because there was
a steeper survival decline. The animals had significantly lower number of storage cells after
the fifth desiccation, as well. Since it is assumed that SC serve as an energy store (Weglarska,



1975) and the re-absorption of storage cells with starvation and anhydrobiosis in some tardigrade
species has been reported (Reuner et al., 2010a), it seemed that animals reached an energetic
constraint and did not have energy available to exit the fifth and enter the next cycle. On the other
hand, in contrast to a previous study (Jonsson and Rebecchi, 2002), no reduction in SC size after
several desiccation cycles, and no depletion of gut content by repeated desiccation was observed
(Paper II). In addition, the starvation of R. cf. coronifer specimens in continuously hydrated
conditions did not result in a significant decline in the number of SC (Jonsson et al., 2005;
Jonsson et al., 2008). Therefore, it seems that R. cf. coronifer have an energy budget different
from other tardigrade species and/or the energy budget used for starvation stress
and anhydrobiosis can also differ.

In tardigrades of species /. g. granulifer, midgut digestive cells have been lately shown
to serve as another energy budget in tardigrades (Hyra et al., 2016a). SC of this species contain
mainly polysaccharides (Hyra et al., 2016b), whilst the reserve material in SC of R. cf. coronifer
is composed mainly of lipids and polysaccharides (Paper III, IV), similarly to the SC of H.
exemplaris and M. polonicus (Hyra et al., 2016a, b). No decrements of lipid or polysaccharide
content in SC were observed in connection to anhydrobiosis (Paper 111, IV). Instead, the protein
spheres were diminished in desiccated tardigrades (Paper IV) which indicates protein
degradation and/or utilisation during stress conditions.

After the fifth desiccation cycle, significantly more tardigrades were not able to contract
properly during tun formation. Thus, contraction started to be uncontrolled and incomplete
(,,semi-tuns®). This result is compatible with the observation of Bauman (1922). In that study,
tardigrades undergoing repeated desiccation were unable to produce a cuticular secretion,
which resulted in uncontrolled contraction of the body. Based on collected data, it seems that
the declining survival after multiple anhydrobiotic cycles in R. cf. coronifer is not only caused
by depletion of energy in storage cells but rather it is caused by the accumulation of cellular
damage. This explanation is also supported by the current study of carbonylation accumulation
during the anhydrobiotic state (Kuzmic et al., 2018). Autophagy also seems to be an important
mechanism in tardigrade anhydrobiosis and survival, but its precise role during anhydrobiosis
remain to be studied.

4.2.1 Tun formation in R. cf. coronifer

Tun formation was analysed by 3D reconstruction of the tun with a focus on the inner
organ packing (Paper III). The inner organ relocation is dependent on the rigid buccal tube and
the ovary size is limited by rigid eggshells (Paper III). The SC enclose all the inner organs and
fill up almost all the inner space between organs (Paper I1I and IV).

Based on the results presented in Paper III, although the cells were shrunk as a result
of desiccation, morphological damage on the ultrastructural level of cells and tissues was
not found. But changes of pigmentation in epidermal cells in desiccated animals were observed.
The pigment granules may play a role in desiccation tolerance because they can either be utilized
or denatured during entry or exit from anhydrobiosis (Paper III). Epidermal cells also contain
lipid vacuoles, which were previously observed in other tardigrade species to discharge their
content to the cuticular layers, which provide a barrier to water exchange (Baccetti and Rosati,
1971; Walz, 1982; Dewel et al., 1993). Therefore, it is possible, that cuticular lipids play an
important role in anhydrobiosis (Paper III).



4.2.2 The effect of long-term desiccation in combination

with temperature stress

R. cf. coronifer specimens can survive 6 months in desiccated state (Paper III).
In tardigrades, desiccation leads to overall cellular shrinkage and change in cellular shape.
Due to high electron density of cyto- and nucleoplasm in desiccated cells, organelles such
as RER and Golgi complexes are barely visible. The average desiccated storage cells size is
11.8um (Paper III and IV) and their whole inner space is filled with membrane-coated spheres
of different electron density (Paper IV). Based on the ultrastructural analyses from Paper 111
and IV, no cellular damage on ultrastructural level was observed.

The ultrastructure of normally highly metabolically active cells such as epithelial cells
of ovary wall or storage cells does not indicate any secretory activity under desiccated conditions.
Coated vesicles resulting from endocytosis in enterocytes were also not observed in a desiccated
state (Paper III). These observations support the hypothesis of at least low (maybe arrested)
metabolic activity in anhydrobiotic state and are in line with other studies (e.g. Pigon and
Weglarska, 1955; Wright, 2001).

While non-heated desiccated tardigrades were fully active after 3 hours of rehydration,
the heat stress of tuns caused a decrease in survival rate (40% survival). Since the required
recovery time was longer in heated specimens, the damages may be rather at the level
of molecular components necessary for cell survival. Moreover, some differences such
as heterochromatin increase and change in reserve material were observed. Therefore, heat likely
caused damage to molecular components of repair mechanisms and/or caused such damage that
was not possible to repair. In general, our observations of the ultrastructure of storage cells
support the vitrification hypothesis. Heat stress, however, caused ultrastructural changes
in the density of reserve spheres in desiccated storage cells. Spheres in non-heated specimens
were homogenous, whereas cellular spheres in heated specimens were filled with granules
of lower electron density indicating a change in the distribution of the stored material.

The large amounts of lipids were present in all storage cells (Paper III, IV). Lipids have
been proposed to play a key role in heat stress management of the eukaryotic, especially
mammalian, cells (Balogh et al., 2013). Since Ilipids are not utilized during
the desiccation/rehydration cycles in R. cf. coronifer, they may represent immediate energy
for starved animals. Alternatively, lipids may be used for metabolic processes connected
to preparation for anhydrobiosis and synthesis of protective molecules such as glycerol (Paper
III and IV, Kinchin, 1993). Since lipids are present in dehydrated SC, they may also maintain
the spatial distribution of cells in the absence of bulk water (Womersley et al., 1982; Kinchin,
1993). Large amounts of lipid droplets were also found in epidermal cells of R. cf. coronifer
(Paper III). This is in line with observations of epidermal cells in other anhydrobiotic tardigrade
species, M. tardigradum and M. hufelandi (Dewel et al., 1993; Walz, 1982). Because specimens
of R. cf. coronifer do not have a cuticular wax layer, large lipid reserves might serve as lipid
supply to the cuticle and thus helping to reduce evaporative water loss as shown in nematodes
(Womersley et al., 1982).



4.3 The storage cells of R. cf. coronifer

In desiccated animals, the SC have an amoeboid shape (Paper L, II, III, IV). The size
of SC in adult animals varies from 6 up to 20 um. The average size of adult SC in the active state
is 13.7um (£2.3, n=295), and 10.53um (£2.4, n=32) in juveniles (Paper I, III). In contrast
to studies on other species (Szymanska, 1994; Poprawa, 2006; Hyra et al., 2016b),
the observations presented in Paper IV did not confirm the production of vitellogenins in storage
cells of R. cf. coronifer.

Two types of SC fill the body cavity fluid in R. cf. coronifer (Paper 1V). The fine
structure of the first cell type is similar to other Parachela species (Paper 1V), but R. cf. coronifer
SC differ in the stored reserve material. Ultrastructure of type I cells change during oogenesis.
They contain nucleolus with nucleolar vacuoles (also called a nucleolar cavity) with low electron
density. The presence of irregular vacuoles varies with respect to the oogenetic stage. Nucleolar
vacuoles were observed during previtellogenesis, but not during and after vitellogenesis. Type I
cells are also characterized by the presence of many mitochondria, cisterns of RER and specific
spheres of reserve material. Large amounts of mitochondria present in these cells indicate high
metabolic activity.

The SC of type II were found in a smaller amount and only in females. Their
ultrastructure is similar during all oogenetic stages. These cells have fewer organelles and no
nucleolar vacuoles. They may represent young undifferentiated cells or even stem cells.

4.3.1 Storage cell ultrastructure with regard to survival of stress

conditions: desiccation and heat stress

Although we detected few differences in cell structures between hydrated and desiccated
animals, our observations are in line with the prediction of vitrification hypothesis not only
for storage cells but also for epidermal cells, ovary and midgut cells. However, a comparison
of dead and dried animals revealed intact organelles and membranes in both groups. This finding
supports the idea that desiccation injury is caused by changes proceeding at the biochemical
level, while structures are protected from deformations.

S. CONCLUSIONS

1. Mitotic division of tardigrade storage cells correlates with the growth phase
of the animal. Mitotic storage cells occurred with higher frequency in examined juveniles
(38%) than in adults (18%). The mitotic index was higher in adults. Mitosis is more
frequent in moulting tardigrades.

2. Even though the mitotic index is low, the number of storage cells in single animal varies
among individuals and within individuals over time. Tardigrades thus cannot be
classified as eutelic at least for storage cells.



Tardigrades of R. cf. coronifer can survive the maximum of 6 repeated desiccation cycles
(non-cultured conditions). Their survival rate, mitosis in storage cells, and ability to form
“tun” declined with repeated desiccations.

Desiccation stress leads to cellular shrinkage and changes the cellular shape but causes
no ultrastructural change of organelles and membranes in cells in R. cf. coronifer. After
desiccation, the epidermal cells reduced their pigmentation granules and the lipid vacuole
content was also diminished.

Although the combining effect of desiccation and heat stress affected tardigrade survival,
it did not cause cellular damage at the ultrastructural level. The cause of reduced survival
may instead depend on damage at molecular level - heterochromatin amounts increased,
the nucleolus was partially lost, and the amount and content of reserve material changed
after desiccation and heat stress.

The content of stored material in storage cells is species-dependent, and R. cf. coronifer
storage cells differ from those of other tardigrade species. The main reserve materials are
lipids and polysaccharides.

We identified two storage cells types based on their ultrastructure. The first cellular type
includes metabolically active cells, exhibiting their specific function. The second cellular
type is represented by young undifferentiated cells.
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V rédmci studia se zaméruji na bunécnou biologii a kryptobidzu skupiny méné
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