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Abstrakt

v

Vldknité zelené fasy rodu Zygnema patii mezi nejhojnéjS$i primarni producenty
V poldrnim hydro-terestrickém prostiedi. V té€chto nestabilnich habitatech jsou organismy
vystaveny celé fad¢ stresovych faktort, jako naptiklad cyklickému zamrzani a tani, vysychani
nebo nadmérné ozarenosti. Pfesto existuje jen malo studii, které se zabyvaji vyzkumem
mechanismu stresové odolnosti, které t€émto fasdm umoznuji piezit v extrémnim prostiedi.
Predkladana prace proto studuje poldrni zastupce rodu Zygnema V ruznych stresovych
podminkach, a to s vyuzitim jak ptirodnich vzorki, tak kultur. Kromé toho zde byly pouzity
metody molekularni fylogenetiky, které pfindseji viibec prvni poznatky o diverzité téchto fas
Vv polarnich oblastech. Sekvenovani chloroplastového genu rbcL odhalilo nékolik
rozruznénych linii v rdmeci rodu Zygnema a piineslo i piekvapivy nalez jednoho druhu
Zygnemopsis sp., jehoz morfologie je ve vegetativnim stavu neodliSitelnd od fas rodu
Zygnema. Prvni sada experimenti studovala vliv UV zéfeni na vybrané polarni kmeny rodu
Zygnema. Ukazalo se, Ze zkoumané fasy produkuji fenolické latky, které maji schopnost
pohlcovat UV zafeni. Tyto latky jsou pravépodobné uloZeny ve vakuolach a dalSich vaccich
pfi okraji bunky, ¢imz chrani ostatni organely. Dalsi studie se zabyvala pfirodnimi
populacemi fas Zygnema spp. v Arktid¢. Ke konci 1éta fasy postupné méni svoji morfologii od
typickych  vakuolizovanych vegetativnich bunék ktzv. pre-akinetdam, které jsou
charakteristické siln€j$i bunéénou sténou, nahromadénim zasobnich latek a redukovanou
strukturou chloroplastu. Vsechny zkoumané populace byly tvofeny pre-akinetami, nezavisle
na stupni vyschnuti lokality, vyznamné se vSak liSily svoji odolnosti k osmotickému stresu.
Tyto vysledky naznadily, ze pomalé vysychani neni faktorem, ktery spousti tvorbu pre-akinet,
ale zato je dilezité pro ziskani stresové odolnosti. Nasledné laboratorni experimenty ukézaly,
7e tvorba pre-akinet je indukovéana nedostatkem dusiku. Proporce ptezivsich bunék a rychlost
obnovy fyziologického stavu po experimentdlnim vysuSeni obecné zavisela na podminkach
piedchozi kultivace a na rychlosti suSeni. Navic, pre-akinety, které prosly postupnym,
pomalym vysychdnim, byly schopné preZit velmi rychlé vysuSeni (pii 10% relativni vzdusné
V poldrnim hydro-terestrickém prostiedi. Ziskané vysledky naznacuji, Ze ,,otuZené“ pre-
akinety hraji kli¢ovou roli v pfeZiti extrémnich podminek, kde je tvorba jiného typu
specializovanych bunék (napf. zygospor) velmi vzacnd. Kromé& toho, buiiky odolné
k vyschnuti hraji po rozpadu vlaken dilezitou roli pro $ifeni vzduchem.



Abstract

Filamentous green microalgae of the genus Zygnema belong to the most common primary
producers in the polar hydro-terrestrial environment. In such unstable habitats, organisms are
subject to various stress factors, e.g., freeze-thaw cycles, desiccation and high irradiation
levels. However, the stress resistance mechanisms that enable Zygnema spp. to thrive in this
extreme environment are only partially understood. Therefore, polar Zygnema spp. were
examined under various stress conditions using both field samples and cultures. Moreover,
molecular phylogeny methods were applied that provided first insights into the diversity of
polar Zygnema. Sequencing of the chloroplast gene rbcL revealed several different Zygnema
genotypes and, surprisingly, one Zygnemopsis sp. with vegetative Zygnema sp. morphology.
First set of experiments examined the effects of UV exposure. It turned out that polar strains
of Zygnema produce phenolic substances as UV screens. These substances are most likely
stored in vacuoles and other vesicles at the cell periphery, providing protection for other
organelles. In the next study, Zygnema spp. were investigated under natural conditions in the
Arctic. At the end of summer, the cells gradually lose their typical vegetative appearance
(with large vacuoles and stellate chloroplasts) and form pre-akinetes, which are stationary-
phase-like cells filled with storage material and characterized by reduced chloroplast lobes
and thickened cell walls. While all natural populations consisted of pre-akinetes regardless of
their water status, significant differences were revealed in their osmotic stress tolerance.
These results indicated that formation of pre-akinetes was not triggered by desiccation, but
hardening during slow dehydration was required for the pre-akinetes to become stress-
resistant. Subsequent laboratory experiments showed that the formation of pre-akinetes was
induced by nitrogen starvation. In general, viability and recovery rate after experimental
desiccation depended on pre-cultivation conditions and drying rate. Moreover, the pre-
akinetes survived even rapid drying (at 10% relative air humidity) when hardened by mild
dehydration stress. Presented thesis contributes to our understanding of algal stress resistance
mechanisms in polar hydro-terrestrial environment. The results indicate that naturally
hardened pre-akinetes play a key role in survival under extreme conditions, while the
production of other types of specialized cells (e.g., zygospores) is largely suppressed.
Moreover, desiccation-tolerant cells derived from disintegrated filaments can act as airborne
propagules.
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1 Uvod

1.1 Stresové faktory v polarnich oblastech

Poléarni oblasti jsou v poslednich desetiletich pomérné€ intenzivné studovany, a to v ramci
nejriiznéjsich obort. Rada studii se napiiklad zaméfuje na specialni adaptace a strategie
preziti polarnich organismi. Odhaleni tajemstvi jejich uspéchu umoziiuje pochopit obecné
mechanismy stresové odolnosti, coz jsou poznatky, které mohou byt nasledné vyuzity i v
dalsich oblastech, napt. v kryobiologii (Kang et al. 2007), astrobiologii (Vishnivetskaya et al.
2003) a nebo v patrani po biotechnologicky vyuzitelnych latkach (Liu et al. 2013).

Poléarni oblasti jsou charakteristické celou fadou vice ¢1 méné provazaych stresovych
faktor. Jednim z nich je nizkd teplota, kterd ovliviluje zivé organismy vyznamnym
zpusobem. S klesajici teplotou se snizuje fluidita membran a rovnéz se zpomaluje rychlost
metabolickych reakei v€etné opravnych mechanismil (Roos & Vincent, 1998).

Zamrznuti lze povazovat za samostatny stresovy faktor, jehoz hlavnim efektem je ztrata
vody v tekutém skupenstvi. Kromé toho, nedostatek tekuté vody je v polarnich oblastech
zasadnim stresovym faktorem i v obdobi bez mrazu (Robinson et al. 2003; ACIA 2005). Voda
je pritom zasadni pro zachovani prostorové struktury bilkovin a jinych molekul a pouze plné
hydratované bunky jsou fyziologicky funkéni (Holzinger & Karsten 2013). Zamrznuti, pfimé
vysuSeni a také zasoleni jsou tedy uzce provazany, protoze vedou k osmotické dehydrataci a
snizeni vnitrobunééného vodniho potencidlu (Bisson & Kirst 1995).

Slune¢ni zéafeni je pfes svoji nezbytnost pro fotosyntézu také vyznamnym stresovym
faktorem. Silna ozafenost fotosynteticky aktivnim zafenim (PAR) miiZze vést k fotoinhibici €1
dokonce k poskozeni fotosyntetického aparatu (Franklin & Forster 1997). Mnohem
nebezpecnéjsi jsou vSak ucinky ultrafialového zateni. UV zéfeni je ve vysokych zemépisnych
sitkach v principu nizké, protoze Slunce nevystupuje pfili§ vysoko na obzor. Nicméné, diky
naruseni ozonové vrstvy lidskou ¢innosti zde dochazi k vyskytu ozénové diry, ktera ma za
nasledek zvySenou ozatenost UV-B (Wessel et al. 1998). UV zafeni poskozuje DNA a jiné
biomolekuly, a to bud’ pfimo a nebo nepiimo pies produkci reaktivnich forem kysliku (ROS).

Navic, 1 dalsi stresové faktory jsou v polarnich oblastech vyznamné, konkrétn€ napft.
dlouhé obdobi nedostatku svétla v zimé a nebo omezena dostupnost zivin (Arnold et al.
2003).

1.2 Polarni rasy

Jednim z nejzietelnéjSich disledki extrémnich klimatickych podminek polarnich oblasti
je mala biodiverzita a pokryvnost cévnatych rostlin (Robinson et al. 2003; ACIA 2005). Rasy
zde tedy predstavuji hlavni primarni producenty, tvoii a stabilizuji pudu a podileji se na
primarni sukcesi po odlednéni (Elster 2002; Elster et al. 2002; Elster & Benson 2004). Jako
zéklad potravnich fetézct hraji polarni fasy klicovou roli také v globalnich biogeochemickych
cyklech (Lyon & Mock 2014). V této praci se zaméfuji na polarni suchozemské
nelichenizované eukaryotické fasy a jejich odolnost k riznym stresovym faktorim, predevsim
vysychani a UV zafeni.



Elster (2002) rozdélil polarni suchozemské fasové habitaty do téi skupin podle
dostupnosti vody: 1) lakustrinni, s vodou v tekutém stavu dostupnou po cely rok, napt. jezera;
il) hydro-terestrické, s tekutou vodou dostupnou pouze béhem Iéta a iii) terestrické, kde je
voda k dispozici pouze narazove.

Jelikoz jsou fasy ocividné schopné piezit extrémni abiotické podminky polarniho
prostiedi, 1ze u nich ocekavat né¢jaké specidlni adaptace. Mechanismy stresové odolnosti jsou
vSak obvykle obecné a nejsou tedy specifické vyhradné pro fasy z polarnich oblasti.

Mnoho mikroorganismi  se chrani sdruzovanim do velkych vrstevnatych
makroskopickych shluki, jako jsou néarosty nebo krusty. Tento zplsob ristu je vyhodny z
hlediska ochrany proti n¢kolika stresim zarovenn — vysychéni, zamrzani i zéfeni. Naptiklad u
antarktické hydro-terestrické fasy Prasiola sp. nebylo ve spodni ¢asti 15 mm silného narostu
detekovano uz zadné UV zaieni (Post & Larkum 1993).

Tvorba specializovanych odolnych bun¢k je dalsi Siroce rozsifenou strategii pro pieziti
nepiiznivych obdobi. Napiiklad snézné fasy vytvareji odolné cysty s nahromadénymi
sekundarnimi karotenoidy (Remias 2012).

Dale, fasy maji schopnost syntetizovat rizné latky, které efektivné pohlcuji UV zéfeni.
Nejrozsitenéjsi skupinou téchto latek jsou mykosporinu podobné aminokyseliny (MAAs);
(Cockell & Knowland 1999). Kromé toho, nékteré skupiny fas na obranu proti UV zafeni
produkuji fenolické latky nebo latky podobné sporopolleninu (Xiong et al. 1997; Figueroa et
al. 2009). Fenolické latky neobsahuji dusik, a proto je jejich produkce vyhodna v extrémnich
habitatech, jako je tfeba povrch ledovct (Aigner et al. 2013).

Dalsi bézné mechanismy stresové odolnosti zahrnuji napf. zhaSeni reaktivnich forem
kysliku, hromadéni osmoticky aktivnich latek, které¢ snizuji bunéény osmoticky potencidl a
zvysuji tak schopnost vazat vodu v buiikach (Bisson & Kirst 1995), vyhnuti se stresu pomoci
migrace a nebo mechanismy opravy poskozené DNA (Britt 1995).

1.3 Zygnema

Pro tuto praci jsem si jako modelové organismy vybrala spajivé zelené fasy s vegetativni
morfologii odpovidajici rodu Zygnema. Tyto fasy patii k nejhojnéjs§im eukaryotickym
zastupcim Fasovych narostu jak v Arktidé (Sheath et al. 1996; Kim et al. 2008; Holzinger et
al. 2009), tak v Antarktidé (Hawes 1989, 1990; Davey 1991; Skacelova et al. 2013). Typicky
vytvareji velké mnozstvi slizovité biomasy v hydro-terestrickém prostiedi, jako jsou naptiklad
pomalu tekouci potoky. V takovych mélkych a nestabilnich habitatech jsou fasy vystaveny
cetnym strestim, pfedevsim silnému zateni véetné UV zafeni, zamrzani a vysychani.

Zygnema (Zygnematophyceae, Streptophyta) ma dva hvézdicovité chloroplasty na bunku.
Pohlavné se rozmnoZue spajenim, které vede k vytvofeni odolné zygospory. Morfologie
zralych zygospor a tvar sporangii jsou kli¢ovymi znaky pro urcovani druhii. Nicméné, na
Svalbardu ani v Antarktid¢ zatim nebyl proces spajeni pozorovan, a proto u tamnich populaci
nebyla moznd druhova determinace.

Kromé zygospor byly u rodu Zygnema popsany dalsi typy specializovanych bunék,
konkrétné partenospory, aplanospory a akinety (Kadlubowska 1984; Poulickova et al. 2007;
Stancheva et al. 2012). Akinety se u fas tvofi postupnou pfeménou vegetativnich bunék,
typicky naptiklad ve starnouci kultute, a proto je lze také popsat jako “staré” buniky nebo
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bunky ve staciondrni fazi ristu. Akinety maji silnéj$i bunécnou sténu a velky obsah zasobnich
latek (Fritsch 1935; Pickett-Heaps 1975; Coleman 1983). Akinety nejsou dormantni (Agrawal
2009), ale jejich fyziologicka aktivita je snizena, coz muze byt doprovazeno napf.
redukovanou strukturou chloroplasti (McLean & Pessoney 1971; Morison & Sheath 1985;
Fuller 2013). Akinety byvaji odolné k riznym strestim, napt. vysychani (McLean & Pessoney
1971) nebo zamrzani (Nagao et al. 1999). U nékterych druhii rodu Zygnema je bunécna sténa
zralych akinet svoji strukturou a zbarvenim podobna té u zygospor (Kadlubowska 1984). V
této praci je vSak pojem “akineta” uzivan pro staré vegetativni bunky bez zvlaStnich
bunéénych stén (McLean & Pessoney 1971). Pokud jsou tyto bunky stile soucasti
nerozpadlého vldkna, nazyvam je “pre-akinety”.

Jen nékolik studii se zabyvalo arktickymi a antarktickymi zastupci rodu Zygnema.
Antarkticka Zygnema sp. byla schopna ptezit i teplotu -15°C a cyklické zamrzani a tani (mezi
-4 a +5°C) nem¢lo zadny vliv na jeji fotosyntézu a viabilitu (Hawes 1990). Arkticka Zygnema
sp. se ukézala byt rezistentni k UV zafeni — experimentalni ozafeni nemélo Zadny negativni
efekt na fotosyntézu a ultrastrukturu (Holzinger et al. 2009) — mechanismus této rezistence
vSak neni zndmy. Déle, pomérné nizké (zaporné) hodnoty bunécného osmotického potencidlu
byly zjistény u nékolika kment Zygnema spp. z polarnich oblasti, coZ ukazuje na jisty stupen
ochrany proti ztraté¢ vody (Kaplan et al. 2013).

Zavérem lze fici, ze mechanismy stresové odolnosti u Zygnema spp. v Arktidé a
Antarktid¢ nejsou moc dikladné probadany. Na jednu stranu je Zygnema v tomto prostiedi
pomérné hojnd, takze se zda, Zze je zivotu v polarnich oblastech dobie ptizptisobena. Na
druhou stranu byla zaznamenana vysoka imrtnost po vystaveni riznym stresovym faktorum
(Hawes 1990; Davey 1991). Téméf nic se nevi o tvorbé specializovanych bunék u polarnich
Zygnema spp. ani o jejich roli ve stresové odolnosti. Navic, produkce latek chranicich ptred
UV zafenim u Zygnema spp. nebyla dosud detailn¢ zkoumana. V neposledni fad¢ neni vitbec
jasné, jestli arktické a antarktické narosty fasy Zygnema jsou tvofené jednim nebo vice druhy,
coz by pomohly objasnit molekularni metody.

2 Cile prace

V pribéhu feSeni této prace jsem provedla fadu laboratornich i terénich pozorovéni a
experimentll, abych nalezla odpovédi na tyto otazky:

e Tvoii Zygnema spp. v ptirodnim prostiedi Svalbardu né&jaké specializované bunky?

e Jaka je role téchto bun¢k ve stresoveé odolnosti?

e Jaké podminky podporuji tvorbu a odolnost takovych bunék?

e Jaké jsou mechanismy odolnosti proti UV zéfeni u Zygnema spp. z polarnich oblasti?
e Skryvaji polarni narosty Zygnema spp. dosud neodhalenou diverzitu?



3 Puavodni élanky

3.1 Clanek |

PICHRTOVA, M., REMIAS, D., LEWIS, L. A. & HOLZINGER, A. (2013)
Changes in phenolic compounds and cellular ultrastructure of Arctic and Antarctic strains
of Zygnema (Zygnematophyceae, Streptophyta) after exposure to experimentally enhanced
UV to PAR ratio.
Microbial Ecology 65 (1): 68-83

V prvnim ¢lanku jsme zkoumali produkei latek stinicich UV zéfeni u vybranych kment
arktickych a antarktickych fas Zygnema spp. po experimentalnim ozafeni. Pracovali jsme se
ttemi kmeny: B a G byly mé vlastni izolaty ze Svalbardu (Arktidy) a E, ktery pochazel z
Antarktidy, jsem ziskala z fasové sbirky. VSechny tfi kmeny byly vystaveny
experimentalnimu ozafeni o zvySeném poméru UV A a B k fotosynteticky aktivnimu zafeni.
Obsah pigmentt, fotosyntetickd aktivita a ultrastruktura byly studovany metodami
vysokoucinné kapalinové chromatografie (HPLC), fluorescence chlorofylu a transmisni
elektronové mikroskopie. Navic, fylogenetick¢ vztahy mezi zkoumanymi kmeny byly
charakterizovany na zakladé sekvenci genu rbcL.

Fylogeneticka analyza odhalila, Ze antarkticky kmen (E) a jeden z arktickych kment (B)
jsou si pomérné¢ blizce ptibuzné. Druhy arkticky kmen (G) naopak spadal do odlisné hlavni
skupiny v rdmci rodu Zygnema a byl tedy s ostatnimi jen vzdalené¢ piibuzny. Produkce
fenolickych latek byla potvrzena pomoci HPLC u vsech studovanych kmend, a to jak u
vzorkli vystavenych UV zafeni, tak u vzorkii kontrolnich. Navic, u kmene E obsah
fenolickych latek po ozatreni prikazné vzrostl (p=0.001). Fenolické latky se vyskytuji jen u
nckolika malo skupin tas. Ttida Zygnematophyceae je pravé jednou z nich, coz ukazuje na
jeji blizkou piibuznost s vysSimi rostlinami. Fenolické latky jsou rozpustné ve vode¢, a tudiz
byvaji obvykle uloZeny ve vakuole. Domnivame se, Ze u studovanych kmenti Zygnema spp.
mohou byt fenolické latky uloZeny také v dalSich vaccich u kraje bunky, které se v
transmisnim elektronovém mikroskopu jevi jako elektrondenzni. Tyto vacky totiZ pfipominaji
fysody u chaluh (Phaeophyceae), které také obsahuji fenolické latky, konkrétné florotaniny.

Maximalni kvantovy vytézek fotosystému II byl prikazné mensi (p<0.001) u vzork
kmenti E a G ozafenych UV, coz jasné ukazuje na stresovou odpovéd’. Navic, u kmene G bylo
zjevné ultrastrukturalni poSkozeni, pfedevSim na chloroplastech a mitochondriich. Vysledky
tedy sice ukazuji, ze fenolické latky hraji jistou roli v ochrané Zygnema spp. proti UV zafeni,
rozdilnd odpovéd’ jednotlivych kmenii vSak naznacuje, Ze 1 dal§i mechanismy ochrany budou
hrét roli v ochran¢ téchto tas.



3.2 Clanek Il

PICHRTOVA, M., HAJEK, T. & ELSTER, J. (2014)
Osmotic stress and recovery in field populations of Zygnema sp. (Zygnematophyceae,
Streptophyta) on Svalbard (High Arctic) subjected to natural desiccation.
FEMS Microbiology Ecology 89: 270-280

V ramci druhé studie jsme se zabyvali pfirodnimi populacemi Zygnema spp. v Arktidé
(na Svalbardu). Odebirali jsme vzorky z rtznych lokalit a hledali n¢jaké znamky tvorby
specializovanych bunék. Ke konci léta vSechny zkoumané ptirodni populace sestavaly
pievazné z pre-akinet, tedy bunék pfipominajicich kultury ve stacionarni fazi, se silnéj$imi
bunéénymi sténami, redukovanou struktrou chloroplasti a velkym nahromadénim zasobnich
latek. Pre-kinety jsme pozorovali ve vSech typech lokalit z hlediska dostupnosti vody — od
trvalych louzi az po vysusené krusty. Na zaklad¢ tohoto pozorovani jsme vytvofili hypotézu,
ze tvorba pre-akinet neni indukovana vysychanim, ale spiSe vyhladovénim, protoze tyto
pomérné rozsahlé narosty mohou na svych lokalitach snadno vycerpat ziviny, coz vede k
zastaventi jejich rustu.

Rovnéz jsme u nalezenych pre-akinet studovali toleranci k osmotickému stresu v
roztocich sorbitolu o rizné koncentraci. Nejprve jsme po 24h inkubaci v daném roztoku s
pomoci svételného mikroskopu zaznamenavali vyskyt plazmolyzy (odchlipnuti protoplastu od
bunéné stény). Poté jsme studovali vliv silnéjsiho osmotického stresu. Vzorky byly po 4
hodiny inkubovény v 2M roztoku sorbitolu (¥; = —5.63 MPa). Nasledn¢ byly vzorky
proplachnuty ve vodé¢, osuseny a ptreneseny do vody, kde jim bylo po dalSich 24 hodin
umoznéno obnovit své strukturalni a fyziologické vlastnosti. V priabéhu vSech experimenti
byla méfena fluorescence chlorofylu, kterd umoZznila porovnat fyziologicky stav studovanych
fas.

Objevili jsme vyznamné rozdily v toleranci k osmotickému stresu u populaci izolovanych
z lokalit s rliznou dostupnosti vody. Vzorky z lokalit s dostatkem vody zacaly plazmolyzovat
Jiz ve 450mM sorbitolu a inkubace v 2M sorbitolu zplsobila vysokou tmrtnost bunék a jen
velmi pomalou obnovu piivodnich hodnot fluorescenénich parametrii. Na druhou stranu,
vzorky z pfiirozené vyschlych lokalit reagovaly srovnatelné s pravymi aero-terestrickymi
fasami. Plazmolyza se zacala objevovat az v 750 mM sorbitolu a po inkubaci v 2M sorbitolu
byly ptivodni hodnoty fluorescen¢nich parametri obnoveny jiz po 4 hodinach ve vodé. Zda se
tedy, ze arktické populace Zygnema spp. ziskavaji stresovou odolnost diky pomalému
pfirodnimu vysychani.



3.3 Clanek lli

PICHRTOVA, M., KULICHOVA, J. & HOLZINGER, A.
Nitrogen limitation and slow drying induce desiccation tolerance in conjugating green algae
(Zygnematophyceae) from polar habitats.
Submitted to PLoS ONE

V ptedchozi studii jsme vytvorili hypotézu, ze pomalé ptirodni vysychani nezplsobuje
vznik pre-akinet, je vSak dulezité pro to, aby pre-akinety postupnym otuzenim ziskaly
stresovou odolnost. Ve tieti studii jsme se tedy rozhodli testovat tuto hypotézu v laboratornich
podminkach. Pro experimenty jsme vybrali 4 kmeny: arktické B a L a antarktické C a E.
Podobné jako v pfipad¢ prvniho ¢lanku jsme i1 nyni urcili fylogentické vztahy mezi kmeny
pomoci analyzy geu rbcL. Ukazalo se, ze oba antarktické kmeny sdileji shodnou sekvenci
rbcL, lze je tedy povazovat za dva rizné izolaty téhoz druhu. Velmi piekvapivé vysledky
vsak prineslo sekvenovani kmene L. Ukazalo se, Ze se jedna o zastupce rodu Zygnemopsis.
Tento rod ma ve vegetativnim stavu prakticky shodnou morfologii s rodem Zygnema, tyto dva
rody vSak nejsou v ramci tiidy Zygneamtophyceae piili§ blizce piibuzné.

Rasy byly nejprve kultivovany po 9 tydni ve &tyfech kombinacich kultivaénich
podminek: v tekutém (L) a na pevném (A) médiu a to bud’ s (N+) nebo bez (N-) dusi¢nand.
Po této pre-kultivaci byla biomasa experimentilné¢ suSena pii tfech rtznych rychlostech.
Svételnd a transmisni elektronovd mikroskopie a fluorescence chlorofylu byly pouZity ke
studiu vlivu rychlosti suseni na viabilitu a rychlost obnoveni fyziologické aktivity. Po deviti
tydnech pre-kultivace byly kultury péstované v bézném médiu (N+) morfologicky dost
variabilni — obsahovaly celou $kalu bunék od mladych vegetativnich bun¢k po pre-akinety.
Naproti tomu kultury péstované v médiu bez dusiku (N-) sestdvaly vyhradné¢ z pre-akinet, coz
podporuje hypotézu, Ze za tvorbou pre-akinet stoji nedostatek dusiku. Mirny vysychaci stres,
ktery byl v tomto experimentu simulovan kultivaci na agaru (A) nemél zddny vliv na vyskyt
pre-akinet.

Nasledné experimenty potvrdily, Ze vegetativni builky nejsou schopny piezit zadny
Z testovanych vysouSecich rezimi, zatimco pre-akinety vzdy prezily alesponi velmi pomalé
vysusSeni. Obnova fyziologické aktivity i viabilita jasn¢ zavisely na rychlosti vysuSeni — ¢im
pomaleji byly fasy vysouSeny, tim lépe prezivaly. Nicméné, pouze pre-akinety, které byly
nejprve otuzeny mirnym, pomalym vysychanim (at’ uz v fizeném experimentu ¢i béhem pre-
kultivace na agaru), byly schopné piezit velmi rychlé vyschnuti pfi relativni vzdusné vlhkosti
10 %. Tento vysledek potvrzuje vysledky terénni studie (¢lanek II) a ukazuje, ze pre-akinety
musi byt postupné otuZeny, aby ziskaly vysokou stresovou odolnost.



4  Shrnuti a zavery

Tato prace shrnuje aktualni poznatky ohledné stresové odolnosti polarnich Zygnema spp.
a pfinasi odpovédi na otazky formulované v cilech prace.

Vyzkum molekuldrni diverzity v rdmci narostl fas Zygnema spp. nebyl prvotnim cilem
této prace. Jelikoz vSak nebylo mozné urcit druhy na zakladé morfologickych znaki, museli
jsme vyuzit metody molekularni fylogenetiky, abychom zjistili, jaky je vztah studovanych
kmenti mezi sebou a také jaka je jejich pozice v rdmci ostatnich znamych zastupct rodu
Zygnema. Tak byla ziskana data, ktera vlastné pfindseji prvni vhled do skryté diverzity
polarnich Zygnema spp. Tato prace ukazala, ze diverzita je vétsi, nez se oc¢ekavalo, a navic
ptinasi dle mého védomi uplné prvni nalez rodu Zygnemopsis z Arktidy.

Ukazala jsem, ze polarni kmeny rodu Zygnema produkuji rizné fenolické latky, které
absorbuji svétlo v oblasti UV A, UV B a castené i PAR. Tyto fenolické latky jsou
produkovany konstitutivné, avsak jejich nartist po experimentalnim ozéatfeni UV byl rovnéz
pozorovan. Kromé toho se ptfedpokladd, ze dalsi mechanismy hraji roli v ochrané fas
Zygnema spp. proti UV zateni. Napiiklad samotny rist ve formé n€kolikavrstevnych narostt
mize mit ochranny vyznam podobné, jak bylo ukézdno u poldrni hydro-terestrické fasy
Prasiola sp. (Post & Larkum 1993). Také se soudi, ze | samotny slizovy obal poskytuje jistou
ochranu proti UV zateni (Holzinger & Liitz 2006).

Velice zfidka jsem v arktickych vzorcich pozorovala spajeni a tvorbu zygospor.
Pozorovany material vSak bohuzel neposkytoval znaky, které by byly dostate¢né pro urceni
do druhu dle tradi¢niho morfologického konceptu. Naproti tomu pre-akinety byly pozorovany
velmi hojné jak v pfirodnich vzorcich, tak i1 kulturach. Pre-akinety byly charakterizovany
nahromadénim tukli a jejich chloroplasty mély pomérné redukované vybézky. Na takové
buniky 1ze nahlizet spiSe jako na stresované ¢i staré vegetativni buniky neZ jako na opravdu
specializovana stadia. Tvorba pre-akinet byla podpofena dusikovym hladovénim a v priibéhu
pomalého suseni ziskaly stresovou odolnost.

Zda se tedy, ze kromé rychlosti vysouseni (Gasulla et al. 2009), délky suSeni (Karsten &
Holzinger 2012) a svételnych podminek pii vysouSeni (Gray et al. 2007), hraji stafi a stav
kultury rovnéz dilezitou roli v pieziti a rychlosti obnovy ptivodniho stavu. Tento poznatek ma
dilezity obecny disledek pro ekofyziologické studie. Ukdzalo se totiz, Ze nelze dobie urcit
skute¢nou schopnost fasy odolavat stresu, pokud experimenty provedeme s neotuZenymi
cerstvymi kulturami v rlstové fazi, coz je vSak pravé ptipad fady publikovanych praci.
Takové vysledky by mély byt vzdy porovnany s vysledky experimentl provedenych s
kulturami, které jsou ve stavu, jenz 1épe vystihuje stav v pfirodnim prostiedi.

Z vysledkl popsanych vySe lze vyvodit, Ze pfirozené otuZené pre-akinety hraji kli¢ovou
roli v preziti Zygnema spp. a Zygnemopsis sp. v polarnim hydro-terestrickém prostiedi.
Jelikoz maji zamrzani a vysychani podobny fyziologicky efekt, 1ze predpokladat, ze pre-
akinety jsou dulezité i pro preziti zimy. Polarni Zygnema (a Zygnemopsis) jsou sice diky
tvorbé slizovitych narostli pomérné dobie chranény proti extrémnim podminkdm prostiedi,
avSak vysoka tolerance k vyschnuti pro n¢ piesto mize byt zasadni — napft. po rozpadu vldken
na jednobunééné akinety, které uz nejsou dale chranény v ramci narostu a slouzi k Sifeni fas
vzduchem (Marshall & Chalmers 1997).



5 Introduction

5.1 Stress factors in polar regions

In recent decades, polar regions have been a focus of much research in various scientific
fields. Many investigations have focused on the special adaptations and survival strategies of
polar organisms. Revealing the secrets of their success can help us understand stress
resistance mechanisms in general and can be applied to other areas of research, e.g.,
cryobiology (Kang et al. 2007), astrobiology (Vishnivetskaya et al. 2003) and the search for
potentially biotechnologically interesting compounds (Liu et al. 2013).

There are several more or less interrelated stress factors that are typical of polar regions.
One of them is low temperature which has a profound impact on living organisms. With
decreasing temperature, membrane fluidity also decreases, and the rate of metabolic reactions
including repair processes slows down (Roos & Vincent, 1998).

Freezing can be regarded as a separate stress factor, because it leads to the loss of water
in liquid form. Moreover, the lack of liquid water in the environment is an important stress
factor in polar regions even in frost-free periods (Robinson et al. 2003; ACIA 2005). The
presence of liquid water is essential for maintaining the three-dimensional structures of
proteins and other molecules, and only fully hydrated cells can be physiologically functional
(Holzinger & Karsten 2013). Thus, freezing, direct desiccation and salt stress are closely
related because they all lead to osmotic dehydration and lower intracellular water potential
(Bisson & Kirst 1995).

Solar radiation, despite being an essential factor for photosynthesis, can also be stressful.
High photosynthetic active radiation (PAR) flux can lead to photoinhibition or even
photodamage (Franklin & Forster 1997). Even more injurious are the effects of ultraviolet
radiation. UV radiation is naturally low at higher latitudes due to the lower elevation of the
sun. However, anthropogenic depletion of stratospheric ozone causes high UV-B events to
occur regularly in the springtime in both the Arctic and Antarctic (Wessel et al. 1998). UV
radiation damages DNA and other biomolecules either directly or indirectly via the
production of reactive oxygen species (ROS).

In addition, several other stress factors are also characteristic of polar habitats, for
example long period of darkness in winter or low nutrient availability (Arnold et al. 2003).

5.2 Polar microalgae

One of the most apparent consequences of extreme climatic conditions in polar regions is
the low biodiversity and ground cover of vascular plants (Robinson et al. 2003; ACIA 2005).
Consequently, microalgae represent the most important primary producers, form and stabilize
the soil and participate in primary succession following deglaciation (Elster 2002; Elster et al.
2002; Elster & Benson 2004). Standing at the base of the food web, polar microalgae also
play a key role in global biogeochemical cycling (Lyon & Mock 2014). In this thesis, | will
focus on polar non-marine non-lichenized eukaryotic algae (microalgae) and their resistance
to various stress factors, above all, desiccation and UV radiation.
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Elster (2002) classified polar non-marine algal habitats into three groups with respect to
the availability of water: i) lacustrine, with liquid water available year-round, such as lakes; ii)
hydro-terrestrial, with liquid water available almost throughout the summer; and iii)
terrestrial, which are only temporarily or periodically wetted.

As microalgae are able to survive the harsh physical conditions of the polar environment,
some special adaptations can be expected. Mostly, the mechanisms of stress resistance are
general and are not exclusively characteristic of polar algae.

Many microorganisms protect themselves by aggregating into extensive macroscopical
multilayered structures, such as mats and crusts. Such growth patterns can protect them from
multiple stresses at the same time, for example from freezing, desiccation and radiation. For
example, no UV was detected at the base of 15 mm thick mats of Antarctic hydro-terrestrial
alga Prasiola sp. (Post & Larkum 1993).

Forming specialized resistant stages is another widely used strategy for surviving periods
of unfavorable conditions. For example, snow algae form resistant cysts with accumulated
secondary carotenoids (Remias 2012).

In addition, algae are able to synthesize various substances that effectively screen UV
radiation. Most widespread among various algal classes are mycosporine-like amino acids
(MAAS); (Cockell & Knowland 1999). Moreover, some groups of algae produce phenolics or
sporopollenin-like substances to screen UV (Xiong et al. 1997; Figueroa et al. 2009).
Phenolics do not contain nitrogen, which makes their synthesis advantageous in extreme
habitats with nutrient deficiency such as glacier surface (Aigner et al. 2013)

Other common stress resistance mechanisms include scavenging of reactive oxygen
species, accumulation of osmotically active compounds that reduce cellular osmotic potential
and increase the water-holding capacity (Bisson & Kirst 1995), avoidance via migration, or
DNA repair mechanisms (Britt 1995).

5.3 Zygnema

For this Ph.D. thesis, | selcted conjugating green microalgae with vegetative Zygnema sp.
morphology as model organisms. These microalgae belong to the most common eukaryotic
components of microalgal mats in both the Arctic (Sheath et al. 1996; Kim et al. 2008;
Holzinger et al. 2009) and Antarctic (Hawes 1989, 1990; Davey 1991; Skacelova et al. 2013).
They typically produce high amounts of mucilaginous biomass in hydro-terrestrial
environments, such as slow-flowing meltwater streamlets. In such shallow and unstable
habitats the microalgae are exposed to multiple stress conditions, above all, high solar
irradiance including UV, freezing and desiccation.

Zygnema (Zygnematophyceae, Streptophyta) is a genus of filamentous green microalgae
with two stellate chloroplasts per cell. They sexually reproduce by the process of conjugation,
which leads to the formation of resistant zygospores. The morphology of mature zygospores
and sporangial shape are essential for species determination. Nevertheless, the conjugation
process in Zygnema has never been observed in Svalbard or Antarctica and, therefore, species
determination is not possible.

In addition to zygospores, other specialized cell types have been described in Zygnema,
namely parthenospores, aplanospores and akinetes (Kadlubowska 1984; Poulickova et al.
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2007; Stancheva et al. 2012). Akinetes in microalgae are formed from vegetative cells during
the gradual process that usually accompanies prolonged cultivation, and thus, they can also be
described as “senescent” or “stationary-phase” cells. Akinetes possess thickened cell walls
and large accumulations of storage products (Fritsch 1935; Pickett-Heaps 1975; Coleman
1983). Akinetes are not dormant (Agrawal 2009), but their physiological activity is
diminished, which can be accompanied by structural reductions in their chloroplasts (McLean
& Pessoney 1971; Morison & Sheath 1985; Fuller 2013). Akinetes are markedly resistant to
various stresses, e.g., desiccation (McLean & Pessoney 1971) or freezing (Nagao et al. 1999).
In some species of Zygnema, the cell walls of mature akinetes can have a similar structure,
ornamentation and coloration to that of zygospores (Kadlubowska 1984). However, in this
thesis, the term “akinete” is used for the stationary-phase-like vegetative cells without
distinctive cell wall characteristics (McLean & Pessoney 1971). If such cells still form a
filament that has not yet disintegrated, they are referred to as “pre-akinetes®.

Only few studies have investigated Arctic or Antarctic Zygnema. The Antarctic Zygnema
sp. was able to survive freezing down to -15 °C and cyclic freezing and thawing (between -4
and +5) had no effect on photosynthesis or viability (Hawes 1990). Arctic Zygnema sp. was
found to be UV resistant, as experimental UV exposure had no negative effect on its
photosynthesis or ultrastructure (Holzinger et al. 2009). However, the mechanism of
resistance remains unknown. Recently, quite low (negative) values of cellular osmotic
potentials were detected in Zygnema spp. from polar habitats, revealing certain levels of
protection against water loss (Kaplan et al. 2013).

In summary, there is only limited knowledge of the stress resistance mechanisms of
Zygnema spp. in the Arctic and Antarctic. On one hand, Zygnema is very common in these
regions, which indicates that this alga is well-adapted to life under extreme conditions. On the
other hand, high mortality after exposure to various stress factors was also reported (Hawes
1990; Davey 1991). Almost nothing is known about the formation of specialized cells in polar
Zygnema spp. and their role in stress resistance. Moreover, the production of UV-screening
substances in Zygnema spp. has never been studied in detail. Finally, it is unknown whether
Arctic and Antarctic mats are formed by one or multiple species, and analyses based on
molecular data are urgently needed.

6 Research objectives of the thesis

In the present thesis, | performed both field and laboratory observations and experiments
to answer the following questions:

¢ Do Zygnema spp. under natural conditions in Svalbard form any specialized cells?
e\What is the role of these cells in stress resistance?

¢ What conditions induce the formation and resistance of such cells?

¢ What are the mechanisms of UV resistance of Zygnema spp. from polar regions?
e |s there a hidden diversity in polar Zygnema spp. mats?
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7 Original papers
7.1 Paper |

PICHRTOVA, M., REMIAS, D., LEWIS, L. A. & HOLZINGER, A. (2013)
Changes in phenolic compounds and cellular ultrastructure of Arctic and Antarctic strains
of Zygnema (Zygnematophyceae, Streptophyta) after exposure to experimentally enhanced
UV to PAR ratio.
Microbial Ecology 65 (1): 68-83

In the first paper, we investigated the production of UV-screening compounds in selected
strains of Arctic and Antarctic Zygnema after experimental UV exposure. We worked with
three strains: B and G were my own isolates from Svalbard (High Arctic) and E originating in
Antarctica was obtained from a culture collection. Isolates of Zygnema were exposed to
experimentally enhanced UV A and B to photosynthetic active radiation (PAR) ratio. The
pigment content, photosynthetic performance and ultrastructure were studied by means of
high-performance liquid chromatography (HPLC), chlorophyll a fluorescence and
transmission electron microscopy (TEM). In addition, phylogenetic relationships of the
investigated strains were characterized using rbcL sequences.

The phylogenetic analysis revealed that the Antarctic isolate (E) and one of the Arctic
isolates (B) were closely related, while G belongs to a different main clade of the genus and is
thus only distantly related. The production of phenolic compounds was confirmed in all of the
tested strains by HPLC analysis for both controls and UV-exposed samples. Moreover, in
strain E, the content of phenolics increased significantly (p=0.001) after UV treatment.
Phenolics are found only in few groups of algae, one of them being the class
Zygnematophyceae, which supports their close relationship to higher plants. As water-soluble
substances, phenolics are usually stored in vacuoles. We speculate that in Zygnema the
phenolics are most probably also stored at the cell periphery in cytoplasmic bodies that appear
as electron dense particles when observed by TEM after high-pressure freeze fixation. These
vesicles resemble physodes of brown algae (Phaeophyceae) that also contain phenolics —
phlorotannins.

The maximum quantum vyield of photosystem Il photochemistry significantly decreased
in UV-exposed strains E and G (p<0.001), showing a clear stress response. Moreover, in
strain G, ultrastructural damage was found in chloroplasts and mitochondria after UV
exposure. The results indicate that phenolics are involved in UV protection of Zygnema, but
also revealed different responses to UV stress across the three strains, suggesting that other
protection mechanisms may be involved in these organisms.
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7.2 Paper Il

PICHRTOVA, M., HAJEK, T. & ELSTER, J. (2014)
Osmotic stress and recovery in field populations of Zygnema sp. (Zygnematophyceae,
Streptophyta) on Svalbard (High Arctic) subjected to natural desiccation.
FEMS Microbiology Ecology 89: 270-280

In the second study, we aimed at natural populations of Zygnema spp. in the Arctic
(Svalbard). We sampled various localities and looked for specialized cells. At the end of the
summer, all natural Zygnema spp. mats in the Arctic consisted predominantly of pre-akinetes
which are stationary-phase-like vegetative cells with thickened cell walls, reduced chloroplast
lobes and accumulations of storage material. Pre-kinetes were observed in all sampled sites
from pools with biomass floating in water to dried paper-like crusts. Based on this observation
we hypothesized that formation of pre-akinetes is not induced by slow natural dehydration,
but possibly by nutrient starvation because their extensive growth in relatively small water
bodies may lead to the depletion of nutrients and the cessation of growth.

We also studied osmotic stress tolerance of pre-akinetes using sorbitol solutions of
different concentrations. First, after 24 h of incubation, the presence/absence of plasmolysis
was determined by observing a retraction of protoplast from the cell wall in a light
microscope. Then, the effect of a stronger osmotic stress was studied: The samples were
incubated in a hypertonic solution of 2 M sorbitol (¥, = -5.63 MPa) for 4 h. Then, the
samples were rinsed in water, blotted, and transferred into water for 24 h where they were
allowed to recover their structural and physiological characteristics. Chlorophyll fluorescence
was measured during the experiments to estimate physiological performance of the algae.

We revealed that there are significant differences in osmotic stress tolerance among
populations isolated from localities with different water status. The wet-collected samples
started to plasmolyze in 450 mM sorbitol and incubation in 2 M sorbitol led to high mortality
and the recovery after this treatment was very slow. On the other hand, the performance of the
naturally dried samples was comparable to that of true aeroterrestrial algae. Plasmolysis first
occurred in 750 mM sorbitol and following the incubation in 2 M sorbitol, initial values of
fluorescence parameters recovered already after 4 hours in water. It appears that Arctic
populations of Zygnema acclimate well to natural desiccation via hardening that is mediated
by slow drying.
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7.3 Paper lll

PICHRTOVA, M., KULICHOVA, J. & HOLZINGER, A.
Nitrogen limitation and slow drying induce desiccation tolerance in conjugating green algae
(Zygnematophyceae) from polar habitats.
Submitted to PLoS ONE

In the previous study, we hypothesized that slow natural dehydration does not trigger the
formation of akinetes, but is required for the pre-akinetes to become stress-resistant. In the
third study we tested this hypothesis in laboratory conditions. Four strains were selcted for the
experiments: Arctic B and L and Antarctic C and E. Similarly to the first paper, phylogenetic
relationships of the investigated strains were characterized using rbcL sequences. Both
Antarctic strains share identical rbcL sequences and can be regarded as different isolates of
the same species. Surprisingly, molecular analysis revealed that the strain L belongs to a
different genus — Zygnemopsis. The two genera have similar vegetative morphology, even
though they are not very closely related among the Zygnematophyceae.

First, the algae were grown for 9 weeks in four different combinations of culture
conditions: in liquid (L) or on solidified (A) medium, with (N+) or without (N-) nitrate. After
this pre-cultivation, the biomass was desiccated at three different drying rates. Light and
transmission electron microscopy (TEM) and chlorophyll fluorescence were used to
determine the effect of drying rate on viability and recovery of physiological activity. After 9
weeks of pre-cultivation, the cultures grown on full medium (N+) showed high morphological
variation from vegetative cells to pre-akinetes. By contrast, the starved cultures (N-) consisted
of pre-akinetes only, supporting the hypothesis that pre-akinete formation is induced by
nitrogen starvation. Mild dehydration stress simulated by cultivation on agar plates had no
effect on the incidence of pre-akinetes.

Subsequent experiments confirmed that vegetative cells that were still present in N+
cultures were not able to survive any of the desiccation treatments, whereas the pre-akinetes
survived at least some of the regimes. Both recovery and viability were clearly dependent on
drying rate: slower desiccation led to higher levels of survival. However, only after previous
acclimation by slow desiccation (induced either by controlled desiccation at high relative
humidity or by pre-cultivation on agar), the pre-akinetes were able to survive rapid
desiccation in air at a relative humidity of 10%. This result confirms the conclusions of the
field study (paper 1) and shows that pre-akinetes need to be hardened by slow desiccation to
become stress tolerant.

13



8 Summary and conclusions

This thesis summarizes recent findings about the stress resistance of polar Zygnema spp.
and provides new insights into the questions presented in the Objectives.

The investigation of molecular diversity within Zygnema mats was not a primary aim of
this thesis. Nevertheless, as species could not be determined according to morphological
traits, molecular phylogenetic analysis was performed to assess the positions and relationships
of the isolated strains used in the experiments. Thus, data were gathered that provided the first
insights into the hidden diversity of polar Zygnema spp. This thesis demonstrates that the
diversity of Zygnema mats is greater than expected and to my knowledge, this is the first
report of Zygnemopsis from the Arctic.

| showed that polar strains of Zygnema produce several phenolic substances with wide
absorption maxima that screen UV-A, UV-B and (partially) PAR irradiation. These phenolics
are produced constitutively, but their increase after experimental UV exposure was also
observed. In addition, other mechanisms of stress resistance are probably involved. For
example, mat-forming growth could play a role as it provides good protection of the lower
layers of another polar hydro-terrestrial alga, Prasiola sp. (Post & Larkum 1993). Moreover,
mucilage is also believed to provide protection against UV (Holzinger & Liitz 2006).

Very rarely, zygospores or traces of conjugation were observed in samples from
Svalbard, but unfortunately, the material did not provide sufficient information for species
determination. On the contrary, pre-akinetes were observed in all natural samples and
cultures. Pre-akinetes were characterized by large accumulation of lipids, and their
chloroplasts had reduced lobes. They can be perceived as simply stressed or old vegetative
cells, rather than specialized stages. We showed that pre-akinete formation was induced by
nitrogen starvation and that hardening during slow desiccation was required for the pre-
akinetes to become stress-resistant.

It turned out that in addition to the drying rate (Gasulla et al. 2009), duration of
desiccation (Karsten & Holzinger 2012) and light conditions during desiccation (Gray et al.
2007), the age and state of the culture also play an important role in survival and recovery
after desiccation. This finding has an important consequence for ecophysiological
experiments. We showed that it may be insufficient to assess an alga’s stress tolerance
capacity from experiments performed only with log-phase, non-hardened cultures, which is
actually the case of many published studies. Such results should always be compared with the
results of experiments employing cultures that better resemble the state of the microalgae
under natural conditions.

From the results described above, | can conclude that naturally hardened pre-akinetes
play a key role in the survival of Zygnema spp. and Zygnemopsis sp. in the hydro-terrestrial
environment of polar regions. As desiccation and freezing have similar physiological effects, |
assume that hardened akinetes are also important for survival in the winter. Due to their mat-
forming growth and mucilage production, polar Zygnema (and Zygnemopsis) species are well-
protected from harsh environmental conditions. Nevertheless, high desiccation tolerance is
very important for the survival of short fragments or single-celled akinetes that are no longer
protected within mats but instead serve as airborne propagules (Marshall & Chalmers 1997).
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